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Four glucose-derived spherical carbon materials were developed for Cr(VI)
removal from water. The materials were synthesized via: (1) hydrothermal
carbonization at 190°C, (2) chemical impregnation with H2O;, citric acid (CA),
or acrylic acid (AA), and (3) pyrolysis at 900°C to produce activated carbons
(AC-H20,, AC-CA, or AC-AA, with AC as the control). Boehm titration and FTIR
confirmed the presence of increased oxygen-containing groups (carboxyl,
lactone, phenol) post-activation. The pHpzc followed the order: 7.10 (AC) > 6.98
(AC-H;02) > 5.89 (AC-AA) > 5.58 (AC-CA). Adsorption was pH (2.0-10) and
ionic strength (0-1 M NaCl) dependent, with optimal conditions at pH 2.0 and
0 M NaCl. Kinetics reached equilibrium within 180-360 min, fitting the Elovich
model. Equilibrium data were better fit by the Redlich-Peterson and Langmuir
models than by the Freundlich model. Langmuir maximum capacities for total
Cr were 243.9 mg/g (AC-AA), 240.1 mg/g (AC-H20), 239.7 mg/g (AC-CA), and
165.3 mg/g (AC). Capacity decreased across water matrices: distilled >
drinking > tap > groundwater > lake > river water. Thermodynamics revealed
an endothermic (AH°>0) and physical adsorption process (AH°= 2.34-5.37
kJ/mol). Total Cr recovery was ~70% (0.05 M NaOH), ~20% (0.05 M HCI), and
~10% (hot water at 60°C). Post-adsorption speciation at pH 2.0-4.0 revealed
that while Cr(VI) remained the dominant species, a small fraction of Cr(lll) was
detected in the solution, confirming the partial reduction of Cr(Vl).
Mechanisms involved electrostatic interactions, surface complexation, and
Cr(VI)-to-Cr(lll) reduction facilitated by oxygen-containing groups. These
functionalized glucose-based spheres offer a sustainable, cost-effective
solution for Cr(VI) remediation.
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1. Introduction

A wide range of human activities, such as industrial
processes, practices, and
transportation, release heavy metals that can

agricultural

directly contaminate water sources or disperse into
the atmosphere, settle as dust, and eventually be
carried into waterways, resulting in substantial
water pollution [1, 2]. For example, the application
of pesticides, particularly phosphorus fertilizers,
can result in the discharge of toxic metals, such as
arsenic (As), lead (Pb), and mercury (Hg), into
water bodies [3]. The presence of heavy metals in
aqueous effluents is a significant concern due to
their toxicity and carcinogenic effects on aquatic
life and human health [4]. Heavy metals have long-
lasting characteristics in  the
resulting in a range of health problems: dissolve in
water, build up in plants and animals, and enter
the human food chain via polluted water or food

environment,

[5]. The unregulated release of heavy metals into
the environment poses substantial hazards due to
their toxic effects on living organisms [6].

Among these metals, chromium stands out as
particularly toxic, occurring in two prevalent forms:
hexavalent chromium Cr(VI) is more toxic than
trivalent chromium Cr(lll), causing severe health
issues, including cancer, respiratory problems, and
skin ulcers [7, 8]. According to the World Health
Organisation, hexavalent chromium is classified as
a carcinogen and is among the 50 most dangerous
compounds worldwide [9, 10]. It is commonly
detected in soil and groundwater at industrial sites
due to its use in dyes, paints, and tannery
wastewater [11]. While the volume of wastewater
generated by electroplating and metal plating
companies may not be as substantial as that of
other sectors, such as the paper or textile
industries, it does contain significant amounts of
hazardous substances, notably chromium [12].
The study of heavy metal removal from water via
adsorption  has extensively explored
worldwide. A previous study investigated the use of
agricultural by-products, such as bagasse, banana
peels, coconut fibre, sawdust, corn husks, rice
husks, straw, and peanut shells, for the adsorptive
removal of heavy metals from water, with these
materials modified with phosphoric acid [13].
Similarly, the previous study prepared biochar from

been

Tectona grandis sawdust, activating it with K2COs
and ZnCly, which achieved a surprisingly high Cr(VI)
maximum adsorption capacity ranging from 103
mg/g to 127 mg/g [14]. A maximum chromium
adsorption capacity of 176 mg/g was obtained
using KOH-modified activated carbon derived from
corn straw [15]. Additionally, activated carbon
(AC) prepared from waste material
demonstrated a high adsorption
capability of 55.2 mg/g, while apple peel processed
with modified H3sPOs showed a
chromium adsorption capacity of 36 mg/g [16].
Nevertheless, some studies have enriched the
surface of activated carbon with functional groups
using HNOs, resulting in Sger 1399 m?/g and an
increase in lactone functional groups [17]. With the
addition of functional groups, such as -OH, -C=0,
-P=0, -P-O-C, and
bonds, the process of impregnating AC with HsPO4
also contributes to an increase in the BET-surface
area (Sger) of the resultant material to 1290 m?/g
[18]. These studies suggested that modifications to
cellulose-based materials can enhance their
adsorption capacity.

The hydrothermal carbonization (HTC) approach
uses an aqueous solution and operates at 160-
220°C, making it environmentally friendly,
straightforward, and cost-effective [19, 20].
Biomass materials are optimal carbon sources for
producing high-adsorption-capacity materials via
HTC due to their renewability, high reactivity, and
low cost. Lignocellulosic biomass, which consists
mainly of glucose, can be efficiently carbonized via
HTC to yield well-organized carbon spheres with a
highly porous structure and a high surface area
[21]. For example, a previous study reported a high
Sger of 1283 m?/g and a micropore volume of 0.44
cm?®/g for glucose, obtained using a hydrothermal
technique and KOH [22]. Acid
modification, primarily using hydrochloric acid,
nitric acid, or phosphoric acid, increases the Sger of
activated carbon, thereby enhancing its capacity
to adsorb contaminants [23-25]. In one example,
the adsorption performance was significantly
enhanced after chemical activation with H3POy;
the mesopore volume and Sger of orange peel-
derived carbon increased from 0.025 cm®/g and 117
m?/g to 0.102 cm’/g and 618 m?/g, respectively
[26].

tyre
chromium

maximum

numerous carbon-carbon

activation
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The main objective of alkaline treatment (with
substances like potassium hydroxide and sodium
hydroxide)
functional groups containing oxygen and the
specific surface area [27, 28]. For example,
industrial alkali lignin was used to produce a
hierarchical porous carbon-based adsorbent via
combined hydrothermal and alkali activation for
adsorbing Cr(VI) [26]. During KOH treatment, a
few three-dimensional linked channels formed,
and numerous active groups, including N- and O-
containing ones, were generated. Hydrothermal
carbon nanospheres were prepared from glucose
and activated with aqueous NaOH. The outcomes
showed that its surface, after impregnation with a
NaOH solution, was enriched in -OH and -COOH
groups, significantly altering its morphology,
surface area, and pore volume [29]. Overall,
modifying or activating carbon can be a useful
method for producing adsorbents with high surface
groups beneficial for

was to increase the number of

area and functiondl
adsorption.

This study aimed to investigate the influence of
different chemical agents, including acrylic acid
(AA), citric acid (CA), and H;0O,, used to activate
hydrochar derived from the hydrothermal process
of glucose. The effects of bath operating
parameters on the adsorption performance of the
prepared materials were assessed, including pH,
temperature, time, Cr (V1)
concentration, and different background water
adsorption were
elucidated using kinetic, thermodynamic, and
adsorption isotherm models. Adsorption
mechanisms associated with the removal of Cr(VI)

contact initial

sources. The mechanisms

from aqueous solutions were discussed herein.

2. Materials and methods
2.1. Reagents

In this study, glucose
dichromate (K,Cr205),

(CsH1206),
sulfuric acid

potassium
(H2S0.),

sodium hydroxide (NaOH), hydrochloric acid (HCI),
hydrogen peroxide (H:02), citric acid (CsHsO7),
acrylic acid (CsH402), and 1,5-diphenylcarbazide
were obtained from Alpha Chemical Reagent Co.,
Ltd. (Tianjin, China). They were qualified as
analytical grades. All working solutions used during
all  experiments prepared by diluting
chemicals in deionized water.

were

2.2. Preparation of materials

The materials were synthesized from glucose via
hydrothermal, impregnation, and pyrolysis steps,
as shown in Figure 1. Glucose hydrochar (GH) was
produced by hydrothermal treatment of 32.4 g
glucose and 120 mL deionized (DI) water in a
Teflon-lined stainless steel autoclave at 190°C for
24 h [30]. GH was washed with alcohol (95%) and
distilled water until the pH value was equal to that
of the DI water.

Subsequently, 3.0 g HG was impregnated with 50
mL of each chemical agent, including H20,, acrylic
acid (AA), or citric acid (CA), with a concentration
of 0.3 M at room temperature for 24 h. After that,
the materials were washed and dried. The dried
materials were then pyrolyzed at 900°C for 2 h
under atmospheric conditions at a rate of 45°C/min
and a flow rate of 0.5 L/min N.. The materials were
washed with DI water until the pH remained
constant, then dried and sieved to a particle size of
0.088 mm. Four materials obtained, as described in
Figure 1, will be compared in this study to clarify the
influence of chemical agents on Cr(VI) adsorption
in aqueous solution.

2.3. FT-IR analysis, pHpzc, acidic and basic groups

Their surface morphology was displayed using
scanning electron microscope (SEM) images (JSM-
6510 LV; Japan). Fourier-transform infrared
spectroscopy (FTIR; FT/IR-4600; Japan) was used to
determine the main functional groups on their
surface.
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Fig. 1. Synthetic process of materials.

The drift method was used to estimate the pH at
the material’s point zero charge (pHpzc) [23]. The
acidic and basic groups on the adsorbent surfaces
were determined by Boehm titration, using the
technique described in the previous study, which
quantifies carboxylic, phenolic, and
functional groups in pristine and laden materials
[30].

lactonic

2.4. Adsorption and desorption experiments

The adsorption experiments were conducted in a
batch reactor with a solid/liquid ratio of 0.5 g/L in
shaker. The appropriate
concentration of Cr(VI) solution was obtained by
dissolving K2Cr207 in DI water.

The diphenylcarbazide method was
measure the concentration of Cr(VI) before and
after the adsorption process [31].
Diphenylcarbazide formed a red-violet complex
with Cr(VI), and the intensity of this complex was
detected at 542 nm with a UV-vis
spectrophotometer (Hitachi U-2910, Hitachi Corp.,
Japan). The total Cr concentration before and after
adsorption was analyzed by atomic absorption
spectroscopy (AAS; Hitachi ZA3300, Hitachi Corp.,
Japan).

The adsorption capacity of the materials was
calculated by Eq. (1) at defined time intervals until
reaching adsorption equilibrium after samples
were taken and filtered through a 0.45-pm
Whatman membrane filter.

(CO _Ce) XV

go =" (1

a thermostatic

used to

where C. (mg/L) is the total Cr concentration at
equilibrium; Co (mg/L) is the initial concentration

pyrolysis Activated carbon
4h and 900°C (AC)
pyrolysis
> 1 C 1 _— -
H,0, impregnation —-—— -~ AC-H,0,
Glucose Hydrothermal | Glucose hydrochar
G) 24h and 190°C (GH) .
Acrylic acid (AA) _ pyrolysis
— SV ———  AC-AA
impregnation 4h and 900°C
Citric acid (CA) pyrolysis
. ¢ AC-CA
impregnation 4h and 900°C

of total Cr; ge (mg/Qg) is the adsorption capacity at
equilibrium; V (L) is the volume of Cr solution; and
m (g) is the mass of the adsorbent.

To investigate the influence of desorption taken by
different extraction solutions, the laden adsorbent
was shaken with 200 mL of various desorbing
agents, including hot water at 60°C, NaOH (0.05
M), or HCI (0.05 M). The percentage of adsorbate
desorbed (Rpes) from the laden adsorbent was
calculated using Eq. (2).

qe(2)
Rpes = X 100%
Des Qe(l) (2)
where gey (mg/g) and gezy (mMmg/g) are the

adsorption capacities of materials at the first and
second cycles of adsorption and desorption,
respectively.

2.5. Adsorption isotherms, kinetics, and
thermodynamics
Three models were studied to investigate

equilibrium parameters, including the Langmuir,
Freundlich, and Redlich-Peterson models [32]. The
Redlich-Peterson model was proposed to address
the limitations of the Freundlich and Langmuir
models. This model combines aspects of the
Freundlich and Langmuir models and might be
used to demonstrate adsorption equilibrium across
a wide range of adsorbate concentrations [33].

Eqgs. (3), (4), and (5) defined the Langmuir,
Freundlich, and Redlich-Peterson models,
respectively.

_ QmaxKLCe
% =11 K., (3)
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where gmax (Mg/g) is the maximum adsorption
capacity, and K is the Langmuir constant.

Ge = KeC¥/" (4)

where n is the adsorption intensity, and Kk
(mg/g)/(mg/L)"" is the Freundlich constant.

_ KgrpCeo (5)
e = g
1+ agpC,

where Krp and arp (mg/L)™® are the Redlich-
Peterson constants, and g is an exponent which
must lie between 0 and 1.

Kinetic parameters were studied using the pseudo-
first-order (PFO), pseudo-second-order (PSO), and
Elovich models. The PFO, PSO, and Elovich models
were defined as Egs. (6), (7), and (8) [32, 33],
respectively.

G = qe (1 —e71%) (6)
2
Qekzt
—_ fte™2r 7
=17 k,qot )

where g: (mg/g) is the adsorption capacity at
contacting time t, and ki (1/min) and k2
(g/(mgxmin) are the PFO and PSO kinetic rate
constants, respectively.

1l ®)+ !
= —In —_
qt ‘[g ‘[g
where a (mg/(gxmin)) is the initial rate constant,
and B (mg/g) is the desorption constant.

To investigate the effect of temperature on the
adsorption process, the changes in standard
enthalpy (AH°), standard entropy (AS°), and
standard Gibbs energy (AG°) were determined
using Eqgs. (9)-(12) [34].

In(ap) (8)

AG° = —RTInK, 9)

The following describes the relationship of AG® to
AH° and AS°:

AG° = AH® — TAS° (10)
k. = —AH°\1 AS° »
NKe = R T—l— R ( )
K
Ke=—X%C° (12)
yCr
where K. (dimensionless) is the adsorption

equilibrium constant under the standard condition;
KL is the Langmuir constant (L/mol), C° is the

concentration of Cr at standard condition (C°= 1
mol/L); ycr is the activity coefficient of Cr and it
approaches unity under dilute conditions; R is the
universal gas constant (8.3144 J/(molxK)); and T
(K) is the solution temperature in Kelvin.

All experiments were conducted in triplicate. The
reported results represent the average values of the
three independent measurements.

3. Results and discussion
3.1. SEM, FTIR, and pHpzc analysis of the materials

The SEM image (Figure 2a) reveals interconnected
spheres with surfaces, regular
spherical shapes, consistent diameters, and high
purity.

The FTIR spectra of spherical activated carbon
materials demonstrated the typical characteristics
of the adsorbents (Figure 2b). The stretching
in the (-OH) hydroxyl groups of
hemicellulose, cellulose, and lignin are responsible
for the bands at 3700-3000 cm™ [35]. The bands at
1800-1650 cm™indicate the presence of carboxylic
and lactonic groups (C=0) [36]. The C=C double
bonds in aromatic rings are likely responsible for
the bands in the region between 1650 and 1480 cm~
'. The stretched C-O groups are observed in bands
between 1290 and 970 cm™ [39]. Lastly, the bands
in the 970-730 cm™ range, associated with the
aromatic C-H out-of-plane bending mode, are
characteristic of aromatic benzene rings [37, 38].
Notably, the intensities of the -OH, C-H, C=0, and
C-O peaks in AC-AA and AC-CA (Figure 2b) were
higher than those in AC, indicating that
impregnation with acrylic acid and citric acid can
increase the abundance of these functional groups.
Previous research indicated that these groups are
features of the carboxylic functional group and are
effective at removing Cr(VI) [40].

The point of zero charge (PZC) was a defining
characteristic of the electrical state of adsorbent
surfaces in solution. The value of pHpzc refers to the
pH level at which an adsorbent’s net (internal and
external) surface charge is zero. The plot and pHpzc
values of adsorbent samples obtained using the pH
drift method are shown in Figure 2c. The pHpzc of
the materials followed the order: AC (7.10) > AC-
H2O, (6.98) > AC-AA (5.89) > AC-CA (5.58),
indicating that the chemical

smooth outer

vibrations

modification
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significantly influenced the adsorbent's pHpzc
values and the surface charge characteristics of
the adsorbents.

% Transmitance

T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

ApH

Initial pH solution

Fig. 2. SEM image of (a) AC, (b) FTIR analysis, and (c)
pHerzc analysis of materials.

3.2. Acidic and basic groups of materials

The results of qualifying three common functional
groups in synthesized materials before and after
adsorption are presented in Table 1.

The results showed that total functional groups
measured before adsorption of AC-AA were the
highest with 4.02 (mmol/g), followed by AC-CA
(3.61 mmol/g), and AC-H;O, (2.47 mmol/g); the
lowest was AC with 1.54 mmol/g. These findings
indicate that chemical modification effectively
increased the functional group content of the
materials, even after pyrolysis at 900°C after
impregnation, in agreement with the FTIR results
(Figure 2b). The results also indicated that
impregnating the materials with AA, CA, and H20;
can at least double the carboxylic group content
while reducing the phenolic group content.

In addition, impregnating GH in AA, CA, and H;O,
increased lactonic groups approximately 13, 15, and
4 times, respectively, compared to AC. Among the
three functional groups, the carboxylic group
exhibited the highest surface content, which may
facilitate the adsorption of Cr(VI) and Cr(lll) via
complexation [41]. The lactonic group has been
reported as a key functional group for removing
Cr(VI) from water [42]. Furthermore, Table 1 shows
that impregnation of GH into AA and CA effectively
enhanced the surface carboxylic and lactonic
groups on the AC samples. The reduction of these
functional groups after adsorption implies that
they play a vital role in the adsorption of Cr(VI) in
water.

Table 1. Quantification of functional groups in synthesized materials before and after adsorption.

Before adsorption (mmol/g)

After adsorption (mmol/g)

Adsorbent . . . . . .
Carboxylic Phenolic Lactonic Total Carboxylic Phenolic Lactonic Total
AC 1.05 0.41 0.08 1.54 0.22 0.14 ~0 0.36
AC-CA 2.09 0.34 1.18 3.61 0.67 0.16 0.13 0.96
AC-AA 2.89 0.1 1.02 4.02 0.94 0.05 0.17 1.16
AC-H,0, 2.12 0.04 0.31 2.47 0.49 ~0 0.18 0.67
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3.3. Effect of pH solution and time on Cr(VIl)
adsorption

The pH of the solution is one of the most important
parameters influencing heavy metal ion adsorption
from aqueous solutions, as it directly affects the
adsorbent charge density and the
speciation of the metal ions in solution [23].

The effect of solution pH on Cr(VI) adsorption by
adsorbent materials is shown in Figure 3a. The
removal of Cr(Vl) from an aqueous solution is
highly dependent on pH, with maximal adsorption
at pH 2.0. The speciation of Cr(VI) in aqueous
solution at various pH values includes different
anion forms, including H,CrO4, HCrO4~, CrO4*, and
Cr,07% [43]. In the pH range of 2.0- 6.0, HCrO4 and
Cr,074 are predominantly in equilibrium; while
HCrO4 dominates in solution at pH 2. As the pH
increases, HCrO4 transforms to a chromate ion
(CrO4*) [44]. During adsorption, a chromate ion
(CrO4*) requires two active sites, whereas an
HCrO4 ion requires only one active site. As a result,
HCrO4 was more readily adsorbed on the carbon
surfaces [23]. The enhanced adsorption of
activated carbon at low pH may be attributed to
the high concentration of H* ions, which neutralise
the negatively charged adsorbent surface, thereby
reducing electrostatic hindrance to chromate ion
diffusion [45].

As presented in Figure 2c, the pHpzc values of all
materials ranged from 5.58 to 7.1, implying that
when the solution pH decreases below these values,
the surface of materials became more positively

surface

charged, thereby enhancing electrostatic
attraction toward negatively charged Cr(VI)
species [46, 47]. Consequently, the highest

adsorption capacity of Cr(VI) onto the adsorbent
surface was observed at the lowest pH = 2 (Figure
3a) [43].

The influence of contact time on adsorption
capacity is shown in Figure 3b. The results indicate
that the adsorption rate rapidly increased until 180
min, then increased slightly until equilibrium was
reached at approximately 480 min. Figure 3b also
shows that the chemically modified activated
carbons exhibited higher adsorption rates than the
unmodified AC, leading to higher adsorption
capacities.

These results might be attributed to the higher
abundance of functional groups in the chemically

modified activated carbons, which play a crucial
role in Cr(VI) removal [48]. The findings suggest
that chemical modification significantly enhances
AC's adsorption Compared with
previous studies, the equilibrium period of 180-360
min for these adsorbents is relatively short. For
example, the equilibrium duration of modified
activated carbon created from olive bagasse was 10
h [49], while charcoal produced from sawdust
attained equilibrium in 5 h [50], and activated
carbon synthesized from waste lignocellulosic
material required 360 min to reach equilibrium
[51]. This indicates that the chemically modified
activated carbon employed in this study has a
higher adsorption capacity and attains equilibrium
more rapidly, underscoring its potential for
efficient, time-effective Cr(VI) removal.

efficiency.

140
120
100 ~
- i
‘20 80 -
g™
= 60 -
40
204
1 Conditions: Co=200 mg/L. 0.5 g/L, 180 min
O T T T T T T T T T T T T T
2 3 4 5 6 7 8 9 10
Solution pH
180
160 - & 2
4 —i i
140 & A
120
1 o )
_
& 100 ]
\g 80
= g —&— AC-AA
60 - —8— AC-CA
1 —A— AC-H,0,
40 i @ AC
20 4
0 Conditions: pH 2, 0.5 g/L, C, = 200 mg/L

T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000

Time (min)

Fig. 3. Influences of (a) the solution pH and (b) contact
time.

3.4. Adsorption isotherm

Figure 4 shows the best-fit results for the kinetic
data using three common adsorption isotherm
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models. The Langmuir and the Freundlich models
are the most common adsorption isotherms, based
on different assumptions about adsorption
processes. The Redlich-Peterson model, a hybrid
model of these two models [52-53]. As illustrated

N. D. Dat et al./ Advances in Environmental Technology 12(3) 2026, 308-326

in Figure 4, the Redlich-Peterson model best fits the
experimental data. Furthermore, the g value is
close to 1 (Table S1), suggesting a better fit of the
experimental data with the Langmuir model
compared to the Freundlich model [54-56].

250 250
(a) AC —— Redlich-Peterson model fitting 1 AC-H202
e — Langmuir model fitting 225 (®)
200 4 — Freundlich model fitting 200
1754 | 165.3 mg/g at 30°C 175 |
S 1504 150
"En 4
E 1254 125 240.1 mg/g at 30°C
o 100 100
75 - Langmuir model Freundlich model Redlich-Peterson model 75 _- Langmuir model Freundlich model Redlich-Peterson model
guo  Ku adj-R* K om adjiR? Kwe  awe g adj-RY 1 guss Koo adiR e on adiR K awe g adjoR
50 (*10°%) (=10%) 50 . (<10°) (<107 )
10°C 1588 1077 099 19.1 323 0957 1506 0619 1 0997 L 10°C 2381 0733 0993 17.7 265 0974 2,039 1321 0.94 0993
25+ IPC 1653 1,120 0997 205 327 0956 1,620 0627 1 0.99% 25 30°C 2401 0812 099 194 273 0978 2377 LBIL 091 0.99%
04 40°C 1695 1.290 0996 242 348 0950 1848 0638 1 0998 0 _- 40°C  253.1 0826 0.9% 204 271 0984 2,842 2.648 0.87 0.998
1 T T T T T T 1 1 1 T 1 T T T T T
250 0 100 200 300 400 500 600 700 800 250 0 100 200 300 400 500 600 700 800
225 ] (c) AC-AA 295 (d) AC-CA
200{ 4 40°C 200 |
& 30°C
175 4 m 10°C 175
— 1504 150 -
o
= [}
S 125 243.9 mg/g at 30°C 125 239.7 mg/g at 30°C
= 100 100
75 Langmuir medel Freundlich model Redlich-Peterson model 75 ] Langmulr model Freundlich model Redlich-Peterson model
Ko adi-R* Ky oo adiRP O Kwe o oawe g adj-R? gum Ko adlR Ke n adlR Kee awe g adj-R
50 - (<10%) (<10%) 50 (<107 (x10%) )
2907 0854 0993 205 278 0975 2475 1792 092 0993 10°C 2372 0637 0995 146 250 0984 1973 1999 087 099
25 30°C 2439 0916 0992 2201 284 0980 3122 3041 087 099 25 4 30°C 2307 0.684 0995 160 256 0985 2271 2527 086 0997
0 40°C 2557 0940 0997 237 286 0980  3.007 2189 091 0998 0 40°C 2451 0811 0997 195 271 0984 2610 2348 088 0999
T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
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Fig. 4. Adsorption isotherms parameters of adsorbent materials for Cr(VI) adsorption of (a) AC, (b) AC-H20,, (c) AC-

AA, and (d) AC-CA.

The maximum adsorption capacity predicted by the
Langmuir model was 165.3 mg/g, lower than that
of AC-AA (243.9 mg/g), AC-H,0O; (240.1 mg/g), and
AC-CA (239.7 mg/g). The higher
adsorption capacities of chemically modified ACs
compared to pristine AC can be explained by two
main (1) enhanced electrostatic
interactions between the adsorbent and
adsorbate, as evidenced by the pH effect
experiment (Figure 3a); and (2) the increased
abundance of surface functional groups on the
modified materials. The enhanced adsorption
performance of AC-AA may be attributed to the

maximum

reasons:

introduction of oxygen-containing functional

groups (-COOH), which enhance surface polarity

and provide additional interaction sites for
interaction with Cr(VI) species [57].
When comparing the maximum adsorption

capacities (Table S2), all materials had capacities
much higher than those reported in other studies,
such as corn straw (176 mg/g), nanotubes (85.8
mg/g), and apple peels (36 mg/g). The results
showed that the adsorption capacities of the
materials synthesized in this study were superior to
those of the reported materials, even exceeding
those of materials synthesized by more complex
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modification processes, such as nanotubes, or by
using more chemicals, which pose greater

environmental risks.
3.5. Adsorption kinetics

Figure 5 illustrates the results of fitting the kinetic
data to the PFO, PSO, and Elovich models using
four adsorbents. All parameters obtained from all
adsorbents exhibited a better fit to the Elovich
model (R?> 0.95) than to the PFO and PSO models.
Previous investigations indicated a similar
observation [58-59]. Furthermore, the high «a value
of the Elovich model obtained for three chemically
modified materials indicates that their surfaces are
highly heterogeneous [60-63, 64], which might
facilitate adsorption and yield high adsorption
capacities [57, 65, 66].

3.6. Adsorption thermodynamics

Table 2 shows the negative values of AG° and
positive values of AH° for the adsorption processes
of all materials, indicating that the adsorption
process is thermally favourable and endothermic.
Adsorption is influenced by temperature and
depends on the mobility of heavy metal ions [67].
The adsorption of Cr(VI) on the synthesized
materials was endothermic, meaning that heat
was absorbed as the reaction progressed. The
positive value of A4S° indicates an increase in
reaction irregularity at the solid-liquid interface
[68].

The AH® values of the adsorption processes were
low (2.34-5.37 kJ/mol). In general, chemisorption
are associated with much higher 4H° (typically

=200 kJ/mol) [34]. Therefore, the adsorption of
Cr(VI)
predominantly governed by physical adsorption,
characterised by relatively weak adsorption
interactions.

onto the prepared materials was

3.7. Desorption experiments

The results in Figure 6 indicated that NaOH is the
most efficient desorption agent among the three
tested, whereas HCI and hot water at 60°C show
comparatively lower effectiveness in releasing
chromium. The use of HCI and hot water solutions
is particularly ineffective in desorbing chromium.

At pH values below the pHpzc, the adsorbent
surface carries a positive charge. This promotes
electrostatic attraction between the surface and
OH™ ions from the NaOH solution, leading to the
displacement of adsorbed HCrO4 ions into the
surrounding environment. Conversely, at pH levels
higher than pHpz., the adsorbent surface becomes
negatively charged, while Cr(VI) primarily exists as
CrO4* under alkaline conditions. Under these
circumstances, the desorption of Cr(VI) s
facilitated through the exchange of CrO4* ions
with  OH™ ions. Notably, the
demonstrated that approximately 70% of Cr(VI)
could be desorbed using NaOH, indicating that
electrostatic forces play a key role in the adsorption
of Cr(VI) [69-71]. In this case, because the
adsorbent surface was positively charged, the use
of a basic solution effectively promoted
competition between OH~ and HCrO4 anions,

experiments

resulting in efficient desorption.

Table 2. Thermodynamic parameters for the Cr(VI) adsorption by the adsorbent materials.

Materials Temperature (K) AG° (kJ/mol) AH° (kJ/mol) AS° (J/(molxK))

AC 283 -14.89 3.93 66.35
303 -16.04
313 -16.94

AC-H,0O; 283 -14.05 2.34 57.93
303 -15.23
313 -15.78

AC-AA 283 -14.34 2.38 59.10
303 -15.53
313 -16.1

AC-CA 283 -13.65 5.37 67.06
303 -14.80

313 -15.73
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Fig. 5. Kinetic parameters for Cr(VI) adsorption by the adsorbent materials: (a) AC, (b) AC-H,O;, (c) AC-AA, and (d)

AC-CA.
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Fig. 6. Desorption efficiency of Cr(VI) on the adsorbents.

Both methods have significant limitations when
using HCI and hot water at 60°C for chromium
desorption. HCl creates an acidic environment that
facilitates chromium desorption, but its efficiency
is hindered because chromium typically exists as
Cr’* or forms insoluble complexes under these
conditions, thereby hindering its complete release
from the adsorbent surface. Furthermore, HCI
cannot oxidise chromium to the more soluble Cr(VI)
form, thereby limiting desorption. Hot water
exhibits the lowest desorption efficiency among
the methods. increases,
thermal energy intensifies molecular vibrations,
enhancing interactions between water molecules
and the adsorbent surface [72]. This thermal
agitation is sufficient only to disrupt weak physical
interactions, leading to the partial release of

As the temperature
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adsorbed ions into solution. These findings indicate
that weak forces, such as van der Waals
interactions, contribute to the adsorption
mechanisms of all materials.

3.8. Effect of NaCl concentrations and water
matrices

industries contains
various salts, which can increase ionic strength and
negatively affect adsorption [73]. The research
results presented in Figure 7a showed that the
chromium  adsorbent solution’s  adsorption
capacity varied when NaCl was added, significantly
influencing the chromium adsorption capacity of
the adsorbent. Chromium adsorption on the
adsorbent was slower in the presence of Cl ions. In
comparison, with the absence of CI5, the
concentration of Cl”increased from 0.01 M to 1 M.
This phenomenon can be explained by several
factors. First, at pH 2, the positively charged
adsorbent surface promoted competition between
ClI” and HCrOs« ions for available adsorption sites,
leading to a gradual decrease in adsorption
capacity with increasing CI™ concentration.

Because the higher the concentration of NaCl, the
more CI|~ ions were present in the solution,
increasing the competition with HCrO4 in the
adsorption Second, high  NaCl
concentrations may increase the solution's ionic
strength, thereby affecting the Cr(VI) activity
coefficient and significantly reducing collision and
contact between the sorbent [74]. Lastly, the
adsorbent species in solution come into contact
with the solid adsorbent. An electrically diffused
and the
addition of NaCl noticeably increases its thickness.
Due to a decrease

Wastewater from various

process.

double layer encircles these species,

in electrostatic attraction
caused by this expansion, the amount of Cr(VI) ions
that may be adsorbed reduced. This
expansion prevents the adsorbent particles and
Cr(VI) species from interacting intimately [75].

is also
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Fig. 7. Effect of (a) NaCl concentrations and (b)
different water sources on adsorption capacity
(Experimental conditions: C, = 200 mg/L, 3 h, pH 2,
solid/liquid ratio 0.5 g/L, and room temperature).

The adsorption process was significantly impacted
by substances from water sources (Figure 7b). For
all materials, the adsorption capacity decreased in
the following order: distilled water > drinking water
> tap water > ground water > lake water > river
water. The order in which this
adsorption capacity was

adsorbent’s
reduced corresponds
exactly to the quality of the water: distilled water >
drinking water > tap water > groundwater > lake
The results showed that
dissolved substances in aqueous environments
exerted a significant competitive influence,
reducing adsorption capacity in particular water
environments. The higher the water quality, the
greater the ion competition. An insignificant
amount of HCrO4 was present in water that
contained ions. On the contrary, the
concentrations of different ions in the water source

water > river water.
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increase with reduced water quality, thereby
increasing competition with HCrO4 in lake and

river water.
3.9. Proposed adsorption mechanisms

Hexavalent and trivalent chromium may coexist in
the solution and on the adsorbent after the Cr(VI)
adsorption procedure if the reduction of Cr(VI) to
Cr(lll) takes place. Many researchers have
examined errors in analyzing chromium species in
aqueous environments (liquid phase) and on the
loaded adsorbent (solid phase) following the Cr(VI)
adsorption procedure [76]. Basically,
absorption spectroscopy (AAS) is used to determine
the total (trivalent and hexavalent) chromium in
solution [44]. The reduction of Cr(VI) under acidic
conditions may be partially attributed to electron-
donating surface functionalities, particularly
phenolic groups. As shown in Figure 8, the
reduction rate of Cr(VI) increased with decreasing
solution pH because protons participate directly in
the reduction process [78].

Cr(VI) removal at low pH may also occur through
[33]. In the first
mechanism, electron-donating functional groups
on the adsorbent surface interact with Cr(VI)

atomic

two indirect mechanisms

species in solution, reducing the highly toxic Cr(VI)
to the less toxic Cr(lll). This reduction is
thermodynamically favourable because Cr(VI) has
a high oxidation potential (typically greater than
+1.35 V).

According to the literature, Cr(VI) oxyanions can be
spontaneously reduced to Cr(lll) upon interaction
with electron-donating groups such as hydroxyl
groups on the adsorbent surface [44]. Oxygen-
containing functional groups on the material

surface provide the electrons involved in the
reduction process described in Eq. (13). The second
mechanism includes a three-step procedure: (i)
electrostatic attraction between Cr(VI) anions and
positively charged groups on the adsorbent
surface; (ii) reduction of Cr(VI) to Cr(lll) by
neighboring electron-donating functional groups;
and (iii) either release of Cr(lll) cations into the
aqueous phase due to electrostatic repulsion or
complexation of Cr(lll) with adjacent surface
functional groups.

Based on the proposed mechanisms and
experimental results, the adsorbents primarily
adsorbed Cr(VI) species. However, previous studies
have shown that a portion of the adsorbed Cr(VI)
anions can be reduced to Cr(lll) cations during
adsorption. In this reduction reaction, the
abundant hydroxyl groups on the surface of the
activated electron-donating
functional groups.

HCrO; + 7H* + 3e™ = Cr3* 4H,0 (E°

= +1.35V)

carbon serve as

(13)

Adsorbents with high surface areas can enhance
adsorption by providing more active sites for
chromium interaction, particularly within the pore
structure. The adsorption of chromium onto the
synthesized materials mainly occurs
adsorbent surface. In addition, at low pH (< pHpzc),
the material's surface will carry a positive charge,
mainly due to the OH2" groups present on its
surface. Therefore, there is an electrostatic
attraction between the OH;" groups and Cr(VI)
anions in solutions. This electrostatic interaction is
considered one of the mechanisms
contributing to chromium removal in the present
study.

on the

major

pH2 pH3

AC AC-CA AC-AA AC-H,0, Blank AC

AC-CA AC-AA ACH,O, Blank AC
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Fig. 8. Concentrations of Cr(VI) and Cr(lll) in solutions after adsorption at different pH values.
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4. Conclusions

Spherical hydrochar-derived activated carbons

were successfully synthesized through
hydrothermal carbonization of glucose, chemical
impregnation, and pyrolysis.
modification with Hz202, citric acid, and acrylic acid
significantly increased the abundance of oxygen-
containing functional groups and enhanced the
adsorption performance toward Cr(VI). Among the
synthesised materials, AC-AA exhibited the highest

adsorption capacity (243.9 mg/g),

Chemical

surpassing
those of many previously reported adsorbents. The
adsorption process was strongly dependent on
solution pH and was most effective at pH 2 due to
enhanced electrostatic attraction between the
adsorbent surface and Cr(VI) anions. Kinetic and
thermodynamic studies indicated that the
adsorption process followed the Elovich model and
was endothermic. The adsorption mechanisms
mainly involved electrostatic interaction, surface
complexation, and partial reduction of Cr(VI) to
Cr(lll). The results demonstrate that chemical
impregnation before pyrolysis is an effective
strategy  for  producing  high-performance
adsorbents for Cr(VI)
solutions.

removal from aqueous
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