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Waste Utilization”

Yan Shi 1,*, Gang Luo 1,2 and Shicheng Zhang 1,2,*
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The recycling and utilization of biomass and organic wastes have emerged as effective
strategies for saving energy and resources. Biomass and organic wastes are produced in
huge amounts, and they can be utilized to produce biomaterials, biofuels, and biochemi-
cals through biological and thermochemical approaches [1–3]. The physical and chemical
properties of biomass and organic wastes undergo substantial changes during biorefinery
processes, making them highly promising as environmentally friendly materials. Pyrol-
ysis stands out as a typical thermochemical technique for the utilization of biomass and
organic wastes, which can produce different valuable products including bio-oil, biochar,
and syngas [4–6]. However, a major challenge with this technology is the relatively low
quality of bio-oil, necessitating further treatment. Additionally, other technologies, like
hydrothermal conversion (HTC) and composting, can be applied to biomass and organic
wastes with a high-water content. This Special Issue of Processes on “Biomass Conversion
and Organic Waste Utilization” collected recent research works related to the disposal and
reutilization of biomass wastes that document the application of different techniques and
process simulation, as well as the properties of the treatment products.

1. Thermal Conversion and Adsorption Properties

Adsorption is one of the key applications for the thermochemical products of various
biomass wastes. Nilavazhagi et al. [7] revealed that sulfuric acid-modified and subse-
quently thermally treated raw jamun fruit seeds demonstrated a maximum Langmuir
adsorption capacity of 266.9 mg/g, following pseudo-first-order kinetics. The thermody-
namic separation of Fe(II) ions by adsorbents was not only exothermic, but also a feasible
and spontaneous process. Two articles in this Special Issue explored the adsorption proper-
ties of different thermochemical products. Wen et al. used cow manure as a raw material
for the synthesis of magnetic cow manure biochar. The pseudo-second-order model and
the Langmuir model were used to fit the Cd(II) adsorption data, and the adsorption ca-
pacity was 612.43 mg·g−1. The adsorption was dominated by chemisorption, with the
mechanisms of ion-exchange, electrostatic attraction, pore-filling, co-precipitation, and
the formation of complexes. The study of Huo et al. examined the impacts of several
inorganic activators (KOH, K2CO3, and ZnCl2) on the characteristics (porosity and N/S
content) of N/S co-doped porous carbon (NSC) materials. Their study showed that the
NSC materials acquired through cooperative activation using potassium salts (KOH or
K2CO3) exhibited significantly larger surface areas than those activated solely with KSCN
(1403 m2/g). Furthermore, KSCN could synergize with K2CO3 to produce samples with
excellent specific surface area (2900 m2/g) or N/S content. The as-prepared NSC materials
demonstrated enhanced adsorption capabilities for chloramphenicol (833 mg/g) and Pb2+

(303 mg/g).
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2. The Conversion of Biomass Wastes to Biofuel

The conversion of biomass wastes to biofuel is also an important strategy to solve the
problems caused by environmental pollution and natural resource depletion. Lim et al. [8]
investigated the preliminary techno-economic feasibility of expanding an existing pellet
production plant into an integrated biorefinery plant to produce xylitol and bioethanol.
The feedstock used was empty fruit bunches (EFBs), which were divided into two pro-
duction streams: one stream for pellet production and the other for xylitol and bioethanol
production. The analysis indicated that an EFB splitting ratio of less than 40% for pellet
production was economically feasible. In the study of Shin et al. [9], biofuel with a calorific
value equivalent to that of coal for power generation was produced in a pilot plant through
waste wood HTC. The outcomes show that it was possible to convert waste wood into solid
fuel with a calorific value of over 27,000 kJ/kg through the HTC process of the pilot plant.
In addition, the analyses of heavy metal and hazardous substances proved that the product
can be used as a safe biosolid fuel.

3. Simulation Studies on Biorefinery

In this Special Issue, some simulation studies were also conducted on the disposal and
properties of different biomass wastes. Ji et al. carried out molecular dynamics simulations
to explore the effect of wheat straw (WS) content on the structural properties of ash slag. It
was demonstrated that WS introduced many metal ions to the ash system, enhancing its
overall activity. The number of bridging and non-bridging oxygen atoms changed upon
straw addition, which affected the stability of the system. The number of low-coordination
Si atoms was highest for a WS content of 30%, at which point the density reached the
minimum value. In the work of Cheng et al., a discrete element model of straw crushing
was created to describe the pulping process of rice straw in a twin-screw pulping machine.
This model was based on the Tavares mathematical model, and the number of broken straw
particles was analyzed. The simulation results reveal that the highest number of broken
straw particles was achieved when the twin-screw spiral casing combination was negative–
positive–negative–positive, and the tooth groove angle arrangement of the negative spiral
casing was 45◦–30◦–15◦.

4. Composting of Biomass Wastes

Due to the large production volume and complex composition of biomass wastes,
various treatment techniques such as thermal conversion processes, anaerobic digestion,
and composting have been applied for their effective disposal. Composting is an adapt-
able and fruitful approach towards biomass waste management and circular economy.
Isibika et al. [10] found that co-composting the fruit peels with fish waste increased the
biomass conversion efficiency (BCE). The highest BCE on a volatile solid basis (25%) was
achieved when 75% fish waste was incorporated. Two review papers of this Special Issue
summarized new research work about the composting process and the properties of com-
post. The review by Waqas et al. examined the management of agricultural waste through
various composting processes—conventional composting (vermicomposting, aerobic com-
posting, and anaerobic composting) and emerging composting (two stage composting).
This reveals that in conventional composting, vermicomposting humified in 3 to 4 months,
which cannot fulfill fertilizer demand. Rapid compost preparation with a fine and higher
degree of humification can only be achieved through aerobic composting. Anaerobic com-
posting followed by aerobic composting will minimize the area, labor, and time required
for aerobic composting, along with the capital cost and power depletion. Goldan et al.
conducted an evaluation of manure and compost as soil amendment. The outcome reveals
that the properties of the soil, such as aeration, density, porosity, pH, electrical conductivity,
water retention capacity, etc., can be improved by altering the structure and composition
of manure. Additionally, the nutrient content of the compost served as a gradual nutrient
source for plant growth and development. However, it is crucial to use compost in mod-
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erate quantities and to test the soil regularly to avoid excessive application of nutrients,
which can be harmful to both plants and the environment.

5. Conclusions

The papers presented in this Special Issue showcase various techniques and strategies
for the disposal and reutilization of biomass wastes. Due to the complex composition and
volatile properties of biomass wastes, there remains a pressing need for the creation of
innovative techniques and processes. We hope that this Special Issue will shed light on
some current and emerging research activities related to biomass wastes, with the aim of
advancing the development of waste management and the circular economy.
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Abstract: Designing an efficient and recyclable adsorbent for cadmium pollution control is an ur-
gent necessity. In this paper, cow manure, an abundant agricultural/animal husbandry byproduct,
was employed as the raw material for the synthesis of magnetic cow manure biochar. The optimal
preparation conditions were found using the response surface methodology model: 160 ◦C for the
hydrothermal temperature, 600 ◦C for the pyrolysis temperature, and Fe-loading with 10 wt%. The
optimal reaction conditions were also identified via the response surface methodology model: a
dosage of 1 g·L−1, a pH of 7, and an initial concentration of 100 mg·L−1. The pseudo-second-order
model and the Langmuir model were used to fit the Cd(II) adsorption, and the adsorption capac-
ity was 612.43 mg·g−1. The adsorption was dominated by chemisorption with the mechanisms
of ion-exchange, electrostatic attraction, pore-filling, co-precipitation, and the formation of com-
plexations. Compared to the response surface methodology model, the back-propagation artificial
neural network model fit the Cd(II) adsorption better as the error values were less. All these re-
sults demonstrate the potential application of CM for Cd(II) removal and its optimization through
machine-learning processes.

Keywords: magnetic biochar; cow manure; cadmium removal; response surface methodology;
artificial neural network

1. Introduction

The Cd-containing effluent is a severe issue that endangers human health and the envi-
ronment. Cd(II) can accumulate in cereal grains when wastewater flows into
farmland [1], and an intake of 0.125 mg of Cd per kg−1 of body weight can lead to se-
vere health problems [2], such as renal illness, cancer, and bone damage. Researchers use
biological, chemical, and physical adsorption as well as other methods to control Cd(II) con-
tamination. It has been reported that the exogenous application of salicylic acid decreased
the adverse effects of Cd(II) on photosynthesis in maize [3]. Studies also showed that an
increased exogenous supply of metal ions, e.g., Fe(II), lead to decreased Cd(II) uptake in
rice and Arabidopsis [4,5].

As adsorbents, biomaterials have several advantages, including being low-cost and en-
vironmentally friendly and having efficient phosphorous-removal abilities [6]. Researchers
have prepared biochar derived from different biomass materials for Cd(II) adsorption, such
as corn cob, rice husk [7], and tobacco stalk [8]. However, absorption efficiency needs to
be improved, as the biochar can only be separated from wastewater and recycled with
difficulty [9,10]. As a matter of fact, biochar only achieves adsorption rather than removal.
In order to tackle this problem, diverse types of magnetic biochar, which has the capability
of adsorbing heavy metals efficiently and can be separated from water using an external
magnetic field, were designed. The typical techniques for synthesizing magnetic biochar
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include liquid reductio, impregnation, and precipitation methods; in addition, one of the
most common modification techniques is to load iron onto biochar [6].

Manure production increased dramatically as a result of the recent rapid expansion of
concentrated animal feeding operations in many parts of the world [11]. It is imperative to
find solutions for the processing and usage of cow manure (CM) produced in these sizable
feedlots [12]. The CM biochar formed after pyrolysis has a plentiful pore structure; thus,
CM biochar has the potential for heavy metal adsorption [13].

The adsorption effect of CM biochar on heavy metals can be enhanced via modifica-
tions, such as via acid or metal oxide. Additionally, during the preparation of magnetic
CM biochar, three factors, namely pyrolysis temperature (PT), hydrothermal temperature
(HT), and iron content, are key [14]. Previous research has demonstrated that the specific
surface area (SSA) and the functional groups on the surfaces of biochar are disparate when
preparation conditions are different. Meanwhile, the increase in Cd(II) adsorption capacity
can be attributed to the increased amount of SSA and functional groups, especially phe-
nolic hydroxyl [15,16]. Some researchers have explored the influence of a single factor on
adsorption capacity, but there are few researchers focusing on mutual interference between
the three factors mentioned above. Moreover, the optimum preparation conditions of
magnetic CM biochar used for Cd(II) adsorption have not been summarized. Similarly,
during adsorption, three factors, namely dosage, pH, and initial concentration, are key [17],
and their combined effects on Cd(II) adsorption has also not yet been clarified [18,19].
Therefore, it is necessary to discuss the relationship between multiple parameters through
model analysis in order to optimize the preparation and adsorption.

In traditional methods of optimization, only one parameter is varied at a time, which
makes experimentation time-consuming and costly. Model fitting based on certain data
can simplify the experimental design, thus reducing costs and saving time. The response
surface methodology (RSM) adopts a reasonable experimental design method and obtains
data through the test. By constructing a multiple quadratic regression equation to fit the
function relationship between factors and response value, the optimal process parameters
were sought by analyzing the regression equation [20]. The back-propagation artificial
neural network (BP–ANN) is a soft computing technique that studies the process through
the modification of network weights to produce the required response [21]. BP–ANN is
better than the traditional nonlinear model when dealing with the complex relationship
between the input and output variables [22].

However, the RSM and BP–ANN models have some disadvantages. When using
the RSM model, the preparation and reaction conditions must be within the range of the
test values. Moreover, there are nonlinear and uncertain relationships among the factors
affecting the adsorption effect, so it can be difficult to predict the strengths of specific
multivariate nonlinear function forms. Analogously, the BP–ANN model requires a large
number of experiments for training. Currently, there is no method for determining the
minimal number of experiments required for BP–ANN training; therefore, this methodology
is troublesome for the design of experiments [23]. Although the two models have been
widely used in adsorption studies, the prediction results are different. Some researchers
found that the RSM model fitted better [24], while others found that BP–ANN fitted better
in terms of the adsorption of heavy metals [25].

This study used CM as a raw material and utilized a combined hydrothermal and
pyrolysis preparation [26], along with an added iron source (FeSO4 and FeCl3) for magnetic
modification, to prepare the magnetic CM biochar, which was inexpensive and recyclable.
In this study, RSM and BP–ANN models were utilized for the analysis of the adsorption
effects of various types of magnetic CM biochar, and the preparation method of the biochar
with the best adsorption effect was thus obtained. RSM and BP–ANN were also used
to evaluate the adsorption effects under different reaction conditions, and the optimum
reaction conditions of Cd(II) adsorption were thus identified. The adsorption kinetics,
thermodynamics, and mechanism of Cd(II) were also investigated. The work can improve
the adsorption efficiency, and provide ideas for the high-value utilization of CM, which
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provides a reference for the adsorption of Cd(II). Meanwhile, the prediction effects of RSM
and BP–ANN on the adsorption of Cd(II) by magnetic biochar were compared.

2. Experiments and Models

2.1. Chemicals and Materials

The primary chemicals, e.g., FeCl3, FeSO4·7H2O, NaOH, and Cd(NO3)2, used in this
study were purchased from Sinopharm Co., Ltd. (Shanghai, China) and used without
further purification. CM was collected from the Laohadu Demonstration Ranch in Mengzi
City, Yunnan Province, China. The CM was oven–dried at 85 ◦C for 24 h and sieved through
100–mesh.

2.2. Synthesis of Magnetic CM Biochar

As shown in Figure 1, the magnetic CM biochar was synthesized in three parts.
Chemical synthesis modification was the first step. The original CM (4, 6, and 8 g),
1.12 g FeSO4·7H2O, 2.19 g FeCl3·6H2O, and 38 mL NaOH (1 mol·L−1) were mixed in
the 100 mL deionized water. The three mixtures were severally sonicated for 30 min and
stirred for 2 h. Hydrothermal carbonization was the second step. The three mixtures were
placed in hydrothermal synthesis reactors separately and heated at different HT for 24 h
(HT = 120, 160, and 200 ◦C). The carbonization was the final step. Three hydrothermal
products were carbonized under nitrogen flow in a tube furnace at setting PT for 1 h to
obtain three kinds of magnetic modified CM biochar (PT = 400, 600, 800 ◦C). The Fe3O4
or Fe2O3 nanoparticles had loaded on the products, and the products were marked as
MCBa–b–c, where a represented HT (120, 160, and 200 ◦C), b represented PT (400, 600, and
800 ◦C), and c represented iron content (5%, 10%, and 15%), and the magnetic CM biochar
that possessed the most ideal characteristics was marked as MCB.

 

Figure 1. Preparation process for magnetic CM biochar.
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2.3. Application of RSM

Box–Behnken design model was used to optimize synthesis parameters with Cd(II)
adsorption capacity of magnetic CM biochar as the response and examine the relationship
between various synthesis factors or reaction conditions. In the first part, RSM studied the
effects of PT (X1), HT (X2), and iron content (X3) on the adsorption capacity (Y) when the
initial Cd(II) concentration was 100 mg·L−1. In the second part, RSM studied the effects
of dosage (X1), pH (X2), and the initial concentration (X3) on the removal rate of Cd(II)
(Y). The experimental findings were examined and fitted to a quadratic equation using
Design Expert.8.0.

2.4. Application of BP–ANN

BP–ANN is an information processing system designed to mimic the analytic and
processing functions of the human brain, and it uses supervised learning technology and
trains by minimizing the square error of the network’s output [21]. The BP–ANN model
typically consists of an input layer, one or more hidden layers, and an output layer. In this
work, one of the three-layer BP–ANN models were established for optimum preparation
parameters, and the other for optimal adsorption conditions, respectively, and they were
both established by MATLAB R2018b.

To optimize the preparation conditions of MCB, a BP–ANN model was established,
whose quantities of neurons in the input layer and output layer were three and one, re-
spectively. The input variables were PT, HT, and iron content, while the output variable
was adsorption capacity. In order to explore the optimal reaction conditions of Cd(II)
adsorption by MCB, another BP–ANN model was established. The number of neurons in
the input layer was five, and the input parameters were dosage, pH, initial concentration,
temperature, and time; the output parameter was the removal rate of Cd(II). The selec-
tion formula of the optimal number of neuron nodes in both hidden layers is shown in
Equations (1)–(3) [27].

I < n − 1 (1)

I <
√

m + n + α (2)

I = log2 n (3)

where n represents the number of neuronal nodes in the input layer, I represents the number
of neuronal nodes in the hidden layer, m represents the number of neuronal nodes in the
output layer, and α represents a constant between 0 and 10.

In this work, the data were selected as a training data group (Training), a verification
data group (Verification), and a test data group (Test) according to the proportion of 75%,
15%, and 15%, respectively. The BP–ANN models were accepted when their correlation
coefficients were higher than 0.95.

2.5. Adsorption Experiments

To obtain the MCB, 1 g·L−1 of the various magnetic CM biochar was added into Cd(II)
solution, respectively (20 mL, 100 mg·L−1). And in the following adsorption experiment,
MCB was used as an adsorbent to explore the optimal reaction conditions and adsorption
mechanism of Cd(II). To obtain the optimal reaction conditions, different dosages of MCB
(0.5, 1, and 1.5 g·L−1) were placed in Cd(II) solutions with different initial concentrations
(50, 100, and 150 mg·L−1) and pH (5, 7, and 9), respectively.

For the adsorption kinetics, the MCB (1 g·L−1) was added into the Cd(II) solution
(20 mL, 100 mg·L−1). After the set adsorption time, the supernatants were collected to
quantify the residual content of Cd(II). For isotherm studies, the MCB (1 g·L−1) was added
to a series of Cd(II) solutions (100–1000 mg·L−1). For the effect of pH on adsorption, the
MCB (1 g·L−1) was added into different solutions (pH = 1, 3, 5, 7, 9, and 11). The calculation
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of adsorption capacity was presented in Text S1. All experiments were repeated three times,
and the data were averaged with the actual data of the three times.

2.6. Analysis Methods

The elemental composition of biochar was analyzed with an elemental analyzer (EA)
(Elementar Vario EL cube, Langenselbold, Germany). The morphology was analyzed with
scanning electron microscopy (SEM) at 5 kV (Mira LMS, Tescan, Brno, Czech Republic). The
SSA of biochar was detected by N2 adsorption isotherms at 77 K using a Micropore Analyzer
(ASAP 2460, Micrometrics, Norcross, GA, USA). The crystal structure was characterized
by X-ray diffractometry (XRD) (D8 Advance Sox−l, Bruker Co., Ltd, Billerica, MA, USA),
and all samples were scanned over the region of 10–80◦. The electron binding energy and
elemental valence were analyzed using X-ray photoelectron spectroscopy (XPS) (K–Alpha,
Thermo Scientific, Waltham, MA, USA). The functional groups were qualitatively examined
using a Fourier transform infrared spectrometer (FTIR) (Niolet iN10EA, Thermo Scientific).
The contents of the elements in the solutions were determined by inductively coupled
plasma mass spectrometry (ICP) (Thermo Fisher–X series, Waltham, MA, USA).

3. Results and Discussion

3.1. Preparation Conditions Optimization
3.1.1. RSM Analysis

Experimental factors were summarized in Table S1, and the actual values of adsorption
quantity were summarized in Table S2. According to the results obtained by the regression
analysis (Table S3), the R squared (R2) was calculated as 0.9620, indicating the model was
significant. The p-value and F-value were 0.0004 (significant) and 1.75 (not significant),
respectively, indicating the model was valid [20]. Shown in Equation (4), there was a
quadratic polynomial equation of the relationship between the response value and the
three experimental parameters:

Y = 73.7295 + 0.02475 X1 + 0.22355 X2 + 28.9042 X3 + 8.9262 X1 X2 + 0.2112 X2
X3 − 8.07 X1 X3 − 2.93 X1

2 − 1.02 X2
2 − 261.45 X3

2 (4)

As the mutual effects between variables according to Equation (4), the relationships be-
tween the response value and the three parameters can be represented by the contour maps.
The two-dimensional contour maps and three-dimensional response surfaces obtained
by RSM were presented in Figure 2. The adsorption capacity was sensitive to the three
parameters. Within a certain range of PT (<600 ◦C), the increase in adsorption capacity of
the various magnetic CM biochar could be seen with the increasing PT. This indicated that
the increasing PT promoted the SSA of biochar, which provided potential adsorption sites
for Cd(II) [28]. Accordingly, the increasing PT may improve the physical adsorption effect
of magnetic CM biochar via pore–filling. Nevertheless, the adsorption capacity was weak-
ened when the PT was higher than 600 ◦C, which may be because the complexation ability
was weakened. The high PT can effectively attenuate the existence of oxygen-contained
functional groups [29]. Meanwhile, as shown in Figure 2f, the contour plot tended to a
circle, indicating the interaction between PT and iron content might be negligible [30]. Ac-
cording to the analysis of two-dimensional contour maps and three-dimensional response
surfaces, the optimal strategy for preparing MCB, the adsorbent for Cd(II), can be derived.
Considering the adsorption capacity for Cd(II) and preparation efficiency, the optimum
parameters were procured as follows: PT = 600 ◦C, HT = 160 ◦C, and iron content = 10 wt%.
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Figure 2. Duel effect on Cd(II) removal rate, Normal Plot of Residuals, and Predicted vs. Actual
values: response surfaces (a,c,e), contour plots (b,d,f), Normal Plot of Residuals (g), and Predicted
vs. Actual values (h). Experimental conditions: [initial concentration of Cd(II)] = 100 mg·L−1,
[dosage] = 1 g·L−1, [time] = 24 h, [temperature] = 25 ◦C.

10



Processes 2023, 11, 2295

3.1.2. BP–ANN Model

The Levenberg–Marquardt training algorithm was used in the training of the data set,
and the Training of the BP–ANN model was done until the error between the experimental
and predicted values of responses reached the minimum. The weights and biases were
all together known as neural network parameters. The trained model was validated via
Validation (experimental data that were not used for training). The development of the
BP–ANN model was carried out by dividing the data set into three groups: 70% for
Training, 15% for Testing, and 15% for Validation. The weight values of the synaptic joints
between the input and hidden layers, and that between the hidden and output layers, were
calculated by well versed BP–ANN model for optimization.

The BP–ANN model used in this study (Figure 3a) had three input parameters (PT, HT,
and iron content) and one output parameter, and the number of neurons varied from two to
ten for the hidden layer. The Training, Validation, and Test showed that the BP–ANN model
fitted well (R2 > 0.9); thus, the accepted function had a great correlation coefficient between
the target and simulated output values in Training, Validation, and Test (Figure 3d–g). The
BP–ANN model tended to be stable at epoch 4, and the model had both a quick contingency
speed and good stability.

Figure 3. BP–ANN model of experimental data. Architecture of the BP–ANN model (a), error
convergence curve during the iteration training of BP–ANN model (b), comparison between the
output of BP–ANN model and the measured value (c), correlation between the experimental
and simulated rate of removal during BP–ANN Training, Test, and Validation by magnetic CM
biochar (d–g).
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3.2. Reaction Conditions Analysis
3.2.1. RSM

Experimental factors were summarized in Table S1, and the actual values of adsorption
quantity were summarized in Table S4. Similarly to the previous analysis, the R2 was
0.9924, and the p-value and Lack of Fit of the model were <0.0001 and 102.1500, respectively,
indicating that the model was valid. In this RSM model, the values of Adeq Precision and
C.V.% were 37.83 and 0.25%, respectively. Thus, the RSM model could also fit the data
well (Table S5). The mathematical relationships between the response value and the three
experimental parameters can be quantified by the following formula, Equation (5).

Y = 95.64 + 1.5 X1 + 1.99 X2 − 0.51 X3 (5)

The two-dimensional contour maps and three-dimensional response surfaces obtained
by RSM model were presented in Figure 4. The removal rate of MCB was strongly sensitive
to pH and dosage, while the initial concentration had little effect. According to RSM model,
the optimal reaction conditions could be worked out. Considering the removal rate of
Cd(II), the optimal reaction conditions were procured as follows: Dosage = 1 g·L−1, pH = 7,
and initial concentration = 100 mg·L−1.

3.2.2. BP–ANN Model

The BP–ANN model used in this study (Figure 5a) had five input parameters (dosage,
pH, initial concentration, temperature, and time), one hidden layer with five neurons,
and one output parameter. The BP–ANN model fitted well (R2 > 0.9); thus, the accepted
function had a great correlation coefficient between the target and simulated output values
in Training, Validation, and Test (Figure 5d–g). The BP–ANN model tended to be stable
at epoch 21; hence, the BP–ANN model used in this work had both a quick contingency
speed and good stability [31].

3.3. Comparison of the Developed RSM and BP–ANN Models

The performances of the RSM and BP–ANN models were compared using statistical
parameters, such as R2 and root mean square error (RMSE). For exploring the optimum
preparation conditions of MCB, it can be seen from Table S6 that the BP–ANN model had a
higher R2 value and lower RMSE value compared to those of the RSM model (0.98 vs. 0.96
and 1.13 vs. 4.17). This indicated that the BP–ANN model had better-predicting ability than
the RSM model for the investigation of optimum preparation conditions. For exploring
the reaction conditions, both models had a good fitting effect for their R2 values, both
0.99, while the BP–ANN model had a lower RMSE value compared to the RSM model
(1.02 vs. 5.90).

As shown in Figure 6, the experimental values were plotted against the predicted
values of the RSM model and BP–ANN model. It can be seen that the BP–ANN model
performed better than the RSM model in exploring the optimum preparation conditions
and reaction conditions. In terms of data fitting, the BP–ANN model fitted slightly better
than the RSM model. In addition, in terms of fitting speed, the BP–ANN model achieved
stability with a few cycles. Thus, the BP–ANN model had the dual advantages of faster
fitting speed and higher precision. In the aspect of data prediction, the BP–ANN model
had a better effect than the RSM model. When the number of BP–ANN data was sufficient,
they can often present a better fitting and prediction effect than the RSM model. However,
in this paper, the amount of data was 30 groups and 40 groups, respectively, indicating that
the BP–ANN model can achieve better fitting and prediction results than the RSM model
even with a small amount of data.
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Figure 4. Duel effect on Cd(II) adsorption quantity, Normal Plot of Residuals, and Predicted vs.
Actual values: response surfaces (a,c,e), contour plots (b,d,f), Normal Plot of Residuals (g), and
Predicted vs. Actual values (h). Experimental conditions: [time] = 24 h, [temperature] = 25 ◦C.
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Figure 5. BP–ANN model of experimental data. Architecture of the BP–ANN model (a), error
convergence curve during the iteration training of BP–ANN model (b), comparison between the
output of BP–ANN model and the measured value (c), correlation between the experimental and
simulated rate of removal during BP–ANN Training, Test, and Validation by MCB (d–g).

Figure 6. Comparison of the performances of the BP–ANN and RSM models. RSM (a) and
BP–ANN (b) models for optimum preparation conditions, RSM (c) and BP–ANN (d) models for
optimal reaction conditions.
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3.4. Characteristics
3.4.1. Morphological Analysis

The basic elements of MCB were analyzed using an elemental analyzer. The carbon
content was 51.41%, the oxygen content was 29.09%, the hydrogen content was 1.38%, and
the nitrogen content was 0.55%. The H/C ratio was used to characterize the aromaticity of
the adsorbent, and the O/C ratio was employed to gauge the level of carbonization [32].
Generally, the H/C ratio of CM biochar is 0.93 normally, while the MCB featured better aro-
matic and hydrophilic properties (0.93 vs. 0.03), which indicated that the MCB may have a
better adsorption effect [33]. Moreover, the O/C ratio of MCB was 0.57, thus, the functional
groups with oxygen were prevalent on the surface of MCB, which promoted adsorption.

The SSA of MCB was 37.43 m2·g−1 and the average pore size of MCB was 11.02 nm.
The iron oxides loaded on the surface of MCB made the surface of the biochar rougher,
so the SSA of MCB is larger than that of biochar without modification. A larger SSA
may provide more opportunities for biochar to come into contact with Cd(II), result-
ing in enhanced physical adsorption capacity. The average pore size of MCB was small
(11.02 nm), which may be because the iron oxides occupied part of the porous structure of
MCB. Compared with the iron–modified rice straw biochar (8.28 m2·g−1, 25.83 nm) [34], the
MCB prepared in this work had larger SSA and less pore size, which meant that MCB may
have more excellent physical qualities. Moreover, the N2 adsorption–desorption isotherms
and pore size distribution curve were shown in Figure S1.

The SEM and SEM–EDS imagines of MCB were shown in Figure S2. There was
porous tubular and carbon skeleton morphology in MCB via the scanning of the electron
microscope, which may be formed from the straw fiber. Part of the carbon structure in
MCB collapsed after 600 ◦C pyrolysis, while part of the carbon skeleton was still retained,
which may be because the residence time of pyrolysis was only one hour. The surface of
the MCB was slightly rough, and the retained carbon skeleton of MCB provided the basis
for the physical adsorption including the pore filling of MCB.

The SEM–EDS images showed that the MCB was successfully loaded with Fe; thus,
these images confirmed the conclusion in EA, that the content of Fe was high, achieving
78.51%. In addition, SEM–EDS images also showed that Fe existed in some microporous
structures. Moreover, the MCB also contained abundant Ca and Mg, which were evenly
distributed on the surface of the carbon skeleton of MCB.

3.4.2. XRD and FTIR Analysis

The XRD spectra of MCB was shown in Figure 7a. The analysis of XRD spectra was ap-
plied to determine the existence of crystalline minerals and analyze their structure of MCB.
The fluctuating peaks of the typical amorphous carbon and graphite carbon structures were
about 22◦ and 44◦, respectively, and these peaks were common in biochar characteriza-
tion, indicating that MCB belonged to biochar material [35]. But the amorphous carbon
structure of MCB disappeared for the disappearance of these characteristic peaks, which
indicated that the modification substantially changed the carbon structure in MCB [10].
This conjecture was mutually corroborated the SSA and SEM–EDS imagines mentioned
above, and the modification affected the physical and chemical properties of MCB, then
affected its adsorption of Cd(II). The Fe3O4 (PDF#89–2355) and Fe2O3 (PDF#87–1166) were
loaded on MCB (Figure 7a), indicating the iron was loaded onto the MCB and the MCB
was magnetic. The Fe0 had strong reducibility and the peak at 2θ = 45◦ indicated Fe0 was
loaded on MCB, which indicating the MCB was reductive slightly, and REDOX reaction
may occur during the adsorption. Once the metal was loaded on MCB, the loaded metal
would grow as the prominent active site, moreover, the doped heteroatom could work as
active sites or induce other Lewis base sites on MCB to promote the catalysis process [36];
thus, modification may increase the number of active sites of MCB available and enhance
the ability to adsorb Cd(II).
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Figure 7. XRD and FTIR spectra of MCB (a,b) and Cd(II)–loaded MCB (c,d).

The MCB contained abundant Ca and Mg, which were evenly distributed on the
surface of the carbon skeleton of MCB (Figure S2), and XRD spectra also confirmed the
presence of metallic compounds on the surface of MCB (Figure 7a). The peaks indicated
the presence of CaCO3 (PDF#41–1475), Mg3(PO4)2 (PDF#75–1491), and Mg3Ca(CO3)4
(PDF#14–0409). These metal salts would react interfacially with Cd(II) in the solution on the
surface of MCB, and the metal elements in the metal salts may be precipitated and undergo
replacement reactions with the Cd(II) [37], resulting in substances with less solubility, such
as CdCO3 and Cd3(PO4)2. Namely, Cd(II) may be removed via ion–exchange by MCB.
Moreover, the MCB contained SiO2 (PDF#45–1045), which corresponded to the results
of EA.

FTIR spectra of MCB was shown in Figure 7b. The functional groups in MCB included
–OH (3400 cm−1), C=O (1735 cm−1), Si–O–Si (873 cm−1), and C–O–C (1099 cm−1). The
modification also affected the carbon structure of MCB. After the Fe modification, the peaks
of –CH2 (2921 cm−1), C–O, and –CH (946 and 873 cm−1) in MCB were changed, thus,
the modification may affect the carbon–containing functional groups. Though stretching
vibrations of the aromatic C–C ring in MCB were retained after modification, the aromatic
structure weakened due to Fe having invaded the carbon structure [38]. After modification,
Fe–O (470–669 cm−1) and FeOOH (3340 cm−1) had been detected in MCB [39,40], which
once again confirmed that iron was successfully loaded onto MCB. The vibration peaks at
927 and 786 cm−1 were the aromatic and hetero–aromatic structure, respectively, which
provided pi electrons. As the pi electrons had a potential advantage to capture heavy metal
ions, MCB had the potential to adsorb Cd(II) via π bonds. The vibrational transitions in the
1094–1182 cm−1 region were due to P=O and P–O stretching vibrations of the P–O–P and
P=O–OH groups, and those in the 900–926 cm−1 region were ascribed to the asymmetric
stretching of the P–O–P group [41], and this result was consistent with the results of XRD
spectra analysis above, that MCB contained phosphate compounds.
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3.4.3. Magnetic Properties

The hysteresis loop was used to characterize the response of magnetic materials, and
the hysteresis loop of the MCB was displayed in Figure S3. The saturation magnetization
value of the MCB was 12.8 emu·g−1, which indicated that MCB can be rapidly magnetically
separated from solution in a magnetic field environment.

3.5. Batch Experiments
3.5.1. Adsorption Kinetics and Isotherms

The fitting results were shown in Table S7 and Figure S4. The R2 of the pseudo-
first-order model (PFO), pseudo-second-order model (PSO), Elovich model, and internal
diffusion model fitting for the adsorption of Cd(II) on MCB were 0.9848 (Figure S4a),
0.9999 (Figure S4a), 0.7268 (Figure S4c), and 0.9050 (Figure S4b). Thus, the PSO predicted
the adsorptions of Cd(II) well, while the Elovich model could not fit the adsorption well.
Moreover, the internal diffusion was not the sole rate-determining factor for the C = 8.6288
in the fitting results of the internal diffusion model. In short, the kinetic studies showed that
the PSO could fit the experimental data well, which suggested that the Cd(II) adsorption
by MCB was mainly based on chemisorption [42].

The R2 of the Langmuir model and Freundlich model fitting for the adsorption of
Cd(II) were 0.9956 and 0.9910 (Figure S4d). By comparing the R2 values of the two models,
the results showed that the Langmuir model better illustrated the interaction between MCB
and Cd(II). The results implied that the absorption of MCB on Cd(II) was unimolecular [42],
and the adsorption capacity was 612.43 mg·L−1.

To sum up, the PSO and Langmuir models fit the adsorption process of Cd(II) on MCB
better, and adsorption capacity was 612.43 mg·L−1, indicating the Cd(II) adsorption by
MCB was mainly based on chemisorption, and was unimolecular.

3.5.2. Adsorption Mechanisms

As shown in Figure S5, pH was also an important index affecting the adsorption effect
of Cd(II) by MCB. With the pH of 3 and 5, the adsorption capacity was 62.4 and 85.4 mg·g−1,
respectively. When the reaction solution was acidic, the adsorption effect was poor, and
the stronger the acid, the worse the adsorption effect. On the contrary, with the pH of 9
and 11, the adsorption capacity was 97.3 and 99.5 mg·g−1, respectively. The form of Cd(II)
in different pH reaction solutions may be varied. When pH ≤ 6, there were ions in a free
state, like Cd2+, and when pH was 6–9, there were ions existed in the form of Cd2+ and
Cd(OH)2, while when pH ≥ 9, there were ions mainly existing in the form of Cd(OH)2.
When pH ≤ 3, there was electrostatic repulsion between MCB and Cd(II) for the surface
of MBC was positively charged when the pH value of the Cd(II) solution was less than 3.
Moreover, there was a lot of H+ in the acidic solution, and the H+ would compete with
Cd(II) for adsorption sites on the surface of MCB, which reduced the adsorption effect.

The SEM and SEM–EDS imagines of Cd(II)-loaded MCB were shown in Figure S6,
and the XRD spectra and FTIR spectra of Cd(II)-loaded MCB were shown in Figure 7.
Compared with the MCB (Figures S2a and S6a), some pore structures of Cd(II)-loaded
MCB were blocked with small solid agglomerates, which were also attached to the biochar
skeleton. It was speculated that these solid agglomerates were the chemical precipitation
of Cd(II). The EDS confirmed that the particles on biological carbon were Cd(II)-contained
substances. These results indicated that MCB may adsorb Cd(II) via pore filling. As shown
in Figure S6c,f, compared with the MCB, the presence of Cd(II) on the MCB surface suggests
that the MCB had successfully loaded Cd(II) after absorption. According to the SEM–EDS
imagines, Cd(II) was evenly distributed on the surface of Cd(II)-loaded MCB, and the
distribution of Cd(II) was related to the distribution of Fe on the surface, indicating that the
iron oxide on the surface of MCB may play a part in the adsorption on Cd(II).

As shown in Figure 7c, comparing the biochar before adsorption, the XRD spectra
of Cd(II)-loaded MCB showed new peaks, such as CdCO3 (PDF#42–1342), Cd3(PO4)2
(PDF#72–1959), and Cd(OH)2 (PDF#20–0179), determining that Cd(II) may be removed via
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co–precipitation and ion-exchange. Moreover, iron oxides loaded on MCB also reacted with
Cd(II) to form CdFe2O4 (PDF#22–1063). Figure 7d showed the FTIR spectra of Cd(II)-loaded
MCB. The broad peak band from 630 to 750 cm−1 was mainly metal oxygen-containing
functional groups, such as Fe–O, while after Cd(II) adsorption, these broad peak bands
mentioned above decreased, indicating that Cd(II) reacted with the oxygenic groups.
After Cd(II) adsorption, the intensity of peaks at 1573, 1398, 1029, 981, and 800–700 cm−1

changed slightly, which indicated that C=C, C=O, C–O, and other groups participated in
the adsorption reaction, which determining qualitatively that cation–π interaction existed
in the adsorption [43].

The XPS spectra were displayed in Figure S7. The C 1s fine spectrum of the sample
consisted of three peaks, C–C (284 eV), C–O–C (286 eV), and O–C=O/C=O (289 eV). While
after adsorption, the peaks of C 1 shifted, which indicated the structure changed after
adsorption, and oxygen-contained functional groups made a contribution to the Cd(II)
adsorption. The peak positions for Cd 3d were 406 and 414 eV, whose percentages were
47.6 and 52.4%, respectively. There was no REDOX reaction involved for the valence of
Cd(II) did not change. Combined with the XRD analysis mentioned above, Fe(II) and Fe(III)
compounds were loaded on the surface and their contents were 73.4 and 26.6%, respectively.
As shown in Figure S7b, the peak positions for Fe 2p were 710, 711, 717, 723, and 725 eV.
The Fe 2p peaks were changed after absorption, showing that presence of Cd(II) caused
the variation in Fe 2p. Besides, compared with Fe 2p before adsorption (Figure S8), the
contents of Fe0 and Fe2+ loaded on Cd(II)-loaded MCB decreased, thus, Fe0 and Fe2+ may
were oxidized during the absorption. The Fe(III) loaded on MCB interacted with the anions
(such as carbonate and phosphate) exited from MCB. The hydrolysis of Fe(III) made the
solution acidic, and H+ replaced Mg(II) in MCB, resulting in that a Si–O–Mg–O–Si group
broke down into two Si–OH groups, so a large number of Si–OH groups were generated
on the surface of MCB [43]. Moreover, the Si–OH group can have the following surface
coordination adsorption with Cd(II) [44]. The reaction process was shown in Equation (6)
to Equation (8).

SiOH + Cd2+ → SiOCd+ + H+ (6)

2SiOH + Cd2+ → (SiO)2Cd + 2H+ (7)

SiOH + Cd2+ + H2O → SiOCdOH + 2H+ (8)

After adsorption, the characteristic peak of Fe3O4 (30.1◦) was still observed, while
the characteristic peak of Fe0 disappeared, indicating that Fe loaded on MCB was
oxidized [45,46], which was shown as Equation (9) to Equation (12).

Fe0 → Fe(OH)2 → Fe3O4 → (γ-Fe2O3) (9)

2Fe0 + 4H++ O2 → 2Fe2+ + 2H2O (10)

Fe2+ + H2O → Fe3+ +1/2H2 + OH− (11)

Fe3+ + 3OH− →Fe(OH)3 (12)

To sum up, the adsorption was dominated via chemisorption with the mechanisms
of ion-exchange, electrostatic attraction, pore-filling, co-precipitation, and formation of
complexations (Figure 8).
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Figure 8. Surface interaction between Cd(II) and MCB functional materials.

4. Conclusions

In this work, MCB was prepared via cow manure, and employed for Cd(II) removal.
PT, HT, and iron content are the key factors of MCB preparation, while the optimal con-
ditions were obtained by the RSM method as 160 ◦C for HT, 600 ◦C for pyrolysis, and Fe
loading with 10 wt%, and experimental parameters were optimized as 1 g·L−1 for dosage,
7 for pH, and 100 mg·L−1 for initial concentration. The BP–ANN model fit better than
the RSM model, with lower error values. The constructed BP–ANN model overcame the
shortage of large amounts of data training to achieve high precision, demonstrating better
contingency and stability. As for thermodynamics, the PSO and the Langmuir model
could better mimic the surface interactions between Cd(II) and MCB. The adsorption was
dominated by chemisorption with the mechanisms of ion-exchange, electrostatic attraction,
pore-filling, co-precipitation, and formation of complexations. All these results demon-
strated the potential of cow manure as feasible biomass feedstock for functional materials
preparation and wastewater purification.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr11082295/s1, Text S1: Calculation of adsorption capacity;
Table S1: Variables and experimental conditions for RSM; Table S2: BBD experimental design with
the actual values of adsorption quantity with different biochar; Table S3: ANOVA for response
surface quadratic model; Table S4: BBD experimental design with the actual values of adsorption
quantity under different reaction conditions; Table S5: ANOVA for response surface quadratic model;
Table S6: Comparison of the statistical parameters of ANN and RSM models for the various re-
sponses; Table S7: Fitting parameters of kinetic model and isotherm model of Cd(II) absorption;
Figure S1: N2 adsorption–desorption isotherms and pore size distribution curve; Figure S2: SEM
(a and b) and SEM–EDS imagines of MCB (c – f); Figure S3: Magnetic hysteresis loop of MCB;
Figure S4: Fitting–figures of PFO, PSO (a), internal diffusion model (b), Elovich model (c), and
isotherms (d) for the adsorption of Cd(II) on MCB. Experimental conditions: [initial concentra-
tion of Cd(II)] = 100 mg· L−1, [dosage] = 1 g·L−1, [time] = 24 h, [temperature] = 25 °C; Figure S5:
The effect of pH for adsorption Cd(II) by MCB. Experimental conditions: [initial concentration of
Cd(II)] = 100 mg· L−1, [dosage] = 1 g·L−1, [time] = 24 h, [temperature] = 25 °C; Figure S6: SEM–EDS
imagines of Cd(II)–loaded MCB; Figure S7: XPS spectrums of Cd(II)–loaded MCB; Figure S8: XPS Fe
2p spectrum of MCB.
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Abstract: The annual discharge (6–7 million tons per year) of Chinese medicine industry waste
(CMIW) is large and harmful. CMIW with a high moisture content can be effectively treated by
hydrothermal carbonization (HTC) technology. Compared with CMIW, the volume and number
of pores of the prepared hydrochar increased significantly after alkali etching (AE), and they had
abundant oxygen-containing functional groups. These properties provide physical and chemical
adsorption sites, improving the adsorbent activity of the alkaline etching of Chinese medicine industry
waste hydrochar (AE-CMIW hydrochar). However, few studies have investigated the adsorption of
organic dyes and heavy metals in mixed solutions. This study proposed a method of coupling HTC
with AE to treat CMIW and explored the potential of AE-CMIW hydrochar to remove metal ions and
organic dyes from mixed solution. We analyzed the removal rates of metal ions and organic dyes by
the adsorbents and investigated their differences. The results showed that the lead ion, cadmium ion,
and methylene blue could be efficiently removed by AE-CMIW hydrochar in a mixed solution, with
removal rates of more than 98%, 20–57%, and 60–80%, respectively. The removal rates were different
mainly due to the various electrostatic interactions, physical adsorption, differences in the hydrating
ion radius of the metal ions, and functional group interactions between the AE-CMIW hydrochar
and the lead ion, cadmium ion, and methylene blue. This study provides a technical method for
preparing multi-pollutant adsorbents from CMIW, which enables efficient utilization of organic solid
waste and achieves the purpose of treating waste with waste.

Keywords: chinese medicine industry waste; hydrothermal carbonization; alkali etching; multi-pollutant
adsorbent; treating waste with waste

1. Introduction

The annual output of Chinese medicine industry waste (CMIW), a type of organic solid
waste containing many bacteria, is huge [1]. It can reach six to seven million tons per year [2–4].
The unreasonable disposal of CMIW causes environmental pollution and ecological damage
and threatens human health [5]. The Ministry of Ecology and Environment of the People’s
Republic of China promulgated the Law of the People’s Republic of China on the Prevention
and Control of Environmental Pollution by Solid Waste, which stated that the prevention
and control of environmental pollution by solid waste should adhere to the principles of
reduction, recycling and harmless treatment [6]. In the European Union countries, the
waste management system presupposes an integrated system of various aspects: social,
economic, regulatory, managerial, technical. The new edition of the Environmental Code
of the Republic of Kazakhstan on 2 January 2021 indicated that the level of this country’s
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waste management is closer to international standards [7]. The microbes in CMIW can
be killed by heat treatment. The CMIW can be converted into carbon material after high-
temperature treatment, which is a method for efficient resource utilization of CMIW. The
heat treatment of organic solid waste usually includes pyrolysis, baking, and hydrothermal
carbonization (HTC). The moisture content of CMIW is high, and pre-drying is required if
CMIW is treated by pyrolysis and baking, which can increase the overall operational cost.
HTC is a thermochemical process in a wet medium that can effectively treat organic solid
waste with high moisture content, such as CMIW [8,9]. Studies have shown that HTC is
a promising technique for converting organic solid waste into hydrochar, which can be
used as a fuel, adsorbent, catalyst, and others [10–12]. Hydrochar has porous structures
and abundant surface functional groups, which also depend on the feed-stock and treatment
conditions [13,14]. Studies have shown that hydrochar can be effectively applied to use in
wastewater treatment in a wide variety of pollutants including heavy metals and dyes [15–17].
Studies have shown that alkali etching (AE) can increase the porosity of hydrochar [18].
This phenomenon happens because the energized element particles (K+ and Na+) of basic
activators (e.g., KOH and NaOH) generated by absorbing heat energy can penetrate the
carbon structure of the hydrochar and further promote the development of pores [19].

Organic dyes and heavy metals are common toxic and harmful pollutants in the
wastewater of the printing, paper-making, leather, textile, and cosmetic industries [20],
mainly because many heavy metals (particularly cadmium) are used as mordants in the
dyeing process in these industries. Organic dyes have complex and special structural
properties and are difficult to degrade using strong oxidants [21]. The accumulation of
organic dyes in organisms can easily cause gene mutations and accumulation in the envi-
ronment, leading to the deterioration of water quality [22]. Heavy metals are highly toxic
and carcinogenic [23], can accumulate in living organisms through the food chain, and are
difficult to be eliminated from the body through metabolism [24]. These multiple pollutants
in wastewater cause great harm to the ecosystem and human health. Therefore, there is an
urgent need to develop efficient pollutant removal methods. Removal methods include
ultra-filtration, photo-catalytic reduction, reverse osmosis, and adsorption [25–29], among
which adsorption is the most convenient, efficient, and low-cost method [30]. Scholars have
focused on removing a single pollutant in wastewater using the adsorption method [31–34].
Little research has been conducted on organic dyes and heavy metals simultaneously. Stud-
ies have shown that organic dyes or heavy metals can combine with the functional groups
of adsorbents through electrostatic, chelation, and π–π interactions [23,35]. Therefore, com-
petitive adsorption relationships exist between organic dyes and heavy metals in the same
environment, leading to challenges in wastewater treatment due to the coexistence of heavy
metals and organic dyes. Therefore, exploring an environmentally friendly adsorbent that
can efficiently adsorb both organic dyes and heavy metals is necessary.

This study proposed an innovative method of coupling HTC with AE to treat CMIW.
After this treatment, the CMIW formed porous structures and rich functional groups,
making AE-CMIW hydrochar with both physical and chemical adsorption sites. Thus,
CMIW might be advantageous as a raw material for the adsorbents of multiple pollutants.
This study investigated the potential of the prepared AE-CMIW hydrochar as an adsorbent
for multiple pollutants and the differences in the adsorption of multiple pollutants. The
surface morphology and functional groups were analyzed using the Brunauer–Emmet–
Teller (BET) model, scanning electron microscopy (SEM), and Fourier transform infrared
spectroscopy (FTIR). The adsorption properties of the AE-CMIW hydrochar on lead ion
(Pb2+), cadmium ion (Cd2+) and methylene blue (MB) were measured. Subsequently, the
differences in the adsorption characteristics and kinetics of the AE-CMIW hydrochar on
multiple pollutants in the mixed solution were investigated. This study made an organic
solid waste such as CMIW achieve efficient resource utilization and treat multiple pollutants
in wastewater. Therefore, this research is a resource utilization model for organic solid
waste treatment.
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2. Materials and Methods

2.1. Experimental Material

CMIW was obtained from pharmaceutical factories in Jinan, Shandong Province,
China. They consist of a variety of traditional Chinese medicine residues, which mainly
included Radix Glycyrrhizae residues, Panax notoginseng residues, Radix Isatidis residues
and residues of Huoxiang Zhengqi Liquid. Their main components were crude fibre, crude
fat, crude protein, amino acids, polysaccharide, starch, saponins, inorganic elements, total
organic matter and total organic carbon. A multiple-component solution was prepared
using methylene blue (MB; C16H18N3SCl), Pb(NO3)2 and Cd(NO3)2 4H2O for MB macro-
molecules, Pb2+ and Cd2+, respectively. All chemicals were of analytical grade, and no
further purification was required. Deionized water was used for solution preparation and
dilution to the desired concentration of 100 mg/L to mimic pollutant concentrations in
industrial effluents.

2.2. Hydrothermal Carbonization and Alkali Etching

HTC of CMIW was performed using an autoclave reaction kettle (Parr 4848; Parr
Instrument Co., Moline, IL, USA). Nitrogen was pumped into the reactor five times to
drain air into the kettle. The temperature of the reactor was controlled using a proportional
integral derivative (PID) controller [36]. The pressure was generated by self-boosting, and
it could reach 2–4 Mpa in the kettle. In the HTC experiments, 100 g of CMIW (~70% w.t.)
and 300 mL of deionized water were mixed in a reaction kettle and auto-stirred at a rate of
400 rpm [37]. The temperature in the reaction kettle was set to 200, 230 or 260 ◦C at the rate
of 3–5 ◦C/min and then maintained at a constant temperature for 1, 2, and 4 h, respectively.
After HTC, the hydrochar was separated from the mixture via vacuum filtration. The
hydrochar was dried at 40 ◦C for 24 h for further analysis. Subsequently, a concentration
gradient series of aqueous KOH solutions was prepared, and AE was conducted at a
1:15 (w/v) hydrochar/KOH solution ratio. The conditions of HTC coupled with AE are
denoted as AEHTC A-B-C in the figures and tables, where A is the temperature (◦C), B is
the duration (h), and C is the alkali concentration (mol/L).

2.3. Analytical Method

Hydrochar surface morphologies were determined with a ZEISS SUPRA 55 field
emission scanning electron microscope (SEM, Carl Zeiss Co., Ltd., Oberkochen, Germany)
at 30 kV acceleration voltage. Prior to analysis, the samples were mounted on a stub and
sputter coated with gold [38]. The specific surface area (SBET) was calculated using the
BET method, whereas the micro-pore and mesopore volumes were calculated using the
Barrett–Joyner–Halenda model. The N2 adsorption–desorption isotherms were plotted
with a BK100 specific surface area and aperture synchronous analyzer (Beijing Jingwei
Gaobo Science and Technology Co. Ltd., Beijing, China) at 77 K and using N2 as the
analytical gas. Before the measurement, all samples were degassed at 100 ◦C for 12 h to
remove physisorbed water and impurities. The powder sample was uniformly adhered
to the conductive tape. The acceleration voltage of the instrument was 0.02–30 kV, and
the amplification factor was 20 K [39]. The surface element compositions of the hydrochar
samples were analyzed using a matching Energy Dispersive Spectrometer (EDS, Carl Zeiss
Co., Ltd., Oberkochen, Germany). The scans with Cu Kα radiation source were in the range
of 10–70 (2θ).

The functional groups were analyzed using a Spectrum 400 Fourier infrared spectrom-
eter (Thermo Nicolet Corp., Waltham, MA, USA). The sample and KBr were dried and
mixed in a ratio of 1:100. Then, they were ground with a mortar and mixed thoroughly.
The mixture was laminated for infrared spectral analysis. The infrared spectrum range was
set as 4000–400 cm−1, and the resolution was set as 4 cm−1. The infrared spectral image of
the sample was taken by a Merlin small cold field emission scanning electron microscope
at 1 kV [37].
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The isopotential point (pHIEP) of the hydrochar in an aqueous environment was tested
using a zeta potential analyzer (Malvern Zetasizer Nano ZS90, Arkansas, USA). The pHIEP
of hydrochar samples was determined by measuring the initial and final solution pH values.
The initial solution pH was varied in the range of 2–10 in intervals of 2 by using 0.1 M HCl
and NaOH solutions. The solution (50 mL) with sample (50 mg) was vibrated for 24 h. The
pHIEP was obtained by plotting the of initial solution pH against final solution pH [40].

Hydrochar samples (0.5 g) were put into the polyfluoroethylene tube; then, they
were digested by microwave digestion (MDS-6C, SINEO) using HNO3-HCl for 1.5 h. The
residual concentrations of the heavy metals were determined using inductively coupled
plasma–optical emission spectrometry (ICP-OES, Optima 7000D, Waltham, MA, USA).
Inductively coupled plasma is a high-frequency electromagnetic field generated by a high-
frequency current through an induction coil, which ionizes the working gas (Ar) to form a
high temperature plasma with flame discharge. The default flow rate of Ar is 0.8 L/min,
and the partial pressure of Ar is maintained between 0.6 and 0.8 Mpa during operation. The
maximum temperature of the plasma is 10,000 K. The sample solution passes through the
injection capillary and then enters into the atomizer by a peristaltic pump to form aerosol.
The high temperature plasma is introduced through the carrier gas and then evaporates,
atomizes, excites, ionizes, and produces radiation. The light source passes through the
daylighting tube into the slit, the reflector, the prism, the middle step grating and the
collimator, and then forms a two-dimensional spectrum. The spectral lines fall on the CID
detector of 540 × 540 pixels in the form of light spots, and each spot covers several pixels.
A spectrometer measures elemental concentrations by measuring the number of quantal
light falling onto a pixel.

2.4. Adsorption Experiment

A mixed solution of MB, Pb2+ and Cd2+ was used to simulate the industrial wastewater.
The concentrations of the three solutes were all configured at 100 mg/L, and then, the
AE-CMIW hydrochar treated under different conditions was placed in 40 mL of the mixed
solution and oscillated at 40 rpm/min in the oscillator for 24 h until the adsorption reached
equilibrium. After adsorption, the supernatant was filtered and collected. The absorbance
of the filtrate was measured using a UV–vis spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) at a wavelength of 665 nm. Three parallel tests were performed for
each group. The removal rates of the three pollutants were calculated using Equation (1)

R =
C0 − Ce

C0
× 100 (1)

where C0 (mg/L) is the initial concentration, and Ce (mg/L) is the equilibrium of the
mixed solution.

2.5. Adsorption Kinetics Experiment

In the adsorption kinetics experiment, 100 mg of the AE-CMIW hydrochar sample
was added to separate vials containing 40 mL of a 100 mg/L mixed solution. The vials
oscillated at 40 rpm/min for 1, 2, 4, 6, 8, 10, 12, 18, and 24 h. The adsorption capac-
ities for MB and metal ions were measured and calculated. Pseudo-first-order (PFO)
and pseudo-second-order (PSO) kinetic models were employed to describe the adsorp-
tion behavior of AE-CMIW hydrochar [39]. The PFO and PSO models are expressed by
Equations (2) and (3), respectively:

qt = qe(1 − exp(−k1t)) (2)

qt =
k2qe2t

1 + k2qet
(3)
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where qe (mg/g) is the adsorption capacity at equilibrium, and qt (mg/g) is the adsorption
capacity at time t (h). k1 (h−1) and k2 (h−1) represent the kinetic adsorption rate constants
of the PFO and PSO models, respectively.

3. Results and Discussion

3.1. Pore Structure Analyses

The pore structure analyses of the AE-CMIW hydrochar are presented in Table 1.
Studies have shown that the SBET, pore size and pore volume are the indicators of the
available absorption inter-phase on the hydrochar, and they have a significant influence
on the adsorptive application and solute binding capacity of hydrochar [15,41]. The SBET
and total pore volume (Vtotal) of the AE-CMIW hydrochar increased significantly (p < 0.05)
compared with those of CMIW. The SBET increased by approximately two to three times.
The total pore volume increased approximately three to four times. The average pore
diameter of hydrochar also increased compared to that of CMIW. The increases in SBET
and Vtotal indicated that these hydrochars could be used as adsorbents to provide more
adsorption sites. With the increase in HTC temperature, the SBET decreased, and the
Vtotal and average pore diameter increased. With the increase in HTC duration, the SBET
decreased, and the average pore diameter increased. The static adsorption isotherms
and pore size distributions of the AE-CMIW hydrochar are shown in Figure 1. The static
adsorption and desorption isotherms were H3-type hysteresis rings, which showed that the
hydrochars were typical mesoporous material, and the overall hysteresis ring was relatively
narrow, indicating that the pore structure of hydrochar was the accumulation of flake
particles, with layered structure characteristics [39]. The pore size distribution diagram
showed that the pore size of hydrochar was mostly concentrated in the range of 2~10 nm.
With the increase in HTC temperature, the SBET decreased. The SBET of AEHTC 200-2-3 was
53.47 m2/g, while that of AEHTC 260-2-3 was 42.61 m2/g. When HTC temperature rose,
CMIW had more violent depolymerization reaction. Therefore, a large number of small
molecules accumulated and precipitated on the surface of hydrochars, resulting in a part of
the pore structure being blocked.

Table 1. Porous structure properties of CMIW and AE-CMIW hydrochar.

Sample SBET (m2/g) Vtotal (cm3/g)
Average Pore

Diameter (nm)

CMIW 19.121 ± 0.05 f 0.055 ± 0.01 c 11.445 ± 0.11 bc

AEHTC 200-2-3 53.466 ± 0.04 c 0.213 ± 0.03 b 14.729 ± 0.15 d

AEHTC 230-1-3 44.633 ± 0.06 e 0.225 ± 0.02 b 18.437 ± 0.13 bc

AEHTC 230-2-3 43.381 ± 0.07 b 0.226 ± 0.02 b 18.977 ± 0.10 bc

AEHTC 230-4-3 42.023 ± 0.05 a 0.225 ± 0.04 a 19.527 ± 0.09 a

AEHTC 260-2-3 42.611 ± 0.06 d 0.236 ± 0.05 a 20.056 ± 0.12 bc

a–f Means followed by different superscripts in the same column are significantly different at p < 0.05. a–f Means
followed by same superscripts in the same column are not significantly different at p > 0.05.

3.2. Surface Microstructures Analyses

Scanning electron microscopy (SEM) images of the CMIW and AE-CMIW hydrochars
are shown in Figure 2. The SEM image of CMIW showed a smooth surface. The AE-
CMIW hydrochar had rough and uneven surfaces with a coral-like morphology and
abundant pores. When the HTC temperature rose, the pressure in the reactor increased
accordingly. Then, the organic matter of CMIW would undergo a series of degradation and
depolymerization reactions. Part of the organic matter would be converted into gas or tar
and precipitated, part would be dissolved in the liquid phase in the form of small organic
molecules, and the rest would reaggregate and precipitate on the surface of solid materials.
With the assistance of AE, the hydrochars had loose porous surface structure and rough
surface morphology [42,43]. After the reactions of HTC coupled with alkaline etching, AE-
CMIW hydrochar formed new morphological feature compared with CMIW. The number
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of pores on the surface of hydrochar increased, and some spherical particles were formed.
These pore structures could provide attachment sites for heavy metals or organic dyes.
Therefore, these morphological characteristics are conducive to the adsorption of AE-CMIW
hydrochar [42].

Figure 1. N2 adsorption–desorption isotherms (a) and pore size distributions (b) of AE-CMIW hydrochar.

Figure 2. Contrast analysis diagrams of surface microstructures of CMIW and AE-CMIW hydrochar.

3.3. Functional Groups Analyses

The surface functional groups of AE-CMIW hydrochar were determined by the FTIR
(Figure 3). During the HTC reaction process, hydronium ions could effectively promote
the hydrolysis of macromolecular materials to generate various low polymers, which
would further decompose into acids, aldehydes and phenolic substances, forming various
functional groups on the surface of hydrochar materials. The peaks at 3430 and 1030 cm−1

were attributed to the hydroxyl groups (-OH) in the hydroxyl or carboxyl groups [44,45].
This peak was commonly found in alcohols and acids [46] and could also be characteristic
of cellulose [47]. The characteristic peak at 1626 cm−1 was associated with C=O stretching
vibration in the carboxyl or carbonyl groups [48]. These peaks were caused by HTC and
AE treatment. The fluctuation of 1407 cm−1 was related to O-CH3 in lignin [49]. These
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results showed that AE-CMIW hydrochar had many oxygen-containing functional groups.
They were conducive to the adsorption property of AE-CMIW hydrochar.

Figure 3. FTIR spectra of AE-CMIW hydrochar.

3.4. Adsorption Properties Analyses of AE-CMIW Hydrochar for Multiple Pollutants

The CMIW was treated by the technique of HTC coupled with AE. The effects of the
AE-CMIW hydrochar on the removal rates of MB, Pb2+, and Cd2+ in the mixed solution are
shown in Figure 4. The AE-CMIW hydrochar exhibited adsorption capacities for MB, Pb2+,
and Cd2+ in the mixed solution. The surface of the AE-CMIW hydrochar was rough and
had abundant pore structures (SEM images), which provided many sites for MB, Pb2+, and
Cd2+ to attach to the hydrochar. The SBET data of AE-CMIW hydrochar and the removal
rate of MB, Pb2+ and Cd2+ were analyzed and correlated. This has shown that the removal
rate of MB was greatly affected by the SBET of AE-CMIW hydrochar, and they showed
a relatively positive correlation. However, the removal rates of Pb2+ and Cd2+ were less
affected by the changes of SBET. Other factors may mainly affect the adsorption of Pb2+

and Cd2+ by AE-CMIW hydrochar, for example, electrostatic attraction and functional
group interactions. FTIR analysis revealed that the surface of the AE-CMIW hydrochar
contained abundant oxygen-containing functional groups [50]. These functional groups
could form complexes with MB and form coordination with heavy metal ions. In addition,
there were π–π stacking interactions, electrostatic interactions, ion exchange, and physical
functions between hydrochar and MB [51]. In contrast, the possible mechanisms of Pb2+ and
Cd2+ adsorption by hydrochar involved electrostatic attraction, metal–π interactions, ion
exchange, precipitation, and complexation [52,53]. In addition, the electrostatic attraction
was the main mechanism of Pb2+ adsorption by hydrochar. Taken together, these factors
lead to adsorption between the AE-CMIW hydrochar and MB, Pb2+, and Cd2+.

In the mixed solution, the removal rates of MB, Pb2+, and Cd2+ by the AE-CMIW
hydrochar were significantly different (p < 0.05). The removal rates of Pb2+ by the AE-CMIW
hydrochar were the highest, reaching more than 98%, and their removal rates were stable
in the different HTC coupled with AE conditions. With the increase in HTC temperature,
the removal rates of MB decreased gradually, and the removal rates of Cd2+ decreased first
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and then increased. With the increase in HTC time, the removal rates of MB increased first
and then decreased, and the removal rates of Cd2+ decreased first and then increased. The
removal rates of MB reach 60–80%. In contrast, the removal rates of Cd2+ by the AE-CMIW
hydrochar were the lowest (20–57%) among the three. In addition, the removal rates of
Cd2+ by different hydrochars were significantly different (p < 0.05). These results indicated
varied adsorption strengths of MB, Pb2+ and Cd2+ by the AE-CMIW hydrochar. That is,
the interaction force was different, and hydrochar materials have certain selectivity for the
adsorption of multiple pollutants. We explained the reasons for the adsorption differences
in detail in Sections 3.5 and 3.6.

Figure 4. Effects of AE-CMIW hydrochar on the removal rates of MB, Pb2+, Cd2+ in mixed solution.

3.5. Adsorption Difference Analyses of AE-CMIW Hydrochar for Multiple Pollutants

The adsorption strength of adsorbents is affected by many factors, among which elec-
trostatic attraction, physical adsorption, and functional group interactions (including ion ex-
change, hydrogen bonding, and π–π stacking interactions) are the main factors [54–56]. The
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pH significantly affects the removal efficiency of adsorbents for dyes and metal ions [57,58].
The pH of the isoelectric point (pHIEP) is the pH at which the net surface charge of the
solid material is zero [59]. The pHIEP of the AE-CMIW hydrochar is shown in Figure 5. The
pHIEP of AE-CMIW hydrochar was approximately pH 3.63 (p < 0.05). When pH < pHIEP,
the surface of the hydrochar was protonated and positively charged. While pH > pHIEP,
the surface of the hydrochar was negatively charged, which was conducive to the adsorp-
tion of cations [60]. In other words, the AE-CMIW hydrochar was negatively charged at
the experimental pH (~6.5) of the adsorbate solutions. Thus, the AE-CMIW hydrochar
could attract MB, Pb2+ and Cd2+ with a positive charge by electrostatic interactions. For
metal ions, the electronegativities of Pb2+ and Cd2+ were 1.87 and 1.69, respectively; thus,
the adsorption of Pb2+ by the AE-CMIW hydrochar was stronger than that of Cd2+. In
addition, the hydrated ionic radii of the metal ions affected the rate and amount of metal
ions entering the pores of the AE-CMIW hydrochar. The results showed that the hydrated
ionic radii of Pb2+ and Cd2+ were 0.401 and 0.426 nm, respectively. Cations with small
hydrated ionic radii are more likely to penetrate the pores and channels of the hydrochar.
Therefore, the adsorption amount and speed of Pb2+ by the AE-CMIW hydrochar were
higher than that of Cd2+. Pb2+ and Cd2+ competed for the adsorption sites on hydrochar,
which was mainly determined by the different properties of these metal cations. Metal–π
interactions, electrostatic attraction, and precipitation are the mechanisms of Pb2+ adsorp-
tion by AE-CMIW hydrochar [61–63]. The mechanisms of Cd2+ adsorption by AE-CMIW
hydrochar involve electrostatic attraction and ion exchange [64,65], indicating that the
adsorption between Pb2+ and AE-CMIW hydrochar was due to both chemical and physical
interactions, whereas it was mainly due to the chemical interaction between Cd2+ and
AE-CMIW hydrochar. Therefore, the adsorption rate and strength of Pb2+ and Cd2+ by
AE-CMIW hydrochar varied, and the removal rates of Pb2+ by the AE-CMIW hydrochar
were higher than those of Cd2+.

Figure 5. Plot for the pHIEP determination of AE-CMIW hydrochar.

The distribution of main elements (SEM-EDS images) on the surface and near-surface
of the AE-CMIW hydrochar after the adsorption reaction is shown in Table 2. The contents
of Pb2+ on the surface and near-surface of AE-CMIW hydrochar were significantly higher
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than those of Cd2+ (p < 0.05) (Table 2). MB was an organic substance, which could interact
with the functional groups of AE-CMIW hydrochar in addition to electrostatic attraction,
indicating that MB could combine with AE-CMIW hydrochar in various ways to produce
adsorption. In this experiment, electrostatic interaction was the main factor for the ad-
sorption of MB, Pb2+, and Cd2+ by the AE-CMIW hydrochar, followed by the interaction
between the functional groups [66]. Therefore, the adsorption order of the three pollutants
by the AE-CMIW hydrochar was Pb2+ > MB > Cd2+.

Table 2. Distribution of main elements on the surface and near-surface of AE-CMIW hydrochar after
the adsorption reaction.

Element Contents (w.t.%) C O Fe Cd Pb

AEHTC 200-2-3 11.87 ± 0.01 a 31.31 ± 0.02 a 35.92 ± 0.01 a 3.20 ± 0.07 a 17.69 ± 0.02 a

AEHTC 230-1-3 5.03 ± 0.05 b 22.69 ± 0.03 b 42.38 ± 0.04 b 2.54 ± 0.04 b 27.37 ± 0.05 b

AEHTC 230-2-3 5.95 ± 0.02 a 24.56 ± 0.05 a 41.44 ± 0.06 a 2.17 ± 0.02 a 25.89 ± 0.04 a

AEHTC 230-4-3 6.44 ± 0.01 b 24.73 ± 0.03 b 44.78 ± 0.01 b 5.21 ± 0.01 b 18.84 ± 0.05 b

AEHTC 260-2-3 7.90 ± 0.01 a 27.82 ± 0.02 a 39.13 ± 0.02 a 4.59 ± 0.01 a 20.55 ± 0.02 a

The figures are the mean value ± standard deviation in the table. a–b Means followed by different superscripts
in the same column are significantly different at p < 0.05. a–b Means followed by same superscripts in the same
column are not significantly different at p > 0.05.

3.6. Adsorption Kinetics Analyses

The adsorption of MB, Pb2+, and Cd2+ by the AE-CMIW hydrochar in the mixed solu-
tion was complex. The MB, Pb2+, and Cd2+ kinetics curves are illustrated in Figure 6. The
fitting parameters of MB, Pb2+, and Cd2+ adsorption kinetics are shown in Table 3. The PFO
kinetic model mainly describes the simple physical adsorption or diffusion of boundary-
layer particles. The PSO kinetic model mainly describes chemical surface adsorption, which
involves electron sharing or transfer between the adsorbent and adsorbate [67].

By comparing the adsorption kinetics parameters of MB, Pb2+ and Cd2+ on AE-CMIW
mixed solution, the following results can be obtained. The adsorption of MB on the
AE-CMIW hydrochar was consistent with the PSO kinetic model (Figure 6a,b, Table 3),
indicating that the adsorption process was multiple composite adsorptions dominated by
chemical adsorption. The adsorption rate of MB by the AE-CMIW hydrochar was high for
the first 2.5 h, and then, the adsorption rate decreased. When the adsorption time of MB
was 5 h, the adsorption capacity reached 80% of the saturated adsorption capacity, and the
highest equilibrium adsorption capacity was 31.1 mg/g (AEHTC 200-2-3 hydrochar). Both
the PFO kinetic model and the PSO kinetic model could well fit the adsorption behavior of
Pb2+ by the AE-CMIW hydrochar (Figure 6c,d, Table 3), which indicated that the adsorption
of Pb2+ by the AE-CMIW hydrochar was the chemical and physical adsorptions. In the
mixed solution, Pb2+ was the least affected by the other adsorbates, and its adsorption
rates by the AE-CMIW hydrochar were the fastest. Thus, the removal rates of Pb2+ by the
AE-CMIW hydrochar were the highest. The adsorption of Pb2+ reached equilibrium for
less than 2.5 h, and the equilibrium adsorption capacity was approximately 43 mg/g. The
PSO kinetic model could more accurately describe the adsorption of Cd2+ by the AE-CMIW
hydrochar (Figure 6e,f, Table 3). The adsorption rates of Cd2+ by AE-CMIW hydrochar were
significantly lower than those of Pb2+, and their adsorption equilibriums were reached at
approximately 20 h. The equilibrium adsorption capacities of Cd2+ by different AE-CMIW
hydrochars were significantly lower than those of Pb2+. Therefore, the removal rates of
Cd2+ by AE-CMIW hydrochar were significantly lower than those of Pb2+.
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Figure 6. Adsorption experimental (symbols) and fitting (lines) kinetics curves of MB (a,b), Pb2+ (c,d),
Cd2+ (e,f) on AE-CMIW hydrochar in mixed solution.

Table 3. Adsorption kinetics parameters of MB, Pb2+, Cd2+ on AE-CMIW hydrochar in mixed
solution.

Sample
Pseudo-First-Order Pseudo-Second-Order

qe (mg/g) k1 (h−1) R2 qe (mg/g) k2 (g/mg · h) R2

AEHTC
200-2-3

MB 29.471 1.109 0.986 31.076 0.067 0.995
Pb2+ 42.738 3.772 0.999 42.922 0.858 0.999
Cd2+ 27.823 0.510 0.939 31.207 0.022 0.983
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Table 3. Cont.

Sample
Pseudo-First-Order Pseudo-Second-Order

qe (mg/g) k1 (h−1) R2 qe (mg/g) k2 (g/mg · h) R2

AEHTC
230-1-3

MB 27.232 1.328 0.996 28.380 0.100 0.997
Pb2+ 43.028 3.321 0.999 43.255 0.622 0.999
Cd2+ 19.661 0.493 0.924 22.122 0.030 0.975

AEHTC
230-2-3

MB 28.949 1.056 0.987 30.622 0.063 0.996
Pb2+ 42.465 3.238 0.998 42.786 0.490 0.999
Cd2+ 24.169 0.267 0.924 27.949 0.013 0.959

AEHTC
230-4-3

MB 28.638 1.149 0.966 30.470 0.104 0.988
Pb2+ 42.860 2.626 0.999 43.315 0.299 0.999
Cd2+ 16.662 0.524 0.866 18.760 0.038 0.941

AEHTC
260-2-3

MB 26.482 1.097 0.953 28.204 0.066 0.985
Pb2+ 42.421 2.253 0.997 43.223 0.178 0.999
Cd2+ 14.889 0.888 0.907 17.059 0.025 0.959

4. Conclusions

This study proposed a method of coupling HTC with AE for treating CMIW. The
adsorption characteristics of metal ions and organic dyes by the AE-CMIW hydrochar
in the mixed solution were investigated. The reasons for adsorption differences and the
adsorption kinetics were analyzed. The conditions of coupling HTC with AE had significant
effects on the removal rates of MB and Cd2+ (p < 0.05), while the removal rates of Pb2+ were
stable under different conditions. The removal rates of Pb2+, MB, and Cd2+ by AE-CMIW
hydrochar were ≥98%, 60–80%, 20–57%, respectively.

According to the pHIEP (pH 3.63), the AE-CMIW hydrochar was negatively charged at
experimental pH (~6.5), and then, these hydrochar could attract MB, Pb2+ and Cd2+ with a
positive charge by electrostatic interactions. The electronegativity of Pb2+ (1.87) was higher
than that of Cd2+ (1.69), indicating that the adsorption of Pb2+ by the AE-CMIW hydrochar
was stronger than that of Cd2+. The hydrated ionic radii of Pb2+ (0.401 nm) was smaller
than that of Cd2+ (0.426 nm), indicating that the adsorption amount and speed of Pb2+ were
higher than those of Cd2+. The AE-CMIW hydrochar had abundant pore structures and
functional groups, providing physical and chemical binding sites for MB, Pb2+ and Cd2+

on the absorbents to achieve pollutant removal. The adsorption kinetics analyses showed
that the adsorptions of Cd2+ and MB by AE-CMIW hydrochar were consistent with the PSO
kinetic model, indicating that their adsorption processes were multiple composite adsorptions
dominated by chemical adsorption. The adsorption of Pb2+ conformed to both the PFO
and PSO kinetic models, indicating that it was dominated by the chemical and physical
adsorptions. Therefore, the removal rate of Pb2+ by the AE-CMIW hydrochar was the highest.
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Abstract: To solve the water pollution problem caused by methylene blue (MB), areca residue biochar
(ARB) was prepared by pyrolysis at 600 ◦C, and modified areca residue biochar (M-ARB) was
obtained by modifying ARB with 1.5 mol/L NaOH, and they were utilized to adsorb and eliminate
MB from water. The structural characteristics of ARB and M-ARB were examined, and the main
influencing factors and adsorption mechanism of MB adsorption process were investigated. The
outcomes demonstrated an increase in M-ARB’s specific surface area and total pore volume of 66.67%
and 79.61%, respectively, compared with ARB, and the pore structure was more abundant, and the
content of oxygen element was also significantly increased. When the reaction temperature was 25 ◦C,
starting pH of the mixture was 10, the initial MB concentration was 50 mg/L, the ARB and M-ARB
dosages were 0.07 g/L and 0.04 g/L, respectively, the adsorption equilibrium was achieved at about
210 min, and the elimination rate for MB exceeded 94%. The adsorption behaviors of ARB and M-ARB
on MB were more in line with the Langmuir isotherm model (R2 > 0.95) and the quasi-secondary
kinetic model (R2 > 0.97), which was characterized by single-molecule layer chemisorption. The
highest amount of MB that may theoretically be absorbed by M-ARB in water ranging from 136.81 to
152.72 mg/g was 74.99–76.59% higher than that of ARB. The adsorption process was a spontaneous
heat absorption reaction driven by entropy increase, and the adsorption mechanism mainly involved
electrostatic gravitational force, pore filling, hydrogen bonding, and π–π bonding, which was a
complex process containing multiple mechanisms of action. NaOH modification can make the ARB
have more perfect surface properties and more functional group structures that can participate in
the adsorption reaction, which can be used as an advantageous adsorption material for MB removal
in water.

Keywords: areca residue; methylene blue; biochar; modification; adsorption

1. Introduction

Areca as a leisure food in the market that the majority of consumers love, and its
market demand is increasing day-by-day. Along with the economic development and the
growth of areca demand, there is also the growth of the waste areca residue produced
by people after consuming areca fruits [1]. Areca residue is a solid waste contains a
large amount of coarse fiber components, which lacks specialized treatment and disposal
methods and is usually discarded directly in the natural environment [2]. The random
disposal of areca residue not only affects environmental hygiene, but also causes different
degrees of damage to the water, soil, and its surrounding environment.
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A type of cationic organic dyes, called methylene blue (MB), are employed not only
in textile, paper, and leather industries, but also has a large market in rubber and phar-
maceutical production [3,4]. MB, as one of the most prevalent contaminants in dyeing
water, is frequently detected in the natural environment [5]. The untreated MB wastewater
discharged directly into the water will cause adverse effects on the aquatic ecological envi-
ronment and may also directly or indirectly pose a threat to human health [6]. Therefore,
the search for effective removal methods of MB in water has recently emerged as a hub for
water treatment at home and abroad in recent years.

To lessen the negative impacts of MB on the aquatic environment, the effectiveness
of adsorption [7], photocatalysis [8], electrocatalysis [9], nanofilms [10], and ultrasonic
irradiation [11] for the treatment of MB in water has been reported extensively in the
literature previously. Biochar, a new class of adsorbent emerged from adsorption method,
is an environmental functional material with rich carbon content, well-developed pore
structure, and high stability generated by high-temperature pyrolysis of biomass raw mate-
rials under anaerobic or oxygen-limited conditions, which shows a very broad application
prospect in the field of MB treatment because of its cheap cost and numerous feedstock
sources [12,13]. Common waste biomass feedstocks include plant waste [14–16], animal
manure waste [17], and residual sludge [18]. Among them, the conversion of plant residues
into carbon adsorbents is considered to be an economic, efficient, and environmentally
friendly way to remove pollutants from wastewater. Ezz et al. [19] used rice straw diges-
tate to prepare biochar, with a total cost of 0.3022 US $/kg and a maximum adsorption
capacity of 18.90 mg/g for MB, which was a feasible economic adsorbent. Chen et al. [20]
prepared biochar with rape straw residue, which can achieve the adsorption capacity of
148.94 mg/g of MB in water. Sawalha et al. [21] used eight kinds of plant biomass residues
(coffee granules, almond shells, sunflower shells, pistachio shells, peanut shells, jujube
seeds, jute stalks, and grape vine stalks) available locally in Palestine to prepare biochar for
adsorption of MB in water and found that jute stalks provide the highest removal efficiency.
The performance of biochar prepared from different types of residues varies widely. To
improve the performance of biochar, a series of physical, chemical, or biological methods
are usually used to modify it to have greater adsorption potential [22–26]. Among the
many modification methods, alkali modification can effectively reduce the ash content of
biochar, change the elemental composition, functional group distribution, specific surface
area, and pore structure of biochar surface [27]. Thus, it becomes a promising modification
pathway. Areca residue is a waste biomass that contains a lot of organic material and
can be processed to yield biochar. However, the conventional treatment of areca residue
is still mainly to treat it as solid waste, and there are few reports on the exploration of
making it into biochar or modified biochar. What is more, the research on the application
of modified areca residue biochar in the removal of MB from wastewater are even less, and
its adsorption feasibility and mechanisms are still unclear.

Therefore, in this study, waste areca residue was selected for the preparation of biochar,
and NaOH was used as a modifier to modify them and investigate their feasibility for
application in the removal of MB from water. The primary goals of this research were (1) to
look into how NaOH modification affects the structural features of areca residue biochar;
(2) to investigate the factors influencing the adsorption effect of areca residue biochar
on MB before and after NaOH modification; and (3) to resolve the kinetics, isotherms,
thermodynamic characteristics, and adsorption mechanism of the adsorption process, as
well as to address the issue of waste areca residue pollution, while also reusing it to treat
MB in water, and realize the reuse of waste biomass.

2. Materials and Methods

2.1. Reagents and Raw Materials

The areca residue was gathered in the streets of Zhuzhou City, Hunan Province, China,
from an areca residue collection column, a portable device specifically designed to collect
areca residue discarded by the public. After removing the impurities from the waste areca
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residue and drying it, the residue was crushed by a crusher. After being crushed, the
powdered areca residue was sieved using a 60 mesh sieve to remove any particles larger
than 0.25 mm before being used as a raw material for the subsequent preparation of biochar.

The main chemical reagents used in the experiments included analytically pure MB
(C16H18ClN3S), hydrochloric acid (HCl), caustic soda (NaOH), and ethanol (C2H5OH),
which was purchased from Chengdu Kelong Chemical Reagent Factory, and C16H18ClN3S
was used to prepare the MB solution. The water used in the experiment for solution
preparation, sample analysis, and vessel rinsing referred to deionized water, unless other-
wise specified.

2.2. Preparation and Modification of Biochar

After drying, the powdered areca residue was packed in a quartz boat, put into the
chamber of a tube furnace, warmed to 600 ◦C with a 20 ◦C/min temperature gradient, and
then set 150 min at a steady temperature. The quartz boat was chilled to room temperature
after the pyrolysis. Then, the item was split into two sections. The pH of the supernatant
was stabilized by washing one portion of the pyrolysis product with deionized water, dried,
and sieved through a 100-mesh sieve to obtain a sieve out product with particle size less
than 0.15 mm, which was areca residue biochar labeled as ARB and stored for backup.
Another part of the pyrolysis product was modified with NaOH solution at 1.5 mol/L. The
following was the course of treatment: 50 mL NaOH solution was added to each 1 g of
pyrolysis product, and the product was shaken at a frequency of 150 rpm one day at 25 ◦C.
The residue was sorted out and repeatedly rinsed with deionized water to stabilize the
supernatant’s pH, dried and sieved through 100-mesh sieve to obtain a sieve product with
particles size of no more than than 0.15 mm, which was the modified areca residue biochar
labeled as M-ARB and kept as a reserve.

2.3. Characterization of Biochar

The structures of ARB and M-ARB were characterized using BET, SEM-EDS, and
FTIR techniques to analyze their basic physicochemical properties. Among them, the
total pore volume, average pore size, and specific surface area of ARB and M-ARB were
analyzed by NOVA 4000e-type specific surface area analyzer (Quantachrome, Beijing,
China). The surface morphology was examined by Gemini 300 field emission scanning
electron microscope (ZEISS, Oberkochen, Germany), and the EDS (line scan) was analyzed
by Xplore energy spectrometer (OXFORD, Oxfordshire , UK). Surface functional groups
were analyzed by a Nicolet 670 FTIR spectrometer (Thermo Fisher, Waltham, MA, USA).

2.4. Sequential Batch Adsorption Experiments

In a batch of 250 mL conical flasks, 100 mL of MB solution and an appropriate amount
of biochar were added to each batch, and the sequential batch tests were run at various
initial pH of the solutions (2–11), biochar dosing amounts (0.02–0.11 g), contact times
(30–400 min), and initial MB concentrations (40–150 mg/L), in order to study the effects of
ARB and M-ARB on the adsorption of MB. The main factors influencing the adsorption of
ARB and M-ARB were investigated. By adding 1 mol/L of HCl and NaOH, the solution’s
original pH was changed. To investigate the effect of biochar dosing, the pH, reaction time,
and starting MB concentration were set to 10, 400 min, and 50 mg/L, respectively. To study
the influence of reaction time, the initial pH, ARB dosing, M-ARB dosing, and initial MB
concentration were set to 10, 0.07 g, 0.04 g, and 50 mg/L, respectively. To exam the impact
of the starting MB concentration, the pH, ARB dosage, M-ARB dosage, and contact time
were set to 10, 0.07 g, 0.04 g, and 400 min, respectively. Experiments were conducted in a
THZ-82 air-bath thermostat shaker (Changzhou Yineng Experimental Instrument Factory,
Changzhou, China) with the oscillation frequency set to 150 rpm and the temperature set
to 25 ◦C.

After the shaking, the mixture was put into a 2–16P centrifuge (SIGMA, Osterode,
Germany) and spun for five minutes at 4000 rpm. After centrifugation, the supernatant
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was loaded into a cuvette, and the remaining MB concentration was tested by a 722S
visible spectrophotometer (Shanghai Jingke, Shanghai, China) at 665 nm. Equations (1) and
(2) were used to calculate the adsorption amount (qt, mg/g) and removal rate (w, %) of
MB, respectively.

w =
ρ0 − ρt

ρ0
× 100% (1)

qt =
(ρ0 − ρt)V

m
(2)

where ρ0 refers to the MB starting mass concentration in solution, mg/L; ρt refers to the
MB mass concentration at moment t, mg/L; V refers to the water sample volume, mL; m
refers to the dosage of ARB and M-ARB, g.

During the analysis of regeneration performance, ethanol was used as the desorption
agent. ARB and M-ARB saturated with MB were added to ethanol, respectively, and the
constant temperature oscillation was conducted for 90 min at 25 ◦C and 150 r/min. After
the oscillation, the filter residue was washed with deionized water three times. After drying
the filter residue, the removal rates of MB by ARB and M-ARB after desorption were tested.
The same batch of ARB and M-ARB was repeatedly operated five times to investigate the
changes in the adsorption properties of ARB and M-ARB.

2.5. Adsorption Kinetics

In order to better understand the kinetics of adsorption behavior of MB on ARB and
M-ARB, the experimental data of the adsorption amount at different adsorption times
were selected and fitted with the quasi-primary kinetic model, quasi-secondary kinetic
model, Elovich model, and Weber–Morris model, as shown in Equations (3), (4), (5), and
(6), respectively.

i. Quasi-primary kinetic model

ln(qe − qt) = ln qe − k1t (3)

ii. Quasi-secondary dynamical model

t
qt

=
t

qe
+

1
k2q2

e
(4)

iii. Elovich model

qt = k3 ln t + a (5)

iv. Weber–Morris model

qt = k4it0.5 + bi (6)

where the MB adsorption at equilibrium and at time t are represented by qe and qt ,
respectively, mg/g; t is the contact time, min. k1 is the quasi-primary kinetic model’s rate
constant, min−1; k2 is the quasi-secondary kinetic model’s rate constant, g/(mg × min); k3
is the Elovich model’s rate constant, mg/(g × min); k4i is the Weber–Morris model rate
constant, mg/(g × min0.5); © is the i-th stage of adsorption; a and bi are the empirical
constants of the Elovich and Weber–Morris models, respectively.

2.6. Adsorption Isotherm

To investigate the relationship between MB concentration and MB adsorption at
adsorption equilibrium, the experimental data of MB adsorption at reaction temperatures
of 25–45 ◦C and initial MB concentrations of 40–150 mg/L were selected and fitted with the
Langmuir model, Freundlich model, and Temkin model, given by Equations (7), (8), and
(9), respectively.
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i. Langmuir model.

qe =
qmKLρe

1 + KLρe
(7)

ii. Freundlich model.

qe = KFρ1/n
e (8)

iii. Temkin model.

qe = KT ln ρe + c (9)

where qe and qm are the equilibrium adsorption and theoretical maximum adsorption of
MB, respectively, mg/g; ρe refers the MB mass concentration at adsorption equilibrium,
mg/L; KL is the Langmuir constant, L/mg; kF and n are the correlation constants of the
Freundlich model; KT and c are the correlation constants of the Temkin model.

2.7. Adsorption Thermodynamics

A thermodynamic model, as shown in Equations (10) and (11), was used to make
the experimental results more suitable for the adsorption of MB in water by ARB and
M-ARB at different reaction temperatures to analyze the thermodynamic characteristics of
the adsorption process.

ΔGθ = −RT ln
qe
ρe

(10)

ln
qe

ρe
= −ΔHθ

RT
+

ΔSθ

R
(11)

where ΔGθ refers the Gibbs free energy change, kJ/mol; R refers the ideal gas constant,
8.314 J/(mol × K); T refers the thermodynamic temperature, K; qe refers the equilibrium
adsorption amount of MB, mg/g; ρe refers the mass concentration of MB at adsorption
equilibrium, mg/L; ΔHθ refers the enthalpy change, kJ/mol; ΔSθ is the entropy change,
kJ/(mol × K).

3. Results and Discussion

3.1. Structural Characterization of ARB

Table 1 reflects the results regarding the BET analysis of ARB and M-ARB. It demon-
strates that, as compared to ARB, M-ARB’s specific surface area and total pore volume
increased, but the average pore size decreased, which meant the pore structure of areca
residue biochar could be altered by NaOH modification. The specific surface area of M-ARB
reached 105 m2/g, which increased by 66.67%, compared with ARB. The total pore volume
of M-ARB increased by 79.61%, compared with ARB and reached 0.282 cm3/g, while the
average pore size decreased by 38.92%, compared with ARB. Mu et al. [28] prepared tea
residue biochar (TRB) by NaOH-assisted pyrolysis, and compared to unmodified TRB,
its specific surface area and total pore volume lessened by 59.64% and 24.77%, while the
average pore size increased by 85.35%, contrary to the change pattern obtained in this
study. This may be because the specific surface area and total pore volume of TRB de-
creased because of the inhibition of biomass pyrolysis by the addition of NaOH during the
pyrolysis process in this study. In contrast, in this study, NaOH was used to modify the
products after pyrolysis, and during the modification process, NaOH was in full contact
with the areca residue biochar and chemically reacted with the impurities produced by the
thermal decomposition of the biochar, which led to the solubilization of the pores, causing
more pore structures and bringing about the pores’ enlargement. The investigation by
Choudhary et al. [29] confirmed a related occurrence using NaOH impregnation to treat Op-
untia ficus-indica biochar. The increase in the specific surface area and total pore volume of
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M-ARB can give more adsorption places for the attachment of more places for contaminants
to attach themselves to adsorb, which makes the adsorption potential of M-ARB better
than that of ARB. Zhou et al. [30] prepared nitrogen-doped biochar nanomaterials for the
adsorption of cationic dyes from seaweed at 600 ◦C pyrolysis temperature and found that a
greater specific surface area and appropriate pore structure can minimize the resistance
to the diffusion process of pollutants to biochar and provide more active adsorption sites,
which was beneficial for improving the adsorption capacity of organic dyes.

Table 1. Results of BET analysis of ARB and M-ARB.

Biochar
Specific Surface Area

(m2/g)
Total Hole Volume

(cm3/g)
Average Pore Size (nm)

ARB 63 0.157 5.593
M-ARB 105 0.282 3.416

The SEM analysis results of ARB and M-ARB can be seen in Figure 1. As can be
observed, ARB’s surface was comparatively smooth, and the pore structure was not imme-
diately apparent. Compared with ARB, the porosity of M-ARB was significantly higher,
the diameter of pores was reduced, the pores were more densely arranged, and the surface
was more concave and uneven, showing a honeycomb shape. The analysis suggested that,
during the pyrolysis process, water, organic matter, and other volatile substances inside the
areca residue were released, which prompted the formation of pore structure. However,
some substances were not volatile, and their blockage inside the biochar or attachment to
the biochar surface resulted in the insufficient opening of pores [31]. The etching effect
of NaOH cleared the impurities attached to the biochar surface and blocked inside the
biochar, which led to the formation of more pore structures. The etching pore-making effect
of NaOH led to the appearance of more microporous structures in the biochar, which can
provide more subsequent pollutant adsorption. The pore-forming effect of NaOH made
biochar appear to have more microporous structures, which can provide more adsorption
sites and larger adsorption space for subsequent pollutant adsorption [32].

 

Figure 1. Scanning electron microscope of ARB (a) and M-ARB (b).

To understand the elemental composition of ARB and M-ARB, they were analyzed
by EDS, and the results can be seen in Figure 2. Figure 2 shows that the areca residue
biochar prepared by pyrolysis was very rich in elemental species. The highest atomic mass
fraction (At) of C element was 88.59% in ARB and 79.32% in M-ARB, indicating that both
had a more stable aromatic carbon structure. However, the elemental C content in the
modified ARB was reduced, compared with the unmodified ARB, which may be due to
two reasons. One is that the NaOH modification makes some of the C elements react with it
and be carried out with the dissolution of other substances, resulting in the reduction of C
content [33]; the other is that the NaOH modification makes the content of other elements
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increase, which indirectly results in the relative reduction of C elements in M-ARB [34].
Compared with ARB, the atomic mass fraction of O element in M-ARB showed the most
significant increase by 4.89 percentage points, and the content of elements N, Na, Mg, Al, S,
Cl, and Ca also increased. NaOH modification exposed the oxygen-containing functional
groups masked by areca residue biochar, and more types of elements formed chemical
bonds with or attached to the biochar, which was more conducive to the adsorption of
pollutants. In a study by Cai et al. [35] on the modification of Oiltea camellia shells biochar
with NaOH, it was also found that the alkali modification improved the functional group
structure on biochar surface, added the number of oxygen-containing functional groups,
and consequently significantly improved its ability to absorb and remove contaminants.
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Figure 2. EDS analysis results of ARB (a) and M-ARB (b).

3.2. Analysis of Adsorption Influencing Factors
3.2.1. Effect of Initial pH of the Solution

The effect of the initial pH upon the effect of ARB and M-ARB on the adsorption
of MB can be seen in Figure 3. The adsorption and removal rate of MB by ARB and M-
ARB increased rapidly in the interval of pH range from 2 to 4. In the interval of the pH
range from 4 to 8, the increasing trend of the MB removal effect became slower. In the
interval of pH range from 8 to 10, the increasing rate of MB removal became fast again, but
showed a decreasing trend after the pH exceeded 10. When the solution’s original pH was
10, the adsorption value of MB by ARB and M-ARB were 86.23 mg/g and 120.05 mg/g,
respectively, reaching the maximum adsorption value at this pH condition, while the
adsorption of M-ARB was significantly higher than that of ARB, and its corresponding MB
removal rate was increased by 27.06%, compared with that of ARB. This showed that the
alkaline water environment was more favorable for the adsorption of MB by areca residue
biochar, and the optimal solution initial pH was 10.

It was analyzed that, under acidic conditions, the higher concentration of hydrogen
ions in water not only competed with MB cations for adsorption, but also caused electro-
static repulsion between the surface of biochar and MB cations, due to protonation; thus,
the more acidic the conditions, the less effective the MB removal [36]. As the starting pH
added, this competitive adsorption and electrostatic repulsion gradually decreased; thus,
the adsorption effect of ARB and M-ARB on MB gradually picked up with the increase
of pH [37]. However, after pH exceeded 10, the presence of too many anions in water
increased the attraction for MB, resulting in MB that is not easily diffused from the liquid
phase to biochar surface; thus, the removal of MB began to deteriorate. In examining
the pH impact from 2.5 to 11 on the removal of MB by rice husk, cow dung, and sludge
biochar, Ahmad et al. [38] found that the adsorption behavior depended mainly upon the
electrostatic gravitational force between biochar and MB. MB existed in cationic form in
aqueous solution, and higher pH biochar particles accumulated more negative charges on
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the surface, thus promoting the adsorption of MB through electrostatic gravitational force,
while lower pH slowed down the efficiency of adsorption occurrence.
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Figure 3. Effect of initial pH on MB adsorption performance.

3.2.2. Effect of Biochar Dosage

The amount of biochar added is the most direct factor for determining the adsorption
effect, which determines the number of adsorption sites available for pollutant removal
and the size of the adsorption capacity. Generally, the higher the amount of biochar added,
the better the adsorption effect, but in practice, all factors should be integrated to select
an optimal amount to achieve the best adsorption efficiency, while avoiding the waste of
resources [39].

The impacts of diverse ARB and M-ARB dosing amounts on the removal efficiency
and adsorption of MB in water were investigated, and the outcomes can be seen in Figure 4.
As depicted in Figure 4, the adsorption of MB through ARB and M-ARB showed a rapid
decreasing trend when the dosing amount raised to 0.6 g/L from 0.2 g/L, and this trend
gradually slowed down after the dosing amount exceeded 0.6 g/L. The removal rates of MB
by ARB increased rapidly when the dosage of ARB raised from 0.2 g/L to 0.7 g/L and then
slowed down after the dosage of ARB exceeded 0.7 g/L. The removal efficiency of MB by M-
ARB increased rapidly when the dosage of M-ARB raised from 0.2 g/L to 0.4 g/L and then
slowed down after the M-ARB dosage exceeded 0.4 g/L. It was analyzed that, when the MB
starting concentration was certain, with the increase of biochar dosing, the adsorption sites
on biochar increased, the total adsorption capacity raised, and the MB clearance rate was
higher because more MB might be adsorbed [40]. However, the utilization rate of biochar
per unit mass decreased; thus, the MB adsorption capacity decreased [41]. Considering both
adsorbent utilization and adsorbate removal, 0.07 g/L was selected as the ideal amount
of ARB to take, and the adsorption amount and clearance rate of MB at this dosage were
68.37 mg/g and 95.72%, respectively. In contrast, the optimum dosage of M-ARB was only
0.04 g/L. The adsorption amount and removal rate of MB reached 120.08 mg/g and 96.06%,
respectively, at this dosage. It can be seen that, compared with ARB, M-ARB can obtain
better MB treatment effect with less dosage.
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Figure 4. Effect of biochar dosage on MB adsorption performance.

3.2.3. Effect of Contact Time

Adsorption is a dynamic equilibrium process, and when pollutants are adsorbed, they
need a certain amount of time to reach adsorption equilibrium; insufficient contact time
may lead to incomplete adsorption, and too long contact time may lead to desorption and
also waste time [42]. For this reason, this study investigated the adsorption and removal of
MB from water by ARB and M-ARB at different contact times, and the results can be seen
in Figure 5.

It is evident that, as the reaction time increased, both the adsorption amount and
removal efficiency of MB exhibited an upward trend, and this trend, in turn, showed a
pattern of fast, then slow, and finally, stable [43]. The rate of adsorption and elimination
during the 30–120 min reaction time of MB by these two types of biochar showed a rapid
increasing trend and belonged to the rapid adsorption stage (Stage I). At a contact time of
120–210 min, the rising trend became slower and belonged to the slow adsorption stage
(Stage II). At a contact time of 210–400 min, the rising trend was very slow, and the overall
trend remained the same, which belonged to the equilibrium adsorption stage (Stage III).
Stage I was the initial step of the reaction, and the MB concentration in this stage was
high. A lot of free adsorption places can be seen on the ARB and M-ARB’s surface, and the
difference of MB concentration between solid and liquid phases was large, so the driving
force for MB to approach ARB and M-ARB was large, and MB can be rapidly adsorbed
by ARB and M-ARB in a short period of time. After entering Stage II, the concentration
of MB decreased little-by-little, and the available adsorption points on the ARB and M-
ARB gradually reduced, too. The concentration difference of MB between the solid and
liquid interface decreased, and the driving force for adsorption decreased, so the rate
of MB adsorption by ARB and M-ARB became slower. After entering Stage III, the MB
concentration decreased to a very low level, and the adsorption sites on the ARB were
gradually occupied until saturation was reached and the MB removal effect was maximized.
Therefore, the adsorption could reach equilibrium when the contact time was about 210 min.
At this time, the adsorption amount and removal rate of MB by ARB were 67.21 mg/g and
94.10%, and those of MB by M-ARB were 118.28 mg/g and 94.62%, respectively. Overall,
the NaOH modification could make the areca residue biochar possess a better MB removal
effect in a shorter time.
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Figure 5. Effect of contact time on MB adsorption performance.

3.2.4. Effect of MB Initial Concentration

The starting concentration of adsorbent is also a vital element in the adsorption
behavior. If the initial concentration of adsorbent is too low, the biochar cannot be fully
utilized. Too high an initial concentration of adsorbent tends to exceed the adsorption
capacity range of biochar [44]. The results of the investigation into the impact of various
starting MB concentrations on the adsorption effect of ARB and M-ARB are displayed in
Figure 6.

It can be seen that, at the starting MB concentration of 40 mg/L, the adsorption
amounts of ARB and M-ARB on MB were 55.53 mg/g and 97.68 mg/g, respectively, and
MB was removed at a rate of above 97%. At a 150 mg/L starting MB concentration, the
adsorption amounts of ARB and M-ARB to MB increased to 77.33 mg/g and 135.33 mg/g,
respectively, but the removal rate of MB decreased to less than 40%. When the initial
concentration of MB raised from 40 mg/L to 150 mg/L, the elimination rate of MB by ARB
and M-ARB kept decreasing. The adsorption amount increased rapidly at the initial MB
concentration of 40–60 mg/L, and then the increase gradually decreased. The analysis
suggested that ARB and M-ARB could provide sufficient adsorption sites when the initial
MB concentration was low, and thus, efficient MB removal could be achieved. However,
due to the low initial concentration of MB, there was still a large amount of unused
residual space on the ARB and M-ARB, leading to a low adsorption efficiency of MB per
unit mass of ARB and M-ARB. At a fixed amount of ARB and M-ARB dosing, as the
initial MB concentration increased, the MB concentration difference between the solid–
liquid phases increased, the adsorption driving force was enhanced, and the ARB and
M-ARB was more fully utilized, thus the adsorption capacity per unit mass of ARB and
M-ARB increased [45]. However, with the initial MB concentration rising even higher, the
sites available for adsorption on the ARB and M-ARB were insufficient or had reached
saturation, resulting in a decrease of the MB removal rate and more MB remaining in
the water that cannot be effectively adsorbed. Thus, it is evident that there was a high
removal rate, but the adsorption capacity was low when the initial MB concentration was
too low, and the adsorption capacity was high, but the removal rate was low when the
initial MB concentration was too high. Therefore, the optimum initial concentration of MB
that can be treated with the given amount of biochar was 50 mg/L. Under this condition,
the adsorption amounts of ARB and M-ARB for MB were 68.37 mg/g and 120.23 mg/g,
respectively, and the elimination rates of MB were 95.72% and 96.18%, respectively.
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Figure 6. Effect of initial MB concentration on its adsorption performance.

3.3. Adsorption Kinetics

The results of the kinetic fitting for the MB adsorption process on ARB and M-ARB
are shown in Figure 7, and the fitted factors can be seen in Table 2. The correlation coeffi-
cient R2 obtained after fitting the adsorption data can be seen using the quasi-secondary
kinetic model and exceeded 0.97, which was higher than the quasi-primary kinetic model
and the Elovich model. This showed that the adsorption behavior of MB by ARB and
M-ARB owned greater conformity to the quasi-secondary kinetic model, reflecting that
chemisorption mainly occurred in the removal of MB by these two areca residue biochar [46].
According to the fitted parameters of the quasi-secondary kinetic model, the equilibrium
adsorption capacity of M-ARB for MB was 127.23 mg/g and the rate constant k2 was
0.0005 g/(mg × min), both of which were higher than that of ARB, indicating that the
modified areca residue biochar had better adsorption performance for MB.

Table 2. Adsorption kinetics fitting parameters of MB onto ARB and M-ARB.

Model Parameter ARB M-ARB

Quasi-primary kinetic qe (mg/g) 66.90 117.22
k1 (min−1) 0.0249 0.0329

R2 0.9220 0.8497
Quasi-secondary kinetic qe (mg/g) 74.33 127.23

k2 [g/(mg × min)] 0.0004 0.0005
R2 0.9761 0.9793

Elovich a 35.17 74.49
k3 [mg/(g × min)] 6.6396 9.1936

R2 0.8653 0.8761

To examine the rate-controlling steps of MB adsorption in water by ARB and M-ARB,
the segments of the adsorption experiment data were fitted with the Weber–Morris model,
and the results are given in Figure 8, along with the fitted parameters for each phase
in Table 3. Figure 8 and Table 3 show that the Weber–Morris model may be used to fit
the adsorption data into three stages. The correlation coefficient R2 of the fit for stage I
(30–120 min) was the highest, reaching over 0.99, which was higher than that of stage II
(120–210 min) and stage III (210–400 min). It is evident that the early stage of adsorption
was more consistent with the characteristics of the Weber–Morris model. In terms of the
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magnitude of the rate constant k4 values of the Weber–Morris model, stage I had the
highest k4 value, indicating that adsorption can occur rapidly at this stage. The gradually
decreasing k4 values for stages II and III indicated that the adsorption rate gradually became
slower, and MB started to travel through the internal pores of biochar and searched for
adsorption sites, but the adsorption gradually moved toward saturation as the external
driving force decreased and the internal diffusion resistance increased [47]. The results of
this analysis were consistent with the previous inferences made when it came to the impact
of reaction time upon the adsorption effect of MB. The rate constant k4 for MB adsorption
of M-ARB were 1.33 and 1.16 times higher than those of ARB in stages I and II, respectively,
indicating that the MB adsorption process on M-ARB was more likely to reach equilibrium
than on ARB. It was also because of this that the remaining MB content in the aqueous
solution available for M-ARB adsorption was very small after entering stage III; thus, the
rate constant k4 values for this stage decreased dramatically. A similar three-stage pattern
of adsorption and decreasing rate constants for adsorption was also found in the research
by Qing et al. upon the adsorption of phosphate in water by sodium alginate/zirconium
hydrogels [48]. Moreover, none of the three fitted lines crossed the origin of the coordinate
axis, indicating that the ARB and M-ARB adsorption MB process’s rate-controlling steps
involved other mechanisms besides intraparticle diffusion, which was also controlled by a
combination of other factors, such as liquid film diffusion and adsorption reaction [48,49].
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Figure 7. Adsorption kinetics fitting of MB onto ARB and M-ARB: (a) quasi-primary kinetic model,
(b) quasi-secondary kinetic model, and (c) Elovich model.

49



Processes 2022, 10, 2729

 

6 8 10 12 14 16 18 20
20

40

60

80

100

120

140

160

IIIII

 ARB
 M-ARB

q t (m
g/

g)

t0.5 (min0.5)

I

Figure 8. Segmented fit of the Weber–Morris model.

Table 3. Segmented fit parameters of the Weber–Morris model.

Stage Parameter ARB M-ARB

I b1 18.65 53.33
k41 (mg/(g × min0.5)) 3.9917 5.3098

R2 0.9979 0.9961
II b2 46.84 94.77

k42 (mg/(g × min0.5)) 1.4079 1.6319
R2 0.9981 0.9649

III b3 64.19 117.77
k43 (mg/(g × min0.5)) 0.2093 0.1261

R2 0.8924 0.8002

3.4. Adsorption Isotherm

The isothermal adsorption fitted consequences of MB by ARB and M-ARB are shown
in Figure 9, and their fitted parameters can be seen in Table 4. From the fitted parameters
of the three isothermal adsorption models, the adsorption procedure can be found to be
more compatible with the Langmuir model, and its fitted correlation coefficient R2 was
0.9574–0.9895, which was greater than that of the Freundlich and Temkin models by a large
margin. Therefore, the adsorption of ARB and M-ARB on MB was dominated by monolayer
molecular adsorption, and there was microporous filling during the adsorption process,
and the limit adsorption amount was the filling amount of microporous [50]. According to
the Langmuir model fitting parameters, the theoretical maximum adsorption of M-ARB on
MB was 136.81–152.72 mg/g, which was 74.99–76.59% higher than that of ARB. The values
of the Langmuir constant KL for M-ARB ranged from 2.9839 to 6.7535, which was 20.06%
to 48.81% higher than that of ARB. As seen, the biochar made from modified areca residue
displayed increased adsorption ability and can be employed as a more effective adsorbent
to remove of MB in water. Additionally showing that heat might encourage the occurrence
of adsorption, the values of qm and KL rose with the rise in reaction temperature, which led
to a more complete removal of MB from aqueous solution [51].
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Figure 9. Isothermal adsorption fitting of Langmuir model (a), Freundlich model (b), and Temkin
model (c).

Table 4. Isothermal adsorption fitting parameters of MB onto ARB and M-ARB.

Biochar T/K
Langmuir Model Freundlich Model Temkin Model

qm KL R2 1/n KF R2 c KT R2

ARB 298 78.18 2.4854 0.9574 0.0522 63.0093 0.6350 62.32 3.8667 0.6636
308 80.87 3.6369 0.9881 0.0549 65.1281 0.7405 64.63 4.1659 0.7695
318 86.56 4.5384 0.9895 0.0578 69.1859 0.7192 68.79 4.6546 0.7525

M-ARB 298 136.81 2.9839 0.9716 0.0503 111.4137 0.6477 110.38 6.5314 0.6769
308 142.81 4.6229 0.9719 0.0539 115.8897 0.7609 115.29 7.1771 0.7871
318 152.72 6.7535 0.9604 0.0566 123.5513 0.7604 123.30 7.9705 0.7904

In addition, the magnitude of the separation factor RL can be calculated from (1 + KLC0)−1

to determine whether the adsorption is beneficial. When the value of RL is 0, the adsorption
process can be considered irreversible. When the RL value is 1, it can be judged that the
adsorption is linear. When the RL value is 0–1, the adsorption can be judged as favorable.
As the RL value exceeds 1, the adsorption can be judged to be unfavorable [52]. In this
study, the RL values of ARB and M-ARB were 0.0015–0.01 and 0.001–0.0083, respectively,
demonstrating that the MB adsorption process by both ARB and M-ARB was favorable, and
the appropriate increase of the initial MB concentration was more favorable for promoting
the adsorption.

3.5. Adsorption Thermodynamics

The thermodynamic fitting results of the adsorption process of ARB and M-ARB on
MB can be seen in Figure 10, and the fitted parameters depicted in Table 5. The ΔGθ
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values of ARB and M-ARB at different temperatures were negative and decreased with
raising reaction temperature, demonstrating that the adsorption of these two-areca residue
biochar on MB was spontaneous, and as the reaction temperature rose, this spontaneity
grew [53]. The absolute value of ΔGθ for M-ARB was greater than that for ARB at the same
reaction temperature. It is, thus, clear that the spontaneous adsorption of MB through the
NaOH-modified areca residue biochar was enhanced, and the modification could promote
the spontaneous proceeding of the adsorption reaction, thus improving its adsorption
performance on MB. Based on the fact that the value of ΔHθ was greater than 0, it is
known that the adsorption process of both ARB and M-ARB on MB was a heat absorption
reaction [54]. The adsorption of MB by M-ARB required more heat for the reaction, so
raising the reaction temperature can boost its ability to progress in a good way. The main
types of adsorption reactions can be determined based on the magnitude of ΔHθ values.
When the value of ΔHθ is less than 20 kJ/mol, the main form of adsorption could be
considered physical adsorption. When the value of ΔHθ is 20 to 80 kJ/mol, the main type
of adsorption can be considered chemisorption [55]. In this study, the ΔHθ values of ARB
and M-ARB exceeded 20 kJ/mol, which indicated that their main reaction type for MB
removal from water was chemisorption. The ΔHθ value of M-ARB was 1.44 times higher
than that of ARB, which indicated that chemisorption was more dominant in the removal
of MB by M-ARB, which confirmed the results obtained from the previous adsorption
kinetic analysis.

Table 5. Adsorption thermodynamic parameters of MB onto ARB and M-ARB.

T (K)
ΔGθ (kJ/mol) ΔHθ (kJ/mol) ΔSθ [kJ/(mol × K)] R2

ARB M-ARB ARB M-ARB ARB M-ARB ARB M-ARB

298 −8.5827 −10.2628
38.9489 56.2585 0.1592 0.2229 0.9809 0.9937308 −9.9041 −12.2349

318 −11.7668 −14.6803

Additionally, the positive value of ΔSθ indicated that the adsorption process of MB by
both ARB and M-ARB was driven by entropy. The greater instability between the solid–
liquid phases during the reaction improved the randomness of the reaction between MB
molecules and active sites at the solid–liquid interface, and the greater disorder between the
solid–liquid phases after the modification treatment was more favorable for the adsorption
process [56].
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Figure 10. Adsorption thermodynamic fitting of MB onto ARB and M-ARB.
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3.6. BET Analysis before and after Adsorption

Table 6 compares the changes of BET of ARB and M-ARB before and after adsorption
of MB. As can be seen from Table 6, the specific surface area and total pore volume of ARB
decreased by 68.25% and 71.34%, respectively, compared with those before the adsorption
of MB. The specific surface area and total pore volume of M-ARB decreased 70.48% and
81.21%, respectively, compared with those before the adsorption of MB. While their average
pore diameters increased 2.33 and 5.95 times, respectively, compared with those before
the adsorption of MB. It demonstrated that the specific surface area and total pore volume
of both areca residue biochar decreased significantly after the adsorption of MB, while
the average pore size raised. It might because the decrease in the specific surface area
and total pore volume because of the filling of pores on the biochar with MB after the
adsorption reaction and the decrease in the number of mesopores and micropores due to
the filling, thus increasing the average pore size. It was concluded that pore filling during
adsorption was an important mechanism of action for the adsorption of MB by ARB and
M-ARB. The role of pore filling in the adsorption of pollutants by biochar has been widely
reported [57–59]. Moreover, from the comparison of the data, it can be found that the
decrease in the specific surface area and total pore volume and the increase in average
pore size of M-ARB were more obvious than those of ARB, showed that the pore filling
was more intense during adsorption of MB by M-ARB, and more specific surface area and
pores were utilized; thus, a higher amount of pollutants can be adsorbed, which became
an important reason why the adsorption effect of M-ARB on MB was better than that of
ARB. This is one of the important reasons why M-ARB had a better adsorption effect on
MB than ARB.

Table 6. Comparison of BET analysis results before and after adsorption of MB.

Stage
Specific Surface Area (m2/g) Total Hole Volume (cm3/g) Average Pore Size (nm)

ARB M-ARB ARB M-ARB ARB M-ARB

Before MB
adsorption 63 105 0.157 0.282 5.593 3.416

After MB
adsorption 20 31 0.045 0.053 18.611 20.325

3.7. FTIR Comparison before and after Adsorption

ARB and M-ARB surface functional group alterations prior to and during MB adsorp-
tion are depicted in Figure 11. It is evident that the surface of the areca residue biochar
prepared by pyrolysis at 600 ◦C contained abundant functional group types. Among them,
the ARB had stretching vibration peaks of -OH at 3431 cm−1, C-H at 2926 cm−1, and
2858 cm−1, C=C and C=O at 1633 cm−1, C-C at 1400 cm−1, C-O at 1223 cm−1, and the
bending vibration peaks of Si-O-Si at 1105 cm−1 and 1034 cm−1 [60,61]. M-ARB had the
stretching vibration peaks of -OH at 3427 cm−1, C-H at 2918 cm−1, and 2860 cm−1, C=C
and C=O at 1595 cm−1, C-C at 1400 cm−1, C-O at 1271 cm−1, and the bending vibration
peaks of Si-O-Si at 1099 cm−1 and 1026 cm−1 and C-H at 796 cm−1 [62]. Except for the
absorption peak position of C-C, which was the same, after NaOH treatment, the locations
of the remaining functional groups’ absorption peaks were altered, with the most obvious
shift of the absorption peaks at C=O and C=C, and a new C-H bending vibration peak
was also generated. This showed that the NaOH modification could change the surface
functional group structure of biochar and bring more functional group types to biochar. It
was analyzed that NaOH modification could open the pores on biochar that were originally
blocked, and at the same time, dissolve some substances on the surface of biochar that
masked the functional groups, thus allowing for better exposure of the functional groups,
which could provide favorable conditions for the better adsorption of pollutants by areca
residue biochar [63].
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Figure 11. FTIR spectra of ARB (a) and M-ARB (b) before and after MB adsorption.

The locations of the absorbance peak of several functional groups of ARB and M-
ARB were changed to varying degrees after MB had been absorbed. Among them, the
-OH absorption peaks of ARB and M-ARB were shifted to 3433 cm−1 and 3410 cm−1,
respectively. This has to do with the creation of hydrogen bonds between the biochar’s
-OH and the heterocycles on MB that contain nitrogen; thus, hydrogen bonding had a
significant impact on the adsorption [64,65]. The C-H stretching vibration peak of ARB
at 2858 cm−1 had been changed to 2860 cm−1, while the peak at 2926 cm−1 had not. The
C-H stretching vibration peak of M-ARB at 2860 cm−1 was displaced to 2862 cm−1, while
the peak at 2918 cm−1 vanished. The C=O and C=C absorption peaks of ARB remained
in their original locations, whereas M-ARB’s C=O and C=C absorption peaks changed to
1597 cm−1, implying the presence of π–π bonding between MB and NaOH-modified areca
residue biochar [66]. However, this effect was weaker in the unmodified areca residue
biochar and was not sufficient to change its absorption peak position. The C-C absorption
peaks of both ARB and M-ARB were shifted to 1398 cm−1, indicating the involvement of
C-C functional groups in the adsorption reaction. The C-O absorption peak of ARB moved
to 1200 cm−1, while that of M-ARB disappeared. The Si-O-Si bending vibration peak of
ARB at 1105 cm−1 moved to 1113 cm−1, while the peak at 1034 cm−1 was not offset. The
Si-O-Si bending vibration peak of M-ARB at 1099 cm−1 shifted to 1105 cm−1, while the peak
at 1026 cm−1 disappeared. In addition, following the adsorption of MB, the newly formed
C-H bending vibration peak of M-ARB changed to 798 cm−1, demonstrating that C-H
was also engaged in the adsorption reaction. This showed that the NaOH-modified areca
residue biochar not only had a richer surface functional group structure, but also the type
of functional groups involved in the adsorption reaction and the degree of participation
had been enhanced, which enabled it to show better MB removal during adsorption [67].

The adsorption mechanism of ARB and M-ARB for MB in water is depicted in
Figure 12.

As can be seen from Figure 12, the adsorption mechanism of ARB on MB mainly
involved electrostatic gravitational force, pore filling, and hydrogen bonding, while the
adsorption mechanism of M-ARB on MB also involved π–π bonding and the combined
effect of other types of functional groups. The adsorption of MB by ARB and M-ARB
was a complex process with multiple mechanisms. Wang et al. [68] prepared HNO3-
activated and tannic acid-enhanced reed biochar as an adsorbent for MB and showed
that the adsorption process was closely related to electrostatic interactions, hydrogen
bonding, ion exchange, and n–π/π–π interactions. Zhang et al. [69] prepared biochar from
hickory chip and obtained modified biochar for MB adsorption using ball milling and H2O2
treatment. The mechanism involved in this adsorption process includes π–π and van der
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Waals attraction mechanism, electrostatic interaction, and ion exchange. Wang et al. [70]
used K2CO3 modified waste bamboo biochar to remove MB from water, and it was found
that electrostatic attraction, hydrogen bonding, and π–π interactions all contributed to MB
adsorption. All these studies generally confirmed that the adsorption of MB by biochar was
not a single adsorption mechanism, similar to the conclusion obtained in this study. The
NaOH modification gave the areca residue biochar a better and more complex structure,
thus giving it a greater adsorption potential and creating a valuable and optional pathway
for the removal of MB.

Figure 12. Adsorption mechanism of ARB and M-ARB for MB.

3.8. Analysis of Regeneration Performance

Figure 13 shows the change of MB removal rate of ARB and M-ARB after five times
of regeneration. It can be seen that, with the increase of adsorption-desorption times, the
removal rates of MB by ARB and M-ARB showed a downward trend, and the downward
trend of ARB was more obvious. After recycling twice, the removal rate of MB by M-ARB
was still above 90%. After five times of recycling, the removal rate of MB by M-ARB
decreased significantly, but still reached 85.86%, showing good reusability. The removal
rate of MB by ARB had dropped to 69.21% by the fifth time of recycling, 16.65 percentage
points lower than that of MB by M-ARB. Accordingly, the regeneration performance of
areca residue biochar without NaOH modification was relatively poor. NaOH modification
enabled areca residue biochar to have a more perfect structure and better physical and
chemical properties, so it can still have a higher pollutant removal efficiency after multiple
recycling and show better economic and environmental benefits in practical application.
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Figure 13. Regeneration performance of ARB and M-ARB for MB adsorption.

3.9. Comparison of Adsorption Capacity

Table 7 lists the adsorption capacity of several biochars for MB in water. It can
be seen that, due to the different raw materials and modification methods of biochars,
their adsorption capacity for MB also varies greatly. In contrast, under relatively simple
preparation and modification conditions, M-ARB in this study, reached a higher MB
adsorption capacity in a relatively short contact time, which has great potential to become a
high-quality MB adsorbent. The preparation of NaOH modified biochar from areca residue
for MB treatment showed good applicability in wastewater treatment and solid waste reuse
and helped to promote sustainable ecological development.

Table 7. Comparison of adsorption capacity of different biochar materials for MB.

Raw
Materials

Modifying
Agent

Pyrolysis
Temperature (◦C)

Pyrolysis Time
(min)

Contact Time
(min)

Adsorption
Capacity (mg/g)

References

Tea residue NaOH 700 240 150 105.44 [28]
Reed HNO3 500 120 720 37.18 [68]

Tea residue KOH+FeCl3 700 120 360 394.30 [71]
Lychee seed KOH 700 — 300 124.53 [72]

Lasia rhizome None 300 180 — 9.58 [73]
Lasia rhizome HNO3 300 180 — 81.35 [73]

Fallen leaf None 500 120 1440 78.60 [74]
Cotton
residue None 550 15 720 9.56 [75]

Cotton
residue NaOH 550 15 720 23.82 [75]

Sewage
sludge None 600 60 — 51.10 [76]

ARB None 600 150 400 86.56 This study
M-ARB NaOH 600 150 400 152.72 This study
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4. Conclusions

This research examined the viability, influencing factors, and mechanisms of adsorp-
tion of MB in water via ARB and M-ARB. NaOH modification not only dramatically raised
the specific surface area and total pore volume of ARB, but also increased its oxygen content,
and enabled it to possess a richer type of surface functional groups and exhibit greater
adsorption potential. The theoretical maximum adsorption of MB in water by M-ARB
ranged from 136.81 mg/g to 152.72 mg/g, which was increased by 74.99–76.59%, com-
pared with that before modification. The mechanism involved in the adsorption process of
M-ARB for MB was more abundant, including the electrostatic gravitational force, pore
filling, hydrogen bonding, and π–π bonding, which was a complex process. The conversion
of waste areca residue into biochar that can effectively adsorb MB in water provided a
preferred pathway for the removal of MB and also provided a new strategy to effectively
solve the environmental pollution problems caused by areca residue.
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Abstract: Rice straw is waste material from agriculture as a renewable biomass resource, but the
black liquor produced by straw pulping causes serious pollution problems. The twin-screw pulping
machine was designed by Solidworks software and the straw breakage model was created by the
Discrete Element Method (DEM). The model of straw particles breakage process in the Twin-screw
pulping machine was built by the Tavares model. The simulation results showed that the highest
number of broken straw particles was achieved when the twin-screw spiral casing combination
was negative-positive-negative-positive and the tooth groove angle arrangement of the negative
spiral casing was 45◦−30◦−15◦. The multi-factor simulation showed that the order of influence
of each factor on the pulp yield was screw speed > straw moisture content > tooth groove angle.
The Box-Behnken experiment showed that when screw speed was 550 r/min, tooth groove angle
was 30◦, straw moisture content was 65% and pulping yield achieved up to 92.5%. Twin-screw
pulping performance verification experiments were conducted, and the results from the experimental
measurements and simulation data from the model showed good agreement.

Keywords: twin-screw pulping; semi-dry pulping; straw breakage; Discrete Element Method;
Tavares model

1. Introduction

China’s rice planted area and straw yield are large [1], and the utilization rate of
straw fertilization, feederization and fuelization are relatively high, while the utilization
rate of raw materialization is only 1.0% [2]. Traditional pulping methods have led to a
wood shortage and environmental pollution, and straw as a wasted crop can become an
alternative method of pulping [3]. Straw pulping has an important role in the Chinese
pulping industry, but the complex structure of straw leads to black liquor produced in
the pulping process and increases pollution emissions [4]. Therefore, the simulation and
experimental study of pulping performance is important to improve the utilization rate of
straw raw materialization and promote clean straw pulping.

The Discrete Element Method (DEM) can simulate the motion of individual particles
in granular media, and the Tavares model is a practical model to describe the fragmentation
of individual particles, which is applied in the fields of particle fragmentation and material
wear [5]. The particles under loading assume the following states: unbroken, worn, broken,
and separated. DEM solves the particle motion problem based on Newton’s equations of
motion and uses the contact law to analyze the contact forces between the particles. Tavares
proposes a practical model to describe the breakage of a single particle that can be used to
describe the breakage of polyhedral particles when exposed to different intensity stresses [6].
The Tavares model was based on the research of Professor L.M. Tavares at the University
of Utah and was developed through further research by a research group at the Federal
University of Rio de Janeiro [5]. The Tavares model determines whether a particle would
crush by calculating the energy displaced in the contact of two elements, and could simulate
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the breakage of a particle under insufficient stress, explaining the probability of particle
breakage through the upper truncated log-normal distribution. The Tavares model extends
the breakage distribution function based on simple crushing, enabling breakage prediction
to reach a more realistic level, contributing to the description of particle degradation during
treatment and particle size reduction under different conditions. It can predict fracture
and broken particle percentages for repeated impacts, based on a weakened model of
continuum damage mechanics. Considering the special case of materials exhibiting a
non-normalized fracture response, it describes the size distribution of particle breakage
generations in terms of an incomplete beta function, which predicts the size distribution
of fragments produced by stress events by describing experiential expressions for stress
energy and fragmentation strength [7]. Currently, the Tavares fracture model is embedded
in commercial DEM software (RockyDEM and Altair EDEM) and employed to simulate
many complex industrial processes and integrated into micro-scale population balance
models describing mill types.

Further, Barrios [8] simulated the fragmentation of the ironstone particle layer shock
and compression loading by a DEM-coupled particle replacement model, which was able
to describe the force and deformation profile generated by the individual particle loading,
deriving a function for calculating the particle size based on the median ratio fracture
energy. Carvalho [9] proposed a mathematical model for material grinding, describing the
phenomena of fragmentation, wear, and repeated shock caused by the grinding medium,
and accurately calculated the wear rate of both materials during the grinding process.
Oliveira and Rodriguez [10] simulated the process of material crushing in a vertical stirred
mill with a mechanical wear model and predicted the mill power by the Discrete Element
Method with an error of less than 3.5% between simulation and experiment, proving that
DEM can be used as a tool to predict and analyze the crushing behavior of materials.
Tavares and Rodriguez [11] verified the effects of particle fracture energy, particle size, and
material properties on the variation in the impact surface by comparing model predictions
with single-particle fragmentation, showing that the model could accurately predict the
distribution of fragments. Zeng and Mao [12] proposed a numerical method combining the
Discrete Element Method (DEM) and the Particle Replacement Model (PRM) to compare
the particle crushing process of the simulated vertical mill with the actual grinding process,
and concluded that the simulation results were in agreement with the experimental results.
Xu [13] used the coupling method of DEM to analyze the contact action between seeds
and soil from a microscopic perspective and analyzed the influence of seed displacement
during soil cover and compaction processing to verify the feasibility and applicability of
the coupling method.

However, the main problems in the straw pulping industry are that it is hard to
degrade lignin, chemical pulping is environmentally unfriendly, twin-screw pulping con-
sumes the least energy among mechanical pulping methods, and biological pulping tech-
nology is not yet well established [14]. Therefore, the combination of biological and
mechanical methods to degrade lignin for pulping is an efficient and environmentally
friendly method [15]. At present, the research on twin-screw pulping machines mainly
focuses on the optimization of twin-screw structure parameters and process conditions,
while there is little research on the simulation of the straw breakage process. Xiaoyang [16]
studied the influences of screw speed, inverted thread lead number and groove width
of negative spiral casing on specific energy and pulping quality, but failed to consider
the influence of tooth groove angle of negative spiral casing on pulping performance.
Pradhan [17] conducted material crushing experiments to show that the geometry of the
screw element affects the material particle crushing process, modifying the geometry of
the screw element to change the size of the largest particle. Shirazian [18] constructed a
two-dimensional population balance model (PBM) to find out the twin-screw pelletizing
mechanism and carried out experiments on a 12 mm twin-screw with microcrystalline
cellulose as the model to predict the GSD values at different spatial locations. Bumm [19]
researched the damage to glass fiber of different viscosity and screw speeds, and estab-
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lished a composite modular dynamics model to describe glass fiber fragmentation and
compared the simulation results with experimental data to show a consistent relationship.
Fleur Rol [20] used a twin-screw extruder to produce CNFs and compared it to an ultrafine
grinder (UFG) and found that cellulose pulping with four passes of TSE reduced energy
consumption by 4–5 times compared to UFG on the same mass index. Dyna Thenga [21]
compared the energy consumption, extrudate and pulping properties of two pretreatment
technologies, twin-screw extrusion and steam digestion. It found that twin-screw pulping
demanded lower water volume, lower temperature, and lower energy consumption. Thu
Ho [22] studied the effect of the fibrillation process on fiber properties in a twin-screw
machine, where cellulose fibers were found to exhibit not only fibrillation but also some
degree of degradation after several successive passes through the TSE. The method of
twin-screw pulping has the advantage of low cost and high fiber content compared to
other pulping mechanical methods. Ke pa [23] conducted twin-screw extrusion (TSE), high-
energy ball milling (HEBM) and high-pressure homogenization (HPH) of alkali-treated
material to convert into cellulose microfiber (MFC) and nanofiber (CNF), and fiber analysis
using confocal laser scanning microscopy resulted in the lowest TSE energy consumption.
Eduardo Espinosa [24] compared the energy consumption of Twins Screw Extruder (TSE),
High Pressure Homogenizer (HPH) and Ultrafine Grinder (UFG) to describe the morphol-
ogy, crystallinity, thermal stability, chemical structure and mechanical properties of the
obtained lignocellulose. Twin-screw pulping was found to consume five times less energy
than HPH and UFG. Fangmin Liang [25] used a low-cost Twins Screw Extruder (TSE) for
bamboo pulping instead of the high-cost common extrusion Model Screw Device (MSD).
TSE extruded material had shorter fibers, higher fines content, lower kink and curl indices
compared to MSD, and the absorbance of TSE extruded material (4.50 g/g) was 3 times
higher than that of MSD extruded material.

Material characteristics and structural parameters of the twin-screw pulping machine
have an important influence on the straw pulping performance. In this work, the Discrete
Element Model of straw crushing is created for the pulping process of rice straw in a
twin-screw pulping machine based on the Tavares mathematical model, and the number
of straw particles broken was analyzed. Ternary quadratic orthogonal center-of-rotation
combination tests were conducted with rice straw pretreated using white rot fungi liquid
as the experimental object, the straw pulping yield as evaluation indexes, and tooth groove
angle, screw speed and straw moisture content as influencing factors, to improve the twin-
screw pulp yield and the quality of the pulp without producing black liquor, to ensure a
clean and efficient straw process.

2. Materials and Methods

The designed geometric model of the twin-screw pulping machine was imported
into Rocky, the particle model of rice straw was set, the Tavares model was selected as
the breakage model, and the sum of all forces and moments acting on the particles was
calculated. The straw particle was moved to the next position until the end of the simulation,
the position, velocity, and time step of the particle were calculated by the Rocky programs,
and the simulation results were derived and verified. Based on the results of the simulation
analysis, the twin-screw pulping machine was continually optimized until an optimal
design was obtained. Multi-factor test with tooth groove angle, screw speed and straw
moisture content as influencing factors, to explore the effect of each parameter on the
pulping performance of the twin-screw machine, as shown in Figure 1.
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Figure 1. Process of twin-screw pulping simulation and experimental study.

2.1. Experimental Setup
2.1.1. Establishing a Mathematical Model of Twin-Screw Pulping Machine

The 3D model software named Solidworks was used to design and optimize the
twin-screw pulping machine, which included screw discharge device, twin-screw device,
screw feed device, rigid bearing chock, decelerator, coupling, drive motor, and body frame,
as shown in Figure 2.

Figure 2. Structure of the twin-screw pulping machine. 1. screw discharge device; 2. twin-screw
device; 3. screw feed device; 4. rigid bearing chock; 5. decelerator; 6. coupling; 7. drive motor.

The key component of pulping machinery, the twin-screw device, comprised of the
positive spiral casing, negative spiral casing, conveying spiral casing and rotating shaft, as
shown in Figure 3.
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Figure 3. Twin-screw device. 1. positive spiral casing; 2. negative spiral casing; 3. conveying
spiral casing.

The force on the straw through the positive spiral casing and the negative spiral casing
formed a balanced force system to achieve the purpose of extrusion and shear [26]. The
negative spiral casing was designed with the multi-headed reversal spiral groove, and the
straw generated shear force and squeezing pressure when passing through the groove of
the tooth. The equation of force on the tooth groove is:

⎧⎨
⎩

Fn = Fn × cos αn × sinγ

Fr1 = Fn × sinn
Fa1 = Fn × cos αn × cosγ

(1)

2.1.2. Twin-Screw Structure Arrangement

In order to optimize the pulping performance of the twin-screw pulping device, the
positive spiral casing and negative spiral casing were arranged in different combinations,
which made the shearing rate, cumulative strain and specific mechanical energy of the
straw material achieved the best value [27], as shown in Figure 4.

Figure 4. Combination of twin-screw mechanism spiral casing. (a) Positive-Negative-Positive-
Negative (PNPN); (b) Positive-Positive-Negative-Negative (PPNN); (c) Positive-Negative-Negative-
Positive (PNNP); (d) Negative-Positive-Negative-Positive (NPNP); (e) Negative-Negative-Positive-
Positive (NNPP); (f) Negative-Positive-Positive-Negative (NPPN).

The specific mechanical energy (SEM) is calculated as follows:

SEM
[

KWh
t

]
=

N ∗ C ∗ Pmax

Nmax ∗ Cmax ∗ Q
(2)
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where N (r/min) and Nmax (r/min) are the rotational speed of the screw and the maximum
speed of the screw; Pmax (7 kW) is the maximum power of the motor; C (N·m) and Cmax
(130 N·m) are torque and maximum torque; Q (t/h) is total flow.

2.1.3. Force Analysis of Straw Particles

1. Force analysis of twin-screw on straw particles;

Due to the complex force interaction of straw particles in the extrusion-shear section
of the negative spiral casing [28], assuming a single screw as the object of study and straw
particles as a whole, when the straw particles moved in the twin-screw pulping device,
the force on each micro-element could be decomposed into 8 partial forces, as shown in
Figure 5.

Figure 5. Force Analysis on the straw particles in the negative spiral casing. Where F′
1, F′

3, F′
4, F′

5 are
friction forces; F′

2, F′
7 are extrusion forces; F′

8, F′
9 are shear forces.

A is the friction force of the screw surface on the straw particles, which is the driving
force of the movement of the straw material flow in the screw teeth grooves, and is
calculated as follows:

F′
1 = fbPSbdLb (3)

where fb is friction coefficient between screw surface and straw particles; P (Pa) is the
pressure of straw particles on screw shaft; dLb (mm) is the micro increments of the screw
surface along the helix direction; Sb (mm2) is the contact area between straw particles
and screw.

2. Force analysis between straw particles;

The action model between the straw particles is the BPM bonding model, where
the contact part between the particles of rice straw produces parallel bonding, which is
equivalent to setting a set of springs on the circular section of the straw particles [29]. The
force analysis between the particles is shown in Figure 6.

Figure 6. Force Analysis on the straw particles.
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The torque of the rice straw particles is determined by Newton’s second law, and
the contact force between the particles due to relative motion is calculated by the force-
displacement law [30]. The force equation of the straw particles is:

δFn
b = −νnSn Aδt

δFt
b = −νtSt Aδt

δMn
b = −ωnSt Jδt

δMt
b = −ωnSn

J
2 δt

(4)

where δt (s) is time step; νn (m/s) and νt (m/s) are normal and tangential velocities
of particles; ωn (r/min) and ωt (r/min) are normal and tangential angular velocities of
particles; J (kg·m2) is moment of inertia; A (mm2) is contact area; Sn (N/m) and St (N/m)
are normal stiffness and tangential stiffness per unit area.

2.2. Simulation Test
2.2.1. Simulation Model

In the Tavares breakage model, the fragmentation probability is based on the upper
truncated log-normal distribution [31]. When a particle collision event occurs, the breakage
ratio energy decreases owing to the accumulated damage to the particle during loading.
When the particle is broken, the geometry of the fragments is generated by the Voronoi
fracture equation and distributed according to the Gaudin-Schumann function.

The breakage probability expression is:

Po(e) =
1
2

[
1 + er f (

ln e∗ − ln e50√
2δ2

)

]
(5)

where e∗(J) is relative breakage energy; e50 (J) is average breakage energy; δ2 is variance of
the log-normal distribution of the breakage energy.

The relative breakage energy is calculated as follows:

e∗ = emaxe
emax − e

(6)

The average breakage energy is calculated as follows:

e50 = e∞

[
1 + (

d0

L
)

φ
]

(7)

Rice straw was used as the experimental material, mainly composed of cellulose,
hemicellulose and lignin, with a moisture content of 40–70%, a thickness of 5–10 mm and a
length of 20–30 mm [32]. The stress-strain relationship of rice straw is following the general-
ized Hooke’s law, and the breakage process is the same as that of the linear elastic material
model. Assuming that the rice straw material parameters are linearly elastic, the Hertz-
Milling bond contact model is adopted to analyze the rice straw particle fragmentation
process, and energy consumption was calculated based on the forces and displacements
of particle interactions during bond breakage [33]. The rice straw particle model usually
is regarded as an axisymmetric ellipsoid in DEM simulations and is represented by a
multi-sphere overlap connection method [34]. Based on the Tavares mathematical model,
the rice particle model was simplified to an ellipsoid with a long axis of 52 mm and a short
axis of 16 mm by measuring and calculating the dimensions of 100 rice straw particles.
Further, regarding the irregular patterns of the straw particles, the straw particles were
simulated as irregular polyhedra of 52 mm in length, 16 mm in width and 8 mm in height,
as shown in Figure 7.
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Figure 7. Modeling of rice straw particles. (a) Real straw particles; (b) straw particle simplification;
(c) straw particle model.

Currently, only the JKR model (Johnson-Kendall-Roberts) can describe the surface
interaction of elliptical contacts, where the shape of the JKR contact region changes through-
out the contact [35]. In the JKR model, the line contact of different objects can be replaced by
a cylindrical contact with an equivalent radius of curvature and a cylindrical contact with a
bump. The contact between the straw particles can be replaced by line contact between two
cylindrical surfaces with an equivalent radius of curvature. The equivalent model is shown
in Figure 8. Based on the JKR model, the equivalent work was calculated according to the
adhesion force between the straw particles, and the calculated value of the equivalent work
was less than the ideal value, while the rough straw particle appearance caused the actual
contact surface to be larger than the ideal contact surface [36].

Figure 8. Surface contact equivalent model.

2.2.2. Parameter Setting

The parameters such as density, Poisson’s ratio and shear elastic modulus of the straw
particles and geometric model were set as shown in Table 1 [37].

Table 1. Setting of simulation parameters.

Straw particle

Density ρ/(kg/m3) 1440

Poisson ratio 0.25

Shear elastic modulus G/(Pa) 1.5 × 106

Geometric model

Density ρ/(kg/m3) 7800

Poisson ratio 0.35

Shear elastic modulus G/(Pa) 8 × 1010

Particle-Particle

Recovery coefficient 0.65

Static friction coefficient 0.18

Rolling friction coefficient 0.01

Particle-Geometric mode

Recovery coefficient 0.65

Static friction coefficient 0.15

Rolling friction coefficient 0.01
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2.2.3. Simulation Process

To find a suitable combination of spiral casing and tooth groove angle, different
twin-screw structure combinations were designed for simulation analysis of pulping per-
formance. The combination form of the spiral casing (P for positive spiral casing, N for
negative spiral casing) and the arrangement form of tooth groove angle (W for 45◦, S for
30◦, R for 15◦) are shown in Table 2.

Table 2. Combinations of spiral casing and arrangement of groove angle.

Spiral Sleeve Combination Groove Angle Arrangement

PNPN NPPN 45◦−30◦−15◦ (WSR) 15◦−45◦−30◦ (RWS)
PPNN PNNN 45◦−15◦−30◦ (WRS) 45◦−45◦−15◦ (WWR)
PNNP NPNN 30◦−45◦−15◦ (SWR) 45◦−45◦−30◦ (WWS)
NPNP NNPN 30◦−15◦−45◦(SRW) 30◦−30◦−45◦ (SSW)
NNPP NNNP 15◦−30◦−45◦ (RSW) 30◦−30◦−15◦ (SSR)

The number of straw particles was set to 2000, the rolling friction coefficient of particle-
particle was 0.01, and the rolling friction coefficient of the particle-geometry model was
0.01. The computation step was set to 14 times, and the computation was terminated after
10 consecutive convergences, and the result was obtained after 8556 iterations to reach
convergence. The simulation period of straw particles in the twin-screw pulping device was
21 s, intercepting the time points 0 s, 3 s, 6 s, 9 s, 12 s, 15 s, 18 s and 21 s of the combination
breakage process for analysis. The straw particles have a certain viscosity that caused them
to adhere to the twin-screw pulping device during the simulation process, which affected
the accuracy of the simulation process. Therefore, the model was modified to ensure the
accuracy of the model, as shown in Figure 9.

Figure 9. The mechanism of lignin degradation by white rot fungi.

2.3. Experimental Study
2.3.1. Trial Preparation

Rice straw was obtained from the experimental basement of the Shunbang Agricultural
Machinery R&D Center in Siping City, Jilin Province, with a plant height of 0.7–1 m. Mature
rice straw was selected and pre-treated to 5–10 cm straw by a kneading machine [38].

The CM0085 medium was sterilized at 121 ◦C for 30 min and cooled to room tempera-
ture. White rot fungi (Bio-114,230) were taken into the medium with an inoculation loop
and were placed in a constant temperature vibration incubator and incubated continuously
at 120 r/min for 7 days at 30 ◦C. The bacterial liquid was prepared by the expanded culti-
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vation of white rot fungi and water in a ratio of 1:10 and sprayed evenly into the rice straw.
The twin-screw pulping machine was operated and the microbiologically treated rice straw
was pulped.

The mechanism of lignin degradation by white rot fungi is shown in Figure 9. A
large number of extracellular oxidases were secreted during the mycelial growth and
spread of white rot fungi, such as laccase (Lac), lignin peroxidase (Lip) and manganese
peroxidase (MnP). The formation of H2O2 with the participation of molecular oxygen
triggered the initiation of a series of free radical chain reactions to break the Cα-Cβ, β-
O-4 and α-O-4 between the lignin benzene rings, followed by a series of reactions to
degrade spontaneously.

Multi-factor test with tooth groove angle, screw speed and straw moisture content as
influencing factors, and with pulp yield as an evaluation index of the performance of straw
pulping [39]. Pulping yield is the percentage of pulp mass after lignin degradation of straw
to the mass of straw before pulping, calculated as follows:

Qe =
G2

G1
× 100% (8)

where Qe (%) is pulp yield; G1 (g) and G2 (g) are straw mass before pulping and pulp mass
of straw after lignin degradation.

2.3.2. Box-Behnken Experimental Design

The ternary quadratic orthogonal center of rotation combination test was used to
optimize the combination of tooth groove angle, screw speed and straw moisture content,
and the factor codes are shown in Table 3.

Table 3. Factor coding.

Coding
Factors

Groove Angle A/(◦) Screw Speed B/(r/min) Straw Moisture Content C/(%)

−1.682 15 450 55
−1 20 500 60
0 25 550 65
1 30 600 70

1.682 35 650 75

2.4. Validation Experiment
2.4.1. Twin-Screw Structure Verification Experiment

In order to find out the effect of twin-screw structure parameters on the straw pulping
performance, the optimized design of the twin-screw pulping device was studied by the
platform of Shunbang Agricultural Machinery Manufacturing Limited Company (Siping,
China). The twin-screw pulping machine as shown in Figure 10.

The combination of the spiral casing of twin-screw pulping machine has a certain
influence on the pulping performance [40]. Fibers passing through the twin screw machine
always present a certain level of fibrillation and part of the hemicellulose and extractives
would be removed [41]. The force of the positive spiral casing on the straw particles is the
squeezing pressure, which is too strong for the bond between the straw particles and affects
the degradation of the straw lignocellulose [42]. The force of the negative spiral casing
on the straw particles is the shearing pressure, which is too strong for some of the straw
particles attached to the side of the tooth groove, hindering the flow of straw materials.
The arrangement of the tooth groove angle on negative spiral casing has a certain influence
on the pulping performance [43]. If the angle of the tooth groove is too large, the shearing
force on the straw is small and not enough to break the internal van der Waals force of the
straw. If the angle of the tooth groove is too small, the straw material input is too small, and
the straw material clearance is too large that the extrusion pressure on the straw is too small
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to destroy the internal lignocellulosic component structure of the straw. Therefore, the
experimental study of the twin-screw pulping performance was carried out by changing
the combination of the spiral casing and the arrangement of the tooth groove angle on
negative spiral casing.

Figure 10. Twin-screw pulping machine on location.

2.4.2. Straw Moisture Content Verification Experiment

The initial moisture content of rice straw was 40%, and the 36 groups of samples after
different degrees of soaking treatment were put into high-temperature drying ovens and
dried at a temperature of 105 ◦C for more than 12 h to obtain the dry mass of rice straw.
The moisture content of the samples in real-time was calculated according to the rice straw
moisture content formula [44], which is calculated as follows:

Me =
W1 − W2

W1
× 100% (9)

where Me (%) is moisture content of rice straw; W1 (g) and W2 (g) are mass of rice straw
samples before drying and dry mass of rice straw samples.

The experimental study on the effect of straw moisture content on pulping perfor-
mance was carried out by using the twin-screw pulping machine to pulping rice straw with
moisture content of 50%, 55%, 60%, 65%, 70% and 75%, keeping the screw speed, tooth
groove angle and pulping time consistent.

2.4.3. Screw Speed Verification Experiment

Set the twin-screw speed and use the cardboard press roll forming machine to make
the pulping into straw board. Particularly, intercept 100 cm2 of the straw board, using
image recognition technology to calculate the number of stomata and trichome features of
the straw board [45].

3. Results and Discussions

3.1. Simulation Results

From Figure 11a,b, it can be seen that at the beginning of the straw particles entering
the twin-screw pulping device, the straw particles were in order and did not start to break.
From Figure 11c,d, it can be seen that the straw particles entering the twin-screw conveying
stage, the straw particles under the forward thrust and tangential force of the twin-screw,
breaking the orderly arrangement of the state to irregular and disordered distribution, the
friction between the straw particles made the initial breakage of the straw particles and
began to accumulate breakage ratio energy. From Figure 11e,f, it can be seen that the straw
particles started to enter the extrusion-shear stage with tighter distribution and were under
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squeezing pressure from the positive spiral casing and shearing force from the negative
spiral casing. The heat generated during the extrusion-shear stage could soften the lignin
binding the fibers so that the hydrogen and covalent bonds between the bad cellulose and
lignin could be easily broken [46]. The accumulated breakage ratio energy can resist part of
the van der Waals force inside the straw particles and the straw particles started to break
initially, yet the breaking effect is not obvious. From Figure 11g,h, it can be seen that the
straw particles completely entered the pulping stage with a tight distribution and were
under the pressure of the positive spiral casing and the shearing force of the negative spiral
casing. The accumulated breakage ratio energy completely eliminated the van der Waals
force inside the straw particles, and the straw particles broke rapidly in large quantities.
Comparing and analyzing the number of broken straw particles, when the spiral casing
combination form was NPNP and the angle arrangement of the negative spiral casing was
WSR, the number of straw particles crushed was highest.

Figure 11. Simulation of breaking of straw particles in a twin screw machine for cellulose in time for
0 s (a), 3 s (b), 6 s (c), 9 s (d), 12 s (e), 15 s (f), 18 s (g) and 21 s (h).
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3.2. Multi-Factor Experiment Results
3.2.1. Multi-Factor Experiment Results and Analysis

The experimental design was carried out with Design Expert 12.0 to analyze the factors
to rationalize the data obtained from the experiment, as shown in Table 4.

Table 4. Analyzed factors of the experiment.

Number

Factors

Groove Angle
A/(◦)

Screw Speed
B/(r/min)

Straw Moisture
Content C/(%)

Pulping
Yield/%

1 1 1 1 91.4
2 1 1 −1 82.8
3 1 −1 1 88.9
4 1 −1 −1 90.5
5 −1 1 1 89.3
6 −1 1 −1 86.7
7 −1 −1 1 88.3
8 −1 −1 −1 85.4
9 1.682 0 0 92.5
10 −1.682 0 0 84.2
11 0 1.682 0 89.3
12 0 −1.682 0 91.3
13 0 0 1.682 87.7
14 0 0 −1.682 92.1
15 0 0 0 83.4
16 0 0 0 85.5
17 0 0 0 87.4
18 0 0 0 90.9
19 0 0 0 89.6

A second-order regression model of the pulping performance with the three inde-
pendent variables of tooth groove angle, screw speed, and straw moisture content was
developed, its quadratic polynomial equation is:

θ = 90.2 + 0.93 A + 3.20 B + 1.94 C − 0.10 AB − 0.03 AC + 1.8 BC − 7.86 A2 − 16.39 B2 − 7.21C2 (10)

The results of the ANOVA are shown in Table 5 and the results showed that the
equation model was highly significant with p < 0.001. The Lack of fit p = 0.1239 indicated
that the equation fit was credible, reliable, and accurate. Tooth groove angle, screw speed,
and straw moisture content had a highly significant effect on the pulping performance
(p < 0.01). The interaction term BC had a significant effect on the pulping performance
(p = 0.0305) and the secondary terms A2, B2 and C2 had a significant effect on the pulping
performance (p < 0.05). The order of influence of each factor on pulping performance is
B > C > A.

3.2.2. Box-Behnken Experiment Results

The Box-Behnken experiment was designed to obtain the response surface graph of
the interaction of tooth groove angle, screw speed, and straw moisture content on the
pulping yield, as shown in Figure 12. The center of the response surface plane projection
graph was located within the ellipse, indicating that the interactions AB, BC, and AC had a
significant effect on the pulping performance.
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Table 5. Analysis of variance of the Box-Behnken experiment.

Source Sum of Squares Freedom Mean Square p

Model 1894.46 9 210.5 <0.0001
A 7.03 1 7.03 0.0076
B 81.92 1 81.92 0.0035
C 30.03 1 30.03 0.0051

AB 0.04 1 0.04 0.9269
AC 0.0025 1 0.0025 0.9817
BC 12.96 1 12.96 0.0305
A2 260.29 1 260.29 0.0001
B2 1130.74 1 1130.74 <0.0001
C2 219.03 1 219.03 0.0002

Residual 30.93 7 4.42 /
Lack of fit 22.57 3 7.52 0.1239

Error 8.36 4 2.09 /
Total value 1925.39 16 / /

Figure 12. Response surface graph of the effect of interactions on straw the pulping rate. (a) The
effects of screw speed (B) vs. tooth groove angle (A) on pulping yield; (b) the effects of straw moisture
content (C) vs. tooth groove angle (A) on pulping yield; (c) the effects of straw moisture content (C)
vs. screw speed (B) on pulping yield.

From Figure 12a, it was found that the pulp yield was 83.4% when the screw speed
was 400 r/min and the tooth groove angle was 15◦. Higher screw speed could increase the
extrusion force and shear force on the straw and promote the production of extracellular
oxidase by white rot fungi in straw and enhance the degree of lignin degradation. Lignin
derivatives produced during lignin degradation could inhibit the hydrolysis of cellulase
and xylanase, resulting in a relatively higher pulp yield [47]. The pulp yield was 85.5%
when the screw speed was 650 r/min and the tooth groove angle was 15◦. The larger tooth
groove angle will lead to a larger opening area and smaller cross-sectional area, which will
increase the feeding amount of the straw and improve the pulp yield.

From Figure 12b, it was found that the pulp yield was 84.2% when the straw moisture
content was 55% and the tooth groove angle was 15◦. With the increasing moisture content
of straw, the internal van der Waals forces and chemical bonding of straw were gradually
broken and the pulp yield improved. The pulp yield was 87.7% when the straw moisture
content was 75% and the tooth groove angle was 15◦. With the increasing angle of the tooth
groove, the opening area increased and the cross-sectional area decreased, which improved
the feeding amount and pulp yield.

From Figure 12c, it was found that the pulp yield was 82.8% when the screw speed was
400 r/min and the straw moisture content was 55%. With the increase of straw moisture
content, free water was generated within the straw to fill the cell cavities, and the internal
forces within the straw particles were easily broken leading to the improvement of pulp
yield. The pulp yield was 85.4% when the screw speed was 400 r/min and the straw
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moisture content was 75%. With the increase of screw speed, the twin-screw extrusion
pressure and shear force on the straw gradually eliminated the internal van der Waals force
of the straw. The lignin degradation rate was increased while the hydrolysis of cellulose
and hemicellulose was inhibited and the pulp yield improved.

Straw pulping performance and pulp yield are positively correlated, that is, the straw
pulping performance is the macro performance of the pulp yield. Higher pulping yield
leads to better straw pulping performance [48].

3.3. Results of the Validation Experiment
3.3.1. Effect of Twin-Screw Structure Parameters on the Straw Pulping Performance

The experiment results are shown in Figure 13, the straw pulping performance was
poor when the combination of the spiral casing was PNNN and NNNP, and the adjustment
of the tooth groove angle failed to improve the straw pulping performance. The reason
is that the number of positive spiral casings was large and the number of negative spiral
casings was small, resulting in a larger squeezing force and smaller shearing force on the
straw particles. Excessive squeezing pressure caused stronger bonding between straw
particles and difficulty in breaking the hydrogen bond between cellulose and lignin, which
hindered the degradation of straw lignocellulose and poor straw pulping performance.
The straw pulping performance was poor when the spiral casing combination was NPNN
and NNPN, while the straw pulping performance get improved when the tooth groove
angle arrangement was SSR. The reason is that the small tooth groove angle and large cross-
sectional area increased the shear force on the straw particles, making up for the small shear
force of the spiral casing combination. It caused an easy disruption of the covalent bond
between cellulose and lignin to improve the degradation of straw lignocellulose. However,
the shear force was still not enough to break the internal van der Waals force of straw, and
the straw pulping performance was also poor [49]. The straw pulping performance was
poor when the spiral casing combination was PNNP and NPPN, while the straw pulping
performance get improved when the tooth groove angle arrangement was SWR and RWS.
The reason is that the angles of tooth groove were arranged as small-large-small, so that
the straw material was first ground by large shear force, then flowed with higher flow, and
finally ground by large shear force for the second time. The disadvantages of continuous
shearing and continuous extrusion of the spiral casing combination were compensated,
and the Cα-Cβ, β-O-4 and α-O-4 between the lignin benzene rings were broken to improve
the straw pulping performance. The straw pulping performance was better when the
combination of spiral casing was PPNN and NNPP, and the degradation of straw lignin
was hindered with the combination of SSR and WWR in the tooth groove angle. The reason
is that the angle of the tooth groove was continuously too large to small leading to a rapid
decrement in flow, resulting in straw material blocking. The angle of the tooth groove was
continuously small to large, resulting in the shearing force being too large to small, and the
material feeding speed was too fast to grind the straw material completely, which affected
the performance of straw pulping. The straw pulping performance was the best when the
spiral casing combination was NPNP and PNPN, while the straw pulping performance
get improved when the tooth groove angle arrangement was SSR. The reason is that the
angle of the tooth groove was gradually smaller enabling the flow of straw material to
decrease steadily, while the shearing force was increasing to grind straw more completely.
It contributed to the cracking of the fiber surface and enhances the separation of the fiber
material. The slowly changing material flow solved the problem of material blockage and
achieved the optimal straw pulping performance.
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Figure 13. Influence of twin-screw structure parameters on the performance of straw pulping.

In summary, the straw pulping performance was the worst when the twin-screw
pulping device spiral casing combination was PNNN and NNNP. The straw pulping
performance was poor when the twin-screw pulping device spiral casing combination was
NPNN and NNPN. The straw pulping performance was improved when the spiral casing
combination was PNNP and NPPN and the tooth groove angle arrangement was SWR and
RWS. The straw pulping performance was good when the spiral casing combination was
PPNN and NNPP and the tooth groove angle arrangement was SSR and WWR. The straw
pulping performance was the best when the spiral casing combination was NPNP and the
tooth groove angle arrangement was WSR.

3.3.2. Effect of Straw Moisture Content on Pulping Performance

From Figure 14a, it was found that the straw slurry presented an inhomogeneous
multi-angular agglomerate morphology, where the percentage of large multi-angular ag-
glomerates was 65.4%. The reason is that when the straw moisture content was 50%,
the internal force of the straw and the lignin benzene rings had not been destroyed and
the straw fiber components were not separated so straw pulping performance was the
worst [50]. From Figure 14b, it was found that the straw slurry presented inhomogeneous
flat-ribbon agglomerate morphology, where the percentage of large inhomogeneous flat-
ribbon agglomerates was 45.3%. The reason is that when the straw moisture content was
55%, part of the straw internal force was broken and the straw fiber component separation
degree was low. The hydrogen bond between lignin and cellulose was only partially broken
so the straw pulping performance was poor [51]. From Figure 14c, it was found that the
straw slurry presented an inhomogeneous spherical agglomerate morphology, where the
percentage of large spherical agglomerates was 25.7%. The reason is that when the straw
moisture content was 60%, The activity of extracellular oxidase produced by white rot fungi
that could degrade lignin was increased and the straw fiber components were separated
to a higher degree so that the straw pulping performance was good. From Figure 14d,
it was found that the straw slurry presented a homogeneous fine-grained agglomerate
morphology, where the percentage of large fine-grained agglomerates was 6.5%. The
reason is that when the straw moisture content was 65%, the straw internal forces were
destroyed extremely high, and the more active oxidase triggered a series of free radical
chain reactions that caused spontaneous degradation of the lignin benzene rings in a range
of reactions. The straw fiber components were separated highly so that the straw pulping
performance was the best. From Figure 14e, it was found that the straw slurry presented an
inhomogeneous cottony agglomerate morphology, where the percentage of large cottony
agglomerates was 16.8%. The reason is that when the water content of straw was 70%,
the internal force of straw and the hydrogen bonds between lignin and cellulose were
basically destroyed and the lignin in the straw fiber component was basically degraded
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so that the straw pulping performance was good. From Figure 14e, it was found that the
straw slurry presented an inhomogeneous thin-strip agglomerate morphology, where the
percentage of large thin-strip agglomerates was 36.9%. The reason is that when the straw
moisture content was 75%, the oxidase activity and the degradation of lignin benzene ring
were decreased. Part of the straw internal forces had not been destroyed and the lignin
degradation rate in the straw fiber component was reduced so that the straw pulping
performance was poor.

Figure 14. Illustration of straw pulp with different moisture content. Straw moisture content is 50%
(a), 55% (b), 60% (c), 65% (d), 70% (e), and 75% (f).

In summary, when the straw moisture content was lower than 60%, only bound
water existed inside the straw and the lack of free water to fill the cell cavity. The straw
internal van der Waals force and chemical bonding were strong, and the lignin benzene
rings were hardly broken leading to difficulty in breaking the straw. When the moisture
content of straw was between 60 and 70%, the force within the straw was easily destroyed
and the lignin benzene rings were easily disrupted by the effect of highly active lignin-
degrading enzymes. The straw was broken to a strong degree resulting in good straw
pulping performance. When the water content of straw was higher than 70%, the cell
cavity of straw was filled with free water, the squeezing pressure and shear force on straw
particles were buffered, and some of the van der Waals forces inside the straw were not
destroyed. Part of the hydrogen bond between lignin and cellulose was not broken so some
of the lignin was not degraded and the straw pulping performance turned poor. Therefore,
the straw moisture content had a significant effect on the pulping performance, which was
consistent with the simulation results.

3.3.3. The Effect of Screw Speed on Pulping Performance

From Figure 15a, it was found that part of the straw showed detachment from the
main body with a high number of trichomes and rough straw fiber, including a total of
413 trichomes larger than 3 mm and 308 large blowholes. The reason is that when the screw
speed was 450 r/min, the extrusion pressure and shear force on the straw failed to resist
the van der Waals force inside the straw, and the lignin was not degraded resulting in poor
pulping performance [52]. From Figure 15b, it was found that part of the straw fiber was
attached to the surface of the slurry, the number of trichomes was relatively small and
although the generally close but part of the straw fiber was rough, including 171 trichomes
larger than 3 mm and 18 small blowholes. The reason is that when the screw speed was
500 r/min, the extrusion pressure and shear force on the straw eliminated most of the
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internal van der Waals force of the straw. Cross-linking between fibers was broken and
most of the lignin degradation led to better pulping performance. From Figure 15c, it was
found that part of the straw fiber was slightly longer but the general straw fiber was close
and evenly distributed, with a total of 84 trichomes larger than 3 mm and 10 blowholes.
The reason is that when the screw speed was 550 r/min, the extrusion pressure and shear
force on the straw basically eliminated the internal van der Waals force of the straw. The
production of hair-like fibers on the fiber surface increased the surface area and the lignin
basically degraded to allow the best pulp-making performance. From Figure 15d, it was
found that part of the straw fiber stuck together into a block, and the straw fiber was
rough and unevenly distributed, including 260 trichomes larger than 3 mm and 57 larger
blowholes. The reason is that when the screw speed was 600 r/min, although the extrusion
pressure and shear force on the straw eliminated part of the straw internal van der Waals
force but the elimination effect was uneven. High-speed rotation inhibited the activity of
lignin-degrading enzymes resulting in poor pulping performance.

Figure 15. The pattern of trichomes and blowholes in the sheets achieved by different speeds of the
screw. The speeds of the screw in (a–d) are 450 r/min, 500 r/min, 550 r/min and 600 r/min.

In summary, when the screw speed was lower than 500 r/min, the energy generated
by the friction between the screw and the straw was lower than the straw breakage ratio
energy, resulting in a large amount of unbroken straw and poor pulping performance.
When the screw speed is higher than 550 r/min, the straw slurry blocked the twin-screw
pulping device, which affected its lifetime. High-speed rotation inhibited the activity of
lignin-degrading enzymes and led to a poor straw pulping performance. When the screw
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speed was between 500 r/min and 550 r/min, the extrusion pressure and shear force
on the straw were large and the broken straw fiber was small resulting in good straw
pulping performance. Therefore, the screw speed had a significant effect on the pulping
performance, which was consistent with the simulation results.

4. Conclusions

This work investigated the pulping performance of rice straw in a twin-screw machine
for the rice straw treated with white rot fungi liquid by combining macroscopic and micro-
scopic perspectives and ranking the role of different factors on the pulping performance. A
simulation of straw particle breakage processes in twin-screw pulping machines based on
the Tavares breakage model and straw particle fragments was produced by the Voronoi
fracture equation; according to the distribution law of the Gaudin-Schumann function
to calculate the fragmentation probability of straw particles, comparing and analyzing
the number of broken straw particles with different combinations of twin-screw structure
parameters. When the spiral casing combination is negative-positive-negative-positive
(NPNP), the tooth groove angle arrangement of the negative spiral casing is 45◦−30◦−15◦
(WSR) and the moisture content of straw was 65%, the number of straw particle breakage
is highest.

A ternary quadratic orthogonal center-of-rotation combination test was designed to
establish a model between the pulp yield and the three independent factors of tooth groove
angle, screw speed and straw moisture content. Multi-factor experiments showed that the
order of the influencing factors on the pulp yield was screw speed > straw moisture content
> tooth groove angle. When the screw speed is 550 r/min, the tooth groove angle is 30◦,
and the straw moisture content is 65%, the pulp yield reaches the highest value of 92.5%.

The straw pulping performance of the twin-screw pulping machine was verified, and
the best pulping performance is achieved when the combination of the spiral casing of the
twin-screw pulping machine is NPNP and the angle arrangement of the tooth groove is
WSR. When the straw moisture content is 65%, the straw internal force is easily destroyed,
and the straw pulping effect is good with a good straw broken degree. When the screw
speed is 550 r/min, the extrusion pressure and shearing force of the twin screws on the
straw is large, and the straw is finely broken leading to a good pulping performance. It
shows that the experimental results are consistent with the simulation results and DEM
can be used to study the analysis of the breakage process of straw and other materials.
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Abstract: Increases in energy demand and waste are a major cause of natural resource depletion and
environmental pollution, and technology capable of processing waste to convert it into energy is
required to mitigate this issue. Hydrothermal carbonization (HTC) is an example of this technology
that can convert waste into energy, and various studies have been conducted using it for fuel
conversion. This study focused on the production of a solid fuel equivalent to coal for power
generation through HTC processes using waste wood. Unlike previous work, which consists only of
laboratory-scale HTC experiments, we confirmed scalability through pilot-scale HTC experiments.
Overall, it was possible to convert waste wood into HTC solid fuel with a calorific value of over
27,000 kJ/kg through the pilot plant HTC process. Additionally, heavy metal and hazardous substance
analyses proved that it can be used as a biosolid fuel.

Keywords: hydrothermal carbonization; waste wood; solid fuel; biosolid fuel; laboratory-scale;
pilot-scale

1. Introduction

Increases in energy demand and waste are causing natural resource depletion and
environmental pollution, making technologies capable of solving these problems crucial
worldwide [1]. Many Asian, North American, and European governments are focusing on
developing technologies that convert various organic wastes into energy as a solution to
the zero organic waste policy. Among organic waste-to-energy technologies, hydrothermal
carbonization (HTC) is used in various fields, such as energy conversion, environmental
improvement, and nutrient recovery, and can convert waste into high-energy-density
carbon materials [2].

HTC is a reaction that combines dehydration and decarboxylation processes, and its
solid fuels have high calorific values with increasing carbon contents [3]. To convert organic
waste into solid fuel using HTC, a temperature of approximately 180–250 ◦C is required
to be maintained for 1–12 h [4,5]. It is relatively low compared with other energization
technologies, such as pyrolysis requiring 400 ◦C and gasification requiring 800 ◦C. Thus,
there is an advantage in that less input energy is required. Additionally, HTC has the
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advantage of producing solid fuel without dehydration and drying in the pretreatment
process [6].

Recently, many studies have been conducted to confirm the possibility of biofuel
conversion from various wastes using HTC technology. In these studies, various organic
wastes have been used including waste wood, paper, MSW, food waste, and animal
waste [7–10]. Additionally, the calorific value of hydrochar after HTC is relatively high in
lignocellulosic biomass, such as wood or wood chips, which contain a substantial amount of
carbon [11]. However, considering commercial facility design, if the HTC reaction time has
to be increased from 4 to 72 h when producing biofuels, it is not an efficient fuel production
per hour [7,8,12,13].

Research on HTC biofuel generation using catalysts is also being conducted. The
catalysts are made by dissolving in distilled water by mixing with one or more chloride-
based metal salts and acids. The catalyst concentration in the aqueous solution is in the
range of 2–20 g/L. Hence, the catalyst is used to lower the pH concentration, thereby
lowering the activation energy and reducing the hydrothermal carbonization reaction time.
When lignocellulosic biomass feedstock HTC was compared according to the presence or
absence of catalysts, the reaction time was reduced from 4 to 1 h when catalysts were absent
and present, respectively [14,15]. The reaction temperature can be lowered from 10 to
40 ◦C, and the reaction pressure can be lowered by 1–2 MPa, which reduces the cost when
manufacturing the reactor. Additionally, after HTC, the lignin component in the organic
material decomposes in the hydrochar, but catalytic HTC showed less lignin degradation
by FTIR spectroscopy [15]. Furthermore, when the lignin components are maintained, they
have an adsorption effect on each other, making it possible to produce advantageous pellets
without the additional attachment of materials during fuel transport. It was confirmed that
there was no breakdown through the electrochemical water ingress (EWI) test [16].

Some researchers have expanded their facility capacity for commercialization. For
example, Hoekman et al. [17] fabricated an expanded hydrothermal carbonization reactor
(40 L) to process 3 kg of lignocellulosic biomass and showed that the experimental results
were similar to those of a laboratory-scale 2 L reactor. They compared the experimental
results when the HTC reaction temperature was 235 and 275 ◦C. At 275 ◦C, the calorific
value increased by 40% compared to the supplied raw material. However, considering
the effect of increasing the calorific value, when the reaction temperature condition is
275 ◦C, energy cost and cooling time increase. Furthermore, Ismail et al. [18] numerically
analyzed the expected energy and production volume when converting municipal solid
waste (MSW) into solid fuel in a pilot-scale facility. They proposed a numerical model for a
pilot plant facility that converts MSW to coal through numerical analysis. These studies
are meaningful from the perspective of commercial design, but verification has not been
conducted through commercialization facilities. Mackintosh et al. [19] designed a pilot
plant-scale binary reactor, performed proximate analyses, and determined the calorific
value of hydrochar according to the HTC reaction of the catalyst [15] they applied to their
lab-scale HTC experiments. They further analyzed the fuel characteristics by expanding
the pilot scale, but a comparative study with and without a catalyst is required to verify
the effect of the catalyst.

In this study, biofuel with a calorific value equivalent to that of coal for power genera-
tion was produced in a pilot plant through waste wood HTC. To verify the scalability, HTC
reaction experiments were conducted using lab-scale (0.2 L—3 sphere) and pilot-scale (500
L) reactors, and the pilot-scale reactor was composed of the equipment for the entire process.
First, the calorific values and mass yields of solid fuels generated through laboratory-scale
HTC experiments were compared according to the presence or absence of catalysts and
catalyst concentration. The added catalyst is a mixture of a chloride-based metal salt and
an acid, which is a different combination from the catalysts of previous studies. Next,
heavy metal and hazardous substance analyses were used to confirm whether the solid
fuel that satisfied the desired calorific value and yield condition met the fuel use standard.
Based on the determined catalyst conditions, a pilot-scale HTC experiment was performed
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according to the catalyst concentrations. The effect of catalyst addition was confirmed via
comparative analyses of the generated solid fuel according to the presence or absence of
catalysts. Overall, the trends of the pilot- and laboratory-scale experimental results were
consistent, and their scalability was verified. The biosolid fuel produced through HTC with
catalyst additions in the pilot plant proved that it can be used as fuel through heavy metal
and hazardous substance analyses.

2. Experimental Setup and Procedure

2.1. Fuel Characteristics of the Waste Wood Raw Material

The waste wood used in the experiment was selected as a product that can be sup-
plied in large quantities because it is required for both laboratory- and pilot-scale HTC
experiments. The waste wood is acquired through a company that specializes in recycling.
In the test site, only waste wood that has not been stained with adhesives, paints, oil, or
preservatives was permitted to be brought in. The same waste wood was used for both
the laboratory- and pilot-scale HTC experiments. To compare the fuel properties of the
hydrochar after HTC, we analyzed the fuel properties of the raw materials (Table 1). Table 1
shows the results of the fuel characteristic analyses of the waste wood. Detailed fuel charac-
teristic analyses can be divided into proximate, elemental, and calorific value analyses. The
collected samples were subjected to proximate analysis before drying, while elemental and
calorific value analyses were performed after drying. The analysis method used followed
the American Society for Testing and Materials (ASTM), and different equipment were used
according to each analysis method. Proximate analysis was performed using the TGA-701
Proximate analyzer, and the ratio of volatile substances, ash, water, and fixed carbon can be
known. Elemental analysis was performed using TruSpec Elemental Analyzer. To measure
carbon and hydrogen, the sample was burned in a tube furnace and the water and CO2
produced were absorbed and analyzed. The nitrogen concentration was measured by the
Kjeldahl–Gunning method [20]. Sulfur was analyzed using an SC-832DR Sulfur Analyzer.
Sulfur was measured by conversion to sulfur dioxide, followed by absorption in hydrogen
peroxide solution, and titration with barium acetate solution. The calorific value is divided
into a Higher Heating Value (HHV) and a Lower Heating Value (LHV). In this study, the
calorific value was confirmed to be measurable HHV. The calorific value was analyzed
using an AC600 Semi-Auto Calorimeter. The calorific value is confirmed by analyzing the
temperature change after the combustion of the sample based on the initial temperature.

Table 1. Waste wood chip fuel characteristics.

Element Analysis
(wt%)

Proximate Analysis
(wt%)

Calorific Value
(kJ/kg)

C H O N S M VM Ash F.C HHV LHV

43.97 6.05 30.19 0.1 0.016 7.98 73.56 0.77 17.69 19,929 18,338

2.2. Specification of a Laboratory-Scale Reactor for HTC Experiments

Three 200 mL reactors were installed in the laboratory-scale HTC experiment equip-
ment (Figure 1), and a heating jacket was used as the heat source of the reactor. The
maximum allowable temperature was 250 ◦C, and the reactor temperature was capable of
reaching the reaction temperature using the heating jacket and temperature sensor. The
time to reach the reaction temperature is about 50 min. Therefore, the average heating
rate of the reactor is 4.5 ◦C/min. The electric capacity supplied to one unit of the heating
jacket was 1.5 kW, and the maximum electric power of the HTC test equipment for the
experiment was 5 kW. A temperature sensor that could measure the temperature and a
control device that could maintain the reaction temperature were installed. Additionally, a
pressure sensor was installed to check the pressure according to the temperature inside the
reactor, which was measured to be approximately 2.32 MPa when the temperature inside
the reactor was 220 ◦C. SUS316L, which has strong corrosion resistance, was used as the
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reactor material in consideration of corrosion and the catalyst, and the maximum allowable
pressure of the reactor was designed to be 5.39 MPa considering safety.

Figure 1. Laboratory-scale hydrothermal carbonization reactor (0.2 L).

2.3. Laboratory-Scale Reactor HTC Experimental Conditions and Process

The HTC process can be divided into pretreatment, reaction, and post-treatment steps.
In the pretreatment step, the raw material was pulverized into particles of 2 mm or less to
produce uniform particles. The moisture content of the pulverized raw material was then
measured and placed into an aqueous solution inside the reactor to obtain the appropriate
moisture content. The total volume of the raw material and the aqueous solution was
60–70% of the total volume of the reactor. The amount of catalyst added to the input
aqueous solution varied depending on the catalyst concentration, including the case with
or without the catalyst. The added catalyst contains inorganic metals and acids. At this
time, the case where a catalyst is added to HTC is called catalytic HTC. Additionally,
the amount of catalyst added is determined by catalyst conditions. Catalytic conditions
according to the experiment were similarly performed according to previous studies [14,15].
The catalyst is a combination of specific inorganic metals and acids. Two combinations
designated by the KINAVA Company were used in the above experiment. The first case
(Catalyst #1) is a combination of strong acid-based catalysts. The second case (Catalyst #2)
is a combination of weak acid-based catalysts. In all cases, they were provided in the form
of liquid catalysts prepared by an already specified method. Then, adding the catalyst,
the catalyst was diluted in 40% of the total aqueous solution, mixed with the remaining
aqueous solution, stirred for 20 min, then added into the reactor. In the reaction step, a
heat source was supplied such that the temperature inside the reactor reached the reaction
temperature, and the reaction temperature was maintained for the reaction time. In the
post-treatment step, it was cooled after the reaction holding time while discharging the
vapor inside the reactor. When the temperature reached 80 ◦C, the HTC product inside the
reactor was recovered, and the liquid and solid wastes were separated. Finally, the calorific
values and mass yields were measured by drying the solid.

2.4. Pilot Plant Reactor Configuration and Process

The pilot plant facility for the pilot-scale HTC experiment was connected from raw
material storage to the pellet production process, as shown in Figure 2. The capacity of
the HTC reactor was 500 L, and the heat source was waste heat steam generated at the
installation site and electrical energy through the heating jacket. First, waste heat steam
with a pressure and temperature of 1.96 MPa and 200 ◦C raises the reactor temperature
to 200 ◦C. After that, the reactor’s internal temperature is increased through the heating
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jacket. The temperature could be maintained constant after reaching the target reaction
temperature because the PID controller was connected to the heating jacket.

Figure 2. HTC biofuel production pilot plant.

For each process of the pilot plant, the conversion of waste wood to HTC solid fuel
through the process is shown in Figure 3. The raw material of waste wood was homog-
enized into particles within 2 mm using a shredder. Pulverized waste wood produced
HTC solid fuel through HTC, and its shape changed depending on its moisture content
and molding. The process consisted of the following steps: raw material storage and
pretreatment, HTC, solid–liquid separation, drying, and pellet production.
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Figure 3. HTC solid fuel according to the pilot plant process.

Step 1. Raw Material Storage and Pretreatment Process

Waste wood, which is a raw material, is transported to a waste wood storage tank
where it could be stored and transported. To pulverize into uniform particles, metal
materials that are mixed in the waste wood are first removed using a magnetic separator.
The inclusion of non-ferrous metals is minimized in sorting waste wood before transport.
However, the reason for installing the magnetic separator is that the residual metal mixed
in the waste wood may cause a malfunction of the conveying machine. The waste wood is
then pulverized into uniform particles within 2 mm using a grinder. The pulverized waste
wood is transported to the pulverized wood storage tank through a screw conveyor and
stored for use in the next process.

Step 2. HTC Process

The pulverized waste wood is moved to the reactor inlet via a bucket conveyor. The
feeding speed of the bucket conveyor can be adjusted through the control panel. At this
time, the input amount can be known through the mass sensor in the pulverized waste
wood storage tank. The reactor is a batch type, and the inlet and outlet can also be opened
and closed through the control panel. The water for processing is placed in the reactor,
and the stirrer is operated simultaneously so that the pulverized waste wood and water
content is appropriate. At this time, approximately 60–70% of the total volume of the HTC
reactor is filled. When the input is completed, the input valve of the HTC reactor is shut off,
and a heat source is supplied to the HTC tank to increase the target reaction temperature.
The reaction temperature is raised by introducing steam up to 200 ◦C, at which point the
waste heat steam is cut off. At 200 ◦C or higher, the heat source of the heating jacket is
used to increase the temperature to the target reaction temperature. After maintaining the
reaction temperature for the target reaction time, the HTC reactor is cooled through steam
discharge. When the internal temperature of the HTC reactor is 120 ◦C, it is discharged into
the carbide storage tank using the internal pressure of the HTC reactor.

Step 3. Solid–Liquid Separation Process

The water contained in the hydrothermally carbonized solid is removed by trans-
porting it to a high-pressure filter press using a pump. The solid–liquid separation liquid
removed from the solid–liquid separation process is stored in a separate wastewater storage
tank. Furthermore, the water content of the hydrothermally carbonized solid is approxi-
mately 50%. Subsequently, it is moved to a solid storage tank.

Step 4. Drying Process and Pellet Production Process

The hydrothermally carbonized solid is dried to a moisture content of 20% after
being transferred to a dryer. The moisture that evaporated during the drying process is
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condensed using a condenser, and the condensed water is moved to the wastewater storage
tank. It is transported to the condensed gas treatment facility to remove pollutants and
then discharged to the outside. After the drying process, the HTC solid fuel is moved to a
pellet-forming machine. The pellet-forming machine produces HTC solid fuel in the form
of pellets with a length of 2–3 mm.

3. Results

3.1. Setting of HTC Reaction Conditions of the Pilot Plant through Lab-Scale HTC Effect Analyses

The HTC experiment was conducted (Table 2) using a laboratory-scale reactor. The
change in calorific value and mass yield of the HTC solid fuel was confirmed according to
the reaction temperature and time. Sawdust has properties similar to those of waste wood,
and because the particles are uniform, uniform results can be confirmed when analyzing
carbides after HTC. The experimental conditions were the same as 80% moisture content
according to the waste wood raw material in a 0.2 L laboratory-scale reactor, and the HTC
reaction was performed by changing the reaction temperature and time.

Table 2. Comparison of calorific value and mass yield after HTC of sawdust.

Reaction Condition Lab-Scale Results

Time
(h)

Temperature
(◦C)

HHV
(kJ/kg)

Mass Yield (%)

1

180 19,762 73.8
190 20,100 71.7
200 20,372 70.6
210 22,839 70.3
220 23,777 65.4
230 25,158 59.7

2

180 20,750 72.3
190 21,060 70.2
200 22,052 66.5
210 22,948 65.3
220 24,095 63.4
230 27,001 50.1

3

180 20,804 71.6
190 21,034 69.5
200 22,491 65.5
210 23,777 65.1
220 25,309 57.3
230 29,898 35.1

Overall, as the reaction temperature and time increased, the calorific value of the hy-
drothermal carbides increased, and the mass yield decreased. The reaction temperature did
not show a sharp change at 180–200 ◦C but a rapid change at 200–230 ◦C. The experimental
results confirmed that the effective reaction temperature for converting waste wood to
hydrochar should be at least 200 ◦C. In this experiment, as the reaction temperature and
time increased, the mass yield of the reactants decreased to 35.1% when the calorific value
increased to a maximum of 29,898 kJ/kg. The conditions for producing 23,027 kJ/kg or
more, equivalent to coal for power generation with a mass yield of 60% or more, were
analyzed. As a result, when the reaction time was 1–2 h, the reaction temperature was
220 ◦C. Furthermore, When the reaction time is 3 h, the condition is satisfied if the reaction
temperature is 210 ◦C. However, in terms of production per hour, the reaction time is
preferably within 1 h. Since the pilot plant may require more reaction time, the reaction
time was set in the range of 1–1.5 h.

Under the HTC test conditions using waste wood, the moisture content was 80%, and
the reaction temperature was in the range of 200–220 ◦C. The reaction time was tested
in the range of 1–1.5 h to be applied to the pilot plant. As with sawdust, as the reaction
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temperature and time increased, the calorific value increased and the mass yield decreased.
It was confirmed that the change in the reaction temperature had a greater effect on the
HTC reaction than the change in the reaction time. Unlike sawdust, in waste wood, the
calorific value was low at reaction temperatures of 210 ◦C or higher. In this experiment
(Table 3), a calorific value of 23,000 kJ/kg or more and the conditions for production with a
mass yield of 60% or more was when the reaction temperature was 220 ◦C. Therefore, in
the pilot-scale HTC experiment, the equipment were configured such that the heat source
of the heating jacket could be raised to at least 220 ◦C.

Table 3. Comparison of calorific value and mass yield after HTC of waste wood.

Reaction Condition Lab-Scale Results

Time
(h)

Temperature
(◦C)

HHV
(kJ/kg)

Mass Yield (%)

1

200 20,373 78.0
210 21,629 74.9
220 23,082 67.5

1.5

200 21,265 76.0
210 21,914 71.2
220 23,266 66.4

3.2. Laboratory-Scale Catalytic HTC Effect Analysis

A HTC experiment was conducted (Table 4) with reference to the results of a previous
study [14,15] for catalyst types and concentrations. When the catalyst concentration ratio
was 2-fold, the calorific value and mass yield after HTC were compared. If the calorific
value increases after catalytic HTC, it is a combination of Catalyst #1 (a strong acid-based
catalyst). The higher the concentration of Catalyst #1, the better the catalytic HTC reaction.
Additionally, as in the previous experiment, the yield tends to decrease as the reaction
progresses well. The catalyst concentration of Catalyst #1 was determined to have a calorific
value of ≥25,120 kJ/kg that was a minimum of 1.5-fold more than the catalytic density
ratio. When the catalyst concentration was reduced to the initial catalytic density ratio, the
calorific value decreased to 25,120 kJ/kg or less, which did not reach the target calorific
value. Therefore, in the pilot plant HTC experiment, we decided to add the catalyst at a
concentration equal to or greater than 2-fold the catalyst density ratio.

Table 4. Comparison of calorific value and mass yield after catalytic HTC of waste wood at the
laboratory scales.

Input
Condition

Reaction Condition Lab-Scale Results

Catalyst
Time

(h)
Temperature

(◦C)
HHV

(kJ/kg)
Mass Yield

(%)

None 1 220 23,082 67.5

Catalyst #1
1 220 26,687 61.3

1.5 220 27,369 61.0

Catalyst #2
1 220 25,263 67.4

1.5 220 26,038 65.3

Furthermore, a HTC experiment was conducted with a catalyst with a reaction time
of 1.5 h, and as a result, the calorific value increased slightly. This was consistent with
the tendency of HTC to occur more easily as the reaction time increased under the same
reaction temperature conditions. Although the catalyst concentration ratios were the same,
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the strong acid was added in a larger amount than the weak acid, considering the purity
of the catalyst. When the strong acid-based catalyst (Catalyst #1) was added, the calorific
value was high, but the yield was lower and the amount of catalyst added was increased.
When the weak acid-based catalyst (Catalyst #2) was added, the calorific value was lower
than when Catalyst #1 was used, but a stable yield was obtained.

3.3. Analysis of Heavy Metals and Hazardous Substances on Laboratory-Scale HTC Solid Fuel

Prior to the production of HTC solid fuel in the pilot plant, heavy metals and hazardous
substances were analyzed using specific samples in laboratory-scale HTC experiments.
Table 5 is the quality standard applied when producing biosolid fuel at the test site where
the pilot plant is installed. Therefore, it was a rule that had to be followed when conducting
this study. The analysis method was carried out according to ISO 17022-1 biosolid fuel.
Chlorine and sulfur were analyzed by Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES), and metals were analyzed by Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS). When the HTC reaction proceeded, the mass yield decreased, but
heavy metals and harmful substances did not decrease; therefore, the content per unit mass
or volume increased. The heavy metals and toxic substances contained in the non-catalyst
HTC solid fuel slightly increased from the raw material waste wood standard; however, in
the catalyst HTC solid fuel, among the heavy metals, chromium increased by more than
7 fold and lead increased by more than 2 fold. Among the harmful substances, sulfur has a
synergistic effect because the amount of raw material is small, but chlorine increased by
8–37 fold. It was confirmed that Catalyst #1 had the highest calorific value, but it was not
a catalyst combination that could be used in the pilot plant because the chlorine content
exceeded the standard for hazardous substances. Therefore, we decided to use Catalyst
#2, which satisfied the standard of biosolid fuel as being suitable for the pilot plant-scale
experiment.

Table 5. Laboratory-scale HTC solid fuel analysis according to heavy metal and hazardous substance
standards of biosolid fuel.

Biosolid Fuel Production Condition Lab-Scale Results

List Unit
On-Site

Standard
Waste Wood

(Raw Material)
HTC
(Non)

Catalytic HTC
(Catalyst #1)

Catalytic HTC
(Catalyst #2)

Cl wt% 0.5 0.02 0.06 0.75 (excess) 0.17
S wt% 0.6 0.0161 0.04 0.06 0.03

Hg ppm 0.6 0.00289 ≤0.001 0.002 ≤0.001
Cd ppm 5 ≤0.1 ≤0.1 ≤0.1 ≤0.1
Pb ppm 100 0.52 0.96 1.15 1.45
As ppm 5 ≤0.1 ≤0.1 0.15 0.11
Cr ppm 70 3.6 4.34 30 28.1

3.4. Pilot-Scale HTC Effect Analysis and Scalability Verification

In the pilot-scale HTC experiment, the analysis was performed based on the HTC
solid fuel discharged from the filler press during the process. The analyzed results were
compared with the laboratory-scale experimental results, as shown in Table 6. The reaction
temperature was fixed at 220 ◦C, and the reaction times were 1 and 1.5 h, and it was
confirmed that there was no significant difference with the laboratory-scale test result. The
calorific value was 23,027 kJ/kg and the mass yield was 60% or more.
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Table 6. Comparison of calorific value and mass yield after HTC of waste wood at the laboratory and
pilot scales.

Reaction Condition Laboratory-Scale Results Pilot-Scale Results

Time
(h)

Temperature
(◦C)

HHV
(kJ/kg)

Mass Yield
(%)

HHV
(kJ/kg)

Mass Yield
(%)

1 220 23,082 67.5 22,960 67
1.5 220 23,266 66.4 23,236 65

The catalytic HTC experiment was performed according to the reaction conditions
listed in Table 7. Unlike the laboratory-scale HTC experiment, the calorific value did not
exceed 25,120 kJ/kg at a catalyst concentration of the same condition. The reduction in
calorific value and mass yield is an effect of catalyst addition, thus additional experiments
were conducted by increasing the catalyst concentration. It was increased by the initial
density ratio, and the calorific value was measured to be higher than 25,120 kJ/kg at a
3-fold density ratio. It was also confirmed that the mass yield was more than 60% up to a
4-fold density ratio.

Table 7. Comparison of calorific value and mass yield after catalytic HTC of waste wood according
to catalytic density ratio at the pilot scale.

Reaction Condition Pilot-Scale Results

Catalyst
Catalytic

Density Ratio
Time

(h)
Temperature

(◦C)
HHV

(kJ/kg)
Mass Yield

(%)

Non 0 1.5 220 23,027 65

2 1.5 220 23,697 64
Catalyst #2 3 1.5 220 25,787 61.2

4 1.5 220 27,189 60

The chemical positions of the waste wood used as a reactant in these experiments and
the biosolid fuels produced from the pilot-scale HTC processes were compared with a Van
Krevelen diagram (Figure 4). The atomic H/C and O/C ratios of waste wood were 1.65 and
0.51, which are similar to that of general biomass. After HTC of waste wood at 220 ◦C for
1.5 h without a catalyst, the atomic H/C ratios of the biosolid fuel decreased from 1.65 to
1.13, and the atomic O/C ratios decreased from 0.51 to 0.39. This reduced the atomic H/C
and O/C ratios by 31.5% and 23.5%, respectively, compared to those of the raw material,
and showed intermediate levels of peat and lignite. On the other hand, the atomic H/C
and O/C ratios of the biosolid fuel produced from the catalytic HTC (Catalyst #2) under
the same conditions were reduced to 0.83 and 0.24, respectively. These figures showed
reduction rates of 49.7% and 52.9%, respectively, compared to those of the raw material,
and showed a degree of carbonization similar to that of general coal. In addition, the atomic
H/C and O/C ratios decreased by 26.5% and 38.5%, respectively, compared to the biosolid
fuel produced from the HTC without a catalyst. From these results, it was confirmed that
Catalyst #2 provided by KINAVA greatly increased the selectivity for dehydration even in
the HTC reaction under the same conditions, enabling the production of biosolid fuel with
a high calorific value due to a high degree of carbonization.
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Figure 4. Van Krevelen diagram of waste wood and biosolid fuels produced by different HTC
processes at the pilot scales.

In the next step, heavy metals and hazardous substances were analyzed to determine
whether the HTC solid fuel produced by the pilot plant satisfied the biosolid fuel standard.
As shown in Table 8, it was confirmed that the HTC solid fuel produced in the laboratory
satisfied the prescribed conditions. As a result, it did not exceed the standard for hazardous
substances in the test site, and it was analyzed with a result similar to that of the laboratory-
scale HTC solid fuel.

Table 8. Laboratory- and pilot-scale hydrothermal carbonization solid fuel comparison according to
heavy metal and hazardous substance standards of biosolid fuel.

Biosolid Fuel Production Condition
Laboratory-Scale

Results
Pilot-Scale

Results

List Unit On-Site Standard
Catalytic HTC
(Catalyst #2)

Catalytic HTC
(Catalyst #2)

Cl wt% 0.5 0.17 0.2
S wt% 0.6 0.03 0.02

Hg ppm 0.6 ≤0.001 0.0022
Cd ppm 5 ≤0.1 ≤0.1
Pb ppm 100 1.45 1.44
As ppm 5 0.11 ≤0.1
Cr ppm 70 28.1 29.8

4. Conclusions

The purpose of this study was to convert waste wood into solid fuel with a calorific
value equivalent to coal for power generation using HTC. First, a laboratory-scale HTC
experiment confirmed that the mass yield was lowered with a higher calorific value than
when no catalyst was added under the same reaction conditions. Then, to verify the
scalability of the HTC effect, pilot-scale HTC test conditions were determined based on
laboratory-scale HTC test results. The pilot-scale HTC experiment confirmed that the
reaction temperature was 220 ◦C, and the reaction time was increased to 1.5 h, similar to
the laboratory-scale HTC experiment result. However, in the catalytic HTC experiment,
the laboratory-scale experimental results were similar when the catalyst concentration was
increased by 1.5 fold or more. Therefore, it was confirmed that optimization of the catalyst
concentration is necessary for a commercial HTC plant to which a catalyst is added. In
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conclusion, the optimal catalyst combination and concentration through the pilot plant
produced solid fuel with a calorific value 18% higher than coal for power generation. In
addition, it was verified through scalability that it could be used as a biosolid fuel.
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Abstract: Lignocellulose-rich empty fruit bunches (EFBs) have high potential as feedstock for second-
generation biofuel and biochemical production without compromising food security. Nevertheless,
the major challenge of valorizing lignocellulose-rich EFB is its high pretreatment cost. In this study,
the preliminary techno-economic feasibility of expanding an existing pellet production plant into
an integrated bio-refinery plant to produce xylitol and bioethanol was investigated as a strategy to
diversify the high production cost and leverage the high selling price of biofuel and biochemicals. The
EFB feedstock was split into a pellet production stream and a xylitol and bioethanol production stream.
Different economic performance metrics were used to compare the profitability at different splitting
ratios of xylitol and bioethanol to pellet production. The analysis showed that an EFB splitting ratio
below 40% for pellet production was economically feasible. A sensitivity analysis showed that xylitol
price had the most significant impact on the economic performance metrics. Another case study on
the coproduction of pellet and xylitol versus that of pellet and bioethanol concluded that cellulosic
bioethanol production is yet to be market-ready, requiring a minimum selling price above the current
market price to be feasible at 16% of the minimum acceptable return rate.

Keywords: empty fruit bunches; pellet; xylitol; bioethanol; integrated process

1. Introduction

Malaysia is currently the world’s second-largest palm oil producer after Indonesia.
As in 2019, 5.90 Mha of land in Malaysia is covered with oil palms, 46.9% of which is in
peninsular Malaysia, and the remaining 26.1% and 26.9% are in Sabah and Sarawak, re-
spectively [1]. With the rapid expansion of the palm oil industry in Malaysia, sustainability
issues related to oil palm have accelerated in recent years [2], especially environmental
issues associated with the palm oil industry. These issues have increased the urgency for the
industry to find a balance between environmental and economic sustainability. One of the
many options is to convert the excessive biomass leftover from the palm oil mills, especially
the empty fruit bunches (EFBs), into value-added biomass and generate revenue from the
waste [3]. EFBs are the remaining parts after oil palm fruitlets are stripped from fresh
fruit bunches (FFBs) [4,5]. According to Hamzah et al. [6], the amount of EFB produced is
estimated to be 22% of the FFB (in wet weight), which is the largest proportion of oil palm
plantation solid waste. Based on the FFB yield data from MPOB (2019) [7], it is estimated
that the average total amount of EFB produced from 2017 to 2019 is 22.42 million tons
annually. EFB is considered a waste that needs to be continuously removed to avoid piling
at the site because it can lead to methane emissions that contribute to air pollution and
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negative health impacts [8,9]. Conventionally, EFB is used as a mulch or organic fertilizer
in oil palm plantations because of its high alkali content or fuel in the boiler to reduce diesel
consumption [10,11]. However, feeding EFB directly into the boiler without removing its al-
kali content contributes to slagging and fouling, which will eventually reduce the operation
efficiency of the boiler [12]. In addition, EFB is a lignocellulosic material that can potentially
be utilized to produce high-value-added products such as biofuel, biochemical materials,
industrial sugar, and biofertilizer. If the potential is unlocked and fully exploited, the palm
oil industry will be one step closer to sustainable development and circular economy [13].

There were several studies related to the valorization of EFB to fuel (pellets, briquettes,
bioethanol) and value-added products (charcoal, long fibers, biochemical) as a promising
and sustainable alternative to the replacement of fossil fuels and chemical products [14–49].
The lignocellulose composition of EFB consists of 36–43% cellulose, 15–25% hemicellulose,
and 22–34% lignin [20], as well as approximately 4% ash or mineral content [21] that
contains compounds such as K2O, P2O5 and SiO2, which can be a suitable source for pellet,
biofertilizer, xylitol and bioethanol production. Instead of burning EFB as a fuel directly,
processing EFB into pellets by increasing its lignin content and removing its mineral content
improves the calorific value [22,23]. Renewable solid fuel for power generation is in high
demand in Europe, Japan, Korea, and China. Currently, an industrial establishment in
Malaysia has the capacity to produce 1000 to 3000 tons of pellets monthly [24], but the
average annual global growth of pellet demand is of 960,000 tons/year [25–27]. This huge
supply–demand mismatch offers an opportunity for EFB pellets to fill in the supply gap
because of their cost competitiveness, low moisture content, high calorific value, and low
smoke and fume generation during combustion [28]. Cellulosic bioethanol is considered a
second-generation (2G) biofuel produced from the cellulose component of EFB. 2G biofuel
has gained considerable demand because it offers an alternative to minimize possible
conflicts between fuel and food security [29]. However, cellulosic bioethanol is inherently
more challenging to produce than sugar- or starch-based bioethanol and more costly than
fossil-based ethanol. Hence, it is necessary to produce valuable biochemicals such as
xylitol simultaneously with 2G cellulosic bioethanol to improve the overall feasibility of
the production process [30]. EFB with a substantially high amount of polymeric xylan
(hemicellulose) is a suitable xylose source for xylitol production. Xylitol is a highly sought
value-added product in the food and pharmaceutical industries. It can only be extracted
from plant biomass [31]. The global demand for xylitol is approximately 125,000 tons,
with an average market price of 5000 to 20,000 USD/ton, and xylitol is mostly used as
a substitute for sugar because of its lower caloric content but with a similar sweetening
power [32].

Although the demand for these products is high worldwide, the recalcitrant structure
of lignocellulose in EFB is the bottleneck to yield high amounts of bioproducts [33,34].
Therefore, multiple pretreatment steps are required to fractionate the complex structure,
increase the EFB porosity, reduce cellulose’s crystallinity, solubilize hemicellulose, and mod-
ify the lignin structure [35–37]. These pretreatment methods include physical, biological,
and chemical processes to condition the EFB before feeding to the pellet and biochemi-
cal production. The physical method aims to reduce the particle size and crystallinity of
biomass by milling, grinding, or chipping. Further processing of biomass is easier and more
effective. Biological methods use microorganisms such as fungi and bacteria to degrade
lignin, hemicellulose, and cellulose. Biological methods are usually cost-effective, have low
energy requirements, and are environmentally friendly. No chemical waste is generated,
but the degradation process is slow. Either acid or alkali is often used to treat biomass
in chemical treatment [38]. A combination of physical and chemical methods has also
been used to reduce the recalcitrance of lignocellulosic biomass. The most commonly used
physicochemical methods are liquid hot water, steam explosion, microwave pretreatment,
and ozonolysis treatment [39–42]. Most of these physicochemical methods are conducted
at a high temperature and pressure to accelerate biomass degradation. Still, these methods
are less efficient because they can cause severe degradation of the EFB components [43].
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There were three main processes in producing EFB pellets: moisture removal, compo-
sition adjustment (lignin increment and ash reduction), and pellet densification. Removal
of high alkali content in EFB, such as K and Na, in the form of ash, is a crucial step to
produce premium-grade pellets for boiler applications. The ash deposition of EFB can
be removed with washing treatment. This washing process’s effluent contains essential
nutrients for plant growth and can be a suitable source of N-P-K fertilizers [44]. In addition,
EFB contains highly hydrophilic hemicellulose and has approximately 67% moisture. It
requires a high intensity of drying and hemicellulose removal to be used as fuel in the
boilers. The removal of hemicellulose content increases the lignin percentage, which has a
high calorific or heating value [23,45]. Pretreatment processes such as torrefaction, steam
explosion, and hydrothermal treatment are commercial thermal treatment techniques to
improve the calorific value [46]. Torrefaction is a heat treatment process to carbonize EFB
and increase its C/O ratios [47]. Torrefaction also reduces the moisture content of EFB.
It reduces the mass by almost half, enhancing the transportability and prolonging the
storage duration of pellets [48]. Steam explosion uses high-temperature saturated steam to
penetrate through the cell wall structure at high pressure and solubilize hemicellulose [41].
Upon instantaneous controlled pressure drop, the cell wall expands adiabatically and
undergoes explosive decompression, making cellulose more accessible [23]. Hydrothermal
treatment (HTT), also known as wet torrefaction, is another pretreatment process suitable
for biomass with high moisture content, with a typical treatment temperature of 150 to
350 C [49]. Both Ahda et al. [50] and Novianti et al. [45] have shown that the HTT process
upgrades the EFB into more stable, hydrophobic, and more lignin-containing feedstock
with lower mineral content. While pretreatment of EFB in pellet production improves the
fiber’s quality, the loose EFB fiber is usually bulky and low in density. The densification
process can increase the energy potential of the biomass. There are two densification meth-
ods: screw press and piston press. Pellets produced through this process can be used in
direct combustion for energy generation [28].

In a coproduction of bioethanol and xylitol, EFB is first chemically pretreated with
dilute acid or alkali to extract cellulose from EFB [51] to produce hydrolyzed hemicellulose
or xylose [20]. Acid hydrolysis pretreatment is commonly used because it can hydrolyze
hemicellulose, which has a lower degree of polymerization and amorphous structure,
much faster than cellulose. The pretreatment process was able to increase the cellulose
content from 41% to 72% [52–55]. The most commonly used acid is diluted sulfuric acid at
a concentration below 4% (w/w) [56]. Other mineral acids, such as hydrochloric, nitric, and
phosphoric acids, can be used, but sulfuric acid results in an efficient process, lower cost,
and shorter reaction time [57].

For bioethanol production, the cellulose-rich hydrolysate undergoes subsequent hy-
drolysis in either biological method through enzymatic hydrolysis or chemical method
through acid hydrolysis. The enzymatic hydrolysis method is preferable because it is
cost-effective and produces a higher sugar content than acid hydrolysis [58,59]. Enzymatic
hydrolysis degrades cellulose into simple sugar by cellulolytic enzymes, which require
an optimal temperature between 45 and 55 ◦C and a pH range of 4–5 [36]. Ghazali and
Makhtar [60] used cellulase enzymes produced from the fungus Trichoderma reesei to in-
crease glucose yield. The enzymes produced a constant maximum yield of 2.5 g/L at an
enzyme to substrate ratio of 0.05 (0.5 g enzyme/10 g EFB) at 50 ◦C and pH 5. Zhai et al. [51]
reported that the sugar yield was improved from 30.5% to 66.9% by increasing the enzyme
dose from 10 to 60 FPU/g EFB at 50 ◦C and pH 4.8. Both studies have indicated that optimal
enzymatic hydrolysis conditions, such as temperature, pH, and substrate concentration, are
essential in improving sugar yield [61]. Other fungi can be used to produce enzymes, but
Trichoderma reesei is the most commonly used fungus in industrial enzymatic processes [62].
The sugar from enzymatic hydrolysis is fermented with yeast to produce bioethanol. The
most frequently used yeast is Saccharomyces cerevisiae because it can provide a high ethanol
yield [59,63]. Sugar can be fermented into ethanol by two processes: separate hydrolysis
and fermentation (SHF) and simultaneous saccharification and fermentation (SSF). For
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an SHF system, both operating conditions of hydrolysis and fermentation are operated
independently at different optimal conditions. Using this method, the optimization and
control of the process conditions, such as the temperature and pH of the hydrolysis and
fermentation, can be performed effectively [64]. In contrast, SSF system performs better
than SHF, where SSF has a shorter processing time, lower cost, and higher bioethanol yield.
Nevertheless, it is challenging to obtain optimum pH and temperature conditions for both
saccharification and fermentation in the SSF system. Dahnum et al. [64] showed that SSF
has a shorter processing time of 72 h than SHF in producing bioethanol at a temperature of
32 ◦C and pH of 4.8. Similarly, Sukhang et al. [55] concluded that SSF provided a higher
bioethanol yield of 0.281 g/g EFB than SHF, with a yield of 0.258 g/g EFB at a temperature
of 36.94 ◦C and pH of 4.5. Both studies implied that the optimal temperature for both
enzyme and yeast activity was in the range of 32 ◦C to 39.8 ◦C, while the pH was acidic in
the range of 4.0–5.0 [59].

For xylitol production, the hydrolyzed hemicellulose (xylose) from the pretreatment
is further converted to xylitol via chemical (hydrogenation) or biological (fermentation)
routes [65]. In the chemical route, xylitol production consists of three stages after the
pretreatment stage: xylose purification, catalytic hydrogenation, and xylitol purification.
Xylose purification is essential to obtain a high concentration of xylose, reduce unwanted
side products and deactivate the acid catalyst used [31,57]. The hydrogenation step occurs
in the presence of the Raney-nickel catalyst. This catalyst is widely used in industry
because it offers a high yield of 80% to 95% xylitol and conversion efficiency of 98% [66–68].
Then, the produced xylitol is purified with filtration or ion exchange to recover xylitol at
higher purity. At the industrial level, the chemical route is commonly used [31,68], but
the drawbacks are high separation and purification costs, high energy consumption, and
environmental impacts, such as toxic catalysts and high-pressure hydrogen gas [65]. The
biological route has recently become more attractive because the process is sustainable and
has a lower cost than the chemical route. Yeast that belongs to the genus Candida sp. [69] can
convert xylose into xylitol with a yield of up to 90% [66]. Another report from Tamburini
et al. [70] showed that the genus Candida sp. can produce xylitol at a maximum yield of
86.84% at 32 ◦C, 80 g/L xylose and pH 2.5. Nevertheless, the biological route’s limitations
are the expensive separation process of xylitol from the fermentation broth and the toxicity
effects of xylitol to yeast [31,57]. Kresnowati et al. [71] proposed using ultrafiltration
membrane technology to obtain high xylitol concentrations from fermentation broths. The
proposed method has the potential for energy savings and higher purity, but the fouling
problems need to be addressed.

According to the Malaysia National Biomass Strategy 2020 [72], pellet production is
identified as a low entry point to generate wealth from biomass because of its technological
maturity, relatively low capital investment, and short payback time. Expansion investment
to produce 2G biofuels and biochemicals has a higher risk; however, the potential value
creation is up to 5 times the revenue of pellets per dry ton of solid biomass input. In
the long term, valorizing EFB biomass will minimize waste and recover more valuable
products that will increase the profitability of the investment. More effort is required
to remove the barriers of unfavorable high processing costs and low profitability of final
products [20,73], Therefore, a techno-economic feasibility study of an integrated bio-refinery
to produce pellets, xylitol, and bioethanol was developed and evaluated in this work. The
aim is to identify the process that is profitable with the production of these three products.
If the higher-value biochemicals global market materializes earlier, EFB can be swiftly
diverted to these biochemicals’ production. In this work, a pilot scale pretreatment plant
in Malaysia was used as a case study to investigate the potential to expand the products
to pellets, biofertilizer, xylitol, and bioethanol. The respective products’ market demand,
technological production, and economic potential are investigated as well.
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2. Methodology

The following section describes the methodology required to develop the analysis.
Figure 1 shows the flow of techno-economic analysis of the bio-refinery plant starting
from developing the process flow diagram until evaluating the economic performance
metrics of different scenarios. The first step was to develop the process flow diagram
(PFD) of a bio-refinery to produce pellet, xylitol and bioethanol from empty fruit bunches,
where feed-in streams, output streams, conversion factor, process flow, unit operations and
its corresponding operating conditions were identified. The law of mass conservation is
still applicable even though there are chemical reactions and physical transformations of
feedstock. Thereafter, materials balance was performed by accounting for the materials
entering and leaving the system. With the mass balance information, the total capital
investment (TCI), total production cost (TPC) and revenue were estimated. The net present
value (NPV), return on investment (ROI), payback period (PBP) and internal rate of return
(IRR) were calculated from the cash flow analysis based on the predefined scenarios. It
should be noted that both TCI and TPC were only preliminary estimations due to the
limited data available. However, the estimations will not affect the overall analysis at
different scenarios because the comparisons were made on the same ground.

 

Figure 1. Methodology of techno-economic analysis.

2.1. Process Design Description

The bio-refinery was designed based on an EFB feedstock capacity of 126,720 tons/year
with an actual annual operation of 5280 h (330 days, based on the existing pellet production
plant) to produce three main products: pellet, xylitol, and bioethanol. The process flow
diagram of the bio-refinery is shown in Figure 2. The detail process description is described
in Sections 2.1.1 and 2.1.2 below. The EFB feedstock was split into two streams, one for
pellet production and the other for xylitol and bioethanol. In this study, the profitability
of the coproduction of these three products was investigated based on the splitting ratio
between these two streams. Table 1 shows an example of the material balance of the
bio-refinery at 30% EFB fed into the pellet production plant.
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Figure 2. Process flow diagram of the proposed integrated bio-refinery.

Table 1. Overall Mass Balance Summaries at a 30% EFB Splitting Ratio to Pellet Production.

Materials Consumption or Yield (ton/day)

In

EFB (dry) 384.00
Water (H2O) 5776.40

Sulfuric acid (H2SO4) 27.46
Ozone (O3) 8 × 10−3

Calcium hydroxide (Ca(OH)2) 20.31
Sodium hydroxide (NaOH) 31.21

Enzyme 0.88
Yeast 12.54

Total 6252.79

Out Delignification residue 122.17
Water (H2O) 5786.27

Sulfuric acid (H2SO4) 0.58
Depleted ozone (O3) 8 × 10−3

Calcium sulfate (CaSO4) 37.31
Sodium hydroxide (NaOH) 31.21

Spent enzyme 0.88
Spent yeast 12.54

Xylose 0.96
Glucose 29.17
Xylitol 72.75

Bioethanol 43.75
Pellet 100.80
Dust 10.86

Fertilizer 3.54

Total 6252.79
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2.1.1. Pellet Production Plant

The EFB feed for pellet production is pretreated with solvents consists of dilute sulfuric
acid (H2SO4) (0.5% w/w), ozone (O3) (6.92 × 10−4% w/w) and water (H2O) (10 ton/ton
of EFB) in the pretreatment reactor (R-101) at 180 ◦C and 1 bar [74]. The pretreatment
process is aiming to exposing its cellulose, hemicellulose and lignin fraction and reducing
the amount of ash content in the EFB [45]. Table 2 shows the EFB compositions before
and after the pretreatment. The pretreated EFB is then dried (D-101) at temperature of
120 ◦C and pressure of 1 bar, which has a moisture content of approximately 50 wt% [75,76].
The dried EFB is then fed into the pelletization chamber (P-101) to produce pellet at 75 ◦C
and at a maximum compression pressure of 200 MPa [77]. About 87.5% of raw EFB is
converted into pellet form and the remaining is dust [78]. Meanwhile, the effluent from the
pretreatment reactor (R-101) contains of 3.08% dissolved solids [74] is fed into the activated
carbon adsorption (A-101) at 25 ◦C to separate solubilized N, P and K nutrient [79]. The
solvent is recycled back to be used in the pretreatment stage while the remaining solid is
removed as fertilizer.

Table 2. Overall Mass Balance Summaries at a 30% EFB Splitting Ratio to Pellet Production [74,80].

Chemical Composition
Percentage (wt%, Dry Basis)

Raw EFB Pretreated EFB

Cellulose 45.2% 80.8%
Hemicellulose 29.5% 6.0%

Lignin 23.6% 13.0%
Ash 1.7% 0.3%

2.1.2. Xylitol and Bioethanol Production Plant

The EFB feed for xylitol and bioethanol production is pretreated with dilute acid in
the acid hydrolysis reactor (R-102) with H2SO4 (1.25% w/v) and water at 120 ◦C and at
a solid-liquid ratio of 1:8 [75,81]. At these reaction conditions, 93% of hemicellulose is
converted into soluble xylose, whereas the remaining insoluble hemicellulose, cellulose
and lignin are separated as feedstock for bioethanol production. The xylose fraction
thereafter is dosed with calcium hydroxide (Ca(OH)2) in neutralization reactor (N-101) to
neutralize the H2SO4 at 130 ◦C [75,82]. The amount of Ca(OH)2 consumed is 0.77 ton/ton
of H2SO4 used in the acid hydrolysis process [75,83]. The neutralized xylose is sent to
the evaporator (E-101) to remove the moisture content at 121 ◦C and then to the activated
carbon adsorption unit (A-102) at 25 ◦C to remove calcium sulfate (CaSO4) (1.25 ton/ton
of Ca(OH)2) formed during the neutralization process [75,79]. Xylose is then fermented
with Candida guiliermondii yeast (0.17 ton/ton xylose) in fermentation reactor (R-103) to
produce xylitol at 30 ◦C with a yield of 98.7% [75]. The fermented liquid containing xylitol
is filtered (F-101) to remove the yeast. The xylitol is then purified using ion-exchange
chromatography (I-101) at 25 ◦C and crystallized with a crystallizer (C-101) and 40 ◦C to
obtain xylitol in the form of solid crystal [75].

The cellulose and lignin-rich solid phase that leaves the acid hydrolysis reactor (R-102)
is further processed for bioethanol production. The solid is first treated with 2% (w/v)
sodium hydroxide (NaOH) solution in the delignification reactor (R-104) at a solid-liquid
ratio of 1:20 and at 120 ◦C [75]. The treatment aims to remove lignin and other components
from cellulose. Delignification process is an important step to liberate cellulose and hemi-
cellulose from their complex with lignin, so that these compounds can undergo hydrolysis
to produce fermentable sugars. The effluent that is in the form of black liquor, contain-
ing hemicellulose, ash, NaOH and water, is removed from the delignification reactor as
waste. The cellulose-containing stream is fed into enzymatic hydrolysis reactor (R-105) to
further degrade into glucose at temperature of 45 ◦C [75]. Trichoderma reesei cellulase with
a consumption rate of 0.02 ton/ton of ethanol is used as the enzyme [74]. The hydrolysis
process produces 60% of glucose-rich hydrolysate [75]. The glucose is then separated from
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the solid residue containing unreacted cellulose and enzyme in the filter unit (F-101). The
glucose is fermented to produce ethanol in fermentation reactor (R-105) at 30 ◦C, using
Zymomonas mobilis yeast with a consumption rate of 0.0004 ton/ton of ethanol [84]. This
process converts 60% of glucose into bioethanol [75]. The bioethanol-containing stream is
separated from the solid residue containing the yeast in the filter unit (F-102) and the unre-
acted glucose or stillage using distillation column (D-101) at 78.15 ◦C [85]. The bioethanol is
finally dehydrated with rectification column to remove excess water (D-102) at 78.15 ◦C [74].

2.2. Estimation of Total Capital Investment (TCI) and Total Production Cost (TPC)

The total capital investment (TCI) of the bio-refinery was estimated using the power
law or exponential method and Chemical Engineering Plant Cost Index (CEPCI), as shown
in Equations (1) and (2), respectively.

C2 = C1 ×
(

S2

S1

)n
(1)

where

C1 = Cost of the reference plant at capacity of S1;
C2 = Cost of the plant at desired capacity of S2;
n = Scale exponent or cost-capacity factor.

The cost of the plant at the desired capacity (C2) is the result of multiplication between
the reference plant cost (C1) and the capacity ratio of the new capacity (S2) to the reported
capacity (S1), to the power of sizing exponent (n). The n value of 0.6 was used in this
preliminary study because a typical chemical plant typically follows the six-tenths rule [86].

TCIp,x,b = ∑
p,x,b

C2 × CEPCInew

CEPCIinstall
(2)

where

TCIp,x,b = Total capital cost of the bio-refinery;
C2 = Cost of the plant at desired capacity;
CEPCInew = Chemical engineering cost price index at present year;
CEPCIinstall = Chemical engineering cost price index at reference year.

As shown in Equation (2), the cost of the desired plant capacity (C2) is then scaled
to the desired time value of TCI using the CEPCI, which is a dimensionless number to
estimate the capital cost from the past year to the year 2020. The total capital investment
of all three products, TCIp,x,b, is the summation of all three TCI estimated individually
from their respective CEPCI at its respective year. The reference capital, capacity and
CEPCIinstall of pellet, xylitol, and bioethanol production plant used for this study are listed
in Table 3. All CEPCI values were obtained from chemengonline [87], where the CEPCInew
of year 2020 is 588.06.

Table 3. Total capital investment of individual pellet, xylitol, and bioethanol production plant.

Products
Cost of the Reference

Plant, C1 (Million USD)
Production Capacity,

S1 (Ton/Year)
CEPCIinstall Value Ref.

Pellet 14.05 110,880 CEPCI (2018):
603.10 [74]

Xylitol 220.06 30,624 CEPCI (2016):
541.70 [88]

Bioethanol 40.58 9966 CEPCI (2016):
556.80 [82]

102



Processes 2022, 10, 1965

It should be noted that the TCI is estimated based on order of magnitude with limited
information, hence the accuracy range is rather wide. Nonetheless, such simplified method
allows us to estimate the cost quickly at a different EFB splitting ratio to pellet production.

The total production cost (TPC) is the total cost incurred for the production of a
particular amount of products. The TPC consists of two components, namely cost of
manufacturing, COMp,x,b and general expenses, GEp,x,b, as shown in Equation (3). The
COM consists of the variable cost of production, VCOPp,x,b, fixed cost of production,
FCOPp,x,b, and plant overhead, POp,x,b, as shown in Equation (4). Sinnott and Towler [89]
have suggested the percentage shares of each component in Equations (3) and (4); these
percentage shares are listed in Table 4. The cost of raw materials is listed in Table 5.

TPCp,x,b = COMp,x,b + GEp,x,b (3)

COMp,x,b = VCOPp,x,b + FCOPp,x,b + POp,x,b (4)

Table 4. Summary of percentage shares of TPC [89,90].

Total Production Cost (TPC) Percentages Share

1. Variable cost (VCOP) 66% of TPC
(a) Operating labor 10% of VCOP
(b) Utility 10% of VCOP
(c) Patents and royalties 6% of VCOP
(d) Direct supervisory and clerical labor 4% of VCOP
(e) Maintenance and repair 4% of VCOP
(f) Operating supplies 4% of VCOP
(g) Laboratory charges 4% of VCOP

2. Fixed cost (FCOP) 10% of TPC
(a) Local taxes 2% of FCOP
(b) Insurance 2% of FCOP
(c) Financial cost (interest) 3% of FCOP
(d) Rent 3% of FCOP

3. Plant overhead cost 9% of TPC
4. General expenses (GE) 15% of TPC

(a) Administrative expenses 5% of GE
(b) Distribution and marketing expenses 10% of GE
(c) Research and development expenses 5% of GE

Table 5. Cost of raw materials.

Raw Material Cost (USD/Ton) Ref.

EFB 6 [14]
Sulfuric acid 41 [74]

Enzyme 6310 [84]
Yeast 5700 [84]

Calcium hydroxide 75 [88]
Sodium hydroxide 98 [75]

Water 0.63 [91]

2.3. Calculation of Economic Performance Metrics

There are a few tools that can be used to evaluate the economic feasibility of an
investment; some take the time value of money (TVM) into consideration, and others
do not. Example tools for the former are NPV and IRR, whereas the latter are PBP and
ROI. The tools that do not take TVM into consideration are relatively less complicated
and straightforward to use, thus providing a rapid assessment of the viability of a project.
However, if the duration length of investment is long, then the tools with TVM provide a
more realistic analysis. Eventually, all these tools analyze the cash flow with or without
discounted factors from various perspectives to provide a decision-making value for
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investors to consider. To begin with, this study considered the project has a life expectancy
of 20 years, a 100% TCI was spent in year 0, and the minimum acceptable rate of return
(MARR) was set at 16%, which indicates the level of risk of the investment. The level of
risk is low because the pellet, xylitol, and bioethanol are considered biorefineries with new
capacity with the established corporate market position [92]. The prevailing corporate tax
rate was set at 24% in reference to the Inland Revenue Board of Malaysia. Although asset
depreciation has no direct impact on cash flow, it changes the tax liabilities. Herewith, the
straight-line annual depreciation method was used to estimate the asset depreciation.

NPV, as shown in Equation (5), is the measure of profitability based on the total present
value of a time series of cash flows, CFn, at any time period (n) in years from the present
time with an interest rate of i. The interest rate was assumed to be the same as MARR [92].
This method converts the cash flow in the future to present values for comparison. A
positive NPV indicates a viable investment. A greater and positive NPV indicates the
project is competitive.

NPV = ∑
n=0

CFn

(1 + i)n (5)

The IRR calculation is complementary to the NPV calculation, where it measures the
discounted annual rate of return and provides a safety investment margin. The IRR is the
interest rate at which NPV is equal to zero, as shown in Equation (6).

NPV = ∑
n=0

CFn

(1 + IRR)n = 0, (6)

The PBP is a profitability measure in terms of the length of time to recover the cost of
investment. The limitation of the PBP method is that the cash flows beyond the breakeven
year are no longer relevant; thus, it is not able to capture the long-term profitability of
the investment. The PBP calculation used for this study was based on uneven cash flows,
as shown in Equation (7). The PBP was calculated by adding the final year, n, that has a
negative cumulative cash flow with the fraction of the absolute value of cumulative cash
flow, CCFn at n year to the cash flow, CFn, at n + 1 year.

PBP = n +
CCFn

CFn+1
(7)

ROI is a simple measure of the economic performance of the money that has been
invested. The ROI is expressed as a percentage of the ratio between net profits, NPavg to
the TCI as in Equation (8).

ROI (%) =
NPavg

TCI
× 100 (8)

The profitability of the bio-refinery can be determined after the NPV, PBP, ROI, and
IRR have been calculated. Table 6 summarizes the profitability indicators to decide whether
the investment is acceptable or not. A positive NPV indicates that the earnings of the
bio-refinery exceed the costs, and therefore, the bio-refinery is considered economically
viable. Table 7 shows the selling price of pellet, fertilizer, xylitol, and bioethanol. The
desired PBP of the investments should be under 5 years to be attractive [93]. The ROI and
IRR should be more than the MARR set in this study to be profitable. The higher the ROI
and IRR, the greater the returns exceed the capital cost [88].
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Table 6. Profitability indicators of the bio-refinery.

Performance Criteria Comments Ref.

NPV Acceptable if in positive value [94]

PBP Acceptable if in a short period
of time [88]

ROI Higher than the MARR [92]
IRR Higher than the MARR [88]

Table 7. Selling price of products.

Product Cost (USD/ton) Ref.

Pellet 90 [95]
Xylitol 5500 [96]

Bioethanol 963 [92]
Fertilizer 300 [97]

3. Results and Discussion

To examine the economic feasibility of the bio-refinery, three scenarios are evaluated
in different settings. The scenario analysis is simulated based on the assumption that
an existing pellet production plant’s expansion produces higher-value products: xylitol
and bioethanol.

Scenario 1: Economic analysis at different EFB splitting ratios to pellet production and
xylitol and bioethanol production. In this scenario, the effect of EFB splitting ratios on the
economic performance metrics is calculated to analyze the production process’s viability.

Scenario 2: Sensitivity analysis at different EFB and product prices based on an EFB
splitting ratio of 30% to pellet production and 70% to xylitol and bioethanol production.
The purpose of the sensitivity analysis is to address the price fluctuations of EFB feedstock
cost and market selling price of the pellet, xylitol, and bioethanol.

Scenario 3: Economic analysis of the coproduction of pellet with xylitol or pellet
with bioethanol. The purpose of this analysis is to investigate whether the coproduction
of pellets with xylitol or pellets with bioethanol is more economically feasible than the
baseline scenario.

3.1. Profitability Analysis of Scenario 1

Figure 3 shows the profitability analysis of Scenario 1 at different EFB splitting ratios
for pellet production and xylitol and bioethanol production, with a minimum acceptable
return rate (MARR) of 16% and a 20-year life span. Both splitting ratios of 0% and 100%
indicated that all EFB feedstock was fed into the production stream of xylitol/bioethanol
and pellet, respectively. The splitting ratio of 0% had the highest net present value (NPV) of
129 million USD. Nevertheless, the NPV dropped drastically with the increase in the EFB
splitting ratio to pellet production. In fact, the NPV plunged below zero at a splitting ratio
of 80% and beyond and recovered slightly to the value of approximately 8 million USD
at 100% EFB for pellet production only. In other words, for any EFB splitting ratio below
80%, the production of these three products is still feasible. The main reason for reducing
NPV with the increase in EFB splitting ratio is the high total capital investment (TCI) and
total production cost (TPC) of both xylitol and bioethanol processes that are not able to
recover from revenue generation. It should be noted that xylitol products are the primary
contributor to overall revenue because of their high market price of 5500 USD/ton [96].
As more EFB was diverted to the production of pellets, xylitol and bioethanol’s capacity
was subsequently reduced, which reduced the overall revenue. For every 10% increment
in pellet production, the revenue is reduced by 19 million USD annually on average. By
estimating from the slope in Figure 4, the reduction rate of revenue was much higher than
TCI and TPC. The recovery of NPV to a positive value at 100% EFB for pellet production is
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due to the exclusion of TCI and TPC of xylitol and bioethanol, which require expensive
enzymes and yeast for production.

 

Figure 3. Economic profitability analysis at different EFB splitting ratios to pellet production.

 

Figure 4. Changes in TCI, TPC, and annual revenue (at full capacity) at different EFB splitting ratios
to pellet production.

On the other hand, the payback period (PBP) is an indicator of the length of time
needed for the initial investment to break even or recover the investment cost; thus, a
shorter PBP is preferred over a longer PBP. In this analysis, the payback period showed a
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reversed trend of NPV, where the length of PBP increased gradually from 4.5 years (0% EFB
splitting ratio) to 6.9 years (90% EFB splitting ratio) and decreased to 4.1 years at a 100%
EFB splitting ratio. Typically, a PBP of less than or approximately five years is favorable [93].
Therefore, an EFB splitting ratio below 40% is justifiable. Similar to the NPV analysis, the
TCI and TPC for pellet production only were 96% and 94% lower than those of xylitol
and bioethanol production only, respectively. If all three products are to be considered
in the production, TCI and TPC contributions by xylitol and bioethanol production will
be significant. The unit operations involved in pellet production only consisted of a
pretreatment reactor, dryer, and pelletization mill as the main process equipment. Those
were less complex and less costly than the unit operations involved in xylitol and bioethanol
production only, which consisted of a hydrolysis and fermentation reactor, activated carbon
adsorption column, and distillation column. Moreover, the raw materials for xylitol and
bioethanol production also involved the use of expensive enzymes (6310 USD/ton) [84]
and yeast (5700 USD/ton) [84], as well as large amounts of sodium hydroxide and water,
which have also contributed to a higher TPC.

Both return on investment (ROI) and internal return rate (IRR) values showed a
similar reduction trend of NPV from the EFB splitting ratios from 0% to 90% but rebounded
strongly to an ROI value of 23% and an IRR value of 25%, higher than that at the EFB
splitting ratio of 0%. The difference between ROI and IRR is that IRR takes into account the
time value of money by assuming the NPV equals 0 at the end of the 20-year life span; hence,
the IRR values are slightly higher than the ROI values, which are in the range of 2% to 3%.
The ROI and IRR were less favorable for the coproduction of xylitol and bioethanol than for
pellet production only because the TCI and TPC of xylitol and bioethanol production were
much more costly than those of pellet production. The ROI and IRR were then compared to
MARR. It was found that the ROI and IRR of EFB splitting ratios below 40% and 70% were
above 16%, respectively, which indicated that the investment was feasible and acceptable.

Comparing these four economic performance metrics, several possible production
combinations were considerable, depending on the investor’s interest and the demand for
the products. For example, suppose the investor has an existing pellet production plant and
would like to diversify some of the EFB feedstock to xylitol and bioethanol production. In
that case, it is recommended that the EFB splitting to the existing pellet production should
be 40% or less. The ROI and IRR of these options may seem lower than those of the existing
pellet production plant. The NPV, which is the time value of money of cumulative cash
flow, is at least one order of magnitude greater than that of the existing pellet production
plant. Nonetheless, the tradeoff would be a slightly longer PBP as well as a higher TCI
and TPC.

3.2. Profitability Analysis of Scenario 2

While the TCI requires a large lump sum at the beginning of the investment, it is
usually a one-off contribution and is not affected by the global market supply chain. Both
TPC and revenue contributed by the feedstock price and product selling price play a more
important role during the operation lifetime. To understand the effect of the feedstock price
and product selling price on the economic analysis, we performed a sensitivity analysis
using the EFB splitting ratio of 30% to pellet production as a basis, where the corresponding
prices and economic performance metrics are listed in Table 8.

Figure 5 shows the changes in economic performance metrics (NPV, PBP, ROI, and IRR)
with EFB feedstock and product prices. Figure 5A shows that the feedstock price did not
significantly impact the economic performance metrics. The price changes in EFB feedstock
only affect the TPC. With a savings of 33% of the feedstock price (4 USD/ton), the NPV
was improved by 5%, the PBP was reduced by less than 1%, and the ROI and IRR were
improved by approximately 1%. In contrast, if the feedstock price was increased by 33%
(8 USD/ton) and by 67% (10 USD/ton), the NPV was reduced by 5% and 10%, respectively.
PBP length was increased slightly by 1% to 2%, while the ROI and IRR were reduced by less
than 3%. In fact, an EFB price of 10 USD/ton still generated a positive NPV value, a PBP
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period of 5 years was still acceptable, and both the ROI and IRR were still more significant
than the MARR. The sensitivity analysis concluded that the contribution of EFB feedstock
price to the total production cost is less significant.

Table 8. Baseline parameters and economic performance metrics at an EFB splitting ratio of 30% to
pellet production.

Parameters Baseline Data

NPV (Million USD) 67.67
PBP (years) 4.92

ROI (%) 17.51%
IRR (%) 20.31%

EFB Price (USD/ton) 6
Xylitol Price (USD/ton) 5500

Bioethanol Price (USD/ton) 963
Pellet Price (USD/ton) 90

Figure 5. Sensitivity analysis of price changes in (A) EFB; (B) pellet; (C) bioethanol; and (D) xylitol at
the basis of EFB splitting ratio of 30% to pellet production and MARR of 16%.

As shown in Figure 5B, the changes in the pellet price also indicate a relatively low
impact on the economic performance metrics. When the pellet price (90 USD/ton) was
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increased by 30%, the NPV, ROI, and IRR were increased by 5%, 1.4%, and 1.1%, respectively,
while the PBP was reduced by less than 1%. Conversely, when the pellet’s price was reduced
by 30%, the NPV, ROI, IRR, and PBP showed their corresponding opposite values. The
small changes in the economic performance metrics were partly due to the pellet’s selling
price being much lower than that of the other two products; hence, the contribution to the
changes in revenue was negligible.

The changes in bioethanol price have a greater impact on the economic performance
metrics, as shown in Figure 5C. An increase of 30% in bioethanol’s price improved the NPV,
ROI, and IRR by 25%, 6.5%, and 5.0%, respectively, and reduced the PBP by approximately
4.2%. A positive increase in the price of bioethanol is highly desirable to offset the expensive
raw materials used in production, such as enzymes and yeast, and the large quantity of
sodium hydroxide and water consumption in the delignification process.

The changes in xylitol price have the most significant effect on the economic perfor-
mance metrics, as shown in Figure 5D. An increase in xylitol’s price by 30% increased the
NPV by 237%, improved the ROI and IRR by 62% and 45%, respectively, and shortened
the PBP by 28%. Nevertheless, xylitol’s lower boundary price could not be lower than
4802 USD/ton, approximately 12% lower than the benchmark price of 5500 USD/ton, to
maintain a positive NPV. A 12% reduction in xylitol price shrank NPV, ROI, and IRR by
95%, 24.8%, and 20.0%, respectively, and increased the PBP by 20.8%.

In summary, there are three factors that contribute to an attractive economic perfor-
mance: TCI, TPC, and revenue generation. Pricing sensitivity analysis has addressed the
contributions of TPC and revenue generation to the economic performance metrics. It has
been shown that the feasibility of coproduction of all three products (pellet, bioethanol,
and xylitol) is highly dependent on the selling price of xylitol, which offers little room for
price competition. Alternatively, one should forgo one of the products to further mitigate
the risk and reduce TCI. This leads to the next scenario analysis, which is the coproduction
of pellets with xylitol and the coproduction of pellets with bioethanol.

3.3. Profitability Analysis of Scenario 3

In Scenario 3, the economic performances of the coproduction of pellet with xylitol
and coproduction of pellet with bioethanol were compared with the coproduction of pellet
with xylitol and bioethanol on the basis of an EFB splitting ratio of 30% to pellet production
at a MARR of 16%. The results are presented in Figure 6. Only the coproduction of pellet
and xylitol is a feasible solution compared to the coproduction of pellet and bioethanol. On
the other hand, the NPV of coproduction of pellets with xylitol was increased by 31%, while
the PBP was reduced slightly to less than 4.5 years. The ROI and IRR of this combination
were improved to 20% and 23%, respectively, above the MARR of 16%.

The coproduction of pellets and bioethanol was a no-go option due to its expensive pre-
treatment process, low bioethanol yield, and selling price of bioethanol, which contributed
to a negative NPV (Figure 6). From the simulation, the price of ethanol was required to be at
least 1882 USD/ton to achieve a MARR of 16% or 1538 USD/ton at a lower MARR of 10%.
This is consistent with Do et al. [98] on the limitation of bioethanol production from EFB. To
further confirm bioethanol production’s economic feasibility from EFB as a lignocellulosic
source, a scenario of total conversion from EFB to bioethanol was further conducted. With
the bioethanol production of 0.16 ton/ton of EFB, the production is only feasible with a
bioethanol market price of 1758 USD/ton. This is in accord with the techno-economic
analysis performed by Dávila et al. [75], which indicated that even with heat integration
in the process that further reduced the production cost by 43%, the production price was
still higher than the market price. This reflects the energy-intensive process with the heavy
use of chemicals aside from the expensive enzymes for the purification and conversion
involved in bioethanol production. This result also reflects that commercial production of
bioethanol from lignocellulosic raw materials alone has not been widely implemented [30].
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Figure 6. Economic profitability analysis of coproduction of pellet with xylitol and bioethanol, pellet
with xylitol, and pellet with bioethanol at EFB splitting ratio of 30% to pellet production and MARR
of 16%.

4. Conclusions

In this study, three scenarios were evaluated to determine the profitability of a bio-
refinery producing pellet, xylitol, and bioethanol. The bio-refinery was found to be prof-
itable at an EFB splitting ratio of below 40% for pellet production, resulting in a positive
NPV, PBP lower than five years, and ROI and IRR higher than the MARR value of 16%. The
results also showed that it is possible to produce both pellets and xylitol, which resulted in
a higher NPV, shorter PBP, and higher ROI and IRR than the baseline scenario. The selling
price of ethanol from either coproduction of pellets and bioethanol or bioethanol alone is
still less competitive entering the market. Still, the coproduction of bioethanol with xylitol
is feasible with a higher NPV than coproduction with pellets. Nevertheless, this work has
successfully demonstrated that the valorization of EFB to high-value products is feasible.
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Abstract: Potassium thiocyanate (KSCN), a highly efficient “three birds with one stone” activator,
might work with inorganic activators to produce excellent N/S co-doped porous carbon (NSC)
materials for environmental remediation. However, the effects of inorganic activators on cooperative
activation are unclear. As a result, the influence of inorganic activators on the synthesis of NSC
materials was investigated further. This study shows that the surface areas of the NSC materials
acquired through cooperative activation by potassium salts (KOH or K2CO3) were considerably
higher than those acquired through KSCN activation alone (1403 m2/g). Furthermore, KSCN
could cooperate with K2CO3 to prepare samples with excellent specific surface area (2900 m2/g)
or N/S content. The as-prepared NSC materials demonstrated higher adsorption capability for
chloramphenicol (833 mg/g) and Pb2+ (303 mg/g) (pore fitting, complexation). The research provides
critical insights into the one-step synthesis of NSC materials with a vast application potential.

Keywords: N/S co-doping; porous carbon; chloramphenicol adsorption; Pb2+ removal

1. Introduction

Because of the ongoing energy crisis and environmental concerns, the production
and application of carbon materials derived from biomass has recently garnered a lot of
interest [1–7]. As biomass resources are abundant and sustainable in the environment,
they are considered as renewable carbon precursors of porous carbon materials [8]. The
incorporation of heteroatoms into carbon frameworks enriches the surface functional
groups and improves the chemical properties of materials’ surfaces [9–11]. For example,
the introduction of N elements could improve the surface polarity of carbon materials, thus
improving the hydrophilicity and number of reactive sites on the materials [12–14]. Other
studies have suggested that S heteroatoms could boost the chemical reactivity of carbon
materials and greatly improve their affinity to heavy metals [15,16]. Benefiting from the
synergistic effects of different heteroatoms, co-doping with multiple heteroatoms improves
the overall performance of porous carbon materials more effectively than single-atom
doping [17]. Therefore, much effort has been expended on the synthesis of heteroatom-
doped porous carbon materials from biomass.

Currently, the most basic ways for creating heteroatom-doped porous carbon materials
derived from biomass are self-doped technologies, which require the use of inorganic
activators (such as KOH and ZnCl2) to directly activate the biomass-containing heteroatom
sources (e.g., N, S, or P sources) [18–20]. The performance of the resulting heteroatom-
doped carbon materials critically depends on the reaction of the inorganic activators with
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the heteroatoms in the biomass during the activation process. However, as self-doping
technology relies on the heteroatom concentration of the biomass precursor, this limits its
applicability range. As a result, most techniques have concentrated on mixing inorganic
activators (e.g., KOH, K2CO3, or CaCl2) with organic dopants (e.g., urea, melamine, or
thiourea), which cooperatively activate biomass to synthesize heteroatom-doped porous
carbon materials [21–25]. It has been shown, for example, that K2CO3 and urea could be
utilized as a cooperative activator to prepare N-doped porous carbon materials with a
large surface area from biomass [26]. Through the complexation of inorganic activators
and N-dopants, an N-containing metal oxide (e.g., KOCN) could be formed through this
synthetic method, and the porosity of the samples would be improved by the subsequent
carbothermal reduction reaction (KOCN + C → KCN + CO) [27]. However, the simulta-
neous activation of inorganic activators and organic dopants is both resource consuming
and difficult, requiring excess dopants to obtain a satisfactory heteroatom-doped carbon
material. In recent research, we discovered that KSCN, a “three birds with one stone”
activator plays dual roles of porogen and dopant. More specifically, KSCN achieves simul-
taneous pore generation and N/S doping through an oxygen displacement reaction [28].
KSCN is far superior to standard organic dopants owing to its high heteroatom doping
capability and minimal carbon content. Meanwhile, KSCN might also work with inorganic
activators to improve the material characteristics via the carbothermal reduction process.
However, the synergistic activation of biomass by inorganic activators and KSCN has been
little explored in the preparation of carbon materials.

To address this need, the present study examines the impacts of several inorganic
activators (KOH, K2CO3, and ZnCl2) on the characteristics (porosity and N/S content) of
NSC materials. Simultaneously, the influence of K2CO3 and KSCN loading contents on the
porosity and N/S doping of materials was explored further. Furthermore, the potential of
NSC materials to treat water was thoroughly investigated.

2. Materials and Methods

2.1. Synthesis of NSC Materials

Sawdust was obtained from rural Shanghai. Other reagents were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai, China). The samples were
synthesized as shown in Scheme 1. The NSC material was prepared by activation of
sawdust (80 mesh) and mixed with inorganic activators and potassium thiocyanate (KSCN,
AR = 98.5%). Then the mixture was shaken in an aqueous solution for the period of 12 h and
dried at 80 ◦C in air for 12 h before heating to 700 ◦C for 2 h at a heating rate of 10 ◦C min−1

in a tube furnace. The N2 gas flow was controlled at 100 mL min−1. Various inorganic
activators, including K2CO3 (AR = 99%), KOH (AR = 85%), and ZnCl2 (AR = 98%), were
used to prepare NSC material at 700 ◦C with an inorganic activator/KSCN/biomass weight
ratio of 1:1:1. Then, the effects of loading contents of K2CO3 and KSCN on the porosity
and doping of N/S in materials were further investigated. For this purpose, the activator-
to-biomass mass ratio was adjusted to be 0, 1, 1/2, and 1, respectively. The carbonized
samples were further washed with 2 M HCl to completely remove any salt residues, and
were then washed repeatedly with deionized water before oven-drying at 100 ◦C until
constant weight.
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Scheme 1. Schematic of the NSC synthesis.

2.2. Characterizations of Materials

The elemental analyzer (Vario EL III) was used to perform elemental composition (C,
H, N, S) analysis. The ash contents from materials were analyzed after heating materials
in the air at 600 ◦C for 2 h. Using a Quantachrome Autosorb iQ2 apparatus, N2 adsorp-
tion/desorption isotherms (at 77 K) was conducted to measure surface areas and pore
volumes. Materials were further degassed at 120 ◦C for the period of 12 h before any further
analysis. In this study, the Brunauer–Emmett–Teller (BET) equations were used to calculate
surface areas (SBET) and total pore volumes (VT). Surface areas of micropores (Smic, < 2 nm)
were then determined via the t-plot analysis. The distribution of pore sizes was estimated
using theoretical model such as density functional theory (DFT) [27]. The crystal structures
of pristine samples were performed using powder X-ray diffractometry (XRD, X’Pert PRO),
which was provided with Cu Kα radiation (40 mA, 40 kV). The 2θ range was performed
from 10 to 80◦. Raman spectra were further obtained by a Raman spectrometer (XploRA)
with a laser of 532 nm. Five Gaussian peaks G, D, I, D’, and D” at ~ 1580, ~ 1350, ~ 1220,
~ 1620, and D” ~ 1490 cm−1, were fitted by parameters. The surface functionality of NSC
materials containing N- and S- were measured using X-ray photoelectron spectroscopy
(XPS, Thermo ESCALAB 250 XI). The N 1s spectra peaks of pyridinic, pyrrolic, quaternary,
and oxidized nitrogen were fitted by deconvolution. Additionally, S2p spectra included
the bonding of C–SO3, C–SO2, C–S–C 2p1/2, and C–S–C 2p3/2. Binding energies were
calibrated using the C 1s with the value of 284.6 eV. The peak data were fitted using XPS
peak41 software. The morphology of the material was examined using scanning electron
microscope (SEM, NovaNanoSem 450, FEI). The released CO gas at ~ 700 ◦C (peak 3)
during cooperative activation by inorganic activator and KSCN was determined using
mass spectrometer (Hiden QIC-20, MS). The m/z value for CO was set for 28.

2.3. Adsorption Experiments

The typical organic pollutant chloramphenicol (CAP) was chosen to evaluate the
ability to purify water for NSC materials [29]. For the adsorption kinetic, 2.5 mg material
was added to 25 mL of 120 mg/L CAP solution, and then 2 mL of the solution was
collected at 2, 5, 10, 30, and 60 min for CAP concentration analysis. Batch experiments
for adsorption were carried out as follows: material with 2.5 mg was dispersed in 25 mL
of CAP solutions at different concentration (5–120 mg/L). The mixture was continuously
shaken at the speed of 150 rpm for 12 h at 25 ◦C. After reaching adsorption equilibria, the
supernatants were then filtered by an organic membrane with the pore size of 0.22 μm
to analyze CAP concentrations. The contents of CAP were determined using an Agilent
1260 liquid chromatography, which was equipped with a C18 column at 25 ◦C and an
ultraviolet detector at 278 nm wavelength, and the mobile phase was 6:4 (v/v) of the
mixture of ultrapure water and methanol.

The toxic heavy metals such as lead(II) (Pb2+) have attracted extensive attention for
causing serious problems to the ecological environment and human health; thus. Pb2+

adsorption ability by the N/S co-doped carbon material was further evaluated [30]. For
lead(II) (Pb2+) adsorption isotherm, material with 20 mg was dispersed in 40 mL of Pb2+
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solutions, which have various concentrations ranging from 20 to 600 mg/L. Furthermore,
10 mM MES solutions were added to stabilize the pH of the solution. The mixture was
constantly shaken at 150 rpm for the period of 12 h. After adsorption equilibrium, the
concentration of Pb2+ was measured using ICP-AES (Hitachi P4010). A transmission elec-
tron microscopy (TEM-TecnaiG2F20 S-Twin FEI) was employed to explore the adsorption
mechanism for NSC material. Langmuir model was used for data fitting of adsorption
isotherms, and the model of pseudo-second-order was applied to interpret the adsorption
mechanism, which was explicated in our previous work [31,32].

3. Results and Discussions

3.1. Effect of Inorganic Activator Type on the NSC Materials’ Properties

The effect of inorganic activator types on the properties of NSC materials was investi-
gated first. As shown in Table 1, compared with the NSC materials acquired through KSCN
activation only, the surface areas of the NSC materials achieved by means of potassium
salts’ (KOH or K2CO3) cooperative activation were significantly increased. At the same
time, the pore size distribution showed that the degree of porosity with the sizes less than
2 nm increased significantly, and, particularly, the supermicropore (0.7 nm < pore size
< 2 nm) was increased (Figure 1a). These results indicated that potassium salts (KOH or
K2CO3) had strong cooperative activation abilities. The KCN signals in the XRD spectra
(Figure 1b) established that carbothermal reduction reactions (KOCN + C → KCN + CO)
occurred during the cooperative activation by potassium salts (KOH or K2CO3) and KSCN,
which was a widely known pore-forming reaction [33]. Moreover, the high yield for CO
gas at peak 3 (greater than 700 ◦C) further proved the previous assumption (Figure S1a).
Furthermore, it was also worth explaining that the release of CO at the low temperatures
(peaks 1 and 2) were found to result from the biomass pyrolysis. However, the excessive
CO generated with the carbothermal reduction could result in the enlarging of micropores.
As shown in Table 1, the microporosity of KOH-derived NSC material was obviously lower
than that of K2CO3-derived NSC material.

Table 1. NSC elemental compositions and textural characteristics of NSC produced with various
types of inorganic activators. The activation conditions were set to be 700 ◦C, inorganic activator:
KSCN: biomass mass ratio = 1:1:1.

Inorganic
Activa-

tor

Yield Ash C N S SBET
a Smic

b VT
c Vsuper

d Vultra
e

(%) (%) (%) (%) (%) (m2/g) (m2/g) (cm3/g) (cm3/g) (cm3/g)

/ 38.7 5.65 65.7 5.03 10.01 1403 1040 (74) 1.17 0.29 0.18
K2CO3 26.3 4.67 71.44 2.98 9.75 2397 1970 (82) 1.24 0.63 0.13
KOH 21.2 6.05 79.35 2.28 5.67 2439 1568 (64) 1.38 0.59 0.14
ZnCl2 93.9 38 38 4.46 18.09 129 - f 0.29 0.01 -

a BET surface area; b micropore surface area, the values in parenthesis are the Smic/SBET and the unit is %; c total
pore volume; d supermicropore volume (0.7 nm < pore size < 2nm); e ultramicropore volume (<0.7 nm); and
f not detected.

It is worth noting that the BET results showing the surface area of the carbon sample
achieved by ZnCl2 cooperative activation was only 129 m2/g (Table 1), indicating that the
cooperative activation ability of ZnCl2 was relatively low. Therefore, it was inferred that
the formation of ZnS hinders the carbothermal reduction reaction. The obvious ZnS signals
presented in the material obtained by ZnCl2 cooperative activation further proved the
above results (Figure 1b). Furthermore, compared with the NSC material obtained by the
individual activation of KSCN, the N contents of the NSC samples prepared by cooperative
activation of potassium salts (KOH or K2CO3) significantly decreased (Table 1). Therefore, it
was concluded that the carbothermal reduction reaction occurs with a decrease in nitrogen
content [28]. The results were further confirmed by the lower N content in the NSC
materials obtained by the excessive cooperative activation of KOH than in the materials
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derived from K2CO3. Therefore, the inorganic activators were essential for the one-step
synthetic pathway for N/S co-doping into carbon materials with excellent properties.

Figure 1. (a) The distribution of pore sizes for NSC, which were produced by being thermally
induced using different inorganic activator, (b) XRD patterns for the unwashed NSC produced by
being thermally induced using different inorganic activator. The activation conditions were set to be
700 ◦C, and the mass ratio of inorganic activator: KSCN: biomass was 1:1:1.

3.2. Effect of K2CO3 Load Content on the NSC Materials’ Properties

The effects of the load content of K2CO3 on the pore structure and N/S doping into
synthetic NSC materials were also examined. The SEM images showed that the surface
of the NSC sample derived by the self-induction of KSCN was found to be less porous
(Figure 2a), whereas the NSC material obtained from K2CO3 cooperative activation had
great crosslinked pores (Figure 2b). This result indicated that K2CO3 cooperative activation
could improve the pore structure of NSC materials. As demonstrated in Figure S2b, the
singles of K2SO4 in the XRD spectra of the KSCN-derived NSC materials were attributed to
the oxygen displacement reaction between the biomass and KSCN, which could effectively
generate pores and achieve co-doping of N/S [28]. With the increasing load content of
K2CO3, the KCN signals gradually strengthened (Figure S2b), while the yield significantly
decreased as shown in Table S1. The data imply a gradually enhancing carbothermal reduc-
tion reaction (KOCN + C → KCN + CO), which was further confirmed by the increasing
CO gas (peak 3 in Figure 2c). At the same time, the isotherms of N2 adsorption (type I(b))
for the NSC materials further confirmed that high microporosity of the NSC materials
could be achieved by the cooperative activation of K2CO3 (Figure S2a) [34]. The pore size
distributions (Figure 2d) were concentrated in two regions: 0.5–0.7 nm and 1.1–2.0 nm. Fur-
thermore, with the increasing load content of K2CO3, the pores accompanying with sizes
less than 2 nm obviously increased (Vsuper reached 0.68 when K2CO3 ratio was found to be
2), thereby boosting the BET surface area of the NSC samples to 2900 m2/g for the NSC
samples (Table S1), outperforming the previously reported N/S-doped carbon materials [8].

119



Processes 2022, 10, 1359

Figure 2. (a) Typical SEM images of NSC prepared by thermal activation of KSCN, (b) SEM images
of NSC prepared by thermal activation of K2CO3 and KSCN, (c) the CO release graphs and (d) dis-
tribution of pore sizes of NSC, which were activated with various loading contents of K2CO3. The
activation conditions were set to be 700 ◦C, KSCN: biomass mass ratio = 1:1, K2CO3: KSCN: biomass
mass ratio = 2:1:1.

As shown in Table S1, the N contents of the NSC materials gradually reduced with
the expanding loading content of K2CO3. This result also strongly indicated that the
reaction of carbothermal reduction normally sacrifices some of the nitrogen content [27,35].
Four peaks were observed in the NSC samples by deconvolution of the N 1s spectrum,
consisting of pyridine, pyrrole, quaternary, and oxide of nitrogen (Figure 3a). As shown
in Figures 3a and S3a, the decrease in the amount of pyridinic nitrogen in the N 1s XPS
spectra suggested a favorable role of this nitrogen form in the joint reactions between
K2CO3 and KSCN. It is also noteworthy that the S content of the NSC materials remained
stable with the increasing loading content of K2CO3 (weight ratio of K2CO3 and biomass
< 1), inferring that S did not participate in the above reaction (Table S1). The established
C-SO2 and C-SO3 peaks in the spectra of S 2p further confirmed the inference (Figure 3b).
However, excessive K2CO3 activators (weight ratio of K2CO3 and biomass > 1), led to a
considerable reduction in the S contents in the NSC materials (Table S1). Raman spectra
showed that K2CO3 activation could also enhance the graphitization degree of the NSC
materials, which was confirmed by the decreased ID/IG value (Figure S3b). In summary,
the addition of inorganic activators in the one-step synthesis process of NSC materials
definitively affected the structure of pores and N/S doping.
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Figure 3. (a) N1s XPS spectra for different K2CO3 loading content-induced NSC materials (N1
pyridinic N, N2 pyrrolic N, N3 quaternary N, N4 oxidic N), (b) S 2p spectra for different K2CO3

loading content-initiated NSC materials. The activation conditions were set to be 700 ◦C, KSCN:
biomass mass ratio = 1:1, various mass ratios between K2CO3 and biomass.

3.3. Effect of KSCN Load Content on the NSC Materials’ Properties

The BET surface areas of the NSC materials achieved by collaborative initiations were
significantly enhanced, and this enhancement was much more extensive than those of the
porous carbon (PC) materials obtained by K2CO3 activation (Table S2). This result indicates
that the KSCN was highly involved in the activation of biomass. When the mass ratio
between KSCN and biomass grew to 1, the yields for NSC reduced but the BET surface
area for the NSC improved (Table S2). The distribution curves of pore size showed that the
number of pores with a size smaller than 2 nm increased (Figure 4a). These results imply
that KSCN played an important role in instigating the reduction reactions (KOCN + C →
KCN + CO), as further proved by the steadily raised KCN intensity in the XRD spectra of
pristine NSC samples (Figure 4b). Meanwhile, the CO gas production (peak 3) increased
with the increasing loading content of KSCN, further confirming the above conclusions
(Figure 4c). However, extra KSCN activators (weight ratio of KSCN and biomass > 1) led
to the decline in the porosity in the NSC materials, which might be attributed to the pore
cracking caused by excessive cooperative activation. The Vsuper and Vultra also showed the
same trend (Table S2). Simultaneously, the yield of NSC was significantly improved with
the increasing loading content of KSCN (weight ratio of KSCN and sawdust > 1, Table S2);
thus, it could be concluded that the excess KSCN could also serve as a carbon source in
initiating the carbothermal reduction for biomass. Interestingly, the deconvolution results
of S in NSC proved that O could mix with sulfur to produce sulfur–oxygen bonding such
as C-SO2 and C-SO3 (Figure S4a). The oxygen content was raised when the S content was
enhanced in NSC, which complied well with the above conclusion (Table S2). In addition,
the raised N/S content resulted in the slight decrease in the graphitization degree of NSC
(indicated by the increased ID/IG value) (Figure S4b).
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Figure 4. (a) Pore size in NSC materials, (b) XRD patterns of the unwashed NSC materials, (c) CO
release curves of the NSC materials. The activation conditions were set to be 700 ◦C, K2CO3: biomass
mass ratio of = 1:1, various mass ratios between KSCN and biomass.

3.4. The NSC Materials for Water Purification

The water purification performance of the NSC materials with different specific surface
areas and N/S amounts was evaluated. The samples were labeled with A-x, in which
x denotes various sample types (Table S3). As displayed in Figure 5a and Table S4, the
NSC materials showed a higher adsorption capacity of CAP (maximum 833 mg/g) than
that of previously reported materials [36–38]. The results of adsorption kinetics indicated
that the adsorption equilibrium was reached at 30 min, which could be explained by the
developed microporous structure of NSC (Figure S5a). Furthermore, the parameters for
pseudo-second-order kinetic models were fitted to further reveal the adsorption process
(Table S4). The adsorption capacity of CAP increased with the growing BET surface area
of the NSC materials (Figure S5b,c), indicating that the pore-fitting mechanism might be
essential for adsorption property. In addition, the CAP adsorption capacity for the per
surface area (CAP-qBET) of the NSC materials was further analyzed. The CAP-qBET of
the NSC materials was higher than the PC materials, suggesting that N doping played a
positive role in CAP adsorption (Figure 5b).

Pb2+ containing wastewater poses extensive risks to the ecological environment and
human health. The Langmuir model was used for fitting adsorption isotherms. The
maximum adsorption capacities for Pb2+ varied from 100 mg/g to 303 mg/g (Figure S6a
and Table S5). The significant difference in the adsorption of Pb2+ might be explained by
changes in the sulfur contents of the NSC materials, and the results were confirmed using
the positive correlation between the sulfur contents and maximum adsorption capacity
(R2 = 0.96) (Figure 6a). Therefore, the material exhibits an excellent adsorption capacity
for Pb2+ in water. Furthermore, it was discovered that there were consistent fluctuations
in the distribution and mass transfer for sulfur and Pb in TEM-EDS (Figure 6b). These
observations proved that the Pb2+ could be fixed by complexing with the S-containing
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functional groups present in NSC samples. The excellent adsorption ability of materials
for Pb2+ might be attributed to the complexation of S-containing functional groups on
NSC materials.

Figure 5. (a) Adsorption capacity (qm) of CAP versus BET surface area, plotted for previously
reported materials and the materials prepared in this study, (b) BET surface area of selected NSC
material versus CAP-qBET. qBET = qm/BET surface area, suggesting CAP adsorption capacity per
BET surface area. PC: porous carbon material activated with K2CO3, activation temperature = 700 ◦C,
K2CO3: biomass mass ratio = 1:1.

Figure 6. (a) Linear correlation between qm and S content of NSC material, (b) representative TEM-
EDS line profiles of elements in the selected NSC material (A1) after Pb2+ adsorption. PC: porous
carbon material activated with K2CO3, activation temperature = 700 ◦C, K2CO3: biomass mass
ratio = 1:1.

4. Conclusions

In this study, the effect of the inorganic activators on the properties of NSC materials
were investigated. This study suggested that potassium salt could significantly promote
the NSC materials’ properties due to the strong carbothermal reduction reaction. Further-
more, the porosity and doping of nitrogen and sulfur into the obtained materials could be
effectively improved by adjusting the mass ratio of KSCN to K2CO3. The results indicated
that the as-prepared material exhibited a larger BET surface area of 2900 m2/g or the high
content of N/S. The NSC materials presented a high organic pollutant removal capacity
(~833 mg/g CAP adsorption) owing to their porous properties. In addition, the doping
of S greatly improved the ability of carbon materials to remove Pb2+ in wastewater due
to the complexation effect. The results have substantial consequences for the controllable
synthesis of NSC materials.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr10071359/s1, Figure S1. (a) Different inorganic activator on the
release curves of CO during the preparation process of NSC materials. The activation conditions were
set to be 700 ◦C, and inorganic activator, KSCN and biomass with weight ratio of 1:1:1. Figure S2.
(a) N2 adsorption–desorption isotherms of NSC materials, (b) XRD patterns of the unwashed NSC
materials. The activation conditions were set to be 700 ◦C, KSCN and biomass with mass ratio of 1:1,
various mass ratio between K2CO3 and biomass. Figure S3. (a) Relative ratio of pyridinic N (N1) and
pyrrolic N (N2) for NSC materials, (b) Raman spectrum of NSC materials was fitted using the five
Gaussian peaks (color lines). The activation conditions were set to be 700 ◦C, KSCN and biomass with
weight ratio of 1:1, various weight ratios between K2CO3 and biomass. Figure S4. (a) S 2p XPS spectra
for different KSCN loading content-induced NSC materials, (b) Raman spectrum of NSC materials
was fitted using the five Gaussian peaks (color lines). The activation conditions were set to be 700
◦C, K2CO3 and biomass with weight ratio of 1:1, various weight ratios between KSCN and biomass.
Figure S5. (a) Adsorption kinetics of CAP onto selected NSC, (b) correlations of the resultant NSC
between maximum adsorption capacity (qm) and BET surface area, (c) adsorption isotherms of CAP
for selected NSC in aqueous solution (the adsorption isotherms were fitted with the Langmuir model).
Figure S6. (a) Adsorption isotherms of Pb2+ for selected NSC in aqueous solution (the adsorption
isotherms were fitted with the Langmuir model). Table S1. Elemental compositions and textural
properties of NSC samples. The activation conditions were set to be 700 ◦C, KSCN and biomass
with weight ratio of 1:1, various weight ratios between K2CO3 and biomass. Table S2. Elemental
compositions and textural properties of NSC samples. The activation conditions were set to be 700
◦C, K2CO3 and biomass with weight ratio of 1:1, various weight ratios between KSCN and biomass.
Table S3. Porosity, preparation condition, and elemental compositions of selected NSC materials.
The activation conditions were set to be 700 ◦C. Table S4. The isothermal parameters and kinetic
parameters of selected NSC materials for CAP adsorption. Table S5. The isothermal parameters of
selected NSC materials for Pb2+ adsorption.
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Abstract: We conducted molecular dynamics (MD) simulations to investigate the structural evolution
of molten slag composed of wheat straw (WS) and Shenhua (SH) coal. The content of wheat straw in
the slag was varied from 0 to 100 wt%. The MD results indicated a slight reduction in the sharpness
of the radial-distribution-function curve of each ion–oxygen pair and a decrease in bonding strength
with increasing WS content. WS introduced many metal ions to the ash system, increasing its overall
activity. The number of bridging and non-bridging oxygen atoms changed upon straw addition,
which affected the stability of the system. There were relatively few highly coordinated Si ions. The
number of low-coordination Si was highest for a WS content of 30%, at which the density reached
a minimum value. The degree of ash polymerization was analyzed by counting the number (Q)
of tetrahedra with the number (n) of the bridging oxygen atoms. With increasing WS content, Q4

(tetrahedral Si) decreased, whereas Q3, Q2, Q1, and Q0 increased. Q4 reached a minimum value for a
WS content of 30%, at which point the degree of ion aggregation was the weakest and the degree of
disorder was the strongest.

Keywords: molecular dynamics; wheat straw; Shenhua coal; ash

1. Introduction

Coal gasification is important for the high-efficiency utilization of coal, production
of liquid fuel and hydrogen, reduction of iron, and other processes. Co-gasification of
biomass and coal increases the energy density of the biomass and decreases the clinkering
rate of coal ash owing to its high fluidity. Understanding the network structure for the co-
gasification ash of biomass and coal is important when designing the gasifier and selecting
the operating temperature and fuel ratio [1,2].

Shenhua (SH) coal from the China Shenhua coalfield has good surface activity, high
calorific value, and low sulfur and ash content. In particular, the melting temperature of SH
coal ash is lower than other coal, which is suitable for a flow bed gasifier with liquid slag
discharge. Coal ash is mainly composed of metal oxides and nonmetallic oxides [3,4]. Ions
can be divided into three types on the basis of their different structures in slag: network
ions, modified ions, and neutral ions. The roles of SiO2, Al2O3, Fe2O3, and CaO in melt have
been studied extensively [5,6]. Because of the high SiO2 content in coal ash, the structure
of silicates is of particular importance for understanding the structure and behavior of
slags. Silicate slags contain Si cations surrounded by four tetrahedrally arranged oxygen
anions. These SiO4

4− tetrahedra are joined in chains or rings by bridging oxygen (BO)
atoms. Cations, such as Na+, Ca2+, Mg2+, K+, and Fe2+, break these bonded oxygens to
form non-bridging oxygen (NBO), O−, and free oxygen, O2− [7,8].
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Compared with coal ash, the content of alkali metal elements such as K, Na, Mg, and
Ca in biomass ash is high, and the content of network ions (Si and Al) is low [9]. The
addition of biomass ash (such as wheat straw, corn straw, etc.) can reduce the melting point
of coal ash [8], changing the flow characteristics of ash at high temperatures [10].

MD is an excellent tool to study the structure with classic dynamics and obtain infor-
mation such as the chemical bond. This method has already been used in slag [11–16]. For
example, experimental and MD simulations results indicated that the SiO4

4− tetrahedron
is the most stable unit in the slag, and the bonding stability decreases in the order: Si–O
> Al–O > Fe–O > Mg–O > Ca–O [13]. Zhang et al. [14] also point out that alkalis (Na2O
and K2O) have only marginal influence on the structure of molten aluminosilicates, while
the Na+ ion prefers to locate in the BO/NBO networks, and the K+ ion tends to be present
in various oxygen tri-clusters. Moreover, Si–O and Al-O networks were observed to de-
polymerize into a simple structure at high alkalinity, with atomic self-diffusion increasing
and the viscosity decreasing with increasing alkalinity [15]. The decrease in viscosity led
to an increase in the proportion of NBO in the network. In another study, an increase in
the MgO:Al2O3 ratio led to the introduction of more Mg2+ ions to destroy the network
structure, resulting in the conversion of BO to NBO [16]. Moreover, as the basicity increased,
more BO was converted to free oxygen.

At present, there are plenty of studies on the structure of coal ash, but few studies
on the structure of mixed ash from coal and biomass. In this study, we carried out MD
simulations to investigate the effect of wheat straw (WS) content (varied from 0 to 100 wt%)
on the structural properties of ash slag, including the radial distribution functions (RDF),
mean square displacement (MSD), coordination numbers (CN), distribution of oxygen
types, distribution of bond angles, and distribution of Qn.

2. Methodology

2.1. Ash Samples Preparation

SH coal was supplied by the China Energy Investment Corporation; WS was collected
from Bingjiang farm in Zhengjiang city. The industrial analysis of SH coal and WS was
carried out using SH coal and WS powder (<100 μm) under the PRC National Standard
GB/T 212-2008 [17] and GB/T28731-2012 [18], respectively. The analysis results are shown
in Table 1.

SH coal ash and WS ash were prepared under the ASTM D3174-12 standard in which
the final ashing temperature was set at 575 ◦C to minimize the loss of volatile elements
such as Na [19]. The ash composition was analyzed by XRF (ARL ADVANT’X Intellipower
4200, ThermoFisher Scientific, USA), as shown in Table 2.

Table 1. Industrial analysis of SH coal and WS.

Sample
Content (wt%) Gross Calorific Value

(cal/g)Ash Volatiles H2O C-Fix

SH coal 8.12 28.02 9.50 54.36 6336.8
WS 11.5 66.4 7.95 14.15 4354.4

Table 2. Composition analysis of SH coal ash and WS ash.

Sample
Content (wt%)

Na2O MgO AI2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3

SH ash 1.86 2.34 19.12 58.03 0.50 5.66 1.09 8.29 3.11
WS ash 0.66 4.28 1.19 58.76 2.39 4.74 19.39 7.54 1.04

Simulation of real ash is difficult as as there are some impurities (P2O5, SO3, and
Fe2O3) in real ash, as shown in Table 2. In this simulation study, six main components in
coal ash and WS ash were selected for calculation to simplify the ash system, and the molar
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compositions are shown in Table 3, of which the content of WS in the slag was varied from
0% to 100 wt%.

Table 3. Molar composition of different ash samples for simulation study.

Sample
Mol%

Na2O MgO Al2O3 K2O CaO SiO2

SH 2.1 4.2 13.3 0.9 10.6 68.9
SH-WS(10%) 1.9 4.6 11.5 2.8 10.4 68.8
SH-WS(30%) 1.6 5.4 8.4 14.4 10.1 68.6
SH-WS(50%) 1.3 6.1 5.9 8.9 9.8 68.5

WS 0.7 7.5 0.9 14.4 9.4 68.2

2.2. Simulation Method

We used the Amorphous Cell Tools module of the Materials Studio 7.1 (MS) software
to build an amorphous structural system model. The particles were randomly distributed
in the system model to simulate the melt at high temperature, as shown in Figure 1. The
density of the system determined the size of the cubic box.

CFF (Compass force filed) and PCFF (polymer consistent force field) in the Amorphous
Cell Tools module of Materials Studio are widely used to build irregular cell structure of
inorganic compounds. However, an oxygen atom cannot be added in CFF, only in the form
of oxide, which is not adjusted for random distribution of atoms. In this work, the PCFF
was selected for building the model as O can be added in the form of randomly distributed
oxygen atoms. Other atoms were directly added to the force field, namely, Si, Na, Ca, Mg,
Al, and K.

Periodic boundary conditions were applied on all sides of the model box to create
an infinite system. The time step was set as 1 fs, and the data were saved each 100 steps.
In the simulation system, the total number of atoms was set to 4000 and the number of
different atoms was decided according to their mole fractions. The molar composition
of the different ash samples is shown in Table 3. We selected the atoms with high mole
fractions, i.e., Na, Mg, Al, Si, K, Ca, and O. The effective charge of ions was set as follows: Si
was +1.89, Al was +1.4175, Ca was +0.945, Mg was +0.945, Na was +0.4725, K was +0.4725,
and O was −0.945.

Figure 1. MD model of ash.

The number and density of each atom and the side length of the cubic model box
in the system are listed in Table 4. The main components in the ash slag were feldspar
(2.55–2.67 g/cm3) and diopside (3.27–3.38 g/cm3) [20]. Because the addition of biomass
increases the diopside content in the ash, we selected a slag density of 3.0 g/cm3. Since the
sizes of Na, Mg, Al, Si, K, Ca, and O atoms are different, there are differences in the length
of the cubic model box to ensure the same total atoms and slag density in different slag
systems.

129



Processes 2022, 10, 215

Table 4. Numbers of atoms, density, and side length of the cubic model box.

Sample
Atomic Number Density

(g/cm3)
Length

(Å)Na Mg Al Si K Ca O

SH 55 53 342 884 22 135 2508 3.0 35.82
SH-WS(10%) 50 60 299 894 72 134 2491 3.0 35.93
SH-WS(30%) 42 72 223 908 161 134 2459 3.0 36.13
SH-WS(50%) 34 82 158 922 239 132 2432 3.0 36.31

WS 21 104 24 947 400 130 2374 3.0 36.67

2.3. MD Simulation Process

We used potential functions based on the Garofalini potential function [21], which
includes a pair potential and three-body potential. The Born–Mayer–Huggins (BMH)
function was used as a pair potential function, which is written as

VBMH
ij = Aijexp

(
−rij

ρij

)
+

qiqj

rij
ξ

(
rij

βij

)
(1)

where rij is the interatomic distance between atoms i and j, qi and qj represent the charges
of atoms i and j, and ξ represents correction function. Aij, ρij, and βij represent the potential
parameters of BMH. The parameters used are listed in Table 5. The form of the three-body
potential function can be written as:

ϕjik =
√

λijλjkexp

(
γij

rij − Rij
+

γjk

rjk − Rjk

)
ωjik (2)

where Rij is the distance between particles i and j; Rjk is the distance between particles j
and k; λij and γij are the potential parameters between particles i and j; λjk and γjk are the
potential parameters between particles j and k; and ωijk is a function related to the angle.
The parameters of the three potentials are taken from Garofalini’s work [22], as shown in
Table 6. Simulations were carried out in the NVT ensemble, i.e., keeping the number of
particles (N), system volume (V), and temperature (T) fixed. As shown in Figure 2, the
system was thermally stabilized for 25 ps at T = 5000 K to ensure full mixing of the particles
and was then cooled to 2000 K in 25 ps with a cooling rate of 1.2 × 1014 K/s. To achieve a
state of equilibrium, the system was kept at 2000 K for 25 ps and then cooled to 1623 K in
25 ps with a cooling rate of 1.508 × 1013 K/s. In the final stage, the system was equilibrated
at 2223 K for 25 ps to obtain a uniform ash slag in a molten state.

Figure 2. Temperature of the ash during the simulation.
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Table 5. Two-body-potential parameters [21].

Atoms Parameter

i j Aij (fJ) βij (pm) ρij (pm)

Na Na 0.2159 230 29
Na Al 0.2178 230 29
Na Si 0.2001 230 29
Na O 0.3195 234 29
Mg Mg 1.0643 231.8 29
Mg Al 0.20846 230 29
Mg Si 0.2216 230 29
Mg O 0.2842 234 29
Al Al 0.0500 235 29
Al Si 0.2523 233 29
Al O 0.2490 234 29
Si Si 0.1877 230 29
Si O 0.2962 234 29
K K 0.99706 253.8 29
K Al 0.4448 236.6 29
K Si 0.4420 253.8 29
K O 0.60802 253.8 29
Ca Ca 0.7000 230 29
Ca Al 0.2178 230 29
Ca Si 0.2215 230 29
Ca O 0.5700 234 29
O O 0.0725 234 29

Table 6. Three-body potential parameters.

Atomtriplet λij (fJ) γij (pm) Rij (pm) ωjik (deg)

Al/Si–O–Al/Si 0.001 200 260 109.5
O–Al/Si–O 0.024 280 300 109.5

3. Results and Discussion

3.1. Radial Distribution Functions (RDFs)

From RDFs, basic structural information, including the degree of material ordering
and the degree of correlation of electrons, can be obtained. The formula for the RDF can be
written as [23]:

gij(r) =
V

Ni Nj
∑

j

〈nij

(
r−Δr

2 , r+Δr
2

)
〉

4πr2Δr
(3)

where V is the volume of the system; nij is the number of i atoms included in a spherical
shell of thickness; Δr is located at a distance r; and N is the total number of particles.

The distributions of the RDF for each particle in the ash sample are shown in Figure 3.
The location of the first peak in the RDF graph represents the average bond length of the
atomic pair. For Si–O, the location of first peak in all five samples was unaffected by the
addition of WS, which corresponds to a bond length of 1.61 Å. The locations of the first
peaks seen in Al–O for SH, SH-WS (10%), SH-WS (30%), and SH-WS (50%) were similar,
although the addition of WS shifted the peak slightly, indicating a decrease in bond length
from 1.75 to 1.73 Å. The peak values of Si–O and Al–O were consistent with previous
reports [21], indicating that the calculated results are reasonable.

The sharpness of the first peak in the RDF curves reflect the bonding ability and
interaction between ions [24]. With increasing WS content, the width of the first peak of
Si–O and Al–O increased, indicating a decrease in bond strength. The first peaks for Na–O,
Mg–O, K–O, and Ca–O corresponded to bond lengths of 2.29–2.35, 2.00–2.06, 2.61–2.65, and

131



Processes 2022, 10, 215

2.30–2.35Å, respectively. The width of the first peaks for these bonds was larger than for
Si–O and Al-O, indicating weaker bonding than for Si–O and Al–O.

Figure 3. Radial distribution functions of Si-O (A), Al-O (B), K-O (C), Mg-O (D), Ca-O (E), and Na-O (F).

3.2. Mean Square Displacement

The atoms do not stay in a fixed position in the system; rather, they are in continuous
movement. The mean square displacement (MSD) of each atom can be determined from its
trajectory as [25]:

MSD = 〈Δr(t 2)〉 = 1
N
〈

N

∑
i=1

|ri(t)− ri(0)|2〉 (4)
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where ri(0) is the displacement of atom i at time zero, and ri(t) represents the displacement
of atom i at time t. The MSD has a linear relationship with the diffusion coefficient (DC),
which can be written as [26]:

DC = lim
t→∞

1
6

d(Δr (t)2)

dt
(5)

The MSDs of Si, Al, Ca, Mg, and K, and the total displacement of all atoms in the
system are shown in Figure 4. For all samples, the activity and diffusion coefficient of Si
atoms were the lowest, because Si formed the network structure of the system. However,
with increasing WS content, the activity of other metal oxides (e.g., K2O, MgO, and CaO) in
the ash increased. For a WS content of 0–10 wt%, the activity of Ca was the highest among
all elements in the ash. Between 30% and 100 wt%, K had the highest activity. The high
activity of Ca and K is because these elements do not form the network structure and can
move freely in the network. As shown in Figure 4F, the total MSD increased with increasing
WS content. A possible explanation for this trend is that the addition of more oxide reduces
the complexity of the system.

Figure 4. The mean square displacement of each atom in SH (A), WS (B), SH-WS(30%) (C), SH-
WS(50%) (D), and WS (E). The mean square displacement of different samples (Total) (F).
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We calculated the diffusion coefficients in the system on the basis of the law of diffusion,
as shown in Figure 5. The diffusion coefficients decreased in the following order: DCa >
DMg > DK > DAl > DSi at WS contents up to 10%. The order of diffusion coefficients was
DK > DMg > DCa for WS contents between 30% and 100%, and at 100%, DSi > DAl.

Figure 5. Diffusion coefficients of the different atoms in the ash slag system.

3.3. Coordination Numbers

The microstructure of the Na2O-MgO-Al2O3-SiO2-K2O-CaO slag system was mainly
composed of the silicoaluminate and the network modifier. The coordination numbers
(CN) varied with the fraction of WS, as shown in Figure 6. It could be seen that the
coordination number of Si was maintained at about four, but decreased with increasing
WS content, indicating a reduction in the strength of Si–O bond. We attributed this to the
depolymerization of the highly coordinated Si by metal atoms, such as Mg and K. For Al,
not only four-coordinate Al–O structures but also a large number of structures with fewer
than four coordination bonds formed. With increasing WS content, the fraction of more
highly coordinated Al–O structures increased. This indicates that the [AlO4] tetrahedral
unit is not as stable as the [SiO4] tetrahedron.

 

Figure 6. The variation of CNSi-O (A) and CNAl-O (B) against the WS content.

3.4. Distribution of Oxygen Types

The oxygen ions in this system can be classified as either BO or NBO on the basis of
the cations to which they are connected. As shown in Figure 7A, the proportion of BO
decreased and the proportion of NBO increased with increasing WS content. We classified
BO into Si–O–Si, Si–O–Al, and Al–O–Al. There was less Al in the form of Al–O–Al than
Al–O–Si, indicating the Al–O–Si bonds were more stable than Al–O–Al bonds (Figure 7B).
A similar trend was not observed for Si.
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For NBOs, we considered Si–O–Ca, Si–O–Na, Si–O–K, Si–O–Mg, Al–O–Mg, Al–O–
Ca, Al–O–Na, and Al–O–K, the distributions of which are shown in Figure 7C. The most
abundant NBOs were Al–O–K and Si–O–K, indicating that the tetrahedron is more easily
destroyed by K2O than other oxides in this network structure. Zhang et al. [23] proposed
that the disparity between (Si-O-M (Ca, Mg, Na, K))/Si and (Al-O-M)/Al can indirectly
reflect the proportion of charge-balancing M for tetrahedron. The ratios of (Si-O-Ca)/Si,
(Al-O-Ca)/Al, (Si-O-Mg)/Si, (Al-O-Mg)/Al, (Si-O-Na)/Si, (Al-O-Na)/Al, (Si-O-K)/Si, and
(Al-O-K)/Al, represent the average numbers of M, which forms non-bridging in one [SiO4]
or [AlO4] tetrahedron. Figure 7C shows that the disparity between (Si-O-M*(Ca, Mg,
Na)/Si and (Al-O-M*)/Al is much smaller than the disparity between (Si-O-K)/Si and
(Al-O-K)/Al, indicating that Ca2+, Mg2+, Na+ are not the charge-balancing atoms.

Figure 7. The influence of WS contents on the distribution of two kinds of oxygen (A); the influence
of WS content on the distribution of bridging oxygen (B) and non-bridging oxygen (C).

3.5. Distribution of Bond Angles

The distributions of bond angles for the different samples are shown in Figure 8. The
configurations of different bond angles in the Si–O and Al–O networks are shown in the
insets of Figure 8A,B. The angular distributions of O–Si–O had a symmetric shape for all
samples, averaging approximately 107◦ (Figure 8A), whereas the angular distributions of
O–Al–O were asymmetric in all samples. The bond angle of O–Al–O reached a maximum
when the WS content was 30%, which could be attributed to the transformation of [AlO4]
to [AlO3]. Because of the stability of the [SiO4] structure, the O–Si–O angle was close to the
ideal tetrahedral angle (109.5◦). However, at least four forms of O–Al–O (each with different
bond angles) were identified owing to the presence of one-, two-, and three-coordinated Al
atoms. The peak of the O–Al–O angle distribution was much wider than that of O–Si–O
because of the contribution of the non-tetrahedral forms of O–Al–O.
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Figure 8. The influence of the WS contents on the O-Si-O angle (A) and O-Al-O angle (B).

3.6. Distribution of Qn

The degree of polymerization is an important parameter for characterizing the integrity
of the melt network structure. This can be analyzed by counting the number (Q) of
tetrahedra with n bridging oxygen atoms. The influence of the WS fraction on Qn for Si is
shown in Figure 9. With increasing WS content up to 30%, Q4 and Q5 decreased, whereas
Q0, Q1, Q2, and Q3 increased. We attribute these trends to the depolymerization of the
network structure, which results in the ash having good fluidity.

Figure 9. Qn distribution of Si tetrahedra for different WS contents.

4. Conclusions

In conclusion, we investigated the structure of ash slags via MD simulations. The
content of WS in the slag was varied from 0% to 100 wt%. The simulations provided struc-
tural information, such as the RDF, MSD, coordination number, bond angle, distribution of
oxygen types, and Qn. We draw the following conclusions:

(1) By analyzing the RDFs of the ion–oxygen pair, we found that the WS had no obvious
influence on the bond length of Si–O. The widths of the first peaks in other ion–oxygen
pairs were larger than that of Si–O, indicating a weaker bond strength than Si–O. The
coordination number of Al was influenced by the addition of WS, demonstrating that
WS influences the stability of the network structure. Moreover, the [AlO4] tetrahedron
was found to be less stable than the [SiO4] tetrahedron.

(2) The concentration of BO decreased and that of NBO increased with increasing WS
content. This indicates that the network structure can be destroyed by metal ions,
resulting in the conversion of BO to NBO.
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(3) The O–Si–O bond angle was constant at approximately 107.5◦. The O–Al–O bond
angles were wide and varied with increasing WS content.

(4) With increasing WS content, the diffusion coefficients of Si4+ varied only slightly with
no obvious trend. The sum of all diffusion coefficients increased with WS content,
indicating an increased diffusion capacity of the system.

(5) For a WS content of 30%, the Q4 and Q5 structural units transformed into Q3, Q2,
Q1, and Q0 structural units to the greatest extent, which corresponded to the lowest
degree of polymerization and highest ash fluidity.
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Abstract: Organic waste management is an important concern for both industries and communities.
Proper management is crucial for various reasons, such as reducing greenhouse gas emissions,
promoting sustainability, and improving public health. Composted manure is a valuable source of
nutrients and organic matter that can be used as a soil amendment in agriculture. Some important
benefits of using composted manure in agriculture include: improves soil fertility, enhances soil
structure, reduces soil erosion, suppresses plant diseases, and reduces reliance on synthetic fertilizers.
Composted manure represents one of the most effective methods of organic waste valorization. Its
macronutrients and micronutrients content can increase plant yield, without any reported negative or
toxic effects on the soil and plants at various application rates. However, improper use of farmyard
manure can have negative effects on the environment, such as air pollution from greenhouse gas
emissions, soil acidification, and contamination of surface water and groundwater by nitrates and
phosphates. The properties of the soil, including aeration, density, porosity, pH, water retention
capacity, etc., can be improved by the structure and composition of manure. The slow-release
source of nutrients provided by the nutrient content of compost can determine proper plants growth.
However, it is crucial to use compost in moderation and regularly test soil to prevent excessive
nutrient application, which can have adverse effects on plants and the environment.

Keywords: waste management; manure compost; soil amendment

1. Introduction

Waste management is a global concern, which uses valuable resources and determines
the implementation of restrictive policies regarding waste valorization/recovery/reuse,
etc. [1]. Organic waste results in large quantities and can cause significant pollution levels
and environmental problems in the absence of rapid control [2]. More than 50% of this
waste could be recycled or reused to turn waste into a usable resource [1,3].

Livestock production in the European Union generates an annual output of around
1400 million tons of manure [4]. Livestock farming in Europe remains responsible for a
wide range of environmental problems, and public pressure for improvement is unlikely to
disappear in the future [5]. The livestock sector is an important user of natural resources
and has a significant influence on air quality, global climate, soil quality, biodiversity, and
water quality by modifying the biogeochemical cycles of nitrogen, phosphorus, and carbon.
The size of global livestock production is the result of human food development, which is
based on products of animal origin [6].

The livestock sector must respond to the global demand for food, but under certain
conditions, it can generate environmental problems and climate change [2]. Worldwide,
about 65 billion chickens, 1.5 billion pigs, 1 billion goats and sheep, and about 330 million
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cattle and buffaloes are bred for meat production. The number of cattle used for milk
production reaches almost 234 million, while the egg production sector has 7.6 billion
specimens [6].

Organic wastes intended for use on agricultural land can be processed by different
methods so as to retain as many nutrients as possible (e.g., nitrogen N, or phosphorus P)
and to increase their capacity for agricultural use while minimizing their impact on the
environment. Depending on the technology used, the processing of organic waste can add
agronomic, economic, and ecological value to the final product [7].

Proper management of organic waste as a soil amendment can improve essential ser-
vices provided by the soil, such as water filtration, food production, and climate regulation.
The use of waste as a soil amendment can produce positive effects on the organic matter
content and trace elements, reducing the need for inorganic fertilizers. In addition to this, it
can help with forming soil macroaggregates and improving soil structure, water infiltration,
and water retention capacity in the soil [1,8].

Organic fertilizers (amendments) are important sources of nutrients for sustainable
agricultural production and, in combination with soil microorganisms and fauna, can
bring a significant contribution to improving soil structure and favorable plant-growing
conditions [9–11].

From the literature analysis, some knowledge gaps related to manure composting
can be identified. Optimal composting conditions for manure depend on factors such as:
type of manure, climate, and other variables. Ongoing research is being conducted to
determine the ideal conditions for manure composting, including temperature, moisture
content, aeration, and carbon–nitrogen ratio. While composting can reduce pathogen levels
in manure, there is still uncertainty about the effectiveness of different composting methods
in reducing pathogen contamination, particularly for emerging antibiotic-resistant bacteria.
Although the literature generally mentions that composting can reduce greenhouse gas
emissions from manure, there is limited knowledge about the overall impact of composting
on emissions and the potential for composting to mitigate climate change [2–12].

This article aims to present the main aspects specific to the use of manure in agriculture,
while also highlighting the main benefits of composting. Some important parameters were
also discussed by considering the main objective of the manure compost used as a soil
amendment to ensure an environmentally friendly product, which is beneficial for the
growth and development of plants, with a low production cost compared to other methods.

2. Some Perspectives of Manure Used as Soil Amendment

The livestock production results in large amounts of waste, which can become a
barrier to development if not disposed of properly [12]. In Europe, the livestock sector is
currently responsible for around 80% of total ammonia emissions, 10–17% of greenhouse
gas (GHG) emissions, 40–50% of diffuse nitrogen, and 70% of inorganic phosphorus.
Several government policies have been implemented by the European Union, contributing
to the development of manure treatment technologies, while some Member States have
increased the use of manure in agriculture and have, therefore, reduced the impact on the
environment [13].

2.1. Manure Management

The management of animal waste (manure) includes primarily composting for agri-
cultural applications, combustion used for the production of heat and electricity, and
the conversion of livestock waste into bioenergy through biological or thermochemical
processes [12].

Manure disposal becomes a problem due to the increase in its volume and the risk
of potential contamination of the soil, air, surface water, and groundwater caused by the
draining of this organic waste from storage sites and by the odors released [14]. There are
many problems with the storage and use of untreated manure, such as odor, emissions,
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leaching of hazardous substances and the appearance of health risks, the loss of nutrients,
and the difficulty of handling this waste [15].

The use of improper disposal practices could cause serious environmental prob-
lems, which could include the addition of potentially harmful metals, inorganic salts, and
pathogens to the soil, and would lead to increased soil nutrient loss through leaching and to
increased emissions of hydrogen sulfide, ammonia, and other toxic gases into the air [16].

Alternative environmentally friendly disposal methods with potential financial ben-
efits are manure processing technologies, which provide energy and products from ma-
nure [17]. Although manure is a resource for preserving soil fertility, its management has
become one of the main environmental problems [4]. Even though the main objective of
manure processing is to reduce the impact on the environment, not all technologies achieve
the reduction of pollution, and most technologies are considered too costly [17]. In order, to
assess the economic and environmental sustainability of manure management methods and
to support decision making, different types of methods are used, based on mathematical
programming or simulation methods [17].

Since the early 1990s, the European Union legislation has regulated animal production
and, indirectly, the use of manure [18]. This legislation requires that management criteria,
such as the best application rates and timing, be adapted to specific local conditions (soil,
climate, culture, type of manure) [18].

Overall, effective manure management is important for both environmental and
agricultural sustainability. By implementing best practices for manure management, we
can reduce the negative impacts of manure while maximizing its potential benefits as
a nutrient-rich fertilizer. Additionally, if we refer to the manure management, we can
mention the practices used to handle and process manure related to the current concepts
on manure management such as: nutrient management, which is a critical component of
manure management. Nutrients in manure, such as nitrogen, phosphorus, and potassium,
can be valuable fertilizers for crops, but if not managed properly, they can also contribute
to environmental problems such as nutrient pollution. Anaerobic digestion is a process
that breaks down organic matter in manure in the absence of oxygen, producing biogas
(a mixture of methane and carbon dioxide) and a nutrient-rich digestate that can be used
as a fertilizer. This process can help reduce greenhouse gas emissions and odors from
manure. Composting is another way to process manure that can help reduce odors and
pathogens. The process involves allowing manure to decompose naturally with the help
of microorganisms, turning it periodically to ensure adequate aeration. Manure storage
and handling can help to reduce environmental and health risks associated with manure.
This can involve using covered storage structures, proper ventilation, and appropriate
equipment for handling and spreading manure. Water management can also be mentioned
and involves managing water excess, a consequence that can lead to nutrient runoff and
contamination of surface and groundwater. Proper management of water can help minimize
these risks [12–18].

2.2. The Principal Techniques Used as Manure Treatment for Use in Agriculture
2.2.1. Anaerobic Digestion

Anaerobic digestion is the process of organic material degradation by microorganisms
in the absence of oxygen, producing a biogas composed mainly of methane and carbon
dioxide (CH4 and CO2) [4]. Manure used for anaerobic digestion becomes a compound rich
in nutrients, called digestate, which makes it a potential substitute for chemical fertilizers [4].
Anaerobic digestion is a widely used process for stabilizing waste, controlling pollution,
improving manure quality, and biogas production [17]. Biogas plants come with many
significant benefits, including the reduction of methane emissions, the production of
electricity, and renewable heat, resulting in reduced odor and CO2 [19].
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2.2.2. Mechanical/Physical Separation of Manure

Manure separation produces two fractions: a liquid fraction, which contains a small
amount of dry matter, and a solid fraction [17]. The purpose of separation is to reduce the
volume of manure and to obtain a solid fraction that can be used for the fertilization of
crops [17]. The performance of this process can be determined by the degree of clarification
of the supernatant produced, which is then used for irrigation. If activities around the farm
are considered, such as washing manure channels, a high degree of clarification is necessary,
but without producing large volumes of diluted sludge. Usually, mechanical/physical
separation processes succeed one another. A single separation process rarely removes
suspended matter and produces a solid phase rich in dry matter [20].

2.2.3. Aerobic Treatment

The purpose of aerobic treatment is to remove nitrogen by nitrification and denitri-
fication, which is achieved by alternating the anoxic and aerobic phase, or by low levels
of aeration [4]. Aerobic treatment was initially used to reduce nitrogen excess and was
then supplemented with a mechanical separation to manage phosphorus excess [4]. This
process results in nitrogen emissions and, sometimes, under adverse conditions, nitrogen
oxide can form, and the resulting sediment can be mechanically separated and used for the
fertilization of crops or for composting [4]. For example, biological nitrogen removal can
only be obtained by combining anaerobic and aerobic treatments. Therefore, effective inte-
grated anaerobic/aerobic treatments can only be achieved through a better management of
electron flows. Several authors have reported experimental and full-scale applications of
the combined anaerobic–aerobic process configuration [21].

2.2.4. Pyrolysis

During pyrolysis, manure is decomposed in an oxygen-deficient environment to
produce gas, liquid, and coal [22]. The resulting coal is a solid residue, composed mainly of
carbonic and inorganic materials (ash), and can be applied as a soil amendment and for
the production of activated carbon [22]. In many situations, pyrolysis is applied in several
stages for a better evolution of the product regarding its properties and temperature [23].

With regard to the use of the resulting compound after using pyrolysis as a soil
amendment, it can be stated that if the pyrolysis is carried out at temperatures between
400–550 ◦C, there is no major impact on the pH [24].

2.2.5. Composting

An alternative approach to manure management is composting, which involves sta-
bilizing organic matter, suppressing weeds and pathogens, deodorizing, improving the
handling of the finished product, and the possibility of safe storage and transport [15].

Composting is an ecological and economical alternative for organic waste treatment,
which turns manure into fertilizer/organic amendment [25]. Composting is not considered
a new technology, but among the waste management strategies this method is considered
a suitable option for manure management due to the economic and environmental bene-
fits [26]. The composting process, if carried out correctly, converts wet and odorous organic
waste into a dry, odorless, decomposed, and reusable product [27].

There are four stages in the composting process: the initial mesophilic phase, where
mesophilic bacteria and fungi degrade simple organic compounds, such as sugars, amino
acids, proteins, etc., by rapidly increasing the temperature; the thermophilic phase, when
the composting material reaches its maximum temperature (>40 ◦C), this being the fastest
stage of the decomposition process; the cooling phase, which is a decrease in temperature
due to the reduction of microbial activity; the maturation phase, representing a long
stabilization period of time meant to help obtaining high-quality stabilized, matured, and
humified compost [28].

Composting is a method that can be used to reduce the amount of organic waste
through recycling, because during the composting process up to 30% of the volume of waste
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can be reduced, resulting in a product that can have beneficial effects on the soil [27,29].
Composting significantly reduces the volume of manure through biochemical mineraliza-
tion and partial humification of organic compounds, also reducing the mass, water content,
and many of the undesirable elements present in manure, such as pathogens, parasites, and
weed seeds [30–32]. The composting process can be influenced by many factors, including:
oxygen content/level, humidity, biochemical composition of manure, pH, and temperature,
which ultimately affect the quality of the final product and the efficiency of composting [28].

Both pathogens and weed seeds in the raw material are suppressed by: high tem-
peratures, microbial antagonism and/or competition for nutrients, toxicity produced by
by-products through organic matter degradation (e.g., ammonia, sulfides, organic acids,
and phenolic compounds), and enzymatic degradation [32].

As a result of this process, the risk of spreading pathogens, parasites, or weed seeds is
eliminated or reduced, and a stabilized final product is obtained, which can be used to im-
prove and maintain the quality and fertility of the soil [26]. All these present environmental
and economic advantages, such as more efficient transport and storage compared to the
original raw material [32]. Composting reduces the environmental risks that can occur if
untreated manure is stored (degradation of water, soil, and air quality) and improves soil
quality in nutrient-deficient areas [30].

The advantages of using compost compared to the use of untreated manure are:
pathogens and weeds elimination/reduction, microbial stabilization, volume and humidity
reduction, odors elimination and control, ease of storage, transport and use, the production
of organic fertilizers, or good-quality substrates [26]. Another advantage is the homoge-
neous and fragmented structure of the compost, which leads to easier scattering on the soil
surface compared to uncomposted manure [32].

3. Manure and Compost as Soil Amendment

3.1. Some Positive Aspects Related to the Use of Manure and Compost as Soil Amendment

Manure has been used on farmland for many centuries, not only for the disposal of this
waste, but also as a fertilizer/amendment [33]. Before the advent of inorganic fertilizers,
manure was the main source of nutrients added to the soil for plant growth [33]. Manure
from cattle was used centuries ago to improve soil fertility due to an increase in the content
of organic matter in the soil and the improvement of its physical, chemical, and biological
properties [34].

The application of manure to the soil has been shown to improve soil structure and
adsorption properties by reducing volumetric density while increasing porosity, infiltration
rate, hydraulic conductivity, and stability of the aggregate [9]. Used as a soil amendment,
manure adds nutrients to soils (e.g., organic nitrogen or ammonia) and also improves soil
structure, thereby increasing nutrient retention, the amount of organic matter, and the
water retention capacity [9,35].

The beneficial effects of the use of manure on agricultural land are generally based on
the ability to favorably alter soil properties, such as the availability of nutrients for plants,
soil pH, cation-exchange capacity, water retention capacity [36,37]. Manure generally
contains bicarbonates, organic anions, and basic cations such as Ca2+ or Mg2+, which can
buffer and neutralize soil acidity [9]. The increase of the soil cation-exchange capacity
(CEC) after the application of manure is attributed to the increase in organic matter and
carbon in the soil [9]. Since manure has a high content of organic matter, its application
to the soil often contributes to the restoration of organic matter in degraded areas, and
most of the nutrients are in organic form, which causes a gradual release of nutrients over
time [35]. This waste added to the soil can contribute to the development of soil biodiversity
in terms of species number, abundance, and diversity [9]. Soil biodiversity can contribute
to the suppression of diseases through a variety of mechanisms, including the reduction of
the abundance of certain pathogens and pests, releasing allochemics, increasing pH, and
increasing the presence of soil microbial antagonists, such as Actinobacteria [9].
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In general, the manure compost can improve the physical, chemical, and biological
properties of soil as the other types of compost. So, we refer to the three types of properties
that can be mentioned [33–38]:

- Physical properties of manure compost can vary depending on the specific mixture of
organic materials used in the composting process. However, there are several physical
properties for manure compost such as: texture, color, odor, and moisture.

- The chemical properties of manure compost are an important factor in determining
its effectiveness as a fertilizer. Some key chemical properties of manure compost are
nutrient content, organic matter, pH, salinity, and heavy metals.

- Biological properties of manure compost refer in general to microorganisms, a variety
of microorganisms, including bacteria, fungi, and protozoa, which can help to break
down organic matter and release nutrients. These microorganisms can also help to
suppress plant pathogens and improve soil structure. Additionally, at the biological
properties of manure, beneficial insects can be mentioned because manure compost
can attract beneficial insects, such as earthworms, which can help to improve soil
structure and promote healthy plant growth.

Properly used manure is a valuable source of plant nutrients and improves the soils’
quality and productivity [38]. The increase in plant yield following the application of
manure is due to the nutrients supplied to the soil, to the organic matter, to increased
water retention in the soil, and due to the general improvement in the physico-chemical
properties of the soil [16,39,40]. The use of an organic source of nutrients, such as manure
from cattle, has become an alternative used to prevent a reduction in crop productivity,
improving soil quality at the same time [37]. Soils modified with manure tend to have a
higher pH and improved productivity resulting from increasing the availability of N, P,
K, Ca, and Mg for plants [9]. This organic waste contains numerous essential elements
necessary for plant growth, and its long-term use can have beneficial effects on plants, even
at low application rates [9,41].

Compost contributes to the formation of soil structure, can improve soil physical prop-
erties by improving soil structure, water retention capacity, and aeration, while improving
soil chemical properties by providing nutrients and adjusting soil pH. Compost also im-
proves soil biological properties by promoting beneficial microorganisms and enhancing
soil fertility [30,42].

Compost used in the soil can improve soil properties such as organic matter, water and
nutrient retention capacity, infiltration, aeration, resistance to compaction and erosion, and
resistance to soil-borne diseases [43]. Compost obtained from manure provides significant
benefits when incorporated into the soil, since the organic matter in manure acts as a nutri-
ent reservoir, improves the nutrient cycle, increases the cation-exchange capacity (CEC),
pH, and also improves the physical properties of the soil, such as aggregation, friability,
density, porosity, root infiltration, water retention capacity, and water infiltration [9,44,45].

Compost is favorable for the development of soil macrofauna, which plays an im-
portant role in improving soil quality. Furthermore, compost slowly releases nutrients
that can be taken up by plants and thus contributes to improving crop productivity [43].
Compost contains both macroelements (mainly nitrogen, phosphorus, and potassium)
and microelements, which are essential for plant growth; therefore, its use contributes
to improving soil fertility [42]. Compost stimulates the activity of microorganisms, thus
increasing the availability of nutrients for plants and produces hormone-like substances
that can contribute to the growth of crops [42].

Finished compost contains highly active microbial communities that can stimulate soil
biota and microbial community structure (this can alter the function of microorganisms
involved in the biogeochemical cycle), suppress diseases, help plant development, increase
nutrient availability, and increase fertilizer use efficiency and plant production [9]. Com-
pared to the chemical ones, animal waste-based fertilizers (manure) can limit pest growth
by increasing the content of micronutrients in the vegetal tissue and/or by increasing the
production of defensive secondary metabolites [45].
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It is very important to establish the cattle manure application rates, so as to ensure
the necessary nutrients to the plants and to have beneficial effects on the properties of the
soil [40].

3.2. Some Risks Related to the Use of Manure as Soil Amendment

Manure collection, storage, processing, and application on agricultural fields causes
losses of nitrogen, phosphorus, and carbon [46]. These losses have an impact on the environ-
ment and human health, including climate change, soil acidification, water eutrophication,
and the formation of particles in the air [46]. The use of manure as fertilizer also has several
disadvantages for the environment, which are mainly related to the contamination of water
sources with nitrates and phosphates [47]. For example, a part of the N and P supplied in
excess of the plant requirements can leak out of the root area and thus contaminate the soil
and affect both surface and ground waters [15,40,48].

The direct use of untreated manure in the soil at high application rates diminishes its
role as soil amendment, and it is often seen as a problem of waste disposal rather than as
a valuable source of nutrients [30]. It is very important to properly manage and use the
manure application rates in order to avoid massive leaching of contaminants in groundwa-
ter [47]. Very large amounts of manure can cause water pollution and eutrophication by
leaching and/or nitrate/phosphate leakage/and air pollution by greenhouse gas emissions
and ammonia [4].

Following cattle manure overapplication, a possible decrease in crop yield and a
negative impact on the environment may occur [40]. Manure in an untreated form, used as
a soil amendment, can cause certain environmental and food safety problems [49]. This
untreated organic waste is an important source of ammonia, which may lead to negative
effects on crop growth and is, at the same time, an important source of pathogens and
nitrates that can be transferred to surface and groundwater [49].

The levels of pathogens in manure depend on the type of animal, on its state of health
and on how the manure was stored before use [50]. Pathogens can persist in manure
for a long time depending on the storage conditions, type of manure mixture, storage
temperature, and type of pathogen [50].

Some of the risks related to the use of manure as a soil amendment are presented in
Table 1.

The inadequate use and inefficient recycling of manure from animals, especially in
regions with high animal density, have exerted several negative effects on the environ-
ment [13]. This can contribute to increased climate change through emissions of methane
and nitrogen dioxide, while ammonia emitted by manure can affect air, soil, and water
quality [48]. Ammonia has undesirable direct and indirect effects on natural ecosystems,
on greenhouse gas emissions, and on human health. For example, NH3 contributes to the
formation of small particles less than 2.5 μm in the atmosphere, and when inhaled, these
particles, which are less than 2.5 μm, reach the deepest areas of the lungs, causing serious
health problems. The nitrogen is mainly emitted as ammonia, nitrogen dioxide, nitrogen
monoxide, harmless inhaler gas (N2), and nitrate (NO3

−), which drain and accumulate
in soils, surface water, and groundwater [46]. Phosphorus, which is not absorbed by the
crops, is retained in the soil and is susceptible to the leaching process [46]. Carbon, which
contributes to climate change, is mainly emitted as methane and carbon dioxide. Emissions
of N and P cause low efficiency in nutrient use. Reducing N emissions and increasing the
efficiency of nitrogen use leads to a low environmental impact [46].
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Table 1. Some of the risks related to the use of manure as a soil amendment.

Risks Risks Description Ref.

Nutrient balance

Manure contains a variety of nutrients such as nitrogen, phosphorus, and potassium, but
the nutrient content can vary depending on the animal type, diet, and storage practices.

Over-application of manure can lead to an imbalance in soil nutrients, resulting in excessive
growth of plants, soil acidity, and soil nutrient pollution. For example, pig manure is

typically high in nitrogen. So, if too much nitrogen is applied to the soil in the form of pig
manure, it can lead to excessive vegetative growth, reduced fruit and seed production, and

increased susceptibility to pests and diseases.

[46]

Pathogens

Manure can contain harmful pathogens such as bacteria, viruses, and parasites that can
cause human and animal illnesses. If manure is not properly handled or stored, these
pathogens can spread to crops, soil, water, and air, posing a health risk to humans and

animals. For example, the main pathogen risks associated with bovine manure are E. coli,
Salmonella, and Cryptosporidium.

[32,50]

Contamination

Manure can contain heavy metals, antibiotics, and hormones, which can contaminate the
soil and water. These contaminants can accumulate in the soil over time and pose a risk to

human and animal health if they enter the food chain. One significant example of
contamination refers to antibiotic residues from chicken manure that can reduce its

effectiveness as a fertilizer, as the residues can inhibit the growth of beneficial
microorganisms in the soil that are important for nutrient cycling and soil health.

[40,48]

Odors
Manure can emit a strong odor that can cause discomfort and annoyance to nearby

residents and nature in general. This can lead to complaints and even legal action against
farmers who use manure as a soil amendment.

[51]

Environmental Impact

The improper use of manure can have negative environmental impacts, such as
eutrophication, soil erosion, and greenhouse gas emissions. Excessive use of manure can
lead to the runoff of nutrients and pathogens into water bodies, leading to algae blooms

and fish kills.

[13,48]

Manure treatment is recommended so as to reduce greenhouse gas and ammonia
emissions [4]. The volatilization of certain organic compounds from manure that cause
unpleasant odors can represent yet another problem [51].

Figure 1 presents some aspects related to the manure and manure compost uses.

 

Figure 1. Some aspects related to the use of manure and manure compost used as soil amendment.
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3.3. The Influence of Manure Compost on the Soil and Plants

Compost has high organic content (90–95%), but compared to chemical fertilizers, it
generally includes low concentrations of nitrogen, phosphorus, potassium, and macro- and
micronutrients [27].

Among the organic amendments, manure has been widely used on agricultural fields,
and the composted form of this organic waste is preferred to eliminate the risk of nitrogen
loss through leaching and surface leakage, as well as for suppressing pathogens, mitigating
greenhouse gas emissions, and increasing organic matter in the soil. The use of compost to
increase crop productivity is associated with minimizing the risk of spreading pathogens
and weeds and improving soil quality and fertility [31].

Table 2 presents experiments from specialized literature, carried out under different
experimental conditions, in which the fertilizing potential of manure was tested.

Table 2. Some examples of cattle manure compost.

Experimental Conditions Raw Materials/Application Rate Effect on the Soil Effect on Plants Ref.

The experiments were
conducted in plastic

containers, in outdoor
conditions, for a time span of

300 days.
Two experiments were

conducted, each with 3 types
of soil collected from different

agricultural land plots.
Experiment 1: 50% humidity.
Experiment 2: 95% humidity.

vineyard soil
vineyard soil + CMC compost (cattle

manure compost)
potato crops soil

potato crops soil + CMC compost
orchard soil

orchard soil + CMC compost
Application rate: 9 t/ha

Compost increased pH, EC,
organic matter content,

cation-exchange capacity, and
nutrients.

In the case of soil–compost
mixtures maintained at 95%
WHC moisture content, the

EC, CEC, N, K, and Na values
were lower than in the

mixtures from the experiment
with 50% moisture content.

No data. [52]

The experiment was
conducted in field conditions.
Rice seedlings (Oryza sativa

Japonica) were transplanted to
the flooded field.

control soil
cattle manure compost CMC, 5 t/ha
swine manure compost, 6.35 t/ha.

Both types of compost
increased pH, nutrient

availability (C, N, and P),
microbial biomass and

enzymatic activities. The
increase of these parameters
was more significant in the

case of cattle manure compost.

Plant growth parameters
recorded significant values in

the case of both types of
compost. The yield of rice
plants recorded maximum
values in the case of cattle

manure compost.

[53]

An experiment was
conducted in field conditions

for 210 days. Study plant:
onions.

control soil
soil + cattle manure compost and

(chaff) rice husk
Application rate: 20, 40, 60, and

80 t/ha.

Organic matter and soil pH
increased in accordance with

the increase of application
rates. Compared to soil

control, compost increased the
amount of nutrients.

Growth parameters of onion
plants recorded high values

in the case of all
application rates.

[54]

The experiment was
conducted in greenhouse

conditions, in a time span of 3
months. Study plant: French

marigolds.
Compost was produced from

cattle manure and wood
splinters.

commercial peat (control variant)
100% synthetic aggregate

20% CMC compost (cattle manure
compost) + 80% synthetic aggregate
40% CMC compost +60% synthetic

aggregate
60% CMC compost +40% synthetic

aggregate
100% CMC compost.

pH and EC increased
depending on the increase in
the concentration of compost.

Compost significantly
increased N, K, P, C, Mg, and
Ca. High concentrations of

compost increased the values
of Cu, Zn, Cr, Mn, and Pb, but

these were lower than the
limits imposed by the law.

A maximum yield of French
marigolds was recorded in

the case of the substrate with
40% compost. K, Mg, Ca, and

P had the highest values in
the substrate with 100%

compost. Cu, Mn, Zn, Cd, Cr,
and Pb were much lower

than the phytotoxic levels in
specialized literature.

[55]

The experiment lasted 8
weeks in greenhouse

conditions and two types of
soil were used. Study plant:

spinach.
Cattle manure was

composted in poplar leaves
mixture, ratios: 1:0; 1:1; 1:2,
and 1:3 (manure: leaves).

sandy soil + compost (1:0, manure:
leaves)

sandy soil + compost (1:1) sandy soil
+ compost (1:2)

sandy soil + compost (1:3)
clay soil + compost (1:0)
clay soil + compost (1:1)
clay soil + compost (1:2)
clay soil + compost (1:3)

Application rate: 20 t/ha.

Compost increased the content
of K and P.

Cu, Zn, Fe, and Cd decreased
in proportion to the increase in
the amount of poplar leaves in

the compost.
An increase in the quantity of
poplar leaves fom the compost
caused increases in pH and EC

of the soil.

Spinach biomass increased in
the case of compost with a

large quantity of leaves. Plant
biomass was higher in the
sandy soil. Increasing the

ratio of leaves in the compost
reduced N, Zn, Fe, Cu, and

Cd and increased the content
of P and K in spinach.

[29]
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Table 2. Cont.

Experimental Conditions Raw Materials/Application Rate Effect on the Soil Effect on Plants Ref.

The study was conducted
between 2006/2007 and

2007/2008, in field
conditions.

Study plant: maize.

control soil
soil+ poultry manure compost
soil+ cattle manure compost

soil + urea
soil + chemical fertilizer (Calcium

Ammonium Nitrate—CAN)
soil+ ammonia sulphate (AS)

Application rate: 60 and
90 kg N ha−1

Organic matter, organic
carbon, total nitrogen,

phosphorus, pH, EC and Ca,
Mg, K, Na, recorded high

values in the case of the two
compost types compared to

the soil modified with
inorganic fertilizer.

The number of gray leaves
decreased in the case of

composts. The yield of plants
reached the highest values in

the case of cattle manure
compost samples.

[56]

The experiment was
conducted between 2010
and 2014 on a cultivated

land rotating wheat
(Triticum aestivium L.) with
maize (Zea mays L.) crops.

control soil
soil + 100% inorganic fertilizer (IF)

soil + 25% CMC + 75% (IF)
soil + 50%

CMC + 50% (IF)
soil + 75% CMC +25% (IF)

soil + 100% CMC.

The inorganic fertilizer
produced a decrease in the

water content and the total N
content, but instead these
parameters increased in

accordance with the increase
in the amount of compost from

cattle manure.

The average annual yield of
wheat and maize plants

increased in all treatments.
The highest yield was

obtained in the treatment
with 25% CMC + 75%

IF compost.

[57]

The experiment was
conducted between April

2002 and May 2003, in field
conditions.

Study plant: maize.

control soil
soil+ CMC compost +IF

soil + IF.

Compost treatment resulted in
more significant increases of
pH, EC, organic matter, and
nutrient content. Cr, Ni, Pb,
and Cd were similar in both

treatments and were not
significantly higher than the

values in the control soil.

The yield of maize grain
production did not vary

significantly. Ca, Mg, Mn, Fe,
Cu, Zn, and B did not vary
significantly. Cr, Ni, Pb, Cd,
and Hg in maize grain were

lower than the
detection limit.

[15]

Experiment conducted in a
vineyard in a time span of 5

years. Study plant:
grapevine.

control soil,
soil+ CMC compost applied between

rows
soil + grapevine compost applied
between rows/to the inter-rows

areas
soil + grapevine applied under rows

Application rate: 4 t/ha.

The use of compost resulted in
an increase of soil pH, organic

matter, total nitrogen, and
microbial biomass compared

to the control variant.

The vegetative growth of the
vine was best stimulated by

the compost from cattle
manure. The number of

grapes and their weight were
similar in the case of both

types of compost.

[58,59]

Experiment in greenhouse
conditions for 35 days.
Study plant: spinach.

control soil,
soil + 5% cotton compost

soil + 10% cotton compost
soil + 5% CMC compost

soIl + 10% CMC compost

Compared to cotton compost,
cattle manure compost

significantly increased the
amount of nutrients and

organic matter.

Both types of compost had a
positive effect on spinach

plants. The productivity of
spinach plants was

significantly improved by the
use of cattle

manure compost.

[43]

Experiment conducted in
greenhouse conditions, for a

period of 90 days. Study
plant: autumn barley

control soil
soil + 0% CMC compost, 100%

sewage sludge biochar
soil + 10% compost, 90% biochar
soil + 20% compost, 80% biochar
soil + 30% compost, 70% biochar
soil + 40% compost, 60% biochar
soil + 50% compost, 50% biochar
soil + 60% compost, 40% biochar;
soil + 70% compost, 30% biochar
soil + 80% compost, 20% biochar
soil + 90% compost, 10% biochar
soil + 100% compost, 0% biochar
Application rate: 5 and 30 t/ha.

Organic matter, organic
carbon, and soil organic

content increased due to the
application of compost mixed

with biochar for both
application rates, but a more

significant increase was
recorded in the case of the
application rate of 30 t/ha.

ATR-FTIR spectra showed that
the chemical composition of
the soil did not change as a

result of applying
compost–biochar mixtures to

the soil

No data. [11]
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Table 2. Cont.

Experimental Conditions Raw Materials/Application Rate Effect on the Soil Effect on Plants Ref.

Experiment conducted
between August–November
2016, for a period of 90 days.
Study plant: autumn barley

control soil
soil + 0% cattle manure compost,

100% sewage
sludge biochar

soil + 10% compost, 90%
biochar

soil+ 20% compost, 80% biochar
soil + 30% compost, 70% biochar
sol + 40% compost, 60% biochar
soil + 50% compost, 50% biochar
soil + 60% compost, 40% biochar;
soil + 70% compost, 30%biochar
soil + 80% compost, 20% biochar
soil + 90% compost, 10% biochar;
soil + 100% compost, 0% biochar
Application rates: 5 and 30 t/ha.

Compost–biochar mixtures
used at an application rate of

30 t/ha significantly increased
the pH, soil respiration, and
electrical conductivity in the

soil.

A more significant increase in
plant height, number of

shoots, and dry biomass was
determined at application

rates of 30 t/ha of
compost–biochar mixtures,

especially in the case of
mixtures with a high

concentration of compost.

[60]

Experiment conducted in
greenhouse conditions, for a
period of 90 days, having as
study plant autumn barley.

control soil
soil +0% cattle manure compost,

100% sewage
sludge biochar.

soil + 10% compost, 90%
biochar;

soil+ 20% compost, 80% biochar;
soil + 30% compost, 70% biochar;
soil + 40% compost, 60% biochar;
soil + 50% compost, 50% biochar;

soil + 60% compost, 40% biochar; soil
+ 70% compost, 30% biochar;

soil + 80% compost, 20% biochar;
soil + 90% compost, 10% biochar;
soil + 100% compost, 0% biochar
Application rates: 5 and 30 t/ha.

Pb and Cd concentrations
recorded an increase in the
case of mixtures with 100%
sewage sludge biochar. Cu
concentration increased at
application rates of both 5

t/ha and 30 t/ha in
accordance with the increase

in cattle manure compost
concentration in the mixtures.

No data. [3]

As it is presented in Table 2, composting can indeed increase pH, electrical conductiv-
ity (EC), and organic matter content of the composted material. During the composting
process, microorganisms break down organic matter, releasing carbon dioxide as a byprod-
uct. This can lead to a decrease in acidity (lowering of pH) in the composted material.
Additionally, the decomposition of organic matter can release nutrients and minerals, which
can contribute to an increase in EC [52]. Additionally, the extent of the increase in organic
matter and soil pH will depend on the amount and quality of the compost applied, as
well as the starting properties of the soil. Generally, the higher the application rate of
compost, the greater the increase in organic matter and soil pH, up to a certain point where
additional compost may not result in further increases. It is important to note that the
effects of adding compost to soil may take some time to fully manifest, as the organic matter
must decompose and integrate into the soil ecosystem [54,58,59].

Biotests are usually used to estimate ecotoxicity and include a leachate analysis as well
as direct tests using organisms of different taxonomic and trophic levels [61]. For ecotoxico-
logical analysis, different methods (contacts and elutriates/leachates) are recommended,
using terrestrial and aquatic organisms from different trophic levels [61].

The use of compost on the soil surface depends on its maturity and stability, which
can be assessed by measuring physico-chemical characteristics and phytotoxicity [25].
Phytotoxicity is one of the most important criteria for assessing the quality of compost used
for agricultural purposes [62]. Phytotoxicity is mainly caused by increased solubility of
heavy metals, or by the production of phytotoxic substances such as ammonia, ethylene
oxide, and organic acids [62]. The germination index (GI) is widely used to assess the
phytotoxicity of compost, given that a high germination index indicates a decrease in
phytotoxicity, and the obtained results should be carefully interpreted, as they are affected
by the type of seeds used and the source of the compost [62].
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Earthworms and other animal species such as enchytraeids, collembola, soil mites,
isopods, nematodes, and protozoa also indicate the possibility to assess soil ecotoxicity [62].

Table 3 presents toxicity experiments in specialized literature, regarding toxicity testing
of cattle manure. From the literature data, it can be observed that the toxicity testing of
cattle manure is an important step in assessing its safety as a soil amendment. Manure
can contain various contaminants, including pathogens, antibiotics, heavy metals, and
hormones, which can potentially harm human health and the environment if not properly
managed. For example, one common method of toxicity testing for manure is a bioassay.
Additionally, plant germination and growth tests can be used to assess the chronic toxicity
of manure, as plants are sensitive to long-term exposure to contaminants. Chemical analyses
can also be conducted to assess the concentration of various contaminants in the manure.

Table 3. Experiments using sewage sludge biochar/sewage sludge.

Experimental Conditions Raw Materials/Application Rate Effects on Plants/Test Organisms Ref.

The experiment was conducted on a
field cultivated with wheat and

corn by rotation. At two temporal
intervals (June and October 2014)
from each plot, a cube of soil was

sampled, and earthworms of Eisenia
foetida and Pheretima guillelmi
species were sorted manually.

control soil,
soil + 100% inorganic fertilizer,
soil + 25% CMC compost + 75%

inorganic fertilizer,
soil + 50% CMC compost + 50%

inorganic fertilizer;
soil + 75% CMC compost + 25%

inorganic fertilizer,
soil + 100% CMC compost.

Treatment with 100% inorganic
fertilizer had a negative effect on

earthworms. The total density and
biomass of earthworms of Eisenia

foetida species increased in
proportion to the increase of the

compost concentration. Treatment
with 75% compost +25% inorganic
fertilizer had a positive effect on P.

guillelmi earthworms.

[57]

Folsomia candida species was used in
the first test conducted in a time

span of 28 days, under laboratory
conditions, at a temperature of

20–22 ◦C, in the dark. In the second
test, Eisenia Andrei was used as the
test organism. The containers were
kept at a temperature of 20 ◦C for

14 days.

artificial soil
soil + 0% CMC compost, 100%

sewage sludge biochar
soil + 10% compost, 90%

biochar
soil + 20% compost, 80% biochar
soil + 30% compost, 70% biochar
soil + 40% compost, 60% biochar
soil + 50% compost, 50% biochar

soil + 60% compost, 40% biochar soil
+ 70% compost, 30%biochar

soil + 80% compost, 20% biochar
soil + 90% compost, 10% biochar
soil + 100% compost, 0% biochar
Application rates: 5 and 30 t/ha

The number of juveniles of Folsomia
candida determined at a 30 t/ha

application rate of compost–biochar
mixtures, did not exceed the

number detected at application
rates of 5 t/ha. In the case of the

test in which the Eisenia Andrei was
used, the compost from cattle

manure, used at a concentration of
100% in the mixture, produced a

significant increase in the biomass
of the earthworms.

[10]

The Tetrahymena pyriformis species
was chosen as an indicator of

toxicity.
The samples were incubated for

36 days.

0 Compost:
control soil

soil + 12.5 g leachate
soil + 25 g leachate

soil + 37.5 g leachate
soil + 50 g leachate

25 g Compost:
control soil,

soil+ 12.5 g leachate + compost
soil+ 25 g leachate + compost

soil + 37.5 g leachate + compost
soil+ 50 g leachate + compost.

50 g Compost:
control soil

soil + 12.5 g leachate + compost
soil+ 25 g leachate + compost

soil + 37.5 g leachate + compost
soil+ 50 g leachate + compost.

Increases in compost rates had the
effect of increasing pH and

enzymatic activities. Increases in
the amounts of leachate in the soil

produced an increase in the toxicity
of the samples. A remarkable

decrease in toxicity was observed
following the addition of cattle

manure compost.

[63]
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3.4. Future Research Directions

After a literature evaluation and interpretation, some future research directions
can include:

- Conducting comparative studies regarding the effects of chemical fertilizers and the
effects of treated organic waste on the soil and plants.

- Analyzing the use of other treated organic waste, generated by animal husbandry
(poultry, horses, pigs, sheep, etc.), to reduce the amount of organic waste, including
their use in a way that is beneficial to the environment, and to reduce the use of
chemical fertilizers.

- Analyzing long-term studies to identify the efficiency of treated organic waste and its
persistent effects in the soil.

- Comparative studies that examine the production costs of chemical and organic
fertilizers and determine the effects that may occur during the production and long-
term use of organic and chemical fertilizers.

4. Conclusions

The use of manure in agriculture is considered an optimal method for valorizing this
waste, because the nutrients in this waste are recycled and reused in a beneficial way for
degraded soils. The improvement of the physical, chemical, and biological properties of
the soil due to the use of manure as a fertilizer is widely known. Similarly, this organic
waste increases crop productivity due to the high content of organic matter and nutrients
necessary for plant growth and development.

Manure, if used improperly, can cause disadvantages for the environment, for example,
air pollution by greenhouse gas emissions, soil acidification, contamination of surface and
groundwater by nitrates and phosphates.

Composting of manure allows obtaining a humified product, which contains organic
matter and has the capacity to favorably modify the properties of the soil, thus contributing
to the recovery of degraded agricultural soils following intensive agriculture.

The structure and composition of manure improve the properties of the soil, such
as: aeration, density, porosity, pH, electrical conductivity, water retention capacity, etc.
Additionally, the nutrient content of compost can ensure the growth and development of
plants by providing a slow-release source of nutrients that can be taken up by plants as
they need them. However, it is important to use compost in moderation and to test soil
regularly to avoid over-application of nutrients, which can be harmful to plants and the
environment.

The content of nutrients in the compost ensures the growth and development of plants
over long periods of time, without the need to apply another type of fertilizer for a period
of 2–3 years, thus reducing the number of chemical fertilizers. Additionally, by creating
a healthy, balanced soil ecosystem, compost can reduce the need for chemical pesticides
and herbicides.

Compost from cattle manure, used in various studies, under different experimental
conditions, had a positive impact on the soil due to improving soil quality and productivity.

In general, the use of manure compost as a soil amendment can provide some benefits
such as: improving soil fertility, waste reducing, improving soil health, slow-release source
of nutrients for plants grows, and reducing environmental impacts.
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Abstract: Composting is the most adaptable and fruitful method for managing biodegradable solid
wastes; it is a crucial agricultural practice that contributes to recycling farm and agricultural wastes.
Composting is profitable for various plant, animal, and synthetic wastes, from residential bins to
large corporations. Composting and agricultural waste management (AWM) practices flourish in
developing countries, especially Pakistan. Composting has advantages over other AWM practices,
such as landfilling agricultural waste, which increases the potential for pollution of groundwater
by leachate, while composting reduces water contamination. Furthermore, waste is burned, open-
dumped on land surfaces, and disposed of into bodies of water, leading to environmental and
global warming concerns. Among AWM practices, composting is an environment-friendly and
cost-effective practice for agricultural waste disposal. This review investigates improved AWM
via various conventional and emerging composting processes and stages: composting, underlying
mechanisms, and factors that influence composting of discrete crop residue, municipal solid waste
(MSW), and biomedical waste (BMW). Additionally, this review describes and compares conventional
and emerging composting. In the conclusion, current trends and future composting possibilities are
summarized and reviewed. Recent developments in composting for AWM are highlighted in this
critical review; various recommendations are developed to aid its technological growth, recognize its
advantages, and increase research interest in composting processes.

Keywords: composting; biodegradability; decomposing; organic waste; agricultural waste management

1. Introduction

Waste production is proportional to the number of human inhabitants worldwide.
Thus, the increasing global population and continually growing human demands have
resulted in massive waste production. With a population of 212 million in 2019 [1], Pakistan
generates more than 20 million tons of waste annually [2]. On average in Pakistan, waste
generation per capita is 0.612 kg/day; from this amount, 60 to 65% of waste is organic
and biodegradable [3]. Organic matter (OM) in Pakistani soil is <1% [4]. Agricultural
waste (AW) are leftovers of agricultural activity on agricultural land. Owing to lack of
access to disposal sites in Pakistan, agricultural waste is frequently mismanaged; thus,
most AW is burned or destroyed [3]. To protect the environment and ensure sustainable
agriculture, resilient rural regions, and productive farming, it is vital to pursue the appro-
priate use and development of AW management (AWM). Among the different methods for
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managing organic waste, such as landfilling and incineration, biological decomposition
of AW is considered the most effective. Composting is a low-cost method of biological
decomposition. Micro-organisms control the composting process. This process influences
the physical–chemical parameters of heat, aeration, water content, C:N ratio, and pH [5,6].
Composting is an alternative AWM approach and the resulting compost can be recycled
into valuable products. This method is considered the most effective—it is environmen-
tally friendly and agronomically sound since the resulting compost can be utilized as a
natural, organic fertilizer and soil nutrient source [7]. Composting has been defined by
Ayilara et al. (2020) as a form of recycling in which organic waste is digested by microbial
activity under regulated conditions to create valuable, ecofriendly, and environmentally
friendly goods [8]. The microbial population, which includes bacteria, fungi, and worms,
can also stabilize degradable OM in the compost. In addition, the features of the microbial
population rely on the substrate and physical conditions, which include the substrate’s
wetness, temperature, and aeration. Composting is only appropriate for agricultural waste,
so the performance of this procedure also depends on the properties of the waste [9]. Com-
posting has numerous benefits, including lowering the waste volume, weight, and water
content, and producing dormancy in harmful organisms [10]. The compost can therefore
contribute to the enhancement of soil nutrient levels, which is required for plant growth
and significantly minimizes the need for synthetic fertilizers [11]. As a result of its ability to
boost the soil’s organic carbon content, compost application can revitalize soils in dire need
of revitalization. In addition, as a soil amendment, compost improves soil structure, water
retention capacity, and tilth [12]. Composting is initiated and managed under regulated
environmental conditions instead of a natural and uncontrolled process. Composting is
distinguished from decomposition by its controlled process [13]. Composting requires a
longer preparation time, emits a foul stench, requires a long time to mineralize, and may
contain diseases that can tolerate high temperatures to some extent, i.e., thermotolerant
pathogens, and contains insufficient nutrients. All of these factors have deterred farmers
from employing composting as a method of sustainable agriculture. Following this, there
has been abundant evidence for the invention of composting processes to manage AW.

Numerous studies have investigated various composting processes, including vermi-
composting (VC), aerobic composting (AC), and anaerobic composting (AnC), to convert
farm waste into farm manure [14,15]. AC is the breakdown of OM by oxygen-dependent
bacteria. Composting bacteria occur naturally and thrive on the moisture that surrounds
OM. Airborne oxygen diffuses into the moisture and is absorbed by the bacteria [16].
Mehta and Sirari (2018) stated that AC is the most efficient decomposition type, produc-
ing compost that matures quickly. The biological breakdown and stability of OM under
conditions favorable to the multiplication and activity of thermophilic microbes results
in a solid, pathogen-free product ideal for forestry and agriculture [15]. AnC is a “no
oxygen” technique in which biodegradable materials are stacked in an enclosed environ-
ment. Typically, digesters are used. Anaerobic micro-organisms dominate the AnC process.
These microbes produce intermediate chemicals, including hydrogen sulfide, methane, and
acids, while leaving pathogens and weed seeds untouched [14]. VC is the process of using
earthworms to compost biodegradable organic materials. By substantially eating all types
of OM, earthworms can degrade the OM. Earthworms can consume their body weight
daily e.g., earthworms weighing 0.1 kg can consume 0.1 kg of waste daily [16]. According
to Barthod et al. (2018), it is a globally adopted, low-cost biological treatment procedure
for the generation of biofertilizers for agricultural uses. Worms and micro-organisms are
the primary agents in composting for recycling nutrients, controlling soil processes, and
preserving soil fertility [10]. Recently, many investigators employed these composting
processes for AWM, including Karak et al. (2013) who investigated composting rice straws,
wheat straws, potato plants, and mustard stovers with fishpond substrate [7]. This process
was carried out for 56 days utilizing a heap as a compost box. For all compost preparations,
the compost temperature on the first day varied from 24 to 26.8 ◦C and climbed to 81 ◦C
before persistence. Initial pH values ranged from 6.76 to 7.68, while total N concentration
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was between 14.56 and 21.57 g/kg; the content of heavy metals was below the Indian
Agriculture Ministry and Cooperation’s limit. After composting, the C:N ratio ranged
from 11–18 [17]. Qasim et al. (2018) improved the carbon-to-nitrogen (C/N) ratio to
achieve a high composting and aeration rate and to create favorable circumstances for
the process [13]. Azim et al. (2018) conducted a literature assessment of the most critical
startup, monitoring, and maturity criteria for various composting techniques and input
materials [12]. Farmers in developing countries must be aware of the process’ aspects,
effectiveness, and efficiency of composting. It is challenging to decide which composting
technique is effective regarding all of elements used to maintain soil health.

Composting of AW is strongly encouraged in Pakistan as a massive amount of rubbish
fills our overflowing landfills. Numerous researchers have investigated organic waste’s
physical and chemical features during the different composting processes. Consequently,
this review article examines composting as an alternate AWM strategy. Therefore, the
key objectives of the current review are to (a) highlight the best prominent features of the
composting method via its phases and prominence in various wastes; (b) assist farmers,
researcher, and scientists in the selection of treatments for different crops substrates and
help them select a composting technique by providing a comparison between different
techniques; (c) provide the comparison of composting techniques on the basis of nutrients;
and (d) compare two-stage composting (AnC followed by AC) with AC, AnC, or VC alone.

2. Composting

Composting is the biological conversion of the solid waste of plant and animal organic
materials into a fertile matrix through numerous micro-organisms, including actinomycetes,
bacteria, and fungi, in the presence of oxygen. The addition of diverse microorganism
in a solid waste can convert it into compost or many by-products, .g., heat, water, and
CO2 [17,18]. Humus is the solid and stable matrix after the microbiological process that
can be usefully applied to land as an organic fertilizer to increase the fertility and struc-
ture of the soil. In ancient history, i.e., pre-Columbian Indians of Amazonia or ancient
Egyptians and numerous prehistoric cultures used composting as a primitive technique
for the betterment of soil. In the previous four decades, the composting technique has
flourished, and its beneficial impact is illustrated with scientific research. The vulnerability
and interconnection of various competing factors regarding the knowledge and process
engineering of a composting matrix have been established [19–21].

Composting innovative processes were developed and employed by large- or medium-
scale farmers, but they are expensive for small-scale farmers because the techniques require
high-tech equipment for composting. Despite discrete processes/techniques, the crucial
key points of the composting processes were indistinguishable each time, like natural,
chemical, and physical characteristics. Appropriateness of distinctive input supplies and
alterations and their fitting structure, substrate degradability, dampness management,
energy, porosity, air space, energy adjustment, deterioration, and stabilization are needed
to study and distinguish compost and composting processes [19,22].

2.1. Composting Stages

Composting processes undergo four stages: mesophilic, thermophilic, cooling, and
finally ending with compost maturation; these stages can happen concomitantly rather
than consequently [23] (Figure 2). Each stage duration depends on the mixture’s inceptive
framework, water content, air circulation, and microbiological composition [24,25]. During
the mesophilic phase, a combination of bacteria, fungi, and actinomycetes induce the rapid
metabolism of C-abundant substrates. Moreover, this is accomplished by selecting tolerable
temperatures, generally within 15–40 ◦C, because aerobic metabolism will produce heat.
Transforming the matter and air circulation decreases the temperature, for the time being,
reducing the rapid decay of other organic matter. Thus, the temperature rises once again,
as shown in Figure 1. In the thermophilic phase (2nd stage), temperature increases to
around 40 ◦C, favoring mostly thermophilic bacteria, e.g., bacillus. When C compounds
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are produced after substrate reduction, a modest temperature fall occurs followed by the
cooling phase.

Figure 1. Time, temperature, the progression of compost biota, and further processes during discrete
stages in composting.

Fungi break down more complex structures and more resistant components like lignin
and cellulose molecules. Additionally, actinomycetes play a crucial role in forming humic
compounds via condensation processes and breakdown [25]. Using aerobic bacteria, the final
composting maturity is characterized by lower oxygen uptake rates and temperatures < 25 ◦C.
During this final phase, the breakdown of various organic components continues, and macro-
fauna and soil organisms enter. By metabolizing phytotoxic chemicals, the organisms of this
phase have a favorable effect on compost maturation, e.g., plant disease suppression [26].

Consequently, compost quality improves primarily during maturation (final stage) [27].
The final product of composting is characterized by pH and a lower C/N ratio of 15 to
20 compared to the initial substrate composition. It may contain a significant amount of
plant-available NO3

−, but NO4
+ levels are low. Moreover, the intensity of the compost odor

is significantly diminished [28]. However, it appears that the OM has stabilized, retaining
recalcitrant C compounds [25]. Table 1 explains the favorable and sustainable application
of different crop residues’ influence on numerous biological, chemical, and physical aspects
during the different processes. The outcomes showed which method is best with respect to
input residues and the desired output products.

2.2. Discrete Waste Composting

In contrast to landfilling, which elevates the pollution risk for groundwater, discrete
waste composting techniques are environment friendly and avoid groundwater contamina-
tion since chemical pollutants and bacteria are reduced during composting. Composting

158



Processes 2023, 11, 731

permits persistent organic pollutants and endocrine disruptors to remain in the soil while
beneficial bacteria break down the toxins. The elimination of these harmful chemicals has
not been simple. Although numerous methods have been attempted to eradicate them,
there is no agreed success rate. A thorough application can increase agricultural and
environmental sustainability. It also improves soil OM content and enhances agricultural
productivity [29] due to the availability of plant-growth-promoting organisms and suffi-
cient nutrients in the composted debris [30] and significantly contributes to the certification
of food safety. Compost is helpful for bioremediation [6], weed control [31], plant disease
control [32], pollution anticipation [33], and erosion management, in addition to its use
as fertilizer. Composting also increases soil biodiversity and reduces environmental risks
associated with synthetic fertilizers [34].

Composting is a fundamental aspect of a comprehensive AWM strategy. The key
strategy for practical integrated AWM is nutrition level improvement. Compost is rich
in essential plant nutrients, e.g., nitrogen (N), phosphorus (P), potassium (K), sulfur (S),
carbon (C), and magnesium (Mg), as well as various essential trace elements [26,35]. Conse-
quently, compost can be described as an assortment of nutrient-rich organic fertilizers [36].
Compost processing parameters and organic feedstocks determine its key chemical features,
e.g., C/N ratio and pH, as well as the content of other nutrients (Table 2). Total N, P, and K
levels could contribute to soil fertility when used as soil amendment agents. By adequately
combining these organic components, nutrient-rich compost substrates can be produced
and used in agriculture in place of commercial mineral fertilizers. This aspect is discussed
in the following subsections.

• Crop residue waste

Global agricultural waste production is substantial, and crop leftover management is
imperative [37]. In addition, waste disposal pollution necessitates research into eco-friendly
methods for managing agricultural wastes as the increase in agricultural waste exacerbates
aesthetic, health, and environmental issues. Consequently, research into secure disposal
methods is necessary. Composting has evolved into an eco-friendly, cost-effective, and
secure treatment technology; it is a productive method for intensifying and preserving
agricultural products [38]. Biodegradable wastes, e.g., wood shavings, pine needles, dry
leaves, sawdust, and coir pith, are commingled to maintain appropriate and durable
humus [39]. However, lignin-rich plant products are difficult to decompose. Lime is used
to accelerate the breakdown process in the garbage. These components are mixed at a
ratio of 5 kg (lime) per 1000 kg (plant materials) to produce high-quality compost. Lime
mixed with water may result in the formation of a semi-solid substance or a dry powder.
Lime boosts humification of plant wastes by decreasing lignin structure and improving
humus content [40]. Likewise, usable compost substrates can be generated from various
crop leftovers using a suitable process and quality control procedures (Table 1).

• Municipal solid waste (MSW)

Increasing population, industrialization, and urbanization has elevated the levels of
MSW, which has become a problematic responsibility in Pakistan and worldwide [41].

The most well-known biodegradable waste procedures are microbiological stabi-
lization and composting [42]. Due to the high organic content of MSW, composting is
theoretically one of the most suitable AWM technologies for MSW management [43–45]. In
addition, it generates a soil layer known as a conditioner with agronomic benefits, and is an
economically viable and valuable method for offsetting the organic part of the trash. It also
reduces the disposed waste, remarkably decreasing the residual waste’s pollution capacity
and volume for landfilling. As a result, numerous developing Asian countries are turning
to compost to manage their MSW. Picking, contaminant separation, sizing and mixing,
biological decomposition, and other functions are all part of the modern MSW management
composting system. Figure 2 shows the schematic flow diagram of the distinct method of
MSW management from source to utmost disposal. To weigh Pakistan’s Lahore compost
waste intake, a weighbridge having a capacity of 75 tons is located at the Mahmood Booti
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open dumping site operated by the City District Government of Lahore [46]. Composting
is primarily a small-scale industry in Bangladesh and the Maldives. MSW composting
in Indore and a large-scale aerobic device in Mumbai were installed in India in 1994 to
control 500 metric tons of MSW [44]. These are the two examples of operational large-scale
composting ingenuities in India [47]. By 2008, composting had been used to treat 9% of
India’s MSW [44]. The average cost ranged from $25 to $30 per ton, while the market
value per metric ton ranged from $33.5 to $42. India intends to add other plants in near
future [48].

Figure 2. Schematic flow diagram of MSW management by composting.

• Biomedical waste (BMW)

The waste produced through the diagnosis, immunization, and treatment of human
beings, research practices, and animal is organic BMW. In Pakistan, hospitals make approx-
imately 2.07 kg of BMW per bed per day [49]. If BMW is not managed properly, it may
cause serious environmental and health issues [50]. Therefore, safe disposal techniques
need to be investigated, and composting is a sustainable option. Neem and tobacco extracts
are commercially cost-effective for local small farmers and provide the best degradation of
organic BMW. Thus, these extracts can be employed for conversion of organic BMW into
potential fertilizer [51]. Previous research revealed that the BMW must be similarly treated
with 5% sodium hypochlorite (NaOCl) at the disposal location [52]. It can be exposed to
an initial decomposition process by mixing it with cow dung slurry, and then VC can be
utilized to treat it further. Several epigeal species of worms may be used for this purpose.
By using this approach to handle BMWs, these worms are more effective in decomposi-
tion. VC and proper handling of BMW can be energy-efficient and sustainable methods of
eliminating and recycling this hazardous waste [52]. Meanwhile, the composting processes
of various wastes come in discrete modes. The most utilized techniques are conventional
composting, i.e., AC, AnC, and VC, and emerging composting, e.g., two-stage composting,
as described below.
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Table 2. Physiographical properties of organic feedstock materials or different wastes.

Properties
Total Organic C

(g/kg)
Total N
(g/kg)

C/N
ratio

pH Total P (g/kg) Total K (g/kg) Reference

Household waste 368 21.7 17 4.9 [64]
Manure 330 22 15 9.4 3.9 23.2 [65]
Wood chips 394 14.3 28 7.4 3.5 [66]
Sawdust 490 1.1 446 5.2 0.1 0.4 [65]
Canola 457 1.9 24 6.3 1.1 - [67]
Rice 412 8.7 47 6.8 1.1 - [67]
Soybean 440 23.8 18 6.3 0.9 - [67]
Pea 436 35.0 12 6.3 4.6 - [67]
Rice straw 39.20 1 0.64 1 61.3 7.6 0.21 1 1.12 1 [62]
Rape straw 6.52 59.8 7.11 0.99 31.64 [68]
Wheat chaff 5.24 73.8 6.93 0.62 19 [68]
Maize chaff 9.41 46.5 7.03 0.93 22.93 [68]
Rice chaff 8.51 49.1 7.82 0.88 25.31 [68]
Wheat straw biochar - 1.38 1 38 7.03 0.45 1 1.061 [69]

1 Values in percentage. Total N = Total concentration of N. Total P = Total concentration of P. Total k = Total
concentration of K.

3. Conventional Composting

In the recent few decades, conventional composting processes, i.e., VC, AC, and AnC,
have become commonly used globally. Many investigations illustrated that AWM utiliza-
tion in the field in the form of composting enhanced the soil texture, and structure and has
many other beneficial impacts on the field. Researchers focused on improving the compost-
ing structure, providing bioavailable components, enhancing the product consistency, and
the economic and environmental effects due to the advancement of approaches and green
development. This section outlines the overall features of traditional composting and the
resulting compost consistency.

3.1. Vermicomposting (VC)

VC is defined as utilizing organic waste from several earthworm species [70–72],
and it occurs in a bin/tub. A bin is prepared with a perforated bottom made of adjacent
layers of 0.5 mm and 1 cm sieve sizes of nylon and aluminum to facilitate compost tea
infiltration. For instance, cow manure was placed at the bottom with worms, including
Eudrillus Eugineae/Eisenia Fetida, on top, and shredded kitchen waste was placed over
the worms. One bucket of water was added daily for the survival and multiplication of
worms. Water, when it leaches down, can be used as compost tea. Compost tea is a liquid
fertilizer enriched in nutrients that can be applied for plant growth enhancement. The VC
procedures are illustrated in the schematic diagram in Figure 3.

Several different species of worms have been used with different combinations of
organic materials (waste) with the purpose of their degradation and conversion into a value-
added product. Table 3 shows discrete composting parameters utilizing VC. Earthworms
can decay various types of OM, including sewage sludge [73–75], cattle farm waste [76,77],
poultry waste [78,79], bagasse [80], industrial waste [81–83], and residential waste [84].
Sludge is the most widely studied for VC, followed by household waste (Table 3). Worms,
including Eisenia Fetida, Eudrillus eugineae, Perionyx Sansibaricus, Pontoscolex Corethru-
rus, Megascolex Chinensis, and Lampito Mauritii are quite effective for VC.

Comparison of compost production from organic waste between different earthworm
species, including Eisenia Fetida vs. Lampito Mauritii and Eisenia Fetida vs. Eudrillus
eugineae, is shown in Table 4. This study was conducted in a semi-arid climate in Jodhpur,
India. The amount of N, P, and K increased while the amount of C/N and C/P decreased
as VC preceded. The ideal temperature, moisture content, and pH of Eisenia Fetida were
25 ◦C, 75%, and 6.5, respectively, for optimum growth, while those of Lampito Mauritii
were 30 ◦C, 60%, and 7.5, respectively. For optimum growth of the earthworm species, ideal
temperature, moisture content, and pH were 25 ◦C, 75%, 6.5 for Eisena Fetida and 30 ◦C,
60%, and 7.5 for Lampito Mauritti, respectively. The results showed that Eisenia Fetida
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produced nutrient-rich compost more effectively and efficiently than Lampito Mauritii [85].
Performance evaluation of Eisena Fetida was accessed for six different poultry waste com-
binations, cow dung, and food industry waste in the semi-arid climate of Hirsa, India, and
the results showed an increase in N, P, and K and a decrease in the C/N ratio. Eisena Fetida
performed best when cow dung was mixed with poultry waste and food industry waste
in a ratio of 2:1:1 compared to cow dung alone [86]. In another study in Kolkata, India,
a combination of Eisenia Fetida with micro-organisms, including N-fixing, K-fixing, and
P-solubilizing bacteria, was utilized for compost formation using sawdust, paddy straw,
and water hyacinth as compost feedstocks. The results showed that not only the time
for compost production was reduced, but the percentage of nutrients was also increased
in the final product (Table 4). Paddy straw and water hyacinth provided better results
than sawdust in compost formation [87]. Comparative studies between Eisenia Fetida vs.
Eudrillus eugineae in compost production revealed that in 100 gm compost, 250 worms of
the local species, Eisenia Fetida, or Eudrillus eugineae yielded 7, 11, and 17 cocoons and
460, 227, and 540 juveniles per 100 gm, respectively. Around a 40-fold increase in Eudrillus
eugineae was achieved, while there was only a 10-fold increase in the local earthworms.
Eudrillus eugineae produced compost within 40 days, while local species took 50 days
to prepare the final compost [88,89]. Combinations of earthworms with micro-organisms
(N-fixing, K-fixing, and P-solubilizing bacteria) minimized the time duration for compost-
ing and the finished compost was more highly enriched in nutrients (N, P, K, Ca, Mg, Zn)
than conventional compost. As reported, adding P-solubilizing, N-fixing, and K-fixing
bacteria increased the amount of N, P, and K in the final compost [90].

Figure 3. Schematic of vermicomposting production process.

In Kerala, India, banana, cassava, and cowpea composting materials were inoculated
with N-fixing, K-fixing, and P-solubilizing bacteria. The results showed that Eudrillus
eugineae performed better than other earthworms in synthesizing the nutrient-enriched
compost. Using prepared Vermicompost as fertilizer provided the best results in accelerat-
ing root growth by increasing nutrient uptake and enhancing total yield [89]. Peppermill
sludge, solid pulp, and cow dung were fed to Eudrillus eugeneae to reduce pollution and
convert waste into value-added products. The earthworms survived and resulted in en-
hanced N and P content and a reduction in the C and N ratio, demonstrating the efficiency
and effectiveness of Eudrillus eugeneae [91]. Four different feedstocks, namely seaweed,
sugarcane trash, coir pith, and vegetable waste, were used for composting with Eudrillus
eugineae. Composting for 50 days revealed that different parameters, including pH, OMC,
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TOC, N, P, K, cellulose, and lignin, were decreased compared with the C/N ratio. An
upsurge in the nutrients in vermicompost showed its development. It was concluded that
if cow dung was added to a mixture of materials, it would enrich the nutrients in the final
compost. The reproduction and growth rate of Eudrillus eugineae increased as the amount
of C/N ratio increased [88]. Eudrillus eugineae was the best in forming nutrient-enriched
products in less time and at a greater reproductivity rate than Eisenia fetida and local
worms. Different combinations of worms, bacteria, and organic waste generated higher
quality vermicompost when utilized together.

Table 3. Discrete composting parameters utilized in the vermicomposting process.

Type of Waste Factor Range References

Sludge from Tannery and cattle dung C/N ratio 19.00 [92]
Cattle dung and tannery sludge pH 9.02 [92]
Newspaper and sawdust pH 7.23 [93]
Distillery industry sludge pH 6.70 [94]
Distillery industry sludge C/N ratio 19.50 [94]
Household waste pH 7.43 [94]
Household waste C/N ratio 9.89 [94]
Sludge from WWT plants EC (mS/cm) 1.81 [74]
Wastewater treatment plant’s sludge pH 6.9 [74]
Mixed (farmyard manure, agriculture, and MSW) C/N 18.6 [95]

Table 4. Chemical properties of different worms in vermicomposting.

Worms
Composting

Materials
N P K C/N C/P Reference

Eisenia Fetida
Lampito Mauritii

Sawdust
Straw

Biogas slurry
Cow waste

Kitchen waste

3.32-fold
increase

1.61-fold
increase

1.13-fold
increase

2.79-fold
decrease

1.35-fold
decrease [85–87]

Eisenia Fetida
Cow waste

Poultry waste
Food waste

1.6–3.6-fold
increase

33.7%
−54%

increase

39.5%
−50%

increase

10.7–12.7
decrease N/A [85–87]

Eisenia Fetida
Trichoderma viride (M)
Bacillus polymixa (M)
Azotobacter
Bacillus firmus (M)
chroococcum(M)

Water hyacinth
Paddy straw

Sawdust
Food waste

52–72%
increase

34–80%
increase

45–80%
increase

lowest from
initial N/A [87,89]

Eisenia Fetida
Eudrillus eugineae (B)
Perionyx sansibaricus
Pontoscolex corethrurus
Megascolex chinensis

Banana
Cassava
Cowpea

62%
increase

20%
increase

38%
increase

11
points N/A [87,89]

Eudrillus eugineae
Solid pulp

Paper sludge
Cow dung

63.31%
increase

2–11-fold
increase N/A 9.6

points N/A [89,91]

Eudrillus eugineae

Seaweed
Sugarcane trash

Coir pith
Vegetable waste

63.75%
increase

31.58%
increase

42.55%
increase

23.91 for
seaweed

46.04 for
seaweed [88]

3.2. Aerobic Composting (AC)

AC is the degradation of OM with micro-organisms by utilizing oxygen and it takes
place in the open atmosphere as a pile or pit [96–99]. For instance, green and brown
materials are shredded by a chopper and to a size of 2–3 cm or smaller to help in rapid
decomposition. The shredded material is then arranged in a pile/windrow with a specific
moisture content. Frequent turnings are employed with sufficient moisture for proper
mixing and provide aeration to ensure micro-organisms’ survival. The micro-organisms
multiply in organic material with sufficient water and air and decompose organic material.
After seven to eight turnings, the material becomes fine and changes its color to dark brown
(depending upon the material used for composting) with reduced odor. Now the compost
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is ready to use as organic fertilizer. The schematic flow diagram of this process is shown in
Figure 4.

Figure 4. Schematic flow diagram of AC.

A couple of windrows are developed, aerated and turned with an air pump, and
mechanically turned by a tractor installed with a bucket loader. Compost prepared with
both methods has the same characteristics and organization (60 days). Both composting
processes have the same temporal changes in temperature, biological, physical, and chemi-
cal parameters, as exhibited in Table 5. However, thermophilic micro-organisms eliminated
the harmful bacterium fecal coliform due to increasing temperature [100]. A mixture of
poultry waste, feed waste, wood chips, and feathers was used in compost formation under
aerated piles, and the effect of the produced compost on soil and crop production was
assessed. The results showed that several changes occurred during compost formation, e.g.,
temperature rise due to mesophilic and thermophilic micro-organisms and a change in OM,
N, P, and K levels even in piles that were aerated but not turned. Composted poultry litter
had significantly more OM than un-composted poultry litter. Thus, with the availability
of OM, crop fields are less susceptible to loss [101]. Another study was performed to
determine the suitability of aerated and turned piles using olive husks as the compost
material. The outcome showed that both piles reached their maturity stage simultaneously,
while the thermophilic phase of turned piles was achieved earlier and had slightly higher
OM than the aerated pile (94% versus 84%). The variations in chemical and biological
parameters were negligible in both piles, as shown in Table 5. For large-scale applications,
the mechanical turning method is best to convert waste into a valuable resource as higher
temperatures are achieved through mechanical turning [102].

A comparative study was carried out between aerated and turned windrows to
evaluate their effectiveness, using olive mill waste mixed with grape stalks and sheep litter
as composting materials. Both methods evaluated efficiency based on pH, temperature, OM,
and total N. The results showed that several drawbacks were associated with the aerated
composting process due to the physical properties of olive husks. The prepared compost
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from both methods had similar characteristics, while the thermophilic duration of the
turned compost lasted longer and had higher humification than the aerated compost [103].
Different studies were conducted utilizing chicken manure, wheat straw, and bamboo
biochar (Table 5). The physicochemical processes, biological parameters, and gas emissions
were periodically measured to assess compost quality. Adding biochar enhanced porosity
and stabilized the composting rate, accelerating the process and improving the finished
compost’s quality. Biochar improves looseness, provides better material degradation, and
reduces GHG emissions (CO2, N2O, NH3, CH4) [104]. The composting experiment was
performed in two bins with different composting materials, and the effects of low C/N
ratio on the final product, including several parameters are shown in Table 6. Less straw
and more swine manure were added into bin one, which had a low thermophilic duration
and took longer to mature than bin two which had more straw and less swine manure. It
was recommended that 172 kg of straw could be treated with one ton of swine manure.
A low C/N ratio was recommended for composting rice straw with swine manure [61].
In-vessel composting offers fewer complications than windrow- or pile-composting due to
reduced bioaerosols, and better AWM and control over leachate.

The composting material consisted of three different types of waste: green waste, paper
waste, and bio-solids in bins 1, 2, and 3, respectively. Better results were attained from bin
3 with maximum temperature achieved and a more humified final product (Table 6). The
active compost was carried out in bins, whereas the compost was taken out and matured
by successive turnings to complete the maturity phase. However, precautions must be
taken during the maturity phase to reduce pollution and effective AWM [105]. Several
sleeves were used to prepare the compost with an equal ratio of green waste and sewage
sludge. The concentration of oxygen was maintained through a perforated pipe, which
was inserted at the bottom of the sleeve. Controlled moisture content and thermophilic
temperature were maintained at >45 ◦C throughout the composting. Harmful bacteria,
including Fecal coliform and E. coli, dominated initially but were subsequentially reduced,
and the traces of these micro-organisms in the final product were negligible. The active
phase of composting was performed in the sleeves while the maturity phase was carried
out in the open. The final product was non-toxic and used as a beneficial soil additive [106].

Composting in sleeves results in reduced odor and attracted fewer insects with better
leachate management compared to open windrows/piles. The composting materials
included green waste and olive mill wastewater, in which the green waste remained soaked
for one night. The oxygen level was maintained by the addition of a perforated PVC
pipe through which air was injected into the sleeve. The temperature throughout the
entire sleeve was maintained at >45 ◦C (Table 6). The final compost had no toxicity and
basil and ornamental plant growth were tested using prepared compost. In this way,
wastewater was beneficially utilized and converted into a valuable resource [107]. In
another study, the performance of a closed bioreactor (In-vessel) was evaluated in terms
of various physicochemical parameters, including C/N ratio, NH3-N, pH, moisture, N
content, etc. Mixtures of different food wastes were collected from several locations and
placed in a bioreactor with the recommended initial standards. The final compost was
ready to use within 12 days. During composting, temperature, CO2 levels, and pressure
rose due to microbial activity, resulting in satisfactory final compost that was acceptable for
agricultural applications. Nitrates negatively correlated with CO2, EC, and ammonium
levels, while phosphate positively correlated with ammonium, EC, and CO2 levels [108].

AC has already been tested under different aeration methods using cotton gin waste [109],
straw and sheep manure [110], poultry litter [111], and sawdust [100], and literature reveals
that various methods have been used for AC in the past. Windrow and forced-air composting
are of more significant concern as both yield similar results. Energy and cost consumption
in forced air composting is higher than in windrow composting. Perforated PVC pipes were
laid under waste for air circulation through air pumps to aid in waste degradation. The
temperature achieved by thermophilic and mesophilic organisms was also lower in forced
air composting than in windrow composting. Higher temperatures are necessary for the
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elimination of harmful pathogens from waste. Some studies reveal that higher temperatures
can be achieved in windrow composting but controlling this temperature is complicated by
the frequent turnings. Manual turning involves intensive labor application as compared to
mechanical turning. On the other hand, mechanical turning saves time and reduces cost
as compared to manual turning. The degree of humification in mechanically or manually
turned windrows (compost) is far greater than in forced aerated (air pumping) compost.
Because of rapid evaporation, the moisture content requirement of forced aerated compost is
much higher than turned composting. The amount of ideal OM and particle size of compost
is higher in manually or mechanically turned end-stage compost than in forced aerated
compost because no turning is carried out in aerated compost. According to studies on
mechanically or manually turned AC compost, it is superior in all aspects compared to forced
aerated composting.

Table 5. Chemical properties of different materials in various aeration methods.

Aeration
Method

Materials
Temperature

Achieved (◦C)
pH Total N Total P Total K C/N Ratio Reference

Turning Pig waste
Sawdust 67 6.7 18–27 g/kg N/A N/A N/A [100]

Air pump Pig waste
Saw dust 60 6.8 18–27 g/kg N/A N/A N/A

Air blower

Poultry manure
Wood shaving

Waste feed
Feathers

63 7.0 16.31 g/kg 15.57 g/kg 19.78 g/kg 15 [101]

Mechanical
turning

Olive oil husk
Grape stalks 65 7.3 0.95–1.17% N/A N/A 46

[102]
Centrifugal
ventilator

Olive oil husk
Grape stalks 54 7.1 1.08–1.27% N/A N/A 46

Forced aeration

Waste from
olive mill Sheep

litter
Grape stalks

63 9.5 1.94%
0.9 g/kg
2.5 g/kg
1.3 g/kg

2.4 g/kg
2.7 g/kg
2.8 g/kg

15.5
[103]

Windrow
turning

Waste from
olive mill

Sheep litter
Grape stalks

68 9.2 1.89%
0.9 g/kg
2.5 g/kg
1.3 g/kg

2.4 g/kg
2.7 g/kg
2.8 g/kg

15

Centrifugal
ventilator

Poultry manure
Bamboo biochar

Wheat straw
55 9.0 57% at the final stage 10.3 [104]

Table 6. Physicochemical characteristics of different materials in vessels.

Vessel Materials
Temperature

Achieved (◦C)
Total N C/N Ratio (%) pH

Moisture
Content (%)

Reference

Bin-1 Swine waste
Rice straw 60 19.30 g/kg 5.15 decrease 8.01 45 to 65

[61]
Bin-2 Swine waste

Rice straw 60 18.62 g/kg 4.57 decrease 8.03 45 to 65

Bin-1 Green waste 64 200 mg/kg 20 ± 1 8.5 81 ± 33

[105]Bin-2 Green waste
Paper waste 70 120 mg/kg 25 ± 1 8.5 72 ± 2

Bin-3 Green waste
Biosolids 72 700 mg/kg 27 ± 3 8.9 44 ± 11

Sleeve-1 Green waste
Sewage sludge >45 44.9% loss 10.9 decrease 6.5 at sleeve

opening 54.4 [106]

Sleeve-2 Green waste
Sewage sludge >45 42.9% loss 11.8 decrease 7.2 at sleeve

opening 38

Sleeve Olive mill waste
Green waste 55 1.05% 21.5 8.2 at sleeve

opening 55 [107]

Vessel Mixed food waste 53 250 mg/kg 11 6.94 72 [108]
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3.3. Anaerobic Composting (AnC)

AnC degrades OM in the presence of micro-organisms without oxygen
utilization [112–114]. AnC occurs in two steps. For instance, cow dung was fed daily
in a digester for biogas generation to utilized in the first step. A byproduct of the digester
was slurry, referred to as digested, from which all GHGs were eliminated. The product
was utilized effectively for composting and reduced environmental pollution. The slurry
was mixed with shredded browns enough moisture to carry out further decomposition.
The period of AnC is comparatively more extended than AC, and the schematic diagram is
shown in Figure 5.

Figure 5. Schematic diagram of AC.

In the past, AnC has been used for the degradation of kitchen waste, fly ash and crop
deposits [115], garden and animal waste [116], municipal waste [117], sawdust and pig
manure [118], and sewage sludge [119]. When AnC was utilized for the above-mentioned
feedstocks, it reduced GHG emissions since it occurs in an oxygen-free environment [120].
GHGs are regarded as harmful gases contributing to global warming, eutrophication, and
acidification if high amount enter the atmosphere [121]. Methane produced by anaerobic
digestion can be exploited as an energy source for either electricity production or combus-
tion. Anaerobic digestion prevents environmental pollution as the generated methane is
used and thus gets removed by burning. AnC requires a high amount of moisture and
N-enriched material (animal manure, food waste, and sewage sludge) for the successful
completion and generation of beneficial end-user products. Due to the high moisture at the
end of AnC, compost tea is produced that can be used as liquid fertilizer that is enriched in
nutrients (N, P, and K). In addition, the emission of volatile compounds (terpenes, ethers,
and esters) during active composting periods in AnC is negligible [122]. The preparation of
the final product from anaerobic compost requires a longer time. As a drawback, the final
product of anaerobic digestion contains E. coli and Salmonella, which are hazardous to
human health. Another negative impact of anaerobic digestion is the production of odors.
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4. Emerging Composting

Two-stage composting is a technology that incorporates two diverse methods into a
single composting method to improve the finished product quality, process speed, and
environmental impact of traditional composting. It is a novel approach to bio-fertilizer use.
Various two-stage techniques have been considered, including combining two composting
technologies, e.g., VC and conventional composting. However, in this paper, AnC followed
by AC is reviewed. AnC is termed primary composting (PC) in the two-stage composting
process, and the AC process is termed secondary composting (SC).

AnC followed by AC is a comparatively innovative idea in two-stage composting.
As an initial effort, [96] investigated the transformation of OM and the kinetics of sewage
sludge composting in two stages using grass and rape straw. The whole procedure required
217 days, with 10 days in the bioreactor for OM oxidation and waste sanitation and 207 days
in the windrow for compost maturation. The concept of two-stage composting is recent
and research on its economic and environmental effects is minimal. Most of the studies
are aimed at increasing process reliability and product consistency. Table 7 summarizes
recent studies into two-stage composting and the results obtained using various additives.
A steady higher temperature of about 70 ◦C was established in PC during two-stage
composting [123]. Within 40 days of switching to SC, the temperature fell from 50 to 30 ◦C.
There will be less N loss from SC at this temperature at the mesophilic stage.

Moreover, since a higher temperature was observed during PC, N loss and GHG emis-
sion in the bioreactor can be minimized or regulated within a minimal range. According
to [124], more thermophilic phases were noted, with one occurring during the PC and two
to four occurring during the SC. Most of the thermophilic steps that followed were over
55 ◦C. Bamboo vinegar was added to the compost throughout SC to decrease the hazard of
N degradation.

The thermophilic temperature range was between 55 and 70 ◦C in all the studies men-
tioned in Table 7. The high temperatures completed the maturation of the pile, ensuring
the compost’s safe use as a bio-fertilizer. Similarly, various feedstocks, e.g., pig manure,
poultry manure, and other supplemental waste substrates, can be used in co-composting
operations [125,126]. When AC is replaced with two-stage composting, there is a reduction
in processing time. The addition of a bulking agent, particle size reduction, and aeration
rate change are all essential considerations in determining the process performance and the
finished product’s consistency [127]. On the other hand, AnC followed by AC will minimize
the area, labor, and time required for AC, along with the capital cost and power depletion.
Two-stage composting also reduces GHG pollution and waste conveyance costs if PC is
controlled at waste occurrence locations to decrease the total of waste before transport to the
location for SC. Two-stage composting may be a novel way to manage organic waste at home
or market. The organic waste can be collected and composted in a digester near the city. The
incompletely composted waste from several cities could be transported to AC sites for further
treatment. AC alone has adverse effects on the environment and results in GHGs, including
ammonia, methane, and nitrous oxide, which may cause ozone depletion and global warming.
On the other hand, AnC eliminates harmful GHG emissions into the atmosphere and it is a
great energy resource. This is consistent with the literature about two-stage composting (AnC
followed by AC) because AnC cannot be utilized directly without further treatment. It is rich
in ammonia content which could burn crops. AC overcomes this hazard and converts the
byproducts into useful resources. Two-stage composting yields better results than aerobic,
anaerobic, and VC in terms of humic substances, OM, energy generation (heat and electricity),
environmental protection, and nutrient-enriched end products.
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Table 7. Chemical properties of different materials.

Materials
Final

N
Temperature

(◦C)
CH4 C/N Ratio (%)

Final
P

Final
K

pH EC Reference

Rice straw 0.78 35.6 346
mL g VS−1 29.6 N/A N/A N/A N/A [63]

Dairy manure
Corn stover
Tomato residue

31.6 kg N/A 1186 gm N/A 47.4 kg 279.1 kg N/A N/A [121]

Kitchen waste
Garden waste
Paper waste

60 g/ton N/A 100
m3/ton N/A N/A N/A 8.6 1.8 [122]

Banana
Cow dung
Poultry waste

2.09% 57 N/A
12.8
12.6
12.9

11.86% 0.39% >9.0
0.59
0.57
0.65

[123]

Pig manure 1045 mg/kg N/A 18.6 mL/day 8.7 N/A N/A 8.5 N/A [124]

Food waste
Inoculum N/A 37 2.27

m3m−3/day 8.7 N/A N/A 7.1 N/A [125]

5. Comparison

Bio-waste combinations, including kitchen, garden, and paper wastes, have been
utilized for aerobic and two-stage composting (combined anaerobic/AC). AC was carried
out under forced aerated conditions for twelve weeks and two-stage composting in which
AnC (PC) continued without aeration for three weeks while AC (SC) continued for the
last two weeks. The results showed that AC yielded 742 g/ton of explosive gases, while
two-stage composting yielded 236 g/ton and 44 g/ton of volatile gases (esters, terpenes,
ethers, compounds). Biogas produced during the anaerobic phase utilized in combustion
resulted in 99% removal of combustible gases. Two-stage composting was an attractive
method for reducing volatile gas emissions [122]. Another study of prepared of anaerobic
compost of the paper industry and urban solid waste was assessed in total ammonia,
germination indices, volatile organic acids, and total oxygen uptake. The results showed
that the application of prepared anaerobic compost was less effective unless anaerobic
composting was followed by AC, which yielded better results [96]. The efficiency of AC
and AnC was evaluated using different combinations of banana peel [plain banana peel
(B), inoculated banana peel mixed with cow dung (BC), and poultry litter (BP)]. It was
suggested that the decomposition rate in AC is faster than AnC at this scale with increased
N and K content as follows: BP > BC > B [124]. The effect of AnC prepared from pig waste
was assessed in neutralizing high chlorine content in soil due to polychlorinated biphenyl.
If the chlorine content was significantly higher than the limit, then di-chlorination would
be inhibited. Soil-to-organic waste ratio was 2:3, the C to N ratio was 20. At a moisture
content of 60%, di-chlorination was the highest at 1 mg/kg [123].

A study was conducted to investigate the adverse effects [acidification potential (AP),
eutrophication potential (EP), and global warming potential (GWP)] of various organic waste
treatments (dairy manure, corn stover, and tomato residue). All treatment techniques used
anaerobic digestion followed by composting. The results showed that if AnC was used before
composting, EP, GWP, and AP were reduced. If AC and composting were used alone, the
harmful potential concentration increased in the ecosystem. If the farm was equipped to use
anaerobic digestion, then followed with composting would be suitable for all life cycle impact
categories [121]. The performance of MUSTAC (Multistep sequential batch two-phase AnC)
was evaluated, and the processes involved including hydrolysis, acidification, post-treatment,
and methane recovery. This process was utilized for treating inoculated food waste using
AnC. MUSTAC and anaerobic digestion were assessed in terms of environmental constraints.
MUSTAC yielded the best results in reducing volatile emissions with high methane conversion
efficiency attained in a relatively short period (Table 8). The product obtained could be used
for soil improvement. MUSTAC has proven to produce value-added products with high
efficiency and reliability [124]. A study was performed to assess the suitability of increasing
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biogas from composting rice straw with the effects of primary temperature, C/N ratio, and
substrate on the finished product. Concentrations of lignin, cellulose, and hemicellulose in the
rice straw were sufficiently degraded. The initial concentration of the parameters mentioned
above significantly affected bio gasification, as mentioned in Table 8. Methano-bacteria,
clostridia, and beta proteo-bacteria were the microbial communities included in anaerobic
compost, providing valuable information about microbial behavior and the independent
effects of anaerobic digestion [63].

Table 8. Recent developments in two-stage composting.

Time (d) Waste Composting System Amendment Remark Outcome Reference

PC:1
SC: 207

Dewatered sewage
sludge

1—Aerated bioreactor
(PC: 1 m3)
2—Weekly turned
Windrow (SC: 0.8 m3)

Different proportions of
rape straw and grass.

1—Feedstock composition
affects process succession.
2—Rape straw raised
temperature of compost and
formation of humic acid.

[125]

PC: 6
SC: 24 Green waste

1—PC: non-covered
digester, automated
turning, and watering
(daily) 2—SC:
Windrow, turned and
saturated every 30 d.

Brown sugar and calcium
superphosphate in
various proportions.

Proposed two-stage
composting produce
higher-quality compost in
limited time. Adding 0.5%
brown sugar and 6% calcium
superphosphate to compost
during SC increased
consistency.

[126]

PC: 6
SC: 24 Green waste

1—PC: non-covered
digester, automated
turning, and (daily)
2—SC: windrow, turn,
and water every 3 d.

Different proportions of
rhamnolipid (RL) and
initial compost particle
size (IPS).

1—Addition of 0.15% RL and
particle size of 15 mm IPS
increased aeration and water
permeability, resulting in
higher micro-organism
numbers and enzyme
activities, thus speeding up
degradation process.
2—Mature compost of greater
efficiency accomplished in
just 24 d.

[126]

PC: 10
SC: 170

Dewatered sewage
sludge

1—Aerated bioreactor
(PC: 1 m3)

2—Weekly turned
windrow (SC: 0.8 m3)

Aeration rate in
bioreactor (0.5 and
1.0 L/min kg dm)
was changed.

1—A greater aeration rate in
bioreactor resulted in
OM losses.
2—Compost was safe to use
as soil amendment because
results exhibited low levels of
heavy metals, low possible
environmental risk, and
suitable sanitary consistency.

[128]

6. Conclusions and Recommendations

This review examines the management of AWM through various composting processes—
conventional and emerging composting—and composting stages, the composting of crop
residue waste, MSW, and BMW, as well as the underlying mechanisms, and the factors in-
fluencing composting. In addition, it compares conventional composting [vermicomposting
(VC), aerobic (AC), and anaerobic (AnC)] with new composting techniques (two-stage com-
posting). AW must be treated quickly and effectively for the sustainable growth of agriculture
and environmental habitats. There are numerous ways to make valuable products from this
massive volume of waste, but some are more cost-effective and/or rational. Composting is
the most cost-effective and environment-friendly AWM practice, preferrable to landfilling,
burning, and open-dumping of agricultural and farm wastes. Composting is crucial for recy-
cling waste into resources, preserving environmental quality, and safeguarding public health.
These methods include the recycling of AWM to increase soil fertility and the production of
biofertilizers through different processes. The summary of composting phases and critical
waste substrates demonstrates that composting is the most effective method for AWM. The
literature reveals some conventional and emerging composting processes. In conventional
composting, VC humifies in 3 to 4 months which cannot fulfill fertilizer demand. AnC also
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requires 2 to 3 months to prepare for daily biogas and slurry production. Rapid compost
preparation with a fine and higher degree of humification can only be done through AC. In
this study, several past studies examine recent developments in organic composting. Several
recommendations were made to improve technical development. This critical review also
highlights current advancements in composting for AWM, makes recommendations to aid
its technological development and acknowledge its benefits, and will boost the scientific
community’s interest in composting processes.

BSF larvae are best tool for AWM, which can also decompose AW quickly. The
increased lignocellulosic component of AWMs limits their decomposition. Comparatively,
VC with BSF reduces GHG emissions 47-fold. Future research should focus on discovering
the ideal settings for BSF larvae to evolve, flourish, and handle MSW and crop wastes
in subtropical regions. BSF can be employed to decompose recalcitrant AWM substrates.
Centipedes and pill bugs are sometimes utilized in composting. Composting with these
insects would help these plants and environments survive. They could be composted
instead of discarded. Insects should be examined to see whether they can aid in macro- or
micronutrient enrichment of compost. Compost can release pathogen-killing enzymes. As
composts include several nutrients, they avoid providing mono nutrients. Before planting,
a soil analysis can reveal nutrient deficiencies. Mono fertilizers extracted from compost
fertilizer would reduce nutrient waste.

Farmers can use inoculum that degrades complex biodegradables to speed up the
composting process. More study is needed to identify an odor-trapping technique to
overcome the compost processing-related air quality issue. Implementing composting and
CO2 capture should reduce GHG emissions. AnC or other composting processes could
use an odor-trapping device. Researchers and businesses have long recognized the waste
potential as a source of raw materials. The chemical components of waste are of particular
concern. In the past decade, a shift has been made from composting organic fractions for
crop production to anaerobic digestion, which can produce methane as an energy source.
Due to government incentives, European waste firms have changed their investments to
anaerobic digestion systems. These government incentives may encourage new compost-
ing innovations, e.g., incorporating bioenergy technologies (anaerobic digestion, biochar).
Bioenergy byproducts may be composted to maximize their economic, agricultural, and
environmental value. To make compost more acceptable, anti-nematodes, viricides, bacteri-
cides, and fungicides generated from plants may also be added. By avoiding pesticides,
organic farming would continue to be promoted. Slow-decomposing materials can be
composted separately from other materials so that the composting period of the latter is
not prolonged. There is a need for additional research to discover whether substances
that require longer decomposition times tend to mineralize over time. Slow mineralizing
minerals that serve as a long-term source of nutrients could be advantageous to biennial
and perennial plants; this theory’s validity should be studied further. This research could
reveal the nutritional benefits of leaves that decompose slowly and will help determine
whether they should be composted. Composting rather than burning agricultural waste
is garnering more attention in developing nations. Before spreading compost onto the
soil, it should be frequently evaluated for maturity and pollutants to prevent introducing
potential hazards to the soil and other living things. Finally, additional trials are required
to determine how to accelerate the composting process. Even though the two-stage com-
posting process developed in the past continues to be an emerging composting process, the
best practices will aid in sustaining the composting process.
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