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Cr(v) is highly toxic and carcinogenic, posing significant threats to health and ecosystems. This study utilizes
solid waste from corncobs to synthesize biochar (CCBC) for the removal of Cr(v) from water. The most
effective Cr(v) removal was achieved at pH 2.0, with a maximum adsorption capacity (Q., Langmuir, mg
g™ of 38.1, higher than that of activated carbon (25.69), composite (35.84), and magnetic biochar (25.94)
derived from corncobs. Brunauer—Emmett—Teller (BET) results indicated that Cr(vi) was adsorbed on the
internal surface instead of external surface. Scanning electron microscope (SEM-mapping) images combined
with the pHpzc value (7.6) demonstrated that Cr(v) interacts with the material surface via electrostatic
mechanisms. Energy-dispersive X-ray (EDX) spectra combined with Fourier-transform infrared (FTIR) spectra
demonstrate that two key adsorption mechanisms in this study are surface adsorption (Cr(vi)-biochar)

followed by the reduction of Crv)) to Cr(n), allowing ion exchange adsorption to occur. X-ray diffraction
Received 17th October 2024

Accepted 6th December 2024 (XRD) patterns indicate no precipitation on the surface, and the material remains stable after four reuse

cycles. These results suggest that CCBC can be used as an efficient, cost-effective, and environmentally

DOI: 10.1039/d4ra07455¢ friendly adsorbent for Cr(vi) removal from water. This is the first study to combine spectroscopic methods
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1. Introduction

Water pollution caused by heavy metals can lead to serious
health issues for humans and disrupt ecological balance." Heavy
metals enter water sources through industrial activities such as
electroplating, battery production, fertilizers, mining, and
chemicals.>* For example, at very low concentrations (1 ug L™%),
Pb(u) ions can impair children’'s memory.* Meanwhile, prolonged
exposure and work in environments containing Cr(vi), Ni(u), and
Cd(n) are major causes of lung, nasal, and skin cancers.>® Among
these metals, Cr(vi) has been classified as a carcinogen by envi-
ronmental and health organizations such as IARC, EPA, and
WHO, with a maximum allowable concentration in drinking
water of 50 pg L™".” Therefore, research on the treatment of Cr(vr)
in aqueous solutions holds significant practical importance.
Many physicochemical methods have been studied for the
treatment of Cr(vi) in water, including adsorption;® nano-
filtration;® ultrafiltration and reduction;' complexation;"* chem-
ical coagulation/electrocoagulation;'* electrochemical reduction/
oxidation,'® electrodeionization;'* and ion exchange.' Among the
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and theoretical models to gain deeper insights into the Cr(v) adsorption mechanisms onto CCBC.

aforementioned physicochemical methods, adsorption offers
several advantages such as simplicity in execution, high effi-
ciency, and low investment cost.’

Biochar is known as a low-cost, environmentally friendly
adsorbent material capable of treating water pollution caused
by heavy metals,'® dyes,"” and radioactive substances.'® There-
fore, research on biochar and its applications in environmental
remediation has garnered significant interest from scientists.”
Especially, the use of biochar derived from agricultural by-
products is not only environmentally beneficial by utilizing
a large amount of agricultural waste but also economically
advantageous due to the abundant and stable supply of raw
materials. Additionally, the energy required to convert biomass
into biochar is minimal since the reaction occurs at low
temperatures. Among agricultural wastes, corn is one of the
most commonly consumed foods in many countries around the
world,* resulting in a large amount of corncobs being dis-
carded into the environment daily. Therefore, the use of corn-
cobs as a raw material for synthesizing new materials to treat
Cr(vi) from aqueous solution has attracted many scientists. For
instance, in 2018, H. Li et al. modified biochar from corncobs
with H3;PO, to create activated carbon for Cr(vi) adsorption.**
The results showed that the maximum adsorption capacity (Q,)
of the material was relatively low, approximately 9.9 mg g™ .
Also in 2018, G. K. Gupta et al. used activated carbon from
corncobs to adsorb Cr(vi) with a Q,, = 5 mg g~ *.>2 O. Xin et al.
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and L. P. Hoang et al. studied the removal of Cr(vi) using Fe,0s/
corncob biochar magnetic composites, with Q,, of 61.97 and
25.94 mg g ', respectively.?*** Y. Yang et al (2018) utilized
polypyrrole/corncob magnetic composites to remove Cr(vi)
through combined adsorption and reduction, achieving a Q,,, of
19.23 mg g '.>* However, research on Cr(vi) adsorption using
corncob biochar remains limited compared to activated carbon
or composites. In 2023, a publication reported the Cr(vi)
removal capacity of corncob biochar with a Qp, of 25 mg g~ ' >
this value is significantly higher than that of biochar/activated
carbon synthesized from durian shell (Q,, = 6.66 and 7.58 mg
g, respectively);?” oak wood biochar (3.03 mg g~ *);?® oak shell
(4.62 mg ¢~ 1);*® and animal bone (8.4 mg g~ ').?° Specifically, the
research indicates that the adsorption of Cr(vi) is enhanced by
the presence of silicon (Si) in the form of amorphous hydrated
silica found in Si-rich plants, including corn.***" This indicates
the potential of corncob biochar in treating water pollution
caused by heavy metal Cr(vi).

In this study, we utilized corncob by-products to synthesize
biochar for the adsorption of Cr(vi) in aqueous solutions. The
optimal conditions for biochar synthesis were selected based on
the evaluation of Cr(vi) adsorption capacity under various
temperature and time conditions. Physicochemical analysis
methods, including XRD, SEM-EDX-mapping, BET, and FTIR,
were employed to assess the adsorption mechanism of Cr(vi) in
water. The corncob-derived biochar demonstrated effective
Cr(vi) removal in aqueous solutions, contributing to the devel-
opment of an environmentally friendly and economically viable
adsorbent for practical applications.

2. Experimental methods

2.1. Chemicals

Corncobs are collected at markets, supermarkets, and restau-
rants in Ho Chi Minh City, Vietnam. K,Cr,0; (>99.9%), K,Cr,0-
standard solution 1000 mg L', HNO; (65%), NaOH pellets
(>99%), KCI (99%) were purchased from Merck company. No
additional purification was carried out of these chemicals
unless otherwise specified. A Barnstead Easypure II ion-
exchange system provided deionized water (DI) with a resis-
tivity of 16.4 MQ-cm.

2.2. Characterization of biochar

The structure of the biochar was analyzed using XRD. The
analysis was performed on a Bruker D8 Advance, CuKa (1 =
1.54178 A) (Billerica, MA, USA), with a scanning angle 5-50°,

Scheme 1 The procedure for synthesizing corncob biochar.
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and a scanning speed of 0.02° s, The surface area of the
material determined by N, adsorption-desorption
measurements at —196 °C on a Micromeritics 3Flex (USA). The
surface morphology of the material was analyzed by SEM on an
S-4800 (Hitachi, Japan) combined with EDX spectroscopy to
determine the chemical composition of the material. Func-
tional groups and characteristic vibrations of the material were
analyzed by FTIR spectroscopy on an FTIR-4X (Jasco, Japan) in
the range of 400-4000 cm ™" using the KBr pellet method.

was

2.3. Synthesis of biochar

The synthesis process of biochar material from corncobs is
presented in Scheme 1. Specifically, after collection, the corn-
cobs were washed with distilled water, cut into small pieces
(2 em x 2 cm x 2 cm), and dried at 100 °C until a constant
weight was achieved (1). The dried corncobs were then pyro-
lyzed at 500, 600, and 700 °C for 15, 30, and 45 min under anoxic
conditions to obtain biochar (2). The biochar was washed
several times with distilled water, dried, and finely ground to
obtain powdered CCBC (3).

2.4. Adsorption of Cr(vi) by corncob biochar

2.4.1. Determining the point of zero charge (pH,,). In this
study, the salt addition method was used to determine the point
of zero charge (pHy,.) of corncob biochar.** Specifically, 50 mL
of 0.1 M KCl solution (initial pH, pH; = 2-12) containing 0.1 g of
CCBC material was added to each beaker and stirred for 24
hours at room temperature. The solution was then filtered, and
the pH value (final pH, pH¢) was measured. The 4, value (4py
= pH¢ — pH;) was calculated. The point of zero charge (pHp,.)
was determined through the relationship between pH; and

32
A

2.4.2. Investigation of factors influencing the adsorption
process. In this study, the factors affecting the adsorption of
Cr(vi) on corncob biochar were investigated, including pH (2-
11); adsorption time (5-270 minutes); initial Cr(vi) concentra-
tion (25-225 mg L™ "); adsorption dosage (0.05-0.125 g); and
competing ion strength (KCl 0.0-18.63 x 10°> mg L '). The
adsorption process was carried out according to the procedure
presented in Scheme 2. Specifically, 50 mL of Cr(vi) solution was
added to a 100 mL glass flask containing 0.1 g of CCBC, and
stirred at 250 rpm using a 10-point magnetic stirrer RSM-03-10K
(Phoenix Instrument, Germany) at 34 °C. After adsorption, the
samples were centrifuged at 6000 rpm for 30 minutes to sepa-
rate the biochar from the Cr(vi) solution. The concentration of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Cr(vi) adsorption experiment onto corncob biochar.

Cr(vi) before and after adsorption was determined using atomic
absorption spectroscopy (AAS) on a ZA3300 device (Hitachi,
Japan). Each adsorption experiment was performed three times
to calculate the standard deviation and error.

Removal efficiency (% removal) and adsorption capacity
(Qe, mg g ') were determined according to eqn (1) and (2),
respectively:*

G — C

Removal efficiency = £ x 100 % (1)

0

Cy— C,
Qo= L xV )
m

where C, (mg L") and C. (mg L") are the initial and final
concentrations of Cr(vi) solution respectively; V(L) is the volume
of the Cr(v1) solution used for adsorption, and m (g) is the weight
of adsorbent used.

2.4.3. Investigation of isotherm and kinetic models. Four
isotherm models and four nonlinear kinetic models were used
to study the isotherm and kinetic adsorption properties.
Specifically, the four isotherm models used were: Langmuir,
Freundlich, Sips, and Redlich-Peterson. The four kinetic
models included: pseudo-first-order kinetics, pseudo-second-
order kinetics, intraparticle diffusion kinetics, and Elovich
kinetics (Table S17).

2.4.4. Data analysis. In this study, to evaluate the influence
of factors (pH, sorbent dosage, ionic strength and contact time)
on the adsorption capacity of this material, ANOVA: single
factor analysis was calculated using Excel software. Results of
ANOVA analysis was shown in ESL{

Besides, we used nonlinear methods to determine the
parameters of isotherm and kinetic models. To assess the
accuracy of these models, we calculated the Root Mean Square
Error (RMSE) and chi-square (x>) error functions. These error
metrics are defined as follows:

1 n
RMSE = \/(l’l — l) Z (Qc‘mcas - Qc‘calc)z, (3)

n=1

2 _ . (Qe,mezls - Qe,calc)z

n=1 Qe,calc

X . (4)
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adsorption

L
f

In these equations, Qcmeas aNd Qe calc represent the experi-
mentally measured and theoretically calculated adsorption
capacities, respectively. We employed the Solver add-in function
in Microsoft Excel to determine these values using the least-
squares method. Lower RMSE and y” values indicate a better
fit between the experimental data and the theoretical model,
and the lowest values signifying the best-fitting model.

2.5. Desorption and recycle of corncob biochar

In this study, the desorption and reuse capabilities of biochar
material derived from corncobs were investigated. For desorp-
tion, after Cr(vi) adsorption, the biochar was stirred in NaOH
solutions with increasing concentrations from 0.1 to 0.9 M for
60 minutes to evaluate desorption efficiency. After desorption,
the biochar material was washed multiple times with distilled
water until the wash water reached a neutral pH. The washing
process was performed by centrifugation at 6000 rpm for 30
minutes. The material was dried at 100 °C until a constant
weight was achieved, then subjected to a second Cr(vi) adsorp-
tion. The desorption and reuse process was repeated for 4
cycles. The procedural scheme is presented in Scheme S1.f

3. Results and discussion

3.1. Effect of pyrolysis condition

To investigate the impact of pyrolysis conditions on the conver-
sion of corncob biomass into biochar, the pyrolysis process was
conducted at temperatures of 500, 600, and 700 °C for durations
of 15, 30, and 45 minutes. Published studies have shown that
biochar derived from corncobs synthesized through pyrolysis,
typically performed within the temperature range of 500-700 °C,
exhibits the best capability for Cr(vi) removal. For instance, H. Li
et al. conducted the carbonization of corncobs at 400-500 °C, and
the material obtained from the carbonization process at 500 °C
exhibited the most effective Cr(vi) adsorption capacity.** O. Xin
et al. reported that CCBC synthesized at 650 °C had the highest
maximum adsorption capacity according to the Langmuir model
(61.79 mg g~ "). Meanwhile, A. Shakya et al. indicated that CCBC
synthesized at temperatures ranging from 350 to 650 °C could
adsorb 100% of 50 mg per L Cr(vi), with the CCBC synthesized at
350 °C showing the highest maximum adsorption capacity
according to the Langmuir model (65.75 mg g~ ).

RSC Adv, 2024, 14, 39205-39218 | 39207
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Fig. 1 Biochar products from corncobs (a); and the mass variation of biochar (b) under different pyrolysis conditions.

The images of corncobs after pyrolysis under different
conditions are presented in Fig. 1a, and the mass of the ob-
tained products is shown in Fig. 1b. It can be observed that
under nine different pyrolysis conditions, the materials ob-
tained all exhibit the characteristic black color of biochar. The
mass of the obtained products decreases with increasing
temperature and pyrolysis time. This indicates that the
conversion process from biomass to biochar is more efficient at
higher temperatures or with extended duration at the same
pyrolysis temperature. Table S21 presents the efficiency of the
biochar synthesis process from corncobs. From Table S2,} it can
be observed that the conversion efficiency of corncobs to bio-
char ranges from approximately 26% to 20% within the
temperature range of 500-700 °C. Temperature has a greater
impact on efficiency compared to pyrolysis time. For instance,
increasing the pyrolysis temperature from 500 to 600 °C over the
same duration of 15 minutes results in a decrease in efficiency
by about 3.5%. Meanwhile, extending the duration from 15 to
45 minutes at the same temperature of 500 °C only reduces
efficiency by approximately 1.8%. These results are quite
consistent with the findings of several authors regarding the
optimal temperature range for synthesizing biochar from
corncobs (approximately 350-700 °C).>** As the pyrolysis
temperature increases, the synthesis yield gradually decreases.
This can be explained by the fact that at high pyrolysis
temperatures, various reactions occur within the corncob.
Compounds in the biomass decompose, such as water, and
organic compounds transform into gases, leading to a reduc-
tion in synthesis yield. A similar trend was observed in the study
of biochar synthesis from corncobs by G. K. Gupta et al.,** and
from Leucaena leucocephala bark by K. Anupam et al.** Studies
also indicate that at temperatures above 500 °C, the slow
decomposition of lignin compounds primarily occurs, playing
a major role in the synthesis yield of biochar.*®

The analyzed results indicate that pyrolysis time has
minimal impact on the synthesis efficiency. In contrast,

39208 | RSC Adv, 2024, 14, 39205-39218

pyrolysis temperature has a more pronounced effect. Conse-
quently, we selected three samples, CCBC-500-15, CCBC-600-15,
and CCBC-700-15, to analyze certain material characteristics.

3.2. Biochar characterization

3.2.1 BET analysis. The effect of pyrolysis temperature on
the porosity of CCBC material is presented in Fig. 2a and b.
According to the IUPAC classification of adsorption isotherms,
the sample pyrolyzed at 500 °C exhibits a type I isotherm
(microporous)®* while those pyrolyzed at 600-700 °C exhibit
a type IV (mesoporous) isotherm.*” Indeed, Fig. 2b shows that
the corncob sample pyrolyzed at 600-700 °C exhibits hysteresis
in the N, desorption isotherm in the relative pressure region P/
P, > 0.5, which is explained by the condensation of N, in mes-
opores. The hysteresis loop reflects a complex porous structure
and may be a combination of several typical pore shapes such as
bottle-shaped and tubular pores with uneven pore size distri-
bution.*” The porosity of CCBC pyrolyzed at 500-700 °C is pre-
sented in Table S3.1 Accordingly, as the pyrolysis temperature
increases, the surface area and pore volume of CCBC signifi-
cantly increase. Specifically, at the highest pyrolysis tempera-
ture of 700 °C, the material has a surface area and pore volume
of 443 m* g~ " and 0.194 cm?® g7, respectively. These values are
higher compared to activated carbon from corncob synthesized
by other authors. Additionally, they are also higher than some
biochars synthesized from common by-products such as cas-
sava stems,*® bagasse,* pomelo peels.® This indicates the
potential application of CCBC in environmental pollution
treatment through adsorption methods.

3.2.2 XRD analysis. Fig. 2c presents the XRD patterns of
corncob samples pyrolyzed at 500-700 °C. Observing Fig. 2c, it
is evident that all three samples corresponding to the three
pyrolysis temperatures exhibit similar XRD patterns with
diffraction peaks characteristic of biochar structures. Specifi-
cally, the amorphous carbon structure of the biochar material
can be observed at the diffraction angle of 22-25° (ref. 16) and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of CCBC: BET (a and b); XRD patterns (c); and FTIR spectra (d).

the graphite structure at the diffraction angle of 41-43°.%° Thus,
combining the XRD and BET results, it can be demonstrated
that CCBC was successfully synthesized at temperatures of 500-
700 °C. Although there is no difference in the crystalline
structure, the porosity of the material (surface area, pore
volume) is significantly influenced by the pyrolysis temperature.

3.2.3 FTIR analysis. FTIR spectrum (Fig. 2d) shows the
changes in several characteristic vibrations of the CCBC
samples synthesized at 500-700 °C. The most noticeable change
is the loss or significant reduction of signals for several vibra-
tions in the wavenumber range of 1600-1000 cm ' as the
pyrolysis temperature increases from 500 °C to 600 °C and 700 ©
C, respectively. Specifically, the characteristic vibrations for
some functional groups of organic compounds on the suface of
biochar at wavenumbers 1425 ecm ™", and 1379 cm™" (C=O0 in
COO™) have completely disappeared or reduced in signal at
pyrolysis temperatures of 600-700 °C.** The bands around
1580-1540 cm ™" was related to aromatic C=C, C=0 stretching
vibration modes of the carboxyl group, hydroxyl group and
lactone.® The aromatic C=C stretching vibration (1460 cm ™)
also appeared in the FTIR spectrum with a weak signal. Espe-
cially, the characteristic vibrational modes of the C-O bond in
obtuse angles also shift from higher wavenumbers (1163 cm™"
at 500 °C) to lower ones (1074 cm ™" at 600 °C and 1060 cm™ " at
700 °C).**** According to studies, this vibration arises from the
transformation of aromatic compounds in the form of alcohols,
aldehydes, and carboxylic acids into compounds with C-O-C
bonds in aromatic rings when pyrolyzed at high temperatures
(700-800 °C).* The shift to lower wavenumbers suggests that

© 2024 The Author(s). Published by the Royal Society of Chemistry

their chemical bonds are likely weaker, reducing the energy
required to excite bond vibrations.*® On the other hand, the
vibration band at 1060-1163 cm ™" can also be attributed to the
Si-O-Si group,*”** as silicon is commonly found in biomass and
is an essential nutrient for corn growth.** However, the Si
content in the corn core, as determined by the EDX method, is
approximately 3.26%, which is significantly lower compared to
the C content (88.83%). Therefore, we attribute the vibrations in
the range of 1163-1060 cm ™ are C-O-C vibration.

In summary, pyrolysis conditions affect the properties and
characteristics of biochar materials synthesized from corncobs.
The degree of carbonization increases with the pyrolysis
temperature, which also means that the surface area and pore
volume of the material increase accordingly. However, retaining
functional groups is necessary for adsorption in some cases.*
This depends on the target pollutant and the adsorption
mechanisms that may occur, allowing for the selection of
appropriate pyrolysis conditions. In this study, CCBC is aimed
at treating Cr(vi) in aqueous solutions. To select the material
sample with the best adsorption efficiency, some preliminary
surveys are necessary. Specifically, the Cr(vi) adsorption capacity
under identical fixed conditions on 09 CCBC samples synthe-
sized at 500 °C, 600 °C, and 700 °C for 15, 30, and 45 minutes
was conducted.

3.3. Factors influencing Cr(vi) adsorption onto CCBC

3.3.1 [Initial investigation. Studies have shown that pH is
a major determinant in the adsorption capacity of Cr(vi). The
optimal pH for Cr(vi) adsorption on biochar is generally 2.0.*®

RSC Adv, 2024, 14, 39205-39218 | 39209
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Therefore, Cr(vi) adsorption experiments at pH = 2.0 were
conducted on 09 CCBC samples, and the results are presented
in Table S4.1 Additionally, the color of the 09 solutions after
Cr(vi) adsorption is shown in Fig. S1.1 Results indicate that the
sample pyrolyzed at a higher temperature exhibits better Cr(vi)
adsorption capacity. This initially suggests that Cr(vi) adsorp-
tion on CCBC may depend more on the porous structures and
the functional groups on the material's surface (such as C-O-C,
C=0, C=C, Si-0O-Si). The changes in biochar structure lead to
variations in porosity (Table S3t1) and functional groups
(Fig. 2d). Biochar synthesized at 700 °C has a significantly
higher surface area and pore volume compared to those
synthesized at 500-600 °C. Simultaneously, the functional
groups (C-0-C/Si-O-Si), (C=C, C=0) exhibited shifts in their
vibration to lower wavenumbers, specifically (1580-1540 cm ™),
and (1163-1060 cm '), indicating that they are more likely to
participate in chemical processes to enhance adsorption
capacity.** Additionally, it can be observed that the pyrolysis
time of corncob has an insignificant effect on the % removal of
Cr(vi) from aqueous solution. For instance, at a pyrolysis
temperature of 500 °C for 15, 30, and 45 minutes, the % removal
of Cr(vi) slightly increased to 31.2%, 32.5%, and 32.9%,
respectively. This trend is similar for corncob samples pyrolyzed
at 600 °C. For corncob samples pyrolyzed at 700 °C, the %
removal of Cr(vi) slightly decreases with increasing pyrolysis
time. However, according to Table S4,t this value is not signif-
icant (57.6%, 56.5%, and 55.3% for the 15, 30, and 45 minute
samples, respectively). This may be due to the prolonged
pyrolysis at high temperatures leading to greater decomposition
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Fig. 3 The influence of pH on the adsorption of Cr(vi) onto CCBC (a)
(d).
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of functional groups capable of participating in Cr(vi) adsorp-
tion. Therefore, the CCBC sample synthesized at 700 °C for 15
minutes was selected to investigate the factors affecting the
Cr(vi) adsorption process in aqueous solutions.

3.3.2 Effect of pH. The effect of pH on the adsorption of
Cr(vi) on CCBC is presented in Fig. 3a and ANOVA analysis
(ESIt). The p-value of 2.58 x 10~ '* smaller than 0.05 indicated
the significant impact of different pH on the Cr(vi) removal of
Vietnamese corncob biochar. Specifically, CCBC exhibited the
highest Cr(vi) adsorption efficiency at pH 2.0, with an efficiency
of approximately 57.5% (C, = 85 mg L '). This pH value is
consistent with the pH values reported by other authors.*® It can
be observed that the percentage of Cr(vi) removal gradually
decreases with increasing pH values. Particularly in basic
environments, the Cr(vi) adsorption capacity is significantly
lower compared to acidic environments. This phenomenon can
be explained based on the pHpyc value of CCBC presented in
Fig. 3b (pHpzc = 7.6). When pH < pHpy, the surface of CCBC is
positively charged, leading to effective adsorption of Cr(vi)
anions through electrostatic interactions.*® As the pH increases,
the concentration of H' decreases, reducing the positive charge
and consequently the adsorption capacity. When pH > pHpyc,
the surface of CCBC becomes negatively charged, which is not
favorable for the adsorption of Cr(vi) anions through electro-
static interactions.”® These results indicate that electrostatic
interactions play a crucial role in the adsorption process of
Cr(vi) on CCBC.

3.3.3 Effect of sorbent dosage. From the results of the pH
effect survey, it was observed that the Cr(vi) removal efficiency
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was only about 57% at an initial Cr(vi) concentration (C,) of
85 mg L. To enhance the treatment efficiency and evaluate the
impact of CCBC mass on the Cr(vi) adsorption process, this
study investigated the effect of CCBC mass (0.05-0.15 g) at an
initial Cr(vi) concentration (Cp) of 85 mg L™'. ANOVA: single
factor analysis (ESIT) showed that the p-value of 3.45 x 10 *¢
smaller than 0.05 indicated the significant impact of different
sorbent dosage on the Cr(vi) uptake of Vietnamese corncob
biochar. In addition, the results presented in Fig. 3c indicate
that % of Cr(vi) removal increases with the mass of the material.
This can be explained by the fact that, as the mass of the
material increases while keeping the solution volume constant
(increasing m/V), a larger number of available adsorption sites
can easily adsorb Cr(vi) from the solution, thereby enhancing
the adsorption capacity. This result is consistent with several
previously published studies.'®*> Thus, the highest Cr(vi)
removal efficiency reached approximately 70% with a CCBC
mass of 0.15 g. However, since the removal percentage does not
increase exponentially, the adsorption capacity, as calculated by
eqn (2), decreases. Indeed, although the removal efficiency
increased from 53% to 69% when the CCBC mass was increased
from 0.10 g to 0.15 g, the adsorption capacity decreased from
26.5mgg 'to21.2mgg .

3.3.4 Effect of ionic strength. In this study, KCl solution
(3.72 x 10° to 18.63 x 10° mg L") was selected to investigate
the effect of competitive adsorption. The results presented in
Fig. 3d clearly indicate competitive adsorption between Cr(vi)
anions and Cl™ ions, as the Cr(vi) removal efficiency decreased
in the presence of KCl compared to its absence. However,
different KCl concentrations did not significantly affect the
Cr(vi) adsorption capacity due to the p-value calculated from
ANOVA: single factor analysis to be 0.4 higher than 0.05 (ESIt).
For instance, the Cr(vi) removal percentage slightly decreased
from 54.77 to 53.89 and 52.60% when using low concentrations
of KCI (3.72-7.45 x 10°> mg L™"). Nevertheless, at higher KCI
concentrations (11.18-18.63 x 10° mg L"), the impact of
competitive adsorption became more pronounced. Indeed, the
Cr(vi) removal percentage further decreased to 49.86, 46.7, and
43.99% at KCl concentrations of 11.18, 14.91, and 18.63 X
10> mg L™, respectively. This phenomenon is explained by the
competitive adsorption between Cl~ anion and Cr,0,* /
HCrO, at pH = 2.0. The Cl™ anions occupy the adsorption sites
on the surface of CCBC, and the competition increases with
higher ClI™ concentrations.”® Consequently, the Cr(vi) adsorp-
tion capacity gradually decreases. This trend is similar to the
Cr(vi) adsorption capacity on biochar derived from Enter-
omorpha prolifera and cotton wood.**>*

3.3.5 Desorption and recyclability. The desorption and
reuse capabilities are crucial criteria when evaluating the
potential application of materials in environmental remedia-
tion. Therefore, in this study, we conducted the desorption of
Cr(vi) from CCBC using NaOH solutions at various concentra-
tions to determine the optimal desorption conditions. Several
previous studies have also employed NaOH to desorb anions
from materials through anion exchange mechanisms.**** The
results of the survey on the effect of NaOH solution concen-
tration on the desorption capacity of Cr(vi) from CCBC are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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presented in Fig. S2a.t It can be observed that the higher the
concentration of NaOH solution used, the better the desorption
capacity of Cr(vi) due to easier anion exchange. For instance, the
desorption efficiency of Cr(vi) is only about 17% at a NaOH
concentration of 0.1 M. However, this value increased to
approximately 42% when using 0.5 M NaOH. The best desorp-
tion capacity was achieved at a NaOH concentration of 0.9 M,
with around 70%. If the NaOH concentration is further
increased, the desorption capacity will continue to rise;
however, this leads to chemical waste and environmental
pollution. Therefore, we selected 0.9 M NaOH for subsequent
investigations. Fig. S2bt illustrates the reusability of CCBC.
Specifically, after 4 cycles of Cr(vi) adsorption-desorption at an
initial Cr(vi) concentration of 85 mg L', the Cr(vi) removal
efficiency of CCBC decreased insignificantly and remained at
approximately 63%. This indicates that CCBC can effectively
adsorb Cr(vi) in aqueous solutions, demonstrating potential
applications in environmental remediation.

3.4. Investigation of kinetic and isotherm on the Cr(v)
adsorption by CCBC

3.4.1 Influence of contact time on kinetic adsorption.
ANOVA: single factor analysis showed the p-value to be 1.87 x
10> smaller than 0.05, confirming that the different contact
time affected the Cr(vi) adsorption of Vietnamese corncob bio-
char (ESIt). This is also presented in Fig. 4a. It can be seen that
within just 5 minutes, a significant amount of Cr(vi) was
adsorbed onto CCBC (30%). The adsorption of Cr(vi) gradually
increased and nearly reached adsorption equilibrium after 180
minutes. This can be explained by the strong interaction
between Cr(vi) ions and the adsorption sites on the surface of
CCBC during the first 180 minutes, leading to increased
adsorption efficiency, especially in the first 5 minutes. After 180
minutes, the adsorption sites may become saturated with Cr(vi)
ions, resulting in the adsorption efficiency remaining almost
unchanged even though the adsorption time was extended to
270 minutes. Thus, it can be concluded that the adsorption
process reaches equilibrium at 180 minutes with an adsorption
efficiency of Cr(vi) reaching approximately 56%.

Additionally, to understand the nature of adsorption, the
experimental data were analyzed using four kinetic models. The
graphs of these models are presented in Fig. 4c, and the
parameters calculated from their nonlinear equations are
shown in Table 1. It can be seen that the Elovich kinetic model
fits the experimental data best because it has the highest R*
value (0.9752) and the lowest RMSE (0.4421) and x> values
(0.1281). The value of & = 791, which is much greater than § =
0.4669, demonstrates that the adsorption process is predomi-
nantly chemical adsorption. In addition, the C value deter-
mined from the intraparticle diffusion kinetic model is
different from 0 (16.0704), indicating that the adsorption of
Cr(vi) by CCBC occurs through more than one mechanism.*® In
general, most adsorption processes change over time as ¢
rather than time ¢.* Therefore, the intraparticle diffusion
equation was developed to describe the relationship between
the amount of adsorbed substance (Q.) and time "/ (Fig. 4b).
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Table 1 The parameters of kinetic models for the adsorption of Cr(v)
onto CCBC

Types of models Parameters Values
Experiment Co (mg L) 83.76
e(exp) (mg g™ 24.17
Pseudo-first-order e(cany (Mg g™ ) 22.51
ky (min™) 0.16
RMSE 1.69
R 0.66
X 1.76
Pseudo-second-order e(cany (Mg g™ ") 23.66
k, (g mg ' min™") 0.01
RMSE 0.81
R 0.92
x> 0.40
Intraparticle diffusion Kqa 0.62
c 16.07
RMSE 0.74
R 0.89
x? 0.55
Elovic « (mg g7 min™") 791
B (mgg™ 0.47
RMSE 0.44
R 0.98
x> 0.13

The adsorption of heavy metals typically occurs in four stages:*®
bulk diffusion (1); surface diffusion (2); intraparticle diffusion
(3); and adsorption equilibrium (4). Accordingly, the adsorption

39212 | RSC Adv, 2024, 14, 39205-39218

of Cr(vi) on CCBC can occur in four stages. In stage 1 (green
line), adsorption occurs very rapidly through mass transfer; in
stage 2 (blue line), rapid adsorption of Cr(vi) continues due to
the abundance of adsorption sites on the material's surface; in
stage 3 (orange line), gradual adsorption continues, and this
stage is crucial for adsorption kinetics; in stage 4 (pink line),
adsorption reaches equilibrium as most of the adsorption sites
become occupied.®

3.4.2 The study of isotherm adsorption models. The
isotherm models for the adsorption of Cr(vi) on CCBC are pre-
sented in Fig. 4d, and the parameters of these models are listed
in Table S5.7 The results indicate that the experimental data is
best described by the Sips isotherm model, as it has the highest
R? value (0.9845) and the lowest RMSE (1.0638) and x* values
(0.3318). This suggests that the adsorption process involves
both monolayer and multilayer adsorption. From Fig. 4d, it can
be observed that as the initial concentration of the Cr(vi) solu-
tion increases, the adsorption capacity of Cr(vi) rapidly rises and
gradually reaches equilibrium at higher concentration values.
This phenomenon can be explained by the progressive occu-
pation of adsorption sites on the surface of CCBC until these
sites are fully occupied.”® Table 2 compares the Cr(vi) adsorption
capacity with other materials. It can be observed that the
maximum Cr(vi) adsorption capacity (Q.,) of CCBC in this study
is significantly higher than that of biochar synthesized from
various by-products such as Durian shells,” Oak wood.*® Addi-
tionally, compared to activated carbon, composites, and
magnetic biochar material-based corncob biomass, the Cr(vi)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison the Cr(v) adsorption capacity of biochar with other materials

Materials Sources Qm (mgg™) References
Biochar Corncob 38.13 This study
Durian shells 6.66 27
Oak wood 3.03 28
Pine sawdust 21.03 60
Activated carbon Corncob 9.90 21
Corncob 25.69 22
Slurry 38.17 61
Composite Corncob activated carbon + banana peel 35.84 62
Biochar + bentonite + rarasaponin 23.02 27
MnO, + chitosan 61.56 55
Magnetic biochar Fe,0;/corncob biochar 25.94 24
Polypyrrol/corncob 19.23 25
Phoenix tree leaves + nano Fe;O, 19.02 63
Waste reed + nano Fe;0, 9.92 64

adsorption capacity is also higher. For instance, G. K. Gupta
et al. modified CCBC using phosphoric acid and adsorbed
Cr(vi), achieving a Qp, of 25.69 mg g~ ', which is lower than our
result (38.13 mg g ').22 The adsorption capacities decrease in
the following order: biochar (38.13 mg g ') > composite
(35.84 mg g~ ') > activated carbon (25.69 mg g~ ') > magnetic
biochar (19.23 mg g !). Overall, the biochar synthesized from
corncob in this study demonstrates considerable potential for
application in the treatment of Cr(vi) in aqueous solutions.

3.5. Proposed mechanism of Cr(vi) adsorption onto CCBC

The adsorption of Cr(vi) onto biochar can follow chemical or
physical processes via several mechanisms such as electrostatic
interactions,” ion exchange,® surface complexation,*
combined reduction-adsorption,*® and pore diffusion.®® These
adsorption mechanisms are demonstrated through a combina-
tion of theoretical model studies (kinetics, isotherms); chem-
ical-physical methods such as XRD, BET-BJH, SEM-EDX, XPS,
FTIR, TGA-DSC; XANES, confocal p-XRF mapping; and physical
methods such as positron annihilation lifetime (PAL) and
electron momentum (EMD) measurements.®”*® In this study,
chemical-physical methods including BET, FTIR, SEM, EDX,
and XRD were used to investigate the mechanisms of Cr(vi)
adsorption onto CCBC.

3.5.1 BET analysis. Fig. 5 presents the N, adsorption-
desorption isotherms at —196 °C and FTIR spectra of CCBC
before and after Cr(vi) adsorption. From Fig. 5a, it can be
observed that the isotherms of the material before and after
Cr(vi) adsorption are both classified as type IV according to
IUPAC classification, due to the hysteresis in the relative pres-
sure region P/P, around 0.5. However, the amount of adsorbed
N, significantly decreased, corresponding to a reduction in the
surface area of the material. Specifically, the surface area of the
material decreased from 443 m” g~ " to 382 m> g~ . Notably, the
external surface area values changed very little, with values of 27
m®> g~ and 24 m”> g~' for the material before and after
adsorption, respectively. In contrast, the internal surface area
significantly decreased from 416 m> g~ ' to 358 m” g~ '. This
demonstrates that the Cr(vi) adsorption process primarily
occurs on the internal surface. In other words, the adsorption of
Cr(vi) on CCBC may proceed via a pore diffusion mechanism.
These results indicate that surface area plays a crucial role in
the adsorption of Cr(vi) on CCBC. Similar to our previous study
on the adsorption of Pb(u) on ZSM-5 zeolite, a similar trend has
been confirmed by BET results.>

3.5.2 FTIR analysis. Fig. 5b presents the FTIR spectra of
CCBC before and after Cr(vi) adsorption. After adsorption,
several functional groups and characteristic vibrations remain
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Fig. 5 N, adsorption—desorption at 77 K (a); FTIR spectra (b) of CCBC before and after Cr(v) adsorption.
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unchanged. For instance; C=C rings (1540 cm '); and C=0 in
COOH (1380 cm™") retain their positions and peak shapes.
Meanwhile, the characteristic vibration of the -OH group,
although unchanged in wavenumber at the peak (3449 cm™ %),
becomes sharper and increases in transmittance after adsorp-
tion. The characteristic vibration for the C-O bond in the
aromatic ring shifts from 1060 cm ™" to 1100 cm ™' and signifi-
cantly decreases in transmittance.** Additionally, the aromatic
C=C vibration (1460 cm ") becomes more pronounced after
adsorption. This suggests that Cr(vi) adsorption may involve
OH, C-0O-C, and C=C functional groups and follow by chemical
process. These results are consistent with kinetic studies. The
experimental data best fit the Elovich kinetic model, and the
significantly higher value of « compared to § indicates that the
adsorption occurs via a chemical mechanism. Some studies
indicate that at pH = 2.0, HCrO, /Cr,0,> can be reduced to
Cr’" due to their strong oxidizing nature at this pH.* Therefore,
adsorption mechanism that may occur on CCBC is the forma-
tion of surface complexes between Cr’** cation and aromatic
C=C rings (C,—cation)® or cation exchange. In this study, we
demonstrate this mechanism through the combination of FTIR
and EDX spectra analysis.

3.5.3 SEM-EDX analysis. The SEM and EDX analysis results
of CCBC before and after Cr(vi) adsorption are presented in
Fig. 6. As shown in Fig. 6a, the surface of CCBC is rough,
featuring numerous grooves, channels, and large pores with
diameters around 10 pm, as well as smaller pores approximately
1 pm in diameter. These sites are suitable for Cr(vi) adsorption.
The SEM images indicate that after adsorption, the surface
morphology of the material remains largely unchanged,
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T 0 1 2
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retaining the pores and grooves (Fig. 6b). The combination of
XRD patterns (Fig. S2af) and SEM images (Fig. S2bt) of the
material after four reuse cycles demonstrates the high dura-
bility of CCBC. The EDX spectrum of the material reveals
significant changes in the chemical elemental composition
between the pre-adsorption (Fig. 6¢) and post-adsorption
(Fig. 6d) samples of Cr(vi). Specifically, the presence of Cr and
the disappearance of K and Si elements in the post-adsorption
sample indicate that Cr adsorption likely occurred through an
ion exchange mechanism involving K, Si**, and Cr*". This
finding further suggests the adsorption of Cr(vi) onto the
surface of biochar and the reduction of Cr(vi) to Cr(m), with the
Cr(m) ions interacting with the biochar via two mechanisms:
surface complexation and ion exchange. After adsorption,
besides the loss of K, Si was also no longer present in the CCBC
sample, which suggests the possibility of ion exchange between
Si*" and Cr*". Studies have indicated that in biochar, Si exists in
the form of amorphous hydrated silica, i.e., SiO,-nH,0***" and
the surface often contains silanol groups (Si-OH).” Therefore,
two key adsorption mechanisms in this study are surface
adsorption (Cr(vi)-biochar) followed by the reduction of Cr(vi) to
Cr(m), allowing ion exchange adsorption to occur. The EDX
spectrum also reveals that, in addition to C and O, the
composition of CCBC in this study includes several other
elements such as K, Si, and P, similar to previously published
research.” This indicates that the origin of the corncob might
be the cause of the differences in chemical composition, as they
are related to the variety, growth, and development conditions
of the corn. Furthermore, a recent study on the Cr(vi) removal
capability through bioreduction using corncob also
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Fig. 6 SEM image (a and b); EDX spectra (c and d) of CCBC before and after Cr(vi) adsorption.
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Fig. 7 SEM-mapping of CCBC before (a) and after (b) Cr(vi) adsorption.

demonstrated that corncob can reduce Cr(vi) to Cr(m). This
process occurs through several primary mechanisms including:
carrier effect, nutrient element release and electron shuttle.”

3.5.4 SEM-mapping analysis. The SEM-mapping images of
CCBC before and after Cr(vi) adsorption are presented in Fig. 7.
It can be observed that after adsorption, elements such as K and
Si are no longer present, while Cr appears. Notably, Cr is
uniformly distributed across the entire surface of the biochar
material (red regions in the map (Fig. 7b)). Thus, combining
SEM-EDX and SEM-mapping results has demonstrated that
Cr(v1) adsorption onto CCBC primarily occurs through electro-
static interactions and cation exchange compared to other
mechanisms. This result is consistent with previous publica-
tions by several authors.”””* In summary, Cr(vi) adsorption in
aqueous solution on CCBC material can occur through several
proposed mechanisms shown in Fig. S4,7 including pore
diffusion, electrostatic interaction, ion exchange, and surface
complexation.

4. Conclusion

In this study, CCBC was successfully synthesized via pyrolysis,
with the optimal pyrolysis conditions for Cr(vi) adsorption being
700 °C for 15 minutes. The surface area of CCBC significantly
increased from 6.7 to 443 m* g~ ! (66 times) while the functional
groups characteristic on the surface of biochar changed as the

© 2024 The Author(s). Published by the Royal Society of Chemistry

pyrolysis temperature increased from 500 to 700 °C. The
maximum Cr(vi) adsorption capacity according to the Langmuir
model reached 38.13 mg g~ ', which is higher compared to
previously reported corncob-based materials such as activated
carbon, composites, and magnetic biochar. Based on physico-
chemical analysis methods, the adsorption of Cr(vi) on CCBC
occurs through two main mechanisms composed of reduction
and ion exchange. Cr(vi) can be effectively desorbed using NaOH
and subsequently reused. However, the use of high concentra-
tions of NaOH should be carefully considered to avoid negative
environmental impacts. For practical applications, the material
can be fabricated into porous composite granules and used in
dynamic adsorption processes. The material can be easily
recovered and processed after use, either for reuse or disposal.

Data availability

The datasets generated and/or analyzed during the current
study are available from the corresponding author on reason-
able request. The data include experimental results on the
effects of pH, adsorption time, initial Cr(vi) concentration,
material mass, and ionic strength on the adsorption process, as
well as kinetic and isotherm models for Cr(vi) adsorption.
Additionally, FTIR spectra and SEM-EDX analysis data used to
investigate the functional groups and surface morphology of the
biochar are included.
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