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Abstract: Water treatment alternatives such as adsorption using agricultural residues are currently
being studied to eliminate pollutants that cause eutrophication in water bodies, avoiding the alteration
of aquatic ecosystems. In this work, two bio-adsorbents were prepared using cellulose extracted from
corn stems, Zea mays, which were labeled as MC (quaternized cellulose modified with Cetyl trimethyl
ammonium chloride) and B 1:1 (biochar obtained by the impregnation of the biomass with an HySO,
solution, 50% v/v, using a ratio of 1:1% weight of biomass to volume, followed by carbonization at
520 °C for 30 min with a heating rate of 10 °C/min). FTIR, TGA, DSC, and SEM-EDS were used to
study the properties of the bio-adsorbents. The effect of temperature over nitrate and phosphate
adsorption in the selective and binary system at 100 mg/L was tested at five temperatures: 25, 30, 35,
40, and 45 °C, using a load of the pollutant of 100 mg/L, volume of 5 mL, and a rate of bio-adsorbent
of 2 g/L at 200 rpm. Results showed a phosphate removal of 29.1% using the B 1:1 bio-adsorbent
at 30 °C and 23.8% with the MC bio-adsorbent at 35 °C. In the case of nitrate, removal of 40% was
determined with the B 1:1 bio-adsorbent at 25 °C, while removal of 38.5% was attained at 30 °C after
using the MC bio-adsorbent. The equilibrium was reached at 420 min. Nitrate adsorption with the
MC sample showed a good adjustment to the pseudo-second-order model. The pseudo-first-order
model described the kinetics of phosphate removal with MC, while this model had a good fit with the
B 1:1 sample for nitrate and phosphate. Freundlich’s model also adjusted the adsorption equilibrium
for both anions with acceptable accuracy. Moreover, the binary study indicated selectivity for the
phosphate, suggesting the potential applications of the carbon-based bio-adsorbents for anionic ions

remotion in aqueous media.

Keywords: adsorption isotherms; bio-adsorption; biocarbon; kinetic equilibrium; quaternized cellulose

1. Introduction

Excessive plant growth on the surface of water bodies due to increasing nutrients
such as nitrogen and phosphorus has become a problem worldwide, causing aquatic
ecosystem degradation [1]. The pollution by nitrates and phosphates is highly interesting
because they concur in both surface and groundwater [2]. Nitrogen and phosphorus
are present in water bodies as nitrate (NO3; ) and phosphate (PO,437) anions. Due to
anthropogenic activities, it has been an increase in the concentrations of these anions in the
last decades, causing the deterioration of aquatic bodies and ecological systems. In addition,
an overabundance of NO3~ anions in water could produce childhood methemoglobinemia
and many other types of cancers [3]. Phosphate is an anion highly soluble in water at
standard temperature and pressure (25 °C and 100 kPa) [4]. Due to its high solubility, NO3; ~
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has a smaller propensity for precipitation and adsorption; thus, an increase in temperature
augments its solubility through exothermic reactions [5]. Moreover, NO3~ and PO43~
have been frequently detected at concentrations ranging from 0.02 to 400 uM in the aquatic
environment, threatening human health and ecosystems [6].

Several technologies have been implemented to mitigate the presence of NO3; ™~ and
PO43~ in water, such as adsorption, bacterial assimilation, chemical precipitation, electro-
chemical methods [7], ion exchange [8], solid-phase denitrification, and reverse osmosis [9].
However, chemical and biological processes are limited by possible secondary contami-
nation, strict reaction conditions [10], highly contaminated residues, and low efficiency
at trace concentrations [11]. Bio-adsorption processes have significant potential as tech-
nology for wastewater treatment because they are characterized by using economical and
highly available bio-adsorbents that can be prepared from agro-industrial wastes [12].
Many of the natural adsorbents used for anion removal include inorganic materials, e.g.,
MgAl nanocomposites supported on activated carbon [1], sepiolite [13], chitosan-supported
hybrid bio-composites [14], nanoscale materials [15], and Mg-Al-modified biochar [16],
among others, as well as biomasses from different sources, which have been used directly
or chemically modified [10,11], obtaining good adsorption capabilities.

From elsewhere, bio-adsorption selectivity is the crypt to enhancing water treatment
processes, considering the coexistence of pollutants in effluents and water bodies [17].
Research with multi-component scenarios is an advance in clarifying the complexity of the
problem that needs to be considered when working with selective systems [17]. Producing
adsorbents with high adsorption and selectivity capacity is essential to an ongoing inves-
tigation. Specific adsorbents remove have higher quantities of pollutants while are more
selective at certain conditions [18]. Therefore, a rigorous analysis of adsorbents must be
done to improve their performance and make them more efficient.

In this sense, post-harvest residues of agricultural and agro-industrial origins are desir-
able as adsorbents of contaminants in solution because they are abundant and inexpensive.
Likewise, their lignocellulosic nature guarantees the presence of hydroxyl, carboxyl, phenol,
methoxy, and other functional groups, which are determinants in the removal of cations [19].
However, the presence of these groups confers to the surface of lignocellulosic residues
anionic properties suitable to retain metals. Still, electrostatic interactions would repel ions
of anionic nature, as is the case of nitrates and phosphates [20]. Activated carbon from
pine cones modified with lanthanum was evaluated for removing nitrate and phosphate,
reaching an adsorption capacity of 68.2 mg/g and 46.6 mg/g using 0.1 g of adsorbent and
250 mg/L [21]. The rice, coconut, and coffee husk biochar were also used to remove the
same nutrients, reaching adsorption capacities between 0.2 mg/g and 13 mg/g for nitrate
and phosphate, respectively [22]. Similar results were obtained using brewer’s spent grain
quaternized with N,N-dimethylformamide, epichlorohydrin, [23] and sugarcane bagasse
biochar modified with chitosan [24].

Therefore, cellulose-based adsorbents have been commonly modified to increase their
capacity to retain substances of anionic origin and improve their selectivity. Quaternization
is one of the most frequently used techniques to protonate the surface of adsorbents [25].
In this process, an etherification reaction is carried out by reacting a quaternary ammo-
nium salt with the active centers at the cellulose structure, obtaining a positively charged
adsorbent [26]. It has been used different nitrogen salts for the quaternization of bio-
adsorbents, such as N,N-dimethylformamide [27], 2,3 Epoxypropyl trimethyl ammonium
chloride [26], methyl trimethyl ammonium bromide [28], and epichlorohydrin [29]. In
the present study, cetyltrimethylammonium chloride (CTAC) was chosen as a cellulose
surface modifying agent; CTAC is a cationic surfactant with a quaternary ammonium head
and a C16 alkyl tail [30]. Considering most of the previous studies, the methyl trimethyl
ammonium bromide, a surfactant with a similar structure, was widely implemented in
the surface modification of cellulose for use in the treatment of water contaminated with
nitrate and phosphate.
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This study focused on leveraging corn stalks as an adsorbent due to this agro-industrial
residue’s high availability on the Colombian Caribbean coast. Corn exploitation contributes
widely to Colombia’s agricultural production since it accounts for 13% of the national
agricultural area. About 224,290 hectares are cultivated in the country, occupying the third
place in the transitory crops, with about 1.8 million tons of production. The corn crop
produces a large amount of biomass, of which about 50% is harvested as grain [31]. The
rest corresponds to various plant structures, such as stalks, leaves, limbs, and cob. Of these
residues, the stalks represent about 18% of corn’s dry weight, equivalent to 16 to 25 tons
per cultivated hectare [32].

In this study, corn stalks were used as a precursor for preparing two bio-adsorbents:
one carbon type, modified with H,SOy at a rate of 1:1% w/v (B 1:1), and cellulose extracted
from biomass treated with cetyltrimethylammonium chloride (MC). Equilibrium and ad-
sorption kinetics studies, structural characterization, and texture of the adsorbents were
carried out. The literature has yet to report selectivity studies on nitrate and phosphate
removal using cellulose extracted from Zea mays modified with CTAC. For this purpose,
this work examines the selective and competitive adsorption of nitrate and phosphate
on carbon-based bio-adsorbents (cellulose modified with CTAC and biochar) prepared
from Colombian corn stalks; therefore, the present study contributes to the development of
bio-adsorbents from agro-industrial wastes and their application for the remotion of anionic
pollutants ions, as an eco-friendly solution to avoid the eutrophication in water bodies.

2. Materials and Methods
2.1. Materials and Reagents

Merck Millipore analytical grade reagents were used; monopotassium phosphate
(KH,POy4) and sodium nitrate (NaNO3) were utilized to prepare synthetic solutions at
100 mg/L. The pH was fixed with [1 M] of sodium hydroxide (NaOH) and hydrochloric
acid (HCI) solutions. Cetyl trimethyl ammonium chloride (CTAC) at a concentration of
100 mM was used to modify the cellulose. At the same time, the chemical modification of
the biochar was carried out using 99% analytic-grade sulfuric acid.

2.2. Synthesis and Characterization of the Bio-Adsorbents

The Zea mays corn stems were collected as agricultural waste from a local farm at Maria
La Baja, Department of Bolivar, Colombia. The stalks were washed with deionized water
and dried at 60 °C in an oven until regular mass. Subsequently, the biomass was reduced
in size using an electric mill, selected by screening particles smaller than 0.14 mm for the
extraction of cellulose and sizes between 1 and 2 mm for the preparation of the biochar.

For the extraction of cellulose, 20 g of the biomass of pulverized corn stalks were
used, which were dispersed in distilled water with a ratio of 2% w/v using mechanical
agitation at 200 rpm for 10 min; afterward, 500 mL of NaOH in solution at 4% w/v was
added, continuing with agitation at 200 rpm for 2 h at 80 °C. Then, the solution was filtered,
and the treatment with NaOH was repeated. Finally, the solution was filtered again, and
the biomaterial was washed with abundant distilled water until the washing water was
clear and with a neutral pH. The biomaterial obtained was dried at room temperature for
8 h and then added to a solution prepared by dissolving 50 g of Sodium chlorite (NaClO, ™)
in 500 mL of distilled water and 50 mL of sulfuric acid, stirring this mixture for 24 h at
30 °C. This experimental procedure obtained 6.2 g of cellulose, which was dried for 3 h at
60 °C [33]. For the chemical modification of the cellulose, it was added 62.8 mL of CTAC
[100 mM] to 6.28 g of cellulose; the mixture was maintained with magnetic agitation for
24 h at 250 rpm at 27 °C [34]. The modified cellulose was rinsed with plenty of distilled
water, dried at 50 °C, and stored in plastic vials.

The biochar was prepared by impregnating the biomass for 24 h with H,SO, diluted
at 50% v/v, using a chemical modification ratio of 1:1% w/v (B 1:1). The carbonization was
made in a muffle at 520 °C for 30 min, with a ramp speed heating function of 10 °C/min.
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The biochar was washed with distilled water until neutral pH and dried at 100 °C until
regular mass [17].

The morphology of the bio-adsorbents was analyzed by scanning electron microscope
(SEM) coupled to energy dispersion spectrometry (EDS) using a scanning electron mi-
croscope TESCAN model FE-MEB LYRA 3, with gold coating, a voltage of 10 kV, and
magnification of 1kx. The adsorbent total surface charge was determined through the
point of zero charge pH (pHp,c) [35]. For this, 0.5 g of adsorbent was put in contact with
50 mL of deionized water at different pH values from 2-11 for 24 h at room temperature;
then, the final pH of the solution was measured, and the results were plotted, establishing
that the pHpyc is the value where the initial pH slope intersects with the final pH curve.

2.3. Selective Adsorption Experiments

Adsorption tests were developed using an experimental design, which considered as
response variables the removal efficiency (R) of phosphate and nitrate anions; the effect of
the temperature was evaluated at five levels: 25, 30, 35, 40, and 45 °C. The concentration
of the contaminants after bio-adsorption was measured in a spectrophotometer model
BK-UV1900 brand Biobase UV-VIS.

Synthetic solutions were prepared at 100 mg/L, using the following protocol: 0.439 g
of dehydrated KH,PO, was added to 1 L of distilled water to prepare the phosphate
solution [36]; for the nitrate solution, KNO3 was dried in an oven at 103-105 °C for
24 h, followed by the addition of 0.7218 g was dissolved in 1 L of deionized water, and
2 mL of chloroform was added to preserve the solution [37]. Adsorption experiments
were performed by contacting 5 mL of synthetic contaminant solution with doses of bio-
adsorbents of 2 g/L, using an orbital agitator at 200 rpm, varying the temperature in the
range selected for this study.

The remaining concentrations of contaminants (C,) were determined by UV-Vis spec-
troscopy: phosphate concentration detection was performed at 880 nm following the
ascorbic acid method with a limit of detection (LOD) of 0.03 mg/L [36], and nitrates were
determined at 543 nm (LOD 0.05 mg/L) [37]. A correction was made to rule out the possible
presence of nitrites by performing a second measurement at 275 nm (LOD 0.01 mg/L).
The correction was made for all the nitrate samples to determine the possible presence of
nitrites. The removal efficiency (R) was determined according to Equation (1):

Go—Ce
0

R(%) = x 100 1)
where Cy and C, are the feed and final concentrations of anions in the solution, both
expressed in mg/L.

2.4. Adsorption Isotherms

Equilibrium experiments were conducted using five different levels of concentrations
of the anions from 20-100 mg/L for 24 h, using a volume of 100 mL and 2 g/L of adsorbent.
The Langmuir (Equation (2)) and Freundlich (Equation (3)) models were applied to adjust
the experimental data obtained at equilibrium time. The Langmuir model is a process
where the adsorbate creates a single layer on the surface of the adsorbent until the balance
between liquid and solid is achieved [38]; it also considers that the exposed area of the
adsorbent is homogeneous which possesses a certain quantity of available sites that have
equal energy capable of adsorbing a single species.

_ ImaxKr Ce

e s @

C, is the anions final concentration (mg/L), g, is the quantity of pollutant adsorbed
per gram of adsorbent at equilibrium (mg/g), gmax is the maximum capacity in the single
layer, and Kf, is Langmuir’s isothermal constant.
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Freundlich’s isotherm deduces that the adsorption process occurs in multiple layers
from the exposed surface into the pores of the adsorbent [20].

g. = KeC" ®)

where g, (mg/g) is the final adsorption capacity of adsorbent, Kr (L/g) is Freundlich’s

isothermal constant, and C, (mg/L) is the concentration of adsorbate at equilibrium.
Other isotherm models, such as Temkin's [39], were tested, but given the fit value

obtained, it was decided not to report it to reduce noise in the graphs and tables.

2.5. Adsorption Kinetics

Adsorption kinetics experiments were conducted at the best temperature condition
found in experiments, at 100 mg/L using 100 mL of solution volume and 2 g/L of adsorbent
load [40], 200 rpm of stirring rate and sampling in 5, 10, 20, 30, 60, 180, 300, 420, and
1440 min for each experiment. The pseudo-first-order (Equation (4)), pseudo-second-order
(Equation (5)), and Elovich (Equation (4)) models were adjusted to analyze the experimental
kinetic data. The pseudo-first-order Lagergren model assumes that the reaction rate is
controlled by only one of the reagents [41].

a =q.x (1+e747) @

where k; (min~') is the time scale factor whose value determines how quickly equilibrium
can be reached in the system, g,, and g; (mg/g) are the quantities adsorbed per unit of mass
at equilibrium at any time ¢, respectively.

The pseudo-second-order equation contemplates that the process limit step is chemisorp-
tion, which occurs by ion exchange produced at the surface of the adsorbent. The reaction
order is two regarding the number of adsorption sites available for exchange [42].

t
G4=——T 7 ®)

k2><q§ + e

where « is the initial adsorption rate (mg/g min), 8 (g/m™!) is the desorption constant,
and g; (mg/g) is the amount of retained pollutant in a time ¢.

2.6. Adsorption Multi-Component System

The multi-component adsorption experiments were conducted by placing 150 mL of
equimolar contaminant solution with an adsorbent dose of 2 g/L in contact for 24 h. The
solution was prepared by mixing 50 mL of each solution (nitrate or phosphate) at 100 mg/L.
The separation was made using microfilters of 0.45 um. The sample for nitrate analysis was
stored in plastic vials, while the sample for phosphate examination was stored in amber
glass vials and subsequently refrigerated until analysis.

3. Results and Discussion
3.1. Characterization of the Bioadsorbents

Figure 1 shows the thermal stability analysis by determining the weight change of
the synthesized cellulose over 0-100 °C (TGA) and the heat flow of a sample at the same
temperature range (DSC). These analyses showed that the cellulose extracted from corn
stalks exhibits three stages of weight loss. First, a weight loss of 10% at the temperature
range from 30225 °C can be attributed to the evaporation of water and adsorbed humidity
due to the hydrophilic character of the lignocellulosic materials [43]. Additionally, a
second weight loss of 70% was determined between 250-400 °C; this primary loss and its
gradual thermal transitions are related to the cellulosic chain degradation [44] through
the decomposition of glycosyl units followed by its transformation to char [45], as well as
hemicellulose and a small quantity of cellulose [43]. The last weight loss observed from
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400-600 °C was 21%, characteristic of the lignin decomposition. These results confirmed
the purity of the extracted cellulose from corn stalks.

T T T T T T T 60
100 - -
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] =
80 ——TGA -40 E
——— DsC =
— _ 2
1 p—
/_— A
g 40 / - 20 é
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] 2
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Figure 1. Thermal stability analysis of the cellulose extracted from the corn stalks.

Figure 2 shows the FTIR spectra for CTAC-modified corn stalk cellulose previously
and afterward of the adsorption of nitrate and phosphate.

()

(b)

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Figure 2. FTIR spectra of MC before and after adsorption of nitrate and phosphate for (a) MC,
(b) MC-Nitrate, and (c) MC-Phosphate.

According to Figure 2, the three spectra were similar to a sharp and broad peak at
3350 cm ™!, caused by the stretching vibration of the OH group and tertiary amines; thus,
due to the vibration of the groups in cellulose and hemicellulose, as can be seen from the
FTIR of cellulose from the literature [46]. The appearance of amines and carbonyls by the
stretching vibrations of the O-H tie is located between 3400 and 3500 cem ™1 [21,22]. The
peak caused by C-H presence is observed at 2904 cm~!. Wavelengths between 2000 and
2500 cm ™! show weak C=C and COOH "~ signals. The typical band assigned to cellulose is
observed in the region between 1669 and 829 cm !, with stretching and bending vibrations
due to -CHj; and -CH, -OH, and C-O bonds in the cellulose bonds [47]. The crystalline
structure of cellulose is reflected around 1418 cm !, while around 900 cm ! is related to
its amorphous form [34]. The intense peaks at 1130 cm~! in MC can be associated with



Water 2023, 15, 1420

7 of 18

A

SEM HV: 10.0 kV
SEM MAG: 1.00 kx

WD: 8.97 mm L1 | LYRA3 TESCAN SEM HV: 10.0 kV WD: 8.93 mm LYRA3 TESCAN

Det: SE + BSE 50 pm SEM MAG: 1.00 kx Det: SE + BSE 50 pm
View field: 207 pm  Date(m/d/y): 03/06/20 Centro Microscopia-UNIANDES View field: 208 pm  Date(midly): 03/06/20 Centro Microscopia-UNIANDES

the specific stretching vibration of the C-N bond, corresponding to the surface modifica-
tion of the material with the quaternary amino group of CTAC [48]. The peak around
850-550 cm ™! is attributed to the stretch of the C-Cl group, caused by the union of the
chloride to the alkyl group of modified cellulosic material; also, the CTAC was identified at
bands at 2892 cm ™! and 2921 cm ™! consistent with symmetrical and asymmetrical CH,
stretches from the long alkyl CTAC chain, accordingly with Hastati et al. [49]. In the MC
spectra, a peak near 1480 cm ! is characteristic of the trimethyl groups of the quaternary
ammonium [49]. After adsorption, it is evident that bands are widening from 1050 cm !
to 1650 cm~! due to phosphate removal [50]. The characteristic nitrate peak at 1380 cm ™!
indicates its retention by MC [51]. FTIR results prove the existence of active centers and
demonstrate that MC could remove the anions under study present in the aqueous phase
by the union in the region where the peaks of the modifying agent were found.

The morphology of the bio-adsorbent synthesized from corn stalks was studied by
SEM analysis coupled with EDS (Figure 3). The chemically modified cellulose (MC) shows a
slightly porous surface with multiple folds and tubes, which is attributed to the delignifica-
tion of the raw material (Figure 3a) [52]. Similar results were reported by Eleryan et al. [53],
revealing that the particle surface contains wide pores, which are available for ion adsorp-
tion within the surface pore. The biochar modified with HySO, exhibited a heterogeneous
surface of porous nature in the range of macro and mesopores, allowing access to the
microporous structure (Figure 3b) [54]. In addition, agglutinated networks were observed
due to the volatilization of oxygen and hydrogen present in lignocellulosic compounds of
low aromaticity and the lignin material, causing the carbon to form new aromatic links,
increasing the order of graphitization in the structure [55]. Previously, it was found that
NO;~ and PO43~ removal was enhanced due to surface modification with Al of biochar
synthesized from poplar residues [56]. The bromatological composition of corn stalks
has been reported, which presents in their structure cellulose (35-50%), hemicelluloses
(20-35%), and lignin (15-20%); the quaternization of the structure could be successful when
occurred between hydroxyl groups of these lignocellulosic materials [57].

h =

Figure 3. SEM micrographs of (a) the chemically modified cellulose (MC) and (b) the biochar prepared
by impregnation with HySO4 B 1:1.

From the EDS images, C, O, S, and K atoms were observed in higher proportions.
The presence of sulfur in the structure of B 1:1 is related to the chemical modification with
H,S0, evidencing the success of the process. The MC sample did not display any change
in its structure after the modification with the chemical reagent CTAC. Table 1 shows a
compilation of the elemental composition measured by EDS.

From the data presented in Table 1, it was observed that the MC sample did not
report the presence of Mg and Si atoms, nor P, S, and K atoms; this can be attributed to the
purification of the cellulose with NaClO, ~, which was used for the bleaching and removing
of lignin and pectin traces from the biomass [33]. Meanwhile, in the biocarbon beyond the
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presence of S atoms in high proportion, it was found the presence of elements, such as Mg,
5i, P, S, and K; the above, considering that the B 1:1 sample was synthesized from corn
stalks without any pre-treatment and those elements are present in the raw fiber surface in
trace amounts [58].

Table 1. Bio-adsorbent elementary composition determined from the EDS technique.

% Weight
Element

MC B 1:1

C 52.14 80.26
(@] 47.69 9.43
Al 0.140 0.00
Mg 0.32
Si 0.70
P 0.30
S 7.16
K 1.84

The pH value of the liquid phase is an essential component impacting anion adsorp-
tion on bio-adsorbents; this variable significantly affects the exchange capacity between
the active centers and the adsorbent materials [59]. NH" is the main form of NHj in
a weakly acidic or neutral solution, and an ionic swap will happen between NH4* and
species charged positively on the adsorbent. Nevertheless, a significant part of the NH,*
is transformed into NH3 under pH > 7; the adsorbent cannot capture the anionic pollu-
tant [10]. The increase in ammonium adsorption capacity on biochar has been reported
with the pH variation from 4 to 8, decreasing this value in alkaline media [59]. The lower
ammonium adsorption when pH is less than four can be attributed to the competence
between hydronium and NH4* for the adsorption sites on the exposed surface of the
materials. In addition, the effect of this variable is also essential for phosphate adsorption
since the adsorption process occurs between the positively charged bio-adsorbent and the
negatively charged PO%~ 4 [59]. Thus, nitrate and phosphate are scarcely adsorbed under
alkaline conditions because OH™ ions compete with nitrate ions for available adsorption
sites [13]. The pHp,. was determined to establish the pH at which the surface load of the
bio-adsorbents is zero [60]. It was found that the pHpzc was 6.06 and 5.17 for modified
cellulose (MC) and biochar (B 1:1), respectively. The raw biomass exhibited a pHpzc of
7.14, and the value for the cellulose was 4. The increase in the pHpzc of the MC was
reported for crosslinked cellulose-epichlorohydrin. It was attributed to the quaternization
of the biomass [61] and the modification done in the present study. Elsewhere, the zeta
potential of cellulose at pH 4 has been reported to be zero, which is consistent with the
results obtained in the present study for the cellulose extracted from corn stalks [62]. At a
pH lower than pHpzc, the bio-adsorbents behave as a positively charged structure, while
as the pH of the solution augments, a de-protonation of their surface occurs [9]. Thus, it
was established that the pH value at which the adsorption tests were performed using the
two bio-adsorbents was 4 to ensure the positive charge of the biomaterial’s surface.

3.2. Effect of Temperature

Adsorption tests were performed at pH 4, evaluating the change in temperature
between 25 and 45 °C. Figure 4 shows the results of removal capacity. It was found that the
best phosphate removal efficiencies were observed at 30 °C using the B 1:1 sample, reaching
an efficiency of 29.1%, and at 35 °C using the MC sample, obtaining a value of 23.8%.
In nitrate, the effect of temperature was more noticeable, observing a removal efficiency
of 40% using the B 1:1 bio-adsorbent at 25 °C and 38.5% with the MC bio-adsorbent at
30 °C. Therefore, it can be said that the process does not need an energy supply to happen
by the exothermic nature of reactions [63]. The modified cellulose exhibited selectivity
for the phosphate anion, while the biochar showed selectivity for the nitrate. However,
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3.3. Adsorption Equilibrium

Adsorption equilibrium was studied by determining the isotherms at the best ex-
perimental temperature conditions found (30 °C for nitrate and phosphate with MC and
phosphate with B 1:1, and 25 °C for nitrate with B 1:1). It varied the initial concentra-
tion of contaminants in 20, 40, 60, 80, and 100 mg/L, 200 rpm, using 2 g/L of adsorbent.
Figures 5 and 6 show the experimental data adjustment to Langmuir and Freundlich’s
models, employing non-linear regression with the OriginPro 8® software. The adjustment
parameters are displayed in Table 3. The best fit was selected according to the R? value [66].

12 = Experimental -
Freundlich e
10d L Langmuir -
_ 8 7
>
g
\_:) 6 -
o
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O T T T T T T T
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C, (mg/L)
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184 | Freundli_ch
] —— Langmuir
16
14
= 12 4
(=2} 4
E 104
UCD 4
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2 7] [
O T T T T T
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C. (mg/L)
(b)

Figure 5. Fit to isothermal non-linear models of adsorption equilibrium experimental data of (a) ni-
trate and (b) phosphate using modified cellulose (MC) as adsorbent.

Langmuir coefficients for the linearized equation were obtained by making graphs
between C,/q. versus C.. Freundlich coefficients for the linearized Freundlich equation
were obtained by building graphs between log (g.) versus log (C.). The calculated parame-
ters are shown in Table 2. It can be inferred that linear Langmuir equations show different

constants against non-linear adjustment, as error variation indicates (comparing results
from Tables 2 and 3).
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Figure 6. Fit to isothermal non-linear models of the adsorption equilibrium experimental data of
(a) nitrate and (b) phosphate using biochar (B 1:1) as adsorbent.

Table 2. Adjustment parameters of NO;~ and PO,3~ non-linear adsorption isotherms.

Freundlich Langmuir
K¢ n R? Gmax (mglg) K1 (L/mg) R?
MC-N 0.0526 0.7957 0.9546 331.6291 7.32 x 107° 0.9196
MC-P 0.0366 0.6573 0.9832 586.4403 5.03 x 107° 0.8792
B1:1-N 0.082 0.822 0.937 161.0802 8.81 x 107° 0.914

B 1:1-P 0.0452 0.668 0.952 586.0917 5.53 x 107° 0.857
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Table 3. Adjustment parameters of NO3 ~ and PO,3~ adsorption linearized isotherms models.

Freundlich Langmuir
Ky n R? Gmax (mg/g)  Ki (L/mg) R?
MC-N 0.039 0.755 0.974 1.461 15.276 6.07 x 1073
MC-P 0.009 0.528 0.952 9.059 6.779 1.33 x 102
B1:1-N 0.190 1.001 0.947 0.726 163.934 1.093 x 1073
B 1:1-P 0.520 3.299 0.996 9.158 18.018 9.091 x 1073

Note: RMSE: absolute error measure.

From the data summarized in Tables 2 and 3 and the adjustments in Figures 5 and 6,
it was established that Freundlich was the model that best describes the adsorption of
nitrate and phosphate, with R? > 0.90 in all cases. Although the adjustment is not ideal, the
accuracy is fair compared with other models evaluated as Temkin. The above indicates that
the anion adsorption process happens in multilayers due to the heterogeneous surface of the
bio-adsorbents prepared from corn stalks [67]. The value of n was <1 in all cases, indicating
low favorability of the process over bio-adsorbents [68]. It has been reported previously, also
exemplifying the Freundlich model, for removing nitrate that activated carbon modified
displayed a high affinity between the bio-adsorbent and the contaminant [34]. When
using halloysite and kaolinite functionalized with triethanolamine in the elimination of
NO;~ and PO43~, an adjustment of the isotherm to the Freundlich model with R? higher
than 0.85 were reported in all cases, and a high affinity between the active centers of the
adsorbents and the contaminants [69]. As Donnan’s theory illustrates [70], anion charge
is an essential feature of the yield in the adsorption mechanism; it may lead to selective
phosphate adsorption on both adsorbents evaluated against nitrate. Thus, considering that
the adsorption of both anions under study has been reported to occur by Van der Waals
forces, ion exchange and surface complex formation are involved due to the heterogeneity
of their structure and binding sites [8,57].

3.4. Adsorption Kinetics

The effect of contact time was evaluated by determining kinetics. Elovich’s pseudo-
first and pseudo-second-order models adjusted the obtained data and identified possible
mechanisms during adsorption [48]. The adsorption kinetics are presented in Figure 6, and
the models” adjustment parameters are shown in Table 4.

Table 4. Kinetic Model Adjustment Parameters.

MC B 1:1
Model Parameter Nitrate Phosphate Nitrate Phosphate
kq (min~1) 0.0147 0.0073 0.021 0.010
Pseudo-first order ge (mg/g) 11.2036 19.6829 14.398 20.137
R? 0.9741 0.9867 0.989 0.985
ky (g/mg x min)  0.0014 360 x 107  0.0016  5.04 x 1074
Pseudo-second order e (mg/g) 12.5699 22.9392 15.849 23.237
R? 0.9827 0.9629 0.981 0.956
« (mg/g x min) 0.6375 0.5361 1.113 0.704
Elovich B (g/mg) 0.4523 0.2392 0.366 0.222
R? 0.9430 0.9013 0.905 0.894

The qiuqx was obtained with sample B 1:1 (Figure 7), reaching the adsorption equilib-
rium at about 420 min in all cases, with a fast removal rate during the first minutes because
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of the high quantity of vacant adsorption sites in the biocarbon at the beginning of the
process [71]. Nitrate adsorption using the MC sample showed a good fit to the pseudo-
second-order model, so it is established that the rate-limiting step is a chemical reaction due
to the physicochemical interactions between the two phases [14]. The pseudo-first-order
model described the kinetics of phosphate removal with the MC bio-adsorbent and nitrate
and phosphate on the B 1:1 bio-adsorbent, thus establishing that the adsorption rate hap-
pens at an active site at the time [48]. The fit of both models suggests a chemical mechanism,
and the rate of remotion is controlled by electrostatic forces between the anions and the
bio-adsorbent [46]. Also, the adjustment to pseudo-first-order meant that the external mass
transfer process was more effective in controlling the mercury adsorption process of coffee
residues [72]. Then, in all cases, there could be a combination of physical adsorption and
chemisorption. Furthermore, the calculated and tabulated values of g, in Table 4 are close to
the experimental values. Riahi et al. [73] reported that the pseudo-second-order model fits
throughout the evaluated adsorption period and supports the assumption that adsorption
is due to chemisorption through ion exchange until the vacant sites are occupied, then
molecules diffuse into the adsorbent pores.

Adsorption capacity (mg/g)

22
P
I 20 1 S
18 1 “;'
__ a 1. /
. 14
—a— MC-Nitrate

—&— MC-Phosphate
—e— B 1:1-Phosphate

124
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8- I}
6] )
41

(@) 214
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T
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T
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Figure 7. Adsorption kinetics for (a) nitrate and (b) phosphate.

The pseudo-second-order model also described the kinetics of phosphate on two stable
organometallic structures functionalized with amino groups; the mechanism controlling
adsorption was inferred as chemical removal implicating valence forces by giving electrons
between bio-adsorbent and adsorbate, according to the selectivity [65]. Similar results were
obtained using ion exchange resins prepared from corn and yucca husks quaternized with
epichlorohydrin, N,N-dimethylformamide, and pyridine; maximum removal capacities
of 53.1 and 82.18 were obtained when an initial concentration of 200 mg/L was used [59].
When using corn stalks modified with triethylenetetramine and triethyleneamine, g. of
15.71 and 20.48 mg/g of nitrate and phosphate, respectively, was obtained; it was also
found that the dates were described by a pseudo-second-order model [48]. The general
explanation for the mechanism of kinetic law involves a variation of the energetics of
chemisorption with the active sites that are heterogeneous on bio-adsorbents and also
show different activation energies for reactions because their cell walls primarily consist of
cellulose, and many hydroxyl groups, such as tannins or other phenolic compounds [73].
Thereby, it may depict the breakthrough curve in a packed bed column; a global mass
balance could do this to get equations for the breakthrough curve in a bed packed with
adsorbent. Then, the obtained equations can be employed for scaling up and designing the
adsorption beds for a liquid-solid system, considering that real adsorption systems operate
continuously to treat large volumes of polluted water [74].
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3.5. Multi-Component Adsorption

Competitive contaminant removal studies provide insight into the practical application
of adsorption since superior adsorbents must possess fast adsorption kinetics, high removal
capacity, and specific selectivity towards specific contaminants; This, considering that in
real wastewater, a mixture of various ions coexists and compete for adsorption sites [65].
Therefore, it is interesting to test the selectivity of adsorbents by employing competitive
adsorption tests.

Figure 8 shows the competitive removal of nitrate and phosphate, showing an increase
in selectivity by both bio-adsorbents for the phosphate anion, which can be attributed to
the trivalent nature of the anion, potentially giving it higher selectivity. The use of MC
increased the percentage of phosphate removal compared to the selective experiments,
while the behavior of the nitrate anion remained with similar efficiencies. On the other
hand, when using B 1:1 sample, it was found that nitrate removal efficiency decreased
while phosphate removal increased. This fact can be explained, according to Helfferich’s
concept of electros-selectivity, adsorbents tend to prefer higher valence counterions to lower
valence ones [75]. Considering that the working pH was 4 and the dominant phosphorus
species were HPO,42~ /H,POy ~, nitrate did not strongly affect phosphate adsorption. In
addition to the ionic interaction, ligand exchange through forming a chemical bond between
phosphate and the quaternary nitrogen species also contributed to the adsorption process,
which ensured high performance in a simple system towards phosphate [65]. Nitrate
presented the lowest removal, possibly due to its monovalent nature; it would have a
higher selectivity for specific bio-adsorbent active centers [76]. This fact may be due to the
anionic charges of multivalent PO4>~ ions which have a higher density and are adsorbed
faster than monovalent ions [77]. Likewise, it could be due to the ease of phosphate ions to
transfer from the liquid to the solid phase, at a constant temperature and pressure, towards
nitrate during adsorption. Thus, it coincides with the reported use of hybrid chitosan beads
grafted with the amine [78].

60 /) Phosphate
Nitrate

50 1

B
o
1

N
o
1

Removal efficiency (%)

=
o
1

MC B1
Adsorbent

Figure 8. Competitive removal of Nitrate and Phosphate.

Similar findings were obtained when evaluating the coexistence of different anions on
phosphate removal. Their interference was negligible because phosphate ions bind more to
the surface of the adsorbents due to their multivalent nature [1]. Also, when using dolomite,
it was found that nitrate does not alter the phosphate adsorption capacity [3]. In addition,
Jeyaseelan and Viswanathan [79] reported during the competitive fluoride adsorption
in the presence of chlorine, phosphate, sulfate, nitrate, and bicarbonate. The increasing
removal efficiency of NO; ~ in the presence of PO,>~ might be because phosphate in an
aqueous solution produces hydroxyl ions, which raises the pH of the solution. These
probably elevated deprotonation to such an extent that the MC’s surface may become
electronegative, altering the electrostatic for their attraction into electrostatic repulsion,
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which causes the adverse effect. This would explain the higher efficiency of the two
adsorbents regarding the selective tests (Figure 4).

4. Conclusions

From the adsorption essays and characterization of the bio-adsorbents, this study
concluded that the agricultural residues in corn stalks are copious residues that can be
used for extracting cellulose. The chemical modification of this cellulose with the CTAC
compound allowed protonating of the biomass surface, making this bio-adsorbent attractive
for removing nitrate and phosphate anions in a batch system. Moreover, biochar was
successfully prepared by the impregnation methodology using H,SO4. SEM-EDS analysis
showed that the bio-adsorbent B 1:1 exhibited a heterogeneous surface of porous nature
with macro and mesopores with agglutinated networks. At the same time, the MC sample
had a slightly porous surface with the presence of multiple folds. In addition, the effect
of temperature was evaluated, finding that the best efficiencies of nitrate removal on MC
and phosphate removal on B 1:1 occurred at 30 °C, phosphate removal on MC at 35 °C,
and nitrate removal on B 1:1 occurred at 25 °C. The equilibrium was reached at 420 min,
achieving the highest adsorption capacity of nitrate and phosphate over B 1:1. Nitrate
adsorption with MC showed a good fit to the pseudo-second-order model. The pseudo-
first-order model described the kinetics of phosphate removal with MC bio-adsorbent and
both anions (nitrate and phosphate) over B 1:1 bio-adsorbent. Freundlich’s model fits the
nitrate and phosphate experimental data with an acceptable level of accuracy, indicating
that the process is multi-layered. The multi-component study evidences the selectivity of
biomaterials by phosphate without indicating competition for the material’s active centers
among the anions studied, suggesting the potential applications of the carbon-based bio-
adsorbents for anionic ions remotion in aqueous media.
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