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a b s t r a c t
In the present study, two adsorbents, namely biochar (BC) and ZnCl2 activated hydrochar (ZAHC) 
are prepared from Acacia leucophloea wood sawdust. BC is prepared by direct pyrolysis of the 
sawdust at 700°C while ZAHC is prepared by two-stage process, which includes hydrothermal 
carbonization to produce hydrochar followed by chemical activation with ZnCl2. The structural 
properties of the adsorbents prepared are characterized by Fourier-transform infrared spectroscopy, 
Brunauer–Emmett–Teller surface area and point zero charge. The adsorption performance of the pre-
pared BC and ZAHC toward anionic dye, acid blue 15 is evaluated by batch mode studies. The study 
shows that the isotherm data are found to fit with Langmuir and fairly with Freundlich and Temkin 
isotherms. Likewise, kinetics data are found to fit with the pseudo-second-order kinetic model. 
The adsorbents exhibit favorable surface area of 1,380 and 550 m2g–1 for ZAHC and BC respectively. 
Therefore they can be used as adsorbents for the removal of dyes from aqueous solutions.
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1. Introduction

Nowadays, synthetic dyes are used widely in many 
fields. However, their discharge into water gives undesir-
able color to the water body which would reduce sunlight 
penetration and affect aquatic life. Various methods such as 
adsorption, coagulation, advanced oxidation and membrane 
separation are used in the treatment of dyes containing 
wastewater [1]. Among these, adsorption is one of the most 
effective techniques to remove the color from wastewater 
[2]. Commercial activated carbons are utilized by textile 
industries for the treatment of dye wastes. However, there is 
a great interest to search for effective and low-cost alterna-
tives to the existing commercial activated carbon. Recently, 

agricultural biomass has attracted much attention owing to 
its wide availability. Therefore, low-cost adsorbent, if devel-
oped from agricultural biomass, can be used to treat the 
pollution of water by textile industries at a reasonable cost. 
In this regard, dry pyrolysis and wet pyrolysis are prom-
ising approaches for the preparation of char material from 
biomasses [3].

In dry pyrolysis, the raw material is heated at high 
temperatures (400°C–1,200°C) in an inert atmosphere or 
in a non-circulated air atmosphere to produce biochar. In 
contrast, in wet pyrolysis, also known as hydrothermal car-
bonization, the raw materials are taken in an autoclave con-
taining a given solution at 150°C–350°C for 2–24 h to produce 
hydrochar [4,5]. Similar to activated carbon, biochar may act 
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as an effective adsorbent for pollutant removal due to its 
high degree of porosity and large surface area. However, 
its adsorption efficiency depends on the raw material and 
pyrolysis conditions [6]. Further, the application of hydro-
chars for environmental protection is limited due to their 
low porosity, poor surface area and low adsorption ability 
[7]. Therefore chemical modification of hydrochar would 
enhance its capacity to remove pollutants. The higher 
adsorption capacity of chemically modified hydrochar is 
reported in the literature [8–11].

Acacia leucophloea (commonly known as white-bark 
acacia) is abundantly available in arid regions of India. It 
is used for indoor construction, flooring and although a lit-
tle hard to work, for furniture. It is also used as firewood 
(source: www.worldagroforestry.org). Hence the sawdust 
produced from this wood in large quantities is disposed of 
as waste. In recent years, the sawdust from different species 
of wood such as rubber wood, eucalyptus, cedar wood and 
teak has been considered as the feedstock for the prepara-
tion of activated carbon [12]. To the best of knowledge, no 
studies are available in the literature regarding the prepara-
tion of biochar (BC) and activated hydrochar (ZAHC) from 
Acacia leucophloea wood sawdust (ALWSD) for the removal 
of dyes from aqueous solutions. Hence, in the present study, 
this material is chosen as a lignocellulosic precursor due 
to its huge availability in nature, renewable and thus low-
cost biomass. Therefore the present study aims to prepare 
ALWSD based adsorbents by dry and wet pyrolysis to 
produce biochar and hydrochar respectively and chemi-
cal activation of hydrochar by ZnCl2. The characteristics of 
BC and ZAHC and their adsorption performance towards 
acid blue 15 (AB15) in terms of kinetics, isotherms and 
thermodynamics are presented.

2. Materials and methods

2.1. Materials

Acid blue 15 (molecular formula  =  C42H46N3NaO6S2, 
molecular weight  =  775.96; purity  =  95% absorbance maxi-
mum (λmax): 560 nm) is purchased from local dye suppliers. 
The stock solutions (1,000 mg L–1) of AB15 are prepared by 
dissolving accurately the weighed amount of the dye in 
distilled water. All the working AB15 dye solutions are pre-
pared by diluting the stock solution with distilled water. All 
the chemicals used in this study are of analytical-grade and 
used without purification.

2.2. Preparation of BC

ALWSD is collected from local sawmills and used as 
a precursor. The wood sawdust is washed with water to 
remove adhering impurities. Then it is dried in an oven at 
100°C for 24 h, ground and sieved to obtain a particle size of 
the range of 150 µ. BC is prepared from ALWSD via direct 
pyrolysis. The pyrolysis process is executed in a muffle fur-
nace (Sigma-High temperature furnace, Chennai) under 
oxygen-limited conditions. Approximately, 20 g of ALWSD 
is taken in a silica crucible covered with a lid and heated 
in a muffle furnace at a rate of 10°C/min until 700°C, held 
at this temperature for 2  h and allowed to cool at room 

temperature. The biochar produced is treated with dil.HCl 
to remove ash and inorganic salts, then washed in distilled 
water and dried at 100°C. Later, it is ground with mortar and 
pestle, labeled as BC. Further, it is used for characterization 
and adsorption studies.

2.3. Preparation of ZAHC

The preparation of ZAHC from ALWSD is published in 
our recent publication [13]. In a typical experiment, approx-
imately, 15 g of the ALWSD is mixed with 50mL of distilled 
water in a 100  mL Teflon-lined autoclave. Then the auto-
clave is placed in a muffle furnace and heated at a rate of 
10°C/min until 210°C, held at this temperature for 6 h under 
self-generated pressure and then allowed to cool to room 
temperature. The hydrochar obtained is washed with dis-
tilled water and then placed in an oven at 105°C for drying. 
The activated carbon is synthesized from the chemical acti-
vation of hydrochar with ZnCl2. In this study, the impreg-
nation ratio is calculated as the ratio of the weight of ZnCl2 
in solution to the weight of the hydrochar prepared. ZnCl2/
hydrochar impregnation ratio is varied between 1:1 and 8:1. 
Ten to eighty grams of ZnCl2 have been dissolved in 150 mL 
of dissolved water and then 10  g of hydrochar is mixed 
with the solution. The mixture has been left for 6 h at room 
temperature. Then the liquid portion is filtered and the 
remaining solids have been subjected to dryness at 110°C 
in a hot oven for about 24 h. Approximately 10 g of impreg-
nated hydrochar is taken in a silica crucible covered with a 
lid and carbonized under an oxygen-limited environment. 
The operating conditions for the activated carbon prepa-
ration from hydrochar have been determined by studying 
the effect of impregnation ratio (1:1, 2:1, 4:1, 6:1, 8:1 ZnCl2/
hydrochar, W/W), carbonization temperature (500°C, 600°C, 
700°C and 800°C) and carbonization time (0.5, 1.0 and 2 h). 
The activated carbon produced at better operating condi-
tion is referred to as ZAHC. Finally, ZAHC is washed with 
dil.HCl until the pH of the filtrates reaches a constant value 
and then in distilled water. The sample is then dried and 
kept in a tightly-closed container for dye treatment.

2.4. Material characterization

Information about the functional groups present in 
ZAHC and BC is obtained by Fourier-transform infrared 
spectroscopy (FTIR, Perkin Elmer, USA) and the textural 
property is measured by N2 adsorption–desorption iso-
therms at 77K (Autosorb-1, Quantachrome). The point zero 
charge (pHPZC) values of the adsorbents are determined by 
using the drift method reported in the literature [5].

2.5. Adsorption performance of AB15

The adsorptive performance of BC and ZAHC towards 
AB15 is evaluated by batch mode adsorption studies. 
Experiments are conducted in a series of 250 mL Erlenmeyer 
flasks containing 50  mL of AB15 solution. The flasks are 
agitated in an orbital shaker (REMI, RIS-24BL) with a fixed 
shaking speed of 170 rpm. The effect of adsorbent dose and 
pH (2–9) on the adsorption process is studied to determine 
the optimum conditions for the removal of AB15 by ZAHC 
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and BC. The pH of the AB15 solution is adjusted by adding 
0.1 M HCl or 0.1 M NaOH. The final concentration of the AB15 
solution is measured by a UV-visible spectrophotometer 
(Elico DR3900, Hyderabad) at a wavelength of λmax = 560 nm.

The quantity of the dye adsorbed qe (mg  g–1) and 
removal (%) is determined as follows.

q
C C V
me

e=
−( )0 	 (1)

where V is the solution volume (L), m is the mass of adsor-
bent (g) and C0 and Ce are the initial and the equilibrium con-
centrations of AB15 (mg L–1) respectively.
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2.6. Adsorption kinetics

The adsorption dynamics are analyzed to identify the 
required equilibration time [14] and to study the adsorption 
process, whether the process is chemical or physical adsorp-
tion [15]. In the current study, four kinetic models such as 
pseudo-first-order (PFO), pseudo-second-order (PSO), 
Elovich equation and intraparticle diffusion model are 
selected to describe the adsorption kinetics.

The PFO equation [16] is expressed as:

Log log q q
K

t qe t e− = − +( ) ( )1

2 303.
	 (3)

where qe (mg g–1) and qt (mg g–1) are the adsorption amounts 
of AB15 for ZAHC and BC at equilibrium and at time t(min) 
respectively while K1 (min–1) is the PFO equation rate con-
stant. The value of qe and (K1) is calculated from the intercept 
and the slope of the linear plot of log (qe – qt) vs. t.

The PSO equation [16] is as follows.
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where K2 (g  mg–1  min–1) is the pseudo-second-order rate 
constant. Linear plot of t/qt vs. t would give the value of 
(K2) and qe.

Elovich kinetic model [15] is represented by the following 
equation.

q tt = +( ) ( )1 1
β β

αβln ln 	 (5)

where α (mg g–1 min–1) is the initial adsorption rate constant 
and β (mg g–1) is the desorption constant. The values of α and 
β are calculated from the slope and the intercept of the linear 
plot of qt vs. ln(t).

Intraparticle diffusion [16] is expressed as follows.

q K t Ct p= +� 	 (6)

where Kp (mg g–1 min–1/2) is the intraparticle diffusion model 
rate constant and C (mg g–1) is a constant associated with the 
thickness of the boundary layer. Further, the value of Kp and 
C is calculated directly from the slope and the intercept of 
the linear plot of qt vs. t1/2.

The activation energy Ea (kJ  mol–1) of the adsorption 
process can be used to predict whether the adsorption is 
physical or chemical and it is calculated using the Arrhenius 
equation. The following equation describes the activation 
energy calculated based on kinetic studies conducted at 
two temperatures.

Arrhenius equation:

K Ae Ea RT= − / 	 (7)
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where K2(323K) and K2(303K) are the rate constants of the 
pseudo-second-order model at 323 and 303  K respectively, 
A is the pre-exponential factor, R is the universal gas con-
stant (8.314  J  mol–1  K–1) and T is the absolute temperature 
in Kelvin.

2.7. Adsorption isotherm

Adsorption isotherms are helpful to elucidate the adsorp-
tion mechanisms. In the current study, three isotherm mod-
els including Langmuir, Freundlich and Temkin models are 
selected to study the adsorption behavior. The linearized 
form of the Langmuir model [17] is shown in the equation.
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where Q0
max (mg  g–1) is the maximum saturated monolayer 

adsorption capacity of an adsorbent, Ce (mg L–1) is the adsor-
bate concentration at equilibrium, qe (mg g–1) is the amount 
of adsorbate adsorbed at equilibrium and KL (L mg–1) is the 
Langmuir constant.

Freundlich’s model [18] is represented by the following 
equation.

log   log log q n C Ke e F= + 	 (10)

where KF (mg  g–1) is the Freundlich’s constant and n is the 
measure of the effectiveness of the adsorption process.

The Temkin equation [19] is represented as follows.

q B A B Ce e= + ln  ln 	 (11)

where B  =  RT/b, R is the universal gas constant 
(8.314 J mol–1 K–1) and T is the absolute temperature in K, B 
is related to the heat of adsorption and A is the equilibrium 
binding constant (L mg–1).

2.8. Adsorption thermodynamics

Adsorption thermodynamic studies are conducted to 
understand the feasibility and nature of the adsorption 
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process. Thermodynamic parameters such as ∆G°, ∆S° and 
∆H° can be calculated according to the law of thermodynam-
ics as follows.

∆G RT K° = −  ln 	 (12)

∆ ∆ ∆G H T S° = ° − °  	 (13)

The van’t Hoff equation is given as follows.

ln K H
R T

S
R

=
− °

× +
°∆ ∆1 	 (14)

where R is the gas constant, K is the equilibrium constant 
calculated from the isotherm model that provides the best 
fit [20] and T is the temperature (K). The value of ∆G° can 
be calculated directly from Eq. (14) while ∆H° and ∆S° are 
determined from the slope and the intercept of a plot lnK 
against 1/T.

3. Results and discussion

3.1. Characterization

3.1.1. Fourier-transform infrared spectroscopy

To determine the surface functional groups on ZAHC 
and BC, the samples are subjected to FTIR analysis. The 
FTIR spectra of ZAHC and BC before and after adsorption 
are shown in Fig. 1. BC and ZAHC display characteristics 
bands at the wavelength around 3,450 cm–1 which may be 
ascribed to O–H bonds in alcohol, phenol and absorbed 
water molecules. In addition, both BC and ZAHC show a 
very weak band in the region around 2,880  cm–1 which is 
attributed to the aliphatic C–H stretching vibration. The 
band at around 1,630  cm–1 in BC and ZAHC may be due 
to the C=O group. The region around 1,200–1,400  cm–1 
may be due to C=O and C–H bonds, which can belong to 
alcohol, ester and aromatic groups. Thus, the existence of 
potential binding sites in BC and ZAHC of different nature 
is confirmed by FTIR spectra. The FTIR spectra of AB15-
bounded ZAHC reveals significant variations in their peak 
wavelength, for instance, the broadband at 3,504; 3,472 and 
3,400  cm–1 may be due to bonded O–H group. The peak 
at 2,880  cm–1 in ZAHC disappears after the adsorption of 
AB15 and a new peak is observed at 1,119 cm–1. The peaks at 
1,631 and 1,266 cm–1 shifted to 1,627 and 1,384 cm–1, respec-
tively. Similarly, AB15 bonded BC exhibits broad bands at 
3,511 and 3,330 cm–1 corresponding to bonded –OH group. 
The peaks at 2,917  cm–1 in BC shifted to 2,910  cm–1 and 
the peak at 1,627 cm–1 shifted to 1,574 cm–1. Therefore the 
change in FTIR spectra of BC and ZAHC after the adsorp-
tion of AB15 is owing to the possible involvement of 
several functional groups during adsorption.

3.1.2. Characterization of pore structure

Figs. 2a–c show N2 adsorption–desorption isotherms 
(77 K) and the pore characteristic (inset graph) of ALWSD, 
BC and ZAHC. The pore volume and pore diameter of 
ALWSD are not presented because the experimental error 
involved in their determination is substantial due to 

the very small surface area [21]. It can be seen that a low 
amount of N2 adsorbed by ALWSD shows isotherm char-
acteristics for low porosity material while ZAHC and BC 
show an isotherm type I of the International Union of Pure 
and Applied Chemistry (IUPAC) classification. The type I 
isotherm is a typical characteristic of microporous mate-
rials with a small external surface area [14]. In addition, 
BC shows a hysteresis loop (wide knee) in its adsorption–
desorption isotherm at a relative pressure above 0.3, which 
is associated with mesoporous structure [14]. The pore 
characteristics of ALWSD, ZAHC and BC are shown in 
Table 1. The average pore diameter of the activated carbons 
prepared confirms the mesoporous structure according to 
the IUPAC classification. The Brunauer–Emmett–Teller 
(BET) surface area values of ZAHC and BC obtained in 
this study have been compared with the other biomass-
derived adsorbents reported in the literature and the results  
are summarized in Table 2.

Fig. 1. Fourier-transform infrared spectroscopy of (a) BC and (b) 
ZAHC before and after AB15 adsorption.
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3.1.3. Effect of adsorbent dosage

The effect of adsorbent doses on the AB15 adsorption 
and removal efficiency is analyzed by varying the dosage of 
ZAHC and BC from 25 to 200 mg and the results obtained 
are shown in Fig. 3. It can be observed that the percentage 
of dye removal increases with the increase in ZAHC and 

BC dosages from 25 to 50 mg, but remains almost constant 
thereafter. This is mainly due to the increase in the number 
of adsorption sites available for adsorption with the increas-
ing adsorbent dosage. However, the adsorption capacity qe 
is decreased from 67 to 11 mg g–1 and from 83 to 12 mg g–1 
for ZAHC and BC respectively when the adsorbent dose is 

Fig. 2. N2 adsorption–desorption isotherm and pore size distribution (inset graph) curve of (a) ALWSD, (b) BC and (c) ZAHC.

Table 1
BET characterization results of ALWSD, ZAHC and BC

Materials SBET (m2 g–1) Vµ (cm3 g–1) VM (cm3 g–1) Pore diameter (Å)

ALWSD 1.0 – – –
ZAHC 1,380 0.589 0.138 21.09
BC 550 0.091 0.299 40.78

SBET – BET specific surface area; Vµ – micropore volume; VM – mesopore volume.
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increased from 25 to 200  mg. This decrease in adsorption 
capacity is due to the split in the concentration gradient 
between solute concentration in the solution and on the 
surface of the adsorbent [31]. Thus, with the increasing 
adsorbent dose, the quantity of dye adsorbed onto the 
unit mass of adsorbent is decreased and hence it leads to a 
decrease in the adsorption capacity.

3.1.4. Effect of pH

The UV-Vis spectra for different pH of AB15 solutions 
are measured as shown in Fig. 4a. From the spectra, it is 
clear that the absorbance of AB15 maximizes at pH (2–9), 

but minimizes when the solution pH is 10 and above. 
This decrease in absorbance indicates that the structural 
change in AB15 occurs at higher pH (pH  >  10) which 
reduces the dye intensity. Similar findings are reported 
for the adsorption of brilliant green (BG) by peat [32]. 
Therefore, pH  >  10 is not included in this study. pHPZC is 
the pH where the adsorbent net surface charge corresponds 
to zero, and it helps to explain the electrostatic forces of 
attraction between the adsorbent and the adsorbate [11]. 
Fig. 4b indicates the pHPZC of BC (8.6) and ZAHC (7.6). 
Based on the pHPZC values, ZAHC and BC can be classi-
fied into the H-carbons (pHPZC  >  7.0) [5]. Fig. 4c describes 
the effect of pH (2–9) vs. the percentage of AB15 removal 

Table 2
Comparison of BET surface area of the prepared ZAHC and BC with the other adsorbents

Adsorbent SBET (m2 g–1) References

Biochar
Coconut shell 536 [12]
Orange peel 565 [12]
Acacia leucophloea wood sawdust (ALWSD) 550 This study

Activated carbon

Orange peel 1,025 [12]
Waste potato residue 1,357 [22]
Coffee husks 965 [23]
Rice straw 1,154 [24]
Sunflower oil cake 240 [25]
Waste tea 854 [26]
Tomato waste 1,093 [27]
Rattan sawdust 1,083 [28]
Rattan furniture wastes 1,135 [11]
Cotton stalk 765 [29]
Banana peel 1,188 [30]
Acacia leucophloea wood sawdust (ALWSD) 1,380 This study

Fig. 3. Effect of adsorbent dosages on the adsorption of AB15 (a) dose of ZAHC and (b) dose of BC (C0 = 50 mg L–1; V = 50 mL).
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using ZAHC and BC. It can be seen that when the pH is 
increased, the adsorption performance decreases from 100% 
to 80% and from 93% to 80% for ZAHC and BC respectively. 
It can be explained that at lower pH, the pHPZC of adsor-
bents becomes positively charged (pH at 7.6, 8.6 and below) 
so they tend to attract the negatively charged dye species. 
With the increase in pH, the decrease in AB15 removal is 
observed as electrostatic repulsion prevails at higher pH.

3.2. Adsorption kinetics

The kinetic curves and parameters calculated for AB15 
adsorption onto ZAHC and BC for the three initial con-
centrations (60, 80 and 100  mg  L–1) are shown in Fig. 5 
and Table 3. On the basis of high R2 value (R2 = 0.999), the 
pseudo-second-order model is found to be the best one to 
describe the kinetics of AB15 adsorbed onto ZAHC and BC. 
Moreover, the calculated qe values (qe,cal.) for the pseudo-
second-order model are closer to the experimental qe 
(qe,exp.) values for all the initial dye concentrations studied. 

Hence it could be concluded that the pseudo-second-order 
model is more suitable to explain the adsorption kinet-
ics. In addition, the low Ea values 0.98 kJ mol–1 for BC and 
17.35  kJ  mol–1 for ZAHC confirm that the actual adsorp-
tion may involve physical adsorption. The low Ea values 
also indicate that equilibrium can be attained rapidly [14] 
and the positive Ea values confirm that the adsorption 
process is endothermic in nature.

3.3. Isotherm study

To evaluate the maximum adsorption capacity of the 
adsorbents prepared, isotherm experiments are carried 
out at 300, 310 and 320  K. In the present study, the three 
adsorption isotherm models like Langmuir, Freundlich 
and Temkin are utilized to correlate isotherm data and 
the parameters calculated are presented in Table 4. The 
Langmuir and Freundlich adsorption isotherms are shown 
in Fig. 6. The values of regression coefficients are used as the 
fitting criteria to find the applicability of the three models 

Fig. 4. (a–c) Effect of pH of the AB15 solution on λmax values, zero point charge of ZAHC and BC and pH vs. percentage of 
AB15 removal of ZAHC and BC (C0 = 50 mg L–1; dose = 0.5 g).



177S. Nirmaladevi, P.N. Palanisamy / Desalination and Water Treatment 209 (2021) 170–181

in explaining the adsorption process. It is found that for 
ZAHC (R2 = 0.9352–0.9793), the Langmuir model fits better 
than the other two models, indicating that the adsorption of 
AB15 onto ZAHC may be monolayer and the distribution of 
active sites on the adsorbent is homogeneous [3]. Based on 
the R2 value (R2 = 0.8069–0.8163) Freundlich model fits for 
BC for the whole range of concentrations (10–100  mg  L–1) 
than the other two models indicating the multilayer adsorp-
tion of AB15 onto BC. Moreover, the heterogeneity factor 
n < 1 (ranges from 0.78 to 0.81) indicates that the adsorption 
process is favorable [14]. The maximum adsorption capacity 

of AB15 onto ZAHC (40 mg g–1) and BC (84 mg g–1) obtained 
by Langmuir isotherm at 27°C is compared with the other 
adsorbents reported in the literature as shown in Table 5.

3.4. Adsorption thermodynamics

The thermodynamic parameters calculated are presented 
in Table 6. The negative value of ∆G° for all the studied 
temperatures indicates that the adsorption is favorable and 
spontaneous. This observation is in good agreement with 
the calculated RL value for ZAHC and Freundlich exponent 

Table 3
Kinetic parameters of AB15 adsorption onto ZAHC and BC

Kinetic models AB15 (mg L–1) Parameters ZAHC BC

Pseudo-first-order  
model 60

qe,cal. (mg g–1) 29.34 4.91
K1 (min–1) 0.0459 0.0557
R2 0.9844 0.6523

80
qe,cal. (mg g–1) 23.90 11.91
K1 (min–1) 0.0635 0.0469
R2 0.9861 0.9458

100
qe,cal. (mg g–1) 14.88 30.45
K1 (min–1) 0.0444 0.1026
R2 0.9123 0.9786

Pseudo-second-order  
model

60

qe,cal. (mg g–1) 57.47 54.98
qe,exp. (mg g–1) 52.73 54.55
K2 (g mg–1 min–1) 0.0025 0.0415
R2 0.9981 0.999

80

qe,cal. (mg g–1) 64.31 75.59
qe,exp. (mg g–1) 61.82 74.55
K2 (g mg–1 min–1) 0.0053 0.0143
R2 0.9996 0.999

100

qe,cal. (mg g–1) 69.74 94.25 
qe,exp. (mg g–1) 68.18 91.82
K2 (g mg–1 min–1) 0.0069 0.008
R2 0.9998 0.999

Intraparticle diffusion  
model 60

Kp (mg g–1 min–1/2) 3.6277 0.8442
C (mg g–1) 23.4414 48.9201
R2 0.9338 0.8037

80
Kp (mg g–1 min–1/2) 2.4382 1.8114
C (mg g–1) 42.5746 61.7663
R2 0.8999 0.9664

100
Kp (mg g–1 min–1/2) 2.0503 3.8329
C (mg g–1) 51.7210 66.4486
R2 0.8134 0.8858

Elovich kinetic model
60

α (mg g min–1) 38.37 4.0738 × 1014

β (mg g–1) 0.1070 0.6810
R2 0.989 0.9223

80
α (mg g min–1) 1,698 27,164
β (mg g–1) 0.1576 0.2656
R2 0.977 0.9614

100
α (mg g min–1) 21,727 13,393.68
β (mg g–1) 0.1829 0.1215
R2 0.933 0.9446
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Fig. 5. Pseudo-second-order kinetic model for AB15 adsorption onto (a) ZAHC and (b) BC.

Table 4
Isotherm parameters of AB15 adsorption onto ZAHC and BC

Isotherms 
models

Parameters Values at 300 K Values at 310 K Values at 320 K

ZAHC BC ZAHC BC ZAHC BC

Langmuir
Q0

max (mg g–1) 40.88 84.43 49.00 83.09 47.48 84.21
KL (L mg–1) 0.3624 0.3625 0.4109 0.3597 2.6309 0.3405
R2 0.9352 0.3368 0.9724 0.3393 0.9793 0.3403

Freundlich
KF (mg g–1) (mg L–1)–1/n 0.0813 0.0437 –0.5935 0.0433 0.1324 0.0440
n 0.2546 0.8147 1.2883 0.7981 0.2826 0.7871
R2 0.2895 0.8163 0.4183 0.8073 0.3790 0.8069

Temkin
A (mg g–1) 1,434 1.85 1,434 1.90 1,674 1.93
B 5.93 29.14 7.00 28.33 2.51 28.0
R2 0.3397 0.6673 0.5449 0.6499 0.3876 0.6571

Fig. 6. Adsorption isotherm of AB15 adsorption onto (a) ZAHC and (b) BC.
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n for BC. The positive ∆H° values indicate the endothermic 
nature of the process and the values are within the range 
of (1–93  kJ  mol–1) confirming the physisorption [39]. From 
these results, it is clear that the adsorption of AB15 onto 
ZAHC and BC may involve physisorption. In addition, 

positive ∆S° confirms more randomness at the solid-solution 
interface.

3.5. Proposed adsorption mechanism

The adsorption mechanism of AB15 can be explained 
by taking the electrostatic attraction between the adsor-
bate and the adsorbents. This can be explained by the pH 
dependence of the adsorption of AB15 onto the adsorbents 
prepared. Under acid condition when the pH decreases 
(pH 2 or 3), the adsorbents are positively charged. In con-
trast, the anionic dye AB15 has a negative sign due to the 
presence of several sulfonated groups. Therefore the neg-
atively charged dye molecules are attracted by the posi-
tively charged adsorbent surfaces, thereby increasing the 
percentage of dye removal. The same trend is reported in 
the literature [40,41] for anionic dyes. At higher pH, the 
adsorbent surface becomes negatively charged and the 
repulsion between the adsorbent surface and the dye mol-
ecule results in a decreased percentage of dye removal. 
Hence it is clear that most of the AB15 dye uptake processes 
involve electrostatic force of attraction.

3.6. Reusability studies

Desorption studies also are performed to check the  
possibility of regeneration of the adsorbents used. Desorp
tion of AB15 is done by using the solvent washing method 

Table 5
Comparison of the adsorption capacity qm (mg g–1) of various adsorbents for different acid blue dyes under various conditions

Adsorbent Dyes Maximum adsorption 
capacity qm (mg g–1)

References

ZnCl2 activated hydrochar prepared ALWSD Acid blue 15 40.88 This study
Biochar prepared ALWSD (BC) Acid blue 15 84.43 This study
Peat Acid blue 25 14.4 [33]
Hazelnut shell Acid blue 60.2 [34]
K2CO3-activated olive pomace boiler ash Acid blue 29 38.48 [35]
Parthenium leaves ash Acid blue 193 11.75 [36]
Cow dung ash Acid blue 193 3.85 [36]
Mango stone ash Acid blue 193 7.59 [36]
Base-treated Shorea dasyphylla sawdust Acid blue 25 24.4 [37]
Azolla pinnata Acid blue 25 50.5 [38]
Soyabean waste Acid blue 25 38.3 [38]

Table 6
Thermodynamic parameters for the adsorption of AB15 by ZAHC and BC

Adsorbent T (K) ∆G° (kJ mol–1) ∆H° (kJ mol–1) ∆S° (J mol–1 K–1)

ZAHC 300 –129.23 51.35 180.58
310 –161.72 63.14 224.87
320 –131.12 48.52 179.64

BC 300 –158.97 69.24 228.21
310 –160.06 69.72 229.78
320 –158.97 69.24 228.22

Fig. 7. Desorption studies using ZAHC and BC for the removal 
of AB15.
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in which ZAHC and BC are washed with acidic ethanol. 
The data for adsorption-desorption experiments are pre-
sented in Fig. 7. ZAHC and BC show favorable results 
up to four cycles and after the fourth cycle, they result in 
70% efficiency in dye removal. Hence the results of the 
adsorption–desorption cycle confirm the reusability of 
adsorbents for the removal of AB15.

4. Conclusion

In the current study, ALWSD is used successfully to 
produce activated carbon and biochar. The adsorption effi-
ciency of the adsorbents prepared is tested towards the 
aqueous solution of AB15. The adsorption process is depen-
dent on the solution pH (2–9). The kinetic studies reveal 
that the pseudo-second-order model fits well for both the 
adsorbents and the adsorption requires only low activation 
energies (0.98–17.35  kJmol–1). The calculated thermody-
namic parameters show that AB15 adsorption onto ZAHC 
and BC occurs spontaneously is endothermic and the pos-
itive ∆S° shows increased randomness. The study shows 
that ALWSD can be used as a precursor to producing acti-
vated carbons with a favorable surface area. To explore the 
potential advantage of the adsorbents used in this study, 
it is necessary to extend the present work to include the 
adsorption of the other emerging contaminants in water.
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