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Preface to ”Wastewater Treatment by Adsorption

and/or Ion-Exchange Processes for Resource

Recovery”

The triple-R model (reduce, reuse, and recycle) is the essential concept of the circular economy.

Due to population growth, the recovery of added-value products from wastes has become a challenge.

Wastewaters of different origin (urban, industrial, mining, textile, distillery, and microbial culture,

among others) are rich in energy, water, and nutrient sources that can be recovered and reused

within a circular economy framework. Recently, wastewater treatment plants have been converted

into biofactories, since they can convert waste into new products (water, nutrients, fertilizers,

biomethane, electricity, heat, etc.) with a minimal environmental impact. In this context, adsorption

and ion-exchange, as well as the integration of both processes, have been proposed as promising

technologies for the treatment of wastewaters for resource recovery. Therefore, the aim of this Special

Issue, entitled “Wastewater Treatment by Adsorption and/or Ion-Exchange Processes for Resource

Recovery”, is to promote these two processes as innovative and environmentally friendly alternatives

for the recovery of secondary raw materials from by-products or waste streams. These processes

could improve the environmental, economic, and social impacts of the currently used wastewater

treatment techniques.

Xanel Vecino and Mònica Reig

Editors
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Nowadays, resource recovery is a trending topic following the circular economy
schemes proposed by the European Union. The main idea is to recover as much as resources
from wastewater or other residues, realizing the “waste to product” concept. In this sense,
adsorption and ion-exchange processes are environmental, eco-friendly and non-expensive
technologies that can achieve this aim. For that reason, this Special Issue is centered on
wastewater treatment by adsorption and/or ion-exchange processes for resource recovery.

Six full research articles are published in this Special Issue. Although the authors are
mostly Spanish and mainly from the Chemical Engineering Department of Universitat
Politècnica de Catalunya, the published articles covered the removal and recovery of several
compounds/minerals from water and wastewater, with worldwide interest. Specifically,
the removal/recovery of organic dyes, phosphates, heavy metals, biosurfactants, Pb(II) or
lactic acid has been studied using different sorbents or resins, including commercials and
natural ones.

For instance, an international research group formed by researchers from different
Chemical Departments of Pakistan, Malaysia, Saudi Arabia, Poland and Greece studied
a hybrid biosorbent process for heavy-metal-polluted water, followed by a nanofiltration
step. Indeed, the main objective of the work was the removal of Pb(II) from wastewater.
In this case, a maximum biosorption capacity of 365.9 mg/g was achieved, following the
Langmuir isotherm model. Moreover, different desorption agents were studied, acetic acid
being the optimal one for hybrid biosorbent regeneration. Finally, a nanofiltration step
was used to increase the remediation effectiveness, even when treating wastewater with
high Pb(II) concentrations. All in all, authors concluded that the integration of the hybrid
biosorbent and nanofiltration techniques resulted in a low-cost and attractive process for
the removal of Pb(II) from wastewater [1].

This Special Issue also contains another work related to bioconcepts. In this case, two
research groups from two Chemical Departments from Spanish universities collaborate with
CETaqua, a Spanish Water Technology Center, to recover biosurfactants from an agro-food
stream through a novel and sustainable method. Thus, calcium-alginate-based polymers
were evaluated for use in the recovery of biosurfactant in corn steep water. The results
showed that, although biosurfactants from corn steep water have other competing com-
pounds (such as inorganic solutes and biomolecules), calcium-alginate-based biopolymers
had an adsorption capacity around 50 mg/g, recovering around 50% of the biosurfactants.
Then, the authors concluded that it would be possible to formulate green membranes
based on calcium-alginate-based polymers for a sustainable recovery of biosurfactants from
aqueous streams [2].

Regarding organic compounds, some of the previous Spanish authors published an-
other article of this Special Issue, reporting the recovery of lactic acid by commercial ion-
exchange resins. This topic could be of interest in the bio-refinery field and different
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industrial sectors, such as the cosmetic, food or pharmaceutical industries. The study was
focused on the determination of the optimal operational parameters for the adsorption
(e.g., pH, solid/liquid ratio, contact time) and desorption (e.g., regenerant agent, contact
time, solid/liquid ratio) steps. For that, a Box–Behnken factorial design and the response
surface methodology were used, as well as isotherm and kinetic models. The authors con-
cluded that the best option was to use the A100 resin for the adsorption/desorption process,
using the feed water at pH 4, with a solid/liquid ratio of 0.15 g/mL for 1 h (adsorption step)
and using NaOH 0.1 M for 30 min, with a solid/liquid ratio of 0.15 mg/mL (desorption
step). All in all, the Langmuir isotherm and pseudo-second-order kinetic model fit the
results, which were able to recover 85% of the lactic acid, achieving a desorption capacity of
around 4.5 mg/g [3].

Moreover, Spanish researchers from the Universitat Politècnica de Catalunya and
the Technological Center Eurecat published two articles in this Special Issue [4,5]. The
first manuscript [4] was focused on the reduction of granular ferric hydroxide (GFH)
to improve phosphate adsorption kinetics. In that case, two methods were used: ball
milling and ultra-sonication. With the first one, it was possible to reduce the GFH from
0.5–2 mm to 0.1–2 µm and achieve a total disaggregation of its structure, whereas the
ultra-sonication system allowed only a partial disaggregation and a final size of 2–50 µm.
Experimental isotherm data were fitted properly to the Langmuir model, while kinetic tests
were correlated with the pseudo-second-order model. Finally, it was concluded that the
application of both methods for GFH reduction increased the kinetic constant in contrast
with the virgin GFH, thus enhancing the phosphate adsorption rate. On the other hand,
the aim of the second manuscript [5] was the removal of heavy metals (mainly Zn and Cu)
from contaminated wastewater by hydroxyapatite (HAP)-based particles. In that case, HAP
was synthetized by a cost-efficient route: the combination of natural solid calcite and a
phosphate solution. Kinetic and isotherm experiments were carried out by the synthetized
HAP, and the sonication effect was compared. The results showed that the synthetized
HAP with calcite particles has a high Zn and Cu removal capacity (34.97 mg/g for Zn
and 60.24 mg/g for Cu). In addition, sonication tests demonstrated that Zn removal was
enhanced but Cu removal was not.

Finally, one more article was published by researchers from Pakistan, Slovakia and
Iran focused on wastewater treatment by the adsorption of malachite green dye onto
mesoporous natural inorganic clays (NICs) [6]. Several operational parameters of the batch
adsorption process were studied, such as dye concentration, contact time, the amount
of NICs or the solution pH. Equilibrium isotherms and kinetic studies fit properly to
the Langmuir and pseudo-first-order kinetic models, respectively. Moreover, the authors
concluded that NICs with high surface areas and high aqueous solution pH were favorable
for the adsorption process, indicating that NICs can be effective adsorbents for the removal
of dye from aqueous solutions.

As a summary of this Special Issue, it can be concluded that sustainable, green, low-
cost, attractive and efficient adsorption and ion-exchange processes can be used for resource
recovery from wastewater.
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Abstract: The untreated effluents discharged by different industries, such as metallurgy, fertilizers,
pesticide, leather, mining, electroplating, surface finishing, aerospace, and electroplating, have
increased the risk of the contamination of bodies of water by heavy metals. Herein, hybrid biosorbent–
nanofiltration processes for Pb(II) removal from wastewater was studied. The hybrid biosorbent
was prepared from date seed waste and Ganoderma lucidum. Hybrid biosorbent characterization was
performed by SEM and FTIR. SEM micrographs showed that the HB surface is irregular. For the
adsorption studies, various sorption parameters were optimized. The maximum biosorption capacity
of immobilized heat-inactivated hybrid biosorbent was 365.9 mg/g, with the Langmuir isotherm
model to present the best fit. Desorption experiments were conducted for regenerating immobilized
heat-inactivated hybrid biosorbent for three consecutive cycles using different desorption agents, with
acetic acid to be the optimum. Going a step further, nanofiltration was also applied as a post-treatment
process to elevate the remediation effectiveness for wastewater of high Pb(II) initial concentrations.
The reasonably low cost and high removal of Pb(II) make hybrid biosorbent–nanofiltration processes
a prosperous and potentially attractive hybrid approach against heavy-metal-polluted wastewater.

Keywords: hybrid biosorbent; desorption; thermodynamic; nanofiltration

1. Introduction

For wastewater management, strict environmental rules are developed in many coun-
tries [1]. Among the plethora of potential pollutants that wastewaters can contain, toxic
heavy metals (HMs) are assumed to be major pollutants due to their existence in ground,
marine, industrial, and even treated wastewater in low concentrations [2,3]. Heavy metal
ions in wastewater must be regulated and their concentration retained at lower than estab-
lished values. Rampant anthropogenic activities result in the excessive release of metals
in water systems. Being non-biodegradable, inorganic heavy metal ions cause health
risks to living biota even at low concentrations [4]. Due to their accumulation tendency
and persistence, heavy metals lead to toxicity and complications in living organisms and
environments. Pb (II) is a hazardous environmental pollutant. Upon insertion to human
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body, it can limit the oxygen-carrying capacity of red blood cells and cause harmful effects
to the hearing, nervous system, and kidneys. In drinking water, the maximum allowable
level of lead is 15 µg/L according to EPA [5].

Different processes for heavy metal removal are available, among which electrolysis,
evaporation, ion exchange, adsorption, and coagulation–flocculation are the most used
ones [6,7]. However, these techniques have several demerits, such as high chemical re-
quirements (such as expensive organic solvents, which produce side-polluted wastes), high
operational costs, and in various cases low efficiency. The development of economical
water treatment techniques, which will be more environmentally friendly and in general
more practical in real-life application than the traditional methods, is always an open
research and development goal. A modern strategy towards the development of effec-
tive technologies has led to hybrid processes, advanced chelating materials, enhanced
membrane filtration, and specific adsorbents in the production of reclaimed water. The
use of appropriate biological methods for the uptake of wastewater pollutants includes
bioaccumulation and biosorption. Biosorption is the sequestering of organic or inorganic
pollutants by active or dead/inactive biomass. Bioaccumulation refers to intracellular
accumulation of pollutant [8].

Various pressure-driven membrane filtration systems such as nanofiltration (NF),
microfiltration, ultrafiltration, and reverse osmosis have become popular treatment tech-
nologies for wastewater. Among these approaches, nanofiltration is comparatively the
newest wastewater treatment process. The characteristics of NF membranes are between
ultrafiltration and reverse osmosis [9]. NF membranes are used for water purification due
to higher flux, lower operational pressure, less energy consumption, lower monovalent ions
rejection, and higher rejection of divalent ions. Therefore, NF process can be extensively
used in the retention of dyes [10], treatment of drinking and industrial wastewater [11],
and removal of micropollutants [12].

Considering all the aforementioned, the goal of this work was to explore the potential
of using simple and cost-effective biosorbent and nanofiltration membranes to treat wastew-
ater containing Pb(II) using immobilized hybrid biosorbent–nanofiltration processes.

2. Materials and Methods

2.1. Chemicals

All the chemicals were purchased from Sigma-Aldrich and Merck. Stock Pb(II) solu-
tion was prepared by dissolving 1.60 g of lead nitrate in 1 L DDW. The required solutions
were prepared by diluting metal stock solution. A total of 1M NaOH/ HCl was used to
adjust the pH of solutions.

2.2. Hybrid Biosorbent Preparation and Characterization

The date seed waste (A2) left after oil extraction was collected from the Nano and
Biomaterials Laboratory, Department of Chemistry, University of Agriculture, Faisalabad-
Pakistan. The date seed waste was washed twice with distilled water and then oven dried at
60 ◦C to obtain constant mass and stored in sealed plastic box. Ganoderma lucidum (A1) was
preserved by sub culturing on PDA plates and stored at 4 ◦C for further study. The desired
amount of growth medium was prepared in conical flasks. The fungal inoculums were
prepared from properly grown, uncontaminated slants. The inoculum media for Ganoderma
lucidum were prepared following compositions given in the literature [13]. A total of 1M
NaOH/ HCl was used to adjust the pH of media at 4.5. Conical flasks containing 100 mL
of growth medium were sterilized by autoclaving at 121 ◦C for 15 min. After cooling to a
lower temperature (≈40 ◦C), spores of Ganoderma lucidum were aseptically added to the
growth medium and incubated in an orbital shaker (120 rpm) at 30 ◦C for 7 days. After the
incubation period, homogenous suspensions of Ganoderma lucidum spores were formed.

The pre-weighed, oven-dried date seed waste was transferred to Erlenmeyer flasks
containing growth medium and autoclaved for 15 min at 121 ◦C. Then, 5.0 ± 0.025 mL
Ganoderma lucidum mycelium suspension was added to these flasks and agitated at 100 rpm,
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for 7 days at 30 ◦C. After seven days, Ganoderma lucidum biomass was found growing on
the date seed waste to produce a hybrid biosorbent (HB). The dry weight of A1 within A2
was calculated as the weight difference of A2 before and after A1 growth on it, when dried
at 70 ◦C overnight [14].

The hybrid biomass (HB) was autoclaved at 121 ◦C for 15 min and then oven dried
for 72 h at 70 ◦C to obtain heat-inactivated hybrid biosorbent (HI HB). The material was
crushed by means of a food processor (Moulinex, France) and U.S. A standard sieve was
used for sieving. The fraction with 50 mesh size was selected for further studies and stored
in sealed plastic box. Two per cent Na-alginate was used to immobilize the heat-inactivated
hybrid biosorbent (HI HB). To dissolve sodium alginate, the solution was heated and then
cooled down. Then, 1g/100 mL of HI HB was mixed with the above solution to obtain a
homogeneous mixture, which was taken in a burette and introduced into 0.1M CaCl2·2H2O
solution. The prepared beads were washed twice and stored in 0.05M CaCl2·2H2O [15].

The surface morphologies of samples were analyzed by SEM (FEI Quanta 400F electron
microscope), and the chemical characteristics of hybrid biosorbent were interpreted by
FTIR Agilent N630, with the samples prepared as KBr discs.

2.3. Biosorption Studies

The immobilized HI HB potential for Pb(II) biosorption was determined in batch
mode (Figure 1). The effects of pH (2–4.5), biosorbent dose (0.05–0.3 g/L), initial metal ion
concentration (25–400 ppm), and temperature (30–70 ◦C) were checked by varying one
parameter, while keeping other parameters constant. The effects of the presence of Mg+2,
Al+3, Cu+2, and Zn+2 on the adsorption capacity of immobilized HI HB in binary system
for Pb(II) were also studied. The concentration of lead ions was fixed at 100 ppm, while the
concentration of other metal ions was varied from 25 to 400 ppm. Blank solutions without
hybrid biosorbent were run in parallel at the same conditions. The samples were shaken at
120 rpm for a specific duration using an orbital shaking incubator (PA250/25H). Atomic
absorption measurements were performed using a Varian AA240, GTA 120 instrument to
determine lead concentration in solutions. The removal capacity was determined using the
following equation:

qe =
(Co − Ce)V

W
where Co and Ce (mg/L) denote the initial and equilibrium metal ion concentration,
respectively, V (L) is the volume of the solution, and W (g) is the amount of HB used [16].

2.4. Biosorption Isotherm Models

The equilibrium adsorption data were fitted to the following isotherms according to
equations given in the literature, including: Freundlich model [17], Langmuir model [18],
Temkin [17], and Harkins and Jura [19], to determine the adsorption mechanism for Pb (II)
removal by hybrid biosorbent.

2.5. Biosorption Thermodynamics

The study of thermodynamic parameters is essential to determine the orientation and
feasibility of an adsorptive reaction. The thermodynamic behavior of metal ions’ biosorp-
tion using immobilized HI HB can be estimated by various thermodynamic parameters,
such as change in free energy (∆G), entropy (∆S) and enthalpy (∆H) using equations given
in the literature [20].

2.6. Desorption

After biosorption experiments, Pb(II) ions were desorbed from the hybrid matrix.
Three sorption/regeneration cycles for immobilized HI HB were conducted using various
eluents. Sorption of metal ions was performed at optimum pH by adding 0.05 g hybrid
biosorbent in 100 mg/L Pb (II) solution at 30 ◦C for 3 h. After the solution was filtered and
dried, the metal ions loaded immobilized HI HB into the oven at 60 ◦C. Then, the dried
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biomass was shaken with 0.1M HCl, HNO3, acetic acid, and EDTA. Desorption efficiency
(%) was estimated using following equation:

Desorption efficiency (%) =
qde
qad

× 100

 

Δ Δ Δ

Desorption efficiency ሺ%ሻ = ୯ౚ౛୯౗ౚ  × 100

Combined Treatment 
 

Hybrid Biosorbent treatment                  Nanofiltration treatment

 

 

 
Metal solution 

 

Preparation of 

Hybrid Biosorbent  

Nanofiltration 

treatment 

Batch sorption 

experiments 

Characterization 

Desorption Treated water 

Figure 1. Schematic design of hybrid biosorbent–nanofiltration process.

2.7. Nanofiltration

Wastewater was treated through integrated processes by adsorption as a pretreatment,
with nanofiltration (NF) as a post-treatment in this study. A commercially available NF
membrane was used. After adsorptive removal using immobilized HI HB, the lead ions
were subjected to the NF membrane unit. The main properties of the NF membrane are
summarized in Table 1.

Table 1. Characteristics of NF membrane.

Parameters Nanofiltration

Membrane type Flat sheet
Material PA (polyamide)

Membrane area 0.006 m2

Pressure 5 bar

Membrane Filtration Experiments

For removal studies, a dead-end NF unit was utilized. The NF unit consisted of a
reservoir, a membrane module, and a high-pressure pump. This NF unit was operated
at a pressure of 5 bar. The membrane was immersed in deionized water before being
used in any experiment and pressurized at 5 bar for 1 h to prevent compression effects
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and to determine leak tightness. In these experiments, after adsorptive removal, metal
ion solutions were pumped out of the membrane module. The influence of important
process parameters such as pH, temperature and initial metal ion concentration upon
lead ions removal was estimated. The percentage removal was calculated through the
following relationship:

% Removal =
(Ci − Cf)

Ci
× 100 (1)

2.8. Statistical Analysis

All the experiments were performed in triplicate. The results were analyzed statisti-
cally by applying regression analysis.

3. Results and Discussion

3.1. Biosorption Study

3.1.1. Characterization

The morphological uniqueness of biosorbents can be evaluated using SEM. The SEM
micrograph of hybrid biosorbent (HB) is shown in (Figure 2a), where all the morphological
characteristics were taken at 5000× magnification. The SEM micrograph of HB before
biosorption revealed an irregular, rough, and porous surface. Such a structure significantly
enlarges the available adsorptive surface, which results in increased binding capabilities of
Pb(II) ions (Figure 2b). Therefore, HB is more conducive for the adsorption process. After
biosorption of metals and dyes the pores are filled with sorbate ions on the surface of the
biosorbents [21,22].

 

−

−

−

−

−

Figure 2. (a) SEM micrograph of hybrid biosorbent (HB). (b) SEM micrograph of HB loaded with
Pb(II) ions.

The Fourier transform infrared spectroscopic study reveals important information
about the chemical environment of biomaterials responsible for sorption. The spectrum
of HB shows a strong and broad unbounded O-H stretching band centered at 3349 cm−1.
The peaks at 2924 and 2853 cm−1 were due to C–H symmetric and asymmetric stretching
vibrations. The peak observed at 1735 cm−1 corresponds to C=O stretching vibration due
to non-ionic -COOH groups. The peak at 1507 cm−1 corresponds to the amide II band
of protein peptide bonds. In addition, the peak at 1032 cm−1 is attributable to the C–N
and C–O bonds (Figure 3) [23]. This indicates that the hydroxyl and carboxyl groups of
HB participated in the Pb(II) ions biosorption by sharing or exchanging electrons among
sorbent and sorbate.
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Figure 3. FTIR spectra of hybrid biosorbent (HB).

3.1.2. Batch Study

The different pH binding profiles for these components can be explained based on the
different chemical interactions of each species with the adsorbent’s surface. The influence
of the initial pH (2–4.5) on Pb (II) adsorption was determined at 30 ◦C by fixing the initial
metal ion concentration at 100 mg/L and 0.05 g/L biosorbent dose. The maximum removal
of Pb (II) ions was found as 365.9 mg/g at pH 4.5 by immobilized heat-inactivated hybrid
biosorbent (Figure 4). The lower uptake of metal ions in stronger acidic conditions (pH 2–4)
by hybrid biosorbent can be ascribed to the large number of hydrogen or/and hydronium
ions competing with Pb (II) ions for the binding at sorption sites of biosorbent, as has been
reported by other authors [24,25]. The concentration of H+ decreased with the increase in
pH, leading to an increased uptake of lead ions [26]. The increase in the rate of adsorption
with increasing pH was due to a combination of various effects: (i) less ionic competition
due to metal binding sites’ deprotonation, (ii) at higher pH values, decrement in solubility
of heavy metal ions. However, precipitation occurs at higher pH (>7.0) due to the increased
concentration of hydroxyl ions in the medium [27].

The adsorption capacity can be strongly affected by the biosorbent dosage [28]. To
determine the biosorbent dosage effect on adsorption, optimum adsorption conditions
were determined for better biosorption. The influence of biosorbent dosage on the removal
efficiency of hybrid biosorbent against Pb(II) was examined in the range of 0.05–0.3 g/L,
when pH (4.5), metal ion concentration (100 mg/L), and temperature (30 ◦C) were kept
constant (Figure 5). The results presented in Figure 5 indicate that the equilibrium biosorp-
tion capacity for metal ions decreased when the immobilized HI HB dosage increased.
The uptake capacity of hybrid biosorbent decreased with the increase in biomass dosage,
whereas the reverse was true for percentage removal. The maximum metal ion removal was
observed at 0.05 g/L. It was noticed that the removal efficiency (both as an absolute value or
expressed as per adsorbent mass) of the hybrid biomass was a function of biomass amount.
The metal ions’ removal declined with the increase in biomass dose. The decremental trend
of Pb(II) ions’ removal by the increase in the utilized biomass is due to poor utilization
and the agglomeration of biomass at a higher dosage leading to a lower extent of available
adsorption sites [29]. This observation clearly suggested that maximum adsorption sets
in after a particular biomass dose, thus, the ratio of ions bound to hybrid biosorbent to
free ions became constant even when more biomass was added [30]. The selection of such
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a biomass concentration when both metal uptake capacity and percentage removal have
suitable high values is practically very important, since the optimization of the minimum
desired amount has a direct positive effect on the cost.
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Figure 4. Effect of pH on the Pb(II) ions’ removal by immobilized heat-inactivated hybrid biosor-
bent (HI HB).
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Figure 5. Effect of biosorbent dose on the removal of Pb(II) ions by immobilized HI HB.

The effect of initial Pb(II) concentration (25–400 mg/L) on adsorption efficiency of
immobilized HI HB was studied at an optimum pH (4.5) and biosorbent dose (0.05 g)
(Figure 6). It was observed that the adsorbed amount increased almost linearly as Pb(II)
concentration increased up to 100 mg/L and remained stable for higher Pb(II) concen-
trations. The high initial metal ion concentration suggests an initial force to overcome
pollutant mass transfer resistances between solid and aqueous phases. The incremental
trend of adsorption at low initial Pb(II) concentration might be due to increased electro-
static interactions. The number of adsorbed metal ions was higher at high initial metal
concentrations than at lower concentrations, because more binding sites were free for
interaction [27]. At higher concentrations, the vacant sites of hybrid biosorbent became
less, and sorption sites rapidly saturated due to constant amounts of adsorbent.
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Figure 6. Effect of initial concentration on the removal of Pb(II) ions by immobilized HI HB.

Temperature change has an effect on adsorption capacity. The effect of temperature on
Pb(II) removal using immobilized HI HB was investigated at five different temperatures;
the results are shown in Figure 7. Adsorption capacity was at a maximum at 30 ◦C, then
decreased steadily with an increase in temperature. The adsorption capacity decreased
because the adsorptive forces responsible for Pb(II) biosorption on immobilized HI HB
became weaker at higher temperatures. This might be due to the deactivation of sorption
sites of biosorbent at high temperatures, which leads to decreased biosorption [31]. A
similar trend was reported for Congo red uptake by surface-modified bentonite [32], and
Direct Blue 106 dye adsorption onto pomegranate peels [33].
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Figure 7. Effect of temperature on the removal of Pb(II) by immobilized HI HB.

3.1.3. Biosorption Isotherms

Different models of isotherms were studied to determine crucial remediation pa-
rameters and to have a better comparison with various other parameters reported in the
literature materials. More precisely, four isothermal equations were used to study the
adsorption process: Temkin, Langmuir, Freundlich, and Harkins–Jura, with all the calcu-
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lated parameters shown in Table 2. The adsorption data (at 30 ◦C) fit well to the Langmuir
isotherm (R2 = 0.993) and were significantly close in value to experimental and calculated
maximum capacity. Low values of R2 in the case of the Temkin and Harkins–Jura isotherm
model fittings suggested that experimental data for Pb(II) removal were not fitted satisfac-
torily. In addition, a poor fit to the Freundlich model was also observed. Even though the
extraction of specific outcomes for the extent of fitting of the models should be very careful,
it can be considered in general based on the above results that a monolayer of adsorption,
but also a more heterogeneous adsorption process, took place.

Table 2. Equilibrium modeling of data for the uptake of Pb(II) ions by immobilized HI HB.

Parameters Derived from Isotherm Models Values

Langmuir

qm Calculated (mg/g) 500

qm Experimental (mg/g) 408.9

b 0.02

R2 0.993

Freundlich

KF 38.90

n 4.20

R2 0.821

Temkin

A 5.25

B 0.009

R2 0.717

Harkins–Jura

A 25.64

B 3.84

R2 0.590

3.1.4. Adsorption Thermodynamics

To evaluate the thermodynamic viability of the sorption process and to confirm its
nature, different thermodynamic parameters were calculated for Pb(II) adsorption onto
immobilized HI HB. The negative value of ∆H◦ (Table 3) indicates the exothermic nature
of the adsorption process. The negative value of ∆S◦ suggests that the process is enthalpy
driven. It also shows a decrease in randomness during Pb(II) biosorption onto immobilized
HI HB [34].

Table 3. Thermodynamic parameters for the uptake of Pb(II) ions by immobilized HI HB.

Temperature (K)
∆G◦

(kJ/mol)
∆H◦

(kJ/mol)
∆S◦

(Jmol−1 K−1)

303 33.4

−38.9 −110.3
313 34.5

323 35.6

333 36.7

343 37.8
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3.1.5. Competitive Adsorption

A competitive adsorption process was studied to check the effect of other heavy metal
ions on Pb(II) ion adsorption (Figure 8). The results demonstrate that as the concentration
of the co-cations was increased from 25 to 400 mg/L in solution, immobilized HI HB
adsorption capacity decreased. The adsorption capacity of immobilized HI HB decreased
from 365.90 mg/g to 143.24 mg/g for the Pb(II) in the Pb(II) + Cu(II) binary system at
100 mg/L. In a binary solution, the sorption of primary metal was inhibited by the presence
of secondary metal on the immobilized HI HB. However, copper ions have a stronger
inhibitory effect during the sorption of lead as compared to the inhibitory effect of zinc
in the adsorption of lead. The overall metal (Pb + Cu) sorbed from binary metal solution
always remained lower than individual metal solutions by biosorbent. This indicates a
competition between Cu(II), Zn (II), and Pb(II) for common binding sites on immobilized
HI HB.
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Figure 8. Effect of Cu(II) and Zn(II) concentrations on Pb(II) uptake by immobilized HI HB.

Several co-metal ions are always present in industrial wastewater. The adsorption of
any metal depends upon metal chemistry, affinity for binding sites, and the presence of
other metal ions in its vicinity. In this view, the effect of light metal ions such as Mg2+ and
Al3+ on the uptake of lead ions by immobilized HI HB was evaluated (Figure 9). In general,
metals with a higher atomic weight, ionic size, electronegativity, and electrode potential
tend to exhibit a greater affinity for sorption [35]. The light atomic weight co-metal ions with
greater charge competed/interfered more with the uptake of lead ions by immobilized HI HB
and the competition for adsorption sites on biomass was in the following order Al3+ > Mg2+.
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Figure 9. Effect of Mg+2 and Al+3 concentrations on Pb(II) uptake by immobilized HI HB.

3.1.6. Desorption

In developing a novel adsorbent for real-life applications, its reusability efficiency is
vital. Thus, immobilized HI HB was reused in two successive adsorption–desorption cycles
for Pb(II) during the current work. The Pb(II)-loaded immobilized HI HB was recovered
using 0.1M EDTA, HCl, HNO3, and acetic acid. The biomass regeneration efficiency of
immobilized HI HB-loaded Pb(II) was in the following order: acetic acid < nitric acid <
hydrochloric acid < EDTA. The highest metal recovery was 86.4% using acetic acid during
the first cycle (Figure 10). On the other hand, the experimental data with EDTA revealed
that this regenerating solution was unsuitable to recover metal ions from the sorbent in the
next cycle. EDTA was not used in the second cycle because immobilized HI HB changed to
an amorphous form after the first desorption cycle. The highest metal recovery was 54.43%
and 33.5% using acetic acid after the second and third cycles respectively.
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Figure 10. Desorption of Pb(II) ions from immobilized HI HB in three consecutive sorption–
desorption cycles.
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3.2. Nanofiltration Study

Parameters Affecting the Performance of NF Membrane

In the present study, wastewater is treated through adsorption, in combination with
nanofiltration (NF) as a post-treatment process. The important operating parameter affect-
ing the performance of flat sheet polyamide (PA) NF membrane is pH. Solution pH is an
important factor in membrane-based processes, because it can affect a membrane’s charge
and therefore its rejection properties. The separation of ions by NF is achieved both by size
exclusion and by electrical interactions between ions in feed aqueous solution and charged
NF membranes [36,37]. Figure 11 presents the influence of pH on percentage removal of
Pb(II) by PA nanofiltration membrane. It was found that the metal removal was very high
across the whole pH range investigated. The results show that, in most cases, increasing
pH from 2 to 5 enhanced the removal efficiency of metals >60% [38]. The positively charged
ions, for example heavy metal ions, are rejected partly based on molecular weight. The
nanofiltration membrane’s performance is affected by pH in more than one way. NF mem-
branes are charged due to functional groups’ presence and their dissociation. At a higher
or neutral pH, the functional groups (i.e., sulfonic group or carboxylic groups) present on
the NF membrane’s surface are negatively charged but lose their charge at an acidic pH. At
a low pH, most RO and NF membranes had lower rejections. The solubility of ions changes
by changing the pH and, therefore, the dissociation states of ions also change [39].

0

20

40

60

80

100

2 3 4 4.5

%
 R

em
ov

al

pH

HI HB NF

0

20

40

60

80

100

25 50 100

%
 R

em
ov

al

Initial Pb(II) concentration (mg/L)

HI HB
NF

Figure 11. Influence of feed pH on Pb(II) ions’ removal using immobilized HI HB and NF.

The effect of initial Pb(II) concentration (25, 50, and 100 mg/L) was studied keeping
the applied pressure constant (results shown Figure 12). Very high percentage removal
values (>90%) were obtained for all the above-mentioned initial concentrations. The metal
removal with the use of NF was >95% in all cases, showing that NF membrane has very
good separation properties.

The percentage Pb(II) removal was additionally evaluated as a function of temperature,
as shown in Figure 13. It was observed that the Pb(II) percentage removal decreases with
the increase in temperature, since removal at 30 ◦C is >98 % while at 70 ◦C it is 80%.
This can be linked to the fact that the NF membrane flux increased due to a decrease in
viscosity when the temperature was increased. However, the rejection by NF membranes
is not considerably dependent on temperature [39,40] in comparison to batch removal
experiments with immobilized HI HB.
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Figure 13. Influence of temperature on Pb(II) ions removal using immobilized HI HB and NF.

4. Conclusions

This research work attempted to combine two technologies, namely (bio)sorption and
nanofiltration, towards wastewater treatment. In order to elevate the sorptive efficiency,
the strategy of hybrid bio-sorbent was followed by combining two bio-sorbents. The
maximum biosorption capacity (365.9 mg/g at 100 mg/L initial Pb(II) concentration)
reported in this work is higher than that of various previously used biomaterials. The
uptake of Pb(II) from aqueous solutions by hybrid biosorbent would be an addition to the
list of high-metal-uptake-capacity biomaterials. The Langmuir isotherm model presents the
best fitting. Different divalent metal ions’ presence significantly decreased the adsorption
capacity of immobilized HI HB. The FTIR results indicate the involvement of hydroxyl and
carboxylic groups in the biosorption process. SEM micrographs showed that the HB surface
is irregular and rough. Such a surface significantly enlarges the available surface of hybrid
biosorbent, which results in increased binding capabilities of metal ions. Nanofiltration
as a post treatment after adsorptive removal further increased the percentage removal of
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metal ions. The main concluding remarks in this work are that the combination of the two
treatments, the hybrid biosorbent and nanofiltration process, resulted in the removal of
almost 98% of lead ions, providing better results than each technique separately.
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Abstract: Corn steep water (CSW) is a complex agro-food stream that is used as a source of cost-
competitive biosurfactants, since they are produced spontaneously in the steeping process of corn,
avoiding production costs. Nevertheless, the extraction of biosurfactants from CSW using sustainable
processes is still a challenge. Consequently, the use of calcium alginate membranes could present a
novel and sustainable technology for recovering biosurfactants from aqueous streams. Therefore,
the aim of this work is to evaluate calcium alginate-based biopolymers, without and with the
presence of grape marc as an additive, as a key component of membranes for the recovery of
biosurfactants in corn steep water. Biosurfactants are present in CSW, together with other inorganic
solutes and biomolecules, such as organic acids, sugars, cations, anions as well as metals. Hence,
the competition of these mentioned compounds for the active sites of the calcium alginate-based
biopolymers was high. However, they showed a good adsorption capacity for biosurfactants,
recovering around 55 ± 2% and 47 ± 1%, of biosurfactants from CSW using both calcium alginate-
based biopolymers, with and without biodegraded grape marc. Regarding adsorption capacity, it
was 54.8 ± 0.6 mg biosurfactant/g bioadsorbent for the biopolymer containing grape marc, and
46.8 ± 0.4 mg biosurfactant/g bioadsorbent for the calcium alginate-based biopolymer alone. Based
on these results, it could be postulated that the formulation of green membranes, based on calcium
alginate-based polymers, could be an interesting alternative for the recovery of biosurfactants from
aqueous streams including CSW.

Keywords: corn stream; surface-active compounds; eco-adsorbents; green membranes; resource
recovery

1. Introduction

Corn steep water (CSW) is a fermented stream obtained as a by-product in the wet-
milling corn industry, when the corn is steeping under acid conditions (pH = 4), high
temperatures (45−52 ◦C) and in presence of SO2(g) and lactic acid bacteria or Bacillus [1].
CSW is commonly used in biotechnology processes as a low-cost source of nitrogen [2–4]
as well as an ingredient in animal feed due to its nutritional properties [5,6]. However,
CSW has been proposed as a direct source of biosurfactants due to the presence of lactic
acid bacteria, which are producers of this type of surface-active compounds [1,7,8]. In fact,
it has recently been isolated and identified that Aneurinibacillus aneurinilyticus is the main
biosurfactant-producing Bacillus strain in CSW [9].
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Biosurfactants are microbial surfactants produced by microorganisms that not only
have similar or equal properties than their chemical homologous (e.g., reduce surface
tension, emulsifying properties, solubilizing, and stabilizing agent, among others), but
are also very promising and interesting substances, since they are composed of natural
structures (lipids, proteins, and carbohydrates) compatible with the composition of cell
membranes [10–13]. Several carbon sources as well as energy are used for microorganisms
to grow. The combination of carbon sources (e.g., agro-food products or wastes) with
insoluble substrates (e.g., hydrocarbons, oils) facilitates the intracellular diffusion and
the biological production of diverse substances, such as biosurfactants [12]. Hence, the
synthesis of biosurfactants is a growth-dependent production and frequently arises in
resting microbial cell systems [13]. In addition, microorganisms can produce biosurfac-
tants with different molecular structures and characteristics (e.g., surface activity), being
a combination of a hydrophobic chain (e.g., fatty acids) with a hydrophilic moiety (e.g.,
carbohydrates, peptides, amino acids, alcohols, so on) [12]. Regarding their chemical
composition, there are low-molecular-weight biosurfactants, like glycolipids, lipopeptides,
and flavolipids, and high-molecular-weight biosurfactants, such as polysaccharides, pro-
teins, lipopolysaccharides, lipopolysaccharides, and lipoproteins [11]. Nevertheless, the
biosurfactants commercialized at the moment are produced in controlled fermentation
processes, which make them non-cost competitive with chemically produced surfactants.
Hence, the industrial application of biosurfactants is limited by their high production cost
due to the complex recovery and purification stages [10–13]. For that reason, in a context
of a circular economy, the use of streams generated in agro-food industries like CSW,
where biosurfactants are produced spontaneously, it is an interesting alternative to obtain
cost-competitive and value-added biosurfactants, increasing the market opportunities for
these secondary raw materials.

The ionic charge, water solubility and location of the surface-active sites (e.g., intracel-
lular, extracellular, or cell-bound) of biosurfactant molecules define the required processing
stages needed for their recovery. Therefore, there are several techniques that can be applied
for the selective separation and recovery of biosurfactants such as acid precipitation (e.g.,
acidic solutions, ammonium sulfate solutions and in non-aqueous media), crystallization,
chromatographic separation, adsorption, among others, with the liquid-liquid extraction
the most commonly used [14]. In fact, for the moment, the recovery of biosurfactants from
CSW has been achieved by liquid-liquid extraction with organic solvents. For instance,
chloroform or ethyl acetate are used depending on the final application of the biosurfactant,
as they are extracellular surface-active compounds [7]. Otherwise, the adsorption onto
granular activated carbon [15–18] or ion-exchange resins [19] has also been studied for
biosurfactant recovery. The adsorption process is an in situ technique that has certain
advantages, such as that it allows the reuse of the adsorbent during several cycles without
decreasing adsorption efficiency and avoids the use of organic solvents. Additionally,
biosurfactants can be desorbed from the solid adsorbent using typically an aqueous pH
buffer solution due to their lipophilic properties [15,16,19,20]. Despite this, new processes
have been developed to recover biosurfactants based on cost-effective and environmentally
friendly in situ downstream processing approaches. Examples are foam fractionation
and membrane technology [20–22]. With regard to membrane technology, ultrafiltration
membranes have been remarkably applied for the recovery and purification of glycolipid
and lipopeptide biosurfactants [23–26].

From a sustainable point of view, there is an effort to develop more green membranes
using biodegradable polymers such as alginate. Specifically, sodium alginate is a natural
polysaccharide obtained from the cell wall of brown algae and is an unbranched binary
copolymer of 1-4 linked β-D-mannuronic acid and α-L-guluronic acid. The combination
of these blocks determines the physical and chemical properties of this polymer [27]. For
instance, Aburabie et al. [28] developed calcium alginate-based membranes by crosslinking
sodium alginate in calcium chloride aqueous solution, for green organic solvent nanofiltra-
tion application to test the retention or permeation of dyes and vitamin B12 in methanol.
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In view of the aforementioned information, the aim of this work is to evaluate calcium
alginate-based biopolymers, without or with the presence of biodegraded grape marc, for
the recovery of biosurfactants from corn steep water by adsorption processes as a previous
step to their use as potential materials in the manufacture of green membranes, and their
subsequent use in the recovery of these biomolecules. It should be highlighted that this is
the first time that biosurfactants from corn steep water have been recovered by liquid-solid
processes without the use of organic solvents.

2. Materials and Methods

2.1. Corn Steep Water

The corn steep water (CSW) was provided by the FeedStimulants company (Zoeter-
meer, The Netherlands; Lot No. CSL-201811; Reg. No. NI214247). CSW, containing 50%
of solids (m/v), was diluted in distilled water up to 50 g/L, and then it was centrifugated
(Hettich Rotina 380R), at 5000 rpm and 4 ◦C for 30 min, for solid removal.

The characterization of the CSW, before and after adsorption processes, was carried
out by using infrared spectroscopy and mass spectrophotometry analysis.

2.1.1. Fourier-Transform Infrared Spectroscopy (FTIR)

A pellet was obtained after pressing 1 mg of the lyophilized sample with 10 mg of
potassium bromide. After that, the infrared absorption analysis was carried out with a
Niocolet 6700 FTIR system (Thermo Fisher Scientific, Waltham, MA, USA). The spectra
were recorded with a resolution of 4 cm−1 and wavenumber range between 400 and
4000 cm−1.

2.1.2. Electrospray Ionization Mass Spectrometry (ESI-MS)

Electrospray ionization mass spectrometry/collision-induced dissociation (ESI-MS/CID)
was used to characterize the corn stream. For that, 1 mg of the lyophilized sample was diluted
in Milli-Q water and volatilized under vacuum. Then, a current of electrons was used to
ionize the molecules, and the fragmentation pattern was recorded on a Mass Spectrometer
Bruker FTMS APEXIII (Bruker, Billerica, MA, USA) in positive mode.

2.2. Calcium Alginate-Based Biopolymers

The biopolymers were formulated using 2% sodium alginate, whereas biopolymers in
combination with other biomaterial (e.g., grape marc) was formulated with 2% sodium
alginate (m/v) and 2% biodegraded grape marc (m/v). Calcium alginate-based biopolymers
were formulated using water as a solvent and calcium chloride solution (0.58 mol/L) as a
crosslinking agent. Furthermore, grape marc was obtained from local winery industries
and subjected to a spontaneous biodegradation of the organic matter following the protocol
described previously [29,30].

Biopolymers Morphology Characterization

The biopolymers were washed with sodium cacodylate 0.1 mol/L buffer and fixed
with 2.5% of glutaraldehyde in cacodylate 0.1 mol/L buffer for 2–4 h at 4 ◦C. Following this,
the samples of biopolymer were introduced in 1% OsO4 in cacodylate 0.1 mol/L buffer
during for 1 h at 4 ◦C. Dehydration was carried out with ethanol using a different graded
series (30%–15 min; 50%–2 × 15 min; 70%–2 × 15 min; 80%–2 × 15 min; 90%–2 × 15 min;
100%–3 × 15 min). Then, samples were dried at the chamber of a critical point dryer (Baltec
CPD030, Rambouillet, France) using liquid CO2. Dried samples were cut with liquid N2,
covered with gold (Emitech K550X, Dubai, United Arab Emirates) and observed using
a digital microscope with a DeltaPix camera (Infinity X21) as well as a scanning electron
microscope (SEM) (JEOL JSM 6700F FEG) operating at an acceleration voltage of 5.0 kV for
secondary-electron imaging (LEI).
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2.3. Adsorption Studies

Adsorption experiments were carried out in 250 mL Erlenmeyer flasks placed in an
orbital shaker (IKA KS 4000 ic control) at 150 rpm and 25 ◦C. The CSW/biopolymer ratio
used was 1:1 (v/v). Samples were removed after 24 h, once the equilibrium was reached, for
analysis of biosurfactant extract and other inorganic solutes and biomolecules. Experiments
were carried out in triplicate.

Adsorption Removal and Capacity Determination

Equation (1) was used to determine the percentage of inorganic solutes and biomolecules
removed from the corn stream, whereas Equation (2) was used to calculate the adsorption
capacity qe (mg/g) of calcium alginate-based biopolymers [31]:

Cremoved(%) =
C0 − Ct

C0
·100 (1)

where C0 and Ct (mg/L) are the concentration of inorganic solutes and biomolecules in
CSW initially and at a fixed time t, respectively.

qe

(

mg
g

)

=
(C0 − Ce)·V

W
(2)

where C0 and Ce (mg/L) are the initial and equilibrium concentrations of inorganic solutes
and biomolecules in the corn steep water, respectively, V (L) is the volume of the CSW used
during adsorption experiments and W (g) is the mass of biopolymer (expressed as g of
initial sodium alginate).

2.4. Extraction of Biosurfactants from Corn Steep Water

For comparative purposes, the lipopeptide biosurfactant extract was obtained by
liquid-liquid extraction from CSW, using a ratio chloroform/CSW of 2:1 (v/v), at a tem-
perature of 56 ◦C, for 60 min and at an agitation speed of 150 rpm. After extraction, the
biosurfactant was separated from the chloroform by rotary evaporation (Buchi R-210,
Flawil, Switzerland) at a pressure of 474 mbar and 60 ◦C, following the methodology
proposed by Vecino et al. [7]. This biosurfactant extract was used as a control to determine
the quantity of biosurfactant present in the initial CSW and after adsorption processes.

Surface Activity and Critical Micellar Concentration Determination

The presence of biosurfactants in the CSW (liquid samples) was observed by surface
tension measurements using a Krüss K20 EasyDyne tensiometer with a 1.9 cm platinum
Wilhelmy plate (Krüss GmbH, Hamburg, Germany). Additionally, the critical micellar
concentration (CMC) of lyophilized initial CSW and lyophilized samples after adsorption
processes as well as the lipopeptide biosurfactant extract, from the CSW using liquid-liquid
extraction, were determined after several dilutions in deionized water. The concentration
above which micelles are formed is defined as the CMC. Below the CMC, surface tension
in aqueous solution decreases. Once the CMC is reached, surface tension remains more
or less constant. Therefore, it is possible, under the CMC, to linearly relate the surface
tension with the concentration of biosurfactant [1]. In this case, a calibration curve under
the CMC from the biosurfactant extract obtained by liquid-liquid extraction is used to
extrapolate the surface tension of liquid samples, before and after adsorption processes, in
order to determine the biosurfactant concentration. All determinations were carried out
in triplicate.

2.5. Measurement of Other Inorganic Solutes and Biomolecules from Corn Steep Water

The determination of other inorganic solutes and biomolecules from CSW (liquid
samples) such as organic acids, sugars as well as total organic carbon (TOC), total nitrogen
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(TN), anions, cations, and metal ions before and after adsorption processes, were carried
out as follows:

2.5.1. TOC and TN

The Analytik Jena 3100 Multi N/C Analyzer was used to determine the carbon and
nitrogen content of aqueous samples. The determination was carried out by thermocat-
alytic decomposition (oxidation) of the samples at 950 ◦C as it allows the quantitative
determination of even poorly oxidizable carbon and nitrogen components.

2.5.2. Anions, Organic Acids and Sugars

The determination and quantification of the anion, organic acids and sugars were
carried out by ion chromatography with the DIONEX ICS-3000 equipment. For anion
determination, a Metrosep A Supo 5 column (250 × 4 mm Metrohm) with carbonate-
bicarbonate buffer solution in a mobile phase at 0.7 mL/min and conductivity as detector
were used. For organic acid determination, an IonPac AS11-HC column (250 × 4 mm
Dionex) with 50 mM NaOH solution as a mobile phase at 1.0 mL/min and conductivity
as detector were applied. For sugar determination, a CarboPac PA1 column (250 × 4 mm
Dionex) with 150 mM NaOH solution as a mobile phase at 1.0 mL/min and amperometric
as a detector were utilized.

2.5.3. Cations and Metals

Cations and metals were determined and quantified by inductively coupled plasma
emission spectroscopy (Optima 4300DV de PerKin Elmer, Waltham, MA, USA). Prior to
ICP-OES analyses, samples were filtered (0.2 µm) and acidified with 2% HNO3.

3. Results and Discussion

3.1. Corn Steep Water Composition

The composition of CSW results in the extraction of water-soluble components during
the steeping step of corn, as shown in Table 1. The CSW is mainly composed of carbon
(around 37%) and nitrogenous (about 7%) components (elemental analysis data not shown),
being the total carbon from organic sources. Regarding organic acids, lactic acid is the most
predominant one (6.7 g/L), followed by the phytic acid (3.1 g/L) and acetic acid (2.8 g/L).
Monosaccharides, like glucose (0.3 g/L) and arabinose (0.2 g/L), as well disaccharides
such as sucrose (0.04 g/L) are part of the CSW composition. Physiologically relevant
ions such as chloride, phosphate, sulphate, ammonium, calcium, boron, iron, potassium,
magnesium, sodium, manganese, zinc, and silicon, were detected in CSW at substantial
quantities. Among them, potassium (0.8 g/L) and phosphate (0.5 g/L) are the most
significant; while aluminum, chromium, copper, cobalt, and nickel are the less represented.
Hull and Montgomery [32] suggested that the high amount of inorganic phosphate in CSW
could be due to in part to being a product of dephosphorylation of myo-inositol phosphates.

The above composition agrees with the composition analyzed by Hull et al. [33] at
various times during the steeping of corn and from four different industrial processes. How-
ever, the novelty of this composition is the concentration of biosurfactant. This bioactive
compound is present in a concentration of 2 g/L, based on the CMC data of biosurfactant
extracted from con steep water by liquid-liquid extraction with chloroform (see Figure
S1). This finding, related with the use of CSW as a direct source of biosurfactants, and its
uses have been previously patented and published by Vecino et al. [1,7,34]. Nowadays,
depending on the industrial application of the biosurfactant extract from CSW, an organic
solvent is proposed for the extraction process. However, the possibility of using a liquid-
solid extraction process by calcium alginate-based biopolymers to recover biosurfactants
from CSW has not been considered until now.
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Table 1. Chemical composition of diluted (20 times) raw corn steep water used in this study after
solid removal.

Component Concentration (mg/L)

Biosurfactant extract 2007 ± 39
Total organic carbon 5613 ± 45

Total nitrogen 1655 ± 21
Lactic acid 6714 ± 394
Acetic acid 2822 ± 1
Formic acid 4.9 ± 0.7
Phytic acid 3141 ± 3
Arabinose 204 ± 5
Glucose 287 ± 10
Sucrose 41 ± 3

Chloride 163 ± 3
Phosphate 511 ± 16
Sulphate 242 ± 8

Ammonium 183 ± 4
Calcium 3.6 ± 0.2

Aluminum 0.1 ± 0.005
Boron 0.7 ± 0.03

Chromium 0.03 ± 0.001
Copper 0.07 ± 0.003

Iron 3.1 ± 0.1
Cobalt ND *

Potassium 847 ± 45
Magnesium 301 ± 15

Sodium 183 ± 1
Manganese 1.5 ± 0.1

Nickel 0.09 ± 0.005
Zinc 4.9 ± 0.2

Silicon 8.0 ± 0.4
ND * = below the limit of quantification (0.01 mg/L).

3.2. Calcium Alginate-Based Biopolymers Characterization

The macro view as well as the SEM images of the calcium alginate-based biopoly-
mers formulated without (Figure 1a,c,e) shows and with the presence of grape marc
(Figure 1b,d,f) are shown in Figure 1. Figure 1a,b show the macro view images of the
calcium alginate-based biopolymers. The presence of the biodegradable material (e.g.,
grape marc) can be observed in Figure 1b through black dot visualization. Figure 1c,d
shows the external morphology of biopolymers at 300× magnification; whereas Figure 1e,f
shows the internal morphology of biopolymers at 1000× magnification. Taking into to
account the images above, it can be observed that the calcium alginate-based biopolymer in
the presence of grape marc is a heterogeneous biopolymer; while the biopolymer composed
of by alginate is a homogeneous biopolymer. Both biopolymers have rough surfaces, but
the polymer with grape marc has a rougher surface (see Figure 1c,d). The morphology
observed, in the case of biopolymer of alginate tunned with grape marc, is in concordance
with the characterization of this biopolymer in previous studies [30].

3.3. Calcium Alginate-Based Biopolymers Performance in Liquid-Solid Process to Recover
Biosurfactants from Corn Steep Water

In this study, two types of calcium alginate-based biopolymers were formulated
without and with the presence of grape marc for the recovery of biosurfactants in CSW.
Table 2 shows the removal percentage of the inorganic solutes and biomolecules, that
comprise CSW, after adsorption process for a contact time for 24 h (e.g., equilibrium was
attained), using alginate biopolymer and alginate biopolymer with grape marc.
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e) f)

Figure 1. Macro view and SEM micrographs of alginate-based biopolymers: (a,c,e) from the biopoly-
mer composed only for alginate, and (b,d,f) from the biopolymer with alginate and grape marc.

The biopolymer that only contains alginate presented a high capacity for the elimina-
tion of organic acids and sugars from the CSW, with a maximum removal for acetic acid
(100%) and glucose (98.5%), respectively. For almost all ions, metals as well as biosurfactant
extract, the percentage of removal was about 50%, except for boron (40.4%) and silicon
(39.2%). On the other hand, the alginate-based biopolymer tunned with grape marc, also
showed good elimination rates for the same families, organic acids, and sugars, but for
other types. For instance, the highest percentage of elimination was for lactic acid (99%)
and for all the sugars tested this was greater than 99%. Moreover, this biopolymer had
obtained good removal of metals such as iron (98.5%) and zinc (96.8%) as well as for cations,
like manganese (90.4%), and anions, such as phosphate (75%). However, the amount of
biosurfactant extract eliminated was of 55%.
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Table 2. Removal of some inorganic solutes and biomolecules (%) with the calcium alginate-based biopolymers after 24 h of
equilibration time.

Component Alginate Biopolymer (%) Alginate Biopolymer with Grape Marc (%)

Biosurfactant 46.6 ± 1.5 54.6 ± 1.5
Total organic carbon 36.7 ± 0.5 48.8 ± 0.1

Total nitrogen 42.7 ± 2.4 57.5 ± 0.2
Lactic acid 50.0 ± 1.6 99.0 ± 0.1
Acetic acid 100 ± 0.1 83.8 ± 2.6
Formic acid 73.7 ± 4.3 69.1 ± 3.9
Phytic acid 72.7 ± 0.1 82.6 ± 1.7
Arabinose 88.5 ± 0.6 99.2 ± 0.1
Glucose 98.5 ± 0.6 99.4 ± 0.2
Sucrose 92.5 ± 1.8 99.8 ± 0.1

Phosphate 59.1 ± 1.1 75.1 ± 0.5
Sulphate 48.5 ± 2.2 42.0 ± 1.0

Ammonium 44.0 ± 1.4 27.1 ± 1.5
Boron 40.4 ± 0.8 8.8 ± 0.4
Iron 77.0 ± 0.1 98.5 ± 0.1

Potassium 49.2 ± 0.5 54.9 ± 0.4
Magnesium 45.8 ± 0.2 66.0 ± 0.3
Manganese 62.2 ± 0.2 90.4 ± 0.7

Zinc 58.9 ± 1.4 96.8 ± 0.2
Silicon 39.2 ± 0.4 10.1 ± 0.5

Overall, the combination of calcium alginate-based biopolymer with grape marc
provided better results in comparison with only calcium alginate biopolymer; except for
boron and silicon, where only the alginate biopolymer offered greater affinity for these
compounds. The initial hypothesis is supported by the fact that grape marc possesses lower
adsorption capacity for these elements than calcium alginate, which reduces the adsorption
capacity for boron and silicon. When the bio-adsorbent is formulated with sodium alginate,
the active surface sites for adsorption are based only in the calcium alginate-based polymer,
whereas when the bioadsorbent is formulated with sodium alginate (2%) plus grape marc
(2%), the active surface sites, for adsorption, based on calcium alginate, were lower, since the
latter biopolymer has a lower percentage of alginate, with respect to the total composition,
than the former. Additionally, the adsorption of biosurfactant extract was not greatly
influenced by the type of biopolymer since there was only around 8% difference between
them. Indeed, it is important to remark that this is a multi-adsorption mechanism, occurring
simultaneously with physical and/or chemical adsorption and ion-exchange processes.
Moreover, the corn stream is composed of several inorganic solutes and biomolecules that
interact between them, adding more complexity to the adsorption process. However, in
a previous study [30], a calcium alginate-based biopolymer tunned with grape marc was
evaluated for the removal of color in wastewater. It was observed that the adsorption
process followed a pseudo-second order kinetic model (heterogeneous process). In addition,
in another physicochemical study with a bio-based adsorbent made from grape marc [35],
the physical control of the sorption stage was well- described by the Freundlich isotherm.

Biodegraded grape marc entrapped in calcium alginate beads has been previously
tested as an eco-adsorbent. For instance, Perez-Ameneiro et al. evaluated the use of a
biopolymer based on grape marc entrapped in calcium alginate beads for the removal of
pigments from an agro-industrial effluent [30] or dye compounds from winery wastew-
ater [35] as well as to remove micronutrients from winery effluents in order to avoid
eutrophication [36]. Additionally, an alginate-based polymer with grape marc has also
been tested as an eco-adsorbent for removal of copper (II) from aqueous streams [37]; for
adsorption of binary mixtures of dyes [38]; and for the removal of cyanide and transition
metals from industrial electroplating process waters [39]. Nevertheless, it should be high-
lighted that this type of biopolymer has never been tested to recover biosurfactants present
in corn steep water.
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In the case study of micronutrients [36], the calcium alginate-based biopolymer with
grape marc removed most of the TN, NH4

+ and NO3
− existing in the vinasses (wastewater

from winery industry) and about 60% of Mg, P, K, and total carbon. Similar results were
obtained in the current study, with 66% of Mg, 75% of P, 55% of K and 49% of TOC. It
is important to note that in the corn steep water, the concentration of Mg and P was
almost ten times more, being double for K and around six times more for the total carbon
than vinasses.

On the other hand, the adsorption capacities for the inorganic solutes and biomolecules
tested using calcium alginate-based biopolymers, after 24 h of equilibration time, are
displayed in Table 3.

Table 3. Adsorption capacity (mg/g) of some inorganic solutes and biomolecules with the calcium
alginate-based biopolymers after 24 h of adsorption process.

Component Alginate Biopolymer (mg/g)
Alginate Biopolymer with

Grape Marc (mg/g)

Biosurfactant 46.8 ± 0.4 54.8 ± 0.6
Total organic carbon 102.9 ± 1.3 136.9 ± 0.1

Total nitrogen 35.3 ± 2.0 47.6 ± 0.1
Lactic acid 167.9 ± 5.4 332.4 ± 0.1
Acetic acid 141.1 ± 0.2 118.2 ± 3.7
Phytic acid 114.2 ± 0.2 129.7 ± 2.7
Arabinose 9.0 ± 0.1 10.1 ± 0.1
Glucose 14.1 ± 0.1 14.3 ± 0.1
Sucrose 1.9 ± 0.1 2.0 ± 0.1

Phosphate 15.1 ± 0.3 19.2 ± 0.1
Sulphate 5.9 ± 0.3 5.1 ± 0.1

Ammonium 4.0 ± 0.1 2.5 ± 0.1
Potassium 20.8 ± 0.2 23.3 ± 0.2

Magnesium 6.9 ± 0.1 9.9 ± 0.1

The maximum adsorption capacity was achieved for lactic acid with both biopolymers,
which was 167.9 and 332.4 mg/g for the calcium alginate-based biopolymer without and
with grape marc, respectively. This maximum capacity is followed by the capacity for
acetic acid (141.1 mg/g) and phytic acid (114.2 mg/g) in the case of the biopolymer alone
with alginate; and this order of adsorption capacity value is reversed in the biopolymer
containing grape marc: phytic acid with 129.7 mg/g and acetic acid with 118.2 mg/g.
Additionally, both biopolymers presented high capacity for TOC between 102.9 mg/g
(alginate) and 136.9 mg/g (alginate plus grape marc); and the capacity of TN was 35.3 and
47.6 mg/g for the alginate biopolymer and the alginate biopolymer tunned with grape marc,
respectively. Concerning the biosurfactant adsorption capacity, both biopolymers showed
values of 46.8 and 54.8 mg/g for the alginate biopolymer and the alginate biopolymer
tunned with grape marc, respectively. For the other inorganic solutes and biomolecules, that
compose the CSW, the calcium alginate-based biopolymers provided adsorption capacities
values below 24 mg/g.

Depending on the solute and its concentration, the capacity of calcium alginate-based
biopolymer, tunned with grape marc, changes substantially. For example, in the study
of pigment removal from vinasses [30], the capacity of the biopolymer varied between
0.28 and 0.76 mg/g as a function of the initial dye concentration (8.8 to 24.7 mg/L). Also,
in the case of mixtures of dyes [38], the adsorption capacity was 2.47 and 2.22 mg/g for
methylene blue and methyl red, respectively, using calcium alginate-based biopolymer
with grape marc; whereas, the biopolymer based only in calcium alginate achieved capacity
values lower than 2 mg/g. These capacities are very low compared to those obtained in this
work. However, the biopolymer capacities for metal ions were higher. Pérez-Cid et al. [39]
concluded that calcium alginate hydrogel beads can be considered a bioadsorbent with
a high capacity to remove free cyanide (1177 mg/g) and transition metals (Ni, Cu and
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Zn as follows 107.3, 39.5 and 1.52 mg/g, respectively) in electroplating streams. In this
case, the introduction of composted grape marc in the calcium alginate bead formulation
did not produce significant improvements in the adsorption capacity. Comparatively,
the Zn adsorption capacity, achieved in the current work, was higher 23.9 mg/g, but
the initial concentration of zinc in the corn stream was around ten times less and also
lower quantity of adsorbent was used (the CSW/biopolymer ratio used was 1:1 (v/v)
vs. the wastewater/bioadsorbent ratio used was 1.5:1 (v/v)) than in the previous study.
Otherwise, the maximum adsorption capacity was reached by using the calcium alginate-
based biopolymer with grape marc for copper (II) removal from sulfate solutions [37]. In
this study, the adsorption capacity value was around 1800 mg/g after 5 min of contact time,
while it increased to 2785 mg/g at the highest concentration assessed (0.15 mol/L) and at
the maximum extraction times (20 min).

3.4. Characterization of Corn Steep Water before and after Adsorption Processes

The corn steep waters were characterized based on CMC, FTIR and ESI-MS analysis.
Raw corn steep liquor possesses a CMC of 10–15 g/L depending on the provider company,
providing minimum surface tension values to water between 36.6 and 46.7 mN/m [1].
However, these results are not comparable with those obtained in this work since the corn
steep water has been centrifuged (for solids removal) and lyophilized. Thus, in the current
work the CMC of the corn steep water, as shown in Figure 2, was 0.46 g/L, reaching a
minimum surface tension of 54.5 ± 0.2, observing that solids increased the CMC of raw
corn steep liquor, although they provide a higher reduction of surface tension in water.

40

45

50

55

60

65

70

75

80

0.0 0.2 0.4 0.6 0.8 1.0

Su
rfa

ce
 T

en
sio

n 
 (m

N
/m

)

Concentration (g/L)

CMC = 0.464 g/L 

Figure 2. Critical micellar concentration (CMC) of corn steep water before adsorption processes.

The concentration at which the micellization starts is known as CMC. At this con-
centration not only the micelles are made, but also the lower surface tension value of the
solution is achieved [40]. Thus, after the adsorption processes, with the calcium alginate-
based biopolymers, the CMC values increased almost two-fold, being 0.99 and 1.15 g/L for
the biopolymer based on calcium alginate and calcium alginate tunned with grape marc,
respectively; whereas the minimum surface tension remained constant (54.2–55.3 mN/m).
In this case, although the minimum surface tension value had been kept constant, an
increase in CMC implies that a higher amount of biosurfactant extract is needed to reach

30



Water 2021, 13, 2396

this value of surface tension. Therefore, the corn steep water reduced its surfactant capacity,
since the biosurfactant extract is adsorbed by these calcium alginate-based biopolymers.
Thus, CMC results are in concordance with the percentage removal of the biosurfactant
as a function of the type of biopolymer (see Table 2). Therefore, greater capacities for
biosurfactants obtained with the biopolymers, involved higher CMC values for the treated
corn steep water. Although the presence of biosurfactants in those streams treated with
calcium alginate polymer tunned with grape marc was lower.

On the other hand, Figure 3 shows the FTIR spectra of the initial corn steep water (grey
line) as well as the corn streams after adsorption processes with the calcium alginate-based
biopolymers (orange and blue lines). Also, it was used to determine the similarities of the
corn stream before and after the adsorption processes.
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Figure 3. FTIR spectra of corn steep water before and after adsorption processes with calcium alginate-based biopolymers.

The FTIR spectrum of the biopolymer only with alginate is in concordance with the
results of characterization carried out by Aburabie et al. [28], where the absorption region
of stretching vibrations of O–H bonds (3344 cm−1) in calcium alginate membranes was
narrower and more elongated than sodium alginate solution; while the C–O stretching
vibration (1080 and 1021 cm−1) decreased in calcium alginate membranes.

In general terms, the bands of corn stream that are affected, after the adsorption
process, correspond to the functional groups of proteins, lipids, and polysaccharides.
The characterization was as follows: (i) the wavenumbers between 3400 and 3000 cm−1

corresponded with the peptide groups resulting from O–H and N–H stretching; (ii) bands
around 3000 and 2000 cm−1 as well as 1400 cm−1 related to the presence of C–H stretching
corresponding to aliphatic chains (CH2 and CH3 groups) of fatty acids; (iii) the bands C=O
bond at 1640 cm−1 (amide I bond) and N–H bonds at 1540 cm−1 (amide II bond) indicated
the presence of protein-related weakness; and iv) the band around 1000 cm−1 denoted the
presence of polysaccharides, conforming the C–O stretch vibration [41,42].

The bands of the three main functional groups (proteins, lipids, and polysaccharides)
are decreased after the adsorption process with both calcium alginate-based biopolymers.
This is confirmed by the degree of similarity of the initial corn stream before and after
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adsorption processes, which was 69.6% and 72.1% for the biopolymer alone with alginate
or alginate tunned with grape marc, respectively between 400–4000 cm−1. It would be
expected that the corn stream treated with the alginate-based biopolymer tunned with
grape marc would be more different from the initial corn stream, since the removal rates
for most of the inorganic solutes and biomolecules were higher than those obtained after
treating the corn steep water with the biopolymer only based on calcium alginate (see
Table 2). Additionally, the biosurfactant extract obtained from corn steep liquor is a
lipopeptide [1]; therefore, observing the protein band, it would be expected that the
biopolymer with grape marc would produce a greater reduction in the band of corn steep
water, due to the higher removal percentage of biosurfactant achieved in comparison with
the biopolymer only formulated with calcium alginate (around 55% vs. 47%). This finding
could be due to the fact that the calcium alginate-based biopolymer tunned with grape
marc provided nitrogen to corn steep water, since grape marc is a biodegradable material
with the following composition: 3.9% N, 42.7% C and 5.5% H [30].

Moreover, the ESI-MS analysis allowed us to corroborate the adsorption of certain
inorganic solutes and biomolecules such as the biosurfactant by the biopolymers under
evaluation. Figure 4 shows the natural molecular masses of the bioactive molecules
present in the raw corn stream as well as those present in the corn steep water after
adsorption treatment with the calcium alginate-based biopolymers. The following signals
were detected in raw corn steep water: at 175, 219, 263, 330, 423, 493, 570, 659, 806, 879, 966
as well as signals between 1200–1300 m/z. Some of them, for instance 879, were m/z also
detected in the biosurfactant extract obtained from corn steep liquor, after the liquid-liquid
extraction process, in previous studies [43]. In fact, the biomarker observed at 879 m/z
(and at 617 m/z) was derived from the fragmentation of the signal observed at 933 m/z,
with signals compatible with the presence of lipopeptide biosurfactants [43]. Additionally,
Li et al. [44] suggested that the presence of triglycerides, diglycerides and monoglycerides
could be signals below 800 m/z. Ma et al. [45] detected, in the ESI-MS/MS spectrum, at
441 m/z, several surfactin precursors. Nevertheless, in the biosurfactant extract from CSW,
obtained after liquid-liquid extraction with organic solvents, this signal could correspond
to the presence of phenolic compounds [46,47].

Otherwise, signals within the range of 800 and 1200 m/z are mass biomarkers of
biosurfactant precursors produced by Bacillus strains widely described in lipopeptide
analyses [44,48–50]. Thus, the masses higher than 800 m/z relatively disappeared from
the ESI spectrum, in treated corn steep water, corroborating that part of the biosurfactant
extract was trapped by the calcium alginate-based biopolymers.
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Figure 4. Cont.
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Figure 4. ESI spectra of raw corn steep water (a) and corn stream after adsorption process with the calcium alginate-based
biopolymers, only alginate (b) and alginate tunned with grape marc (c).
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4. Conclusions

Corn steep water is an interesting secondary stream obtained from the corn industry
and is used as a direct source of biosurfactants. However, nowadays, the recovery of
biosurfactants using sustainable processes is a challenge. Thus, this work is a first attempt
at recovering biosurfactants from CSW by a liquid-solid process using calcium alginate-
based biopolymers, without or with an additive (e.g., biodegraded grape marc). The
results achieved showed that calcium alginate-based biopolymers possess an enormous
potential to enhance the capabilities of membranes prepared from green materials. Based
on the results obtained in this work, several scenarios can be proposed for the use of these
biopolymers: i) as a polishing step before biosurfactant recovery to remove impurities
such as organic acids, sugars as well as cations, metals, and anions from CSW; and ii) as
a recovery step for biosurfactant extract since about 50% is removed. Overall, it could
be highlighted that it is possible to recover biosurfactants, avoiding organic solvents,
with biodegradable materials. Although more studies are needed in order to design the
alginate-based membranes, as well as the eluent used for the desorption process.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13172396/s1, Figure S1: Critical micellar concentration (CMC) of biosurfactant extract
obtained from corn steep water after liquid-liquid extraction with chloroform.
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Abstract: The downstream processing for the separation and purification of lactic acid is a hot
research area in the bio-refinery field due to its continuous growing market in different sectors, such
as the food, cosmetic and pharmaceutical sectors. In this work, the use of ion-exchange technology
for lactic acid recovery is proposed. For that, four anion exchange resins with different polymer
structures and functional groups were tested (A100, MN100, A200E and MP64). The sorption process
was optimized by the Box–Behnken factorial design, and the experimental data obtained in the
sorption process were analyzed by using the response surface methodology and fitted at different
isotherms and kinetics models. Moreover, regenerant type, contact time and solid/liquid ratio were
evaluated in the desorption process. Results showed that the best resin for lactic acid removal was
A100, at pH = 4, with a resin/lactic acid solution ratio of 0.15 g/mL during a maximum of 1 h,
achieving 85% of lactic acid removal. Moreover, equilibrium data sorption of lactic acid onto A100
resin was fitted by a Langmuir isotherm and by a kinetic model of a pseudo-second order. In addition,
in the desorption process, it was stablished that a resin/regenerant ratio of 0.15 g/mL during 30 min
with 0.1 M of NaOH solution provided the best results (4.45 ± 0.08 mg/g).

Keywords: organic acid; circular economy; optimization process; bio-economy; response sur-
face methodology

1. Introduction

Lactic acid is an alpha-hydroxy acid with dual functional groups, is considered both
an alcohol and an acid and has an asymmetric carbon that confers optical activity. It can
be found in two optically active forms, levorotatory L (+)-lactic acid and dextrorotatory D
(−)-lactic acid, or in racemic form, which is a mixture of L (+)-lactic acid and D (−)-lactic
acid [1]. The ratio of each isomer confers different physical properties to the final product,
which makes enantiomeric purity a crucial factor for the industrial production of lactic
acid, such as in the manufacture of biodegradable plastics and polymers such as polylactic
acid [1,2].

Regarding lactic acid production, it can be mainly obtained by two routes:

i. chemical synthesis from non-renewable sources, such as coal, petroleum products
and natural gas. In this case, it is mainly based on the hydrolysis of lactonitrile by
strong acids, but it can also include base-catalyzed degradation of sugars, oxidation
of propylene glycol, hydrolysis of chloropropionic acid, oxidation of propylene
by nitric acid and reaction of acetaldehyde, carbon monoxide and water at high
temperatures and pressures [2,3]; and secondly by

39



Water 2021, 13, 1572

ii. fermentation, from different renewable substrates, such as starchy materials (e.g.,
corn, maize, rice, rye, wheat, potato, barley and cassava), lignocellulosic biomass
(from agricultural, agro-industrial and forestry sources), microalgae, food waste
(e.g., vegetables, meat, etc.) and glycerol [4]. Low temperatures, low energy
consumption, better environmental concerns and high purity are some of the
advantages of the fermentative route over chemical synthesis [5]. Consequently,
90% of lactic acid production is done by fermentation, since pure lactic acid can
be obtained, whereas the chemical synthesis it always gives a racemic mixture [6].
Moreover, the fermentation route is considered a “bio-refinery” alternative, which
relies within the circular economy approach.

Furthermore, lactic acid is a worldwide consolidated bioproduct. The industrial
interest of lactic acid is widespread, as it is used in different sectors, such as the food
and pharmaceutical industries, especially the L (+)-lactic acid isomer; meanwhile, the
D (−)-lactic acid isomer is considered harmful to humans and can cause acidosis or de-
calcification in high doses [4,6–9]. For instance, lactic acid presents a large demand share
in the food industry (35%) as an acidulant, due to its mild acid taste compared to other
acids used in food, and as a preservative in olives and pickled vegetables. It is also used
as a flavoring agent, pH regulator and inhibitor of residual bacteria in food processing,
such as in candies, breads, soft drinks, beer and other products. Moreover, it is an essential
ingredient in fermented foods, such as yogurt, butter and canned vegetables. In the
pharmaceutical industry, lactic acid is used in implants, pills, dialysis, surgical sutures and
controlled drug-release systems; meanwhile, in the cosmetic industry, lactic acid is used in
the manufacture of hygiene and aesthetic products due to its moisturizing, antimicrobial
and rejuvenating properties on the skin, as well as in oral hygiene products [1,9].

On the other hand, although the market of lactic acid is constantly growing, its produc-
tion by fermentation presents two main bottlenecks: (i) the cost of carbon sources and (ii)
the cost of sterilization and downstream separation and purification processes [3,10]. The
former limitation can be solved by using low-cost and renewable substrates as mentioned
above, but they must be saccharificated by physicochemical and enzymatic treatments
before use them as a carbon source [11]. The conventional lactic acid recovery is carried
out by chemical precipitation. Nowadays, several techniques have been reported on the
separation of lactic acid produced in the fermentation broth without precipitation such
as diffusion dialysis, solvent extraction, direct distillation, liquid surfactant membrane
extraction, adsorption, chromatographic methods, ultrafiltration, reverse osmosis, drying
or electrodialysis with monopolar and bipolar membranes [12]. Among them, ion-exchange
technology, using resins, can be proposed to recover lactic acid from fermentation media,
improving the later weakness; since it is an in situ recovery technique with potential to not
only recover lactic acid but also release product inhibition [13].

The recovery of lactic acid obtained by fermentation media or from synthetic solutions
has been studied by different authors over the years [14–29]. In these studies, the most
commonly used resin was Amberlite IRA 400 [16–18,23,27,28]. The IRA 400 is a gel-type
strong base resin, with quaternary ammonium groups. For instance, Moldes et al. [16,18]
tested four ion-exchange resins types (Amberlite IRA 900, IRA 400, IRA 96 and IRA 67)
for lactic acid recovery from simultaneous saccharification and fermentation (SSF) media.
Among them, Amberlite IRA 400 and IRA 900, both strong anion exchange resins, showed
the highest capacities for lactic acid recovery. Moreover, the Amberlite IRA 400 resin was
selected for intermittent lactic acid separation in a typical SSF process, in which pretreated
wood was saccharified by cellulases in the presence of Lactobacillus delbrueckii [16]. Weak
anion exchange resins, such as IRA 96 [16,18,24,27] and IRA 67 [16,18,27,29], were also used.
For instance, Ahmad et al. [29] proposed the extraction of lactic acid from the fermentation
broth by a weak anion exchanger, Amberlite IRA 67, followed by a cation exchanger,
Amberlite IR 120. They observed that the maximum adsorption capacity of lactic acid
(150 mg/g) was observed with weak anion resin at an initial pH of 3. Lastly, other resins
found in the literature for lactic acid recovery were Indion 850, Indion 860, Indion 810,
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Indion 190 (the first two resins are weak base macroporous and the last two are strong
base microporous) [21] and resins from Chinese companies (such as D314, D311 and 331
from Anhui Sanxing Resin Technology Co. (Hochi, Anhui, China); 313, D301 and D319
from Suqing Group (Jinagsu, China); D302 and 201 × 4 from Nansen Hangzhou Water
Treatment Equipment Co. (Hangzhou, China) [25]; D354, D380, D941, D396 and D293
from Zhengzhou Qinshi Science and Technology Development Co. (Henan, China); and
resins D301, D315, 335, D201 and 717 from Shanghai Zhenhua Technology Development
Co. (Shanghai, China) [26]).

In view of the aforementioned, the aim of this study is to evaluate novel types of
anionic exchange resins for the lactic acid recovery: one strong base with quaternary
ammonium groups gel-type resin (A200E), one weak base containing tertiary amine groups
resin with macroporous structure (A100), a weak base macroporous resin containing
mixtures of quaternary ammonium and tertiary amine groups (MP64) and a free base
macroporous hyper-crosslinked resin containing tertiary amine groups (MN100) in order
to evaluate the sorption of lactic acid from water. It should be highlighted that this is
the first time that these resins have been evaluated for the recovery of lactic acid. First,
sorption optimization was carried out by surface response methodology, being the pH,
resin/lactic acid solution ratio and contact time the independents variables. Then, the
lactic acid sorption was fitted by different isotherm and kinetic models. Finally, the
desorption process was also evaluated changing the type of regenerant, contact time and
resin/regenerant ratio.

2. Materials and Methods

2.1. Reagents

Synthetic solutions were prepared by mimicking fermentation media with L (+)-lactic
acid (C3H6O3, 85%) purchased from Sigma-Aldrich. Hydrochloric acid (HCl, 37%) was
used for resin conditioning and sodium hydroxide (NaOH, 98%) was used for pH adjust-
ment and desorption step, both were supplied by Panreac (Barcelona, Spain). Moreover,
sodium hydrogen carbonate (NaHCO3, 99% from Fluka (Madrid, Spain)), anhydrous
sodium carbonate (Na2CO3, 99.8% from Panreac (Barcelona, Spain)) and methanosulfonic
acid (CH4O3S, 99% from Sigma-Aldrich (Madrid, Spain)) were used as reagents in the
analytical chromatography analysis.

2.2. Resins

The anion exchange resins used in this work consisted of A100, MN100 and A200E
from Purolite Ltd. (Barcelona, Spain) and MP64 supplied by Lanxess Co. (Cologne,
Germany). Before their use, all resins were converted into Cl− form by washing the resin
sequentially with 1 M HCl solution during 1 h, and then distilled water until pH = 7.
Table 1 shows the main characteristics of the resins.

Table 1. Resins properties tested in this work.

Resin Type
Functional Group

(Capacity)
Ionic Form Matrix Reference

A100 Weak base macroporous Tertiary amine
(1.3 eq./L) Free base Polystyrene crosslinked with

divinylbenzene [30]

MN100 Free base macroporous Tertiary amine
(0.1 eq./L) Free base Hyper-crosslinked

polystyrene–divinylbenzene [31]

A200E Strong base gel
Quaternary
ammonium
(1.3 eq./L)

Cl− Polystyrene crosslinked with
divinylbenzene [32]

MP64 Weak base macroporous
Tertiary/quaternary

amine
(1.3 eq./L)

Free base/Cl− Polystyrene [33]
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2.3. Resin Selection

Batch experiments were carried out with two different lactic acid concentrations (1
and 10 g/L) at pH > pKa lactic acid (about 6) and four resins (A100, MN100, A200E and
MP64) (Barcelona, Spain), using a resin/solution ratio of 0.1 (1 g: 10 mL, w/v) during 24 h
in an overhead shaker (Heidolph Reax 2 from Sigma-Aldrich (Madrid, Spain)). After the
sorption process, resins were desorbed with 1 M NaOH at the same ratio as adsorption
process during 24 h.

2.4. Sorption Process Optimization by Box–Behnken Design

In order to evaluate the optimal sorption capacity and removal efficiency of lactic
acid, a Box–Behnken factorial design was applied [34,35]. For that, an incomplete 33

factorial design was established to obtain theoretical models that define the most favorable
conditions for the removal of lactic acid by using the selected resin. The independent
variables selected were pH of the lactic acid solution (x1), resin/solution ratio (x2) and
contact time (x3); the dependent variables were the adsorption capacity (y1), percentage of
lactic acid removal (y2), desorption capacity (y3), and percentage of lactic acid recovery (y4).
The 15 experiments established by the factorial design were carried out in an overhead
shaker by fixing the lactic acid concentration at 1 g/L. Table 2 shows the variation range
established for the independent variables selected, which were codified between −1 and 1
in order to limit the influence of their magnitudes.

Table 2. Independent and dependent variables used in the Box–Behnken factorial design.

Independent Variables
Units Range of Variation

pH - 4–8
Resin/solution ratio g/mL 0.05–0.15

Contact time h 1–9
Dimensionless, coded independent variables

Nomenclature Definition Range of variation
pH x1 (x1−6)/2 (−1,1)

Resin/solution ratio x2 (x2−0.10)/0.05 (−1,1)
Contact time x3 (x3−5)/4 (−1,1)

Dependent Variables

Nomenclature Units
Adsorption capacity y1 mg/g
Lactic acid removal y2 %
Desorption capacity y3 mg/g
Lactic acid recovery y4 %

The desorption process for the 15 experiments was carried out with 1 M NaOH, at the
same solid/liquid ratio and contact time as for the adsorption process tested.

2.4.1. Sorption Isotherms Models

Different isotherms were used to study the sorption process at the equilibrium con-
dition as described in previous works [36]. For instance, the Langmuir isotherm is de-
scribed by Equations (1) and (2) [37], the Freundlich isotherm by Equation (3) [38], the
Dubinin–Radushkevich isotherm by Equations (4) and (5) [39] and the Temkin isotherm by
Equations (6) and (7) [40]. All of these equations have been used in this work in order to
evaluate the isotherm model that fitted better under the optimal operational conditions
previously predicted by the Box–Behnken model. This equilibrium study was carried out
by using different initial concentrations of lactic acid, namely 10, 6, 4, 2, 1, 0.5 and 0.1 g/L,
and a contact time of 24 h, taking into account the optimal pH and resin/lactic acid solution
ratio obtained in the previous stage with the design model.

1
qe

=
1

qmKLCe
+

1
qm

(1)
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RL =
1

1 + KLC0
(2)

ln qe = log KF +
1
n

ln Ce (3)

ln qe = ln qm − β

[

RT ln
(

1 +
1

Ce

)]2
(4)

E =

√

1
2β

(5)

qe = B1 ln KT + B1 ln Ce (6)

B1 =
RT

b
(7)

In these equations, qe (mg/g) is the resin capacity at equilibrium and qm (mg/g) is the
maximum theoretical capacity that can be reached; C0 (mg/L) and Ce (mg/L) are the initial
and equilibrium lactic acid concentration in the aqueous phase, respectively; KL (mg/L) is
the Langmuir equilibrium constant and RL is a dimensionless equilibrium parameter; KF

(L/g) is related to the adsorption capacity, and n is associated with the sorption intensity
(g/L). In addition, (mol2/J2) is a constant related to the sorption energy, R (8.314 J/mol
K) is the ideal gas constant; T (298.15 K) is the temperature of sorption; and E (kJ/mol)
is the mean free energy of adsorption per molecule of adsorbate when transferred to the
surface of the solid from infinity in solution. Finally, KT (L/mg) is the equilibrium binding
constant (maximum binding energy); B1 (J/mol) is related to the heat of sorption; R is the
universal gas constant (8.314 J/mol K); T is the temperature at 298 K; and b is the Temkin
isotherm constant.

2.4.2. Adsorption Kinetic Models

In addition, at the optimal operational conditions predicted by the Box–Behnken
model, a kinetic study was carried out and the experimental data obtained were adjusted
to four kinetic models described in previous works [41,42]. The pseudo-first order ki-
netic model is described by Equation (8) [43], the pseudo-second-order kinetic model by
Equation (9) [44], Chien–Clayton kinetic model by Equation (10) [45] and intraparticle
diffusion model by Equation (11) [46]. In this work, the kinetic study was developed by
using different contact times, namely 0, 2, 4, 6, 8, 10, 12, 14, 20, 30, 40, 50, 60 and 90 min,
and an initial lactic acid concentration of 1 g/L at the optimal pH and resin/lactic acid
solution ratio obtained in the previous stage with the design model.

log(qe − qt) = log qe −
K1

2.303
t (8)

t

qt
=

1
K2q2

e
+

1
qe

t (9)

qt =
1
β

ln(αβ) +
1
β

ln t (10)

qt = KPt0.5 + C (11)

In these equations, qe (mg lactic acid/g resin) and qt (mg lactic acid/g resin) are the
amount of adsorbed lactic acid at equilibrium and at a defined time t (min), respectively;
K1 (1/min) is the rate constant of pseudo-first-order adsorption; K2 (g/mg min) is the
equilibrium rate constant of pseudo-second-order sorption; α (min mg/g) is the initial
sorption rate; β (g/mg) is related to the extent of surface coverage and activation energy
for chemisorption; KP is the intraparticle diffusion rate constant (mg/g min0.5); and C is
the intercept (mg/g), and it is related to the thickness of the boundary layer.
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2.5. Desorption Process Optimization

Desorption step was evaluated by changing (i) the type and concentration of regen-
erant: NaOH (0.1, 0.5 and 1 M), ethanol (0.1, 0.5 and 1 M) and equimolar mixture of
NaOH/ethanol (0.1, 0.5 and 1 M); (ii) the contact times of 2, 4, 6, 8, 10, 12, 14, 20, 30, 40,
50, 60 and 90 min, as well as 2, 4, 6, 8 and 24 h; and (iii) the resin/regenerant ratio (w:v,
g/mL) at 0.075, 0.15 and 0.3. Table 3 shows the experimental design to evaluate the type
and concentration of the regenerant, contact time and ratio in the desorption process of
lactic acid, fixing the adsorption conditions predicted by the Box–Behnken model.

Table 3. Study of the desorption process changing the type and concentration of regenerant, contact time and the solid/liquid ratio.

Sorption Process Desorption Process

Initial Lactic
Acid (g/L)

Solid/Liquid Ratio
(g/mL)

Contact
Time

Ratio Solid/Liquid
(g/mL)

Contact Time Parameter Tested

1 0.15 30 min
0.15 30 min Type and concentration of the regenerant
0.15 2 min–24 h Contact time

0.075–0.3 30 min Solid/liquid ratio in desorption

2.6. Data Analysis

Sorption and desorption capacities were calculated following the procedure described
elsewhere [47]. The resin sorption capacity (qads, mg lactic acid/g resin) was calculated by
Equation (12), and Equation (13) was applied to determine the percentage of lactic acid
removed from the solution:

qads (mg/g) =
(C0 − Ce)·Vsolution

resin mass
(12)

Sorption (%) =
(C0 − Ce)

C0
·100 (13)

where C0 is the initial concentration of the lactic acid (mg/L), Ce is the lactic acid at the
end of sorption (equilibrium) (mg/L), Vsolution is the volume of lactic acid solution used for
sorption (L) and resin mass is the amount of resin mass used for the experiments (g).

On the other hand, the resin desorption capacity (qdes, mg lactic acid/g resin) is
described by Equation (14):

qdes (mg/g) =
Ce·Vregenerant

resin mass
(14)

where Ce is the lactic acid concentration at the end of desorption process (mg/L), Vregenerant

is the volume of regenerant (e.g., NaOH) used for desorption (L) and mass resin is the
amount of mass resin used for the experiments (g).

Consequently, the percentage of lactic acid recovery can be established by the relation-
ship between adsorption capacity and desorption capacities of the resin. This parameter
(lactic acid recovery percentage, %) was calculated by Equation (15):

Recovery (%) =
qdes

qads
·100 (15)

where qdes is the desorption capacity (mg/g) and qads is the sorption capacity (mg/g),
described in Equations (14) and (12), respectively.

2.7. Analytical Methodology

Lactic acid was determined by cationic and anionic chromatography systems (Dionex
ICS-1000 and ICS-1100, respectively) supplied by Thermo-Fisher Scientific (Barcelona,
Spain). Both devices were controlled by Chromeleon chromatographic software from
the same company. Moreover, a CS16 column (5 × 250 mm2) and an AS23 column
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(4 × 250 mm2) with their precolumns (CG16 (5 × 50 mm2) and AG23 (4 × 50 mm2))
(Dionex, Barcelona, Spain) were used for cation and anion determination and quantifica-
tion, respectively. The mobile phase used for each system was 0.03 M CH4O3S for cation
equipment and 0.8 mM NaHCO3 and 4.5 mM Na2SO3 for anion apparatus. Before ion
chromatography analyses, the samples were filtered by using a 0.22 µm filter.

2.8. Statistical Analysis

Triplicate experiments were performed in order to increase the accuracy of the results.
Thus, data are reported as the mean ± standard deviation of triplicate determinations.
Data were subjected to analysis of variance (Fisher’s F-test and Student’s t-test) performed
by using the excel statistical software package. Significant differences were assessed at
p < 0.05.

Moreover, the experimental data obtained in the sorption process were analyzed
by using the response surface method with Design-Expert® Version 12 (Stat-Ease, Inc.,
Minneapolis, MN, USA) by fitting the results obtained to a quadratic function shown in
Equation (16):

y = β0 + β1 x1 + β2 x2 + β3 x3 + β12 x1x2 + β13 x1x3 + β23 x2x3 + β11 x1
2 + β22 x2

2 + β33 x3
2 (16)

where y is the dependent variable of each experiment (adsorption capacity, lactic acid
removal, desorption capacity and lactic acid recovery); βi represents the regression coeffi-
cients, which were calculated from experimental data by performing multiple regressions,
using the least-squares method; and xi represents the independent variables of this study
(pH, solid/liquid ratio and contact time).

3. Results and Discussion

3.1. Ion-Exchange Resins Screening for Lactic Acid Extraction

For the selection of the anion exchange resin, the results of the sorption capacity
and percentage of lactic acid extracted were obtained in relation to the sorption process
(represented in Figure 1a,b, respectively). On the other hand, for the desorption process,
desorption capacity and percentage of lactic acid recovery were calculated and plotted in
Figure 1c,d, respectively. For each resin, initial concentrations of 1 and 10 g/L of lactic acid
were tested.

The sorption capacity was 5.6 ± 0.3 mg/g (average) for all anion exchange resins
tested at 1 g/L of lactic acid, whereas it increased up to from 34.3 mg/g, using the MN100
resin, to 57.5 mg/g for A100 resin. The same behavior was observed for the desorption
capacity, being a minimum desorption capacity of 4.0 ± 0.4 mg/g (average) for 1 g/L of
lactic acid and a maximum of 39.1 mg/g at 10 g/L for A100 resin. Although at 10 g/L of
lactic acid, both sorption and desorption capacities varied slightly according to the type of
resins, they were not significantly different (p > 0.05).

Regarding to the lactic acid extraction, A100, MN100 and A200E resins provided the
maximum value of 81.3 ± 1.2% (average) at 1 g/L. At 10 g/L of lactic acid, A100 and A200E
resins achieved values about 50–60%, whereas the lactic acid extraction value decreased
up to 36.5 ± 1.7% (average), using the MN100 and MP64 resins. This fact may be due to
the fact that the former resins are made of a polystyrene crosslinked with divinylbenzene
matrix, while the latter resins are only based on a polystyrene matrix.

Finally, the lactic acid recovery was practically the same, 67 ± 6.1% (average), re-
gardless of the concentration of lactic acid used (1 or 10 g/L). Although, there were no
significant differences between the resins evaluated (p > 0.05), the resin that reported the
best recovery values, for both concentrations of lactic acid, was the A100 resin. Therefore,
only this resin was used in the following assays.

To our knowledge, the resins tested in this work were not studied for lactic acid sorp-
tion/desorption previously. For instance, resins A100, MN100 and MP64 have been applied
for the recovery of metals [48], halogenated compounds [49], aurocyanide extraction [50],
natural organic matter [51,52], dissolved organic matter removal [53] and humic substances
removal [54], but no for lactic acid recovery.
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Figure 1. Resin selection based on (a) sorption capacity, (b) lactic acid removal, (c) desorption capacity and (d) lactic acid
recovery at 1 and 10 g/L of initial lactic acid concentration. Different letters at the same lactic acid concentration indicate
significant differences (p < 0.05).

However, the removal efficiency of lactic acid as function of different lactic acid con-
centrations was also studied by other authors, by using other resins. For example, Luongo
et al. [27] observed that lactic acid removal efficiency decreased from 68% to 27% at the
same time as the initial lactic acid concentration increased from 1.4 to 18.0 g/L, using
Amberlite IRA 900 resin at 30 ◦C. Moreover, Amberlite IRA 400 showed a significant de-
crease from 71% to 32% in the lactic acid removal efficiency at the same temperature, when
increasing the initial lactic acid concentration. Instead, the weak anionic resins, Amberlite
IRA 96 and Amberlite IRA 67, showed minimal changes in the removal efficiencies at the
tested initial lactic acid concentrations. Similarly, in this work, lactic acid removal and
recovery decreased when increasing the initial lactic acid concentration from 1 to 10 g/L
(Figure 1b,d). Otherwise, adsorption and desorption capacities increased when testing
higher initial lactic acid concentration (Figure 1a,c).

3.2. Optimization of Sorption Process for Lactic Acid Recovery Using Response Surface Methodology

The set of experimental conditions assayed (expressed as coded variables) and the
experimental data obtained for the dependent variables y1 to y4 are shown in Table 4.

As can be seen in Table 4, the maximum lactic acid removal value from the Box–
Behnken factorial design was 85.3% (Experiment 8), achieved with pH = 4 (low value),
ratio 0.15 g/mL (high value) and contact time of 5 h (intermediate value).

In regards with capacities, both sorption and desorption, Experiment 1 (pH 4, ratio
0.05 g/mL and time 5 h) presented better results than Experiment 8 (pH 4, ratio 0.15 g/mL
and time 5 h). The only difference between these two experiments was their solid/liquid
ratio, where Experiment 1 was carried out with a ratio of 0.5 g: 10 mL, while Experiment
8 with a ratio of 1.5 g: 10 mL, meaning that the later test did not have enough lactic acid
solution for a larger amount of resin. Furthermore, a clear positively trend, based on
sorption capacity, can be seen when the solid/liquid ratio tested was the lower. Therefore,
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experiments with a ratio of 0.05 g/mL were best suited to sorb and desorb lactic acid in a
more efficient manner, with a sorption capacity range between 21 and 28 mg lactic acid/g
resin and a desorption capacity range between 17 and 20 mg lactic acid/g resin.

Table 4. Coded independent variables (pH (x1), solid/liquid ratio (x2), contact time (x3)) values
considered in this study and experimental results obtained for all dependent variables: sorption
capacity (y1), removal of lactic acid (y2), desorption capacity (y3) and recovery of lactic acid (y4).

Experiment Independent Variables (Coded) Dependent Variables

x1 x2 x3 y1 y2 y3 y4

1 −1 −1 0 27.89 68.50 20.22 72.52
2 0 0 0 13.90 73.39 11.47 82.52
3 −1 0 1 16.62 82.30 12.33 74.22
4 0 0 0 13.80 72.75 11.23 81.39
5 1 0 −1 13.26 63.67 11.57 87.26
6 0 −1 1 22.49 59.24 18.79 83.55
7 1 0 1 13.45 64.97 11.83 88.01
8 −1 1 0 11.54 85.27 8.79 76.18
9 0 0 0 13.72 72.35 11.93 86.97

10 0 −1 −1 22.72 59.74 19.08 83.97
11 0 1 1 9.71 76.77 8.04 82.85
12 −1 0 −1 15.60 76.62 12.78 81.94
13 0 1 −1 9.66 76.52 8.15 84.35
14 1 1 0 10.19 73.32 8.13 79.78
15 1 −1 0 21.73 52.19 17.76 81.72

On the other hand, the experiment at conditions of pH 8, ratio 0.1 g/mL and contact
time of 9 h (corresponding to Experiment 7) presented the highest recovery percentage,
reaching 88% of the lactic acid recovery. Compared to the Experiment 8 (at pH 4, ratio 0.15
g/mL and contact time of 5 h), 76% of lactic acid was recovered, but the former experiment
(Experiment 7) was developed at a higher pH, with a lower solid/liquid ratio and with a
longer contact time. Under the above conditions, Experiment 7 reported better results than
Experiment 8 due to the fact that a such high pH, it had more lactate ions in the solution
than Experiment 8, which a pH 4 was very close to the pKa(298K) of lactic acid (HL/L−)
(3.86).

In the case of percentage of lactic acid extracted, the pH (x1) and the solid/liquid
ratio (x2) were the only statistically significant variables (p < 0.05), while the contact time
effect was negligible. For that, the variation of the lactic acid extraction percentage for the
abovementioned independent variables (pH and solid/liquid ratio) as the most statistically
significant, with a fixed contact time (x3) of 1 (Figure 2a), 5 (Figure 2b) and 9 h (Figure 2c),
is showed in Figure 2.

The same trend is observed, in the graphs of Figure 2, where the best percentage of
lactic acid sorption was obtained for the conditions of pH 4 and resin/solution ratio of 0.15
g/mL. Based on these results, it can be established that the highest lactic acid extraction was
achieved for the highest solid/liquid ratio and the lower pH, regardless of the contact time.

Similar findings were reported by Luongo et al. [27]. The effect of pH on the lactic
acid sorption was studied. The two strong anionic resins tested, IRA 900 and IRA 400,
showed a similar trend, both effective at a pH above the pKa (3.86) of lactic acid. At pH
5.0, the highest lactic acid removal efficiency was between 44 and 47% for IRA 900 and
between 49 and 50% for IRA 400, respectively. However, the lactic acid removal efficiency
did not change significantly for pH > 5.0. Otherwise, for the tertiary amine resins, IRA 96
and IRA 67, showed high selectivity at a pH below the lactic acid pKa, reaching both the
highest removal efficiency > 99% at pH 2.0. On the other hand, the contact time for lactic
acid adsorption was established 20 min of operation, regardless of the initial concentration
of lactic acid.
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b)      

c)

a)   

Figure 2. Lactic acid removal as an interaction between the solid/liquid ratio (x2) and pH (x1) setting
time (x3) at (a) 1 h, (b) 5 h and (c) 9 h for A100 resin.

For a tertiary resin (A100), described for simplicity reasons as P-R2N, where P is the
polystyrene divinyl benzene structure and R are the alkyl chains of the tertiary amine
group of the resin, the extraction of lactic acid (HL) could be described by a combination of
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the reactions involving both the solute (Equation (17)) and the adsorbent (Equations (18)
and (19)):

(a) Protonation of the tertiary amine group:

P-R2Nres +H++Cl− <==> P-R2NH+ Cl− res (17)

(b) Adsorption of lactic acid (HL) and lactate anion (L−):

P-R2NH+ Cl− res + L− <==> P-R2NH+ L−
res + Cl− (pH > pKa(HL/L−)) (18)

P-R2NH+ Cl− res + HL <==> P-R2NH+ L−
res + H+Cl− (pH < pKa(HL/L−)) (19)

3.2.1. Lactic Acid Sorption Isotherms

Table 5 shows the equilibrium parameters for A100 tertiary resin, which were calcu-
lated by linear regression, for each isotherm (for average data).

Table 5. Comparison of equilibrium parameters for Langmuir, Freundlich, Dubinin–Radushkevich
and Temkin isotherms.

Langmuir Isotherm Freundlich Isotherm

r2 qm kL RL r2 n kF

(mg/g) (mg/L) (g/L) (L/g)
0.999 22.05 0.003 0.035–0.770 0.984 1.572 0.182

Dubinin–Radushkevich Isotherm Temkin Isotherm

r2 qm E r2 B1 kT

(mg/g) (mol2/J2) (kJ/mol) (J/mol) (L/mg)
0.662 13.02 76.771 0.081 0.858 5.599 0.034

Additionally, Figure 3a shows the good concordance between the experimental and
the theoretical data fitted by the Langmuir isotherm (r2 = 0.999, error 1.7%). The RL value
obtained from the plot of 1/Ce against 1/qe (between 0.035 and 0.770 for 1 to 10 g/L
of lactic acid) indicates that the adsorption is favorable [55]. Moreover, the Freundlich
isotherm is plotted in Figure 3b. The n value reached in this case is 1.572 g/L, which
implies a beneficial adsorption process [56]. However, the r2 value of 0.984 and an error of
19% show that the adsorption process can be explained by a monolayer adsorption process.

The experimental data were not well described with the Dubinin–Radushkevich
and Temkin isotherms (see Table 5) since they yielded an r2 value of 0.662 and 0.858,
respectively. However, the apparent energy of adsorption obtained, 0.081 kJ/mol, indicates
that the adsorption process is physically controlled [57] and the positive value of KT (0.034
L/mg) indicates a favorable adsorption process. Therefore, considering the r2 values and
percentage errors of the studied models (Table 5), the adsorption of lactic acid into the A100
resin is described by the Langmuir isotherm.

Other authors have also obtained good fits of the lactic acid sorption with the Lang-
muir isotherm model [17,18,26,29]. For example, Moldes et al. [18] assessed mathematical
models of lactic acid adsorption, using different anion exchange resins (IRA 900, IRA 400,
IRA 96 and IRA 67). IRA 900 and IRA 400 are strong base resins, both based on quaternary
ammonium groups, but in macroreticular and gel-type, respectively. Otherwise, IRA 96
and IRA 67 are free base resins, both with polyamine groups, also in macroreticular and
gel-type, respectively. In all cases, good agreement was observed between the experimental
and theoretical data predicted by equations for the different isotherms models used; with
values of correlation coefficients (r2) from 0.995 to 0.998. Regarding to adsorption capacity,
IRA 400 provided the lowest value (161 mg/g), while IRA 67 achieved the maximum value
(276 mg/g) for 125 g/L of lactic acid concentration at equilibrium. A similar finding is
obtained in this work, where the adsorption capacity, by Langmuir model was, 22 mg/g
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at 10 g/L (taking into account that in our work the initial lactic acid concentration was 10
times lower).
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Figure 3. Equilibrium plots for the adsorption of lactic acid into the A100 resin: (a) Langmuir
isotherm and (b) Freundlich isotherm.

3.2.2. Lactic Acid Sorption Kinetics

Results of the sorption kinetics, shown in Figure 4, indicates a very fast process. In
less than 5 min more than 80% of the total equilibrium attainment was reached, and 20 min
was time enough for achieving equilibrium attainment.

Table 6 includes the kinetic parameters obtained for the different models used in
this work (for average data). Among the kinetic models tested, it was observed a good
agreement between the experimental (5.45 mg/g) and theoretical (5.46 mg/g) adsorption
capacity data predicted by the equations of the pseudo-second-order model; with a cor-
relation coefficient (r2) value of 1.000. Hence, it can be postulated that the adsorption
process was well described by the pseudo-second-order kinetic model. Data were not well
described by the Chien–Clayton kinetic model reaching the lowest correlation coefficient
(r2 value of 0.71). However, it can be observed that α value predicted (6 × 1020 mg/g·min),
as a measure of the initial sorption rates [41], was very high.
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Figure 4. Variation of the lactic acid concentration on the A100 resin phase as a function of the contact
time (1 g/L of lactic acid, resin/lactic acid ratio of 0.15 g/mL, pH 4).

Table 6. Comparison of kinetic parameters for pseudo-first-order, pseudo-second-order, Chien–
Clayton and intraparticle diffusion kinetic models.

Pseudo-1st-Order Kinetic Model

K1 (L/g·min) qe exp (mg/g) qe calc (mg/g) r2

0.063 5.45 0.13 0.774

Pseudo-2nd-Order Kinetic Model

K2 (L/g·min) qe exp (mg/g) qe calc (mg/g) r2

1.470 5.45 5.46 1.000

Chien–Clayton Kinetic Model

α (mg/g·min) β (g/mg) r2

6 × 1020 9.81 0.705

Intraparticle Diffusion Model

KP (mg/g·min0.5) C r2

0.160 4.87 0.844

The intraparticle diffusion model determines whether the adsorption process is con-
trolled only by intraparticle diffusion or if it involves other phenomena, such as surface
adsorption, ion exchange and complexation [58]. In regard with C value (4.87), obtained
applying this model, it indicates that there are other phenomena, apart from the intraparti-
cle diffusion (C values higher than 0) [41], implicated in the adsorption removal process of
lactic acid (e.g., reactions Equations (17) to (19) proposed for the extraction mechanism).

Halilibrahimoğlu et al. [28] reported that the most favorable kinetic model for lactic
acid recovery from water by Amberlite IRA 400 resin was also determined as pseudo-
second-order kinetic model. Besides, the same results were reported by Zhang et al. [26]
with a weak base anion gel-type resin.

3.3. Optimization of Desorption Process for Lactic Acid Recovery

Three type of regeneration solutions (NaOH, ethanol and a mixture of both) at three
different concentrations (0.1, 0.5 and 1 M) were evaluated in the desorption process of
lactic acid from the A100 tertiary resin. The use of ethanol was based on the search for a
more biocompatible and environmentally friendly solution to regenerate resins, taking into
account that this technology will be used to treat biocompounds. Additionally, the use
of mixtures of aqueous/organic solvents is recommended for the desorption of organic
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solutes from ion-exchange resins. Figure 5a shows the results obtained based on the
desorption capacity. It can be observed that the best results were obtained with the mixture
of NaOH/ethanol 0.5 M (4.75 ± 0.26 mg/g) and 0.1 M (4.61 ± 0.03 mg/g), followed by
NaOH solutions (between 4.34 and 4.45 mg/g), and finally ethanol provided the lowest
desorption capacities (<0.5 mg/g). This fact could be due to the fact that NaOH provides
the necessary cations to regenerate the anionic exchange resin and release the lactate ion,
while ethanol is a neutral molecule that is not able to perform the exchange properly.
Similar results were obtained by other authors; for example, Cao et al. [17] tested organic
solvents (methanol) to elute lactic acid adsorbed on Amberlite IRA 400 at pH 5, since
methanol was a good solvent for washing step and it could reduce the product loss in
washing step. The lactic acid recovery varied from 5.2%, using pure methanol, up to 54%,
using 20% (v/v) methanol. However, Evangelista et al. [59] successfully used methanol as
a regenerant and obtained a completely lactic acid recovery, but with a VI-15 resin. The
VI-15 resin (Riedel-de-Haen, Seelze, Germany) is a copolymer of methylene-bis-acrylamide
and imidazole groups (gel-type), whereas Amberlite IRA 400 is a strong basic gel-type
anion exchange resin with quaternary ammonium groups and the matrix is a polystyrene
divinylbenzene copolymer (macroreticular type). Therefore, different characteristics in the
elution of lactic acid are expected when different types of resins were used.

In regard with the percentage of lactic acid recovery (based on the same average of
adsorption capacity around 5.32 mg/g), it was possible to achieve 89% by using 0.5 M of
the mixture NaOH/ethanol, followed by 87% with 0.1 M of the mixture NaOH/ethanol,
and by the 0.5 M NaOH solution, recovering 86%. Taking into account an industrial point of
view, Table 7 shows a brief economic study that was carried out to select the best regenerant
for lactic acid recovery.

Table 7. Lactic acid recovery as a function of the regenerant type and concentration, as well as
its price.

Type of Regenerant Lactic Acid Recovery (%) Regenerant Solution Cost * (€/L)

NaOH 0.1 M 84.0 ± 1.9 0.16

NaOH 0.5 M 85.6 ± 0.1 0.81

NaOH 1 M 82.3± 3.2 1.62

Ethanol 0.1 M 3.6 ± 0.5 0.24

Ethanol 0.5 M 3.8 ± 0.1 1.21

Ethanol 1 M 2.3 ± 0.7 2.42

Mixture NaOH/Ethanol 0.1 M 86.7 ± 0.7 0.31

Mixture NaOH/Ethanol 0.5 M 89.3 ± 2.5 1.57

Mixture NaOH/Ethanol 1 M 77.5 ± 2.3 3.13
* It is assumed a NaOH and ethanol price of 39.8 €/kg NaOH and 41.6 €/L ethanol, respectively according to a
supplier company (e.g., Vidrafoc) at the lab-scale level.

Among the three best lactic acid recoveries mentioned above, the one that provides
the lowest cost (0.31 €/L) was the mixture of NaOH/ethanol at 0.1 M. However, it was
observed that the lowest price of regenerant solution (0.16 €/L) was from using NaOH
0.1 M. For that reason, with this regenerant solution it could be saved twice for almost the
same lactic acid recovery (84% vs. 87%). Therefore, the 0.1 M NaOH solution was selected
as optimal for the following studies (contact time and solid/liquid ratio effect). This type
of regenerant for lactic acid recovery is in agreement with other published works. For
instance, Chen et al. [14] also used 0.1 M of NaOH solution as regenerant to recover lactic
acid from fermentation of Lactobacillus delbrueckii by polyvinylpyridine resin (a weakly
basic polymer). Additionally, the use of the NaOH cycle is the most efficient extraction
and re-extraction route. However, in the desorption process with NaOH, sodium lactate is
formed instead of lactic acid. The addition of HCl solution to covert the sodium lactate
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in lactic acid is necessary. This conversion could be described by the following equations
(Equations (20) and (21)):

(a) Desorption of lactic acid (HL) with NaOH:

P-R2NH+ L−
res + Na+OH− <==> P-R2Nres + Na+L− + H2O (20)

(b) Conversion of sodium lactate (NaL) to lactic acid (HL):

Na+L− +H+Cl− <==> HL + Na+Cl− (21)
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Figure 5. Effect of (a) type of regenerant, (b) contact time and (c) solid/liquid ratio in the desorption
process of lactic acid by A100 resin.
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Additionally, electrodialysis with bipolar membranes could also be used a downstream
process to produce lactic acid solutions and if required latter being crystallized.

On the other hand, the desorption kinetic assay over 24 h is represented in Figure 5b.
It can be seen that 30 min was sufficient time to achieve 4.62 mg/g as desorption capacity as
well as the maximum lactic acid recovery (about 87%), using 0.1 M of NaOH as regenerant
solution and a resin/regenerant ratio of 0.15 g/mL.

At the end, different resin/regenerant ratios were evaluated with 0.75, 1.5 and 3 g of
resin fixing 10 mL of 0.1 M of NaOH as regenerant solution. These results are plotted in
Figure 5c. It was observed that, for the same volume of regenerant solution, the use of less
resin in the desorption process provided a slight increase in its capacity (being 4.8 mg/g the
maximum). This value was not much higher when using the 0.15 g/mL ratio. Therefore,
the latter is established as the optimum ratio for the desorption process.

This is a preliminary aiming to select the optimal resin and evaluate the behavior
(isotherms and kinetics) with respect to an organic acid in order to apply it to a fermentative
medium that contains competing ions. Therefore, ongoing research focuses on dynamic
experiments, using real solutions.

In the global process of production of lactic acid, from fermentation broths in biotech-
nological reactors, ion-exchange should be considered as a stage with two main objectives:
to selectively extract lactic acid and to reach the maximum concentration factor. It should
be pointed out that that still not full-scale applications are described and then the iden-
tification of efficient ion-exchange resins are still needed. In addition, the integration
of electrochemical membranes process in combination of crystallization could provide a
promising train treatment for lactic acid recovery.

4. Conclusions

Lactic acid is a bioproduct worldwide used in the food, cosmetic and pharmaceutical
sectors, but the bottleneck, from an industrial point of view, is its recovery from fermenta-
tion media. In this work, different anion exchange resins (A100, MN100, A200E and MP64)
were evaluated for lactic acid downstream recovery. Among them, A100 resin, a weak
base macroporous resin, provided the best results based on sorption capacity, lactic acid
removal, desorption capacity and lactic acid recovery at two lactic acid concentrations (1
and 10 g/L). Afterwards, the sorption process was optimized by the Box–Behnken design,
observing the maximum lactic acid removal value (85%) at pH 4, with a solid/liquid ratio
of 0.15 g/mL and with a contact time of 1 h. Moreover, after analyzing the isotherm and
kinetic parameters obtained for lactic acid sorption into A100 resin, it was observed that
(i) the sorption process at equilibrium was well described by the Langmuir isotherm and
was physically controlled; and (ii) the sorption process followed a pseudo-second-order
kinetic model, with the existence of a high concordance between the experimental and
theoretical sorption capacity. Finally, the desorption process optimization was as follows:
resin/regenerant ratio of 0.15 g/mL, during 30 min, with 0.1 M of NaOH solution.
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Abstract: Ball milling and ultra-sonication size reduction procedures were applied to granular fer-
ric hydroxide (GFH) to obtain two micro-sized adsorbents. These two adsorbents and GFH were
investigated to improve the removal of phosphates from water. The size reduction procedures, using
the milling method, allowed a reduction of size from 0.5–2 mm to 0.1–2 µm and total disaggrega-
tion of the GFH structure. Using an ultra-sonication method yielded a final size of 1.9–50.3 µm
with partial disaggregation. The Langmuir model correlated well with the isotherms obtained in
batch equilibrium tests for the three adsorbents. The maximum adsorption capacity (qmax) for the
milled adsorbent was lower than GFH, but using ultra-sonication was not different from GFH. The
equilibrium adsorption of two wastewater samples with phosphate and other anions onto the GFH
corresponded well with the expected removal, showing that potential interferences in the isotherms
were not important. Batch kinetics tests indicated that the pseudo second-order model fitted the
data. Long-term adsorption capacity in kinetics (qe) showed the same trend described for qmax. The
application of milling and ultra-sonication methods showed 3.5- and 5.6-fold increases of the kinetic
constant (k2) versus the GFH value, respectively. These results showed that ultra-sonication is a very
good procedure to increase the adsorption rate of phosphate, maintaining qe and increasing k2.

Keywords: adsorption technology; ultra-sonication; phosphate removal; granular ferric hydroxide;
micro-sized adsorbents

1. Introduction

Several Circular Economy approaches applied to the adsorption of phosphate have
been considered in the literature. These alternatives include the recovery of phospho-
rus and water from several wastewater streams [1–4], the use of low-cost products or
recovered waste as sorbents [5–11], and the study of the re-use of phosphate-loaded
sorbents [2,3,11–13]. To develop these strategies, it is paramount to optimize the perfor-
mance of the sorption process.

Commercial granular ferric hydroxide (GFH) is formed by porous solids that have
demonstrated a very good sorbent capacity for the recovery of phosphates from water
in batch systems [1,12,14–17]. The adsorption of phosphates from aqueous solutions and
wastewaters onto the GFH is usually performed in fixed-bed type contactors [18]. This
system is easily operated, but multiple references show early breakthrough curves of phos-
phate in fixed-bed column assays [14,19,20]. This behavior is linked with sorbent capacities
lower than in batch tests and is attributed to kinetic mass-transfer limitations [11,14,21].
Several ferric hydroxide sizes below the usual GFH size range (1 mm) have been used
as promising materials to increase the kinetics and adsorption capacity of phosphate
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in stirred batch tests, as it happens, for instance, in the case of activated carbon with
micro-contaminants [22,23]. The procedures involved for size reduction of the adsor-
bent include sieving of GFH [24], grinding [1,17], or the synthesis and use of nano-sized
materials [19,24–26]. From these references, only one study was centered in the role of
reduced size particles obtained from the same bulk GFH on the adsorption of phosphate
(equilibrium and kinetics) [17]. This specific study showed that all adsorbents exhibit
similar adsorption capacities at equilibrium and that a reduction of sizes increased the
kinetic constant of the initial sorbents up to 100-fold.

Top-down methods such as high energy ball milling are very effective alternatives that
have been used for size reduction other water treatment materials such as nano-zero valent
iron [27,28] and calcite [29]. Ultra-sonication is another top-down size reduction method
able to produce microparticles and nanoparticles directly from some soft bulk material as
hematitic/goethitic iron ore fines [30], talc [31], or TiO2 [32]. Milling and ultra-sonication
methods have the advantage that the chemistry of the particles will not be altered, hence
bulk and particle adsorbents could be more directly comparable.

Within this context, the aim of this work is two-fold: (i) size reduction of one low-cost
commercial GFH, using ball-milling and ultra-sonication, as a new method, to obtain
low-size adsorbents; and (ii) the comparison of these materials of different sizes in terms of
phosphate adsorption capacity and kinetic behaviour at the laboratory scale. Within this
context, this study aims to understand the effects of size reduction on the improvement of
sorption capacity and/or kinetics.

2. Materials and Methods

2.1. Adsorbent Preparation

The commercial GFH adsorbent used was Ferrosorp GW® (HeGo Biotec GmbH,
Giessen, Germany) with sizes in the range of 0.5–2 mm. This kind of adsorbent mainly
consists of Fe(OH)3 and is obtained from an industrial low-cost product [12].

Two methods were used for the size reduction of the GFH solid.
The first method involved a two-step milling process, in which the first step consisted

of dry milling, using a hammer mill (MF 10 basic microfine grinder drive, IKA-Werke
GmbH, Staufen Germany) at 6000 rpm. Then, 250 g of the GFH sample was passed through
this mill three times and sieved at 100 µm. In the second milling step, 6 g of this pre-milled
sample was placed in a 250 mL carbon steel vial, alongside 200 g of S110 spherical high-
carbon steel shots (Pometon S.p. A, Italy) and 150 mL of DI water. The material was milled
at 250 rpm for 5 h using a Planetary ball mill (Fritsch GmbH, P-5, Mahlen und Messen,
Germany). After milling, the slurry was separated from the steel grinding balls using
a 75 µm sieve. The retained material was washed several times with DI water over the
recovered slurry until reaching a final volume of 500 mL. The slurry was dried overnight in
an oven at 100 ◦C (J.P. Selecta, Digiheat, Abrera, Spain) and the dry solid was disaggregated
using an agate mortar. This milled solid is referred to as OF-M in the present work.

The second method used for the size reduction was disaggregation by ultrasonic
waves. For this purpose, around 5 g of solid GFH was mixed with DI water in a 250–500 mL
volumetric flask and sonicated for 5 min at 20 kHz in a lab ultrasonic cleaner (ATU
Ultrasonidos, ATM40-2L-CD, Paterna, Spain). The suspension was centrifuged at 4000 rpm
for 5 min to remove supernatant water. The solid was dried and disaggregated like in the
milling method (see above). The dry particles obtained from this ultrasonic-based protocol
are referred to as OF-U.

2.2. Characterization of Adsorbents

The content of total iron and calcium in the GFH sample was determined by sieving the
dried solid below 40 µm and sampling 50 mg for acid digestion using HCl 30% Suprapure®

(Supelco, Germany). After filtering the digested solid with a 0.45 µm filter, the total iron and
calcium contents were obtained using an AAS instrument (Analytik Jena GmbH, contrAA
800, Jena, Germany).
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The general morphology and individual particle size were studied by scanning elec-
tron microscopy (SEM) (Zeiss, Gemini ultra plus, Jena, Germany) equipped with energy-
dispersive X-ray spectroscopy (EDS) (Oxford Instruments, X-MAX 50 mm2, Abingdon,
UK). Sample preparation involved two steps: (I) deposition and room evaporation over
aluminium pins, and (II) sample metallization with Au-Pd 30 s at 18 mA (Quorum, Emitech
SC7620 mini sputter, Laughton, UK).

The suspensions’ granulometry was analysed using laser diffraction spectrometry
for the OF-M samples (Beckman Coulter, LS 13320, Brea, CA, USA) and with a Malvern
Panalytical Mastersizer 3000 (Malvern Panalytical Ltd., UK) for the OF-U samples in
DI water.

The nitrogen Brunauer–Emmett–Teller (BET) specific surface area (SSA) was measured
(Micromeritics ASAP 2020, Aachen, Germany). Degassing was carried out for several hours
at a maximum temperature of 100 ◦C. Sample preparation for this analysis involved drying
1 g of the slurry. It was performed at 60 ◦C in a biological incubator (Raypa, Incuterm Digit,
Terrassa, Spain) for 72 h. Thereafter, a dried cake was obtained, which was crushed to a
fine powder using a manual agate mortar. The above-mentioned drying procedure was
performed in a negative pressure lab cabinet to avoid exposure to nanopowder.

The zeta potential of 1 g/L suspensions of OF-M and OF-U was measured using 0.01 M
analytical grade NaCl (Panreac, Spain) at equilibrium pH and dynamic light scattering
detection (Brookhaven Instruments, NanoBrook Zeta Pals; Holtsville, NY, USA).

The pH of the point of zero charge (PZC) of GFH was evaluated via the immersion
technique [33] using 25 g/L suspensions with an initial pH adjusted in the range of 3–12
with analytical grade hydrochloric acid (HCl) or sodium hydroxide (NaOH) (Panreac,
Spain), as measured with a pH-meter (Crison, GLP 22, Alella, Spain).

2.3. Batch Adsorption Procedure

Phosphate test solutions were prepared by weighing K2HPO4 analytical grade (Schar-
lau, Spain). The dissolutions and dilutions were performed using deionized (DI) water
(Merck-Millipore, Elix 70, Darmstadt, Germany). The pH was adjusted to 8.0 using HCl.
This initial value of pH was chosen as a compromise between the buffer capacity of phos-
phate and the observed equilibrium pH. In this way, the theoretical predominant speciation
of phosphate in all the synthetic samples was HPO4

2−. Phosphate equilibrium adsorp-
tion with GFH was also tested in two types of treated wastewater. The first wastewater
(MR-1) was generated during the cleaning operation with phosphate products in a pig
slaughterhouse and the treatment of water applied consisted of coarse and fine screening,
homogenization, flotation, and nitrification-denitrification biological treatment. The second
wastewater (MR-2) was obtained from a truck cover manufacturing textile company in
which phosphate was associated with manufacturing process and cleaning operations.
Treatment for MR-2 included physicochemical treatment, secondary biological treatment,
and tertiary treatment with activated carbon.

Equilibrium and kinetic batch tests were performed by placing 50 mL of the phosphate
dissolutions in Falcon tubes with different weighted amounts (Sartorius AG, Practum
513-S, Göttingen, Germany) of each adsorbent at room temperature. Then, stirring at
8 rpm (Heidolph GmbH, REAX 20, Schwabach, Germany) was performed under dark
conditions. After stirring the mixtures, the suspensions were centrifuged (J.P. Selecta,
Centronic-BLT, Abrera, Spain) at 4000 rpm for 5 min. The supernatant solution was filtered
with a regenerated cellulose (RC) 0.2 µm filter and analyzed using ion chromatography
(Dionex, ICS 2100, Sunny Valley, OR, USA) with a 4 × 250 mm Ion Pac AS19 Column. The
analysis method used 1 mL/minute of the generated KOH mobile phase with a gradient
of 10–35 mM. The quantitation limit of the method was 0.5 mg PO4

3−/L. All masses of
phosphate in the present work are expressed as mg PO4

3−.
The adsorption of phosphate onto the materials was calculated from the following

mass balance equation:

q =
(Co − C)·V

m
(1)
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where q is the amount of phosphate adsorbed onto the solid at time t (mg/g); Co and C
are the phosphate concentrations at time zero and at time t (mg/L), respectively; V is the
volume of dissolution in the batch experiment (L); and m is the mass of the solid adsorbent
in the experiment (g).

The removal of phosphate, η (mass %), is given in Equation (2) and can also be
expressed in terms of batch experiment conditions using Equation (1):

η =
100·(Co − C)

Co
=

100·m·q
V·Co

(2)

Equilibrium batch tests were performed using replicate experiments of phosphate
dissolutions (10, 20, 33, 50, 90, and 150 mg/L) with different weighed amounts of the three
adsorbents (1, 2, and 3 g/L) for 120 h. The wastewater samples were filtered with a 0.45 µm
nylon filter before the equilibrium experiment, which was performed with 2 and 3 g/L
of GFH for 120 h and analyzed by ion chromatography, as mentioned before. Chloride,
nitrate, and sulfate concentrations were also determined to check potential competition of
these frequent anions with phosphates.

Freundlich (Equation (3)) and Langmuir (Equation (4)) isotherms were used to fit
experimental equilibrium data Ce and qe (obtained from the corresponding equilibrium
using Equation (1)). These models have been originally applied in the literature [34,35].

qe = KF· Ce
1/n (3)

qe = qmax·
Ce·b

1 + b·Ce
(4)

where KF (mg1−1/n·(L)1/n/g) and n are the constants of the Freundlich model that can be
obtained by fitting log Ce versusvs log qe. In the Langmuir isotherm, qmax is the maximum
adsorption capacity (mg/g) and b is the binding constant (L/mg). Both parameters can be
obtained by rearranging Equation (4):

Ce

qe
=

1
qmax·b

+
Ce

qmax
(5)

The theoretical calculation of phosphate removal was performed from the equilibrium
concentration of GFH isotherm using Equations (1), (2),) and (4), coded into a Microsoft
Excel™ spreadsheet.

The kinetic behaviour of the three adsorbents was determined through duplicate
kinetic batch tests with 2 g/L of the materials and 30 mg/L phosphate, whichthat is
the minimum expected concentration in the wastewater to be analyzed. Test tubes were
extracted after 1, 2, 3, 4, 5, 6, 22, 24, 27, 48, 52, 72, 75, 96, 144, and 168 h of contact time.

Pseudo first- (Equation (6)) and pseudo second-order (Equation (7)) models were
employed to identify batch kinetics:

q = qe·(1 − exp(−k1·t)) (6)

q =
k2·qe

2·t
1 + k2·qe·t

(7)

where k1 is the first-order kinetic constant (h−1) and k2 is the second-order kinetic constant
(g/mgh).

The corresponding linear forms of pseudo first- and pseudo second-order are as
follows, respectively:

Ln
(

qe − q
)

= Ln
(

qe
)

− k1·t (8)

t
q
=

1
k2·qe

2 +
t

qe
(9)
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Pseudo second-order kinetics model (Equation (7)) could be linearized up to five
different linear forms [36]. Regression using the linear form given in Equation (9) is the
most used for phosphate kinetic studies [7–10,15]. This linear form could predict qe very
well, but several references [36–38] indicate that this linearization could be inappropriate
to obtain a good value of k2 and the initial adsorption rate value (k2·qe2). In order to
investigate this question, non-linear models using Equation (7) were applied [39]. The
methodology used for non-linear regression consisted of the direct fitting of n data pairs
(ti, qi) to Equation (7) using the values of qe and k2 that minimize the sum of squared
errors, SSerr.

SSerr = ∑
n
i=1[qi − q]2 (10)

The Solver function in Microsoft Excel™ software with the GRG Nonlinear solving
method was used to minimize SSerr as the objective function to obtain the fitted qe and k2. The
qe and k2 results obtained in the linear model were used as a starting point for iteration.

2.4. Statistical Analysis

Two statistical methods were used to compare the fitting slopes parameters (m) used
in linear models (Equations (5) and (9)) in order to investigate the effects of size reduction
on qmax and qe.

The first method was to obtain the 95% confidence interval (CI) for m, CIm, which is
given by the following:

CIm = m ± t(0.025, n−2)·se (11)

where t(0.025,n−2) is the two-tailed Student’s t-test value for a significance level of α = 0.05
and n − 2 degrees of freedom (n is the number of fitting points), and se the standard error
for the slope m. The extremes of this interval are the lower and the upper confidence levels
(LCL and UCL, respectively). The comparison of these CIm allows detecting the absence
of overlap between the adsorbents, and thus confirming the difference between the slope
fitting parameters (m).

The second method used was the comparison of the slope parameters of two exper-
iments incorporating a dichotomous (dummy) independent variable, D, [40–43]. This
D variable allows the combination of two sets of experimental data that correspond to
the two categories (e.g., comparison of kinetics from GFH and OF-U adsorbents using
Expression (9)), extending the linear model to a multilinear model in the following form:

Yi = bo + b1·Xi + b2·Di + b3·Di·Xi + error (12)

where Yi and Xi are the linearized data values of the two sets of data (e.g., ti/qi and ti for
GFH and OF-U kinetics). The variable Di takes the value of zero for the data points of the
set of reference (e.g., GFH adsorbent) and the value of 1 for the other set of data points
(e.g., OF-U).

Testing the statistical significance of b3 parameter in this model, it is possible to know
if the slopes of the two sets are equal. In the case where the CI of b3 contains the zero, the
hypothesis that the slopes of the two sets are equal cannot be rejected.

In both methods, the fitting calculations and statistical values were obtained using the
LINEST function in Microsoft Excel™ software.

3. Results and Discussion

3.1. Characterization of Adsorbents

The total iron and calcium contents measured in dry GFH were 37.1% (weight to
weight) and 6.3%, respectively. These values correspond to 71.0% Fe(OH)3 and 15.6%
CaCO3, respectively. The sorbents used in the present paper are said to be formed by
Fe(OH)3 and calcite [12]. Therefore, these two compounds would explain more than 85%
of the composition of the GFH.

SEM microphotographs of GFH show different superficial structures: big boulders in
blue, flake crystal clusters in red, and intricate globular aggregates resembling broccoli in
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green (Figure 1b). The structures of the granulated material are lost in the milled material
with a size of approximately 100 nm (yellow circles in Figure 1c). Parent material structures
are still maintained in the case of ultra-sonication, with sizes of a few microns (Figure 1d).

Figure 1. Scanning electron microscopy (SEM) microphotographs (a,b) granular ferric hydroxide (GFH), (c) OF-M (milled),
and (d) OF-U (ultra-sonicated). See main text for explanation of coloured circles.

A summary of the other properties of the materials is shown in Table 1. More detail on the
granulometry and BET measurements can be found in the Supplementary Materials (SM).

Table 1. Size, Brunauer–Emmett–Teller (BET) area, and zeta potential at equilibrium pH. GFH,
granular ferric hydroxide.

GFH OF-M OF-U

Size 1 (µm) 500–2000 2 0.1–2 1.9–50.3

BET Surface Area (m2/g) 199.7 98.4 160.2
t-plot Micropore Area (m2/g) 20.9 0 4.3

Zeta Potential 3 (mV) −8.4 ± 2.8 −9.5 ± 1.0 −8.4 ± 1.9
Equilibrium pH 8.59 9.41 9.43

1 Range p10 to p90 in volume, 2 manufacturer information, 3 average ± standard deviation.

Size measurements of the OF-M and OF-U in suspension (Figure S1a,b in Supplemen-
tary Materials) using DLS (giving the size range between the 10th and 90th percentiles)
showed that the milling system worked better for size reduction than the sonication system.
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These DLS-based results were confirmed with SEM, although DLS showed possible
agglomerations around 2 µm in the OF-M suspensions that were not found using SEM
(Figure 1c).

The GFH BET surface area was within the same range as found in the literature
(120–300 m2/g) [1,14,15,17,18,44,45]. Comparing the three materials shows the destruction
of the BET surface area with size reduction, including an important loss of micropore
area, which is 100% in the case of the milled material. The adsorption isotherms of the
three materials (Figure S2a–c, in Supplementary Materials) have a similar shape with an
important hysteresis and sudden increase of adsorption at high pressures, indicating the
presence of a significant amount of mesopores. These results are consistent with the SEM
morphology (Figure 1) and indicate that, although milled particles (OF-U) were smaller,
the change in surface area is linked to the loss of internal surface and not to an increase in
surface area due to size [46].

The zeta potentials at equilibrium pH were very low and similar for all three materials,
indicating a slight positive charge of the solid surface, matching the low stability of the
suspension (easy sedimentation).

A plot of the change in pH (∆pH) versus the initial pH for the PZC calculation of the
GFH sample shows a very good linear relationship (Supplementary Materials, Figure S3).

pHPZC, i.e., the pH that showed no variation of pH (∆pH = 0), was equal to 8.43.
While these values are slightly higher than those reported for akaganeite, which fall within
the range of 7.5–8 [14], pHPZC in the GFH sample was very close to equilibrium for zeta
potential measurement (see Table 1).

3.2. Effect of Particle Size on Adsorption Isotherm

While both the Langmuir and Freundlich models were able to produce acceptable fits
to the data from all three adsorbents, the Langmuir model yielded a better overall fit (higher
coefficient of determination, R2) (Table 2 and Figure S4a,b in Supplementary Materials).

Table 2. Fitting parameters for the Freundlich and Langmuir models.

GFH OF-M OF-U

Freundlich model

R2 0.8847 0.9554 0.9263

KF (mg1−1/n·(L)1/n/g) 11.59 9.70 12.78
n (-) 4.00 4.30 5.28

Langmuir model

R2 0.9481 0.9731 0.9358

qmax (mg/g) 41.80 31.59 36.43
b (L/mg) 0.1006 0.1051 0.0871

Taking the Langmuir model, Figure 2 shows the fitted isotherms for the adsorption
data with the three tested adsorbents.

The fit of Figure 2 exhibits a possible loss of adsorption in qmax for the reduced
materials. Figure S4,b also shows different slopes (1/qmax).The comparison of qmax for
the three adsorbents could be performed by the two mentioned statistical analyses and is
presented in Table 3.
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Figure 2. Fitted isotherms for the three tested adsorbents using the Langmuir model (dotted lines,
see Table 2).

Table 3. 95% confidence interval (CI) for 1/qmax and b3 fitting parameters in the Langmuir model.

GFH OF-M OF-U

Langmuir model CI

Slope (1/qmax) (g/mg) 0.023925 0.031652 0.027449
Standard error (g/mg) 0.001251 0.001177 0.002076

d.f. 1 - 20 20 12
t-Student 0.025 - 2086 2086 2179

1/qmax UCL (g/mg) 0.026536 0.034107 0.031971
1/qmax LCL (g/mg) 0.021315 0.029196 0.022926

Dichotomous model comparison with GFH

b3 UCL 2 - - 0.011198 −0.001109
b3 LCL 2 - - 0.004255 0.008156

1 degrees of freedom 2 See Supplementary Materials Table S1.

The first method is applied studying the slope of the linear fit, i.e., 1/qmax and its
associated CI (from Equation (10)) for the three adsorbents. Clearly, the resulting 1/qmax
UCL and 1/qmax LCL differ for OF-M and GFH data because their CIs do not overlap.
In the case of OF-U and GFH, there is an overlap of CIs. The second method uses the
statistical analysis of the CI for b3 using the dichotomous model (see also Table S1); it could
be seen that the comparison of GFH and OF-M slopes showed significant differences, while
the comparison of GFH and OF-U slopes resulted in not significant differences in 1/qmax
values. Consequently, the two statistical methods showed that there is a loss of maximum
adsorption capacity in the milled solid (OF-M) compared with the GFH adsorbent. This
may be partially owing to the loss of specific surface in the OF-M adsorbent because qmax
in OF-M decreases by around 24% and the loss in surface area is 50%, both with respect to
GFH (see Table 1). This loss of adsorption capacity for phosphates using iron hydroxide
could be related to the lower specific surface area, but this point is difficult to support for
different origins of the adsorbents [24].

In the case of OF-U, 1/qmax is statistically identical to the value obtained for GFH,
despite a 20% loss in surface area. This result is supported by the fact that Ferrosorp
adsorbent bellow 100 µm has already shown that the adsorption capacity for phosphates is
maintained [17].

66



Water 2021, 13, 1558

The values of qmax in Table 2 are better than the typical values for other by-products
and wastes such as brick waste [8], copper smelter slag [9], or carbon waste [10] that usually
range from 0.04 to 5.35 mg PO4

3−/g.
Red mud and commercial akaganeite [15,47], as well as commercial GFH [17,44],

exhibit a similar range (26.8 to 39.6 mg PO4
3−/g) as shown by the result of this study.

Other studies using materials such as impregnated skin split waste [5], hybrid fibres [19],
and synthetic materials [26] showed results within the range 66.4 to 220.8 mg PO4

3−/g.
Akaganeite also showed better results (51.8 to 71.5 mg PO4

3−/g) in similar studies [1,24].

3.3. Removal of Phosphate from Wastewater

The initial phosphate concentration and GFH dosage for the two types of wastewater
(MR-1 and MR-2) are shown in Table 4 (Initial Conditions). The initial phosphate concen-
trations strongly affect the theoretical (fitted) and experimental results for the two types of
wastewater (MR-1 and MR-2).

Table 4. Adsorption results for wastewater using GFH for different initial phosphate concentrations, C0, and GFH doses.

Initial Conditions Fitted Values 1 Experimental Values 2

Sample Co (mg/L) m/V (g/L) qe (mg/g) Ce (mg/L) η (%) qe (mg/g) Ce (mg/L) η (%)

MR-1 3.1 2 1.38 0.34 89.1 >1.28 <0.5 >83.9
MR-1 3.1 3 0.96 0.23 92.5 >0.87 <0.5 >83.9

MR-2 41.6 2 17.3 6.98 83.2 17.8 5.55 86.6
MR-2 41.6 3 12.5 4.20 89.9 12.8 2.85 93.1

1 Use of isotherm and mass balance for GFH and synthetic samples (see Figure S5); 2 average of two values.

Despite the final phosphate concentration for MR-1 remains uncertain due to limi-
tations of the chromatographic method, the experimental qe and Ce values for the two
samples are very close to the theoretical values calculated from the GFH isotherm (see
Figure S5). Table S2 shows the initial (t = 0 h) and the equilibrium concentration (t = 120 h)
of chlorides, nitrates, and sulfates for the same two samples of wastewater. As could be
seen in Table S2, after 120 h of contact, the concentrations of chloride and nitrate remained
constant and the concentration of sulfate increased with the dosage of GFH, which is linked
to a leaching effect from GFH.

As the fit of the model (obtained with aqueous samples) to wastewater concentra-
tions is very good and the main anions did not decrease with contact time, the potential
interferences for adsorption isotherms can be neglected, and this adsorbent could be used
for a similar kind of wastewater as those used in the study. The low effect of chloride, ni-
trate, and sulfate interferences has been reported with multicomponent samples in column
experiments [1,19] and batch isotherms [48].

3.4. Effect of Particle Size on Kinetics

The adsorption kinetics for the three different materials are shown in Table 5 using
the data points from Figure S6a,b. When comparing the pseudo first- and pseudo second-
order fits (Equations (8) and (9)), the latter yielded a better correlation and less fitting error.
Figure 3 shows the fitted kinetics for the three adsorbents using the pseudo second-order
linear model (Equation (9) and Table 5). A detailed graphic of the same fitting in the first
6 h is also shown in the same figure.

Again, the fit of Figure 3 (asymptotic values) and Figure S6b (slopes) yielded a reason-
able difference in qe for milled adsorbents versus FGH and OF-U.

Table 6 lists the fitting parameters to perform the comparison of 1/qe with the two
statistical methods. The corresponding CIs for the three adsorbents show that the 1/qe
values for the OF-M kinetics fit differ from the slopes of the GFH and OF-U fits. The
application of the dichotomous model (Table 5 and Table S3) shows a significant difference
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in 1/qe when GFH and OF-M were compared and no significant difference between GFH
and OF-U.

Table 5. Fitting parameters for the pseudo first- and pseudo second-order adsorption kinetics models.

GFH OF-M OF-U

Pseudo first-order (linear)

R2 0.6637 0.8764 0.7313

k1 (h−1) 0.0189 0.0237 0.0260
Ln (qe) (Ln(mg/g)) 1.796 1.302 0.796

Initial rate 1 (mg/g·h) 0.27 0.31 0.36

SSerr
1 1055 931.1 1397

Pseudo second-order (linear)

R2 0.9915 0.9989 0.9997

qe (mg/g) 14.28 13.02 13.96
k2 (g/mg·h) 0.0146 0.0322 0.0660

Initial rate 1 (mg/g·h) 2.98 5.45 12.86

SSerr
1 85.17 58.33 28.29

Pseudo second-order (non-linear)

qe (mg/g) 13.66 12.21 13.52
k2 (g/mg·h) 0.0257 0.0911 0.1437

Initial rate 1 (mg/g·h) 4.80 13.58 26.27

SSerr
1 53.34 11.47 5.88

1 Calculated from the direct fitting of data to kinetic model with qe and k1 or k2.

Again, these results indicate a loss of adsorption capacity of OF-M compared with GFH
and OF-U and the difference between the GFH and OF-U results is non-significant. The pat-
tern for qe is consistent with those for qmax. As a result, the GFH and OF-U isotherms can be
considered similar, while OF-M differs when the equilibrium values are being considered.

Figure 3. Adsorption kinetics for the three tested adsorbents with pseudo second-order fitted linear
model (dotted lines, see Table 5).
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Table 6. 95% confidence interval (CI) for 1/qe and b3 linear fitting parameters in second-order kinetics.

GFH OF-M OF-U

Linear second-order model CI

Slope (1/qe) (g/mg) 0.070023 0.076830 0.071627
Standard error (g/mg) 0.00979 0.000492 0.000227

d.f. 1 - 44 26 26
t-Student 0.025 - 2.015 2.056 2.056

1/qe UCL (g/mg) 0.071996 0.077841 0.072095
1/qe LCL (g/mg) 0.068049 0.075818 0.071160

Dichotomous model comparison with GFH

b3 UCL 2 - - 0.009413 0.004121
b3 LCL 2 - - 0.004200 −0.000911

1 Degrees of freedom 2; see Supplementary Materials Table S3.

The detailed kinetic data values of Figure 3 (6 first hours) clearly point to the idea
that kinetics is faster for reduced materials than for GFH. The fitting of these initial hours
using the second-order linear model of Figure 3 is very poor and underestimates the
values of k2 and initial slope. In order to improve this fitting for a better calculation of
kinetic parameters, a second-order non-linear model (Equation (7)) with the same data
was used. Table 5 compares the values of qe, k2, and initial rate (k2 qe2) for linear and
non-linear second-order cases. It could be seen that SSerr is reduced when applying the non-
linear model; therefore, the non-linear results describe the kinetics much better. Figure 4
shows the new fitting of kinetics to the same data shown in Figure 3, but with non-linear
parameters with a visible improvement of the first 6 h.

Figure 4. Adsorption kinetics for the three tested adsorbents with pseudo second-order fitted
non-linear model (dotted lines, see Table 5).

Taking the linear values of k2 and initial rate as a reference, it could be seen that k2 and
initial rate are underestimated by a factor of 2–3 times. Despite this difference, the results
of Table 5 clearly indicate that qe values are similar for linear and non-linear models. The
calculated value of qe from GFH Langmuir isotherm fitted values (Table 2 and Figure S5)
applied to Equations (1) and (4) was 12.8 mg/g, which is closer to non-linear fitting qe. For
all these reasons, fitting values of non-linear kinetic model were chosen for discussion.

For small-sized adsorbents, the adsorption rate in the first few hours is higher com-
pared with granular adsorbents (Figure 4). The values of k2 of OF-M compared with GFH
increased 3.5 times and the values of k2 of OF-U compared with GFH increased 5.6 times.
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Comparing the initial slope, the values of OF-M compared with GFH increased 2.8 times
and the values of OF-U compared with GFH increased 5.5 times. As a final remark, the
experimental results indicate that the solid OF-U performed better because the isotherm
was similar to GFH and k2 could be increased 5.6 times to reach the equilibrium value (qe)
in less time.

This trend linking size reduction and increment of kinetic rate was observed in three
different GFH materials [17]. The key point highlighted in this reference was the importance
of higher fraction of mesopores bigger than 10 nm for the enhancement of adsorption kinetics.

4. Conclusions

The present study investigated the potential of size reduction of a low-cost granular
adsorbent using milling and ultra-sonication on the batch-scale adsorption of phosphate.
While the milling procedure was more effective for size reduction, the total elimination
of the initial GFH structure led to a notable decrease in the specific surface area and qmax
and qe. Size-reduction using ultra-sonication partially eliminated the initial GFH structure
and part of its specific surface area, but qmax and qe remained similar to the GFH. The
effect in milled adsorbent could be linked to the high loss of specific surface area (50%) and,
specifically, to the 100% loss of micropore area measured. The micropore area has been
pointed to as an important contributor for phosphate adsorption in Ferrosorp material [17].
The use of ultra-sonication is linked to moderate size reduction and partial disaggregation,
keeping part of the micropore area. Ferrosorp has shown, in other references [17], that the
adsorption capacity of FGH is maintained after a moderate grinding process.

For the two size-reduced adsorbents, an important increase of the initial rate and
k2 was observed when compared with the GFH. This effect has also been reported for
phosphates using Ferrosorp, and it is linked to the limitation of small pores’ diffusion
(below 10 nm) in the case of granular sorbents [17]. Kinetic mechanisms in granular
adsorbents take place along the different transfer zones and include bulk fluid transport,
film transport and intra-particle diffusion (or intra-pore), and physical attachment [49].
In the case of phosphates, similar mechanisms occur and film transport and intra-pore
diffusion are the rate limiting steps [14]. Size reduction procedures decrease the intra-pore
effect and increase the overall kinetics, which is measured as a pseudo-second order law.

Owing to this increase in rate, q values from kinetics will approach qe and the isotherm
will play a relevant parameter in the removal of phosphate. In the case of wastewater, the
potential presence of interferences during adsorption also plays an important role. Future
investigations open the possibility of developing a new strategy that could be applied to
improve low-cost GFH quality adsorbents and enable the re-use of GFH phosphate-loaded
adsorbents after its size reduction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13111558/s1, Figure S1: Size distribution (a) OF-M (milled), (b) OF-U (ultra-sonicated);
Figure S2: BET curves (a) GFH, (b) OF-M (milled), (c) OF-U (ultra-sonicated); Figure S3: Regression
fitting for the calculation of pHPZC (GFH); Figure S4. Linear regression fittings for the equilibrium
models (a) Freundilch model, (b) Langmuir model; Table S1. 95% significance test for b3 in Langmuir
fitting parameters (a) comparison of GFH (D = 0) and OF-M (D = 1), (b) comparison of GFH (D = 0)
and OF-U (D = 1); Table S2. Adsorption of main anions in wastewater; Figure S5. Theoretical
phosphate removal from Langmuir isotherms (GFH) as a function of initial phosphate concentration
and adsorbent concentration (dosage); Figure S6. Linear regression fittings for the kinetic models
(a) pseudo first-order model, (b) pseudo second-order model; Table S3. 95% significance test for b3 in
second-order fitting parameters, (a) comparison of GFH (D = 0) and OF-M (D = 1), (b) comparison of
GFH (D = 0) and OF-U (D = 1).
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Abstract: An approach for the remediation of heavy metal-contaminated wastewater that is gaining
increasing attention is the application of hydroxyapatite (HAP)-based particles. HAP is conven-
tionally synthesized through wet chemical precipitation of calcium and phosphate ions, although
later studies have focused on HAP synthesis from solid calcite contacted with a phosphate solution
under ambient conditions. This synthesis route can allow saving soluble Ca-chemicals and, thus,
make the process more cost-efficient. The aim of this study was to coat natural calcite powder with a
layer of HAP for the removal of Zn and Cu from contaminated water. For this purpose, a HAP layer
was synthesized on calcite particles, characterized using several complementary techniques and
evaluated for the removal of Zn and Cu from synthetic solutions. Sorption kinetics and equilibrium
isotherms, as well as the effect of sonication of the synthesized sample on its sorption performance,
were determined. The results showed that calcite particles were efficiently coated with a HAP layer
with high capacity in removing Zn and Cu from acidic solutions, with a qmax of 34.97 mg/g for Zn
(increased to 37.88 g/mg after sonication of the sample) and 60.24 mg/g for Cu (which hardly varied
with sonication). The mechanisms behind the sorption of Zn and Cu onto HAP, inferred from pH
changes, the relation between metal uptake and Ca2+ release and XRD analysis, included surface
complexation, ion exchange and precipitation of new Zn- and Cu-containing phases.

Keywords: hydroxyapatite; calcium carbonate; coating; heavy metal sorption; groundwater remediation

1. Introduction

Acidic metal-rich wastewater from mining and industrial processes represents an
environmental problem worldwide due to its low pH and high content of heavy metals.
It is well-known that heavy metals discharged into the environment may pose a serious
hazard to all living beings because of their bioaccumulation and toxicity even at low
concentrations [1,2]. Therefore, removal of heavy metals from this type of wastewater by
an appropriate treatment becomes necessary.

When wastewater can be managed on the surface, above-ground engineered systems
offer the opportunity to customize the operation conditions for an optimized performance.
The removal of heavy metals in these systems can be achieved through several processes,
with the most common ones being chemical precipitation, coagulation-flocculation, mem-
brane filtration, ion-exchange, electrochemical processes and sorption. Chemical precipita-
tion is the simplest and most employed approach, although it consumes large amounts
of chemicals and can generate an excessive amount of sludge that requires further treat-
ment [3,4]. Coagulation-flocculation also removes heavy metals from water with reduced
time to settle suspended solids, but like chemical filtration, it produces huge amounts of
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sludge that need to be handled and treated [3,5]. Membrane filtration (particularly nanofil-
tration and reverse osmosis) is recognized as a very efficient technology for the removal of
dissolved heavy metals, although it usually requires high energy consumption and suffers
from membrane fouling, posing difficulties in their operation and increasing operation
costs [6,7]. Ion-exchange has also proved to be useful for the removal and recovery of heavy
metals from water. It offers the advantages of selective removal and no sludge production,
but on the other hand, ion-exchange resins are expensive and their regeneration can in-
crease the cost even further. Moreover, successful removal by ion-exchange is applicable to
only a limited number of metal cations [5,8]. Electrochemical methods are also an option
to remove heavy metals from water, but they are usually associated to high costs and
high electrical supply [3,7]. Finally, sorption arises as one of the most attractive methods
thanks to its efficiency, versatility, simplicity in design and operation and low cost [5,9].
Sorption-based approaches are spreading as new sorbents and applications are researched.
Within this context, the recent developments in micro- and nano-particles (MPs and NPs)
with sorption capacity towards metals are gaining increased attention of researchers [2,10].

When contaminated water is groundwater (e.g., when mining acidic metal-rich
streams known as acid mine drainage (AMD) percolate through the soil), the selection of the
most suitable technology becomes more complicated. First, some of the above-mentioned
processes (e.g., membrane filtration or ion-exchange) are technically impractical at depth
and/or are cost-prohibitive when applied on surface after groundwater extraction. In
these cases, in-situ remediation in the aquifer itself through the installation of a permeable
reactive barrier (PRB) [11], the insertion into the subsoil of electrodes to promote electro-
chemical processes [12] or the introduction of reactive chemicals via injection wells [13]
has become a matter of active research. Despite successful experiences, PRBs have shown
to be restricted to shallow aquifers and often suffer from limited capture of the contami-
nated plume [11,14]. For their part, technologies based on in-situ-induced electrochemical
processes are constrained by the limited metal removal and high energy consumption [12].
Another promising approach for in-situ remediation that is gaining increasing attention of
researchers is the application of MPs and NPs in the subsoil able to immobilize, neutralize
or decompose the contaminants present in groundwater, as the application of MPs and
NPs allows reaching contaminants in deep aquifers not accessible by PRBs [10,15].

Many different materials have been evaluated for their application in the form of
MPs and NPs [16,17]. For the removal of heavy metals, powders based on hydroxyapatite
(Ca10(PO4)6(OH)2, hereafter referred to as HAP) have been acknowledged as one of the
most suitable reactants thanks to its high sorption capacity for heavy metals, low water
solubility, availability and low cost, environmental compatibility and high stability under
oxidizing and reducing conditions [18–20].

Properties (and thus performance) of a given HAP greatly depend on how it has
been synthesized [21,22]. Among the conventional methods of producing HAP particles,
the classical wet chemical precipitation (i.e., soluble Ca2+ and HPO4

2− are precipitated in
an aqueous solution at basic conditions) is often reported to be the most convenient one
because, unlike more sophisticated strategies, it is not associated to high cost and energy
use [23,24]. The final composition, morphology and properties of the synthesized HAP
following the wet precipitation method depend on many variables, such as concentration
and proportion of precursors, pH, temperature, presence of other ionic species or organic
compounds and aging time [21,25,26]. Numerous studies have demonstrated that HAPs
with high sorption capacity for metals can be synthesized over a wide range of values for
these variables.

Modifications of the classical wet chemical precipitation of HAP have been investi-
gated in other fields. HAP has been synthesized, under ambient conditions, from solid
calcite contacted with a phosphate solution, on the basis that the solid calcite acts as a
source of Ca2+ instead of externally adding it in the form of soluble Ca2+. Under this
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scheme, Ca2+ is supplied by dissolution of CaCO3 and precipitated by the following overall
reaction:

10CaCO3(s) + 6HPO4
2− + 4H2O → Ca10(PO4)6(OH)2 + 10HCO3

−+ 2OH−

This approach has been applied for the synthesis of HAP from biogenic calcite (e.g.,
nacre, oyster shells, sea urchin spines or other natural osteo-inductive biomaterials) [20,26–28].
Further studies have compared the effect of using different orthophosphate sources in such
a synthesis route [29]. In addition, under this scheme, studies aiming at protecting marble
sculptures and monuments from acid rain have investigated the possibility of coating
them with a film of HAP synthesized by using the marble itself as a Ca2+ source for the
HAP [30–32]. Although these studies provide very promising results, further investigation
is needed to fully understand HAP synthesis from solid CaCO3.

From a remediation perspective, preparing calcite particles coated by HAP for sorbing
metals would allow saving huge amounts of soluble Ca-chemicals and, thus, make the
process more cost-efficient and improve its competitiveness. Solid calcite, as one of the fifth
most abundant biominerals in the Earth crust, has a very low cost and wide availability.
However, to the best of our knowledge, there is a lack of studies from such a standpoint
and only an attempt has been made to synthesize phosphatized dolomite as sorbent to be
used for the treatment of metal-contaminated water [33].

Within this context, the aim of this bench-scale study was to coat natural calcite
powders with a layer of HAP for the removal of heavy metal ions (Cu and Zn) from
contaminated water. Zn and Cu ions were chosen as representative heavy metals, with
wide presence in the environment caused mainly by human activity. The specific objectives
were (1) to synthesize and characterize a layer of HAP on solid calcite particles, (2) to assess
its sorption capacity toward Zn and Cu in single-metal solutions, determining the sorption
kinetics and the equilibrium isotherms (and to compare them with those of commercial
HAPs), (3) to evaluate the effect of sonicating the material on sorption performance and (4)
to infer the mechanisms responsible for the removal of Zn and Cu.

2. Materials and Methods

2.1. Bare Calcite MPs and Chemical Reagents

The commercial calcite MPs were purchased from Reverté S.A. (Spain). The MPs were
found to have an average particle size of 10 µm and exhibit a BET surface area of 0.87 m2/g.
The acid digestion of calcite MPs and analysis by ICP-OES showed a composition of 36.5%
Ca and 0.17% Mg. Precursors (NH4)2HPO4 (Scharlau ≥ 98%), CaCl2 (Panreac ≥ 98%),
NaOH (Panreac ≥ 98%) and ethanol (Scharlau ≥ 96%) were used for HAP synthesis. For
sorption experiments, acidic Zn and Cu solutions were prepared from their ZnCl2 and
CuSO4 salts (Panreac ≥ 98%) and HNO3 (Panreac ≥ 96%). Performance of synthesized
HAP was compared against commercial micro-HAP (Acros 35–40% in Ca) and nano-HAP
(Merck ≥ 97%), labeled hereafter as mHAPcom and nHAPcom, respectively.

2.2. Synthesis Route of HAP Coatings on Calcite MPs

The synthesis route of the HAP coating consisted of a two-step procedure based on
that applied by Graziani et al. for the coverage of marble with a HAP film [32]. First, 1 g of
calcite MPs was placed in a plastic centrifuge tube and put into contact with 25 mL of a
solution containing (NH4)2HPO4 (0.1 M), CaCl2 (0.1 M) and a pH of 8 in the presence of
ethanol 0.5%, as ethanol has been found to improve the coverage of a calcite surface by a
more uniform, crack-free and thinner layer of HAP [32]. The pH was adjusted by adding
NaOH dropwise until the desired value was achieved. Second, a further precipitation of
HAP following the same procedure and concentrations as described above but without
ethanol was carried out.

For each step, the suspension was shaken in a rotary shaker (Heidolph GmbH,
REAX 20, Schwabach, Germany) for 24 h. This time was chosen to allow possible pre-
cipitated intermediates (octacalcium phosphate, amorphous calcium phosphate, calcium-
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deficient hydroxyapatite) to shift to HAP [23]. After 24 h, the synthesized solid (HAP-coated
calcite MPs) was separated by centrifugation (J.P. Selecta, Centronic-BLT, Abrera, Spain)
at 4000 rpm for 20 min, oven-dried (J.P. Selecta, Digiheat, Abrera, Spain) at 110 ◦C for
1.5 h and ground with a mortar before further use. This material was labelled “synt”
(from synthesized).

In order to diminish the particle size of the selected material and thus potentially
enhance its sorption capacity, a portion of it was subjected to sonication, as it is known that
ultrasonic energy applied to a suspension can lead to breakage of agglomerated particles.
Sonication of a sample of 4 g in 250 mL of deionized water was conducted in an ultrasonic
cleaner (ATU Ultrasonidos, ATM40-2L-CD, Paterna, Spain) operating at a fixed frequency
of 40 Hz for 30 min. The solid was then separated by centrifugation and dried as described
above. The modified material was labelled “son” (from sonicated).

Performance of samples “synt” and “son” were compared against that of commercial
HAP samples mHAPcom (micro-size) and nHAPcom (nano-size).

2.3. Characterization of the HAP-Coated MPs Samples

The synthesized material and its sonicated sub-sample were characterized using
several complementary techniques. Functional groups were characterized employing a
Fourier Transform Infrared (FTIR) spectrophotometer (Nicolet 6700, Madison, WI, USA)
fitted with an Attenuated Total Reflectance (ATR) accessory (Smart Orbit). Mineralogical
identity and crystallinity were analyzed by X-ray powder diffraction (XRD) recorded on a
Bruker D8 Advance diffractometer. Morphology was viewed with a Focused Ion Beam–
Scanning Electron Microscope (FIB-SEM) equipped with an energy dispersive spectrometer
(EDS) for elemental analysis (Carl Zeiss Neon40, Jena, Germany). Samples were mounted
on stainless-steel stubs using a double-sided adhesive carbon disc and sputter-coated
with a thin layer of carbon to render them conductive for SEM observation. The specific
BET surface area (SBET) of the samples was measured by N2 adsorption according to the
Brunauer–Emmet–Teller method in a SBET analyzer (Micromeritics ASAP 2020, Aachen,
Germany). Degassing and heating was carried out at a maximum temperature of 250 ◦C.
Particle size distribution (PSD) was determined using a Laser Diffraction Particle Size
analyzer (Malvern Panalyitical, MasterSizer 3000, Worcestershire, UK) with a Hydro EV
wet dispersion unit. For calculations, the Mie theory was chosen, and refractive and
absorption indices were 1.630 and 0.010, respectively. In order to obtain PSD of particles in
the same conditions of the experiments, measurements were carried out with water and
without application of ultrasounds. PSD curves provided by the instrument were given
as volumetric PSD. The pH at the point zero charge (pHPZC) was estimated through the
immersion technique by putting an amount of solid material in contact with solutions
at different initial pHs and measuring the change of pH (∆pH) once equilibrium was
reached [34].

2.4. Sorption Performance of the Synthesized HAP-Coated Material

2.4.1. General Procedure

All sorption experiments were carried out using standard batch methodology. Known
volumes (50 mL) of prepared solutions of Zn and Cu (added in the form of ZnCl2 and
CuSO4) at pH 4.6 were contacted with a weighted amount of sorbent in plastic centrifuge
tubes and shaken in a rotatory shaker for 24 h at room temperature (21 ± 2 ◦C). For the
kinetics study, the weighted amount was 0.05 mg, the Zn or Cu concentration was 50 mg/L
and the supernatant solution samples were collected at predetermined time intervals (after
1, 2, 4, 6, 9, 12, 15, 25, 40, 60 min). For the equilibrium experiments, the weighted amounts
of sorbent were 0.05 or 0.1 g, and the initial Zn or Cu concentrations were 5, 10, 20, 40,
60, 80, 100 and 120 mg/L. The ratio of aqueous phase volume (mL) to sorbent weight
(mg) was varied as necessary to observe a measurable decrease in the concentration of Zn
and Cu in the aqueous solution once the equilibrium was reached. No pH control was
imposed during sorption experiments in order to mimic the subsoil conditions during the
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remediation of contaminated groundwater. All centrifuge tubes were shaken in a rotary
shaker at 50 rpm for 24 h, after which the supernatant solution was separated from the
sorbent by centrifugation at 4000 rpm for 10 min, filtered (0.22 µm), acidified (1% HNO3)
and transferred to auto-sampler vials for analysis of the remaining Zn and Cu. The ions
Ca2+, HPO4

2− and pH in the supernatant were also determined in separate aliquots.

2.4.2. Sorption Kinetics of Zn and Cu

The kinetics of the sorption of Zn and Cu onto the HAP was fitted using the pseudo
first-order and the pseudo second-order kinetics models, whose linearized forms are,
respectively:

log
(

qe – q
)

= logqe –
k1

e
× t (1)

t
q
=

1
k2 × q2

e
+

t
qe

(2)

where q and qe are the amounts of adsorbed metal per weight unit of adsorbent (mg/g)
at equilibrium and at time t respectively, and k1 and k2 are the rate constants of pseudo
first-order (min−1) and pseudo second-order (g·mg−1·min−1), respectively.

The amount of adsorbed metal per weight unit of the adsorbent (q, in mg/g) was
calculated from the following mass balance, also valid for the equilibrium:

qe =
V × (c i – ce)

w
(3)

where ci and ce are the initial and equilibrium concentrations of the metal ion in the bulk
solution (mg/L), V is the volume of the solution (L) and w is the weight of the sorbent (g).

2.4.3. Sorption Isotherms for Single-Metal Systems

Sorption equilibrium data are usually plotted as an isotherm displaying the content of
the sorbed species on the sorbent (qe) (in mg/g) versus the concentration of the remaining
aqueous species (ce) (in mg/L). The sorption data of this study were modeled taking
into account the concentration of ions in both phases and according to the widely used
Langmuir equations:

qe =
KL × qmax × ce

1 + KL × ce
(4)

where qmax is the maximum adsorption capacity (mg/g) and KL is the Langmuir binding
constant, which is related to the energy of adsorption (L/mg). Experimental ce and qe
data were used to determine the constants (qmax, KL) for each metal and sorbent from the
linearized form of the Langmuir isotherm and using least-square regression analysis.

2.5. Water Analysis

Measurements of pH were made with a Hamilton combination pH electrode coupled
to a Crison GLP22 pH meter. HPO4

2− and Ca2+ in the supranatants in the sorption ex-
periments were analyzed by ionic chromatography (IC) (Dionex, ICS-1000, Sunny Valley,
ID, USA) equipped with cationic and anionic detectors (ICS-1000 and ICS-1100, respec-
tively) and controlled by software Chromeleon®chromatographic. Ca, P and Mg (in the
determination of the calcite composition), and Zn and Cu (in the sorption experiments)
were analyzed by atomic absorption spectroscopy (AAS) (Varian, SpectraAA 50-B, Palo
Alto, CA, USA) and inductively coupled plasma optical emission spectrometry (ICP-OES)
(Perkin Elmer, Optima 8300, Waltham, MA, USA).

3. Results and Discussion

3.1. Characterization of the Synthesized Material

Figure 1 displays the FTIR spectra (a) and the XRD spectra (b) of the “synt” sample
and, for comparison, calcite and a commercial HAP (mHAPcom).
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Figure 1. FTIR spectra (a) and the XRD spectra (b) of the selected synthesized material and, for comparison, calcite and a
commercial HAP (mHAPcom).

The spectrum of the “synt” sample presented characteristic peaks and bands of HAP:
a broad band centred at around 1030 cm−1 (corresponding to asymmetric stretching mode
ν3 of the PO4

3− group) and sharp peaks at 600 and 565 cm−1 (ascribed to bending mode
ν4 of the PO4

3− group). The slight shoulder observed at 964 cm−1 may also be assigned to
symmetric stretching mode ν1 of the PO4

3− group, as well as the broad band observed at
3420 cm−1 which can be ascribed to the stretching vibrations ν(O-H) of the HAP (although
it may also be of interstitial water) [35–38]. On the other hand, the characteristic peaks
of CaCO3 were also observed: a broad band centred at about 1440 cm−1 (asymmetric
stretching ν3 of CO3

2−) and well-resolved peaks at 880 cm−1 (out-of-plane bending ν2 of
CO3

2−) and 715 cm−1 (symmetric in-plane bending ν4 of CO3
2−). An additional slight

peak at 1810 cm−1 was also observed coming from stretching vibration ν(C=O), while the
slight shoulder at 1060 cm−1 can be ascribed to symmetrical stretching ν(C–O) [37,39]. The
FTIR spectrum for the “son” sample resembled that of the “synt” sample (not shown).

The XRD spectrum of the “synt” sample presented characteristic diffraction peaks of
HAP (e.g., 25.8◦ and 31.8◦) together with those of its precursor CaCO3 [26,31,40]. Again,
the XRD spectrum for the “son” sample looked like that of the “synt” sample (not shown).

Figure 2 shows the SEM images of the sorbents used in sorption tests. SEM images
of the “synt” sample showed that the surface of the calcite MPs was mostly covered by
HAP, easily recognizable by its flower-like structure (Figure 2a) [41]. Consistently, EDS
analysis confirmed that this layer was constituted by Ca, P and O. The layer visible by SEM
did not display recognizable individual particles but a continuous coating of aggregated
particles instead, making it difficult to assess an average particle size. Very occasional
uncoated areas were also observed, exhibiting underlying calcite (with its characteristic
layered terraces), as confirmed by EDS analysis (Figure 2b). These bare areas of calcite
would help explain the loss of mass (10%) observed after the acid attack.

SEM images of the “son” sample seemed to indicate that sonication led to a detachment
of HAP, yielding a surface with more bare areas of calcite and more cavities (Figure 2c). The
“son” sample also exhibited a highly agglomerated structure. The associated EDS spectrum
(not shown) resembled that of the uncovered areas of the “synt” sample (Figure 2b).

SEM images of the commercial macro- and nano-HAP (mHAPcom and nHAPcom,
respectively) showed agglomerates of more rounded, smooth HAP particles with different
size (of approximately 40 to 60 µm) (Figure 2d,e, respectively).
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Figure 2. SEM images of the “synt” sample (a,b), “son” sample (c), mHAPcom (d) and nHAPcom (e).

BET results for all studied sorbents are summarized in Table 1. It is worth noting that
a notorious specific surface area increment was obtained during the synthesis process from
calcite to HAP. Measured values of SBET surface areas for “synt” and “son” samples were
58.25 and 53.68 m2/g, which were similar or slightly lower than that for the mHAPcom
(60.77 m2/g) and clearly higher than that for nHAPcom (18.93 m2/g). The low value of the
latter was probably related to its high crystallinity. The pore volumes of the synthesized
HAPs were 0.0016 cm3/g for the “synt” sample and 0.0013 cm3/g for the “son” sample.

Table 1. Measured values of SBET surface areas for all studied sorbents.

Sorbent SBET (m2/g)

Initial calcite 0.87 ± 0.01

Synt 58.25 ± 0.08
Son 53.68 ± 0.16

mHAPcom 60.77 ± 0.20
nHAPcom 18.93 ± 0.11

Volumetric particle size distributions (PSD) of the studied samples are represented
in Figure 3. The PSD curve of “synt” and “son” samples exhibited a similar symmetric
single peak with distribution widths close to each other, with a shoulder or additional
small peak on the right, suggesting that agglomeration of particles took place. However,
the two PSDs differed in their mean diameter: 36 µm for “synt” and 23 µm for “son”. This
seemed to prove that sonication resulted to some extent in a fracturing or breakage of the
agglomerates. For mHAPcom, the PSD curve revealed a mean diameter of 10 µm, which
was apparently smaller than that visualized in SEM analysis (Figure 2d). For nHAPcom,
the PSD curve was non-uniform, which indicated that the sample contained particles with
very different size (mean diameter of 6 µm). Differences in size between PSD and SEM
measurements are usually attributed to agglomeration of particles or inaccuracies in the
assumption of sphericity of particles measured in PSD.
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Figure 3. Volumetric particle size distributions (PSD) of samples “synt”, “son”, mHAPcom
and nHAPcom.

The HAP particles synthesized in this study were hence presented as agglomerates
of calcite cores coated with HAP of average size of 36 µm, with a large SBET (58.25 m2/g).
Sonication of this sample caused some detachment of the HAP layer, resulting in slightly
smaller agglomerates (of average size of 23 µm) and SBET (53.68 m2/g).

The pHPZC was estimated by the immersion technique [34]. Figure 4 represents the
change of pH (∆pH) versus the initial pH. The pHPZC was identified as the pH with no
variation of pH (∆pH = 0) and quantified to be 7.7 for the “synt” sample and 8.2 for the
mHAPcom sample. These values were comparable to reported pHPZC for synthesized
HAP (7.3–8.6) [25,41].

μ μ

μ

μ

μ

μ

Δ
Δ

Figure 4. Experimental immersion technique curves corresponding to “synt” and mHAPcom samples
for the determination of pHPZC.

3.2. Adsorption Kinetics

Sorption of Zn and Cu onto the “synt” sample as a function of time is illustrated in
Figure 5. It can be seen that, for both metals, equilibrium between the two phases was
attained in approximately 40 min.
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−

Figure 5. Sorption of Zn and Cu onto the synthesized material (“synt” sample) as a function of time.
Symbols represent experimental data and fitting lines were plotted using the pseudo-second order
kinetic model.

The experimental kinetic data were fitted with pseudo-first and pseudo-second order
kinetic equations. The rate constants k1 and k2, and qe values were calculated from the
interception and slope of the line obtained by plotting log(qe − q) and t/q against t.
The obtained values, together with regression coefficients, are shown in Table 2. The
higher regression coefficients for the pseudo-second order kinetic model revealed that
this model better described the kinetics of Zn and Cu sorption on HAP. The k2 values
were found in the range of published values for Zn (0.001–0.88 g/(mg·min)) [25,42] and
Cu (0.001–0.076 g/(mg·min)) [36,42–44].

Table 2. Comparison of the pseudo-first and pseudo-second order kinetic models for the sorption of
Zn and Cu onto the synthesized material (“synt” sample).

Metal Pseudo-First Order Kinetic Model Pseudo-Second Order Kinetic Model

qe k1 R2 qe k2 R2

(mg/g) (1/min) (mg/g) g/(mg·min)

Zn 31.38 0.099 0.840 31.37 0.014 0.998

Cu 44.08 0.079 0.966 44.05 0.057 0.998

R2: correlation factor obtained from the linearized from of the kinetic models.

3.3. Adsorption Isotherms for Single-Metal Solutions

Figure 6 shows the experimental equilibrium data for the sorption of Zn and Cu in
single-metal solutions onto “synt”, “son”, mHAPcom and nHAPcom materials. The fitting
of the experimental ce and qe data to the Langmuir-type model gave rise to the values of
the constants (qmax and KL) provided in Table 3. The Langmuir curves generated with the
obtained constants are plotted in Figure 6.

83



Water 2021, 13, 1493

ć

Figure 6. Sorption isotherms for Zn (a) and Cu (b) onto the sorbents evaluated in this study. Symbols represent experimental
data and fitting lines are the isotherms derived from the Langmuir equations.

Table 3. Summary of obtained Langmuir adsorption parameters.

Metal Sorbent
qmax KL

R2

(mg/g) (mg/m2) (L/mg)

Zn synt 34.97 0.600 0.91 0.9978
son 37.88 0.706 1.47 0.9984
mHAPcom 29.67 0.489 0.68 0.9985
nHAPcom 18.98 1.003 0.85 0.9967

Cu synt 60.24 1.034 15.09 0.9905
son 60.24 1.122 13.83 0.9955
mHAPcom 38.61 0.635 2.98 0.9997
nHAPcom 19.27 1.018 9.88 0.9977

The “synt” and “son” materials were efficient in sorbing Zn (qmax = 34.97–37.88 mg/g)
and Cu (qmax = 60.24 mg/g), with sorption capacities higher than those of commercial
HAPs (Figure 5) (note that isotherms for Cu on both “synt” and “son” sorbents in Figure 6b
superpose in the whole concentration range). Considering that sorption is a surficial
process, qmax were SBET-normalized. As can be seen in Table 3, the obtained values were
still higher for the synthesized materials (excepting for Zn on nHAPcom).

Table 4 compares qmax obtained in this study with reported values in the literature.
It must be kept in mind that sorption capacity of a given HAP largely depends on the
conditions of its preparation and sorption experiments’ conditions. Therefore, Table 4 only
compares studies on HAP synthesized through wet chemical precipitation and evaluated
in batch sorption tests. As can be seen, values of qmax in this study were comparable to pub-
lished values. In general, more crystalline HAP yielded lower qmax but also lower SBET, so
that SBET-normalized qmax remained almost constant, as also observed by Šljivić et al. [43].
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Table 4. Comparison of Langmuir sorption parameters against previous studies with synthesized HAP through wet
chemical precipitation.

HAP Synthesis and Characteristics
Adsorption

Ref
Zn Cu

Precursors pH T
SBET

(m2/g)
pH

qmax

(mg/g)
qmax

(mg/m2)
qmax

(mg/g)
qmax

(mg/m2)

Ca(OH)2 + H3PO4 n.r. 20 67 5.0 37.53 0.560 - - [25]

Ca(NO3)2 +
(NH4)HPO4
(+Fe3O4/Fe2O3)

11 90 142.5 5.0 (a) 140.6 (b) 0.99 - - [45]

Ca(OH)2 + H3PO4 n.r 100 76.6
6.0 (a) 102.04 1.332 - -

[35]
5.5 (a) 37.27 0.750 - -

Ca(NO3)2 +
(NH4)2HPO4

11 n.r. n.r. 5.0 (a) 10.75 n.r. - - [36]

commercial 77 6.0 37.14 0.482 - - [46]

commercial 50 6.6 95.89 1.92 76.49 1.53 [42]

CaCl2 + NH4H2PO4 +
EtOH (+Fe3O4) 11 20 101.2 5.0 (a) - - 48.78 0.482 [18]

Ca(OH)2 + H3PO4 n.r. n.r 58 5.0 - - 37.17 0.641 [43]

Ca(NO3)2 + H3PO4 +
NH4

+-salt 10 40 49.7
4.5 (a) - - 29.23 0.588

[44]
5.5 (a) - - 37.30 0.751

Calcite + (NH4)2PO4
(+EtOH)

8 25

58.28 4.6 34.97 0.600 60.24 1.034

This
study

Calcite + (NH4)2PO4
(+EtOH) (+ sonication) 53.68 4.6 37.88 0.706 60.24 1.122

Commercial (mHAPcom) 60.77 4.6 29.67 0.489 38.61 0.635

Commercial (nHAPcom) 18.93 4.6 18.98 1.003 19.27 0.985

n.r.: not reported. (a) pH maintained constant. (b) Read from Figure 5 in Feng et al. [45].

Some authors have explained the difference in selectivity of HAP toward different
metal cations on the basis of their hydrated ion radius and electronegativity [25]. The
higher hydrated ion radius (4.30 Å) and lower electronegativity (1.60) of Zn than of Cu
(4.19 and 1.90 Å, respectively) and their sorption extent observed in the present study
seemed to support this theory.

3.4. Sorption Mechanisms

Figure 7 shows that Zn and Cu sorption was accompanied by a pH decrease (Figure 7a,c)
and an increase of Ca2+ concentration in the solution (Figure 7b,d). Both were proportional
to the amount of Zn and Cu sorbed onto HAP (qe).

The pH decrease can be explained by the surface complexation reaction between Zn
and Cu and deprotonated surface hydroxyls of HAP, summarized as follows [42,47]:

≡HAP-OH + M2+
⇆ ≡HAP-O-M+ + H+

2 ≡HAP-OH + M2+
⇆ (≡HAP-O)2M + 2H+

where M2+ stands for Zn2+ or Cu2+ ions. Decreases of pH by metal sorption on HAP have
also been observed by other investigators [18,25,35,43]. In the absence of M2+, the pH in
the present study increased from the initial pH 4.7 to 9.2. Unlike other studies, this increase
was beyond pHPZC of HAP (in the range 6.1–8.3) [18,36,43], probably because calcite in
bare areas of the HAP-coated calcite MPs dissolved and caused pH to rise to higher values
than HAP alone would do. It is worth noting that as long as pH remained above pHPZC

85



Water 2021, 13, 1493

(i.e., the HAP surface exhibited a negative charge), electrostatic forces between the HAP
surface and the metal cation favored cation sorption [48].

 

−

≡  ≡

≡  ≡

≡  ≡

Figure 7. Variations in pH and Ca2+ and PO4
3− concentrations following Zn sorption (a,b, respec-

tively) and Cu (c,d, respectively) sorption.

However, the simple surface complexation process would not cause any Ca2+ concen-
tration. The increase in Ca2+ concentration was fairly well-explained by an ion exchange
process, whereby M2+ replaces a surface Ca2+ of the HAP, presented as follows:

≡HAP-Ca2+ + M2+
⇆ ≡HAP-M2+ + Ca2+

Increases in Ca2+ concentration from ion exchange on HAP have previously been
reported [18,25,42].

Figure 8 presents the relationship between the number of moles of released Ca2+ versus
the number of moles of adsorbed Zn (Figure 8a) and Cu (Figure 8b). The relationship is
linear with a slope very close to unity. A slope close to unity would suggest that Zn and
Cu were removed solely by ion exchange.

− −

−

− −

Figure 8. Relationship between the number of moles of released Ca2+ vs the number of moles of adsorbed Zn (a) and Cu (b).

Nevertheless, the decrease of pH seen above revealed that ion exchange could not
be the unique mechanism behind the metal removal. Therefore, other mechanisms also
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took place besides ion exchange that explained the Ca2+ release. Ca2+ release might also be
due to exposed calcite dissolution, which was favored as pH decreased (from 9.2 to 7.0) as
metal sorbed onto HAP (Figure 7). Ca concentration value on the y-axis (i.e., in the absence
of metal sorption) would support this hypothesis. Another source that might contribute
to the Ca2+ release (although to a limited extent) was HAP dissolution. Crystalline HAP
dissolution is reported to occur generally at pH < 5, but non-crystalline and substituted
with Ca2+ HAP (as it might be the case in this study as HAP was synthesized from calcite
dissolution) may dissolve at higher pH [30,49]. Ca2+ concentrations in equilibrium with
HAP have been reported to range from 1.4 mg/L for highly crystalline HAP to 7.5 mg/L for
poorly crystalline HAP [49]. That being the case, the insignificant concentration of PO4

3−

(Figure 7) would indicate precipitation of PO4
3−-bearing solid phases. Metal precipitation

with PO4
3– released from HAP dissolution has been observed [18,42,50].

Precipitation, and not only of PO4
3−-bearing solid phases, is in fact a third mechanism

that is expected to contribute to the overall removal of Zn and Cu. Speciation diagrams
based on thermodynamic equilibria in Zn and Cu systems at pH 6.5–8 in the presence
of CO3

2− (from calcite) and PO4
3− (from HAP) anticipate the formation of non-soluble

phases such as Zn3(PO4)2·4H2O(s) for Zn and Cu3(PO4)2(s) and Cu2CO3(OH)2(s) for Cu
(Figure 9).

− − −

−

ć

Figure 9. Species distribution diagram as a function of pH for (a) Zn and (b) Cu with a total metal
concentration of 50 mg/L in a matrix representative of the supernatants containing the counter-ion
in the metal salt (Cl− for Zn and SO4

2− for Cu), CO3
2− and PO4

3−. Minor species are not shown.
The grey bars indicate the pH value of experiments. Distribution diagrams have been plotted using
the software packages Hydra and Medusa [51].
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XRD analysis performed on HAP loaded with Zn and Cu from the sorption experi-
ments did not offer any peak attributable to new phases (not shown), probably due to their
low crystallinity. However, XRD analysis of these samples after calcination at 700 ◦C for 3 h
revealed the appearance of peaks associated to Zn3(PO4)2·4H2O (hopeite) for Zn, and to
Cu3(PO4)2 for Cu (Figure 10). The appearance of these peaks confirmed the precipitation of
Zn and Cu in the form of phosphates (it must be kept in mind that calcination might have al-
tered the precipitated new phases, e.g., decarbonation by loss of CO2, and that the observed
phases by XRD can be only a part of the precipitated phases). Hopeite formation in sorption
experiments of Zn onto HAP has also been observed by Stötzel et al. [50] and Sheha [35].
Although not in the present study, hydrozincite has also been detected by Sheha [35] and
Meski et al. [36]. With regard to Cu, Cu(OH)2 and Cu2(PO4)(OH) (libethenite) have been
detected by Šljivić et al. [43].

 
Figure 10. XRD patterns of the synthesized material after contact with Zn and Cu.
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Further experiments were performed to experimentally confirm the occurrence of
Zn and Cu precipitation in the studied conditions. With the purpose of isolating the
eventual precipitation mechanism, HAP amounts (0.1 g) were weighted and equilibrated
with deionized water (50 mL) at pH 4.25 for 24 h. Afterwards, the generated lixiviates
were filtrated, and then, in the absence of HAP (i.e., without the possibility of sorption
occurrence), Zn (or Cu) was added to achieve a final metal concentration of 50 mg/L. pH
was adjusted to achieve different final values of 2.2, 6.7 and 8.0. Under these conditions,
any disappearance of metal from the solution could only be attributed to precipitation. The
analyses showed that at pH 2.2, neither Zn nor Cu were barely removed (<5%), but Zn was
removed by 33% at pH 6.7 and by 99% at pH 8.0, while Cu was removed by 97% at pH 6.7
and >99% at pH 8.0. These findings were in agreement with the Zn and Cu speciation
diagrams (Figure 9), except for Zn at pH 6.7, for which the observed removal was lower
than the theoretical one.

4. Conclusions

Calcite MPs were efficiently coated with a HAP layer following a synthesis route
based on two successive precipitations of HAP, with the first involving ethanol 0.5%. Since
bare areas of calcite occurred, at pH 4.6 (that of the water to be treated), calcite partially
dissolved, raising pH to values >9. The synthesized material showed high capacity in
sorbing Zn and Cu from acidic solutions, making it potentially attractive for the removal of
divalent heavy metals from contaminated water. The sorption isotherm was well fitted by
the Langmuir model, with qmax of 34.97 mg/g for Zn and 60.24 mg/g for Cu, indicating
more affinity of HAP towards Cu than towards Zn. Sorption of Zn and Cu onto the
synthesized HAP followed a pseudo-second order kinetics, with k2 of 0.014 g/(mg·min)
for Zn and 0.057 g/(mg·min) for Cu. On the other hand, sonication of the synthesized
material seemed to lead to some breakage of agglomerated particles (decrease of mean
diameter agglomerate from 36 to 23 µm), which resulted in a slight increase of qmax for Zn
(37.88 g/mg) without affecting that of Cu. The mechanisms behind the sorption of Zn and
Cu onto HAP were diverse and mainly included surface complexation, ion exchange and
precipitation of new Zn- and Cu-containing phases. These mechanisms acted together, and
it was difficult to quantitatively estimate the contribution of each of them to the overall
removal of Zn and Cu.

In view of this performance, we anticipate that the HAP-coated calcite MPs prepared
in this study have the potential to remediate heavy metal-contaminated water in ex-situ and,
more promisingly, in-situ treatments. When injected into the subsoil for in-situ treatment,
these HAP-coated calcite MPs may avoid complications that other MPs and NPs aiming
at the removal of heavy metals face, as reported by the relatively abundant fundamental
research but also by the currently scarce experience in field applications. In fact, NPs based
on carbonaceous materials do not always exhibit high metal sorption capacities unless
they are functionalized, while zero-valent iron NPs have a strong tendency to aggregate,
which hinders their migration through the contaminated plume, and to have their surface
passivated by precipitated of Fe-(oxy)hydroxide, which limits the reactivity of zero-valent
iron. Despite this anticipated advantage of HAP-based particles, the limited availability
of reports on their application for the removal of heavy metals from water makes further
studies necessary, both at laboratory and field scales, before drawing major conclusions on
the remediation constraints and environmental implications of their application.

On the other hand, it is acknowledged that one problem of NPs is the relatively high
cost of synthesizing them. In this sense, and as an innovative aspect of the study, the
synthesis route of HAP (based on solid calcite contacted with a phosphate solution instead
of the conventional and widely employed wet chemical precipitation, which is based on
the use of soluble Ca2+-salts) can allow to save huge amounts of soluble Ca-chemicals and
make the process more cost-efficient and improve its competitiveness.
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Abstract: Contamination of water with organic dyes is a major environmental concern as it causes
serious life-threatening environmental problems. The present research was designed to evaluate the
potential of three different natural inorganic clays (NICs) i.e., Pakistani bentonite clay (PB), bentonite
purchased from Alfa Aesar (BT), and Turkish red mud (RM) for malachite green (MG) dye removal
from an aqueous solution. Various analytical techniques, namely X-ray fluorescence spectrometry
(XRF), X-ray diffractometry (XRD), Fourier transform infrared spectroscopy (FTIR), field emission
scanning electron microscopy (FESEM), Brunauer–Emmett–Teller surface area measurement (BET),
and thermogravimetric analysis (TGA), were used to investigate the physicochemical properties of the
NICs samples. The effect of adsorption operational parameters such as contact time, aqueous phase
pH, dye concentration, and amount of NICs on the adsorption behavior of MG onto NICs samples
were investigated under the batch adsorption system. The equilibrium and kinetic inspection reflected
the best description of MG adsorption behavior by the Langmuir isotherm model and pseudo-first-
order kinetic model, respectively. The results indicated that the adsorption was favorable at higher
pH. The maximum adsorption capacities calculated by Langmuir isotherm for PB, BT, and RM were
found to be 243.90 mg/g, 188.68 mg/g, and 172.41 mg/g, respectively. It can be concluded that
natural inorganic clays with a higher surface area can be used as an effective adsorbent material to
remove the MG dye from an aqueous solution.

Keywords: clay; dye; adsorption; isotherm; kinetics

1. Introduction

In recent years, planners, environmental scientists, and decision-makers have been
paying attention to sustainable resource development [1]. Within these resources, water is
the most precious renewable natural resource, is the essential enabler, and a major source
of survival of life [2,3]. Groundwater is the most important source of drinking water in the
world [4]. Globally, groundwater accounts for about 43% of total irrigation use and provides
potable water for about 1.5 billion people [5]. However, the rapid development of industri-
alization, manifold increase in the human population growth, and uncontrolled usage of
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freshwater have imposed stress on groundwater resources, resulting in quality deterioration
and quantity depletion [6,7]. It has been reported that more than 1.2 billion people around
the world have no access to potable water, and around 663 million people are being affected
by unsafe water [8,9]. Mainly, surface water and groundwater are contaminated due to
the discharge of partially treated or untreated wastewater from various industries into the
ecosystem. In particular organic dyes from industrial effluents such as textile, solar cells,
leather, plastics, food, and paper cause serious health issues in humans and severe damages
to the environment [10]. Over 1 × 105 types of dyes and more than 7 × 105 tons per year
of pigments and dyestuff are produced and used in many industries, in which 12% is lost
during the manufacturing process, and 20% of dyes enter freshwater resources as industrial
effluents [11]. Due to their complex structures, organic dyes are mainly non-biodegradable
and are resistant to environmental conditions such as heat, oxidizing agents, and light [12,13].
Moreover, most of the dyes are carcinogenic, mutagenic, and harmful to humans and aquatic
biota [14]. In addition their high stability towards environmental conditions and resistance
to the attack of microorganisms, the presence of organic dyes causes aesthetic problems,
impedes penetration of light into receiving water bodies, and depletes dissolved oxygen,
thereby disturbing the ecological aquatic systems [15,16].

Malachite green (MG) dye is an organic compound of triphenylmethane, widely
used as a colorant [17], biocide in the aquacultural industry [18], therapeutic agent, an-
thelminthic, and medical disinfectant [19,20]. Despite its wide application, several reports
describe its carcinogenic and hazardous effects. It acts as a tumor-promoting agent in
mammalian liver cells [21]. Therefore, the detection of MG in foodstuff, fishes, and animal
milk used by humans is of great concern [22].

Several techniques have been applied for the decontamination of wastewater containing
organic dyes such as adsorption [23], photocatalysis [24], biological treatment [25], chemical
oxidation [26], coagulation/flocculation [27], membrane filtration [28], and ozonation [29].
Among different methods, adsorption is a more suitable and prime treatment method, because
of the simplicity of design, inexpensiveness, ease of operation, and high efficiency [30].
Initially, activated carbons were the most commonly used adsorbent [31], but the regeneration
difficulties and high production cost tend to limit its use as a potential adsorbent [32]. These
limitations have encouraged scientists to explore abundant, cheaper, and highly efficient
adsorbents such as bio-sorbents, natural materials, and waste materials [33–35].

The utilization of clays and clay minerals as an alternative adsorbent has many advan-
tages, such as environmental friendliness, low cost, higher surface area, abundance and ease
in availability, chemical stability, and a high potential for chemical modification [36–38].
Mainly, clays have layered structures and adsorb harmful substances between their layer
spaces [39]. Depending on the target pollutants, clays can be used as an adsorbent both
in natural and/or modified form [40]. Among the various types of clay, bentonite is the
most utilized clay material, mainly composed of at least 50% smectite, and more precisely
montmorillonite. Bentonite represents a 2:1 phyllosilicate, consisting of an octahedral
alumina sheet sandwiched between two tetrahedral silica sheets [41]. The overall negative
charge on the bentonite clay, being caused by the isomorphous substitution of Al+3 for
Si+4 in the tetrahedral layer and Mg+2 for Al+3 in the octahedral layer, is balanced by the
exchangeable cations located in the interlayer spaces, such as Na+, K+, and Ca+2 [42].

The objective of the current research work was to assess the ability of mesoporous
natural inorganic clays (NICs) for the removal of MG dye from an aqueous solution. The
influence of adsorption time, aqueous phase pH, MG concentration, and the amount of
NICs on the decolorization capabilities of NICs were evaluated. The obtained adsorption
results were analyzed by different kinetic and isotherm models.

2. Materials and Methods

2.1. Materials

The NICs adsorbents were obtained: bentonite from Pakistan (PB), bentonite pur-
chased from Alfa Aesar (BT), and red mud from Turkey (RM). The NICs samples were
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ground and washed with boiled distilled water followed by a filtration process to remove
the soluble impurities. After that, NICs samples were then dried in an oven for 24 h at 80 ◦C
and ground. Sodium hydroxide, hydrochloric acid, and malachite green is a water-soluble
cationic dye that belongs to the triphenylmethane category (chemical formula: C23H25ClN2,
color index number = 42,000, molar mass: 364.91 g/mol, abbreviated as MG) were obtained
from Sigma Aldrich, and used without further pre-treatment. The structure of the MG is
shown in Figure 1.

 

α θ

−

Figure 1. Chemical structure of MG dye.

2.2. Pretreatment of NICs Samples

All of the NICs samples were pretreated as follows: the NICs samples were suspended
in distilled water for 4 h and cleaned many times with freshly prepared distilled water. The
clean NICs were then oven-dried for 24 h at 105 ◦C. Finally, the dried NICs materials were
stored in sealed jars for further use, without any further physical or chemical treatment.

2.3. Characterization of NICs

To evaluate the mechanism of dye adsorption, it is imperative to examine the char-
acteristics of the adsorbent materials. Therefore, the physicochemical characterizations
of the adsorbent materials were analyzed by using various analytical techniques. The
chemical composition and elemental analysis of NICs were determined by X-ray fluores-
cence spectroscopy (XRF) using Bruker Tiger S8 XRF Spectrometer. The X-ray diffraction
(XRD) patterns using Bruker D-2 Phaser, Cu Kα radiation over a 2θ interval of 4◦–40◦

were performed to investigate the crystallinity and phase composition of the NICs ad-
sorbents. A Fourier transform infrared spectroscopic (FTIR) analysis was performed by
using Bruker-Tensor-27 between 400 to 4000 cm−1 for the examination of surface functional
groups of NICs. A field emission scanning electron microscopic (FESEM) analysis was
performed to determine the NICs adsorbent morphologies using FESEM-EDS (Zeiss Ultra
Plus). The Brunauer–Emmett–Teller (BET) nitrogen physisorption measurements were
performed using a BET Micromeritics ASAP 2020 instrument for the calculations of pore
sizes and specific surface area of the NICs adsorbents. The thermogravimetric analysis
(TGA) measurements were carried out using the TGA Q500 model instrument, a nitrogen
atmosphere (60 mL/min of N2), and the samples were heated at 10 ◦C per minute rise over
the temperature range of 25–800 ◦C.
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2.4. Batch Adsorption Studies

To evaluate the adsorption abilities of NICs adsorbents, batch adsorption experiments
were performed using 250 mL conical flasks containing 100 mL of working solutions. The
influence of operating parameters such as time (10–120 min), NICs amount (0.1–0.5 g), dye
concentration (100–350 mg/L), and pH (3–11) on MG dye remediation was investigated
in batch studies. Typically, 0.1 g of NICs and MG solution (100 mL) with the desired
pH and concentration were added to a 250 mL conical flask and stirred continuously. At
pre-determined intervals, the NICs samples were separated. The remaining concentration
of MG in the filtrate was spectrophotometrically measured by a UV-vis spectrophotometer
(Shimadzu UV1700 Japan).

The adsorbed amount of MG (mg/g) was calculated using the following equations:

qe =
(C0 − Ce) × V

M
(1)

where V (L) represents the volume of MG solution, Co (mg/L) is the initial MG concentra-
tion, Ce (mg/L) is the concentration at equilibrium, and M (g) is the amount of NICs.

3. Result and Discussion

3.1. Characterization of NICs

The XRF analysis was carried out to investigate the chemical compositions of the NICs
used adsorbents. Table 1 shows that PB and BT clays are mainly composed of alumina and
silica, while the major components of the RM clay are iron oxide, alumina, and silica, with
other oxides present in trace amount in all of the NICs samples. Figure 2 shows the major
chemical constituents present in NICs samples.

Table 1. Chemical composition of NICs clay.

Parameter
Chemical Composition (%)

PB Clay BT Clay RM Clay

Al2O3 56.3 60.7 18.7
SiO2 18 16.4 15.3

Fe2O3 10.5 5.54 44.34
CaO 4.41 4.68 1.36
K2O 3.51 1.1 0.38
MgO 3.1 3.4 0.47
Na2O 1.6 6.8 12
TiO2 1.21 0.63 6.27

𝑞௘ = (𝐶଴ − 𝐶௘)  ×  𝑉𝑀

 

Figure 2. Major chemical constituents of the natural inorganic clays (NICs) adsorbents.
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XRD analysis was employed to examine the mineralogical composition and crystalline
nature of the NICs samples, as shown in Figure 3. The results indicate that PB and BT clay
has the following mineral phases: illite, kaolinite, quartz, and calcite. The dominant diffrac-
tion peaks for the PB and BT clays were found at Bragg’s angle (2θ) = ~9◦, ~12.5◦, ~27◦,
~28◦, and ~29◦ which corresponds to illite, kaolinite, quartz, feldspars, and calcite, respec-
tively [43,44]. According to the XRD data, RM is mainly composed of hematite, with other
minerals such as gibbsite, diaspore, and calcite being present as minor constituents [45].

θ

 

−

−

−

−

−

−

Figure 3. XRD patterns of bentonite purchased from Alfa Aesar (BT), Pakistani bentonite clay (PB),
and Turkish red mud (RM) adsorbent.

The surface functional groups of NICs investigated by the accomplishment of FTIR
analysis are shown in Figure 4. The results indicated the presence of characteristic absorp-
tion bands of NICs at 3696 cm−1 belonging to the O-H stretching vibrations of the inner
surface hydroxyl group and 3612–3616 cm−1 belonging to the O-H stretching vibrations of
the structural hydroxyl [46]. The broadbands 3386–3422 cm−1 were due to the stretching
vibration of H-O-H of hydrogen-bonded inter-layer water molecules [47], while the bands
of OH deformation mode of coordinated water molecules appeared at 1632–1641 cm−1 [48].
The strong bands at 970–998 cm−1 were referred to as the Si-O-Si stretching vibrations [49].
The Si-O bending vibration and Si-O-Mg, Si-O-Si, and Si-O-Al stretching vibrations of the
NICs adsorbents were found in the range of 415–796 cm−1 [50,51].

 nm

(c) (d)

 m

 nm

(b)(a)

 m

 nm m

(e) (f)

Figure 4. FTIR spectra of RM, PB, and BT adsorbent.
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The NICs adsorbent morphologies were analyzed by SEM analysis (Figure 5). It was
observed that PB and BT clays have quite a rough porous surface with blunt edges due to
the agglomeration of small particle size, while the RM clay has a smooth surface compared
to the other two clays and a fluffy appearance because of the closely packed flakes.

 

200 nm

(c) (d)

2 µm

200 nm

(b)(a)

2 µm

200 nm2 µm

(e) (f)

Figure 5. SEM images of (a,b) BT, (c,d) PB, and (e,f) RM adsorbent.

The pore size distribution and surface area of the NICs materials were determined by
BET N2 sorption isotherm analysis. Figure 6 shows that the observed sorption isotherms are
of type IV with an H3 type of hysteresis loops. The results confirm the mesoporous nature
of the used NICs adsorbents [52]. Both the adsorption-desorption isotherms completely
overlapped at low relative pressure P/Po < 0.4, but showed a distinct hysteresis loop at
relatively high pressure (P/Po > 0.4), which is the typical characteristics of layered materials.
The calculated pore sizes and surface area derived from BET N2 sorption isotherm of the
NICs are given in Table 2. The thermal behaviors of NICs were studied by TG analysis.

Table 2. Surface and pore characteristics of the NICs adsorbents.

Parameter Unit PB Clay BT Clay RM Clay

Surface Area m2/g 115.99 38.306 16.796
Pore Volume cm3/g 0.1527 0.0711 0.0656

Pore Size nm 9.6055 19.168 25.834

It is clear from Figure 7 that a continuous weight loss was observed for all the clay
minerals in the test temperature range. A two-step weight loss of 9.8%, 8.7%, and 7.5%
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was observed for PB, BT, and RM adsorbents, respectively. The first weight loss due to the
dehydration of adsorbed water occurred over the 30 ◦C to 160 ◦C temperature range, while
the second weight loss over the 200 ◦C to 650 ◦C temperature range occurred due to the
loss of hydrated cations on the exchangeable sites and interlayer water dehydration of the
NICs adsorbents.

 

Figure 6. Brunauer–Emmett–Teller (BET) N2 adsorption-desorption isotherms plot of the NICs
sorbent.

 

Figure 7. Thermogravimetric analysis (TGA) of BT, PB, and RM adsorbent.

3.2. Adsorption Studies of MG Dye

The adsorption behaviors of the NICs were examined to assess their potential appli-
cations in the decontamination of wastewater containing organic dyes. The influence of
adsorption time, aqueous phase pH, MG concentration, and the amount of NICs on the
decolorization capabilities of NICs were evaluated under batch conditions.

The adsorption uptake of MG by the NICs under varied periods of adsorption con-
tact time (10 to 120 min) is shown in Figure 8. During the experiments, the adsorption
capacities increased with the increase in the adsorption contact time. Initially, the rate of
dye uptake was high, and afterward, a gradual decrease was observed until the equilib-
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rium was attained [53]. This trend of variation in the MG uptake rates was related to the
availability of adsorbent surface active sites. In the beginning, the faster adsorption rates
were attributed to the abundant surface-active sites that saturated over time and opposed
further adsorption [54,55].

 

Figure 8. Effect of contact time on malachite green (MG) adsorption.

The initial solution pH is a foremost significant controlling parameter in the process
of dye adsorption, as it can directly influence the adsorbent surface charges, the solute’s
dissociation, and as the adsorption mechanism [56]. It is also associated with the structural
changes and color intensities of dye molecules and is directly related to the competitive
adsorption process between the MG molecules and hydrogen ions [57]. The influence of
initial pH on the adsorption characteristics of MG by NICs adsorbents was examined in
the pH range of 3–11. According to the results (Figure 9), the adsorption capacities of NICs
adsorbents increased from 45.6 to 130.8 mg/g for RM, 62.4 to 142.8 mg/g for BT, and 82.8 to
170.6 mg/g for PB, with the increase of pH of MG solution from 3 to 11, respectively. In an
alkaline environment, the surface functional groups (Si-OH and Al-OH) of the NICs were
deprotonated by –OH, due to which the surface became negatively charged; as a result,
the electrostatic interaction between anionic NICs surfaced and cationic MG molecules
increased [1], whereas at low solution pH, the H+ ions concentration was very high, thus
competing intensely with the cationic dye to occupy the adsorption site, therefore causing
a reduction in the adsorption of MG dye [58].

It is essential to analyze the effect of the adsorbent amount, to optimize and select the
best-required dose of an adsorbent for scaling-up and designing large-scale equipment [59].
The influence of adsorbent dosage on dye adsorption is presented in Figure 10. The
obtained results show that increasing the NICs dose from 0.1 to 0.5 g resulted in decreases
in the adsorption capacities from 76 to 23.4 mg/g for RM, 92 to 27.4 mg/g for BT, and
134 to 29.6 mg/g for PB. The resulted decrease in adsorption capacities is due to the
increasing NICs dose (0.1 to 0.5 g), while the number of MG molecules remained fixed
(Ce = 100 mg/L). Hence, at a higher NICs dose, some of the surface-active sites of the NICs
remained empty [60].

To determine the influence of the initial MG concentration on the adsorption ca-
pacities, the experiments were performed by changing the concentration in the range of
100–350 mg/L, keeping other conditions constant. The results are shown in Figure 11. It
was determined that the adsorption capacities of MG onto NICs adsorbents increased from
92 to 223 mg/g for PB, 69 to 149 mg/g for BT, and 57 to 125 mg/g for RM as the initial
concentration increased from 100 to 350 mg/L. Moreover, at higher concentrations, the
adsorption uptake rate was also higher due to the higher concentration gradient [61].
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Figure 9. Effect of pH on MG adsorption.

 

Figure 10. Effect of adsorbent dose on MG adsorption.

 

Figure 11. Effect of initial dye concentration on MG adsorption.
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By taking into account the above experimental data and analysis, a mechanism for
the electrostatic interactions between the MG and NICs was proposed, as illustrated in
Figure 12.

 

log (𝑞௘ −  𝑞௧) = 𝑙𝑜𝑔𝑞௘ −  𝑘ଵ2.303 𝑡
−

𝑑௤೟𝑑௧ = 𝑘ଶ(𝑞௘ −  𝑞௧)ଶ
𝑡𝑞௧  = 1𝑘ଶ𝑞௘ଶ +  1𝑞௘ 𝑡

Figure 12. The adsorption mechanism of MG onto NICs.

3.3. Adsorption Kinetics

Adsorption kinetics analysis was carried out to describe the rate of adsorbate uptake
and evaluate the adsorption mechanism. The adsorption process occurs mainly in three
steps; (i) the external mass transfer of the adsorbate molecules from the bulk solution
to the external adsorbent surface, (ii) transfer of adsorbed molecules to the adsorption
sites, (iii) and finally, retention via sorption itself [62]. Therefore, the experimental data
were inspected by the two different kinetic models, namely the pseudo-first-order and
pseudo-second-order kinetics model.

The pseudo-first-order kinetic model can be represented as follows [55]:

log(qe − qt) = log qe −
k1

2.303
t (2)

where k1 (min−1) is the pseudo-first-order rate constant, qe and qt are the adsorption
capacities (mg/g) at equilibrium and at any time t (min), respectively.

The empirical equation for the pseudo-second-order kinetic model is [63]:

dqt

dt
= k2(qe − qt)

2 (3)

Integrating and rearranging Equation (3), we received

t

qt
=

1
k2qe

2 +
1
qe

t (4)

where k2 (g/mg. min) is the pseudo-second-order model rate constant.
The linear fitting kinetic results are presented in Figure 13a,b and the calculated

kinetic parameters are given in Table 3. When the regression coefficients (R2) values of the
used models were compared, it was found that they have almost the same values for R2.
However, the experimental (qexp) values of the pseudo-first-order model were found close
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to the calculated (qe) as compared to the pseudo-second-order model, which confirms that
the adsorption of MG was followed by the pseudo-first-order model.

 

Figure 13. (a) Pseudo-first-order and (b) pseudo-second-order kinetic models; (c) Langmuir isotherm
and (d) Freundlich isotherm model for MG adsorption onto NICs adsrobents.

Table 3. Kinetic data predicted by pseudo-first-order and pseudo-second-order kinetic models for the adsorption of MG
onto NICs adsorbents.

Adsorbent
Pseudo-First Order Pseudo-Second Order

Dye q(exp) (mg/g) qe (calc) (mg/g) K1 (min−1) R2 qe (calc) (mg/g) K2 (mg/g) R2

PB clay MG 134 105.22 0.01645 0.935 147.06 0.007 0.975
BT clay MG 92 89.74 0.01641 0.928 113.63 0.009 0.953
RM clay MG 76 67.70 0.01460 0.996 95.24 0.010 0.992

3.4. Adsorption Isotherm

The adsorption isotherm studies provide helpful information to understand the na-
ture of the interaction between the adsorbed matter and adsorbent, and to evaluate the
efficiency of the adsorbent material used for adsorption. The experimental data were
evaluated by two commonly used adsorption isotherm models, namely the Freundlich and
Langmuir models. According to the Langmuir model, adsorption of analyte takes place
on the homogenous sites the adsorbent with the monolayer formation [63], and can be
expressed as:

Ce

qe
=

1
KLqm

+
Ce

qm
(5)

where KL (L/mg) represents the adsorption equilibrium constant for the Langmuir model
and is related to the adsorption energy, qe and qm are the equilibrium adsorption amount of
adsorbate and monolayer adsorption capacity of adsorbents in the experiments (mg/g),
respectively, and Ce (mg/L) is equilibrium adsorbate concentration.
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The Freundlich isotherm, applied to non-ideal and reversible adsorption, is valid for
multilayer adsorption of analyte and can be expressed as:

lnqe = lnKF +
1

nF
lnCe (6)

where KF (mg/g) represents the Freundlich constant and 1/n is the heterogeneity factor.
All of the correlation coefficients and constants obtained from the used adsorption

isotherm models were summarized in Table 4. The results show that both of the isotherms
have very high R2; however, experimental maximum adsorption capacities are close to the
qm calculated from the Langmuir isotherm model. The results show that adsorption of MG
onto the surface of NICs adsorbents occurs via monolayer formation.

Table 4. Langmuir and Freundlich parameters for the adsorption of MG onto NICs adsorbents.

Adsorbent
Langmuir Freundlich

Dye q(exp) (mg/g) qm (mg/g) KL (L/mg) R2 RL nF KF (mg/g) R2

PB clay MG 223 243.90 0.064 0.994 0.135 3.373 53.83 0.968
BT clay MG 149 188.68 0.016 0.990 0.382 2.462 17.30 0.998
RM clay MG 125 172.41 0.011 0.993 0.481 2.153 10.15 0.995

A direct comparison of the adsorption capacities obtained in this study and earlier
reported in the literature is difficult due to the varying experimental conditions employed
in those studies. However, from Table 5, it can be concluded that the NICs used in this
study provide better results for MG adsorption than the others reported in the literature.

Table 5. Comparison of the maximum adsorption capacities of some adsorbents used for MG dye.

Adsorbent Isotherm qm (mg/g) References

Kaolin Langmuir 52 [64]
Clayey soil Langmuir 78.57 [65]
Diatomite Langmuir 23.64 [66]

Rattan sawdust Langmuir 62.71 [67]
Wood apple shell Langmuir 34.56 [68]

Walnut shell Langmuir 90.8 [69]
Conch shell powder Langmuir 92.25 [70]

Sea shell powder Langmuir 42.33 [21]
PB clay Langmuir 223 This study
BT clay Langmuir 149 This study
RM clay Langmuir 125 This study

4. Conclusions

In the current study, three different mesoporous natural clays were used as an
environment-friendly, efficient, easily available, and low-cost material for the adsorption of
cationic MG dye from an aqueous environment. The chemical composition, mineralogical
composition, and texture of NICs were determined by using XRF, XRD, FESEM, FTIR,
BET, and TGA analysis. It was observed that PB clay has a quite rough surface with blunt
edges and higher surface area as compared to the BT clay and RM clay. The experimental
results indicated that adsorption removal of MG was highly dependent on the adsorption
contact time, aqueous pH, NICs dose, and MG concentration. The adsorption capacities
of MG onto NICs increased with the increase in the adsorption contact time, pH, and MG
concentration, while it decreased with the increase in NICs dose. Furthermore, the kinetics
data fitted the pseudo-first-order model well. The isotherm data illustrated the suitability
of employing the Langmuir isotherm model. The adsorption capacity of PB clay (223 mg/g)
was found higher than the BT clay (149 mg/g) and RM clay (125 mg/g). The adsorption
of MG dye was more correlated to the BET surface area and available binding sites of the
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adsorbent material. Conclusively, naturally occurring mesoporous clays can be efficiently
applied for the removal of cationic dyes from contaminated environs.
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