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A potential approach to the preparation of affordable activated hydrochar is the hydrothermal carbonization of biomass wastes. In
this study, hydrochar was made by hydrothermally carbonizing corncob wastes and then activating them with sodium hydroxide
(NaOH). According to the findings, the adsorption capabilities of hydrochar generated at prolonged retention durations, lesser
liquid-to-solid ratios, and elevated temperatures were considerably greater. The hydrochars were then analyzed utilizing a
variety of characterization methods, and batch tests involving the sorption of rose bengal dye were carried out under a variety
of conditions. According to the findings, activated hydrochar has a specific surface area of 12.794m2/g. In order to better
understand and characterize the process of rose bengal dye adsorption, sorption kinetics, and sorption equilibrium onto the
produced hydrochars, sorption kinetics and isotherms were further examined through experimental data fitting. The NaOH-
activated hydrochar’s adsorption capacity was 799.9mg/g, respectively. The objective of this research was to assess the viability
of using NaOH-activated hydrochar derived from corncobs as an economical and efficient sorbent for eliminating anionic dyes
like rose bengal from aqueous solutions. Additionally, the study sought to investigate how various factors influence its sorption
capabilities and to provide insights into the adsorption process through kinetic and isotherm analyses.

1. Introduction

This generation faces a serious problem with harmful sub-
stances like dyes, metal ions, and water pollution. More than
100 million people throughout the world do not have a source
of safe drinking water, and it is predicted that this figure will
increase by half in the coming years [1]. Water quality has been
significantly impacted by industrial development, climate
change, and rapid growth in population giving rise to an
expanding freshwater crisis across the globe. Because of this,
numerous freshwater polluters and consumers greatly impart
to the exhaustion of freshwater [2]. Owing to the surplus utili-
zation of water by households and other sectors, such origins
turned into a regular location for getting rid of any product that
affects the biota and ecosystem quality [3].

The most popular form of dye is xanthene dyes, which
are distinguished by having an aromatic group as the chro-

mophore in the xanthene’s nucleus. The photochemical
and textile industries frequently use the popular xanthene
dye, rose bengal. The corneal epithelium in particular is seri-
ously harmed by it. This dye may be exceedingly toxic and
can cause blistering, reddening, inflammation, and itching
once it is brought into interaction with the skin. It also
affects the eyes, creating a variety of symptoms such as itch-
ing, redness, irritation, and more [4].

The processing of wastewater produced by the dyeing
industries is also severely hampered by the fact that practi-
cally all dyes are either resistant to environmental factors
or poorly recyclable [5]. At present, a variety of techniques
are employed for treating the water that has been polluted.
With the help of these methods, contaminants can be
completely removed or have their concentrations reduced
to within acceptable ranges. The price is still rather expen-
sive, though. Thus, figuring out affordable techniques and
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resources for the treatment of wastewater continues to
remain a goal for industrials [6]. Traditional biological treat-
ment methods cannot entirely eliminate dyes [5]. Adsorp-
tion is said to be the most efficient approach towards
purifying water because of its practicality, simplicity of oper-
ation, and efficacy. In order to eliminate dye from water, a
variety of substances have been utilized as adsorbents [7].
Hydrochar (HC) appears to be one of the adsorbents that
are particularly effective in removing pollutants. Waste bio-
mass, which mostly contains functional groups such as phe-
nol, ether, carboxylic, ketones, aldehydes, and alcohol, has
been employed as an adsorbent most frequently. These func-
tional groups are essential for attaching the contaminant to
the adsorbent’s surface.

The adsorbents produced by the hydrothermal carboni-
zation (HTC) of carbon-based precursors, such as lignocel-
lulosic biomasses, are commonly referred to as
“hydrochar.” There are oxygenated functional groups like
lactonic, carboxylic, and phenolic groups on the surface of
HC made from raw materials comprising lignin, hemicellu-
lose, and cellulose [8].

The quantity of residual biomass has been increasing
quickly in recent times, yet it has been difficult to properly
process or use it. Because this method is straightforward,
inexpensive, and sustainable, it helps achieve the dual bene-
fits of restoration of the habitat and waste treatment. Waste
biomass is converted into hydrochar by HTC at a fairly low
temperature [9].

HTC is a wet thermochemical technique that keeps
water in liquid form for a short while to many hours with lit-
tle to no oxygen exposure. It occurs at elevated pressures
exceeding saturation pressures and temperatures between
180°C and 300°C [10]. Although the usage of subcritical
water, whether it contains or lacks oxidants, is a well-
known method of wastewater treatment, it has recently
gained interest as a technique for converting biomass into
HC [11]. This method is preferable to pyrolysis when using
biomass with high moisture content [12]. By immersing the
material being used in water and regulating the subcritical
pressure and temperature, HTC may use substrates with an
excessive or inadequate moisture content. The HTC tech-
nique is better suited because it is viable because the liquid
fraction can be recirculated or reused into the process, min-
imizes the production of air pollutants, does not require pre-
drying of the raw material, uses less energy because it runs at
considerably lower temperatures between 150 and 375°C,
and makes use of cheap and widely accessible materials that
are renewable [13]. As the enhanced ionization constant
facilitates processes that are typically catalyzed by bases
and acids, under these circumstances, the dielectric constant
of water is greatly lowered, providing characteristics equiva-
lent to organic solvents at ambient temperature [14].

The two fundamental procedures for making activated
carbon are activation and carbonization. Along with the
kind of regeneration process, activation agent, and raw
material, these stages mostly impact their cost and perfor-
mance. In the course of the HTC process, the feedstock
passes through a number of significant reactions [15]. Start-
ing with hydrolysis, feedstock degradation is then dominated

by reaction processes like recondensation, aromatization,
decarboxylation, and dehydration [16].

The scientific community has taken notice of HC
because of its excellent capabilities as a practical and envi-
ronmentally friendly sorbent for expelling harmful sub-
stances from the aqueous phase [17]. Due to its strong
capacity to eliminate pollutants from wastewater, HC had a
better ability than biochar in eliminating both polar and
nonpolar organic compounds [18]. The next-generation sus-
tainable carbonaceous sorbent, known as HC, may be pro-
cured by HTC using any kind of raw material in place of
previously employed traditional activated carbon. The raw
material, retention time, and temperature of HTC have a sig-
nificant impact on the structure and sorption capability of
HC [19].

HTC hydrochar is created with limited aromatization,
little ash, and a high carbon content, which results in a high
oxygen functional group (OFG) level. On the other hand, as
a result of porosity clogs primarily brought on by the process
of hydrocarbon condensation on the HC’s surface, the HTC
approach produced HC with a relatively small pore size and
a surface area that was smaller. This drawback requires that
HC be modified or activated [20]. It was discovered that HC
modification was the most efficient method for improving
surface properties for effective pollutant elimination [12].
The selection of temperature and modifying chemicals used
also influence how functional groups are modified and how
porosity develops on char.

The typical low pore volume and surface area of HC
would prevent it from being used as an adsorbent. There-
fore, modification is required to enhance the sorption capac-
ity of HC. The shape and structure of chars can be drastically
altered by conventional char modification techniques
including salts, bases, acids, steam, and CO2 which may fur-
ther impact their sorption effectiveness. The adsorptive
characteristics of HC are expected to be enhanced by using
each of these modification techniques [21].

Activation substantially enhances the sorption character-
istics of hydrochar by augmenting its surface area, altering
pore configurations, and increasing surface chemistry,
resulting in elevated sorption capacities and rates. The selec-
tion of the activation technique and parameters can be cus-
tomized according to the specific application and the
pollutants in focus, thereby achieving the most effective
outcomes.

Two methods of activation are available: Chemical acti-
vation involves modifying the HC sample using chemical
activators to enhance its porous nature and specific surface
area, which enhances its ability to adsorb contaminants
[22]. Chemical activation using NaOH, ZnCl2, H3PO4, and
KOH commonly occurs at temperatures extending between
450 and 650°C, and thermal or physical activation using
steam or CO2 at 800 to 900°C [23].

In order to increase the capacity for adsorption by mod-
ifying the surface with sodium hydroxide (NaOH), the pres-
ent work has made an effort to create highly activated
hydrochar (AHC) produced from maize cobs. In contrast
with potassium hydroxide (KOH), NaOH has three benefits:
the least degree of corrosion, a cheaper cost, and the least
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weight dose. Additionally, the byproducts of NaOH activa-
tion such as sodium carbonate (Na2CO3) and sodium meta-
silicate (Na2SiO3) are safe and nonhazardous. Therefore, a
surface modification method including NaOH might be
viewed as nontoxic to the environment [24]. Furthermore,
the development of OFG on the external layer of carbon is
closely related to these activation techniques. According to
the literature review, chemical activation produces more
OFG than physical activation. Compared to other activating
agents, NaOH triggers a larger surface oxygen content to be
generated during the chemical activation process [25].

The unique feature of this research is the production of
AHC from maize cob leftovers using the HTC approach
and the chemical modification of the HC that is currently
being developed to remove anionic dyes from aqueous solu-
tions. No one has, as of yet, reported successfully removing
rose bengal dye using AHC as a sorbent.

The unique goal of this research is to develop AHC and
test its efficacy in removing rose bengal dye from synthetic
water systems. To evaluate the qualitative analysis of AHC,
FTIR and SEM-EDAX analyses were carried out. Through
batch tests, a thorough analysis of the adsorptive capability
of the produced AHC was conducted. Adsorption equilib-
rium and kinetic research were used to estimate the sorption
process of removing rose bengal dye using AHC. The nature
of the sorption system has also been determined via the
explanation of thermodynamic sorption investigations.

2. Protocol for Experimentation

2.1. Chemical Agents. The chemical compounds employed in
this study are all of the highest quality analytical grade.
Sodium hydroxide (NaOH, 97%, Thermo Fisher Scientific
India Pvt Ltd), hydrochloric acid (HCl, 37%, Thermo Fisher
Scientific India Pvt Ltd), rose bengal dye having the molecu-
lar formula C20H2Na2O5I4Cl4, and a stainless steel Teflon-
lined autoclave was procured from Vijaya Scientific Com-
pany, Chennai, India.

2.2. Synthesis of Hydrochar. The biomass precursor corncob
(CC) was collected locally near Madhavaram, Chennai
(13.1488° N, 80.2306° E). This CC was chopped into com-
pact chunks to bring down the size of the CC and it was fur-
ther cleansed with double-distilled water to get rid of the dirt
clinging into the surface of the CC. This CC sample was
dried in a hot air oven at 100°C for 24h duration to expel
the moisture present in the CC sample. The moisture-free
CC sample was then pulverized and sieved into a fine pow-
der. A certain quantity (2-3 g) of this CC powder was dif-
fused in double-distilled water (50mL) and bolted into a
100mL Teflon-lined autoclave which was maintained at a
temperature of 180°C for 14-16 h permitting HTC reaction
to occur. As a result of the HTC reaction, a brownish-
black precipitate with a reddish-brown solution was
obtained which was further cleansed with double-distilled
water and ethanol until the solution turned colorless. The
thus obtained solid products were dried at 105°C for 24 h
duration [26]. The moisture-free sample was named as HC.

2.3. Synthesis of Activated Hydrochar. For the preparation of
AHC, a precise quantity of HC was dispersed in 0.5M of
NaOH and was stirred at room temperature for 1 h duration.
This mixture was separated using vacuum filtration, and the
solid products were finally washed with double-distilled
water until the pH attained a neutral value. The final product
was then dried at 105°C for 24 h and was labeled as AHC
which was employed for further experimental studies [27].

2.4. Characterization of HC and AHC. The as-prepared sam-
ples were characterized to affirm the emergence of HC and
AHC from the CC precursor. The elemental composition
and morphological structures of HC and AHC were deter-
mined by a field emission scanning electron microscope
(FE-SEM) at Thermo Fisher FEI QUANTA 250 FEG. The
existence of functional groups on the surface of HC and
AHC was investigated using Fourier transform infrared
spectroscopy (FT-IR) by making use of Spectrum Two FT-
IR/Sp 10 software, Perkin Elmer, USA. The crystalline
nature of HC was studied using an X-ray diffractometer
(XRD), Empyrean Malvern Panalytical, the Netherlands.
The Brunauer-Emmett-Teller (BET) theory was used to fig-
ure out the presence of pore size distribution and specific
surface area (SSA) of the synthesized material, and the anal-
ysis was performed using Autosorb IQ, Model 6 ASiQWin
version 5.00. Additionally, using the Barrett-Joyner-
Halenda (BJH) approach, pore volume distribution was
computed as a function of pore size.

2.5. Adsorption Studies. To examine the consistency of vari-
ables impacting the sorption procedure like time duration
(2-45min), primary solution concentration (100-500mg/L),
solution pH (2–7), and sorbent dose (0.1-0.6 g/L), a definite
amount of AHC is mixed with an appropriate concentration
of rose bengal dye. Then, this combination was placed inside
the shaker at 100 rpm for uniform mixing. A fixed quantity
of sample solution was taken out at periodic time intervals
and filtered using Whatman 42 filter paper, and the sample
was examined for the remaining concentration of the dye
by a UV-Vis spectrophotometer (JASCO V-630) at λmax =
545nm. Rose bengal dye absorbs visible light in this region
(545 nm). The following equation is used to measure the
rose bengal dye uptake from aqueous solutions.

Percentage removal of rose bengal dye = Co − Ce

Co
× 100,

1

where Co and Ce denote the initial and final concentration of
rose bengal dye, respectively.

2.6. Isothermal Study for Rose Bengal Dye. Data from a batch
investigation of preliminary dye concentration was used to
evaluate equilibrium studies. The adsorption capability of
AHC at equilibrium conditions is obtained by employing
the following equation:

qe =
Co − Ce V

m
, 2
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where m denotes the amount of AHC in grams (g), V repre-
sents the volume of rose bengal dye in litre (L), and Co and
Ce signify the concentration of dye at initial and equilibrium
conditions in milligram per litre (mg/L).

To predict the interaction between aqueous solution and
AHC adsorption, an isothermal prototype was used. Two
different adsorption isotherm models have been used to
evaluate adsorptive data. The MATLAB R2015a programme
was used to conduct the nonlinear regression analysis and
produce variables of adsorption, such as correlation coeffi-
cients and error values. The best-fitting isotherm model
has been found based on the isotherm study findings.

2.6.1. Two Parameter Models. The Langmuir isothermal
model is represented as shown in the following:

qe =
qmKLCe

1 + KLCe
, 3

where Ce represents the equilibrium concentration of rose
bengal dye in mg/L, KL denotes the Langmuir constant in
L/mg, qm denotes the maximum sorption capacity in mg/g,
and qe indicates the sorption capacity in mg/g.

The Freundlich model is represented by the equation
which is shown as follows:

qe = KFC
1/n
e , 4

where KF denotes the Freundlich constant in [(mg/g) (L/
mg)1/n] and is utilized to determine the sorption capability
and the Freundlich exponent n is used to calculate the
adsorption intensity. The following are the possible out-
comes of n: n < 1, n > 1, and n = 1 denotes chemical, physi-
cal, and linear processes.

2.6.2. Three Parameter Models. The Redlich Peterson (RP)
model is represented by the equation which is shown as fol-
lows:

qe =
KRpCe

1 + αRPC
βRP
e

, 5

where KRp denotes the RP constant in L/g, αRP represents
the RP isotherm constant in (L/mg)1/βRP, and the exponent
between 0 and 1 is called βRP. The value of β is highlighted
as follows:

The Freundlich adsorption isothermal model is more
desirable if β = 0.

The Langmuir adsorption isothermal model is more
desirable if β = 1.

The Toth model is represented by the equation which is
shown in the following:

qe =
qmTCe

1/KT + CmT
e

1/mT
, 6

where the Toth model exponent is denoted by mT , the Toth
equilibrium constant is denoted by KT , the equilibrium con-

centration of sorbate is denoted by Ce in mg/L, and the Toth
maximum sorption capacity is denoted by qmT in mg/g.

2.7. Kinetic Studies. The sorption kinetic tests were carried
out in a 250mL Erlenmeyer flask with 100mL of the
required dye solution concentration. The desired quantity
of AHC was incorporated into the solution as part of this
kinetic investigation, and the contact duration between the
dye solution and AHC was adjusted to range from 0 to 45
minutes. The blended solution was maintained in a shaking
incubator with an ideal pH and temperature controller. The
experimental solutions were removed from the shaking
incubator at the right time after the predetermined interval.
The Whatman 42 filter paper was used to filter the leftover
solutions. Finally, a UV-Vis spectrophotometer was used to
calculate the concentration of leftover dye in the solution.
Using the following formula, the quantity of dye adsorbed
by AHC at various time intervals (qt) (mg/g) was deter-
mined.

qt =
Co − Ct V

m
7

where m denotes the mass of the sorbent in grams, V
denotes the volume of rose bengal dye solution in litre, Ct
is the dye solution concentration expressed in mg/L at time
interval t, Co denotes the primary concentration of dye solu-
tion in mg/L, and qt represents the quantity of dye adsorbed
onto AHC at time t in mg/g.

To calculate the adsorption rate, kinetic models of
pseudo-first-order, pseudo-second-order, and intraparticle
diffusion (IPD) were fitted to the data obtained from the
experiment.

The equation for the pseudo-first-order kinetic model is
given by

qt = qe 1 − exp −k1t , 8

where t represents time in min and k1 represents pseudo-
first-order kinetic rate constant in min-1.

The equation for the pseudo-second-order kinetic model
is given by

qt =
q2ek2t

1 + qek2t
, 9

where k2 indicates the pseudo-second-order kinetic rate con-
stant in g/mgmin and t denotes time in min.

Applying the Weber-Morris IPD model, which revolves
around Fick’s second law of diffusion, the kinetic data was
examined to define the diffusion process. The IPD model is
written as

qt = kpt
1/2 + C, 10

where C represents the intercept, t denotes the time in
minutes, kp indicates the IPD rate constant in mg/g/min1/2,
and qt represents the sorption capability at time t in mg/g.
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2.8. Thermodynamic Study of Rose Bengal Dye. The exami-
nation of thermodynamic variables establishes the feasibility
of the sorption process, which is dependent on temperature.
The characteristics of the sorption process, whether physical
or chemical sorption, can only be predicted using thermody-
namic analysis. Further, it aids in determining if the sorption
procedure is reversible or irreversible, endothermic or exo-
thermic, and spontaneous or nonspontaneous in nature [28].

The nature and features of the sorption procedure have
been found by investigating thermodynamic parameters like
enthalpy change (ΔH°, kJ/mol), Gibb’s free energy (ΔG°, kJ/
mol), and change in entropy (ΔS°, kJ/mol). The following
formulas were used to calculate thermodynamic parameters:

Kc =
CAe

Ce
,

ΔG° = −RT ln Kc,

LogKc =
ΔS°

2 303R −
ΔH°

2 303RT ,

11

where CAe denotes the amount of rose bengal dye adsorbed
onto corncob hydrochar per litre of solution in mg/L, Ce
represents the concentration of dye solution at equilibrium
condition in mg/L, T indicates the temperature in Kelvin,
R denotes the universal gas constant (8.314 J/mol.K), and
Kc represents the equilibrium constant. The slope and inter-
cept of the log Kc against 1/T plot were used to determine
the values of ΔH° and ΔS°.

3. Results and Discussions

3.1. HC and AHC Characterization

3.1.1. X-Ray Diffraction. Assessing the crystalline or amor-
phous nature of the prepared product requires knowledge
of the XRD profile. Figure 1 displays the XRD pattern for
HC. Three distinct peaks were observed at 15.3°, 22.5°, and
34.7°, respectively. As a result of the hydrolysis reaction
and subsequent breakdown of cellulose at HTC temperature,
peaks at 15.3° and 34.7° in the CC-HTC HC have been
substituted by a wide diffraction peak at 22.5°, which is com-
patible with the (002) diffraction patterns of amorphous car-
bon. CC’s XRD revealed cellulose-related diffraction peaks
between 15.3° and 22.5° [29], and hemicellulose corresponds
to the peak at 34.7°. The HC’s 15.3° and 22° observed peaks
are stronger, suggesting their aromatic nature. These
increased intensities demonstrate that aromatization has
grown as a result of the rise in substances like graphite.
Additionally, it demonstrates that cellulose is destroyed dur-
ing the HTC process [30]. Below 200°C, the HC’s cellulose
amount essentially remained unaltered. The cellulose con-
tent declined quickly until it vanished as the temperature
rose. These findings suggest that at temperatures over
200°C, the microcrystalline structure of the CC HC started
to quickly decay [31]. The microcrystalline structure was
destroyed by the HTC treatment. The microcrystalline struc-

ture of the cellulose, which is consistent with the behaviour
of pyrolysis, may be to blame for this [32].

3.1.2. Fourier Transform Infrared Spectroscopy (FTIR). The
FTIR spectra of HC and AHC are depicted in Figure 2. It
can be seen that the strong and broad band at 3499 cm-1

denotes the O-H vibration in the carboxyl and hydroxyl
groups [33]. This suggested that the HTC procedure did
not entirely destroy the O-H groups that were initially pres-
ent in lignin, cellulose, and hemicellulose [34]. The peak at
1658 cm-1 is assigned to C=O stretching in the carbonyl, car-
boxyl groups, ester, and quinone functional groups. This
implies that HTC results in the generation of functional
groups featuring oxygen [35]. The peak at 1150 cm-1 ascribes
to the C-O stretching. The reduction in these peaks affirms
that dehydration has occurred during HTC [36]. The bend-
ing vibration C-H [37] occurred at 719 cm-1 due to the aro-
matization reaction [26].

Significant OFG reductions may be observed after HC
has been activated with alkali in the absence of oxygen and
at elevated temperatures, pointing to the possibility of a car-
bonization process [25]. This happened as a result of certain
bonds being broken in the course of activation processes,
which allowed volatile chemicals to be released and pro-
foundly altered the surface of the material [38]. For example,
the peak at 1150 cm-1 may have become unreadable due to
the interaction of HC’s carbon framework with the reducing
compound NaOH, which resulted in the production of car-
bonates by altering the chemical framework. As a result,
the peak has been moved to 1299 cm-1, which is consistent
with the C-O stretching of carboxylic acid [25]. The broad
stretching at 2958 cm-1 corresponds to the C-H group [39].
The formation of the C-H groups in AHC is a result of com-
plex chemical reactions that involve dehydration, dehydro-
genation, thermal decomposition, the removal of oxygen-
containing groups, the presence of aromatic structures,
reductive conditions, and the depolymerization of organic
polymers. The peaks emerging at 3556 and 3670 cm-1 indi-
cate the O-H group in AHC [40]. This implies that the func-
tional group featuring oxygen is present in larger amounts
on the surface of AHC [20]. It is clear from the analysis that
the primary functional groups on the surface that might be
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Figure 1: XRD pattern for HC.
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in charge of facilitating the relationship between rose bengal
dye and carbon framework following activation are the car-
boxylic and hydroxyl groups.

The major cause of the large absorption peak at 3613 cm-

1 was the stretching of the O-H vibration. The C-H symmet-
ric and asymmetric vibrations of stretch were responsible for
the adsorption maxima at 2974 and 2781 cm-1, respectively.
Notably, a peak at 3566 cm-1 that appeared in AHC and
strengthened in AHC along with dye (3613 cm-1) may be
the result of insoluble hydroxide created during the NaOH
treatment procedure. Last but not least, the peak at

3670 cm-1 disappeared, showing that almost all of the con-
taminants have been cleared [41].

3.1.3. BET Analysis and Pore Size Distribution. Analysis of
SSA and porosity produced following activation of HC with
NaOH was done using N2 physisorption. Figure 3 shows the
N2 adsorption and desorption isotherms for AHC at 77.35K.
The isotherm profiles reported here matched those described
by Islam et al. AHC possessed a pore volume of 0.025 cc/g
and SSA of 12.794m2/g. The pore diameter was determined
to be 1.431 nm. The following is the most likely mechanism
for the enhanced surface area brought on by the treatment
with NaOH:

2C + 6NaOH⟶ 2Na2CO3 + 2Na + 3H2 12

Sodium carbonate deteriorated into water and carbon
dioxide due to additional activation at an elevated tempera-
ture in the existence of N2 gas, which trapped them in pores
and caused bigger holes [42]. The distribution of pore diam-
eters in AHC is another crucial factor. In reality, the most
crucial factor for describing the structural variability of
porous materials is the pore size distribution. It serves as a
prototype of a solid internal structure and is intimately con-
nected to both the equilibrium and kinetic characteristics of
these compounds [43]. The porosity of this product is totally
controlled by both meso and micropores, according to the
BJH method’s calculation of the pores’ size distribution.
Figure 4 depicts the pore size distributions of AHC produced
from CC at 180 degrees. As can be seen, the graph has two
peaks, the largest of which has a max at 11.946 and
1.431 nm.
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3.1.4. Surface Morphological Analysis. The adsorbent mate-
rial’s surface structure and morphology were examined
using scanning electron microscopy (SEM), as seen in
Figures 5(a) and 5(b). The surface of the HC was discov-
ered to have smooth, monodisperse spheres that were cre-
ated through the thermal polycondensation of cellulose,
hemicellulose, and a little amount of lignin [34]. Due to
the aromatization, decreolization, and dehydration pro-
cesses produced by HTC treatment, the HC’s surface has
transformed into spherical vesicles [44].

SEM images reveal that the structural modifications of
CC HC post HTC resemble those of cellulose. The size of
the cellulose particles decreases as the hydrotreating tem-
perature rises as a result of polymerization and nucleation
processes, which cause various sites of the fibrous struc-
ture to break down and the production of micron-sized

pieces of cellulose [45]. Due to the recondensation of vol-
atile compounds in HTC, pore formation does not happen
very much. The cell wall of the sample was primarily
modified by HTC in the areas of hemicellulose, cellulose,
and lignin, which changed the adsorbents’ surface charac-
teristics. These alterations in the sample’s surface chemis-
try might facilitate the diffusion of NaOH molecules into
the HC’s core and increase the number of pores [42].
The nonuniformity in the average particle shape of AHC
compared to HC is due to the infusion of NaOH during
activation, which accelerates the breakdown of cellulose
and lignin [20].

Figures 5(a) and 5(b) illustrate that HC is smooth and
has few pores, while AHC is rough and has many pores.
The pores in AHC make it good at adsorbing pollutants.
Figure 5(c) shows that chemical treatment has very little
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Figure 4: Pore size distribution of AHC for adsorption and desorption branch.

Figure 5: (a–c) Structural morphology of HC and AHC.
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Figure 6: Continued.
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effect on the size of HC and AHC. The SEM picture in
Figure 5(c) demonstrates that the AHC’s spherical structure
is similar to that of the HC. This shows that the structure of
the sphere was maintained even after chemical activa-
tion [46].

3.1.5. EDS Analysis. In terms of elemental analysis, as shown
in Figures 6(a) and 6(b), EDS mapping revealed that HC had
a higher percentage of carbon of about 72.9 percentage and a
lower percentage of oxygen of about 27.1 percentage than
AHC (61.7 and 38.3, respectively). This may be explained
by the fact that HTC really included the processes of decar-
boxylation and dehydration. Lignin, hemicellulose, and cel-
lulose are complex polymers made of oxygen, hydrogen,
and carbon, which are the three primary substances that
makeup CC. For the production of HC, hemicellulose and
cellulose break up into tiny units, and these are then subse-
quently dehydrogenated and dehydrated. Additionally, the
lignin is depolymerized and transformed into HC. The oxy-
gen atoms are eliminated, whereas the carbon and hydrogen
atoms are maintained throughout this procedure. The HC is
primarily composed of a carbon (C) atom framework, with
hydrogen (H) atoms forming chemical bonds between C
atoms, contributing to the structural stability of the HC.
Oxygen atoms are removed from HC, which results in a

drop in the HC’s oxygen content. Furthermore, the overall
makeup of HC can be impacted by specific HTC process
variables, like retention time, pressure, and temperature
[44]. According to the element mapping information in
Figure 6(c), the C and O elements, which are highlighted
in red and green, makeup AHC. Compared to the O ele-
ment, the spread of the C element is greater, as can be seen
from the elemental mapping.

3.2. Variables Affecting Adsorption Process

3.2.1. pH’s Impact. Figure 7 illustrates the outcomes of an
investigation into the impact of solution pH in the range
of 2.0 to 7.0. It was discovered that when pH increased,
dye elimination also increased, reaching its maximum level
at pH 3.0. Because hydrogen ions and dye molecules com-
pete for active sites on the surface at lower pH levels, dye
removal was hampered. On the contrary, a higher pH
resulted in a lower concentration of hydrogen ions in the
solution, which made functional groups on the AHC surface
deprotonated and more suited for attaching the dye mole-
cules. A modest reduction in the adsorption of rose bengal
dye was seen at a pH higher than 3.0, which is likely because
the dye molecules were trying to hydrolyze and precipitate
instead of being absorbed [19]. Figure 7 illustrates how pH

C K�1, 2 O K�1

EDS layered image 1

25 �m

25 �m 25 �m

(c)

Figure 6: EDS spectra of (a) HC and (b) AHC. (c) Elemental mapping of AHC.
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affects the adsorption of rose bengal dye at primary concen-
trations of 100mg/L onto AHC. Because pH affects the ion-
ization of sorbates and the surface charge of sorbents, the
solution’s pH has an effect on the absorption of rose bengal
dye [47]. The most crucial variable in the adsorption tech-
nique is the concentration of hydrogen ions. It regulates
the adsorbent surface’s protonation and deprotonation pro-
cesses. At constant temperature, 100mg/L of the rose bengal
dye was combined with 0.4 g/L of the adsorbent to examine
the impact of pH on the effectiveness of the dye’s removal
via adsorption [48]. At various pH levels between 2 and 7,
AHC was tested to see how pH affected the sorption of rose
bengal dye [47]. The percentage removal of the dye is higher
in an acidic medium [48].

3.2.2. Primary Concentration’s Impact. Adsorption ability
was assessed in relation to how the preliminary dye concen-
tration changed. When the pH was 3 and the sorbent dosage
was 0.4 g/L, primary dye concentrations ranging from 100 to
500mg/L were used to study the sorbing ability of AHC.
Figure 8 shows the removal efficacy declined from 99.84%
to 72.29% when the concentration of rose bengal dye spiked
from 100 to 500mg/L. The areas of sorption on the outer-
most layer of the adsorbent tend to get saturated when the
primary dye concentration in the solution rises, which
reduces the efficacy of removal. As the dye molecules that
encircle the AHC grow, active sites grow as the initial con-
centration of dye rises, which raises the values of qe and
the mass transfer driving force [49]. In other words, a mod-
est dye solution concentration can cover a large surface area.
Additionally, the high dye solution concentration might
cause adsorptive sites to overlap. As a result, at high concen-
trations, there are fewer dye molecules competing for bind-
ing sites on the surface of the adsorbent [50].

3.2.3. Impact of Sorbent Dose. The effects of AHC dosage on
rose bengal dye elimination were investigated, and the find-
ings are shown in Figure 9. The AHC dose ranged from 0.1

to 0.6 g at 100mg/L dye concentration, with an interaction
duration lasting 10 minutes at a pH level of 3. It was shown
that the percentage of dye removal rose quickly with an
increase in AHC dose up to 0.6 g, but that the addition of
more AHC did not provide any noticeably different results.
This is explained by the increased accessibility of the
exchangeable adsorption sites. There is no apparent change
in rose bengal dye removal over 0.6 g/100mL [51]. The elim-
ination of rose bengal dye was not enhanced anymore with a
raise in adsorbent dose over 0.6 g [52].

3.2.4. Influence of Contact Time. The impact of the contact
period on the expulsion of rose bengal dye was investigated
for 100-500mg/L. Figure 10 demonstrates the effect of time
on dye expulsion by utilizing AHC. Raising the contact
period from 0 to 45 minutes caused an upsurge in the per-
centage of dye removal, after which it remained constant.
This illustrates how the AHC surface was saturated with
active sites during the contact duration. Thus, the 10-
minute equilibrium period was tested to see if it was appro-
priate for the existing adsorption system [53].

3.2.5. Effect of Temperature. Temperature is a crucial
adsorption-influencing factor. Experiments for rose bengal
dye removal were carried out at temperatures of 303, 310,
313, and 318K, with an optimal pH of 3 and a contact
period of 30 minutes. The starting metal concentration was
altered from 100 to 500mg/L. From 303 to 318K, the tem-
perature was enhanced, and the sorption of rose bengal
dye rose from 92.36% to 99.84%. As this adsorbent is not
uniform and the activation energies of sorption sites vary,
it is clear from Figure 11 that adsorption is elevated with
temperature. As a result, only the sorption points possessing
lower activation energy were filled at low temperatures,
while those with greater activation energy could only be
filled at elevated temperatures [54].
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Figure 8: Effect of rose bengal dye concentration onto AHC
(contact time = 10min, dosage = 0 4 g/L, pH = 3 0, and volume =
100mL).

100

90

80

%
 re

m
ov

al

60

70

50

1 2 3 4

Solution pH

5 6 7

Figure 7: Rose bengal dye sorption onto AHC and the impact of
pH (Co = 100mg/L, dosage = 0 4 g/L, contact time = 10min, and
volume = 100mL).
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3.3. Kinetic Study. An essential tool for designing an adsorp-
tion system is adsorption kinetics. To examine the connec-
tion between adsorption rate and factors influencing the
reaction, displayed in Figure 12, with various concentrations,
kinetic adsorption was explored. To suit the collected empir-
ical information, two alternative adsorption kinetic models
specifically pseudo-first and second-order were applied.
The graph of this data, which is a plot of qt vs. t, is shown
in Figure 12 for AHC. Table 1 is a list of the kinetic data
for the rose bengal dye’s sorption on AHC. Because of
intense dye competition on the outermost layer of AHC,
the percentage of rose bengal dye removal decreases with

increasing concentration with regard to varying contact
times. According to R2 value and the discrepancy between
the estimated and observed qe values, the best-fitting kinetic
model was selected. Based on Table 1, it can be concluded
that the pseudo-first-order kinetic model is the most appro-
priate one for the sorption of rose bengal dye because it has a
higher R2 value and because it is computed qe value is more
closely related to the observed qe value. According to the
kinetic findings, the pseudo-first-order kinetic model fits
the data the best, and rose bengal dye adheres to the AHC
by a physical sorption process.

The route of diffusion was identified using the IPD
model and kinetic data from experiments. By employing a
linear equation, the Poots, McKay, and Weber and Morris
models were utilized to analyze the rate of IPD. Figure 13
indicates the formation of multiple layers. IPD and external
film diffusion generally have an impact on the sorption rate.
The R2 value of the IPD model suggested that rose bengal
sorption upon AHC was regulated to a certain level by
IPD. qt is mapped contrary to t0 5 to obtain a linear line that
must pass across the origin. The presence of multilinearity in
the qt vs. t

0 5 plot is taken into account. The primary stage
in this process is instant sorption or external surface sorp-
tion; the subsequent step is gradual sorption, in which IPD
is restrained; and the last stage denotes the final equilib-
rium step, in which the solute travels gradually from big-
ger pores to micropores, resulting in a slow sorption
rate. The duration needed for the second stage is generally
determined by system variables such as particle size, tem-
perature, and concentration of the solute, and these can be
difficult to forecast or manage (Feng-Chin [55]). Mean-
while, a boundary layer is obviously regulated if these lines
refrain from going over the origin. When combined with
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Figure 11: Effect of temperature on the sorption of rose bengal dye
onto AHC (dosage = 0 4 g/L, pH = 3 0, volume = 100mL, and
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other kinetic models or acting alone, it limits the sorption
rate by means of IPD [50].

The Weber-Morris model, specifically IPD, was put to
use to explore the rate-limiting stage in the sorption process.
K and R2 values were used to compare the pseudo-first-
order model to the IPD model. The findings demonstrated
that IPD was inferior to the pseudo-first-order model’s R2

value. Additionally, the fact that k1 had a lower value than
kp suggested that the rate-limiting phase in this sorption
was not diffusion. The value of kp spiked as the primary

dye concentration increased, as demonstrated in Table 2,
which suggested that increasing reaction force assisted the
diffusion. The variable C in the Weber-Morris equation
describes the boundary layer thickness that affects the sor-
bent. As C increases, the boundary layer thickness also
increases, highlighting the significance of the diffusion rate
that cannot be disregarded. When the sorption process is
governed by diffusion, the sorbate will be transported grad-
ually across the layers and into the active sites of the sorbent
[56]. Meanwhile, this study demonstrated that the sorption
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Figure 12: Kinetic models for the sorption of rose bengal dye onto AHC.

Table 1: Kinetic data for the sorption of rose bengal dye onto AHC.

Co (mg/L) qe (exp) (mg/g)
Pseudo-first-order

qt = qe 1 − exp −k1t
Pseudo-second-order
qt = q2e k2t/1 + qek2t

k1 (min-1) qe (cal) (mg/g) R2 SSE RMSE k2 (g/mg.min) qe (cal) (mg/g) R2 SSE RMSE

100 250.25 0.5222 245.1 0.7954 1217 13.19 0.003618 263 0.9245 449.3 8.011

200 498.44 0.4223 490.5 0.8539 4999 26.72 0.00134 532.9 0.9338 2264 17.99

300 694.48 0.2109 693.7 0.9814 3292 21.68 0.0003202 810.2 0.9843 2776 19.91

400 846.53 0.1153 857 0.9932 3603 20.01 0.00011 1065 0.9893 5634 25.02

500 905.21 0.1012 921.8 0.9971 2021 14.99 8 343 × 10−5 1168 0.9914 5999 25.82
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did not match the Weber-Morris model well, and the diffu-
sion rate might be disregarded because of the presumption
of the tiny particle size and thinner boundary layer. Intra-
particle diffusion constants are listed in Table 2.

3.4. Isothermal Study. Adsorption isotherms provide insight
into the relationship between sorbate and sorbent, which is
important for refining the process of adsorption. As the
sorption process approaches equilibrium, these equations
explain the dispersion of sorbate between the solid and
liquid phases. Incorporating empirical information into
several isotherm models is a critical step in determining
a viable model for the design of the process [57]. In this
work, the equilibrium isotherm data Ce vs. qe were evalu-
ated using two-parameter Freundlich and Langmuir
models and three-parameter RP and Toth isotherm
models. The findings are displayed in Figures 14 and 15
for AHC and HC.

In order to develop some of the most popular isotherm
models, such as the Freundlich isotherm and the Langmuir
isotherm, it is necessary to take into account the impact of
sorbate-sorbent interactions. These models rely on the pre-
sumption that the heat of sorption for every molecule in
the layer declines linearly with increasing coverage of the
surface. In a constant solution volume and sorbent mass, a
rise in the initial dye concentration corresponds to a surge
in the overall amount of dye molecules present. As a result,

at increased dye concentrations, more sorbates may adhere
to the active sites on the sorbent, increasing sorption
capabilities.

Generally, the Freundlich and Langmuir isotherms are
all used to generally predict the results of the experimental
findings for multilayer and monolayer types. To supplement
the experimental investigation, the RP and Toth isothermal
models were also used. The homogeneous adsorption sys-
tem is described by the Langmuir isotherm, although it
does not produce the most effective findings for our inves-
tigation. The Langmuir isotherm was determined to have a
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Figure 13: IPD model for sorption of rose bengal dye onto AHC.

Table 2: IPD constants for the sorption of rose bengal dye onto
AHC.

Co (mg/L) qe (exp) (mg/g)
IPD model

qt = kpt
1/2 + C

kp (mg/(g.min)(1/2)) C R2

100 250.25 16.608 174.2 0.7155

200 498.44 40.287 313.91 0.7321

300 694.48 99.496 222.87 0.8641

400 846.53 145.49 67.895 0.9428

500 905.21 167.89 3.4818 0.9562
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Figure 14: Isothermal models for the sorption of rose bengal dye
onto AHC.
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monolayer adsorption capacity of 799.9mg/g for AHC and
24.98 for HC.

When applied to surfaces with heterogeneous distribu-
tion, the Freundlich isotherm model, which particularly rep-
resents the multiple-layer connection of the sorbate
molecules along with the sorbent, is effective. With the
Freundlich model, a comparatively high R2 was seen for
AHC. According to the relationship calculations in each
model for AHC, the Freundlich equilibrium model is supe-
rior to the various selected models when it comes to apply-
ing the adsorption equilibrium of rose bengal dye. K f

values typically represent the sorbent’s capability for adsorp-
tion. Greater values of Kf in this case indicate that the pre-
pared AHC has a better capacity for multilayer adsorption.
The obtained values of 7.508 (HC) and 6.133 (AHC) for
the Freundlich exponent (n) indicate that AHC exhibits a
higher sorption ability compared to HC.

Three variables are used by the RP isotherm to define the
adsorption process. No perfect monolayer will develop,
according to the RP model. Three parameters, namely, αRP,
βRP, and KRP in the RP model illustrate the equilibrium of
adsorption for a wide range of sorbate concentrations. The
Toth model has three more parameters that include αRP,
KRP, and n. The Toth isotherm exponent, which was

Table 3: Isothermal constants for the sorption of rose bengal dye onto HC and AHC.

Isotherms Variables HC AHC

Langmuir
qe = qmKLCe/1 + KLCe

KL (L/mg) 1.739 2.199

qm (mg/g) 24.98 799.9

R2 0.8123 0.8258

SSE 93.1 1 014 × 105

RMSE 3.411 112.6

Freundlich
qe = KFC

1/n
e

KF
[(mg/g)(L/mg)1/n)]

13.31 419.8

n 7.508 6.133

R2 0.7956 0.9823

SSE 113.4 1 029 × 104

RMSE 3.765 35.87

Redlich Peterson

qe = KRpCe/1 + αRPC
βRP
e

KRp (L/g) 0.03067 6 242 × 10−8

αRP (L/mg)(1/βRP) 13.14 419.8

βRP 0.09919 0.1631

R2 0.809 0.9823

SSE 106 1 029 × 104

RMSE 3.892 38.35

Toth

qe = qmTCe/ 1/KT + CmT
e

1/mT

KT 0.08412 3.404

qmT (mg/g) 24.72 793.2

mT 42.18 0.5415

R2 0.8605 0.875

SSE 77.41 7 279 × 104

RMSE 3.326 102

Table 4: Evaluation of the AHC’s maximum sorption capacity to
adsorb with existing adsorbents.

S no. Source of hydrochar qm (mg/g) Reference

1. Sugarcane bagasse 357.14 [34]

2. Male oil palm flower 42.92 [58]

3. Rattan furniture waste 359 [40]

4. Corncob 183.3 [59]

5. Corn (Zea mays L.)
1301.10
512.80

[60]

6. Corncob 163.93 [61]

7. Coffee husk 418.78 [57]

8. Wood residues 132.1 [62]

9. Corn starch 376.18 [63]

10. Factory rejected tea 487.4 [64]

11. Chili seeds 145 [65]

12. Bamboo 655.76 [27]

13. Palm date seed 612.1 [64]

14. Shells of bamboo shoot 3860 [66]

15. Corncob 799.9 This study
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determined as a function of temperature, is connected to
surface heterogeneity.

Table 3 illustrates the data for R2 (correlation coeffi-
cient), SSE and RMSE (error values), and various isothermal
constants for HC and AHC.

The Langmuir model analysis yielded a maximum
monolayer (qm) sorption capacity of 24.98mg/g for HC
and 799.9mg/g for AHC. Comparing the R2 values from
Table 3, it can be inferred that the adsorption of rose bengal
dye on AHC primarily involves multilayer coverage of the
dye on the sorbent’s surface, whereas in the case of HC, it
predominantly exhibits monolayer coverage on the sorbent’s
surface.

Table 4 provides a comparison of AHC’s sorption poten-
tial with currently accessible sorbents. The outcomes illus-
trated that the AHC has a strong capacity towards sorption
for removing rose bengal dye from aqueous solutions.

3.5. Thermodynamic Study. The value of ΔG° was calculated
as it is essential to investigate the nature of sorption and the
spontaneous character of the process required for the elimi-
nation of rose bengal dye. Additionally, the physical and
chemical sorption processes that are accountable for surface
complexation may be distinguished using this variable. The
negative value of ΔG° for the dye at all temperatures illus-
trates the spontaneous nature of rose bengal dye adsorption
onto the exterior surface of AHC [17]. The low ΔH° value
suggests an exothermic adsorption process with a poor bind-
ing capacity. This was verified by the lowering Kc values as
the solution temperature increased [67]. The ΔS° value
denotes the randomization of the adsorbent and rose bengal
dye upon removal [68]. The thermodynamic study on the
sorption of rose bengal dye on AHC is depicted in
Figure 16. The value of Gibbs free energy (ΔG°), entropy
(ΔS°), and enthalpy (ΔH°) is tabulated in Table 5.
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Figure 16: Thermodynamic study on the sorption of rose bengal dye on AHC.

Table 5: Parameters denoting thermodynamic values for the sorption of rose bengal dye onto AHC.

Co (mg/L) ΔH° (kJ/mol) ΔS° (J/mol/K)
ΔG° (kJ/mol)

303K 308K 313K 318K

100 -88.95 -272.183 -16.213 -10.113 -7.956 -6.589

200 -66.493 -201.822 -12.958 -9.159 -7.211 -5.916

300 -19.444 -55.070 -6.317 -5.757 -5.109 -4.417

400 -12.056 -33.638 -4.276 -3.919 -3.547 -3.107

500 -8.641 -25.016 -2.415 -2.190 -1.886 -1.554
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3.6. Adsorption Mechanism. Rose bengal’s aromatic rings
can interact with the aromatic carbon structures on AHC
through π-π stacking, where their π-electrons attract each
other. HC’s hydroxyl (-OH) groups can form hydrogen
bonds with rose bengal’s carbonyl (C=O) and hydroxyl
(-OH) groups, strengthening the sorption through attractive
forces. At certain pH levels, when AHC’s carboxyl (-COOH)
groups become negatively charged, they can attract and
interact electrostatically with positively charged regions of
rose bengal dye, aiding in its sorption onto the surface of
AHC.

By considering the electrostatic attraction which exists
between the sorbate and the sorbents, the sorption mecha-
nism of rose bengal dye may be described. This can be attrib-
uted to the fact that the adsorption of the dye onto the
produced sorbents is pH-dependent. Adsorbents are mate-
rials that possess a positive charge in an acidic environment
when the pH drops to 2 or 3. Similar to this, rose bengal dye
has a negative charge because it contains several sulfonated
groups in its molecular structure. As a result, the positively
charged sorbent surfaces attract the negatively charged dye
molecules, enhancing the amount of dye elimination. For
anionic dyes, the literature reports a similar tendency. The
surface of the sorbent acquires a negative charge at elevated
pH levels, which causes it to repel the dye molecule, lowering
the amount of dye removal. Hence, it is evident that the elec-
trostatic force of attraction plays a significant role in most of
the absorption processes involving rose bengal dye [69].

3.7. Reusability of the AHC. Desorption tests were conducted
to see if AHC could be recycled and used again as a sorbent.
AHC was soaked in acidic ethanol in order to reclaim it for
usage later on, and this simple solvent-washing process was
used to desorb the dye. The findings of the research on the
impact of 4 successive adsorption-desorption cycles is vali-
dated here. The repeated use of AHC for removing the dye
was confirmed by the fact that there was only a modest
decline in removal effectiveness after 4 cycles of the
adsorption-desorption process. The process commenced
with the initial saturation of the sorbent, where 0.1 g of
AHC was stirred in a solution containing 100mL of
100mg/L dye for a duration of 24 h. Subsequently, the satu-
rated AHC was subjected to agitation with an acidic ethanol
solution for 3 h to facilitate desorption. Following this, the
desorbed AHC was filtered, washed with deionized water,
and subsequently dried in an oven at 120°C. This rejuve-
nated AHC was then employed once more to eliminate the
dye from a solution. The regenerated AHC initially had a
removal efficiency of 92.58%. Over 4 cycles of adsorption
and desorption, its performance was evaluated, and the
results indicated that the adsorbent remained effective for
reuse up to the fourth cycle. However, during this period,
the adsorption efficiency of AHC decreased from 92.58%
in the first cycle to 65.17%. This decrease in efficiency could
be attributed to either the blocking of active sites or a
decrease in its effectiveness in removing the pollutant.

3.8. Conclusion. The research presented here shows the
formed AHC produced from CC by HTC chemical activa-

tion with NaOH had good surface characteristics and
worked well as a sorbent that was able to remove rose bengal
dye from aqueous solutions. The carbon-rich product
hydrochar was developed in the first treatment stage and
had various surface functional groups because of chemical
alteration with NaOH. The produced AHC was used as a
highly efficient sorbent with an effective sorption capacity
of 799.9mg/g for attracting rose bengal dye. The Toth iso-
therm and pseudo-first-order model provided the most
accurate representation of equilibrium and kinetic data.
Thermodynamic analyses demonstrated the exothermic
and spontaneous nature of the rose bengal dye sorption pro-
cess on AHC. According to these findings, hydrochar gener-
ated by HTC and then treated with NaOH may be employed
as a powerful sorbent to aid in the treatment of industrial
wastewater, lowering the risk of pollutants to the environ-
ment and public health.
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