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a b s t r a c t
Malachite green (MG), a cationic dye, is evaluated for removal using carboxylated activated 
carbon that was made using an organochlorine chemical and sodium hydroxide in a wet mill-
ing process (MCGT-AC). Utilizing research in Brunauer–Emmett–Teller (BET), X-ray diffraction, 
environmental scanning electron microscopy, energy-dispersive X-ray spectroscopy, Fourier-
transform infrared spectroscopy, and high-resolution transmission electron microscopy, adsorp-
tion processes were described. As per zeta potential and point of zero charge analysis a suitable 
and stable pH of 6.5 was considered for the modelled dye solution with increasing pH support-
ing the sorption process well. It just took 30 min for the MG dye to reach equilibrium with the 
MCGT-AC. The experimental findings agree well with the Langmuir isotherm, which has a max-
imum adsorption capacity of 251.6 mg/g, according to isotherm study and error analysis. The 
activation energy (Ea = 51.36 kJ/mol) indicated that chemisorption was responsible for controlling 
the process. BET study showed that the sorbent’s post-process pore size dramatically decreased, 
supporting effective adsorption. Overall, adding functional groups (carboxyl, hydroxyl, etc.) to 
the modified adsorbent surface improved the sorption capacity of MCGT-AC with activated car-
bon that had been surface modified with carboxylic groups. The initial dye concentration, adsor-
bent dose, contact time, pH, and other operational parameters were examined. Regeneration 
research on utilized MCGT-AC revealed that during the sixth cycle, adsorption capacity dropped 
from 95.7% to 48.6%. According to the results, MCGT-AC may be used as a cost-effective and 
effective adsorbent for the treatment of industrial wastewater, including dyes.
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1. Introduction

Malachite green (MG), an organic cationic dye [chemi-
cal formula: C23H25CIN2 (chloride)], is used to colour paper 
as well as dye cottons, wools, silk, leather, and paper stock 
coating. Despite MG’s well-documented antiseptic, antibac-
terial, and anti-protozoan qualities, oral consumption of 
MG has been linked to cancer, mutagenesis, chromosomal 
fractures, teratogenicity, and respiratory toxicity [1–4]. 
When malachite green meets the skin or eyes, it causes 
irritation, redness, and pain [5]. The treatment of effluents 

containing such colours is of great interest because of the 
deleterious impact on receiving water [6]. Reverse osmosis, 
flocculation, biological degradation, nanofiltration, pho-
tocatalytic degradation, adsorption, ozonation, chemical 
oxidation and electrochemical degradation are some of the 
most frequently used techniques for removing different 
colours from aqueous solutions and industrial wastewa-
ters [7,8]. Despite these tried-and-true strategies, efforts to 
find ways that are acceptable and have high efficacy, low 
cost, and ease of implementation remain uncommon [9]. 
The adsorption technique is thought to be better to other 
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dye wastewater treatment technologies because it is more 
cost-effective, inert to dangerous chemicals, simple to oper-
ate, and has a higher dye removal capability [10]. The regen-
eration and efficiency of the adsorbents impact the cost of 
dye removal using the adsorption technique. When elimi-
nating organic colour pollutants from wastewater, activated 
carbon (AC), which is made from a variety of materials, is 
used as an adsorbent [7,9,11,12]. This widespread use of AC 
can be explained by its highly porous structure, which has 
a well-oriented surface area and an affinity for adsorbates 
[13]. Different activation techniques are being used to acti-
vate the carbon generated from waste biomaterials while 
AC is being used with multiple types of pollutants [14]. The 
most expensive step in the AC preparation process is the 
activation. Several compounds are used to alter and activate 
the carbon surface in order to increase the organic dye’s abil-
ity to adsorb substances [15]. Comparing NaOH activation 
to carbon activation with other chemicals, NaOH activation 
is less costly and less harmful to the environment. Because 
of surface interactions, NaOH is an appropriate activating 
agent for randomly oriented carbon composites [16]. In 
one study, cationic dyes were removed from water using 
an AC/CoFe2O4 magnetic composite, which had adsorption 
capacities of 86.24, 83.90, and 87.48 mg/g for methylene 
blue, methyl violet, and nile blue, respectively [17]. Because 
of their hollow layered structures, large specific surface 
areas, and potent electrostatic interactions, carbon nanoma-
terials (CNMs) have also received a lot of attention in the 
wastewater treatment field [18–20]. Despite their benefits, 
CNMs have a number of drawbacks, including hydropho-
bicity, poor aqueous dispersibility, and non-reactive sur-
faces, which would be counterproductive if utilised as an 
adsorbent [21,22]. By adding several functional groups to 
the surface of CNMs, which can occasionally be a compli-
cated process, surface modification is expected to improve 
the surface characteristics of CNMs. On the other hand, 
surface-modified AC may produce crystalline carbon that 
is very mesoporous and has high dye sorption properties 
in aqueous conditions [23]. According to a paper [23], wet 
milling may be used to successfully activate carbon. When 
compared to raw carbon, milled carbon exhibited a much 
greater adsorption capacity. By enabling rapid mass transfer 
and the creation of new active sites during the activation 
phase of activated carbon, the milling technique improves 
efficiency and lowers dye adsorption costs [23].

In the current analysis, activated carbon (AC) was made 
from water hyacinth. Next, the surface of the adsorbent 
was simultaneously treated with carboxylic groups using 
NaOH and an organochlorine compound (chloroacetic acid 
(C2H3ClO2)) using a wet milling process (mechanical attri-
tion), to increase the potential for dye removal. To character-
ise the generated material, Brunauer–Emmett–Teller (BET), 
X-ray diffraction (XRD), environmental scanning electron 
microscopy (ESEM), energy-dispersive X-ray spectroscopy 
(XEDS), high-resolution transmission electron microscopy 
(HR-TEM), Fourier-transform infrared spectroscopy (FTIR), 
and zeta potential tests were carried out. Cationic dye MG 
was used as an adsorbate to evaluate the performance of 
milled and carboxylic group treated AC (MCGT-AC) as an 
adsorbent. Work using milled and carboxylated AC as an 
adsorbent is not reported much for sorption of cationic dyes.

2. Materials and methods

2.1. Chemicals and other material for AC preparation

Malachite green (MG), locally sourced water hyacinth 
(for making AC), NaOH, and an organochlorine compound 
(C2H3ClO2) were among the analar grade compounds taken 
into consideration. HiMedia India provided all the chemicals 
and reagents, and they were all 99.9% pure. Fig. 1 depicts 
the molecular structure of the MG dye, which has a molec-
ular weight of 364.911 g/mol and the chemical formula 
C23H25CIN2 (chloride).

2.2. Carbon from water hyacinth

From Kokrajhar, Assam, India, water hyacinth sam-
ples were obtained from nearby water bodies and properly 
cleaned. The plant material was then cut into smaller pieces, 
the roots being removed, and sun-dried for two weeks in a 
nursery facility. The dry materials were cut into slices with 
a width of less than 0.5 cm and a length of less than 1 cm 
to prepare them for carbonization [24]. Water hyacinth was 
carbonized using the pyrolysis process [25]. A carbonization 
method was performed on water hyacinth for 60 min at 500°C 
to produce water hyacinth carbon (WH-C). Additionally, 
a 1:3 NaOH (in weight proportion) in an activator (make: 
Merck KGaA, Darmstadt, Germany) was used to chemically 
activate the carbon made from water hyacinth. On a magnetic 
stirrer hot plate at 80°C and 300 rpm, the WH-C was heated 
and swirled for 4 h. WH-C was then repeatedly washed with 
0.1 M HCl and then distilled water. Additionally, the WH-C 
is dried until the mass is consistent in a 100°C oven [25]. The 
surface temperature of the carbonizer was measured using 
a thermocouple (DIGI-SENSE Model 20250-19). Average 
extraction rates of carbonized materials were 43.61 g/min 
(436.1 g in 10 min). As soon as possible, they were removed 
from the carbonizer and put in a covered desiccated glass 
container to cool and stop the carbon from generating ash 
[24]. Hereafter, “activated carbon prepared from water 
hyacinth (WH-AC)” refers to the prepared carbon.

2.3. Synthesis of milled and carboxylated AC

The procedure for converting WH-AC into MCGT-AC 
is as follows: A lab-scale ball mill facility (Make: Retsch, 
Model: planetary ball mill PM 100) was used to grind 5 g of 
WH-AC in a 250 mL grinding jar along with 50 mL of dis-
tilled water with 25 g of NaOH. The mill was operated for 
6 h at a speed of 400 rpm, resulting in the formation of oxide 
groups on the AC surface. To create carboxylic groups on the 

Fig. 1. Molecular structure of Malachite green.
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AC surface, the mixture was then mixed with 25 g of chlo-
roacetic acid and the mill was operated for additional 6 h at 
the same speed. The manufactured MCGT-AC was stored in 
a desiccated glass container for later usage after the prod-
uct was adequately rinsed with distilled water and dried 
at 100°C for 24 h using a centrifuge [26].

2.4. Characterization studies

BET analysis is used to determine the pore volume, sur-
face area, and pore-size distribution of MCGT-AC with an 
automated adsorption–desorption system (BELSORP-mini 
II, BEL Japan Inc.), based on N2 adsorption data at –196°C. 
To ascertain the structure of the underlying crystal of the 
adsorbent, the nature of XRD was assessed using an X-ray 
diffractometer apparatus (Make: Shimadzu-Japan, Model: 
X-ray 6100) with the following specifications: Cu, K radi-
ation = 0.1540 and a K filter at 30 mA, 30 kV. To attain the 
Bragg angle (2θ), a range of 5°–90° with a scanning rate of 5°/
min was maintained. ESEM was used to examine the surface 
morphology of the adsorbent (Make: FEI, Model: Quanta 200, 
Specification: 3 nm resolution at 30 kV, ESEM mode), along 
with energy-dispersive X-ray spectroscopy for elemental 
analysis (XEDS). The samples were coated with gold using 
a sputtering coater (Model: S150B, Edwards High Vacuum 
Ltd., England) in order to prevent the development of local 
electrical charges during the XEDS analysis. FTIR was carried 
out using a device made by Bruker, Germany, model 3000 
Hyperion microscope with vertex 80 FTIR system and array 
for focal plane 128 × 128, range 900–4,000 cm–1, to identify 
the functional groups in charge of sorption. HR-TEM study 
(Make: JEOL, Model: JEM 2100F @ 200 kV) was done and 
analysed to investigate pore size and the development of 
adsorption layers. Zeta potential and point of zero charge 
(pHPZC) study was carried out to ascertain the appropriate 
pH value for a stable solution for the sorption process and to 
assess the net surface charge of the adsorbent (MCGT-AC).

2.5. Batch analysis for dye adsorption

A stock solution of 1 g/L concentration for a 1,000 mL 
solution was first made from which solutions of various 
dye concentrations with various volumes were generated as 
needed. The adsorption trials employed the batch adsorp-
tion method. We investigated the effects of contact time 
(0–120 min), initial dye concentration (25, 50, and 75 mg/L), 
adsorbent (MCGT-AC) dose (10–50 mg), pH range (2–9), 
and temperature (298, 308, and 318 K). Finally, 1 mL of the 
suspension was extracted using a centrifugal method. The 
maximum absorbance wavelength range for MG dye is 
579–624 nm, hence MG absorbance values at λmax = 617 nm 
were determined using a UV-Visible spectrophotometer 
(Model: PerkinElmer Lambda 45), and then concentra-
tions were measured. Eqs. (1) and (2) were used to calcu-
late the dye adsorption capacity and removal percentage of 
adsorbed MG using the mass balance approach.
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where starting and equilibrium dye concentrations are 
denoted by C0 and Ce, respectively. The letters Qe stand for 
adsorption capacity at equilibrium state in (mg/g), V for 
litres of MG dye solution, and m for grammes of MCGT-AC.

2.6. Point of zero charge and zeta potential

The point of zero charge is the pH at which an adsor-
bent surface has a net neutral charge (pHPZC). Any adsor-
bent’s ability to draw in cationic or anionic adsorbates may 
be determined by studying the pHPZC for that adsorbent. 
The adsorbent surface will absorb anionic adsorbates when 
a solution with a pH lower than pHPZC has a positive charge 
[27]. On the other hand, the adsorbent will absorb cationic 
adsorbate if the surface of the adsorbent has a negative 
charge in a solution with a pH higher than pHPZC [28]. To 
determine the MCGT-AC’s zero point of charge, seven flasks 
holding 50 mL of distilled water were set at various begin-
ning pH values (pHi) ranging from 2–9. 50 mg of MCGT-AC 
was added to each flask, which was then shaken for 24 h. 
To determine the final pH values (pHf) of the aqueous solu-
tions, adsorbent material was taken out of the mixture of 
solutions. The pH difference was calculated using the for-
mula (∆pH = pHi – pHf). To determine the pHPZC sign change 
point, pH values were plotted against pH values. Zeta poten-
tial and zero point of charge differ primarily in that the for-
mer refers to the potential difference between a dispersed 
MCGT-AC fluid’s static layer and the surrounding medium, 
whereas the latter refers to the pH level of the dispersed 
MCGT-AC when the surface of the MCGT-AC bears net  
zero charge.

3. Results and discussions

3.1. Characterization studies

The adsorbent’s volume of pores, surface area, and aver-
age pore radius sizes were calculated using BET analysis. 
The surface area of 25 mg of adsorbent that was heated to 
300°C for 3 h was calculated. The procedure was completed 
in around 24 h. The principal pore-size distribution of the 
adsorbent was done on the pore-size distribution curve cre-
ated by the Barrett–Joyner–Halenda (BJH) analysis, and the 
complete adsorption and desorption data are presented in 
Tables 1 and 2. A typical I type isotherm was discovered by 
adsorption and desorption phenomena. Prior to and follow-
ing adsorption, the adsorbent surface area was 192.67 and 
205.76 m2/g, respectively. The multipoint BET was used to 
calculate the surface area in the 0.05–0.95 p/p0 range. It con-
firms that when MG dye is adsorbed, the surface area of 
the adsorbent increases, demonstrating a clear reduction in 
the size of the pores produced by the accumulation of MG 
dye in the adsorbent’s pores. Increased surface area favours 
this structural modification that takes place during the 
adsorption process [29]. The fact that most of the pores fall 
within the range of less than 30 nm shows that MCGT-AC 
is mesoporous, with ultrafine pore sizes and a sizable spe-
cific surface area.

The XRD patterns of MCGT-AC, before adsorption exhib-
its up to 16 separate wide peaks at different 2θ values (28.7°, 
38.2°, 40.1°, 42.7°, 44.3°, 44.3°, 47.5°, 55.3°, 57.6°, 61.4°, 67.1°, 
72.4°, 73.8°, 80.3°, 84.9°, and 88.4°), which are caused by the 
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inclusion of higher ion exchange sites indicating high crystal-
line structure of MCGT-AC after carboxylic treatment. After 
dye adsorption, peaks significantly shifted, shrank, and dis-
appeared, which supported the MG adsorption. As opposed 
to 16 such crystalline peaks prior to adsorption, there were 9 
peaks remaining after adsorption at varied 2θ values (35.4°, 
39.6°, 41.7°, 45.8°, 53.3°, 69.9°, 77.1°, 81.7°, and 84.8°). While 
the peak’s shifting following adsorption suggests that the 
unit cell is contracting because of the MG dye molecules occu-
pying the sorbent surface, the disappearance and decrease 
in peak intensity and number suggest that the adsorbent 
structure is losing crystallinity because of dye adsorption.

A research using ESEM was done to look at the shape 
of the adsorbent surface. The surface morphological charac-
teristics of untreated WH-AC showed the relatively smooth 
surface. After treatment and milling with carboxylic groups, 
the surface of MCGT-AC presented with a lot of undulations 
and unevenness on the surface, hinting at the development 
of significant number of pores/ionized sites available for 
adsorption. This resulted from the electrostatic interaction 
and adhesion of carboxylic molecules. After milling and add-
ing a carboxylic group to the surface, a significant number of 
pores formed, supplying more effective ion exchange sites 
for adsorption. Morphological properties of dye adsorbed 
adsorbent revealed that MG dye particles adhered to and/
or filled the pores of MCGT-AC, resulting in a reduction in 
pore size as a result of dye molecule adsorption. Overall, the 
results of the ESEM analysis showed that carboxylic group 
treatment combined with milling on activated carbon results 
in an activated morphological structure with a high number 
of active sites on the surface of the adsorbent and, ultimately, 
a high dye removal capacity by MCGT-AC [30]. Similarly, 
XEDS analysis is used to explore the element presence on 

WH-AC, MCGT-AC, and MG loaded MCGT-AC. Use of 
XEDS analysis to investigate the presence of elements on 
surfaces, revealed that C, Na, and O elements make up 
WH-AC, which is made using NaOH. After being subjected 
to the wet attrition process and treated with carboxylic 
groups, the MCGT-AC surface had extra Cu components. 
Afterwards, for MG adsorbed MCGT-AC, Na elements in 
MCGT-AC are replaced by Rb and Hg elements as a result 
of adsorption, but not in the same proportion. This confirms 
dye adsorption and creates composites with the adsorbent 
surface. As a result, MG sorption led to the formation of 
MCGT-AC-MG composites, confirming MG adsorption onto 
MCGT-AC. Similar sorption process for cationic dye has 
been reported earlier [24].

FTIR analysis was carried out to identify the several 
functional groups in charge of the MG adsorption process. 
Functional groups can be identified and characterised using 
FTIR. At the research centre SAIF Bombay in India, rou-
tine spectrum analysis was carried out. Figs. 2a and b dis-
play the MCGT-AC FTIR spectra before and after MG dye 
adsorption. The strong and broad band for MCGT-AC was 
detected at 3,451.38 cm–1, as shown in Fig. 2a, because of the 
linked amine and hydroxyl groups. As a result of the exis-
tence of –CH asymmetric stretching, a value of 2,919.40 cm–1 
was obtained. A peak of 1,630.46 cm–1 was ascribed to the 
carboxyl group’s stretching vibration. The bands at 1,611.82 
and 1,382.86 cm–1, respectively, were given symmetric and 
asymmetric stretching vibrations of C=O groups.

The band at 1,216.87 cm–1 illustrates the C–O stretching 
of alcohols and carboxylic acids. Fig. 2b illustrates how after 
adsorption, the hydroxyl groups’ symmetrical expanding 
vibration bands were moved from 3,451.38 to 3,429.21 cm–1. 
The stretching band of carboxyl groups was changed from 
1,630.46 to 1,709.40 cm–1. After dye adsorption, peaks at the 
stretching bands of 1,611.82 and 1,382.86 cm–1 vanished, and 
new band peaks were found at 1,611.96 and 1,358.49 cm–1. 
The peak for C–O also decreased, moving from 1,216.87 to 
1,100.55 cm–1. The analysis of the FTIR spectra revealed the 
disappearance and shifting of peaks at various frequen-
cies. In addition, important bands experienced a increase 
in intensity following dye adsorption (the carboxyl group 
increased from 1,630.46 to 1,709.40 cm–1 and the hydroxyl 
group decreased from 3,451.38 to 3,429.212 cm–1), which was 
caused by the dye molecules occupying the active pores, 
indicating successful MG adsorption.

The HR-TEM study confirmed the adsorption of dye 
molecules on the MCGT-AC surface and was used to mea-
sure the pore size, report magnified sorbent surface, and 
confirm the accumulation of adsorbate layer formation over 
the adsorbent. HR-TEM analysis illustrated how surface 
modification has resulted in a significant number of pores, 
which has allowed for the production of ultra-fine nanopar-
ticle pore diameters. The results of the HR-TEM study are 
found to be in consistency with those of the BET and ESEM 
analyses. After MG sorption, the pores were filled with MG 
dyes and the size of the pores was reduced, which supported 
effective sorption. The development of holes of this size on 
the AC surface may be the result of carboxylic group treat-
ment followed by wet attrition, which produced the ion-
ized adsorption sites necessary for effective dye adsorption.

Table 1
Brunauer–Emmett–Teller analysis parameters

Parameters Adsorbent (MCGT-AC)

Before adsorption After adsorption

Surface area (m2/g) 192.67 205.76
Pore volume (cm3/g) 29.67 21.54
Average pore size (nm) 27.89 19.34

Table 2
BJH analysis parameters

Parameters Operation Adsorbent (MCGT-AC)

Before 
adsorption

After 
adsorption

BJH pore 
volume (cc/g)

A 0.197 18.652
D 29.344 19.653

BJH pore 
radius (Å)

A 19.562 23.655
D 338.211 298.435

BJH surface 
area (m2/g)

A 103.459 102.866
D 1,798.433 1,399.324
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3.2. Mechanism for adsorption

In general, using NaOH to activate carbon surfaces for 
use as adsorbents is less costly and environmentally dan-
gerous than using other chemicals for the same procedure 
[31]. During the alkaline activation process, the hydroxide 
anions interact with the functional groups present on the 
sorbent carbon surface. According to XEDS analysis, the 
synthesised chemical is mostly made of carbon (C), oxygen 
(O), and sodium (Na). This research supports the existence 
of NaOH infusion in the generated AC. When the surface of 
the AC is treated with carboxylic groups, carbonate groups 
develop on the surface, increasing the AC’s overall capacity 
for dye removal. The same is confirmed by HR-TEM study, 
from which it is obvious that basic group formation on car-
bon surface have facilitated creation of a significant number 
of active pores available for adsorption. This can be attributed 
to oxidation and initiation of redox reaction on the AC sur-
face, which might have caused disunion and detachment of 
AC surface layers, creating mesoporous surface having large 
surface area [32]. As a result, the availability of hydroxyl (OH) 
groups on the surface of the modified AC increased its ability 

to bind dye molecules by forming hydrogen bonds between 
the OH groups there and the dye molecules [33]. Additionally, 
treatment with a carboxylic group will cause the creation 
of a positive charge (–COOH+) on the sorbent surface as a 
result of the deposition of an H+ charge in a solution that is 
mostly acidic on the surface. This effect causes cationic dye 
adsorption on a basic surface to increase. However, as the 
pH of the solution rises, the carboxylic group will exhibit an 
amphoteric nature (–COOH) and will therefore have an affin-
ity to exchange basic dye molecules with protons. As the pH 
of the solution rises, the carboxylic group will also become 
ionised (–COO–), which will eventually encourage the sorp-
tion of cationic dye onto AC surfaces (MCGT-AC). Fig. 3 is 
used to depict the adsorption mechanism. Additionally, it is 
clear from the comparison of the FTIR spectra of MCGT-AC 
before and after adsorption (Figs. 2a and b) that the peak for 
the carboxylic group’s frequency changed from 1,630.46 to 
1,709.40 cm–1. As a result, the peak’s intensity after adsorption 
was decreased as a result of the deposition of MG molecules on 
the adsorbent surface. This confirms our assumption, which 
is validated by characterization investigations, that carboxylic 
active groups have actively engaged in the sorption system.
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Fig. 2. Fourier-transform infrared spectroscopy routine spectrum for (a) MCGT-AC (b) Malachite green loaded MCGT-AC.



H.K. Mahilary, A.K. Dey / Desalination and Water Treatment 295 (2023) 227–244232

3.3. Influence of pH, point of zero charge and zeta potential

Fig. 4 shows how the pH affects the rate of removal and 
adsorption of MG onto MCGT-AC. Fig. 4a illustrates how 
the MG adsorption on MCGT-AC benefited from the alka-
line condition. Fig. 4b shows the adsorption capacities of 
MG at pH 7, for which the corresponding adsorption capac-
ity values were found to be 61.63, 161.82, and 198.74 mg/g, 
respectively, for starting MG concentrations of 25, 50, and 
75 mg/L, while for the same dye concentrations, at pH 9.0, 
MG adsorption values of 62.52, 164.92, and 209.23 mg/g 
were reported. Observations revealed that, raising the 
pH value improved both the rate and the capacity of MG  
adsorption.

The pH of the dye solution regulates ionization for all 
chemicals and MCGT-AC mass surfaces that are present 
in the solution mix [34,35]. If the pH of the solution is low, 
oxygen-containing functional groups on MCGT-AC and car-
boxylic groups’ electronegativity on AC will not be as effec-
tive at dissociating hydrogen ions (H+), and the electrostatic 
attraction force between the dye cation and MCGT-AC will 
be weak. In addition, it’s possible that free hydrogen ions 

reduced the pace at which MG was eliminated by compet-
ing with the dye cation for adsorption on the AC site. The 
amount of hydroxide ions in the solution increased as the 
degree of cationic dye dissociation reduced, and as a result, 
the rate of cationic dye removal improved as the pH value 
increased [36]. Additionally, when the pH of the solution 
increased, the H+ ion’s dissociation on the MCGT-AC surface 
increased, increasing the adsorbent surface’s electronegative 
character and promoting the electrostatic sorbate–sorbent 
interaction between the cationic dye and MCGT-AC surface 
[16]. Moreover, the adsorbent’s capacity to bind to molecules 
in an aqueous medium with a high pH can be improved by 
the inclusion of a number of active functional agents such 
carboxyl and hydroxyl groups on the sorbent surface [37]. 
As a result, MCGT-AC have a high capacity for cationic dye 
adsorption in an alkaline environment. Similar results have 
previously been reported [9]. Another result showed that the 
cationic dye removal adsorption rate increased greatly from 
pH 2 to 7 and hardly between pH 7 and 9. Another study 
[38] examined the impact of pH on the cationic dye adsorp-
tion by a number of ACs and discovered that when the 
beginning pH rose, the dye’s adsorption capacity increased.
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In section 2.6 of this paper, the zeta potential determi-
nation technique is discussed. As per analysis of the zeta 
potential, the estimated values for MCGT-AC and WH-AC 
were found to be 4.23 and 5.64, respectively.

A study revealed that WH-AC and MCGT-AC exhibited 
different surface electronegativities with the later having the 
higher electronegativity compared to the former one. This 
was ascribed to the carboxylic group’s hydrophobic alkyl 
end’s van der Waals force connection to the activated car-
bon’s nonpolar surface. To lessen the amount of dissociated 
H+, carboxylic groups were added to the AC surface along 
with oxygen-available functional groups including phenolic 
hydroxyl and carboxyl. Compared to WH-AC, MCGT-AC 
has a stronger electrostatic affinity and capacity for adsorp-
tion towards MG due to its higher electronegativity. Zeta 
potential study revealed that MG adsorption onto MCGT-AC 
was stable in a pH range of around 4.2–7.5.

The starting pH was used as a reference point for com-
puting the positive and negative ∆pH (pHf – pHi) values for 
the MCGT-AC composite. As per analysis, at an initial pH of 
5.5, (pHPZC = 5.5), pH was 0. As a result, when the solution pH 
is greater than 5.5, as mentioned in section 2.6 of this study, 
negative charge will predominate on the MCGT-AC surface 
complex, promoting the adsorption of cationic dye on the 
adsorbent surface [39,40]. A pH value of 6.5 was taken into 
consideration for future analysis based on the results of the 
pHPZC and zeta potential experiments.

3.4. Influence of contact time

Fig. 5 shows the relationship between dye adsorption 
rate against contact time and dye adsorption capacity against 
contact time for MG sorption onto MCGT-AC for three 
initial MG concentrations of 25, 50, and 75 mg/L.

Fig. 4 demonstrates how the removal effectiveness and 
adsorption capacity of MG onto MCGT-AC increased along 
with the rise in contact length, finally reaching a maximum 
value. There were two parts to the operation. Within 30 min 
of the sorption interaction, the relative adsorption equilib-
rium state was reached. This performance was caused by 

the interaction of MG dye molecules with the active basic 
group sites on the sorbent surface, and the high sorption 
capacity indicated that most of the functional groups on the 
MCGT-AC surface had been efficiently and completely occu-
pied by dye molecules. The dye absorption rate was first con-
trolled by the speed at which the dye was transported from 
the solution to the surface of the adsorbent particles. The 
second phase was the slow adsorption procedure (for inter-
action after 30 min). After 30 min of contact time, the relative 
increase in MG removal extent was negligible, and as time 
went on, the adsorption rate decreased until it eventually 
stabilized. The interaction between the MG dye molecules 
and the adsorption active sites led to the saturation of the 
functional groups of the MCGT-AC adsorbent. The process 
of dye particles moving from the MCGT-AC complex’s exte-
rior to interior pores controlled the dye adsorption mecha-
nism in the second phase [41]. Additionally, the adsorption 
equilibrium was achieved more quickly the lower the start-
ing dye concentration. The results mostly agreed with past 
studies on dye clearance rates [42]. An interaction period of 
120 min was taken into consideration for the experiments 
to determine the maximal adsorption capacity based on 
the association between contact duration and MG removal.

3.5. Influence of MCGT-AC dose

The dose of the adsorbent has a significant impact on the 
adsorption processes. Fig. 6 illustrates the examination of 
100 mL volumes for each of the three MG concentrations of 
25, 50, and 75 mg/L at a solution pH of 7.0, contact period of 
30 min, and temperature of 308 K with various adsorbent dos-
ages (5–100 mg). The results showed that as the MCGT-AC 
adsorbent dosage was increased, the dye removal percentage 
rose as well. When the dosage of the adsorbent was increased 
from 5 to 100 mg, the dye removal efficiency increased from 
26.2% to 87.5% at a dye concentration of 50 mg/L. This is 
because the larger dosage’s greater surface area provides 
more MG molecules with active sites to adsorb [43,44].

As the mass of adsorbents increased, more pores and 
adsorption sites were created, which led to an increase in 
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the removal rate of MG. When the adsorbent dosage was 
increased to a specific level, the adsorption rate would tend 
to approach equilibrium. With regard to dye removal per-
centages of 83.6%, 87.5%, and 93.4%, which correspond to 
initial MG concentrations of 25, 50, and 75 mg/L, the MG 
removal rate began to approach saturation at adsorbent 
masses of 35, 55, and 85 mg. The quantity of dye concen-
tration in the solution stays the same for any given dye 
concentration value even though we keep upping the 
adsorbent dosage. Because not enough dye molecules were 
present in the solution to occupy all of the potential active 
adsorptive sites at higher adsorbent dosages, saturation of 
adsorption occurred. In other words, equilibrium adsorp-
tion rate was reached, which suggests that as sorbent dose 
increased, adsorption capacity gradually decreased before 
the adsorption process stabilised.

3.6. Influence of initial MG concentration

The impact of different beginning dye concentrations 
(25, 50, 75, and 100 mg/L) on the removal of MG dye was 
examined using the same quantity of MCGT-AC (5–100 g) 
and adjusting the dye solution pH at 7. Adsorbent samples 
of 15 mg were added to a 100 mL dye solution and heated 
to 308 K for 120 min to complete the process. The test 
results are displayed in Table 3.

According to the results shown in Table 3, as the start-
ing dye concentration was increased from 25 to 100 mg/L, the 

sorption rate (percent) of MG by 15 mg of MCGT-AC adsor-
bent decreased from 96.7% to 53.2%, but at the same time, 
the equilibrium sorption capacity (qe) increased from 63.9 to 
171.3 mg/g for the same increase in dye dose. In fact, if we 
pay close attention, the highest adsorption capacity value 
of 169.8 mg/g was attained at an adsorbent dose of 75 mg/L. 
When we increased the MG dose further at 100 mg/L, total 
adsorbed dye molecule quantity may have been higher, but 
the rate of adsorption decreased to 167.3 mg/L. This suggests 
that dosage of 75 mg/L was optimal for adsorption of dye, 
which is proven by highest adsorption capacity.

The degree of dye removal decreased as the initial MG 
concentration increased due to a lack of accessible active sites 
under high concentration conditions of MG [45]. However, 
as the original MG concentration rose, so did the MG’s abil-
ity to adsorb onto MCGT-AC. Carboxylic modified func-
tional groups provided favourable ion exchange sites for the 
adsorption of MG ions. Activated carbon treated with NaOH 
and chloroacetic acid followed by attrition exhibits more 
positively charged adsorption sites and a sizable capacity to 
remove cationic dyes when compared to untreated AC [24].

3.7. Adsorption kinetics

For every sorbate–sorbent interaction, kinetic research 
is concerned with the reaction rate and reaction limiting 
phases. For the current dye adsorbent interaction system, 
kinetics was examined using five distinct models (viz. 
pseudo-first-order, pseudo-second-order, Elovich, modi-
fied Freundlich and intraparticle diffusion model) in order 
to investigate the closeness. The coefficient correlation (R2) 
value was used to evaluate the fit between actual data from 
experiments and computed data from different models. The 
better a model fits the real experimental data, the closer its R2 
values are to unity.

According to the pseudo-first-order kinetic model, 
adsorption is regulated by diffusion processes, and the rate 
of reaction is proportional to the number of ions still pres-
ent in the solution [33]. It is believed that the adsorption 
rate is connected to the discrepancy between the saturation 
concentration and the quantity of MCGT-AC that has been 
absorbed throughout time. The following equation displays 
the integral Eq. (3).

ln lnq q q k te t e�� � � � 1  (3)

where qe is the equilibrium dye adsorption quantity (mg/g), 
qt is the dye adsorption capacity at time intervals t (in mg/g), 
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Fig. 6. Influence of sorbent dose on dye removal (temp = 308 K, 
pH = 7.0 and time = 30 min).

Table 3
Dye concentration vs. percentage removal

Dye concentration (mg/L) MCGT-AC WH-AC

Adsorption 
percentage (%)

Adsorption 
capacity (mg/g)

Adsorption 
percentage (%)

Adsorption 
capacity (mg/g)

25 94.6 61.7 79.5 50.3
50 88.3 116.4 68.4 92.8
75 85.7 169.8 63.7 127.6
100 51.4 167.3 47.1 126.9
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and k1 is the adsorption rate constant (min–1). The rate con-
stant in this model was determined using the slope of the 
ln(qe – qt) plot over time (t). The calculated R2 values were 
between 0.845 and 0.969 (Table 4). Further evidence that the 
pseudo-first-order model failed to adequately explain the 
adsorption process came from the stark differences between 
the qe,exp and qe,cal values.

The rate of reaction for the sorbate–sorbent interac-
tion is equivalent to the concentration of the reactants 
under consideration, assuming that chemical adsorption 
is the dominating force, according to the kinetic model for 
pseudo-second-order rate of reaction indicated in Eq. (4).

t
q K q q

t
t e e

� �
1 1

2
2  (4)

where K2, which may be computed for different concentra-
tions using curves of t/qt vs. t, is the constant for reaction rate 
corresponding to second-order kinetic given as g/mg·min 
(Fig. 7a). All of the temperature studies that showed excel-
lent match for the experimental data had estimated cor-
relation coefficients (R2) in the range of 0.998 to 0.999. The 
experimental qe that differ from the calculated ones are listed 
in Table 4. Based on the results obtained using the pseudo- 
second-order kinetic model, it is obvious that the theoreti-
cal qe,cal and the experimental qe,exp were in good agreement, 
indicating the applicability of the model.

For any system, intraparticle diffusion proceeds inro 
two phases, in the first step, dye molecules shift from solu-
tion mix to the adsorbent surface, in the second phase, dye 
molecules diffuse into the internal pores [43]. To analyse 
influence of intraparticle diffusion, Weber–Morris model is 
used which may be expressed as in Eq. (5).

Q K t Ct i� �ip
1 2/  (5)

where Kip is the rate constant for intraparticle diffusion 
expressed as (mg/g·min1/2) and Ci is the constants for layer 
of boundary thickness with unit as mg/g, which may be 
determined from the plot of Qt vs. t1/2. Ci values can be 
obtained from the intercepts of the linear lines with the 
Y-axis, obtained for the plot. The constant Ci (80.9, 100.09, 
114.02) was observed to grow as the MG dye concentration 
increased, possibly due to a thickening of the boundary layer 
(Table 4). Greater intercept values of Ci suggested that at 
the early phases of the intraparticle diffusion, exterior dif-
fusion of the MG particles was controlling the adsorption. 
The early diffusion pattern also showed that the data fit-
ting the model do not pass through the origin, hinting that 
intraparticle diffusion wasn’t the sole mechanism involved 
in the sorption process and other sorption rates are also par-
ticipated in the sorption mechanism. However, the close-
ness of R2 values with unity indicates that the intraparticle 
model is having a role in the sorption process.

Eq. (6), which represents adsorption in a non-ideal con-
dition, was used to express the Elovich model for the pro-
cess. As per the model, adsorption process is split into two 
categories: quick adsorption and slow adsorption.

Q tt � � � � � �1 1
�

��
�

ln ln  (6)

where β is the desorption coefficient (mg/g) and α is the 
initial adsorption rate (mg/g·min). Qt vs. lnt is represented 
with a line with intercept value of 1/β ln(αβ) and slope 
value of 1/β. At MG concentrations of 25, 50, and 75 mg/L, 
the correlation coefficient (R2) was found to be 0.852, 0.981, 
and 0.985, respectively (Fig. 7c). For MG concentration 
of 25 mg/L, actual data from experimentations do not fit 
well with the calculated data from the models.

However, the fact that the experimental data were effec-
tively compared by the Elovich model at starting MG con-
centrations greater than 25 mg/L revealed that the intraparti-
cle diffusion mechanism was the rate-limiting phase, 
but not the only one [46,47].

Kuo–Lotse were the first to establish the modified 
Freundlich equation (1973). It is written as follows:

q kC tt
m= 0

1/  (7)

where qt represents the adsorbed dye quantity in mg/g for 
any given time t, k represents the constant for rate of reac-
tion for the sorption system in mg/g, C0 represents the dye 
concentration at the starting stage in mg/L, m represents 

Table 4
Kinetic parameters for different models

Model constants Concentration (mg/L)

25 50 75

qe,exp (mg/g)

182.9 216.4 251.6

Pseudo-first-order

qe,cal (mg/g) 91.4 108.2 143.1
KF (min–1) 0.0085 0.0149 0.0069
R2 (linear) 0.856 0.889 0.953

Pseudo-second-order

qe,cal (mg/g) 182.1 212.6 245.5
h (mg/g·min) 1.431 1.245 1.754
Ks (min–1) 0.582 0.541 0.483
R2 (linear) 0.999 0.998 0.998

Elovich model

β (g/mg) 7.562 6.224 6.864
a (mg/g·min) 8.23 × 105 0.476 2.97 × 108

t0 1.009 × 10–5 1.097 2.991 × 10–8

R2 (linear) 0.852 0.981 0.985

Modified Freundlich

m 0.437 0.361 0.253
k (dm3/g·min) 0.476 0.167 0.384
R2 (linear) 0.957 0.880 0.899

Intraparticle diffusion

Kip 3.78 4.56 4.89
Ci 80.9 100.09 114.02
R2 0.917 0.946 0.936
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the constant by Kuo–Lotse model. The modified Freundlich 
equation is written in linear form as:

ln ln lnq kC
m

tt � � � �0
1  (8)

Fig. 7d shows the constants determined for modified 
Freundlich model from the graph of lnqt vs lnt. Along with 
other kinetic constants, all the modified Freundlich model 
constants are presented using Table 4. Results suggest that 
experimental data do not fit this model well.

Kinetic analysis reveal that pseudo-second-order model 
fitted best with actual experimentation data and therefore 
sorption system was regulated by chemical adsorption 
phenomenon. In addition to intraparticle diffusion and 
micropore internal diffusion, adsorption mechanism was 
also supported by chemical sorption, where, electron inter-
action happened among the dye sorbate and MCGT-AC 
sorbent and subsequent exchange, release and acceptance 
of electrons occurred among them [48].

3.8. Isotherm analysis

To understand the sorbate–sorbent interaction nature 
of any adsorption system, fitting the experimental data 
with various models defining the equilibrium adsorption 
stage is of primary importance. To know, how the system 
reaches to its equilibrium capacity is of utmost importance 
to understand the underlying sorption mechanism of that 
particular system. Several such models are used in this 
study to understand the equilibrium data of the sorption 

process. The experimental equilibrium adsorption data 
for MG adsorption onto MCGT-AC was assessed using 
the Langmuir, Toth, Freundlich, Dubinin–Radushkevich, 
Temkin, Radke–Prausnitz and Redlich–Peterson isotherm 
models. Representative equations for the models are pre-
sented [49,50]:
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Dubinin-Radushkevich D R q q Ke m�� � � �,ln ln �2  (15)
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For surface of adsorbents with heterogeneity and irreg-
ular heat of adsorption distribution throughout the sur-
face, the Freundlich isotherm holds true. The Langmuir 
isotherm, on the other hand, posits that sorption occurs 
at homogenous locations and formation of monolayer on 
the adsorbent surface. The isotherms of Redlich–Peterson, 
Toth, and Radke–Prausnitz, on the other hand, may be used 
in both homogeneous as well as heterogeneous systems, 
whereas Dubinin–Radushkevich isotherm gives a fair idea 
about physical and/or chemical adsorption nature of the  
process.

Table 5 shows the various parameter values for the iso-
therms studied for MG dye adsorption onto MCGT-AC. 

Nonlinear regression analysis was used with Excel 2007’s 
solver-add-in tool to evaluate various parameters by using 
the experimental data into respective model equations.

In the Langmuir model, Ce is dye conc. in solution at 
equilibrium in mg/L, qe is adsorption capacity at equilib-
rium in mg/g, Langmuir constant is represented using 
qm in mg/g, b in L/mg signifies the rate of adsorption for 
Langmuir isotherm. The R2 value derived from the plot of 
Ce/qe vs. Ce was in the range of 0.998–0.999 (Table 5), demon-
strating that the adsorption process is well described 
using the Langmuir isotherm model (Fig. 8a). RL describes 
the feasibility of adsorption process, which can be 
expressed using Eq. (18) as [51]:

R
bCL � �
1

1 0

 (18)

where the starting dye concentration in the solution is rep-
resented using C0 (mg/L). The isotherm feasibility is deter-
mined from the value of RL, if condition is 0 < RL < 1, sorp-
tion is favourable, RL = 0 means irreversible process, not 
feasible if RL > 1 and linear when RL = 1. For the present 
analysis, the RL value of MG adsorption was in the range of 
0.324–0.421. It is indicative that the adsorption procedure 
was favourable (water paper). As per Langmuir modelling, 
maximum theoretical capacity of adsorption for MG onto 
MCGT-AC was evaluated to be 251.6 mg/g, whereas the 
same corresponding value for MG onto WH-AC was found 
to be 143.6 mg/g.

For Freundlich model, 1/n and KF values symbolizes 
sorption potential values. Greater the magnitude of 1/n, 
greater is the attraction and heterogeneity between the 
among adsorbent and adsorbate. Table 5 shows that KF 
values rise as temperature rises, suggesting increased dye 
absorption by MCGT-AC at elevated temperatures, at the 
same time suggesting that system adsorbed heat from the 
system supporting endothermic adsorption. The 1/n num-
bers represent the comparative energy site distribution 
and are dependent on the adsorption process’s kind and 
strength. Since 1/n < 1, MG dye is preferentially absorbed 
by MCGT-AC at all temperatures. The heat of dye adsorp-
tion onto MCGT-AC is linked to the Temkin constant (BT). 
In all circumstances, BT increases as the temperature rises. 
The sorbate sorbent interaction is accounted by the Temkin 
constant, KT. On the other hand, homogeneity and hetero-
geneity of the sorption system is analysed using the three 
parameters of the Redlich–Peterson model. Except at 298 K, 
for MG sorption, β = 1 suggests favourable adsorption at 
higher temperatures. The system’s heterogeneity is also 
represented by the Toth isotherm exponent (Th), which is 
generally lower than unity. As constant Th diverge away 
from unity, the adsorbent’s heterogenic nature rises, and as 
Th reaches unity, Toth model converges with the concept 
of Langmuir isotherms. Similarly, for Radke–Prausnitz 
model, as P-value approaches to unity, the same con-
verges with the concept of Langmuir model. Em (mean 
free energy) gives a fair idea about the sorption nature of 
the system, if Em value is within 8 kJ/mol, process will fol-
low physical adsorption. If the same value is determined 
to be in the range of 8 to 16 kJ/mol, the system is assumed 
to be being controlled by ion-exchange process and if the 

Table 5
Isotherm constants for Malachite green sorption onto MCGT-AC

Isotherm 
model

Constants Temperature, K

298 K 308 K 318 K

Langmuir

qm (mg/g) 187.8 221.5 251.6
b (L/mg) 4.245 6.915 7.412
RL 0.324 0.416 0.421
R2 0.998 0.999 0.999

Freundlich

KF (mg/g) 10.56 12.96 14.87
n 5.34 6.78 7.13
1/n 0.213 0.209 0.204
R2 0.976 0.979 0.978

Temkin
BT 0.292 0.324 0.379
KT (L/mg) 54.678 57.141 75.221
R2 0.974 0.973 0.973

Redlich– 
Peterson

aR (L/mg) 1 1 1
KR (L/mg) 3.827 3.215 3.977
β 0.971 1.003 1.002
R2 0.978 0.979 0.979

Toth

Th 0.958 0.968 0.965
qeinf (mg/g) 2.686 2.474 2.518
KTh (mg/L)Th 2.599 2.212 2.458
R2 0.963 0.956 0.957

Radke– 
Prausnitz

P 0.932 0.942 0.923
KRP (L/g) 9.250 4.262 4.462
Krp (mg/g)/(mg/L)1/P 1.531 1.690 1.774
R2 0.947 0.947 0.948

Dubinin– 
Radushkevich

qm 174.2 184.6 194.7
Em (kJ/mol) 33.41 46.42 50.18
K (mol2/J2) × 103 4.67 5.12 7.98
R2 0.984 0.985 0.987
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Em value evaluated, comes out in the range of 16 to 400 kJ/
mol, the system will follow chemical adsorption. Em values 
in the current system were 33.41, 46.42 and 50.18 kJ/mol at 
298, 308, and 318 K, indicating chemical adsorption.

The Langmuir, Dubinin–Radushkevich and Redlich–
Peterson models in order of their mention, all demonstrated 
their suitability for the experimental equilibrium data, with 
Langmuir equation showing closest proximity. Study of iso-
therms suggested that adsorbate–adsorbent interaction was 
a monolayer affair. On the other hand, proximity of second 
fitted Dubinin–Radushkevich model supported the feasibil-
ity of chemical adsorption. Carboxylic treatment followed 
by mechanical attrition on the MCGT-AC surface resulted 
in a homogenous pore distribution over the AC surface, 
resulting in homogeneous adsorption sites. From the results 
of the kinetic and isotherm investigations, inference can 
be drawn that adsorption mechanism of cationic dye onto 
MCGT-AC followed chemical monolayer adsorption.

3.9. Analysis of error function

A vast amount of data from the investigation of dye 
adsorption by MCGT-AC was evaluated on multiple lin-
earized models in order to find the best fit model. But due 
to the linearization inherent bias resulted and sets of dif-
ferent isotherm parameters were established using non-lin-
ear regression equations. Using the original form of the 
isotherm equation, this gives a mathematical approach for 
calculating the isotherm parameters. So, the optimization 
approach requires an error function to match the isotherm 
data to the experimental equilibrium data. Because the error 
function chosen has an impact on the parameters of the 
derived-error function, which is mostly based on absolute 
deviation bias, the data fits into a zone of high concentra-
tion. This weighting is increased even more when extreme 
errors are penalized by the square of the deviation. The bias 
can be counterbalanced by dividing the deviation with the 
help of a computed value to demonstrate the relevance of 
fractional deviation. Isotherm parameters were identified 
through the analysis of error function isotherms by minimiz-
ing the corresponding error functions over the concentration 
range using the Solver add-in for Microsoft Excel. This pro-
gram’s initialization is based on a clever guess parameter. 

In Microsoft Excel, an iterative procedure was started using 
the numbers obtained from the linearized version of the 
model. The following sections detail the various error 
functions. Error analysis data is presented using Table 6.

3.9.1. Sum of the absolute errors

The sum of the absolute error’s method can be given by 
the equation:

SAE cal� �
�
� q qe e ii

n

,exp ,
1

 (19)

where qe,exp is the adsorbate concentration that was adsorbed 
during the experiment, which was calculated from the 
concentration of equilibrium sorbate liquid phase, Ce was 
achieved experimentally, and qe,cal is the concentration of 
theoretical solid phase of sorbate that was adsorbed onto 
the sorbent, which was calculated using one of the isotherm 
equations. The data of the error function is raised by bias-
sing the fit towards the zone of high concentration, which 
is done by using error functions to determine isotherm 
parameters.

3.9.2. Sum of squared errors

The sum of squared errors (SSE) method can be written 
as follows:

SSE cal exp� �� �
�
� q qe e ii

n

, ,

2

1
 (20)

As the square of the amount of error grows, the iso-
therm parameters computed using this error function give 
a better fit, resulting in a biassing of fit towards data gath-
ered at the upper end of the concentration range. Despite 
being the most often used error function, the error function 
has a number of drawbacks.

3.9.3. Hybrid fractional error function

The sum of the square of the error is divided by the 
measured value to best suit the sum of the square of the 
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error at a very low concentration. Porter et al. created 
an error function to achieve this better match. In the iso-
therm equation, it also employs the number of data points 
minus the number of parameters (n–p) and the number of 
degrees of freedom of the system as a divisor. It is written as  
follows:

HYBRID cal�
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�
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�

�
�
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�100
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q q
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e e

e i
i

n
,exp ,

,exp
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3.9.4. Marquardt’s percent standard deviation

It is represented as:
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This error function has already been used by a lot of 
scholars in this field. It is similar to the geometric mean 
error distribution, which improves as the number of 
degrees of freedom of the system increases.

3.9.5. Average relative error

The average relative error (ARE) function is calculated 
as follows:
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Throughout the concentration range, this error func-
tion strives to maintain the fractional error distribution as 
minimal as feasible.

3.9.6. Chi-square (χ2) test

�2
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e e

e cal

,exp ,

,

cal  (24)

For each squared difference, Chi-square is the sum of 
the squares of the differences between experimental data 
and data created from models, divided by the comparable 
data produced from models. When comparing the fitness of 
isotherms, the lowest values of χ2 are used in error analysis 
and the greatest values of R2 are used when evaluating the 
fitness of isotherms. Table 6 demonstrates that the hybrid 
fractional error values are the lowest when compared to 
other error functions. The applicability of isotherms for 
the current investigation, based on the inference of values 
for error functions (Table 6) and correlation coefficients 
values for isotherms (Table 5) is determined in the follow-
ing order: Langmuir > Dubinin–Radushkevich > Redlich–
Peterson > Freundlich > Radke–Prausnitz > Toth > Temkin.

As per the fitness, three of the best-fit isotherms 
(Langmuir and Dubinin–Radushkevich) are shown using 
Fig. 8a and b, respectively. For Langmuir model, the curve 
is plotted between Ce/qe and Ce, for Dubinin–Radushkevich 
model, plot was drawn between lnqe and ε2.

3.10. Influence of temperature and thermodynamics parameters

Three distinct MG dye concentrations (25, 50, and 
75 mg/L) were tested at different temperatures (298, 308, 

Table 6
Error functions for Malachite green sorption onto MCGT-AC

Isotherm Error 
functions

Temperature

293 303 313

Langmuir

SAE 0.293 0.252 0.241
SSE 0.018 0.015 0.013
HYBRID 1.381 0.891 0.887
MPSD 3.424 3.746 3.587
ARE 3.642 2.879 2.471
χ2 0.005 0.006 0.006

Freundlich

SAE 0.248 0.347 0.378
SSE 0.054 0.035 0.047
HYBRID 1.675 0.008 –0.024
MPSD 4.781 6.645 6.742
ARE 2.997 3.745 4.014
χ2 0.017 0.024 0.075

Temkin

SAE 0.247 0.279 0.279
SSE 0.017 0.026 0.028
HYBRID –0.245 –0.324 –0.279
MPSD 4.371 5.472 5.875
ARE 2.745 2.579 3.478
χ2 0.008 0.014 0.017

Redlich–Peterson

SAE 0.245 0.257 0.278
SSE 0.012 0.014 0.013
HYBRID –0.214 –0.113 –0.152
MPSD 3.984 4.254 3.124
ARE 2.278 2.314 2.007
χ2 0.008 0.009 0.009

Toth

SAE 0.234 0.245 0.241
SSE 0.013 0.014 0.012
HYBRID –0.124 –0.134 –0.213
MPSD 4.523 4.278 3.124
ARE 2.642 2.548 2.354
χ2 0.009 0.009 0.014

Radke–Prausnitz

SAE 0.254 0.423 0.246
SSE 0.014 0.086 0.024
HYBRID –3.245 –3.423 –0.247
MPSD 4.785 6.245 5.247
ARE 3.124 5.247 2.578
χ2 0.014 0.024 0.013

Dubinin–Radushkevich

SAE 0.124 0.243 0.238
SSE 0.011 0.013 0.012
HYBRID –0.217 –0.115 0.175
MPSD 4.017 4.245 3.241
ARE 2.195 2.297 2.010
χ2 0.008 0.008 0.009
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and 318 K), and the results revealed that MG adsorption 
onto MCGT-AC increased with increasing temperature 
suggesting endothermic nature of the adsorption process. 
The ability to dissolve in solution, thermal movement and 
chemical reactivity of dye molecules increased as tempera-
ture rose [52]. Furthermore, it was shown that structure of 
pores of AC is closely associated with temperature. As the 
temperature rose, the size of the pore and quantity of active 
adsorptive sites of AC expanded due to aided thermal move-
ment. As a result of these factors, sorbate–sorbent interac-
tion increased and consequent enhanced removal of dye 
onto modified adsorbent with rise in temperature.

In thermodynamics study, effect of temperature and 
mechanism influencing the sorption process were also dis-
cussed. The thermodynamics of MCGT-AC adsorption were 
explored from an energy viewpoint. The adsorption ther-
modynamics technique was utilized to study the adsorp-
tion driving force and determine if the adsorption process 
was spontaneous or not. The thermodynamic formulas 
described in Eqs. (25)–(28) are used to calculate change in 
entropy (ΔS), change in enthalpy (ΔH) and change in free 
energy (ΔG) [53]:

�G RT KC� � ln  (25)

K
q
CC
e

e

=  (26)

lnK S
R

H
RTC � �

� �  (27)

� � �G H T S� �  (28)

where temperature in K is presented using T, R stands for 
universal gas constant (8.314 J/mol·K), and KC is for ther-
modynamic constant. ΔS, ΔH and ΔG stand for change 
in entropy in kJ/mol·K, change in enthalpy in kJ/mol and 
change in Gibbs free energy in kJ/mol, respectively. Van’t 
Hoff’s plot (lnKC vs. 1/T) was used to calculate ΔH and ΔS 
values, which are presented using Table 7.

The negative ΔG values, as shown in Table 7, proved 
the spontaneous and feasible nature of MG sorption onto 
MCGT-AC [54]. The drop in ΔG values as temperature rose 
suggested adsorption was favourable at elevated tempera-
ture [55,56]. At three starting dye concentrations (Table 7), 
evaluated positive ΔH values of 6.59, 10.57, and 13.45 kJ/
mol for corresponding temperatures of 298, 308 and 318 K 
supported the hypothesis of endothermic nature of the 
system [57]. For the discussed dye concentrations, positive 
ΔS values of 0.087, 0.095, and 0.098 kJ/mol·K at 25, 50 and 
75 mg/L, were observed suggesting the system was more 
disordered at equilibrium after adsorption compared to ini-
tial stage supporting high adsorption of dye. Positive values 
of ΔS suggested that higher disorder ness of the adsorption 
system at higher temperature indicating higher sorbent–
sorbate interaction which suggests successful and effective 
sorption of dye onto modified adsorbent [7].

3.11. Determination of activation energy

Adsorption is possible in a adsorbate–adsorbent inter-
action if adsorbate particles meet on the surface of the 
adsorbent with a minimum energy in a specific direction. 
The adsorbate particle must pass the energy wall present 
on the adsorbent’s surface in order for adsorption to occur. 
That minimum energy which is required to overcome all 
the interventions for successful adsorption can be defined 
as activation energy (Ea). For any sorption system, if the 
energy of activation comes out to be within 40 kJ/mol, the 
system will be controlled by physical adsorption, and if Ea 
value evaluated is >40 kJ/mol, the process will be under the 
control of chemical adsorption [17]. An empirical relation is 
given by Arrhenius for this energy:

K Aep
E RTa

2 �
� /  (29)

where Kp2 is the constant for rate of adsorption, ideal gas 
constant is presented using R, constant of proportionality is 
presented with A that changes according to process, energy 
for activation is given using Ea, and temperature in K is 
represented using T.

Applying operation of natural log (at the base e) 
both the side of Eq. (29) gives the linearized form of the 
Arrhenius relation as:

ln lnK A
E
RTp
a

2 � �  (30)

By plotting the curve of lnKp2 vs. 1/T, Ea of the system 
is found out. In relation to Eq. (30), (–Ea/R) value is deter-
mined using the linear plot derived from the linearized form 
of the Arrhenius equation. The maximum Ea value evaluated 
for the system is 51.36 kJ/mol, indicating that the process 
for the present analysis favours chemical adsorption.

3.12. Isosteric heat of adsorption

For a uniform rate of surface coverage of adsorbent 
with the adsorbate particles, a heat is generated during 
adsorbate–adsorbent interaction which may be expressed 
as isosteric hear for the adsorption process. Clausius–
Clapeyron equation can be used to compute the same as:

Table 7
Thermodynamic parameters for Malachite green removal onto 
MCGT-AC

Thermodynamic parameters

Dye conc. 
(mg/L)

Temperature 
(K)

ΔG 
(kJ/mol)

ΔS 
(kJ/mol·K)

ΔH 
(kJ/mol)

25
298 –9.24

0.087 6.59308 –11.67
318 –12.68

50
298 –8.43

0.095 10.57308 –9.36
318 –10.12

75
298 –5.72

0.098 13.45308 –6.34
318 –6.92
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where concentration of the adsorbate at equilibrium is pre-
sented using Ce in mg/L, ΔHx denotes for isosteric heat of 
adsorption (kJ/mol), ideal gas constant value (8.314 J/mol·K) 
given by R, and T is the absolute temperature in K. Eq. (31) 
yields the adsorption isostere in the form of a straight line, 
and the value of (–ΔHx/R) is derived from the plot of lnCe 
and 1/T. At constant surface loading (SL), the best fitted 
isotherm model gives the value of Ce. For SL of constant 
rate, Ce values were obtained from the best fitted isotherm 
model as per section 3.9 and 3.10 of this article. Accordingly, 
Ce values were calculated from the Langmuir isotherm for 
the process and were considered for isosteric heat analysis. 
Study was conducted for four different surface loadings 
viz. 10, 12, 14 and 16 mg/g at 298, 308 and 318 K. Result 
for the same is shown using Fig. 9.

The temperature and the SL are the main factors on 
which ΔHx depends. The system behaviour is assumed to 
be endothermic if isosteric heat for the system rises with rise 
in temperature. Similarly, if ΔHx reduces with declination in 
temperature system behaviour is predominantly exothermic. 
If adsorbent surface is homogeneous then ΔHx is indepen-
dent of the surface loading and will be constant. But if ΔHx 
changes with SL, then the sorbent surface is energetically 
non homogenous which favours adsorption suggesting high 
lateral affinity among adsorbate molecules. Low magnitude 
of ΔHx is result of predominance of adsorbate–adsorbate 
interaction whereas higher ΔHx value is due to predomi-
nance of adsorbent–adsorbate interaction. A comparison of 
isosteric heat vs temperature showed increase in isosteric 
heat against increased temperature supporting endother-
mic characteristic of the system which is in synchronization 
with the thermodynamic studies done for this research.

3.13. Regeneration studies

Eluents such as dilute HCl and dilute NaOH and 
room temperature were being considered to regenerate 
the used MCGT-AC. Table 8 shows the desorption results 
for MCGT-AC regeneration with 1.0 M NaOH and ini-
tial dye concentration of 10 mg/L, for which sorption 

capacity reduced from 95.7% to 48.6% at 6th regeneration 
cycle. Table 9 illustrates the similar results for varied HCl 
and NaOH concentrations (ranging from 0.2 to 1.0 M). 
Observations revealed that NaOH with 1.0 M concentration 
reflected highest regeneration ability, any high concentra-
tion value of NaOH was showing detrimental regeneration 
effect possibly due to residual OH– on the MCGT-AC or 
adsorbent structure degradation. As a result, a solution with 
1.0 M NaOH concentration was considered for regeneration  
analysis.

3.14. Analysis of chemical oxygen demand

For the analysis of chemical oxygen demand (COD), 
COD digester system was turned on and a temperature of 
150°C was set. Such 10 digester tubes were considered and 
each of the tubes were fed with 50 mL of sample with MG 
dye concentration of 50 mg/L. They were added with mer-
curic sulphate and standard K2CR2O7 (potassium dichro-
mate, strength 0.125 N). After that, the tubes were placed in 
a plastic tray and allowed to cool before being filled with 
50 mL of sulphuric acid reagent. The sulfuric acid reagent 
was slowly introduced. The solution was then thoroughly 
blended. The tubes were stored in a COD digester after the 
material was mixed. The air condensers were placed into the 
tubes, and the reflux of the mixture was set for 90 min. The 
air condensers were then removed from the tubes, as well 
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Fig. 9. Relation between ln(Ce) vs. 1/T for Malachite green 
adsorption onto MCGT-AC.

Table 8
MCGT-AC recycle-regeneration data using 1.0 M NaOH

No. of 
cycles

Residual concentration 
(mg/L)

Malachite green 
removal (%)

1st 0.12 95.7
2nd 0.79 88.2
3rd 1.77 79.5
4th 2.89 69.9
5th 3.34 60.3
6th 4.67 48.6

Table 9
Adsorption capacity and % adsorption by using different 
conc. of NaOH and HCl for MCGT-AC regeneration

Eluent Concentration 
(M)

Ce 
(mg/L)

% Adsorption qe 
(mg/g)

HCl

0.2 4.67 48.3 1.21
0.4 4.12 55.2 1.68
0.6 3.34 69.5 1.43
0.8 2.56 71.6 1.95
1.0 1.45 80.4 1.78

NaOH

0.2 3.49 63.3 1.89
0.4 3.12 69.5 1.37
0.6 2.54 73.6 1.58
0.8 1.68 79.4 2.85
1.0 0.75 95.7 2.47
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as the tubes from the COD digester, and the COD digester 
was allowed to cool to room temperature. Titration against 
0.1 M ferrous ammonium sulphate solution with 1–2 drops 
of Ferroin indicator was used to measure the COD value 
(Assam State Pollution Control Board Manual). The test 
was conducted using a COD block digesting system (Model 
Pelican Kelplus-08L CAC). The COD value (in mg/L) was 
determined as follows:

COD in mg
L

blank sample
volume of sample

�

�
�

�

�
� �

�� �� �0 1 8000.
 (32)

Observations (not mentioned) revealed that before 
adsorption, COD value of sample solution was at 143.48 mg/L 
and the same has reduced to 44.67 mg/L after adsorption. 
Hence it is conclusive that, before adsorption due to pres-
ence of higher initial concentrations of MG dye, the COD 
value of the water solution was higher and as the solution 
was subjected to adsorption, dye concentration of the solu-
tion reduced and eventually the COD value of the solu-
tion came down. It also indicates that due to addition of 
MCGT-AC in the solution any increase in the COD value of 
the solution was insignificant, hinting that MCGT-AC was 
stable in water solution and was not releasing any chemical 
into the solution. The reduced COD value of the solution 
after the adsorption process and the removal of dye indicates 
the fitness of the MCGT-AC as an efficient adsorbent for 
the removal of MG dye from modelled dye solution.

3.15. Adsorption of MG onto MCGT-AC using real water samples

Table 10 shows the MG adsorption rate onto MCGT-AC 
using three distinct actual samples of water: wastewater, 
water from daily used tap and raw water. Faucets of labo-
ratory were considered for collecting tap water, water from 
Gaurang River in Kokrajhar, Assam, India was considered 
as raw water and the wastewater sample was taken from 
an unnamed drain on the CITK campus. In 100.0 mL water 
samples, a specified quantity of MG dye was added to 

produce concentrations of 25, 50 and 75 mg/L. Experiments 
were conducted for 30 min and with a solution pH of 6.5. 
For reference, distilled water sample was used. According 
to the results, in comparison to modelling dye wastewater, 
the adsorption rate of MG by MCGT-AC in actual water 
samples was marginally enhanced.

4. Conclusion

Water hyacinth-derived activated carbon (AC) is effec-
tively carboxylated with the help of sodium hydroxide, an 
organochlorine chemical, and mechanical attrition. The 
ability to adsorb substances is significantly influenced by 
changes in temperature, initial dye content, sorbent dose, 
pH, and interaction duration. Due to the addition of car-
boxyl, hydroxyl, and other active functional groups on the 
AC after surface alteration, MCGT-AC exhibits high adsorp-
tive elimination of dye. The carboxylic group treatment of 
the activated carbon can also be credited with the creation 
of carbonate groups on the MCGT-AC surface as well as the 
generation of other basic groups that are comparable to car-
bonates. Due to the group’s strong affinity for acid conjugate 
bases, good dispersion properties, and high magnitude of 
hydrophobic functional group rate for comparable amount 
of adsorbent, carboxylic group modified AC was found to be 
beneficial in removing cationic dye. The sorption of MG onto 
sorbent was verified by analysis using BET, XRD, ESEM, 
XEDS, FTIR, and HR-TEM. The analysis of zeta potential 
and pHPZC provided a good indication of the sample solu-
tion’s favourable and steady pH. Analysis of the pH range 
(2–9) showed that the rate at which colour was removed by 
the sorbent grew as pH rose. A higher temperature was val-
idated for the spectrum of MG removal using MCGT-AC. 
(298–318 K). The pseudo-second-order kinetic model demon-
strated the greatest agreement with the experimental results 
for the rate of the adsorption reaction. Error analysis and 
data comparison with isotherm models indicated that the 
Langmuir equation provided acceptable fit. Thermodynamic 
analysis indicated that adsorption was endothermic, with 
chemisorption (Ea = 51.36 kJ/mol) being the main contrib-
utor. The column analysis that supported the Langmuir 
model research found the Thomas model to be appropri-
ate. Thermodynamic and temperature studies agreed with 
isosteric heat analysis. According to research on the sorption 
of MG onto MCGT-AC, carboxylic groups added to the sur-
face of activated carbon significantly improve its capacity 
for adsorption. In conclusion, it was determined that AC 
modification using the methods covered in this paper is 
a viable study option for cationic dye sorption and can be 
effectively used for dye treatment of effluents containing dye  
pollutants.
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