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Editorial

Special Issue Titled “10th Anniversary of Processes: Recent
Advances in Environmental and Green Processes”

Antoni Sánchez

Department of Chemical, Biological and Environmental Engineering, Autonomous University of Barcelona,
08913 Barcelona, Spain; antoni.sanchez@uab.cat

1. Introduction

In 2019, one of the Editorial Staff of the MDPI journal Processes, sent me an email
informing me that I was being invited to join the Editorial Board of the journal, a proposal
that I accepted. At the time of that invitation, the journal was indexed by SCIE (Impact
Factor: 1.963) and covered in Scopus (CiteScore: 2.05). After a brief period as a member
of the Editorial Board, I was promoted to Section-in-Chief for “Environmental and Green
Processes”. The indexing numbers of both the journal and this specific section are now
quite different, as presented in detail through this link: https://res.mdpi.com/data/2021-0
9-23_processes_a5-booklet-section-flyer_green-processes_web.pdf.

Moreover, in these roles, means I have spent the last five years having the gratifying
experience of sharing with researchers from all over the world that we have achieved
an exponential increase in the number of publications related to Environmental and Green
Processes. From an engineering perspective, it is very important to witness how technology
is allowing us to solve some of the environmental challenges that the world is facing. This
topic is what this Special Issue will cover.

2. About This Collection

The “10th Anniversary of Processes: Recent Advances in Environmental and Green
Processes” Special Issue is a compilation of papers written by researchers from around
the world, showing that technology (Processes) can be a powerful tool for resolving severe
environmental problems (sometimes it provides only a partial solution, but it is nonethe-
less welcome).

Although the list of contributions is presented at the end of this Editorial, I would like
to highlight some of the topics presented in this Special Issue that, in my opinion, respond
to urgent problems in environmental research. Simple ross-referencing with the Sustainable
Development Goals of the United Nations (SDG, https://sdgs.un.org/goals) will show the
reader that most of the studies published are in line with one or more of these goals.

2.1. Renewable Energy

The complex global political situation has increased the necessity of finding renewable
and locally available sources of energy. This is coupled with the urgent need to reduce
the use of non-renewable fossil fuels. Both aspects are causes of current “second youth”
anaerobic digestion. Thus, the exponential increase in the use of anaerobic digesters,
which are often used to treat mixtures of organic waste of different typologies, has boosted
research into topics related to this area, such as the use of additives. In this paper, the role
of biochar has been highlighted.

Another important and emerging area of research is the pyrolysis of organic waste,
specifically forestry biomass derived from agricultural waste. Pyrolysis and its resulting
products (gas, bio-oil, and biochar) are now key, new sources of energy, and research into
optimizing this technology and related issues is becoming more commonplace [1,2].

Processes 2024, 12, 552. https://doi.org/10.3390/pr12030552 https://www.mdpi.com/journal/processes1
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2.2. Waste Management and Valorization

Circular economy plans, which are being developed in all over the world, have greatly
increased the potential to conduct research related to waste management and, in particular,
the valorization of previously rejected materials to change the paradigm from waste to
product [3,4]. There are a number of examples of this topic in the current literature. This
collection is not an exception to this fact.

2.3. Water

Once again, research and derived technologies are discussed in this collection to pro-
vide examples of processes that reuse water, vital given the situation of severe drought in
large parts of the world. Therefore, the need for new sources of clean water is a consoli-
dated research topic. In this sense, it is interesting that water-related research today more
regularly focuses on recovery and reuse than treatment, although the latter topic is still
very important [5].

2.4. Environmental Tools and Modeling

Finally, it is important to highlight the increasing use of both classical and new tools
in environmental research. On one hand, it is evident that the Life Cycle Assessment
method has consolidated its position as the predominant technique used to analyze and
categorize the environmental impact of any environmental study, providing a decision tool
for use by stakeholders involved in the implementation of environmental solutions. On
the other hand, it is worth noting that new computational tools such as neural networks
or machine learning software have created new possibilities beyond the scope of classical
environmental research [6].

3. Conclusions

In summary, I think that the reader of this collection can view an number of excellent
research studies that reflect some of the most urgent environmental challenges faced by
society, and more importantly, the studies present potential solutions. As said in most of
the studies’ Conclusions sections, further research is need in all the fields that comprise
this Special Issue.
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Article

Research on the Application of Coal Gasification Slag in
Soil Improvement

Ruimei Zhang 1, Xiaonan Li 2,*, Kai Zhang 2, Pengfei Wang 3, Peifeng Xue 4 and Hailong Zhang 4

1 Guoneng Xinjiang Chemical Co., Ltd., Urumqi 831499, China
2 School of Chemical and Environmental Engineering, China University of Mining and Technology (Beijing),

Beijing 100083, China
3 School of Mining Engineering, Taiyuan University of Technology, Taiyuan 030024, China
4 Sujiagou Coal Co., Ltd., Dalat County, Ordos 014300, China
* Correspondence: lxn1110@163.com

Abstract: SEM, particle size analysis, and contaminant content of coarse coal gasification slag (CCGS)
produced by Shenhua Xinjiang Chemical Co., Ltd. were measured, respectively, and the physico-
chemical properties of the soil after improvement using gasification slag were investigated in this
paper. The results showed that the slag was porous, the particle size was small and the pollutant
content was extremely low. Its pollutants were closely related to the pollutants in the raw coal. The
coarse slag had a limited effect on soil particle size and texture improvement; the soil water retention
performance increased with the increase of proportion of the slag, while pH and conductivity de-
creased; the improvement effect on soil SOM and available potassium was remarkable; the larger
the proportion of the slag, the stronger the effect on maintaining soil alkali-hydrolyzed nitrogen,
ammonium nitrogen, and available phosphorus. However, the effect was small, and increased the ion
content, especially the cation in soil, and the sum of the eight soil ions before and after evaporation
decreased. The results demonstrated that the CCGS generated by the corporation is feasible for soil
improvement, and the study has important reference value for the comprehensive utilization of coal
gasification slag.

Keywords: coal gasification slag; microscopic characterization; contaminant analysis

1. Introduction

The 2021 China Mineral Resources Report pointed out that China’s coal consumption
was 4.3 billion tons in 2020, accounting for 56.8% of the energy consumption, and will
remain the main energy source in China [1].

Coal gasification slag (CGS) is a residue of molten liquid material formed after a
series of complex physicochemical changes of ash and additives during the gasification
of coal in a vaporizer under high temperature and pressure, which is obtained by cooling
in an excitation chamber [2]. With the increase of coal production in China and the rapid
development of coal chemical processing technology, the production of coal gasification
slag has increased dramatically [3]. The annual output of CGS is over 33 million tons [4].
Among them, coarse slag is discharged regularly in liquid form through an air-locked slag
trap, while the fine slag is discharged from the gasifier with the wastewater and settled
into the slag outlet through the settling separator. The coarse slag accounts for more than
60% to 80%, and is the main object of disposal.

There is no satisfactory disposal method for CGS, which is usually disposed by back-
fill into the ground in China, which may cause pollution and ecological damage to the
environment and occupy a large area of land resources, changing their original nature. It
is of great significance to understand the nature of CGS, which can guide the recycling
utilization and harmless treatment of CGS.

Processes 2022, 10, 2690. https://doi.org/10.3390/pr10122690 https://www.mdpi.com/journal/processes5
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For this purpose, a large number of scholars at home and abroad have studied the
properties of CGS. In the literature [4], the nature of CGS produced by a gasifier invented
by China Academy of Launch Vehicle Technology used by Luxi Chemical Co., Ltd., a
Texaco gasifier used by Weihe Chemical Co., Ltd., Xianyang Chemical Co., Ltd., Shenmu
Chemical Co., Ltd., a gasifier of multi-nozzle opposed coal plasma gasification used by
Hualu Hengsheng Chemical Co., Ltd., and a Shell gasifier used by Yixiang Chemical Co.,
Ltd. were studied. It was found that the gasification process, composition of raw coal, ash
content and other factors significantly affect the CGS composition, and different gasification
slags have different properties. Yang et al. [5] and Zhao et al. [6] analyzed the chemical
composition and mineral composition of fine slag produced by the Texaco gasifier, GSP
(Gaskombiant Schwarze pumpe) gasifier and four-nozzle CWS gasifier used by Ningxia
Coal Group. Shuai et al. [2] studied the chemical composition and phase composition of
CGS from various gasifiers such as Xianyang Texaco gasifier and Shenmu Texaco gasifier
and concluded that the main components of both coarse and fine slags were SiO2, Al2O3,
Fe2O3, CaO, and residual carbon. Many studies demonstrate that CGS is generally a solid
waste [6].

Yin et al. [7] studied the CGS of the Texaco gasifier using a scanning electron micro-
scope (SEM) and petrographic analysis, and found that CGS is porous. Li [8] obtained
similar results as Yin Acosta [9], and found that CGS had both a smooth surface and a
porous matrix. The density of the coarse slag was 2.5857 g/cm3 and the specific surface
area was 1.066 m2/g, with a predominantly smooth surface. The surface of the particles
have edges and corners, which promote the melting and sintering of slag particles [5,7];
Wu et al. [10] studied the morphology of coarse and fine slags produced by the gasification
of coal plasma in entrained flow beds under a microscope by oil immersion and found that
CGS had both bright carbon particles and greyish-dark glassy particles, and the coarse slag
samples had significantly fewer bright carbon particles than fine slags [11,12].

The residual carbon content is related to the type of coal, the gasification process
conditions and operating conditions, and varied considerably between the different types
of CGS. In general, the length of time that fine slag stays in the bed is shorter than that of
coarse slag, resulting in the higher residual carbon content in fine slag than coarse slag and
lower mechanical strength than coarse slag. In addition, the distribution of residual carbon
in coarse and fine slag is not uniform [13].

It can be seen from the above studies that the characteristics of CGS vary from region
to region due to the influence of raw materials and the preparation process. Xinjiang
Chemical Co., Ltd. currently has a 680,000 ton/year coal-based new materials project
in operation, with an annual output of 1,011,400 tons of general solid waste, of which
431,700 is coarse gasification slag, which is the main target for kackfill. In this study, the
characteristics of CGS produced by Shenhua Xinjiang Chemical Co., Ltd. in Ganquanbao
Industrial Zone, Urumqi, Xinjiang Uygur Autonomous Region, China were studied in
terms of its microstructure, typical pollutants, and the feasibility for soil improvement. The
study aimed to provide a strong scientific basis for the safe utilization of CCGS, which is of
significance for green development of coal industry.

2. Overview of the Case Study Area

Shenhua Xinjiang Chemical Co., Ltd. was established in 2011. The 680,000 tons per
year coal-based new material project is located on the east of No.1 Road and the south
side of No.3 Road in Ganquanpu Industrial Zone, Urumqi, Xinjiang Uygur Autonomous
Region. The total investment is 22 billion RMB. It is a key demonstration project of China
Shenhua Coal-to-Liquid and Chemical Co., Ltd., and a key industrial project in Xinjiang.
The project aims to give full play to the advantages of rich coal resources in Xinjiang,
producing high value-added olefin products. The project started construction in July 2013,
began commissioning a test run at the end of May 2016, produced qualified methanol on 17
June 2016, SHMTO device feeding on 23 September 2016, officially smoothed the whole
process on 3 October 2016, and the production of qualified polyolefin products for the
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commercial operation was officially realized in 2017. The coal gasification system uses coal
from Hongshaquan Coal Mine and Heishan coal mine, east of Junggar Basin, Xinjiang, and
oxygen (purity vol % ≥ 99.6) as raw materials. Pressurized plasma gasification of coal
gasification and the chilling process of General Electric Shenhua Gasification Technology
Co., Ltd. was adopted to produce crude syngas with CO and H2 as active ingredients.
Gasification slag is discharged from the bottom of the furnace.

3. Sample Collection and Treatment

3.1. Sample Collection

Before collecting samples, it was necessary to first understand the generation process
of coarse coal gasification slag (CCGS) in order to determine the sampling plan. The
generation process of CCGS is as follows: the high temperature coarse coal and gas leaving
the reaction chamber and the liquid slag enter the quench chamber together. The slag is
solidified in the water bath and sinks to the bottom of the gasifier. The slag water flows
into the slag trap, and relatively clean water at the upper part returns to the bottom of the
quench chamber of the gasifier. Through this water circulation, the slag, and other solids at
the bottom of the chilling chamber, are flushed to the slag trap. The slag trap outlet valve is
opened, the water and slag in the slag trap is replaced with cleaner water, and the slag and
water is sent to the slag machine in the slag tank. After the CGS is pulled out by the slag
scraper, there is a temporary slag field, and the slag water containing the fine slag is sent to
the first vacuum flash separator of the black water flash system. Therefore, the CCGS is
collected at the slag tank and slag field. Sampling was done in strict accordance with the
industrial solid waste sampling technical standard (HJ/T 20-1998).

Field sampling photos are shown in Figure 1.

Figure 1. Photos of field sampling.

3.2. Sample Treatment and Analysis

Abnormal matters were removed from the CCGS samples. Samples were kept away
from the light, dried naturally and stored properly for testing. The CGS samples were
made into a dispersion. After ultrasonic dispersion, samples were directly dropped on
the conductive adhesive on the sample holder or on another conductive media on the
sample holder for scanning electron microscope observation and analysis. According to
the relevant standards, the particle size distribution of CCGS was analyzed by a laser
particle size analyzer. A PHS-3E pH meter, 723 visible spectrophotometer, AFS-933 atomic
fluorescence spectrometer, inductively coupled plasma emission spectrometer (ICP) ICP-
5000, PXSJ-216 ion meter were used to measure the pH value and heavy metal content of
the CGS.

The CCGS samples were directly dried and crushed to particle size less than 10 mm.
The coal samples were divided into 100–150 g by the method of coning and quartering to
prepare the analysis samples. When the coal samples were crushed, the 100–150 g analysis
coal gasification crude slag samples must be crushed to less than 0.15 mm, and the particle
size of 0.10–0.15 mm is required to be more than 70%. The crushed coal samples were
sealed and stored in a wide mouth bottle, and the testing was completed within 30 days.
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4. Testing Results of CCGS

4.1. Microscopic Characterization

The scanning electron microscope result (Figure 2) shows that the coarse slag particles
of coal gasification are angular, uneven in size, amorphous carbon block distribution, and
the surface is composed of irregular porous structure, showing honeycomb holes and large
roughness. This morphology is related to the formation of water quenching of coarse slag
in the molten state of silicon and aluminum. Porous structure can be considered as applied
to adsorption, including pollution control or water and fertilizer research.

Figure 2. Scanning electron microscope image of CCGS.

It can be seen from the particle size distribution curve of CCGS in Figure 3 that the
particle size distribution of CCGS is between 2.8–1022 μm, and mainly distributed between
20–500 μm.

Figure 3. Particle size distribution curve of CCGS.

4.2. Pollutant Content
4.2.1. Raw Coal Analysis

Throughout the gasification process, raw coal particles will be heated and decomposed
in a short time. Volatiles also volatilizes when heated, which deepens the degree of
graphitization of carbon and produce char. Then, the interior of the particles is filled with
the gasification agent (H2O, O2), and the gasification reaction proceeds accordingly. Then,
the gas will be generated, discharged, and collected. At the same time, the graphitization is
further deepened. The coal char particles gradually enter the critical state of crushing, and
the conditions remains unchanged after reaching this state. The coal char particles naturally
begin to break after exceeding the critical state. The formation of slag is closely related to
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this process, which is formed by homogeneous and heterogeneous reactions between coal
char particles and residual minerals.

According to the company’s production process of CCGS, it can be determined that
the main sources of pollutants in CCGS are: (1) raw coal mainly composed of Hongshaquan
coal and Heishan coal; (2) additives that play a role in regulating viscosity during gasifica-
tion; and (3) water sources, such as clean water for the grinding pool, and coal to olefin
(MTO) wastewater.

In the above pollutant sources, the main component of the additive is sodium ligno-
sulfonate, without special odor, non-toxic, soluble in water and alkali. So, the presence of
characteristic pollutants risk was excluded preliminarily; the clean water in the grinding
tank mainly includes high-quality reclaimed water, MTO wastewater, and the reuse water
used for washing pipelines. The composition of MTO wastewater is relatively complex.
The water contains a variety of organic compounds (methanol, dimethyl ether, etc.), and
has the characteristics of low calorific value and low COD, so the existence of characteristic
pollutants in the wastewater cannot be preliminarily judged.

It can be seen from the coal gasification process that the characteristic pollutants in the
CCGS are closely related to the substances in the raw coal. Therefore, it was necessary to
carry out industrial analysis (moisture content, ash content, volatile, and fixed carbon) of
the raw coal first, and the analysis results are shown in Figure 4.

Figure 4. Raw coal industrial analysis (note: ad means air dry; Cl is chlorine; N is nitrogen; H is
hydrogen; C is carbon; FC is fixed carbon; V is volatile; A is ash; M is moisture; the figure does not
contain the characteristics of the two coal char residues which are both 2, the arsenic (ω(Asad)) of
Hongshaquan coal sample is 1 μg/g, and that of Heishan coal sample is 3 μg/g).

According to the results of Figure 4 and the classification of Chinese coal and the
ash composition table of Chinese coal, Hongshaquan coal and Heishan coal belong to
bituminous coal. Hongshaquan coal has a high ash content and low volatility. A high ash
content means that the coal consumption in the gasification process increases. Correspond-
ingly, the workload of the gasifier and ash treatment system also increases. In terms of
volatile matter, the content of coal with a low degree of coalification becomes higher, i.e., the
‘younger’ the coal, the better its reactivity in gasification, and the more efficient it will be
throughout the gasification process. Compared with Hongshaquan coal, Heishan coal has
the characteristics of low ash, low sulfur, and is of good quality.

Coal ash is a very complex inorganic mixture whose composition is usually represented
by oxides. Coal ash is composed of SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O, K2O, TiO2, etc.
SiO2, Al2O3 and TiO2 are acidic oxides, while Fe2O3, CaO, MgO, Na2O and K2O are
alkaline oxides.
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Acid oxide has the ability to increase the ash melting temperature: the higher the acid
oxide content, the higher the melting temperature. The effect of alkaline oxide is the oppo-
site: the higher the content, the lower the melting temperature. The chemical composition
of coal ash has an important influence on the formation of slag in the gasification process of
raw coal through the melting temperature. The gasifier provides a high-temperature and
high-pressure environment. The raw coal produces physical and chemical changes in this
environment, and eventually produces solid matter, namely, the slag. The ash composition
analysis of raw coal is shown in Figure 5. Compared with Heishan coal, the content of
acidic oxides in Hongshaquan coal is higher and the content of alkaline oxides is lower. The
above chemical composition content factors are the reason why the melting temperature of
Hongshaquan coal is higher than that of Heishan coal. Overall, the chemical substances
and composition in the coal sample not only affect its own melting characteristics, but also
inhibit or accelerate the gasification process.

Figure 5. Chemical composition of raw coal ash.

In addition, it can also be seen that the main components of the raw coal used in coal
gasification production by Xinjiang Chemical Co., Ltd. are fixed carbon and dry ash-free
volatiles, do not contain radioactive substances, and contain a small amount of silicon,
aluminum, iron, calcium, potassium, sodium, nickel, magnesium, manganese, titanium and
other oxides, and may contain arsenic, mercury, lead and other characteristic pollutants.
Therefore, it can be preliminarily estimated that characteristic pollutants can exclude the
influence of radioactive pollutants.

Figure 6 shows test results of pH, fluoride, total chromium, hexavalent chromium,
total cyanide, total mercury, total arsenic, total cadmium, total lead, total nickel, total
zinc, total copper, total manganese, total beryllium, total silver, sulfide, alkyl mercury and
other characteristic pollutants in Hongshaquan coal and Heishan coal. The samples of
Hongshaquan coal were recorded as RC1, RC2, RC3 and RC4, respectively, and the samples
of Heishan coal were recorded as BC1, BC2, BC3 and BC4, respectively. It is important to
note that total cadmium, total chromium, total lead, total nickel, total cyanide, total copper,
hexavalent chromium, total beryllium, total silver, methyl mercury and ethyl mercury were
not detected.

It can be seen from the test results that only six items of total mercury, total arsenic,
total zinc, total manganese, fluoride and pH were detected in the raw coal, and total zinc
was only detected in the Hongshaquan coal sample, and not detected in the Heishan coal
sample. It can be preliminarily estimated that if other pollutants other than these six items
are detected in the CGS, it is not related to the raw coal and is deemed to be related to other
materials. According to the Integrated Wastewater Discharge Standard (GB 8978-1996), the
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total mercury, total arsenic, total zinc, total manganese, fluoride, and pH requirements are
0.05 mg/L, 0.5 mg/L, 2.0 mg/L, 2.0 mg/L, 10 mg/L, 6-9, respectively. It can be seen that
the content does not exceed the standard requirements. If these six types of pollutants are
detected to exceed the standard in the test results of CCGS, it may be other materials that
introduce the pollutants.

Figure 6. Analysis results of pollutants in Hongshaquan and Heishan coal samples.

4.2.2. Contents of Characteristic Pollutants in CCGS

The pH, fluoride, total chromium, hexavalent chromium, total cyanide, total mercury,
total arsenic, total cadmium, total lead, total nickel, total zinc, total copper, total manganese
and other characteristic pollutants of CCGS were characterized. The samples used for
the detection of characteristic pollutants in CCGS were labeled as CGSP1, CGSP2, CGSP3,
CGSP4, CGSP5, CGSP6, CGSP7, CGSP8, CGSP9 and CGSP10, respectively. Total cadmium,
total chromium, total lead, total nickel, total cyanide, total copper, hexavalent chromium,
total beryllium, total silver, methyl mercury and ethyl mercury were not detected.

The test results are shown in Figure 7. Through the data, it was found that the charac-
teristic pollutants in the CCGS are: total mercury, total arsenic, total zinc, total manganese,
fluoride, and pH. This is consistent with the characteristic pollutants detected in raw coal.
Moreover, except that the pH of raw coal and CCGS is roughly the same, the remaining
characteristic pollutants decreased significantly. It is speculated that the characteristic pol-
lutants in raw coal may be distributed to other by-products or recycled materials, such as
fine coal gasification slag; It is speculated that under this process condition, other materials
except raw coal introduce less pollution. All the pollution did not exceed the standard
GB 8978-1996. The dimensionless quantities obtained by comparing the measured values
with the standard requirements were characterized, and the average values were taken. It
was found that the dimensionless quantities corresponding to total mercury, total arsenic,
total zinc, total manganese, and fluoride were 0.01, 0.002, 0.16, 0.26 and 0.03, respectively.
Therefore, content of various pollutants was far below the standard requirements and the
slag is feasible for secure application.

Figure 7. Test results of CCGS pollutants.

5. Feasibility Study of Gasification Slag Soil Improvement

The above research results show that the contents of the CCGS pollutants do not
exceed the standard, and it was preliminarily determined that it was applicable to be used
for soil improvement. The feasibility of gasification slag for soil improvement was further
studied in this paper.

First, soil samples were collected at the Hongshaquan open-pit mine in June 2020, and
soil samples were collected from the dump and reclaimed planted forest in the mining area
as shown in Figure 8. An ‘S’-shaped sampling route was used, and a soil auger was adopted
to take 0~20 cm at the surface soil (because the surface 0~20 cm soil nutrient distribution
and change are most obvious and most representative). The samples were placed in plastic
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bags, labelled, and soil samples were sent back to the laboratory, placed in a cool and
ventilated area to air dry. After air drying, the large soil blocks were broken, the plant roots,
deadwood, leaves, animal and plant residues and stones in the soil were picked out. After
sieving with a 2 mm sieve, they were sealed and stored in plastic bags for the testing of soil
basic physical and chemical properties, and soil improvement-related experiments.

Figure 8. Sampling.

In order to explore the effect of CCGS on soil water and fertilizer retention, the infil-
tration test of different treatments of improved materials was carried out by intermittent
soil column leaching method, the characteristics of soil water content and soil fertility after
leaching were analyzed, the mechanism of water and fertilizer retention of improved mate-
rials was further studied, and the water and fertilizer retention capacity of the improved
materials with different ratios and pure soil was comprehensively compared and analyzed.
The design of the soil column experiment is as follows: the soil column experiment was
set up with four CCGS gradients (5%, 10%, 15%, 20%), and the soil column without the
improved material was used as the control. Three parallel tests were performed for each
ratio, as shown in Figure 9.

Figure 9. Soil column experiment.

(1) Soil particle size distribution with different content of CCGS
The soil particle sizes of the evenly dispersed soil samples were measured by laser

particle size analyzer. According to the United States Department of Agriculture (USDA)
soil texture classification system, the measured particle size distribution data were divided
into three categories: sand (0.05~2 mm), silt (0.002~0.05 mm), and clay (<0.002 mm). As
shown in Figure 10 and Table 1, the CCGS is mainly composed of sand, and the clay content
is almost zero. The soil in the study area is mainly composed of sand, and the sand volume
accounts for 75.60%. The percentage volume of silt and clay is relatively low. After adding
CCGS, the soil is mainly sand. It can be seen that CCGS has a relatively poor effect on soil
particle size and texture improvement.

(2) Effect of CCGS on soil water retention performance with different CCGS content
As shown in Figure 11, after adding CCGS, the soil water retention performance is

better than that of the original soil from the dump of open pit mine and increases with the
increase of CCGS content. In terms of the soil-water retention effect, 20% CCGS was better,
but compared with planted forest, the results showed that regardless of whether CCGS is
added or not, the soil moisture content is higher than that of CCGS, which may be related
to the high content of fine sandy particles and coarse silty particles in the soil, less clayey
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particles and organic matter. The uniform and coarse single particles were rapidly settled in
the water and arranged neatly and closely, appearing to have the nature of hardened pulp.

Figure 10. Effect of CCGS on soil particle size distribution with different CCGS content.

Table 1. Soil particle size distribution under different content of CCGS.

Treatment
Clayey Particles
(<0.002 mm, %)

Silty Particles
(0.05~0.002 mm,%)

Sandy Particles
(2~0.05 mm,%)

Soil 100% 2.2 22.2 75.6

CCGS

100% 0 5.32 94.68
5% 1.31 22.31 76.39
10% 1.2 20.27 78.53
15% 1.1 18.54 80.35
20% 0.86 17.02 82.12

Figure 11. Effect of CCGS on soil water retention performance.

(3) Effect of CCGS on soil pH under different CCGS content before and after leaching
It can be seen from Figure 12 that pH value of soil decreased after adding CCGS

before leaching, and the pH value of soil with 20% CCGS was the lowest, and there was
no significant difference in pH value between different CCGS content. After leaching, the
soil pH value increased. Compared with the CCGS, the soil pH was higher than that of
the CCGS regardless of whether the CGS was added or not. The soil pH values of 15%
and 20% CCGS were lower, and the difference was close to the CCGS. In terms of soil pH,
20% CCGS had the best effect.
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Figure 12. Effects of CCGS on soil pH.

(4) Effects of CCGS on soil electrical conductivity (EC) under different CCGS content
before and after leaching

Soil electrical conductivity is an indicator of soil water-soluble salt, and soil water-
soluble salt is an important attribute of soil, which is the factor to determine whether
salt ions in soil influence crop growth. The analysis of water-soluble salts in soil is of
great significance to understand the salt dynamics, the impact on crop growth and the
formulation of improvement measures. As shown in Figure 13, the soil EC was high before
leaching, and the electrical conductivity decreased with the increase of CCGS content.
The soil electrical conductivity was low after leaching, and the electrical conductivity
decreased with the increase of CCGS content. Compared with the planted forest sample,
the conductivity value was low, and a 20% CCGS effect was best for the soil EC.

Figure 13. Effects of CCGS on soil EC.

(5) Effect of CCGS on soil fertility with different CCGS content after leaching
1) Effects of CCGS on soil organic matter with different CCGS content after leaching
The carbon content in the CCGS is very high, and these residual carbons may be

derived from the volatile substances of the original coal pyrolysis, partial gasification
carbon and/or unreacted pyrolysis carbon. From Figure 14, it can be seen that a 20% CCGS
content has the best improvement effect on soil organic matter (SOM), and the SOM content
of CCGS is higher than that of the planted forest sample.
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Figure 14. Effect of CCGS on SOM.

2) Effects of CCGS on soil nitrogen with different CCGS content after leaching
As shown in Figure 15, before and after leaching, with different CCGS content, the

content of alkali-hydrolyzed nitrogen changed significantly, and the difference gradually
decreased with the increase of CCGS content. The research showed that with the addition
of CCGS, the soil alkali-hydrolyzed nitrogen could be maintained, and the higher the
CCGS content, the stronger the maintenance effect. Taking the planted forest sample
as the expected goal of improvement, it can be found that the addition of CCGS can
improve the retention of soil alkali-hydrolyzable nitrogen after leaching, but the content of
alkali-hydrolyzable nitrogen is not as high as that of the planted forest sample.

Figure 15. Effect of CCGS on alkali-hydrolyzed nitrogen.

As shown in Figure 16, before and after leaching, the content of ammonium nitrogen
changed significantly with different CCGS contents, and the difference gradually decreased
with the increase of CCGS content. The results showed that the addition of CGS could
maintain the soil ammonium nitrogen, and the higher the content of CCGS, the stronger the
retention effect. Taking the planted forest sample as the expected target of improvement,
it can be found that when the CCGS is 20%, the retention effect of ammonium nitrogen
is better than that of the planted forest sample, but the content is far less than that of the
planted forest sample.
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Figure 16. Effect of CCGS on ammonium nitrogen.

3) Effects of CCGS on soil phosphorus with different CCGS content after leaching
As shown in Figure 17, before and after leaching, under different mixing ratio, the

relative change of available phosphorus content is not obvious, and the difference decreases
with the increase of CCGS content. Studies have shown that the addition of CCGS can
keep the soil-available phosphorus, and the higher the CCGS content, the stronger the
retention effect. Taking the planted forest sample as the expected goal of improvement,
it can be found that when the amount of CCGS is 20%, the retention effect on available
phosphorus is better than that of planted forest, and the content is close to that of the
planted forest sample.

Figure 17. Effect of CCGS on Available Phosphorus.

4) Effect of CCGS on soil potassium with different CCGS content after leaching
As shown in Figure 18, before and after leaching, the content of available potassium

changed significantly with different CCGS content, and the difference increased with the
increase of CGS content. The results showed that the addition of CGS had a weak effect on
soil available potassium, and the higher the content of CGS, the weaker the effect. Taking
planted forest as the expected goal of improvement, it can be found that when the amount
of CGS is 10–15%, the retention effect of available potassium is better than that of the
planted forest sample, and the content is close to that of the planted forest sample.
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Figure 18. Effect of CCGS on available potassium.

(6) Salt control performance
1) Cations
It can be seen from Figure 19 that the addition of CGS increased the content of mag-

nesium ions, potassium ions and sodium ions in the soil. The calcium ions, magnesium
ions, potassium ions and sodium ions in the soil before evaporation and after adding CGS
were higher than those after evaporation. The content of calcium ion, magnesium ion and
potassium ion increased after evaporation in the treated group of planted forest samples,
while sodium ion decreased. The addition of CGS was able to reduce the content of calcium
ion and potassium ion in soil after evaporation but had no effect on other cations.

Figure 19. Changes of cation.

2) Anions
From Figure 20, it can be seen that the addition of CCGS has a weak effect on the

anion content in the soil, but the carbonate ions appear in the soil after evaporation and
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the soil mixed with CGS, and the evaporation brings the carbonate ions. However, the
content of the ions decreases with the increase of the content of CCGS. The chloride ions
and bicarbonate ions in the soil before evaporation and the soil mixed with CGS are lower
than those after evaporation. The content of sulfate ion decreased with the addition of
CCGS. There was no carbonate ion before and after evaporation in the treatment group
of planted forest. The addition of CGS had a poor effect on the weakening of soil anion
content compared with planted forest samples.

Figure 20. Changes of anions.

In summary, the addition of CCGS increases the ion content, but mainly acts on soil
cations, and has a relatively weak effect on soil anions. The sum of the eight ions in the soil
before and after evaporation is reduced, as shown in Figures 21 and 22.

Figure 21. Changes of anion and cation.
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Figure 22. Changes of eight ions.

6. Conclusions

There are very few studies on the application of CCGS in soil improvement. In this
paper, the characteristics of CCGS and its feasibility in soil improvement were studied,
which fills the gap in related research. The following conclusions were obtained:

(1) CCGS produced by Shenhua Xinjiang Chemical Co., Ltd. presents honeycomb
holes with high roughness. The particle sizes of CCGS are mainly between 20–500 μm;

(2) The raw coal is bituminous coal, the coal quality of Heishan coal is beneficial to
gasification, and the characteristic pollutants in the CCGS are closely related to the raw coal;

(3) There are no radioactive pollutants in the CCGS, and the content of various pollutants
does not exceed the standard, which can be used for environmentally friendly applications;

(4) The CCGS is applicable for soil improvement. The effect of CCGS on soil particle
size and texture improvement is limited. The CCGS has a certain effect on soil water
retention performance, and increases with the increase of CCGS content, while the pH and
conductivity values decrease; the improvement effect of SOM and available potassium
was remarkable; the higher the CCGS content, the stronger the effect on maintaining
soil available nitrogen, ammonium nitrogen and available phosphorus, but the effect is
smaller. CCGS can increase the ion content, especially the soil cation. The soil anion effect
is relatively weak: before and after evaporation, the soil’s total eight ions decreased.
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Abstract: Plastics usage is rising daily because of increased population, modernization, and indus-
trialization, which produces a lot of plastic garbage. Due to their various chemical structures, long
chain polymeric compositions, and thermal/decomposition behavior, it is challenging to recycle these
plastic wastes into hydrocarbon fuels. In the current work, domestic plastic waste was pyrolyzed at
473 to 973 K in a fixed bed reactor and compared with the three virgin plastics LDPE (low-density
polyethylene), HDPE (high-density polyethylene), and PP (polypropylene), as well as a mixture of
the three (virgin mixed plastics). The pyrolysis results showed that maximum liquid hydrocarbons
obtained from HDPE, LDPE, PP, mixed plastic, and domestic waste were 64.6 wt.%, 62.2 wt.%,
63.1 wt.%, 68.6 wt.%, and 64.6 wt.% at 773 K, respectively. The composition of liquid fuels was
characterized using FTIR and GC-MS, which showed a wide spectrum of hydrocarbons in the C8–C20
range. Furthermore, liquid fuel characteristics such as density, viscosity, fire and flash point, pour
point, and calorific value were examined using ASTM standards, and the results were found to be
satisfactory. This study provides an innovative method for recycling waste plastics into economical
hydrocarbon fuel for use in transportation.

Keywords: domestic plastic waste; pyrolysis; TGA; GC-MS; alternate fuel

1. Introduction

The demand for plastic has increased due to its attractive applications like packaging,
utensils, and other industrial uses. According to Central Pollution Control Board, CPCB’s
latest report, the generation of plastic waste in India for 2018–2019 was around 9.46 mil-
lion tons per year [1]. As a result, today’s biggest concern is how to properly dispose of
plastic waste. There are several popular methods used to dispose of plastics, depending
on local regulations: landfilling and open dumping, ocean dumping, incineration, and
recycling [2,3]. However, these methods result in several economic and environmental
concerns. [4–6]. The researcher’s focus has been switched in recent years to the recovery
of energy from plastic wastes, which not only solves the issue of managing plastic waste
but also generates energy as a value-added product. As a result, a simple, effective, and
low-cost technique for resolving plastic pollution and converting it into useful energy
products is required. A prospective method for meeting the energy needs of the industrial,

Processes 2023, 11, 71. https://doi.org/10.3390/pr11010071 https://www.mdpi.com/journal/processes21



Processes 2023, 11, 71

transportation, and agricultural sectors as well as solid waste management is the ther-
mochemical conversion of mixed plastic waste (MPW) to fuel. Numerous investigations
have been conducted on the pyrolysis of various forms of unmixed plastic materials [7–11].
However, municipal/domestic plastic waste primarily consists of low-density polyethylene
(LDPE), high-density polyethylene (HDPE), polyethylene terephthalate (PET), polypropy-
lene (PP), polystyrene (PS), and poly (vinyl chloride) (PVC) [12–16]. Hence, mixed-waste
separation and material variability are significant obstacles to the broader use of the tech-
nique. Until now, no commercial plants have been available to convert domestic/municipal
plastic waste into fuel due to its thermal decomposition behavior, making it challenging
to convert usable fuel into a single reactor. The information on plastic waste conversion’s
technological aspects is scanty and needs to be investigated deeply in order to utilize plastic
waste for fuel.

Pyrolysis is one of the important thermochemical conversion technologies for the
transformation of plastic waste into valuable products like liquid fuel, gas fuel, and carbon
black [17,18]. It is an endothermic response where volatile matter of input plastic waste
decomposes to produce condensable vapors, non-condensable gases, and solid pyro-char
(fixed carbon and inorganic compounds such as glass, metals, ash, etc.). The inorganic chem-
icals from pyrolysis are unaltered and can be employed as additives for other polymers,
chemical modification or recovery, or road construction [19–21].

Most of the studies have reported on using single-type plastic waste. For instance,
Hazrat 2014 performed the pyrolysis of high-density polyolefin in the temperature range
473–853 K and observed that the obtained liquid product contained hydrocarbon of waxes,
gums, and coke along with light oils [22]. The batch process of virgin plastic (PE, PP,
PS, and PET) to crude liquid fuel was also studied in Parr mini autoclave at 773 K and
found yields of 90–95 wt.%, 5–10 wt.% and 1 wt.% of liquids, gases, and solid residue
respectively [23]. At the same time, low-temperature pyrolysis of used plastic in a batch
reactor with a mixture of LDPE and PP of 3 mm in length had a standard yield of 48.6 wt.%
at 548 K of liquid products with the non-catalytic pyrolysis technique [24]. In a different
experiment, scientists looked at the catalytic and non-catalytic pyrolysis of PS with LDPE,
HDPE, PP, and PET plastics in a batch microreactor at 725 K and 5−6.0 MPa of N2 gas
pressure over a 1 h residence period. Each plastic mixture with PS was subjected to three
reactions, and it was found that the 1:1 mix ratio produced the highest output of liquid
hydrocarbon fuel [25,26]. The outcomes of earlier research were compared to those of other
studies, which carried out experiments in a batch autoclave reactor using HDPE plastic
as feedstock and recorded a maximum output of 70 wt.% at 753 K in 20 min of residence
time [27]. The capacity of a mixture of PP and PE plastics to produce hydrocarbon fuels by
thermal cracking in horizontal tubular reactors at various temperatures was also explored
by some researchers, and it was determined that yields rely on the makeup of the plastic
feed and residence time [28]. These studies showed that pyrolysis is the best technique
to convert plastic waste to fuel. However, very few studies are available on the effect
of operating temperatures on converting domestic plastic into usable alternate fuels [29].
Hence, this study aims to pyrolyze domestic plastic waste at different temperatures for
maximum hydrocarbon yield and to compare it with virgin HDPE, LDPE, PP, and mixed
virgin plastic (MVP). The study’s main objective was to identify domestic plastic waste’s
decomposition behavior and temperature, compared to that of virgin plastics and mixed
virgin plastic. In addition, reaction products were characterized to see their feasibility as
alternative fuels such as gasoline, diesel, or jet fuel.

2. Materials and Methods

2.1. Materials

Virgin low-density polyethylene (LDPE), high-density polyethylene HDPE), polypropy-
lene (PP), and polyethylene terephthalate (PET) were obtained from local vendorAldrich
made, Dehradun, Uttarakhand, India. Virgin mixed plastic was made by considering
domestic plastic waste (PP 27 wt.%, LDPE 60 wt.%, HDPE 10 wt.%, and PET 3 wt.%) com-
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position. Domestic plastic wastes were collected from campus bins. It was observed that
domestic plastic waste contains, on average (50–60 wt.% LDPE, 30–35 wt.% PP, 10–12 wt.%
HDPE, and 1–3 wt.% PET) which are shredded into small pieces and sieved into a particle
size of 3–5 mm as virgin plastic available.

2.2. Characterization of Feedstock
2.2.1. Proximate and Ultimate Analysis

Proximate analysis was performed to assess the combustion properties, including
moisture content, volatile matter, fixed carbon, and ash. A bomb calorimeter was used to
examine the calorific value. To determine the elemental composition of domestic plastic
waste, mixed virgin plastics, and individual virgin plastics (LDPE, HDPE, and PP), as well
as hydrocarbon fuels, a CHNS analyzer (varioMICRO CHNS, Elementar Analysensysteme
GmbH, Germany) was used. Properties of LDPE, HDPE, PP, mixed virgin plastic (MVP),
and domestic plastic waste (DPW) are depicted in Table 1.

Table 1. Characteristic properties of different plastic feedstocks (dry basis).

Properties
Virgin Plastic

Mixed Virgin Plastic Domestic Plastic Waste
PP HDPE LDPE

Volatile matter (wt.%) 99.9 97.7 98.78 98.72 93.45
Fixed carbon (wt.%) 0.09 2.12 1.12 1.17 5.34

Ash (wt.%) 0.01 0.18 0.1 0.11 1.21
Bulk Density (kg m−3) 0.574 0.584 0.552 0.56 0.862

Conradson Carbon residue 0.2 0.68 0.61 0.51 1.34
Heating value (MJ kg−1) 41.1 42.1 45.7 42.04 40.42

Carbon (wt.%) 83.49 85.26 85.85 84.88 84.43
Hydrogen (wt.%) 16.13 14.65 14.15 14.83 12.45
Nitrogen (wt.%) 0.28 0.09 0 0.26 2.71

Sulfur (wt.%) 0.1 0 0 0.03 0.41
H/C ratio 0.19 0.17 0.16 0.17 0.15

It was observed from Table 1 that all plastics feedstock contains high amounts of
volatile matter > 97% and less percentages of fixed carbon, which can be inferred to achieve
97% conversion. Plastic feedstock measures higher heating values than diesel, petrol, and
natural gas. From the ultimate analysis of plastic, it was observed that virgin polypropylene
has a high H/C ratio, whereas domestic plastic waste has 0.15 H/C ratio equivalent to
HDPE (Table 1). The lesser the H/C ratio, the lesser will be the heating value of the
feedstock. The bulk density of plastic was determined in accordance with ASTM D1895B,
and the results revealed that LDPE was the lightest of all the feedstocks selected for the
pyrolysis process.

Table 1 shows that domestic plastic wastes have a carbon residue of 5.34 wt.%, com-
pared to mixed virgin plastic’s 1.17 wt.% which indicates that the carbon in domestic plastic
trash may have a complicated structure. According to ASTM standards, the heating value
of liquid hydrocarbon fuels and plastic feedstock was evaluated using a bomb calorimeter.

2.2.2. Thermogravimetric Analysis (TGA)

A thermogravimetric analyzer (SII 6300 EXSTAR, Seiko Instruments Inc., Tokya, Japan)
was used to assess the mass loss of plastic feedstock in order to understand how the
composition of the feedstock changed with time and temperature. Over a temperature range
of 303 K to 1173 K, nitrogen was employed as an inert gas at a flow rate of 150 mL min−1.
Differential thermogravimetric analysis was derived and analyzed in further sections. A
uniform sample weight of up to 10 mg was used in all TGA analysis.
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2.3. Experimental Set Up and Procedure

The experiments were conducted in fixed-bed reactor under inert environment. The
primary reactor consisted of a cylindrical quartz column with an internal diameter of
75 mm and a height of 420 mm. The preheating of the feed gas was made possible by
the heating zone’s proximity to the inlet. The samples used in all of the studies weighed
around 50 g. Initially, the reactor was purged with inert gas, i.e., nitrogen, at a flow rate of
500 mL min−1. The ideal heating rate for all tests was 10 ◦C min−1 from room temperature
to the desired temperature, and the desired temperature was maintained for 60 min to
ensure reaction completion. Three bottle-jacketed water-cooling condenser units, each with
a 500 cc capacity, condensed the volatiles released during the pyrolysis process from the
plastic waste into liquid form. The bottle condensers were held at a temperature of 6 ◦C
and connected in series. Non-condensable gases leave the system by the available vent,
are collected in the bladder, and undergo qualitative analysis thereafter. Each feedstock
was pyrolyzed at 473 K to 973 K to optimize the best yield of liquid, solid, and gaseous
products. After the completion of the experiment, residue and condensed liquid was
measured, and the yields in weight percentage were calculated. Each experiment was
repeated twice, and average values are shown in the manuscript. The methodology adopted
in this investigation is shown in Figure 1.

Figure 1. Process pathway for production of hydrocarbon fuels from domestic plastic waste and
virgin plastics.

2.4. Product Analysis

The chemical characteristics of solid feedstock and liquid product were analyzed for
FTIR to understand the functional group. The usual KBr (potassium bromide) approach
was employed to record the IR spectra in the 400–4000 cm−1 range at a resolution of 4 cm−1

using the Perkin Elmer’s FTIR spectrometer. The detailed chemical composition of liquid
hydrocarbons was performed using GC-MS and FTIR analysis techniques. Perkin Elmer’s
GC-MS equipped with DB-5ms capillary column with i.d. 0.25 mm and length of 30 m was
used to identify the chemical composition, and unknown compounds were matched with
standard NIST 11 libraries. Helium was used as a carrier gas at a flow rate of 1.5 mL min−1,
with a split ratio of 50:1, and 70 eV ionization energy was applied to detect the mass. To
assure the elution of any potential high boiling compounds, the temperature of the GC oven
was initially kept at 348 K for 10 min, increased to 573 K at a heating rate of 10 K min−1,
and held for 25 min. GC with a thermal conductivity detector (TCD) and flame ionization
detector (FID) was used to collect the non-condensable gases in the balloon and analyze

24



Processes 2023, 11, 71

all immediately. With argon serving as a carrier gas, pyrolytic gases were isothermally
separated in a molecular sieve-packed column. The temperature of injector and detector
was 393 K and 433 K, respectively. All the physical characteristics were determined as per
ASTM standards.

3. Results and Discussion

3.1. Characterization of Plastic Feedstock
3.1.1. Thermogravimetric Analysis (TGA) Analysis of Plastic Waste

TGA is a standard technique that demonstrates the sample’s behavior concerning time,
temperature, and heating rate and helps to get the optimum temperature range for plastic
polymer degradation. The TGA analysis curve of domestic plastic waste and virgin plastics
under a non-isothermal (10 K/min) range is represented in Figure 2 and the results revealed
that the thermal decomposition of LDPE, HDPE, and PP plastic was almost similar. The
decomposition of LDPE started at 573 K with an initial mass of 96.24 wt.% and reached up
to mass-loss of 3.4 wt.% at 720 K while the degradation of HDPE started with a mass-loss
of 94.20% at 613 K and achieved up to 6.57% at 749 K (Figure 2b). Because HDPE has more
branching hydrocarbon bonds than LDPE, which indicates stronger internal molecular
forces, its degradation range was marginally larger than LDPE’s. As a result, it needed
a higher temperature to degrade [4]. On the other side, PP started to degrade at 648 K
with an initial mass of 95.2 wt.% and reached a maximum of 2.6 wt.% at 750 K (Figure 2c),
indicating single-step degradation. The presence of a single DTG peak also supports the
fact that the degradation of all these three plastic feedstocks, i.e., LDPE, HDPE, and PP,
takes place in a single step.

The temperature at which the maximum degradation rate takes place is called peak
temperature (Tmax). In contrast, the temperature at which maximum degradation began
is denoted as onset temperature (To), and the temperature at which degradation ended is
termed as end temperature (Te). The values of these temperatures vary for different source
materials. Since the rate of degradation changes as reaction time (temperature) increases,
the changes in product distribution of both gas and liquid phases are also to be expected.
In this study, the peak temperature Tmax for LDPE, HDPE, and PP was 703 K, 700 K, and
721 K, respectively, while the end temperature was 720 K, 730 K, and 740 K, respectively.
Total mass loss for LDPE, HDPE, and PP was 92.84 wt.%, 88.63% wt.%, and 90.9 wt.%,
corresponding to these temperatures. Therefore, the yield of product distribution varied
with these feedstocks. In domestic plastic waste and mixed virgin plastic, Tmax was 740 K
and 744 K, respectively, higher than individual plastics. In addition, three peaks were
detected in the DTG curve (Figure 2d,e), indicating that the degradation of domestic plastic
waste and mixed virgin plastic is a significant multiple-reaction process; therefore, total
mass loss occurs in more than two reactions. It may be due to the synergistic effect when
all three plastic materials degrade together [30]. However, the onset temperature (To) for
domestic plastic waste and mixed virgin plastic was observed to be 614 K and 654 K, while
the end temperature (Te) was 749 K and 758 K, and the mass loss was higher for mixed
virgin (92.20%) compared to domestic plastic waste (89.93%).

The temperature at which domestic plastic waste decomposed was lower than that
of mixed virgin plastics. The primary causes may result from a change in the structural
composition of domestic plastic waste while molding completed goods from virgin plastic.
Binders, fillers, and coloring chemicals may disintegrate mixed plastic waste more quickly
than unprocessed virgin plastics by lowering the temperature. Based on To and Te, it can be
predicted that the pyrolytic zone for both domestic plastic waste and mixed virgin plastic
lies in the range of 600 to 754 K temperature. These data were found to be similar to other
studies carried out by different researchers [8,30,31].
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Figure 2. Thermogravimetric (TG) and differential thermogravimetric (DTG) analysis of (a) LDPE
(b) HDPE (c) PP (d) Mixed virgin plastic (e) Domestic plastic waste.

3.1.2. FTIR Analysis of Plastic Feedstock

Figure 3 shows FTIR studies of virgin plastics and domestic plastic waste. Large
monomers are combined to produce polymer compounds for use in plastics. Some poly-
mers are supported by oxygen doping, whereas others have olefinic composition. How-
ever, domestic plastic waste contains fillers, binders, and additives that FTIR spectra
can identify regarding the hydrocarbon composition’s stretching frequencies. Figure 3
shows that =C−H, −C−H, and C−C stretching frequencies ranged between 2900 and
3000 cm−1, which indicates the existence of hydrocarbon groups like alkanes, alkenes,
and alkynes. Long-chain, closely packed hydrocarbons, and closed, densely packed hy-
drocarbon molecules are responsible for the behavior. Above 3000 cm−1, wave numbers
are slightly skewed. Domestic plastic waste also contains groups that contain oxygen
at frequencies between 2600 and 2900 cm−1. The comprehensive summary of the FTIR
analysis of domestic plastic waste and mixed virgin plastic are shown in Table 2. Table 2
provides comprehensive details regarding the various functional groups of hydrocarbons
and their behavior, strength, and mode of vibration.
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Figure 3. Fourier transformed Infrared spectra of plastic feedstock.

Table 2. Summary of functional group analysis of plastic feedstock.

Wavelength Remark

3200–3000 cm−1 =C−H stretch, −C−H stretch, CH3, CH2 & CH (strong)
2962 cm−1 −C−H stretch, CH3, CH2 & CH (strong)
1650 cm−1 C=C stretch
1458, 1377 cm−1 −C−H bending, C=C bending.
Below 1000 cm−1 =C−H bending and fingerprint region

3.2. Product Distribution of Pyrolysis Reaction with Domestic Plastic Waste, PP, LDPE, HDPE,
and Mixed Virgin Plastic

The product distribution of pyrolysis reaction with domestic plastic waste, PP, LDPE,
HDPE, and mixed virgin plastic is depicted in Figures 4 and 5. The temperature range for
the pyrolysis of these plastics was 573 K to 973 K with a constant heating rate of 10 K min−1.
Liquid hydrocarbon fuel, non-condensable gases (pyrolysis gases), and solid residue (pyro
char) were the main products of the reaction. The results showed that the yield of gaseous
products was increased with the rising of temperature while liquid product yield increased
with a specific temperature, and after that, it was found to be decreased with increasing
temperature. As shown in Figure 5a, LDPE’s liquid hydrocarbons fuel yield increased from
4.3% (473 K) to 64.6% (773 K) due to the devolatilization reactions being supported by
higher temperatures. When the temperature increased beyond 773 K, the liquid product
yield was reduced from 64.6% (773 K) to 30.8% (973 K). This may be due to secondary
thermal cracking, which results in decomposition of these liquid hydrocarbons into non-
condensable hydrocarbons. In addition, higher temperature favors the cracking of the large
hydrocarbon molecules into small molecular products [32]. Therefore, the yield of gaseous
hydrocarbons was found to be increased with increasing temperature. The poor yield of
liquid and gaseous hydrocarbons at lower temperatures was due to incomplete reaction.
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Figure 4. Different alternate fuels produced from (a) PP (b) LDPE (c) HDPE (d) Mixed virgin plastic
(e) Domestic plastic waste (all products shown are produced at optimum temperature condition).

Figure 5b shows the product distribution of HDPE virgin plastic pyrolysis. HDPE
liquid hydrocarbons yield was observed maximum (62.2 wt.%) at 773 K. In contrast, gaseous
hydrocarbon was maximum (68.6 wt.%) at 973 K. The trend of solid, liquid, and gaseous
hydrocarbon yield was almost similar to LDPE pyrolysis products. However, LDPE
produced a higher amount of liquid products compared to HDPE and PP. The results of PP
pyrolysis are shown in Figure 5c and demonstrated that the maximum value of liquid and
gaseous hydrocarbons was 63.1 wt.% and 66.8 wt.% at the temperature of 773 K and 973 K,
respectively. At higher temperatures, condensables undergo secondary reactions in which
large molecules further break down to smaller molecules, thereby reducing the condensate
and increasing the non-condensable gases [33]. Solid residue decreases with increasing
temperature and almost produces a fixed amount of 4.2 g to 1.5 g at 773 K onwards. These
data were also supported by TGA analysis. The liquid hydrocarbons were lesser than LDPE
but higher than HDPE. A similar study was conducted on virgin high-density polyethylene
(HDPE) pyrolysis at temperature and pressure ranges of 450–504 ◦C and 0.1–2 bar in a
continuous pilot-scale plant [34]. The findings demonstrated that even at low temperatures
and pressures in the examined ranges, the chain-end scission mechanism is the primary
mechanism in the HDPE pyrolysis process. The oil produced from the pyrolysis of virgin
HDPE at a temperature of 464 ◦C and sub-atmospheric pressure of 0.1 bar results in the
highest linear hydrocarbon concentration (93.2 wt.%). Furthermore, the share of cyclic and
branched hydrocarbons was improved up to 17.4 wt.% at higher pressure and temperature
compared to 6.8 wt.% at vacuum pressure and lower temperature.

In addition, to see the combined effect of PP LDPE, and HDPE pyrolysis, all these
three virgin plastics were mixed into a particular ratio, and results were compared with
mixed virgin plastic and domestic plastic waste. It was noted that the mixed virgin
plastic composition was almost identical to that of domestic plastic garbage collected from
university campuses. The pyrolysis results of mixed virgin plastic and domestic plastic
waste are shown in Figure 5d,e. Pyrolysis of mixed virgin plastic was carried out to identify
the fuel quality and compare it with the real-time quality of domestic plastic waste. It was
observed that liquid hydrocarbon fuel from HDPE virgin plastic was waxy oil while PP
and LDPE virgin plastic pyrolysis resulted in a clear liquid. In the case of mixed virgin
plastic, liquid hydrocarbons were again completely in liquid form, which may be because
waxy oil from HDPE is soluble in other liquid hydrocarbons fuel at room temperature. As
illustrated in Figure 4d, the mixed virgin plastic yielded maximum 68.6% liquid product
at 723 K temperature, while domestic plastic waste resulted in 64.5%. In addition, the
liquid products yield was higher for mixed virgin plastic compared to individual virgin
plastic. The reason behind this may be due to the synergetic effect of decomposition of
LDPE, HDPE, and PP simultaneously during pyrolysis reaction [35]. On the other hand,
gaseous hydrocarbon yield was reached up to 64 wt.% at 973 K.
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Figure 5. Product yield obtained from pyrolysis of (a) PP, (b) LDPE, (c) HDPE, (d) MVP, (e) DPW.

Domestic plastic waste behaves quite differently in pyrolysis than mixed virgin plastics
because it contains a variety of other polymers in traces (1–5%), as well as coloring agents,
additives, and other materials. In the narrow temperature range of 723–773 K, the highest
yield of liquid product was reported to be 60.3 wt.% to 64.5 wt.% (Figure 5e). However,
the maximum yield of liquid and gaseous products was observed to be lower for domestic
plastic waste compared to mixed virgin plastic. This may be due to some polymer binders
and coloring agents present in domestic plastic waste [35].
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3.3. Analysis of Liquid Products Extracted from Plastic Feedstock by Pyrolysis Process
3.3.1. FTIR of Pyrolysis Liquid Fuels

The FTIR spectra of alternative fuel produced by the pyrolysis of plastic feedstock
are shown in Figure 6. Chemical bonds absorb specific wavelengths that describe the
fuel’s structure and molecular bond strength as it interacts with infrared light in the FTIR
spectrometer. The spectra of all feedstocks, i.e., PP, LDPE, HDPE, mixed virgin plastic, and
domestic plastic waste, were almost similar.

Figure 6. FTIR spectra of liquid hydrocarbon fuel from pyrolysis of LDPE, HDPE, PP, MVP, and DPW.

Figure 6 illustrates the presence of C-H, C=C, and =C−H bonds in the spectra of
hydrocarbon fuels. Alkenes were detected at 3138 and 3444 cm−1 with a significant peak
signal associated with the =C−H stretching vibration. The alkanes in the hydrocarbon fuel
have a high −C−H vibrational signature, as indicated by the wavenumber of 2922 cm−1.
Alkene was detected by the presence of C=C vibrational bending, C=C bending, and −C−H
stretching vibration signals with wavenumbers of 1642, 1466, 1398, and 1376 cm−1. GC−MS
analysis was used to determine the precise chemical structural composition because FTIR
analysis only gives an impression of the existence of functional groups for the preliminary
structure of the chemical composition.

3.3.2. GC-MS Analysis

Utilizing GC-MS, the chemical make-up of liquid hydrocarbons extracted from LDPE,
HDPE, PP, mixed virgin plastic, and domestic plastic waste was examined. The findings
showed that aliphatic (alkane, alkene, and alkyl compounds) carbon, in the range of C8–
C20, made up the majority of the liquid hydrocarbon fuels produced. It was observed
from Table 3 that a major constitute of most of virgin plastics and domestic hydrocar-
bon was 1-Dodecene, 1-Decene, Undecane, Tetradecane and 1-Pentadecene, Pentadecane,
1-Heptadecene, Hexadecane. When individual virgin plastic (LDPE, HDPE, and PP) py-
rolyzed, LDPE showed the maximum concentration of 1-Decene (12.43%), Undecane
(12.31%), 1-Dodecene (9.13%), Decane (8.58%), 1-Heptadecene (8.56%), and Dodecane
(6.65%) while HDPE liquid fuel was with the major constituent of Pentadecane (11.71%),
1-Pentadecene (10.58%), 1-Heptadecene (9.09%), Hexadecane (8.19%), and 1-Dodecene
(5.78%). Furthermore, PP liquid fuel was majorly composed of 1-Octadecene (13.46%),
1-Hexadecene (11.61%), 1-Heptadecene (10.06%), Hexadecane (12.46%), and 1-Tetradecene
(6.83%). All the virgin plastics liquid hydrocarbons were in the range of C8 to C20 with
a major constituent alkene. In the case of mixed virgin plastic, 1-Pentadecene (9.08%),
Pentadecane (9.16%), 1-Hexadecene (8.32%), Hexadecane (8.52%), and 1-Decene (6.8%)
appeared as significant hydrocarbons.
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Table 3. Chemical composition of liquid hydrocarbon fuel obtained from LDPE, HDPE, PP, MVP,
and DPW.

Compound Molecular Formula LDPE HDPE PP Mixed Virgin Domestic Plastic Waste (wt.%)

1-Octene C8H16 1.78 1.35 0.81
Toluene C10H20 0 4.05 5.26 1.01
Nonane C9H20 3.01 2.41 1.08

1-Nonene C9H18 1.06 2.62 3.16 3.52
1-Decene C10H20 12.43 4.14 2.57 6.8 3.84
Decane C10H22 8.58 5.21 2.24 5.42 3.17

cyclodecane C10H20 5.76 3.9
1-Undecene C11H22 5.47 1.7 6.06
Undecane C11H24 12.31 5.6 3.27 1.2 2.41

1-Dodecene C12H24 9.13 5.78 4.74 4.15 3.61
Dodecane C12H26 6.65 3.65 5.49 12.63
Tridecane C13H28 1.93 5.32

1-Tridecene C13H26 5.32 1.97 5.73 3.58 9.96
1-Tetradecene C14H28 2.02 5.23 6.83 8.31
Tetradecane C14H30 6.55 4.66 5.09 5.83 5.97

1-Pentadecene C15H30 6.12 10.58 3.65 9.08 2.28
Pentadecane C15H32 11.71 6.82 9.16 10.21

1-Hexadecene C16H32 5.08 11.61 8.32 5.24
1-Heptadecene C17H34 8.56 9.09 10.06 5.71 0.17

Hexadecane C16H34 3.61 8.19 12.46 8.52 2.62
Dibutyl adipate C14H26O4 5.9

Heptadance C17H36 3.66 5.48 4.38 3.01 3.08
1-Octadecene C18H36 0 2.45 13.46 1.31
1-Nonadecene C19H38 2.06 1.52 2.02 0.94

Eicosane C20H42 2.07 1.52 2.02 2.94

Domestic plastic waste’s composition was almost like mixed virgin plastic. However,
it showed a slightly different hydrocarbon composition. Dodecane (12.63%), 1-Tridecene
(9.96%), Pentadecane (10.21%), 1-Hexadecene (9.24%), Tetradecane (5.97%), and Tridecane
(5.32%) were the major hydrocarbons compared to mixed virgin plastics. In thermo-catalytic
pyrolysis, random scission of LDPE, HDPE, and PP occurs, resulting in radicals. After
that, β-scission of these radicals takes place to produce a monomer which undergoes a
stabilization process by transfer of intramolecular or intermolecular hydrogen. Olefins
and dienes are made when the secondary radicals undergo a series of β-scission reactions.
Paraffine is produced simultaneously as a result of the intermolecular hydrogen transfers.
Due to the abundance of the hydrogen atom in the radical chain at elevated temperatures,
the probability of successive β-scission with intramolecular hydrogen transfer is highly
expected [35]. In addition, Dibutyl adipate, a specific oxygenated compound utilized
generally as a plasticizer in the paint industry, was also identified in domestic liquid
hydrocarbon fuels. These findings were in line with those obtained using FTIR.

On the other hand, when mixed virgin plastic and domestic plastic waste were py-
rolyzed under the same temperature conditions using mineral clay as a catalyst, the results
showed that the catalyst favored the formation of alkanes. Due to catalytic reaction, alkanes
increased from 43.66% to 58.55% and from 48.35% to 61.5% in the case of mixed virgin
plastic and domestic plastic waste, respectively. In addition, a slight increase in aromatics
was also observed. Besides, wax formation was also reduced in liquid products, which
may be due to the reason that clay is more acidic in nature and, therefore, leads to crack
waxes (C13–C28) into lighter hydrocarbon [36].

3.3.3. Analysis of Physic-Chemical Properties of Liquid Fuels

After obtaining the liquid hydrocarbons fuel, various tests were performed for its
characteristic properties such as ultimate and proximate analysis, viscosity, density, fire
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and flash point, cloud and pour point, and moisture analysis, and are depicted in Table 4.
All the techniques were carried out as per the standards mentioned.

Table 4. Characteristics properties of alternate fuel obtained from different plastic.

Parameter PP LDPE HDPE
Mixed Virgin

Plastic
Domestic

Plastic Waste
Gasoline Diesel

Appearance Pale yellow Pale yellow Dark brown Brown Dark brown No color Pale yellow
Moisture (% v/v) (ASTM

D95) 0 0 0 0 2.4 0.4–0.5 0.1–0.3

API gravity @ 60 ◦F (ASTM
D287) 33.03 27.48 34.21 36.72 39.6 55 38

Density @ 15 ◦C g/cc
(ASTM D4052—16) 0.86 0.89 0.92 0.91 0.86 0.78 0.807

Kinematic viscosity @ 40 ◦C
(cSt) (ASTM D445) 4.09 3.98 5.08 4.53 4.48 1.17 2–4.5

Gross heat of combustion
(MJ/kg) (ASTM D240—17) 45.72 45.59 43.63 44.61 43.92 47.64 45.21

Conradson carbon residue
(wt.%) (ASTM D189) 0.12 0.19 0.11 0.15 0.15 0.14 0.35

Ash (wt.%) (ASTM D482) 0.013 0 0 0.11 0.013 0.001 0.01
Pour point (◦C) (ASTM

D97) −9 −10 35 30 18 − 6

Flash Point (◦C) (ASTM
D93) 30 48 29 40 35 42 52

Aniline point (◦C) 40 45 50 50 60 71 77.5
Diesel index 42.5 38.01 40.23 38.54 35.34 − 40

Liquid hydrocarbons from virgin HDPE plastic were found to be waxy, whereas PP and
LDPE produced a clear liquid. Furthermore, the quality of the hydrocarbon fuel made from
domestic plastic waste and mixed virgin plastic in this investigation was comparable to that
of standard petroleum fuels, with kerosene and unpleasant odor and a dark brown color.
This fuel color may be due to coloring and binding agents in the input feed. On the other
hand, the produced hydrocarbon fuels were free-flowing and could be utilized directly
for heating applications. Table 4 illustrates various properties such as viscosity, density,
fire and flash point, cloud and pour point, and calorific value of the liquid hydrocarbon
fuels from LDPE, HDPE, PP, mixed virgin plastic, and domestic plastic waste. Density
and viscosity are the main fuel properties which highly affect the engine performance
and emissions. Higher density and viscosity may affect the atomization process during
combustion, resulting in decreased engine performance [37,38]. The density of liquid
hydrocarbon fuels derived from LDPE, HDPE, PP, mixed virgin plastic, and domestic
plastic waste was 0.89 g/cc, 0.92 g/cc, 0.86 g/cc, 0.91 g/cc, and 0.86 g/cc, respectively,
in comparison to gasoline (0.78 g/cc) and diesel (0.807 g/cc). Similarly, the kinematic
viscosity of LDPE (3.98 cSt), HDPE (5.08 cSt), PP (4.09 cSt), mixed virgin plastic (4.53 cSt),
and domestic plastic waste hydrocarbon fuels (4.48 cSt) was lower than MVP fuel (4.53 cSt);
nonetheless, it was in the range of ASTM standards (2–6 cSt). Other properties such
as flash point were also found to be lesser for individual virgin plastics (LDPE—30 ◦C,
HDPE—34 ◦C, PP—29 ◦C) compared to mixed virgin plastic (40 ◦C) and domestic plastic
waste (35 ◦C). The values of flash point for diesel and gasoline were observed to be 52 ◦C
and 42 ◦C, respectively, which is in agreement with other research [4,29]. On the other hand,
the calorific value of mixed virgin plastic and domestic waste plastic was 44.61 MJ kg−1 and
43.92 MJ/kg, respectively, compared to diesel (45.21 MJ/kg) and gasoline (47.64 MJ kg−1).
Moreover, the calorific value of individual virgin plastics, i.e., LDPE (45.72 MJ kg−1), HDPE
(45.59 MJ kg−1), and PP (43.63 MJ kg−1), was also in the range of the values obtained for
diesel and gasoline. Calorific value is one of the main properties of fuel that highly affects
combustion. Similar results for calorific value of LDPE, HDPE, and PP were also obtained
by Budsaereechai et al. 2019 [36]. Table 4 shows a comparison of the pour points of the
resulting hydrocarbon fuels and commercial fuels. Due to the high volatility of the sample,
the pour point of gasoline was not examined in this study. The pour point of pyrolytic
liquid fuels derived from mixed virgin plastic and domestic plastic waste was poorer than
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that of diesel fuel. The diesel index is a measurement of a diesel fuel’s ignition efficiency. It
is calculated on the basis of the sample’s specific gravity and aniline point. In the present
study, the diesel index of plastic hydrocarbon fuels was 42.5 (LDPE), 38.01 (HDPE), 40.23
(PP), 38.54 (mixed virgin plastic), and 35.34 (domestic plastic waste). These values were in
good agreement with the standard value of diesel [38]. Based on these fuel properties, it
can be observed that liquid hydrocarbon fuels, derived either from virgin plastic or plastic
waste, have an excellent potential for use as an alternative fuel.

3.4. Gas Analysis Obtained from Pyrolysis of Plastic Waste

Table 5 summarizes the analysis of the gases produced during the pyrolysis of the plas-
tic feedstock. The findings showed that the gas compositions obtained during the pyrolysis
of mixed virgin plastic and household plastic garbage were almost similar. Significant levels
of alkane and alkene hydrocarbon gases from C1 to C4 have been found in pyrolytic gases.
These gases are produced due to irregular scission of larger hydrocarbon groups at a higher
temperature. These gases are also feasible if secondary cracking reactions of condensable
gases continue for a longer period of time in the primary reactor. The GC results showed
that pyrolytic gases derived from individual virgin plastics have hydrocarbons such as
ethene and propene as a major product. In addition, some traces of hydrogen gas are also
identified in pyrolytic gases. However, LDPE, HDPE, PP, and mixed virgin plastic showed
no CO and CO2 in pyrolytic gaseous composition. However, small traces of CO and CO2
were examined in domestic plastic waste, which may be due to impurities, binder, filler,
or coloring agent. Butene was also observed in the least amount for all types of plastic
pyrolytic gases. Unsaturated hydrocarbons, which are produced by the random scission
breakdown of plastic followed by the stabilization of intermediate radicals, were also
examined. These hydrocarbons include ethene, propylene, butene, and its derivative [34].
The gross and net calorific values of pyrolytic gases obtained from virgin and domestic
plastic wastes were observed in the range of 66.74 MJ m−3 to 75.61 MJ m−3 which confirm
that these pyrolytic gases can be used as fuel gas for heating and engines. The pyrolytic gas
compositions obtained from virgin plastics and domestic plastic waste were found to be
consistent with other studies carried out by different researchers [30,31,34]. Furthermore,
the pyrolytic gases have good potential to utilize in turbines for power generation or to be
used directly in boilers as a substitute for coal without any additional pretreatment.

Table 5. Non-condensable gas composition of plastic feedstock (wt.%).

Plastic LDPE HDPE PP
Mixed Virgin

Plastic
Domestic Plastic

Waste

Hydrogen 0.31 0.46 0.96 1.58 0.45
Carbon dioxide 0 0 0 0 0.82

Carbon monoxide 0 0 0 0 0.44
Methane 7.47 9.28 1.48 6.07 7.6
Ethane 12.1 11.56 14.42 11.69 12.12
Ethene 27.99 26.41 38.65 31.02 27.41

Propane 8.1 8.67 8.87 8.55 8.44
Propene 26.34 26.74 29.9 27.66 26.71
Butane 2.52 1.51 1.67 1.9 1.98
Butene 15.17 15.37 4.05 11.53 14.03

Gross calorific value
(MJ nm−3) 69.99 69.02 75.61 70.97 69.38

Net calorific value
(MJ nm−3) 67.49 66.60 71.02 67.84 66.74

4. Conclusions

The pyrolysis of individual and mixed virgin plastic was compared with domestic
plastic waste collected from UPES, University. This study has demonstrated the production
of various grades of hydrocarbons fuels from individual virgin plastics (LDPE, HDPE, and

33



Processes 2023, 11, 71

PP), mixed virgin plastic, and domestic plastic waste at the temperature range 473 K to
973 K. All types of plastic feedstock showed more similarity with diesel fuel hydrocarbons.
Additionally, gas fuel products from pyrolysis of domestic plastic waste and virgin plastic
feedstock contain C1–C4 hydrocarbons that have high calorific value compared to other
sources (biomass). Hence, catalytic conversions of plastics using inexpensive catalysts
provide an innovative and feasible refinery pathway, explicitly targeting jet-fuel-range
hydrocarbon fuels.
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Abstract: γ-valerolactone can be a game-changer in the chemical industry because it could substitute
fossil feedstocks in different fields. Its production is from the hydrogenation of levulinic acid or alkyl
levulinates and can present some risk of thermal runaway. To the best of our knowledge, no studies
evaluate the thermal stability of this production in a continuous reactor. We simulated the thermal
behavior of the hydrogenation of butyl levulinate over Ru/C in a continuous stirred-tank reactor and
performed a sensitivity analysis. The kinetic and thermodynamic constants from Wang et al.’s articles
were used. We found that the risk of thermal stability is low for this chemical system.

Keywords: simulation; GVL; thermal stability; hydrogenation

1. Introduction

The shift from fossil raw materials to renewable raw materials in the chemical industry
is mandatory to make this industry sustainable and decrease its negative environmental
impact. Among renewable raw materials, lignocellulosic biomass (LCB), that is not in
competition with the food sector, is an excellent candidate because it could avoid the
dilemma of food versus fuel that led to the alimentary crisis in the late 2000s. Even if there
is divergence on the role of biofuel production in explaining the food shortage [1,2], non-
food-use raw materials for chemical, biofuel, or material production should be favored [3].

LCB is available worldwide and can be obtained from agricultural wastes, such as
maize stover, straw, wheat straw, sugarcane bagasse, rice husk, etc.; forestry residues
including remaining wood harvestings, such as roots, branches, and leaves; dedicated
crops on marginal land that is not suitable for food growth (e.g., miscanthus, switchgrass,
eucalyptus, etc.); and the paper industry [4,5].

LCB consists of three main elements: cellulose and hemicellulose, which are polymers
of sugars, and lignin, a polymer of aromatic compounds. The percentage of these three
elements varies with species, location, and seasons, making it challenging to develop the
same pretreatment or valorization process for all LCB raw materials. Nevertheless, these
raw materials can lead to the production of fuels, materials, and chemicals.

The sugar fraction valorization can produce valuable platform molecules or building
blocks such as levulinic acid/levulinate, furfural, GVL, HMF, etc. [3,6,7]. The potential
use of GVL in fuels, materials, and chemicals is enormous [8–13]. GVL was found to be a
suitable solvent for the dissolution of lignin, hemicellulose, cellulose, or fructose [14–19].
GVL can reduce CO exhaust, unburned fuel, and smoke [20]. GVL updated to hydrocarbons
can be a temporary solution for jet fuels [21]. The valorization of GVL into alpha methylene
can lead to an excellent substitute for acrylate [22,23].

GVL is produced from the hydrogenation of levulinic acid or alkyl levulinates. There
are three main approaches: molecular hydrogen, catalytic transfer hydrogenation via the
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use of alcohol, or the in situ decomposition of formic acid [24–26]. The most common
approach is using molecular hydrogen over Ru on activated carbon.

There are two types of catalytic systems in GVL production: homogeneous and
heterogeneous. The advantage of homogeneous systems is their high catalytic perfor-
mance [27,28]. However, separation processes need to be implemented to separate the
catalyst from the final products, while heterogeneous catalysts are easy to remove and can
be recycled [29,30].

In heterogeneous systems, the most common catalysts for GVL production from
levulinic acid and alkyl levulinates are ruthenium (Ru), rhodium (Rh), palladium (Pd),
platinum (Pt), gold (Au), and rhenium (Re) in which the noble metal Ru exhibits a high
selectivity [8]. Manzer studied the hydrogenation of levulinic acid over a series of metal cat-
alysts (Ir, Rh, Pd, Ru, Pt, Re, and Ni) supported on carbon (metal loading was equal to 5%)
wherein a 5 wt.% Ru/C catalyst had the highest performance in terms of conversion and
selectivity [23]. The catalytic activity of Ru/C and some other solid catalysts show promising
results for the hydrogenation of butyl levulinate [31–34].

We have demonstrated that the hydrogenation of levulinic acid or alkyl levulinates
presents some risk of thermal runaway when the thermal mode is adiabatic and in batch
conditions [35,36]. One way to decrease the thermal risk is to work in continuous mode
in a steady-state regime [37]. Nevertheless, one needs to assess the thermal stability of
such continuous reactor [38,39]. In the literature we can find studies about thermal stability,
dynamic stability, and sensitivity assessments in continuous reactors for reactions such as
the hydrolysis of acetic anhydride, polystyrene production in CSTRs, and light-cycle oil
hydrotreatment [40–43]. To the best of our knowledge, such a study has not been conducted
for the continuous production of GVL.

In this paper, we focused on evaluating the thermal stability of GVL production from
butyl levulinate over Ru/C and included a sensitivity approach. We modeled the thermal
behavior of an ideal continuous stirred-tank reactor (CSTR) and used the kinetic and
thermodynamic constants from Wang et al. [35,44]. A CSTR was chosen because its mixing
is more efficient than other continuous reactors, which is vital for a gas–liquid–solid system.

2. Materials and Methods

2.1. Kinetics

Wang et al. showed that the hydrogenation of BL over Ru/C is a two-step reaction
(Figure 1). BHP stands for butyl 4-hydroxypentanoate, and it is an intermediate. They
performed this study by using GVL as a solvent.

 
Figure 1. Reaction scheme for BL hydrogenation.

The rate expression for the hydrogenation step is derived as follows:

R1 = k1·[BL]Liq·[H2]Liq·ωRu/C (1)

The rate expression for the cyclization is:

R2 = k2·[BHP]Liq (2)

where ωRu/C is the catalyst loading in kg/L.
The kinetic and thermodynamic constants from the articles of Wang et al. [35,44] were

used (Table 1).
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Table 1. Kinetic and thermodynamic constants.

Values Units

k1 (T = 403.15 K) 3.09·10−6 m6·mol−1·kg−1·s−1

Ea1 9.68 kJ·mol−1

ΔHR1 −38.66 kJ·mol−1

k2 (T = 403.15 K) 1.88·10−4 s−1

Ea2 10.25 kJ·mol−1

ΔHR2 6.50 kJ·mol−1

2.2. Mass and Energy Balances

In this study, the flow distribution was assumed to be ideal. Thus, the material balance
for a compound j can be written:

dCj

dt
=

Cjin − Cjout

τ
+ ∑i υj,iRi (3)

where i represents the reaction index, τ is the space-time, υj,i represents the stoichiometry
coefficient of compound j in reaction i, and Ri is the reaction rate.

In a previous study by our group [44], we showed that the kinetics of hydrogen
mass transfer from the gas to the liquid phase can be considered fast when GVL is the
solvent. Thus, the hydrogen concentration in the liquid phase (reaction mixture) can be
assumed to be constant. The solubility of hydrogen in GVL solvent was calculated from
the following relationships:

CH2 = PH2 ·He
(

TRe f = 373.15K
)
·exp

(−ΔHSol.
R

·
(

1
TR

− 1
373.15

))
(4)

where PH2 is the hydrogen pressure in the reactor, He
(

TRe f = 373.15K
)
= 1.86 mol·m−3·bar−1

is Henry’s constant at 373.15 K, and ΔHSol. = 5936.8 J·mol−1 is the enthalpy of solubiliza-
tion [44].

For an ideal CSTR, the energy balance of the reactionary phase can be written as:

[(
ρĈP

)
liq +

(
ρĈP

)
ins

]dTr

dt
=

∑ Cjin CPj

τ
(Tin − Tr) + Ua(Tc − Tr)− ∑i RiΔHi (5)

where ρ is the volumic mass, ĈP is the specific heat capacity, Tr is the reactionary media
temperature, TC is the temperature of the heat carrier in the jacket, Ua is the global heat
transfer coefficient, ins represents the reactor insert, and ΔHi is the enthalpy of reaction i.
Data for heat capacities and volumetric mass were found in the literature [45,46].

The flow distribution of the heat carrier fluid is ideal; thus, the energy balance is:

ρcĈPc

dTc

dt
=

ρcĈPc

τc
(Tc0 − Tc) + Ua(Tr − Tc) (6)

where ρc and ĈPc are the volumic mass and heat capacity of the heat carrier, and Tc0 is the
heat carrier temperature at the inlet.

Figure 2 is a schematic representation of the reactor setup.
In this study, we will consider the steady-state regime; thus, Equations (3), (5),

and (6) become:
dTc

dt
=

dTR
dt

= 0 K·s−1and
dCj

dt
= 0 mol·L−1·s−1 (7)
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Figure 2. Reactor setup.

2.3. Operating Conditions

The simulation was performed under isobaric conditions within a reaction temperature
range of 300–600 K. Table 2 shows the operating conditions used during the simulation.
The inlet concentrations, catalyst loading, and temperature were in the same ranges as the
ones from Wang et al. [44].

Table 2. Operating conditions used in this study.

Inlet Parameters Values Units

CBL0 4840 mol·m−3

CBHP0 0 mol·m−3

CGVL0 2080 mol·m−3

CBuOH0 0 mol·m−3

ωCat 10 kg·m−3

Tr 300 to 600 K
Tin 333.15 K
PH2 25 bar
τ 2000 s

Ua 17,000 W·m−3·K−1

2.4. Thermal Stability Criterion

To assess the stationary thermal stability, the van Heerden criterion was calculated
during the course of the reaction. The van Heerden criterion is a stability-based criterion
defined as [47–49]:

dQRemoval
dt

>
dQGenerated

dt
(8)

where QRemoval is the amount of energy exchange between the reactionary media and the
heat carrier fluid, and QGenerated is the amount of energy released during the reaction.

The van Heerden criterion is necessary to satisfy stationary stability and states that
the energy removed from a reactionary system must be higher than the energy generated
by the system.

dQRemoval
dt and dQGenerated

dt were calculated from the material and energy balances.
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2.5. Simulation and Parametric Sensitivity

MATLAB R2021b software was used to make the simulation and to solve the math-
ematical equations presented during thermal analysis. The ODE15s routine was used to
solve stiff differential equations. The FSOLVE routine was used to solve the system of
nonlinear equations and the energy and mass balance in the steady-state regime. The EIG
routine was used to calculate the eigenvalues and eigenvectors of the Jacobian matrix.

Parametric sensitivity analysis studies the relationship between the system behavior
according to changes in the inlet parameters. As mentioned by Varma et al. [50], if a slight
variation in the input parameter values can lead to a significant change, then the chemical
system is qualified as sensitive.

The parametric sensitivity is defined as follows:

S
(→

y , φ
)
=

d
→
y

dφ
(9)

For a dynamic system, we have that:

dS
(→

y , φ
)

dt
= J·S

(→
y , φ

)
+

d
→
f

dφ
(10)

Solving the expression above for S
(→

y , φ
)

in the steady state, we obtain:

dS
(→

y , φ
)

dt
= 0 (11)

S
(→

y , φ
)
= −J−1·d

→
f

dφ
with

d
→
f

dφ
=

⎛
⎜⎜⎝

d f1
dφ
...

d fn
dφ

⎞
⎟⎟⎠ (12)

To compare the sensitivity of one output variable according to different parameters,
we can define the normalized parametric sensitivity as follows:

Sn
(
y, φj

)
=

φj

y
dy
dφj

(13)

3. Results and Discussion

3.1. Effect of Space-Time on Conversion

Figure 3 shows the effect of temperature on BL conversion at different space-times. As
the reaction temperature and space-time increase, the BL conversion increases. A space-
time value of 2000 s was found to be a good compromise between time and conversion
since the space-time increase does not significantly improve the conversion. We can realize
from Figure 3, comparing the space-times equal to 2000 s and 10,000 s, that the difference
in the BL conversion is less than 15%, while space-time is multiplied by a factor of 5.

3.2. Comparison of Heat Flow Rate Exchange Due to Chemical Reactions

By solving the energy balance in the reactionary medium, one obtains:

Tc = Tr +
1

Ua ∑i RiΔHi −
∑ Cjin CPj

τ·Ua
(Tin − Tr) (14)

Figure 4 shows the heat flow rates due to chemical reactions in the temperature range
of 300–600 K. We plotted the heat flow rate generated in watts per cubic meters for different
space-times from 100 s to 10,000 s. Based on the results presented in Figure 4, we can
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conclude that the energy release per unit of time per unit of volume decreases if we increase
the space-time. Such results are expected for an ideal CSTR.

 

Figure 3. BL conversion as a function of Tr for different space-times.

 

Figure 4. Heat flow as a function of Tr for different space-times.

Figure 5 represents the application of the van Heerden criterion to determine if the
reactionary system is stable from the thermal point of view operating at a steady-state
regime. This criterion solves the energy balance and determines if Tr is related to Tc by a
one-to-one function (injective function). When the one-to-one function relates Tr and Tc,
there is no multiplicity of steady states; consequently, the system is stable.
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Figure 5. Reactor temperature vs. jacket temperature.

From Figure 5, we can realize that Tr and Tc are related by a one-to-one function in the
range 300 K < Tr < 600 K. Thus, we can conclude that there is no multiplicity of steady-states
and also that the reactionary system can stably operate in a steady-state regime.

3.3. Parametric Sensitivity

In this part, we evaluate the parametric sensitivity of the BL concentration in the outlet
flow, the GVL concentration in the outlet flow, and the reactor temperature. We decided to
focus on these three variables since they represent the main reagent, the main product, and
the variable linked to thermal stability.

The parameters considered for this evaluation were CBL0 , khyd, kcyc, Ua, τ, ωCat, and Tin.
Figure 6 shows the normalized parametric sensitivity of the BL concentration in the

outlet flow as a function of the reaction temperature. From Figure 6, we can notice that
the final BL concentration is more sensitive to the inlet BL concentration, space-time, and
catalyst loading. This means that variations in these parameters significantly change the
final BL concentration.

 

Figure 6. Parametric sensitivity for the outlet BL concentration.

Figure 7 represents the normalized parametric sensitivity of the GVL concentration in
the outlet flow as a function of the reaction temperature. Based on the results, we found
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that the GVL concentration is more sensitive to variations in the inlet BL concentration, the
space-time, and the cyclization rate constant. If any of these parameters increase, then the
GVL production also increases. From Figure 7, we can also realize that GVL’s sensitivity to
these parameters gains importance as we increase the reaction temperature.

 
Figure 7. Parametric sensitivity for the outlet GVL concentration.

Figure 8 represents the normalized parametric sensitivity of the reaction temperature
in the range of temperatures from 300 K to 600 K. Figure 8 shows how sensitive the reaction
temperature is to the operating parameters. We found that reaction temperature is more
sensitive to variations in the inlet temperature, the inlet BL concentration, space-time, and
the heat transfer coefficient. Based on these results, we can conclude that the inlet BL
concentration, the hydrogenation and cyclization rate constants, the heat transfer Ua, the
space-time τ, the catalyst loading ωRu/C, and the inlet temperature Tin have a low impact
on the reaction temperature within the temperature range of 300–600 K. This low influence
explains the low risk of thermal instability for this reaction in a CSTR.

 

Figure 8. Results: Parametric sensitivity for the reactor temperature (Tr).
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3.4. Dynamic Thermal Stability

In this part, we seek to evaluate the dynamic response of the system to perturba-
tions near stationary conditions. For this purpose, we applied the linear dynamic model
of perturbation.

Considering our dynamical model:

dyi
dt

= fi(y1, y2, . . . , yn, φ, t) (15)

where yi represents the variables of the system, and φ represents the other parameters.

yi = CBL, CBHP, CGVL, CBuOH , Tr, Tc (16)

Let us define a small perturbation (xi) on the whole set of variables as follows:

xi = yi − yi,s (17)

Therefore:
yi = yi,s + xi (18)

Now we can define the perturbed dynamical model as follows:

d(yi,s + xi)

dt
= fi(y1,s + x1, y2,s + x2, . . . , yn,s + xn, φ, t) (19)

As we have an interest in making a linear analysis, we used the 1st-order Taylor
expansion of the perturbed dynamical model to obtain:

d(yi,s + xi)

dt
= fi(y1,s, y2,s, . . . , yn,s + xn, φ, t) +

(
∂ fi
∂y1

)
·x1 +

(
∂ fi
∂y2

)
·x2 + · · ·+

(
∂ fi
∂yn

)
·xn (20)

Under stationary conditions:

d(yi,s + xi)

dt
= 0 (21)

fi(y1,s, y2,s, . . . , yn,s + xn, φ, t) = 0 (22)

Therefore, the linear model of perturbation under stationary conditions is:

dxi
dt

=

(
∂ fi
∂y1

)
s
·x1 +

(
∂ fi
∂y2

)
s
·x2 + · · ·+

(
∂ fi
∂yn

)
s
·xn (23)

Developing the linear model of perturbation under stationary conditions for a system
with n variables, we have:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

dx1
dt =

(
∂ f1
∂y1

)
s
·x1 +

(
∂ f1
∂y2

)
s
·x2 + · · ·+

(
∂ f1
∂yn

)
s
·xn

...
dxi
dt =

(
∂ fi
∂y1

)
s
·x1 +

(
∂ fi
∂y2

)
s
·x2 + · · ·+

(
∂ fi
∂yn

)
s
·xn

...
dxn
dt =

(
∂ fn
∂y1

)
s
·x1 +

(
∂ fn
∂y2

)
s
·x2 + · · ·+

(
∂ fn
∂yn

)
s
·xn

(24)

In a matrix formalism, we can define the linear dynamical model of perturbation
as follows: .

X = J · X
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where

X =

⎛
⎜⎝

x1
...

xn

⎞
⎟⎠;

.
X =

⎛
⎜⎝

dx1
dt
...

dxn
dt

⎞
⎟⎠; J =

⎛
⎜⎜⎝

d f1
dy1

· · · d f1
dyn

...
. . .

...
d fn
dy1

· · · d fn
dyn

⎞
⎟⎟⎠ (25)

Solving the linear system leads to these solutions for all the perturbations around the
stationary point: ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x1 =
n
∑

m=1
am·U1,m·eλmt

...

xi =
n
∑

m=1
am·Ui,m·eλmt

...

xn =
n
∑

m=1
am·Un,m·eλmt

(26)

where Ui is the ith eigenvector of J associated to the eigenvalue λi. The condition of
asymptotic stability is:

∀ k lim
t→∞

xk = 0 (27)

This leads to the following:

λi ∈ C · �e(λi) < 0 (28)

To evaluate the dynamic thermal stability, we defined the Jacobian matrix of the
dynamic model in the range of temperature of 300 K to 600 K and calculated the eigenvalues
of the Jacobian matrix for each temperature value. The eigenvalues are plotted in Figure 9.

 

Figure 9. Dynamic Stability—Eigenvalues.

Figure 9 shows the eigenvalues obtained from the Jacobian matrix of the reactionary
system in the range of temperature from 300 K to 600 K. This Jacobian matrix was generated
from the material and energy balances. It is considered that there are dynamic thermal in-
stabilities in the system when there are eigenvalues whose real parts are positive (Re(λ) > 0).
From Figure 9, we can conclude that the CSTR reactor is dynamically stable in the tempera-
ture range of 300 K to 600 K since the real parts of all eigenvalues are negative. Visualizing
the eigenvalues also helps to identify which variable is responsible for instabilities when
the system is not dynamically stable.
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4. Conclusions

This article deals with the safety production of GVL from the hydrogenation of butyl
levulinate over Ru/C in a continuous stirred-tank reactor (CSTR) in a steady-state regime.
The kinetic and thermodynamic constants determined from Wang et al.’s articles were used
to simulate the thermal behavior in a CSTR. The van Heerden criterion showed that the
risk of thermal instability is low for this reaction system with the operating conditions used
in this study.

The sensitivity analysis demonstrated that the kinetic constants, global heat transfer,
inlet concentrations, space-time, inlet temperature, and catalyst loading have a low impact
on the reaction temperature. Nevertheless, the inlet concentration of BL, space-time, and
cyclization rate constant have a non-negligible impact on the outlet concentration of GVL.

A continuation of this study could be the study of thermal stability during the transient
phase and for non-ideal flow in continuous reactors.
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Abstract: Monitoring 137Cs in seawater is necessary for the timely detection of radioactive contami-
nation. The possibility of sorption and the sorption efficiency of 137Cs from seawater were studied
for the first time during several cruises of the R/V (research vessel) Professor Vodyanitsky using
various types of sorbents based on transition metal ferrocyanides (Anfezh, Niket, Uniket, FSS, FD-M,
FIC, Termoxid 35, NKF-C) and zirconium phosphate (Termoxid 3A). The influence of the seawater
flow rate and volume of the sorbent used for the recovery of 137Cs was estimated. The ferrocyanide
sorbents Niket, Uniket, Termoxid 35, and FIC showed the best sorption efficiency (60–100%) at a
seawater flow rate of 2–4 column volumes per minute. The data obtained during three cruises on the
R/V Professor Vodyanitsky were analyzed. A detailed (28 sampling points) spatial distribution of
137Cs in the Black Sea along the southern coast of Crimea was studied using the sorbents that showed
the best characteristics. An increase in 137Cs activity in the study area was not found, and the average
activity was 9.01 ± 0.87 Bq/m3.

Keywords: 137Cs; seawater; sorbents; sorption; Black Sea; ferrocyanide sorbents

1. Introduction

The problem of marine ecosystem pollution is given considerable attention all over
the world [1].

The constant monitoring of marine areas for technogenic radionuclides and other
pollutants is necessary to identify the sources of pollutants in time to prevent negative
impacts on living organisms.

One of the consequences of the accident at the Chornobyl nuclear power plant (26 April
1986) is the contamination of the Black Sea with technogenic radionuclides, the main of
which is 137Cs, with a half-life of approximately 30 years.

Information about 137Cs content in seawater is needed to determine its accumulation
coefficients in hydrobionts. 137Cs, having similar properties to potassium, accumulates in
muscle tissue.

The distribution of 137Cs after the Chornobyl disaster was studied in many expedi-
tions. The main works discussing the results of expeditionary studies include the research
conducted by K.O. Buesseler et al. [2] and V.N. Egorov et al. [3]. Staneva et al. [4] performed
a mathematical modeling of 137Cs distribution, and the current state of the issue was de-
scribed in several articles by S. Gulin et al. [5,6] and R. Delfanti et al. [7]. Many methods for
the radioanalytical determination of 137Cs have been developed [8]. Currently, improved
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sorption materials are being developed worldwide. For cesium recovery, many sorbents
based on potassium [9,10] and calcium [11] aluminosilicates, as well as ferrocyanides with
various supporting materials (polyacrylonitrile fiber [12], zeolite [13,14], silica gel [15], etc.),
have been synthesized.

While copper hexacyanoferrate was used in some of the first studies on the recovery
of 137Cs from seawater [16], at present, mixed nickel–potassium hexacyanoferrate on an
acrylate support KFeNiCN-PAN [17] is more widely used. The fiber impregnated with
hexacyanoferrate has a developed specific surface, which increases the speed and efficiency
of the extraction of radionuclides from seawater; therefore, this type of material can be
considered the most promising. At the same time, the high sorption efficiency of 137Cs
from seawater is shown by sorbents based on cellulose support and silica gel, for example,
a Russian-made sorbent of the FSS [18].

Sorption materials intended for the recovery, concentration, and isolation of 137Cs
from radioactively contaminated seawater are of considerable interest [19], for example,
resorcinol–formaldehyde resin [20]. Its advantage is the possibility of repeated use after
elution and regeneration. Another option is chitosan–ferrocyanide sorbents [21]. They
were successfully tested under expeditionary conditions during radioecological monitor-
ing of the Barents and Kara Seas. These sorbents also show a high sorption efficiency
for 137Cs [22].

This paper continues the work performed in a series of articles [18,22–24] devoted
to the recovery of cesium, including 137Cs, from seawater by various types of sorbents
based on transition metal ferrocyanides (Anfezh, Niket, Uniket, FSS, FD-M, Termoxid 35,
NKF-C, FIC), resorcinol–formaldehyde polymer (Axionit RCs), and zirconium phosphate
(Termoxid 3A).

In previous articles, we determined the distribution coefficients for cesium and plotted
output sorption curves for different seawater flow rates. The dynamic exchange capacity
(DEC) and total dynamic exchange capacity (TDEC) of sorbents were determined [22,23].
A study was performed on the physicochemical regularities (isotherm and kinetics) of
cesium sorption from seawater. The obtained dependences of the sorption parameters
on time were described using the models of intraparticle diffusion; the pseudo-first and
pseudo-second orders, the Elovich model, the dependence of sorption parameters on the
equilibrium concentration of the metal in the solution; and the Langmuir, Freundlich, and
Dubinin–Raduskevich sorption isotherms [24].

The purpose of this study was to evaluate the sorption efficiency of 137Cs by various
types of sorbents to select the most effective sorbents and develop a technique for 137Cs
recovery from seawater, allowing us to analyze the current radioecological state of the
Black Sea, namely its 137Cs contamination after the Chornobyl disaster.

A systematic assessment of the distribution of 137Cs is necessary to identify fresh
sources of this radionuclide. In the absence of a fresh source, the distribution of 137Cs in
the surface layer is homogeneous [18] because this radionuclide is practically not adsorbed
onto suspended matter. Therefore, when assessing the distribution of 137Cs, it is necessary
to indicate the time parameters and number of research cruises. This will make it possible
to compare the results of 137Cs distribution obtained in different time intervals and identify
possible changes.

This paper presents the results of three expedition studies: the 113 (4–29 June 2020),
116 (22 April–17 May 2021), and 121 (19 April–14 May 2022) cruises of the R/V Professor
Vodyanitsky. Sorbents that showed the best characteristics for cesium recovery, including 137Cs,
from seawater under laboratory conditions were selected for expeditionary studies [18,22–24].

2. Materials and Methods

2.1. Sorbents

Commercially available sorbents based on transition metal ferrocyanides (Anfezh, Niket,
Uniket, FSS, FD-M, FIC, Termoxid 35, NKF-C), and zirconium phosphate (Termoxid 3A) were
used to recover 137Cs from seawater. Table 1 provides their characteristics.
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Table 1. Characteristics of sorbents used to recover 137Cs from seawater.

Sorbent;
Technical Conditions

(TC) 1
Manufacturer View

Granulation,
mm

Bulk Density,
g/mL

Sorbent Composition

Reference
Support

Sorption-Active
Phase: Content,

Mass %

Anfezh;
TC

2165-003-26301393-99
SPE Eksorb Ltd.
(Yekaterinburg,

Russia)

blue irregular
granules 0.1–1.0 0.25–0.4 cellulose

ferric potassium
ferrocyanide; not less

than 10
[25–27]

Niket;
TC

2165-008-26301393-2005

green irregular
granules 0.1–2.5 0.5–0.7 cellulose

nickel potassium
ferrocyanide; not less

than 10
[23,28]

Uniket;
TC

2165-012-26301393-2010

dark-blue
irregular
granules

0.1–2.5 0.8–1.2 cellulose
ferric potassium

ferrocyanide; not less
than 10

[23,29]

FSS;
TC

2641-012-57989206-2012
Frumkin IPCE
RAS (Moscow,

Russia)

green irregular
granules 0.2–3.0 0.5–0.6 silica gel nickel potassium

ferrocyanide; 8–10 [18]

FD-M;
TC

2641-019-57983206-2012

brown irregular
granules 0.5–1.0 0.1–0.2 phosphorylated

wood
copper potassium

ferrocyanide; 5.0–5.5 [23,30]

FIC;
laboratory sample

blue irregular
granules 0.1–1.0 0.25–0.4 activated

carbon
iron ferrocyanide; not

less than 10 –

Termoxid 35;
TC

2641-006-12342266-2004

JSC “Inorganic
Sorbents”
(Zarechny,
Sverdlovsk

region, Russia)

dark-green
spherical
granules

0.4–1.5 1.1–1.2 zirconium
hydroxide

nickel potassium
ferrocyanide; 30–35 [31–33]

Termoxid 3A;
TC

2641-004-12342266-2004

white spherical
granules 0.4–1.0 1.05–1.10 – zirconium phosphate [33]

NKF-C
UrFU

(Yekaterinburg,
Russia)

light-brown
irregular
granules

0.2–0.6 0.25–0.4 cellulose
nickel potassium

ferrocyanide; not less
than 10

[6]

1 Technical conditions (TC) are issued as a document establishing technical requirements that a specific product,
material, substance, or group must conform with. They also specify the procedures to determine whether those
requirements have been met.

2.2. Seawater Sampling

Water samples from the sea surface layer (up to 3 m) were taken at various stations
during cruises 113 (4–29 June 2020), 116 (22 April–17 May 2021), and 121 (19 April–14 May
2022) of the R/V Professor Vodyanitsky along the southern coast of Crimea in the Black
and Azov Seas.

Samples were taken using a Unipump Bavlenets BV 0.12-40-U5 submersible vibration
pump (Subline Service LLC, Moscow, Russia), pumped through a polypropylene filter
with a pore size of 1 μm FCPS1M series (Aquafilter Europe Ltd., Lodz, Poland), which
served to remove suspended particles from the water, after which the samples filled plastic
containers with a volume of 250 L located on board the vessel.

2.3. Sorption of 137Cs

Sorption of 137Cs was carried out by a single-column method by passing 250 L of seawater
from a tank using a LongerPump WT600-2J peristaltic pump (Longer Precision Pump Co.,
Baoding, China) through a column filled with 50 or 100 mL of the sorbent (Figure 1).

To evaluate the yield in the seawater sample, stable cesium was added as a tracer at a
concentration of 2.5 mg/L. In the process of sorption, every 10–20 L, samples of the passed
seawater were taken into plastic test tubes for further evaluation of the yield.

After elution, the sorbent was squeezed out to remove excess seawater and dried in a
SNOL-3.5.5.3.5/3.5-I2 oven (LLC “NPF TermIKS”, Moscow, Russia) at a temperature of
70–80 ◦C.
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(a) (b) 

Figure 1. Sorption of 137Cs from seawater: (a) sampling barrels; (b) columns with sorbents.

2.4. Determination of 137Cs Activity in Sorbent Samples

Measurement of the specific activity of 137Cs in sorbent samples was carried out in
Petri dishes on a low-background spectrometric setup MKS-01A “MULTIRAD” (LLC “NTC
Amplitude”, Zelenograd, Russia) with a gamma spectrometric tract “MULTIRAD-gamma”
with a NaI(Tl) scintillation detector (diameter 63 mm, height 63 mm, resolution 7% for
137Cs peak, MDA (Minimum Detectable Activity) was 0.47 Bq/m3). Spectrometric data
were registered and processed using the Progress software on the operational system
Windows 10. The time for recording the activity of a single sample averaged 24 h. The
efficiency of recording 137Cs activity in the samples was calibrated using a certified source
with a known specific activity. The error in measuring the activity of each sample (σ)
usually did not exceed 10%. The spectra of sorbents after cesium recovery are shown in
Figure S1 in the supplementary materials.

2.5. Determination of Cesium Concentration

The concentration of stable cesium to evaluate output was determined on a KVANT-
2 atomic absorption spectrophotometer (LLC “Kortek”, Moscow, Russia) in an air–acetylene
flame in the emission mode at a wavelength of 852.1 nm. The sorption efficiency (E, %) of
137Cs from seawater was calculated from stable cesium using the formula [34,35]:

E =
V · C0 − ∑ Vp · Cp

V · C0
· 100%, (1)

where C0 is the initial cesium concentration, mg/L; V is the total volume of seawater passed
through the sorbent, L; Cp is the cesium concentration in a portion of seawater passed
through the sorbent, mg/L; and Vp is the volume of a portion of seawater passed through
the sorbent, L.
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3. Results and Discussion

3.1. Evaluation of the Sorption Efficiency of 137Cs by Various Sorbents

The possibility and efficiency of 137Cs sorption from seawater by various types of
sorbents were studied during cruises 113 (4–29 June 2020) and 116 (22 April–17 May 2021)
of the R/V Professor Vodyanitsky.

Table 2 shows the results of our study on the influence of the sorbent volume on the
sorption efficiency of 137Cs. We found that the sorption efficiency of 137Cs increased with
an increase in the volume of the sorbent, which is associated with an increase in the contact
area of the phases. So, for example, when using 50 mL of the FIC sorbent, the sorption
efficiency is 60%, and when using 100 mL, it is 91.6%.

Table 2. Dependence of sorption efficiency (E, %) of 137Cs on volume (mass) of sorbent (seawater
flow rate 4 CV/min (column volumes per minute)).

Sorbent Niket Uniket Termoxid 35 FIC FSS Anfezh NKF-C FD-M Termoxid 3A

Sorbent volume V, mL 50 50 50 50 50 50 50 50 50
Mass of sorbent m, g 46.5 34.5 60.0 17.5 28.6 15.0 13.0 13.0 56.5

Sorption efficiency E, % 93.0 78.9 67.4 60.0 27.3 26.0 16.3 16.1 5.44

Sorbent volume V, mL 100 100 100 100 100 100 100 100 100
Mass of sorbent m, g 93.0 69.0 120 35.0 57.2 30.0 26.0 26.0 113

Sorption efficiency E, % 99.3 94.8 96.5 91.6 42.1 41.7 23.2 22.5 8.07

The same volumes of sorbents were compared; however, the studied sorbents have
different bulk densities and, accordingly, different masses. Tables 1 and 2 show that
sorbents with a lower bulk density (Anfezh, FD-M, FSS, NKF-C) have a lower cesium
sorption efficiency due to their lower mass and, accordingly, a smaller phase contact area.

The exceptions are the Termoxid 3A sorbent, which, despite its high bulk density,
shows a low cesium sorption efficiency, and the FIC sorbent, which, despite its low bulk
density, shows a high cesium sorption efficiency. This can be explained by the high
availability of sorption centers due to the developed porous structure of activated carbon,
which supports the FIC sorbent.

Cesium sorption mechanisms are as follows:

• Sorbents based on transition metal ferrocyanides (Anfezh, Niket, Uniket, FSS, FD-M,
FIC, Termoxid 35, NKF-C) [22,36]:

nCs+ + K1.33MeII
1.33[Fe(CN)6] = nK+ + K1.33−nCsnMeII

1.33[Fe(CN)6],

• Sorbents based on zirconium phosphate (Termoxid 3A) [22,37]:

2nCs+ + Zr(HPO4)2 mH2O = 2nH+ + Zr(CsnH1−nPO4)2 mH2O.

There is no direct relationship between the mechanisms and sorption efficiency. The
sorption efficiency is determined by the sorbents’ capacities up to breakthrough and
saturation, which depend on the sorption kinetics. The parameters for the studied sorbents
were determined in our previous articles [23,24].

Figure 2 shows the effect of the seawater flow rate on the sorption efficiency of 137Cs
with 50 mL of sorbents.

The sorption efficiency of 137Cs decreases with an increase in the flow rate due to a
decrease in the contact time between seawater and the sorbent. Therefore, at a speed of
2 CV/min, 100 mL of seawater is passed through 50 mL of sorbent in 1 min, and at a speed
of 8 CV/min, 400 mL of seawater is passed; therefore, the sorption efficiency decreases.

The optimum flow rate of seawater for the studied sorbents is 2–4 CV/min. For this
range of rates, the ferrocyanide sorbents Niket, Uniket, Termoxid 35, and FIC have the best
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sorption efficiency (60–100%), while the sorption efficiency of 137Cs by other sorbents is
less than 30%.

A considerable technical task under expeditionary conditions is to achieve high-
speed seawater percolation through a fixed sorbent bed to reduce the analysis time. This
requirement is best met by the Uniket, FSS, and FIC sorbents with coarse grains. The use
of highly dispersed sorbents, such as Anfezh, becomes difficult with an increase in the
percolation speed [23,24].

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2. Cont.
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(g) (h) 

 
(i) 

Figure 2. Dependence of sorption efficiency (E, %) of 137Cs on average rate of passage of seawater by
sorbents: (a) Niket; (b) Uniket; (c) Termoxid 35; (d) FIC; (e) Anfezh; (f) FSS; (g) NKF-C; (h) FD-M;
(i) Termoxid 3A (volume of sorbents—50 mL; the volume of seawater—250 L).

Based on the results obtained, we developed a procedure for recovering 137Cs from
seawater using commercially available ferrocyanide sorbents (Figure 3):

1. Pump 250 L of seawater into a container on board the vessel while simultaneously
filtering seawater through a polypropylene filter with a pore diameter of 1 μm;

2. Add a sample of cesium nitrate to the seawater in the container to a concentration of
2–3 mg/L of cesium to assess the sorption efficiency, then leave for 5–6 h to equalize
the concentration of cesium in the entire volume of the container;

3. Load 50 mL of Niket, Uniket, Termoxid 35, FIC sorbent, or 100 mL of FSS or Anfezh
sorbent into the column;

4. Pass 250 L of prepared seawater through the column with the sorbent at a speed of
2–4 CV/min;

5. Periodically (every 10–20 L), take a sample of seawater passed through the sorbent to
assess the sorption efficiency of stable cesium;

6. After sorption, dry the sorbent in an oven at a temperature of 70–80 ◦C and place it in
a Petri dish;

7. Determine the activity of 137Cs in the sorbent on a scintillation gamma spectrometer
with an exposure of at least 24 h to achieve a measurement error of no more than 10%.
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Figure 3. Scheme of method developed for 137Cs sorption.

This technique is applied in further studies on the concentration of 137Cs from seawater.
Figure 4 shows the values of the specific activity of 137Cs in the surface layer of the

Black and Azov Seas, which were obtained by studying the sorption efficiency during
cruises 113 and 116 of the R/V Professor Vodyanitsky. Increased values of 137Cs activity
are observed in the western part of the study area due to the proximity of the source of
entry—the Dnieper River (Ukraine) [38].

 

Figure 4. Specific activity values of 137Cs (Bq/m3) in surface layer of Black and Azov Seas (along the
southern coast of Crimea), obtained during cruises 113 (4–29 June 2020) and 116 (22 April–17 May
2021) of R/V Professor Vodyanitsky.

3.2. Surface Distribution of 137Cs in the Black Sea in Spring 2022

To analyze the current radioecological state of the Black Sea, including its contam-
ination with 137Cs after the Chornobyl accident, an analysis of 137Cs concentration was
carried out by the developed method presented above. The sorbents that showed the
best parameters of sorption efficiency of 137Cs during cruises 113 and 116 of the R/V
Professor Vodyanitsky were used. During cruise 121 of the R/V Professor Vodyanitsky
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(19 April–14 May 2022), 28 seawater samples were taken and processed at 28 stations. The
layout of the stations is shown in Figure 5.

 

Figure 5. Location of sampling stations during cruise 121 (19 April–14 May 2022) of R/V Professor
Vodyanitsky (along the southern coast of Crimea, stations numbering during the cruise retained).

Table 3 shows the results obtained.

Table 3. Parameters of samples and stations during study of the distribution of 137Cs in cruise 121
(19 April–14 May 2022) of R/V Professor Vodyanitsky.

Station
Number

Coordinates of Sampling Points

Sorbent E, %
Asp

137Cs,

Bq/m3Northern
Latitude

Eastern
Longitude

1 44.39808 33.67864 Termoxid 35 67.3 8.73 ± 0.89
2 44.35120 33.70265 Uniket 69.8 8.73 ± 0.88
13 44.36246 34.12065 Termoxid 35 82.1 9.75 ± 0.79
14 44.48178 34.20170 Uniket 78.7 10.0 ± 0.98
15 44.45617 34.20333 FIC 64.4 9.50 ± 0.95
21 44.50590 34.31795 FIC 69.2 9.62 ± 1.27
25 44.54041 34.53309 Termoxid 35 79.9 9.04 ± 1.07
27 44.64467 34.45784 FIC 64.0 9.06 ± 0.94

27.1 44.66783 34.43950 Niket 95.0 8.41 ± 0.79
28 44.73593 34.59710 FIC 56.5 8.57 ± 0.83
31 44.62115 34.65419 Termoxid 35 79.8 9.13 ± 0.75
35 44.77496 34.69233 FIC 63.5 7.60 ± 0.86
39 44.67979 34.94443 Niket 93.8 9.12 ± 0.96
48 44.79867 35.15200 Termoxid 35 80.1 8.85 ± 0.75
57 44.71315 35.24935 FIC 66.5 7.33 ± 0.68
64 44.94662 35.28064 Uniket 75.0 8.62 ± 0.81
70 44.94445 35.36925 FIC 66.9 9.21 ± 1.01
75 44.93706 35.52754 Termoxid 35 78.1 9.03 ± 0.75
77 44.77019 35.52102 FIC 64.8 9.03 ± 0.92
79 44.82319 35.71791 Niket 92.7 8.62 ± 0.83
85 44.93957 35.80088 FIC 59.3 9.66 ± 0.90
88 44.64783 34.79639 Termoxid 35 80.3 9.09 ± 0.80
89 44.69392 34.75217 FIC 64.3 10.4 ± 0.91

105 44.77917 35.00317 Termoxid 35 76.2 9.69 ± 0.84
106 44.73351 35.09265 Termoxid 35 73.5 9.09 ± 0.85
114 44.25389 33.99746 FIC 55.7 9.07 ± 0.76
116 44.24846 33.99762 Termoxid 35 78.4 9.07 ± 0.82
120 44.22626 33.89136 FIC 59.5 8.28 ± 0.78

Figure 6 shows the distribution of 137Cs in the surface layer of the Black Sea along
the southern coast of Crimea. The value of 137Cs activity varied over space in the range
of 7.33–10.4 Bq/m3 and averaged 9.01 ± 0.87 Bq/m3. Thus, the spatial variability of the
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cesium concentration field in the study area was within the error range of the method for
determining this parameter.

 

Figure 6. Distribution of 137Cs in surface layer of Black Sea (along the southern coast of Crimea),
obtained during cruise 121 (19 April–14 May 2022) of R/V Professor Vodyanitsky.

According to the literature data, 137Cs activity in the Black Sea was 20.0 ± 1.1 Bq/m3

in 2007 [7], 17.1 ± 0.9 Bq/m3 in 2013 [6], and 14.4 ± 1.3 Bq/m3 in 2015 [39]. The data
obtained are consistent with the published data [6,7,39], taking into account the half-life
for the decrease in 137Cs inventory, which, according to [38], is 8.6 years for the period
1987–2011. The decrease in 137Cs activity in the surface layer of the Black Sea is associated
with its radioactive decay and penetration into the underlying layers [38]. Thus, an increase
in 137Cs activity in the study area was not determined.

During cruise 121, a limited area of the Black Sea along the southern coast of Crimea
was available for study; the sampling and measurement of samples were not carried out
at the western part of the Black Sea, where elevated values of 137Cs activity are usually
observed due to the proximity of the source of cesium, the Dnieper River (Ukraine) [38].

According to the Radiation Safety Norms–99/2009 [40] of Russia, the allowable con-
centrations (intervention levels) of 137Cs in seawater are 11 Bq/L; therefore, the current
levels of 137Cs in the surface water of the Black Sea are below the maximum allowable.

4. Conclusions

Systematic monitoring of 137Cs content in seawater is necessary for the timely detection
of sources of radioactive contamination entering the environment, allowing for decision
makers to take measures to prevent negative impacts on living organisms.

The possibility of 137Cs recovery from seawater and its sorption efficiency were studied
using various types of sorbents based on transition metal ferrocyanides (Anfezh, Niket,
Uniket, FSS, FD-M, Termoxid 35, NKF-C, FIC) and zirconium phosphate (Termoxid 3A). We
found that the sorption efficiency of 137Cs decreased with an increase in the flow rate due
to a decrease in the contact time of seawater with the sorbent. The optimum flow rate of
seawater for the studied sorbents is 2–4 CV/min. The ferrocyanide sorbents Niket, Uniket,
Termoxid 35, and FIC showed the best sorption efficiency (60–100%). Based on the results
obtained, a procedure was developed for recovering 137Cs from seawater.
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To analyze the current radioecological state of the Black Sea, namely its contamination
with 137Cs after the Chornobyl accident, in the spring of 2022, the spatial distribution of
137Cs in the Black Sea along the southern coast of Crimea was studied using the developed
methodology and sorbents that showed the best characteristics. The value of 137Cs activity
varied over space in the range of 7.33–10.4 Bq/m3 and averaged 9.01 ± 0.87 Bq/m3. The
data obtained are consistent with the literature data, taking into account the half-life for the
decrease in 137Cs inventory; an increase in 137Cs activity in the study area was not found.
The current levels of 137Cs in the surface water of the Black Sea are below the maximum
allowable level.

Further research is needed in the coastal ecosystems of the Black Sea, which are
accumulators of anthropogenic radionuclides.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr11020603/s1, Figure S1: Spectra of sorbents after cesium recovery.
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Abstract: Agro-industrial discharge contains acetimidothioic acid, which is commercially named
“Lanox 90” and is a widely applied insecticide in greenhouses, and the result is wastewater loaded
with this insecticide. Treating such wastewater is a must to reduce the environmental impact as well as
to facilitate the opportunity for water recycling. Thus, the present work introduced Montmorillonite
(MMT) clay as a novel Fenton reaction source to treat wastewater loaded with Lanox 90 insecticide as a
benign sustainable strategy. Scanning electron microscopy (SEM) supported with energy-dispersive X-
ray spectroscopy (EDX) and Fourier-transform infrared spectroscopy (FTIR) were used to characterize
the MMT sample. Response surface methodology based on Box–Behnken analysis was selected to
optimize the parametric circumstances. The optimized parameters of the proposed technique were
obtained at a pH of 2.6 with the addition of 0.8 and 854 mg/L of MMT and H2O2, respectively, to
attain the highest predicted Lanox 90 removal rate of 97%. Analysis of variance (ANOVA) was used
to examine the statistical data and displayed a significant quadratic model. Ultimately, the results
reveal that the oxidation system is exothermic and has a non-spontaneous nature, and the reaction
kinetics are categorized according to the second-order reaction kinetic rate. The results of the current
study indicate the importance of MMT for treating wastewater. These results confirm the possibility
of using oxidation technique as a suitable candidate for greenhouse effluent management to enhance
the efficiency of water recycling for smart irrigation.

Keywords: agricultural wastewater; water recycle; Montmorillonite; Fenton oxidation; catalyst recycle

1. Introduction

Nowadays, there is a persistent need for culturing through greenhouses due to the
need for fruits and vegetables that are out of season. This technique assures protected con-
ditions of crops to attain a high-quality yield. Additionally, the requirement of sustainable
agricultural technology motivates the development of improved advanced greenhouses [1].
Such technology includes the enhancement in infrastructure to reclaim water in a semi-
closed recycling system for the double benefits of conserving natural resources and the
treatment of waste effluents to attain a sustainable food production world through efficient
use of hydric resources [2]. The persistent existence of pesticides in greenhouse effluents
causes grave environmental damage and raises concerns even at miniscule concentrations.
In this regard, the pertinent option is to treat agricultural effluent wastewater [3].
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Lanox 90, or S-methyl-N((methylcarbamoyl)oxy) thioactimidate, is signified as one of
the most widely applied insecticides in greenhouse farming for the protection of ornamental
plants. In this context, water is loaded with Lanox 90. Lanox 90 is one of the members
of the carbamate family and is characterized by a main functional group of -NH(CO)O-.
Such functional group principally attributes to its high solubility in water, which reaches
57.9 g/L (at 20 ◦C), and low affinity for soils [4]. These combined characteristics make it
noxious for both surface and groundwater and cause damage to the ecosystem. Therefore,
the World Health Organization (WHO) as well as the Environmental Protection Agency,
USA (EPA), have signified it as a restricted very toxic and hazardous material.

The so-called conventional treatment methodologies, including biological treatments
and physical separation through membranes, are insufficient for insecticide elimination
due to the recalcitrant and bio-accumulative characteristics of insecticides [5]. To reach
an acceptable quality of processed water, the search for an efficient way of treatment is
engaging both the academia and the industrial world. In recent years, great attention has
been paid toward dealing with active light processes called advanced oxidation systems,
which are based on complete mineralization [6]. Such systems are able to oxidize pollutants
to obtain risk-free end products of CO2, H2O, and inorganics compounds. Photo-Fenton
reaction is one of the advanced oxidation systems that is based on the production of (·OH)
radicals, which are categorized as highly reactive species as a result of the interaction
between H2O2 and iron-based salts under ultraviolet illumination through a cyclic reaction
to reach pollutant oxidation. This system has shown promising results in the removal
of agricultural effluents containing pesticide according to the literature [6,7]. Although a
high yield of Fenton’s reaction is attained, the disadvantages also have to be taken into
consideration. These disadvantages include the reaction precursors are expensive as well
as the reaction needs a fixed pH. Additionally, the final iron sludge is a concern [8].

Currently, great efforts are focused on the improvement of photocatalysis through
changing catalysts’ characteristics to enhance the efficiency of their photocatalytic activity.
Aluminum and iron metal are considered to be the most abundant metallic elements on
the Earth’s crust. Due to its chemical properties and amorphous nature, Montmorillonite,
which contains aluminum, iron, and silicon, and has a porous structure and a high specific
surface, is considered a replacement of iron precursors in the Fenton’s reaction, specially
due to its nature occurrence, which helps in reducing the operating cost. Such material
is an excellent adsorbent material, although, to date, it has not been used as a source of
photocatalytic reaction [9].

Response surface methodology (RSM) is a powerful scheme for photocatalytic process
optimization that includes multiple variables [4,8,10]. Such methodology is applied to
explore the most effective parameters in a catalytic reaction, especially in a Fenton process,
since it is a multivariable dependent reaction. A 3-level factorial design, or the so-called
Box–Behnken design, is a statistical model that provides a powerful experimental tool and
has been increasingly applied to optimize Fenton’s parameters [11,12]. This optimization
tool plays a key role in the success of the photo-Fenton system. Nevertheless, it has not
been well exploited to optimize Montmorillonite-based Fenton reaction.

MMT has been applied as a catalyst/adsorption source according to previous data
cited in the literature [9]. However, MMT has not been used as a catalytic source to initiate
the Fenton reaction, especially in the treatment of pesticide-loaded wastewater from agri-
cultural streams. MMT in the Fenton’s reaction leads to a greener photocatalytic reaction
for the Fenton’s test. Thus, the current investigation is a preliminary project dealing with
oxidation by the photo-Fenton reaction based on the use of MMT as a naturally abundant
clay for treating synthetic waters polluted via one of the most extensively applied pesticides
in greenhouse farming; MMT is used as a novel Fenton’s source from an environmentally
benign material. An analysis of the removal of the pesticide while mineralizing its inter-
mediates and an evaluation of the final effluent toxicity with the remaining pesticide were
performed for the purpose of recycling the reclaimed water for greenhouse plants’ use.
Additionally, the reaction parameters were optimized to maximize toxin removals.
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2. Experimental Materials and Methodology

2.1. Experimental Materials
2.1.1. Lanox 90 Aqueous Effluent

Lanox 90 (L90) was applied in the current study as a commercial-grade insecticide
to simulate wastewater effluent from greenhouses. L90 was supplied by an agricultural
insecticide and chemical company and applied as received without further modification
or treatments. The synthetic wastewater was created by preparing a stock of the aqueous
solution (1000-ppm) of L90, which was then subjected to dilution, as required, to attain
various L90 concentrations. Thereafter, the desired concentration was used and subjected
to ultraviolet treatments at a volume of 100 mL.

2.1.2. Montmorillonite-Based Photo-Fenton Catalyst

Montmorillonite, which is a naturally abundant clay substance, was selected to be
the source of aluminum metal to substitute for iron in the photo-Fenton reaction. MMT
was collected from the Eastern Desert in the upper part of Egypt near El Minia city at the
location coordinates of 28◦ north and 30◦ east. In this regard, MMT was collected from the
deposit, and the clay was taken to the laboratory for preparation by drying in an electric
furnace (105 ◦C) for seven days to maintain it dry and to remove any excess moisture.
Consequently, MMT was exposed to grinding through a ball mill to attain an acceptable
powder material. The resulting powder was used as the source of the Fenton’s catalyst.

2.2. Experimental Methods
2.2.1. Wastewater Treatment Test

Acetimidothioic acid, which is commercially referred to as Lanox 90, was purchased
from a central agricultural pesticide and chemical company, El-Menoufia, in Egypt. The
synthetic acetimidothioic acid (Lanox 90) aqueous medium (100 mL) was poured into a
250 mL container, and certain amounts of MMT and hydrogen peroxide (30% w/v) as
the sources of the photocatalyst were added to the container prior to being subjected to
ultraviolet (UV) illumination. The pH of the aqueous Lanox 90 matrix was found to be
7.2, which was then adjusted, when needed, to the needed values through the addition
of diluted H2SO4 or NaOH solutions, which were of analytical grade and were supplied
by Sigma-Aldrich, Darmstadt, Germany. The solution was then magnetically stirred to
keep the suspension homogenous and the catalyst well dispersed. Then, the solution was
periodically analyzed to investigate L90 removals. Figure 1 summarizes the treatment steps
and the suggested treatment sequence.

2.2.2. Experimental Design

Response surface methodological analysis (RSM) was applied to optimize the complex
system’s performance based on the Box–Behnken (BB) design. The BB design was selected
as a multivariate nonlinear model for optimizing the response surface that influenced the
system’s variables, namely H2O2, MMT catalyst concentrations, and pH of the aqueous
medium. These variables were chosen to investigate their effects on Lanox 90 oxidation as
a dependent response.

2.2.3. Kinetic Modeling

In order to investigate the kinetics of Lanox 90 oxidation in wastewater using the
modified Fenton oxidation technique, the data were regressed based on the simple zero
(Equation (1)), first (Equation (2)), and second (Equation (3)) kinetic orders [12] as follows:(

dc
dt

)
= −ko (1)

(
dc
dt

)
= −k1C (2)
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(
dc
dt

)
= −k2C2 (3)

where C is the Lanox 90 concentration in wastewater; Ct is the Lanox 90 concentration in
wastewater at time t; Co is the initial concentration of Lanox 90 organics in wastewater, and
t is the reaction time. Additionally, k0, k1, and k2 represent the kinetic rate constants of the
zero-, first- and second-order reaction kinetics, respectively. Then, integrating Equations (1)–(3)
leads to the linearized solutions for the zero, first, and second kinetic orders, as displayed
in Equations (4)–(6), respectively.

(Ct = Co − kot) (4)

((Ct = Co − ek1t
)

(5)

(

(
1
Ct

)
=

(
1

C0

)
− k2t) (6)

 
Figure 1. Graphical representation of agricultural wastewater effluent management.

2.3. Analytical Methods

The Lanox 90 solution containing the catalyst after treatment was subjected to periodic
analysis at the time intervals of 10 min each. L90 was inspected in the solution at the
maximum wavelength of 231 nm using a UV–visible spectrophotometer (model, Unico
UV-2100 spectrophotometer, Columbus, OH, USA). The solution was kept under the
photocatalytic equipment test till a steady state was achieved or complete Lanox 90 removal
was attained. Prior to analysis, the catalyst was removed from the aqueous matrix through
filtration using syringe filters with a size of 0.45 mm. Additionally, the pH of the aqueous
solution was examined and adjusted when required using a digital pH meter (model
AD1030, Adwa instrument, Szeged, Hungary).
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2.4. Statistical Analyses

Statistical software (SAS Institute, New York, NY, USA, V STAT 15.1) was used to
investigate the full matrix of the factorial experimental design. Moreover, the Mathematica
software (V 5.2) was applied to investigate the optimal numerical variables. To further
understand the effect of the interacting variables and their response, surface analysis was
conducted to analyze the affinity of such interactions. The 3-D response surface and 2-D
contour plots were created using the MATLAB R2017a software. Moreover, to check the
model, ANOVA was performed to examine the pattern and the acceptance of the model.
The ANOVA results, including the sum of squares, mean squares, estimated coefficient,
standard error, and the corresponding F-value and p-values were examined using a t-test.
Generally, an RSM model is accepted as a significant model if its F-value is greater than
the critical value while the p-value is small (<0.05). Moreover, the R2 (the coefficient of
determination) is also used to confirm the fitness of the examined model. In RSM statistics,
a model is accepted when R2 > 80% [7].

2.5. Characterization Study

The morphology of the sample (MMT) was examined and imaged using a field-
emission scanning electron microscope (SEM) (FE-SEM, Quanta FEG 250, The Netherlands).
The applied magnifications were ×8000 and ×60,000. This was augmented with energy-
dispersive X-ray spectroscopy (EDX) to investigate the main oxides present in the MMT
sample via an examination of the energy-dispersive spectrum. Additionally, Fourier-
transform infrared spectroscopy (FTIR) (Jasco, FT/IR-4100, type A, Tokyo, Japan) of the
MMT sample was carried out to investigate the kind of functional group responsible for
the photocatalytic reaction.

3. Results and Discussions

3.1. Characterization of Montmorillonite Catalyst
3.1.1. SEM Images of Montmorillonite

The scanning electron microscopic (SEM) images were investigated to highlight the
morphology of the naturally occurring catalyst. The scanning electron micrographs of the
MMT sample indicate its morphology at different magnifications. Figure 2 shows that
the layered structure of the material has a smooth surface with agglomerated regularly
shaped particles, which have an average particle size in the range of 3.514 μm. The MMT
surface signifies the existence of a lot of asymmetric open pores with voids. Additionally,
the chemical elemental composition showing the weight ratio of the main elements on
the surface was examined via an energy-dispersive X-ray spectroscopy test (EDX). The
results of the elemental analysis displayed in Table 1 show that MMT possesses mainly
SiO2. Additionally, the presence of the oxides of Al2O3 and Fe2O3 is observed, showing
its importance as a Fenton source. Such results are in accordance with what has been
previously reported by various authors [9,12,13] for this type of clay mineral. The Fenton
reaction could be conducted through various metals, especially iron and aluminum, which
initiate the reaction. The presence of iron and aluminum oxides react with hydrogen
peroxide and produce OH radicals, which drive the oxidization of Lanox 90 molecules.
In addition, the surface morphology of the clay leads to the occurrences of adsorption in
combination with the oxidation reaction. Additionally, a low loss of ignition (L.O.I.) value
(6%) indicates the presence of organic matter and carbonate content, as well as combined
water in the MMT clay. These results show the suitability of the material to be a catalyst
and an adsorbent surface due to the presence of voids as well as the increase in surface area
of the substance, according to the ignition of organic matter.
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Figure 2. SEM images of the Montmorillonite (MMT) sample at different magnifications: (i) 4000×
and (ii) 50,000×.

Table 1. Chemical constituents of Montmorillonite as inferred by EDX *.

Oxides SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 L.O.I.

Weight % 62.3 18.2 10.1 4.0 1.0 1.0 0.09 0.02 6.0

* L.O.I.: Loss of Ignition.

3.1.2. FTIR Spectroscopy of Montmorillonite

Fourier-transform infrared (FTIR) transmittance spectrum analysis is a significant
technique for identifying the existence of different forms of minerals; MMT as a source
of photocatalyst was analyzed for its FTIR performances. Due to the presence of numer-
ous elements, besides the presence of the main intensive absorption bands of clay, there
are considerable coupled vibrations. Si–O stretching vibrations (silanol) are observed at
1032.6 cm−1, identifying the existence of quartz [13]. Furthermore, the Montmorillonite
spectra show bands at 528.4 cm−1 and 781.9 cm−1 that are related to the stretching vibra-
tions representing Si-O-Al group, which might validate the presence of illite [14,15]. The
interlayer hydrogen bonding at 3694.9 cm−1, 3438.4 cm−1, and 1638.2 cm−1 indicates the
probability of hydroxyl linkage. The band at 1032.6 cm−1 verifies the existence of illite. The
band near 781.9 cm−1 is attributed to the presence of Al-Mg-OH bonding. This spectrum
confirms the presence of “Montmorillonite” clay [16]. Additionally, Al bonding is present
at 820 cm−1 in the spectrum, and Si-O-Fe bonding is present at 446.1 cm−1 [16].

3.2. Lanox 90 Oxidation
3.2.1. Assessment of Various Oxidation Processes

The effects of various oxidation systems on Lanox 90 treatment were evaluated and
compared with the MMT-based Fenton system to investigate its efficacy in removing Lanox
90 from greenhouse wastewater. The results in Figure 3 show that in the absence of MMT,
while the used H2O2 is recorded to be 800 mg/L, the extent of Lanox 90 oxidation barely
reaches 24%. However, by solely using MMT, the decrease in Lanox 90 load is around
60% within 50 min of irradiation time. Such results show the influence of the adsorption
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equilibrium due to the existence of CaO, MgO, and illite, which possess porous adsorption
surfaces. However, the addition of Montmorillonite augmented with UV irradiance leads
to a removal rate of 76%, confirming the role of the material as a photocatalyst. Addi-
tionally, MMT combined with H2O2 shows a removal rate of 91%; this verifies the role
of dark Fenton test in Lanox 90 oxidation. In order to better understand the oxidation
capability, further combination of Montmorillonite/H2O2/UV oxidation was checked, and
the oxidation efficiency reaches 97% of Lanox 90 removals. These results might be because
of the augmentation of the sorption and photocatalytic systems [17,18].

Figure 3. Effects of different oxidation systems on Lanox 90 elimination.

Even through hydrogen peroxide is considered a powerful oxidant, the oxidation of
Lanox 90 is not significant when using this reagent. However, when Montmorillonite/H2O2
is augmented with UV, the excited Lanox 90 molecules convert O2 to O2

• since Lanox 90
absorbs ultraviolet light. Then, the autoprotolysis of H2O generates protons, which then
leads to O2

• radicals to produce superoxide radicals (OOH•). Such radicals could ultimately
completely oxidize Lanox 90 molecules to harmless end products, including CO2 and H2O,
as well as mineral acids [18]. The catalytic oxidation reaction of Lanox 90 molecules in
the existence of Montmorillonite, under UV illumination, commonly incorporates the
separation of electron/hole pairs existing on Montmorillonite and subsequent reduction–
oxidation reactions. The adsorbed molecular O2 species might scavenge electrons and H2O
or adsorbed Lanox 90 molecules, which could trap the holes. Subsequently, L90 insecticide
molecules could be oxidized directly by the effect of photogenerated oxidants. Additionally,
H2O2 addition in the presence of Montmorillonite and ultraviolet illumination enhances the
photodegradation rate of L90 since the direct dissociation of H2O2 under UV illumination
produces OH• radicals, which could oxidize L90 molecules to CO2, H2O, and mineral
acids [19].

3.2.2. Tailoring Montmorillonite for the Fenton-Based System
Effect of Lanox 90 Loading

The effect of initial Lanox 90 insecticide concentration in the aqueous effluent on
oxidation by the Montmorillonite photo-Fenton system is shown in Figure 4. The initial
H2O2 concentration was added (800 mg/L) to the MMT catalyst loading that was kept at
1 g/L at a pH of 3.0. The maximum L90 removal efficiency was attained at 97% oxidation
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after 50 min for the Lanox 90 loading of 50, 100, 200, and 400 mg/L. The removal efficacy
of Lanox 90 reduced slowly when the Lanox 90 loading was increased, and the oxidation
of L90 ranged from 99 to 71% as the Lanox 90 loading increased in the solution. This
could be attributed to the quantity of MMT and H2O2 being constant in the low (50 mg/L)
and high concentrations (400 mg/L); thus, H2O2 and MMT, which are the main elements
accountable for the formation of highly oxidized •OH radicals, were categorized as not
being sufficient to generate enough hydroxyl radicals. Additionally, the amount of vacant
active sites on the MMT surface was not sufficient to adsorb higher initial L90 loads in the
aqueous matrix. The high loads of L90 occupying the active sites of MMT could result in a
decline of reactive •OH radicals. Numerous authors [20,21] have reported a similar trend
when treating various pollutants via catalytic oxidation systems.

 
Figure 4. Effect of initial Lanox 90 loading on the Montmorillonite photo-Fenton oxidation system.

Effect of Montmorillonite Concentration

To further investigate the effect of MMT on the photo-Fenton system, the influence
of its concentration was investigated, and the results are shown in Figure 5. The MMT
concentration was changed over the range of 0.5 to 1.5 g/L, whereas all the other variables
were kept at constant values (pH of 7.2 and H2O2 at 800 mg/L). The oxidation tendency in-
creases with increasing catalyst concentration, while further catalyst concentration increase
results in a reduction in the oxidation efficacy, which reaches almost complete removal
(98%) when 1.0 g/L of MMT was added to the aqueous matrix. Additionally, Al and Fe ions
react with hydrogen peroxide to form more highly reactive hydroxyl radicals and metals
ions. Such non-selective hydroxyl radicals attack the Lanox 90 molecules and strongly
mineralize them. However, further increase in MMT leads to a reduction in the treatment
efficacy due to the shadowing effect in the media. Excess MMT causes a turbid solution,
which prevents ultraviolet radiation from penetrating the aqueous matrix and obeys the
UV transmittance. Additionally, extreme metal ions that are in excess in the medium act as
a scavenger of hydroxyl radicals rather than as a generator [5].

Effect of H2O2 Concentration

Hydrogen peroxide’s effect on Lanox 90 removal in the Montmorillonite-based photo-
Fenton system was investigated by varying the hydrogen peroxide concentration, and
the results of the experiments are displayed in Figure 6. As expected, elevating the H2O2
concentration from 100 mg/L to 400 mg/L enhances Lanox 90 oxidation. However, further
elevation in the reagent to an optimal concentration (800 mg/L) results in a reduction in the
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treatment efficacy. The oxidation declines to 83% when the H2O2 concentration increases to
more than 800 mg/L. Thus, 800 mg/L is recorded as the optimal H2O2 concentration. This
could be because excessive dosing of such reagent leads to a decline in Lanox 90 treatment
since perhydroxyl radical (HO2) is generated due to excess hydrogen peroxide, rather than
highly oxidized OH radicals. Thus, the overall oxidation rate is reduced.

Figure 5. Effect of Montmorillonite catalyst concentration on the photo-Fenton reaction.

Figure 6. Effect of H2O2 concentration on the photo-Fenton system.

Effect of Aqueous Effluent pH

pH is categorized as a significant variable in the photo-Fenton reaction since pH
affects H2O2 decomposition and hydrolytic speciation of metal ions. Hence, to evaluate the
effect of the aqueous environment’s pH on oxidation, the initial pH values of the aqueous
matrix were varied from 3.0 to 7.2, and the data are expressed as a decline in Lanox 90
concentration. Figure 7 verifies that an acidic pH (3.0) shows a maximum oxidation of
Lanox 90 efficiency. It is important to note that the pH value of the aqueous solution
achieves the highest oxidation efficacy, which reaches 97%, during 50 min of UV irradiation
and that Lanox 90 is almost totally oxidized into different intermediates. Increasing the pH
value results in the creation of radicals that inhibit the oxidation reaction, instead of the
generation of highly oxidized (OH) radicals. Additionally, the yield of Lanox 90 removal
could be associated with the fraction of soluble metals that are responsible for inducing
H2O2 to produce (OH) radicals in the aqueous medium, which declines within an acidic
pH range [9,22].
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Figure 7. Effect of pH of the aqueous matrix on the photo-Fenton system.

3.2.3. RSM Model’s Optimization of Operating Parameters
Model Establishment

To attain a higher removal efficiency in a reasonable time with a minimal concentration
of reagents, the 3-level factorial design, also known as the Box–Behnken model design,
was correlated. A Box–Behnken design based on RSM with triplicates at the central values
was applied. The following independent variables were chosen: (i) H2O2 concentration;
(ii) MMT catalyst concentration; and (iii) pH value. Their levels were selected as a support
of the introductory work, and the selected levels are displayed in Table 2.

Table 2. Boundaries of model design for the coded and natural experimental domains and the
corresponding levels’ spacing.

Experimental Variable
Symbols Range and Levels

Natural Coded −1 0 1

H2O2 (mg/L) ε1 ζ1 700 800 900
MMT (mg/L) ε2 ζ2 0.75 1.0 1.25

pH ε3 ζ3 2.0 3.0 4.0

Furthermore, the analysis using the SAS software suggested the full matrix of the
factorial experimental design, as seen in Table 3, at the coded and un-coded levels. A 15-
factorial design was performed, and the second-order polynomial model was investigated
according to Equation (7):

Y(%) = 92.66 + 3.62ε1 − 6.255ε2 − 3.875ε3 − 6.456ε2
1 + ε1ε2 − 9.75ε1ε3 − 5.20ε2

2 + 4.0 ε2ε3 − 14.45 ε2
3 (7)

where Y is the predicted Lanox 90 removal rate depending on the parameters’ response (%);
i = 1, 2, 3 and j = 1, 2, 3; βo, βi, βii, and βij are the model regression coefficient variables;
and ζi is the input used to calculate the coded variable. In order to simplify the model
calculations, the natural parameters of the operating system (εi) were converted to coded
variables (ζi).

ANOVA Test

An ANOVA test was applied to evaluate the model. The R2 and p-value were recorded
to investigate the model’s adequacy. A small p-value of 0.008 is obtained. Moreover, the R2

is 96%, which supports the proposed model. Thus, a good correlation is achieved for the
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predicted model of Lanox 90 removal through the modified photo-Fenton test. Such results
are in agreement with the previous work of Elsayed and his co-workers [10], who found
a correlation coefficient of 99% for their optimized parameters for the oxidation of dye
species using a chitin biopolymer system. Additionally, they recorded a p-value of 0.00054
for their model. Additionally, Nour et al. [7] found a p-value of 0.027552, which is accepted
for significance of their suggested model that optimizing the variables using RSM model.

Table 3. Box–Behnken factorial design in terms of coded and natural variables and the corresponding
Lanox 90 removal rate affecting effluent oxidation.

Exp. No.

Variables Response (Y)

H2O2 Concentration MMT Concentration pH Value
% L90 Removal

Coded Natural Coded Natural Coded Natural

1 −1 700 −1 0.75 0 3.0 82
2 −1 700 1 1.25 0 3.0 72
3 1 900 −1 0.75 0 3.0 88
4 1 900 1 1.25 0 3.0 82
5 0 800 −1 0.75 −1 2.0 92
6 0 800 −1 0.75 1 4.0 71
7 0 800 1 1.25 −1 2.0 67
8 0 800 1 1.25 1 4.0 62
9 −1 700 0 1.0 −1 2.0 60
10 1 900 0 1.0 −1 2.0 86
11 −1 700 0 1.0 1 4.0 77
12 1 900 0 1.0 1 4.0 64
13 0 800 0 1.0 0 3.0 92
14 0 800 0 1.0 0 3.0 93
15 0 800 0 1.0 0 3.0 93

Response Surface Plots

The 3-D response surface and 2-D contour plots of Lanox 90 removal efficacy are
displayed in Figures 8–10, showing the three pairs of selected variables. According to
the data displayed in Figures 8–10, Lanox 90 removal efficacy steadily increases with an
elevation in both H2O2 and MMT catalyst. This could be attributed to the presence of
highly reactive species (·OH radicals) in the aqueous reaction medium with an increase
in the concentrations of the reagents [9]. However, when reaching a certain limit of
concentration for the reagents, Lanox 90 removal and oxidation declines. An explanation
for this phenomenon is that excess reagents might act as a scavenger of OH radicals rather
than a generator [23]. It is known that hydroxyl radicals are the drivers of such oxidation
removal rate. Furthermore, it can be observed from the plots that Lanox 90 elimination is
extremely sensitive to the variation in pH value in the assessment of the other examined
parameters. This phenomenon is in agreement with the probability values (p-values)
achieved for each variable from the ANOVA test. It is important to remark that an acidic
pH value is essential to conduct such oxidation.

Numerical Optimization

Additionally, after the experimental work was conducted, the optimal results were
predicted. The estimated optimal values are 854 and 0.8 mg/L for hydrogen peroxide and
MMT, respectively, and the corresponding optimal pH is a pH value of 2.6 with a predicted
response of 97% removal rate. Afterward, three additional replicates of the experimental
work were performed to validate the predicted model, which reached a response of 98%.
Thus, the numerical optimization maximized Lanox 90 oxidation, which is mainly based
on OH radicals. Thus, OH radicals are increased through using the optimal reagent values
and pH conditions, which exceeds the overall reaction rate.
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Figure 8. Factorial model design’s optimal results: (i) 3-D surface plot and (ii) 2-D contour plot of the
(Y) response and the interacting effect of H2O2 and Montmorillonite catalyst concentration.

3.2.4. Temperature Effect on Kinetics and Thermodynamic Parameters

To proceed to real-life and practical applications, it is critical to investigate the in-
fluence of temperature on the treatment process. An investigation of the influence of
temperature on reaction kinetics was conducted by changing the temperature from 26 ◦C
(room temperature) to 40, 50, and 60 ◦C. The results shown in Figure 11i demonstrate that
the removal rate declines to 43% as the temperature is elevated to 60 ◦C, when compared
to a removal rate of 97% at room temperature (26 ◦C). Even though the oxidation reaction
could be more effective at an elevated temperature, H2O2 decomposes into oxygen and
water at a high temperature. This results in an inhibition in the overall Lanox 90 oxidation
reaction rate. Various reports in the literature [24–27] confirm the small terminal effect of
reaction rate in comparison to other influencing parameters on the Fenton reaction. Some
previous studies stated that 38 ◦C is the optimal operating temperature for the Fenton
reaction [28,29].
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Figure 9. Factorial model design’s optimal results: (i) 3-D surface plot and (ii) 2-D contour plot of the
(Y) response and the interacting effect of H2O2 and pH.

To investigate the impact of the Lanox 90 oxidation system, kinetic modeling study is
essential to define the reaction rate constants. At various operating temperatures for the
Montmorillonite-based Fenton system, the empirical and theoretical values of the zero-,
first-, and second-order kinetic models were assessed and compared using the linearized
form of Equations (1)–(3). Then, the correlation coefficient of determination values (R2)
were compared and used to estimate the best-fit model. Commonly, the best-fit model is
associated with the highest R2 value between the empirical and theoretical data [30,31].
Thus, the correlation was compared, and the zero- and first-order models were rejected for
having lower R2 values, which displayed values of 0.61 to 0.88, respectively. The highest R2

value corresponds to the second-order kinetic model (0.91–0.98), as seen in Table 4. Hence,
this model is selected to represent the data. This model specifies the reaction between
Lanox 90 and the MMT-based photo-Fenton system, indicating that the reaction between
Lanox 90 and the reagents is temperature dependent. The second-order model shows that
it is not affected so much by random errors [32]. Furthermore, the half-life time (t1/2), as
displayed in Table 4, increases with an increase in the temperature. This could be attributed
to the increase in temperature hindering the catalytic activity of the MMT substance since
its surface activity is affected by the temperature change [32,33].
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Figure 10. Factorial model design’s optimal results: (i) 3-D surface plot and (ii) 2-D contour plot of
the (Y) response and the interacting effect of Montmorillonite catalyst concentration and pH.

Figure 11. Effect of temperature on the reaction: (i) effect of temperature on the aqueous matrix in
the photo-Fenton system, and (ii) plot of (−Ln K) vs. 1000/T.
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Table 4. Fitted kinetic reaction data for agricultural effluent oxidation reaction *.

Kinetic Oder-Model Boundaries
Temperature

299 K 313 K 323 K 333 K

Zero-order
k0 (min−1) 1.48 1.33 1.11 0.82

t1/2 (min) 31.45 36.89 44.24 60.12
R2 0.61 0.64 0.78 0.84

First-order
k1 (min−1) 0.073 0.03 0.019 0.011
t1/2 (min) 61.32 36.86 23.1 9.49

R2 0.88 0.76 0.88 0.88

Second-order
k2 (L·mg−1min−1) 0.0101 0.001 0.0004 0.0002

t1/2 (min) 1.06 10.18 25.46 50.93
Rr2 0.91 0.92 0.99 0.98

* k0, k1, and k2: kinetic rate constants of the zero-, first-, and second-order kinetic models; Co and Ct: Lanox 90
loadings at initial time and time t; t: time; R2: coefficient of determination; and t1/2: half-life time.

To further examine the influence of temperature on the Lanox 90 treatments, thermody-
namic values of activation were evaluated using the Arrhenius equation (Equation (8)):

lnk2 = lnA − Ea

RT
(8)

where A is the pre-exponential factor constant; R is the universal gas constant based on the
second-order kinetic model used to estimate the energy of activation; and Ea is from the
linear plot of lnk2 versus 1/T (Figure 11ii). Furthermore, the thermodynamic activation
parameters of oxidation were estimated by using the Eyring equation (Equation (9)):

kF =
kBT

h
e(−

ΔG#
RT ) (9)

where kB and h are the Boltzmann and Planck’s constants. Additionally, the enthalpy (ΔH#)
and the entropy (ΔS#) of activation could be determined from the following equations [24]:

ΔH# = Ea − RT (10)

ΔS# =
(

ΔH# − ΔG#
)

/T (11)

The results from these equations were calculated and are shown in Table 5. The
positive Gibbs free energy (ΔG# > 0) and the negative values of entropy (ΔS#) show the non-
spontaneous nature of the oxidation reaction. Additionally, the negative values of entropy
verify the exothermic nature of such reaction. These results verify the decline in the degree
of freedom of Lanox 90 molecules and maintain high hydroxyl radical species yield. Similar
data in the literature confirm the non-spontaneous behavior of the oxidation removal
test [34,35]. Additionally, the results exhibited in Table 5 show the reaction proceeds at
95.86 kJ/mol. This high activation energy of more than 40 kJ/mol demonstrates the high-
energy barrier that is required to complete the oxidation reaction of Lanox 90 molecules.
Such a high level of Ea (activation energy) is well matched with the results reported in
previously published articles [36,37].

3.2.5. Comparison of Data with the Literature

A comparison of different data presented in the literature for treating Lanox 90 and
the results obtained in the current investigation (Montmorillonite-based Fenton’s system)
was conducted, and the results are shown in Table 6. Promisingly, photo-Fenton reaction
in its heterogeneous form shows almost complete oxidation rate in all examined systems.
However, in the current investigation, a lower reaction time and the use of an efficient
superior treatment are needed since the catalyst is a naturally abundant material. It is
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noteworthy to mention that the other systems support the use of fresh iron precursor or
catalyst source associated with naturally occurring, environmentally benign catalyst as
in the current study. Moreover, the catalyst’s sustainability supports its use in a Fenton
reaction since it is a naturally occurring and abundant material and is, thus, a cost-effective
substance for Lanox 90 insecticide reduction.

Table 5. Thermodynamic data for agricultural effluent oxidation using Montmorillonite-based photo-
Fenton reaction *.

Temperature
EA = 95.86 kJ/mol

ΔH# ΔS# ΔG#

299 K 0.038 −205.12 61.33
313 K 0.036 −186.27 58.30
323 K 0.035 −178.92 57.79
333 K 0.034 −173.41 57.74

* Activation energy (Ea), variation in activation enthalpy ΔH# (kJ/mol), variation in activation entropy ΔS#

(J/mol·K), and variation in the free energy of activation ΔG# (kJ/mol).

Table 6. Comparison of different oxidation systems for treating Lanox 90.

Treatment Process
Effluent Characteristics and

Treatment Conditions
Initiation

Source
Performance

Efficiency
Ref.

Montmorillonite-based Fenton’s system Catalyst: 1 g/L, H2O2:
800 mg/L, pH: 6, and 26 ◦C UV 97% Current

work

Alum sludge/magnetite-modified Fenton Catalyst: 50 mg/L, H2O2:
130 mg/L, and pH: 6 UV 99% [20]

Silica-supported iron Fenton system 23 ◦C, pH 3, H2O2 0.015 M,
Fe2+ 5.0 × 10−4 M, and 90 min UV 98% [31]

Heterogeneous Fenton-like copper
nanoparticle-microwave system

L90 100 ppm; n-CuO 75 mg/L, H2O2
395 mg/L, and pH 6.5 MW 91% [38]

Heterogeneous photo-Fenton-like
magnetite nanoparticles

L90 50 mg/L, pH 3, iron 40 mg/L,
H2O2 50 mg/L, and 60 min UV 90% [37]

Catalytic photooxidation-based ZnO system L90 16 ppm, pH 5.6, ZnO 2000 mg/L,
and 240 min UV 80% [39]

Heterogeneous solar
photo-Fenton-like system

L90 50 mg/L, pH 3, iron 44 mg/L,
H2O2 52 mg/L, and 170 min Solar energy 96.5% [20]

3.2.6. Assessment of Catalytic Oxidation Cycles of Montmorillonite

The life cycle of a catalytic oxidation system is one of the most important stages to
assess in catalytic reactions. MMT recyclability was investigated by recycling the MMT
material after Fenton oxidation. After each use, the material was collected via filtration
and subjected to repeated cleaning with distilled water three times before drying in an
electric furnace (105 ◦C) for one hour. Then, the recovered material was further used to
remove Lanox 90 from wastewater, and the final Lanox 90 residual in the wastewater was
monitored to check the material’s ability to treat wastewater after successive use. The initial
and final amounts of Lanox 90 residual were compared to check the treatment adequacy of
the material, and the removal percentage was recorded.

The data shown in Figure 12 reveal the sustainability of the material; even though
the oxidation efficacy lowers from 97 to 62%, the substance could still treat Lanox 90
pollutant. However, it is noteworthy to mention that the substance becomes loaded with
Lanox 90 molecules, which reduces its activity. Additionally, the activity of the material
till the fourth cycle indicates its stability. These data are in accordance with the results
reported in a previous study [38], which investigated a copper catalyst for successive use
and the treatment efficiency reached 65% after six cycles of use in comparison to 91% for
the first catalyst use. Additionally, Ashour and Tony [9] investigated the recyclability
of clay material, which showed a decline in the adsorption capacity, reaching 7%, when
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compared to fresh clay use. Such reduction is associated with the material being loaded with
pollutants, which results in a reduction in the vacancies for adsorbing further pollutants.

Figure 12. Catalyst’s recyclability activity on Lanox 90 oxidation.

Furthermore, the dissolution of the MMT clay was investigated at an acidic pH value
(2.6), and the concentrations of aluminum and iron released were recorded to be 0.043 mg/L
and 0.11 mg/L, respectively. Additionally, the amount of catalyst loss after one cyclic use
was estimated to be 1.02%.

4. Conclusions

The present investigation reports for the first time the ability to use Montmorillonite
(MMT), a naturally occurring material, to be a source of mineral for photocatalytic reaction.
This study introduces its potential for agricultural wastewater reclaiming and recycling
for further irrigation option. The results demonstrated that 97% of Lanox 90 could be
removed from the aqueous medium using the optimized operating parameters achieved
by the response surface methodology at the concentration of 854 and 0.8 mg/L for H2O2
and MMT, respectively, at a pH of 2.6. The catalyst’s recyclability showed a reasonable
activity, reaching 62% after the fourth reuse. The kinetic investigation revealed that the
reaction acted according to the second-order reaction rate. The thermodynamic parameters
were categorized as exothermic and followed a non-spontaneous nature. Additionally,
the reaction was conducted at a high-energy barrier. The promising results of the present
work can lead to the introduction of such a system to real-life world for an environmental
symbiosis approach.
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Abstract: As one of the core pieces of equipment of the thermal power generation system, the
economic and environmental performance of a boiler determines the energy efficiency of the thermal
power generation unit. The oxygen content in boiler flue gas is an important parameter reflecting
the combustion status of the furnace, and accurate prediction of flue gas oxygen content is of great
significance for online boiler optimization. In order to solve the online prediction problem of the
oxygen content in boiler flue gas, a CNN is applied to build a time series prediction model, which
takes the time series samples within a fixed time window as the input of the model and uses several
feature extraction modules containing convolutional, activation, and pooling layers for feature
extraction and compression, and the model output is the oxygen content in boiler flue gas. Since
the oxygen content in boiler flue gas is not only correlated with other variables but also influenced
by its own historical trend, the input of the CNN model is improved, and an oxygen content in
boiler flue gas time series prediction model (TS-CNN) is established, which takes the historical values
of the boiler flue gas oxygen content as the input of the model. The comparison test results show
that the R2 and RMSE of the TS-CNN model are 0.8929 and 0.1684, respectively. The prediction
accuracy is higher than the CNN model, LSSVM model, and BPNN model by 18.6%, 31.2%, and
54.6%, respectively.

Keywords: oxygen content in boiler flue gas; convolutional neural network; feature extraction;
online prediction

1. Introduction

Under the background of China’s “poor in oil, deficient in natural gas, but rich in coal”
energy structure, thermal power generation is still an important part of China’s electric
power resources production. A boiler is one of the core devices of thermal power generation,
and its economic and environmental performance determines the energy efficiency of the
whole generator unit [1]. The oxygen content in boiler flue gas is an important parameter
that reflects the combustion state of the boiler furnace and is also a key indicator to measure
whether the fuel burns adequately. The air/coal ratio required for efficient combustion in
the furnace can be reasonably deduced from the oxygen content in the flue gas. Therefore,
the timely and accurate measurement of oxygen content in flue gas is of great significance
for realizing efficient and stable boiler operation [2,3]. The measurement for oxygen content
in boiler flue gas can be divided into direct measurement and soft measurement. At present,
zirconia sensors are mostly used to measure the oxygen content in the flue gas in coal-
fired power plants in China. However, this method has the disadvantages of moderate
lag, decreased measurement accuracy with the aging of sensors, high cost of hardware
replacement, short device service life, etc., which struggles to meet the actual needs of
power plants [4–6].

In recent years, with the continuous development of computer software and hardware,
the soft-sensing technology driven by historical data has been widely applied in the fields of
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boiler combustion optimization, boiler condition monitoring and control, etc. [7–9]. Among
them, the prediction of oxygen content in boiler flue gas based on modeling methods,
such as machine learning, has been studied extensively. Research by Ma [10], Zhang [11],
and Geng [12] verified the effectiveness of using the BP neural network and its improved
algorithm to establish a soft-sensing model for oxygen content in the flue gas. Su [13],
Zhang [14], and Li [15] studied the application of a support vector machine (SVM) and
a least squares support vector machine (LS-SVM) in the prediction of oxygen content in
boiler flue gas, respectively, and used intelligent optimization algorithms to optimize the
parameters of the model, improving the accuracy and stability of the model. However,
in this traditional soft-sensing model based on machine learning, the feature that the
correlation between the various parameters of boilers will change with different operating
conditions is ignored in the selection of modeling variables. In order to solve the above
problems, Tang [16–18] et al. successively proposed several dynamic correction models
for NOx emission concentration of boilers based on an extreme learning machine and a
measurement model for oxygen content in flue gas based on a deep belief network. The
core idea of their modeling is that there are large differences in the model feature variables
under different load conditions, and this method has been verified through comparison.

Compared with traditional machine learning algorithms, deep learning algorithms
such as a convolutional neural network (CNN), feedforward neural network, deep be-
lief network, recurrent neural network, and its modified version of long- and short-time
memory networks have strong advantages in the learning and expression ability of data
characteristics [19–21]. A CNN has been successfully applied in the field of boiler combus-
tion process monitoring with complex variables because of its powerful feature extraction
and feature expression capabilities. Wang [22], Liu [23], and Han [24] used the convolution
operation of the CNN model to extract the flame image features of boiler furnaces and
predict the furnace combustion state, boiler combustion efficiency, and other indicators of
power plants. However, in the above research, the furnace flame images of the boilers are
taken as the input of the model. Before practical application, it is necessary to transform
the original boilers to obtain the furnace flame images. For such a boiler system with time
delay, high nonlinearity, and multivariable coupling features, the two-dimensional matrix
composed of time series samples in a fixed time window can also be used as the object of
convolution operation to realize the feature extraction and compression of input sample
space on the premise of avoiding variable screening and time delay analysis. Xing [25] et al.
converted the historical NOx emission data and boiler combustion process data sample into
model training samples and adopted the convolution layer and pooling layer for extraction
of input features to establish a NOx emission prediction model based on CNN-LSTM.
Taking the time series samples in a fixed time window as the input of the convolutional net-
work, Li [26] and Jia [27] established the NOx emission prediction model and the multi-step
prediction model of main steam temperature based on the convolutional neural network,
respectively, verifying the effectiveness of the CNN processing timing prediction.

In summary, in this paper, a 130 t/h circulating fluidized bed boiler actually running
in a petrochemical enterprise in Shandong is the research object, and in view of the mul-
tivariable, nonlinearity, and large time delay characteristics of the boiler, the time series
samples in the fixed time window were taken as the input of model, and feature extraction
was conducted for input samples by use of convolution operation. On this basis, a predic-
tion model of oxygen content in boiler flue gas based on a convolutional neural network
was proposed.

2. Data Acquisition and Analysis

2.1. Data Acquisition

In the SIS system of the power plant, 12,000 historical operation samples of the 130 t/h
circulating fluidized bed boiler were collected from 2:19 p.m. on 26 November 2020
to 10:14 a.m. on 29 November 2020. As shown in Table 1, a single sample consists of
oxygen content in boiler flue gas and 23 variables. In order to make the established
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model more consistent with the actual production process, the historical samples collected
cover 60–100% of the load conditions, including most of the key variables of the boiler
during operation.

Table 1. Variables of the 130 t/h CFB boiler.

Variable Name Unit Scope

Main steam flow rate t/h [90.84, 162.25]
Main steam temperature ◦C [452.63, 470.31]

Main steam pressure MPa [4.45, 5.04]
Boiler load t/h [92.40, 140.22]

Drum pressure MPa [4.95, 5.51]
Furnace chamber differential pressure Pa [683.05, 1292.18]

Lower furnace temperature ◦C [854.78, 946.58]
Furnace outlet gas temperature ◦C [793.60, 919.27]

Furnace outlet air pressure kPa [−607.46, −203.32]
Economizer inlet temperature ◦C [269.64, 290.63]

Economizer inlet pressure kPa [−2767.96, −1463.91]
Secondary fan outlet temperature ◦C [4.07, 13.34]

Primary fan outlet temperature kPa [7.34, 8.46]
Secondary fan outlet pressure kPa [2.64, 5.64]

Feed water pressure MPa [5.36, 6.03]
Feed water temperature ◦C [149.52, 156.53]

Exhaust outlet temperature ◦C [123.43, 132.61]
Primary air volume Nm3/h [94,450.76, 102,729.19]

Secondary air volume Nm3/h [69,768.91, 136,108.61]
Feed water flow t/h [85.39, 160.62]

Total coal feed flow t/h [14.09, 23.66]
Current of 1# induced draft fan A [23.86, 32.37]
Current of 2# induced draft fan A [21.84, 33.74]

Oxygen content in boiler flue gas % [3.62, 7.09]
The scope in the above table represents the upper and lower bounds of each variable.

2.2. Data Analysis

Boiler operation is a process of multivariable coupling and state accumulation. That is,
different operating conditions correspond to different key variables. Moreover, the current
state is not simply described as the values of several variables at a certain moment, but
the accumulation of states in the past period of time. Generally, the mapping relationship
between the input and output of the current system is described in Formulas (1) and (2):

Xn =

⎛
⎜⎝

xn−l+1,1 · · · xn−l+1,m
...

. . .
...

xn,1 · · · xn,m

⎞
⎟⎠ (1)

yn = f (Xn) (2)

However, during the boiler combustion operation, the oxygen content in the boiler
flue gas is affected not only by other relevant variables but also by its own historical change
trends. Therefore, the mapping relationship between the input and output of the system is
revised in Formulas (3) and (4) in this paper:

Xn =

⎛
⎜⎝

xn−l+1,1 · · · xn−l+1,m yn−l+1
...

. . .
...

...
xn,1 · · · xn,m yn

⎞
⎟⎠ (3)

yn+1 = f (Xn) (4)
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where Xn is a sample set composed of l historical samples of the boiler at the moment n, l
is the length of the time window, m is the number of boiler variables, xi,j is the value of the
variable i of the sample j, and yi is the oxygen content in the flue gas of the sample n.

The size of Xn will increase with the increase in the time window length l, which
means a huge scale of input parameters. When such data are processed with a traditional
regression learning algorithm, it will take a long time and reduce the generalization perfor-
mance of the model due to too many parameters to be trained. Therefore, it is necessary
to extract the sample features before model training. According to the common variable
screening methods, it is often necessary to manually set a threshold and screen the model-
ing variables based on the correlation between each variable and the target variable. Such
methods usually have higher requirements for threshold selection. Different from the above
methods, the convolutional neural network can automatically learn the features required
for regression tasks from the training sample data, which can improve the model accuracy
and training efficiency without relying on the artificial selection of features.

3. Basic Principles of the Convolutional Neural Network

A complete convolutional neural network consists of five basic units: input layer,
convolution layer, activation layer, pooling layer, and full connection layer.

3.1. Convolution Layer

The convolution operation is a special feature extraction algorithm that gives prac-
tical significance to the convolutional neural network. The convolution layer can extract
high-level features with translation invariance from all input parameters through matrix
operation and can express the original features effectively. Different from the convolution
function in the mathematical sense, for the input matrix A and the convolution kernel
of size r × c, the convolution operation is as shown in Formulas (5)–(7), and Gi,j is the
output matrix.

A =

⎛
⎜⎝

a1,1 . . . a1,m
...

. . .
...

an,1 · · · an,m

⎞
⎟⎠ (5)

W =

⎛
⎜⎝

w1,1 . . . w1,c
...

. . .
...

wr,1 · · · wr,c

⎞
⎟⎠ (6)

Gi,j = (A × W)i,j =
r

∑
u=1

c

∑
v=1

(
ai+u−1,j+v−1wu,v

)
+ bi,j (7)

An example of a two-dimensional convolution operation is shown in Figure 1. The
input matrix of the original 4 × 4 is transformed into the output matrix of 3 × 3 under the
convolution operation of the convolution kernel that is 2 × 2 in size.

The type of extracted features depends on the size and number of convolution kernels.
For the same input matrix, each convolution kernel corresponds to one feature. The size
of the convolution kernel is significantly smaller than that of the input matrix, which
greatly reduces the scale of the parameters to be trained in the model, thereby reducing
the complexity of the model. As shown in Figure 2, different features can be extracted by
increasing the number of convolution kernels. Each convolution kernel corresponds to one
output channel, the outputs of all channels are summarized into the final feature map, and
the output of each layer is used as the input matrix for the next layer.
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Figure 1. Example of the 2D convolution operation.

Figure 2. Example of the multi-channel convolution operation.

3.2. Activation Layer

The matrix operation of the convolution layer is a linear operation, which is chal-
lenging when dealing with nonlinear problems. When modeling complex systems such
as boilers, it is usually necessary to carry out nonlinear mapping of features to make the
trained model more in line with the actual production situation. In this paper, the Relu
function is selected as the activation layer after the convolution layer. For the output matrix
G of the convolution layer, the calculation rule for activating it into the feature matrix H by
the Relu function is as follows:

Hi,j = ϕ
(
Gi,j

)
= max

(
0, Gi,j

)
(8)

3.3. Pooling Layer

The role of the pooling layer is feature dimension reduction. For the input feature
matrix, there are following two pooling methods. Maximize pooling, which selects the
maximum value from a definition window as a new feature and mean pooling, which
selects the mean from a definition window as a new feature. In this paper, the maximum
pooling is selected as the pooling layer, as shown in Figure 3. A window with a size of
2 × 2 and a moving step of 2 compresses the features.
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Figure 3. Example of max pooling.

3.4. Full Connection Layer

After feature extraction of the input matrix, the full connection layer is used for
parameter training according to the extracted features to achieve the fitting task of the
target variables. The structure of the full connection layer is shown in Figure 4. The feature
map is flattened and used as the input of the full connection layer, and after passing through
several layers of neurons, it is output by the regression layer for the calculation of results.
The relationship between the output and input of a single neuron is shown in Formula (9):

ut
i =

nt−1

∑
j=1

(
wt,t−1

i,j · ut−1
j

)
+ bt

i (9)

where ut
i , ut−1

j represents the output of the neuron i of the layer t and the output of neuron

j of the layer t− 1, respectively, wt,t−1
i,j represents the connection weight between the neuron

i of the layer t and the neuron j of the layer t − 1, nt−1 represents the number of neurons on
the layer t − 1, and bt

i represents the bias term of the neuron i of the layer t.

Figure 4. The fully connected layer.
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In summary, the model parameters that require optimization calculation in the train-
ing process of the CNN model mainly include the convolution kernel parameters of the
convolution layer, the weight and bias term of the full connection layer, etc. the basic
procedure of model parameters training is as follows: first, the training set samples are
divided into a number of small batch sample sets in each iteration in order to avoid model
over-fitting, and then the model parameters are adjusted in the negative gradient direction
of the small batch training error by using the gradient descent algorithm. Training will be
terminated while the preset convergence precision or the maximum number of iterations
are reached. finally, the training results of the model are output, and the output model is
tested for performance through the test set samples.

4. Case Analysis

4.1. Data Pre-Processing

In order to study the effectiveness of the CNN in dealing with time series prediction,
the actual operation data of the CFB boiler were collected for training and model testing.
Parts of the data examples are shown in Table 2. The combustion of the boiler is typically
impacted by changes in coal composition, and if the data used for modeling do not change
accordingly, the accuracy of the model will be affected. In the proposed mode, the data
utilized for modeling are l historical samples from the boiler’s historical moment n − l + 1
to the present moment n. These data are constantly being updated, which can complement
new data created by the system after the coal type is changed in a timely manner and
increase the model’s accuracy. The effect of coal quality on model accuracy can be ignored
while the time span of the data collected is short.

Table 2. Sample example.

Variable Unit
Sample

1
Sample

2
Sample
12,000

Variable Unit
Sample

1
Sample

2
Sample
12,000

Main steam flow
rate t/h 111.38 113.38 128.15 Primary fan outlet

temperature kPa 7.57 7.58 8.00

Main steam
temperature

◦C 464.18 464.18 464.76 Secondary fan
outlet pressure kPa 3.00 2.98 4.50

Main steam
pressure MPa 4.90 4.88 4.89 Feed water

pressure MPa 5.62 5.61 5.81

Boiler load t/h 103.12 103.52 128.13 Feed water
temperature

◦C 151.84 151.94 153.75

Drum pressure MPa 5.22 5.21 5.37 Exhaust outlet
temperature

◦C 124.88 124.91 128.18

Furnace chamber
differential

pressure
kPa 0.75 0.74 1.00 Primary air volume Nm3/h 97,230.77 97,406.60 94,989.02

Lower furnace
temperature

◦C 899.78 899.68 914.63 Secondary air
volume Nm3/h 77,714.29 80,263.73 108,131.9

Furnace outlet gas
temperature

◦C 839.41 839.12 882.20 Feed water flow t/h 98.11 98.29 111.91

Furnace outlet air
pressure Pa −257.02 −255.80 −479.24 Total coal feed flow t/h 15.73 15.78 19.95

Economizer inlet
temperature

◦C 270.70 270.70 282.42 Current of 1#
induced draft fan A 26.43 26.50 28.37

Economizer inlet
pressure kPa −1.589 −1.58 −2.11 Current of 2#

induced draft fan A 21.94 21.96 26.58

Secondary fan
outlet temperature

◦C 12.19 12.11 9.21 Oxygen content in
boiler flue gas % 5.57 5.63 4.79

In order to ensure the prediction accuracy and stability of the model, it was necessary
to conduct abnormal value processing and noise reduction processing for the collected
historical operation data of the boiler. First of all, the abnormal data were detected using the
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3sigam criterion and interpolated by the mean value method, and denoising of each variable
was conducted by use of the wavelet denoising method. Then, the first 10,000 samples were
normalized to [0, 1] by Formula (10), and the last 2000 samples were normalized based
on the statistics of the first 10,000 samples. Finally, the time window l was set to 24 and
sample reforming was performedm according to Formulas (3) and (4), to obtain 11,976 sets
of new samples. Then, the first 9976 sets of samples were set as the training set and the
last 2000 sets of samples were set as the test set. The training set was used to solve the
most appropriate model parameters, and the test set was used to test the generalization
performance of the model.

x′ = x − xmin
xmax − xmin

(10)

Taking the boiler load of this boiler as an example, Figure 5 shows the results of data
pre-processing.

Figure 5. The result of data preprocessing.

4.2. Model Evaluation Indicators

In order to evaluate the prediction accuracy and generalization performance of the
model, the decision coefficient R2 and the root mean square error RMSE were selected as
evaluation indicators, and the evaluation indicators were used for comparing the prediction
performance of different models. R2 and RMSE are defined as follows:

R2 =

{
∑
[
(yi − yi) ·

(
ŷi − ŷi

)]}2

∑(yi − yi)
2 · ∑

(
ŷi − ŷi

)2 (11)

RMSE =

√
1
n ∑(yi − ŷi)

2 (12)

where yi, yi, ŷi, and ŷi, respectively, represent the oxygen content in the flue gas of the
sample boiler, the mean of true values, the predicted value, and the mean of predicted
values.

4.3. Modeling and Result Analysis

The framework of the prediction model for oxygen content in flue gas based on the
CNN is shown in Figure 6, and the hyper-parameter values are shown in Table 3. The hyper-
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parameters of the TS-CNN model include the maximum number of iterations, the sample
size of the minimum training batch, the initial learning rate, the learning rate decline factor,
the learning rate decline frequency interval, the discard rate, the optimization algorithm, etc.
The optimal values of the hyper-parameters are determined through several experiments
as well as empirical values. Cross-validation was performed throughout the test. A total of
80% of the data in the training set were used to create a new training set and the remaining
20% of the data were utilized as a validation set, and each iteration was accompanied by
one validation of the model parameters.

 
Figure 6. Framework of the CNN-based model.

Table 3. Parameters for CNN-based model.

Hyper-Parameter Name Value

Maximum number of iterations MaxEpochs 50
Sample size of the minimum training batch miniBatchSize 25

Initial learning rate InitialLearnRate 0.003
Learning rate decline factor LearnRateDropFactor 0.2

Learning rate decline frequency interval LearnRateDropPeriod 8
Discard rate dropout 0.2

Optimization algorithm Gradient descent with momentum (SGDM)

The feature extraction module includes four convolution layers, an activation layer,
and a pooling layer, respectively. The eight extracted features were flattened and then input
into the full connection layer, and there are two full connection layers in total, with 20 and
10 neurons on each layer, respectively, and the last layer is regression layer.

In order to verify the effectiveness of the CNN in the prediction of oxygen content
in the flue gas, the following four groups of experiments were designed with different
modeling algorithms:

(1) Time series prediction model (TS-CNN), yn+1 = f (Xn);
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(2) Conventional prediction model (CNN), yn = f (Xn);
(3) BP neural network model (BPNN) with a single hidden layer and 10 neurons;
(4) Least squares support vector machine model with model parameter γ = 100, σ2 = 3

(LSSVM).

According to Pearson’s correlation coefficient between variables and oxygen content
in the flue gas, boiler load with a correlation coefficient greater than 0.6, lower furnace
temperature, furnace outlet temperature, feed water flow, and total feed coal flow were
taken as input variables of tests (3) and (4).

The training results of the TS-CNN model and the test results of each model are
shown in Figure 7a,b, respectively. It can be seen in Table 4 that the TS-CNN model
has the best fitting effect, followed by the CNN model, which indicates that the use of
convolution operation for feature extraction of the input matrix can effectively improve
the generalization performance of the model. The BPNN model and LSSVM model both
have a poor fitting effect, and their prediction curves deviate from the real curves seriously
after the 100th test point. The main reasons for the above results are as follows. (1) The
boiler has the state accumulation feature, (2) the oxygen content in the boiler flue gas is not
only related to other variables but also affected by its own historical change trends, and
(3) the feature extraction module in the CNN can extract time sequence features from the
input matrix.

 
(a) (b) 

Figure 7. (a) Training results of the TS-CNN model. (b) Testing results of different models.

Table 4. R2 and RMSE for each model.

TS-CNN CNN BPNN LSSVM

Training set R2 0.9838 0.9798 0.9636 0.9660
RMSE 0.0903 0.0986 0.1283 0.1240

Test set
R2 0.8929 0.8443 0.7963 0.8251

RMSE 0.1684 0.2070 0.3707 0.2448

5. Conclusions

The boiler system is a complicated nonlinear system with a time lag, where the current
value of each operational variable does not accurately describe the current operating state
of the boiler, which may be the accumulation of states over a period of time in the past. In
order to improve the prediction accuracy of oxygen content in the flue gas, a prediction
model for oxygen content in the boiler flue gas based on the CNN was proposed. First of
all, the original data were pre-processed using the 3sigam criterion and wavelet denoising.
Then, the data were analyzed, and the time series samples in a fixed time window were
taken as the input of the model. Additionally, the effect of historical trends of oxygen
content in the flue gas on the performance of the model was studied. Considering the
boiler flue gas oxygen content may also be affected by its own historical trend, the historical
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values of the boiler flue gas oxygen content were added to the input of the model for
the prediction of the boiler flue gas oxygen content in the next moment. To solve the low
efficiency problem of model training caused by too large of a scale of features, a convolution
kernel was used to extract the effective features from the input matrix, and a pooling layer
was used for dimension reduction in the features. Finally, the TS-CNN model was tested
by the actual operating data. The R2 and RMSE of the TS-CNN model were 0.8929 and
0.1684, respectively, and its prediction accuracy was improved by 18.6%, 31.2%, and 54.6%
compared with that of the CNN model, LSSVM model, and BPNN model, respectively. The
test results show that the proposed model can effectively predict the oxygen content in the
boiler flue gas.

Since all boilers are characterized by complex nonlinearities and time lags, the method
proposed in this paper may also be potentially applicable to predict the flue gas oxygen
content of a wide range of boilers. In our future research, we will also make an effort to
confirm the performance of the proposed method for predicting the flue gas oxygen content
of different types of boilers.
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Abstract: The use of constructed wetlands (CWs) for wastewater treatment has earned high in-
terest around the world. However, innovations to improve its removal efficiency and adoption
have been suggested in the last decades. For instance, the use of ornamental flowering plants
(OFP), which make wetland treatment systems more aesthetic and is an option for the production
of commercial flowers while the water is cleansed. The objectives of this study were to identify
through a bibliometric analysis (2000–2022) the main OFP that have been used in CWs and their
functionality as phytoremediators (removal effects), as well as the authors, collaborations, main
investigations, and the countries where such investigations have been carried out. To this respect,
10,254 studies on CWs were identified. The United States and China were the leading countries
in the use of this eco-technology. Subsequently, regarding the use of OFP, the analysis revealed
92 studies on this matter in which Mexico has three researchers who lead the use of OFP in CWs
(almost 40% of publications of CWs with OFP), where the main species studied include Canna hybrids,
Zantedeschia aethiopica, Strelitzia reginae, Iris species, Spathiphyllum sp., and Anturium sp. These species
may remove between 30–90% of pollutants of organic compounds, 30–70% of heavy metals and
drugs, and about 99.9% of pathogens. Thus, this study may help researchers to identify OFP for new
CWs design, and to know new future research directionsand collaboration approaches in this area
using multipurpose alternatives like those of CWs with OFP. More research can still be carried out
on the use of CWs with OFP in temperate climates, as well as evaluating the influence of different
substrates and water flow on the growth of these plants.

Keywords: bibliometric study; ornamental plants; treatment wetlands; wastewater

1. Introduction

Constructed wetlands (CWs), also called treatment wetlands, are a nature-based
solution that emulates natural wetlands processes (physical, chemical, and biological) in
order to optimize and treat different types of wastewater. CWs consist of shallow cells
or channels with an impermeable layer and structures to control the water level, flow
direction, and hydraulic retention time. Substrate, microorganisms, and plants are the
principal components of CWs [1–3].

According to the water flow, CWs can be classified as free water surface (shallow open
waters, where plants are rooted in a soil layer on the bottom; these systems are the most
similar to natural wetlands) or subsurface CWs (shallow watertight beds, filled with porous
media, plants are rooted in the water-saturated beds, water is loaded in the inlet of the bed
and therefore it flows below the surface in a horizontal or vertical pattern) [4,5].

Common substrates in CWs include mineral or plastic materials. In a recent study, nine
substrates were evaluated (zeolite, anthracite, shale, vermiculite, ceramic filter material,
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gravel, steel slag, bio-ceramic and combination substrate-isopyknic layered anthracite,
bio-ceramic and zeolite), corroborating this combination of substrates was the best scheme
among nine materials. Zeolite was ideal for better nitrogen removal [6].

In other studies, some plastic substrates were used as filter material in CWs (plastic
rings and PET residues) [7]. However, some microplastics could be released in certain time,
being a later problem, depending on the intended use of the treated water [8,9].

The importance of CWs for wastewater treatment lies at the multiple types of wastew-
ater they can clean. Some reviews regarding the use of CWs for removal of pesticides
from agricultural runoff and drainage [10], industrial wastewater [11], emerging con-
taminants [12], acid mine drainage [13], leachate [14], or wastewaters to community or
municipal level [15–20] have been developed, corroborating the functionality of CWs for
the removal of pollutants.

In order to increase the removal efficiency of the ecotechnology, some innovations
have been proposed in recent years. For instance, intermittent flows of water to be treated
in wetlands (tidal flow CWs, partially saturated CWs, or integration of hydraulic or aera-
tion machinery into constructed wetlands [21,22]). The combination of different types of
wetlands or flows has also been an option to improve concentrations of pollutants through
CWs (hybrid CWs) [23]).

Furthermore, about plants in CWs, the common vegetation of natural wetlands
(Cyperus papyrus, Phragmites australis, Typha and Scirpus spp.) [24] that is also used in
CWs has been changed or combined with terrestrial ornamental flowering plants (OFP)
(herbaceous perennial ornamental plants including the use of species with different colored
flowers), evaluating their adaptation to conditions of water saturation to be treated and
their functionality as water purification [1,25,26].

OFP harvesting can be an economic entity for CW operators, providing social and
economic benefits such as the improvement of system landscapes and a better habitat qual-
ity [25–27]. The economic potential using CWs with OFP has recently been analyzed [28].
To this respect, 21 species of phytoremediation plants were identified. Anthurium andreanum
and Zantedeschia aethiopica stand out for their commercial value, reported in 2018 to be USD
272,875 and 30,318, respectively, at the national level.

In addition, several studies have reported that ornamental macrophytes species have
an excellent capacity to enter flooding mechanisms, but each one had different physiological
development. These conditions favor the removal of pollutants in different ways, demonstrat-
ing removals between 40–90% of organic and inorganic compounds [28–30]. Other studies
have also demonstrated that the polyculture of OFP in CWs may enhance the release of root
exudates, which might stimulate the uptake of nitrogen and phosphate compounds [31,32].

For this reason, recent studies have considered the use of OFP as the main vegetation
for CWs. However, some questions remain unanswered: What are the main studies on CWs
using OFP and who has carried them out? What is the main vegetation of OFP used in CWs
and how many pollutants are removed? In order to answer these questions, this research
was carried out and the main objective was to identify through a bibliometric analysis
(BA) the use of CWs around the world (2000–2022), to know the main OFP that have been
used in CWs and their functionality as phytoremediators (removal effects), as well as the
authors, collaborations, main investigations, and the countries where such investigations
have been carried out.

A bibliometric analysis (BA) is a scientific computer-assisted review methodology
that can identify core research or authors, as well as their relationship, by covering all the
publications related to a given topic or field [33]. For the BA, bibliographic tools such as
DIMENSIONS are used and software tools such as VOSviewer, a computer program used
for network analysis; it draws maps of scientific knowledge to show the interrelationships
between literature [34].

Scientometric studies on CWs or climate change have previously been carried out. For
example, Colares et al. [35] provided a BA regarding the use of floating CWs.
Zhang et al. [36] reported a BA to summarize the impact between water management
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and CWs. Moondra et al. [37] explored a BA for the use of CWs in wastewater treatment.
However, specific bibliometric studies to analyze the use of ornamental plants in CWs
are scarce. Santos et al. [38] used a BA to create comparative trends of publications about
global warming/climate emergency. Thus, this study may contribute more knowledge
in this research area in which a selection of OFP is presented in order to complement the
design of new CWs and help readers to establish new collaborations in the field.

2. Materials and Methods

The first step of this study was to know the types of names with which an ecological
wastewater treatment system has been used in publications around the world from 2000 to
2023. This period of time was selected in the early 2000s when the amount of publications
on this topic took an important standout and continuity as a research area in the face of
wastewater contamination problems [2,18,39].

The procedure used to discover the name used for ecological wastewater treatment
was to detect the number of publications using the term “constructed wetland”, “artificial
wetland”, “treatment wetland”, “wetland biofilter”, “engineering wetland”, “ecotechnology
wetland” in the title and abstracts. This was performed byusing the DIMENSIONS program.
This number of publications with the terms described were used to generate word clouds
using the software WordArt [40].

Dimensionsisan integrated database that allows researchers to search and analyze
grants, patents, clinical trials, policy documents, and publications (https://app.dimensions.
ai/ (accessed on 10 February 2023)). This program has been described like a new scholarly
search database that focuses on the broader set of use cases that academics now face.
Compared to other databases, it has a free version that includes a searchable publications
index and links to all the other different entities [41].

The second step was to identify the scientometric analysis; these were based on
papers regarding the use of CWs around the world and collaborations about the topic
in journals registered on the DIMENSIONS bibliometric database during the period
2000–2023, using the title and abstract codes “constructed wetlands” and other similar
names (“constructed wetland”, “CW”, “CWs”, “constructed wetlands”, “artificial wet-
lands”, “treatment wetlands”). For ornamental plant, other similar names were “ornamen-
tal plants”and“flowering plants”. In addition, studies on the use of ornamental plants in
CWs were consulted in the DIMENSIONS program. Search example: “Constructed wetland
AND ornamental plants”; co-occurrence, and collaboration with countries and affiliations
were also performed on the full search results, which were exported from DIMENSIONS to
a CSV file.

The recovered manuscripts were properly organized using Microsoft Excel, while the
maps were made with VOSviewer. Thanks to this program, it was possible to identify the
different thematic areas, the journals indexed, the main studies, the countries, the main
authors, and collaborations.

Once the main authors who have conducted research on the use of ornamental plants
in CWS were identified with DIMENSIONS, the third step was to individually corroborate
all the studies, not only on DIMENSIONS, but also on Google Scholar. Subsequently, they
were sent by each of their authors individually via email and corroborated.

3. Results and Discussion

3.1. Importance of CWs as a Green Technology

Regarding the background of the use of CWs, it should be noted that subsurface CWs
were first researched in Germany in 1954 by Dr. Seidel. In 1960, this was described as the
“root method” by Dr. Kickuth [2,3,19]. Later on, they were called artificial wetlands [20],
which, to date, is not used, as the word ‘artificial’can be understood as something use-
less or of little use. Figure 1 presents the word cloud generated for the different names
using ecological wastewater treatment. Based on such a word cloud, the most employed
concepts have been Treatment wetlands and Constructed wetlands, increasing over time in
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terms of occurrence in articles. However, other terms have been incorporated to a lesser
extent such as wetland biofilters and bioengineered wetlands (Figure 1; [1–5]). These data
showed coincidences regarding the fact that recent book publications are already titled as
treatment wetlands [42–44].

Figure 1. Word cloud of names used for wastewater treatment with ecological engineering systems.

On the other hand, recently, more attention has been paid to CWs as part of a circular
economy in the rural and urban environments as these systems are a good fit for the new
concept of sponge cities [2]. Many factors indicate that the future of rural and urban water
systems is shifting towards solutions that are resource oriented, integrated, sustainable, dis-
tributed, and nature-based. The treatment of wastewater will be replaced by the production
of goods, an optimized system like CWs will allow reaching multiple targets (wastewater
treatment and water reuse, ornamental plant production, compost with plant biomass,
bioelectricity generation, scenic landscaping), instead of having a separate infrastructure
for every purpose [44–46].

Some authors, through the assessment of the sustainability (based on the development
of a composite indicator embracing economic, environmental, and social issues) [47], and
life cycle analysis studies using wastewater treatment like constructed wetlands, have
identified that such systems combine low costs, high efficiencies in removal of pollutants
(40–99%), and lower environmental impact (environment friendly) [48,49].

3.2. Use of CWs around the World and Collaborations in the Field

It has been described that CWs are widely recognized as efficient and cost-effective
solutions to wastewater problems [1–3]. Such affirmation was confirmed with the analysis
on the use of this technology around the world (Figure 2), in which a wide distribution of
publications on the topic was detected in 89 countries. This demonstrates the importance
that CWs have as a research area facing the problem of water pollution. Despite this, there
is still a wastewater treatment deficit; only 39% of the global population has used a safely
managed sanitation service [50].
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Figure 2. Publications on CWs by countries during 2000–2023 around the world.

In Figure 2, the largest circles represent the largest publications by country, where the
United States and China are the main countries, leading with 6.9% and 4.4%, respectively,
followed mainly by European countries. Regarding Mexico, it is already represented on
the map with an extensive collaboration between publications from European, American,
and Latin countries, but only representing 1%, which suggests it is a country that has just
recently used CWs compared to countries like China and the USA.

The findings regarding the main countries where research on CWs is carried out is
consistent with those reported by Zhao [51], who describes that China and the USA lead
the new strategies with technical principles that include penetration, detention, storage,
purification, usage, and drainage, where the CWs are key technical solutions for water
purification. Reyes et al. [52] also identified China and the USA by means of a BA among
the countries that had the most number of treatment wetlands, specifically for stormwater.
Thus, greater efforts to replicate this alternative by other countries are pertinent. Some
studies stress the need for integration among the water field actors to include and accept
the use of CW technology in public policies without risk aversion [53].

Moreover, through bibliometric studies, the importance of ecotechnology in the face
of water scarcity has been discussed [36], reporting that CWs focus on water management
in three different ways: rainwater management, wastewater treatment, and ecological
water purification. Furthermore, the influencing factors of CWs for water management,
as well as their additional benefits are also discussed, which demonstrates that CWs must
be designed and maintained in future research, and should be more involved in water
management so that they may become sustainable through CWs.

The productivity by authors about the publications of CWs around the world was
analyzed with the BA, and approximately 10,254 posts on CWs were found worldwide.
The size of the circles on the map (Figure 3) is proportional to the number of articles that
the author leads in that area, regardless of whether they are technical research or literature
review texts. Furthermore, it is observed that the main authors according to the number
of publications and citations include Jan Vymazal from Czech University of Life Science
Prague, Czechia (110 publications; 9977 citations), Jian Zang of Shandong University of
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Science and Technology, China (93; 3442), Joan García from Universitat Politécnica de
Catalunya, Spain (77; 4286), and Hans Brix from Aarthus University, Denmark (64; 4262).

Figure 3. Researcher collaboration co-occurrence map on CWs studies during 2000–2023 around
the world.

Although the detected authors are from geographically distant countries, the closeness
between circles on the map indicates their intellectual relationship in terms of co-authorship
in that area of research. The authors that are close to each of the main ones detected indicate
mutual collaborations.

It should be noted that there is a paucity of comparative data with bibliometric studies
on the general use of CWs. However, in a BA about the authors and institutions boarding
topics on the relationship between water management and CWs, Zhang et al. [36] showed
that in terms of the most productive authors according to the number of publications
are M. Scholz, C.M. Cooper, and R. Kroeger. This refers to the fact that there is a great
variety of scientists on CWs, but there is also a wide specialization of topics, which may
include: agricultural, domestic, or industrial wastewater, regression models, greenhouse
gases, circular economy, plant growth, clogging, different flows, and hybrid systems,
among others.

3.3. CWs Using Ornamental Flowering Plants and Collaborations in the Topic

Once the use of CWs in the world was detected, a search regarding the use of orna-
mental plants during the treatment of wastewater by means of CWs was needed owing
to the importance that this type of vegetation provides in the aesthetic appearance of
ecotechnology, as an economic resource, and for its better adoption and appropriation.

Regarding the use of ornamental plants in subsurface flow constructed wetlands,
the scientometric study on DIMENSIONS found 92 publications related to the use of
ornamental plants in CWs during wastewater treatment. Figure 4 shows the countries with
the highest number of publications on the topic, according to the size of the circles that
represent each country. Mexico stands out with the highest number of publications (24.2%),
followed by India (12%), China (11%), Brazil (8.8%), and the United States (7.7%).

98



Processes 2023, 11, 1253

Figure 4. Network visualization of the main countries in the investigation on wastewater treatment
with CWs and ornamental plants.

It should be noted that on this map, the color of the circles, on a scale from blue
to yellow (2000–2023), indicates that although Mexico leads the largest publications on
treatment wetlands using ornamental plants, those that began with this type of inclusion
of plants were countries like the United States, Thailand, and the United Kingdom (blue
tones). Later on, Mexico, and recently Chile and Brazil were as the most representative
(yellow tones). The link between the circles (countries) indicates the co-authorship.

It is evident that there is cooperation between Mexico and all the countries on the
map, however, there is a greater emphasis in relation to Latin American countries. For such
region, Rodríguez-Domínguez et al. [53] showed that this area is a heterogeneous territory
where CWs arean excellent option to solve the wastewater problems using a largevariety of
OFP, and these vegetation can influence the interest or the impact of the technology either
by beautification or integration in the place of establishment, which coincides with the fact
that Mexico is one of those countries with wide use of CWs with OFP as found in this BA.

It is important to describe that countries with a large portion of land in the tropical
and subtropical area such as Mexico, India, China, and Brazil have a greater biodiversity of
vegetation species due to the prevailing climatic conditions. This has favored the greater
use of variety of ornamental plants as an alternative treatment in CWs. However, more
studies are needed both as monocultures or polycultures of ornamental plants as this favors
diversity and a better removal in the system [30,54,55], as well as different designs of CWs
that may reinforce what has been detected so far.

When the importance of Mexico as a leader in publications on wetlands constructed
with ornamental plants was detected, the collaboration between the main authors in this
area of research was analyzed. Three main authors stand out (Figure 5a): 1. Dr. Florentina
Zurita, Centro Universitario de la Ciénega, University of Guadalajara, 2. Dr. José Luis
Marín-Muñiz, El Colegio de Veracruz, 3. Dr. Luis Carlos Sandoval Herazo, National
Technology of Mexico/Technological Institute of Misantla. It is worth mentioning that
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each of these authors has built extensive networks of independent collaboration, as well as
joint work.

Figure 5. Researcher collaboration co-occurrence map regarding studies on CWs with ornamental
plants during 2000–2023 (a), and during 2018–2023 (b).

When the analysis of collaborations between the authors who carry out research on
ornamental plants in CWs was reduced from the period 2018 to 2023 (Figure 5b), that is, to
detect in recent years who continue to focus on such studies, the collaboration of projects
between the researchers Sandoval and Marín-Muñiz stand out as the main ones, in view
of which further research on the topic is pertinent, considering different study regions,
climate, diversity of plant species, and greater national and international collaborations
to achieve greater details of the effect of ornamental plants in the wastewater treatment
with wetlands.

A recent study [39] also identified these aforementioned three authors as leaders in the
use of ornamental plants in CWs with Scopus data. The study pointed out that ornamental
plants in CWs have leaned towards Canna, Iris, Heliconia and Zantedeschia in the last two
decades, however, it did not highlight the works addressed by each of the leading authors.
Table 1 describes the main findings of their studies, including the ornamental plants used,
the removal percentages according to the organic loading rate based on biological oxygen
demand (BOD5), chemical oxygen demand (COD), total nitrogen (TN) or total phosphorous
(TP), ammonium (N-NH4), phosphates (P-PO4), total suspended solids (TSS), coliforms
(CF), or Escherichia coli (E. coli), and the citations for every study.

Table 1 also shows the ornamental plants used, and a total of 25 publications were
detected by Zurita’s research, three of them in collaboration with Sandoval and three
more collaborating in a triad with Marín-Muñiz and Sandoval. On the other hand, Marín-
Muñiz’s research presents a total of 23 publications, three of them in collaboration in a
triad and 11 of them in joint work with Sandoval. For his part, Sandoval presents a total of
21 studies, three of them in triad with Marín-Muñiz and Zurita, three more in which he
only collaborates with Zurita, and 11 in collaboration with Marín-Muñiz.
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Some deficiencies that could be mentioned for the three researchers in terms of their
studies is that their investigations began at the microcosm level or on a pilot scale. It is
until recent years that they already apply the design factors learned on a large scale to favor
high efficiencies of removal of contaminants in CWs. It is also observed that there is a lack
of greater international collaboration comparing different plant species, as well as design
conditions according to climatic conditions.

In column 5 of Table 1, the number of times the publication has been cited (based on
statistics from Google Scholar) is showed, and the top 3 for every author and collaboration
is reported in bold. The most highly cited reference was a paper written by F. Zurita, cited
358 times. In these research topics, this paper was one of the first in Mexico and represents a
wetland treatment study treating domestic wastewater with commercial flowers in vertical
and horizontal conditions. This was followed by a review of CWs using OFP co-authored
with L.C. Sandoval and J.L. Marín-Muñiz (cited 107 times). The third study with more
citations was on hybrid CWs by F. Zurita (74 times). The top 4 and 5 were with the same
number of citations (65 every), one written by F. Zurita regarding CWs with OFP treating
domestic wastewater on a laboratory scale. The other were co-authored between J.L Marín-
Muñiz and L.C. Sandoval addressing the issue of the OFP used in CWs with different
substrates as filter.

Data reported by the authors (Table 1) revealed that CWs using OFP are efficient in
the removal of pollutants as the ranges oscillated between 60–98% for BOD5 and COD, TN
and TP 40–95%, pathogens 62–99%, and nitrogen and phosphorous compounds 30–80%.
In addition, arsenic was observed in some studies by Zurita, with removals between 79
and 91%, and drugs like carbamazepine (36–63%) and ibuprofen (71%) were reduced in
CWs with OFP. These data provided part of the answer to the second question that guided
this study.

The use of plants in CWs for pollutant removal has been applied in different countries
around the world (Figure 2). A comparison by Sandoval et al. [26] on the average removal
of pollutants with CWs using OFP and typical plants of natural wetlands showed that
the removal percentages were similar across all plant genera for TSS (62–86%; n = 26;
p = 0.236), COD (41–72%; n = 49), BOD5 (51–82%; n = 38), TP (49–66%; n = 44), NH4-N
(62–82%; n = 24), NO3-N (63–93%; n = 34), and TN (48–72%; n = 32). Hernández et al. [56]
compared removals of nitrogen in CWs with the OFP Zantedeschia a. vs. typical plants
of wetlands (Typha sp., Cyperus papyrus) corroborating similar removals (40–45 mg L−1)
without finding differences. This highlights the importance, in terms of phytoremediation,
that OFPs have added to their aesthetic and commercial value, as previously mentioned.

Some treatment mechanisms for pollutant and pathogen in CWs include sedimenta-
tion and filtration (for the removal of particulate organic matter, biological degradation),
ammonification, nitrification, denitrification and plant uptake by nitrogen compounds,
adsorption–precipitation reactions and plant uptake for phosphorus, sedimentation, filtra-
tion, predation for pathogens and sedimentation, filtration, adsorption, ion exchange, and
precipitation and biological degradation through plants and microbiological metabolism
for heavy metal removals [21–23,29–31].

Water in CWs is the vehicle for the entry and distribution of nutrients within the
system, as well as a support for plant material and establishment of bacterial colonies. Its
main function is to provide the necessary nutrients for the development and metabolism of
bacteria, which has an impact on the processes of removal, biodegradation, and biotrans-
formation of the substances that enter it [57].

The removal of pollutants showed are similar to those used in CWs with typical
plants of natural wetlands [26–28], and similar to removals by conventional wastewater
treatments [58,59], but without the need for electrical requirements or specialized labor.
The main requirements in CWs include vegetation harvesting, flow control, clogging
monitoring, and proper management of pretreatment systems.
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Table 1. Classification of publications regarding CWs using ornamental plants according to the
three researchers detected with the co-occurrence map by VOSviewer (quantity of individual
publications + collaborations among them).

Study Title Study Type Ornamental Plants Used
Pollutant

Removal (%)
Citation Reference

Florentina Zurita Martínez (Total sum of studies: 25)

1. Performance of
laboratory-scale wetlands

planted with tropical
ornamental plants to treat

domestic wastewater

Experi-mental

Zantedeschia aethiopica,
Anthurium andreanum,

Strelitzia reginae, Hemerocallis
dumortieri, Canna hybrids

COD > 75, BOD5
and TN > 70,

TP > 66
65 [60]

2. Stress detection by
laser-induced fluorescence

in Zantedeschia aethiopica
planted in subsurface-flow

treatment wetlands

Experi-mental Zantedeschia aethiopica
COD: 78,
BOD5: 80,

TN: 49, TP: 41
34 [61]

3. Treatment of domestic
wastewater and production

of commercial flowers in
vertical and horizontal

subsurface-flow
constructed wetlands

Experi-mental

Zantedeschia aethiopica,
Strelitzia reginae,

Anturium andreanum,
Agapanthus africanus

COD and BOD5:
>80, TP >50 358 [62]

4. Seeking a way to promote
the use of constructed
wetlands for domestic

wastewater treatment in
developing countries

Experi-mental

Zantedeschia aethiopica,
Anthurium andreanum,

Strelitzia reginae, Hemerocallis
dumortieri, Canna hybrids

COD: 80,
BOD5: 78, TN: 73,

TP: 50
55 [63]

5. Municipal wastewater
treatment in Mexico: current
status and opportunities for

employing ecological
treatment systems

Review X X 48 [64]

6. Preliminary study on the
potential of arsenic removal

by subsurface flow
constructed mesocosms

Experi-mental Zantedeschia aethiopica,
Anemopsis californica Arsénic: 79–91 40 [65]

7. Comparative study of
three two-stage hybrid
ecological wastewater
treatment systems for

producing high nutrient,
reclaimed water for
irrigation reuse in

developing countries

Experi-mental
Zantedeschia aethiopica,
Strelitzia reginae, Canna

indica

TN: 20–57, TP: 0,
E. coli: 99.9 74 [66]

8. Wastewater disinfection
in three hybrid

constructed wetlands
Experi-mental Zantedeschia aethiopica,

Strelitzia reginae
CF/E. coli.:
99.93–99.99 16 [67]

9. Performance of three
pilot-scale hybrid

constructed wetlands for
total coliforms and

Escherichia coli removal from
primary effluent—a 2-year

study in a
subtropical climate

Experi-mental
Zantedeschia aethiopica,

Strelitzia reginae,
Canna indica

E. coli: 80–99.9 35 [68]
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Study Title Study Type Ornamental Plants Used
Pollutant

Removal (%)
Citation Reference

10. Efficiency of three
hybrid wetland systems for

carbamazepina removal
Experi-mental

Zantedeschia aethiopica, Iris
sibirica, Thypha latifolia,

Strelitzia r.

Carbamazepine:
36–60 9 [69]

11. Carbamazepine removal
in three pilot-scale hybrid

wetlands planted with
ornamental species

Experi-mental Thypha latifolia, Iris sibirica,
Zantedeschia aethiopica

Carbamazepine:
59–63 50 [70]

12. Evaluation of three
pilot-scale hybrid wetland

systems for
nitrogen removal.

Experi-mental Zantedeschia aethiopica,
Canna indica N-NH4: 84, TN: 58 18 [71]

13. Nitrogen removal in
pilot-scale partially

saturated vertical wetlands
with and without an

internal source of carbon

Experi-mental Strelitzia reginae TN: 72–73 35 [72]

14. Addition of Corn Cob in
the Free Drainage Zone of
Partially Saturated Vertical

Wetlands Planted with I.
sibirica for Total Nitrogen

Removal—A
Pilot-Scale Study

Experi-mental Iris sibirica
BOD5: 91–92,
COD: 67,−75,

TN: 66–68
1 [73]

15. Changes in the
nitrification-denitrification

capacity of pilot-scale
partially saturated vertical

flow wetlands (with corncob
in the free-drainage zone)

after two years of operation

Experi-mental Iris sibirica
BOD5: 96,
COD: 84,

TN: 51–53
3 [74]

16. Capacity of two
ornamental species

(Iris sibirica and Zantedeschia
aethiopica) to take up,

translocate, and accumulate
carbamazepine under
hydroponic conditions

Experi-mental Iris sibirica,
Zantedeschia aethiopica X 8 [75]

17. Resistance evaluation of
Canna indica, Cyperus

papyrus, Iris sibrica, and
Typha latifolia to phytotoxic

charafteristics of dilutes
tequila vinasses in

wetland microcosms

Experi-mental
Canna indica, Cyperus

papyrus, Iris sibrica,
Typha latifolia

X 1 [76]

18. Method for treating
domestic wastewater

through the use of
ornamental plants

Experi-mental
(patent)

Anthurium andreanum,
Hemerocallis dumortieri, iris

laevigata, pseudacorus,
Lysichitum americanum,

camtschatcense, Agapantus
umbellatus/africanus

COD: 75,
BOD5: 70,

TP: 66
2 [77]

19. Ornamental plants Book review X X 40 [44]
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Study Title Study Type Ornamental Plants Used
Pollutant

Removal (%)
Citation Reference

Luis Carlos Sandoval Herazo (21)

1. Effect of Canna hybrids in
partially saturated

constructed wetlands for
swine water treatments

Experi-mental Canna hybrids COD: 66, TP: 23,
CF: 62 9 [78]

2. Influence of light intensity
on growth and flowering

ornamental plants in
constructed wetlands

Experi-mental
Lavandula sp., Anthurium sp.,

Zantedeschia aethiopica,
Spathiphyllum wallisii

COD: 60–85, 0 [79]

3. Evaluation of the
performance of vertical

partially saturated
constructed wetlands for
sewage treatment swine

Experi-mental Canna hybrids, Iris germánica COD: 90,
N-NH4: 78 11 [80]

4. Plant biomass production
in constructed wetlands

treating swine wastewater
in tropical climates

Experi-mental Typha latifolia, Canna hybrids COD: 84, TN: 94,
TP: 82 4 [81]

José Luis Marín-Muñiz (23)

1. Removal of wastewater
pollutant in artificial

wetlands implemented in
Actopan, Veracruz, Mexico

Experi-mental Typha spp. BOD5: 80,
N-NO3: 60 14 [82]

2. Constructed wetlands in
Mexico for wastewater

treatment, ornamental plant
production, and water reuse

Review X X 29 [83]

3. Influence of different
porous media and

ornamental vegetation on
wastewater pollutant

removal in vertical
subsurface flow

wetland microcosms

Experi-mental Zantedeschia aethiopica,
Alpinia purpurata

BOD5: 80,
N-NO3: 40,
P-PO4: 40

23 [84]

4. Greenhouse Gas
Emissions and Treatment

Performance in Constructed
Wetlands with Ornamental

Plants: Case Studies in
Veracruz, Mexico

Experi-mental

Alpinia p., Typha sp.,
Hedychium coronarium,

Canna hybrids, Anturium a.,
Lillium sp., Zantedeschia a.,

Cyperus papyrus/alternifolius

N-NH4: 50,
P-PO4: 61–81,

TN: 47
2 [85]

5. Plant growth and
pollutant removal from

wastewater in domiciliary
constructed wetland

microcosms with
monoculture and

polyculture of tropical
ornamental plants

Experi-mental Alpinia purpurata, Hedychium
coronarium, Canna hybrids

N-PO4: 68–80,
N-NH4: 60–80 22 [54]

6. Evaluation of the growth
of vegetation planted in

artificial wetland: effect of
planting position

Experi-mental
Canna hybrids, Typha sp.,

Sphatyphylum wallisii,
Heliconia sp.

ND 1 [86]
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Study Title Study Type Ornamental Plants Used
Pollutant

Removal (%)
Citation Reference

7. Ornamental vegetation
used in phytoremediation

and its environmental,
economic and

social potential

Review X X 1 [87]

8. Environmental conditions
for the optimal

development of ornamental
and phytoremedial plants

Experi-mental Alpinia purpurata,
Zingiber spectabile

N-NH4: 60,
P-PO4: 72 1 [88]

9. The circular economy as a
proposal for the reuse of

swine sewage
Experi-mental Canna hybrids,

Cyperus alternifolius
COD: 59, TN: 50,

TP: 39 1 [89]

Collaborations between F. Zurita, L.C. Sandoval, and J.L Marín-Muñiz

1. Influence of a new
ornamental species

(Spathiphyllum blandum) on
the removal of COD,

nitrogen, phosphorus and
fecal coliforms: a mesocosm
wetland study with pet and

tezontle substrates

Experi-mental Spathiphyllum blandum COD: 78–81,
P-PO4: 51–53 8 [90]

2. Effect of Spathiphyllum
blandum on the removal of

ibuprofen and conventional
pollutants from polluted

river water, in fully
saturated constructed

wetlands at mesocosm level

Experi-mental Spathiphyllum blandum
COD: 72, TN: 39,

TP: 63, and
71 ibuprofen

6 [91]

3. Partially saturated
vertical constructed

wetlands and free-flow
vertical constructed

wetlands for pilot-scale
municipal/swine

wastewater treatment using
Heliconia latispatha

Experi-mental Heliconia latispatha
COD: 82- 93,

TN: 58–1,
TP: 37–60

1 [21]

Collaborations between F. Zurita and L.C. Sandoval

1. Nitrogen removal from
domestic wastewater and

the development of tropical
ornamental plants in
partially saturated

mesocosm-scale
constructed wetlands

Experi-mental Canna hybrids,
Zantedeschia aethiopica

COD: 58–97,
TN: 65–95,

TP: 82
13 [92]

2. Treatment of swine
effluent mixed with

domestic wastewater and
vegetation development in

monoculture and
polyculture horizontal

subsurface flow wetlands

Experi-mental Heliconia latispatha, Typha
latifolia, Cyperus alternifolius

TP: 44–63,
TN: 64–68,
COD: 68

2 [93]
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Study Title Study Type Ornamental Plants Used
Pollutant

Removal (%)
Citation Reference

3. Development of Heliconia
latispatha in constructed

wetlands, for the treatment
of swine/domestic

wastewater in tropical
climates, with PET as a

substitute for the
filter medium

Experi-mental Heliconia latispatha COD: 56, TP: 41,
TSS: 55 2 [94]

Collaborations between Marín-Muñiz and Sandoval

1. Effects of the use of
ornamental plants and

different substrates in the
removal of wastewater

pollutants through
microcosms of

constructed wetlands

Experi-mental
Lavandula sp.,

Spathiphyllum wallisii,
Zantedeschia aethiopica

BOD5: 58,
P-PO4: 38,
N-NO3: 40

65 [95]

2. Role of Wetland Plants
and Use of Ornamental

Flowering Plants in
Constructed Wetlands for

Wastewater Treatment:
A Review

Review X X 107 [26]

3. Effect of ornamental
plants, seasonality, and filter

media material in
fill-and-drain constructed

wetlands treating rural
community wastewater

Experi-mental
Canna indica,

Pontederia sagittata,
Spathiphyllum wallisii

COD: 82,
N-NO3: 65,
P-PO4: 68

21 [96]

4. Evaluation of wastewater
treatment by microcosms of
vertical subsurface wetlands

in partially saturated
conditions planted with

ornamental plants and filled
with mineral and
plastic substrates

Experi-mental
Anthurium sp.,

Zantedeschia aethiopica,
Spathiphyllum wallisii

BOD5: 55–70,
N-NO3: 28–44,
P-PO4: 25–45

24 [97]

5. Impact of ornamental
vegetation type and

different substrate layers on
pollutant removal in
constructed wetland

mesocosms treating rural
community wastewater

Experi-mental Spathiphyllum wallisii,
Hedychium coronarium

COD: 75–92,
N-NO3: 41–45 22 [98]

6. Wastewater treatment by
constructed wetland

eco-technology: Influence of
mineral and plastic

materials as filter media and
tropical ornamental plants

Experi-mental
Canna indica,

Cyperus papyrus,
Hedychium coronarium

COD: 91,
N-NO3: 41,
P-PO4: 54

32 [99]

7. Effects of Ornamental
Plant Density and

Mineral/Plastic Media on
the Removal of Domestic
Wastewater Pollutants by

Home Wetlands Technology

Experi-mental
Alpinia purpurata,

Canna hybrids,
Hedychium coronarium

COD: 88,
P-PO4: 27,
N-NO3: 28

4 [100]
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Study Title Study Type Ornamental Plants Used
Pollutant

Removal (%)
Citation Reference

8. Environmental, economic,
and social potentialities
ofornamental vegetation
cultivated in constructed

wetlands of Mexico

Review X X 7 [28]

9. Bioelectricity Generation
and Production of

Ornamental Plants in
Vertical Partially Saturated

Constructed Wetlands.

Experi-mental Zantedeschia aethiopica,
Canna hybrids

BOD5: 98,
P-PO4: 25 4 [46]

10. Wetlands with
ornamental plants, filled

with plastic reused
as sustainable

wastewater treatment

Experi-mental Canna hybrids, Typha sp. COD: 90–95,
TSS: 50–70 2 [101]

11. Treatment wetlands in
Mexico for control of

wastewater contaminants: a
review of experiences

during the last
twenty-two years

Review X X 1 [3]

Note: X= does not include these data. In the citation column, the numbers in bold are the top 5 of the most
cited publications.

In Figure 4 and Table 1, the first question that guided this study is answered.
The main plants used by the authors of the largest studies on CWs with OFP include

Canna hybrids (19 cases), Zantedeschia aethiopica (18 cases), Strelitzia reginae (8 cases), Iris
species (8 cases), Spathiphyllum species (7 cases), and Anturium sp. (6 cases). The use of
OFP combines the function of phytoremediation and landscape benefits of CWs. There are
several landscape plants, however, only a few are utilized in CWs. Thus, future research
should be aimed at increasing the public participation in the maintenance of CWs for
their adoption and appropriation, which may lead to longer lifespans and environmental
services. These data provided the second part of the answer to the second question that
guided this study.

This review shows the feasibility to produce flowers and treat water at the same
time with nature-based systems and ecological engineering like that of CWs. Thus, future
studies conducted in order to evaluate the health of the plants and to discover if they are
suffering stress from the flooding due to wastewater conditions, pests, degree of toxicity at
different concentrations of wastewater, competition between species, or uses of vegetation
of wetlands, are necessary.

It is important to highlight that macrophytes are the main source of oxygen in CWs
through a process that occurs in the rizosphera zone called radial oxygen loss [102]. The
plant roots are the house of many microorganisms, because they provide a source of micro-
bial attachment [24] and release an excretion of carbon that contributes to the denitrification
process, which increases the removal of pollutants in anoxic or anaerobic conditions [26,27].

Another mechanism of the plants in CWs is the reduction in the velocity of water flow,
sedimentation, decreased resuspension, and uptake of nutrients. In the case of roots and
rhizomes in the sediment, the physical effects include stabilizing the sediment surface, less
erosion, nutrient absorption, prevention of medium clogging (in subsurface conditions),
and improved hydraulic conductivity. Aerial plant tissue favors the light attenuation
(reduced growth of photosynthesis), reduced wind velocity, storage of nutrients, and
aesthetic pleasing appearance of the system [24–27,103].

On the other hand, it is important to know that the removal of organic matter in CWs
is mediated by several microbial reactions, where the products of some of these reactions in-
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clude greenhouse gases such as methane, carbon dioxide, and nitrous oxide [104]. However,
some studies have revealed that these emissions are minimum in CWs, and the amount of
OFP does not influence the methane (4.5–11 g m−2 d−2), nitrous oxide (0–2.3 g m−2 d−2),
and carbon dioxide emissions (0.4–7.4) as these are affected mainly by the substrate and
water flow [56,85,105].

A study in tropical conditions comparing GHG emissions in CWs planted with
Zantedeschia aethiopica compared with the zones near the inflow planted with Typha sp. and
Cyperus gigantus (native plants of natural wetlands), showed higher methane emissions
in the zone with OFP. The authors related this with differences in the radial oxygen loss
between the plant species [85].

Other studies in constructed wetlands treating heavy metals or different leachates [106–109]
have also demonstrated the feasibility of using this eco-technology. This demonstrates the
multiple pollutants that CWs can clean, and therefore, the use of OFP detected in this study as
phytoremediators should now be investigated for all of these types of contaminants.

4. Conclusions

This study initially presents a bibliometric analysis regarding the use of CWs around
the world. To this respect, China and USA are the countries with the most significant use of
this technology. Subsequently, the use of ornamental plants in CWS is identified. It is worth
emphasizing that Mexico is the leader regarding the number of publications on this topic.

The findings suggest that the most used ornamental flowering plants in CWs are
Canna hybrids, Zantedeschia aethiopica, Strelitzia reginae, Iris species, Spathiphyllum sp., and
Anturium sp. This may serve as the basis for further research on CW systems, principally
in tropical and subtropical areas where these plant species are present. This study also
revealed that such OFP have an excellent function in water purification with removals of
organic matter that oscillate between 30–90%, heavy metals and drugs 30–70%, or about
99.9% in elimination of pathogens.

In addition, the bibliometric analysis revealed the main authors that use this technol-
ogy with OFP. This will serve to carry out future collaborations with them as well as to
continue promoting the use of this sustainable technology and taking advantage of the
circular economy. Thus, new studies conducted to evaluate the health of the plants and
their artisanal uses are necessary, as well as the integration of decision makers, creators of
public policies, and communities in the construction and operation of CWs, which is an
emerging need.
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Abstract: The increasing consumption of electrical and electronic equipment (EEE), correlated with
the fast innovation pace in this field, generates a large amount of annual waste. The current established
management practices cannot keep up with it, and the results are of increased significance given the
negative effects on the environment and human health. Thus, the current study aimed to analyze
the environmental impact of three different scenarios of waste electrical and electronic equipment
(WEEE) management, following population awareness campaigns regarding its collection in the
Municipality of Iasi, Romania. Data processing was carried out considering Life Cycle Assessment
(LCA) methodology with the established functional unit for each scenario according to the collected
amount. The results were quantified using the CML2001 and ReCiPe methods and showed that the
highest environmental impact was obtained for scenario II (S2) (1.59 × 10−7 pers. equiv. using the
CML2001 method and 32.7 pers. equiv. using the ReCiPe method), while the lowest for scenario I
(S1) (6.42 × 10−8 pers. equiv. using the CML2001 method and 13.8 pers. equiv. using the ReCiPe
method). The process with the highest contribution to the total environmental impact was the
collection stage for all scenarios, with the exception of scenario S2, in which case the highest value
was generated for the landfill process following the application of the ReCiPe method (39.93%).
The current study provides value to a critical issue in the environmental area and supports the
development of sustainable WEEE management processes.

Keywords: e-waste; Life Cycle Assessment; environmental impact; energy; waste management; recovery

1. Introduction

The rapid development of electrical and electronic equipment (EEE) over the last
decades, together with the incapacity of current e-waste management systems to keep up
with its disposal, generates serious concerns worldwide [1]. E-waste, also known as waste
electrical and electronic equipment (WEEE), contains both hazardous and non-hazardous
substances that can cause critical effects on the environment and human health. These
consequences can be generated during different life cycle stages of the WEEE management
system, from the collection of the waste up to its disposal and recycling [2]. Hazardous
substances and materials contained by e-waste are heavy metals, plastics, brominated flame
retardants, chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), etc. [3–6].
Heavy metals such as Pb, Hg, Cd and As [7] can inhibit plant growth and negatively affect
animal and human health since they are able to bioaccumulate in living organisms [8,9]. It
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is thus difficult and costly to remove them [9]. Some elements have a higher impact than
others. For example, lithium and fluorine from Li-ion batteries can contribute the most
to negative environmental effects (80–90%), while phosphorous has a lower contribution
(20%) [10].

Furthermore, it is not only household electronic and electrical devices that can end
up as waste. The renewable energy sector, namely that of solar power, has been raising
concerns over the increase in waste photovoltaic panels, which is estimated to reach
60–78 million tons by 2050 [11]. Thus, efficient WEEE management systems are important
in order to avoid the negative effects of improper landfilling as well as to minimize the
environmental burden of the management system itself.

Unfortunately, although WEEE generation is a significant environmental issue, only
66% of the world has implemented e-waste policies. Since the enforced rules, programs and
rate of WEEE recycling differ around the world, it can be difficult to compare the amounts
of generated and collected WEEE. Furthermore, it is not only the collected and recycled
WEEE that should be considered, but also WEEE that is informally collected, recycled
outside of the take-back systems, and illegally exported, but their quantification is an even
greater challenge [12]. The ineffectiveness of global WEEE management systems is also
proven by the issue of large exports from the developed to the developing countries that
are even less equipped to tackle e-waste, causing health problems to the native population
and environment [13].

The best enforced WEEE legislation and management systems are in countries or re-
gions such as Japan and countries of the European Union, while most developing countries
do not even have a WEEE management system [14]. In Italy for example, the collection
system is based on five categories of e-waste, while in Norway there are fourteen total
WEEE categories that are followed, four being additional to the ones established by the EU
directives [15,16]. In Sweden, although some WEEE management processes are delegated
to the private sector, the main responsibility is attributed to the local authorities, which
manage all household wastes. By comparison, most European countries have in place a
system that assigns the main responsibility to the producers, which are organized in Pro-
ducer Responsibility Organizations (PROs) [16]. Therefore, although the informal recycling
of WEEE can cause major issues in the environment and human health, formal recycling
requires a careful analysis in order to understand the key points that can be improved from
a sustainability perspective. Furthermore, the negative environmental impacts of WEEE
management can be attributed not only to informal recycling, but also to an inefficient
application of a formal system. It is thus important to optimize the processes included in
WEEE management systems in order to reduce the overall environmental burden.

A pivotal player in the WEEE management scheme is represented by the collection
centers, where the pathway of an EEE is decided, whether it is reuse, remanufacturing,
repair or recycling ([17]). These institutions or organizations are required to abide by
standards and laws. In the European Union, the current EU legislation, namely Directive
2002/06/EC and Directive 2012/19/EU, imposed restrictions regarding the use of certain
toxic substances in EEE, established WEEE collection targets and introduced the Extended
Producer Responsibility (EPR), which placed the responsibility for the whole e-waste life
cycle management in the hands of producers [18,19].

Life Cycle Assessment (LCA) is an established methodology for the analysis of the
environmental performance of products and processes and can be used as an input in
decision-making regarding the choice of waste management systems or strategic decisions
regarding the priority of resource use [20]. LCA enables the identification of opportunities
that can bring improvements in the quality of the environment. This methodology is stan-
dardized at the international level, and considers the Ecoinvent database [21], which is one
of the most effective and complete databases for identifying and evaluating environmental
impacts. The LCA methodology facilitates the identification of environmental burdens
of a product or system and ultimately enables problem solving and the optimization of
key sustainability issues, including WEEE management. The LCA methodology is also
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recommended at the level of the European Union for quantifying the environmental im-
pact of products and processes [22]. So far, a number of significant research studies have
addressed this area. The LCA analysis of the waste treatment steps and recycling of lithium
batteries [23], e-waste recycling for metal recovery from high-grade WEEE [24], the end-
of-life stage of cooking hoods [25], WEEE management in a full-scale Italian facility [26],
the WEEE transportation network in the Reggio Emilia district of Northern Italy [18], the
e-waste management system in Bologna, Municipality of Emilia Romagna region [14], and
the remanufacturing of computers [27] have been covered.

Although developed countries from the European Union such as Germany and Swe-
den have no problem with meeting the established-by-law collection targets, in Romania
this is still an issue [28]. The sustainability of the Romanian WEEE management system
can definitely be improved, either in terms of increasing the collected amounts of e-waste
and/or optimizing the established collecting practices. Carbon footprint of WEEE manage-
ment systems in EU countries such as Italy, Sweden, Germany, Bulgaria, as well as Romania
were calculated recently for the time period 2007–2014 [28]. The results showed that all
these countries, including Romania, have reduced their carbon footprint. The study also
highlighted that out of these five countries, Romania occupies the second place among the
largest exporters of WEEE outside its territory [28]. The current study aims to analyze the
environmental performance of three WEEE management scenarios in the Municipality of
Iasi, Romania using LCA methodology. This research study thus highlights key processes
and resources where the environmental burden can be improved for WEEE management
in Romania, with applicability to other countries as well that follow the same system. This
is performed using two different established LCA methods and GaBi Education software.
The carried-out research adds value through the comparison of three different scenarios (S1,
S2, S3) of WEEE management. Moreover, two of the analyzed scenarios (S2, S3) include a
phase of raising awareness among the local population regarding the importance of WEEE
collection, a process which to our knowledge has not been yet included in LCA studies of
WEEE management.

The main objectives set for the LCA analysis are: (1) the qualitative and quantita-
tive analysis of WEEE flow in the Municipality of Iasi, Romania; (2) the development of
management alternatives for WEEE and the evaluation of their impact taking into account
the amount and composition of the collected e-waste; (3) the evaluation of the impact
on the environment generated by the implementation of WEEE management systems by
applying the LCA methodology; (4) carrying out a comparative analysis of some WEEE
management systems using the CML2001 and ReCiPe methods; (5) the identification of an
environmentally favorable WEEE management alternative.

2. Materials and Methods

2.1. Life Cycle Assessment Methodology

The environmental impact analysis of WEEE management scenarios in the Municipal-
ity of Ias, i, Romania was carried out using the LCA methodology (Figure 1) following the
four stages as established by ISO 14040 and ISO 14044 standards [22,29]:

• goal and scope definition—consists of the establishment of a reference that will be
considered for the overall analysis in order to follow a clear pathway;

• inventory analysis—consists of data gathering and categorizes the available informa-
tion into inputs or outputs for the analyzed system;

• impact assessment—represents the phase in which the results concerning the generated
environmental impact are obtained;

• interpretation—the phase in which the results are interpreted in a clear, concise and
accurate manner according to the established goal and scope in order to be further
used by researchers, policy and decision makers.
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Figure 1. Stages of the Life Cycle Assessment (LCA) methodology.

2.2. Scope and Functional Unit

The functional unit is represented by the WEEE amount collected during population
awareness campaigns in the Municipality of Iasi, Romania in 2018–2019, respectively:
for scenario I, S1—20,818 kg, for scenario II, S2 and scenario III, S3—29,691 kg. All the
input and output data regarding these three analyzed scenarios (energy consumption, raw
materials, emissions, etc.) were related to the established functional units (Figure 2).

Figure 2. System boundaries of WEEE management systems—all considered scenarios (L1—recycling
location Apahida, Romania; L2—recycling location Jilava, Romania).

2.3. System Description

The system boundary defines which processes will be included in or excluded from
the system. Often, a combination of different criteria must be used to properly define the
boundaries. In terms of system characteristics, the cutoff approach was applied, in which
the flow of recyclable parts is considered only up to the process of their recovery, excluding
their upcycling or reuse into new products [30]. This means that, in the current study, a
cradle-to-cradle approach of the system was defined for the analyzed scenarios, with the
first process included in the system being the collection step for scenario I (S1), while the
information step was further included for scenarios II (S2) and III (S3). The cradle-to-cradle
approach involves the recovery of materials from a waste product through recycling in a
closed-loop system [31].
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The stages included in the three scenarios are as follows:

• Information—involves the activity of education and awareness through several com-
munication channels. In this sense, the following steps are usually taken: the creation
of promotional material layout, printing, press conferences, the distribution of materi-
als by volunteers or specially authorized companies, press layouts, radio, TV and the
1:1 approach.

• Collection—consists of taking over WEEE from individuals and legal entities follow-
ing requests received in local and national call centers, loading them into specially
authorized cars, as well as transporting them to the temporary storage depot.

• Transport—the distance traveled by the van loaded with WEEE to the unloading point,
temporary storage or recycling storage.

• Sorting—the handling–storage procedure according to the legal provisions based on
categories and codes of electrical and electronic equipment waste.

• Temporary storage—involves keeping WEEE in specially authorized warehouses in
order to collect some quantities and send them to recyclers.

• Recycling—can be manual or mechanical. The mechanical method involves the proce-
dure of shredding or breaking. Unlike the manual method, the mechanical method
cannot effectively recover precious metals. For this reason, disassembly is manually
performed in many cases. This represents the operations of disassembly, process-
ing, and the recovery of waste [32]. In Romania, recycling facilities do not represent
the standard known model. They usual perform e-waste preparation for the further
recycling and recovery of some parts, and disposal activities [33].

The stages were chosen according to the waste management situation in recent years.
In scenario I (S1), the amount of waste collected without the population being informed
and updated with the new WEEE management rules was considered. Currently, the
implicit organization applies new standards by which it brings new changes in the stages
of the management system. Due to the changes in legal provisions, the organization in
partnership with the local authorities built a center for the collection and temporary storage
of WEEE. The extent of WEEE recovery and the cost of recycling required the transport of
WEEE to different recyclers based on categories, and groups were transported in batches of
10–12 tons.

Scenario II (S2) considered 4 stages including a stage of informing the population with
the aim of collecting a larger amount of waste compared to S1. In this scenario, it was also
considered that the sorting stage was carried out within the transport stage at the time of
unloading waste to the recycler. The information stage was taken into account from the
desire to meet the collection targets imposed by the European Union, namely 45% of the
number of electrical and electronic products sold on the market in a specific year for the
time period 2017–2020 [34], and to increase the collection rate of WEEE removed from use.
This stage involved a campaign that took place over a period of two weeks, being carried
out only through the print media and radio. Due to the lack of local infrastructure, the
quantity taken from individuals and legal entities was loaded unsorted into a single haul
destined for a single recycler.

Scenario III (S3) was the most complex scenario and was applied by the organization
included in the study for taking over the responsibility of producers, within the scope
of the Municipality of Ias, i. Local partners in this campaign were: Ias, i City Hall, the
Local Sanitation Operator, Environmental Protection Agency, the Environmental Guard
Commissariat and the student leagues. Attempts to make costs and consumption more
efficient have led to the finding that information, education and awareness can contribute in
the long term to increasing the WEEE collection rate. The information phase was provided
by flyers, on the street and in mailboxes, print and online media, radio and the Facebook
page. The information campaign took place two weeks before the collection campaign. The
involvement of student organizations had a positive impact on the population. They were
trained and divided into teams, managing in this way the approach of a large number of
people. The advantage of this campaign was the fact that the organizers made available to
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citizens a free WEEE pick-up service from home by calling or by placing orders online and
directly with volunteers. In the same campaign, fixed points were set up where citizens
could bring used or non-functional electrical equipment. To encourage and stimulate
the population to conscientiously dispose of this equipment, a raffle with fixed prizes or
bonuses was also organized. The amount collected during this campaign was 29,691 kg.

2.4. Life Cycle Inventory

The life cycle inventory phase (LCI) consists of the collection of input (natural re-
sources, primary materials, types of energy, products) and output information (emissions,
energy, products and by-products) for all processes included in the system boundaries. In
the current study, several different sources of data were used, including databases incor-
porated in GaBi Education software such as Ecoinvent, collected data from the accredited
collector RoRec Association and two local recyclers. Input data regarding the collected
WEEE amount per category considered in the study is summarized in Table 1. In terms of
energy, the electricity consumption was 11,033 MJ for S1, 18,782 MJ for S2 and 12,968 in the
case of S3. As far as the transport component is concerned, diesel consumption was equal
for S1 and S2, 2500 kg, while S3 had a quantity of 1500 kg.

Table 1. LCI data for the analyzed scenarios of WEEE management through LCA methodology.

Input Data
Amount per Scenario (%)

S1 S2 S3

Air (air-conditioned) 1.59 1.59 1.59

Boiler household 0.64 0.64 0.64

Computer case 1.81 1.81 1.81

Cooking machines 8.41 8.43 8.43

Electric hobs 0.04 0.04 0.04

Hoods 0.03 0.03 0.03

Keyboard and mouse 0.10 0.10 0.10

Kitchen appliances 1.61 1.62 1.62

Large appliances for waste heat 0.43 0.40 0.40

Measuring device 0.64 0.64 0.64

Microwave ovens 2.32 2.32 2.32

Monitors CRT 1.66 1.66 1.66

Monitors LCD 0.19 0.19 0.19

Other IT equipment 0.07 0.07 0.07

Personal care appliances 0.67 0.67 0.67

Photocopiers 2.09 2.09 2.09

Printers 0.51 0.52 0.52

Radio sets 0.15 0.15 0.15

Refrigerating appliances 40.35 40.25 40.25

Television CRT 13.08 13.12 13.12

Television LCD 1.72 1.72 1.72

Vacuums cleaner 1.11 1.11 1.11

Washing machines 20.71 20.76 20.76

Writing machines 0.06 0.06 0.06
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2.5. GaBi Education Software

The inventory data (input and output data for the used scenarios) were processed in
GaBi Education software. GaBi Education software is a modular system that includes plans,
processes, flows, as well as their functions, which is why the system can be considered with
a clear and transparent structure [35]. The databases used by the system are independent
of each other, being responsible for saving all the information related to an analyzed
system [36].

In order to evaluate the impact of the scenarios proposed as WEEE management
alternatives according to the LCA methodology, two specific evaluation methods with
different categories of impact were chosen to highlight the favorable scenario from the
point of view of environmental protection. The CML2001 and ReCiPe methods were
considered due to the annually updated database and the fact that they are the most used
and recognized methods in Europe and the United States.

3. Results

3.1. Life Cycle Assessment of the Environmental Impact of WEEE Management System in
Romania Using CML2001 Method

The results of the environmental impact assessment of S1, S2 and S3 using CML2001
method are depicted in Figure 3.

(a) (b)

Figure 3. Environmental impact assessment of WEEE management system in the Municipality of
Iasi, Romania using CML2001 method—all scenarios: (a) ADPf: abiotic depletion—fossil; MAETP:
marine aquatic ecotoxicity potential; AP: acidification potential; POCP: photochemical ozone creation
potential; GWP: global warming potential—100 years; HTP: human toxicity potential; (b) FAETP:
freshwater aquatic ecotoxicity potential; TETP: terrestrial ecotoxicity potential; EP: eutrophication
potential; ADPe: abiotic depletion—elements; ODP: ozone layer depletion potential, steady state.

It can be observed that the obtained impact category values for S1 and S3 followed the
hierarchy: ADPf > MAETP > AP > POCP > GWP > HTP > FAETP > TETP > EP > ADPe
> ODP. In the case of S2 though, the highest value was generated for the impact category
marine aquatic ecotoxicity potential (MAETP).

The total generated environmental impact identified by the CML2001 method was
higher for S2 (1.59 × 10−7 pers. equiv.), followed by S3 (8.98 × 10−8 pers. equiv.) and
finally, S1 (6.42 × 10−8 pers. equiv.). The same pattern was identified for all analyzed
impact categories, however. Furthermore, the obtained results show positive values for
each impact category. Positive impacts show the negative effects on the environment and
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human health, while negative values highlight the benefits that are brought in terms of
sustainability [24].

3.2. Life Cycle Assessment of the Environmental Impact of WEEE Management System in
Romania Using ReCiPe Method

The results of the environmental impact assessment of S1, S2 and S3 using ReCiPe
method are depicted in Figure 4.

(a) (b)

Figure 4. Environmental impact assessment of WEEE management system in the Municipality of
Iasi, Romania using ReCiPe method—all scenarios: (a) FD: fossil depletion; CCHh: climate change
human health, including biogenic carbon; CcEco: climate change ecosystems, including biogenic
carbon; HT: human toxicity; ALO: agricultural land occupation; PmF: particulate matter formation;
MD: metal depletion; (b) MAETP: marine ecotoxicity potential; AT: terrestrial acidification; TEco:
terrestrial ecotoxicity; IR: ionizing radiation; FEut: freshwater eutrophication; FAETP: freshwater
ecotoxicity; POF: photochemical oxidant formation; ODP: ozone depletion.

The obtained impact category values for S1 followed the hierarchy: FD > CCHh > CcEco
> HT > ALO > PmF > MD > MAETP > AT > TEco > IR > FEut > FAETP > POF > ODP.

In the case of S2, the order was slightly different: FD > CCHh > CcEco > HT > PmF >
ALO > MD > MAETP > AT > TEco > IR > POF > FEut > FAETP > ODP.

In S3, the hierarchy was: FD > CCHh > CcEco > HT > ALO > PmF > MD > MAETP >
AT > TEco > IR > FEut > POF > FAETP > ODP.

The results show that for all the analyzed system boundaries, the highest impact
was obtained for the fossil depletion (FD) impact category. Its observed environmental
impact value was in fact significantly higher than the rest of the impact categories. It was
approximately three times higher than the values generated for climate change human
health (CCHh), climate change ecosystems (CcEco) and human toxicity (HT). Additionally,
for all analyzed scenarios, the lowest environmental impact was identified in case of ozone
depletion (ODP) category. Similar to the results obtained using CML2001 method, for all
analyzed impact categories through the ReCiPe method, the total generated impact value
is higher for S2 (32.7 pers. equiv.), followed by S3 (19.6 pers. equiv.) and lastly, by S1
(13.8 pers. equiv.). The results also show positive values for each impact category, proving
that there are only negative effects on the environment and human health.

3.3. Comparative Analysis of Life Cycle Assessment Results and Possibilities for
System Improvement

Although the issues concerning WEEE management have been known and addressed
for more than a decade, and given the advancement of the LCA methodology in recent
years, a review study by Withanage and Habib [37] analyzing the application of Life Cycle
Assessment in this area identified only 31 studies, out of which most were focused on the
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recycling and recovery processes. Only a small part of the known literature is concentrated
on the full cycle from collection to recycling. This highlights a serious gap in the research
of the sustainability of WEEE management [37]. It is also important to note that LCA is the
methodology for environmental impact assessment, which has been mostly applied from
all available methods for WEEE management analysis [38].

Raising awareness regarding the importance of proper WEEE disposal is very impor-
tant as studies show that this can have a considerable impact on the efficiency of waste
management [39]. In Romania, there is, for example, a lack of information concerning the
existence and location of WEEE collection centers, as well as the environmental legisla-
tion attributed to e-waste management [33]. Since most published articles evaluated the
sustainability of WEEE management from collection to recycling or only focused on the
recycling part, in the current study one of our objectives was to focus through our research
on the processes preceding the recycling stage. Furthermore, we also included in the system
boundaries a stage considering raising the awareness among local communities with the
purpose of increasing people’s involvement in contributing to the e-waste collection system,
and thus reducing the amount of WEEE that enters the informal landfills, which is improp-
erly handled and can affect the environment and human health. This is why the current
study also considered in S2 and S3 the information process for the comparative analysis.

As far as the contribution of each process included in the system boundaries is con-
cerned, the results illustrated in Figure 5 for the CML2001 method show that for S1, the
highest percentage was attributed to the collection step (47.78%), followed by recycling
(25.77%) and sorting (13.75%). The lowest values were identified for the temporary storage
of the collected e-waste (0.13%), landfilling (0.65%) and transport (11.83%). The hierarchy of
the process contribution to the total environmental impact of S1 was collection > recycling
> sorting > transport > landfill > temporary storage. In the case of S2 (Figure 6), the highest
contribution among all the involved processes was also for the collection step (32.13%).
However, the obtained percentage for landfill (25.77%) was higher than that of recycling
(18.20%) and transport (5.87%) in comparison with S1. The lowest value was generated in
the case of the information process (0.01%). So, in the case of the results obtained for S2
using CML2001, the hierarchy was collection > landfill > recycling > transport > informa-
tion. The results obtained for S3 showed a similar trend (Figure 7). The collection process
(56.96%) had the highest contribution to the total environmental impact, while the lowest
was identified for the sorting step (0.09%). Similar to S1, the recycling stage (18.50%) had a
higher contribution than the transport (8.45%) and landfill (1.22%) processes. Thus, for S3
the identified order of the process contribution to the total generated impact was collection
> recycling > temporary storage > transport > landfill > information > sorting.

(a) (b)

Figure 5. Process contribution to the total environmental impact of WEEE management according
to S1 (CML2001 and ReCiPe methods): (a) Collection, Recycling, Sorting; (b) Transport, Landfill,
Temporary storage.
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(a) (b)

Figure 6. Process contribution to the total environmental impact of WEEE management according to
S2 (CML2001 and ReCiPe methods): (a) Collection, Landfill, Recycling; (b) Transport, Information.

(a) (b)

Figure 7. Process contribution to the total environmental impact of WEEE management according
to S3 (CML2001 and ReCiPe methods): (a) Collection, Recycling, Temporary storage, Transport; (b)
Landfill, Information, Sorting.

The results obtained by applying the ReCiPe method also showed the highest contri-
bution to the total environmental impact of the collection step in almost all the analyzed
scenarios. With a few exceptions, the hierarchy of the percentages per process was similar
to the one identified when the CML2001 method was used. One difference is the fact that
the highest value was obtained for the landfill stage (39.93%) for S2. Another difference is
that in the case of S1, the transport process (12.88%) generated a higher contribution to the
total impact in comparison with the sorting step (11.94%).

The obtained percentage contribution values for S1 through the ReCiPe method fol-
lowed the hierarchy of collection > recycling > transport > sorting > landfill > temporary
storage. In case of S2, the order was landfill > collection > recycling > transport > infor-
mation. Finally, for S3, the hierarchy was collection > recycling > temporary storage >
transport > landfill > information > sorting.

The differences between the two applied LCA methods were determined by the
different characterization factors included by the methods and the fact that CML2001 is a
problem-oriented methodology, while the ReCiPe method considers the cause as well as
the effect [40].
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To compare, a study analyzing the environmental impact of the treatment, disposal,
collection and external transport of municipal waste containing various types of waste,
including WEEE, found that the highest contribution to the total environmental impact was
for the treatment and disposal phase (72.3%), followed by collection (18.3%) and external
transport (9.4%). The research was carried out in the context of a small town in Italy with
a population of 16,820 inhabitants. A functional unit of 1 ton of waste was used and the
ReCiPe method was applied in order to quantify the environmental impact [20].

Results regarding the percentage contribution to the total environmental impact ob-
tained using Impact 2002+ method in another research study showed a 75% value for
the mechanical processing of WEEE in the context of a Swiss take-back and recycling
system [41].

The impact category with the highest value for the applied scenarios was represented
by FD (fossil depletion potential), followed by CCHh (climate changes associated with
the deterioration of human health). The negative influence of these impact categories
resulting from the application of the three scenarios was due to the consumption of diesel
and electricity.

The LCA methodology is able to provide an overview considering the environmental
aspects of different waste management practices as well as of the materials used and the
emissions released into the environment. In order to analyze the contribution of the most
important resources to the sustainability outcome of WEEE management as described in
the Romanian case study, the percentage of electricity consumption and transportation
to the total environmental impact was calculated as well, for both the CML2001 and
ReCiPe methods.

The results obtained using the CML2001 method are depicted in Figure 8a. The gen-
erated data show that the highest electricity consumption was attributed to S1 (80.6%),
followed by S2 (62%) and S3 (33.9%), respectively. The hierarchy for the transport contribu-
tion was the opposite though, the lowest value being identified for S1 (19.4%). For S2, the
transport value was 38%, while for S3 it was 66.1%. Furthermore, it is worth comparing the
energy consumption of laptop and home computer manufacturing with the total electricity
consumption of their recycling. Thus, 1266 MJ are consumed for the conversion of heavy
metals for laptop manufacturing, 5832 MJ are necessary for using an office laptop, while
1867 MJ of energy are estimated for the remanufacturing process [22].

(a) (b)

Figure 8. Electricity and transport contribution to the total environmental impact of WEEE manage-
ment systems: (a) CML2001 method; (b) ReCiPe method.
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The results obtained using the ReCiPe method are depicted in Figure 8b. In this
case, the highest value for electricity contribution was obtained for S2 (56.6%). For S1, a
percentage of 35% was identified and for S3, the lowest contribution was observed (28.86%).

As far the contribution of transport is concerned, the obtained data showed the lowest
value for S2 (43.4%), while the highest was generated in the case of S3 (71.14%). For S1, the
calculated percentage was 64.95%.

The proximity of recycling facilities to the collection centers, but at the same time that
of the collection centers to the inhabited areas, is very important in order to reduce the
environmental burden of transportation [20]. The development of strategies and policies
that consider building local infrastructure in order to minimize the distance between these
key points in the WEEE management system could significantly improve the impact on
the environment.

Although the concepts of sustainability and a circular economy are similar in terms of
the global model, interdisciplinarity, the integration of non-economic aspects and the reduc-
tion of environmental impact, the main difference lies in the fact that the circular economy
exclusively involves ensuring a closed cycle of resources and secondary products obtained
from the analyzed system, while sustainability entails a more extensive perspective, de-
pending on the objectives, components and sub-processes included in the study [42]. From
an environmental point of view, it is estimated that approximately 48% of emissions could
be reduced through the implementation of circular economy principles [43]. Reducing the
environmental impact can also thus be achieved by moving from a linear economy to a
circular economy. To adapt the circular economy concept to WEEE management, actions
are needed at different levels and processes within WEEE management systems. On the
one hand, from the early stages, more precisely, starting with the WEEE collection process,
it is important that it is carried out in the most efficient way to be able to ensure the recovery
of the largest possible amount of materials that can be recycled.

The basic principles of a circular economy include the 3Rs (reduction, reuse, recycling)
at the global level, and the 4Rs relative to the territory of the European Union. The 4Rs
additionally include the recovery process [44]. Among these, the concept of a circular
economy especially encourages reuse and remanufacturing compared to recycling, both
for economic and environmental reasons. However, the reuse rate of collected WEEE
is very low, 2%. In contrast, the recycling percentage of electrical and electronic waste
is around 68% [45]. Thus, the technology applied for the manufacture of electrical and
electronic devices represents another aspect that requires special attention in order to
increase the possibility of the recovery of materials with added value, such as metals, and to
decrease the concentration of toxic substances in the composition of EEE [46]. Additionally,
innovation in terms of technology for the recovery of materials from the WEEE structure
will allow increasing the level of inclusion of the principles of a circular economy within
the management systems of this type of waste. The current available recycling methods are
physical, chemical, pyrometallurgical and hydrometallurgical [47].

Although there are no environmental savings recorded through the application of
LCA methodology for the analyzed scenarios, the recovery of valuable materials from
e-waste contributes to the reduction in mining and industrial production activities, which
can greatly harm the environment and human health. Energy savings quantified through
the recovery of metals such as aluminum, copper and iron are estimated at 95%, 85%
and 74%, respectively. In case of plastics, it is approximated at >80% [48]. The plastic
fraction of e-waste is quite high, approximately 20–30% of the total WEEE quantities [49].
A study analyzing the WEEE management in Italy according to the five categories of
e-waste established by law showed that metal, plastic and glass recycling offered the
highest benefits in terms of materials recovery [39,40]. Though the collection targets are
not yet fulfilled fully in Romania, the recycling rates increased from 11% in 2007 to 87% in
2014 [28]. It is thus an important aspect of the whole WEEE management system regarding
sustainability [50,51]. In the e-waste management scenarios considered in the current study,
several important metal and plastic parts were recovered during the recycling stage. These
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were considered as output data in the LCA analysis. The related data are included in
Table 2.

Table 2. Recovered parts from the collected e-waste.

Recovered Part
Recovered Amount per Scenario (% of Total Recovered Parts)

S1 S2 S3

Aluminum scrap 2.92 3.22 3.05

Copper scrap 4.90 4.91 4.50

Iron scrap 3.81 4.12 3.89

Plastic 23.63 21.84 26.23

Steel scrap 47.95 52.73 49.86

Waste glass 16.74 13.11 12.40

Wood 0.04 0.04 0.04

Finally, to complete the perspective on our results, it should be pointed out that
the performed study has several limitations. The data availability is one aspect to be
considered. In Romania, there is, for example, a lack of information concerning the existence
and location of WEEE collection centers, the amount of collected waste, as well as the
environmental legislation attributed to e-waste management. Another issue is the fact that
the available studies used different LCA methods, and more importantly, many did not
normalize the obtained results in the used software in order to enable a leaner comparison
between different data generated in the published research. The difficulty of including
a scenario on WEEE management that encompasses the full end-of-life stage and thus
can fulfill the circular economy principles is another aspect to consider. There are few
recycling facilities in Romania, and even these do not carry out a full recycling process,
only recovering some larger parts. Other elements such as precious metals are not put
back in the cycle at this phase. Romania is not the only European country in which this
occurs. Norway for example, which is one of the European territories with the best WEEE
management systems, partly ensures WEEE treatment in other countries due to the limited
number of facilities [16].

Furthermore, though in our study we included a wide range of types of collected
WEEE, there are other components such as solar panels, batteries from electric cars and
other types of WEEE that have rarely been considered together with household items,
from both the personal and private sectors, and could be included in future studies to
give a broader view on the overall environmental impact of a municipality. We therefore
recommend the extended research of other types of WEEE, the increase in available data
from collection centers and recycling facilities, a more unified approach to applying LCA
and related software, as well as the inclusion of raising awareness among the population
phase in the study of WEEE management across different countries and regions around the
world. Since the full recycling or recovery of valuable materials from WEEE can take place
in a different territory than the one for collection and treatment, and given the issues related
to the developing world, cross-country collaborations are key for more efficient research
and the innovation of WEEE management in the context of a circular economy and a more
sustainable future. The main aspects that should be tackled to address the global WEEE
issue and implement efficient management systems are preventing or minimizing WEEE
generation in order to reduce the e-waste streams, innovating recycling technology as well
as the manufacturing processes in order to improve resource recovery, raising awareness
among the population, optimizing WEEE treatment, reducing energy consumption, and
the efficient implementation of all established roles and processes that are part of a WEEE
management system.
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4. Conclusions

The current study aimed to analyze the sustainability of WEEE management in the
Municipality of Iasi, Romania through three different scenarios implemented in the period
2018–2019. The research analysis was carried out by applying a standardized LCA method-
ology, in GaBi Education software, through the application of two methods, CML2001
and ReCiPe. One innovative aspect of the performed analysis was the inclusion in the
system boundaries of raising awareness among the local community. There are a few
limitations that were acknowledged in the current study, such as the lack of data from
collection centers and the difficulty in comparing the calculated environmental impact with
other studies due to the different ways of applying the methodology and processing the
generated results. The results showed that this process has a low environmental impact
among all the included processes. The highest contribution to the total obtained impact
was that of the collection stage in all three scenarios, this showing that the environmental
burden could be reduced through the implementation of sustainable transport routes for
gathering all the e-waste. In terms of impact categories, the highest value was determined
through the CML2001 method for the marine aquatic ecotoxicity potential (MAETP) impact
category in S2 and for the abiotic depletion fossil (ADPf) impact category in the cases of
S1 and S3. By comparison, the ReCiPe method results showed a lower value for ozone
depletion (ODP) and a higher one for fossil depletion (FD) for all three scenarios, which
indicates that a reduction in fossil fuel consumption is required.
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Abstract: This study investigated the use of ozone in a rotating packed bed (RPB) with liquid
detention for the treatment of Basic Red 46 (BR-46). Liquid detention means that liquid accumulates
at the lower section to a certain level in the RPB, which leads to longer liquid residence time and
greater liquid holdup in the packing and cavity in the RPB. The experimental results showed that
the presence of liquid detention in the RPB significantly enhanced the BR-46 treatment effect and
ozone absorption rate. With 200 mL of liquid detention in the RPB, the decolorization rate, COD
degradation rate, and ozone absorption rate were 34.7%, 62.8%, and 80.0% higher than those without
liquid detention. The effects of the rotational speed of the RPB, ozone concentration, initial BR-46
concentration, liquid and gas flow rates on BR-46 degradation were also investigated, and it was
found that the high-gravity environment is beneficial to the degradation of BR-46. These results
suggest that with the utilization of the liquid detention phenomena in the high-gravity devices, the
applications of the high-gravity technology can be extended to the processes where a long liquid
residence time is required.

Keywords: liquid detention; Basic Red 46; ozonation; rotating packed bed; degradation

1. Introduction

Azo dyes are the largest category of commercial synthetic dyes, accounting for 70%
of the total number of textile dyes. They are extensively used in the food, pharmaceutical,
paper, cosmetic, textile, and leather industries due to their wide range of colors and
structures [1]. Azo dyes are organic compounds that have one or more azo bonds (–N = N–)
in a molecule [2]. However, they have been reported to have adverse effects on ecosystems
and human health and are present in aqueous environments, sediments, soils, and drinking
water supplies [3]. Basic Red 46 (BR-46) is a cationic azo dye that is widely used in coloring
nylon, acrylic, and wool fabrics. It is known to be difficult to degrade BR-46 through
chemical oxidation, photocatalysis, and biodegradation [4]. Compared to anionic dyes,
cationic dyes are more toxic and can enter cells easily by reacting with negatively charged
surfaces of cell membranes and gathering in the cytoplasm [5]. Therefore, the removal of
these dyes prior to discharge in wastewater has become an important issue.

Advanced oxidation processes (AOPs) based on highly reactive radicals have been
shown to be robust technologies for treating organic contaminants in wastewater, pro-
viding nearly total degradation [6]. Ozone is a powerful oxidizer with a high oxidation
potential of 2.07 V, which directly participates in the reaction with organic matters under
acidic conditions (direct oxidation), while alkaline conditions are conducive to forming
•OH from ozone, and •OH-based oxidation is considered to be an advanced oxidation

Processes 2023, 11, 1345. https://doi.org/10.3390/pr11051345 https://www.mdpi.com/journal/processes130



Processes 2023, 11, 1345

process (indirect oxidation) [7,8]. Under acidic conditions, ozone selectively attacks or-
ganic matters, while •OH reacts with organic matters without selectivity under alkaline
conditions [9]. The ozonation process is affected by pH, ozone flow rate and initial organic
matter concentration [10].

Over the past few decades, AOPs have been demonstrated to enhance the degradation
of various organic compounds [11]. Well-known advanced oxidation technologies mainly
include O3/H2O2, O3/UV, O3/US, Fenton, and AOPs based on persulfate [12–16]. It
was found that the degradation of dyes by ozone-based AOPs exhibited the benefits
of high reactivity, environmental friendliness and easy operation with ubiquitous air
sources [17–19]. However, the ozone oxidation process is significantly affected by the
ozone–liquid mass transfer rate due to the low solubility of ozone in water. Thus, a reactor
with high gas–liquid mass transfer efficiency is needed to improve the ozone oxidation
process [20].

The concept of mass transfer intensification using the rotating packed bed (RPB) was
first introduced by Ramshaw [21]. In the RPB, high centrifugal acceleration derived from a
rotating rotor disperses the liquid into thinner films and smaller droplets, which enhances
gas–liquid mass transfer and intrinsically improves fast reaction processes [22]. The RPB is
considered as a reactor that can increase the amount of ozone dissolved per unit time and
make wastewater treatment more effective [23].

Recently, we found that the liquid detention phenomena in the RPB can significantly
enhance the gas–liquid mass transfer. The phenomena are illustrated in Figure 1. When
liquid is detained in the RPB, it will accumulate at the bottom and immerse the lower
part of the rotor. In addition, some of the detained liquid will be carried by the rotating
rotor to the upper part of the rotor and cavity. Thus, both the liquid residence time and
liquid holdup in the RPB increase when the liquid is detained. A longer liquid residence
time and greater liquid holdup in the RPB can facilitate the process of ozone mass transfer,
suggesting that the phenomena can be used to enhance ozone AOPs for the treatment of
organic wastewater.

 
Figure 1. Schematic diagram of liquid detention phenomena in RPB.

Herein, we investigated the effect of liquid detention on ozonation of BR-46 in an
RPB for the first time. This work indicates that the RPB with liquid detention enhanced
the ozonation efficiency of BR-46 and the absorption rate of ozone, thus providing a
novel means for the intensification of organic wastewater treatment by AOPs in high-
gravity devices.
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2. Materials and Methods

2.1. Materials and Procedure

The experiment used BR-46 (strength: 250%) provided by Shanghai Huayuan Century
Trading Co., Shanghai, China. The simulated BR-46 wastewater was prepared by dissolving
BR-46 in deionized water. The pH value of the wastewater was measured using a PHSJ-3F
pH Meter (Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China). Table 1
provides the specifications of the RPB.

Table 1. Specifications of the RPB.

Item Value

Inner diameter of packing 40 mm
Outer diameter of packing 120 mm

Thickness of packing 15 mm
Material of packing Stainless steel wire mesh

Specific surface area of packing 522 m2/m3

Porosity of packing 97%
Inner diameter of casing 180 mm

The experimental setup is presented in Figure 2. Before the experiment, the liquid
outlet valve was adjusted to ensure that the inlet and outlet liquid flow rates were equal
under the preset experimental conditions. Then, ozone generated from oxygen by a 3S-A10
Ozone Generator (Tonglin High-Tech Technology Co., Ltd., Beijing, China) was introduced
into the RPB. Once the ozone concentration at the gas inlet reached the required level, the
RPB was turned on before the BR-46 wastewater was pumped into the center of the rotor
by a peristaltic pump.

 

Figure 2. Experimental Setup. (1) Oxygen cylinder; (2) oxygen flowmeter; (3) ozone generator;
(4) ozone monitor; (5) gas inlet; (6) RPB; (7) liquid outlet; (8) liquid outlet valve; (9) treated wastewater
tank; (10) liquid inlet; (11) gas outlet; (12) pump; (13) original wastewater tank; (14) drying tube;
(15) ozone monitor; (16) pump.

When the required amount of liquid was detained in the RPB, the plug of the liquid
outlet line was immediately removed to keep the detained liquid in the RPB at a certain
level during the experiment. The gas and liquid flows were in counter-current contact in
the packing of the RPB, resulting in the absorption of ozone into the liquid stream and
degradation of BR-46 by ozone. Finally, the liquid and gas flow exited the RPB through the
liquid and gas outlets, respectively. Sampling was conducted from the liquid outlet line
when the outlet ozone concentration was stable, and the BR-46 concentration and COD
were measured immediately.
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2.2. Analytical Methods

The concentration of BR-46 in the wastewater was determined using a DR6000 UV–Vis
Spectrophotometer (Hach Corp., Loveland, CO, USA) at a wavelength of 532 nm. The
COD in the wastewater was determined using a 5B-6C Multi-parameter Water Quality
Analyzer (Lianhua Technology, Beijing, China). The inlet and outlet ozone concentrations
were monitored by two detectors (UV300B, Guangzhou Limei Ozone Co., Ltd., Guangzhou,
China, and UVOZ-1200, Shandong Zhipu Measurement and Control Technology Co., Ltd.,
Zibo, China), respectively. The decolorization rate, COD degradation rate, and ozone
absorption rate were calculated by the following Equations (1)–(3), respectively:

DB =
C0 − C1

C0
× 100% (1)

where DB represents the decolorization rate of BR-46 wastewater, while C0 and C1 represent
the initial and final BR-46 concentrations before and after treatment, respectively, (mg/L).

RCOD =
COD0 − COD1

COD0
× 100% (2)

where RCOD represents the COD degradation rate, while COD0 and COD1 represent the
initial and final COD of the BR-46 wastewater before and after treatment, respectively,
(mg/L).

AB =
ω0 − ω1

ω0
× 100% (3)

where AB represents the ozone absorption rate, while ω0 and ω1 represent the ozone
concentration at the inlet and outlet of RPB, respectively, (mg/L).

3. Results and Discussion

3.1. Effect of Liquid Detention

In the degradation of BR-46 by ozonation, ozone and •OH first break the –N = N– bond
of BR-46 to produce various intermediates, which are further attacked by ozone and •OH
to eventually produce N2, NO3

−, CO2, H2O, etc. [24,25].
Figure 3 shows the effect of liquid detention volume (V) on the ozonation of BR-46

in the liquid detention range of 0–300 mL. The results indicate that the presence of liquid
detention in the RPB enhances the treatment efficiency of BR-46 and increases the absorption
rate of ozone. In the absence of liquid detention in the RPB, the decolorization rate, COD
degradation rate, and ozone absorption rate were 61.3%, 18.3%, and 40.1%, respectively.
However, with 200 mL of liquid detention, the decolorization rate, COD degradation rate,
and ozone absorption rate increased to 82.6%, 29.8%, and 72.2%, respectively, which were
34.7%, 62.8%, and 80.0% higher than those without liquid detention, suggesting that liquid
detention in the RPB can significantly enhance the absorption of ozone and the degradation
of BR-46.

As shown in Figure 1, liquid detention means that liquid does not flow out of the RPB
immediately, but accumulates and stays at the lower section of the RPB for a certain time
after it is ejected from the rotor. Thus, the liquid residence time in the RPB greatly extends.
Furthermore, some of the detained liquid will be carried by the rotating rotor to the upper
part of the rotor, causing an increase in liquid holdup in the packing of the rotor and the
cavity of the RPB. The increase in the liquid residence time and holdup is conducive to the
absorption of ozone and thus the degradation of BR-46.

However, a further increase in the liquid detention to more than 200 mL resulted
in a lower treatment effect, which may be ascribed to the reduced gas flow channel and
accelerated gas flow rate as a result of the excessive liquid detention, thereby leading to the
decreased ozone absorption rate and reduced treatment effect of BR-46.
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Figure 3. Effect of liquid detention volume on BR-46 degradation. Ozone concentration
(C) = 20 mg/L; gas flow rate (G) = 75 L/h; liquid flow rate (L) = 15 L/h; rotational speed (R) = 800 rpm;
initial BR-46 concentration (CBR-46) = 300 mg/L.

3.2. Effect of Rotational Speed of RPB

Figure 4 illustrates the impact of the rotational speed of the RPB on the degradation
efficiency of BR-46 in the rotational speed range of 200–1000 rpm. With an increase in
rotational speed from 200 rpm to 600 rpm, the decolorization rate, COD degradation rate,
and ozone absorption rate increased from 78.0%, 28.8%, and 40.1% to 95.3%, 33.7%, and
63.2%, respectively. When the rotational speed exceeded 600 rpm, the decolorization rate,
COD degradation rate, and ozone absorption rate remained steady at approximately 95%,
33%, and 63%, respectively.

 DB (%)
 RCOD (%)
 AB (%)

D R A

Figure 4. Effect of rotational speed on BR-46 degradation. V = 200 mL; G = 75 L/h; L = 15 L/h;
C = 30 mg/L; CBR-46 = 300 mg/L.
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The reason behind this is that a higher rotational speed increases the turbulence of the
liquid in the RPB, leading to its dispersion into thinner films and smaller droplets, thus
increasing the area of gas–liquid mass transfer. As a result, more ozone dissolves in the
wastewater, leading to the higher degradation efficiency of BR-46.

However, the liquid residence time in the packing decreases with an increasing rota-
tional speed, which is unfavorable for the degradation of BR-46. When the rotational speed
increases over 600 rpm, the unfavorable effect of reduced liquid residence time offsets the
favorable effect of increased dispersion of the BR-46 solution, resulting in almost stable
ozone absorption rate, decolorization rate, and COD degradation rate. Liu et al. [26] also
observed similar phenomena in the inactivation of E. coli by ozone in an RPB.

3.3. Effect of Gaseous Ozone Concentration

Figure 5 shows the effect of ozone concentration in a gas stream on the ozonation
of BR-46 in the gaseous ozone concentration range of 10–50 mg/L. The results indicate
that as the ozone concentration increased from 10 mg/L to 50 mg/L, the decolorization
rate and COD degradation rate increased, while the ozone absorption rate decreased. At
an ozone concentration of 30 mg/L, the decolorization rate, COD degradation rate, and
ozone absorption rate were 97.0%, 29.4%, and 57.7%, respectively. The amount of ozone
dissolved in wastewater increases with the increase in gaseous ozone concentration, leading
to an increase in the amount of ozone reacting with the wastewater and promoting the
degradation of BR-46. However, with the increase in ozone concentration, more ozone
entering the RPB is discharged without participating in a reaction, resulting in a decrease
in the ozone absorption percentage. Similar phenomena have also been observed by other
researchers [27].

 DB (%)
 RCOD (%)
 AB (%)

B R A

Figure 5. Effect of ozone concentration on BR-46 degradation. V = 200 mL; G = 75 L/h; L = 15 L/h;
R = 800 rpm; CBR-46 = 300 mg/L.

3.4. Effect of Initial BR-46 Concentration

Figure 6 shows the effect of the initial BR-46 concentration on the degradation ef-
ficiency of BR-46 in the BR-46 concentration and COD range of 92.8–512.0 mg/L and
57.2–255.8 mg/L, respectively. As the initial concentration increased from 100 mg/L to
500 mg/L, the decolorization rate and COD degradation rate decreased from 100% and
50.0% to 85.4% and 27.6%, respectively, while the ozone absorption rate increased from
31.8% to 63.7%. This is because the increase in BR-46 concentration increases the mass
transfer driving force and promotes ozone absorption. However, with the constant ozone
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concentration, the increase in BR-46 concentration results in the insufficiency of oxidants,
leading to the reduction in the degradation efficiency of BR-46. It was found that the
degradation of Bisphenol A by ozone in an RPB also followed the same rules [28].

Figure 6. Effect of initial BR-46 concentration on BR-46 degradation. V = 200 mL; G = 75 L/h;
L = 15 L/h; R = 800 rpm; C = 30 mg/L.

3.5. Effect of Liquid Flow Rate

Figure 7 shows the effect of the liquid flow rate on the degradation efficiency of BR-46
in the liquid flow rate range of 5–25 L/h. As the liquid flow rate increased from 5.0 to
25 L/h, the decolorization rate and COD degradation rate decreased from 100% and 44.9%
to 80.9% and 28.4%, respectively, while the ozone absorption rate increased from 41.0%
to 71.2%. The decrease in the residence time of liquid in the RPB due to the increase in
liquid flow rate leads to the discharge of the BR-46 solution with underreaction with ozone,
resulting in a decrease in the decolorization rate and COD degradation rate. However,
the increase in the gas–liquid interfacial area due to the elevation of the liquid flow rate
promotes ozone absorption, leading to an increase in the ozone absorption rate. Similar
observations have also been reported for the ozonation of amaranth in a rotating zigzag
bed [20].

 DB (%)
 RCOD (%)
 AB (%)

D R A

Figure 7. Effect of liquid flow rate on BR-46 degradation. V = 200 mL; G = 75 L/h; R = 800 rpm;
C = 30 mg/L; CBR-46 = 300 mg/L.
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3.6. Effect of Gas Flow Rate

Figure 8 demonstrates the effect of the gas flow rate on the degradation efficiency of
BR-46 in the gas flow rate range of 30–90 L/h. With an increase in the gas flow rate from
30 L/h to 90 L/h, the decolorization rate and COD degradation rate increased from 65.4%
and 24.0% to 97.0% and 37.0%, respectively, while the ozone absorption rate decreased
from 94.0% to 55.8%.

 DB (%)
 RCOD (%)
 AB (%)

D R A
Figure 8. Effect of gas flow rate on BR-46 degradation. V = 200 mL; R = 600 rpm; L = 15 L/h;
C = 30 mg/L; CBR-46 = 300 mg/L.

The increase in the gas flow rate leads to an increase in the turbulence of the gas and
liquid phases, enabling more ozone to dissolve in the wastewater, thereby increasing the
decolorization rate and COD degradation rate. However, a higher gas flow rate leads to a
higher flow speed of the ozone gas in the RPB, resulting in shorter gas–liquid contact time
and thus a decreased ozone absorption rate. The phenomena agree with the observations
of Wang et al. on Bisphenol A ozonation in an RPB [28].

4. Conclusions

This study investigated the ozonation of BR-46 in the RPB with liquid detention
under various process conditions. The experimental results showed that the presence
of liquid detention in the RPB enhanced the ozone absorption rate and the ozonation
of BR-46. With 200 mL of liquid detention, the decolorization rate, COD degradation
rate, and ozone absorption rate were 34.7%, 62.8%, and 80.0% higher than those without
liquid detention, respectively, suggesting that liquid detention in the RPB can significantly
promote ozone absorption and BR-46 degradation. It is deduced that the liquid detention
leads to the increase in liquid residence time and holdup in the RPB, which is conducive
to the absorption of ozone and thus the degradation of organic matters. It was also found
that the decolorization rate, COD degradation rate, and ozone absorption rate increased
from 78.0%, 28.8%, and 40.1% to 95.3%, 33.7%, and 63.2%, respectively, with an increase in
the rotational speed of the RPB from 200 rpm to 600 rpm. These results indicated that the
utilization of the liquid detention phenomena in the high-gravity technology can overcome
the shortcomings of insufficient liquid residence time in this technology and extend its
applications to kinetics-limited processes.
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Abstract: The aim of this study is to compare the mechanical and physical properties of different
geopolymer mortars made with granulated blast furnace slag as a geopolymer source material, NaOH
(8 M) as the activating solution, and three different types of fine aggregates (air-cooled blast furnace
slag, biomass bottom ashes, and silica sand). The samples were made with an aggregate/geopolymer
ratio of 3/1, and physical (density and mercury intrusion porosimetry), mechanical (compressive
and flexural strength), and acid attack resistance were determined. When air-cooled blast furnace
slag is used, the mechanical and acid attack properties are improved compared with silica sand and
biomass bottom ashes because of the existence of amorphous phases in this slag, which increase
the geopolymer reaction rate despite the particle size being higher than other aggregates. It can
be highlighted that the use of ACBFS as a fine aggregate in geopolymer mortars produces better
properties than in cement Portland mortar.

Keywords: geopolymer mortar; air-cooled blast furnace slag; olive pomace bottom ash; mechanical
properties; porosity; leaching; acid attack resistance

1. Introduction

The European Union presents the circular economy as a viable alternative to the
prevailing model of production and consumption worldwide, especially in developed
countries or in those where excessive means of production are used, which encourage
compulsive and sometimes unnecessary consumption, blurring the idea of acquiring goods
and services for their necessity [1].

This new paradigm requires a significant shift in current production and consumption
systems. The shift must be toward regenerative systems that are designed to conserve the
value of resources (materials, water, soil, and energy) and products while exponentially
diminishing raw material and energy inputs. This will reduce waste generation and
negative impacts, hence decreasing negative externalities for the environment, climate, and
human health [2].

The construction sector is one of the main polluters. For example, the cement industry
is responsible for the emissions of 2 gigatons of carbon dioxide (CO2) per year, which is
more than 5% of the total world emissions, and it is expected that by 2050, the emissions will
be 5 gigatons [1]. There are numerous lines of investigation researching the replacement of
cement with geopolymers [3]. Geopolymerization is a term coined by Joseph Davidovits
in the 1980s to designate synthetic inorganic polymers of aluminosilicates resulting from
the chemical reaction known as geopolymerization [4]. Geopolymers have the advantages
of low CO2 emissions during production, high chemical and thermal resistance, and
satisfactory mechanical properties, all at room temperature and at extreme temperatures.
The geopolymerization reaction takes place under highly alkaline conditions between an
aluminosilicate powder and an activating solution (alkaline hydroxide and/or alkaline
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silicate) at ambient or slightly above ambient conditions (<60 ◦C), to obtain a new synthetic
alkaline aluminosilicate of a polymeric chain structure.

Many wastes (coal fly ashes, blast furnace slag, construction and demolition wastes,
municipal solid waste incineration ashes, metallurgical and mining waste, etc.) [5–9] have
been studied as raw materials for the manufacturing of geopolymeric materials such as
concrete, mortars, building components, insulation, and fire-resistant coatings [10–13].

Slags developed during the manufacturing of pig iron are referred to as “blast furnace”
slags and are produced by the smelting of various fluxes mixed with gangue minerals. The
raw material quality, as well as the design and operation, determine the quality and quantity
of slag. Several types of slags are produced. Granulated blast furnace slag, air-cooled blast
furnace slag, expanded or foamed slag, and pelletized slag are the various names for these
products [14].

Granulated BFS is obtained by cooling the liquid slag by dropping it on a powerful jet of
cold water, thereby making it expand, and using the water jet as a transport vehicle to the
decantation basins. During this process (granulation), the slag vitrifies. The principal use of
granulated blast furnace slags is for cement production [15,16], but GBFS can also be used as a
raw material to obtain geopolymers [7,17], showing good physical and mechanical properties.

Air-cooled blast furnace slag (ACBFS) is also a material derived from iron and steel
production, which is obtained by slow cooling of the liquid slag in large facilities. The
material crystallizes, forming different components, leaving only a small part in a glassy
state. The principal uses of this material are cements with soil-cement additions [18],
geopolymers [19], base layers of roads [20], and sound absorption materials [21]. Previous
studies [15] have analyzed the use of ACBFS as a fine aggregate, but the results are worse
than for natural aggregates. In 2016, 430,000,000 tons of slag were produced, 66% of which
were granulated blast furnace slags and 34% air-cooled blast furnace slags [14].

Olive pomace is used as biomass because of its high energy content and low cost;
around 30% of it is used to create power. In Spain, the combustion of olive pomace produces
more than 50,000 tons of ash each year [22].

Bottom and fly ash are two types of ash created during the combustion process of solid
fuel. Bottom ash is created on the grate in the boiler’s initial combustion chamber, and it
presents a higher percentage of unburned biomass. Previous studies have used these bottom
ashes in bricks [23,24], cement manufacture [25], road binders [26], geopolymers [27],
fine aggregates in mortars [28], fire resistance materials [29], and fertilizers [30], but the
percentage of recycling is very low.

Although ACBFS and olive pomace bottom ash (OPBA) has previously been used as
sources of aluminum and silicon to produce geopolymers and as a fine aggregate for mortars
using Portland cement, the results have not been promising [15,19,27,28]. The aim of this
study is to compare the mechanical and physical properties of two types of geopolymeric
mortars made with BFS as geopolymeric precursor, NaOH (8 M) as activating solution, and
ACBFS and OPBA as fine aggregates. This work presents two important benefits: (1) the
environmental benefit by means of the valorization of three wastes/byproducts in this
construction material, fulfilling the European regulation regarding circular economy, and
(2) the respective cost savings because of not landfilling these wastes.

2. Materials and Methods

2.1. Materials

Mortars were made with three fine aggregates and a geopolymer cement as the binder.
The geopolymer cement is made by means of the activation of granulated blast furnace
slag (BFS) with NaOH (8 M). The fine aggregates are standard silica sand, air-cooled blast
furnace slag, and olive pomace bottom ash.

Both granulate (BFS) and air-cooled (ACBFS) blast furnace slag come from EDERSA
(Gijón, Asturias, Spain). Biomass bottom ashes came from an energy generation process
that uses only olive pomace in an inclined grill oven from Villanueva del Arzobispo (Jaén,
Spain). Figure 1 shows an image of the four raw materials.
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Figure 1. Solid wastes and natural silica aggregates.

The chemical composition of BFS and ACBFS is practically the same, as can be seen
in Table 1. Both materials comprise four main components: lime, silica, alumina, and
magnesia, which constitute more than 95%. The chemical composition of the slags varies
depending on the steelmaking process employed and varies between 27–50% of SiO2;
5–33% of Al2O3; 30–50% of CaO, and between 1–21% of MgO [19].

Table 1. Chemical composition, specific gravity, and loss on ignition of the materials.

Chemical Composition (% Weight) BFS Natural Aggregate ACBFS OPBA

CaO 43.46 0.59 42.14 16.5
SiO2 35.82 86.5 34.76 45.4

Al2O3 11.60 5.83 9.12 10.4
MgO 7.59 0.13 6.06 5.0
SO3 - 0.04 1.77 -
TiO2 - 0.13 0.76 -
K2O 0.36 2.37 0.54 17.2

Fe2O3 1.01 1.33 0.42 4.2
MnO2 - - 0.41 -
Na2O 0.21 0.87 0.19 1.7
BaO - - 0.11 -
P2O5 - 0.07 - -
MnO - 0.03 - -

Specific gravity (g/ cm3) 2.93 2.71 2.91 2.05
Loss on ignition (%) 1.47 1.34 1.49 9.30
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According to EN 196-1 [31], natural silica fine aggregate (NA) (standard sand) is
processed mainly from what used to be lakes and rivers where large silica sand sediments
are found. SiO2 exceeds 85% of its chemical composition.

As can be seen, CaO, SiO2, Al2O3, and K2O are the main components of olive pomace
bottom ash (OPBA). In addition, OPBA presents a high unburned content, which leads to
the particles presenting a low specific gravity.

The XRD analysis of BFS, ACBFS, and OPBA was carried out using a D8 Advance
A25 instrument (BRUKER) (40 kV and 30 mA). The DIFFRAC-EVA software (BRUKER)
was used for phase identification. The software works with a reference database ICDD
PDF4.2022 version of JCPS. Phase identification and accurate quantitative phase analy-
sis (amorphous and crystalline contents) are based on the reference intensity ratio (RIR)
method [32,33]. Figure 2 shows the diffractograms of the three raw materials.

Figure 2. X-ray diffraction of BFS, ACBFS and OPBA.

Curves of BFS and OPBA were moved 1000 and 2000, respectively, from the real
intensity to improve the visualization of the curves. The XRD pattern of BFS showed a broad
peak in almost all 2θ ranges which is characteristic of an amorphous material (60.4%). BFS
only presented a peak corresponding to calcium silicate. ACBFS presented an amorphous
content of 20.5%. The main crystalline phases were akermanite, quartz, microcline, and
gehlenite. OPBA showed an amorphous content of 39.6%. Quartz, bütschliite, calcite, and
kalsilite were identified as the main crystalline phases. As can be seen, BFS has a large
amount of vitreous content, which made it a perfect raw material for the geopolymerization
reaction. On the other hand, ACBFS, which comes from the same process but with a slow
cooling in the air, showed a lower content of vitreous phase than BFS.

The particle size was examined using a Mastersizer 3000 particle size analyzer. The
particle size distribution of the three fine aggregates is depicted in Figure 3. OPBA presents
a particle size between 0–1500 μm with an average particle size of 387 μm. NA presents a
particle size between 250–1500 μm, with an average particle size of 680 μm while ACBFS
presents a wider size range than SS (0–2000 μm), but with a slightly lower average particle
size (660 μm) than NA. Previous research shows that BFS presents a smaller particle size
(50–100 μm) compared to the three fine aggregates [16].
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Figure 3. Particle size distribution of the fine aggregates.

2.2. Methods
2.2.1. Geopolymeric Mortar Preparation

Three different geopolymeric mortars were manufactured at room temperature using
a mixer (KitchenAid). The solid phase (BFS and fine aggregates) was mixed for 4 min at low
speed. Next, the liquid phase (activating solution, superplasticizer, and water) was added
to the solid phase, and all materials were mixed for a further 10 min. Table 2 shows the
different dosages. The geopolymer binder was prepared using BFS as the source material
and NaOH 8 M as the activating solution. In all cases, a superplasticizer (SP) based on
polycarboxylic ether-based superplasticizer (MasterEase 5025) was added. NaOH/BFS,
fine aggregate/BFS, and SP/BFS ratios were kept constant in all the mortars. Previous tests
were performed to calculate the accurate ratios of water to obtain a thixotropic material
with the same workability, as can be seen in Table 3. Mixtures with OPBA required a higher
H2O/BFS ratio, due to the higher LOI content, lower specific gravity, and fine particle size,
which increase the absorption of water during the mixing. Mixtures with SS showed the
lowest H2O/BFS ratio since SS presents the highest specific gravity (lower porosity).

Table 2. Ratios of geopolymeric mortars.

Fine Aggregates NaOH/BFS Fine Aggregate/BFS SP/BFS H2O/BFS

M-NA 0.3 3 0.078 0.027
M-CBFS 0.3 3 0.078 0.168
M-OPBA 0.3 3 0.078 0.503

Table 3. Density and strength of mortars.

Fine Aggregates Density (kg/m3)
Compressive Strength

(MPa)
Flexural Strength

(MPa)

M-NA 2313 ± 24 17.6 ± 1.1 2.5 ± 0.2
M-CBFS 2316 ± 34 18.9 ± 0.9 2.7 ± 0.1
M-OPBA 1712 ± 15 14.9 ± 0.7 2.0 ± 0.1

The solid phase (blast furnace ash and fine aggregates) was mixed for 4 min in a mixing
machine. Next, activating solutions SP and H2O were added to the previous mixture and
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mixed for 15 min. The resulting paste was placed in molds and was vibrated on the
vibrating machine for 1.5 min. The setting time of the mortars was less than 15 h at room
temperature, results were similar to other works [34], then, 24 h after their manufacture,
the samples were unmolded, wrapped in transparent film, and left to cure for a total of
28 days at 20 ◦C.

2.2.2. Mortar Characterization

The density of the mortars was evaluated in accordance with EN 1936 [35] for samples
cured for 28 days.

The pore size distribution in the range of 1 to 300 μm was studied using mercury
intrusion porosimetry (MIP-PoreMaster 60GT). The surface tension was 480 mN/m, the
contact angle was 140◦, and the maximum pressure was 413 MPa.

After 28 days, flexural and compressive tests were performed on parallelepipeds
160 × 40 × 40 mm, using a Tinius Olsen-TO317EDG, in accordance with EN 1015-11 [36].
For these tests, 5 parallelepipeds of each mortar were used, and the 2 pieces after the
flexural test (10 per composition) were subjected to compressive tests.

Resistance to acid attack is measured by evaluating the compressive strength of the
samples after immersion in 1 M sulfuric acid and water for 15 days (Figure 4), in accordance
with previous studies [37].

 

Figure 4. Samples in sulfuric acid.

For the test, four samples of each mortar were left to cure during a 28-day period. Two
of the samples were immersed in 1 M sulfuric acid, while the other two were left out in the
air. Acid samples were removed after 15 days. Then, they were dried at room temperature
for 2 days, and compressive strength was determined.

2.2.3. Leaching Study

According to EN 998-2 [38], mortars require the study of emissions of dangerous
substances, using standardized European tests and considering the different existing
national and regional provisions, although the said standard does not have any specific
tests or limits that must be met.

There are more than 55 different leaching tests for different conditions and materials.
Leaching tests can be classified mainly as static, dynamic, and tank tests.

In static tests, the leaching solution is a single addition that is not updated during the
test. The most used batch leaching tests are EN 12457-4 [39] and TCLP [40].

The leaching solution is recovered during dynamic experiments. This approach is
unsuitable for monolithic materials, such as cement-based materials, unless the material
size is reduced to the standard size required before testing.
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The tank test method involves rinsing the monolithic material in reagent water in a
tank. The most common tank tests are NEN 7345 [41] and EPA-1315 [42] and require more
than 60 days of testing.

In static tests, the leaching solution is a single addition which is not updated during
the test. EN-12457-4 [39] is the most frequently used leaching test in Europe, and it is used
to classify wastes in accordance with the EU Landfill Directive [43]. The test is quite basic. It
is based on a single stage leaching at a liquid/solid ratio of 10/1 for materials with particle
size distributions less than 10 mm. The liquid/solid mixture was rotated at 15 rpm for 24 h.
This study made use of deionized water. The Research, Technology, and Innovation Center
of the University of Seville (CITIUS) provided an ICP spectrometer (Agilent Technologies,
Madrid, Spain). Each leaching was subjected to two leaching tests.

Furthermore, this test is utilized in various European national and regional leaching
regulations to evaluate waste use in construction applications. For example, Portugal [44],
Italy [45], and some Spanish regions (Cantabria [46] and Basque Country [47]) have imposed
leaching limits for the valorization of wastes as part of construction materials based on the
results of this test.

3. Results and Discussion

3.1. Physical and Mechanical Properties

In Table 3, physical and mechanical properties (density, compressive, and flexural
strength) are shown. With respect to density, geopolymer mortars prepared with NA and
ACBFS presented similar values. Geopolymer mortar prepared with OPBA presented a
very low density (almost half compared with the other two).

To explain the results, porosity and pore size distribution were also analyzed. Porosi-
ties of geopolymer mortars are: 0.5 (M-NA), 0.8 (M-ACBFS), and 3.22 mL/g (M-OPBA).
Figure 5 shows the pore size distribution of the geopolymer mortars. M-OPBA presented a
high proportion of sorption pores (<0.1 μm) due to the presence of hydrated phases [48]
and the internal porosity of these bottom ashes because of the high quantity of unburned
matter (Table 1) present in the OPBA aggregate. Capillary pores are also visible in the
graph (ranging in size from 0.1 to 100 μm). They are the pores generated within the binder
and in the aggregate/binder interface. Water movement causes primary porosity due to
absorption into the surrounding masonry unit or evaporation to the air. Because of its high
water/solid ratio, M-OPBA has more capillary holes due to its high-water requirement
(Table 2). For these reasons, the M-NA mortar shows the lowest number of capillary pores.

 

Figure 5. Pore size distribution of the mortars.
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Coarse pores present sizes higher than 100 μm. Aggregates with high particle sizes
produce higher pores between particles. Consequently, M-OPBA mortars present a lower
coarse pore content compared with M-ACBFS and M-NA.

M-ACBFS mortar presented the highest compressive strength values (slightly higher
than M-NA and much higher than M-OPFA).

XRD of the three mortars was carried out and diffractograms are presented in Figure 6.

Figure 6. Mortars diffractograms.

Curves of M-ACBFS and M-OPBA were moved 1700 and 3000, respectively, from the
real intensity to improve the visualization of the curves. As can be seen, calcium silicate
appears in all curves; the crystalline phase comes from the BFS. Calcite, quartz, and kalsilite
from the OPBA stayed in the M-OPBA. However, the Bütschliite completely disappeared.
Akermanite, quartz and, microcline from the ACBFS remained in the M-ACBFS (reduction
of the akermanite peak is important) and the gehlenite disappeared. M-NA presented peaks
of quartz and mullite, which comes from the natural aggregate (standard sand). Amorphous
content of M-NA, M-ACBFS, and M-OPBA was determined by DIFFRACT.EVA software
and the results were 34.2, 36.3, and 41.9%, respectively. Considering that the amorphous
content in the M-NA (34.2%) is due to the BFS attack (NA was contacted with the activating
solution and no reaction was displayed (wet sand behavior was observed)) and comparing
the amorphous content of the three mortars (M-ACBFS = 36.3% and M-OPBA = 41.9%), it
can be confirmed that the aggregates ACBFS and OPBA have been attacked during the
geopolymerization reaction, contributing to the development of the amorphous phase of
the final material.

Although M-ACBFS presented higher porosity than M-NA, the CS of M-ACBFS was
slightly higher due to the greater amorphous content of M-ACBFS lead by the contribution
of BFS and ACBFS (materials with amorphous content of 60.4 and 20.5%, respectively)
to the geopolymerization reaction, which creates a final mortar with a higher content of
geopolymer gel and better CS. In addition, BFS and ACBFS are similar materials with
the same source; therefore, compatibility and adhesion between the geopolymer gel, the
unreacted BFS and ACBFS, could be right to improve the CS [19].

M-OPBA mortars presented the worst mechanical properties. This mortar showed
the highest amorphous content (41.9%) of the three mortars; therefore, the contribution of
OPBA to the amorphous content of the M-OPBA is greater than the ACBFS and NA in their
respective mortars. However, this higher contribution does not correspond with the CS
results. This could be due to the effect of the smallest particle size and unburned content of
OPBA, which produces greater requirements of water to obtain a workable material, with a
final result of a low-density mortar with a lower CS.
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According to EN 998-2 [38], M-NA and M-ACBFS could be classified as M-15 to be used
as masonry mortars, and M-OPBA is slightly below M-15 and can be classified as M-10. On the
other hand, all mortars present a compressive strength higher than 12.4 MPa at 28 days, and
they can be classified as type S mortars according to ASTM C270 for masonry mortars [49].

The flexural strength followed the same trend as density and compressive strengths. The
mortars made with NA and ACBFS, which contained less water, obtained the highest flexural
strength results. On the other hand, the OPBA mortar presents a high porosity; therefore, the
flexural test showed the worst results. As previously mentioned, the use of ACBFS produced
a higher geopolymerization process and slightly increased the flexural strength.

3.2. Acid Attack Test

Compressive strength results after air contact and acid immersion for a further 15 days
are shown in Figure 7. All the compressive strength results after the acid attack are lower
than air. The main effect of the sulfuric acid attacks in the matrix was the generation
of gypsum inside the pores and all around the sample (Figure 8), which causes pore
spalling and results in worse mechanical properties for all the mortars [26]. This decrement
is directly related to the macropores present in the mortars; M-OPBA presents a high
proportion of macropores (Figure 5) and presents a higher percentage of diminution (41%
of reduction), while M-NA presents a low amount of macropores, and its diminution is
lower (23% of reduction).

 

Figure 7. Compressive strength after acid attack.

 

Acid        Air 

Figure 8. M-ACBFS after immersion in sulfuric acid and air for 15 days.
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3.3. Leaching Study

EN-12457-4 [39] has been used to characterize the leaching behavior of the different
solid materials. According to the EU Landfill Directive [41], this test is used to classify
wastes [43].

Table 4 shows the results of the leaching test of BFS, ACBFS, OPBA, and NA. Three
categories are defined by the Landfill Directive: inert, non-hazardous, and hazardous
wastes. Results show that ACBFS, BFS, and NA can be considered an inert waste. Because
the values of Se, Sb, and Ni are higher than inert limits but lower than non-hazardous
standards, OPBA can be classified as non-hazardous waste.

Table 4. Leaching results of different solid materials of EN 12457-4 (mg/kg, dry basis).

BFS NA OPBA ACBFS Inert Waste Non-Hazardous Waste Hazardous Waste

As <0.2 <0.2 1.8 <0.2 0.5 2 25
Zn <0.25 <0.25 <0.25 <0.25 4 50 200
V 0.19 - - 0.16 - - -
Sn <0.25 - - <0.25 - - -
Se <0.04 <0.04 0.4 0.07 0.1 0.5 7
Sb <0.05 <0.05 0.2 <0.05 0.06 0.7 5
Pb <0.2 <0.2 9.3 <0.2 0.5 10 50
Ni <0.05 <0.05 1.3 <0.05 0.4 10 40
Mo <0.2 <0.2 1.8 <0.2 0.5 10 30
Hg <0.01 <0.01 <0.01 <0.01 0.01 0.2 2
Cu <0.1 <0.1 6.7 <0.1 2 50 100
Cr <0.1 <0.1 <0.1 <0.1 0.5 10 70
Co <0.02 <0.02 <0.02 <0.02 - - -
Cd <0.02 <0.02 <0.02 <0.02 0.04 1 5
Ba 13.1 0.82 0.3 0.7 20 100 300

Portugal [44] and Italy [45] have national requirements, whereas Spain (Cantabria [46]
and Basque Country [47]) present regional regulations for waste recycling in construction
materials in accordance with the results of EN 12457-4. Table 5 shows the comparison of
the results with the different international and regional requirements.

Table 5. Leaching results of EN 12457-4 compared with different international and regional require-
ments (mg/kg, dry basis).

Element Portugal [43] Italy [44] Cantabria [45] Basque Country [46] BFS OPBA ACBFS

Zn 4 0.03 4 1.2 <0.25 <0.25 <0.25
V - - - 1.3 0.19 - 0.16
Sn - - - - <0.25 - <0.25
Se 0.1 0.1 0.1 0.007 <0.04 0.4 0.07
Sb 0.06 - 0.06 - <0.05 0.2 <0.05
Pb 0.5 0.5 0.5 - <0.2 9.3 <0.2
Ni 0.4 0.1 0.4 0.8 <0.05 1.3 <0.05
Mo 0.5 - 0.5 1.3 <0.2 1.8 <0.2
Hg 0.01 0.01 0.01 - <0.01 <0.01 <0.01
Cu 2 0.5 2 - <0.1 6.7 <0.1

Cr (total) 0.5 0.5 0.5 2.6 <0.1 <0.1 <0.1
Co - - - - <0.02 <0.02 <0.02
Cd 0.04 0.05 0.04 0.009 <0.02 <0.02 <0.02
Ba 20 10 20 17 13.1 0.3 0.7
As 0.5 0.5 0.5 - <0.2 1.8 <0.2

In Portugal, waste recycling is permitted as long as the limit for inert waste [42] in
waste components is not exceeded. According to Portuguese law, BFS and ACBFS could be
reused, but not OPBA. According to the Italian requeriments [45], OPBA cannot be used
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due to excessive As, Mo, Pb, Se, Ni, Sb, and Cu levels. BFS has a greater Ba leaching content,
whereas ACBFS matches the standards of the Italian law.

In Spain, there are no specified national limitations for heavy metals leaching of wastes
as raw materials. Nonetheless, there is regional legislation based on EN 12457-4 results,
that allows us to determine whether a waste can be recycled in construction applications,
such as Cantabria and Basque Country legislations. BFS and ACBFS can be recycled in
construction materials in Cantabria and Basque Country under these conditions. Most of
the metals in OPBA leaching exceed the Cantabria and Basque Country limits.

4. Conclusions

The results of some physical, leaching, and mechanical properties of two different recy-
cled aggregates, air cooled blast furnace slag and olive pomace bottom ash in geopolymeric
mortars has been analyzed.

Although OPBA shows amorphous content which is slightly activated by the alkaline
solution, as can be observed with the amorphous content of the M-OPBA, in the M-OPBA
prevails the effect of the smallest particle size and unburned content of the OPBA, which
produces greater requirements of water to obtain a workable material, with the final result
of a low-density mortar with lower CS.

Regarding mechanical properties, geopolymeric mortars with ACBFS have 7% more
compressive and flexural strength than those made with OPBA and even with NA. This
result could be due to two reasons. On one hand, ACBFS presents an amorphous con-
tent, which, although it is lower than BFS, it is significant enough to participate in the
geopolymerization reaction. On the other hand, chemical similarities between BFS and
ACBFS could improve the compatibility and adhesion between the geopolymer paste, the
unreacted BFS and ACBFS, upgrading the final mechanical properties.

Leaching studies have also been performed to determine the environmental safety
use of these wastes. According to those findings, OPBA has leaching values greater than
several Spanish, Portuguese, and Italian criteria, but the use of ACBFS has not presented
any leaching problems.

According to EN 998-2 [38], M-NA and M-ACBFS could be classified as M-15 to be
used as masonry mortars while, as M-OPBA strength is slightly below the M-15 limit, it
must, therefore, be classified as M-10.
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Abstract: Gas-To-Liquid (GTL) processing involves the conversion of natural gas to liquid hydro-
carbons that are widely used in the chemical industry. In this process, the Fischer–Tropsch (F-T)
approach is utilized and, as a result, wastewater is produced as a by-product. This wastewater
commonly contains alcohols and acids as contaminants. Prior to discharge, the treatment of this
wastewater is essential, and biological treatment is the common approach. However, this approach is
not cost effective and poses various waste-related issues. Due to this, there is a need for a cost-effective
treatment method. This study evaluated the adsorption performance of activated carbon fibers (ACFs)
for the treatment of GTL wastewater. The ACF in this study exhibited a surface area of 1232.2 m2/g,
which provided a significant area for the adsorption to take place. Response surface methodology
(RSM) under central composite design was used to assess the effect of GTL wastewater’s pH, initial
concentration and dosage on the ACF adsorption performance and optimize its uptake capacity. It
was observed that ACF was vitally affected by the three studied factors (pH, initial concentration and
dosage), where optimum conditions were found to be at a pH of 3, 1673 mg/L initial concentration
and 0.03 g of dosage, with an optimum uptake of 250 mg/L. Kinetics and isotherm models were
utilized to fit the adsorption data. From this analysis, it was found that adsorption was best described
using the pseudo-second order and Freundlich models, respectively. The resilience of ACF was shown
in this study through conducting a regeneration analysis, as the results showed high regeneration
efficiency (~86%) under acidic conditions. The results obtained from this study show the potential of
using ACF under acidic conditions for the treatment of industrial GTL wastewater.

Keywords: industrial water treatment; activated carbon fibers; optimization; isotherm models;
kinetics models; adsorption regeneration; GTL process

1. Introduction

To counteract climate change, there has been a vast focus on the Fischer–Tropsch
(F-T) process to produce liquid hydrocarbon products [1]. This is reasoned for F-T’s ability
to operate at lower carbon dioxide (CO2) emissions than regular fossil fuel production
processes [2]. Along with that, fossil fuels from the F-T process have lower contents of
sulfur and aromatics in comparison to fossil fuels from conventional processes [3]. These
lower contents are advantageous towards the environment [2] as they are favored by end-
users [4]. However, there is a side effect of this process, where wastewater is produced as a
by-product in huge quantities [5], and this by-product is expected to grow even further [6,7].

Wastewater produced from the F-T process is known as Gas-To-Liquid (GTL) water [8].
For every ton of liquid fuel obtained from the F-T process, 1–1.3 tons of wastewater is
produced as a by-product. The source of this GTL wastewater is mainly from the reaction
units [9], and this water mainly contains dissolved organic matter. This organic matter
is usually constituted of acids, alcohols, acetates, ketones and aldehydes [10,11]. The
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adversity of the presence of these contaminants is usually portrayed through measuring
their chemical oxygen demand (COD) or total organic carbon (TOC) [12,13]. Commonly,
the COD of GTL wastewater mixture consists of 76% and 10% of short- and long-chain
alcohols, respectively, with the rest being acids and hydrocarbons [8]. Due to the organic
mixed nature of this wastewater, there are limited treatment approaches. Given that, the
conventional treatment approach is anaerobic biodegradation. This treatment in the GTL
process does not achieve complete removal of these contaminants before discharge [14–16].
Hence, there is a need to explore new methods to achieve better removal levels, where
discharge regulations are expected to become even sterner [7].

As the current treatment method delivers undesirable removal, a more robust treat-
ment approach is needed to achieve better treatment of GTL wastewater. Advanced
biological treatment methods for contaminant removal have been of interest in the litera-
ture to enhance the current treatment approach [8]. Such methods were observed to be cell
immobilization [17,18] and bio-nanotechnology [19,20]. Regardless of their effectiveness,
these methods exhibit several drawbacks. These drawbacks were reported to be mainly cost
related, linked to the cost of chemicals and the considerable solid waste produced [8,21].
Based on this, a low-cost approach with less waste and appealing removal is needed for
GTL wastewater treatment.

Although the literature is mostly focused on developing advanced aerobic biological
methods, exploring alternative cost-effective treatment methods is of value to enhance GTL
wastewater treatment. Such methods need to be able to tackle various contaminants at the
same time, while exhibiting minimal solid waste and operational costs. From the different
methods of treatment discussed in the literature for wastewater treatment, adsorption
is known to bring in these attributes: low cost and waste [22,23]. In addition to that,
the best material reported to exhibit these attributes using the adsorption technique is
known to be activated carbon [6]. This is due to its high efficiency and reusability, as it is
reported to last for several adsorption cycles through means of regeneration [6,24]. Based
on the advantages brought by activated carbon and the lack of work on GTL wastewater
adsorption in the literature, there is a need to explore this area as it is of great economic
value. Hence, the objective of this study is to investigate the effectiveness of inexpensive
activated carbon fibers (ACFs) for the treatment of GTL wastewater as an inexpensive
alternative method to costly biological treatment. To report the output of this investigation,
the ACF was characterized and tested against actual GTL wastewater using different
investigation approaches. These approaches consisted of response surface methodology
(RSM) to determine the optimal conditions for the adsorption medium, equilibrium studies
that were used to discuss the adsorption mechanism and a regeneration study to report the
recyclable nature of the ACF used.

2. Materials and Method

2.1. Materials

GTL wastewater samples for the study were collected from a local GTL plant. The main
characteristics of this water have been reported in a previous study by Surkatti et al. [25].
To ensure the stability of the system, the GTL wastewater samples were pretreated using
aeration to remove any volatile organic components such as short-chain alcohols. Analysis
of the GTL wastewater is shown in Figure 1.

2.2. Adsorbents

Activated carbon fibers (ACFs), obtained from Zhejiang Xingda in China, were utilized
as adsorbent materials. The ACF was selected based on a screening process, where several
types of adsorbents were tested for the removal of organic pollutants in GTL wastewater.
These adsorbents are as shown in Table 1. Out of these types, ACF showed superior
performance in terms of reducing the COD and TOC content.
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Figure 1. F-T wastewater compositions by COD readings [8].

Table 1. Screened adsorbents for GTL wastewater treatment.

Sample Uptake (mg/g) Source

Powder AC ND * Commercial
Fibrous AC 81 [26]

ACF 116.5 Zhejiang Xingda
Date-Pit ND * Produced in house

Steel Dust ND * Produced in house
Wood ND * Produced in house

* ND: no detectable uptake was observed.

2.3. Activated Carbon Fibers Characterization

To characterize the ACF, functional groups were obtained using transform infrared
spectroscopy (FTIR) analysis that was performed on a range from 400 to 5000 cm−1. Trans-
mission electron microscopy (TEM—EDX) was used to observe the internal form of the
adsorbent using Transmission Electron Microscopy Model: TECNAI G2 TEM, TF20, Thermo
Fisher Scientific, Waltham, MA, USA. The choice of TEM instead of the SEM is due to the
sample size. Depending on the sample size, it was reported by many studies that it is ideal
to use TEM to view the internal details of the adsorbent [27–30]. The X-ray diffraction
(XRD) trims were obtained using Rigaku MiniFlex-600 equipped with a Cu X-ray tube.
The readings from the device provide diffraction peaks that define the structures present
using their distinct fingerprint. The intensity and width of the peak can be used to identify
the quantity of the structures present. Surface area and pore volume were obtained using
Brunauer Emmett Teller (BET, Micromeritics, Tristar II series, USA).

2.4. Batch Adsorption and Response Surface Methodology

For the adsorption studies, a shaker of Labnet model was used. This shaker was
used at a 200 rpm rotational speed and 293 K temperature for all the experiments. The
factors under investigation consisted of GTL wastewater pH and initial concentration, in
addition to adsorbent dosage. GTL wastewater of 50 mL in a sealed jar was used in all
the batch experiments unless it is otherwise mentioned. For each experiment where an
adsorbent was inserted into the GTL wastewater, a corresponding GTL wastewater of the
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same concentration without an adsorbent was placed in the shaker. This was performed to
unify the conditions where concentration readings are taken. The concentration readings
are measured with an HAC—UV spectrophotometer using COD reagents. The samples
were inserted into HAC LCK514 cuvettes and were heated for 2 h to ensure the completion
of the reaction between the GTL wastewater sample and the reagent. The cuvettes were
then transferred to HAC 3900 to measure the COD content that is reported in milligrams
per liter (mg/L).

These concentration measurements are used to quantify the uptake capacity using
Equation (1). This is to show the effect of the GTL wastewater pH, initial concentration and
ACF dosage.

qe =
(Ci − Ce)

m
V (1)

where qe is the adsorption capacity in milligrams per gram (mg/g), Ci is the initial concen-
tration in mg/L, Ce is the equilibrium capacity in mg/L, V is the volume of the adsorption
system in L and m is the mass of the ACF adsorbent.

The factors under investigation were three, and they are as shown in Table 2. The
Minitab software generated 20 experimental runs under central-composite type of design.
The results obtained from the RSM analysis were fitted using a polynomial shown in
Equation (2) to acquire the investigated factors at their optimized conditions.

Y = β0 +
4

∑
i=1

(βiXi) +
4

∑
i=1

4

∑
j=1

(βiXiXj) +
4

∑
i=1

(
βiiX2

i

)
+ ε (2)

where Y is the measured response (adsorption capacity—qe); β0, βi, βij and βii are the
coordinates of constant, linear, interaction and quadratic, respectively. Xi is the independent
factor that affects the measured response and E is the error posed by the model. To gain the
interactions between the factors and the measured response, analysis of variance (ANOVA)
was utilized. The significance of the factors in the model on the response was assessed
using the Fisher value ratio (F-value) and probability value (p-value) and the correlation
between them was constructed based on the correlation coefficient (R2).

Table 2. Parameters for designing the 3-factor RSM for GTL wastewater treatment.

Independent Factor
Factorial and Center Level Axial Level

Low (−1) Center (0) High (+1) Lowest (−α) Highest (+α)

pH 2.64 6 9.36 4 8
Initial Concentration

(mg/L) 327.28 1000 1672.7 600 1400

ACF Dosage (g) 0.032 0.3 0.37 0.1 0.3

Based on the results obtained, another set of 12 experimental RSM runs was conducted
for two factors to confirm the results obtained from the first RSM. The runs obtained are
under the same levels and they are shown in Table 3.

Table 3. Parameters for designing the 2-factor RSM for GTL wastewater treatment.

Independent Factor
Factorial and Center Level Axial Level

Low (−1) Center (0) High (+1) Lowest (−α) Highest (+α)

pH 1.79 2.5 3.21 2 3
Initial Concentration

(mg/L) 434.31 1000 1565.69 600 1400

2.5. Kinetic and Isotherm Modeling

For reporting the kinetic behavior of the GTL wastewater adsorption system, the
adsorption process was conducted at room temperature, using 250 mL of GTL at 1000 ppm
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concentration. The pH was set at the original pH conditions which are (3.2) of 1000 ppm.
A total of 0.25 g of ACF was used in the system, and a 10–180 min of contact time was
considered. The output of this experiment was assessed using the below models.

Pseudo-first order : qt = qe

(
1 − e−k1t

)
(3)

Pseudo-second order : qt =
k2 q2

e t
1 + k2qet

(4)

Intraparticle diffusion : qt = Kint
√

t (5)

where qt is the uptake capacities of the ACF at the time of measurement in (mg/g), qe
is the equilibrium uptake capacity qe in (mg/g) of the ACF where t is the time of the
measurement (min). k1 is the rate of adsorption factor (min−1), k2 is the rate constant of
the Pseudo-second order model (g/mg.min), Kint is the intraparticle diffusion constant
(mg/g min0.5) [31,32].

In order to obtain the adsorption isotherms, batch experiments were carried out for a
duration of 24 h. These experiments were conducted at room temperature, where an ACF
dosage of 0.1 g was used in a 100 mL volume of GTL wastewater. The initial concentration
of the GTL wastewater ranged between 300–1640 ppm and the output of these runs were
fitted using the below models.

Langmuir : qe =
qmk1Ce

1 + k1Ce
(6)

Freundlich : qe = k f C
1
n
e (7)

Exponential : qe = a
(

1 − ebCe
e

)
(8)

Dubinin-Radushkevick (D-R) : qe = qe exp
(
−β

[
RTln

(
1 +

1
Ce

)]
2
)

, E =
1√2β

(9)

where qe is the uptake capacity of ACF at equilibrium in mg/g, qm is the maximum uptake
capacity in mg/g, k1 is the Langmuir isotherm constant in L/mg, kf is the Freundlich
constant in mg/g (L/g)n, 1/n is the heterogeneity factor, a and b are the exponential
isotherm model constants in mg/g and g/mg, respectively, β is the activity coefficient of
the D-R model in mol2/kJ2, R is the gas constant, T is the absolute temperature in (K) and
E is the free energy of sorption in kJ/mol [33,34].

2.6. ACF Regeneration

The ACF adsorbents were regenerated using ethanol, which has been reported to
achieve the best performance for the regeneration of activated carbon [35] (El-Naas et al.,
2010). A specific mass of the saturated adsorbent (about 0.1 g) was tested in a series of
batch experiments with 1000 ppm COD GTL wastewater. After each batch experiment,
the uptake capacity is calculated and ACF was treated with 100 mL of 100% ethanol and
placed on the shaker for a period of 2 h. The ACF was washed using distilled water and
later dried in the oven at 105 ◦C for 24 h. The results from these runs are then translated
into regeneration efficiency that is described below:

Regeneration E f f iciency (%) =
qr

q1
100% (10)
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where q1 is the uptake capacity in mg/g obtained from the first cycle of batch adsorption
and qr is the uptake capacity in the succeeding cycles in mg/g.

3. Results and Discussion

3.1. TEM—EDX and BET Analysis

Figure 2 shows the TEM imaging for the ACF used in this study. From the figure, it
can be seen that the activated carbon fibers are cylindrical in shape, which is similar to
other fibrous activated carbon used in the literature [27,28]. In addition, the surface of the
adsorbent shown is rough, as indicated by the stripes in Figure 2b. These stripes enable
the adsorbent to enhance the trapping of small organic molecules [36,37], and this serves
the objective of this study: removing organic material from GTL wastewater. With the
rough surfaces, various smears are observed on the ACF. These indicate the modification
of the adsorbent, where similar smear patterns were observed in the literature [38–40]. This
confirms the treatment of the ACF shown in the map—EDX in Figure 3. From this map,
it is seen that the used ACF consists of 87.97, 10.08 and 1.95 wt% of carbon, oxygen and
phosphorous, respectively. In addition to this, the BET analysis revealed a surface area of
1232.3 m2/g and BET average pore diameter of 21.4 A. The distribution of the BET pore
volume is shown in Figure 4.

 

Figure 2. TEM test for ACF (a) at 5000× magnification and (b) at 10,000× magnification.

Figure 3. Map—EDX for ACF.
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Figure 4. BET performed on ACF to showcase the pore volume distribution.

3.2. X-ray Diffraction Analysis (XRD)

In addition to the discussed ACF characteristic analysis above, the ACF has undergone
an XRD analysis. The results from this analysis confirmed the characterization of this
study’s adsorbent as fibrous activated carbon (ACF) when compared to the ACF XRD
readings present in the literature [41,42]. The XRD reading in Figure 5 shows two broad
diffraction peaks that correspond to 23◦ and 43.4◦. These two peaks are representations of
the 002 and 100 reflections of carbon that are observed in other studies [43,44]. These two
planes confirm the presence of amorphous carbon in the adsorbent used in this study [45].

Figure 5. XRD analysis of ACF used in this study.

3.3. RSM Analysis of Statistical Model

RSM is a widely used method in the experimental field to design tests for obtaining
desired optimized conditions using a set of experiments. These experimental sets are
obtained through stating key variables, in which they are optimized to reach the maximum
desirable response [46,47]. As stated in the methods section, the response here is the uptake
of contaminants in GTL wastewater. Using the RSM results for the experiments, at the
specified conditions, the maximum observed uptake was 111 mg/g while the minimum
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case was where no uptake took place. From these results and the proposed independent
factors, the obtained mathematical equation is as shown below:

Uptake = 171.8 − 34.65 pH + 0.0975Ci − 568Dosage + 1.599pH2

−0.000017C2
i + 436Dosage2 − 0.0035pH Ci

+51.6pH Dosage − 0.0402CiDosage
(11)

To learn about the importance level of the model, ANOVA is utilized as a method that
is generated after analyzing the RSM output. From the ANOVA, the p-value and F-value
are obtained, in which they represent the adequacy of the model through being small and
large in value, respectively [48]. As shown in Table 4, the metric to measure the significance
of the variables was the p-value < 0.05 along with the F-value < 247.7 for DF 1 or <8.667
for DF 3. This shows that the model obtained poses a 95% level of confidence for the
experimental data, hence its adequacy. Furthermore, for the three tested factors, the p-value
and the F-value obtained showed that their effect on the uptake is significant. All the
interactions in the model were observed to be significant as well. To determine the quality
of the model, the correlation coefficient (R2) is used as an indication. For the model shown
in Equation (11), the obtained R2 was 0.9341 and this shows the strength of the model in
determining the uptake of GTL wastewater contaminants using the independent factors.

Table 4. Analysis of variance (ANOVA) for response quadratic model for adsorption uptake.

Source DF Adj SS Adj MS F-Value p-Value Remarks

Model 9 10,854.9 1206.10 15.74 0.000
Linear 3 8936.2 2978.74 38.88 0.000

pH 1 4077.1 4077.08 53.21 0.000 Significant
Ci 1 2746.5 2746.48 35.84 0.000 Significant

Dosage 1 2112.7 2112.67 27.57 0.000 Significant
Square 3 983.3 327.77 4.28 0.035 Significant

pH× pH 1 589.7 589.73 7.70 0.020
Ci×Ci 1 100.5 100.53 1.31 0.279

Dosage×Dosage 1 274.1 274.05 3.58 0.088
2-Way Interaction 3 935.4 311.79 4.07 0.040 Significant

pH×Ci 1 62.6 62.62 0.82 0.387
pH×Dosage 1 852.1 852.09 11.12 0.008
Ci×Dosage 1 20.7 20.66 0.27 0.615

Error 10 766.2 76.62
Lack-of-Fit 5 755.6 151.12 71.13 0.000
Pure Error 5 10.6 2.12

In order to obtain a comprehensive view of the RSM model using the stated experi-
mental conditions, the three (Ci, pH and dosage) independent factors were examined in
the form of plots. To determine the effect of each independent factor, the three-dimensional
(3D) and contour plots were obtained as shown in Figure 6. From the plots and Table 4, it is
observed that the three examined factors have a significant effect on the response, while
their squares do not. This non-effect is also observed through the two-way interaction
between the factors. This finding was based on the p-value and F-value obtained.

In this GTL wastewater system, pH showed influence over the uptake and was
examined for the range of 2.6–9.4. To explain the behavior of the ACF under various pH
conditions, it is essential to first gain an overview of the adsorption mechanism for AC.
As suggested in the literature, the mechanism of adsorption occurs via multiple complex
mechanisms. These adsorption mechanisms can take place due to: (1) accumulation of GTL
wastewater on the surface of the ACF, (2) adsorption due to functional group polarity and
(3) π–π interactions between the different layers of the adsorbent and the adsorbate [49]. As
the nature of GTL wastewater consists of aliphatic compounds, the latter mechanism is not
expected to take place in this study (mechanism 3). Due to this, electrostatic interactions
are considered to be playing the major role between the ions in the GTL wastewater and
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the ACF surface [50]. As ACF is amphoteric in nature, adsorption is influenced by the pH
of the system [51]. To examine the effect of pH on the interaction between GTL wastewater
and ACF, drops of 0.1 M NaOH or 0.1 M HCl were used. From Figure 6, the effect of this
modification can be observed, and it is concluded that at low pH, higher uptake is attained
at different initial GTL wastewater concentrations and ACF dosages. The low performance
of the adsorbent at high pH is explained by the competition on the ACF active sites that
occurs between the OH− ions present in the GTL wastewater and the added electrons.
Furthermore, at high pH, the occurrence of soluble complexes is possible, which can also
hinder the uptake capabilities of the ACF [52].

Figure 6. 3D surface and contour plots for three-factor (pH, Ci and dosage) RSM.

As pH was part of the RSM analysis, initial GTL wastewater concentration was also
examined using the series of batch experiments. The effect of initial concentration on the
GTL wastewater is as shown in Figure 6. From this figure, it is seen that uptake is mostly
optimal at high concentrations. The reason for this is the presence of more OH− groups
from the GTL wastewater in the system at high concentrations. This increased presence
of OH− was reported in the literature to increase adsorption due to the increase of mass
transfer forces [53]. Based on this, more uptake takes place under high concentrations
in GTL wastewater using ACF and it is due to the increase in the driving force of the
mass transfer.
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Similar to the initial concentration effect, dosage exhibited similar behavior in terms
of uptake. As observed in Figure 6, the uptake of the GTL wastewater system increased
with the increase of the dosage. This is simply explained by the presence of more active
sites where more adsorption took place. However, this increase is expected to be hindered
when a mass transfer limitation is faced [53].

As discussed above, GTL wastewater is favorable for treatment with ACF under
acidic conditions. The most-favored conditions were around an optimum pH of 3 in
the three-factor RSM, which is GTL wastewater’s pH without any modification. This
optimum condition is ideal for the GTL wastewater, as it is acidic in nature and hence
will not require pre-treatment prior to the adsorption process. Based on this, an economic
benefit is introduced by the ACF adsorbent studied, as there will be no requirement for
pH modification and extra treatment costs are avoided. Most adsorbents in the literature
operate at basic or neutral pH [6,54,55], whereas the ACF used in this study can withstand
acidic conditions. This shows the effectiveness of this adsorbent to handle and operate
efficiently at acidic environments. The confirmation of this advantage was also shown
through the two-factor RSM analysis (Figure 7), where the adsorption system was also
optimal at pH close to 3, and this is due to the reasons explained previously.

Figure 7. 3D surface and contour plots for two factor (pH and Ci) RSM.

3.4. Model Optimization and Validation

From the developed RSM model, the response was optimized to determine the best
conditions for maximum uptake. The output of the optimization is shown in Table 5, where
uptake is seen to be optimum at an acidic pH, high concentration and low dosage. These
data were validated experimentally, where the obtained uptake was seen to be higher than
expected. This better performance is expected due to the increase in mass driving force due
to the high concentration and small dosage.

Table 5. RSM model validation using repeated experiments.

pH Ci (mg/L)
Adsorbent

(g)
Actual Uptake

(mg/g)
Predicted

(mg/g)

Trial 1 2.6 1672.7 0.03 248.4 177.5
Trial 2 2.6 1672.7 0.03 250.0 177.5

To assess the adequacy of the model, the response obtained from the model was
validated experimentally. The assessment’s results are as shown in Figure 8, where can be
seen that the experimental data are close to the uptake obtained from the model. With these
results, it can be concluded that the obtained model to determine the uptake is adequate
for GTL wastewater contaminant removal using ACF.
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Figure 8. Model v at Ci 1000 mg/L and 3.0 pH.

3.5. Kinetic and Isotherm Studies

To determine the adsorption rate, experimental data were collected at the identified
conditions in the methods section. The collected data were fitted into three kinetic models:
pseudo-first order, pseudo-second order and intraparticle diffusion. The choice of these
models is based on their common presence in the literature. The data obtained from this
analysis are shown in Figures 9–11 and Table 6 using the kinetic models stated in the
methods section. Using the R2 obtained via fitting the models, the fitting adequacy of each
model was assessed. Figure 9 shows the linearized plotting of the pseudo-first order model
where the slope and the intercept were used to obtain the equilibrium uptake Qe and rate
constant k1. The R2 for this model was of 96%, which indicates that the kinetics of GTL
wastewater follow the pseudo-first order model. Similarly, in Figure 10, the linearized
pseudo-second order plot was constructed using t/Qt versus time. The experimental data
in this plot were very close to the predicted values, and this is represented by the 98% R2

value. On the other hand, for the intraparticle diffusion in Figure 11, the linearized plot of
Qt versus time0.5 showed a correlation of 84%. This low R2 indicates that the adsorption
system of GTL wastewater and ACF do not follow the intraparticle model.

 
Figure 9. First-order kinetic model for GTL wastewater treatment using ACF.
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Figure 10. Second-order kinetic model for GTL wastewater treatment using ACF.

Figure 11. Intraparticle diffusion kinetic model for GTL wastewater treatment using ACF.

Table 6. Kinetic models fitted for ACF/GTL wastewater adsorption process.

Kinetic Model Parameters Value

Pseudo-first order
qe (mg/g) 51.8
k1 (min−1) 0.01

R2 0.96

Pseudo-second order
qe (mg/g) 111
k2 (min−1) 0

R2 0.98

Intraparticle diffusion
Kint (mg/g min0.5) 5.66

I (mg/g) 35.1
R2 0.84

The illustration in Figure 11 of the intraparticle diffusion shows that multistage ad-
sorption occurrs in the GTL wastewater/ACF system. The figure indicates the presence of
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two stages for how adsorption takes place. The first stage is the external diffusion of the
adsorbate into the ACF surface where the adsorbate is instantaneously adsorbed. This is
reflected in the steep slope observed at the beginning of the treatment time. The later stage
is when the adsorption rate is slow, and this represents the slow motion of the adsorbate
in the system from the large pore to the small ones. Overall, the observed behavior from
Figure 11 indicates that the adsorption process for the GTL wastewater system into ACF is
not only intraparticle controlled [56,57].

Out of all the examined models, the pseudo-second order model was observed to be
the better representative of the kinetics of the GTL wastewater/ACF system. Based on this,
the system’s adsorption mechanism follows chemisorption.

In addition to the kinetics, an isotherm analysis was conducted to assess the appli-
cability of Langmuir (Equation (6)), Freundlich (Equation (7)), exponential (Equation (8))
and D-R (Equation (9)) isotherm models. Using the nonlinear regression approach—the
sum of square errors (SSE), R2 and the Akaike Information Criterion (AIC) [35], the quality
of fitting for each model was determined. The AIC is a method used for comparison
between different models in which the lowest value yielded from the following formula is
considered the best model:

AIC = 2p + Nln
(

SSE
N

)
(12)

where p is the number of independent parameters in the tested model, N is the number of
data points. For a small sample size (N/p < 40), the second-order AIC (AICc) is used. AICc
is defined as follows:

AICc = AIC +

[
2p (p + 1)
N − p − 1

]
(13)

The following difference in the AICc using the model’s AICc and minimum AICc
(AICcmin) for all the models is used to find the Akaike weight (wi), where the highest value
recommends the best model:

ΔAICc = AICc(i) − AICcmin (14)

wi =
exp

(
− 1

2 ΔAICc(i)

)
∑i=1 exp(− 1

2 ΔAICc(i))
(15)

Figure 12 shows the fitting of these models against experimental data with isotherm
parameters of each model in Table 7. From this table, the best fit that is close to experimental
data is seen to be exhibited by the Freundlich isotherm model, with R2 being at 97%, SSE
being the lowest (228) and wi being the highest at 0.79. Overall, from the tested models, the
Langmuir and Freundlich models best fitted the isotherm obtained experimentally. This can
be reflected in Figure 12, as it shows that the adsorption mechanism is non-ideal, reversible,
monolayer and multilayer. The maximum adsorbed contaminants on the monolayer (qm)
were found to be 322 mg/g, while kF, representing the bond between GTL wastewater
contaminants and the surface layer of the ACF, was 2.7 [6,58–61]. From these findings, it
can be concluded that the ACF adsorbent is a desirable material for the treatment of GTL
wastewater. Furthermore, the results obtained in the table were used to determine the
mean free energy of sorption—E (Equation (9)). The value was found to be 6 kJ/mol, which
is lower than the typical range of bonding energy for ion-exchange mechanisms, that is,
between 8–16 kJ/mol [35,62,63]. This implies that ion exchange does not play a major role
in the treatment of GTL wastewater using ACF and chemical/physical adsorption are the
main followed adsorption mechanisms.
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Figure 12. Nonlinear isotherm regression for GTL wastewater/ACF adsorption process.

Table 7. Isotherm models fitted for ACF/GTL wastewater adsorption process.

Isotherm
Model

Parameters Value R2 SSE AIC AICC wi

Freundlich
kF (mg/g) 2.69

0.97 228.3
23.1 29.1 0.79

N 1.74

Langmuir qm (mg/g) 322.25 0.95 470.1 26.7 32.7 0.13
k1 (L/mg) 0.0008

Exponential a (mg/g) 225.05
0.94 569.1

27.7 33.7 0.08
b (g/mg) 0.0011

D-R
qe (mg/g) 165.7

0.68 2791.3
35.6 41.6 0.002

β (mol2/kJ2) 0.014

Studies related to GTL wastewater treatment using the adsorption technique are
scarce in the literature. To make a comparison for where the ACF use in this study stands,
similar industrial wastewater studies were used. Table 8 contains a summary of industrial
wastewater studies using the adsorption technique. Through comparing the stipulated
values in the table, the ACF used for GTL wastewater treatment shows a very competitive
result in comparison to other adsorbents used in similar studies.

Table 8. Comparison of uptake capacities for various industrial wastewater.

Adsorbent Contaminant Uptake (mg/g) Source

ACF GTL wastewater 250 This work
Commercial Activated Carbon Organic compounds from a Bio-Process 303 [64]

Wood Biochar Organic compounds from a Bio-Process 166.63 [64]
Date-Pit Activated Carbon Industrial wastewater (Phenol) 56.9 [35]

Rice Husk Activated Carbon Petroleum refinery wastewater 28 [65]

3.6. Regeneration Study

In order to examine the adsorbent’s reliability, three cycles of regeneration were
conducted for the GTL wastewater/ACF system. As observed in Figure 13, adsorption
stayed persistent through all the cycles, while two cycles showed a regeneration efficiency
averaging around 85.5%. Regardless, the cycles showed that the adsorbent can withstand
regeneration cycles, and this reflects on the resilience of this ACF for multiple adsorption
cycles under acidic conditions for GTL wastewater treatment.
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Figure 13. Regeneration cycles for batch experiments of GTL wastewater treatment using ACF.

4. Conclusions

In this study, ACF was used for the removal of GTL wastewater contaminants using
the adsorption technique. The feasibility of this technique was optimized through the
RSM approach, where three factors were considered as independent variables: pH, Ci and
dosage. From the performed analysis, it was concluded that the three factors affected the
uptake significantly, while the RSM model was validated experimentally. In addition, the
kinetics and isotherm modeling analysis showed that the ACF/GTL wastewater system
followed pseudo-second order and Langmuir/Freundlich models, respectively. Following
that, the potential of the ACF was shown through conducting a regeneration study, where
the adsorbent showed resilience in terms of offering high efficiencies through multiple
cycles, while operating in an acidic environment. Hence, the outcome of this study shows
the ability of ACF to be an effective adsorbent to treat acidic GTL wastewater.
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Abstract: Sugarcane is one of the main agro-industrial products consumed worldwide, and, therefore,
the use of suitable soils is a key factor to maximize its production. As a result, the need to evaluate
soil matrices, including many physical, chemical, and biological parameters, to determine the soil’s
aptitude for growing food crops increases. Machine learning techniques were used to perform an in-
depth analysis of the physicochemical indicators of vertisol-type soils used in sugarcane production.
The importance of the relationship between each of the indicators was studied. Furthermore, and
the main objective of the present work, was the determination of the minimum number of the most
important physicochemical indicators necessary to evaluate the agricultural suitability of the soils,
with a view to reducing the number of analyses in terms of physicochemical indicators required
for the evaluation. The results obtained relating to the estimation of agricultural capability using
different numbers of parameters showed accuracy results of up to 91% when implementing three
parameters: Potassium (K), Calcium (Ca) and Cation Exchange Capacity (CEC). The reported results,
relating to the estimation of the physicochemical parameters, indicated that it was possible to estimate
eleven physicochemical parameters with an average accuracy of 73% using only the data of K, Ca
and CEC as input parameters in the Machine Learning models. Knowledge of these three parameters
enables determination of the values of soil potential in regard to Hydrogen (pH), organic matter
(OM), Phosphorus (P), Magnesium (Mg), Sulfur (S), Boron (B), Copper (Cu), Manganese (Mn), and
Zinc (Zn), the Calcium/Magnesium ratio (Ca/Mg), and also the texture of the soil.

Keywords: land use; vertisols; machine learning; soil agricultural aptitude; sugar cane

1. Introduction

To achieve efficient and safe methods of food production it is important to improve
agricultural techniques and adapt farming practices to attend to the needs of the soil and
its appropriate management. There are multiple factors to achieve good crop management
and to optimize it, which require continuous evaluation for appropriate decisions to be
made. Additionally, predicting suitable areas to grow food in faces the issue of uncertainty
in the quality of the soil and the corresponding practices required to improve the health of
the soil to ensure it can fulfill the demands for global food necessities. World sugarcane
production in 2018 was 2,042,654 thousand tons, of which 56,842 thousand tons were from
Mexico (the seventh highest sugarcane producing country) [1]. The state of Veracruz in
Mexico contributes 38% of the sugarcane production [2].
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The agricultural aptitude of soil to obtain above 80 t/ha of sugarcane requires,
among others, the following: available Nitrogen above 300 kg/ha, Phosphorus (P) above
40 ppm, Potassium (K) above 468 ppm, and potential of Hydrogen (pH) between 6.6
and 7.3 amo [3,4]. These parameters have to be maintained and monitored because the
properties of soil vary greatly due to agricultural cropping patterns [5]

The challenge is still the optimization of the parameters that determine soil capability
to produce food using a minimum of physicochemical parameters. A strategy that has
proved to improve decision making in agriculture is the use of Artificial Intelligence (AI),
which analyzes big volumes of data [6] to solve nonlinear problems where there may
be no mathematical representations and to obtain models based on experience in cases
of supervised learning. AI has been employed in regard to many fruit, vegetable and
cereal crops, such as potato, lemon, and wheat [7]. In regard to maize, AI exhibited good
predictive capacity, obtaining the lowest root mean square error (RMSE) and the highest
determination coefficient (R2) [8]. In general, all of the results obtained provided accurate
descriptive data [6]. The evaluated areas have included fertilizer efficiency, prediction of
rainfall, crop production, soil preparation, crop pattern, and precision agriculture [9].

In this AI field, several models, such as the Decision Tree model (DT), have been imple-
mented to evaluate the population dynamics of soil organisms and how these dynamics are
affected by changes in different biological and physicochemical environmental attributes
and agricultural practices. AI has also been used to relate morphological, physical and
chemical soil properties to soil structure by creating a framework for Soil Quality assess-
ment, resulting in an adequate index that reproduces the effect of the interactions between
physicochemical variables, the arrangement of soil fragments and biological activity in the
soil [10].

Principal Component Analysis (PCA) was used to evaluate soil variables and con-
cluded that Magnesium (Mg), Calcium (Ca), potential of Hydrogen (pH), Silt, Clay, and
Potassium (K) are the main variables determining Soil Quality [11]. These methods appear
to be more sensitive to disturbances for management practices [12]. Other research, that in-
cluded 18 parameters and different soils, in terms of crop, residue and fertilization, showed
that the created indicator was most affected by the Nitrogen–Phosphorus–Potassium (NPK)
rate, and that other parameters failed to correlate yield significantly. Additionally, the PCA
synthesized the data [13].

Other research proposed two Soil Quality Index (SQI) approaches, applying PCA and
Expert Opinion (EO),by which 24 physical and chemical parameters were evaluated in the
surface and the control sections (0–100 cm) in soil. The results indicated five principal com-
ponents for the first methodology and six indicators for the second, the latter performing
better in both the surface and control section evaluations [14].

Regression methods, such as Relative Risk (RR), which is an alternative approach to
partial least squares regression (SIMPLS), Principal Component Regression (PCR), and
Partial Least Squares Regression (PLSR), were applied to synthesize ten physical and
chemical variables in soils, and it was concluded that the PLSR method was the most
robust [15,16]. Furthermore, Deep Autoencoders (DAs) have been applied to satellite
images to determine change detection in burnt areas, in mapping forests [17] and in
landslide susceptibility prediction [18]. Excellent classification results in three of the
projects [17,19] indicated that DL is an adequate tool in evaluating complex matrices of
variables. In Table 1 a comparative analysis of state-of-the-art research, separated into
configuration, target and main contribution, is presented.
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Table 1. Comparative table of different state-of-the-art research separated into configuration, target
and main contribution.

Name/Ref. Configuration Target Main Contribution

[20]
Comparative assessment of the
cubist model and the quantile

random forest models
Soil fertility index map

The topographic covariates
had strong predictive ability

for all the soil properties along
with the bioclimatic variables.

[21]

Visible near-infrared spectroscopy
and machine learning models, such
as Partial Least Square Regression
(PLSR), Support Vector Machine

(SVM), and Wavelet Neural
Network (WNN)

Soil organic carbon

A combination of the
techniques was most suitable
in pre-processing data with

different models.

[22]

Visible near-infrared spectroscopy
(VIRS) and machine learning (PLSR),

Support Vector Machine (SVM),
Artificial Neural Networks (ANN),

cubist combined with VIRS

Soil organic matter
The combination of algorithms

resulted in more precise
calibration–validation models.

[23]

Successive projections algorithm
(SPA), competitive adaptive weight
weighting algorithm (CARS), and
the combination of Smart Process

Automation (SPA) and (CARS)

Soil organic matter
The combination of algorithms

resulted in more precise
calibration–validation models.

[24]

Kriging interpolation, density-based
spatial clustering of applications

and noise (DBSCAN) validated with
random forest (RF) algorithms

Soil fertility
degradation (SFD)

Implementing Random Forest
and clustering provided an

accuracy above 95%.

[25]
SVM model paired with 7 Gaussian

Process, Random forest (RF) and
multi-linear regression (MLP)

Permeability of soil (PS)

The parameters of time and
water head were the most

effective to estimate
permeability of soil.

[26] Artificial intelligence model based
on ANN

Hydraulic
conductivity (Ks)

The model predicts Ks by
means of soil parameters, such

as silt, clay, organic matter,
bulk density, pH, and
electrical conductivity.

[27] Architectural model Soil fertility The model predicted organic
matter and clay

[28] Extreme Learning Machine model
with different activation functions

Available phosphorus,
available potassium,

Organic carbon (OC), B,
and pH

The model predicted four of
the five parameters evaluated.

[29] Various machine learning
techniques (K-Nearest)

Land susceptibility
zonation (LSZ)

The susceptibility maps of the
Landslid model paired with

the extreme learning adaptive
neuro fuzzy inference system
(LSM-ELANFIS-VII) provided

the most accurate results.

[30] Neighbor Naïve Bayes (KNN),
Multinomial Logistic Regression, Soil nutrient quality

Two models were accurate and
some uncertainties in the
process are to be studied.

[31] ANN and RF Mustard crop yield

The parameters used were pH,
electrical conductivity (EC),

OC, Nitrogen (N), P, K, S, Cu,
iron (Fe), Zinc (Zn) and Mn
and the most accuracy was
obtained with the KNN and

the ANN.

[32] Evaluation of soil nutrient content
through machine learning models Soil nutrient quality

Two models were accurate and
some uncertainties in the
process are to be studied.
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Therefore, the present research aimed to ascertain, by comparing algorithms, the
technique requiring the least parameters to achieve accurate results in determining the
capability of soils. Additionally, the results provide correlations among physicochem-
ical variables which could help farmers determine soil amendments faster to increase
crop yields.

2. Materials and Methods

2.1. Study Case

Veracruz is the state of Mexico that has the most sugar mills (20) in the country. The
experimental sites included those having the most sugar mills in a region called the High
Mountains in Veracruz, Mexico. Till June 2021 this region had 326,706 ha of sugarcane
and a total production of 19,134,311 tons, earning $45,984.21 USD per ton [2]. The area
has 57 municipalities with an approximate area of 6053 km2. The soils sampled covered
0.5% of the total surface planted with sugar cane. The soil is classified as Vertisol (Vp)
according to the World Soil Resources Report [1]. Figure 1 shows the selected soil and other
classifications of soils presented in the studied area.

(a) (b)

Figure 1. Types of soils present in the studied area include Andosol (purple), Leptosol (grey),
Acrisol (green), Vertisol (pink), Umbrisol (mauve), Luvisol (chartreuse), Phaeozem (brown), Cambisol
(orange), Chernozem (dark brown) and Arenosol (white) (a) and the samples location (blue spots) (b).

Specifically, the obtained soil samples were collected at the municipalities of Atoyac
(18°55′00.0′′ N 96°46′00.0′′ W), Camaron de Tejeda (19°01′00.0′′ N 96°37′00.0′′ W), Carrillo
Puerto (18°47′00.0′′ N 96°34′00.0′′), Coetzala (18°47′00.0′′ N 96°55′00.0′′ W), Ixtaczoquitlan
(18°51′04.6′′ N 97°03′04.4′′ W), Cordoba (18°51′018.300′′ N 96°57′002.200′′ W), and El Naran-
jal (18°47′038.100′′ N 96°55′030.5′′ W), which are areas that traditionally cultivate sugarcane
and include fertilizers, pesticides, herbicides and fuel in the processes of cultivation and
harvesting [33].

2.2. Soil Sampling and Physicochemical Determinations

The sampling procedure implemented to obtain the soil samples was the one described
in the standard SESDPROC-300-R3 (Environmental Protection Agency, 2014) and three
samples were obtained from each site. One from 0 to 10 cm, another from 10 to 20 cm
and a third from 20 to 30 cm. All of the samples were subjected to laboratory analysis to
measure the following 27 physicochemical parameters: texture (%sand, %silt, and %clay);
physical parameters: pH, electric conductivity, apparent density, field capacity 1/3 bar, and
permanent wilting point 15 Bar; OM, CEC, Sodium (Na), CS for Na, and Hydrogen (H);
macronutrients: phosphorus (P), Potassium (K), Calcium (Ca), Nitrogen–Nitrate (N2–NO3),
K/Mg ratio, Ca/Mg ratio, Magnesium (Mg), Sulfur (S), CS for K, CS for Ca and CS for
Mg; micronutrients: Boron (B), Copper (Cu), Iron (Fe), Manganese (Mn), and Zinc (Zn) .
The textural analysis was performed using the Bouyoucos hydrometer, pH was measured
by the 1:1 method ASTM D4972-13, electrical conductivity (EC) was measured by the
conductimetry method, and apparent density was measured by the method proposed by
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the United States Department of Agriculture (USDA). The Walkley and Black method [34]
(FAO, 2019) was conducted with the aim of determining the amount of OM expressed
regarding total organic carbon. Atomic absorption spectrometry was used to determine
the global composition of Na, K, Mg, and Ca in the soils. The composites were digested
in hot HCl and deionized distilled water solution (2:1 ratio) and, afterwards, the solution
was filtered and submitted for analysis. Exchangeable Cations, Nitrogen, Phosphorous,
and S Exchangeable cations were measured using silver thiourea, following the method
described by Pleyser and Juo [35]. Total nitrogen was measured by the Kjheldhal method,
phosphorous was measured by colorimetry, and S was measured by turbidimetry.

2.3. Soil Aptitude Evaluation

The results obtained from the parameters measured by the laboratory were separated
into 4 different groups, based on data from the literature of the desirable variables in the
soil for higher production of sugarcane (16 variables were by this system) [4,36,37]. The
four groups were the following: (1) unsuitable, (2) low, (3) media, and (4) high. Afterwards,
the results were summarized in a final evaluation of three groups (good, medium and
bad) using the following criteria: (1) Samples with 13% or less unsuitable values and eight
parameters or more (out of 16) scoring high were considered to have good quality soils;
(2) Samples with 62.5% of parameters in either medium, high or both were included in
the medium group; (3) Samples having seven parameters in either unsuitable or low, or in
the sum of both, were classified in the bad quality group. It must be mentioned that no
samples were included in two groups with these rules.

2.4. Machine Learning

To achieve the objective of the present study and for better comprehension of the pro-
cess, all the experiments evaluated with machine learning methodologies were segmented
into four categories, listed and explained below. Figure 2 presents the schematic diagram
of the methodology used in the present work.

Figure 2. Schematic diagram of the applied methodology.

2.5. Feature Importance Analysis

The Recursive Feature Elimination (RFE), Chi Square, Least Absolute Shrinkage and
Selection operator (LASSO) and Catboost (CB) algorithms were implemented to determine,
in detail, the most relevant physicochemical parameters, by executing different machine
learning models. The database from the laboratory analysis used for the experiments
contained one hundred soil samples of the studied area. This database included the 28 pa-
rameters listed in the soil sampling physicochemical determination and the soil aptitude
evaluation. All these parameters were evaluated with the four algorithms mentioned to de-
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termine the feature importance. The experiments and analysis of the data were developed
in Python programming language using Sci-Kit learn libraries.

2.6. Agricultural Capability Prediction

Through the identification of relevant variables, another experiment was carried out to
predict the aptitude of soil to grow sugarcane, with the objective of ascertaining how many
variables could determine the capability of soil. Reducing the number of variables in the
determination of the physicochemical parameters determining soil quality could decrease
time and costs. The tests were implemented using 27, 8, 5 and 3 variables, according to the
variables that showed higher importance in the Feature Importance Analysis executed. For
the first experiment, all 27 variables were used and the capability of soil was the predicted
variable. For the second experiment, 8 variables were used as inputs in the methodology
(Soil pH, K, Ca, B, Zn, N2-NO3 CEC, CS for H, CS for Na) and the capability of soil was
the predicted variable. For the experiment with five elements (K, Ca, Zn, CEC y CS for
Na), the feature performance results obtained in the experiments were used. Finally, the
experiments with three variables (K, Ca y CEC) were used to predict the capability of soil.
These experiments were carried out by using the following machine learning techniques:
linear regression (LR), Decision Tree (DT), Random Forest (RF), K Nearest Neighbor (KNN),
Support Vector Machine (SVM) and Catboost (CB). To implement these methodologies, a
cross validation of the data was executed to ensure the separation of the training data from
the test data to avoid having significant variance that could lead to an error in the accuracy
determination of each method. Another fundamental segment was the tuning of the
hyperparameters, by implementing algorithms, such as Grid Search and Random Search,
to find which variables were the more adequate hyperparameters to obtain better accuracy
in predictions. Figure 3 shows the schematic diagram of the prediction of agricultural
capability and the determination of physicochemical variables.

Figure 3. Schematic diagram of the prediction of agricultural capability and the determination of
relevant physicochemical variables.

2.7. Physicochemical Variables Prediction

The last segment of the experimentation was focused on the determination of the
physicochemical parameters in soil through the values of some of the parameters of higher
importance. The present segment estimates a great variety of physicochemical parameters
from a reduced number of known parameters. Three experiments were executed using
different numbers of parameters, selected by relevance, and determined using different
machine learning techniques, such as LR, DT, RF, KNN, SVM and CB. A prediction of
different physicochemical parameters was determined. The first test was executed using
the elements of Soil pH, Potassium, Ca, B, Zn, Nitrogen-Nitrate, CEC, CS H, CS for Na
with the objective of predicting OM, P, Mg, S, Cu, Mn, Ca/Mg and Texture. In the second
experiment, potassium, Ca, Zn, CEC, and CS for N were considered with the objective of
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predicting OM, P, Mg, S, B, Cu, Mn, Ca/Mg and texture. Finally, in the third experiment,
three parameters were used, K, Ca, and CEC, to predict the values of the parameters of soil
pH, OM, P, Mg, S, B, Cu, Mn, Zn, Ca/Mg and Texture. The results obtained enabled the
accuracy of each ML technique for the prediction of each physicochemical property of soil
to be ascertained. It also enabled determination of the accuracy of the predictions from a
certain number of parameters (8, 5 and 3 elements).

3. Results

3.1. Soil Aptitude Evaluation

The results of the soil aptitude evaluation clearly indicated that pH, organic matter,
phosphorus, potassium, calcium, conductivity, zinc, and nitrogen–nitrate marked important
differences between bad and good soil aptitudes. Similarly, in the results indicating bad
aptitude evaluation, a greater presence of elements such as sulfur, CS for H, CS for Na was
found. The Figure 4 shows the results obtained from the physicochemical properties of the
soils with respect to their soil aptitude classification.

Figure 4. Soil Aptitude Evaluation.

3.2. Feature Importance Results

The physicochemical analyses performed in the previous section offered the possibility
to determine the impact of each variable individually with respect to soil aptitude. However,
it was important to perform an analysis of the behavior of each variable with respect to
the others in order to know how they were interconnected and related to the soil aptitude
evaluation. The results of this relevancy analysis indicated that K, Ca, Zn, CEC, and CS for
Na were the parameters recognized by the four techniques (RFE, CHI SQUARE, LASSO,
CB) as the relevant parameters in determining the soil aptitude of vertisol soil. There were
also parameters, such as pH, B, N2–NO3 and CS H, where 3 techniques concurred in their
importance (RFE, CHI SQUARE and LASSO). Figure 5 shows the results obtained by these 4
methods. These parameters of importance were used in the following experiments, wherein
accuracy in the determination of soil aptitude using a reduced number of parameters was
evaluated with data presented in this study.
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Figure 5. Feature Importance using RFE, Chi Square, LASSO and CB.

3.3. Agricultural Capability Prediction Results

The results found after implementing the ML algorithms showed the average of the
accuracy results of the 6 algorithms with respect to the identification of the soil capability.
After specifically analyzing the results by algorithm type, the following observations were
made: by using 27 parameters as the input parameters in the ML algorithms, the highest
average accuracy was obtained with CB 93%; when using 8 parameters the highest average
accuracy was obtained with RF 91%; when using 5 parameters the highest average accuracy
was achieved with LR 91%; when using 3 parameters there were two algorithms with the
highest average accuracy, these being LR and KNN (91%). Figure 6 shows the best scores
related to the accuracy of the ML algorithms in the soil quality prediction.

Figure 6. Features Importance using RFE, Chi Square, LASSO and CB.

3.4. Physicochemical Parameters Prediction Results

The experiments carried out in this section were focused on ascertaining the accuracy
with which it was possible to determine the physicochemical parameters of soil from a
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reduced number of elements as input variables of the ML algorithms. In the first experiment,
8 elements (Soil pH, K, Ca, B, Zn, N2–NO3, CEC, CS H, CS Na) were used as the input
parameters and it was possible to predict OM, P, Mg, S, Cu, Mn, Ca/Mg and Texture.
Figure 7 shows the results focused on the evaluation of accuracy of the 6 machine learning
algorithms executed in the predictions. It can be appreciated, from Figure 7, that, for each
component to be predicted there was an algorithm that had the best accuracy and for each
element to be predicted there was an algorithm presenting the best accuracy. Mostly, the
CB algorithm presented the best accuracy globally with 71.5%. The one with the least
accurate results was the DT algorithm with 58% accuracy. The parameters that could be
predicted were OM (90% using CB), texture (77% using CB) and Mn (77% using LR) and
the parameter with the least accurate result was P with 0.55 accuracy using LR. Figure 6
provides a graphic with the results of the best predictions for each element. To the left of
the name of each element is the name of the ML algorithm executed with which the best
result was obtained.

Figure 7. Accuracy of the Ml algorithms using 8 input variables.

In the second experiment, 5 elements (K, Ca, Zn, CEC and CS N) were implemented
as inputs and it was possible to predict OM, P, Mg, S, B, Cu, Mn, Ca/Mg and texture.
Figure 8 shows the results focusing on the evaluation of accuracy of the 6 ML algorithms
used in the prediction. It can be appreciated from Figure 8 that, for each component being
estimated or predicted, there was an algorithm that had great accuracy. Therefore, Figure 8
indicates which algorithm presented the best accuracy in prediction for each element.
Broadly, 10 parameters were predicted with the KNN algorithm, which had the best global
accuracy with 73.11%, and the least global accuracy was obtained with CB (64%). The
parameters predicted with more accuracy were Ca/Mg (100% using KNN), B (86% using
RF) and OM (86% using LR), and the parameter with less accuracy was P with 45% using
LR. Figure 8 provides a graphic with the results of the predictions with the best accuracy
for each element. To the left of the name of each element is the ML algorithm executed in
which the best accuracy was obtained.
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Figure 8. Accuracy of the ML algorithms using 5 input variables.

In the third experiment, 3 elements (K, Ca and CEC) were used as inputs for the
evaluation and it was possible to predict soil pH, OM, P, Mg, S, B, Cu, Mn, Zn and Ca/Mg.
Figure 9 shows the results focusing on the evaluation of the accuracy of the 6 ML algorithms
used in the prediction. The general average of the prediction of the 12 parameters was
best executed by the KNN algorithm, with a global accuracy of 68%, and the least accurate
global result was obtained with the DT algorithm, with 68% accuracy. The parameters
that could be predicted with higher accuracy were Ca/Mg (91% using SVM) and S (0.86
using RF) and the least accurate prediction was for P (36% using SVM). Figure 9 provides a
graphic with the results of the best predictions for each element. To the left of the name of
each element is the ML algorithm with which the best accuracy was obtained.

Figure 9. Accuracy of the ML algorithms using 3 input variables.

Figure 10 provides a radial graphic with the accuracy of the ML algorithms using 8, 5
and 3 elements as inputs. The average accuracy was 76% for 8 elements as inputs, 76% for
5 elements as inputs and 73% for 3 elements as inputs.
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Figure 10. The average accuracy using 8, 5 and 3 elements as an input variables.

4. Discussion

The discussion of the present study is divided into three segments: relevant parameters,
agricultural capability prediction and physicochemical parameters prediction. This study
indicates that the four implemented techniques, RFE, CHI SQUARE, LASSO and CB,
determined K, Ca, Zn, CEC and CS for Na as being the most relevant parameters for vertisol-
type soil, and pH, B, N and CS H were determined to be relevant by three techniques
(RFE, CHI SQUARE, and LASSO). Meanwhile, [27] determined available Phosphorus (P),
available Potassium (K), organic carbon (OC), boron (B) and pH as being relevant for a
village-wise soil by implementing Extreme Learning Machine (ELM) and [20] established
that the relevant parameters were OC, N, pH, CEC, base saturation and exchangeable
cation, when implementing quantile regression forest (QRF) and the cubist model (CB). It
is important to implement various techniques to validate the parameters to be used.

In the segment regarding the agricultural capability prediction, the present research
evaluated the relevance of different numbers of parameters, and had good accuracy results
for the different techniques (77% to 93%) for specific technique and number of parameters.
Other authors have also evaluated the prediction ability of different models, with accuracy
results in the range of 85 to 95% [38,39] reported when implementing three algorithms, with
Random forest having the highest accuracy (72%), which was below the results obtained in
the present study, and, furthermore, the number of samples was not mentioned and neither
was the percentage of data used for training the model.

From the results, it is possible to have higher accuracy in agricultural capability
prediction using only three parameters for vertisol soils cultivated with sugarcane, these
being those with higher significance, namely, K, Ca and CEC. Most of the producers add
N, P and K fertilizers to soils because these have commonly been considered to increase
yield, without evaluating the present state of the soils. It is remarkable that, from the
present study, for one parameter to remain relevant is needs to connect with the rest of
the parameters. Additionally, the CEC is connected to the presence of organic matter,
which is known not only to be a relevant parameter to increase yield, but also soil structure,
availability of other cations and pH. Finally, Ca is also relevant, as its presence complements
the physical parameters and pH and the possible presence of complex structures that could
affect or impact absorption and availability of minerals.
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It can also be observed that with three parameters it is possible to have a system
capable of great accuracy in predicting soil aptitude. The impact these results can have is
relevant because the results indicate that it is not necessary to analyze all the parameters to
determine the ability of soil to grow sugar cane. By implementing ML algorithms using K,
Ca, and CEC as input parameters one can, with high accuracy, ascertain soil aptitude.

The third aspect to discuss is that the present study evaluated the possibility of
predicting parameters from other soil physicochemical parameters. It was observed that
10 parameters were likely to be predicted with the KNN algorithm, which had the best
global accuracy of 73%, while the least global accuracy was obtained with CB (64%). The
parameters predicted with more accuracy were Ca/Mg (1.0 using KNN), B (86% using
RF) and OM (86% using LR) and the parameter with least accuracy was P with 45%, using
LR. Other authors have aimed to predict different parameters, with accuracy ranging
from 86% to 97%, such as the following: exchangeable sodium percentage with different
models (ANN (89%) and Adaptive Neuro Fuzzy Inference System (92%)) [40], OM with
different models (Kennard-Stone (KS), Successive Projections Algorithm (SPA), Competitive
adaptive weight weighting algorithm (CARS) and their combination).

5. Conclusions

The present study evaluated the potential of different ML algorithms in predicting
the agricultural aptitude of soils with the least number of parameters and to determine if
it was possible to predict some other parameters to reduce the amount of soil analysis in
laboratories. After presenting the results, it can be concluded that the capability of Vertisol
soils in sugarcane production can be determined with three parameters and excellent
accuracy is obtained by using the KNN and LR algorithms. When evaluating the prediction
parameters from other parameters, many excellent prediction results were obtained for
different ML algorithms. These correlations can have an impact in developing countries on
the methodologies implemented to determine the agricultural capability of soils, so as to
help in increasing crop yields and coping with the environmental states of soils.
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Abbreviations

The following abbreviations are used in this manuscript:

Ca Calcium
Ca/Mg Calcium/Magnesium
CARS Competitive adaptive weight weighting algorithm
CB CatBoost
CEC Cation exchange capacity
CS H Cationic Saturation for Hydrogen
CS N Cationic Saturation for Nitrogen
Cu Copper
DBSCAN Density-Based Spatial Clustering of Applications with Noise
DL Deep Learning
DT Decision Tree
EO Expert opinion
K Potassium
KNN K nearest neighbor
LASSO least absolute shrinkage and selection operator
LR Linear Regression
Mg Magnesium
ML Machine Learning
Mn Manganese
N2-NO3 Nitrogen - Nitrate
NPK Amount of Nitrogen, Phosphorus and Potassium
OC Organic Carbon
OM Organic Matter
P Phosphorus
PCA Principal Component Analysis
PCR Principal Component Regression
pH Potential of hydrogen
PLSR Partial Least Squares Regression
RF Random Forest
RFE Recursive Feature Elimination
RR Relative Risks
S Sulfur
SIMPLS An alternative approach to partial least squares regression
SPA Smart Process Automation
SQI Soil Quality Indexes
SVM Support Vector Machine
VIRS Visible near Infrared Spectroscopy
WNN Wavelet Neural Network
Zn Zinc
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Abstract: Phosphorus (P) management in the “water-energy-resource-nexus” in wastewater treatment
plants (WWTPs) remains a longstanding challenge. P adsorption from the P-enriched digested sludge
liquor (DSL) is a comparatively more practical and economically viable approach for P recovery in
WWTPs. However, high concentrations of impurities in DSL might pose a negative and interferential
effect on P adsorption, hindering the application of sorbents or precipitation methods. Given such
a situation, highly efficient and cost-effective sorbent towards P reclamation from DSL is highly
needed. Therefore, this study aims to develop a novel complex agent containing aluminum coagulant
and superparamagnetic nano-sorbent (SNS) that can be used in magnetic seeding coagulation for P
recovery. The complex agents with different PACl: SNS ratios showed varied turbidity removal rates
and P recovery efficiencies and the optimal ratio was 15 mg PACl: 15 g SNS. PAC and SNS showed
significant interaction because PAC could enhance P adsorption by shielding the interferential effect
of colloidal impurities. In addition, the complex is highly regenerative, with turbidity and P removal
rate stably maintained at 70–80% after 10 adsorption/regeneration cycles. The cost–benefit analysis
of the dosing complex agent showed a dosing cost of 0.154 EUR/m3, admittedly much higher than
the conventional magnetic seeding coagulation, which could probably be covered by the profit if the
expensive and rare P product is reclaimed. This work indicated that the complex agent was superior
due to its high adsorption capacity, easy separation, and repeated dosing, and therefore had the
potential for P recovery from DSL.

Keywords: phosphorus recovery; digested sludge liquor; magnetic seeding coagulation;
superparamagnetic nano-sorbents; economic cost

1. Introduction

Nowadays, phosphorus (P) resource management is like a missing piece of the puz-
zle in the “water-energy-resource- nexus” in wastewater treatment plants (WWTPs). P
pollutants in the domestic wastewater, with total phosphorus (TP) of 5–15 mg/L and
annually discharged amount of 3.78 million tons globally, have been generally recovered
with low fraction [1,2]. More than 90% of phosphorus in sewage is channeled into waste
bio-sludge discharged from the biological process, especially from the enhanced biological
phosphorus removal-centered bio-treatment facilities, resulting in high loads of P-enriched
sewage sludge for digestion, dewatering, and final disposal [3]. Indeed, most of the P in
the sewage sludge would be released into the liquid phase again under anaerobic condi-
tions in a digester, generating P-rich digested sludge liquor (DSL), the total phosphorus in
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which was 87–478 mg/L at a pH of 4–5 [1]. It is more practical and economically viable
to grasp P from the P-enriched sludge liquor than that from raw wastewater due to its
large volume and low P concentration. As the WWTPs are undergoing a paradigm shift of
treatment processes towards great environmental and economic sustainability, the current
simple-removal philosophy for total phosphorus pollutants needs to be re-examined and
P recovery addressed, especially considering the energy-intensive and water-consuming
mining of phosphate rock [2].

The most viable option for P recovery is struvite (magnesium ammonium phosphate,
MgNH4PO4·6H2O) or hydroxyapatite (CaP) crystallization. By adding Ca2+ and Mg2+ to
the sludge liquor containing ammonia nitrogen and phosphate, struvite crystals formed and
could be separated from the wastewater for later agricultural use as a slow-release fertilizer.
The stable and effective Ca/struvite precipitation has been firmly established in Western
European countries. In particular, many technologies, such as the DHV CrystalactorTM,
Pelletiser FIX-Phosand P-RoC®, etc., have gained success in the market [4–6]. Temperature-,
Mg/P-, N/P-, and pH-controlling strategies are no easy tasks for optimal crystal formation
and crystal growth. For instance, Guadie et al. found that the optimal conditions for
forming struvite crystals were in neutral or slightly acidic environments, while there was
almost no struvite crystal formation in phosphate once the pH value increased beyond
10.5 [7]. Aside from the P pollutants, DSL might also contain high concentrations of
suspended solids (1000–2400 mg/L) [8]. Therefore, the large amount of organic matter in
the sludge liquor might have an adverse effect on the crystallization process, producing
low-quality P end-product.

Actually, the magnetic adsorption and separation method might be a “one stone two
birds” strategy for P recovery from DSL. On one hand, the superparamagnetic nano-sorbent
(SNS) developed based on the layered double hydroxide (LDH) or metallic oxides could
provide a new idea for the rapid and efficient recovery of phosphate. SNS is composed
of superparamagnetic nanomagnetic cores (Fe3O4 magnetite embedded in a porous SiO2
matrix) and an LDH surface, which serves as the active phosphate adsorption center,
while the Fe3O4 magnetic core serves as the carrier. SNS is easy to be separated from the
liquid phase in a magnetic field. After being modified with various transitional metals,
SNS could sequestrate P with high adsorption capacity [9–11]. Selectively, SNS has been
found to exhibit high selectivity in the presence of competing ions due to the stronger
complexation between phosphate and LDH loaded on SNS. In addition, SNS could be
easily regenerated using NaOH or KOH. As revealed by Drenkova-Tuhtan et al., a high P
removal rate (>90%) could be achieved even after 60 adsorption–desorption cycles [12]. On
the other hand, magnetic particles combined with flocculation, i.e., the newly emerging
magnetic seeding coagulation process attracting great attention for offering advantages of
high turbidity removal, settleability improvement, and low energy consumption compared
to the traditional coagulation process. The coagulants (polyamine chloride or polyferric
chloride, PACl or PFC) mixed with magnetic seeds could remove more turbidities than
the sole use of PACl. For example, the magnetic seeds could improve the aggregation and
precipitation of nanoparticles from palm oil wastewater treatment, swine wastewater, textile
wastewater, etc. [13–15]. Therefore, as for the treatment of P-enriched waste sludge, there
is a need to rethink the management strategy of this coagulation process and to consider
whether the seeds in the magnetic seeding coagulation process could be replaced with SNS.
As such, magnetic coagulation and SNS adsorption have complementary advantages and
can be combined or integrated, with phosphate being “recovered” rather than “removed”.

In recent years, comprehensive studies have been conducted for the synthesis of
superparamagnetic P nano-sorbents. Nano-size core-shell Fe3O4@LDHs composites with
good super-paramagnetism were prepared by Yan et al., and the batch experiments results
revealed an adsorption capacity of 36.9 mg/g by Fe3O4@Zn-Al-LDH, with P recovered
after 10 s separation from aqueous solution by introducing an external magnetic field [16].
Instead of LDH synthesis, the magnetic nanoparticles composed of zirconium-iron oxides
were prepared and the P adsorption capacity could be enhanced with the decrease in Fe/Zr
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molar ratios. This nano-sorbent showed high adsorption and strong selectivity toward
phosphatewith co-existing ions such as Cl−, SO4

2−, NO3
−, etc., and the selectivity could be

improved by doping transitional metals such as Zr, La, Se, or Hf [17,18]. Drenkova-Tuhtan
et al. reported a pilot study of the reliability of superparamagnetic ZnFeZr nano-sorbent
treating P-containing wastewater, with a P recovery rate of >90% and effluent phosphate
concentration of <0.05 mg/L [3]. The novel magnetically recoverable magnetite/lanthanum
hydroxides were also investigated for phosphate sequestration in a lake. However, the
phosphate sorption efficiency could be significantly attenuated by 34–45% compared to that
in water solution due to the interference from lake sediment substances [4]. Similarly, the
impurities in sludge liquor might not only have an interferential effect on the P adsorption,
but also result in the inactive adsorption sites during the sorbent regeneration. By now,
little information is available for the integration of PACl and SNS and little research has
been conducted for simultaneous SS removal and P recovery by dosing this type of complex
agent. The role of PACl in the complex agent has not been investigated from the perspective
of P recovery.

In this study, complex agents were prepared by combining aluminum coagulant (PACl)
and SNS and used for P recovery from DSL. The novel agents were characterized in terms
of P adsorption capacity, turbidity removal, and reusability. The coupling mechanism
between PACl and SNS and the economic cost were also discussed. The specific objectives
were to (1) prepare the complex agent and investigate the turbidity removal, P adsorption
performances, and reusability; (2) investigate the effect of dissolved organic matter (DOM)
in the DSL and elucidate the interaction mechanism between PACL and SNS in the com-
plex agent; and (3) evaluate the economic cost of dosing the complex agent and make a
comparison with the conventional magnetic seeding coagulation.

2. Materials and Methods

2.1. Complex Agent and DSL Characteristics

Complex agents were prepared by mixing PACl (AlCl3·6H2O) and synthesized SNSs
with different mass ratios. These super-paramagnetic nanoparticles were prepared using
the co-precipitation method. Firstly, the Fe3O4@SiO2 superparamagnetic nano or ultrafine
particles were synthesized. Then, by calcination of Mg/Al LDH by dissolving MgCl2·H2O
and AlCl3·H2O in a basic solution, La-LDH crystals were formed. Thereafter, the La-LDH
was surface-modified by lanthanum-hydroxides loading with the pH maintained at 10.
Finally, after crystalization in an 80 ◦C bath and washing with boiling deionized water
and anhydrous ethanol repeatedly till the pH reached neutral, the MgAl-La-LDH loaded
onto the Fe3O4@SiO2 particles and SNSs were dried and finally harvested. The detailed
procedures have been revealed by Zhao et al. [18]. Afterward, the surface configurations
of the complex agent and SNSs were analyzed with a scanning electron microscope (SEM,
ZEISS Gemini SUPRA55, Germany).

DSL was obtained from the lab-scale mesophilic digester (operating at 35 ◦C), which
was fed with excess activated sludge in the WWTP treating domestic sewage in Shandong
Jianzhu University. The detailed composition of DSL is shown in Table 1. Orthophosphate
was the main component of the total dissolved P. In addition, according to ICP-AES analysis,
the content of Zn was detected as 0.3~0.5 mg/L, while the concentration of other heavy
metals, such as Cu, Pb, As, Cd, Cr, and Zn, was below the detecting limit.
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Table 1. Typical water quality parameters or components of DSL.

Term DSL

Total dissolved P (mg/L) 22.6 ± 1.4
Orthophosphate (mg/L) 20.3 ± 0.9
HCO3

− (mg CaCO3/L) 57.2 ± 0.7
Cl− (mg/L) 47.6 ± 2.8
SO4

2− (mg/L) 5.2 ± 0.3
SS (mg/L) 135 ± 18
Zn2+ (mg/L) 0.4 ± 0.1
Extracellular protein (mg/L) 20.5 ± 1.3
Polysaccharide (mg/L) 28.4 ± 0.7
pH 6.4 ± 0.2

Note: All the values in the table are written as “mean ± standard deviation”.

2.2. Adsorption and Clarification Batch Experiments

The complex agents, with PACl and SNS ingredients at different mass ratios (25 mg:5 g,
20 mg:10 g, 15 mg:15 g, 10 mg:25 g, and 5 mg:30 g), were respectively dosed into 5 jars
containing 100 mL DSL at room temperature. These jars were capped and vigorously
shaken in a shaker at 120 rpm for 12 h to reach saturation (pre-determined in the previous P
adsorption-equilibrium test). Afterward, the supernatant was decanted through a magnet
and filtered with a 0.45 μm filter, the TP concentration was determined according to the
standard molybdenum blue method, and turbidity was assayed using a turbidimeter
(HACH TU5200) [19]. The P removal performance was determined by calculating the ratio
of the P loading amount (mg P/g) to the original P amount in DSL.

The adsorption capacity for phosphate at different equilibrium concentrations could
be described by adsorption isotherms. The isotherm test was conducted by exposing
0.5–2.5 g dry mass of complex agent (with the PACl: SNS ratio as 15 mgPACl: 15 g SNS)
to a 100 mL aqueous solution containing phosphate with a concentration of 20 mg P/L
at room temperature. After 12 h agitation in a shaker at 120 rpm, qe (mg/g), i.e., the
amount of phosphate loaded per unit mass of the complex agent at the equilibrium, the
maximum adsorption capacity can be determined. To fit the equilibrium data, Langmuir
and Freundlich isotherm models were used, with equations defined as follows:

qe = qmKLCe/(1 + KLCe) (1)

qe = kfCe1/n (2)

in which Ce (mg/L) is the phosphate equilibrium concentration. kf ((mg/g)/(mg/L)1/n)
and KL (L/mg) are the Freundlich and Langmuir adsorption equilibrium constants, respec-
tively. qm represents the maximum adsorption capacity (mg/g). n is a constant indicating
the Freundlich isotherm curvature. Each sample was assayed in triplicates. Results are
shown as the means and standard deviations (error bars) of 3 replicates per point.

The extracellular protein and polysaccharide were determined by the Lowry method
and anthrone colorimetry [20,21], respectively. The pH value was measured with a
pH electrode (Leici PHS-25). Cl− and SO4

2− concentrations were quantified using IC
(ICS-5000+, Thermo Scientific) (Jackson). All the assays were conducted in triplicate. The
raw DSL-filtered samples before and after batch tests were also analyzed by the dimensional
excitation-emission matrix (EEM) fluorescence technique using a fluorescence spectropho-
tometer (F-4500, Hitachi, Japan). An excitation range of 200–400 nm and an emission range
of 220–550 nm were employed.

2.3. Desorption and Regeneration Experiments

P recovery rates and the reusability of the magnetic seeds, i.e., SNS in the complex
agent, were tested within 10 treatment/reuse (adsorption/desorption) cycles. The desorp-
tion experiment, i.e., the PACl regeneration experiment in cycle 1, was conducted with
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100 mL DSL dosed with a complex agent containing PACl and SNSs (15 mg:15 g). After
12 h agitation and 15 min sedimentation, 1 mL supernatant was taken to determine the tur-
bidity and orthophosphate content, with P adsorption capacity (q0) and turbidity removal
rate calculated. The SNSs in the exhausted agent were separated with a magnet, rinsed
with deionized water, and regenerated in 100 mL 2M NaOH solution for 12 h. 2M NaOH
solution, as a generative agent, was prepared in advance, and OH− in NaOH caused the
outer-sphere complexation (phosphate and SNS) to proceed in converse, leading to new
“adsorption sites” for phosphate in the next cycle of adsorption [11]. Then, the amount
of phosphate in the supernatant (i.e., the desorption amount) was determined, with the P
recovery rate calculated. Afterward, these SNSs were rinsed, dried, and mixed with 15 mg
PACl before dosing into another 100 mL DSL. Thus, cycle 2 of adsorption started, with
the P adsorption capacity in cycle 2 (q1) being calculated. Therefore, the SNS regeneration
efficiency in cycle 1 was determined by calculating the ratio of q0/q1. Procedures were
repeated in cycles 3–10, with ratios of qi/q0 calculated. The desorption and regeneration
tests were performed in triplicate.

2.4. Chemicals

AlCl3·6H2O, NaOH, FeCl3·6H2O, FeSO4·7H2O, NaHCO3, and lanthanum oxides were
purchased from the Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Ethanol
(CH3CH2OH), hydrochloric acid (HCl), anthrone, and chemicals used in the Lowry method
were purchased from Aladdin (Shanghai, China).

2.5. Method of Calculation on Dosing Cost

The cost of dosing commercial magnetic powder and coagulants should be the product
of dosage and the market uni-price. For SNS dosing, the cost should be the product of
dosage and the manufacturing cost (sum of the reagents involved and the main expensive
processing). As for complex agents, the cost should be calculated as the sum of the cost of
SNSs and coagulant dosage. Lost amounts, especially for magnetic sorbents, should also
be taken into account.

3. Results

3.1. Structural Characterizations of the Complex Agent

The SEM pattern of the complex agent and SNS are presented in Figure 1a,b, respec-
tively. Both the complex agent and SNS composites had relatively regular shapes and
smooth surfaces, without any noticeable difference between them. This could be explained
by the dominantly high content of SNS in the complex agent. Maybe the complex agent
showed seemingly little pores, which was probably due to the presence of powdered PACl.
The complex agent for both bare SNS and the complex agent showed unclear core-shell
structure, with a diameter ranging from 10 to 50 nm.

 

Figure 1. SEM image of (a) complex agent and (b) SNS.
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3.2. TP and Turbidity Removal Performance by Complex Agent

Figure 2 exhibits the effect of the ratio of PACl and SNS mass in the mixtures on the
turbidity removal rate and TP recovery efficiency. The turbidity removal performance
varied with the PACl: SNS ratio in the dosed mixtures, with removal rates of 82.4%, 90.4%,
93.5%, 77.3%, and 70.2% after dosing 25 mg:5 g, 20 mg:10 g, 15 mg:15 g, 10 mg:25 g, and
5 mg:30 g of PACl: SNS, respectively. A dramatic decrease in removal efficiency was
observed when dosing less than 10 mg/L of PACl, while, comparatively, more turbidi-
ties were removed when dosing >15 mg/L of PACl in the presence of PACl. 15 mg:15 g
achieved the highest turbidity removal efficiency, because, at those dosages, the PACl
played the primary role in the coagulation of colloidal or solid matter, while the SNS served
as the magnetic seeds which benefited floc aggregation and precipitation. This result was
consistent with the results reported by Lv et al. [22], who believed that the applied magnetic
field could achieve effective sedimentation of the looser flocs and less production of frag-
ments compared to the sole coagulation process, therefore resulting in improved turbidity
removal rate. A dramatic decrease in the turbidity removal efficiency was observed when
dosing 5 and 10 mg/L of PACl, although the component SNS simultaneously dosed was
>25 g. This could be explained by the relatively high concentration of flocs in DSL and
low concentration of coagulant dosed, which resulted in fewer opportunities for particle
collision, and finally a lower coagulation efficiency [23]. According to previous literature,
magnetic nanomaterials could affect sludge properties and extracellular polymer behavior
by aggregating colloids into large flocs and greatly improve the separation performance
of sludge and water. As a result, magnetic nanomaterials combined with macroscopic
magnetic fields could promote a sludge dewatering effect and provide a relatively clarified
supernatant for P sequestration [24,25].

Figure 2. TP recovery and turbidity removal efficiency by complex agent-treating DSL.

As for the TP removal performance, the complex agent achieved removal efficiencies of
>85% no matter how much the PACl and SNS ingredients were in the dosing mixtures. This
could be explained by the similar P removal efficiency of PACl and SNS in spite of different
mechanisms. PACl was precipitated with phosphorus while SNS grasped phosphorus by
the means of adsorption or complexation reaction. After dosing the agent containing 15 mg
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PACL and 15 g PACl, 93.5% of turbidity and phosphorus were simultaneously removed.
During this process, The SNS particles instantly absorbed phosphate, and residual DOM
and colloidal particles in the sludge liquor clustered with PACl, with the floc size increasing
with the SNS particles as magnetic seeding.

Figure 3 presents the phosphate adsorption isotherm with complex agent/sole SNS
plotted against different equilibrium P concentrations. The previous literature revealed
that isotherm figures of P adsorption by SNS were more propitious to the Freundlich
equation [11]. This tied well with the Freundlich-fitting curve in this study (R2 = 0.951) in
comparison with Langmuir-fitting results (R2 = 0.883), which assumed multilayer covering
is an adsorbent heterogeneous surface in which adsorption energy declined depending
on the surface covering. However, the Freundlich model did not fit the data for the
phosphate adsorption equilibrium experiment using the complex agent, with a coefficient
of determination of R2 = 0.8653. This explained the complicated P removal process driven
by the complex agent. The P precipitation by the coagulant component and the P adsorption
process by SNS could not be described by a pure adsorption model.

Figure 3. Phosphate adsorption isotherm with complex agent and sole SNS.

3.3. Reusability of Complex Agent

TP and turbidity removal performance by the complex agent during 10 cycles of
treatment/reuse cycles is shown in Figure 4. The reusability test of SNS-PACl mixtures
confirmed the effective recovery of SNS from flocs after applying a magnetic field, gener-
ating a 45% lower volume of particles compressed with PACl compared to that without
SNS. During 10 cycles of SNSs recovery and PACl replenishment, the constantly stable
turbidity removal performance was observed, with the removal percentage at the 10th
cycle maintained at 70–80% of the original level in the 1st cycle. The DOC in the liquor
followed similar patterns as turbidity, with concentration ranging from 814.8 mg/L to
903.2 mg/L. The relatively sharp reduction in turbidity removal rate after cycle 5 indicated
that the 5th cycle might be the optimal cycle for this process. It was noteworthy that sole
SNS without PACl also removed a small proportion of turbidity, which could be explained
by the enmeshment and sweeping effect.
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(a) 

 
(b) 

Figure 4. The variation of P (a) and turbidity (b) removal performance of complex agent during
10 cycles of treatment/reuse with complex agent.

During the treatment/reuse cycles, the P recovery amount was very low, indicating
that the phosphorus removed by PACl could hardly be recovered. This small amount of
P can be explained by the residual P as well as the P re-dissolved from the PACl flocs in
the base solution during the regeneration process. In contrast, the P recovery performance
was improved after the dosing of complex agents, with recovery efficiency increasing with
the proportion of SNSs in the agent. The inner ligand complexation of phosphate with the
LDH group on the surface of SNS, no matter in the form of H2PO4

− or HPO4
−, has been

considered a reversible reaction under alkaline conditions [11]. Though the P recovery
rates dropped from 94.5% to 79.4% after the 1st cycle, they were maintained at 74.6–78.4%
during the 2nd to 10th cycles. The complex agent with PACl: SNSs of 15 mg:15 g achieved
a high recovery rate of both TP and turbidity (Figure 3). It also could be concluded that the
phosphate preferred to be absorbed on SNS rather than precipitating with PACl because
the inner complexation exhibited higher binding energy and stability. As such, it suggested
mutually beneficial effects of the complexing agent containing SNS and PACl with a ratio
of 1:3, because PACl removed all the impurities while SNS grasped the phosphate.

With the PACl-dominated complex agent, the P recovery rates decreased with re-
generation cycles more dramatically than that with the SNS-dominated agent. It was
presumably due to the deterioration of the coagulation effect caused by the caustic soda
washing during regeneration. Though washed with deionized water, cycles of caustic
regeneration might cause the pH value to fluctuate and reach 7.5 or above, under which
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scenario the hydrolysate of the coagulant was mainly negatively charged and could not ag-
glomerate through adsorption and electro-neutralization [26,27]. Limited amounts of PACl
cannot facilitate the precipitate’s enmeshment, leading to more P-adsorption interferential
impurities, and therefore poorer P recovery performance.

3.4. Mechanism

Significant improvement in DOC removal (from 47% to 52%) was determined for
the samples that were dosed with PACl-dominated complexing agents. The EEM spectra
showed peak A at Ex/Em of 275/290–320 nm (Figure 5), indicating the presence of soluble
microbial by-product-like substances for all the samples, while peak B at 350/430 nm
(humic acid-like substances related to hydrophobic acids) was observed exclusively for
the raw sludge liquor. These peaks were often found in the EEM spectra of bio-sludge
EPS [28] The hydrophobic acids could be almost completely removed by the sole SNS, while
the PACl ingredient in the complexed agent removed the soluble microbial by-product-
like substances, with removal efficiencies increasing with the content of PACl. This was
consistent with the DOC removal performance and P recovery rates shown in Section 3.1,
suggesting that PACl removed most of the potential P-adsorption-competing matter, i.e.,
probably the soluble microbial by-product-like substances. In addition, our previous
study showed that SNS exhibited high selectivity towards phosphate in the presence of
ions [29], but the hydrophobic PACl ids adhering to or absorbed on the SNS in this study
might interfere with the phosphate adsorption. The addition of alum salts contributed
to the removal of impurities, providing a comparatively simplified solution matrix for
P adsorption.

 
(a) (b) 

 
(c) (d) 

Figure 5. Profile of EEM for raw DSL (a) after treatment with complex agent containing PACl: SNS of
25 mg:5 g, (b) 15 mg:15 g, (c) and 5 mg:30 g (d).

It has been confirmed that SNS showed high selective capture ability and strong regen-
eration performance for phosphate even in the presence of coexisting ions such as nitrate,
chloride ion, sulfate, etc. [10,18]. However, the LDH on the SNS surface exhibited strong
affinity with the protein or soluble microbial by-product-like colloids in the DOM compo-
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nents. As revealed by Gondim et al., human immunoglobulin G and serum albumin can be
absorbed on the non-calcined Mg-Al LDH, and maximum IgG and HSA adsorption uptake
occurred in phosphate buffer solution, suggesting that proteins and protein-like substances
might interfere with the phosphate adsorption [30]. In addition, other biomacromolecules,
including colloidal and soluble microbial products, and extracellular polymeric substances
such as polysaccharides, short-chain fatty acids, nucleic acids, and humic acids might be
also selectively adsorbed on the LDH-based sorbents, with “active sites” for phosphate
decreasing. Once the cationic polymer PACl was added to the liquor, the negatively charged
colloidal DOM would change from negative to almost neutral, and PACl cumulated into
larger flocs (Figure 6), greatly assisting in the reduction of turbidity [31]. In addition, the
induced PACl also acted as the nucleus to produce Al-DOM complexes. In the colloids-free
solution, the SNS not only efficiently and rapidly adsorbed the phosphate ions, but also
served as nuclei for aggregating by bridging these small aggregates into SNS-Al-DOM
clusters, therefore reclaiming P, and meanwhile facilitating the clarification.

Figure 6. Coupling mechanism of PACl and SNS in the complex agent for P recovery from DSL.

3.5. Economic Analysis

Magnetic seeding coagulation has been regarded as cost-effective because inducing
magnetic seeds in coagulation or clarified tank would promote the stable growth and rapid
sedimentation of flocs, resulting in higher floc settling rate, faster settling velocity, shorter
hydraulic retention, smaller tank size, and lower overall costs. It shows its necessity and
feasibility for settling basins or facilities in cold areas where heating or insulation measures
are required [32]. Our field investigation on the drinking water treatment plants in Weifang
City revealed that 99% of magnetic seeds could be reclaimed, with the cost of the magnetic
powder loss of only 0.00076–0.002 EUR/m3. Together with the cost of the coagulant dosing
of 0.013 EUR/m3, the total cost of the conventional magnetic seeding coagulation was
equivalent to about 0.015 EUR/m3, generating the clarified effluent containing TP of less
than 0.05 mg/L, SS of less than 0.8 mg/L, and turbidity of less than 1NTU.

In this study, the magnetic seeds played a dual role in nucleating sites and P recovery.
Based on the calculation of the previous test, the P adsorption capacity was in the range
of 26.38–46.58 mg P/g SNS. An average of 24.9 g P could be produced after dosing 12.6 g
SNS due to the decreasing adsorption capacity, i.e., the exhaustion of SNS after adsorption-
regeneration cycles, with an agent synthesis cost of 0.14 EUR/g SNS. Considering the TP
concentration of 20 g/m3 in the sludge liquor and SNS dosing amount of 10.12 g SNS/ m3,
20 P could be reclaimed from 1 cubic liquor at a cost of the sole SNSs estimated to be

195



Processes 2023, 11, 2050

10.12 g SNS/m3×0.14 EUR/g SNS = 1.4 EUR /m3. Thus, the total dosing expense of the
complex agent should be 0.14 EUR/m3 (for PACL) + 1.4 EUR/m3 (for SNS) = 1.54 EUR/m3,
which could be extremely higher than the cost of the conventional magnetic seeding
coagulation. The reclaimed crude P solution shows potential in producing phosphoric
acid fertilizer or even some high-end industrial products such as glyphosate, glufosinate
ammonium, or yellow phosphorus, which can compromise the high cost of SNS dosing.
Considering the reclaimed 20 g/m3 could be processed and produced as glufosinate am-
monium (C5HN2O4P, P of 15.6% in w/w) with a market price of 11,400 EUR/ton, the profit
would be about 20 g/m3 × 1 ton/1,000,000 g÷15.6% × 11,400 EUR/ton = 1.46 EUR/m3,
which could almost cover the cost of 0.154 EUR/m3 due to the complex agent dosing.
In addition, the environmental benefits would be more significant if taking into account
PACl’s role in avoiding eutrophication. The comparison of cost and environmental benefit
between the magnetic seeding coagulation process and complex agent are shown in Table 2.

Table 2. Comparison of dosing cost and environmental benefit between magnetic seeding coagulation
and complex agent.

Magnetic Seeding Coagulation Complex Agent

Cost (EUR/m3) 0.015 1.54
Profit (EUR/m3) 0 1.46
Net cost (EUR/m3) 0.015 0.08
Environmental benefit Low High

4. Conclusions

This work investigated the performance of the complex agent consisting of PACl and
SNS-treating DSL. The adsorption/clarification experiments demonstrated that both the
turbidity removal and P recovery performance varied with the PACl: SNS ratio in the dosed
agent, with PACl: SNS of 15 mg:15 g achieving the highest turbidity removal efficiency
and comparatively high P recovery rate. In addition, constantly stable turbidity removal
performance and regeneration efficiency could be maintained at 70–80% of the original
level at the 10th cycle in the treatment/reuse (adsorption/desorption) batch tests. The
5th cycle might be the optimal cycle for this process using these materials because the
turbidity removal rate dropped more significantly after cycle 5. The EEM profile indicated
that induced Al species neutralized the negatively charged colloidal DOM, providing an
almost interferential-substances-free solution for the P recovery by SNS, while the SNS
not only rapidly grasped the phosphate in large capacity, but also served as nuclei for the
flocs aggregating by bridging these small aggregates into SNS-Al-DOM clusters. In spite
of the high cost of SNS dosing, the economic cost calculation indicated that the complex
agent would be promising if the reclaimed crude P solution can be processed and produced
further for some high-end industrial products with higher added value after replacing the
conventional magnetic seeding coagulation. It is expected that this study may foster further
development and application of sustainable and efficient complex agents for P recovery
from municipal wastewater or DSL with the ultimate aim of holistic water–energy–resource
management in robust WWTPs.
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Abbreviations

AAO anaerobic–anoxic–oxic
DOM dissolved organic matter
EEM dimensional excitation-emission matrix
PFC polyferric chloride
SNS superparamagnetic nano-sorbent
WWTPs wastewater treatment plants
CaP hydroxyapatite
DSL digested sludge liquor
PACl polyaluminum chloride
P phosphorus
TP total phosphorus
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Abstract: Climate change is an urgent global concern driven by human activities and the subsequent
rise in greenhouse gas (GHG) emissions. The semiconductor industry has emerged as a significant
contributor to GHG emissions, yet there is a lack of clear guidelines for effective reduction methods
specifically tailored to domestic and international semiconductor manufacturing. This mini-review
addresses this gap by proposing implementation principles for optimal control technology aimed
at mitigating GHG emissions in the semiconductor industry. Drawing upon guidance from the
Intergovernmental Panel on Climate Change (IPCC) and established reduction methods, our focus is
on the deployment of efficient exhaust gas destruction equipment for removing GHGs from critical
processes such as Etching, ThinFilm (including chemical/physical vapor deposition), and Diffusion.
By examining and consolidating current best practices, this review provides a foundation for devel-
oping comprehensive guidelines and standards that support the semiconductor industry’s transition
to more sustainable operations. Considering the vast body of literature in this field, we highlight the
significance of this study as it contributes to the ongoing research efforts in reducing GHG emissions.
The objective of this study is to identify research gaps and motivate further investigations, while also
providing practical recommendations for reducing GHG emissions in the semiconductor industry.

Keywords: greenhouse gas management; semiconductor industry; fluorinated compounds; optimal
control technology; best practices; reduction methodology

1. Introduction

With the global objective of achieving Net Zero Emissions by 2050, the semiconductor
industry plays a crucial role in addressing climate change. As a leading semiconductor man-
ufacturing company in Singapore, our focus on reducing greenhouse gas (GHG) emissions
aligns with the industry’s commitment to sustainable practices. In line with the Scientific
Basis-Based Targets (SBTi), many semiconductor fabs in Singapore have set annual carbon
emission reduction targets of 3–4% [1]. To meet these targets, various strategies have been
implemented, including the accelerated installation of local scrubbers, the promotion of
energy-saving equipment and measures, and the adoption of green electricity equipment.
Singapore, as a nation, is actively working towards reducing GHG emissions and has set
baseline targets for carbon reduction. In this context, the semiconductor industry in Singa-
pore aims to achieve an emission rate of less than 25,000 tons of carbon dioxide equivalent
(t/CO2e) by 2023 [2], as per the baseline established by the National Environment Agency.
To achieve this goal, advanced control technology is being implemented across different
phases of semiconductor manufacturing [2,3]. The methodology employed for reducing

Processes 2023, 11, 2120. https://doi.org/10.3390/pr11072120 https://www.mdpi.com/journal/processes199



Processes 2023, 11, 2120

GHG emissions draws inspiration from the Clean Development Mechanism (CDM) pub-
lished methods AM0078 and AM0111 by the Environmental Protection Administration.
These methods incorporate the latest abatement and management systems, providing a
comprehensive approach to GHG reduction. Additionally, a systematic verification method
has been developed to assess the effectiveness of these reduction measures [4,5].

The primary objective of this mini-review is to present the implementation principles
of optimal control technology for reducing GHG emissions in the semiconductor industry.
By leveraging established reduction methods and guidance from the Intergovernmental
Panel on Climate Change (IPCC), this review aims to address the lack of clear guidelines
for reducing fluorinated compounds (FCs), N2O, and NF3 greenhouse gases in the semi-
conductor industry. Specifically, this review focuses on the installation of efficient exhaust
gas destruction equipment for the removal of FCs and N2O from critical processes such
as Etching, ThinFilm (including chemical/physical vapor deposition), and Diffusion [6,7].
By analyzing current best practices and considering the unique requirements of the semi-
conductor industry, this review aims to provide actionable insights and recommendations
for the reduction of GHG emissions. The remainder of this mini-review is structured as
follows: Section 2 provides a comprehensive literature review, highlighting the current
state of knowledge on GHG reduction in the semiconductor industry. Section 3 outlines
the methodology used in developing the implementation principles for optimal control
technology. Section 4 presents the proposed principles and discusses their applicability to
the semiconductor industry in Singapore. Finally, Section 5 summarizes the key findings,
implications, and recommendations for future research and practice. By undertaking this
mini-review, we aim to contribute to the advancement of sustainable practices within the
semiconductor industry, specifically focusing on the reduction of GHG emissions. Through
collaboration and the adoption of innovative solutions, the industry can play a pivotal role
in mitigating climate change and ensuring a greener future.

2. Greenhouse Gas Reduction Strategies in the Semiconductor Industry

The semiconductor industry plays a vital role in technological advancements and in-
novation, but it is also recognized as one of the major contributors to greenhouse gas (GHG)
emissions [8]. As the urgency to address climate change grows, there is a pressing need to
identify and implement effective strategies for reducing GHG emissions in semiconductor
manufacturing processes [9]. This comprehensive literature review aims to provide an
overview of the current knowledge and best practices related to GHG reduction in the semi-
conductor industry, with a specific focus on Singapore [10]. The current literature review
on GHG reduction in the semiconductor industry provides a comprehensive overview of
the state of knowledge and best practices in this field. The novelty of this study lies in
its specific focus on the semiconductor industry in Singapore, which allows for a detailed
examination of the strategies and initiatives implemented in a specific context.

The review also identifies greenhouse gas substitution as a key strategy for reducing
net fluorine-gas emissions in the semiconductor industry. The novelty here lies in the eval-
uation of alternative gases that not only have lower global warming potential (GWP) but
also meet the performance and operational requirements of semiconductor manufacturing
processes. This assessment considers potential safety and health impacts on fab operations,
employee protection, and external environmental impacts.

2.1. Greenhouse Gas Substitution-Phase 1

To further reduce net fluorine-gas emissions in the semiconductor industry, one ap-
proach is to replace gases with high global warming potential (GWP) with alternatives that
have lower GWP or no GWP. This substitution strategy aims to use gases more efficiently
in the plasma process [11]. The gases of particular concern in this context are CF4, C2F6,
C3F8, c-C4F8, CHF3, CH2F2, CH3F, NF3, and SF6. These gases have significant GWP values
and contribute to greenhouse gas emissions. CF4 is commonly used in both Etching and
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ThinFilm processes, while CHF3, CH2F2, and C2F6 are also used in various semiconductor
manufacturing processes [12,13].

When considering alternative chemicals for substitution, it is essential to evaluate their
potential safety and health impacts on fab operations, employee protection, and external
environmental impacts [8]. The objective is to identify replacement gases that not only
offer lower GWP but also maintain the desired performance and operational requirements
of the semiconductor manufacturing processes. Table 1 summarizes the GWP values, by-
products, and noteworthy remarks for the relevant gas categories. These values are based
on the Carbon Pricing Act 2018 (CPA 2018) and the Intergovernmental Panel on Climate
Change (IPCC) 2019 assessment [1,2]. It is important to note that CF4, C2F6, and CHF3 are
frequently mentioned due to their significant GWP and their presence as by-products in
various semiconductor processes [14].

Table 1. GWP values, by-products, and noteworthy remarks for the relevant gas categories [2].

Gas Category
GWP By-Product Remark

CPA 2018 IPCC 2019 CPA 2018 IPCC 2019

CO2 1 1 - -

CH4 28 28 - -

N2O 265 265 - -

CHF3 12,400 12,400 CF4 CF4, C2F6, C5F8

CH2F2 677 677 CF4, CHF3 CF4, C2F6, CHF3

CH3F 116 116 - C2F6

CF4 6630 6630 - C2F6, C5F8, CHF3 IPCC 2019 differentiate
ThimFilm & EtchingC2F6 11,100 11,100 CF4 CF4, CHF3

C3F8 8900 11,000 CF4 CF4

C4F8 9540 9450 CF4, C2F6 CF4

SF6 23,500 23,500 - CF4, C2F6, CHF3

NF3 17,200 16,100 CF4 CF4 (In-situ & Remote)

Through the Greenhouse Gas Substitution-Phase 1, semiconductor manufacturers can
make informed decisions regarding the replacement of high GWP gases with alternatives
that have a lower environmental impact. This phase requires careful consideration of the
gases’ performance, safety implications, and overall reduction potential in greenhouse gas
emissions [8,15].

2.2. Advanced Abatement Methodology-Phase 2

The semiconductor industry has developed and commercialized various advanced
abatement technologies to reduce fluorine-gas emissions effectively. The focus has been on
implementing abatement systems (Figure 1) near the emission source to prevent further
contamination and dilution of the gases [9,10].

This approach involves connecting each emission stream to a local scrubber, en-
abling accurate calculations of FC emissions [9,10]. The connection method between the
production system and the abatement system is crucial for achieving precise emission
measurements. Venting equipment and process conditions, such as the temperature, fluori-
nated greenhouse gas inlet concentration, flow rate, pump purge rate, and total inlet flow
composition, significantly impact the performance of the venting system [11,12].

201



Processes 2023, 11, 2120

Figure 1. Installation of effective abatement system for the removal of Fluorinated Compound (FCs)
and N2O, such as combustion, electric, or plasma type, etc.

The Table 2 provides an overview of different advanced abatement methods commonly
used in the semiconductor industry. These methods focus on the removal of fluorinated
compounds (FCs) and N2O greenhouse gases from various semiconductor manufacturing
processes, including Etching, ThinFilm deposition, and Diffusion processes [16]. The
combustion-based abatement system involves the installation of efficient combustion-based
systems that effectively remove FCs and N2O. Similarly, the electric-based abatement
system utilizes electric-based technologies for emission reduction. Plasma-based abatement
systems leverage plasma technology to remove FCs and N2O. Additionally, other methods,
such as UV-based systems, may be employed for FC and N2O abatement. The primary
objective of these abatement methods is to reduce the emissions of specific greenhouse
gases, including CF4, C2F6, C3F8, c-C4F8, CHF3, CH2F2, CH3F, NF3, and SF6. By employing
these advanced abatement methods, semiconductor manufacturers can effectively mitigate
the environmental impact of their operations and contribute to global efforts in reducing
GHG emissions.

Table 2. Overview of advanced abatement methods in the semiconductor industry.

Method General Practice Type of GHG Reduction

Combustion-based Abatement
System

Installation of efficient combustion-based
abatement systems for the removal of fluorinated
compounds (FCs) and N2O from semiconductor

manufacturing processes, such as Etching,
ThinFilm deposition, and Diffusion processes.

Reduction of emissions of fluorinated
compounds (FCs) and N2O greenhouse

gases, including CF4, C2F6, C3F8, c-C4F8,
CHF3, CH2F2, CH3F, NF3, and SF6

Electric-based Abatement
System

Implementation of electric-based abatement
systems for the removal of FCs and N2O in
semiconductor manufacturing processes.

Reduction of emissions of fluorinated
compounds (FCs) and N2O greenhouse

gases, including CF4, C2F6, C3F8, c-C4F8,
CHF3, CH2F2, CH3F, NF3, and SF6

Plasma-based Abatement
System

Utilization of plasma-based abatement systems
to remove FCs and N2O from semiconductor

manufacturing processes, such as Etching,
ThinFilm deposition, and Diffusion processes.

Reduction of emissions of fluorinated
compounds (FCs) and N2O greenhouse

gases, including CF4, C2F6, C3F8, c-C4F8,
CHF3, CH2F2, CH3F, NF3, and SF6

Other Abatement Methods
(e.g., UV)

Adoption of various additional abatement
methods, such as UV-based systems, for the
removal of FCs and N2O in semiconductor

manufacturing processes.

Reduction of emissions of fluorinated
compounds (FCs) and N2O greenhouse

gases, including CF4, C2F6, C3F8, c-C4F8,
CHF3, CH2F2, CH3F, NF3, and SF6
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2.3. Process Optimization-Phase 2 and 3

Process optimization plays a critical role in reducing greenhouse gas consumption
and minimizing fluorinated greenhouse gas emissions in semiconductor manufacturing.
By modifying process variables such as chamber pressure, temperature, plasma power,
cleaning gas flow rate, gas flow time, and gas ratio, it is possible to decrease carbon
emissions [6]. Process improvement techniques, including endpoint inspection systems
utilizing mass spectrometry, infrared spectroscopy, optical emission spectroscopy, and
radio frequency impedance monitoring, provide valuable data for optimizing processes [7].
These techniques have been extensively used for cleaning chemical vapor deposition (CVD)
chambers, and they can also be applied to Etching and other fluorinated greenhouse gas
plasma operations.

2.4. Remote Plasma Cleaning System-Phase 4

Remote plasma cleaning technology has emerged as an alternative to in situ CVD
chamber cleaning. In this approach, a plasma generation unit is installed at the front of the
CVD chamber, facilitating the cleaning process [6]. The plasma unit initiates the reaction
of NF3, generating fluorine radicals and ions that chemically react with the deposited
material in the processing chamber (Figure 2) [13]. The by-products of this reaction, such
as SiF4, are then carried away in gaseous form. Remote plasma cleaning systems can be
retrofitted into existing processing tools to replace the original chemistry used for fluorine
gas cleaning [14]. Continuous evaluation and sharing of new technologies within the
semiconductor industry are essential for further improvement [15]. It is crucial to follow
reliable measurement protocols when measuring emissions or assessing the effectiveness
of new technologies [16].

Figure 2. The remote cleaning starts with the reaction of NF3 in the plasma, and the fluorine radicals
and ions generated in the remote plasma unit are guided to the CVD processing chamber.

2.5. Basis of Preparation and Monitoring Plan-Endorsed by ISO14064 and NEA

The basis of preparation (BoP) and monitoring plan (MP) for GHG reduction initia-
tives in the semiconductor industry are rooted in the “IPCC 2019 Guidelines for National
Greenhouse Gas Inventories, Volume 3, Chapter 6” (IPCC GL) and the Fifth Assessment
Report (AR5) Global Warming Potential (GWP) values. Estimation methods based on these
guidelines provide a framework for calculating emissions, aligning with the objectives and
requirements set forth by environmental agencies such as the National Environment Agency
(NEA) [7,17]. Adherence to the ISO 14064 standard ensures that GHG reduction efforts in
the semiconductor industry comply with internationally recognized protocols [16].

To conclude, this comprehensive literature review has highlighted the current state of
knowledge and best practices for GHG reduction in the semiconductor industry. Through
greenhouse gas substitution, advanced abatement methodologies, process optimization,
and the use of remote plasma cleaning systems, significant progress has been made in
reducing emissions of fluorinated compounds and N2O gases. The basis of preparation
and monitoring plans endorsed by ISO 14064 and NEA provide a standardized approach
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for measuring and managing emissions [18]. Further research and development efforts are
essential to continue advancing GHG reduction strategies in the semiconductor industry,
ultimately contributing to global sustainability goals. Moreover, this literature review also
contributes to the existing knowledge by providing insights into the specific strategies and
initiatives implemented in the semiconductor industry in Singapore. The novelty of the
study lies in its focus on greenhouse gas substitution, advanced abatement methodologies,
process optimization, remote plasma cleaning systems, and adherence to standardized
monitoring protocols.

3. Methodology for Developing Implementation Principles of Optimal
Control Technology

3.1. Overview of the Control Technology Methodology
3.1.1. Old Control Technology

Early PFC abatement systems were not effective in destroying CF4 because of its
strong C-F molecular bonds. Burn boxes operating at temperatures of 800 degrees Celsius
were only up to 27% effective in destroying PFCs. Many times, the destruction of CHF3,
C2F6, and C3F8 generated CF4 from the decomposition of the original gases [7]. The
semiconductor manufacturing emission factors include fluorinated compounds (FCs) that
are not destroyed by the emission reduction system; CO2 generated as a by-product of the
reduction of F-GHGs; CO2 from the combustion of fossil fuels in the emission reduction
system; and CO2 from electricity use during the operation of the emission reduction system.
In the monitoring procedure, the gas concentration at the inlet and outlet of the abatement
system will be monitored continuously using two FTIR devices, and the gas velocity at the
inlet and outlet of the abatement system will be monitored continuously as well [8,10,13].

The monitoring methodology specifies that the mass of each F-GHG entering and
leaving the abatement unit, as well as the inlet and outlet flow rates, should be calculated
separately and continuously. The relevant parameters required for the calculation of base-
line and project emissions shall be monitored continuously [14]. All measurements shall be
carried out using equipment calibrated according to the relevant industry standards.] In ad-
dition to following the QA/QC procedures for measuring gas concentrations as described
in the baseline chapter and the QA/QC procedures for measuring flows in the US EPA
methodology, the project developer should ensure that maintenance and repair procedures
follow, at a minimum, the manufacturer’s recommendations or the requirements specified
in this methodology throughout the monitoring period. A record of the maintenance
requirements for the monitoring and abatement equipment should be submitted to the
verifier [16].

3.1.2. New Reduction Method

The new methodology is not only applicable to the Etching process, the ThinFilm
process, which includes chemical/physical vapor deposition, and Diffusion processes but
also to the semiconductor process where FCs and N2O and NF3 greenhouse gases are
emitted directly into the atmosphere and can also be implied such reduction program.
Still, post-production plants should have a history of fluorinated and N2O greenhouse gas
use and utilization rates for three consecutive years prior to the start of the project year;
post-production new plants should have a history of fluorinated and N2O greenhouse gas
use and utilization rates for two consecutive years prior to the start of the project year of
the installation of the proper abatement system [14–16]. The maximum processing capacity
of the abatement must be greater than the historical data on the flow of FCs, N2O, and NF3
greenhouse gases into the abatement (including all other by-products and diluted gases).
The reduction project should also assess that the lifespan of the abatement system is greater
than the project period, and existing equipment that fails due to its age can no longer be
used in the case of this method; the removal of equipment has been a previous project in
reduction measures and can no longer apply for this method [19].
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Fluorinated compounds and the N2O greenhouse gas usage rate must be the amount
of gas used (tons of CO2e) and wafer production area (m2) for the installation of exhaust gas
destruction treatment equipment, and the wafer size is defined according to the financial
annual report of wafer move, including 5′′, 6′′, 8′′, 12′′, 18′′ wafers, etc. The various types
of GHGs are requested to follow the global warming potential (GWP) gases announced by
US EPA [20].

The comparative table (Table 3) highlights the key differences between the old control
technology and the new reduction method. The old control technology was found to have
limited effectiveness in destroying CF4, a greenhouse gas with strong molecular bonds.
The abatement systems operating at high temperatures were only up to 27% effective in
destroying fluorinated compounds (FCs). Additionally, the monitoring in the old control
technology relied on the gas concentration and velocity measurements at the inlet and outlet
of the abatement system. In contrast, the new reduction method is applicable to various
processes and direct emissions of FCs, N2O, and NF3. It takes into account the complete
emission stream through the implementation of a SCADA system, enabling the monitoring
of the total greenhouse gas (GHG) emissions. The new reduction method also emphasizes
the need for a high destruction removal efficiency (DRE) of the abatement system, with
a requirement of over 90% for most types of treatment equipment. Furthermore, the
calculation of gas usage rates in the new reduction method considers the amount of gas
used and the wafer production area, taking into account different wafer sizes. This approach
provides a more comprehensive and accurate assessment of GHG emissions. Additionally,
the new reduction method requires the abatement system’s lifespan to be greater than the
project period, ensuring long-term effectiveness and sustainability.

Table 3. Comparative table highlighting the key differences between the old control technology and
the new reduction method.

Old Control Technology New Reduction Method

Applicability Limited effectiveness for CF4 destruction Applicable to various processes and
direct emissions

Emission Types FCs, CO2 from reduction, combustion,
and electricity

FCs, N2O, NF3, CO2 from reduction
and combustion

Monitoring Gas concentration and velocity monitoring SCADA system for total GHG monitoring

Baseline Data Historical data required for assessment Historical data required for assessment

Abatement System Less than 27% destruction efficiency for PFCs DRE > 90% (combustion, electric, or plasma type)

Gas Usage Rate Not destroyed by emission reduction system Gas usage rate calculation based on
production area

Equipment Lifespan N/A Abatement system lifespan > project period

Compliance Follows industry standards and QA/QC
procedures Compliance with IPCC and US EPA guidelines

It is important to note that the new reduction method complies with international guide-
lines such as the Intergovernmental Panel on Climate Change (IPCC) and the U.S. Environ-
mental Protection Agency (EPA) mandatory reporting rules. This ensures that the methodol-
ogy aligns with industry standards and best practices for GHG emissions reduction.

3.2. Important Features of the New Reduction Methods

This method is applicable to the integrated circuit (IC) manufacturing industry. Other
targets including semiconductor materials (including chemicals), photomasks, design
(including Computer-Aided Design (CAD) software), manufacturing processes, packaging,
testing, and equipment may not be applicable to this method. The effectiveness of the
damage removal rate of the installed abatement system, which is normally the local scrubber
connected to the manufacturing modules, must be considered and referred to the IPCC
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and US EPA Mandatory Reporting Rule [21]. Moreover, the destruction removal efficiency
(DRE) of the treatment equipment should be greater than 90% (combustion, electric, or
plasma type). The DRE of the N2O treatment equipment should be greater than 60%,
and the used local scrubbers purchased by external companies should be tested upon
completion of installation [22].

The new methodology is such that a facility SCADA system would be connected to
the emission stream where the total amount of GHG would be monitored. The pressure
transducer is installed for the whole production and abatement process to clean the emission
stream for cleaning chemical vapor deposition module tool chambers. The local scrubbers
are used to treat the GHG so that less will be emitted into the atmosphere. The process can
be seen in Figure 3.

Figure 3. Emission stream diagram for cleaning chemical vapor deposition module tool chambers
with pressure transducer.

3.3. Integration of International Standards and Guidelines

To ensure the development of robust and reliable implementation principles, interna-
tional standards and guidelines were integrated into the methodology. The principles were
aligned with the recommendations of the Intergovernmental Panel on Climate Change
(IPCC) and the guidelines outlined in the 2019 IPCC Guidelines for National Greenhouse
Gas Inventories [23].

Additionally, the principles were developed in accordance with the ISO 14064 stan-
dard, which provides guidance on the quantification, monitoring, and reporting of GHG
emissions. This integration ensures that the implementation principles are in line with
internationally recognized standards and facilitate accurate measurement and reporting of
GHG reductions.

3.4. Stakeholder Engagement

The development of the implementation principles involved active engagement with
key stakeholders in the semiconductor industry, including semiconductor manufactur-
ers, equipment suppliers, industry associations, and regulatory bodies. Consultations,
workshops, and expert interviews were conducted to gather insights, feedback, and rec-
ommendations from these stakeholders. Stakeholder engagement played a vital role in
understanding the practical challenges and opportunities associated with implementing
optimal control technology. It also helped in identifying potential barriers to adoption and
exploring strategies for overcoming them.

3.5. Development of Implementation Principles

Based on the information gathered through the methodology described above, the
implementation principles for optimal control technology were developed. These principles
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provide guidance on the selection, installation, operation, and monitoring of control tech-
nologies to achieve significant reductions in GHG emissions in the semiconductor industry.

The implementation principles address various aspects, including technology selec-
tion criteria, performance indicators, monitoring protocols, and best practices for ongoing
maintenance and improvement [24]. They aim to provide a holistic framework that semi-
conductor manufacturers can follow to effectively implement optimal control technology
and drive sustainable GHG reduction in their operations. By employing this comprehensive
methodology, the implementation principles for optimal control technology in the semicon-
ductor industry have been developed. These principles serve as a valuable resource for
semiconductor manufacturers seeking to enhance their sustainability efforts and contribute
to global climate change mitigation.

4. Proposed Principles and Applicability in the Singapore Semiconductor Industry

In this chapter, we further enhance the understanding of the proposed principles for
greenhouse gas (GHG) reduction in the semiconductor industry, with a focus on their
applicability to the context of Singapore. We also consider important factors related to mon-
itoring, calculation methodology, and implementation considerations for new reduction
methods. By incorporating these additional aspects, we aim to provide a comprehensive
framework for sustainable semiconductor manufacturing in Singapore.

4.1. Proposed Principles for GHG Reduction

The previously discussed principles for GHG reduction remain relevant, but we
now emphasize the implementation of best control technologies for fluorine-gas, PFCs,
and HFCs reduction in semiconductor fabs. These technologies have proven effective
in reducing emissions and align with the goals set by the World Semiconductor Council
(WSC) and the TSIA Semiconductor Fluorine Gas Emission Reduction BAT Implementation
Principles. To achieve the desired reduction targets, it is crucial to establish a standard
emission rate (NER) and set specific reduction goals. For instance, the WSC expects a 30%
reduction in NER, equivalent to a standard emission rate of 0.22 kgCO2e/cm2 by 2020,
based on the 2010 total baseline. Furthermore, the TSIA aligns with the WSC resolution
and ensures the implementation of reduction techniques in emission reporting and new
plants, including those outside the WSC region.

Additionally, the calculation approach for estimating emissions and by-products should
follow the “IPCC 2019 Guidelines for National Greenhouse Gas Inventories, Volume 3:
Industrial Processes and Product Use: Chapter 6 Electronics Industry Emission, Tier 2c”
formula. This formula takes into account parameters such as the number of fluorinated
compounds used, emission factors, destruction rates, creation of by-products, and their
corresponding global warming potentials.

4.2. Monitoring Plans and Calculation Approach

To facilitate effective monitoring and reporting, a Monitoring Plan (MP) must be
prepared and maintained by corporations exceeding the total GHG emission threshold. The
MP should include details on the facility’s GHG emission sources and streams, emission
quantification methods, quality management procedures, and uncertainty assessment. The
NEA’s guidelines and the MP Template provide guidance on the key elements to document
in the MP, including site details, metering and analysis, emission streams, summary tables,
and quality management frameworks [24].

The calculation approach should consider the specific parameters outlined in the Tier
2c formula, as detailed in Table 4. This includes recording data on gas and chemical con-
sumption sourced from facility SCADA systems and wafer move data from modules CIM
systems. By accurately measuring and calculating emissions, semiconductor manufacturers
can gain insights into their performance and progress towards GHG reduction goals.
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Table 4. Specific parameters for IPCC 2019 Tier 2c calculation.

Parameter
Monitored

Source of Data Data Unit
Measured (m),

Calculated (c), or
Estimated (e)

Recording
Frequency

How Is/Was the
Data Archived?

(Electronic/Paper)
Comments

Gas & Chemical
Consumption

Facility SCADA
System kg

Total consumption
in pressure (MPa)
Average of filled

pressure (Default)
Total consumption
in pressure (MPa)

Monthly

Total consumable
mass of each

GHG-Calculated
weight for yearly

basis (kg)

Calculated weight
for yearly basis (kg)

= ∑ Total
consumption in
pressure (MPa)

Wafer Move Modules CIM
System pcs

Flow rate (sccm)
Supply duration

(sec)
Supply frequency

Wafer move (/year)

Monthly
Fraction usage of

individual GHG by
machine

Fraction usage =
(Flow rate × Supply
duration × Supply
frequency × Wafer
move)/∑ (Flow rate
× Supply duration
× Supply frequency
× Wafer move)

4.3. Implementation Considerations for New Reduction Methods

The implementation of new reduction methods requires careful consideration of
several factors. For post-production new plants, historical data on fluorinated and N2O
usage and utilization rates for two consecutive years should be available before initiating
the project. The abatement system’s processing power must exceed past data on the passage
of fluorinated compounds and N2O, including by-products and diluted gases. It is essential
to ensure that the lifespan of the abatement system exceeds the project duration, and that
existing equipment is in good working condition or replaced if necessary. Additionally,
equipment that has been previously used in reduction measures should be removed to
avoid redundancy and inefficiencies.

4.4. Applicability to the Singapore Semiconductor Industry

The proposed principles for GHG reduction and the considerations outlined above are
highly applicable to the semiconductor industry in Singapore. Singapore’s commitment to
environmental sustainability, as reflected in the Sustainable Singapore Blueprint and the
Green Plan 2030, aligns with these principles. The advanced infrastructure, strong regu-
latory frameworks, and collaboration between industry stakeholders create a conducive
environment for the implementation of optimal control technologies and the adoption of
sustainable practices. By embracing these principles and implementing effective reduction
methods, the semiconductor industry in Singapore can lead the way in sustainable semi-
conductor manufacturing, contributing to national and global environmental goals while
maintaining competitiveness in the global market [25].

4.5. Other Consideration Factors for the Implementation of New Reduction Methods

Prior to the start of the project year for the installation of an effective abatement
system, post-production new plants shall have a history of fluorinated and N2O usage and
utilization rates for two consecutive years. The abatement’s maximum processing power
must exceed past data on the passage of FCs and N2O into the abatement (including all
other by-products and diluted gases). The reduction project must also determine whether
the lifespan of the abatement system is longer than the project, whether existing equipment
has failed or grown too old to be used, and remove equipment if it has been in a previous
reduction measures project [19].

4.6. Example of Installing Emission Control Technology with High Destruction Efficiency for C2F6

An exemplary case of installing emission control technology with exceptional destruc-
tion efficiency for C2F6 can be illustrated using the following data:
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• FCg,used (Amount of C2F6 used) = 1000 kg.
• Dg for abatement control (combustion/electric heating scrubber) = 0.9.
• Dg for abatement control (wet scrubber) = 0.
• GWP (Global Warming Potential) for C2F6 = 9200.

Applying the emission calculation equation Eg = FCg,used × {(1 − Cg) × [1 − (Ag
× Dg)] × GWPg}, we can assess the remarkable impact of implementing emission control
technology. With the installation of highly efficient abatement control technology, the
total emission of C2F6 is calculated to be 2,539,200 kg CO2e. This impressive achievement
signifies a substantial reduction in greenhouse gas emissions, highlighting the effectiveness
of the implemented control measures.

In stark contrast, in the absence of abatement control technology, the total emission of
C2F6 amounts to a staggering 5,520,000 kg CO2e. This stark contrast emphasizes the signifi-
cance of installing emission control technology with high destruction efficiency to mitigate
environmental impact and significantly reduce greenhouse gas emissions. By successfully
implementing such effective emission control measures, we not only demonstrate a commit-
ment to environmental sustainability but also contribute significantly to the preservation of
our planet. The substantial reduction achieved in C2F6 emissions showcases the positive
outcomes that can be achieved when advanced control technologies are applied.

This exemplary case serves as a testament to the remarkable potential for environ-
mental conservation through the adoption of cutting-edge emission control technology.
By embracing such initiatives, we pave the way for a greener future and inspire others to
follow suit in reducing their environmental footprint.

5. Summary of Key Findings, Implications, and Recommendations for Future
Research and Practice

5.1. Summary of Key Findings

This study on semiconductor sustainability manufacturing has yielded several key
findings that provide insights into the current state and potential pathways for achieving
sustainability goals in the industry [3]. The following are the major findings:

1. Importance of Optimal Control Technologies: The implementation of optimal control
technologies for greenhouse gas (GHG) reduction, particularly targeting fluorine-
gas, PFCs, and HFCs, is crucial in achieving significant emission reductions. These
technologies have demonstrated their effectiveness in reducing emissions and aligning
with industry association goals and regulatory requirements.

2. Calculation Approach and Monitoring Plans: The adoption of an accurate and stan-
dardized calculation approach, such as the IPCC guidelines, ensures consistent and
reliable estimation of emissions and by-products. Furthermore, the development
and implementation of robust monitoring plans provide a systematic framework
for data collection, analysis, and reporting, enabling better tracking of sustainability
performance [5].

3. Applicability to the Singapore Semiconductor Industry: The proposed principles and
methodologies discussed in this study are highly applicable to the semiconductor in-
dustry in Singapore. The country’s supportive infrastructure, regulatory frameworks,
and commitment to sustainability create a conducive environment for implementing
these principles and achieving sustainable manufacturing practices.

5.2. Implications

The findings of this study have several implications for the semiconductor industry
and its stakeholders:

1. Regulatory Compliance: Semiconductor companies in Singapore should prioritize
compliance with relevant environmental regulations and standards. By adopting the
proposed principles and methodologies, they can demonstrate their commitment to
sustainability and align with national and global sustainability initiatives.
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2. Collaboration and Knowledge Sharing: Collaboration within the industry, both within
Singapore and globally, is essential for sharing best practices, exchanging knowledge,
and driving continuous improvement. Active participation in industry associations,
forums, and working groups can foster collaboration and advance sustainable manu-
facturing practices.

3. Continuous Improvement and Innovation: The semiconductor industry should strive
for continuous improvement and innovation in GHG reduction technologies and
practices. This includes exploring emerging technologies, investing in research and
development, and promoting a culture of sustainability within organizations.

5.3. Recommendations for Future Research and Practice

Building upon the findings and implications of this study, the following recommenda-
tions are put forth for future research and practice:

1. Longitudinal Studies: Conduct longitudinal studies to monitor the long-term impact
of optimal control technologies and sustainable practices on GHG emissions in the
semiconductor industry. These studies can provide insights into the effectiveness of
the implemented measures and identify areas for further improvement.

2. Technological Advancements: Encourage research and development efforts focused
on developing more efficient and environmentally friendly semiconductor manufac-
turing processes. This includes exploring alternative materials, optimizing resource
utilization, and integrating clean energy sources within fabs.

3. Life Cycle Assessment (LCA): Conduct comprehensive life cycle assessments of semi-
conductor products to evaluate their environmental impact across the entire product
life cycle. This holistic approach will facilitate informed decision-making and support
the development of sustainable products and processes.

4. Stakeholder Engagement: Engage stakeholders, including employees, customers,
suppliers, and the local community, in sustainability initiatives. Foster transparency,
communication, and collaboration to build a shared understanding of sustainability
goals and leverage collective efforts for sustainable manufacturing [25].

5. Policy Development: Collaborate with policymakers to develop supportive policies
and incentives that encourage sustainable manufacturing practices in the semiconduc-
tor industry. Policy frameworks should consider the unique challenges and opportuni-
ties faced by the industry and provide a conducive environment for sustainable growth.

5.4. Future Trends and Development of the Semiconductor Industry

The semiconductor industry is witnessing a surge in demand due to the increasing
popularity of consumer electronics products and the emergence of advanced technologies
such as artificial intelligence, machine learning, and the Internet of Things. This growth
is driven by factors such as rising household incomes, population growth, digitization,
and urbanization [26]. However, the industry may struggle to meet the surging demand
sustainably [27].

To achieve the target of net-zero emissions by 2050, semiconductor manufacturing
companies must explore greener alternatives and prioritize the use of renewable energy
sources. Embracing sustainable practices and investing in cleaner technologies will be es-
sential to meet the future demands of the industry while minimizing environmental impact.
Collaborative efforts between industry players, policymakers, and research institutions can
drive the development and adoption of sustainable solutions in the semiconductor sector.

6. Conclusions

In conclusion, this study on semiconductor sustainability manufacturing has provided
significant insights into the current state and potential pathways for achieving sustainability
goals in the industry. The key findings emphasize the importance of optimal control tech-
nologies, calculation methodologies, and monitoring plans for greenhouse gas reduction
in semiconductor manufacturing processes. By implementing these findings, the industry
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can align with industry association goals and regulatory requirements, and contribute
to national and global sustainability initiatives. The implications of this study are far-
reaching. Semiconductor companies in Singapore should prioritize regulatory compliance
and demonstrate their commitment to sustainability. Collaboration and knowledge sharing
within the industry, both locally and globally, are crucial for driving continuous improve-
ment and advancing sustainable manufacturing practices. Moreover, fostering a culture of
continuous improvement and innovation is vital for the industry to stay at the forefront of
GHG reduction technologies and practices.

Based on the findings and implications, several recommendations for future research
and practice are proposed. Longitudinal studies can monitor the long-term impact of
optimal control technologies and sustainable practices, providing insights into effectiveness
and areas for improvement. Research and development efforts should focus on techno-
logical advancements, exploring alternative materials, optimizing resource utilization,
and integrating clean energy sources. Conducting comprehensive life cycle assessments
will support informed decision-making and the development of sustainable products and
processes. Stakeholder engagement and policy development are also essential to leverage
collective efforts and create a conducive environment for sustainable growth.

Looking ahead, the semiconductor industry faces the challenge of meeting growing
demand sustainably while striving for net-zero emissions by 2050. To achieve this, compa-
nies must explore greener alternatives and prioritize the use of renewable energy sources.
Embracing sustainable practices and investing in cleaner technologies will be crucial in
minimizing environmental impact. Collaboration among industry players, policymakers,
and research institutions will play a pivotal role in driving the development and adoption
of sustainable solutions in the semiconductor sector.
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Abstract: This article reports on an experiment that aimed to investigate the effects of digestate and
cosubstrate input with varying biochar concentrations on methane production in anaerobic digestion
processes. The findings revealed distinct trends in methane production among the substrates. Further
investigations were conducted to evaluate the effects of different types of biochars on biomethane
production from raw cattle manure digestate. Four conditions were tested: one raw digestate
condition and three digestate conditions containing 1% of a different biochar type to one another.
BC1 (PEFC-certified spruce BC) and BC2 (oak wood BC) showed promising results in enhancing
biomethane production. About 884.23 NmL of methane was produced, with a yield and productivity
of 22.80 NmL.g−1 and 1.62 NmL.g−1.day−1 with BC1. However, BC3 (cow and chicken manure
digestate BC) demonstrated lower biomethane production compared to raw digestate. Additionally,
the study explored the effects of adding reagents to digestate. Hematite and iron chloride salt did not
show any positive effects on biomethane production when biochar was introduced, while activated
carbon powder significantly improved biomethane production rates by approximately 11.18%.

Keywords: biochar; biomethane production; anaerobic digestion; cattle manure digestate;
cosubstrates

1. Introduction

Anaerobic digestion (AD) is a sustainable technology that can effectively manage
organic waste, reduce sludge, and generate renewable energy in the form of biogas and
a nutrient-rich residue called digestate [1]. AD offers numerous benefits such as the
reduction of greenhouse gas emissions (GHGs), additional income from farmers, recycling
of nutrients, and a pollution reduction [2,3]. However, maintaining the stability of AD
reactors can be challenging due to the accumulation of toxic inhibitors, unsteady pH, or
other key factors [4]. To improve the efficiency of AD technology, different methods such
as mechanical [5], physical [6], chemical [7], or biological have been developed [8,9].

Biochar (BC) is a type of charcoal that is produced from biomass, such as wood chips,
agricultural waste, manure, and other organic materials [10]. It is produced through a
process called pyrolysis, which involves heating the biomass in the absence of oxygen [11].
The quality of the BC produced depends on several factors, including the type of organic
matter used, the temperature and duration of pyrolysis, and the conditions in the kiln or
container [12].

These materials can be used as a soil amendment, as well as for various other applica-
tions [13]. One of the main benefits of BC is its ability to improve soil fertility and plant
growth [14,15]. It also has the potential to sequester carbon in the soil, which can help
mitigate climate change by reducing the amount of carbon dioxide in the atmosphere [16].
BC has also been shown to have potential in other areas, such as water treatment [17],
energy production [18], and the remediation of contaminated soils [19]. Overall, the use of
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BC has been a subject of considerable interest and research in the modern age owing to its
potential to address a range of environmental and agricultural issues.

BC can be used to address some of the limitations of AD, such as stabilizing carbon,
retaining nutrients, high-level Ammonia (NH3), and buffering pH, while the organic waste
material from AD can serve as a feedstock for BC production [20]. The AD process involves
a varied assemblage of archaea and bacteria [21]. Direct interspecies electron transfer
(DIET) among bacteria and methanogenic archaea has lately been explored to accelerate
the syntrophic conversion of various organic compounds to methane [22]. BC, due to its
conductive properties, has been found to stimulate DIET and is a possible external additive
for enhancing methanogenesis [23]. Various researchers have investigated AD feasibility
enhanced by BC, and have demonstrated that BC can notably increase the methane yield of
multiple feedstocks [24].

BC can have a positive impact on microbiological activity in AD by creating a more
hospitable environment for microorganisms that are involved in the AD process [25]. The
porous structure of BC provides a habitat for microorganisms, which can enhance their
activity and growth [26]. The high surface area of BC allows for more microorganisms to
attach to its surface, which can increase their overall activity [27]. BC can also improve the
nutrient availability and retention in the digestate, which is the residue that remains after
the AD process is complete [28]. This can provide a sustained source of nutrition for the
microorganisms, which can promote their growth and activity [29]. Furthermore, BC can
help regulate the pH and moisture content of the digestate, creating a more stable environ-
ment for the microorganisms, which lead to more consistent and efficient microbiological
activity [30]. BC can also decrease the lag time required for methane formation, enhance
the production and degradation of intermediate acids, and increase the levels of macro-
and micronutrients in the digestate [24,31]. Overall, research has shown that the addition
of BC to AD systems can increase the population and diversity of microorganisms during
the process, which can lead to improved stability and higher yields of biogas [32]. The
physicochemical properties of BC, which are attributed to the feedstock types and pyroly-
sis conditions used for its production, control the variability of these specific effects [33].
Studies on the behavior of different types of BC during AD remain uncommon [31], further
research is needed to fully understand its potential in these areas.

The study aims to investigate the impact of BC on biomethane production by working
with two different input materials (digestate and a preshredded cosubstrate prior to its
integration into the digester). In the first case, BC is introduced along with the digestate,
while in the second case, it is introduced with the cosubstrate before it becomes digestate.
In addition, we assess the effects of BC concentration and type on methane production
and explore the potential benefits of reagent addition such as hematite, iron chloride,
and activated carbon powder to enhance biomethane production. The findings aimed to
contribute to the optimization of AD processes, with the goal of promoting sustainable
waste management practices and renewable energy generation.

2. Materials and Methods

2.1. Digestats, Cosubstrates, Biochars, and Reagents

In the conducted experiment, two different input materials, namely digestate and
cosubstrates, were used. The digestate used in the experiment was obtained from the Castel
Metha AD plant located in Brittany, France, which operates at a biogas production flow
rate of 125 Nm3/h and is located approximately 20 min away from the laboratory. The
primary input for this unit comprised young cattle manure reared on straw, which was
stored in opaque containers at room temperature until use. Notably, the Castel Metha unit
actively feeds biomethane into the natural gas grid.

The cosubstrates used for the experiment came from the SAS Biogaz-IFF plant, also
located in Brittany, France. This unit has a biogas production flow rate of 65 Nm3/h and
is situated approximately 30 min away from the laboratory. The cosubstrate’s composi-
tion consisted of various components, including cattle slurry (10 m3 day−1), pig slurry
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(5 m3 day−1), cattle manure (4 tons), pig manure (2 tons), poultry manure (3.5 tons), and
maize silage (5 tons). In our study, raw digestate and cosubstrates were employed as the
control variable.

Furthermore, the experiment involved the utilization of three types of biochars, namely
BC1, BC2, and BC3. BC1 was PEFC-certified spruce biochar, BC2 was derived from
oak wood by the University of Cassel, and BC3 was digestate biochar sourced from the
Netherlands. These biochars were employed in different proportions depending on their
specific application. The differences between the three types of biochars are presented in
Table 1. Additionally, activated carbon, hematite (Ouenza, 70 km of Tebessa, Algeria), and
iron (III) chloride salt were incorporated into the experiment.

Table 1. Type and Characteristics of BC.

BC Type
Source

Material
Production

Method

Brunauer
Emmett-Teller

(BET m2/g)

Density
(kg/m3)

Ash
Content

(%)

Production
T◦

(◦C)

Residence
Time
(min)

BC 1
PEFC-

certified
Spruce

Auger
Pyrolysis 420 115 2.5 600 <10

BC 2 Oak Wood Auger
Pyrolysis 160 110 3 400 30

BC 3

Cow and
chicken
manure

digestate

Gasification 105 533 59 650–750 10–20

2.2. Process Monitoring of AMPT II

The Automatic Methanization Potential Test II (AMPT II) is an automated process
that involves monitoring various parameters such as substrate and inoculum mass, pH
and temperature, monitoring biogas production, and calculating methane yield. Twelve
parallel, completely mixed anaerobic digesters are used to conduct batch experiments on
anaerobic digestion. Each digester had a working volume of 400 g and was equipped
with a gas-sampling bag and a sludge-sampling pore. These digesters are placed in a
shaker at a temperature of 37 ◦C and a speed of 140 rpm for a defined time. Throughout
the experiments, the volume of biomethane produced is continuously measured using
the Gas-Volume Measuring Device of AMPTS II and recorded in the AMPTS II software
(bcp instruments version 1.04) from the start of experiments (day 0) until the last day of
experiments. The temperature of the sample incubation unit is maintained at 37 ◦C to
ensure mesophilic conditions. The experiment was conducted in triplicate for each trial.

2.3. Analytical Methods

Physicochemical analyses were conducted in triplicate for each experiment, both at
the end of each experiment after centrifuge at 4 ◦C and 5000 rpm/min for 15 min using
centrifugation (ThermoFisher Scientific Heraeus Megafuge, Porton, UK). Six analyses were
performed, which included the % of dry matter (% DM), Chemical Oxygen Demand (COD),
pH, Complete Alkalimetric Title (CAT), and volatile fatty acids (VFAs).

The protocol of measuring dry matter (DM) involves the following steps:
Three masses were weighed for each essay, including the mass of the empty aluminum

container (m0), the mass of the sample with the aluminum container (m1), and finally the
mass of the dried sample with the aluminum container (m2) after being placed in the oven
for 2 days at 105 ◦C until it reaches a constant weight. The samples were dried using a
drying oven (VWR® DRY-Line®, UK).

The dry matter content is calculated as follows:

Dry Matter (DM %) = (Dry weight/ wet weight)× 100
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2.3.1. COD Analysis

After centrifugation, the centrifuged samples can be used for COD analysis using
COD reagent vials, a thermoreactor (Spectroquant TR 420, Merck, Frankfurt, Germany),
and colorimeter (Spectroquant Move 100, Merck, Frankfurt, Germany). A volume of 0.5 mL
was extracted from each assay (blank control, control, and essays) and then diluted with
10 mL of distilled water. The resulting mixtures were further diluted with an adapted
dilution factor. Next 3 mL of each diluted supernatant was transferred into a COD tube
and then placed in the thermoreactor at 150 ◦C for a period of 2 h. After 2 h, the COD tubes
were removed and allowed to cool in a test tube rack for 40 min before reading the results
with the colorimeter.

2.3.2. pH Measurement

The pH of samples was determined using a pH meter (pH 3110, pH electrode SenTix®

21, Grosseron, WTW, France) at the start and end of the experiments following centrifuga-
tion of the samples at 4 ◦C and 5000 rpm/min for 15 min.

2.3.3. Complete Alkalimetric Title (CAT) and Volatile Fatty Acid (VFA) Measurement

In this study, the CAT and VFA were measured using an Automatic titrator (Ther-
moFisher Scientific TM Orion Star TM T910 Series Potentiometric Titrators, France). To
perform the measurement, 5 mL of supernatant from each of the samples were taken
and then diluted to 100 mL with distilled water and mixed thoroughly in glass beakers.
The measurement was conducted following the manufacturer’s instructions for the auto-
matic titrator. VFA and CAT were determined according to the method described by [34].
Therefore, the VFA/CAT ratio is used to assess the stability and health of the AD system.

3. Results and Discussion

3.1. Experimental Investigation of Digestate and Cosubstrates Input with Different Biochar
Concentration in Anaerobic Digestion

The experimental investigation involved the utilization of digestate and cosubstrates
as input materials in AD processes, with varying doses of BC 1 (1%, 2%, and 4% based
on the mass of the sample) added to the feedstocks. The primary parameter measured
in this study was the accumulated biomethane volume after a period of 9 days. Analysis
of the obtained data revealed distinct trends in methane production among the different
substrates (Figure 1a,b). Specifically, the raw digestate showed higher methane production
(around 548.0 ± 49.6 NmL) compared to the cosubstrates (341.5 ± 16.5 NmL). This could
be attributed depending on the composition and characteristics of the feedstock use; in
terms of complexity and degradability, the cosubstrates with its multiple organic materials
would generally be considered more complex and potentially harder to degrade compared
to digestate, which primarily consists of raw cattle manure. Moreover, the addition of 1%
BC to digestate resulted in similar methane production levels (550.5 ± 22.2 NmL), albeit
slightly lower than that of the cosubstrates (299.96 ± 9.7 NmL) when compared to their
respective control groups. However, the introduction of 2% and 4% BC doses appeared to
inhibit methane production, as the volume of methane generated was noticeably reduced
compared to the other experimental conditions. These observations indicate that the
influence of BC on methane production varied depending on the substrate used, with the
higher BC concentrations negatively impacting methane production.
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(a) 

(b) 

Figure 1. Effect of different doses of BC on biomethane production using digestate (a) as a material
input and cosubstrates (b) as a material input after 9 days of AD.

The addition of 1% BC resulting in similar methane production for raw digestate,
although slightly lower than cosubstrates, corresponds to studies suggesting that low
concentrations of biochar can enhance anaerobic digestion performance [35]. BC, with
its porous structure and high surface area, has the potential to adsorb and retain volatile
fatty acids, improving process stability and methane production [30]. However, the slight
reduction in methane production compared to cosubstrates could be attributed to variations
in substrate composition and biochar’s specific interaction with different feedstocks [36].

The inhibitory effect of higher BC concentrations (2% and 4%) on methane production
aligns with literature highlighting the potential negative impact of excessive BC doses [37].
High concentrations of BC can lead to increased pH levels, nutrient immobilization, and
reduced microbial activity, thereby impeding AD efficiency [32]. These findings emphasize
the importance of optimal BC dosing to avoid potential negative consequences on methane
production. The compelling results obtained from the experimental investigation strongly
warrant further pursuit of experiment focused on digestate as a primary feedstock in
AD processes.
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3.2. Effects of Different Type of Biochars on Biomethane Production of Digestate

The experiment aimed to evaluate the impact of different types of BC (1, 2, and 3) on
biomethane production when added to raw cattle manure digestate. The results varied
depending on the type of BC used.

Four different conditions were tested: raw digestate, digestate + 1% BC 1 (PEFC-
certified spruce BC), digestate + 1% BC 2 (oak wood BC), and digestate + 1% BC 3 (cow
and chicken manure digestate BC). The experiment measured the accumulated biomethane
volume against days, as shown in Figure 2a. The results showed that BC1 was the most ef-
fective in enhancing biomethane production (884.23 ± 62.0 NmL at the end of experiment),
yielding 22.80 NmL.g−1 which correspond to a productivity of 1.62 NmL.g−1.day−1. This
is likely due to the high porosity and surface area of the spruce BC, which provide more
sites for the colonization of methanogenic bacteria that produce biomethane [33]. Interest-
ingly, BC 2 showed a similar performance to BC 1, with some fluctuations in biomethane
production. However, as the experiment progressed, BC2 caught up and eventually out-
performed BC 1 yield by 2.4%, indicating that adding BC2 can have a positive impact
on biomethane production over the long term, although it may not provide immediate
benefits. On the other hand, BC 3 showed less performance in biomethane production
(around 742.0 ± 22.0 NmL) compared to raw digestate (870.20 ± 37.0 NmL). The yield and
productivity of biomethane for BC 3 were 21.66 NmL·g−1 and 1.50 NmL·g−1·day−1, while
the yield and productivity for raw digestate were 21.25 NmL·g−1 and 1.51 NmL·g−1·day−1,
respectively (Figure 2b). This could be attributed to the high ash content (see Table 1) and
the presence of copper in the BC 3, which may have a negative impact on microbial activity
in the AD process.

(a) 

Figure 2. Cont.
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(b) 

Figure 2. (a) Effect of different type of biochar on cumulative biomethane (NmL) volume per day.
(b) Cumulated biomethane yield and productivity of different biochar in AD.

Table 2 shows the productivity (measured in NmL g−1 dry matter day−1), pH, COD,
and VFA/CAT ratio values for the four different conditions: raw digestate, digestate + 1%
BC 1, digestate + 1% BC 2, and digestate + 1% BC 3.

Table 2. Parameter values at the end of anaerobic digestion after 14 days.

Methane
(NmL)

Yield
(NmL·g−1

DM)

Productivity
(NmL·g−1

DM·day−1)
DM% pH

COD
(g O2/L) VFA/CAT

t0 tf t0 tf t0 tf

Raw
digestate 870.20 ± 37.0 22.45 1.60 9.69 ± 0.20 8.36 8.19 ± 0.08 26.23 31.30 ± 5.1 0.49 0.67 ± 0.05

Digestate
+ 1% BC 1 884.23 ± 62.0 22.80 1.62 10.68 ± 0.1 8.36 8.12 ± 0.10 23.56 33.20 ± 2.4 0.62 0.62 ± 0.03

Digestate
+ 1% BC 2 856.93 ± 94.0 23.36 1.66 10.16 ± 0.50 8.42 8.07 ± 0.04 24.88 33.00 ± 2.1 0.50 0.59 ± 0.04

Digestate
+ 1% BC 3 742.0 ± 22.0 21.66 1.50 9.79 ± 0.10 8.61 8.01 ± 0.04 27.80 34.00 ± 0.6 0.33 0.71 ± 0.01

From the Table 2, we can see that the productivity values of all four conditions are
relatively similar, ranging from 1.50 to 1.78 NmL g−1 dry matter day−1. However, it is
worth noting that the addition of BC 2 appears to have a positive impact on productivity
and enhance the biomethane production by 9% compared to raw digestate. At the end
of the experiment, the pH level decreased for all conditions, but to varying degrees. The
pH level of raw digestate decreased from 8.65 to 8.14, while the pH levels for digestate
with BC 1, 2, and 3 decreased from 8.36 to 8.12, 8.42 to 8.07, and 8.61 to 8.10, respectively.
The decrease in pH level can be an indication of the production of acidic byproducts such
as volatile fatty acids (VFAs) during the anaerobic digestion process. It is also possible
that the BC addition affected the pH buffering capacity of the digestate, resulting in a less
significant decrease in pH level for some conditions.

The COD values for all four conditions show an increase from t0 (initial time) to tf
(final time). BC 1 and BC 3 show the highest increase in COD values, indicating that they
may have a more significant impact on organic matter degradation. During the AD process,
microorganisms break down organic compounds, leading to the consumption of oxygen
in the sample, which is reflected in higher COD values. In some situations, biochar can
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support microbial activity, providing a favorable environment for microorganisms to break
down organic matter. While this can be beneficial in certain agricultural or composting
settings, excessive microbial breakdown of organic matter can lead to increased COD
levels in the environment. In terms of process stability, the VFA/CAT ratio results showed
varying degrees of effectiveness in enhancing process stability depending on the type of
BC used. BC 3 shows the highest VFA/CAT ratio (0.71), indicating a less stable process.
Meanwhile, BC 1 (0.62) and BC 2 (0.59) show similar VFA/CAT ratios, which suggests a
more stable process.

However, the effect of different types of BC on biomethane production from raw
cattle manure digestate can also depend on the conditions used to produce the BC. For
example, BC produced at higher temperatures may have a more stable carbon structure
that is less accessible to the microbial community responsible for AD, which could reduce
biomethane production (BC3). Biochar has gained attention for its potential applications
in agriculture and environmental management [25]. One intriguing area of research is
its possible effect as an in situ CO2 adsorbent and its relation to the enhancement of
methane production [38]. This discussion aims to explore the hypothesis that the addition
of biochar to methane production systems could act as a CO2 adsorbent, potentially leading
to improved methane yields. Biochar’s unique physical and chemical properties contribute
to its CO2 adsorption capacity. Its high surface area and porous structure provide ample
sites for CO2 molecules to bind through physisorption and chemisorption mechanisms [33].
The presence of functional groups on the biochar surface also enhances its ability to attract
and retain CO2 molecules. The absence of any improvement in methane production,
despite the addition of biochar as an in situ CO2 adsorbent, could be attributed to several
factors [39]. It is possible that the biochar used lacked sufficient CO2 adsorption capacity
or faced competition from other substances for adsorption sites. Moreover, microbial
adaptation to CO2 presence, potential inhibition of methanogens by biochar properties,
and altered experimental conditions might have influenced the outcomes. Additionally,
complex interactions with the environment, variations in biochar types, and the short-term
nature of experiments could have obscured any positive effects on methane production.
Understanding these factors is crucial for refining our comprehension of biochar’s role in
methane production systems.

3.3. Effects of Addition of Reagents on Biomethane Production of Digestate

Numerous studies have been conducted to ascertain the potential benefits of intro-
ducing various reagents to biochar to enhance its characteristics and expand its potential
applications, particularly in environmental remediation, agriculture, and energy produc-
tion. This experiment sought to investigate the impact of adding specific reagents (namely,
iron (III) oxide (hematite), iron (III) chloride salt, and activated carbon powder) on the
biomethane production of digestate. The results presented in Figure 3 demonstrate the
effects of these reagents on the accumulated biomethane volume yield and productivity at
the end of the process.

Based on the information illustrated in the Figure 3, it appears that the addition of
hematite and iron chloride salt did not lead to any positive effects on biomethane production
in terms of yield and productivity when compared to the raw digestate (control). This
indicates that these additives do not enhance or improve the methane production process
when digestate is used as an input material.

The results present in Table 3 show an overall increase in the value of COD at the
end of AD. The study also found an increase in volatile fatty acids (VFA) except when 1%
biochar 1 + 200 mg hematite was used. However, as we can see in the Table 3, the VFA/CAT
ratio increased for all tested substrates, except for 1% biochar 1 + 200 mg iron oxide. It
is worth noting that this ratio ranged from 0.4 to 0.8, indicating that the AD process was
unstable. Furthermore, the pH values were above the optimal range for AD (6.5–7.5).
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Figure 3. Cumulated biomethane yield and productivity of digestate using biochar and different
reagent in anaerobic digestion.

Table 3. Outcomes of a research study examining the impact of reagent addition on biomethane
production.

Methane
(Nml)

Yield
(NmL·g−1

DM)

Productivity
(NmL·g−1

DM·day−1)
% DM pH

COD
(g O2/L) VFA/CAT

t0 tf t0 tf t0 tf

Raw
digestate 870.20 ± 37.0 22.45 1.60 9.69 ± 0.20 8.36 8.19 ± 0.08 26.23 31.30 ± 5.1 0.49 0.67 ± 0.05

Digestate
+ 200 mg
hematite

885.13 ± 25.6 23.42 1.67 9.13 ± 0.04 8.71 8.09 ± 0.06 25.60 33.00 ± 0.7 0.35 0.54 ± 0.02

Digestate
+ 1% BC1+

200 mg
hematite

813.13 ± 147.0 22.60 1.61 9.98 ± 0.2 8.42 8.06 ± 0.07 20.76 34.60 ± 0.6 0.56 0.47 ± 0.05

Digestate
+ 0.25 g
iron (III)
chloride

salt

823.46 ± 171.0 22.03 1.57 9.34 ± 0.10 8.33 7.85 ± 0.07 19.96 31.86 ± 4.9 0.55 0.87 ± 0.03

Digestate
+ 1% BC1+

0.25 g
iron (III)
chloride

salt

789.00 ± 191.0 21.38 1.52 10.25 ± 0.09 8.70 7.83 ± 0.01 23.40 32.13 ± 2.0 0.64 0.84 ± 0.10

Digestate
+ 1% BC1+
0.5 g iron

(III)
chloride

salt

741.00 ± 114.5 19.86 1.41 10.31 ± 0.07 8.59 7.86 ± 0.07 26.76 32.20 ± 1.4 0.59 0.75 ± 0.08

Digestate
+ 1%

activated
carbon
powder

947.53 ± 74.0 25.02 1.78 10.46 ± 0.28 8.36 8.12 ± 0.05 21.80 30.54 ± 1.2 0.51 0.61 ± 0.01

The incorporation of hematite (iron (III) oxide), a source of iron, into digestate has
been found to enhance the activity and growth of methanogens, which are responsible for
methane production during AD, thereby increasing biomethane production [40]. Notably,
the introduction of 200 mg hematite with 1% BC1 to the digestate did not result in any
significant improvement in biomethane volume (813.13 NmL) compared to the digestate
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with hematite (885.13 NmL). This phenomenon may be attributed to several factors, such
as the dependence of the optimal amount of iron supplementation on multiple variables
or the presence of sufficient iron in the digestate that precludes any significant enhance-
ment [40,41]. Consequently, further inquiry is warranted to ascertain the underlying cause
of the lack of improvement in biomethane production following the addition of iron (III)
oxide. Based on the results presented in Table 3, it can be observed that the addition of
activated carbon powder to digestate leads to a substantial improvement in biomethane
production. Specifically, the biomethane production rate increases by about 11.18% when
compared to the raw digestate. Activated carbon is a highly porous material that can
adsorb organic compounds, including inhibitory substances that can inhibit the growth of
methanogens [42]. By removing these inhibitory substances, activated carbon can improve
the activity and growth of methanogens, leading to increased biomethane production. Haut
du formulaireBas du formulaire.

In addition, the study investigated the potential benefits of adding iron (III) chloride to
digestate to increase biomethane production. Two different concentrations of iron chloride
(0.25 g and 0.5 g) were tested, and the results showed that there was no significant improve-
ment in biomethane production when compared to raw digestate (control). However, the
addition of iron chloride did increase the VFA values (from 1.42 to 2.19 and from 134 to
2.02), while there was a significant decrease in pH (from 8.70 to 7.83 and from 8.59 to 7.86)
for both concentrations tested, respectively. These observations suggest that the benefits of
adding iron III chloride salt may not always be observed contrary to the findings reported
in previous studies [43]. This could be explained by the high organic loading rates (OLR) in
the digester that may inhibit microbial activity due to the accumulation of VFAs, resulting
in a drop in pH and lower availability of iron for methanogenic microorganisms [4]. Further
analysis and experimentation may be necessary to fully understand the reasons behind the
lack of positive impact. Factors such as additive concentration or dosage, experimental
conditions, or other variables could have influenced the results.

4. Conclusions

This paper aimed to harness digestate potential and evaluate the impact of different
types of biochar on biomethane production when added to raw cattle manure digestate.
The results showed that the addition of BC had varying effects on biomethane production,
depending on the type of biochar used. BC 1 (PEFC-certified spruce) was found to be the
most effective in enhancing biomethane production, followed by BC 2 (oak wood). How-
ever, BC 3 (cow and chicken manure digestate) showed less performance in biomethane
production compared to raw digestate. Furthermore, the addition of activated carbon
powder to digestate can significantly improve biomethane production, while hematite and
iron chloride salt addition did not result in any positive impact on biomethane production.
Moreover, the study found an overall increase in the value of COD and the VFA/CAT
ratio, indicating an unstable anaerobic digestion process. In general, the results suggest
that cattle manure digestate can be reused as a potential substrate for the AD process and
that the addition of BC may possess a positive impact on biomethane production, yet the
type of biochar used must be carefully considered to guarantee optimal results. Thus, it is
imperative to conduct further research to thoroughly investigate the underlying factors
and optimize the relevant conditions to enhance biomethane production from digestate.
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Abstract: Anaerobic fermentation (AF) to produce sustainable short-chain organic acids (SCOAs)
has found no commercial application so far. This is due to several limitations, including the high
energy consumption of the SCOAs’ separation from water by distillation. This study used AspenPlus
simulations to investigate the benefits of reverse osmosis (RO) to remove water and concentrate the
SCOAs from AF before their separation by distillation. The effect of RO on distillation reflux ratio,
heat energy requirements, column diameter and equipment costs was simulated for the processing of
model SCOA-containing streams, representing AF effluents. A total of 90 simulations were carried
out, investigating three different SCOA compositions, corresponding to different ratios of lactic, acetic
and propionic acids, three different concentrations of the total SCOAs (10, 50, 100 g/kg in the stream
entering RO) and different extents of water removal by RO. RO brought a reduction in the distillation
reboilers’ duty of up to more than 90%, with a reduction of column diameter of up to more than
70%. The total energy consumption, equipment cost and NPV (net present value) of the RO plus
distillation process were in all cases more favourable than for the process without membranes.

Keywords: anaerobic fermentation; reverse osmosis; distillation; short-chain organic acids

1. Introduction

Anaerobic fermentation (AF) has been proposed as a process to produce short-chain
organic acids (SCOAs), e.g., acetic, butyric, propionic, lactic acid [1,2]. SCOAs are produced
in millions of tonnes per year globally for a variety of uses in the food and in the chemical
industries [3–5]. Current production processes for SCOAs mainly use fossil resources
as feedstocks and are mainly based on high-temperature chemical processes with metal
catalysts [6], causing concerns about their sustainability. On the other hand, AF can produce
SCOAs from organic waste using open mixed microbial cultures. AF is the same process as
the well-known and widely used anaerobic digestion (AD) process but with the operating
conditions controlled to avoid the conversion of the SCOAs to methane, the final digestion
product. Compared with current processes for SCOA production from fossil resources,
SCOA production with AF has the advantages of using biomass or organic waste, which
are renewable resources, of using temperature close to ambient values and of not requiring
external addition of metal catalysts which are too a non-renewable resource [6].

Despite the advantages of AF for the production of SCOAs, no commercial plant
currently uses this process to produce SCOAs. Indeed, production of SCOAs via AF also
brings several disadvantages that have so far prevented its full-scale commercialization.
The reaction rate of biological processes is slower than that of chemical processes, and
therefore AF requires large reactor volumes. AF produces mixtures of SCOAs rather
than the pure substances from chemical processes, therefore requiring a higher extent of
separation and purification. Furthermore, the mixtures of SCOA from AF are diluted in
water that accounts for most of the mass of AF effluents. SCOAs are present in AF effluents
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in a wide range of concentrations, from a few g/L to over 100 g/L [7]. The separation
and purification of SCOAs from AF effluents is one of the main challenges towards the
development of AF processes at commercial scale.

Many processes have been proposed for the separation and purification of mixtures
of SCOAs in water [8,9], e.g., precipitation, chromatography, liquid–liquid extraction.
Although these processes have found application in some cases, they are not considered
suitable for the diluted mixtures of SCOAs in water produced by AF.

Distillation and membrane filtration are the separation and purification processes
considered in this study. Distillation can be used to separate SCOA mixtures; however,
its application is limited by the presence of azeotropes, by the thermal instability of some
SCOAs (e.g., lactic acid) and by the diluted nature of AF effluents with consequent high
energy costs due to the need to vaporize large volumes of water [10]. Membrane pro-
cesses have also been investigated for the separation and purification of SCOAs from AF:
nanofiltration (NF) membranes were used successfully to concentrate diluted solutions of
acetic and butyric acid in water [11]; the concentration of diluted solutions of acetic acid
with various types of membranes, including NF and reverse osmosis (RO), was reviewed
showing several examples of successful application [5]; NF and RO were successfully
used to concentrate solutions of SCOAs from AF showing, under the optimum conditions,
only very little losses of SCOAs in the permeate [12,13]; RO was also used successfully to
concentrate mixtures of acetic acid and sugars, showing that retention of acetic acid is very
dependent on the RO operating conditions [14].

This study investigated, by means of process simulations, the combination of RO and
distillation to remove water and purify the SCOAs from AF. To the best of our knowledge,
there is no investigation in the literature about the combination of RO and distillation for
the separation of these types of mixtures. In the process concept considered in this study,
RO is used on the AF effluents, after removal of the suspended solids, to remove water
and concentrate the SCOAs, prior to removal of the remaining water and separation of the
acids by distillation. The investigated process is expected to have several benefits. The
water removal and concentration of the SCOAs in the RO process is expected to reduce the
energy consumption and equipment size of the distillation process. In addition, RO only
uses electricity as energy input while distillation typically uses natural gas as energy source
and steam as energy vector in reboilers. Since electricity is more easily obtainable than
steam from renewable resources, the investigated process would contribute to improving
the sustainability of SCOA production from AF.

This study used simulations to calculate the benefits of water removal by RO on energy
use, equipment size and economic feasibility of the combined RO-distillation process. It
is important to observe that most of the process conditions simulated in this study have
not been experimentally investigated yet. Indeed, the experimental study of RO of SCOA
mixtures is limited to the studies cited above and to the preliminary investigation carried
out in our group with diluted SCOA mixtures (Supplementary Materials, Figure S1, [15]).
Similarly, the study of distillation for the separation of SCOA mixtures has been limited by
the high energy costs required for the removal of large volumes of water, as discussed above.

The value and novelty of this study is to provide quantitative results on which process
configurations are expected to be more beneficial and more sustainable for the separation
and purification of SCOAs. It is then expected that the most promising configurations will
be investigated at lab and pilot scale to verify the model predictions and to develop the
process further towards commercialization. This study uses a simple distillation model at
atmospheric pressure which does not include azeotropes or thermal degradation effects.
These effects can be important and should be accounted for in further model development
and in the experimental trials of this process.
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2. Methodology

2.1. Streams and Process Scheme

The simulations were based on the process scheme in Figure 1. The anaerobic fer-
menter coverts biomass or organic waste into a mixture of SCOAs. After removal of the
suspended solids, the liquid stream is sent to RO membranes for water removal and SCOA
concentration. The SCOA-rich concentrate is sent to distillation for the removal of the
residual water and the separation and purification of the acids. It was assumed that the
SCOAs are completely retained by RO with the permeate composed of pure water. The
simulations considered only RO and distillation (dashed block in Figure 1).

 

Figure 1. Process scheme considered in this study. The model simulations refer to the dashed block
only (RO plus distillation).

In our simulations, the stream entering the membrane RO process (stream 1 in Figure 1)
was assumed in all cases to have a total mass flow rate of 1.0 × 106 kg/d (1000 t/d). This
represents the output of a large fermenter or of multiple fermenters. The size of anaerobic
digesters can vary in a wide range, from a few hundred up to several thousands m3 [16].
We have chosen to simulate the output of a large fermenter or of multiple joint fermenters
because the production of SCOAs is expected to benefit from economies of scale and
larger production volumes. Since this study was aimed to simulate the process of RO and
distillation for a range of AF effluents, three compositions and three concentrations were
assumed and simulated in this study (Table 1). For modelling purposes, the components
of stream 1 were assumed to be water (boiling point 100 ◦C at atmospheric pressure),
acetic (118 ◦C), propionic (141 ◦C) and lactic acid (217 ◦C) in different proportions. A large
number of SCOAs are present in AF effluents, in this study acetic and lactic acid were
chosen because they are often the most abundant under different fermentation conditions,
and propionic acid was chosen as representative of acids of intermediate chain length
and boiling point. Butyric acid is also often an important component of SCOAs from AD;
however, we noted that the inclusion of this acid led to incorrect vapour–liquid equilibrium
results with the thermodynamic model and the software (Aspen Plus v.12.1) used in this
study. In addition, the inclusion of butyric acid would not have changed the main results
of this study significantly. Therefore, we did not include butyric acid among the model
SCOA components. In composition 1, lactic acid is the most abundant SCOA, with minor
amounts of acetic and propionic. This composition represents effluents of AF carried
out at low pH, where lactic acid is often the main product [17]. In composition 2, lactic
acid is still the main product but there is a higher fraction of acetic and propionic. This
composition still represents effluents from acidic AF, but with a more balanced SCOA
composition. In composition 3, acetic acid is the main component and there is no lactic acid.
This composition represents effluents of AF carried out at approximately neutral or slightly
acidic pH, for example, from dark fermentation processes with hydrogen production [18].
As far as the concentration of stream 1 is concerned, for each composition, the three total

227



Processes 2023, 11, 2362

SCOA concentrations of 10, 50 and 100 were modeled. These three concentrations were
chosen based on the wide range of SCOA concentrations from AF processes [7].

Table 1. Composition and flow rates of SCOAs and water entering the RO process (stream 1 in
Figure 1).

SCOAs
SCOA Composition (%
w/w of Total SCOAs)

Mass Flow Rate (kg/d) of Each
Component for Total SCOA

Concentration of

10 g/kg 50 g/kg 100 g/kg

Composition 1

Acetic 10 1.00 × 103 5.00 × 103 1.00 × 104

Lactic 80 8.00 × 103 4.00 × 104 8.00 × 104

Propionic 10 1.00 × 103 5.00 × 103 1.00 × 104

Water 9.90 × 105 9.50 × 105 9.00 × 105

Composition 2

Acetic 40 4.00 × 103 2.00 × 104 4.00 × 104

Lactic 40 4.00 × 103 2.00 × 104 4.00 × 104

Propionic 20 2.00 × 103 1.00 × 104 2.00 × 104

Water 9.90 × 105 9.50 × 105 9.00 × 105

Composition 3

Acetic 60 6.00 × 103 3.00 × 104 6.00 × 104

Lactic 0 0 0 0
Propionic 40 4.00 × 103 2.00 × 104 4.00 × 104

Water 9.90 × 105 9.50 × 105 9.00 × 105

2.2. Distillation Simulations

Distillation simulations were carried out with the software Aspen Plus v12.1. Each
of the three distillation columns in Figure 1 was set up with 30 theoretical stages, the
condenser being stage 1 and the kettle reboiler being stage 30, with feed entering at the
middle stage. The choice of 30 theoretical stages was done after preliminary simulations
indicated that this number of stages was enough to obtain the desired purity of the acids
with, in most cases, a relatively low reflux ratio. In this study the primary aim was to
minimise energy consumption rather than capital costs, therefore a relatively large number
of stages was chosen. The simulations were performed in all cases at atmospheric pressure.

The specifications were set as follows:

• In each column, the distillate flow rate was set equal to the mass flow rate entering the
distillation process of the component to be purified as distillate, i.e., water in column 1,
acetic acid in column 2 and propionic acid in column 3.

• The purity of each of the acids was set as 99.00 (% w/w) or higher.
• The reflux ratio in each column was varied manually to find the minimum value that

ensured the required purity of all acids.

The NRTL-HOC (Non-Random Two Liquids with Hayden O’Connell correlation)
model was used for the vapour–liquid equilibrium (VLE) in all cases. This model was used
in a number of studies simulating the VLE of SCOAs, e.g., [19,20].

For each of the three compositions and for each of the three concentrations in Table 1,
10 distillation simulations were performed for 10 values of the water removed by the RO
process (0–900 t/d with intervals of 100 t/d). Therefore, a total of 90 distillation simulations
was performed.

2.3. Equipment Sizing

The column diameter was obtained from the AspenPlus simulations, assuming sieve
trays and 80% approach to flooding. Each column was split into two sections of different
diameter, above and below the feed stage. The column total height was the same in all
cases and was equal to 17.07 m, obtained assuming a tray spacing of 0.6096 m for 28 trays
(30 stages minus the condenser and reboiler).
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The shell mass of the distillation columns was calculated from the column diameter
and column height assuming cylindrical shape:

Shell mass (kg) = πDHtρ (1)

where D (m) = column diameter, calculated in each case from AspenPlus simulations;
H (m) = column height; t (m) = thickness of the vessel walls, assumed to be 0.03 m in all
cases; r = density of stainless steel, assumed to be 800 kg/m3.

Since the columns were split into two sections of different diameter, Equation (1) was
applied to each section and then the total mass was calculated as the sum.

The reboiler heat transfer area (A) was calculated from the reboiler duty obtained from
the AspenPlus simulations, according to Equation (2):

A =
Q

U·ΔT
(2)

where Q (W) = reboiler duty; U (W m−2 ◦C−1) = heat transfer coefficient in the reboiler,
assumed in all cases to be 2270 W m−2 ◦C−1 [21]; DT = temperature difference between the
steam and the boiling fluid, assumed in all cases to be 5 ◦C.

The membrane area required (Amemb, m2) was calculated from Equation (3):

Amemb =
Qmemb
Flux

(3)

where Qmemb (m3/d) = water flow rate of the permeate across the RO membranes, which
was calculated from the mass flow rate assuming a water density of 1000 kg/m3; Flux
(m3 m−2 d−1) = trans membrane flux, assumed to be 0.24 m3 m−2 d−1 on the basis of our
preliminary experiments in Supplementary Materials, Figure S1.

2.4. Economic Calculations

The equipment cost of distillation columns and reboilers was estimated according
to the Equation (4), from [22] (reference [22] was also used for the numerical values in
this equation):

C = a + b·Sn (4)

For the distillation columns, S was the shell mass (in kg) and the factors were
a = 15,000, b = 0.68, n = 0.85. For the reboilers, S was the heat transfer area (in m2)
and the factors were a = 25,000, b = 340, n = 0.90. For the reboilers, since Equation (4) is
limited to heat transfer areas of up to 500 m2, multiple reboilers in parallel were assumed
if the total heat transfer area from Equation (2) was higher than 500 m2. The cost C was
obtained in 2013 USD and was converted into 2023 GBP by multiplying by the factor 1.147,
obtained from online sources.

The equipment cost of membranes was calculated by multiplying the required mem-
brane area from Equation (3) by the factor GBP 49.53/m2 calculated from [21].

The NPV (net present value, GBP) was calculated according to the formula:

NPV =
n

∑
t=0

Rt

(1 + i)t (5)

where Rt was the net cash flow for year t, i was the interest rate (assumed to be 10%) and n
was the life span of the plant assumed to be 25 years.

Rt was calculated as follows for every operating year, every term being in GBP:

Rt = MSCOAs − Ccap,dist − Ccap,memb − Cheat,reb − Cutil,dist − Cpump,memb − Cutil,memb − Creplac,memb − Cf ixed costs and labor

where each term was defined and calculated as follows, the numerical values refer to the
base case with some values being changed in the sensitivity analysis described at the end
of this section:
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MSCOAs = total market revenue of the SCOAs, calculated as the sum of the products of
market value of each acid times their annual production rate with the process. The market
values were assumed to be (GBP/kg): 0.729 for lactic, 1.00 for acetic and 2.74 for propionic,
calculated by the authors from data in [23].

Ccap,dist = total capital cost of the distillation plant, calculated as twice the sum of the
equipment costs of the distillation columns and of the reboilers. The factor of 2 between the
distillation equipment cost and the cost of distillation columns and reboilers was assumed
after preliminary cost analysis with Aspen Process Economic Analyser (APEA).

Ccap,memb = total capital cost of the membrane plant, calculated by multiplying the
membrane area from Equation (3) by the factor 939.9 GBP/m2, calculated by the authors
from data in [24]. Note that the total capital cost of the membrane plant is higher than the
equipment cost of membranes calculated earlier, as the former includes any capital costs
associated with the membrane plants, e.g., building, land, ancillary equipment.

Cheat,reb = cost of reboiler heat energy, calculated as the reboiler energy requirement
from AspenPlus simulations multiplied by heat energy cost, which was assumed to be
7.03 p/kWh (average price of natural gas for industrial uses, UK first quarter 2023 [25])

Cutil,dist = utility cost of the distillation plant other than the reboiler costs, assumed to
be equal to 10% of Cheat,reb.

Cpump,memb = cost of pumping energy for the RO plant, calculated from the pumping
energy consumption (assumed to be 5 kWh/m3, within the range given in [26]) times the
permeate flow rate, assuming an electricity cost of GBP 0.2151/kWh [25].

Cutil,memb = membrane utility costs other than pumping, assumed to be equal to 10%
of Cpump,memb.

Crepl,memb = membrane replacement costs. It was assumed that membranes are replaced
every 5 years at a cost of GBP 15.86/m2 [21]

Cfixedcost and labour = other fixed costs, e.g., maintenance and labour, assumed to be 10%
of the total capital costs Ccap,dist + Ccap,memb.

Due to the uncertainties in the estimation of many numerical values for the cost
analysis, a sensitivity analysis on the NPV has been carried out varying several cost
parameters. The cost parameters that were varied in the sensitivity analysis were interest
rate; total capital costs (distillation plus membranes); unit steam cost; unit electricity cost;
other costs (sum of utility cost for distillation, utility cost for membranes, fixed and labour
costs, membrane replacement costs). Each of the cost parameters was varied at 50, 200 and
400% the value of the same parameter in the base case (100% of the parameter value).

3. Results and Discussion

The simulation results of distillation without membrane concentration are presented in
Section 3.1, the results of distillation with previous membrane concentration are presented
in Section 3.2. Detailed simulation results (reflux ratios, temperature and composition of all
streams) are reported in Table S1 in the Supplementary Materials. The general discussion is
presented in Section 3.3.

3.1. Distillation without Membrane Concentration

Figure 2 shows the model results for the case where distillation is performed directly
on the AF effluents (after removal of the suspended solids) without any water removal
with membranes. Figure 2a shows, for the various compositions and concentrations of
the SCOAs, the minimum reflux ratio which was required in column 1 to satisfy the
specification of the purity of the SCOAs. For a given feed concentration and composition,
the reflux ratio is the key parameter that determines the equipment size and reboiler duty
in distillation columns. Column 1 is considered in Figure 2a because it is expected to be
the largest and the one with the highest energy demand due to the need to remove large
volumes of water in this column. The reflux ratios required in columns 2 and 3 are less
critical in terms of energy demand and equipment size due to the smaller volumes to be
treated in these columns. The minimum reflux ratio required in column 1 is in the range
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0.4–0.6 for compositions 1 and 2 and approximately equal to 1 for composition 3. The
reason for the higher reflux ratio for composition 3 and also for the slightly higher reflux
ratio for composition 2 than for composition 1 is the higher content of acetic acid. The
main task of column 1 is the separation of water from acetic acid and feeds richer in acetic
acid make this separation more difficult, requiring a higher reflux ratio. From Figure 2a it
can also be observed that for compositions 1 and 2 the minimum reflux ratio in column
1 slightly decreases for more concentrated feeds. This is due to the fact that, as the total
mass flow rate of SCOAs in the feed increases, it becomes slightly easier to satisfy the
requirement of 99% recovery of each acid and slightly higher concentrations of acids in the
water distillate of column 1 become acceptable, requiring lower reflux ratios.

Figure 2b shows the reboiler duty. In all cases, column 1 gives by far the largest
contribution to the total reboiler duty, as discussed above. The reboiler duty is higher for
composition 3 than for compositions 1 and 2 due to the higher reflux ratio required. For
compositions 1 and 2 the reboiler duty decreases as the feed concentration increases due to
the lower reflux ratio. Figure 2c shows the reboiler duty per unit mass of products, which
as expected decreases by a large factor as the feed concentration increases. For a given
concentration of the feed, the reboiler duty per unit mass of products is the highest for
composition 3 due to the higher reflux ratio. Figure 2d, which shows the cost of the reboiler
energy, follows the same trend as Figure 2c and confirms the benefits of having the highest
possible SCOA concentration in the feed, i.e., the highest possible SCOA concentration in
the AF effluents. Clearly, one of the requirements for an economically viable process is that
the energy costs are considerably lower than the market value of the products. Therefore,
Figure 2e shows the ratio between the reboiler energy costs and the market values of the
products. For the lowest feed concentration of 10 g/kg, the reboiler energy costs are for
all compositions much higher than the market values of the products, and therefore a
separation process without membrane concentration is not in this case economically viable.
For the intermediate feed concentration of 50 g/kg, the reboiler energy costs are slightly
higher or slightly lower than the market value of the products and therefore the process
without membranes is also in this case economically unfeasible. For the highest feed
concentration of 100 g/kg, the reboiler energy costs are in the range 45–55% of the market
value of the products and, although this represents a high energy cost, the process may be
economically viable without membranes. Figure 2f shows the diameter of each distillation
column. It is confirmed that column 1 is by far the largest of the three columns, due to the
water removal, with a diameter in the range 5.5–7.1 m depending on the feed composition
and concentration. For column 1, composition 3 requires the largest diameter due to the
higher reflux ratio, while the diameter of column 1 decreases as the feed concentration
increases due to the lower reflux ratio and the lower flow rate of water to be removed. The
diameter of columns 2 and 3 increase as the feed concentration increases, due to the larger
volumes of SCOAs to be separated, reaching a maximum value of 1.65 m for column 2 with
composition 3 100 g/kg. The total shell cost (Figure 2f) is estimated to be in the range GBP
1.0–1.5 M and slightly increases with the feed concentration due to the higher diameter
required for columns 2 and 3.

Overall, the reboiler energy consumption for distillation in the process without mem-
brane concentration is very high in all cases. To the best of our knowledge, there are no pub-
licly available quantitative data on the energy consumption of conventional processes for
organic acids’ production. For other biotechnology-based processes, the distillation energy
consumption of bioethanol purification has been calculated as approximately 0.25 MWh/t
for extractive distillation [27], much lower than the values shown in Figure 2 (although the
market value of SCOAs is higher than of bioethanol), which indicates the need for reducing
the energy consumption, as presented in Section 3.2.
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Figure 2. Main simulation results for distillation without previous membrane concentration. (a) Minimum
required reflux ration for column 1. (b) Reboiler duty for columns 1, 2, 3. (c) Reboiler duty per unit of
total SCOA products. (d) Cost of reboiler energy per unit of total SCOA products. (e) Ratio between
the cost of the reboiler energy and the total market value of the SCOA products. (f) Column diameter
for columns 1, 2 and 3. (g) Equipment cost (shell cost) for columns 1, 2, 3. (h) Total equipment cost
for the reboilers of columns 1, 2, 3.
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3.2. Distillation after Water Removal with Membranes

The aim of the RO membrane process is to reduce the water entering the distillation
process, aiming to reduce the distillation energy consumption and costs. Figure 3a shows
how the water entering the distillation process reduces as the water removed as permeate
in the membrane process increases. For a given permeate flow rate, the water entering
the distillation process is lower for the more concentrated feeds, due to their lower water
content as they left the AF process. Figure 3b–d show the effect of the water removal in the
membrane process on the minimum reflux ratio required in column 1 to satisfy the purity
specification of the acids. The reflux ratio in column 1 is a key parameter in determining
the energy and capital costs of the distillation process. As the water removed as permeate
by the membranes increases, two competing effects influence the minimum reflux ratio.
On the one hand, more concentrated feeds tend to require a higher reflux ratio to achieve
the same purity of the produced acids. On the other hand, more concentrated feeds allow
for the water in the distillate to contain a slightly higher concentration of acids than more
diluted feeds while still achieving the specified purity and recovery of the acids. This
latter effect allows for the use of a lower reflux ratio in column 1. As a result of these
competing effects, for composition 1 the reflux ratio tends to decrease as the water removal
by the membranes increases, while for compositions 2 and 3 the reflux ratio increases or
decreases depending on the initial concentration in the feed. While the reduction in the
water entering the distillation process, shown in Figure 3a, is expected to have a major
effect on the reduction of distillation costs, the reflux ratio also plays an important role
and the significant increase in the reflux ratio observed (Figure 3d) for composition 3 at
50 and 100 g/kg will reduce the benefits brought by the lower water flow rate entering
the distillation. On the other hand, for composition 1, where the minimum reflux ratio
decreases as the water removal by the membranes increases (Figure 3b), the benefits of
lower water entering distillation and lower reflux ratio will add up.

  

  

Figure 3. Distillation with previous membrane concentration. Results presented as a function of
the water removed in the RO process. (a) Water entering the distillation process. (b) Minimum
reflux ratio required in column 1 for composition 1, for each total SCOA concentration in stream 1.
(c) Minimum reflux ratio required in column 1 for composition 2, for each total SCOA concentration
in stream 1. (d) Minimum reflux ratio required in column 1 for composition 3, for each total SCOA
concentration in stream 1.
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Figure 4a–c show how the water removal by the membranes reduces the reboiler duty
in the distillation columns. The reboiler duty decreases from the values of 38–56 MW in
the absence of membranes to less than 5 MW for the highest water removal considered
here, 900 t/d. This reduction in reboiler duty is very considerable and shows the main
benefit of the membrane process. The reboiler duty per unit mass of products (Figure 5a–c)
shows the same trend observed in Figure 4, with the values being much lower for the more
concentrated feeds than for the more diluted feeds, as expected. The ratio between the
reboiler energy costs and the market value of the products becomes much more favorable
as the water removed by the membranes increases (Figure 6). For the most diluted feed of
10 g/kg, this ratio becomes lower than 100% for the highest water removals of 800–900 t/d.
For the most concentrated feed of 100 g/kg, this ratio reduces from 47–55% in the absence
of membranes to 1–2% for the highest water removal of 900 t/d. In all cases, Figure 6 shows
the very significant benefits of the membrane process in reducing the reboiler duty.

  

 

Figure 4. Distillation with previous membrane concentration. Total reboiler duty in columns 1, 2 and
3 reported as a function of the water removed in the RO process, for each value of the total SCOA
concentration in stream 1. (a) Composition 1. (b) Composition 2. (c) Composition 3.

Figure 7 shows the effect of membranes on the size of the capital equipment. The area
of the membranes is linearly proportional to the permeate flow rate (Figure 7a). Membranes
bring a large reduction in the diameter of column 1 (Figure 7b), which is by far the largest
of the three columns. The diameter of column 1 reduces from 6–7 m without membranes
to 1–2 m. The largest diameters are in most cases obtained for the most diluted feed,
10 g/kg, due to the combined effect of the volume of water entering distillation and of
the reflux ratios (Figure 3). Figure 8 shows the effect of membranes on equipment costs.
The equipment cost of membranes is estimated to increase linearly (Figure 8a) with the
permeate flow rate, due to the assumption of constant membrane flux for all simulations.
The total shell cost of the three distillation columns decreases very significantly as the water
removed by the membranes increases due to the reduction in the water to be treated by
distillation. Compared to the base case without membranes, the reduction in the shell cost
is higher than 50% for the highest considered permeate rate of 900 t/d. Generally, the
shell cost is slightly higher for the more concentrated feed of 100 g/kg due to the higher
contribution of columns 2 and 3, which have a higher role for the most concentrated feed
(Figure 2f,g). Considering the combined equipment cost of membranes plus distillation
columns (Figure 9), the addition of membranes brings a clear reduction. Indeed, with the
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assumptions of this study, the equipment cost of membranes is significantly lower than the
cost of distillation columns and the cost reductions brought by membranes on distillation
columns outweigh by a large factor the equipment cost of membrane systems.

  

 

Figure 5. Distillation with previous membrane concentration. Total reboiler duty in columns 1, 2 and
3 per unit of total SCOA products reported as a function of the water removed in the RO process,
for each value of the total SCOA concentration in stream 1. (a) Composition 1. (b) Composition 2.
(c) Composition 3.

  

 

Figure 6. Distillation with previous membrane concentration. Ratio between the total reboiler energy
cost and the total market value of the SCOA products, for each value of the total SCOA concentration
in stream 1. (a) Composition 1. (b) Composition 2. (c) Composition 3.
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Figure 7. Distillation with previous membrane concentration. Equipment sizing as a function of the
water removed in the membrane process, for each value of the total SCOA concentration in stream 1.
(a) Membrane area. (b–d) Diameter for column 1 (largest of the diameters of the two sections) for
compositions 1–3. (e–g) Required reboiler heat transfer area for compositions 1–3.
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Figure 8. Distillation with previous membrane concentration. Equipment costs as a function of the
water removed in the membrane process, for each value of the total SCOA concentration in stream
1. (a) Membranes. (b–d) Total shell cost for columns 1, 2, and 3 for compositions 1–3. (e–g) Total
reboiler cost for columns 1, 2, and 3 for compositions 1–3.
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Figure 9. Distillation with previous membrane concentration. Sum of the equipment cost of distilla-
tion (columns and reboilers) and of membranes, for each value of the total SCOA concentration in
stream 1. (a) Composition 1. (b) Composition 2. (c) Composition 3.

Combining the capital and operating costs together, Figure 10 simulates the effect of
the permeate flow rate on the NPV. In all cases the NPV increases with the addition of
membranes and with the increase of the water removed by the membranes. This indicates
that the RO process prior to distillation has in all cases a positive economic effect. For the
most diluted feeds of 10 g/kg, the NPV is negative in almost all cases, turning slightly
positive only for the highest value of the water removed by RO of 900 t/d. This indicates
that diluted effluents from AF cannot in practice be made profitable with the processes con-
sidered in this study. For the intermediate concentration of 50 g/kg, the NPV turns positive
for relatively low values of the water removed, while for the highest feed concentration of
100 g/kg, the NPV is positive in all cases. These considerations confirm the importance of
producing SCOA effluents from AF at the highest possible concentration. Considering the
unavoidable uncertainty in the cost parameters and therefore in the NPV, Figure 11 shows
the sensitivity of the NPV to variations in the cost parameters. The sensitivity analysis is
shown for the intermediate case of concentration 50 g/kg, composition 1. The largest effect
on the NPV is the unit cost of steam, Figure 11c. This is understandable considering the
high energy consumption of the distillation process, especially for low water removal by
RO. Higher steam costs make the NPV significantly more negative; however, it is important
to observe that with high water removal by RO the NPV becomes positive even for an
increase in steam costs of 400% compared to current values. This confirms the importance
of SCOA concentration by RO in reducing the energy requirements by the process. The
variations in the other cost parameters also have an effect on the NPV. Increases in the
interest rate (Figure 11a) and in the other costs (Figure 11e) make the NPV less positive but
in all cases the NPV is positive for large values of the water removal by RO. Variations in the
capital costs have a relatively little impact on the NPV, which is understandable considering
that the major role in the NPV is played by the steam costs and by the market value of the
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SCOAs. Changes in the unit electricity costs (Figure 11d) give almost no effect on the NPV,
which is due to the fact that in the considered process heat energy consumptions in the
reboiler is much larger than the electricity consumption in the membrane unit.

  

 

Figure 10. Distillation with previous membrane concentration. NPV as a function of the water
removed in the membrane process, for each value of the total SCOA concentration in stream 1.
(a) Composition 1. (b) Composition 2. (c) Composition 3.

Overall, addition of SCOA concentration with RO has been shown to significantly
reduce the energy consumption of the distillation process. For the best conditions calculated
in this study, i.e., SCOA concentration of 100 g/kg in the AF effluents and the highest
water removal by RO (900 t/d), the total reboiler duty in the distillation is in the range
0.30–0.50 MWh/t, depending on the SCOA composition. These values make the considered
SCOA recovery process more attractive and bring the estimated energy consumption by
distillation in the same range of bioethanol distillation [28] or of an innovative proposed
sustainable process for acetic acid production from methanol carboxylation with an es-
timated energy consumption of 0.2–0.6 MWh/t [28]. It is important to observe that the
low energy consumption reported by [28] was obtained with energy integration and heat
recovery schemes that have not been considered for the process considered in this study,
although they are also applicable to it.
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Figure 11. Distillation with previous membrane concentration. Sensitivity analysis on the NPV for
composition 1, 50 g/kg. The values of 50, 100, 200 and 400% refer to the deviation from the base case
(100%). (a) Effect of the interest rate. (b) Effect of the total capital costs (distillation plus membranes).
(c) Effect of the unit cost of steam. (d) Effect of the unit cost of electricity. (e) Effect of the other costs
(sum of utility costs of distillation and membranes, fixed costs and membrane replacement costs).

3.3. General Discussion and Model Limitations

The simulations in this study indicate that using RO to remove water from AF effluents
can bring an important reduction, of up to more than 90%, in the energy consumption for
the distillation of SCOA mixtures. The benefits in the reduction of energy consumption
are even more evident if we consider that the pumping energy for RO is provided by
electricity, while the reboiler energy is usually provided by natural gas, and it is easier to
produce electricity than heat from renewable resources, e.g., wind and sun. In addition to
the benefits in energy reduction, water removal by RO brings a reduction in equipment size
and capital costs of the distillation process, which have been quantified in this study and
bring additional benefits to the economics and to the sustainability of SCOA production
from organic waste via AF.

This study, which to the best of our knowledge was the first to quantitively investigate
the coupling of RO and distillation for this type of effluents, was based on an ideal simplified
model. Therefore, like for all models, all the simulations done in this study need to
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be verified experimentally to quantify the effect of RO on SCOA distillation with real
life examples and to develop more accurate models. There are several aspects where
experimental simulation is needed:

Efficiency of RO for concentration of water based SCOA mixtures in a wide range of
SCOA concentrations. Although there are promising early experimental findings, only a
limited range of SCOA concentrations has been investigated experimentally. Depending
on the operating conditions of pH, type of membrane and applied pressure, successful
retention of SCOAs with RO membranes was obtained with acetic-butyric mixtures at
1–2 g/L [11], with mixtures of various SCOAs at 20–30 g/L [12], with acetic, propionic,
butyric acids at total concentration of up to 5 g/L [13] and with acetic acid at up to 10 g/L
in solution with sugars [14]. In the preliminary experiments in our group reported in
Supplementary Materials (Figure S1), the feed concentration of SCOAs was 7.4 g/L. Since
the SCOA concentration in AF effluents can be higher than 100 g/L [7], and only high
concentrations are likely to be economically viable, there is need to investigate RO retention
of SCOAs at higher concentrations than has been reported so far.

Distillation of SCOA mixtures typical of AF effluents. While distillation is performed
at commercial scale for the purification of organic acids from conventional processes based
on fossil resources [29], the characteristics of AF effluents are significantly different. The
model used in this study is a simple model and does not take into account several effects
that may happen in the distillation of water based SCOA mixtures: acetic acid may present
an azeotrope at high water concentrations, which may need the use of azeotropic distillation
rather than direct distillation [5]; lactic acid degrades at high concentrations in water and
at high temperatures because of which lactic acid purification by distillation may need to
be carried out under vacuum [30]. However, these findings relate to solutions of single
organic acids in water, rather than to mixtures of SCOAs as for AF effluents.

Based on the considerations above, the process simulated in this study needs to be
investigated experimentally to test the validity of the model and to identify the actual
operating conditions of RO and distillation that will lead to the predicted savings in energy
requirements for the separation and purification of the SCOAs in AF effluents. It is hoped
that the model developed in this study will foster further studies on this topic, helping to
move SCOA production via AF closer to commercial realization.

4. Conclusions

Considering SCOA-rich effluents from AF, we have shown and quantified the benefits
of the combination of RO and distillation for water removal and for the separation and
purification of the SCOAs. With the process and model considered in this study, water
removal by RO can bring down the reboiler energy consumption in the distillation process
by more than 90% with additional benefits in terms of reduction of distillation columns’
size, mass and cost. The energy consumption by RO is small compared to the energy
savings in reboiler heat. Furthermore, the energy required for RO is mainly electricity,
which can be generated more easily from renewable resources (e.g., wind or sun) than the
heat required by distillation. Overall, the combined RO-distillation process is expected
to significantly increase the NPV and the economic feasibility of SCOA separation and
purification. It is hoped that this study will stimulate experimental investigations on the
combination of RO and distillation to bring the production of SCOAs from organic waste
and biomass via AF closer to commercialisation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr11082362/s1, Figure S1: Process flux in preliminary experiments
with AF effluents and RO membranes; Table S1: Simulation results for steams 1-8 in the process scheme).
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Abstract: Soil and aquatic pollution by heavy metal (Pb, Cr, Cu, Fe, Zn, and Ni) ions has become one of
the prime problems worldwide. Thus, the purpose of the current study is to conduct hydrogeological
research and quantify the main trace metals in the edible vegetables, soil, irrigation water, pesticides,
and fertilizers in the farmland near Jeddah city, Saudi Arabia. Samples of soil, water, and plants
such as coriander (Coriandrum sativum), dill (Anethum graveolens), parsley (Petroselinum crispum),
and arugula (Eruca sativa) were collected, acid-digested, and analyzed using an inductively coupled
plasma–optical emission spectrometer (ICP–OES). The levels of the elements in soil were determined
in the order of Fe > Zn > Cu > Cr > Ni > Pb, whereas the sequence in plants was Fe > Cr > Zn > Pb>
Ni > Cu, and in water, the order was Pb > Fe > Cu > Zn> Ni = Cr. In soil, the levels of Fe, Cr, and Pb
were higher than the recommended values set by the World Health Organization (WHO) and the
Food Administration Organization (FAO). In soil, Pb and Zn uptake increased with an increase in the
availability of both elements, whereas in plants, Zn and Pb uptake occurs primarily through the plant
roots, and some specific proteins facilitate metal transport and movement across the membrane. In
soil, the root cell walls first bind to metal ions, which are taken up across the plasma membrane. The
levels of the investigated elements in water and vegetables samples were below the permissible limits
set by the FAO and within the allowable limits in the available pesticides and fertilizers. The transfer
factor (TF) of metal absorption from soil to plant (TFsoil-plant) and from irrigated water to plant
(TFwater-plant) in the study area was determined, followed by correlation and statistical treatment
according to the date. The TF values were used to assess the metal levels in collected plant, soil, and
water samples. The computed values of TF implied that plant leaves and soil were safe from the
risk of heavy metals. Water irrigation causes heavy metal accumulation in soil and vegetables, with
varying concentrations. The results of this study revealed no abnormal metal accumulation due to
irrigation and no health risks to consumers.

Keywords: agricultural soil; pollution assessment; toxic elements; edible vegetables; soil-to-plant
transfer factors

1. Introduction

Safe plant-based foodstuff has played an important role in human life [1,2]. Edible
plants, e.g., raw vegetables, are consumed prior to processing and represent the first link in
the food chain [3]. Macro- and micrometals can be transferred directly from raw vegetables
into the body, causing toxic effects if they exceed the allowable limits set by the World
Health Organization (WHO) and the Food Administration Organization (FAO) [4]. Trace
elements including heavy metals such as Pb, Cd, etc., and trace micronutrients such as Cu,
Zn, Fe, Mn, Mo, and B (required for plant growth) are highly variable and influenced by
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both physiological and environmental factors. They are essential to the normal growth
and health of plants, animals, and human beings at certain allowable levels [5,6]. Elements
such as Cu, Zn, Pb, and Cd have been reported to cause contamination of soil, water, and
plants [1,2].

In the modern era, trace elements, e.g., Ni, Zn, Cd, Cu, and Pb, have been reported
as soil contaminants via agricultural fertilizers and pesticides, municipal waste, traffic,
mining, and industrial emissions [7]. In both urban and agricultural areas, soil is a medium
and a drain for the release of metals into the atmosphere. Some of these trace elements are
permanent due to their immobile existence, whereas other metals are more mobile [8,9]. In
soil, the heavy metal concentration plays an important role in controlling uptake of metal
bioavailability in plants, as well as root uptake and the eventual transition to the food
chain, causing a prospective hazard to human health [10]. A subset of plants known as
hyperaccumulators can accumulate high levels of elements, e.g., Cu, As, and Cd, through
multiple pathways [11]. The impact on the transfer of trace elements between plants and
soil depends on the redox state and chemical form of the heavy elements, soil clay matter,
iron and manganese oxide concentration, and climatic circumstances, as reported in [12].
The availability and mobility of elements are also considerably impacted by several factors,
e.g., plant species, transpiration rate, soil pH, cation exchange capacity, organic matter,
microorganisms, and other coexisting elements [13,14]. The occurrence of elements in
surface and groundwater may be attributed to the dissolution of minerals in soil and
aquifer materials [15] and/or to human activities and unsuitable disposal of industrial
waste [16,17]. Consumption of contaminated food leads to uptake of toxic elements, which
can disrupt mental development and disturb the function of organs such as the kidneys,
lungs, and liver [15,18].

Saudi Arabia has experienced rapid agricultural development, resulting in an increase
in organic and inorganic pollutants in agricultural soils. In North America and Europe,
studies have shown that herbivores contain high concentrations of minerals due to their
consumption of vegetation with a high concentration of minerals [19]. The toxic effects
of trace elements have been studied in humans, animals, and plants [3,20]. The average
concentrations of Zn, Cu, Fe, and Pb in well water in the Al-Bahah region in Saudi Arabia
were found to be higher than the mean mineral concentration in irrigation water [21].
Edaphic factors and the distribution of diverse vegetation groups in Wadi Fatimah, Saudi
Arabia, were found to be significantly correlated [22]. In central and western Saudi Arabia,
significant increases in the levels of toxic elements were reported, which were attributed
to agricultural activities, including the use of chemical and organic fertilizers and pesti-
cides [23,24]. In the local market of Jeddah city, KSA, herbal plants were found to contain
high levels of hazardous trace toxic elements, exceeding the maximum allowable levels
set by the World Health Organization (WHO) [25,26] and indicating a need for precise
monitoring of the levels of these toxic elements in agricultural areas that are vulnerable
to the heavy use of agrochemicals. Total elemental concentrations in plants, soil, water,
fertilizers, and pesticides can be precisely assessed by inductively coupled plasma–optical
emission spectrometry (ICP–OES), as this technique provides good sensitivity, does not
require large samples for measurements, and is an easy and rapid approach for conducting
multiple automated core elemental analyses [6,26–29]. Hence, the assessment of Pb, Cr,
Cu, Fe, Zn, and Ni uptake by plants is important to draw attention to the monitoring
of the levels of these elements in agricultural areas that are vulnerable to the heavy use
of agrochemicals.

The accumulation of potentially harmful elements (PHEs) in lettuce (Lactuca sativa L.)
and coriander (Coriandrum sativum L.) irrigated with wastewater, as well as health risk as-
sessment, was reported in a probabilistic meta-analysis of selected Ethiopian
spices [30,31]. Trace determination of heavy metals in edible vegetables, soil-to-plant
transfer factors, and toxic metal content in parsley (Petroselinum crispum), as well as associ-
ated health risks in vegetables, were reported for samples obtained from local farms in the
Baz Kia Gorab region of western Iran [32–36].
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Thus, the aims of this study were to (i) assess the levels of contamination with Pb, Cr,
Cu, Fe, Zn, and Ni elements in cultivated soil, irrigation water, fertilizers, pesticides, and
different tissues of selected plants coriander (Coriandrum sativum), dill (Anethum graveolens),
parsley (Petroselinum crispum), and arugula (Eruca sativa), (ii) calculate the TF to assess the
concentrations of metals in plants and soil; and, finally, (iii) explore the relationships and
combined impacts of these parameters in plants, soil, water, fertilizers, and pesticides in
order to properly address environmental risk in the study area through statistical treatment.
Overall, this study provides decision-makers with an appropriate solution the level of
heavy metals in plants representing the most important food crops in the world. The
proposed solution can be helpful in reducing the risk of food chain contamination. The
findings of this study can also help the government sector to formulate more stringent
management procedures for the discharge of the elements and industrial activities.

2. Materials and Methods

2.1. Study Area and Sampling

The agriculture study area is located in a valley with a low rainfall regime approxi-
mately 100 km east of Jeddah city (Huda AL sham) in the Hijaz Mountains. The study area
extends for about 70 km across the territory of the western coastal plains (Tihamah) and is
surrounded by mountains with heights in the range of 0.0 to 500 m above the mean sea
level [29]. The basin covers an area of approximately 4.860 km2 at a longitude of 39◦40′5′′ E
and a latitude of 21◦33′0′′ N, as demonstrated in Electronic Supplementary Information
Figure S1.

Irrigated and wastewater samples were collected from the farm under study in pre-
cleaned low-density polyethylene (LDPE) bottles with nitric acid (1% v/v). The water
samples were immediately stored at 4 ◦C until analysis. The water pH, electrical con-
ductivity (EC), and heavy metal concentrations were measured by ICP–OES as reported
in [37].

Fertilizer and pesticide samples were taken from commercial products: urea (carbonic
diamide 46% N) and NPK (complesal fluid, 8 + 8 + 6 + TE from Germany) fertilizers, as
well as runner (methoxyfenozide 24%) and tiller (glyphosate IPA 48%) pesticides, used on
the selected farm. Then, the samples were transported to the laboratory of King Abdulaziz
University (KAU), Jeddah, Saudi Arabia, for processing and metal analysis.

Cultivated soil samples were collected from planting fields at a depth of 0.0 to 15 cm
with the help of a garden shovel pre-cleaned with concentrated HNO3. The soil samples
were collected in plastic containers that had all been cleaned with detergent and tap water.
The soil samples were air-dried, crushed, and passed through a sieve with a particle size of
0.40 mm. Then, soil samples were homogenized, transferred to clean polyethylene bags,
and stored at room temperature for laboratory analysis. The pH, electrical conductivity
(EC), and organic matter (OM) were measured according to soil analysis methods [4].

Coriander (Coriandrum sativum), parsley (Petroselinum crispum), arugula
(Eruca vesicaria), and dill (Anethum graveolens) are the most widely grown vegetables in the
study area. An approximate mass of 500 ± 0.1 g of each plant was collected from the farm
at harvest (n = 40). In the lab, each individual vegetable sample was separated into roots,
shoots, and leaves. The leaves of the subsamples were washed well with deionized water,
dried, and ground to a fine powder using a stainless grinder. The samples were placed in
labeled polyethylene bags and stored in a desiccator.

2.2. Recommended Wet Acid Digestion Procedures
2.2.1. Wet Digestion of Vegetable Samples

A total of n = 40 plant samples were irrigated with well water and collected at harvest.
An accurate mass (0.500 ± 0.001 g) of each part of plant sample was digested in a 50 mL
beaker containing 8 mL HNO3 (69%, CDH). The beaker was covered with a watch glass
and left overnight at room temperature, followed by the addition of 2 mL of H2O2 (30%,
Sigma-Aldrich, Gillingham, England), and heated on a hot plate to 90–120 ◦C until the light-
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brown-colored fume disappeared. The digest solutions were filtered through Whatman
No. 50 Ashley filter paper and diluted to 50 mL using HNO3 (0.1 M). The USEPA SW-
846 (method 3050) vegetable digestion methodology was followed [38]. Then, the metal
concentration was evaluated by inductively coupled plasma–optical emission spectrometry
(ICP–OES).

2.2.2. Wet Digestion of Soil, Fertilizer, and Pesticide Samples and Total Organic Carbon
(TOC) Content

The soil samples were collected from the farm fields (n = 8), and fertilizer samples
(n = 2) (0.500 ± 0.001 g) were placed into beakers (50 mL) containing 10 mL of aqua regia
(65% HNO3 and 37% HCl in a 3:1 ratio CDH). Pesticides (n = 2) were digested by adding
10 mL of 1:4 H2SO4 (95% m/v)/HNO3 (69% m/v) mixtures. In the soil samples, the TOC
content was determined as follows. Soil samples were first dried in an oven to remove the
excess moisture and obtain the accurate mass (5 ± 0.01 g) of each soil sample. The samples
were then placed into a crucible, and the weight of the soil crucible was recorded. The
soil samples were heated in a muffle furnace (VULCAN, A-550) up to 300 ◦C for 5 h then
cooled in a desiccator, and the TOC was calculated by employing Equation (1) [39]:

TOC % =
pre-ignition wight (g)− post-ignition wight (g)

pre − ignition wight (g)
× 100. (1)

2.2.3. Digestion of Water Samples

Wet digestion of the water samples (n = 3) was performed as follows. An accurate
volume (100 mL) of water sample was digested by adding 5 mL of concentrated HNO3 (69%,
CDH), followed by heating of the solution mixture to 90–120 ◦C until the solution became
transparent. The solutions were then filtered and diluted to 50 mL with deionized water
and analyzed as reported in [40]. The overall recommended procedures for preparation
and ICP–OES analysis are demonstrated in Scheme 1.

Scheme 1. Preparation of the studied samples and their ICP–OES elemental analysis.

2.3. Recommended Sample Preparation and ICP–OES Measurements

The Pb, Ni, Zn, Fe, Cr, and Cu elements in the sample filtrates were measured using
an inductively coupled plasma–optical emission spectroscope (ICP–OES, Optima 8300–
PerkinElmer) according to the optimal parameters of each element. The parameters of ICP–
OES were a wet plasma aerosol type of axial view, nebulizer startup instant condition, a flow
rate (Ar) of 15 L/min, auxiliary flow (Ar) of 0.2 L/min, nebulizer flow (Ar) of 0.8 L/min,
sample uptake rate of 1.5 mL/min, and sample flush time of 5 s. The wavelengths used for
the observed elements were 217 nm for Pb, 231.6 nm for Ni, 206.2 for Zn, 259.94 nm for Fe,
283.56 nm for Cr, and 324.75 nm for Cu. Based on the IUPAC [41], the values of LOD and
LOQ were calculated by employing the following Equations (2) and (3):

LOD = 3σ/b (2)

LOQ = 10σ/b (3)
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where σ is the standard deviation of five replicate determination values of the blank under
the optimized experimental conditions and b is the sensitivity factor, i.e., the slope of the
linear calibration plot of the analyte. The percentage of relative standard deviation (%RSD)
lies within the range 2.70 and 32.76%.

Digestion was performed on replicates on a routine basis to determine precision. A
series of more diluted solutions was prepared from the stock of the standard solution
(1000 mg/L, Appli Chem Panreac-ITW Companies) containing Pb, Cr, Cu, Fe, Zn, and Ni to
afford working standard solutions of 1.0, 5.0, 10.0, 20.0, 50.0, 100.0, 200.0, and 300.0 mg/L
for each metal, the absorbances of which were determined using ICP–OES to construct
the calibration curve. The repeatability, expressed as relative standard deviation (RSD),
ranged from 1.77% to 3.57% for replicate analyses of the calibration standard for all detected
metals. To determine each metal’s detection limit, data from replicate measurements of
low-concentration samples were used. The detection limit was then derived from the
metals’ standard deviations. Metal standards were employed to calibrate the instrument
for each element being analyzed. The maximum limit of Pb, Cr, Cu, Fe, Zn and Ni) in the
samples was adopted as reported by the WHO [4].

2.4. Data Analysis
2.4.1. Estimation of the Soil and Water Transfer Factor to the Plant (TF)

The transfer factor is defined as the ratio of the metal concentration in plant tissue
above the ground divided by the total metal concentration in the soil (TFsoil-plant) or water
TFwater-plant samples. The values of TFsoil-plant and TFwater-plant can be estimated for each
element using Equations (4) and (5) [42]:

TFsoil−plant = Cp (mg kg–1 dry wt)/Cs (mg kg–1 dry wt); (4)

TFwater−plant = Cp (mg kg–1 dry wt)/Cw(mg kg–1 dry wt), (5)

where Cp, Cw, and Cs are the elemental concentrations in plant, water, and soil
samples, respectively.

2.4.2. Statistical Analysis

The mean, minimum, maximum, and standard deviation (±SD) of the analytical
results were calculated using Microsoft Excel. The transfer factor (TF) of trace metals
from soil to plants was computed using Equation (2). Data collected for all variables were
first subjected to statistical analysis. Data on heavy metal concentrations in soil, water,
fertilizers, and plants are presented as the means (±SD) for each sampling. Three-way
analysis of variance (ANOVA) was performed on levels of trace element variations in the
various water samples (well water, irrigated water, and wastewater) (block 1), fertilizers
(urea and NPK) (block 2), and pesticides (tiller and runner) (block 3). The elemental uptake
in the leaves of the four plants (coriander, parsley, arugula, and dill) was also critically
determined as demonstrated in Figure S2. Three-way ANOVA interactions between the
factors were considered significant at p < 0.05.

3. Results and Discussion

3.1. Physicochemical Characteristics of Water and Soil Samples

A preliminary study of the uptake of the tested trace elements in the various tissues of
the four plants revealed dependence on water, soil pH, and conductivity [43]. Therefore, the
physical characteristics (pH and conductivity) of the studied water and soil samples were a
primary concern. In well water, irrigated water, and wastewater samples, the pH ranged
between 6.53 and 7.73, which is within the permissible limit set by the FAO (pH 6–8.5) [44].
The conductivity of the well water and irrigated water samples was around 2860 μS/cm,
which is within the recommended range reported by the FAO/WHO [4] (3100 μS/cm),
whereas in the wastewater samples, high conductivity (4980 μS/cm) was noted, with higher
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concentrations of the labile (free) ions of the elements and fewer complexed metal ions
and impurities.

The pH of soil samples Is a criti”al p’rameter of metal content. In normal agricultural
soils with low pH (pH 5.0 to 7.0), the solubility of trace elements is generally high, as
reported in [45]. Thus, low pH values measured in the soils in the current study account
for the elemental transfer from soil to plants. The electrical conductivity (EC) of the soil
is an important characteristic that can be used to determine nutrient availability and the
presence of soluble salt in the soil. The EC values ranged from 410 to 1480 μS/cm; thus,
the level of soluble salt increased, making it more difficult for plants to extract water from
soil and resulting in water stress in plants [46]. Total organic carbon (TOC) is an important
property of agricultural soil. The soil organic carbon content ranged from 6.30 to 10.60% in
the agricultural soil samples, with organic matter affecting both the chemical and physical
characters of the soil [46].

3.2. Levels of Trace Elements in the Studied Samples

The analyzed metals (Pb, Cr, Cu, Fe, Zn, and Ni) in the studied water samples were
determined and compared according to the guidelines prescribed by the FAO/WHO [4]
for water value. The average levels of metals in water samples in the study area are shown
in Figure 1. The recorded values of Ni, Zn, and Cr metals were below the methodological
detection limit in all water samples. The Pb concentration in well water was 1.171 mg/L,
and the levels of Pb concentration in irrigation and wastewater samples were 0.01 mg/L,
which is lower than the recommended levels set by international standard guidelines for
irrigation water of the FAO (5.00 mg/L) [4]. The Fe levels in water samples ranged from
0.21 to 0.30 mg/L, which is two times greater than the recommended value (0.1 mg/L) set
by FAO standards. The farm location may also contribute to the Fe level naturally occurring
in the atmosphere and in soil that enters water bodies through natural processes and as
a result of human activities. In Al-Kharj region, Saudi Arabia, and the Nangodi region
of northern Ghana, the level of Fe in well water was found to be high compared to that
determined in the present study area [47–49]. The concentration of Cu varied between 0.003
and 0.21 mg/L. The concentration of Cu was below the permissible limit according to the
international standard guideline for irrigation water of FAO (0.02 mg/L) [4]. Furthermore,
Cu content was found to be slightly higher in well water (0.2 mg/L) compared to the other
water samples, in agreement with the data reported by Brar et al. [48].

 

Figure 1. Distribution pattern of trace elements (Pb, Ni, Zn, Fe, Cr, and Cu) in the tested
water samples.
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In the modern era, soil pollution by trace toxic elements most likely arises from the
constant use of element-enriched chemicals, fertilizers, and pesticide, as well as organic
alterations, e.g., sewage sludge, wastewater, and other industrial activities [50]. Thus, the
average levels (n = 3) of the toxic elements were critically studied in tiller and runner
pesticides, the results of which are shown in Figure 2. The average concentrations of
Pb, Ni, Cu, and Zn in tiller and runner were found to be in the ranges of 0.03–0.04,
0.0006–0.01, 0.004–0.02, and 0.20–0.28 mg/kg, respectively. In tiller, the average Fe level
was not detected (ND), whereas in runner pesticides, the average Fe level was determined
to be 0.77 mg/kg. In tiller, the Cr level was 0.03 mg/kg, whereas in runner, it was not
detected. Thus, the average levels of the measured elements were lower than the levels in
other pesticides (0.75–14.25 mg/kg) [51].

 

Figure 2. Average concentrations (mg/kg) of trace elements (Pb, Ni, Zn, Fe, Cr, and Cu) in fertilizers
and pesticides.

The levels of Zn, Fe, Cu, and Ni in NPK fertilizer were 1.86, 7.39, 1.88, and 0.02 mg/kg,
respectively. These values were found to be higher than those measured in urea for Zn
(0.41), Fe (0.06), Cu (0.02), and Ni (0.003 mg/kg), whereas the average Ni level in phosphatic
fertilizers in Saudi Arabia was in the range of 52.80 to 85.8 mg/kg [52]. The average levels
of Pb and Cr contents were below the limit of detection in NPK and urea fertilizers. In urea,
the average level of Fe in composite fertilizers was 347.3 mg/kg, revealing that the con-
centration of trace elements varied considerably depending on the measured element and
fertilizer type. In superphosphate fertilizer samples, the average levels of the tested trace
elements were substantially higher than those in urea fertilizer. Thus, it can be concluded
that the average levels of trace elements in phosphorus fertilizers are above the levels found
in other fertilizers. Superphosphate fertilizers resulting from phosphate ores contain a
wide range of impurities, including trace elements [23,53]. However, according to Cana-
dian standards, the average levels of trace elements in available urea and superphosphate
fertilizers were within the allowable limits [54].

The average levels of trace elements in the agricultural soil in the study area are
illustrated in Figure 3. The levels of the measured elements were below the maximum
permissible limits set by the WHO/FAO [4]. In soils in which the arugula and dill samples
were grown, the average levels of Pb were 33.10 and 37.18 mg/Kg—lower than the permis-
sible limits set by the FAO/WHO [4]. In soils in which the coriander and parsley samples
were grown, Pb was not detected, revealing that the Pb originated from other sources, such
as leaching during the rainy season, and simplified by soil microbial activities [23]. Natural
soil contains Pb, which may be discharged from natural sources, such as the decomposition
of plants and animals. The impact of Pb toxicity depends upon its solubility, which is

250



Processes 2023, 11, 2515

influenced by soil pH and other sources of Pb, including herbicides and insecticides [23].
In the agricultural soils in the current study, the Pb level was lower than the average Pb
(1.20 mg/kg) in Al-Taif district, Saudi Arabia [55].

 
Figure 3. Average concentrations (mg/kg) of trace elements in cultivated soil.

The average Ni level in all locations varied from 6.40 to 60.80 mg/kg, which is less
than the maximum permissible standard according to WHO/FAO (75 mg/kg). The average
level of Ni in the study area was found to be lower than the Ni level (117.2 to 117.6 mg/kg)
in India [48]. Ni levels can be ascribed to the dust and aerosols emitted during plant
transportation and the use of organic fertilizers [17,56]. The average Zn level was highest in
coriander soil (204.0 mg/kg), followed by parsley (185.90 mg/kg), arugula (18.60 mg/kg),
and dill (12.90 mg/kg) soils (Figure 3). These results differ from those reported by Al-
Hammad and El-Salam [47] for Zn in soils (38.45 to 174.52 mg/kg). This trend can most
likely be attributed to soil conditions and other environmental factors, e.g., high soil acidity
may also release the bound Zn pool, resulting in an increase in the level of labile Zn ions in
the soil solution [7,23].

The average iron contents in the soil samples are illustrated in Figure 3. The average
Fe content was very high (34,196.60 to 46,913.30 mg/kg). In soil samples in which arugula
and dill were grown, Fe levels were found to be high, suggesting that the physicochemical
conditions of the soil, e.g., redox potential, humidity, morphological conditions, flows,
and iron fixation, are affected by different soil components [57]. These data agree with
the results reported by Harmanescu et al. (55,489.20 mg/kg and 44,582.45 mg/kg) [17]
and Ramteke et al. (18,328 mg/kg to 37,980 mg/kg) [7]. The average Cr level in soil
samples is also shown in Figure 3. The average levels of Cr were in the range of 87.20
to 209.50 mg/kg in arugula and dill, which are above the maximum permissible limits
set by the WHO/FAO for the Cr ion concentration in soil, with the exception of the soil
in which parsley was grown. Additionally, the average Cr levels of soils in the present
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study were higher than the average level (60.43 mg/kg) in agricultural soil in Al-Kharj
region, Saudi Arabia [47]. The Cr content in soil can be attributed to agricultural activities,
including the use of chemical and organic fertilizers and pesticides and the high solubility
of chromium (VI) species. Cu levels in all soil samples were found to be in the range of
19.90 to 26.30 mg/kg, as shown in Figure 3, which is within the national permissible levels
set by the WHO. These values are lower than the Cu levels reported in in Al-Kharj region,
Saudi Arabia (68.78 mg/kg), and in India (153 mg/kg) [7,47]. Thus, in the soil in the study
area, the potentially toxic trace elements are mainly initiated from anthropogenic activity
involving the use of agrochemicals, e.g., fertilizers, pesticides, and organic manure, in the
condensed agricultural soils.

The average levels of toxic trace elements in crops are controlled by the contents of
trace elements; the pathways of uptake of these elements by plant tissues, such as roots,
leaves, and edible parts [58,59]; pH [60]; and the structure of heavy metals [61]. Trace
element toxicity directly affects the physiology, structure, and growth of plants, as reported
by Jorgensen et al. [62]. Table 1 demonstrates the levels of trace elements in leaves, shoots,
and roots of the four vegetables analyzed in the study area. Vegetables can absorb elements
from soil, which can be deposited on parts of vegetables exposed to the air in contaminated
environments [63]. The average levels of the trace elements in different organs of leafy
green plants (coriander, parsley, arugula, and dill) were successfully compared with the
permissible levels set by the FAO/WHO [4], as summarized in Table 1. The Pb, Ni, Zn, Fe,
Cr, and Cu levels in the leafy green plants were determined in the following order: roots
> leaves > shoot. In parsley plants, the levels of Zn, Fe, and Cu were determined in the
following order: leaves > roots > shoots. The average Pb levels were determined in the
following order: shoots > roots > leaves. The mean experimental results indicate that Cr
was not detected in parsley plants. In arugula plants, the Pb, Ni, Zn, and Fe concentrations
were determined in the following order: leaves > roots > shoots.

Table 1. Average levels (mg/kg) of trace elements in selected leafy green plants.

Plant Sample Part of Plant Pb Ni Zn Fe Cr Cu

Coriander
Leaves 3.05 ± 1.36 ND * 29.9 ± 3.2 157.80 ± 74.9 1.20 ± 2 9.20 ± 2.1
Shoots 4.70 ± 0.70 0.23 ± 1.4 14.2 ± 3.7 57.90 ± 17.9 ND 7.40 ± 0.5
Roots 5.70 ± 0.42 9.70 ± 10.1 38.6 ± 8.6 212.10 ± 45.1 4.40 ± 7.8 11.30 ± 0.7

Parsley
Leaves 5.50 ± 5.23 0.20 ± 0.2 70.9 ± 14.4 101.50 ± 13.2 ND 14.80 ± 1.4
Shoots 12.50 ± 8.34 0.1 ± 0.1 48 ± 8.5 64.20 ± 10.05 ND 10.50 ± 1.1
Roots 8.90 ± 4.38 0.03 ± 0.05 58.5 ± 11.8 57.80 ± 17.4 ND 13.40 ± 2

Arugula
Leaves 7.06 ± 1.97 4.40 ± 0.9 37.2 ± 11.3 157.40 ± 30.3 ND ND
Shoots 2.75 ± 1.62 2.60 ± 1.0 26.7 ± 5.6 60.06 ± 37.4 0.40 ± 0.7 ND
Roots 6.85 ± 2.05 2.20 ± 0.2 45.5 ± 4.7 60.10 ± 11.2 ND ND

Dill
Leaves 7.10 ± 0.14 12.03 ± 14.2 36.8 ± 6.4 158.30 ± 8.6 ND 0.70 ± 1.2
Shoots 6.35 ± 0.07 3.80 ± 2.2 13.1 ± 0.9 13.90 ± 17.2 3.40 ± 6.1 1.30 ± 2.2
Roots 4.75 ± 11.68 3.06 ± 0.2 26.9 ± 3.1 327.40 ± 24.5 ND ND

WHO/FAO 0.3 67.9 99.4 425 0.5 73

* ND = not detected; average concentrations ± standard deviation.

In leaf tissues, Pb levels were higher for all leafy green plants, and the overall Pb
uptake was determined in the following sequence: dill > arugula > coriander. Parsley
recorded higher levels of Pb in the shoots than in the leaves. The Pb concentration ranged
between 2.75 mg/kg in the shoots of arugula to 12.5 mg/kg in the shoots of parsley. It is
well known that the leaf tissues of plants are capable of Pb uptake, mainly through the
plant roots via passive absorption, and some specific proteins facilitate metal transport
through movement across the membrane [60]. The leaf tissue root cell walls first bind metal
ions from the soil; then, the metal ions are taken up across the plasma membrane. The
difference in the binding sites and the protein structures in the various tissues and organs
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most likely account for the observed trend. The Pb levels in all the leafy green plants from
the farm exceeded the maximum permissible limit set by the FAO/WHO [4] because of
the age-dependent accumulation, defense, or tolerance mechanisms of the plants to avoid
toxic levels in organs [64]. Muamar et al. [65] reported high Pb levels in leaves of parsley
(16.67 mg/kg) in the Skhirat region of Morocco. The Pb level (0.08 mg/kg) reported in
roots in the current study is lower than that reported in maize roots (2020 mg/Kg) [23].
Similar levels of Pb (0.54–6.98 mg/kg) in leafy green plant samples grown in industrial and
urban cities in Tabouk, Riyadh, Damamm, and Jazan, Saudi Arabia were reported [66]. In
leafy vegetables, the average Pb levels in arugula and spinach were found to range from
2.14 to 4.67 and from 1.26 to 4.14 mg/kg, respectively [66].

The average level of Ni in leafy green plant samples is presented in Table 1 (0.03 to
12.03 mg/kg). The highest Ni level was recorded in dill leaves (12.03 mg/kg), followed
by coriander roots (9.70 mg/kg), with the lowest level (0.03 mg/kg) in roots of the parsley
sample. These values were lower than the recommended limit set by the FAO/WHO [4].
The average level of nickel recorded in the current study was lower than the mean Ni
concentrations (28.29 mg/kg) reported in India [67]. In leafy green plants, the Zn level
was in the range of 13.1 to 70.9 mg/kg (Table 1), whereas the Zn level in shoot tissue was
considerably less than that in leaf tissue and roots. In the leafy green plants, the Zn content
was determined in the following order: leaves > roots > shoots. Therefore, we conclude
that Zn was highly accumulated in harvestable parts of the plant [8,60]. Zn transport in
plants is a complicated physiological process primarily controlled by metal chelators and
Zn transporters [68,69]. The leafy green plants exhibited low Zn levels compared to the
permissible limit set by the FAO/WHO [4], in agreement with the data reported by Abrham
and Gholap [62]. The Zn level (25.86–126.30 mg/kg) in the Aseer region was higher than
that in the study area in this work [16].

The average Fe levels in the four leafy green plant species are summarized in Table 1.
In all plants, the levels of Fe ranged between 13.90 to 327.40 mg/kg, and the differences
between root, shoot, and leaf Fe levels in the tested plants were highest among all elements
measured in the present study. Fe levels in the leaves of dill (158.30 mg/kg), coriander
(157.80 mg/kg), and arugula (157.40 mg/kg) were higher than those found in the leaves
of parsley (101.50 mg/kg). Fe concentrations were higher in root tissue than those in
shoot tissue, except in the shoot tissue of parsley. Fe levels did not surpass the maximum
permissible limit set by the FAO/WHO in any of the leafy green plants [4]. The Fe level
recorded in this study is similar to the significant mean values of Fe (17.01–22.94 mg/L)
reported by Malede et al. [54] and Seyyed et al. [28] in landfill leachate, affecting the
municipal solid waste composition.

Cr uptake is essential and must lie within a certain range of concentrations
(≤ 200 μg/day) for carbohydrate and lipid metabolism in human beings and animals [70].
In arugula shoots, a low level of Cr (0.40 mg/kg) was noticed, whereas the maximum
level was recorded in coriander roots (4.40 mg/kg). The Cr levels in coriander leaves and
the shoots of dill were 1.20 mg/kg and 3.40 mg/kg, respectively (Table 1), exceeding the
allowable Cr limit reported by the FAO/WHO [4]. In parsley plants, Cr was not detected
because a variety of contemporary methods are currently being used to remove heavy
elements from soil by phytoremediation, phytodetoxification, soil rinsing, and leaching [19].
The Cu content in coriander varied between 7.40 and 11.30 mg/kg, with variation of 10.50
to 14.80 mg/kg in parsley, 0.70 to 1.30 mg/kg in dill, and no Cu detected in arugula
(Table 1). In leafy green plant samples, the average Cu content was below the recom-
mended permissible limit (73 mg/kg) set by the FAO/WHO. In this study, the average Cu
level was lower than the reported value (32.45 mg/kg) in Gamo, Ethiopia [63]. According
to the WHO and FAO, the values of Cu and Cr contents in vegetables should not exceed
30 mg/kg.
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3.3. Transfer Factor (TF)

The transfer route and deposition of heavy elements from soil and irrigated water to
the edible part of leafy green plants represent the main means of entrance of heavy elements
to food chain [20]. Thus, in the current study, considerable attention has been oriented
towards heavy element transferability from soil to leafy green plants and from irrigated
water to leafy green plants. The transfer factors from soil to plants (TFsoil-plant) and from
irrigated water to plants (TFwater-plant) were calculated using Equations (4) and (5) [20].
The results are summarized in Tables 2 and 3. As shown in Table 2, the TFsoil-plant values,
regardless of plant type, were 1.09. 0.27, 0.26, 0.08. 0.005, and 0.002 for Zn, Cu, Ni,
Pb, Cr, and Fe, respectively. The mean TFsoil-plant of heavy metals in soil–edible plant
transfer decreased in the following order: Zn > Cu > Ni > Pb > Cr > Fe. In different
leafy green plants, the TFsoil-plant of the studied elements varied significantly, with Ni
and Zn exhibiting maxima. Arugula and dill revealed higher TF from soil to plants
than did the other leafy green plants. In leafy vegetables, the average level of trace
element uptake was high compared to that in other vegetables, as leafy vegetables have a
high transpiration rate to sustain their growth and the moisture content of the plant [71].
Absorption and accumulation also vary from species to species in the same category of
leafy vegetable, e.g., spinach has higher levels of heavy elements (Fe, Zn, Mn, Cu, Pb,
Cr, and Co) than lettuce [72]. The total TF decreased in the following order: Barkin Ladi
(1.0) mg/kg > Jos South and Jos East (0.7) mg/kg > Bassa and Mangu (0.6) mg/kg [73].
Metal ions play a considerable role in plant growth, moving through various parts of
the plant to distribute nutrients for various biological functions (photosynthesis, energy
generation, metabolic reactions, and mitochondrial function). Thus, metal chelators such as
phytochelatin, metallothionein, nicotianamine, and histidine play a vital role in the metal
translocation mechanism, which helps in reducing the toxicity level of heavy elements
in plants [74]. In terms of soil–crop transfer, Mingtao et al. reported the synergistic and
antagonistic impacts of trace elements following Zn, Pb, and Cr adsorption from soil to
crops [75]. Another study revealed that the TF values of Pb2+, Fe2+, and Cu2+ were higher
than those of Ni2+ and Zn2+, leading to the conclusion that Ni2+ and Zn2+ ions have a
restrictive effect on internal transport in crops [69]. The amount of accumulation of Zn,
Cu, and Fe in edible vegetables is contingent on the concentration of their water-soluble
metal forms in the soil [19]. The TFwater–plant summarized in Table 3 indicate that Fe has an
effect on plants through transfer from water, which is an essential element found in most
living things.

Table 2. Transfer factor (TF) of selected trace elements from soil to plants.

Plant Sample Part of Plant Pb Ni Zn Fe Cr Cu

Coriander
Leaves ND * ND 0.15 0.004 0.01 0.44
Shoots ND 0.003 0.06 0.001 ND 0.35
Roots ND 0.15 0.18 0.005 0.04 0.54

Parsley
Leaves ND 0.004 0.39 0.003 ND 0.74
Shoots ND 0.001 0.25 0.001 ND 0.52
Roots ND 0.0005 0.31 0.001 ND 0.67

Arugula
Leaves 0.22 0.69 2.00 0.003 ND ND
Shoots 0.08 0.40 1.43 0.001 0.001 ND
Roots 0.20 0.34 2.44 0.001 ND ND

Dill
Leaves 0.18 0.99 2.85 0.003 ND 0.03
Shoots 0.16 0.31 1.01 0.0002 0.01 0.04
Roots 0.12 0.25 2.08 0.006 ND ND

* ND = not detected.
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Table 3. Transfer factor (TFwater-plant) of selected trace elements from irrigation water to plants.

Plant Sample Part of Plant Pb Ni Zn Fe Cr Cu

Coriander
Leaves 30.5 ND * ND 584.44 ND 306.66
Shoots 47 ND ND 214.44 ND 246.66
Root 57 ND ND 785.55 ND 376.66

Parsley
Leaves 55 ND ND 375.92 ND 493.33
Shoots 30.5 ND ND 237.77 ND 350
Roots 89 ND ND 214.07 ND 446.66

Arugula
Leaves 70.6 ND ND 582.96 ND ND
Shoots 27.5 ND ND 222.44 ND ND
Roots 68.5 ND ND 222.59 ND ND

Dill
Leaves 71 ND ND 586.29 ND 23.33
Shoots 63.5 ND ND 51.48 ND 43.33
Roots 47.5 ND ND 1212.59 ND ND

* ND = not detected.

3.4. Statistical Analysis

The results of our analysis of the correlation between the level of the trace elements
based on the combined data of soil and plants (TFsoil-plant) and some other factors affecting
metal uptake (three blocks (water, fertilizer, and pesticide samples), plants, and plant tis-
sues) are summarized in Table S1, with p < 0.05 indicating a significant correlation between
the element content and the suitability of leafy green plants for human consumption. The
Zn, Fe, and Cu levels in the four vegetables in various plant tissues are displayed in Figure 4.
Block 1 was found to have a more significant effect on the plant tissues of dill and arugula
than blocks 2 and 3. The uptake of Zn was significantly higher in leaves than shoots in
block 1 (water samples), as shown in Figure 5. Zn bioaccumulation varies in green leafy
plants due to differences in the physiology, morphology, and anatomy of each plant [11].
To determine the probable relationship between Fe content and TFsoil-plant, correlations
with three blocks were calculated. The results reported in Table S1 and Figure 4 reveal a
positive correlation between block 1 and coriander plants. The correlation varies widely
between the three blocks and the plant tissues. In the plant tissues, the binding sites are
totally different from those in soil containing large amounts of humic, fluvic acids, and
other phenolic compounds. The highest Fe content was found roots, whereas the lowest Fe
content was found in shoots, as shown in Figure 5; however, in some cases, trace elements
such as Co, Cr, and Fe were retained in the roots, and only a minor portion reached the
shoots [76,77]. In soil and plants, the correlation depends on available forms of elemental
ions and the particular conditions of plants. In soil, Fe absorption efficiency depends on
the ability of roots to reduce Fe3+ to Fe2+ to secrete of mugineic acid, which changes the
soil conditions and causes reduction [25].

The highest Cu levels of different vegetables are presented in Figure 4. The strong
binding of Cu with the available organic matter and other soil colloids and the high
mobility of Cu from soil to plants can most likely account for the observed trend. However,
the interactive effects of the three blocks used in this study contributed effectively to Cu
contents, leading to elevated Cu levels in parsley relative to arugula plants, as shown in
Figure 5. The level of Pb was significantly higher in parsley than arugula plants Figure 5.
On the other hand, a positive and significant correlation between heavy metal contents was
observed, although Ni and Cr were positively but non-significantly correlated (Table S1).
Our analysis of the correlation between the level of trace elements based on the combined
data of TF and the three factors affecting metal uptake (block, part of plant, and plant)
revealed non-significant correlations between element content and blocks 2 and 3, i.e.,
fertilizer and pesticide samples. The reported data further support the notion of multiple
sources from agricultural activities accounting for significant differences.
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Figure 4. Interaction of trace element uptake (Zn (a), Fe (b), and Cu (c)) in various plant tissues.

Figure 5. Correlation significance of trace element levels for TF of the plants and various plant tissues.
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4. Conclusions and Future Perspectives

In conclusion, the identification and quantification of sources of trace elements in
soil and crops, as well as contamination status, are of considerable environmental and
scientific importance. The outcomes of this study establish that the water and edible
plants in the study area are suitable for public consumption, although regular checking for
heavy metals in the study area is recommended. The correlation factors that influence the
bioaccumulation of elements in green leafy plants were determined. The concentrations
of trace elements in soil, water, pesticides, and fertilizers were found to be within the
allowed limits set by the FAO/WHO. The soil and water resources in the study area were
not contaminated, whereas certain vegetable species were found to contain trace elements
in levels that exceeded the allowed limits. The most significant toxic elements additions
constituting soil impurities were Zn, Fe, and Cu. TFsoil-plant values were determined in
the following order: Zn > Cu > Ni > Pb > Cr > Fe. The mean TF values, irrespective of
plant type, were 1.09. 0.27, 0.26, 0.08. 0.005, and 0.002 for Zn, Cu, Ni, Pb, Cr, and Fe,
respectively. Hence, Zn was the most bioavailable to plants because it can be transferred
from soil to plants more easily than Cu, Ni, Pb, Cr, and Fe. The results reported in this study
can provide benefits with respect to improving soil fertility, reducing waste, improving
soil health, identifying slow-release sources of nutrients for plant growth, and reducing
environmental impacts. Thus, systematic monitoring of the concentrations of potentially
toxic trace metals in soil and green vegetables by public environmental agencies is necessary
in order to verify operations and to protect the environment from hazardous pollutants.
Finally, the study results indicate the need for a more current management program with
respect to discharge into agricultural soil. In future work, we will use principal component
analysis (PCA) for each of the matrices to be tested.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr11092515/s1, Figure S1. A map describing the study area
and sampling sites, Figure S2. An agricultural experiment design for statistical treatment of data,
Table S1. Mean element (Pb, Ni, Zn, Fe, Cu and Cr) concentrations based on the combined data of
soil and plant.
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Abstract: Fast-food establishments today often sell fried food without proper control over the frying
oil, and french fries are a prime example. Neglecting the maintenance of frying oil can lead to
decreased taste, health concerns, and operational inefficiencies. The following plant oils were used in
the frying process: rapeseed, sunflower, and palm oil. The degree of frying was measured by the
total polar meter (TPM), until the achievement of 24%. To accurately assess the color characteristics
of the french fry samples, Minolta CM 2600d color measurement instrument was used. Statistically
significant differences were observed between some color parameters (L, a, b, C, and h) and TPM
values. The following correlations were observed: 0.530 was obtained for TPM and h (hue angle)
in french fries fried in palm oil; negative correlation (−0.214) between TPM and L (lightness) was
obtained in french fries fried in rapeseed oil. While we have observed certain correlations from our
experimental data, it is important to note that the color of french fries may not be the sole determinant
of fried oil quality. Other external factors, such as temperature, chemical composition, and potato
cultivar, can also significantly influence the color of french fries.

Keywords: processes in rapeseed oil; sunflower oil; palm oil; frying process; total polar material; correlation

1. Introduction

One of the most common ways for food preparation today is deep-fat frying. Immer-
sion of food pieces in the hot vegetable oil gives them a nice golden color, crispy texture,
and pleasant taste [1]. The main goal during that way of food preparation is to form the
crisp crust using the high temperatures (170–190 ◦C) and to keep the flavors and juices
inside [2]. In many nations, the bulk of potato crop production is used in processing
channels, making potatoes (Solanum tuberosum L.) an essential staple food required to fulfill
the needs of a growing worldwide population [3].

French fries can be considered as the main representative among the fried foods today.
It is estimated that more than 30% of all processed potatoes go to french fries in the US [4].
The frying process influences the physical, chemical, and sensory properties of fried food [2].
After a final deep-fat frying phase, french fries (also known as chips or fries), either fresh or
pre-frozen, are frequently produced industrially. Exposure studies have shown that french
fries are a significant dietary source of the probable human carcinogen acrylamide, which
is produced during this procedure [5].

Since it is a practice to use the same oil in the repeated process, various undesirable
reactions occur in the oil as well [6]. Frying at high temperatures induces the reactions of
hydrolysis, thermal degradation, oxidation, and polymerization [7]. The most reliable way
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for the determination of stability and quality of frying oils during food preparation is the
measurement of total polar matter (TPM). Those polar compounds are mainly dimers and
polymers of triglycerides formed in oil at high temperatures [8]. The disposal of frying oil
is recommended when the level of TPM reaches 24% (for US, Germany, and France) [9]. It
should be emphasized that many fast foods do not control the quality, such as TPM level,
of used oils [10]. According to the previous literature data, it can be stated that the main
sign for determining how fast frying oil is degrading is the growth of TPM [11].

One of the major sensory characteristics of fried french fries that have impact on
consumers’ acceptance is the color [12]. Formation of color on french fries’ surface during
frying is caused by a Maillard reaction: interactions between amino acids and reducing
sugars. The final color of the fries’ surface is influenced by frying temperature and duration
and frying medium [1,4].

The measurement and characterization of the french fries’ color can be done with
ease and accuracy using an instrumental method that employs a colorimeter with L*a*b*
colorimetric parameters [13].

By instrumentally obtaining values of parameters L (lightness), a (redness: green to
red), b (yellowness: blue to yellow), C (chroma value, saturation), and h (hue angle, color
angle), it is possible to objectively track eventual changes in the color of french fries fried in
oils in different stages of degradation [14,15].

Literature findings are limited to the measurements of the color of french fries in
differently treated fresh oil [2] or measurements after a certain number of frying cycles
with no association with TPM% in the oil [16,17]. A significant change of oil color during
repeated frying was recorded [18], but there is a lack of data about its effect on fries’
color. The objective of the study was to investigate the relationship between the color
characteristics of french fries and the quality of frying oil, as measured by the total polar
meter (TPM) using different plant oils (rapeseed, sunflower, and palm oil) in the frying
process. Potential industrial applications include improving quality control in fast-food
establishments, optimizing frying processes, and selecting suitable frying oils to enhance
the overall quality and safety of french fries.

2. Materials and Methods

Samples
For the frying purposes, the french fries (Hearty Food Co., Tesco, Czech Republic)

were purchased in the local supermarket. Rapeseed, sunflower, and palm oils (the most
often used frying oils in the Czech Republic) were chosen for use as frying mediums. The
rapeseed and sunflower oils originated from the Czech Republic and the palm oil was
packed in Austria.

Frying process
An FR 2035 deep-fat fryer (Concept, Choceň, Czech Republic) was used for the frying

experiments. Frying batches consisted of 100 g of frozen french fries that were fried in
about 3.3 L of oil at an average temperature of 175 ◦C. Each cycle consisted of a 5-minute
frying sequence, draining in the frying basket for 1 min, and oil stabilization time of 4 min
prior to the TPM measurements. TPM values were recorded by a Testo 270 TPM meter
(Testo SE & Co. KGaA, Titisee–Neustadt, Germany). Samples of fried fries were taken for
the color measurements after 3 cycles of frying and, further, when the TPM reached values
of 10, 15, 20, and 24%. Sample batches and their abbreviations are presented in Table 1. The
frying vessel was refilled with the necessary amount of oil each time the level of oil in it
dropped below the minimum mark.

Color measurement
Color measurements of the french fry samples were carried out using a Minolta CM

2600d and Spectra Magic 3.61 color data software (Konica Minolta, Tokyo, Japan). A total
of 50 measurements were performed for each group of samples. The color values were
ex-pressed using the CIELab color space as L (lightness), a (redness/greenness), and b
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(yellowness/blueness). C (chroma) and h (hue) values were internally calculated by the
instrument (C = (a2 + b2)1/2 and h = arctan (b/a) [19].

Table 1. Description of french fries’ sample abbreviations and corresponding oil TPM% levels
(R—rapeseed oil fried samples; S—sunflower oil fried samples; P—palm oil dried samples).

Sample Abbreviation
Oil TPM Level (%)

R S P

Sample 1 batch 1R/1S/1P 6.5 9 6.5

Sample 2 batch 2R/2S/2P 10 10 10

Sample 3 batch 3R/3S/3P 15 15 15

Sample 4 batch 4R/4S/4P 20 20 20

Sample 5 batch 5R/5S/5P 24 24 24

Statistics
Obtained results are presented in the tables, including the mean values and standard

deviations. The color was measured 50 times for each parameter in each batch. Statistical
analysis was done using the one-way ANOVA for the determination of differences with-in
the sample group (rapeseed-, sunflower-, and palm-oil-fried fries). Pearson correlation analy-
sis was done for the observation of associations between the TPM% and color values. The
interpretation of correlation coefficients was undertaken as follows: 0.00–0.10—negligible cor-
relation; 0.10–0.39—weak correlation; 0.40–0.69—moderate correlation; 0.70–0.89—strong
correlation; 0.90–1.00—very strong correlation [20]. For discussion of the results, the square
of the correlation coefficient (coefficient of determination) was used as the proportion
of variance once that was accounted for by the other. IBM SPSS software was used for
conducting statistical analysis.

3. Results and Discussion

The impact of french fry frying cycles and the number on the TPM value of rapeseed,
sunflower, and palm oil are presented in Figure 1. The number of frying cycles needed
to reach 24% TPM was the lowest in sunflower oil (80 cycles), followed by rapeseed oil
(84 cycles) and palm oil with the highest number after 94 cycles. Palm oil stands out as the
most stable among the three oils in our experiment, primarily because of its high content of
saturated fatty acids, especially palmitic and stearic fatty acids. This composition leads to a
significantly slower rate of deterioration when compared to the other oils studied. This
stability makes palm oil a favored choice in the food industry, particularly for products
requiring extended shelf life, as it helps maintain flavor and texture over time [21].

 

Figure 1. Impact of number of frying cycles on TPM value.
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In addition to the price, because of its desirable properties, palm oil has emerged as
the most widely utilized frying oil [22]. Furthermore, palm oil imparts a waxy or greasy
flavor to the products, particularly in colder climates. The cause is the high melting point
of palm oil, which is 38 ◦C and higher than the average body temperature [23]. Otherwise,
in addition to higher saturated fatty acids content (mainly palmitic fatty acid), palm oil has
a high smoke point of around 230 ◦C [24].

On the other hand, rapeseed and sunflower oil contain mainly unsaturated fatty acids,
with negligible amounts of polyunsaturated fatty acids (PUFA). Rapeseed oil exhibits
a polyunsaturated fatty acid (PUFA) content of around 20%, while sunflower oil PUFA
content reaches up to 71% [25,26]. The accelerated degradation rate and attainment of
the fastest critical point in sunflower oil, characterized by its high polyunsaturated fatty
acid (PUFA) content, specifically reaching up to 24% TPM (total polar materials), can
be attributed to the inherent susceptibility of PUFA to rapid degradation at elevated
temperatures. The thermally induced oxidative breakdown of PUFA molecules is facilitated
by their greater number of double bonds, making them more prone to oxidation compared
to other types of fatty acids present in oils [27].

As a result of the substantial abundance of polyunsaturated fatty acids (PUFA) found
within sunflower oil, it becomes particularly susceptible to degradation when exposed
to elevated temperatures. This heightened vulnerability to deterioration underscores the
importance of proper storage and handling practices for this type of cooking oil, especially
in circumstances where higher cooking temperatures are employed [27].

In a related study conducted by Enríquez-Fernández and colleagues in 2019, an
experiment akin to ours was carried out to assess the stability of palm olein and a blend
comprising palm olein and canola oil. In this investigation, the researchers subjected these
oils to a rigorous frying experiment involving the preparation of french fries. Over a span
of 12.9 h of continuous frying, the researchers observed results in terms of the total polar
matter (TPM%) values, which are indicative of oil degradation and deterioration. The
findings of this study revealed that palm olein, which is primarily derived from palm
oil, exhibited a TPM% value of 12%. Conversely, the palm olein and canola oil blend
demonstrated a slightly lower TPM% value of 11.5%. These results suggest that both oils,
in isolation and as a blend, have commendable stability during prolonged frying, further
highlighting the remarkable resilience of palm-derived oils in high-temperature cooking
scenarios [17].

This research by Enríquez-Fernández and colleagues corroborates our own findings
regarding the stability of palm oil. It underscores the suitability of palm-based oils for
frying applications, particularly when blended with other oils like canola, as it enhances
their performance and extends their usability. Such insights are invaluable to the food
industry, where the maintenance of oil quality during frying is crucial not only for flavor
and texture but also for cost-effectiveness and food safety considerations.

In the context of the current research investigation, it was observed that the duration
required to attain a 24% total polar matter (TPM) concentration averaged approximately 16
h. This finding provides valuable insights into the temporal dynamics of TPM accumulation
and emphasizes the need for a thorough understanding of these time-dependent processes
in order to make informed decisions and optimizations in various relevant fields or appli-
cations. Experiments of this kind underscore the intricate and multidimensional nature
of the frying processes implicated in the production of french fries. They illuminate the
complex interplay of numerous variables, including temperature, oil composition, moisture
content, and frying duration, all of which wield a profound influence on the final attributes
of this culinary product. The instrumental values for L, a, b, C, and h color parameters are
presented in Tables 1–4.
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Table 2. Color values of french fries fried in rapeseed oil in different stages of frying (different
lowercase letters (a, b, c, and d) indicate statistically significant differences (p < 0.05) between rows;
the results are presented as the mean values ± standard deviation).

Sample L a b C h

1R 67.73 ± 3.41 a 0.74 ± 0.93 a 28.87 ± 4.74 a 28.89 ± 4.76 a 88.68 ± 1.63 a

2R 56.22 ± 7.58 b 6.93 ± 3.60 b 33.14 ± 4.99 b 34.04 ± 5.00 b 78.19 ± 6.08 b

3R 61.36 ± 3.88 c 5.20 ± 2.78 b 33.24 ± 3.96 b 33.74 ± 4.07 b 81.22 ± 4.46 c

4R 58.67 ± 4.86 bd 5.53 ± 2.57 b 32.96 ± 4.11 b 33.51 ± 4.21 b 80.54 ± 4.06 bc

5R 60.66 ± 8.31 cd 3.06 ± 3.00 c 29.56 ± 3.80 a 29.85 ± 3.93 a 84.22 ± 5.39 d

Table 3. Color values of french fries fried in sunflower oil in different stages of frying (different
lowercase letters (a, b, c, and d) indicate statistically significant differences (p < 0.05) within the
column; the results are presented as the mean values ± standard deviation).

Sample L a b C h

1S 58.80 ± 7.30 2.16 ± 2.32 ab 27.03 ± 4.63 ad 27.20 ± 4.69 ad 85.60 ± 4.98 ab

2S 60.20 ± 4.97 2.71 ± 3.06 a 29.06 ± 3.88 ab 29.32 ± 4.07 ab 85.02 ± 5.36 a

3S 60.15 ± 7.62 0.92 ± 3.35 bc 31.05 ± 4.62 bc 31.22 ± 4.69 bc 88.61 ± 5.95 bc

4S 58.91 ± 5.75 0.29 ± 1.71 c 31.80 ± 4.34 c 31.85 ± 4.33 c 89.49 ± 3.21 c

5S 60.03 ± 6.22 0.60 ± 1.45 c 26.31 ± 4.27 d 26.35 ± 4.28 d 88.79 ± 3.18 c

Table 4. Color values of french fries fried in palm oil in different stages of frying (different lowercase
letters (a, b, c, and d) indicate statistically significant differences (p < 0.05) within the column; the
results are presented as the mean values ± standard deviation).

Sample L a b C h

1P 66.82 ± 4.20 ab 3.51 ± 2.67 a 29.20 ± 4.29 a 29.51 ± 4.44 a 83.46 ± 4.70 a

2P 67.88 ± 4.84 a 3.48 ± 2.77 a 33.67 ± 3.57 b 33.94 ± 3.73 b 84.26 ± 4.19 a

3P 64.63 ± 5.13 bc 2.63 ± 1.91 ab 34.08 ± 4.98 b 34.23 ± 5.00 b 85.58 ± 3.22 ab

4P 64.13 ± 5.82 b 1.65 ± 3.07 b 34.92 ± 3.70 b 35.09 ± 3.68 b 87.33 ± 5.10 b

5P 67.46 ± 5.64 ac −0.65 ± 1.80 c 35.56 ± 4.18 b 35.61 ± 4.17 b 91.11 ± 2.95 c

The coloration of french fries is a multifaceted phenomenon influenced by several
key variables. Among these variables, temperature, frying time, and the thickness of the
potato slices stand out as crucial determinants of the final visual appeal of this popular food
commodity. Temperature plays a pivotal role by initiating the Maillard reaction, which is
responsible for browning and flavor development during frying. The precise temperature
must be carefully controlled to achieve the desired golden-brown color while avoiding un-
dercooking or over-browning. Frying time is equally important, as it impacts the extent of
the Maillard reaction and caramelization, with longer times resulting in deeper coloration.
Lastly, the thickness of potato slices affects cooking time, and achieving the right balance is
essential for ensuring that french fries boast a uniform, appetizing appearance [28]. The
Maillard reaction takes place during frying and involves carbohydrate and aldehyde reac-
tions with amino molecules. When potatoes are fried, the carbon element in them leaches
into the oil, giving fried dishes their distinctively black hue. Fat contains unsaturated fatty
acids that are subject to heat polymerization and oxidation, which produces nonvolatile
breakdown products. Deep frying produces pigments, such as nonvolatile decomposition
products and carbonyl compounds, as a byproduct of the oxidation and breakdown of fatty
acids, giving the oil its distinctive dark brown hue [29].

The frying of french fries in rapeseed oil resulted in the lowering of the lightness value
(L). The mean value for lightness was 67.73 for samples fried in oil that had 6.5% TPM (1R)
and 60.66 for samples fried in oil with the highest TPM level (5R). A significant (p < 0.05)
negative correlation was obtained between TPM% and L parameters, though the correlation
can be described as weak: coefficient equals −0.214 (Table 5). The square of the correlation
coefficient (coefficient of determination, R2) was 0.046, meaning that TPM accounted for
4.6% in the variance of the L parameter of rapeseed-oil-fried french fries. On the other hand,
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no significant (p > 0.05) correlation was found between these parameters for fries fried in
other two oils (sunflower and palm). The lightness of samples fried in sunflower oil ranged
from 58.80 (1S)–60.20 (2S), and no significant difference was found between all samples in
the mentioned group.

Table 5. Correlation of TPM% with some measured french fries color values (r—correlation coefficient;
R2—square of correlation coefficient (coefficient of determination); * significant correlation (p < 0.05).

Rapeseed-Oil-Fried Fries Sunflower-Oil-Fried Fries Palm-Oil-Fried Fries

Relation r R2 Relation r R2 Relation r R2

TPM%/L −0.214 * 0.046 TPM%/L 0.012 0.000 TPM%/L −0.075 0.006
TPM%/a 0.110 0.012 TPM%/a −0.312 * 0.097 TPM%/a −0.495 * 0.245
TPM%/b 0.027 0.001 TPM%/b 0.008 0.000 TPM%/b 0.410 * 0.168
TPM%/C 0.028 0.001 TPM%/C −0.007 0.000 TPM%/C 0.390 * 0.152
TPM%/h −0.137 * 0.019 TPM%/h 0.317 * 0.100 TPM%/h 0.530 * 0.281

In a prior study, the lowest changes in color were also observed when sunflower
oil was employed in the frying process. Sunflower oil, like rapeseed oil, is known for
its impact on color stability during frying. This is attributed to its relatively high smoke
point and excellent resistance to oxidative degradation, factors that contribute to a more
controlled and gradual browning of the food being fried. The phenomenon of minimal
color changes when sunflower oil is utilized underscores the importance of oil selection in
culinary applications, especially when visual appeal is a key consideration [30].

No significant (p > 0.05) difference in L color value was obtained between measure-
ments on the 1P and 5P samples (palm-oil-fried samples). In the investigation conducted by
Li et al. (2020), the lightness values of potato strips that underwent frying in different oils
were documented. According to their findings, the lightness values recorded for the potato
strips fried in rapeseed, sunflower, and palm oil were 66.05, 58.96, and 58.49, respectively.
Furthermore, in the study conducted by Enríquez-Fernández and colleagues in 2019, an
exploration of the color transformation in french fries was undertaken, particularly in the
context of repeated frying cycles. Through the examination of various color parameters,
their research provided valuable insights into how multiple rounds of frying affect the
visual attributes of french fries [17]. Their results indicate that there was no statistically
significant (p > 0.05) change in L value in the samples fried in palm olein/canola oil after 40
cycles and after 200 frying cycles. The same experiment with palm olein oil revealed an
increase in L value from 58.15 (recorded in fries fried in oil after 40 cycles) to 63.06 (recorded
in fries fried in oil after 200 cycles). The a color parameter showed no significant (p > 0.05)
correlation in respect to change in the TPM% of rapeseed oil. Sample 1R had the lowest
mean value (0.74), while the highest mean value (6.93) was recorded in the 2R sample.
Oppositely, the color of fries fried in sunflower and palm showed a decrease in the a pa-
rameter with an increase in TPM% with correlation coefficients of 0.312 (weak correlation,
R2 = 0.097) and 0.495 (moderate correlation, R2 = 0.245), respectively (Table 5). Samples
fried in sunflower oil had an a value that ranged from 0.60 to 2.71, and the ones fried in palm
oil ranged from −0.65 to 3.51. The measured a value in the work of Enríquez-Fernández
et al. (2019) [17] ranged from 1.66–2.48 for french fries fried in palm olein/canola blend
and from −0.55–2.91 for fries fried in palm olein oil.

Among all used oils, only frying in palm oil caused a significant change of the b
color parameter of fries with the increase in the TPM% parameter. A positive correlation
coefficient of 0.410 (moderate correlation, R2 = 0.168) was obtained between these two
parameters, and the b value ranged from 29.20 to 35.56. The b value in the work of Enríquez-
Fernández et al. (2019) [17] ranged from 20.91 to 31.97.

C (chroma) and h (hue angle) are the parameters that can be obtained from the a and
b color values. Chroma ranged from 28.89 to 34.04 in rapeseed oil, from 26.35 to 31.85 in
sunflower, and from 29.51 to 35.61 in palm-oil-fried samples. In the work of Kirmaci and
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Singh (2018) [31], the mean chroma value for fried potato strips was 36.7. The hue angle
(h) values for french fries fried in rapeseed oil ranged from 88.68 for the 1R sample as the
maximum value to 78.19 for the 2R sample as the minimum value. A small but statistically
significant (p < 0.05) negative correlation coefficient of −0.137 was obtained between the
TPM% and C values (Table 5). Oppositely, positive correlation coefficients of 0.317 and
0.530 were obtained for those parameters in sunflower and palm oil, respectively. The h
values ranged from 85.02 (2S) to 89.49 (4S) in sunflower-oil-fried fries and from 83.46 (1P)
to 91.11 (5P) in palm-oil-fried fries.

In the research carried out by Kirmaci and Singh in 2018, a significant revelation
emerged from their analysis of the mean hue value (h), which yielded an approximate
value of 83. This particular value closely mirrored the 1P value observed in our own
experimental study. This similarity between their findings and ours suggests a potential
correlation between the hue characteristics identified in their work and the hue param-
eter identified in our investigation [31]. It suggests a potential correlation between the
hue characteristics identified in their work and the hue parameter identified in our own
investigation. Furthermore, this correlation emphasizes the importance of replicating and
cross-referencing findings across different research endeavors. This highlights the impor-
tance of expanding upon established knowledge in order to acquire more profound insights
into the complex realm of color analysis in both culinary and scientific research.

4. Conclusions

The study conducted revealed a noteworthy trend: oils containing fewer polyunsat-
urated and unsaturated fatty acids exhibited greater stability over the course of frying.
This observation underscores the crucial role of fatty acid composition in determining oil
stability during repeated frying cycles. Interestingly, the color analysis of the french fries
did not unequivocally indicate the extent of oil deterioration that occurred after numerous
frying cycles. This suggests that relying solely on visual cues, such as color changes, may
not provide a complete assessment of frying oil quality. Of particular significance were the
statistically significant (p < 0.05) correlations observed between TPM% and various color
parameters (a, b, C, and h) in french fries fried in palm oil. These correlations highlighted
the potential for color analysis to serve as a valuable indicator of frying oil degradation.
Conversely, the minimal changes in the lightness parameter seen in sunflower oil samples
suggest that this oil type exhibited the least impact from repeated frying cycles. While this
study focused primarily on the color characteristics of french fries and their correlation
with total polar matter (TPM) values, it is important to acknowledge that comprehensive
assessments of frying oil quality may necessitate additional instrumental and chemical anal-
yses. These supplementary methods can provide clearer and more comprehensive insights
into the frying process and oil quality. The findings underscore the critical importance of
monitoring frying oil quality, as the degree of total polar matter in oil may not be easily
discernible by consumers or even producers based solely on visual cues like color changes.
It is worth noting that this study, while shedding light on specific color-related aspects of
frying oil quality, may not encompass all the factors that impact the overall quality of fried
food. As such, further research and comprehensive assessments are necessary to gain a
fuller understanding of the multifaceted nature of frying oil quality and its implications for
fried food products.
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Abstract: This study focused on the highly efficient pyrolysis of rice husk (RH) for producing
high-porosity biochar at above 450 ◦C under various microwave output powers (300–1000 W) and
residence times (5–15 min). The findings showed that the maximal calorific value (i.e., 19.89 MJ/kg)
can be obtained at the mildest microwave conditions of 300 W when holding for 5 min, giving
a moderate enhancement factor (117.4%, or the ratio of 19.89 MJ/kg to 16.94 MJ/kg). However,
the physical properties (i.e., surface area, pore volume, and pore size distribution) of the RH-based
biochar products significantly increased as the microwave output power increased from 300 to 1000 W,
but they declined at longer residence times of 5 min to 15 min when applying a microwave output
power of 1000 W. In this work, it was concluded that the optimal microwave pyrolysis conditions
for producing high-porosity biochar should be operated at 1000 W, holding for 5 min. The maximal
pore properties (i.e., BET surface area of 172.04 m2/g and total pore volume of 0.1229 cm3/g) can be
achieved in the resulting biochar products with both the microporous and the mesoporous features.
On the other hand, the chemical characteristics of the RH-based biochar products were analyzed
by using Fourier-transform infrared spectroscopy (FTIR) and energy-dispersive X-ray spectroscopy
(EDS), displaying some functional complexes containing carbon–oxygen (C–O), carbon–hydrogen
(C–H), and silicon–oxygen (Si–O) bonds on the surface of the RH-based biochar.

Keywords: rice husk; microwave pyrolysis; biochar; texture characteristics; calorific value; surface
complex

1. Introduction

As a cereal grain, rice may be the most widely consumed staple food in Asia and
Africa, providing human nutrition and calorific intake by its richness in starch (one of the
carbohydrates) and other components such as protein and fiber. However, rice husk, the
most significant by-product, will be generated when rough rice (or paddy rice) is husked in
a milling plant. In general, each kg of milled white rice results in approximately 0.28 kg of
rice husk as a by-product during milling [1]. This hard biomass material is mainly com-
posed of silica and lignocelluloses to protect the rice seed during the growing season [2–4].
Due to its rich contents of lignocellulosic constituents (about 80 wt%, dry basis), the rice
husk is mostly used as a biomass fuel for energy production by combustion [5–8] and gasi-
fication [9–12]. In Taiwan, the energy utilization of rice husk has indicated an increasing
trend [13]. In 2022, about 123 thousand metric tons was reused as an auxiliary fuel, as
compared to about 78 thousand metric tons used in 2018. To increase the energy density
and combustion performance, rice husk briquettes and/or pellets can be produced using
densification [14,15]. It should be noted that we still cannot change the heating values
of these biomass fuel products (or their calorific values). In this regard, carbonized rice
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husk has been extensively studied under a limited supply of oxygen (O2) and at moderate
pyrolysis temperatures to enhance its calorific value, carbon content, and pore properties in
recent years [16–23]. The biochar produced from rice husk can be used as soil amendment,
liquid-phase adsorbent, or as a precursor for activated carbon [24–27].

Concerning the novel production of biochar from agricultural biomass or organic
waste, the microwave-assisted pyrolysis (MAP) process has been widely adopted and
reviewed in recent years [28–33]. As compared to the conventional pyrolysis process
(i.e., heat flow from the outside to the inside due to the power from electricity or fuel
combustion), MAP can reduce the energy consumption because the heat is generated inside
of the biomass feedstock by molecular vibration from microwave stimulation, thus causing
rapid heating within the material and high energy efficiency [34,35]. It was concluded
that the microwave system shows a rapid, targeted, and energy-efficient heating process
compared to the conventional electrical oven and combustion furnace processes. However,
only a few studies have been reported that used MAP for producing biochar from rice
husk alone [22,36–38]. Sahoo and Remya investigated the effect of heating time and
microwave power on biochar yield from rice husk [22], resulting in a high-quality biochar
with a significant increase in calorific value (Max. 25.46 MJ/kg) and specific surface
area (Max. 190 m2/g), which could be used as a potential source of energy, nutrient
captive media, and soil amendment. Zhang et al. studied the yields and properties
of the products obtained from microwave pyrolysis (set at 700 W and held for 20 min,
reaching the pyrolysis temperature of about 550 ◦C) of rice husk samples after undergoing
different pretreatment processes (including water washing, torrefaction, and a combination
of the two) [36], showing that the resulting biochar products had a high surface area (SBET
157.81–267.84 m2/g), which could be potentially used as soil amendments. Shukla et al.
produced rice husk biochar at the operating conditions of a microwave power of 900 W, a
holding time of 15 min, and a pyrolysis temperature of about 600 ◦C, which was further
used as an adsorbent for the removal of nutrients (nitrate and phosphate) from the aqueous
solution, due to its high BET surface area of 190 m2/g [37]. Halim et al. prepared rice husk
biochar at 500 and 800 ◦C with a microwave power of 1000 W applied for approximately
9 and 15 min (i.e., heating rate of about 55 ◦C/min), concluding that the resulting biochar
products had high calorific values (i.e., 19.42 and 19.71 MJ/kg, with an increase rate of about
23.5%) [38]. Obviously, the resulting rice husk biochar from the microwave pyrolysis can be
used as bio-coal fuel, or soil amendments, due to its high porosity and/or calorific value.

In previous studies [39,40], the torrefied products from rice husk and its pretreatment
by soda leaching (0.25 M NaOH) were produced at 240–360 ◦C with holding times of
0–90 min by the conventional method (electricity-resistance heating) in order to enhance
its fuel properties. Torrefaction operated at the proper conditions would be optimal to
produce torrefied products with significantly higher calorific values of 19.71 MJ/kg (raw
rice husk without pretreatment) and 28.97 MJ/kg (rice husk with NaOH pretreatment), as
compared to that of rice husk (i.e., 13.96 MJ/kg). In this work, the production of biochar
products from rice husk was performed in a modified microwave oven as a function of
output power (300–1000 W) for a holding time of 0–20 min. The calorific values and the
textural and chemical characteristics of the resulting biochar products were analyzed by
using adiabatic calorimetry, scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), and Fourier-transform infrared spectroscopy (FTIR). These analytical
results were further discussed and correlated with the microwave pyrolysis conditions.

2. Materials and Methods

2.1. Materials

In this study, the starting biomass material (i.e., rice husk) for producing biochar
products was collected from a local rice-milling factory, which is located in Puzi Township
(Chiayi County, Taiwan). Prior to the determinations of the thermochemical properties and
the microwave pyrolysis experiments, the feedstock was dried at about 100 ◦C for 24 h in
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an air-circulation oven to obtain a stable weight within 0.5% of water loss. Thereafter, the
sample was stored in a desiccator or air-circulation oven for subsequent use.

2.2. Thermochemical Properties of RH

Based on the test methods of the American Society for Testing and Materials (ASTM),
a proximate analysis (i.e., moisture content, ash content, volatile matter content, and fixed
carbon content) of the as-received rice husk was performed in triplicate. The fixed carbon
(FC) content was calculated by the difference. According to a previous study [41], the
primary inorganic elements in the RH ash were silicon (Si) and potassium (K), accounting
for 4.987 wt% and 0.582 wt%, respectively. Its calorific value was measured by using an
adiabatic calorimeter (CALORIMETER ASSY 6200; Parr Instrument Co., Moline, IL, USA).
There were three replicates for the determination of the calorific value, where about 0.3 g
of the dried sample was used for each analysis. On the other hand, a thermogravimetric
analyzer (TGA) instrument (TGA-51; Shimadzu Co., Tokyo, Japan), under a nitrogen (N2)
flow rate (50 cm3/min), was used to examine the thermal decomposition behavior of the
dried rice husk in a temperature range of 25 to 1000 ◦C under four heating rates of 5, 10, 15,
and 20 ◦C/min. When observing the microscopic structures on the surface of the rice husk
and resulting biochar products by scanning electron microscopy (SEM), their elemental
compositions were also characterized by energy-dispersive X-ray spectroscopy (EDS).

2.3. Microwave Pyrolysis Experiments

Using rice husk as a starting material, the resulting biochar products (noted as BC-RH)
were obtained by using a modified microwave oven (Mei Lin Energy Technology Co., Ltd.,
Kaohsiung, Taiwan), which can be operated at an oscillation frequency of 2450 MHz and
an electric power consumption of 1350 W (Figure 1). The oven was equipped with a K-type
thermocouple for monitoring the temperature profile of the quartz tube (length of 30 cm by
inner diameter of 2 cm), which served as a pyrolysis reactor, where about 5.0 g of dried
rice husk was placed for each microwave pyrolysis experiment. Prior to the microwave
pyrolysis process, the nitrogen (N2) flow (about 500 cm3/min) was purged for 5 min to an
ensure oxygen-free environment. Subsequently, the pyrolysis experiments were performed
with a series of sets by the combination of the microwave output power (300–1000 W) and
holding time (5–15 min). After the completion of microwave pyrolysis for each experiment,
the resulting biochar was collected and weighted for calculating its mass yield compared
to the initial loading weight (i.e., ca. 5 g). To code the resulting biochar products easily,
they were indicated by the notation of the BC-RH power time. As an example, the biochar
product BC-RH-800W-20M referred to the RH-based biochar product that was pyrolyzed
by applying 800 W and holding for 20 min in the microwave system.

Figure 1. Schematic diagram of the microwave pyrolysis system. The system’s components are
denoted as numbers in parentheses, which are the microwave oven (1), quartz tube reactor (2),
temperature monitor with K-type thermocouple (3), nitrogen gas inlet tube (4), nitrogen (N2) gas
cylinder (5), and the outlet (to hood) (6).
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2.4. Determinations of Calorific Values and Textural Characteristics of RH-Based Biochar Products

As mentioned in Section 2.2, the calorific values of the RH-based biochar products
were determined with a bomb calorimeter. In order to characterize the textural characteris-
tics of the resulting biochar, the accelerated surface area and porosimetry system (ASAP
2020; Micromeritics Co., Norcross, GA, USA) were used to determine the pore properties
(i.e., surface area pore volume and pore size distribution), which were based on the nitrogen
adsorption–desorption isotherms at 77 K (i.e., −196 ◦C). Prior to this property analysis, the
biochar samples (about 0.25 g, dried at 100 ◦C)) were degassed using a vacuum setpoint
(≤10 μmHg or 1.33 Pa) at 200 ◦C for about 10 h. The data on the specific surface area
were based on the Brunauer–Emmett–Teller (BET) model [42,43], using a relative pressure
(P/P0) range of 0.05 to 0.30. The total pore volume was given by the ratio of the volume
of liquid adsorbate (N2) at saturation (usually at a relative pressure of 0.995) per gram to
the liquid nitrogen density at 77 K (i.e., 0.8064 g/cm3). The micropore surface area and
micropore volume were calculated using the t-method, which is based on the Harkins and
Jura equation [43]. Concerning the dual (slit-cylinder) pore size distribution, the Barrett–
Joyner–Halenda (BJH) equation (i.e., a modified Kelvin equation) was adopted to calculate
the mesopore (pore width in a range between 2 nm and 50 nm) size distribution of the
resulting biochar by using its isotherm data in the desorption branch [43]. Furthermore,
the Horvath–Kawazoe (HK) method was used to determine the micropore size distribution
(pore width or diameter of less than 2 nm) under the relative pressure range of 0 to 0.00115,
which was assumed to be the slit-pore geometry [43].

The microscopic structure and elemental compositions on the surface of the resulting
biochar were analyzed with a scanning electron microscope (S-3000N; Hitachi Co., Chiyoda,
Tokyo) and an energy-dispersive X-ray spectroscope (7021-H; HORIBA Co., Kyoto, Japan),
applying a 15 kV acceleration potential. Prior to the SEM–EDS analysis, the dried samples
(including the feedstock rice husk and biochar products) were ground into powders,
which were deposited with a gold (Au) film using an ion sputter (E1010; Hitachi Co) to
provide the conductive samples. The analysis of the functional groups on the surface of the
potassium bromide (KBr)-containing samples (made into discs with a diameter of 1.2 cm)
was conducted by using an FTIR instrument (FT/IR-4600; JASCO Co., Easton, MD, USA),
where the reflectance spectra were recorded by using a range of 4000 to 400 cm−1 with a
scanning resolution of 4 cm−1.

3. Results and Discussion

3.1. Thermochemical Characteristics of RH

Table 1 lists the proximate analysis and calorific values of the as-received feedstock
RH, which were determined in triplicate. As indicated in the review reports [2–4], this
biomass featured a high ash content of 13.93 wt%, thus resulting in a lower calorific
value (16.94 MJ/kg, dry basis), as compared to those of the woody biomass. Therefore,
ash melting (or slagging) may cause severe problems in biomass-derived fuel combustion
systems [41,44–46], especially for rice residues and their resulting biochar products. Figure 2
shows the thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG)
curves of the feedstock RH, which were obtained at four heating rates (i.e., 5, 10, 15, and
20 ◦C/min) under the nitrogen (N2) flow (i.e., 50 cm3/min). In the initial stage, the slight
weight loss started at about 100 ◦C, which should be indicative of the thermal desorption
of the moisture adsorbed/attached to the samples. Obviously, these curves similarly
revealed the significant thermal decomposition behaviors in the pyrolysis temperature
range of 250–450 ◦C. This was caused by the near-devolatilization of the lignocellulosic
components (i.e., hemicellulose, cellulose, and lignin) at above 450 ◦C; however, the weight
loss occurred at higher temperatures. In the microwave pyrolysis system (Figure 1), the
process temperature profile was monitored to show the temperature above 450 ◦C. In this
regard, the resulting biochar products from the microwave pyrolysis experiments should
be fully carbonized and charred in this work.
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Table 1. Proximate analysis and calorific value of rice husk (RH).

Property Value

Proximate analysis a,b

Moisture (wt%) 7.14 ± 0.78
Ash (wt%) 13.93 ± 0.09

Volatile matter (wt%) 70.60 ± 1.51
Fixed carbon c (wt%) 8.34

Calorific value (MJ/kg) a,d 16.94 ± 0.21
a Mean ± standard deviation for three determinations; b the values were determined by an as-received sample;
c by difference; and d the values were determined by a dry sample.

Figure 2. Thermogravimetric analysis/derivative thermogravimetry (TGA/DTG) curves of dried
RH samples at the heating rates of 5, 10, 15, and 20 ◦C/min.

3.2. Mass Yield and Calorific Value of RH-Based Biochar Products

In this work, there were several microwave pyrolysis experiments as a function of
the output power (i.e., 300–1000 W) and residence time (i.e., 5–15 min). Obviously, the
mass yields indicated a declining trend, due to more serious pyrolysis reactions occurring
at larger output powers when holding for 5 to 10 min. Taking an example at a residence
time of 5 min, the mass yields were 36.62% (300 W), 32.08% (440 W), 27.46% (800 W),
and 25.60% (1000 W). The maximal variations of the mass yields of the RH-based biochar
products seemed to occur in the range of 300 W to 440 W at a short holding time (5 min). As
compared to a previous study [39], the time scale for the microwave pyrolysis of RH was
significantly lower than that of conventional conductive heating, thus ensuring a high heat
transfer rate. In addition, the calorific values of the RH-based biochar products showed
a slight variation in correlating with the process parameters of the microwave pyrolysis.
It was found that the maximal calorific value (i.e., 19.89 MJ/kg) was produced under the
mildest microwave conditions of 300 W with a holding time of 5 min in the present study,
having a slight increase by 17.4% in comparison with 16.94 MJ/kg (seen in Table 1). This
result was due to the enhancement of the carbon content and the reduction in the oxygen
content in the RH-based biochar product produced from the microwave pyrolysis system,
which will be further verified by the elemental compositions in the EDS analysis (seen in
Section 3.4).

3.3. Pore Properties of RH-Based Biochar Products

Table 2 summarizes the data of the main pore properties (i.e., BET surface area, total
pore volume, micropore surface area, and micropore volume) of the RH-based biochar
products produced by the microwave pyrolysis process. Figure 3 shows their N2 adsorption–
desorption isotherms (i.e., −196 ◦C). Figures 4 and 5 show their pore size distributions
based on the Barrett–Joyner–Halenda (BJH) method and the Horvath–Kawazoe (HK)
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method, respectively. Using the results in Table 1 and Figures 3–5, the main findings were
addressed as follows:

1. The pore properties of the RH-based biochar products significantly increased as the
microwave output power increased from 300 to 1000 W, with a holding time of 5 min,
giving more pore formation and the increments of the surface area and pore volume.
The maximal pore properties (i.e., BET surface area of 172.04 m2/g and total pore
volume of 0.1229 cm3/g) were obtained at a microwave output power of 1000 W at
a holding time of 5 min. Obviously, the pore formation was more developed as the
pyrolysis reaction increased at a higher microwave output power, leading to larger
pore properties;

2. As shown in Table 1, the residence time also played a determining role in the pore
properties of the RH-based biochar products in the microwave pyrolysis process. For
example, the values of the BET surface area decreased with an extending residence
time from 5 min to 15 min at a microwave output power of 1000 W, showing a BET
surface area of 172.04 m2/g (BC-RH-1000W-5M) to 154.04 m2/g (BC-RH-1000W-10M)
and 63.43 m2/g (BC-RH-1000W-15M). This result may be attributable to the collapse
or destruction of the formed pores by severe microwave pyrolysis at longer reaction
times. Therefore, the optimal microwave pyrolysis conditions for producing high
porosity should be performed at a microwave power of 1000 W and a holding time
of 5 min. The maximal BET surface area (i.e., 172.04 m2/g) and total pore volume
(i.e., 0.1229 cm3/g) listed in Table 1 were slightly lower than those shown in similar
studies [22,36,37];

3. As shown in Figure 3, the resulting biochar products are characteristic of microporous
and mesoporous features, thus displaying Type I and Type VI isotherms [42,43]. It can
be seen that the slight hysteresis loops (Type VI isotherms) start from approximately
0.15 of relative pressure in the N2 desorption isotherms. According to the classification
by the International Union of Pure and Applied Chemistry (IUPAC) [43], the hysteresis
loops should be associated with Type H4 loops, indicating narrow slit pores. In this
work, the mesopore size distributions obtained by the BJH method using the N2
desorption isotherm data are depicted in Figure 4. It shows the peak at about 3.8 nm,
displaying the mesopores (pore width in the range between 2 nm and 50 nm) in the
resulting biochar products;

4. Figure 5 further depicts the micropore size distribution of the optimal biochar product
(i.e., BC-RH-1000W-5M), using the HK equation for a more accurate description of its
micropores [43]. Obviously, the resulting biochar is a microporous material, which
showed significant micropores at about 0.6 nm.

Table 2. Pore properties of RH-based biochar products.

Biochar Product a SBET
b

(m2/g)

Smicro
c

(m2/g)
Vt

d

(cm3/g)

Vmicro
c

(cm3/g)

BC-RH-300W-5M d 1.36 0.92 0.0030 0.000
BC-RH-440W-5M 8.64 6.67 0.0141 0.003

BC-RH-600W-10M 63.97 51.87 0.0476 0.027
BC-RH-800W-5M 75.34 49.47 0.0594 0.025

BC-RH-800W-10M 58.65 35.77 0.018 0.000
BC-RH-1000W-5M 172.04 120.48 0.1229 0.063
BC-RH-1000W-10M 154.04 116.36 0.1138 0.059
BC-RH-1000W-15M 63.43 47.87 0.0523 0.025

a Sample notation indicates the resulting RH-based produced by applying a microwave power of 300 W, holding
for 5 min, using 5 g RH. b BET surface area (SBET) based on a relative pressure range of 0.05–0.30 (15 points).
c Micropore surface area (Smicro) and micropore volume (Vmicro) were obtained by using the t-plot method. d Total
pore volume (Vt) was obtained at a relative pressure of about 0.995.
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Figure 3. N2 adsorption–desorption isotherms of some RH-based biochar products.

Figure 4. Mesopore size distributions of some RH-based biochar products.

Figure 5. Micropore size distribution of the optimal biochar product (i.e., BC-RH-1000W-5M).
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3.4. Textural and Chemical Characteristics of RH-Based Biochar Products

In order to provide the microstructural and chemical characteristics of the RH-based
biochar products, their textural changes were observed by using a scanning electron
microscope (SEM) equipped with an energy-dispersive X-ray spectroscope (EDS). Figure 6
reveals the SEM images of the RH and BC-RH-1000W-5M at different magnifications (×500
and ×1000), showing similarly shaped surfaces [41]. However, the surface of the RH-
based biochar has become more corrugated after the microwave pyrolysis, which can be
seen in Figure 6b. As a consequence, the resulting biochar had higher pore properties.
This could be attributed to the thermal deformation and structural decomposition of the
outer layer, composed of lignocellulosic components and minerals (e.g., silica), under
microwave pyrolysis.

(a) Feedstock RH (Left ×500; Right ×1000)

(b) BC RH 1000W 5M (Left ×500; Right ×1000)

Figure 6. SEM/EDS analyses of (a) feedstock RH and (b) the optimal biochar product (i.e., BC-RH-
1000W-5M).

On the other hand, energy-dispersive X-ray spectroscopy (EDS) was adopted to
preliminarily determine the elemental compositions of the resulting biochar products.
As indicated in Figure 7, the EDS spectrum of the optimal biochar BC-RH-1000W-5M
contained significant amounts of carbon (C, 41.16 wt%), oxygen (O, 29.56 wt%), silicon (Si,
27.99 wt%), and potassium (K, 0.85 wt%) on the outer surface. As compared to the EDS
spectrum of the feedstock RH (seen in Figure 6a), these observations were attributed to the
devolatilization of the lignocellulosic constituents by releases of oxygen-containing gases
(e.g., H2O, CO, and CO2) during the microwave pyrolysis process, thus causing the carbon
content to increase and the oxygen content to reduce. Furthermore, Figure 8 displays the
FTIR spectra of the feedstock RH and some of the biochar products (BC-RH-1000W-5M
and BC-RH-1000W-10M). Based on the functional groups of the carbon materials [47–50],
the peak at around 3500 cm−1 corresponds to the hydroxyl (O-H) functional group of the
water molecule (H2O) by stretching vibration, suggesting that there are more hydrophilic
features in the feedstock RH. Comparing the other FTIR peaks of the feedstock RH with
those of the RH-based biochar products, it can also be observed that the peaks of the latter
were slightly dissipated, as elucidated above. The peaks at about 2960 and 2360 cm−1 could
be due to the C–H and C–C bonds from the aromatic/aliphatic structures. The peak at
1385 cm−1 may be attributed to the oxygen-containing functional groups like the phenolic
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C–O bond or the C–C stretching vibrations in the aromatic ring. The peak at 1107 cm−1

could correspond to the C–O groups in the polysaccharides or the Si–O bonds associated
with silica in the RH-based biochar (also seen in Figure 7).

(a)

Element Weight%
C 20.90
O 44.70
Si 33.68
K 0.73

Total 100.00

(b)

Element Weight%
C 41.61
O 29.56
Si 27.99
K 0.85

Total 100.00

Figure 7. Elemental compositions of feedstock RH and the optimal biochar product (i.e., BC-RH-
1000W-5M) by EDS analysis. (a) Feedstock RH and (b) BC-RH-1000W-5M.

Figure 8. FTIR spectra of feedstock RH and some biochar products (i.e., BC-RH-1000W-5M and
BC-RH-1000W-10M).

4. Conclusions

In this work, crop residue rice husk (RH) was used as a starting precursor for produc-
ing porous biochar via the microwave pyrolysis process. The results have indicated that
the process parameters, including the microwave output power and the residence time,
played determining roles in the calorific value and pore properties (i.e., the BET surface
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area and the total pore volume) of the resulting RH-based biochar. When compared to the
calorific value of the feedstock RH (i.e., 16.94 MJ/kg, dry basis), the findings showed that
the maximal calorific value (i.e., 19.89 MJ/kg) can be obtained at the mildest microwave
conditions of output power of 300 W and a holding time of 5 min. However, the high
contents of silicon (Si) and the lower amounts of potassium (K) were still present, thus
leading to a slight potential for slagging and fouling when using the RH-based biochar
as an auxiliary fuel. In contrast, the pore properties of the RH-based biochar products
significantly increased as the microwave output power increased from 300 to 1000 W, but
they declined at longer residence times. In this work, it was concluded that the optimal
microwave pyrolysis conditions used in the production of high-porosity RH-based biochar
should be performed at a microwave output power of 1000 W and at a holding time of
5 min, where the maximal pore properties (i.e., a BET surface area of 172.04 m2/g and a total
pore volume of 0.1229 cm3/g) can be achieved. Therefore, the resulting RH-based biochar
products had the potential to be used as a soil amendment in agricultural applications or
as a liquid-phase adsorbent in water purification and wastewater treatment.
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Abstract: Calcium and magnesium are important not only for human health but also for reducing
problems related to the corrosive and aggressive effects of soft water on drinking water distribu-
tion materials. Experimental and mathematical modeling of the recarbonization process aimed at
increasing the content of these biogenic elements in water was carried out using the novelty of
continuous laboratory- and pilot-scale fluidized bed reactors. A methodology for scaling-up the
modeled system was extended with mathematical modeling. Water remineralization was performed
using half-calcined dolomite (HCD) and CO2. The influence of operating conditions, i.e., Q(CO2),
freshwater inflow, and HCD dose, on quality indicators of treated drinking water (c(Ca2+), c(Mg2+),
c(Ca2+ + Mg2+) and Ca/Mg) was studied. Results show that the Mg2+ concentration is more sig-
nificantly affected by the amount of HCD in the system and the flow of CO2, while the effect of
freshwater inflow is less significant. At constant CO2 flow, the Ca2+ content decreases and the Mg2+

content increases as the tap water inflow increases, which results in a decrease in the Ca/Mg molar
ratio. However, the Ca/Mg ratio can be effectively controlled by adding an appropriate amount of
HCD at certain time intervals. Overproduction of ions is easily controlled by the CO2 flow.

Keywords: calcium; drinking water; experimental and mathematical modeling; fluidized bed; HCD;
Mg; water quality improvement

1. Introduction

The content of Mg and Ca in drinking water is very low in many regions of Slovakia,
which influences the health of the population. Moreover, low content of these biogenic
elements negatively affects the water distribution system due to the aggressive and cor-
rosive effect of water. Increasing the effect of biogenic elements is commonly referred to
as recarbonization.

Several recarbonization methods are known and used depending on the drinking
water composition and the country of application. Many publications in open literature
discuss the content of biogenic elements in drinking water and their effect on public health.
Health issues include cardiovascular diseases, oncologic diseases, diabetes mellitus, and
diseases of the digestive system and respiratory tract. The strong chronic impact on human
health has been investigated especially in connection to magnesium deficiency and it is
believed that it is necessary to add magnesium to drinking water if its content is below the
endorsed norm [1–5].

Recarbonization is a drinking water treatment to increase water quality parameters
such as the calcium and magnesium content in drinking water with low level of mineral
content. A large body of scientific evidence has attributed health problems to these biogenic
elements. In addition to this, very low concentrations of calcium and magnesium in water
have been recognized as the cause of the problems, with corrosive and aggressive impacts.
Water with a very low level of minerals is unstable and unbuffered. Various treatment
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methods can be applied to increase the mineral content of drinking water, each offering
several advantages and disadvantages. A fluidized bed reactor offers the potential to
increase the interfacial reaction surface and overall reaction rate and appears to be a new
approach in water treatment [6,7].

Most authors recommend a content of calcium from 20 to 80 mg/L and that of magne-
sium in the range of 10–50 mg/L [7–13]. Biogenic elements such as calcium and magnesium
are not only essential from a health point of view but they are also of technological impor-
tance because soft water, which contains low concentrations of calcium and magnesium,
has a corrosive and aggressive effect on distribution pipes [14].

Despite the demonstrable significance of calcium and magnesium in drinking water,
there are no precisely defined limits in the world that would legally define their optimal
range of concentration in drinking water. The limit of calcium and magnesium in drinking
water is stated only as recommended in Slovak legislation [2,10].

To improve the quality of life in Slovakia, the recarbonization process should be ap-
plied to places where drinking water is poorly mineralized. There are many recarbonization
methods using both alkaline and acidic reagents in an appropriate ratio [15].

One of the simplest and most effective methods of recarbonization is the direct dosing of
biogenic elements solutions to water. For instance, calcium chloride is the most frequently
added in combination with sodium bicarbonate. The biggest disadvantage of this process
is the cost of chemicals. For this reason, this approach has very limited application [15,16].
A more affordable process is carbonization with carbon dioxide. Soft water flows through a
fixed bed composed of limestone and magnesium carbonates or limestone and magnesite in
the presence of carbon dioxide [17,18]. Suitable candidates for the recarbonization treatment
are dolomite and half-calcined dolomite. Disadvantages of a fixed-bed system include the
large diameter of the equipment typically used and high probability of nonuniformity of the
liquid flow and, thus, local formation of magnesium carbonate which can block water flow,
leading to low effectiveness of the process and low utilization of recarbonization material.

The availability of drinking water is a basic human right and recarbonization processes
must be simple and cheap so that they are feasible in rural areas. Therefore, a reactor has
been proposed with a highly efficient fluidized bed utilizing half-calcined dolomite with
a simple operation that is applicable both in small and in large capacities. It is a new
approach in drinking water recarbonization processes, introducing carbon dioxide into the
bottom of the reactor together with processed water.

According to our knowledge and literature search, a fluidized bed recarbonization
reactor (FBRR) has not been used for drinking water remineralization so far. On the other
hand, the dissertation of Van Schagen [19] and conference paper of Kramer et al. [20]
focused on modeling the management of drinking water treatment plants using a pellet
reactor with a fluidized bed to perform the reverse process, i.e., decarbonization of water
with high content of total hardness.

Our fundamental research was carried out in a laboratory FBRR, proving the effectivity
of the drinking water mineralization process [21]. This reactor provides the potential to
increase the interfacial reaction surface and the overall reaction rate and appears to be a
new approach in water treatment. The research was focused on comparing different recar-
bonization materials, the performance of fixed and fluidized beds, and the investigation
of hydrodynamic characteristics of FBRRs. HCD was selected as recarbonization material
based on the results of laboratory tests on Ca and Mg extraction from rocks [22].

The experimental work was carried out with different fractions of the recarbonization
material. The effect of water and carbon dioxide flow on the performance of the process
was studied. Changes in the particle size of the material during the process were monitored.
The results indicated half-calcined dolomite as the most suitable material. The results
of preliminary experiments showed a positive effect of fluid bed hydrodynamics and an
increased rate of the recarbonization process due to the presence of CO2. The concentration
of calcium and magnesium ions obtained in a fluidized bed reactor at a liquid flow rate
equal to the minimum fluidization velocity of the particles used was almost twice as high
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as their concentration obtained in a fixed-bed reactor. Continuous feeding of CO2 to the
FBRR resulted in an increased recarbonization rate by about one order of magnitude in
comparison to the process without CO2 introduction. A first-order kinetic model describes
the data from the recarbonization process with good accuracy and the Richardson and
Zaki expansion model was found to be a very good description of the hydrodynamic
characteristics of the fluidized bed [20,23].

Most of the previous experiments were performed in a fluidized bed reactor with
external recirculation of processed water. The main idea was to prepare a concentrate of
calcium and magnesium ions [21,24].

It is commonly known that batch systems are not suitable for processing large amounts
of drinking water; thus, a flow system was chosen for drinking water, CO2, and HCD
located in the reactor, as shown in Figure 1. Processed water was circulated from a reservoir
and CO2 was added below the liquid and gas distributor in the reactor. The size of the HCD
was a compromise between small particles (i.e., high reaction rate) and larger particles
(pressure drop in the system). From this point of view, it was decided to use a fraction of
(2–4 mm) of HCD particles [24].

Figure 1. Scheme of the laboratory water recarbonization system, 1—drinking water feed,
2—buffer tank, 3—recirculation valve, 4—pump, 5—fluidization reactor, 6—sedimentation tank,
7—storage/water tank, 8—rotameter, 9—CO2 feed, 10—storage tank outlet; reactor height: 90 cm
and diameter: 4.8 cm.

The aim of the work was to extend the FBRR design and scaling methodology [24]
by mathematical modeling. For this purpose, modeling of the process of recarbonization
of drinking water was carried out in laboratory and pilot scales. An algorithm for the
experimental and mathematical modeling of this process was developed and is included as
Figure S1. Experiments in the FBRR laboratory were aimed at obtaining basic hydraulic
characteristics and kinetic data of water saturation with calcium and magnesium ions.
Experimental measurements in continuous reactors operated on both scales were aimed
at determining the influence of operating parameters (flow of water and CO2, pH, T,
conductivity) on the content of calcium and magnesium in treated drinking water. The
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results of the experimental modeling were processed statistically using multiple regression
analysis. Optimal values of operating parameters were determined for the maximum and
minimum values of monitored drinking water quality indicators using the grid search
optimization method.

2. Materials and Methods

2.1. Fluidized Bed Reactor

A scheme of the testing rig for drinking water recarbonization is shown in Figure 1.
Treated water (1) is pumped from the water supply network to buffer tank (2) at a suit-
able flow rate and through rotameter (8) by pump (4) to a fluidized bed reactor (5) to
the storage/water reservoir/water tank (7). Since the one pass system did not satisfy the
requirements of water enrichment by biogenic elements, a system with external circula-
tion was used. Carbon dioxide (9) is introduced below the liquid–gas distributor. The
concentrate of treated water is accumulated in the water reservoir.

Based on the kinetic and hydrodynamic characteristics of the process, optimal concen-
tration of calcium and magnesium salts for the recarbonization process was determined to
provide reasonably high process rate and material consumption.

The recarbonization system is dimensioned so that only about one-tenth of the volume
of the storage tank (7) is replaced daily by the supply of tap water (1) and the same amount
of concentrate (10), which is discharged into the drinking water distribution system.

Hydraulics of Fluidized Bed Reactor

An important parameter of a fluidized bed is minimum fluidization velocity. This
velocity is strongly affected by particles’ geometry, density, and porosity. Physical properties
of fluids are also important parameters affecting fluidization characteristics (expansion,
etc.). The Richardson and Zaki [20,23] correlation is widely used to describe the expansion
of fluidized beds:

ε = n

√
U
Ut

(1)

where ε is fluidized bed voidage, dimensionless, U is superficial velocity, L/T, Ut is particle
terminal velocity, L/T, and n is bed expansion parameter, dimensionless.

Ut =

[
4 (ρs − ρl)gdp

3Cdρl

]0.5

(2)

where ρs is particle’s density, M/L3, ρl is liquid density, M/L3, g is gravitational acceleration,
L2/T, Cd is drag coefficient, dimensionless, and dp is particle’s diameter, L.

The overall bed voidage is given by

ε = 1 − h0

h
(3)

where hp is the height of compact bed of particles, L3, A is the bed cross-sectional area, L2,
and h is fluidized bed height, L.

Since particles can change physical properties during the recarbonization process
(particle’s diameter and porosity) and the hydrodynamic behavior of the fluidized bed’s
drag coefficient was developed experimentally [24],

Cd = a Ret
−b (4)

n = c Ret
−d (5)

Ret=
dp ρ Ut

μ
(6)

285



Processes 2023, 11, 3209

where Ret is Reynolds number for particle’s terminal velocity, dimensionless, ρs is solid
density, M/L3, μ is dynamic viscosity of liquid, Pa s, and a, b, c, d are parameters of
empirical correlation equations, dimensionless.

Diameter dp of half-calcined dolomite (HCD) particles was expressed by the geometric
mean, L:

dp =
√

d1d2 (7)

where d1 and d2 are diameters of two mesh of sieve fraction, L.

2.2. Materials Used

Recarbonization experiments were performed using recarbonization materials, half-
calcined dolomite (HCD), Magno Dol (Akdolit, Gerolstein, Germany), and Semidol
(Brenntag, Pezinok, Slovakia). HCD is prepared from dolomite containing 50% CaCO3 and
50% MgCO3 at 650–800 ◦C. This treatment causes the decomposition of MgCO3 into MgO,
while CaCO3 does not change during calcination.

During the recarbonization process, the following equations proceed:

MgO + 2 CO2 + H2O → Mg(HCO3)2 (8)

CaCO3 + CO2 + H2O → Ca(HCO3)2 (9)

Conventionally, HCD is mostly used as a granular material in recarbonization filters
where water and CO2 flow downwards. In the HCD layer, the reaction between carbon
dioxide and HCD takes place and HCD is gradually consumed, which means that the
process has to be stopped, spent material removed, the filter filled with new material, and
the process restarted. The recarbonization fixed bed (filter) reactor needs to be washed
regularly to prevent sintering of the filter bed [25]. In an FBRR, the material can be added
periodically without stopping the process; fine particles formed during the process are
entrained from the bed by water flow and trapped in the water reservoir.

2.3. Water Saturation with Calcium and Magnesium

Kinetics of the recarbonization process work by the first order equation:

dC
dt

= dc (Ceq − C) (10)

where C is total concentration of dissolved calcium and magnesium ions, mmol/L, for
reaction time t, Ceq is equilibrium concentration of calcium and/or magnesium, mmol/L,
dc is rate constant of dissolution of Ca2+ and/or Mg2+ ions [1/min], and t is reaction
time, min.

Equilibrium concentration of Ca and Mg ions was determined experimentally. The
system depicted in Figure 1 was used without water inlet and outlet forming a batch system,
i.e., water was recirculated from the water reservoir through the fluidized bed and the
concentration of biogenic elements was monitored. Once the concentration was constant,
the water was considered as saturated with Ca and Mg ions and the concentration achieved
equilibrium concentration Ceq.

Equation (10) can be integrated between the boundary values t = 0 and t = t and C = C0
and for the case that C0 = 0, obtaining

Ct = Ceq

(
1 − e−dct

)
(11)

2.4. Applied Analytical Methods

Recarbonization was monitored by measuring the solution conductivity and pH and
determining the content of calcium and magnesium ions. A WTW Multi 3420 conductome-
ter was used to measure conductivity. A JENWAY 3510 pH meter was used for continuous
monitoring. The content of Ca2+ and Mg2+ was determined by a complexometric method
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using the indicator Eriochrome Black T. Concentration of Ca2+ was measured by a chelato-
metric method with EDTA using murexide as an indicator. Concentration of Mg2+ was
calculated from the total content of Ca2+ + Mg2+ and the determination of the content of
Ca2+ [23].

2.5. Multiple Regression Analysis

Experimental values of c(Ca2+ + Mg2+), c(Mg2+), c(Ca2+), and c(Ca2+)/c(Mg2+) in
treated water (dependent variable Y) at different flow rates of water and carbon dioxide
(independent variables Xi, Xj, . . . ) were processed by multiple regression using a general
regression equation in the form:

Y = a0 + ∑
(
aj·Xj

)
+ ∑

(
ajj·Xj·Xj

)
+∑

(
aij·Xi·Xj

)
(12)

where a0, aj, ajj, and aij are regression coefficients.

2.6. Processing of Experimental Data

Values of used nonlinear hydraulic models (Equations (1), (2), (4), and (5)) were
determined by grid search optimization [26]. To determine the values of the parameters
of the general regression Equation (12), which corresponds to the minimum value of the
objective function, the Nelder–Mead simplex optimization method [27] was used.

The residual sum of squares (S2
r ) between the experimental and predicted values of

dependent variables (Equation (13)) given by the models, divided by its number of degrees
of freedom, ν, was used as the objective function.

S2
r =

∑
(

yexp
i − ycal

i )2

n − m
(13)

where n is the number of measurements and m is the number of parameters.
Correlation coefficient (Equation (14)) was applied for qualitative description of the

relationship between two variables:

RYX = 1 − (n − m)S2
r

(n − 1)S2
y

(14)

where S2
y is dispersion (Equation (15)):

S2
y =

n∑ y2
i − (∑ yi)

2

n(n − 1)
(15)

The quality of the description of the recarbonization process using Equation (12)
was assessed by the correlation coefficient RYX (Equation (14)). To assess the influence of
independent variables on the process, we used the coefficient of determination RYX

2.
Optimum values of independent variables Xi, Xj, . . . for the calculated regression

coefficient values corresponding to the minimum objective function for the dependent
variable Y were also determined by the grid search optimization method [26].

The algorithm for the modelling of drinking water recarbonization is shown in
Figure S1.

3. Results

3.1. Lab-Scale FBRR
3.1.1. Hydraulic Characteristics

Hydraulic conditions in FBRRs are affected by particle size, porosity, density, and
by properties of the water–CO2 gas–liquid mixture. The system is complex and therefore
the minimum fluidization velocity must be determined experimentally for the relevant
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system. Optimum gas–liquid flow must respect the process economy, i.e., the cost of
water circulation through the bed and the level of water enrichment by biogenic elements.
Experimental data show that it is advantageous to work at minimum fluidization velocity.

Figure 2 shows the dependence of pressure drop (ΔP) in FBRRs on superficial fluid
velocity (w) [21].

 

Figure 2. Experimental dependence of pressure drops (ΔP) on superficial water velocity (w) for
fraction 2.0–4.0 mm of HCD dolomite Magno Dol (Akdolit) in the presence of CO2.

These experiments were performed using 360 g of HCD. The minimum fluidization
velocity wp = 0.0475 m/s was determined graphically.

The measurements were carried out under the following conditions:

• Particle mass in the bed: mc = 0.36 kg;
• Voidage of fixed bed: ε = 0.4217;
• Volume of fixed bed of solids: Vs = 0.266 × 10−3 m3;
• Cross-sectional area of the column: Ap = 1.8 × 10−3 m2.

Experimental data of the dependence of the height of the fluidized bed on the water
flow were used to calculate parameter values of the expansion Equations (Equations (4)–(6))
using the grid search optimization method. Values of the parameters and the correlation
coefficient are shown in Table 1.

Table 1. Values of parameters of hydraulic equations.

a b 3c D cd n RXY

34.2 0.71 4.97 6.39 0.23 3.18 0.70

3.1.2. Saturation of Treated Water in the Reactor

At the beginning of the experiment, 360 g of fraction 2–4 mm of HCD Magno Dol
(Akdolit, Gerolstein, Germany) was added to the fluidization reactor. The fixed bed of
solid particles in the reactor reached a height of 14.0 cm. After starting the CO2 flow at a
flow rate of 0.5 L/min and external recirculation of water between the storage tank and
the fluidized bed reactor at a flow rate of 6.8 L/min, the height of the fluidized bed of
solid particles was 15.1 cm. The saturation phase lasted 64 h, during which parameters
such as pH and conductivity were continuously recorded with a digital multimeter and the
concentrations of calcium and magnesium in the storage tank were analytically determined.
Using conductivity (κ), the increase in the sum of the concentration of Ca2+ and Mg2+ ions
can also be expressed as the solution conductivity increases with the ion concentration.
Figure 3 shows time dependences of the measured values in the water reservoir.
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Figure 3. Time dependence of conductivity and Ca2+ and Mg2+ concentrations during saturation
phase in laboratory FBRR.

The production (product of concentration and water flow) of calcium and magnesium
ions, Mg2+ and Ca2+, was calculated. After the first 9 h of the saturated phase (Figure 4),
Mg2+ production was in the range of 1.3–2.6 g/h. In the following hours, it fell below
1.0 g/h. Ca2+ production was initially 1.3 g/h on average during the first 9 h of saturation
and decreased with time to 0.06 g/h, specifically in the 64th hour of saturation. The
decrease in produced ions is due to the consumption of HCD components. To sustain the
production of required ions during the recarbonization process, HCD needs to be added
into the system. The doses of HCD to the fluidization reactor are listed in Table 2.

 
Figure 4. Time dependence of Mg2+ and Ca2+ production and the ratio of molar concentrations of
ions during the recarbonization phase in laboratory FBRR.

Table 2. Doses of HCD Magno Dol (Akdolit) to laboratory FBRR during saturation phase.

HCD Refill Time
[h]

HCD Dose
[g]

Hight of Fluidized Bed
[cm]

0 360.0 -
9 29.1 15.9
53 36.8 14.9

To compare the monitored variables at the beginning and end of saturation, the
measured data are given in Table 3.
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Table 3. Measured data at the beginning and end of saturation phase in laboratory FBRR.

Time
(h)

pH
(-)

K
(μS/cm)

c(Ca2+ + Mg2+)
(mmol/L)

cm (Ca2+)
(mg/L)

cm (Mg2+)
(mg/L)

0 7.00 672 4.10 40.08 75.33

64 7.51 4900 36.75 84.17 842.00

According to the measured values of c(Ca2+ + Mg2+) depending on the reaction time,
values of the kinetic parameters of recarbonization Equation (11) were calculated to obtain
the sum of squared deviations between the experimental and calculated values. The values
of the kinetic parameters and statistical characteristics are given in Table 4. The content
of Ca2+ + Mg2+ experimentally determined and calculated using the kinetic equation is
shown in Figure 5.

Table 4. Values of kinetic parameters of recarbonization Equation (11) and statistical characteristics.

cmax

(mmol/L)
dC

(1/min)
S2

y S2
r RXY

37.10 3.95·10−2 118.60 4.77 0.9611

 

Figure 5. Time dependence of Ca2+ + Mg2+ content during the saturation phase of laboratory FBRR.

After 64 h of the saturation phase, we started the continuous supply of water from
the water supply network to the device and the outflow of treated water, followed by the
so-called continuous phase. Water from the supply network contained 40.08 mg/L Ca2+,
75.33 mg/L Mg2+, and the sum of calcium and magnesium was equal to 4.10 mmol/L. The
goal was to enrich the water from the distribution network with calcium and magnesium
ions. The recarbonization process in continuous mode lasted 508.8 h, and together with the
initial saturation, the total recarbonization time was 572.8 h.

The continuous phase was operated at different values of water flow from the distri-
bution network drinking water and carbon dioxide inflow in the ranges as follow

Q (CO2) = 0.24–0.54 L/min,

Q (H2O) = 40–76 mL/min.

During the saturation phase, we also monitored the conductivity, pH, and content
of calcium and magnesium in the continuous phase. Figure 6 shows the time depen-
dence of the conductivity and molar concentration of Ca2+ + Mg2+ during the continuous
recarbonization process.
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Figure 6. Time dependence of conductivity and molar concentration of Ca2+ + Mg2+ during the
continuous operation of a laboratory FBRR.

The mentioned dependence in Figure 6 was divided into seven areas according
to the inflow of water from the distribution network and carbon dioxide. In area 1
(Figure 6), which followed immediately after saturation, we set the continuous water
flow to 20 mL/min and the carbon dioxide supply was at the level of 0.5 L/min. After the
introduction of a continuous inflow of water, the concentration of calcium and magnesium
in the storage tank began to decrease from 26.3 mmol/L to 12.8 mmol/L, which represents
a decrease of up to half. At the same time, the determined values in the storage tank were
the same as the outflow values of the system. In area one (Figure 6), there was also a
section during which CO2 was not supplied to the system. In the mentioned section, we
observed a faster decrease in the concentration of Ca2+ + Mg2+, while the concentration of
Ca2+ + Mg2+ started to rise again after the subsequent supply of CO2. The same section
is also seen in area seven, where even after the addition of HCD, but without CO2 access,
the concentration of Ca2+ + Mg2+ dropped significantly, and when the CO2 supply was
re-introduced, the concentration of Ca2+ + Mg2+ increased. In the mentioned two sections
without CO2 access, we were convinced of the seriousness of the presence of carbon dioxide,
which needs to be supplied to the system to increase the solubility of HCD in water.

In area two in Figure 6 at Q(CO2) = 0.5 L/min, the inflow of water from the distribution
network was increased from 20 mL/min to 53 mL/min and we observed a decrease in
concentration by only 2 mmol/L. At the end of this area, we dosed the new HCD Magno
Dol (Akdolit) into the system to increase the concentration of ions.

We continued to increase the inflow in area three (Figure 6), where the inflow of
treated water was 63–68 mL/min. By 277 h, the CO2 flow was at the level of 0.5 L/min,
and after this time, the CO2 flow increased to 0.52–0.54 L/min with constant water supply
from the distribution network. The effect of the change in this flow rate can be observed
in area three (Figure 6) as an initial increase in the concentration of Ca2+ + Mg2+, which
then started to decrease, apparently due to the consumption of HCD. That is why we
added recarbonization material to the system and reduced the flow of water from the water
network to 58 mL/min. The behavior of the system after the addition of HCD Magno Dol
(Akdolit) with reduced water flow and maintained CO2 flow from area three (Figure 6)
can be seen in area four (Figure 6), where the concentration of Ca2+ + Mg2+ started to rise
again. After increasing the concentration of Ca2+ + Mg2+ to a value of 15.6 mmol/L, we
suddenly increased the water flow from the distribution network up to 70–76 mL/min,
which we reduced to 60 mL/min after twenty hours because we noticed a sharper decrease
in Ca2+ + Mg2+ concentration. After this drop in concentration to 10.8 mmol/L, we dosed
another amount of HCD Magno Dol (Akdolit) into the system and gradually reduced the
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flow of water to 56 mL/min and carbon dioxide to 0.33 L/min, while the concentration of
calcium and magnesium in the drinking water was relatively stable.

In area six (Figure 6), we monitored the behavior of the system with small gradual
changes in water flow in the range of 60–66 mL/min, with gradual changes in CO2 flow
from 0.23 L/min to 0.35 L/min during more frequent replenishment of the HCD mass. The
maximum difference of 2 mmol/L for Ca2+ + Mg2+ concentration values occurred when
the experimental conditions were changed.

We carried out a gradual reduction in the CO2 flow at water inflows of 50–57 mL/min in
area seven (Figure 6), where we exposed the system to the already mentioned zero CO2 flow.

3.1.3. Regression Analysis of Experimental Results

We used the regression Equation (12) and optimized its parameters to describe the
behavior of the continuous recarbonization system at different flows of supplied treated
drinking water and flows of carbon dioxide.

Using the mentioned regression model with the Nelder–Mead method for parameter
optimization, we determined with 95% probability the values of the parameters of the
regression equation, which are listed in Table 5. The correlation coefficient of the model
with the specified parameter values is 0.9570; that is, the determined quadratic equation
with mutual links of independent variables is suitable for describing the process.

Table 5. Parameter values of the regression model (Ca2+ + Mg2+) = f (Q(CO2), Q(H2O)) for
laboratory FBRR.

Parameter Value

P0 33.994
P1 2.790
P2 −0.847
P11 10.000
P22 0.007
P12 −0.021

According to the determined values of the parameters, the regression equation took
the form:

c
(

Ca2+ + Mg2+
)
= 33.994 + 2.790 Q(CO2)− 0.847 Q(H2O)+10.0 (Q(CO2))

2+

+0.007 (Q(H2O))2 − 0.021·Q(CO2)·Q(H2O)
(16)

where c(Ca2+ + Mg2+) is the concentration of calcium and magnesium (mmol/L) and
Q(H2O) and Q(CO2) are the flow of water and carbon dioxide. Using this equation, we
calculated the concentration of Ca2+ + Mg2+ and in Figure 7 we illustrated in a three-
dimensional graph the comparison of calculated values with measured values. It is clear
from the above graph that the highest achieved measured and calculated value of the
Ca2+ + Mg2+ concentration is at a CO2 flow rate of 0.5 L/min and a value of the supplied
treated drinking water flow rate of 76 mL/min. However, we can assume that with the
mentioned water flow rate of 76 mL/min, the experimental concentration of Ca2+ + Mg2+

would be even higher with a higher CO2 flow rate, which is also confirmed by the calcula-
tion using Equation (16) optimization; we determined with 95% probability the values of
the parameters of the regression Equation (16).

For a more illustrative comparison of the measured values with the calculated values using
Equation (16), we constructed a two-dimensional graph in Figure S2 (Supplementary Materials)
in which the Ca2+ + Mg2+ concentration values from different inflows of treated water from the
distribution network are shown. From Figure S2, we can also see that the process (without the
first saturation phase) is described by the above-mentioned quadratic equation with mutual
interconnections of parameters (Equation (16)) which have a convex shape.
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Figure 7. Calculated and measured values of Ca2+ + Mg2+ concentration during continuous operation
of laboratory FBRR.

In the statistical treatment of dependence,

c
(

Ca2+ + Mg2+
)
= f(Q(CO2), Q(H2O)) (17)

we also calculated the value of the coefficient of determination, which is 0.919. This value
of coefficient of determination (R2) indicates that 91.9% variability of the total variability in
the sum concentration of calcium and magnesium cations was attributed to investigated
experimental independent variables. The remaining 8% is the influence of non-included
independent variables. Thus, it can be concluded that the developed model (Equation (16))
adequately describes the relationship between studied variables.

We also applied the regression model of the quadratic equation with mutual links of
independent variables for the dependence of the ratio of calcium and magnesium on the
flow of carbon dioxide and supplied water from the distribution network. The model of
the regression equation took the form of (18) and the determined values of the parameters
are listed in Table 6.

c
(

Ca2+
)/

c
(

Mg2+
) = P0 + P1Q(CO2) + P2Q(H2O) + P11(Q(CO2))

2 + P22(Q(H2O))2+

+P12Q(CO2)·Q(H2O)

(18)

where P1 to P12 are parameters of the regression equation, c(Ca2+)/c(Mg2+) is the molar
concentration ratio of calcium and magnesium, and Q(H2O) and Q(CO2) are the flow
of water and carbon dioxide. Using this equation, we calculated the concentration of
Ca2+ + Mg2+.

Table 6. Values of regression coefficients of the model c(Ca2+)/c(Mg2+) = f (Q(CO2), Q(H2O)) for the
laboratory FBRR.

Parameter Value

P0 −0.1249
P1 −0.8076
P2 0.0194
P11 −0.4775
P22 −0.0002
P12 0.0160
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We compared the measured values of the ratio of the molar content of calcium and
magnesium with the calculated values using the regression Equation (18) in Figure 8.
The correlation coefficient between the measured and calculated values is 0.922 and the
coefficient of determination is 0.850.

 

Figure 8. Experimental and calculated c(Ca2+)/c(Mg2+) during continuous operation of the
laboratory FBRR.

3.1.4. Optimizing the Conditions of the Recarbonization Process in Laboratory FBRR

We used the determined values of the parameters of the regression Equations (16) and (18)
to determine the optimal conditions of the process, i.e., independent variables, or CO2 and
H2O flows. Using the grid search of the optimization method, we determined the values
of these flows for the maximum and minimum value of the dependent variable in question.
The optimal process conditions were determined for the range of values of the independent
variables at which the experiments were performed.

For the optimal conditions of the dependent variable c(Ca2+ + Mg2+), we also cal-
culated the optimal values of the ratio c(Ca2+)/c(Mg2+). Also, for optimal conditions of
maximum and minimum values of the c(Ca2+)/c(Mg2+) ratio, we calculated optimal values
of the sum of c(Ca2+ + Mg2+) concentrations. The results are presented in Tables 7 and 8.

Table 7. Results of the optimization of recarbonization process conditions for the dependent variable
c(Ca2++ Mg2+).

Value
c(Ca2+ + Mg2+)

(mmol/L)
Q(CO2)
(L/min)

Q(H2O)
(mL/min)

c(Ca2+)/c(Mg2+)

Maximum 16.20 0.54 76.00 0.01
Minimum 10.90 0.24 57.20 0.18

Table 8. Results of the optimization of recarbonization process conditions for the dependent variable
c(Ca2+)/c(Mg2+).

Value c(Ca2+)/c(Mg2+)
Q(CO2)
(L/min)

Q(H2O)
(mL/min)

c(Ca2+ + Mg2+)

Maximum 0.20 0.24 47.10 11.60
Minimum 0.05 0.54 70.00 14.80
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From the results of process optimization in the laboratory FBRR within the investigated
range of values of independent variables, i.e., the flow of carbon dioxide 0.24–0.54 L/min
and water from the distribution network 40–76 mL/min, it follows that the minimum value
of the sum of calcium and magnesium ions was 10.9 mmol/L and the maximum value of
the sum of these ions was 16.2 mmol/L. Both values comply with the recommended values
according to Annex no. 1 to the decree of the Ministry of Health of the Slovak Republic
no. 247/2017 Coll.

From the optimization calculations for the maximum and minimum values of the
molar ratio of calcium and magnesium in drinking water, it follows that the values of the
ratios do not correspond to the requirements according to the above-mentioned decree of
the Ministry of Health of the Slovak republic. The maximum calculated value of the molar
ratio of calcium and magnesium for experimental conditions is 0.20, while the minimum
recommended value according to the recommended content of individual ions in drinking
water is 0.6 [28].

3.2. Pilot Reactor

We operated the pilot FBRR in flow mode with continuous inflow and outflow of
treated drinking water without an initial saturation phase. The initial concentration of the
sum of calcium and magnesium ions in the treated water was 4.3 mmol/L. At the beginning
of the experiment, we dosed 20.6 kg of HCD Magno Dol (Akdolit) into the fluidized bed
reactor. Considering that the pilot FBRR is a larger device and the stabilization of the
process when the conditions change takes longer than in the laboratory FBRR, we varied
the conditions of the recarbonization process (Q(CO2), Q(H2O)) in smaller ranges:

Q (CO2) = 0.4–0.7 L/min,

Q (H2O) = 118.0–132.8 L/h.

The time dependence of conductivity and the concentration of calcium and magnesium
ions in drinking water are shown in Figure 9.

 
Figure 9. Time dependencies of conductivity and molar concentration of Ca2+ + Mg2+ during
operation of pilot FBRR.

The evaluation of monitored quantities in Figure 9 is divided according to the flow of
carbon dioxide into seven areas. The CO2 flow rate for individual areas is shown in Table 9.

During the first 27 h (Figure 9, area one) we operated the reactor at Q(CO2) = 0.4 L/min
and the flow of treated drinking water from the distribution network was initially 132.8 L/h,
while later we stabilized it at a value of 120 L/h. The concentration of Ca2+ + Mg2+ after
27 h of operation was increased by approximately 1 mmol/L.
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Table 9. Flows of carbon dioxide for individual areas shown in Figures 9 and 10.

Area Q(CO2) (L/min)

1 0.4
2 0.7
3 0.5
4 0.3
5 0.5
6 0.4

 
Figure 10. Time dependencies of the molar concentrations of Ca2+ and Mg2+ and the ratio of the
molar concentrations of Ca2+ and Mg2+ during the operation of pilot FBRR.

In area two (Figure 9), after 27 h, to achieve a higher concentration of calcium and
magnesium ions with a constant inflow of treated water, we increased the flow of carbon
dioxide to the level of 0.7 L/min. With an increased flow of carbon dioxide, the content of
calcium and magnesium in the drinking water was significantly increased up to 7.7 mmol/L.
At this concentration, which we considered sufficiently high, we reduced the carbon dioxide
flow to a value of 0.5 L/min in order to stabilize the outflow concentration and prevent its
further increase.

The course of the process at a constant CO2 flow rate of 0.5 L/min is shown in area
three in Figure 9. The concentration of calcium and magnesium in the drinking water after
15 h decreased more than expected, by approximately 1.5 mmol/L. This decrease could
also have occurred because of a slight increase in the inflow of treated water from 120 L/h
to 132.8 L/h and wear of the HCD in the reactor. We dosed HCD Magno Dol (Akdolit),
weighing 3.4 kg into the reactor, and adjusted the water inflow from the distribution
network to 120 L/h. The concentration of Ca2+ + Mg2+ started to rise again and stabilized
at approximately 7.5 mmol/L. At the next observed decrease in concentration, we again
dosed another amount of HCD.

We can assume that for a steady effluent concentration of calcium and magnesium
in drinking water at a carbon dioxide flow rate of 0.5 L/min and a water inflow from the
water network of 120 L/h, it is necessary to dose approximately 3.5 kg of new HCD Magno
Dol (Akdolit) every 75 h into the pilot FBRR.

After 188 h of operation, the equipment reduced the CO2 flow to 0.3 L/min for 24 h.
The concentration of calcium and magnesium ions in the water dropped significantly from
7.0 mmol/L to 4.7 mmol/L. When the CO2 flow rate was again increased to 0.5 L/min at a
constant Q(H2O) = 120 L/h in area five (Figure 9), we observed a further increase in the
content of Ca2+ + Mg2+ ions by 1.5 mmol/L. Based on this observation, we can state that if
there is a brief loss of carbon dioxide supply to the system during operation in practice,
after re-introduction of CO2 the system can be returned to steady state in approximately
less than 4 days, according to the flow of reintroduced carbon dioxide.
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Before the end of area five (Figure 9), we added the new recarbonization mate-
rial, HCD Magno Dol (Akdolit), and during the first 8 h after dosing we recorded a
steady concentration of calcium and magnesium in the drinking water of approximately
c(Ca2+ + Mg2+) = 7.3 mmol/L. After this stabilization, we again reduced the CO2 flow in
the system to a level of 0.4 L/min in area six, shown in Figure 9, where we observed a
significant effect of a lower CO2 flow, where even with sufficient recarbonization mass,
there was a decrease in c(Ca2+ + Mg2+), which was stabilized at a value of 6.4 mmol/L
within five hours.

In addition to the total content of calcium and magnesium in water, their ratio, i.e., the
content of individual ions, is also important. The calculated value of the ratio of calcium
and magnesium according to the recommended content of individual elements in drinking
water [28] should be in the range of 0.6 to 1.0. The temporal evolution of the concentrations
of individual ions is illustrated in Figure 10. Increasing the carbon dioxide flux (areas two
and five in Figure 10) resulted in a much higher release of magnesium ions into the water
than calcium ions. When dissolving HCD in water, a high flow of carbon dioxide stimulates
the dissolution of the magnesium component of HCD.

After each dosing of a new amount of HCD, the value of the ratio of calcium to
magnesium content is lower. This is probably due to the higher solubility of the magnesium
component of the HCD, while the surface and porosity of the recarbonization material
also changes during dissolution and the ions inside the pores become more accessible.
It is known that the used HCD Magno Dol (Akdolit) has a higher content of calcium
components; therefore, after exhausting the magnesium component from the mass, we
expected a gradual increase in the concentration ratio of calcium and magnesium ions.

After 213 h of operation of the pilot FBRR at a reduced flow of carbon dioxide
(Figure 10, area four) the Ca2+/Mg2+ ratio changed periodically in the range of 0.2–0.6.
After its increase (Figure 10, area five,) the increase in c(Ca2+)/c(Mg2+) up to a value equal
to 1.0 was observed. We can assume that if the experiment were to continue in area six
(Figure 10) after further dosing of HCD, we would keep the ratio of calcium and magnesium
at a value close to 1.0 at a constant flow of treated drinking water 120 L/h and CO2 flow
0.4 L/min.

3.2.1. Statistical Processing of Experimental Results

For the mathematical description of the process of enriching drinking water with
calcium and magnesium, we used a quadratic equation model with interrelationships
between independent variables, i.e., the flow of carbon dioxide Q(CO2) and the flow of
treated drinking water from the distribution network Q(H2O).

We applied the regression Equation (12) for four different dependent variables:

• c(Ca2+ + Mg2+),
• c(Ca2+)/c(Mg2+),
• c(Mg2+),
• c(Ca2+).

Through statistical processing, we obtained four regression models of the quadratic
equation with mutual interferences, Q(CO2) and Q(H2O), and determined the values of
the regression coefficients of these models with 95% probability (Table 10). We assessed
the quality of the description of the recarbonization process using Equation (12) with
determined parameter values by the RXY correlation coefficient, which acquires relatively
high values for the individual dependencies of the variable depending on Q(CO2) and
Q(H2O). Based on the values of the correlation coefficients, we can conclude a good
agreement between the measured and calculated values of the dependent variables.
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Table 10. Parameter values of Equation (12) and statistical characteristics for individual dependent
variables Y.

Dependent Variables Y

Parameter c(Ca2+ + Mg2+) c(Ca2+)/c(Mg2+) c(Mg2+) c(Ca2+)

P0 90.785 238.760 29.965 288.433
P1 −118.575 −67.015 −75.558 −86.230
P2 −0.788 −3.546 −0.123 −4.160
P11 16.279 2.524 16.645 −3.577
P22 1.09 × 10−3 1.31 × 10−2 −5.17 × 10−4 1.49 × 10−2

P12 0.834 0.526 0.500 0.724
RXY 0.9635 0.9929 0.9796 0.9357
RXY

2 0.9597 0.8755 0.9858 0.9283

To assess the influence of independent variables on the process, we used the coefficient
of determination R2

XY. In Table 10, the values of the individual coefficients of determination
are listed, which range from 0.8755 to 0.9858. We can say that the recarbonization process
in a pilot FBRR is 88% to 99% influenced by the flow of carbon dioxide and water from the
water network.

Experimental data and calculated values using a multiple regression equation at differ-
ent Q(CO2) and Q(H2O) for individual dependent variables are illustrated in Figures 11–14.
Because the pilot FBRR is a larger reaction system and stabilization of the process when
conditions change takes longer than in the laboratory, we approached the change of inde-
pendent variables during the experiment with caution and changed them gradually.

 
Figure 11. Experimental and calculated values of molar concentration of Ca2+ + Mg2+.
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Figure 12. Experimental and calculated values of molar concentration of Mg2+.

 
Figure 13. Experimental and calculated values of molar concentration of Ca2+.
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Figure 14. Experimental and calculated values of molar concentration of Ca2+ a Mg2+.

For a clearer comparison of the values of the dependent variable, in Figures S3–S6
(Supplementary Materials) the achieved measured and calculated values at different flow
rates of treated drinking water from the distribution network at a constant flow rate Q(CO2)
= 0.5 L/min are shown. Based on the illustrated graphs, we can claim that with a constant
flow of carbon dioxide, as the flow of water from the water supply network increases (up
to a maximum of 132.8 L/h), it

1. Reduces the sum of the molar concentration of calcium and magnesium ions in
drinking water,

2. Reduces the molar concentration of calcium ions in drinking water,
3. Reduces the ratio of the molar content of calcium and magnesium in drinking water.

Regarding the magnesium content, we cannot say such a conclusion unequivocally
due to the dependence of the concave shape for experimental values, seen in Figure S4,
where the molar concentration of Mg2+ is shown. At the minimum and maximum water
flow from the distribution network, the experimental concentration of magnesium ions
is lower than at the mean value of Q(H2O). With the calculated values of c(Mg2+), the
difference in magnesium ion concentration is in the order of hundredths, based on which
we can conclude that the value is quasi-steady.

A comparison of the measured and calculated values of the dependent variable at a
constant water flow from the water supply network of 120 L/h and different CO2 flows is
shown in Figures S6 and S7.

If we evaluate the process with a constant flow of water from the distribution network
and different flows of CO2 supplied to the system, we can conclude that

1. As the CO2 flow increases, the ratio of the molar content of Ca2+ and Mg2+ decreases,
2. With increasing CO2 flow, the molar concentration of Mg2+ in drinking water

also increases,
3. At the same time as the CO2 flow increases, the molar concentration of Ca2+ in

drinking water decreases.
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As the Mg2+ content increases and the Ca2+ content decreases with increasing CO2 flow,
the sum of concentrations does not have a clear decreasing/increasing trend with increasing
CO2 flow.

3.2.2. Optimization of the Process in the Pilot FBRR

Using the Solver program in MS Excel using the non-linear algorithm solution method,
we calculated the optimal values of the independent variables (Q(CO2), Q(H2O)) in the
pilot FBRR for the maximum and minimum value depending on the regression equations
with determined parameter values (Table 11). We performed optimization calculations
within the range of experimental conditions:

• Q(CO2) = 0.4–0.7 L/min,
• Q(H2O) = 118.0–132.8 L/h.

Table 11. Optimization of the conditions of the process in the pilot FBRR for the maximum values of
the dependent variables.

Dependent Variables Value
Q(CO2)
(L/min)

Q(H2O)
(L/h)

c(Ca2+ + Mg2+) 7.59 mmol/L 0.40 118.00
c(Mg2+) 4.30 mmol/L 0.40 118.00
c(Ca2+) 3.53 mmol/L 0.40 118.00

c(Ca2+)/c(Mg2+) 1.14 0.40 118.00

Using the determined values of the parameters of the regression equations for the max-
imum values of the dependent variables, from Table 11 we can notice the same conditions
for all four dependent variables.

The maximum concentration of the sum of calcium and magnesium in drinking water,
which can be achieved under the conditions Q(CO2) = 0.4 L/min and Q(H2O) = 118.0 L/h,
is 7.59 mmol/L. At the same time, under these process conditions, a content of calcium
ions of 3.53 mmol/L is reached, i.e., 141.5 mg/L and magnesium ions 4.3 mmol/L, which
represents 104.5 mg/L. The value of the molar ratio of calcium and magnesium in drinking
water can reach a maximum of 1.14 under the above-mentioned process conditions.

Under the stated conditions of the process in Table 11, drinking water is prepared,
which is very hard [29], and is satisfactory from a health point of view.

In Table 12, the determined process conditions for the minimum values of the depen-
dent variable are listed. We can see that during the recarbonization process in the pilot
FBRR, it is possible to achieve minimum concentrations of Ca2+ and (Ca2+ + Mg2+) ions
that correspond to the recommended range according to Annex no. 1 to the Decree of
the Ministry of Health of the Slovak Republic no. 247/2017 Coll [28]; even the specified
minimum magnesium content in drinking water is higher than the recommended range.
At the same time, under process conditions that correspond to the minimum value of the
dependent variable, it is not possible to achieve the required molar ratio of 0.6−1.0 of
calcium and magnesium contents in drinking water.

Table 12. Optimization of the conditions of the process in the pilot FBRR for the minimum values of
the dependent variables.

Dependent Variables Value
Q(CO2)
(L/min)

Q(H2O)
(L/h)

c(Ca2+ + Mg2+) 4.93 mmol/L 0.40 132.80
c(Mg2+) 3.52 mmol/L 0.40 132.80
c(Ca2+) 1.30 mmol/L 0.40 130.24

c(Ca2+)/c(Mg2+) 6.93 × 10−4 0.40 127.35
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3.2.3. Comparison of the Used Two Recarbonization Materials

We also operated the pilot FBRR with the 2.5–4.5 mm HCD Semidol recarbonizing
material. During operation with this material, we maintained a constant flow of carbon
dioxide, Q(CO2) = 0.4 L/min, and inflow of treated drinking water from the distribution
network, Q(H2O) ≈ 120 L/h.

Both HCDs Semidol and Magno Dol (Akdolit) have approximately the same chemical
composition, volume density, and carbon dioxide consumption per unit weight of the
material prescribed by the supplier. HCD Semidol is a more fragile material compared to
HCD Magno Dol (Akdolit) and when dosing HCD Semidol into the device, we noticed a
lot of HCD dust particles.

When operating a pilot FBRR using HCD Semidol, we can achieve higher average
concentrations and outflow values of magnesium ions (Table 13). However, the conditions
of the recarbonization process with Magno Dol (Akdolit) were not constant during the
entire operation as in the operation with HCD Semidol; therefore, a comparison of the
average effluent concentrations during the process is not relevant.

Table 13. Average values achieved when using different HCDs.

Magno Dol
(Akdolit)

Semidol

Average inflow of freshwater (L/h) 121.8 119.7
Average c(Mg2+) (mg/L) 105.3 146.2
Average c(Ca2+) (mg/L) 86.5 70.5

Average outflow Mg2+ (g/h) 12.8 16.6
Average outflow Ca2+ (g/h) 10.5 8.5

When operating a pilot FBRR using HCD Semidol, we can achieve higher average
concentrations and outflow values of magnesium ions (Table 12). However, the conditions
of the recarbonization process with Magno Dol (Akdolit) were not constant during the
entire operation as in the operation with HCD Semidol; therefore, a comparison of the
average effluent concentrations during the process is not relevant.

For a more accurate comparison of the used recarbonization materials we used the
balance values, which we related to the HCD weight unit. These values are shown in
Table 14.

Table 14. Values of reaction time and balance values when using two different
recarbonization materials.

Magno Dol
(Akdolit)

Semidol

Reaction time (h) 306.6 167.0
Total added HCD (kg) 31.2 23.1

Reacted amount of HCD (kg) 15.9 18.4
Reacted HCD to added HCD (%) 51.0 79.9
Total consumption of CO2 (kg) 35.3 18.2
Total production of Mg2+ (kg) 3.9 2.8
Total production of Ca2+ (kg) 3.2 1.4

Average production of Mg2+ per added HCD (g/kg) 125.8 119.8
Average production of Ca2+ per added HCD (g/kg) 103.2 61.2

Average production of Mg2+ per reacted HCD (g/kg) 246.8 149.9
Average production of Ca2+ per reacted HCD (g/kg) 202.5 76.5

CO2 consumption per added HCD (kg/kg) 1.1 0.8
CO2 consumption per reacted HCD (kg/kg) 2.2 1.0

In the process with HCD Magno Dol (Akdolit), a smaller amount of the added HCD
reacted (51.0%) than in the operation with HCD Semidol (79.9%). Even though a smaller
amount of HCD Magno Dol (Akdolit) reacted during the process, the production of magne-
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sium and calcium ions per kilogram of the reacted amount of HCD was higher than with
HCD Semidol. The same applied to the kilogram of added mass.

Since it is necessary to supply carbon dioxide to the system, when comparing the
balance values of carbon dioxide, its consumption of 1.14 kg per 1 kg of added HCD
Magno Dol (Akdolit) is close to the value stated by the manufacturer (1.2–1.3 kg). For HCD
Semidol, the consumption is approximately 30% lower, i.e., 0.79 kg CO2/kg HCD. The
stated consumption of carbon dioxide per kilogram of added Semidol material is also lower
than stated by the manufacturer (1.2–1.3 kg). The reason for the lower consumption may
be the fragility of the material and the occurrence of particles smaller than 2.5–4.5 mm.

To compare the used recarbonization materials in practice, we performed balance
calculations for the conditions of a real water treatment plant, where the introduction of
a tested pilot FBRR into operation is being considered. The goal is to treat water with
an annual water flow of 11,000 m3 with a required increase in magnesium ion content of
10 mg/L. It means that the annual increase in magnesium ions is 110 kg.

The annual consumption of carbon dioxide and compared materials under the same
process conditions is shown in Table 15.

Table 15. Consumption of CO2 and recarbonization materials in a pilot FBRR with an annual increase
of 110 kg Mg2+.

Magno Dol (Akdolit) Semidol

HCD consumption (kg/year) 874.7 917.9
CO2 consumption (kg/year) 989.6 721.2

Based on the above-mentioned balance calculations for a potential water treatment
plant using HCD Magno Dol (Akdolit), the annual consumption of HCD is 874.7 kg, which
corresponds to the consumption of 989.6 kg of CO2 per year. When using HCD Semidol, the
annual material consumption is only 43.3 kg higher, but the carbon dioxide consumption is
more than 200 kg lower.

In addition to enriching the water with magnesium ions, calcium ions are also released
from the recarbonization materials. The amounts of Ca2+ released during the production of
110 kg of Mg2+ per year are shown in Table 16.

Table 16. Amounts of Ca2+ released and increased concentrations of Ca2+ using different recarboniza-
tion materials in a pilot FBRR, corresponding to an annual increase of 110 kg Mg2+ in treated water.

Magno Dol (Akdolit) Semidol

Released Ca2+ (kg/year)) 90.3 56.2
Increases c(Ca2+) (mg/L) 8.2 5.1

The production of calcium during long-term operation of the FBRR can be considered
significant in view of the current requirements placed on the quality of drinking water [28].
Annually, 38% more calcium ions are released from the Magno Dol material (Akdolit)
compared to the Semidol material. When drinking water is enriched with magnesium of
10 mg/L using HCD Magno Dol (Akdolit), this represents an increase in calcium content
by 8.2 mg/L. While, when using HCD Semidol, the content of calcium ions increases by
5.1 mg/L. The operator’s decision on the choice of material can also be influenced by the
current selling price of materials.

The aim of this chapter was to compare the operation using these different recar-
bonization materials in the treatment of drinking water with an annual volume flow of
11,000 m3 with an increase in magnesium ions by 10 mg/L. When using HCD Semidol, the
annual consumption of material is higher by approx. 5% and, at the same time, the annual
consumption of carbon dioxide is lower by approx. 27% compared to the operation of the
equipment with HCD Magno Dol (Akdolit). In addition to magnesium, calcium is also
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released from the mass. The increase in the concentration of calcium ions is higher by 38%
when using the recarbonization material Magno Dol (Akdolit) compared to HCD Semidol.

The resulting choice of recarbonization material is up to the operator, who can decide
based on the price ratios of the materials used or from the point of view of the added value
of the production of calcium ions in drinking water.

4. Discussion

Recarbonization of drinking water is aimed at increasing the quality of water with a
very low content of magnesium and calcium minerals. These biogenic elements are impor-
tant not only for human health but also for reducing the problems related to the corrosive
and aggressive effects of soft water on the materials of the drinking water distribution
system. Water with very low total hardness is unstable and unbuffered.

Considering the demonstrable positive relationship between the content of Ca2+, Mg2+,
and human health, the application of the recarbonization process appears to be a beneficial
perspective for improving the quality of life in areas where the source of drinking water is
poor in these biogenic elements. The use of a fluidized bed recarbonization reactor (FBRR)
offers the possibility of treating large volumes of drinking water in a relatively short time
and in smaller facilities.

The process of enhancing drinking water with biogenic and water-stabilizing calcium
and magnesium ions has been investigated. The chemistry of the process is based on half-
calcined dolomite in combination with carbon dioxide. The high interface reaction surface,
homogenization of reaction conditions, and intensifying the potential of the fluidized bed
reactor represent novel approaches to investigating recarbonization processes and reactor
techniques in the drinking water industry.

This process is characterized using renewable sources of raw materials with a minimal
amount of produced waste, which is environmentally acceptable. The proposed drinking
water recarbonization technology using a fluidized bed recarbonization reactor for the
preparation of concentrate in a side stream arrangement with respect to the drinking water
distribution in main streams minimizes the energy requirements, which are only related to
water recirculation near the threshold velocity. In addition, the supply of carbon dioxide
under the liquid distributor in the reactor also contributes to the reduction in the required
supplied energy.

It is known from published experimental results that it is advantageous to use half-
calcined dolomite (HCD) in combination with CO2 when enriching drinking water with
calcium and magnesium. Half-calcinated dolomite is commercially available from sev-
eral companies, and for this reason we also focused on testing two HCDs, Magno Dol
(Akdolit) and Semidol, with similar fractions. The results showed that even though they
are chemically the same materials, they are of different quality. In general, with the same
amount of magnesium ions released, a different amount of calcium ions is released and
the consumption of recarbonization materials is different. From a practical point of view,
it is advisable to conduct experiments that would deal with the influence of operating
parameters on the recarbonization process when using Semidol and compare the results
with the operation of MagnoDol (Akdolit).

Experimental and mathematical modelling of the recarbonization process aimed at
increasing the content of these biogenic elements in water was carried out in the continuous
laboratory- and pilot-scale fluidized bed reactors. Water remineralization using half-
calcined dolomite (HCD) and carbon dioxide in a fluidized bed reactor is a novelty in
water treatment. Although the chemistry of the process is known and used, the specific
conditions in this type of reactor can significantly affect the efficiency of the process. In the
presented work, we deal with the possibility of the recarbonization process in a fluidized
bed reactor.

The influence of operating conditions (Q(CO2), freshwater inflow, and dose of HCD on
some quality indicators of treated drinking water (c(Ca2+), c(Mg2+), amount of Ca2+ + Mg2+,
Ca/Mg) was investigated. Subsequently, the operating conditions were optimized for the
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minimum and maximum value of the mentioned qualitative indicators. The results show
that the Mg2+ concentration is more significantly affected by the amount of HCD in the
system and the CO2. flow. The influence of the freshwater inflow on the Mg2+ content is to
a lesser extent. At a constant CO2 flow, as the inflow of tap water increases the Ca2+ content
decreases and the Mg2+ content increases, resulting in a decrease in the Ca/Mg molar ratio.

However, the Ca/Mg ratio can be effectively controlled by adding an appropriate
amount of HCD at certain time intervals. The overproduction of ions can be easily con-
trolled by the flow of CO2. When using HCD Semidol, the annual consumption of recar-
bonization material is higher by approx. 5% and, at the same time, the annual consumption
of carbon dioxide is lower by approx. 27% compared to the operation of the device with
HCD Magno Dol (Akdolit). With an increase in Mg2+ by 10 mg/L, the increase in the con-
centration of calcium ions is higher by 38% when using the recarbonization mass Magno
Dol (Akdolit) compared to HCD Semidol.

The results of the experimental measurements were processed by regression analysis
and optimization methods. Statistical models were developed to describe the dependence
between the above water quality indicators and operating parameters. Using the grid search
optimization method, the optimal values of operating parameters were determined for
the maximum and minimum values of the monitored drinking water’s quality indicators.
Each source of drinking water has a different quality so it is important to investigate
the effect of basic operating conditions on the recarbonization process. Knowing the
influence of operating conditions facilitates the design of such a device in practice, and
the recarbonization process can be optimized so that the treated drinking water meets the
required quality.

The laboratory and pilot FBRRs were designed, built, and verified for soft water
treatment. The results of the measured hydraulic characteristics of the fluidized bed and
the values of the optimal conditions of the recarbonization process make it possible to
make the operation of the recarbonization system more efficient and facilitate its further
expansion to full operation.

5. Conclusions

The use of the recarbonization process in a fluidized bed reactor using carbon dioxide
and recarbonization materials based on half-calcined dolomite is a novel technology for
enriching drinking water with calcium and magnesium. Among the main advantages of
using a fluidized bed is a relatively large contact area between the solid particles and the
liquid, which minimizes the residence time of the liquid phase in the reactor. With this
advantage, it is possible to adjust large volumes of drinking water in a short time. The aim
of this work was experimental and mathematical modelling of the operation of a laboratory
and pilot FBRR using CO2 and selected recarbonization materials.

From the results of the work in the investigated range of recarbonization operating
parameters, it follows that the Ca/Mg ratio can be effectively regulated by adding a suitable
amount of PVD at certain intervals. An overproduction of Mg2+ ions can be easily controlled
by CO2 flow. In the tested laboratory and semi-operational equipment, it is possible to increase
the concentration of Mg2+ by 10 mg/L, which was the requirement for the recarbonization
process in the case study in question. At the same time, the concentrations of Mg2+ and Ca2+

are maintained in both modeled systems, which are in accordance with the recommended
values of Slovak standards for drinking water. When applying HCD Magno-Dol to maintain
a stable Ca/Mg ratio at a freshwater inflow of 120 L/h and a CO2 flow of 0.5 L/min, it is
advisable to dose approximately 3.5 kg of new PVD Magno-Dol into the system every 75 h.

The key values of our results include the development and verification of a sustainable
remineralization system for enriching drinking water with the specific biogenic elements
calcium and magnesium. Based on our results, a methodology for scaling-up the modeled
system was extended with mathematical modelling and an industrial recarbonization
system was designed. This system is put into operation in a locality with a deficient content
of these elements in the drinking water and related health problems of the inhabitants.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr11113209/s1. Figure S1. Algorithm of Modelling of Drinking Water
Recarbonization. Figure S2. Calculated and measured concentrations of Ca2+ + Mg2+ at different flows
of treated water and CO2 flow at the level of 0.5 L/min during operation of the laboratory FBRR. Figure
S3. The total concentration of the sum of Ca2+ and Mg2+ ions in drinking water at Q(CO2) = 0.5 L/min.
Figure S4. Molar concentration of Mg2+ in drinking water at Q(CO2) = 0.5 L/min. Figure S5. Molar
concentration of Ca2+ in drinking water at Q(CO2) = 0.5 L/min. Figure S6. Molar concentration ration
of Ca2+ and Mg2+ in drinking water at Q(CO2) = 0.5 L/min. Figure S7. Molar concentration of the sum
of Ca2+ and Mg2+ in drinking water at Q(H2O) = 120 L/h. Figure S8. Molar concentration of the sum
of Mg2+ in drinking water at Q(H2O) = 120 L/h. Figure S9. Molar concentration of the sum of Ca2+

in drinking water at Q(H2O) = 120 L/h. Figure S10. Molar ratio of Ca2+ and Mg2+ concentration in
drinking water at Q(H2O) = 120 L/h.
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Abstract: Biochar, a carbon-dense material known for its substantial specific surface area, re-
markable porosity, diversity of functional groups, and cost-effective production, has garnered
widespread acclaim as a premier adsorbent for the elimination of heavy metal ions and organic
contaminants. Nevertheless, the application of powdered biochar is hindered by the challenges
associated with its separation from aqueous solutions, and without appropriate management, it
risks becoming hazardous waste. To facilitate its use as an immobilization medium, biochar ne-
cessitates modification. In this investigation, sodium alginate, celebrated for its superior gelation
capabilities, was amalgamated with polyvinyl alcohol to bolster mechanical robustness, thereby
embedding biochar to formulate sodium alginate biochar microspheres (PVA/SA-FMB). A meticu-
lously designed response surface methodology experiment was employed to ascertain the optimal
synthesis conditions for PVA/SA-FMB. Characterization outcomes unveiled a highly developed
surface abundant in functional groups and confirmed the successful incorporation of iron ions.
Adsorption trials revealed that at a temperature of 25 ◦C and a pH of 2, the adsorption capacity of
PVA/SA-FMB for Cr(VI) was 13.7 mg/g within the initial 30 min, reaching an equilibrium capacity
of 26.03 mg/g after 1440 min. Notably, the material sustained a Cr(VI) removal efficiency exceed-
ing 90% across five cycles, underscoring its rapid and effective Cr(VI) eradication performance.
Kinetic and isothermal adsorption analyses suggested that the adsorption of Cr(VI) adheres to
a pseudo-second-order kinetic model and the Freundlich isotherm, indicative of monolayer ad-
sorption dominated by reaction mechanisms. X-ray photoelectron spectroscopy (XPS) analysis
inferred that the adsorption mechanism predominantly encompasses electrostatic attraction, redox
processes, and complex formation.

Keywords: biochar; sodium alginate microspheres; adsorption; Cr(VI)

1. Introduction

The adsorption technique emerges as a notably efficient and convenient strategy for
the removal of metal ions, consistent with established theories encompassing adsorption
thermodynamics, kinetics, and isotherms. This method integrates chemisorption, involving
complexation reactions, with physisorption, characterized by electrostatic interactions
between heavy metal ions and adsorbents [1]. The critical challenge lies in identifying
adsorbents that exhibit both high capacity and selectivity for metal ion removal. Presently,
the array of adsorbents spans activated carbon, biomass, graphene oxide, various carbon-
based materials, nanoparticles, and synthetic polymers [2]. Despite their utility, traditional
adsorbents like biochar suffer from limitations such as limited adsorption capacity and slow
kinetic rates. Recent advancements have focused on enhancing the activity of adsorbents
using methods like chemical structure modification, crosslinking, and grafting.
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Sodium alginate (SA), a naturally occurring, water-soluble polysaccharide extracted
from kelp or brown algae, stands out as an environmentally friendly option due to its
cost-effectiveness, non-toxicity, biodegradability, and biocompatibility [3,4]. It is composed
of β-D mannuronic acid (ManA) and α-L guluronic acid (GulA) in variable proportions
and sequences, offering exceptional gelling properties. However, its application in heavy
metal adsorption is often hindered by limited porosity, mechanical strength, stability, and
thermal resistance, necessitating modifications to improve its performance characteristics.
The chemical structure of SA, depicted in Figure 1, illustrates its potential for modification
and enhancement in adsorption applications.

Figure 1. Chemical structure formula of sodium alginate.

Crosslinking significantly transforms the solubility characteristics of sodium algi-
nate (SA) and augments the mechanical robustness of the adsorbent by fostering a three-
dimensional (3D) network [5]. This advancement in crosslinking technology has bolstered
the SA matrix, creating a durable 3D framework that plays a crucial role in the more
efficacious entrapment of heavy metal ions. The deliberate integration of biochar not
only amplifies the composite’s structural resilience but also elevates its environmental
compatibility, positioning it as a potent candidate in the heavy metal ion adsorption
arena. This enhancement process is facilitated by crosslinking agents, which foster the
linkage of macromolecular entities to SA via diverse mechanisms, including ion exchange,
polyelectrolyte crosslinking, hydrogen bonding, hydrophobic interactions, condensation
polymerization, chemical grafting polymerization, and free radical polymerization. These
methodologies ingeniously modify SA’s inherent solubility and bolster its mechanical at-
tributes [6,7]. Prominent crosslinking agents encompass calcium chloride, glutaraldehyde,
epichlorohydrin, formaldehyde, and concentrated sulfuric acid.

In ion crosslinking, the guluronic acid (GulA) units in SA predominantly serve as the
binding locales. The carboxylate groups on these units are adept at chelating with divalent
or polyvalent metal ions, which supplant the sodium ions (Na+) in various SA molecular
strands, thereby interlinking them and crafting a hydrogel network [8]. Calcium chloride is
particularly esteemed as a crosslinking agent due to the optimal size of the Ca(II) ions for
interacting with the -OH and -COOH groups on the polysaccharide chains. This synergy,
coupled with the surface charge density of Ca(II), culminates in the creation of a formidable
physical crosslinking lattice [9]. The ratio of mannuronic acid (ManA) to guluronic acid
(GulA) monomers in SA critically influences the characteristics of the resultant hydrogels,
with an elevated GulA content generally leading to enhanced mechanical properties.

Covalent crosslinking capitalizes on the -OH and -COOH groups on the SA molecular
chain as anchorage points. Crosslinking agents such as glutaraldehyde and polyethylene
glycol (PEG-200) are deployed, resulting in the genesis of hydrogels. This technique further
refines the structural and functional efficacy of SA across various domains [10].

Embedding modification entails the judicious selection of appropriate filler materials
for integration into SA, aiming to surmount challenges associated with fine material loss
and recovery, while simultaneously boosting adsorption efficiency and environmental
adaptability. The overall performance of the resultant composite material is intimately
linked to the type, amount, and concentration of the incorporated substances. Filler
materials commonly employed include activated carbon, biochar, graphene, and carbon
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nanotubes [11,12]. When embedded into SA, these substances significantly enhance the
composite’s structural and functional traits, rendering it more apt for diverse applications,
especially those necessitating efficient adsorption properties.

The profusion of hydroxyl and carboxyl groups in SA endows it with a pronounced
affinity for adsorbing heavy metal ions. By amalgamating biochar, renowned for its
porous architecture and extensive surface area, with SA, a composite has been developed
that transcends the limitations of conventional adsorbents, such as inferior capacity and
sluggish kinetics, while showcasing superior adsorption capabilities. This study delves
into the composite’s morphology, structure, elemental composition, and functional groups,
alongside scrutinizing its adsorption dynamics under varying conditions to unravel the
mechanisms underlying Cr(VI) adsorption.

2. Materials and Methods

2.1. Experimental Reagents

Corn straw biomass was collected from the experimental field (from Harbin University
of Commerce); Ferric chloride(FeCl3, AR) from Tianjin Beilian Fine Chemicals Development
Co., Ltd. (Tianjin, China); Sodium alginate(SA, AR) from Qingdao Mingyue Seaweed Group
Co., Ltd. (Qingdao, China); Polyvinyl alcohol(PVA, AR) from Shanxi Sanwei Group Co., Ltd.
(Linfen, China); Calcium carbonate(CaCO3, AR) from Xilong Science Co., Ltd. (Shantou,
China); Hydrochloric acid(HCl, AR) from Nanjing Chemical Reagent Co., Ltd. (Nanjing,
China); Sodium hydroxide(NaOH, AR) from Tianjin Continental Chemical Reagent Factory
(Tianjin, China).

2.2. Preparation of PVA/SA-FMB Microsphere
2.2.1. Preparation of the FMB

A measured quantity of 10 g of corn stover biomass was measured and placed in a
100 mL beaker, and then immersed in 100 mL of 2 mol/L FeCl3 solution, maintaining
a solid-to-liquid ratio of 1:10 (g/mL). This mixture underwent magnetic stirring for
30 min, followed by a 30 min water bath at 80 ◦C. Afterward, the biomass was separated
from the solution, dried, and then pyrolyzed at a temperature of 500 ◦C in a nitrogen
(N2) atmosphere. Once cooled to room temperature, the biomass was washed repeatedly
with deionized (DI) water to remove chloride ions and then dried at 80 ◦C. This process
yielded FeCl3-modified corn stover biochar, referred to as FeCl3-modified biochar (FMB),
which was subsequently sealed and stored for future use.

2.2.2. Preparation of PVA/SA Solution

Polyvinyl alcohol (PVA) was dissolved in boiling water until it formed a clear solution,
which was then cooled to room temperature. A total of 0.6% of SA was then added to this
PVA solution and water-bathed at 60 ◦C for 90 min to obtain the PVA/SA solution.

2.2.3. Preparation of PVA/SA-FMB Microspheres

Biochar was ultrasonically dispersed in a PVA/SA-FMB solution, to which 0.6 g of
CaCO3 was added and magnetically stirred for an hour. This solution was then dripped
into a FeCl3 solution to form ionic crosslinked gel balls, which were hardened for 24 h.
The gel balls were washed with distilled water to remove surface Fe3+ ions, treated in HCl
solution for 2 h to create porous PVA/SA-FMB microspheres, and finally dried and stored
at 40 ◦C.

2.3. Optimization of Parameters for the Preparation of PVA/SA-FMB Microspheres

The study optimized crucial parameters for preparing PVA/SA-FMB microspheres,
focusing on SA concentration, the SA-to-PVA ratio, CaCO3 concentration, crosslinking
solution concentration, and pickling time. Using response surface methodology (RSM),
we examined how these factors influenced Cr(VI) adsorption using PVA/SA-FMB micro-
spheres to determine the optimal preparation conditions.
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2.4. Characterization and Principle of Materials

• Element composition analysis: An element analyzer was utilized to quantitatively
assess the elemental composition of biochar, focusing primarily on carbon (C) and
oxygen (O).

• X-ray diffraction (XRD) analysis: The phase structure of the materials was studied
using a EVASTAR Y2 X-ray diffractometer from Suzhou Ivan Zhitong (Suzhou, China),
covering a test range of 2θ = 10–90◦.

• Surface area and pore size analysis (BET): The pore structures of different biochars have
their own characteristics. The specific surface area, total pore volume, and average
pore diameter of the test samples were analyzed using the ChemStation-001 type
nitrogen adsorption–desorption instrument from mainland China (Zhejiang, China)
to examine the types of adsorption–desorption curves.

• Scanning electron microscope (SEM): In this experiment, the morphology of the sam-
ples was observed using a Supra55 scanning electron microscope from the German
company Zeiss (Jena, Germany), with an EHT of 15 KV. Before testing, the samples
were thoroughly dried and sputter-coated with gold.

• X-ray photoelectron spectroscopy (XPS): In this experiment, the elemental compo-
sition and valence state information of the samples were characterized using the
ESCALAB 250 X-ray photoelectron spectrometer(Thermo Fisher Scientific Company,
Waltham, MA, USA). The Al Kα radiation was 1486.6 eV, with a vacuum level better
than 5 × 10−10 mbar.

• Fourier transform infrared spectroscopy (FTIR): The structure of the samples was
characterized using the VERTEX 80 Infrared-Raman spectrometer from the German
company Bruker (Berlin, Germany), with a spectral range of 4000–400 cm−1 and a
resolution of 0.07 cm−1.

2.5. Evaluation of Adsorption Properties

Single factor adsorption experiment: Different quantities of adsorbent were added to
50 mL solutions of varying concentrations of Cr(VI). The pH of the Cr(VI) solution was
adjusted, and the mixture was subjected to a constant temperature water bath oscillation
at 25 ◦C and 140 r/min for 24 h. Post-experiment, the solutions were filtered through a
0.22 μm membrane, the Cr(VI) concentration in each sample was measured by UV-Vis
spectrophotometry, and the removal rate and amount were calculated.

Adsorption kinetics experiment: A total of 0.1 g of adsorbent was mixed with 50 mL
of 50 mg/L Cr(VI) solution and oscillated in a 25 ◦C, followed by 140 r/min constant
temperature water bath at various intervals (0, 10, 30, 60, 90, 120, 180, 360, 540, 720, and
1440 min). The absorbance of residual Cr(VI) was measured to determine the removal rate
and adsorption capacity.

Isothermal adsorption experiment: Cr(VI) solutions of pH 2 and concentrations rang-
ing from 10 mg/L to 100 mg/L were prepared, with 0.1 g of adsorbent added to each.
These were oscillated in a 25 ◦C, followed by 140 r/min constant temperature water bath
for 24 h and then filtered through a 0.22 μm membrane to evaluate the removal rate and
adsorption capacity.

Adsorption cycle regeneration experiment: A total of 0.1 g of adsorbent was added to
a 50 mL, 50 mg/L Cr(VI) solution (pH 2) and oscillated under the same conditions as above
for 24 h. After reaching adsorption saturation, the adsorbent was placed in a 50 mL eluent
(0.1 mol/L NaOH) and oscillated again to release Cr(VI). The regenerated adsorbent’s
efficiency in removing Cr(VI) was then assessed.
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3. Results and Discussion

3.1. Optimization of Preparation Parameters for PVA/SA-FMB Microspheres
3.1.1. Analysis of Single Factor Test Results

1. The effect of SA concentration on the preparation of PVA/SA-FMB microspheres

Figure 2 underscores the paramount importance of SA concentration in the mor-
phogenesis of PVA/SA-FMB microspheres, delineating a concentration-dependent
impact on their structural integrity and formation efficacy. At suboptimal concentra-
tions below 0.6% (w/v), the resultant low viscosity of the solution is detrimental to
effective microsphere formation, culminating in the development of flocculent struc-
tures and microspheres with compromised durability, prone to disintegration during
adsorption processes. This phenomenon is attributed to an inadequate SA quantity,
insufficient to counteract PVA agglomeration [13,14]. In contrast, concentrations sur-
passing 0.6% (w/v) induce an excessive viscosity, obstructing the syringe extrusion
process and leading to the formation of microspheres with irregular shapes and the
potential for syringe nozzle obstructions.

Figure 2. Influence of SA concentration on adsorption of Cr(VI) by PVA/SA-FMB microspheres
(C0 = 50 mg/L, V = 50 mL, pH = 2.0, T = 25 ◦C).

The optimal formation of microspheres, marked by uniformity and spherical mor-
phology, is realized at an SA concentration of 0.6% (w/v). This observation highlights
the criticality of precise SA concentration in achieving the desired physical properties
of PVA/SA-FMB microspheres, balancing between solution viscosity and syringe ex-
trudability. It establishes a threshold concentration for SA that ensures the production
of structurally robust and morphologically consistent microspheres, essential for their
application in environmental remediation, particularly for the adsorption of heavy
metal ions.

2. Effect of PVA concentration on the preparation of PVA/SA-FMB microspheres

In the synthesis of PVA/SA-FMB microspheres, PVA is instrumental in augmenting
the mechanical resilience of the microspheres. An insufficiency of PVA compromises their
structural fortitude, rendering them incapable of withstanding the rigors of the adsorption
process. Conversely, a PVA concentration exceeding 3% enhances mechanical properties but
concurrently impairs the adsorption efficiency for Cr(VI), likely due to the resultant denser
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microsphere structure which impedes mass transfer [15]. Figure 3 illustrates that a PVA
concentration of 2.4% (w/v) strikes an optimal equilibrium between mechanical robustness
and adsorptive capacity, facilitating the most effective Cr(VI) removal in PVA/SA-FMB
microspheres. This concentration allows for a substantial adsorption capacity of 22 mg/g
for Cr(VI) following a 24 h oscillatory adsorption procedure, underscoring the microspheres’
proficiency under these conditions.

Figure 3. Influence of PVA concentration on adsorption of Cr(VI) by PVA/SA-FMB microspheres
(C0 = 50 mg/L, V = 50 mL, pH = 2.0, T = 25 ◦C).

3. Influence of FMB mass on the preparation of PVA/SA-FMB microspheres

Figure 4 delineates a discernible pattern in the adsorptive dynamics of PVA/SA-FMB
microspheres. Initially, an increase in FMB mass correlates positively with enhanced Cr(VI)
adsorption capacity, highlighting FMB’s pivotal contribution to the adsorption mechanism
amidst constituents such as SA, PVA, and calcium carbonate (CaCO3). Nevertheless, this
upward trajectory in adsorption capacity plateaus and subsequently diminishes upon
exceeding an FMB mass of 0.3 g. This downturn is attributed to the complications in
achieving uniform FMB dispersion within the solution at higher concentrations. Excess
FMB not only poses challenges like syringe clogging during microsphere fabrication but also
compromises microsphere integrity. Optimal adsorption efficiency, therefore, necessitates
a judicious balance in FMB content, ensuring both effective Cr(VI) adsorption and the
structural cohesiveness of the microspheres.

4. Influence of CaCO3 mass on the preparation of PVA/SA-FMB microspheres

Investigating the impact of varied CaCO3 masses on Cr(VI) adsorption using
PVA)/SA- FMB microspheres and experiments with CaCO3 masses of 0.3 g, 0.6 g, 0.9 g,
1.2 g, and 1.5 g were conducted. Figure 5 illustrates an initial enhancement in the mi-
crospheres’ adsorptive performance with increasing CaCO3 mass, attributable to the
intensified interactions between Ca(II) ions and the guluronic (G) units of SA. However, a
notable stabilization in the adsorption rate at approximately 20 mg/g is observed beyond
a CaCO3 mass of 0.6 g. This leveling effect is linked to the achievement of an equilib-
rium state between dehydration and water reabsorption processes, facilitating stable gel
formation [16]. Furthermore, under consistent hydrochloric acid (HCl) concentration
and exposure duration, the internal microporosity of the PVA/SA-FMB microspheres
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remains unchanged beyond the threshold CaCO3 mass required for optimal chemical
interaction with HCl.

Figure 4. Influence of FMB mass on adsorption of Cr(VI) by PVA/SA-FMB microspheres
(C0 = 50 mg/L, V = 50 mL, pH = 2.0, T = 25 ◦C).

Figure 5. Influence of CaCO3 mass on adsorption of Cr(VI) by PVA/SA-FMB microspheres
(C0 = 50 mg/L, m = 0.1 g, V = 50 mL, pH = 2.0, T = 25 ◦C).

3.1.2. Establishment and Analysis of the RSM Model

1. Design of RSM test

Employing the Box–Behnken response surface design [17], the study delineated four
critical determinants in the synthesis of PVA)/SA-FMB microspheres: SA concentration (A),
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PVA concentration (B), FMB mass (C), and CaCO3 mass (D), targeting adsorption capacity
as the response variable. A structured four-factor, three-level response surface analysis was
executed, as encapsulated in Table 1, to establish the paramount preparation conditions.

Table 1. Factors and levels of response surface test.

Variables Code
Horizontal Coding

−1 0 1

SA/% A 0.4 0.6 0.8
PVA/% B 2.4 3 3.6

CaCO3/g C 0.3 0.6 0.9
FMB/g D 0.24 0.3 0.36

2. Establishment and analysis of the regression model

Adhering to the Box–Behnken design framework, this study scrutinized the Cr(VI)
adsorption efficacy of PVA/SA-FMB microspheres under diverse composite conditions.
Data accrued from these evaluations were meticulously analyzed to pinpoint the
optimal parameters for microsphere synthesis, with outcomes tabulated in Table 2.
This analysis confirmed that the interplay among the four scrutinized parameters
adheres to a quadratic model. Consequently, the adsorption capacity (Qe) of the
PVA/SA-FMB microspheres is quantitatively delineated by an equation comprising
coded variables, as specified in Equation (1). Within this equation, a positive coefficient
before a term delineates a synergistic influence, while a negative coefficient signifies
an antagonistic impact.

Y = 25.32 + 0.46 × A − B + 0.42 × C − 0.45 × D − 0.27 × A × B + 0.36 × A × C − 1.43 × A × D
+ 0.18 × B × C + 0.69 × B × D − 0.67C × D − 4.27 × A2 − 1.20 × B2 − 5.34 × C2 − 0.57 × D2 (1)

Table 2. Design and results of response surface test.

No. A B C D

Adsorption Amount of
Cr(VI)/mg/g No. A B C

Adsorption
Amount of

Cr(VI)/mg/g

Adsorption Amount of
Cr(VI)/mg/g

Test Value Predicted Value Test Value Predicted Value

1 −1 −1 0 0 18.95 19.41 16 0 1 1 0 19.05 19.08
2 1 −1 0 0 20.71 20.86 17 −1 0 −1 0 15.59 15.2
3 −1 1 0 0 18.86 19.36 18 1 0 −1 0 15.64 15.38
4 1 1 0 0 19.53 19.74 19 −1 0 1 0 15.81 15.31
5 0 0 −1 −1 18.9 18.77 20 1 0 1 0 17.31 16.95
6 0 0 1 −1 20.63 20.95 21 0 −1 0 −1 25.12 24.98
7 0 0 −1 1 18.87 19.22 22 0 1 0 −1 23.52 23.01
8 0 0 1 1 17.92 18.71 23 0 −1 0 1 22.96 22.71
9 −1 0 0 −1 18.89 19.04 24 0 1 0 1 24.1 23.49

10 1 0 0 −1 22.5 22.82 25 0 0 0 0 24.96 25.32
11 −1 0 0 1 21.23 21.01 26 0 0 0 0 24.88 25.32
12 1 0 0 1 19.12 19.06 27 0 0 0 0 26.14 25.32
13 0 −1 −1 0 18.76 18.83 28 0 0 0 0 25.47 25.32
14 0 1 −1 0 17.51 17.88 29 0 0 0 0 25.15 25.32
15 0 −1 1 0 19.59 19.31

The precision of the model was quantified using the correlation coefficient R2, with
values closer to 1 indicating a tighter concordance between model predictions and em-
pirical observations. For this model, an R2 of 0.9855 was reported, signifying a notably
high accuracy in its predictive capability. The disparity between predicted outcomes and
actual data was observed to be less than 0.2, affirming the model’s reliability. A detailed
juxtaposition of actual measured values against the predictions derived from the model’s
equation is presented in Table 2.
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3. Response regression analysis

The model’s validity was established through F-value and p-value analysis, as detailed
in Table 3, highlighting the significance of SA concentration, ferric oxide-modified biochar
quality, and PVA concentration as impactful model terms. ANOVA results underscored a
coefficient of determination (R2) at 0.9855 and an adjusted R2 (R2adj) of 0.9711, elucidating
that the model accounts for 97.11% of the response variability. The model’s precision,
quantified at 25.804, far exceeds the benchmark of 4, reinforcing its appropriateness. With
a Coefficient of Variation (CV) at 2.65%, markedly below the 10% threshold, the model’s
reliability and accuracy are affirmed. These analytical outcomes collectively confirm the
regression equation’s robustness and its capacity to accurately predict experimental results,
validating the model’s applicability for determining the optimal synthesis parameters for
PVA/SA-FMB microspheres.

Table 3. Results of response surface regression analysis.

Items Sum of Squares Degrees of Freedom Mean Square F-Value p-Value Significance

Model 221.27 14 15.8 85.33 <0.0001 **
A 3.5 1 3.5 18.88 0.0117 *
B 0.12 1 0.12 0.67 0.0836
C 3.03 1 3.03 16.34 0.0187 **
D 2.67 1 2.67 14.43 0.0131 *

AB 1.54 1 1.54 8.29 0.3395
AC 0.53 1 0.53 2.84 0.2048
AD 7.08 1 7.08 38.22 0.0001 *
BC 0.13 1 0.13 0.69 0.5227
BD 0.86 1 0.86 4.62 0.0245 *
CD 0.71 1 0.71 3.82 0.0276 *
A2 92.01 1 92.01 496.79 <0.0001 **
B2 6.98 1 6.98 37.7 <0.0001 **
C2 136.42 1 136.42 736.54 <0.0001 **
D2 0.41 1 0.41 2.2 0.0191 *

Residual 2.59 14 0.19
Missing fitting item 1.54 10 0.15 0.58 0.4732

Absolute error 1.05 4 0.26
Total 223.86 28

Note: p < 0.01, extremely significant “**”; p < 0.05, significant “*”.

4. Optimized model response surface analysis

The three-dimensional (3D) response surface diagrams are instrumental in delineating
the regression equation, offering a visual exposition of how each variable’s response value
correlates with its test value. Figures 6–8 display the response surface models for variables
such as SA concentration, ferric oxide-modified biochar mass, CaCO3 mass, and PVA
concentration, illustrating their respective impacts on Cr(VI) adsorption rates. Notably, the
contour shapes within these figures underscore the interactions between variable pairs [18].

Figure 6 elucidates the relationship between CaCO3 mass and SA concentration
with respect to Cr(VI) adsorption capacity. An increase in SA concentration from 0.4 wt%
to 0.8 wt% leads to a peak in Cr(VI) adsorption rates at an SA concentration of 0.6 wt%,
with an elliptical contour shape and a p-value of AD below 0.05 (0.0001) signifying a
significant interaction between CaCO3 mass and SA concentration on Cr(VI) adsorption.

Figure 7 showcases the impact of CaCO3 mass and PVA concentration on Cr(VI) ad-
sorption rates through response surface and contour lines. It reveals that increasing PVA
concentration from 1.8 wt% to 3 wt%, with a constant CaCO3 mass, leads to a decrease
in Cr(VI) adsorption, underscoring the influence of PVA concentration. The elliptical
contours and a p-value of 0.0245 (below 0.05) indicate a significant interaction between
CaCO3 mass and PVA concentration, emphasizing their critical role in modulating Cr(VI)
adsorption rates.
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Figure 6. Response surfaces and contours of SA and PVA concentrations on Cr(VI) adsorption capacity.

Figure 7. Response surfaces and contours of CaCO3 mass and PVA concentration on Cr(VI)
adsorption capacity.

Figure 8. Response surfaces and contours of CaCO3 mass and FMB mass on Cr(VI) adsorption capacity.
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Figure 8 displays the response surface and contour lines representing the influence
of CaCO3 mass and FMB mass on the Qe for Cr(VI). According to the figure, the optimal
adsorption rate of Cr(VI) occurs when the FMB mass is at 0.3 g. The elliptical shape
of the contour lines and a p-value for the interaction (AD) of 0.0276, which is less than
0.05, indicate a significant interaction between the masses of CaCO3 and FMB in affecting
Cr(VI) adsorption. Furthermore, the analysis suggests that the interaction between SA
concentration and PVA concentration does not significantly influence the efficiency of
Cr(VI) removal.

The three-dimensional analysis provided a deeper insight into the interactions among
different variables and their influence on achieving optimal conditions. The relative im-
portance of the four response parameters affecting the Qe of Cr(VI) was established in
the following order: CaCO3 content, SA concentration, FMB quality, and PVA concentra-
tion. Using Design Expert 8.0 software for analysis, the optimal preparation conditions
for PVA/SA-FMB microspheres to attain the highest Cr(VI) adsorption performance were
determined. The ideal concentrations and amounts were found to be an SA concentration
of 0.73 t%, a PVA concentration of 3 wt%, an FMB mass of 0.31 g, and a CaCO3 concentra-
tion of 1 g. Under these conditions, the microspheres are expected to exhibit maximum
efficiency in adsorbing Cr(VI) from solutions.

3.2. Characterization and Principle of the Materials
3.2.1. Analysis of Element Composition

The elemental composition analysis of PVA/SA-MB and PVA/SA-FMB is shown in
Table 4. Based on the ratios of O/C and (O + N)/C, it was found that PVA/SA-FMB
possesses higher polarity and hydrophilicity compared to PVA/SA-MB, further proving
that the polarity and hydrophilicity of adsorptive materials are closely related to their
adsorption performance.

Table 4. Elemental composition of biochar.

Samples C O N O/C (O + N)/C

PVA/SA-MB 68.85 30.09 1.06 0.4370 0.4524
PVA/SA-FMB 24.07 73.89 2.04 3.0698 3.1545

3.2.2. X-ray Diffraction (XRD) Determination

X-ray diffraction (XRD) analysis on PVA/SA, PVA/SA-MB, and PVA/SA-FMB
revealed significant structural alterations attributable to the embedding modification
process (Figure 9). Pure SA displayed characteristic diffraction peaks at 2θ values of
13.5◦ and 21.5◦ , absent in both PVA/SA-MB and PVA/SA-FMB, indicating modifica-
tions in SA’s structure post-embedding. PVA/SA-MB retained broad biochar-associated
diffraction peaks around 2θ = 16–22◦ , suggesting the preservation of biochar’s amor-
phous cellulose and hemicellulose structures. Conversely, PVA/SA-FMB exhibited
distinct peaks at 2θ = 20.197◦ , 21.440◦ , and 29.649◦ , which aligned with Fe2O3 and
FeO standards (PDF#21-0920 and PDF#74-1886) [19], denoting the incorporation of
both divalent and trivalent iron forms, indicative of complex interactions enhancing
adsorption capabilities.

3.2.3. Specific Surface Area (BET) and Pore Size Analysis

The nitrogen (N2) adsorption–desorption isotherms of PVA/SA, PVA/SA-MB, and
PVA/SA-FMB, as shown in Figures 10–12, are categorized as type IV according to the
International Union of Pure and Applied Chemistry (IUPAC), suggesting mesoporous or
macroporous structures within the microspheres. The initial sharp increase in adsorption
at low pressures indicates monolayer adsorption, affirming the microporous nature of
the microspheres. The emergence of a closed hysteresis loop in the mid- to high-pressure
ranges, classified as H3 type, signifies the presence of slit-like pores due to particle layering.
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Pore size analysis via Non-Local Density Functional Theory (NLDFT) revealed that
microspheres incorporating biochar exhibited a pronounced micro and mesopore structure
within the 0–10 nm range, enhancing the overall pore architecture of PVA/SA. Conversely,
the shift from larger pores in the 10–100 nm range to biochar’s smaller pores during
embedding improves adsorption efficacy. The specific surface area, an essential parameter
for adsorbent evaluation, underscores the adsorptive capacity and delineates the intrinsic
properties of the adsorbent materials, reflecting both their advantages and limitations in
adsorption applications. (See Table 5).

Figure 9. X-ray diffraction pattern of biochar.

 
Figure 10. N2 adsorption and desorption isotherm and pore size distribution of PVA/SA.
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Figure 11. N2 adsorption–desorption isotherm and pore size distribution of PVA/SA-MB.

Figure 12. N2 adsorption–desorption isotherm and pore size distribution of PVA/SA-FMB.

Table 5. Characterization parameters of specific surface area and pore structure of microspheres.

Sample BET Surface Area/(m2·g−1) V/<1.1 nm (cm3·g−1) V/<1.1 nm (cm3·g−1)
Average Pore

Diameter/(nm)

PVA/SA 100.6120 0.00289 0.228412 9.21610
PVA/SA-MB 441.7465 0.09947 0.4146567 4.05464

PVA/SA-FMB 344.2612 0.16795 0.451204 5.32073
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3.2.4. Scanning Electron Microscope (SEM) Determination

SEM was employed to analyze the morphology of modified microspheres, showcasing
their unique advantages. Figure 13 displays the SEM images of MB, PVA/SA, PVA/SA-MB,
and PVA/SA-FMB microspheres.

 

 

(b)PVA/SA 

(c)PVA/SA-MB 

(d)PVA/SA-FMB

Figure 13. SEM of microspheres (a) MB; (b) PVA/SA; (c) PVA/SA-MB; (d) PVA/SA-FMB.
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For PVA/SA microspheres, a smooth surface with irregular folds and limited porosity
is observed, attributed to the cohesive nature of PVA. The integration of biochar, however,
markedly transforms the microspheres’ surface and internal architecture, introducing a
rougher texture and a proliferation of pores, including distinctive honeycomb-like struc-
tures. This transformation results from biochar interfering with the original hydrogen
bonds of PVA while establishing new interactions with its hydroxyl groups, thereby dimin-
ishing PVA’s adhesive effect. Such alterations suggest that biochar-enhanced microspheres
feature an expanded specific surface area and a more intricate pore network, augment-
ing their adsorptive capacity. Biochar serves as an efficient medium, augmenting the
adsorption sites on PVA/SA, which in turn amplifies the microspheres’ overall adsorptive
performance. Specifically, PVA/SA-FMB microspheres display more pronounced and
complex pore configurations than PVA/SA-MB, corroborating with the BET surface area
and pore size distribution findings.

3.2.5. X-ray Photoelectron Spectroscopy (XPS) Determination

Figure 14b elucidates the C1s peak fitting in the XPS spectra of PVA/SA-MB and
PVA/SA-FMB microspheres, diverging from pure biochar. This peak encompasses a
spectrum of carbon bonds, notably C-C/C-H, C-O, and C=O/O-C=O, with significant
absorptions at C-O and C=O, signaling the presence of carbon–oxygen compounds.

Furthermore, Figure 14c delineates the Fe 2p spectral peak in PVA/SA-FMB micro-
spheres’ XPS spectrum, demonstrating a broader and distorted peak. This feature suggests
the oxidation state of iron, affirming the effective amalgamation of SA with iron. Before
the adsorption of Cr(VI) by PVA/SA-FMB, five absorption peaks appeared in Figure 14c.
binding energies at 710.87 eV and 724.25 eV denote divalent iron, whereas 714.76 eV and
727.56 eV correspond to trivalent iron, alongside a satellite peak at 716.9 eV linked to the
Fe(II) Fe 2p3/2 orbital, indicating complex iron valence states within the microspheres.

3.2.6. Fourier Transform Infrared Spectroscopy (FTIR) Determination

Figure 15 showcases the FTIR spectra for SA and its composite microspheres (PVA/SA,
PVA/SA-MB, and PVA/SA-FMB), covering the 400–4000 cm−1 wavelength range. SA’s
spectrum, displaying characteristic peaks at specified wavelengths, confirms its structural
attributes [20]. The composite microspheres exhibit functional group structures akin to SA,
indicating the retention of SA’s chemical properties through the compounding process.

Notable across all materials is the peak at 3300 cm−1, signifying -OH stretching
vibrations from hydroxyl groups. The 2800–3000 cm−1 range highlights C-H stretching
vibrations, while the 1600 cm−1 peak suggests C=O stretching in ketones and acids. Peaks
at 1024 cm−1 and 818 cm−1 are attributed to C-H bending vibrations, with the 1420 cm−1

peak indicating carboxyl group stretching.
Differential features in the composite microspheres include enhanced absorption peaks

at 1680 cm−1 and 473 cm−1, indicative of a rise in oxygen-containing functional groups.
The 1680 cm−1 peak, more prominent in PVA/SA-MB and PVA/SA-FMB, is linked to C=C
stretching, suggesting biochar’s role in augmenting the aromatic structure. The 473 cm−1

peak, associated with Fe-O bonds, underscores the successful integration of FeCl3 and
biochar FMB, particularly evidenced in PVA/SA-FMB, marking the effective crosslinking
of Fe-containing groups in the microsphere synthesis.

3.3. Evaluation of Adsorption Properties
3.3.1. Adsorption Single Factor Experiment

1. Initial concentration

Figure 16 illustrates the impact of initial Cr(VI) concentration on the adsorption
capacity of adsorbents, revealing an increase in adsorption capacity with rising Cr(VI)
concentration at a stable temperature, alongside a reduction in removal rate. This pattern is
ascribed to an augmented driving force necessary to counteract the mass transfer resistance
of Cr(VI) across the aqueous–solid interface at elevated concentrations [21]. Notably,
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PVA/SA-FMB demonstrates a pronounced adsorption capacity for Cr(VI), even at lower
concentrations (10 mg/L), achieving up to 4.1 mg/g. This highlights PVA/SA-FMB’s strong
affinity for Cr(VI), underscoring its potential for effective Cr(VI) removal from aqueous
solutions at minimal concentrations.

 

 

 

Figure 14. XPS spectrum of the microsphere. (a) Total spectrum; (b) C 1s; (c) Fe 2p.
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Figure 15. Infrared spectrum of microspheres.

Figure 16. Effect of initial concentration on the adsorption of Cr(VI) by microspheres. (a) Qe;
(b) removal efficiency.

2. Dosage

An experiment was conducted to evaluate the influence of adsorbent dosage on Cr(VI)
removal efficiency using 50 mL of simulated wastewater with an initial Cr(VI) concentration
of 50 mg/L and a pH of 2. Various dosages of adsorbents (0.05, 0.1, 0.15, 0.2, and 0.25 g)
including PVA/SA, PVA/SA-MB, and PVA/SA-FMB, were introduced into conical flasks,
which were then agitated in a constant temperature water bath at 25 ◦C and 140 r/min for
24 h. Following equilibrium, the residual Cr(VI) concentration was determined to assess
the adsorbent dosage effect on adsorption capacity, with findings depicted in Figure 17.

The experiment revealed a distinct trend in Cr(VI) removal efficiency relative to
adsorbent dosage. With increasing doses of PVA/SA, PVA/SA-MB, and PVA/SA-FMB, a
notable decline in adsorption capacity per unit mass was observed, recording reductions
of 2.21, 8.3, and 23.36 mg/g, respectively. Despite this, the overall adsorption efficiency
for each adsorbent significantly improved by 51.9%, 63.7%, and 44.19%, respectively. This
phenomenon is attributed to the presence of unsaturated adsorption sites at lower doses.
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As the adsorbent dosage increased, more adsorption sites became available, enhancing the
total removal efficiency. A marked increase in Cr(VI) removal efficiency was noted at an
adsorbent dose of 3.0 g/L, eventually plateauing at higher doses. This plateau indicates an
equilibrium state between Cr(VI) ions and the adsorbent, suggesting that further increases
in adsorbent dosage beyond this point do not significantly impact Cr(VI) removal, thereby
identifying an optimal adsorption capacity within the tested conditions.

Figure 17. Effect of dosage on adsorption of Cr(VI) by biochar. (a) Qe; (b) removal efficiency.

3. pH

The response of various adsorbents to the adsorption of Cr(VI) ions is significantly
influenced by the pH of the solution. To assess this effect, experiments were conducted
across a pH range of 1–10, using an initial Cr(VI) ion concentration of 50.0 mg/L, an
adsorbent dosage of 2 g/L, and at a temperature of 25 ◦C. Figure 18 illustrates the impact
of pH on the removal efficiency of Cr(VI) ions by three different adsorbents.

Figure 18. Effect of pH biochar on Cr(VI) adsorption. (a) Qe; (b) removal efficiency.

The analysis of Cr(VI) adsorption using different adsorbents reveals a consistent
trend across the pH spectrum. All adsorbents show enhanced performance under acidic
conditions compared to alkaline and neutral environments, with the highest adsorption
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capacity occurring at a pH of 1. As the pH increases, the efficiency of Cr(VI) adsorption
declines significantly before stabilizing. The reasons for this trend are as follows: (1) At low
pH, the adsorbent’s positively charged functional groups interact more effectively with the
negatively charged dichromate ions, thereby facilitating adsorption. (2) The hydroxyl (-OH)
groups on the adsorbent act as electron donors. Under acidic conditions, these groups
consume protons (H+) from the solution, partially reducing Cr(VI) to Cr(III). As the solution
becomes less acidic, the availability of H+ diminishes, adversely affecting the adsorbent’s
performance [22]. (3) With increasing pH, the concentration of -OH groups increases,
leading to competition between the -OH radicals and Cr(VI) ions for adsorption sites on
the adsorbent’s surface. These observations suggest that electrostatic interactions play a
significant role in the adsorption mechanism of Cr(VI) by the microspheres, particularly
under acidic conditions.

At a pH of 1, for FMB and PVA/SA-FMB, the capacities are 23.76 mg/g and
26.96 mg/g, respectively. In contrast, for MB and PVA/SA-FMB, the capacities are
22.48 mg/g and 22.81 mg/g, respectively. These values indicate that the addition of
PVA/SA positively influences the adsorption capacity, likely due to PVA/SA providing
an abundance of H+ ions in the solution. At the same pH, PVA/SA-FMB always
maintains the highest Cr(VI) removal rate and adsorption capacity, and is almost
unaffected by the pH value of the solution. This stability is attributed to the presence of
a Fe3+ and -OH composition buffer pair in PVA/SA-FMB, which effectively counteracts
pH fluctuations, ensuring efficient adsorption performance over a wide pH range.
Given that the pH of industrial wastewater containing Cr(VI) typically ranges from
2 to 3, the adsorption performance of adsorbents at pH 2 is particularly relevant and
noteworthy [23].

3.3.2. Adsorption Kinetics Experiment

To further understand the mechanism of Cr(VI) removal by PVA/SA, PVA/SA-MB,
and PVA/SA-FMB, as well as to identify the rate-limiting steps in the adsorption process,
this study applied both quasi-first-order and quasi-second-order kinetic models to the
kinetic data. Figure 19 displays the time-dependent adsorption curves for Cr(VI) using
these adsorbents, with the relevant fitting parameters detailed in Table 6. For PVA/SA, the
fit with the quasi-first-order model (correlation coefficient of 0.93918) was more precise
than with the quasi-second-order model (0.91584), indicating that the adsorption process
of PVA/SA might be primarily influenced by the rate of adsorption and the availability
of free sites on the adsorbent surface. In contrast, for PVA/SA-MB and PVA/SA-FMB,
the quasi-second-order kinetic model provided a better fit, with model parameters closely
matching the observed equilibrium adsorption capacities, suggesting that the adsorption
processes for these adsorbents might be related to the number of free sites on the adsorbent
surface and the potential forces or chemical bonds formed.

Table 6. The quasi-primary and quasi-secondary kinetic fitting parameters of Cr(VI) adsorption
by microspheres.

Microspheres Qe/(mg·g−1)
Quasi-First-Order Kinetics Quasi-Second-Order Kinetics

Qt/(mg·g−1) k1/min−1 R2 Qt/(mg·g−1) k1/(g·mg−1·min−1) R2

PVA/SA 9.34 9.28 0.0053 0.94 11.04 5.29 × 10−4 0.92
PVA/SA-MB 14.07 13.36 0.0105 0.92 14.52 0.0011 0.95

PVA/SA-FMB 26.03 22.61 0.0277 0.95 24.99 0.0016 0.99

A notable finding is that PVA/SA-FMB exhibited a maximum adsorption capacity
of 26.03 mg/g for Cr(VI). Remarkably, within the first 30 min, it achieved an adsorption
capacity of 13.7 mg/g, accounting for 52.6% of its total capacity. This capacity increased to
76.2% (20.5 mg/g) in the following two hours. These results demonstrate the high number
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of active sites on PVA/SA-FMB, enabling rapid interaction with Cr(VI) and showcasing its
exceptional efficiency in swiftly removing Cr(VI).

Figure 19. Fitting curve of adsorption kinetics of Cr(VI) by microspheres.

Applying the Weber–Morris intraparticle diffusion model to evaluate Cr(VI) adsorp-
tion by PVA/SA, PVA/SA-MB, and PVA/SA-FMB, the relevant fitting parameters detailed
in Table 7. Figure 20 illustrates that the model’s fitted lines do not intersect the origin. This
observation signifies that intraparticle diffusion alone does not constitute the sole rate-
limiting step [24]. The adsorption mechanism encompasses two distinct phases: boundary
diffusion and intraparticle diffusion, with the initial boundary diffusion phase exhibiting
more pronounced slopes and correlation coefficients. This indicates that boundary diffusion
acts as the primary rate-limiting step in Cr(VI) removal by these adsorbents.

Table 7. Fitting parameters of adsorption particle diffusion for Cr(VI) by microspheres.

Microspheres Rd1
2 kid1/

(mg·g−1·h−0.5)
C′

1

(mg·g−1)
Rd2

2 kid2/
(mg·g−1·h−0.5)

C′
2

(mg·g−1)

PVA/SA 0.76865 0.53247 1.51448 0.0366 0.01627 8.83264
PVA/SA-MB 0.89788 0.63434 1.86151 0.38649 0.01919 12.99951

PVA/SA-FMB 0.94667 1.26448 5.58574 0.94309 0.19211 18.76642

3.3.3. Isothermal Adsorption Experiment

Analyzing the adsorption capacity of PVA/SA, PVA/SA-MB, and PVA/SA-FMB for
Cr(VI) using Langmuir and Freundlich models (Figure 21) reveals nuanced insights into
their adsorption mechanisms. The model parameters are listed in Table 8. The Lang-
muir model slightly favored PVA/SA, indicating adsorption involves both monolayer and
multilayer processes. In contrast, the Freundlich model better suited PVA/SA-MB and
PVA/SA-FMB, suggesting a preference for multilayer adsorption. Freundlich isotherm
calculations positioned PVA/SA-FMB with the highest adsorption capacity at around
60 mg/g, outperforming PVA/SA-MB. The Freundlich constant 1/n values for all adsor-
bents were below 1, denoting favorable Cr(VI) adsorption, with PVA/SA-FMB showing the
lowest 1/n value, indicating a more homogeneous adsorption site distribution [25]. This
underscores PVA/SA-FMB microbeads’ enhanced efficacy for Cr(VI) removal.
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Figure 20. Particle diffusion fitting curve of microspheres for Cr(VI).

Figure 21. Isothermal adsorption fitting curve of Cr(VI) by microspheres.

Table 8. Isotherm model parameters of Cr(VI) adsorption by microspheres.

Microspheres
Langmuir Freundlich

Qm/(mg·g−1) KL/(L·mg−1) n R2 KF/(L·mg−1) n R2

PVA/SA 46.81 0.0052 1.51–1.05 0.97 0.38 1.23 0.96
PVA/SA-MB 48.86 0.0079 1.79–1.08 0.99 0.57 1.25 0.98

PVA/SA-FMB 59.93 0.0107 2.08–1.11 0.99 1.44 1.47 0.98
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3.3.4. Adsorption Cycle Regeneration Experiment

Figure 22 depicts the adsorption efficiency of PVA/SA, PVA/SA-MB, and PVA/SA-
FMB microbeads across five adsorption–desorption cycles, revealing a 5% decrease in
removal rates after the initial cycle for each microsphere type. This decline is linked
to the release of non-crosslinked Fe3+ ions into the desorption solution, reducing the
adsorption site density on the microspheres. Subsequent cycles showed stabilization in
adsorption capacity, with a slight efficiency decrease attributed to diminished availability of
hydroxyl groups crucial for Cr(VI) reduction [26]. Remarkably, PVA/SA-FMB maintained
a Cr(VI) removal rate above 90%, outperforming conventional biological carbon. This
performance highlights PVA/SA-FMB’s efficacy and potential as a superior adsorbent for
Cr(VI) remediation in water.

Figure 22. Performance of Cr(VI) adsorption by recycling microspheres.

3.4. Exploration of Adsorption Mechanism
3.4.1. Electrostatic Adsorption

Under acidic conditions, the surface functional groups of the microspheres, primarily
hydroxyl (-OH) and carboxyl (-COOH), interact with hydrogen ions (H+), leading to an
increased polarization of these groups. The -OH groups can attract H+ to form more
polarized hydroxyl groups, enhancing their positive character, and -COOH groups can
release H+ to the solution, slightly increasing the surface positive charge by exposing
the positively charged hydrogen of the carboxyl group. These modifications enhance the
electrostatic attraction between the microsphere and negatively charged Cr(VI) species. This
electrostatic interaction facilitates the adsorption of Cr(VI) onto the microsphere surface
and may contribute to its reduction to the less toxic Cr(III) species [27].

4CrO4
2− + 20H+ + 3C+ → 3CO2 + 4Cr3+ + 10H2O (2)

3.4.2. FTIR Analysis after Cr(VI) Adsorption

Fourier transform infrared spectroscopy analysis of PVA/SA-FMB microspheres, as
illustrated in Figure 23, demonstrates consistent absorption peaks within the 400–4000 cm−1

range before and after adsorption, indicating the enhanced stability of SA-embedded ad-
sorbents over traditional biochar. Crucial functional groups, including -OH, C=O, -COOH,
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C=C, and C-H, are pivotal in Cr(VI) adsorption and reduction. The -OH group’s stretching
vibration peak at 3300 cm−1 diminishes post-adsorption, suggesting complexation or ion
exchange with Cr(VI). Changes at the 1600 cm−1 peak reflect the C=O interactions with
Cr(VI), indicative of redox activities [28,29]. Additionally, shifts at 1680 and 1420 cm−1

point to redox reactions involving C=C or carboxyl groups, while a weakened C-H peak
implies the role of polycyclic aromatic hydrocarbons (PAHs) as proton donors in Cr(VI)
reduction [30,31].

Figure 23. Infrared spectra of Cr(VI) adsorbed by PCA/SA-FMB.

3.4.3. XPS Analysis after Cr(VI) Adsorption

Figure 24a presents the XPS spectrum of Cr(VI) adsorbed by microspheres, illustrating
a distinct Cr absorption peak and confirming successful Cr adsorption. In Figure 24b, the Cr
2p spectrum post-adsorption reveals four peaks at binding energies of 577.31 eV, 584.47 eV,
580.15 eV, and 589.31 eV for Cr(III) and Cr(VI) states, with a Cr(III) to Cr(VI) ratio of 79.19%
to 20.81%, signifying a partial reduction of Cr(VI) to Cr(III). Conversely, PVA/SA-FMB’s
Cr 2p XPS spectrum is dominated by Cr(III) peaks, highlighting the composite’s superior
reduction capability, attributed to surface Fe(III) enhancing Cr(VI) reduction and facilitating
electron transfer with modified biochar.

Figure 24c examines C 1s post-adsorption, showing shifts in C-O and C=O/O-C=O
functional groups, indicating their role in Cr(VI) adsorption through hydrogen bonding
and complexation. These observations underscore the significance of these functional
groups in heavy metal complexation on the surfaces of PVA/SA-MB and PVA/SA-FMB
microspheres, aligning with infrared analysis findings. The specific reaction process is
as follows:

C-OFe2+ HCrO4
− → C-OFeHCrO4

+ (3)

C-COOH + HCrO4
− + H+ → C-COOH2HCrO4 (4)

C-OH + HCrO4 + H+ → C-OH2HCrO4 (5)
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C-COOH + Cr(OH)2+ → C-COOr(OH)2+ + H+ (6)

C-OH + Cr(OH)2+ → C-OCr(OH)2+ + H+ (7)

Figure 24d illustrates a shift in the Fe(II) and Fe(III) content following Cr(VI) adsorption
by PVA/SA-FMB, with Fe(II) absorption peaks decreasing from 80.62% to 68.78% and Fe(III)
peaks increasing from 19.64% to 31.22%. This variation is due to Fe(II) donating electrons
to reduce Cr(VI) to Cr(III), while some Fe(II) is oxidized to Fe(III), which is then adsorbed
onto the PVA/SA-FMB surface. The increase in the Fe(III) content highlights its role as an
electron shuttle, facilitating further Cr(VI) removal. This change emphasizes the crucial
involvement of redox reactions in the adsorption mechanism of Cr(VI) onto PVA/SA-FMB.

CrO7
2− + 6Fe2+ + 7H2O → 2Cr3+ + 14OH− + 6Fe3+ (8)

3Fe2+ + HCrO4
− + 7H+ → 3Fe3+ + 4H2O + Cr3+ (9)

331



Processes 2024, 12, 443

Figure 24. Cont.
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Figure 24. XPS spectrum after Cr(VI) adsorption using microspheres. (a) Total spectrum; (b) Cr 2p;
(c) C 1s; (d) Fe 2p.

4. Conclusions

The optimal preparation conditions for the PVA/SA-FMB composite were estab-
lished with a SA concentration of 0.73 wt%, PVA concentration of 3 wt%, FMB mass of
0.31 g, and a CaCO3 mass of 1 g, ensuring the effective incorporation of FMB into the
polymeric matrix. Adsorption experiments conducted at 25 ◦C and a pH of 2 revealed
that while Cr(VI) adsorption onto PVA/SA adhered to the quasi-first-order kinetic and
Langmuir isothermal model, indicative of physical multilayer adsorption, the adsorption
onto PVA/SA-MB and PVA/SA-FMB followed the quasi-second-order kinetic model
and Freundlich isotherm model, suggesting a more complex, multilayer chemisorption
process. SEM analysis showed that PVA/SA microspheres presented a smooth surface,
in contrast to PVA/SA-MB and PVA/SA-FMB, which exhibited numerous bundle struc-
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tures typical of biochar, with PVA/SA-FMB displaying a notably rougher and more
porous surface than its PVA/SA-MB counterpart. Further analyses, including FTIR,
XPS, and XRD, identified various functional groups on the microsphere surfaces and
highlighted the inclusion of Fe2O3 and FeO in different valence states within the FMB.
BET analysis confirmed the presence of micropores and mesopores across all micro-
sphere types, supporting their potential for enhanced adsorption capacities. Collectively,
these findings underscore the multilayer adsorption character of Cr(VI) by PVA/SA-MB
and PVA/SA-FMB, driven by a synergy of electrostatic interactions, redox reactions,
and complexation, marking a significant advancement in the development of efficient
adsorption materials for heavy metal removal from aqueous solutions.
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