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Abstract
The textile industry produces huge amounts of wastewaters containing synthetic and toxic dyes. The aim of this study was 
to evaluate the adsorption of Malachite green (MG) onto Activated Carbon from Walnut Shells (ACWS) realized in a batch 
system. The effects of contact time, initial pH, stirring speed, particle size, temperature, adsorbent dose, and initial MG con-
centration on the adsorption capacity were investigated graphically for determining optimum conditions. The experimental 
isotherm data were analyzed by the Langmuir, Freundlich, Temkin, and Elovich models. The adsorption follows well the 
Langmuir equation, providing a better fit of the equilibrium adsorption data. Under optimized conditions, up to 154.56 mg/g 
at 25 °C and 370.37 mg/g at 45 °C were removed from the solution. The adsorption mechanism of MG onto ACWS was 
studied using the first-pseudo-order, second-pseudo-order, Elovich and Webber–Morris diffusion models. The adsorptions’ 
kinetic was found to follow rather a pseudo-second-order kinetic with a determination coefficient (R2) of 0.999. The adsorp-
tion isotherms at different temperatures have been used for the determination of thermodynamic parameters, i.e., the free 
energy ΔGo (0.802 to − 2.123 kJ/mol), positive enthalpy change ΔHo(18.547 kJ/mol), entropy (ΔSo = 0.064 kJ/molK), and 
activation energy (Ea = 14.813 kJ/mol). The negative ΔGo and positive ΔHo values indicate that the overall MG adsorption 
is spontaneous and endothermic.

Keywords Adsorption · Thermodynamic · Walnut shells · Malachite green · Modeling

1 Introduction

Several industrial segments stand out in the environmental 
scenario as major polluters, with a strong emphasis on the 
textile sector due to the volume of effluents generated, char-
acterized by the heavily colored synthetic dyes, which do 
not fully bind to the fiber during the dyeing process [1]. The 
widespread use of synthetic dyes in the dyeing and textile 
industries has resulted in serious problems for human health 
and aquatic life worldwide due to the mutagenic, carcino-
genic, and toxic properties of the dyes and their potential 
to contaminate water resources. Colored wastewaters arise 
as a direct result of the dyes production. Indeed, many dyes 
and their break-down products are toxic for living organ-
isms, particularly heavy metals [2–5] and dyes. Therefore, 
the discoloration of malachite green (MG) is an important 
aspect for the water pretreatment before the discharge in the 
aquatic environment. The presence of dyes in the effluents 
affects aesthetics, water transparency, and gas solubility in 
water bodies, reducing the capacity of water to regenerate 
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due to the lower sunlight penetration and consequent altera-
tion of photosynthesis. Dyes can also cause allergy, derma-
titis, and skin irritation, and some of them have also car-
cinogenic and mutagenic effects. Taking into account the 
volume released and the combustion of effluents, wastewater 
from the textile industry is classified as the most polluting 
of all industrial sectors. Their presence, even at very low 
concentrations, is visible and undesirable and may dramati-
cally affect the photosynthetic activity of the aquatic life due 
to reduced light flux. Malachite green, the basic dye, is used 
for coloring purposes, among all other dyes in its class [6]. 
MG is commonly used for the dying of cotton, silk, paper, 
leather, manufacturing of paints, and printing inks. It is a 
toxic chemical and largely used to treat parasites, fungal 
infections, and bacterial infections in fish [7]. Despite its 
extensive use, MG is a highly controversial compound due to 
its reported toxic properties, known to cause carcinogenesis, 
mutagenesis, and respiratory toxicity [8]; it is hazardous and 
must be removed before discharge into receiving systems to 
prevent the environmental pollution. In this respect, adsorp-
tion is regarded as an economical and effective technique for 
the elimination of aqueous organic and inorganic pollutants 
from a variety of sources [9–14]. In contrast with other con-
ventional treatments, such as reverse osmosis, ion exchange, 
electro-deposition, and precipitation, the adsorption offers 
the advantages of cost-effectiveness, high operational flex-
ibility, low maintenance, simple operation, and high effi-
ciency. Moreover, it provides an attractive alternative, espe-
cially if the adsorbent is readily available. It consists of a 
mass transfer operation, in which the compounds in a fluid 
phase are transferred to a solid phase. The adsorbed compo-
nents are generally concentrated on the outer surface. The 
greater the surface area per unit mass of the solid, the more 
favorable the adsorption will be, and thus, the adsorbents are 
generally porous solids. Therefore, many researchers have 
studied the feasibility of low cost and abundant substances 
used for the synthesis of activated carbon. This has prompted 
a growing research interest in the production of activated 
carbons from renewable and cheaper precursors which are 
mainly industrial and agricultural by-products, for the water 
treatment. However, the commercial activated carbons are 
relatively expensive, and their production and regeneration 

cost constitute limiting factors. Some adsorbents, such as 
pomegranate peels [15], activated carbon [16, 17], soil, 
ground shrimp skeleton, ground oyster Shell, photocata-
lyst  TiO2 [18, 19], apricot stone [20], medlar nucleus [21], 
micro-algae [22], lingo cellulosic materials [23], polymeric 
nano composites [24], chitosan [25], peanut shell [26], and 
almond shell (Prunus dulcis) [27], were used for the dyes 
removal. To this end, the present study aims to examine the 
adsorption capacity of activated carbon prepared from wal-
nut shells (ACWS) for the adsorption of malachite green. 
ACWS has been characterized by the different methods for 
the determination of the physicochemical characteristics 
and the effect of specified process variables like the initial 
pH of the solution, contact time, dose of adsorbent, stirring 
speed, and particle size of the solution. Adsorbent, pollutant 
concentration, and temperature have also been elucidated. 
Likewise, the experimental data generated were subjected 
to equilibrium and linear regression kinetics modeling and 
validated using a statistical error model.

2  Experimental

2.1  Materials and Methods

Analytical grade reagents were used in all experiments. 
Basic dye, Malachite Green (MG) was purchased from Bio-
chem (Chemopharma) Company; its chemical and physi-
cal properties are gathered in Table 1. Malachite green 
dye, basic green, IUPAC name 4, [4-[[4-(Dimethylamino)
phenyl]-phenylmethylidene]cyclohexa-2,5-dien-1-ylidene]-
dimethylazanium; 2-hydroxy-2-oxoacetate; oxalic acid, 
C.I. 42,000; used as an adsorbate, chemical formula, 
 C54H54N4O12, molecular weight, 927.00 g/mol and a maxi-
mum absorption (λmax = 618 nm). A stock MG solution was 
prepared by dissolving 1gin 1L of distilled water and a cali-
bration graph was constructed at λmax using a UV spectro-
photometer. Walnut shells used in this work come from the 
Souk Ahras region located east of Algiers, they were washed 
several times with tap water to remove dust and distilled 
water, and the shells are dried at 110 °C for 24 h and ground 
until obtaining particle sizes between 0.6 and 1 mm.The 

Table 1  Characteristics of the 
malachite green

Properties Structural formula
Brute formula C H N O

54 54 4   12

Molecular weight (g/mol)
Composition (%)

927.00
C: 69.90, H: 5.83
O: 20.72, N: 6.04

Wavenumber λmax

Name

Green
Malachite green

(nm) 618
CI 42000
Basic
·
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dried precursor was activated with  ZnCl2 (Biochem-Chem-
opharma, 98%) in a mass ratio (1/1); 5 ml of distilled water 
were added. The impregnate reached the interior of the par-
ticle through its natural channels producing hydrolysis reac-
tion of the organic matter [28, 29]. The mixture was impreg-
nated for 48 h under stirring for good homogenization. Then, 
it was treated in a muffle furnace (Wise Therm) under the 
conditions: T = 450 °C, t = 30 min and a heating gradient of 
10 °C/min. ACWS was washed with HCl solution (0.1N) for 
2 h under stirring, followed by distilled water until pH 6.9 
and negative test with  Ag+solution. The activated carbon 
was dried in an oven at 110 °C for 48 h and introduced in a 
desiccator for 48 h to remove all traces of moisture and to 
sift using Afnor type sieves to finally obtain different particle 
sizes: (0.045–1 mm) stored in closed bottles.

The chemical analysis was performed by the X-ray flu-
orescence (XRF) using Horiba XRF. To observe the sur-
face structure of the prepared ACWS before and after MG 
adsorption, scanning electron micrographs (SEM) were 
taken with different resolutions thanks to a Scanning Elec-
tron Microscope FEI model quantum 650, W.

The IR spectrums were plotted with (ATR mode) using 
IS50 FTIR Nicolet thermo scientific using diamond crystal; 
the samples were scanned in the range (4000–500  cm−1) 
without further preparation.

2.2  Adsorption Experiments

The effects of the initial MG concentration  (Co) 
(30–150  mg/l), solution pH (2–10), adsorbent dose 
(0.1–1.2 g/l), agitation speed (150–450 rpm), and tempera-
ture (298–318 K) on the MG adsorption were studied in 
batch mode between 0 and 60 min. For the kinetic studies, 
desired quantities of ACWS were contacted with 10 ml of 
MG solutions in Erlenmeyer flasks and placed on a rotary 
shaker at 400 rpm; the aliquots were taken at regular time 
intervals and vigorously centrifuged (6000 rpm, 15 min) to 
separate the solid phases from the liquid. The remaining 
MG concentration was titrated with a UV–visible spectro-
photometer (Perkin Elmer model 550S) at λmax (= 618 nm) 
and deduced by linear interpolation. The adsorbed quantity 
qt (mg/g) and the percentage of MG elimination Rt (%) by 
ACWS were calculated from the following equations: 

Co is the MG initial concentration and Ct is the MG con-
centrations (mg/l) at time (t), V the volume of solution (l), 
and m the mass of ACWS (g).

(1)qt =

(

C0 − Ct

)

∙ V

m

(2)Rt =

(

C0 − Ct

)

∙ 100

C0

2.3  Error Function

For non-linear regression, the determination coefficient 
(R2) is insufficient for evaluating the fit goodness. Thus, the 
application of error models, the Sum of Error Squares (SSE), 
and Chi-Squares (X2) test [Eqs. (3) and (4)], respectively, are 
used as criteria for the quality of fitting

where qe(exp) (mg/g) is the experimental uptake, qe(cal) the 
calculated uptake (mg/g), and N the number of experimental 
observations (the number of data points). The smaller values 
of SSE and X2 indicate the better fitting [30, 31].

3  Results and Discussion

3.1  Characterization of the Prepared Activated 
Carbon (ACWS)

3.1.1  Analyses of the ACWC Composition

The X-ray fluorescence (XRF) was performed to determine 
the chemical composition of the adsorbent. Table 2 shows 
the content of chemical elements present in ACWS and the 
main mineralogical constituents are silica and alumina, thus-
confirming the presence of Si, Al, Mg, Fe, K, P, S, O, Ca, 
and C. These results corroborate the XRF analysis, which 
confirm the presence of these elements in the oxides but in 
very low ratio:  SiO2,  Al2O3,  Fe2O3, MgO,  Na2O, CaO,  K2O, 
and  TiO2. The percentage of inorganic elements (0.44%) 
indicates that carbon is the major element of activated car-
bon (99.60%).

(3)SSE =
1

N

N
∑

n=1

(

qecal − qeexp
)2

(4)X2 =

N
∑

1

(qeexp − qecal)
2

qe,cal

Table 2  Physicochemical characteristics of walnut shells activated by 
 ZnCl2(ACWS)

Carbonization Temperature (oC)
Time, (min)

450
30

Rate of ash (%) FX analysis
Experimental

0.40
0.50

Organic matter (%) FX analysis
Experimental

99.60
99.50

 pHPZC 4.05
Humidity (%) 7.7
Water content (%) 8.34
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3.1.2  Analyses of the ACWC Surface Morphology

The SEM micrographs of ACWS before and after adsorp-
tion are shown in Fig. 1; the prepared ACWS presents a 
microporous structure with different pore diameters with a 
rough surface and many protrusions. After adsorption, the 
ACWS surface became smoother where the roughness was 
considerably reduced with less visible pores, indicating an 
adsorption on both the surface and within pores. The SEM 
images reveal that the outer surfaces of ACWS are full of 
more or less homogeneous cavities of different sizes and 
shapes. These cavities differ from carbon to carbon in the 
reaction of the activating agent. These cavities are the exter-
nal pores and represent the main channels to access the inter-
nal surface (micro-pores and mesopores) of the activated 
carbon. The higher magnification clearly shows that the 
adsorbent surface contains a considerable number of pores 
with a probability for the MG molecules to be adsorbed 
inside these pores. 3.1.3  Analyses of the ACWC Surface Chemical

The raw material (a), activated carbon (b),and ACWS 
occupied by the MG molecules (c)were characterized by 
the infrared spectroscopy (Fig. 2). The band centered at 

Fig. 1  Microscopic observation of the adsorbent before and after MG adsorption

Fig. 2  IR spectrum of the Walnut Schell WS (a) activated ACWS (b) 
and after adsorption of the MG (c) 



1071Fibers and Polymers (2023) 24:1067–1081 

1 3

3369  cm−1is attributed to both O–H-stretching vibration of 
alcohol and acidic groups (b,c); it is also ascribed to O–H 
stretching of the raw material (a). The bands 3018, 2920, 
and 2856  cm−1 are attributed to C–H symmetric and asym-
metric stretching vibration modes [32].The bands 1572 
and 1440  cm−1 are attributed to C=C aromatic stretching 
vibration with a higher intensity compared to (b), indicat-
ing the MG adsorption. The peak 1349  cm−1, attributed to 
C–N stretching for the spectrum (c), also confirms the dye 
adsorption. The bands centered at 1230 and 1035  cm−1are 
attributed to C–O-stretching vibrations in alcohols, phenols, 
or ether groups, while the peak 1158  cm−1 (b,c) is assigned 
to the C–O-stretching vibration, due to the presence of car-
boxyl groups [33]. The peaks 818 and 884  cm−1 ascribed to 
C–H deformation bands of aromatic cycles, while the alkyl 
group deformation corresponds to 689  cm−1 739  cm−1, with 
a high intensity in the case of MG adsorption onto ACWS.

3.2  Studies of the Effect of Process Variables

3.2.1  Effect of ACWS Size

In the first step of batch adsorption on ACWS, the effect 
of grain sizes on the MG uptake is examined. Figure 3 
shows that the change in the adsorbed amount in the range 
(0.045–0.6  nm) is nearly constant, while a significant 
decrease is observed for the particle sizes in the range 
(0.6–1.0 nm). As expected, the best performance occurs with 
small sizes (0.045–0.075 nm) which produce a large surface 
area, resulting in a high MG removal capacity and removal 
efficiency. Therefore, this range was used in all adsorption 
experiments.

3.2.2  Point of Zero Charge  (pHpzc) and Effect of pH

The pH effect on the MG adsorption onto ACWS can be 
explained from the zero point charge (pHpzc), and the surface 
functions of the material have a significant influence on the 
adsorption performance [34]. The basic or acidic nature of 
the adsorbent surface governs its retention capacity vis-à-
vis to the pollutant. However, the character and chemical 
properties of adsorbent are directly linked to the nature of 
the functional groups located on its surface. The surface 
charge of the adsorbent, resulting from the acid–base equi-
librium, depends on both the pH and ionic strength of the 
solution with which the material is in contact. This charge 
can be positive or negative depending on the environmental 
conditions.

Therefore, an important feature of the surface is the deter-
mination of pHpzc (= 4.02) (Fig. 4) by drift method which 
defines the pH for which the surface charge, linked to the 
exchange of protons, cancels out; pHpzc characterizes the 
acidity or alkalinity of the surface. Below pHpzc, the sur-
face charge is positive (acidity) where oxygen groups are in 
the cationic form, which converts to negative above pHpzc 
(alkalinity) and tends to decrease when the oxygen content 
increases.The pH is paramount importance in the adsorption 
process. It is evident that the percentage of MG removal 
increases with augmenting pH from 2 to 6 [33] (Fig. 5). 
MG is stable in the pH range (4–6) and a reduction of the 
color intensity increases with rising pH up to 7, the solution 
becomes colorless till its disappearance at pH 12 [35], the 
dissociation constant (pKa) is equal to 6.90, and it should 
be noted that the dye gets protonated in the acidic condi-
tions and deprotonated in alkaline ones. For basic pH, the 
adsorption capacity of MG decreases when the pH increases, 
resulting from repulsive electrostatic forces between the 

Fig. 3  Influence of the particle size on the adsorption capacity Fig. 4  Determination of the isoelectric pH (pHpzc)
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adsorbent/pollutant with the same charges; similar result 
was obtained elsewhere [36].

3.2.3  Effect of Stirring Speed

Figure 6 illustrates the influence of the stirring speed on the 
MG adsorption by ACWS. The increase of the speed from 
100 to 300 rpm shows a significant improvement in the MG 
adsorption (from 179 to 190 mg/g). For speeds between 350 
and 450 rpm, the adsorption capacity remains almost con-
stant at 192 mg/g which shows that the pores of the adsor-
bent are saturated, and consequently, increasing the stirring 
speed can cause a desorption or a vortex phenomenon or 
the adsorption phenomenon no longer makes sense. The 

maximum absorption was obtained for a speed of 400 rpm. 
Such moderate agitation gives a good homogeneity for the 
suspension and prevents the vortex process. Therefore, it 
was retained for the rest of the parametric study and for the 
adsorption isotherms.

3.3  Effect of Contact Time and Initial Concentration

Figure 7 shows that the adsorption capacity of MG on 
ACWS increases with increasing contact time until satura-
tion where no MG molecule can be retained; the maximal 
adsorption is reached after 40 min, which corresponds to 
the equilibrium time.

i) It is noted that when the initial MG concentration 
 Co ranges from 30 to 150 mg/l, the adsorbed quantity 
increases from 39.44 to 165.83 mg/g, resulting from the 
attractive electrostatic forces between the adsorbent and 
the pollutant, the same results were observed elsewhere 
[37–39]. This is due to the increase of the driving force 
which comes from the concentration gradient with increas-
ing MG concentration which overcomes the resistance to 
the mass transfer of MG ions between the liquid and solid 
phases.Fast MG adsorption is due to the presence of free 
sites on the adsorbent surface, which reflects the linear 
increase of the adsorption capacity with time.

ii) Reduction of the adsorption rate, reflected by a 
small increase in the adsorption capacity attributed to the 
decrease in the MG concentration Co and the number of 
available unoccupied sites of ACWS.

iii) Stability of the adsorption capacity is observed, due 
to the total occupation of adsorption sites: the establish-
ment of the level therefore reflects this stage.

These results clearly indicate that if the MG concentra-
tion in solution is high, there are more molecules which 

Fig. 5  Evolution of the MG adsorption onto ACWS as a function of 
pH

Fig. 6  Evolution of the adsorption of MG on ACWS as a function of 
stirring speed

Fig. 7  Evolution of the MG adsorption at different concentrations on 
(ACWS) as a function of time
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diffuse toward the surface of available sites on ACWS, 
resulting in a significant increase in the MG retention. This 
phenomenon is even better perceived for the highest initial 
concentrations, and the adsorption mechanism can be sum-
marized by the following steps:

1. Transfer of the pollutant from the external layer to the 
internal (very quick step).

2. Displacement of the bound pollutant until contact with 
the adsorbent (quick step).

3. Diffusion in the adsorbent under a concentration gradi-
ent (slow step).

4. Adsorption in the micro-pores (very fast step).

3.3.1  Effect of Adsorbent Dosage

Figure 8 shows the influence of the adsorbent dose on 
the uptake capacity of MG. Significant variations in the 
absorption and elimination efficiency (90–150 mg/g), indi-
cating that the best performance is obtained in the range 
(0.7–1.2 g/l). The results revealed that in this range, there 
is no significant effect of the absorbent dose. This result 
was expected, because the removal efficiency augments 
due the increasing mass where the higher contact surface 
is offered to adsorption (greater availability of exchange-
able sites for ions). Our results are qualitatively in good 
agreement with those observed elsewhere [40, 41].

3.4  Adsorption Isotherms’ Modeling

The adsorption isotherm is a mathematical model that 
relates the equilibrium amount of the adsorbate immobi-
lized onto the adsorbent surface (qe) to those remaining in 
the solution (Ce). Several models have been documented 
for describing the experimental data obtained for the 
adsorption processes. The aim of this section is to under-
stand the interaction dye/adsorbent through the valid-
ity of the models and to find parameters allowing com-
parison, interpretation, and prediction of the adsorption 
data of ACWS. To assess the effectiveness of adsorbent, 

Fig. 8  Evolution of the adsorption of MG onto ACWS as a function 
of adsorbent dose

Fig. 9  Isotherms of different models at optimum conditions and different temperatures
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different equations exist and are applied at optimal condi-
tions (Fig. 9). The Langmuir model [42] postulates the 
occurrence of monolayer adsorption onto fixed number 
of localized sites on an adsorbent surface. The model fur-
ther assumes that a given adsorbent surface is composed 
of sites homogeneously equivalent in their enthalpies but 
with no subsequent movement of adsorbed molecules in 
the surface plane, and no interactions between neighboring 
adsorbate molecules; the non-linear expression is given

qmax is the monolayer adsorption capacity (mg/g) and 
KL  is the constant (l/mg) related to the free adsorption 
energy is used to determine the dimensionless separation 
factor RL, and it indicates the favorability of the adsorption 
process and is given by Eq. (6)

RL indicates the type of isotherm: irreversible (RL = 0), 
favorable (0 < RL < 1), linear (RL = 1), or unfavorable 
(RL > 1). In this contribution, the RL values are smaller 
than 1, thus confirming that the adsorption is favorable 
in both cases as well as the applicability of the Langmuir 
isotherm.

Freundlich's model [43] is based on the formation of 
unlimited multilayer’s of adsorbed species, with an infi-
nite surface coverage predicted on a heterogeneous sur-
face. The enthalpies of the adsorbent surface sites follow 
a logarithmic distribution, where the higher energy sites 
with greater affinity for the adsorbate are occupied first, 

(5)
qe =

qmax.KL.Ce

1 + KL.Ce

1

qe
=

1

qmax

+
1

qmax.KL.Ce

(6)RL =
1

1 + KL ∙ C0

followed by the lower energy sites. The sorption process 
is summed across sites, and the non-linear expression of 
the Freundlich model is given by

qe =  KFCe1/n

KF  (l/g) and n are the Freundlich constants, related, 
respectively, to the capacity of adsorption and favorabil-
ity of adsorption; the plot lnqe versus lnCe enables us to 
extract the constant KF and n. The constant n indicates 
the favorability of the adsorption process. When value 
is between 2 and 10, favorable adsorption is expected, 
while an "n value" less than unity indicates poor sorption 
characteristics.

Similar to Freundlich's model, Temkin [44] postulates 
the heterogeneity of an adsorbent surface, whose adsorp-
tion energy distribution is linear; the non-linear form is 
given by

qe = (RT/b).ln(A.Ce)

where ΔQ(J∕mol) is the Temkin adsorption energy change, 
andQm(mg∕g) the maximum adsorption capacity. T(K) the 
absolute temperature and R the universal gas constant. The 
adsorption data are analyzed according to Eq. (8) and the 
linear plot qe versus lnCe permits to calculate the constants 
AT and BT.

The Elovich isotherm [45] is based on the principle of 
the kinetic, assuming that the number of adsorption sites 
augments exponentially with the adsorption, thus implying 
a multilayer adsorption described by

qe

qmax
=KECe.exp (− qe

qmax
)

(7)��qe = ��KF +
1

n
lnCe

(8)qe = BTlnCe + BTlnAT =
Qm.R.T

ΔQ
lnCe +

Qm.R.T

ΔQ
lnAT

BT =
Qm.R.T

ΔQ

Table 3  Parameters of the 
adsorption isotherms of the 
Malachite Green onto ACWS

ΔQ (kJ/mol): Temkin Adsorption Energy Change

Models Langmuir Freundlich Temkin Elovich

25 °C  KL: 1.0152 l/mg
qmax:149.25 mg/g

 1/n: 0.0717
KF: 1.361  102 mg/g

BT: 18.493
AT: 88.412 l/mg
ΔQ: 20.009 kJ/mol

KE: 78.188 l/mg
qmax: 25.00 mg/g

R2

SSE
X2

0.999
0.125
0.234

0.849
2.151
3.123

0.904
7.125
10.24

0.846
12.251
14.123

45 °C KL: 0.331 l/mg
qmax: 370.37 mg/g

1/n: 0.073
KF: 2.48.102 mg/g

BT: 22.387
AT: 5.5  104 l/mg
ΔQ: 43.771 kJ/mol

KE: 22.77.104 l/mg
qmax: 24.39.00 mg/g

R2

SSE
X2

0.998
1.021
2.123

0.992
3.123
4.123

0.988
12.124
14.123

0.988
16.235
18.124
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where KE (l/mg) is the Elovich constant at equilibrium, qmax 
(mg/g) the maximum adsorption capacity, qe (mg/g) the 
adsorption capacity at equilibrium, and Ce (g/l) the concen-
tration of the adsorbate at equilibrium. Both the constants 
KE and qe are calculated from the plot of ln(qe/Ce) versus 
qe. The constants of all models deduced after modeling are 
grouped in Table 3.

(9)ln
qe

Ce

= ln
(

qm.KE

)

−
qe

qmax

3.5  Adsorption Kinetic Modeling

The kinetic of MG adsorption is crucial to determine the 
operating conditions that are optimized for a full-scale batch 
process. It gives the uptake rate of adsorbate, controls the 
residual time of the global process, and predicts both the 
adsorption rate and designing of adsorption. Here also, 
different models were proposed to study the behavior of 
adsorbents and to propose the mechanisms controlling the 
adsorption. The experimental data of MG adsorption are 
examined using the pseudo-first and pseudo-second-order 
kinetic model given by [46, 47]

Pseudo-first-order model:

Pseudo-second-order model

For the pseudo-second-order, the initial adsorption rate h 
(mg/g.min) is expressed by

where qt (mg/g) is the adsorbed amount of MG on ACWS at 
the time t (min), and K1  (min−1) and K2 (g/mg.min) are the 
pseudo-first-order and pseudo-second-order rate constants, 

(10)log
(

qe − qt
)

= logqe −
K1

2.303
∙ t

(11)
t

qt
=

1

K2 ∙ q
2
e

+
1

qe
∙ t

(12)h = K2q
2
e

Fig. 10  Pseudo-second-order model fit for the adsorption of MG on 
ACWS

Table 4  Adsorption kinetic constants, modeled by Pseudo-First-Order and Pseudo-Second-Order, Elovich, and intraparticle equations

Δq/q (%): relative error

Pseudo 2nd Order Pseudo 1st Order
Co (mg/l) qex

(mg/g)
qcal
(mg/g)

R2 Δq/q
(%)

K2
(g/mg.mn)

qcal
(mg/g)

R2 Δq/q
(%)

K1
(mn−1)

30 39.443 40.502 0.998 6.38 0.0199 11.456 0.844 244.29 0.1913
50 58.723 61.576 0.996 5.6 0.0066 40.049 0.936 46.62 0.1298
70 81.274 86.580 0.994 10.89 0.0035 89.242 0.994 8.92 0.1704
100 109.170 120.337 0.988 0.0016 115.982 0.874 5.87 0.1486
150 165.834 191.939 0.972 24.39

31.25
0.0005 204.598 0.948 18.94 0.1040

Elovich Diffusion
Co
(mg/l)

R2 1/β
(mg/g.mn)

α
(g/mg)

Co
(mg/l)

Kin
mg/gmn1/2

R2 C
(mg/g)

D
cm2/s

30 0.958 11.328 28.679 30 12.304 0.997 0.4031 1.102  10–9

50 0.972 14.902 50 14.179 0.985 2.6465
70 0.956 21.800 35.733 70 19.121 0.995 1.3674
100 0.958 29.506 100 23.000 0.996 -0.9495
150 0.950 37.087 37.613

35.667
41.400

150 28.818 0.995 -2.9938
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respectively. The slope and intercept of the plots ln(qe-qt) vs. 
time (t) are used to calculate the first-order rate constants K1 
and qe, while the plot of t/qe vs. t is used to determine K2 and 
qe (Fig. 10) which predict the MG uptake. For the pseudo-
first-order kinetic, the experimental data deviate from linear-
ity, as evidenced by the low values of qe and Co, suggesting 
the inapplicability of the model for the present system.

By contrast, the determination coefficient and qe,cal 
from the pseudo-second-order model agree perfectly with 
the experimental kinetic data; the corresponding coeffi-
cients for ACWS are summarized in Table 4. The applica-
bility of the model suggests that the adsorption MG onto 
ACWS is based on a chemical reaction (chemisorption), 
involving an exchange of electrons between adsorbent and 
adsorbate where the MG ions are attached to the adsorbent 
surface by chemical bond.

The Elovich kinetic equation is related to the chem-
isorption process and is often validated for systems where 
the surface of the adsorbent is heterogeneous [48]; the 
linear form is given by

where α (mg/gmin) is the initial adsorption rate and 
β (mg/g) is the relationship between the degree of sur-
face coverage and the activation energy involved in the 
chemisorption.

3.5.1  Intraparticle Diffusion Equation

Generally, a process is diffusion controlled if its depend-
ence on the rate at which the components diffuse toward 
one another is the limiting step. When the adsorption 
rate is controlled by an intraparticle diffusion mechanism 
which is a physical step in the adsorption process, the acti-
vation energy (Ea = 14.813 kJ/mol, see below) is usually 
very low. On the other hand, when the activation energy is 
high, the reaction is not controlled by intraparticle diffu-
sion but by the number of molecules [49]. The possibility 
of the intraparticle diffusion [50] during the transport of 
adsorbate from solution to the particles surface was inves-
tigated using the intraparticle diffusion model

where Kid is the intraparticle diffusion rate (mg/g  min1/2), qt 
the amount of MG adsorbed at time t, and C (mg/g) the inter-
cept. A plot of qt versus t1/2 enables to determine both the 
constant Kin and C. According to Aniagor et al. [51], Fig. 11 
presents a multi-linearity correlation, which indicates that 
two steps occur during the MG adsorption. The mechanism 

(13)qt = (
1

�
)ln�.� + (

1

�
)lnt

(14)qt = Kin

√

t + C

of adsorption is complex, but the intraparticle diffusion is 
important in the early stages.

 i. The first linear portions are due to intraparticle diffu-
sion.

 ii. The slopes of the linear parts are defined as rate 
parameters, characteristic of the adsorption rate in 
the region where the intraparticle diffusion occurs. 
Initially and within a short-time period, it is postu-
lated that MG is transported to the adsorbent external 
surface through the film diffusion with a high rate.

After the surface saturation, the MG ions enter inside 
the adsorbent by intraparticle diffusion through the pores 
and internal surface diffusion until equilibrium is reached, 
evidenced by the second straight lines. The constants of 
the different models deduced after modeling are grouped 
in Table 4, which depicts an intraparticle diffusion C value, 
and based on literature reports, such a high value (C >  >  > 1) 
is synonymous with the occurrence of substantive boundary 
layer effect within the system. Thus, the intraparticle diffu-
sion cannot be regarded as a probable sorption mechanism 
in the present study.

3.5.2  Adsorption Mechanism

As previously mentioned, the intraparticle diffusion is not 
the only factor limiting the MG adsorption onto ACWS 
and other mechanisms can be involved simultaneously in 
the adsorption process of this system. To confirm the func-
tional groups involved in the mechanism of MG adsorption 
of malachite green, we compared the FTIR spectra of the 
activated carbon before and after the MG adsorption (Fig. 2). 

Fig. 11  Application of the intraparticle diffusion model for the 
adsorption of MG onto ACWS
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The examination of the IR spectra obtained after adsorp-
tion confirms the attachment of MG to the activated carbon 
surface. In fact, we note the appearance of three absorption 
bands, specific to the O–H, C=C, and C–O groups. The 
position of these bands is displaced, compared to the native 
activated carbon, reflecting the existence of notable interac-
tions between the MG molecules and the active sites of the 
carbon surface (Fig. 12). The shift of the absorption band 
corresponding to the hydroxyl group O–H confirms the for-
mation of a hydrogen bond between MG and the activated 
carbon. Hydrogen bonding has occurred between H-donor 
atoms and acceptor groups on the surface of activated car-
bon. The characteristic band of aromatic group C=C is 
shifted and this reflects the presence of hydrophobic inter-
actions of π–π type (Fig. 12), manifested between the π 
electron donor group of the aromatic ring and the acceptor 
group on the activated carbon surface. The characteristic 
C–O absorption band is also shifted with respect to that 
of the native activated carbon, thus attesting to the strong 
n–π-type interactions involved between the oxygen groups 
of the activated carbon, acting as an electron donor, and the 
aromatic ring.

3.6  Thermodynamic Properties of Modeling Studies

The adsorption reaction of coloring molecules on an 
adsorbent surface implies a variation of the free energy 
between the initial and final states. The adsorption of 
ACWS increases with increasing temperature in the range 

Fig. 12  Proposal for the MG adsorption mechanism by ACWS

Fig. 13  Influence of temperature on the adsorption capacity of MG 
onto ACWS
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(298–318 K) indicating a favorable adsorption (Fig. 13). 
The rates of most chemical reactions increase markedly at 
high temperatures with a shorter equilibrium time, generally 
doubling with ~ 10 °C rise in temperature. In kinetics, the 
temperature dependence appears in the rate constant and 
can be adjusted by an exponential law [52]. The constant K2 
(g/mg.min) calculated at different temperatures are gathered 
in Table 4

A is the pre-exponential factor. To extract the values A and 
Ea, we have reported the plots of rate constants lnqe meas-
ured at different temperatures in the graphs lnK2 versus 1/T. 
As shown in Fig. 14a for the MG adsorption, Ea was deter-
mined from the slope of linear plots (Ea = 14.813 kJ/mol). The 
adsorption reaction of colored molecules on an adsorbent sur-
face involves a variation in the free energy between the initial 
state and the final state. The adsorption capacity of ACWS 
increases with increasing temperature (298–318 K); Fig. 10 
shows that the adsorption is favored at high temperature, and 
similar results are reported in the literature for the thermal 

(15)lnK2 = lnA −
Ea

RT

effect [53]. Temperature has two important effects, known to 
increase the energy of mobility and the rate of diffusion of MG 
ions through the boundary layer and into the internal pores of 
the adsorbent particle, due to the decrease in the viscosity of 
the solution [54].

The free energy change (∆G°), enthalpy (∆H°), and entropy 
(∆S°) are calculated from the following equations:

where Ko is the apparent equilibrium constant. ∆H° and ∆S° 
of the MG adsorption were calculated from adsorption data 
at different temperatures using the relation

The values of lnKo for thermodynamic calculations were 
obtained from constant Ko for the adsorption [55]. γ1 and γ2 
are the activity coefficients of the adsorbed solute and the 
solute in the equilibrium suspension

(16)ΔG◦ = ΔH◦ − TΔS◦

(17)ΔG◦ = −RT��K0

(18)��K0 = −
ΔH◦

RT
+

ΔS◦

R

Fig. 14  Regression of the thermodynamic parameters of MG onto ACWS

Table 5  Thermodynamic 
functions Ea, ΔHo, ΔSo, and ΔGo 
of the malachite green adsorbed 
on ACWS

T
(K)

1/T
(K−1)

lnko lnK2
(g/mg.mn)

ΔG0

(kJ/mol)
ΔH0

(kJ/mol)
ΔS0

(kJ/mol k)
Ea
(kj/mol)

298 0.003355 0.340 2.552 0.802 18.547 0.065 14.813
308 0.003247 0.588 4.812 -1.473
318 0.003145 0.808 6.953 -2.123



1079Fibers and Polymers (2023) 24:1067–1081 

1 3

The ratio of activity coefficients was assumed to be 
uniform in the dilute ranges of the solutions. As the dys 
concentration in the solution approaches zero, the activ-
ity coefficient tends to unity. The values of Ko determined 
from the intercept (figures not shown), by plotting ln(qe/
Ce) versus Ce and extrapolating to Ce = 0. The ΔHo and ΔSo 
values obtained from the slope and intercept of the plots 
lnK0versus 1/T (Fig. 14b) are listed in Table 5. The posi-
tive enthalpy ΔHo and negative free energy ∆G° indicate 
that the MG adsorption onto ACWS is endothermic and 
spontaneous over the studied temperatures range [56]. The 
positive entropy ΔSo shows that the randomness increases 
at the solid–solution interface during the adsorption, indi-
cating that some structural exchange occurred between the 
adsorbent/MG ions.

3.7  Comparison of ACWS with Other Existing 
Adsorbents

The efficiency of ACWS obtained in the present work for 
the adsorption of Malachite green was compared with other 
adsorbents reported in the literature (Table 6). The pH, 
adsorbent dose, equilibrium time, and maximum adsorption 
capacity are used as comparative parameters. The absorption 
capacity of ACWS compared to other adsorbents is found to 
be a good adsorbent and could be used as an attractive can-
didate for the economical preparation of activated carbon.

(19)Ko =
qe

Ce

×
�1

�2

(20)���
Ce→0

qe

Ce

= K0

3.8  Regeneration of the Adsorbent

Desorption is an inevitable process of adsorption and is 
an intermediate step toward regeneration. The latter is an 
essential tool to assess the reuse of any adsorbent for indus-
trial applications, due to ecological concerns and sustain-
able development needs. For the regeneration of the adsor-
bent, several methods are distinguished among which we 
can mention regeneration: electrochemical, microbiologi-
cal, thermal, and chemical, but we have opted for chemical 
regeneration because of its low economic cost. Regenera-
tion and reuse of adsorbents for other cycles is economi-
cally important. The desorption MG of activated carbon was 
evaluated using three organic solvents methanol, ethanol, 
and acetic acid. The desorption experiments were carried 

Table 6  Comparison of maximum adsorption capacities for the malachite green dye with literature data

Adsorbents Dose (g/l) pH teq (h) Qmax (mg/g) Reference

Activated Carbon from Yarn Sludge (YSAC) 1.0 10.5 72 498.00 [57]
Decorated Graphene Oxide GO-CEL-Cu 1.0 7.0 1.5 202.80 [58]
SDS/CTAB@Mt 1.0 7.0 2.33 1021.45 [59]
Activated Carbon from the Epicarp of RicinusCommunis 20 7.0 0.83 27.78 [60]
Cofee Husk Treated with Sulfuric Acid(ACH) 0.2 6.8 2.0 264.82 [61]
Almond Gum 5.0 7.0 2.0 196.07 [62]
Mn-Doped CuO-NPs-AC 0.4 10.0 0.075 320.51 [63]
Fe3O4@AMCA-MIL53(Al) Nanocomposite 0.8 6.8 3.5 329.61 [40]
PinusRoxburghii Cone (PRCAC) 0.66 6.0 1.0 250.00 [64]
Apricot Stone (ASAC) 1.0 10 0.66 88.5 [6]
Shells Seeds of Ziziphus spina-christi (SZC)
Modified Shells Seeds of Ziziphus -christi SZC-AC

1.0
1.0

6
6

6
6

48.780
370.370

[38]
[38]

Elaeagnus Stone Activated Carbon (EAC) 1.0 7 1.25 432.90 [39]
H600-5N 1.0 5.1 2 192.6 [65]
Nano Chitosan from Shrimp Shells (STP) 0.3 6 3 317.73 [66]

Fig. 15  Regeneration of the adsorbent
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out after adsorption of MG solution of: 150 mg/l, pH 6, 
adsorbent dose 0.8 g/l, particle size (0.075–0.045 mm), and 
temperature of 25 °C, and the activated carbon was sepa-
rated from the solution by centrifugation and dehydrated at 
40 °C aver night. To regenerate the activate carbon, we had 
kept the same conditions (adsorbent dose 0.8 g/l, particle 
size (0.075–0.045 mm), temperature of 25 °C, and eluting 
solvent of 10 ml); the carbon resulted from desorption was 
washed by distillated water and dehydrated overnight. Fig-
ure 15 shows that only 4.9 and 5% were desorbed using pure 
ethanol and methanol, respectively. By contrast, with acetic 
acid, the desorption was raised from 0.5% for a concentra-
tion of 1 mol/l to 94% for a concentration of 10 mol/l. Three 
cycles of desorption with percentages desorption of 94.91 
and 89% were obtained, respectively, with acetic acid than 
methanol and ethanol (Fig. 15). Arabkhani and Asfaram 
[36] use different effluents for the MG desorption: ultrapure 
water, HCl, methanol, ethanol, acetone, and acetic acid, and 
the result revealed that the activated carbon could be recov-
ered with a large adsorbed quantity for three cycles. Bessaha 
et al., [65] obtained 80% of MG desorbed using methanol, 
while Choudhary et al. [35] obtained a better desorption 
yield using KOH solution.

4  Conclusion

The experimental study on the utilization of Activated Car-
bon ACWS for the removal of Malachite green was inves-
tigated. The influence of different parameters, such as pH, 
initial dye concentration, contact time, adsorbent dose, agi-
tation speed, and temperature, was examined. The adsorp-
tion capacity increased with augmenting the initial dye 
concentration, time, and pH, and the optimal pH was found 
to be ~ 6. The kinetics of MG removal showed an optimum 
contact time of 45 min via a two-stage of adsorption profile 
with an initial fast step followed by as low equilibrium.

The adsorption kinetic follows a pseudo-second-order 
model with a determination coefficients R2 close to unity, 
which relies on the assumption that the chemisorptions is the 
rate-limiting step where the MG ions are chemically bonded 
to the adsorbent surface and tend to find sites which maxi-
mize their coordination number with the surface.

The equilibrium adsorption data were analyzed, indicat-
ing that the Langmuir model provides the best correlation 
(qmax = 154.56 mg/g and 370.37 mg/g at 298 K and 313 K, 
respectively) with a homogenous adsorption of Malachite 
green on monolayer ACWC sorption sites.

The adsorption isotherms at different temperatures have 
been used for the determination of the free energy ΔGo 
(0.802 to − 2.123 kj/mol) and enthalpy ΔHo (18.547 kj/mol), 
entropy (ΔSo = 0.064 kJ/mol.K), and activation energy (Ea) 
14.813 kJ/mol of adsorption. The negative ΔGo and positive 

ΔHo values indicated a spontaneous and endothermic nature 
of the reaction. The comparison of the adsorption capacity 
of the prepared adsorbent with the literature shows edits 
attractive properties from industrial and economic interests. 
The combination of high adsorption capacity and fast equi-
librium suggests that this material is a noteworthy candidate 
for the wastewater treatment.
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