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ABSTRACT

The purpose of this study was to compare and analyze the effects of phosphorylated (PCS) and
sulfonated cornstalk (SCS) on the removal efficiency of cationic Pb(Il) ions from aqueous solu-
tions. The pH_ _of cornstalk (CS) was 7.31, while those in SCS and PCS were lower at 4.17 and 2.25,
respectively, confirming that acidic functional groups were attached to the surfaces of SCS and
PCS. The maximum adsorption capacity of Pb(II) occurred in the order of PCS (182.76 mg/g) > SCS
(114.36 mg/g) > CS (34.87 mg/g). The adsorption of Pb(Il) onto SCS and PCS was close to chemisorp-
tion, and the adsorption efficiency increased in proportion to an increase in temperature. According
to Fourier-transform infrared spectroscopy and Brunauer-Emmett-Teller analysis, sulfonation or
phosphorylation of cornstalk help increased the number of carboxyl groups and porosity of the
adsorbents, which facilitated the adsorbents to adsorb lead in aqueous solution. In summary, when
CS was sulfonated and phosphorylated, the removal efficiency of Pb(Il) from aqueous solutions
was improved by 3.28 and 5.24 times, respectively.
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1. Introduction biomass in a natural state without reforming, there were
disadvantages in that the removal efficiency and regener-
ation of harmful substances was low [5]. Therefore, many
researchers have been modifying lignocellulose-based bio-

Activated carbon has a large surface area, well-devel-
oped internal structure, and various surface functional

groups, making it an excellent adsorbent for the removal of . . . . -
mass in various ways to increase the adsorption efficiency

various contaminants [1]. However, due to the cost disad- . .
. of harmful substances and to improve the regeneration
vantage of activated carbon, numerous approaches for the
of adsorbents [3,5].

development of inexpensive and effective carbon adsorbents
have been studied [2,3]. Agricultural waste is a suitable raw
material for the production of high-quality activated carbon.
Lignocellulose-derived biomass is a highly recommended
source because it is readily available, low cost, and a regu-
larly produced and renewable feedstock [4]. However, when
various types of activated carbon were developed using

Lignocellulose of biomass is a polymer in which cel-
lulose, hemicellulose, and lignin are strongly crosslinked
and bound through covalent or non-covalent bonds to
form a lignocellulose matrix [6]. When lignocellulose bio-
mass is modified, its specific surface area and pores are
increased [7]. In addition, the surface of the adsorbent
can be modified to be positively or negatively charged
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depending on the modified material, thereby increas-
ing its adsorption efficiency and selectiveness in adsorb-
ing hazardous substances [7-9]. In particular, the lig-
nocellulose-based biomass is composed of more than
90% carbon, and the chemical properties of the surface
are hydrophobic [5]. Due to these properties, lignocel-
lulose-based biomass is used as an adsorbent to remove
heavy metals. For the material to adsorb harmful sub-
stances dissolved in water, water molecules adsorbed
within the pores must be desorbed. When lignocellu-
lose-based biomass is modified through chemical activa-
tion methods such as sulfuric acid and phosphoric acid,
the dehydration effect that appears during the reforming
process can suppress the formation of tar within the adsor-
bent [10,11]. The yield of porous carbon can be increased
compared to that of the physical activation method, the
activation time can be reduced, and a high degree of acti-
vation can be reached even at low temperatures [12,13].
The use of chemical activation reagents such as sulfuric
acid, zinc chloride, potassium hydroxide, sodium hydrox-
ide, and phosphoric acid has special activation strategies
to improve the porosity and surface properties of activated
carbon [7,13]. However, compared to other commonly used
chemical activation reagents, phosphoric acid and sulfu-
ric acid are advantageous due to their low activation tem-
perature, high carbon yield, and generation of mesoporous
structures [5,14]. The lower is the activation temperature,
the larger is the number of acidic functional groups includ-
ing carboxyl, phenolic hydroxyl groups, and lactones that
can be retained on the surface of the lignocellulose-based
adsorbent [8,13]. In addition, due to the phosphoric acid
and sulfuric acid used during reforming, phosphorus or
sulfur species can be introduced into the adsorbent to pro-
vide additional functional groups to further improve the
adsorption of harmful substances [4,5]. In particular, phos-
phorus is an important group for adsorbing heavy metal
ions in acidic solutions, and carbon activated by phosphoric
acid can be a potential cation exchanger to remove harm-
ful cationic substances from aqueous solutions [12,15].
Phosphoric acid can promote crosslinking through bond
cleavage, cyclization, and condensation of biomass adsor-
bents in aqueous solutions [3,16]. These reactions form
a bonding layer of material such as phosphate and poly-
phosphate that can protect the internal pore structure of
the adsorbent, making it an excellent adsorbent in aqueous
solutions [17]. According to previous studies, the adsor-
bent can be recycled and has various advantages such as
low toxicity when modified by phosphoric acid [3,4,13,17].
New adsorbent materials with high adsorption capacity,
fast adsorption rate, good reusability and cost-effective-
ness are always welcome. Lignocellulose-based cornstalks
are potential candidates for biosorbents of harmful sub-
stances, and the adsorption of harmful substances using
cornstalks is valuable in that wastes are reused. Many
studies [4,7,8,18] have been published on the adsorption
of various heavy metals and dyes using cornstalks; how-
ever, there are limited studies on removal of Pb(Il) through
sulfonation and phosphorylation of cornstalks with a com-
parative analysis of removal efficiency. Therefore, in this
study, cornstalk, a lignocellulose-based biomass, was mod-
ified and activated using sulfuric acid and phosphoric acid.

The modified adsorbent was used to remove and compare
the removal efficiency of Pb(Il), one of the heavy metals
with the greatest emission from aqueous solutions.

2. Materials and methods
2.1. Sulfonation and phosphorylation of cornstalk

Cornstalk (CS) samples were collected from areas grown
without pesticides. Cornstalks were washed several times
with tap water and then rinsed with distilled water to remove
any contaminants attached to the surface. The washed CS
were cut into small pieces and dried at 75°C + 2°C for 24 h
to remove moisture. The dried cornstalks were ground using
an agricultural mill (SWISSMEX model Junior-r). Thereafter,
the material with a particle size less than 40-60 mesh
(0.25-0.4 mm) was recovered and sealed in a desiccator
until use in the experiment.

Sulfuric acid (H,SO,) is a strongly acidic liquid com-
pound that reacts with non-metals such as carbon to form
sulfonic acid [9]. Sulfonation of CS using sulfuric acid was
performed as follows. First, 20 g of cornstalk was added
to 60 mL of ethyl alcohol cooled to —10°C and mixed well.
After that, the mixture was added to 200 mL of cooled
sulfuric acid, and sulfonation was carried out in a reactor
(Yhana (Model SS-200, 50W)) while stirring at 150 rpm for
5 h so as not to exceed 10°C. The mixture was left at room
temperature for 3 h for reaction completion. The adsor-
bent was washed several times with distilled water until
the pH became neutral and was dried in a dryer for 48 h.
Sulfonated cornstalks (SCS) were stored in a desiccator
for use in experiments.

Phosphoric acid (H,PO,) is a type of inorganic oxygen
acid and can refer to both the acid itself or the PO} ion [15].
Phosphoric acid in chemistry generally refers to an acidic
reactant that contains phosphoric acid [12]. The method of
activating cornstalk to porous carbon using phosphoric acid
was as follows. First, 100 mL of 85% phosphoric acid and
75 g of phosphorus pentoxide were dissolved completely
under heating and stirring. After cooling the solution, 20 g
of cornstalk was added and phosphorylation was induced
while stirring at 150 rpm for 5 h using a reaction device. The
mixed sample was left at room temperature for 4 h to allow
the reaction to occur completely; then, 1 N sodium hydrox-
ide was added to adjust the pH to 7.5-8.0. Afterward the
mixture was washed sufficiently with distilled water until
the pH became neutral and was dried for 24 h in a dryer.
The prepared phosphorylated cornstalks (PCS) were stored
in a desiccator for use in experiments.

2.2. Experimental design

As Pb(II) was selected as the heavy metal solution, GR
grade Pb(NO,), (Duksan Pure Chemicals, Co. Ltd., Korea,
purity 299%) was used. Pb(Il) was prepared at a concentra-
tion of 1,000 mg/L, diluted with distilled water, and used to
prepare a solution of the required concentration. To inves-
tigate the effects of SCS and PCS on Pb(Il) adsorption, var-
ious parameter experiments were carried out in the form
of a batch test. A solution containing various concentra-
tions of lead was placed into a 1 L Erlenmeyer flask, and an
adsorbent was added according to the experimental plan to
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observe the removal efficiency of lead onto PCS and SCS.
The effects of various parameters on the removal efficiency
of Pb(Il) were tested while controlling various parameters
such as pH (1-10), initial concentration of Pb (5-200 mg/L),
contact time (0-240 min), and temperature (15°C—45°C).
Sampling was performed at a predetermined time while
stirring at 120 rpm in a shaking incubator.

2.3. Analytical methods

The collected samples were centrifuged at 1,500 rpm
for 10 min and filtered using a 0.45 um filter (Whatman fil-
ter), and the amount of Pb(Il) was measured using atomic
absorption spectrometry (AAS, PerkinElmer, AAS 3300,
USA). The surface image of SCS and PCS was analyzed
using scanning electron microscopy (SEM, JSM-IT500,
JEOL Ltd. Japan) and Brunauer-Emmett-Teller (BET)
surface area was examined using a BET Surface Analyzer
(Quantachrome Instruments Version 11.03) via adsorption/
desorption isotherms of N, performed at 77 k. The chemi-
cal compositions of CS, SCS, and PCS were analyzed using
X-ray fluorescence (XRE, ZEISS Xradia 520, Germany) spec-
troscopy, and Fourier-transform infrared spectroscopy (FT-
IR) was analyzed using a PerkinElmer Instrument (FT-IR
1760X, USA). The pH_, values of CS, SCS, and PCS were
analyzed according to the method reported in a previous
study [19]. All experiments were repeated five times, and
the average value was used as the experimental result;
to test one parameter, the other parameters were fixed.
The pH was measured using a pH meter (SevenGO pro,
Mettler Toledo). The adsorption kinetics were analyzed
using pseudo-first-order (PFO) and pseudo-second-order
(PSO) models, and the isothermal adsorption was analyzed
using the Langmuir, Freundlich, and Temkin models; the

Table 1
Adsorption kinetic, isotherm and thermodynamic models

thermodynamics were analyzed using Gibb’s free energy
equation. The various models used in the interpretation of
the experimental results are summarized in Table 1.

To select the appropriate kinetic and isotherm models
for the Pb(Il) adsorption process, chi-squre (x?) was calcu-
lated using Eq. (1):

= < (qe,exp e cal )2 )

i=1 qe,cal

where g, and g, , are the equilibrium adsorption capacity
obtained from experiments and models, respectively.

3. Results and discussion
3.1. Characterization of adsorbents
3.1.1. Physical characteristics

The main component of CS is cell wall material, which
accounts for about 67%-73% of lignocellulose; the cell con-
tent includes protein (7.1%), fat (1.0%), ash (8.4%), starch
(3.2%), and pectin (2.3%) [20]. The component analysis
results of CS, PCS, and SCS are summarized in Table 2. The
main components of CS, PCS, and SCS were carbon and
oxygen, though small amounts of hydrogen and nitrogen
also were present. After sulfonation and phosphorylation
of CS, the oxygen content increased and the carbon content
decreased. This might have been due to the release of vola-
tiles during sulfonation and phosphorylation processes; the
relatively high oxygen content was thought to be due to the
large amount of chemical active agents used.

As the H/C ratio approached 1, the aromaticity of the
bioadsorbent increased; as the O/C ratio increased, the

Model Equation

Parameters

Pseudo-first-order In (% - ‘L) =lng, -kt

Pseudo-second-order £ 1 5 k2
9 kg, a.
1111
2. 9.XC 4,
Langmuir 1
R, =
1+K,C,
. 1
Freundlich Ing, =InK, +—=InC,
n
Temkin g, = BInK, +BInC,
Gibbs free energy AG°® = AH°-TAS°

g, amount of adsorbate adsorbed at time (mg/L);
g, equilibrium adsorption capacity (mg/g);

k,: pseudo-first-order rate constant (1/min);

t: time (min).

k,: pseudo-second-order rate constant (L/mg min)

g, maximum adsorption capacity (mg/g);

K,: Langmuir constant (L/mg);

C,: equilibrium adsorbate concentration in solution (mg/L);
C,;: initial adsorbate concentration in solution (mg/L);
R,: separation factor.

K.: Freundlich constant (mg/g (L/mg)"");

n: heterogeneity factor.

K: Temkin equilibrium binding constant (L/mg);

B: Temkin constant (J/mol).

AG®: Gibbs free energy change (kJ/mol);

AH®: enthalpy change (kJ/mol);

AS°: entropy change (kJ/mol K).
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anionic properties of the bioadsorbent were strengthened
due to the increase in carboxylate groups on the surface
of the adsorbent, which tended to increase the adsorption
capacity of cationic substances [1,9]. After sulfonation and
phosphorylation of CS, the H/C ratio improved from 0.04
to 0.12 and 0.15, respectively, and the ratio of O/C increased
from 0.65 (CS) to 1.34 for SCS and 1.40 for PCS (Table 2).
This showed that the carboxyl groups inside the adsorbents
increased after phosphorylation and sulfonation of CS; the
oxygen, hydrogen, and nitrogen contents increased after
phosphorylation and sulfonation, indicating increased -OH
and -NH groups in the adsorbent [9,12,15].

Ion exchange capacity refers to the ability of an adsor-
bent to adsorb harmful substances in an aqueous solution,
expressed as the equivalent or weight of ions obtained
by adsorbing a certain volume of the adsorbent [5,6,20].
According to previous studies, the ion exchange capacity
was not necessarily proportional to the adsorption amount
of harmful substances in an aqueous solution; however,
the ion exchange capacity affected the adsorption quantity
[4,17]. That is, when using the same adsorbent, when the
ion exchange capacity was high, the adsorption amount

Table 2
Characteristic of CS, PCS and SCS (unit: %)
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increased; when the ion exchange capacity was low, the
adsorption amount decreased [13,18]. As a result of phos-
phorylation and sulfonation of CS, the ion exchange
capacity increased to 6.84 and 5.23, respectively, 4.2
and 3.2 times larger than that of CS, respectively.

The results of BET measurement (Table 2) show the
characteristics of CS, SCS and PCS. The surface area was
significantly increased in PCS and SCS compared to CS.
The activation process of PCS and SCS using phosphoric
acid and sulfuric acid successfully enlarged the pores of
CS. The high surface area of PCS provides sufficient active
sites for Pb(Il) adsorption. However, the surface area of
PCS and SCS decreased after adsorption because Pb(II) ions
were adsorbed on the PCS and SCS surface and covered the
pores. Due to this, the pore volume of PCS and SCS was
also reduced after Pb(II) adsorption.

The pore size of the adsorbent also could affect the
adsorption efficiency. In general, sizes were divided into
micropores (<2 nm), mesopores (2-50 nm), and macropores
(>50 nm) [3,13]. According to a previous study, the adsorp-
tion efficiency of Pb(II) was highest in the micro-mesopore
size than for super-micro ultra-fine pores (<1.0 nm) or mac-
ropores [15,21]. The pore sizes of PCS and SCS were 5.32
and 4.28, respectively, which corresponded to the range of
macro-mesopores (Table 2).

3.1.2. Surface charge analysis

pH,,. is an indicator of the adsorption range of adsor-
bent in an aqueous solution. In activated carbon, the sur-
face of the adsorbent becomes positively charged at low
pH centered on pH | and is negatively charged at high pH
[1,22]. Therefore, when cations are adsorbed, the lower is
the pH_, the wider is the range of adsorbable pH, which
is advantageous for adsorption. In other words, at a pH
above the isoelectric point, the surface of the adsorbent
becomes negatively charged, and electrostatic interactions
with the positively charged adsorbent material are strong,
increasing adsorption efficiency. The pH_ of CS was 7.31
but decreased to 2.25 after phosphorylation and to 4.17
after sulfonation (Fig. 1). The acid group was attached
strongly to the surface of PCS compared to SCS.

—e—5C5 —e—(5 PCs

10 132

Component (mass %) Cs PCS SCS
(@) 36.23 53.26 52.48
C 55.42 38.14 39.24
H 2.33 5.74 4.76
N 1.53 1.62 1.61
S - 0.28 1.02
Mg 0.09 0.07 0.10
Surface property
Pore volume (cm®/g) 0.102 0.274 0.164
Pore diameter (nm) 0.835 5.32 4.28
BET surface area (m?/g) 8.32 180.76 154.23
BET surface area (m?/g) after 6.87 172.62 141.69
adsorption
Ion exchange capacity (meq/g) 1.63 6.84 5.23
5
4
3
2
:g- 1
g 0
1 0 2 4
-2
3
4
-5

Fig. 1. The pH_ _for CS, SCS and PCS in aqueous solution.

pzc

Initial pH
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3.1.3. FT-IR spectra

The FT-IR spectra of PCS and SCS showed broadening
and strengthening of certain bands according to modifica-
tion of CS. The broad absorption band at 3,700-3,100 cm™
is characteristic of hydrogen-bonded hydroxyl groups
in carboxyl, phenol, or alcohol [2,3]. The FT-IR spectra
showed a distinct peak at 1,600-1,650 cm™ in all adsorbents
of CS, SCS, and PCS (Fig. 2). This band was characteris-
tic of the aromatic ring stretching mode enhanced by the
presence of polar groups, indicating the presence of sin-
gle or multiple aromatic rings in the structure of the car-
bon adsorbent [1,5]. All adsorbents also exhibited small
peaks at 1,695-1,710 cm™, a characteristic of CO absorp-
tion in carboxylic acids. These low peaks were typical for
carbon adsorbents and indicated bonding of CO with the
aromatic ring system [1,13].

Phosphorylation introduced a phosphate group into CS,
forming the widest OH group (3,100-3,700 cm™) and result-
ing in a deeper and wider 3,473 cm™ peak. The 1,059 cm™
peak represents ether, and that at 1,164-1,400 cm™ corre-
sponds to the (RO),P=O peak [13,15]. The maximum peak
of PCS was at 1,220-1,270 cm™; absorption in this region is

found normally in oxidized carbon. This maximum peak
was characteristic of phosphorus and phosphorus—carbon
compounds present in phosphate-activated carbon, which
appeared as the content of phosphocarbon compounds
such as hydrogen bonds in phosphate or polyphosphate
(such as P=O groups, P-O-C (aromatic) bonds, and P=OOH)
increased due to phosphorylation [12,15,16]. Moreover, the
small peaks at 1,070-1,090 cm™ might have been due to sym-
metrical vibrations of P+O- in acidic phosphate ester and
P-O-P of the polyphosphate chain [3,13].

SCS was bonded to OH-groups (3,000-3,500 cm™), CH
stretching (2,900-2,800 c¢cm™), and C=O carbonyl groups
(1,740-1,680 cm™); and the peaks of carboxylic groups
(1,670-1,640 cm™), CO stretch (1,450-1,300 cm™), C-O-C
groups (1,200-1,230 cm™), SO,H (1,150-1,165 cm™), and S=O
group (1,010-1,040 cm™) were wide. In particular, the peak
at 1,010-1,200 cm™ was significantly broadened compared
to that of CS because a sulfone group was introduced into
this peak range.

The difference in FT-IR spectra of CS, SCS, and PCS
was due to the influence of functional groups (sulfone or
phosphate group). In addition, ether at 1,109 cm™, R-SO,H
absorption peak at 1,232 cm™, and ketone peaks at 1,642

(a)

0.8

e
o

Absorbance units
o
E Y

0.2

— CS
— SCS

Before
adsorption

After
adsorption

Fig. 2. FT-IR spectra (a) and SEM image (b) for CS, SCS and PCS.
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and 1,477 cm™ were confirmed to be sulfonated. In partic-
ular, the peak of N-containing bioligands (650 cm™), the
R-SO,H absorption peak (1,232 cm™), carboxylic groups
(1,642 cm™), and bonded OH-groups (3,458 cm™) of SCS
and PCS appeared wider than those in CS and had a larger
number of functional groups. These indicate that the PCS
and SCS adsorbents were changed to an easier structure
for adsorption of Pb(II) compared to that of CS. Other than
the surface area and porosity of the adsorbents, the pres-
ence of aromatic rings and functional groups such as -C=0,
-COC-, -OH, -NH,, -C=S, -C=N, -5=0, -P=0, -P-O-C, and
P=OOH on the carbon surface played important roles in
increasing the adsorption capacity of Pb(II) from aqueous
solutions, which is in agreement with reports by the refer-
ence [1,3,5,16,17,20]. Changes in functional groups through
phosphorylation and sulfonation are expected to affect
the adsorption efficiency of Pb(II) in aqueous solutions.

The surface morphology of CS, SCS snd PCS was inves-
tigated by the SEM. Fig. 2b depicted a SEM image for
before and after adsorption of Pb(Il) by CS, SCS and PCS.
Compared with CS, SCS and PCS were detected to have
increased pores, with the rough surface while the size and
shape were heterogeneously changed. This surface morphol-
ogy provides a great advantage for adsorption because it
can provide more adsorption sites for binding the adsorbate.
In the SEM image after Pb(II) adsorption, it can be clearly
confirmed that Pb(IT) was adsorbed.

3.2. Parametric study
3.2.1. Dose of adsorbent

Being able to adsorb a large amount of harmful sub-
stances using a small amount of adsorbent in an aqueous
solution is very economical because a small amount of adsor-
bent can be used, which is very helpful from an environ-
mental aspect. The effects of CS, SCS, and PCS adsorbents
on the adsorption efficiency of Pb(II) in aqueous solutions
were observed. The experiment was conducted at a con-
centration of 0.1-2 g/L adsorbent, pH 7, and 25°C + 1°C; the
relationship between a lead removal efficiency greater than
90% and the adsorbent amount is depicted in Fig. 3.
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The CS adsorbent and lead removal efficiency showed
a correlation of 0.9954, and the lead removal efficiency was
about 29.3 g/L using 1 g of adsorbent. On the other hand,
the lead removal rate for SCS and PCS was determined to
be 98.62 and 131.85 g/L, respectively, indicating 3.4 times
and 4.5 times higher adsorption efficiency than CS. This
result was because various functional groups, phosphoric
acid groups, and sulfone groups were generated on the
surface of the adsorbent through modification, which was
consistent with the FT-IR analysis results of the adsor-
bent. As a result of Pb(II) adsorption in aqueous solutions
using CS, SCS, and PCS, the largest amount of Pb(II) was
adsorbed onto PCS followed by SCS. According to a pre-
vious study, when the adsorbent was sulfonated or phos-
phorylated, the ion exchange capacity was increased com-
pared to the unmodified adsorbent; the Pb(II) removal effi-
ciency was improved accordingly. As already mentioned
in the introduction, this was in agreement with the results
of many researchers who modified agricultural biomass
to adsorb heavy metals in aqueous solutions.

3.2.2.pH

To examine the effect of pH on the adsorption efficiency
of Pb(II), the pH was controlled from 1 to 10 by a 1 g/L
adsorbent dose at 25°C + 1°C. Pb(Il) removal in aqueous
solutions increased rapidly for CS from pH 7 and SCS from
pH 4 (Fig. 4). Moreover, the removal efficiency of Pb(II) onto
PCS increased rapidly from pH 2 to pH 5. However, the
increase in removal efficiency was alleviated over pH 6 and
was measured to be 126.35 mg/g at pH 6 and 133.53 mg/g
at pH 10. This phenomenon was related to the value of
pH,, mentioned above. This was because, when the pH
was higher than pH_ , the surface of the adsorbent became
negatively charged, making it easier to adsorb harmful cat-
ionic substances. In addition, as the pH increased, the sul-
fonic acid, carboxyl, and phenolic hydroxyl groups of the
PCS and SCS adsorbents were deprotonated to form —P=0,
-P-O-C, P=OOH, R-SOZ, R-COO-, and R-O- groups.
Due to this, the surfaces of the PCS and SCS adsorbents
became negatively charged, improving the electrostatic

150
®CS ASCS mPCS
100
=
[=1+]
£
o
50 '.
Y
S
e e e

0 m-ansl

R*=0.9949 l

Y
=

R?*= 0.9954

0 0.2 0.4

0.6 0.8 1

Dose of adsorbent (g/L)

Fig. 3. Effect of various dose of CS, SCS and PCS for removal of Pb(II) (V: 1 L, pH: 7, mixing speed: 120 rpm, T: 298 K).
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Fig. 4. Effect of various pH for removal of Pb(II) on CS, SCS and PCS (C: 150 mg/L, mixing speed: 120 rpm, T: 298 K).

attraction between PCS and SCS adsorbents and Pb(II) ions
in aqueous solutions.

3.3. Adsorption kinetics and isotherms
3.3.1. Adsorption kinetics

To investigate the adsorption kinetics of CS, SCS, and
PCS, PFO and PSO models were used for analysis. PFO
relied on a monomolecular reaction, and PSO depended
on the concentration of one secondary reactant or two pri-
mary reactants [1,22]. Therefore, when analyzing the adsorp-
tion kinetics of various adsorbents in aqueous solutions,
it was often more suitable for PSO than PFO. The analysis
results of the adsorption kinetics can be seen in Table 3 and
Fig. 5.

As a result of the analysis of the adsorption kinetics,
the g,  of PSO was closer to the value of g,  than that for
PFO, and the correlation coefficient (R?) of PSO was higher
and x? was lower than that for PFO in all of CS, SCS, and
PCS. Therefore, the removal process of Pb(II) from aque-
ous solutions using CS, SCS, and PCS was more suitable
for PSO than for PFO. In addition, the value of k, for PSO
decreased as the concentration of Pb(II) increased in all
three types of adsorbents. The adsorption rate of Pb(II)
to the adsorbent decreased as the concentration of Pb(II)
increased. This was because the higher was the concentra-
tion of Pb(Il) in the aqueous solution, the lower was the
active point that could be adsorbed to the adsorbent. In
particular, PCS exhibited about 4 times higher adsorption
efficiency than CS and 0.60-0.82 times higher than that of
SCS. As already mentioned in the surface analysis of the
adsorbent, it was closely related to the various functional
groups on the adsorbent surface, the ion exchange capacity,
and the pore size of the adsorbent.

3.3.2. Adsorption isotherm

In general, isothermal adsorption was analyzed using
the Langmuir, Freundlich, and Temkin models. The
Langmuir isothermal adsorption was a model created
assuming that each reaction site had a uniform reaction
intensity [5,13]. Freundlich’s equation was an adsorption
model created under the assumption that the adsorption

sites of the adsorbent were not uniform, and the adsorption
energy continuously decreased as the adsorption amount
increased [17,23]. The Temkin isotherm showed that the
heat of adsorption of Pb(Il) ion decreased linearly rather
than logarithmically with coverage [1,22]. The results of the
isothermal adsorption experiment were analyzed using the
Langmuir, Freundlich, and Temkin models and summarized
in Table 4 and depicted in Fig. 6.

The dimensionless constant R, (=1/(1 + K,C,), expressed
as a separation coefficient or equilibrium coefficient cal-
culated from Langmuir’s equation, was calculated to be
between 0.015-0.019, and the value of R, was between 0
and 1. Thus, the use of CS, SCS, and PCS for adsorption of
Pb(Il) in aqueous solution was evaluated as suitable. The
Temkin isothermal adsorption constant B was calculated
to be 7.66 for CS, 22.32 for SCS, and 25.86 (J/mol) for PCS.
Therefore, the adsorption of Pb(II) by CS was closer to phys-
ical adsorption caused by the action of van der Waals forces,
which consisted of dispersion and electrostatic forces, than
the chemical adsorption, in which the chemical form of the
adsorbent was changed by a reaction between the adsor-
bent and adsorbent. However, the adsorption of Pb(II) by
SCS and PCS were closer to chemisorption (B > 20 J/mol)
than physical adsorption due to the change in the prop-
erties of the adsorbent by chemical substances. The K,
value, which indicated that the higher the value, the bet-
ter the adsorption capacity, was the highest value at 45.62
for PCS, indicating that the adsorption capacity of Pb(Il) in
aqueous solutions was superior to that of CS or SCS. As for
1/n, the adsorption strength for CS, SCS, and PCS showed
0.077, 0.136, and 0.175, respectively; the PCS adsorbent had
the highest adsorption strength. The R* value indicating
the applicability of the adsorption model was greater than
0.99 in the Langmuir and Freundlich model for the adsorp-
tion of Pb(Il) for both CS and SCS, however, the value of
Langmuir was slightly higher than that of Freundlich.
For PCS adsorbent, the R* value of the Langmuir model
was significantly higher than the Freundlich model.
Therefore, the adsorption of Pb(II) by CS, SCS, and PCS
were best described by the Langmuir model. The maximum
adsorption capacity of Langmuir was 34.87 mg/g for CS,
114.36 mg/g for SCS and 182.76 mg/g for PCS. In particu-
lar, PCS had a larger amount of Pb(II) adsorption than that
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Table 3

Kinetics parameters for the adsorption of Pb(II) onto CS, SCS and PCS (amount of adsorbent: 1 g/L, pH: 7, T: 298 K)

Parameters Concentration (mg/L)
50 100 150 200 300
CS
0, (MZ/8) 10.62 18.34 23.21 28.26 32.57
9,00 (M8/3) 9.22 16.76 19.97 25.14 28.43
Peeudo-first-orde k, 0.02 0.025 0.022 0.026 0.023
-I11r'ST-OT' T
cuaoisto R? 0.9636 0.9684 0.981 0.9891 0.9884
x2 2.9956 3.6896 4.7513 5.6985 6.2962
9,0 (Mg/8) 10.49 19.28 23.88 28.30 32.36
k, 10 6.59 1.20 0.65 0.36 0.25
Pseudo-second-order
R? 0.9894 0.983 0.9913 0.9894 0.9941
2 2.156 3.0396 3.5526 4.1459 4.6783
SCS
Ty (ME/8) 38.53 59.91 76.24 93.26 113.22
0, a (M8/3) 34.43 50.07 65.43 79.62 93.76
i k, 0.021 0.024 0.032 0.031 0.027
Pseudo-first-order
R? 0.952 0.9418 0.9456 0.9411 0.9748
X2 2.9426 3.3257 4.4624 5.3596 5.9894
0, (M8/3) 39.82 60.69 75.97 92.64 112.05
Peeudo-second-order k,x 1076 14.71 3.87 1.82 1.0 0.59
R? 0.9924 0.9937 0.9886 0.9909 0.9958
x2 1.9634 2.2462 3.1637 3.6785 4.2685
PSC
Goerp (M/8) 47.23 98.67 128.46 157.25 178.63
9,00 (M8/3) 4741 76.52 88.29 101.34 123.09
Pecudo-first-order k, 0.027 0.039 0.032 0.036 0.040
R? 0.9886 0.953 0.9043 0.8957 0.9287
X2 2.4262 2.8463 3.5326 4.6215 5.0163
9,0 (Mg/8) 48.62 96.15 133.33 163.93 185.19
Pseudo-second-order k,x 10 8.47 1.13 0.42 0.23 0.16
. R? 0.9937 0.9907 0.9968 0.997 0.9965
2 1.5632 2.1365 2.8951 3.3624 3.9657

of CS and SCS, because after modification with phosphoric
acid the pores and functional groups were more devel-
oped. This was consistent with the above-mentioned FT-IR
and BET analysis.

The experimental results of increasing the amount of
lead adsorption in aqueous solutions by phosphorylation
or sulfonation of bioadsorbents were in agreement with
previous studies [10,15,17,24,25]. In particular, Hemavathy
et al. [24] reported a remarkable increase in Pb(II) adsorp-
tion capacity from 13.22 to 129.3 mg/g in aqueous solutions
as a result of sulfonation of Cassia fistula seeds. Jiang et al.
[25] reported that phosphorylation of corn straw-converted
hydrochar dramatically increased the adsorption capacity
of Pb(Il) from 32.7 to 353.4 mg/g. As seen in Table 5, when
the biosorbent was phosphorylated and sulfonated, it was
confirmed that the adsorption capacity of Pb(II) in aqueous
solutions was significantly increased.

3.3.3. Interference of other ions

Various heavy metals exist together with lead in indus-
trial wastewater, which may affect lead adsorption as an
interfering substance. Therefore, Cd*, Cu?*, Zn*, Mg?*,
Ni* and Cr*, which are generally present in industrial
wastewater, were selected and the effect on adsorption of
lead to SCS and PCS was investigated. Considering that
the concentration of heavy metals in industrial wastewa-
ter is 20 mg/L or less, the experiment was carried out with
20 mg/L concentration of Cd, Cu, Zn, Mg, Ni, Cr and Pb,
pH 7 and 1 g/L PCS or SCS at 25°C + 1°C. As seen in Fig. 7,
the adsorption efficiency of Pb(II) was found to be 100% in
the presence of Cd, Cu, Zn, Mg, Ni, and Cr. This experi-
mental data clearly confirms that other interfering ions
did not affect the removal efficiency of lead. Specifically,
the removal efficiency of divalent cations (Cd, Cu, Zn, Mg,
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Table 4
Adsorption isotherms for Pb(II) on CS, SCS and PCS at 298 K
Isotherm CS SCS PCS
3487 11436 182.76
Langmuir 2.62 3.13 3.41
0.994 09972 0.999
21325 1.9263 1.5209
K, ((mg/g)(L/mg)'")  8.36 2156  45.62
0.077 0.136 0.175
Freundlich 09923 09928 0.8245
4.0632 3.6514 2.8569
7.66 2232  25.86
Temkin 1127  31.63  55.23
0.4617 05219  0.6952
7.9632 5.6345 3.6594

Ni) was over 60% by both SCS and PCS, but the removal
efficiency of trivalent cations (Cr) was very low (about
18%). These results indicate that SCS and PCS have a very
high affinity for divalent cationic heavy metals.

3.4. Adsorption mechanism

SCS and PCS are strong acid resins that have an ion
exchange capacity due to sulfuric acid and phosphoric acid
functional groups [20,35]. According to the literature, strong
acid resins adsorb almost all cations in aqueous solutions
and exchange them with hydrogen ions [15]. Since this
ion exchange process is reversible, resins can be regener-
ated using strong acids when the ion exchange capacity is
exhausted [12]. In addition, strong acid ion exchange resins
have a low pHPZC so their application range is very wide.

Bioadsorption wusing biomass mainly consists of
four main mechanisms: chemisorption, physisorption,
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Table 5
Comparison of SCS and PCS with other bioadsorbent to remove Pb(II)
Bioadsorbent q, (mg/g) Reference
Persimmon leaves 22.59 [1]
Moringa oleifera bark 34.62 [26]
Coconut shell 26.14 [27]
Rice straw 42.55 [28]
Cassava peels 28.04 [5]
Groundnut shell 27.53 [5]
Yam peel 19.43 [5]
N,N’di(3-carboxysalicylidene)-3,4diamino-5-hydroxypyrazole onto mesoporous silica 169.34 [29]
4-tert-octyl-4-((phenyl)diazenyl)phenol onto inorganic mesoporous silica 200.80 [30]
Ti(IV) iodovanadate cation exchanger (TIV) 18.8 [31]
Corn straw-converted hydrochar 32.71 [25]
Modified oleifera bark 171.37 [32]
Cassia fistula seeds 13.22 [24]
Phosphoric acid modified sugarcane bagasse 73.75 [16]
Phosphoric acid activated bentonite 170.04 [33]
Phosphoric acid activated banana peels 241.03 [15]
Phosphoric acid activated corn straw-converted hydrochar 353.45 [25]
Sulfuric acid treated palm tree leaves 79.52 [25]
Sulfuric acid treated wheat bran 79.37 [34]
Sulfuric acid modified Cassia fistula seeds 129.32 [24]
Sulfuric acid modified cornstalk 114.36 This study
Phosphoric acid modified cornstalk 182.76 This study
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microprecipitation, and oxidation/reduction [4,36]. Due
to the complexity of the processes, more than one mech-
anism can occur simultaneously during bioadsorption [5].
Chemisorption consists of ion exchange, chelation, and
complexation or coordination, while electrostatic interac-
tions and van der Waals forces correspond to physisorp-
tion [12]. Various surface functional groups of the adsor-
bent play an important role in binding adsorbates during
chemisorption. Ion exchange occurs through electrostatic
interactions between negatively charged groups on the
biomass surface and cations in solution [5,37]. Chelation
refers to the formation of a ring structure due to the attach-
ment of ligands and adsorbent ions [2,38]. The ring struc-
ture restricts attached minerals from entering undesirable
chemical reactions [9,19]. Some biomass containing ligands
has been reported to be beneficial to the chelation of Pb(II)
[8,36,38]. Many researchers have suggested three possible
models for the interaction between Pb(II) and sulfonated/
phosphorylated adsorbents: electrostatic interactions,
hydrogen bridge formation, and electron donor-acceptor
relationships [11,16,35]. However, Hemavathy et al. [24]
emphasized that the mechanism of Pb(II) adsorption on
activated carbon is not fully controlled by electrostatic inter-
actions, as evidenced by a positive effect of ionic strength
on adsorption capacity. The change in ionic strength usu-
ally is due to the presence of intermolecular forces between
adsorbent molecules and diffusion bilayer compression on
the adsorbent surface [15,21,36]. The typical adsorption
mechanism of Pb(II) on SCS and PCS in aqueous solu-
tions can be explained through the following equations:

R-OH +Pb(NO, ), - R-O-Pb+H(NO;,), 2)
R-NH, +Pb(NO, ), - R-N-Pb + H, (NO, ). ®)
R-COOH + Pb(NO, ), > R-COO-Pb+H(NO, ), )

R-SO,H + Pb(NO, ), - R-SO,-Pb + H(NO,), ®)

= PCS mSCS
Cu Zn Mg Ni
Metal ions
R-PO,H +Pb(NO, ), - R-PO,-Pb+H(NO,), (6)

FT-IR analysis showed that sulfonation and phosphor-
ylation improved the number of carboxyls (-COOH) and
hydroxyl groups, porosity, and the surface area of carbon.
In particular, the formation of SO, or —PO, groups on the
surface of the adsorbent through the sulfonation or phos-
phorylation process is expected to play an important role
during the adsorption of Pb(Il) in aqueous solutions. As a
result, the adsorption efficiency of Pb(II), a cationic ion, for
SCS and PCS was improved.

3.5. Thermodynamic interpretation

In the adsorption process, reaction temperatures can
affect all potential ion exchange materials as well as the sol-
ubility products of metal ions, which can determine the rate
of adsorption. Since the solubility of metal ions can induce
ion-exchange onto the adsorbent surface, it can affect the
adsorption efficiency [39]. The effect of temperature on
the adsorption efficiency in aqueous solutions was investi-
gated, and the results are presented in Table 6.

The values of AH® and AS° are shown in Fig. 6, calcu-
lated from the slope and intercept of the van't Hoff plot
(Ink, vs. 1/T). The value of AG® was value in CS and nega-
tive in SCS from a temperature of 308 K or higher. In par-
ticular, in the adsorption process by PCS, AG® showed a
negative value, indicating spontaneous adsorption in
nature. In addition, a positive AH® value indicated that
the adsorption reaction was endothermic, and the adsorp-
tion efficiency increased as the temperature increased. A
positive value of AS° indicated that the randomness of the
adsorbent surface increased during the adsorption pro-
cess. In particular, the AS°® value increased in the order of
CS, SCS, and PCS, and the randomness of the adsorbent
surface increased in the order of CS < SCS < PCS. It was
thought that, as the temperature increased, the kinetic
energy of the molecules increased so molecular motion
became active and entropy increased.

According to previous studies, opinions on the exother-
mic and endothermic reactions of the adsorption of harmful
substances in aqueous solutions using lignocellulose-based
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Table 6
Thermodynamic parameters for adsorption of Methylene blue on CS, SCS and PCS
Adsorbent Temperature (K) Thermodynamic [AG® = AH® — TAS®]
AG® (KJ/mol) AH?® (KJ/mol) AS® (J/mol K)
288 5.10
2 4.7
CS o8 3 15.80 37.14
308 4.36
318 3.99
288 1.55
298 0.61
7 4.
SCS 308 034 28.78 94.55
318 -1.28
288 -1.75
PCS 28 %2 43.41 156.82
308 —4.89 ' '
318 —-6.45
biomass differ depending on the biomass used as the adsor- ~ Acknowledgement

bent [4,5]. Many researchers have reported that the bio-
adsorption process was an endothermic reaction and that
the adsorption efficiency was proportional to the increase
in temperature [1,5,8,19,35]. This was because the num-
ber of available active sites increased as the temperature
increased, and the adsorption efficiency increased due to
the decrease in thickness of the boundary layer surround-
ing the adsorbent [2,22]. However, most researchers agree
that bio-adsorbents using biomass can be denatured at
high temperatures above 50°C, causing physical damage to
adsorbents [3,15,17,23]. Therefore, to prevent denaturation
of the adsorbent, it was recommended to refrain from per-
forming the experiment at a temperature of 50°C or higher.

4. Conclusions

This study was intended to compare and analyze the
removal efficiency of Pb(Il) in aqueous solutions by phos-
phorylation and sulfonation of cornstalks. After phosphor-
ylation and sulfonation of cornstalk, the adsorbent was
changed to a structure that facilitated adsorption of Pb(II)
in aqueous solutions due to changes in various functional
groups on the adsorbent surface. In addition, the specific
surface area, pore size, and ion exchange capacity were
significantly increased in SCS and PCS. The pH  of CS
was 7.31 but was lowered to 4.17 in SCS and 2.25 in PCS,
confirming that acidic functional groups were attached to
the surfaces of SCS and PCS. The adsorption kinetics and
isothermal adsorption test results of Pb(II) for CS, SCS,
and PCS fit the PSO and Langmuir models. The maximum
adsorption capacity was 34.87 mg/g for CS, 114.36 mg/g
for SCS, and 182.76 mg/g for PCS. The adsorption pro-
cess for SCS and PCS was close to chemisorption, and the
higher was the temperature, the higher was the adsorption
efficiency. Summarizing the experimental results, sulfona-
tion and phosphorylation of CS could increase the adsorp-
tion efficiency of Pb(II) by 3.28 and 5.24 times in aqueous
solutions, respectively.
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