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a b s t r a c t
Batch adsorption of chromium metal ions from the aqueous solutions was studied using activated 
biochar material from Ziziphus jujube seed powder. Using the chemical synthesis technique, the 
adsorbent material was produced and activated by concentrated sulfuric acid. The characteriza-
tion of the adsorbent material produced was performed through scanning electron microscopy 
and Fourier-transform infrared spectroscopy analyses, while the size of the pores was deter-
mined using Brunauer–Emmett–Teller isotherm analysis. Batch experiments were used to deter-
mine the best parameters for pH, contact duration, dose, ion concentration, temperature, and 
particle size. Adsorption isotherm studies were performed to verify the adsorption process, and 
kinetic experiments were performed to determine the nature of chromium ion absorption by the 
adsorbent. Thermodynamic tests confirmed that the adsorbent’s metal absorption is endother-
mic. 93.27% of chromium ions were desorbed from the wasted adsorbent using 0.3 N HCl. Using 
activated Ziziphus jujube biochar as an adsorbent, around 99.27% of the chromium ions were 
adsorbed from the generated synthetic solution.
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1. Introduction

Chromium is one of the important elements for manu-
facturing ceramic metals, electroplating, dyes, paints, and 
leather. It is soluble in water at 20°C, and the melting point 
of chromium is 1907 +/– 10°C. The chromium metal ions 
play an important role in all kinds of the industrial manu-
facturing process [1]. Due to the rapid population growth 
and industrial expansion, there is an urgent need for all 

kinds of industrial-oriented products. At the same time, the 
surrounding environment gets highly contaminated due to 
various kinds of industrial activities. Chromium is a nor-
mal metal ion available everywhere on the earth’s surface. 
While processing the chromium for getting the products, the 
oxidate state of chromium ions gets increased or decreased, 
and it becomes a heavy metal ion [2]. Heavy metals are 
very toxic compared to normal metal ions, creating harmful 
effects on the surrounding environment even in very low 
concentrations.
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Chromium ions were converted into trivalent (Cr3+) and 
hexavalent (Cr6+) states during the processing of industrial 
products. These states of chromium ions are usually called 
chromium heavy metal ions. The hexavalent chromium ions 
(Cr6+) are highly toxic, creating cancer and respiratory prob-
lems for humans while consuming more than the accept-
able limit of 0.05 mg/L. A large volume of effluent with very 
high concentrations of hexavalent chromium ions was dis-
charged into natural water bodies as a result of the process-
ing of industrial goods such as tanning and electroplating [3]. 
These ions are non-degradable and, mixed with clean water, 
create toxic environmental effects. Hence it is necessary to 
reduce the concentration of heavy metal ions from the indus-
trial effluent. The physical and chemical methods adopted 
in normal effluent treatment plants (ETPs) are unsuitable 
for treating water from metal ion concentrations. Various 
treatment methodologies such as filtration, precipitation, 
ion exchange, membrane adsorption were used to remove 
these pollutants from the aqueous medium. These methods 
have disadvantages like secondary sludge generation, high 
reagent requirement, high investment, maintenance cost etc. 
Among these methods, adsorption was used most widely 
to reduce/remove the concentration of toxic pollutants from 
the aqueous medium. It is one of the simplest processes and 
requires very low investment and maintenance costs [4]. The 
process of accumulating pollutants on the adsorbent’s sur-
face is called adsorption. For receiving the pollutants from 
the aqueous solutions, a substance was used, and it is called 
an adsorbent working under the van der Waal’s force [5].

Biochar is a material produced from naturally available 
waste biomass. In recent years biochar is considered as one 
of the promising methods for pollution abatement. It plays 
an important role in waste reduction as well as low-cost 
material for pollution removal. Biochar was extensively used 
for soil remediation in the past and in recent years it had a 
widespread application in the area of wastewater treatment, 
heavy metals removal, construction industries, greenhouse 
gas reduction, and carbon sequestration. Physical and chem-
ical characteristics of the biochar play an especially import-
ant role in the pollution abatement. Some of the important 
properties of the biochar are particle size, density, moisture 
content, porosity, and chemical composition. The character-
istics of biochar are determined by both the type of feed-
stock and the production methods employed. In general, 
dry feedstock is preferred over wet feedstock, as the latter 
has a moisture content of over 30%, which can increase 
the initial cost for pretreatment. Pyrolysis, gasification, 

torrefaction, and hydrothermal carbonization are some of 
the thermo-chemical methods that can be used for biochar 
production. These methods can be categorized into three 
main types: slow pyrolysis, fast pyrolysis, and flash pyrol-
ysis. Of all these methods slow pyrolysis was considered as 
one of the best methods. The biochar produced from slow 
pyrolysis will have high surface area, pore size and pore vol-
ume. The formation of micropores is very high that could 
enhance the removal efficiency.

One of the most challenging tasks is identifying the sor-
bent, and all these adsorbent materials assure the adsorp-
tion process’s performance. Various compostable and 
decomposable materials were used, such as tree bark and 
leaves, shells, fruit peels and seeds, etc., to remove the toxic 
pollutants from the aqueous medium. The present study 
focused on utilizing activated carbon derived from Ziziphus 
jujube seeds as a biosorbent for removing hexavalent chro-
mium ions from aqueous solutions. Using adsorption iso-
therm and kinetics the process of metal ion uptake by the 
adsorbent was evaluated. Table 1 summarizes the numer-
ous studies that have been undertaken utilizing Ziziphus 
jujube products as an adsorbent material.

2. Materials used and methods

2.1. Stock and biochar adsorbent preparation

Potassium dichromate powder (100 mg) was mixed with 
1 L of distilled water, and the synthetic solution was pre-
pared with a concentration of 100 mg/L. Adjusting the con-
centrations was accomplished by combining the required 
amount of distilled water with potassium dichromate pow-
der. The adsorbent material was prepared by crushing the 
Ziziphus jujube seeds using a mechanical crusher after 24 h 
of sun drying. The powdered sample was then placed in 
a muffle furnace and heated to 300°C to transform it into 
charcoal. The charcoal powder was removed from the 
furnace and washed with strong sulfuric acid for chem-
ical activation (H2SO4). To remove the water content, acti-
vated charcoal Ziziphus jujube seeds powder was roasted 
for 8 h at 100°C. The sample was taken out of the oven 
and will be used in future studies.

2.2. Adsorbent characteristics studies

The surface area of the generated biochar Ziziphus 
jujube adsorbent was initially evaluated using nitrogen 
adsorption and desorption at –196°C. Eq. (1) was used 

Table 1
Adsorption of various pollutants using Ziziphus jujube biosorbent

S. No. Name of the 
metal ion/dye

Adsorption 
efficiency

Initial concentration of 
pollutants

Optimum 
pH

Ideal dose Contact time References

1. Cr6+ 99.27% 0.02 g/L 2.0 600 mg/L 1 h 30 min In this study
2. Cd2+ 50 mg/g 0.05 g/L 2.0 1600 mg/L 0.4 h [6]
3. Cr6+ 61.92% 0.1 g/L 2.0 1000 mg/L 2 h [7]
4. Cd2+ and Pb2+ 16.47 and 

20.98 mg/g
60 mg/L 3.0 2 g/L 2 h [8]

5. As2+ 79.3% 40 mg/L 5.0 1.5 mg/L 20 h [9]
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to determine the micro and mesopores of the biosorbent 
material. Prior to obtaining the level of pore sizes, the bio-
sorbent material was heated to 300°C to remove any gas 
molecules and was subjected to a vacuum.

S S Sm u� �BET  (1)

The average sizes of the micro and mesopores pres-
ent in the Ziziphus jujube biosorbent were denoted as Sm 
and Su, respectively, while SBET represented the average 
surface area calculated using Brunauer–Emmett–Teller 
(BET) analysis. The pore volume (VT) and liquid nitrogen 
acquired for BET analysis were evaluated at a relative pres-
sure of P/Po~0.99 [10]. Eq. (2) was employed to calculate 
the volume of the micro and mesopores.

V V Vm T u� �  (2)

The average pore diameter (DP) was obtained using the 
Barrett–Joyner–Halenda (BJH) model represented in Eq. (3).

D
V
SP

T=
4

BET

 (3)

Fourier-transform infrared spectroscopy (FTIR) studies 
evaluated the functional group availability in the prepared 
adsorbent by taking the initial concentration of Cr6+ ions in 
the synthetic solution 20 mg/L, pH of the solution 5.0 and 
1 g of Ziziphus jujube biosorbent used. To avoid floc forma-
tion and ensure appropriate mixing, the solution was shaken 
for 3 h at a speed of 200 rpm in a rotary shaker. Following 
that, the solution was allowed to settle for up to 10 min 
before being suspended for the various experimental pro-
cesses. The bandwidth of 400–4,000 cm–1 was fixed in FTIR 
studies with a range interval of 4 cm–1 and 20 scans were 
done for functional group checking. The energy-dispersive 
X-ray spectroscopy (EDX) analysis equipped with scanning 
electron microscopy (SEM) instrument was performed to 
check the surface fractions and flaws.

2.3. Batch studies

The study investigated the effects of varying adsorption 
parameters, such as pH, ion concentration, contact time, 
adsorbent dosage, and temperature, on the batch mode 
adsorption process. The pH of the solution was adjusted 
from 2.0 to 7.0 to determine the optimal value for maxi-
mum metal ion removal. The batch mode adsorption study 
was conducted by adjusting the biosorbent dosage level 
from 0.1 to 1.0 g/L and varying the chromium concentra-
tion in the aqueous solution from 20 to 100 mg/L at 30°C 
within a time interval of 30–180 min. The metal ion adsorp-
tion process was represented by the mass balance system 
approach, as shown in Eq. (4).

q V
m
C Ct t� �� �0  (4)

The concentration of aqueous medium was represented 
by Ct and amount of heavy metals uptake by the biochar 
material was signified by qt. Total amount of chromium 
ions adsorbed on the adsorbent’s surface was evaluated 
using the AAS (AA6300) spectrophotometry analyzer. To 

obtain the concurrent value, each analysis was done twice. 
Eq. (5) depicts the mass balance system of the metal ion 
adsorption process.
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100  (5)

The initial and final concentration of synthetic solu-
tion with hexavalent chromium ions was represented by 
C0 and Ce, respectively.

2.4. Isotherm studies

Mathematical equations and certain assumptions eval-
uated the performance of targeted metal ion uptake by the 
biosorbent materials. These assumptions and mathematical 
equations are usually called isotherm studies, which check 
the adsorbate transmission from the solution phase to the 
adsorbent phase under a controlled temperature [11]. The 
isotherm investigations listed below are often performed 
to examine the adsorption process utilizing the adsorbent 
material.

2.4.1. Langmuir isotherm

During the equilibrium conditions, the behavior and 
concentrations of the fluid and solid phases were evalu-
ated in relation to the solid and gas phases, as determined 
by Langmuir isotherm studies. Because of chemical reac-
tions, the process of adsorption happened, which is the basic 
assumption of the Langmuir isotherm study. Furthermore, 
the adsorbent absorbs metal ions in a homogeneous mono-
layer adsorption process [12]. Based on these assumptions, 
the Langmuir isotherm was derived and represented in 
Eq. (6) at a given temperature of 30°C.

C
q K q

C
q

e

e

e� �
1
. max max

 (6)

where Ce denotes the concentration of chromium metal 
ion-containing solution, qe denotes the adsorbed quantity 
of ions per g and qmax and K denotes the Langmuir model 
constants for intensity and capacity.

2.4.2. Freundlich isotherm

At 30°C of constant temperature the Freundlich iso-
therm studies were conducted to check the multilayer 
adsorption with heterogeneous nature in batch mode. The 
variations in metal ion adsorption from the adsorbed gas 
using a mass of activated Ziziphus jujube powder in unit 
mass were described by this study at a given tempera-
ture [13]. The Freundlich isotherm model was developed 
using linear Eq. (7) at a given temperature of 30°C.

1 1 1
q K n

C
e f

e� �  (7)

where qe represents the quantity of chromium ions adsorbed 
by Ziziphus jujube adsorbent, capacity and energy of the 
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adsorption process is represented by n and Kf, and Ce rep-
resents chromium ion concentration in the synthetic solu-
tions at equilibrium.

2.4.3. Sips isotherm

The Sips model isotherm study was used to predict the 
adsorption process in very low concentrations. To study the 
homogenous sites in the adsorbent material, this sort of iso-
therm model was created from Langmuir and Freundlich 
isotherm investigations. The Sips model isotherm assumes 
a monolayer adsorption process and disregards the con-
centration of chromium ion solutions [14]. Eq. (8) can be 
expressed the linear study of Sips isotherm model at 30°C.

1 1 1 1
1

q Q K C Qe S e

n

�
�

�
��

�

�
�� �

max max

 (8)

where Qmax and Ks represent equilibrium and adsorption 
capacity, respectively, whereas n denotes heterogeneity.

2.4.4. Redlich – Peterson isotherm

This study utilizes a mix of the Langmuir and Freundlich 
models, which is also the case for the Sips isotherm study. 
Instead of the monolayer, this Redlich–Peterson isotherm 
model analyses the multilayer adsorption process with het-
erogeneous nature. The adsorption mechanism between 
biosorbent and targeted metal ion is unique, and the 
multilayer adsorption process has been considered [15]. 
Eq. (9) can be expressed the linear model of Redlich–Peterson 
isotherm model at 30°C.

ln ln ln
C
q

C Ae

e
e� ��  (9)

where β and A represent the exponent value and 
Redlich–Peterson isotherm constant.

2.5. Kinetic studies

To investigate the solute releases from the synthetic 
solutions during the process of metal ion uptake, kinetic 
models were used. The data obtained from the batch stud-
ies have been used to evaluate the process of adsorption to 
the solid interface due to strong and weak forces. The fol-
lowing kinetic studies were performed to check the per-
formance of adsorption process.

2.5.1. Pseudo-first-order kinetics

In between hard and fluid adsorption systems, the 
strong driving force was developed, and the chromium 
ion uptake by Ziziphus jujube seeds is directly proportional 
to the capacity of adsorption are the basic assumptions 
of this kinetic model [16]. Using the linear plots obtained 
from Eq. (10), the initial and equilibrium concentrations 
between chromium ion adsorption using Ziziphus jujube 
seeds were evaluated.

dq
dq

k q qe

t
e t� �� �  (10)

The chromium ions adsorbed by Ziziphus jujube seeds 
powder was obtained by calculating qe and qt values after 
applying the boundary conditions in Eq. (10) has been 
converted to Eq. (11).

Q Q et e
kt� �� ��1  (11)

2.5.2. Pseudo-second-order kinetics

Based on the assumption that the amount of metal 
ions absorbed by activated Ziziphus jujube seeds powder is 
related to the biosorbent’s active site count, the linear plots 
were derived by referring to Eq. (12).

t
q h q

t
e

� �
1 1  (12)

The earlier reaction time was determined using the 
equation h = kqe

2 and the values of k, h and qe were obtained 
from the linear plots.

2.5.3. Elovich kinetics

The existence of gas molecules was detected in the 
Ziziphus jujube seeds charcoal adsorbent during the begin-
ning step of the chromium metal ion adsorption process. 
Based on this condition, the increase in the amount of metal 
ions adsorbed from the solute is exponentially proportional 
to the decrease in desorption rate [17,18]. Eq. (13) expresses 
the Elovich kinetic plot based on the above assumptions.

q
a b
b b

tt
e e

e e

� �
ln

ln1  (13)

where ae and be are the Elovich model parameters in mg/g 
and g/mg.

3. Results and discussion

3.1. BET isotherm analysis.

At –196°C the process of adsorption and desorption 
were conducted and the curve for this study is shown in 
Fig. 1. Referring to the figure the adsorption follow-up 

Fig. 1. Adsorption and desorption curve of biosorbent material 
for Brunauer–Emmett–Teller analysis.
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procedure by type II category using two curves. In other 
words, the first curve shows the presence of micropores, 
whereas the second depicts the presence of mesopores in 
the biochar adsorbent [19]. By observing the two curves 
in the plot, it can be inferred that the Ziziphus jujube bio-
sorbent has a significantly high surface area, along with 
a substantial level of micro and mesopores, which enable 
it to effectively adsorb pollutants from the source. The 
obtained area of surface of 468 m2/g indicates appli-
cability range of their commercial activated carbons. 
Table 2 represents the various characteristics values of 
biosorbent obtained from the BET analysis.

3.2. FTIR studies

The presence of functional groups was examined by 
FTIR studies with the range of 400–4,000 cm–1. Before and 
after the chemical activation process of Ziziphus jujube adsor-
bent and its functional groups were analyzed by this study. 
Fig. 2a and b show the availability of various functional 
groups in both natural and activated biochar adsorbents. 
Before chemical activation process the charcoal adsorbent 
has the peak at 1,600 cm–1 and it represents the ring vibra-
tions of carbonyl groups. Fig. 2b depicts the highest peak at 
2,924 cm–1 caused by symmetrical bending of O–H groups. 
Also, the peak at 1,595 cm–1 was developed due to the vibra-
tions of bending by –CH2 groups. At the peak of 3,392 cm–1 
the alcohol stretching was observed and 1,092 cm–1 peak, –
COO vibration stretch was identified [20]. The preceding 
explanation concludes that the activated Ziziphus jujube 
biochar adsorbent has a large number of functional groups 
for receiving contaminants from aqueous solutions.

3.3. SEM analysis

Fig. 3a and b show activated charcoal biosorbent before 
and after Cr6+ metal ion absorption at 10 and 5 µm working 
distances, respectively. The adsorbent’s surface has multiple 
active sites and irregular pores before absorbing the metal 
ions, as shown in first two SEM images. These active sites 
and pores are critical in absorbing toxic metal ions in the 
wastewater. The microscopic image acquired after pass-
ing the synthetic solution onto the charcoal biosorbent is 
shown in Fig. 3b. Pollutants accumulated in the active sites 
and pores, producing a cloud on the adsorbent surface [21]. 
The pollutants were adsorbed onto the surface of the adsor-
bent through the micro and mesopores, until the point of 
saturation was reached. Beyond that, there is no pollutant 
uptake was observed. The preceding discussion verifies the 
presence of contaminants on the surface of the adsorbent. 

EDX analysis was used to assess the targeted metal ion 
efficiency and its presence.

3.4. EDX analysis

Similar to the SEM analysis, the EDX analysis was per-
formed before and after metal ion adsorption using the 
biochar adsorbent. EDX pictures of the produced biochar 
adsorbent before and after chromium ion adsorption are 
shown in Fig. 4a and b. The surface of the biochar adsorbent 
contains a variety of chemical and metallic elements, includ-
ing large amounts of carbon, as well as oxygen, calcium, 
and other elements. The diffraction image of the metal ion 
containing solution after reaching the saturation point was 
captured when it was passed through the biochar adsor-
bent, as depicted in Fig. 4b. The presence of carbon and 
oxygen were not the only elements observed on the adsor-
bent’s surface, but also chromium, potassium, and alumina, 
which confirmed the existence of the desired metal ion [22].

3.5. Impact of pH in chromium removal

The efficiency of adsorption and its changes due to the 
variations of pH in the synthetic solution was examined 
by fixing the ion concentration of 20 mg/L and biosorbent 
dose of 1.0 g/L. The reaction time was fixed at 60 min with 
decreasing the pH of aqueous solution from 7.0 to 2.0 by 
adding the pH HNO3 solution. Around 98.82% of chromium 
ions were eliminated from the synthetic solution with an 
optimal pH of 2.0 at 30°C of the solution’s temperature. The 
raise in pH of synthetic solution decreases the adsorption 

Table 2
Characteristics of Ziziphus jujube biochar adsorbent

Type of property Value obtained

Surface area (BJH), m2/g 76.983
Pore volume, cc/g 0.116
Pore radius, Å 32.822
Surface area (BET), m2/g 468
Pore diameter (Avg.), nm 0.0057

(a)

(b)

Fig. 2. Fourier-transform infrared spectroscopy stretching peaks 
of biosorbent before and after metal ion uptake.
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efficiency is seen in Fig. 5a. When the pH is low, that is, 
when the solution is strongly acidic, positively charged ions 
play an important role in attracting negatively charged ions 
and boosting the efficiency rate [23]. An increase in the 
pH of the solution reduces the amount of adsorption effi-
ciency because of hydroxyl precipitation.

3.6. Impact of biochar dose in chromium removal

The amount of active sites in the adsorbent determines 
the amount of metal ion removal from the aqueous medium. 
With optimum pH of 2.0, the biosorbent dose in the synthetic 
solution was increased from 0.1 to 1.0 g/L and the impact 
in ion removal efficiency were investigated. At 30 min of 
reaction time the impact of adsorption efficiency was stud-
ied for 20 mg/L ion concentrated synthetic solution. The 
impact of chromium ion adsorption on the dose of Ziziphus 
jujube seeds at 30°C is depicted in Fig. 5b. As seen in the 
figure, the rise in adsorbent dose enhanced the adsorption 
efficiency. Above 0.6 g/L of biosorbent dose, there was a 
decrease in ion efficiency, indicating the adsorption process’s 
saturation point. Following the saturation stage, all active 
sites are contaminated, and the number of available vacant 
sites is severely restricted, lowering adsorption effective-
ness. According to the findings, 0.6 g/L of activated biochar 
Ziziphus jujube seeds eliminated 98.37% of the chromium 
ions from the generated synthetic solution.

3.7. Impact of chromium concentration

Increasing the concentration of solution decreases the 
adsorption efficiency because of presence of very high ion 

(a) (b)

(c) (d)

Fig. 3. Scanning electron microscopy images of biosorbent material (a) before and (b) after chromium uptake.

(a)

(b)

Fig. 4. Energy-dispersive X-ray spectroscopy images of biosor-
bent (a) before Cr adsorption and (b) after Cr adsorption.
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particles. Fig. 5c represents the impact of metal ion uptake 
by adjusting the chromium concentration as 20, 40, 60, 80 
and 100 mg/L. Taking the optimum pH and biochar dose 
the impacts were analyzed and discussed up to the constant 
attainment rate. The impact at 30°C was examined within 
60 min of contact time and is depicted in Fig. 5c. In lower 
concentrations, the adsorbent’s effectiveness of chromium 
ion absorption was quick, and 98.73% of chromium ions 
were removed from the synthetic solution in 20 mg/L. Due 
to significant wander walls forces, the availability of active 
sites in the synthetic solution was high at lower concentra-
tions and rapidly absorbed by the adsorbent. When the con-
centration of metal ion-containing solution is high and the 

adsorbent has a low number of active sites, the quantity of 
pollutant uptake is reduced [24]. With an increase in metal 
ion concentration, the adsorption process approached sat-
uration, and there was no change in adsorption efficiency 
after the saturation point. As a result, in batch adsorp-
tion investigations, the highest adsorption efficiency was 
reached at lower concentrations.

3.8. Impact of contact time

Fig. 5d depicts the effect of chromium ion adsorption 
on the contact duration between activated charcoal biosor-
bent and synthetic solution ranging from 30 to 180 min at 
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concentrations ranging from 20 to 100 mg/L. Similar to 
previous experiments, the contact time was adjusted and 
optimum biochar concentration of 0.6 g/L and pH of 2.0 
obtained from the batch study was taken in this experimen-
tal work. When the adsorption process begins, the avail-
ability of active sites is greater, and it fills up quickly with 
contaminants. Later, the active site availability is extremely 
low, reducing pollutant adsorption from aqueous solutions 
[25]. After 90 min of contact time, the saturation point pro-
duced a rapid reduction in metal ion uptake by the acti-
vated biochar. As a result, the greatest quantity of pollut-
ant adsorption occurred at the beginning of the adsorption  
phase.

3.9. Impact of temperature in metal ion adsorption

The industrial effluent’s temperature is not a constant 
one and it may affect the efficiency of adsorption process. 
In this study, after determining the optimal values of pH, 
biochar dose, ion concentration, and reaction time from the 
above discussions, the impact of varying temperature of 
metal ion uptake was analyzed in the range of 15°C–60°C. 
Chromium adsorption increases with increasing tempera-
ture up to 30°C, and increasing temperature further inhib-
its metal ion absorption. The decrease in adsorption effec-
tiveness with increasing temperature was caused by an 
increase in the rate of desorption in the adsorption process. 
Fig. 5e shows the effect of adsorption by varying the tem-
perature of metal ion containing solutions.

3.10. Impact of particle size change in adsorption

The average particle size of the adsorbent material was 
obtained in BET analysis, and those particles were used for 
the adsorption process. To check the impact of particle size 
in the adsorption process, different sizes of particles (10, 25, 
40 and 56 µm) were used in batch mode. Fig. 5f shows the 
adsorption efficiency changes by varying the adsorbent 
material’s particle size. The efficiency of adsorption was 
decided based on the availability of surface area. The particle 
size is small; it has a very large surface area [26]. According 
to the graph, a 10µm particle provided a high efficiency 
of 97.27%, and increasing particle size steadily reduces 
adsorption efficiency. Also, the active site is less in smaller 
particle size, which can easily bind the adsorbent particles 
without surface contact. Due to this reason, the efficiency of 
adsorption was high in smaller particle sizes.

3.11. Adsorption isotherm al studies

3.11.1. Langmuir isotherm

Fig. 6a shows Langmuir isotherm linear plots (Ce/qe 
against Ce) used to investigate chromium ion absorption 
and follow-up by monolayer or multilayer methods. The 
values of adsorption capacity and intensity were obtained 
from the linear plots of this study, and they were in good 
agreement with the standard values. Table 3 shows the com-
puted parameters and their values for the Langmuir iso-
therm model. The separation parameter derived from the 

(a)

(c) (d)

(b)

Fig. 6. (a) Langmuir, (b) Freundlich, (c) Sips and (d) Redlich–Peterson isotherm models for the adsorption of chromium ions using 
Ziziphus jujube biosorbent.
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plot is 0.0034 between 0 and 1, confirming the adsorption 
follow-up operation. The regression coefficients (R2) are 
more than 0.95, showing that the Langmuir isotherm model 
is applicable. As a result, the chromium ion absorption 
by the Ziziphus jujube biochar adsorbent is a homogenous 
monolayer process [27].

3.11.2. Freundlich study

The constant temperature distribution and heteroge-
neous nature of adsorption process has been evaluated 
by Freundlich isotherm studies. Fig. 6b shows the linear 
plots of Freundlich isothermal studies, and the constants 
of isothermal studies were evaluated and represented in 
Table 3. The value of adsorption capacity was 3.125 which 
falls between 0 to 1 shows the applicability of Freundlich 
isotherm study and Table 3 represents the constants of this 
model. In addition, the regression coefficient (R2) is larger 
than 0.95, showing that the Freundlich isotherm model is 
suitable. As a result, the chromium absorption by Ziziphus 
jujube charcoal adsorbent is similarly heterogeneous, 
with a multilayer process [28].

3.11.3. Sips isotherm study

The chromium ion absorption by Ziziphus jujube charcoal 
adsorbent follows either Langmuir and Freundlich investiga-
tions, and adsorption occurs in both homogeneous and het-
erogeneous environments. As a result, in adsorption research, 
fitting the adsorption process is increasingly crucial [29]. The 
Sips isotherm models were fitted using the linear plots from 
the investigation, as shown in Fig. 6c. The process follows 
either the Langmuir or Freundlich fit, depending on the het-
erogeneity factor (n) number. If n is less than one, the proce-
dure follows Freundlich fitting; if n is greater than one, the 
process follows Langmuir fitting. The Freundlich isotherm 
fitting of the chromium adsorption process by Ziziphus jujube 
biochar adsorbent resulted in an n value of 2.621, which is 
greater than 1, and a high regression value was obtained.

3.11.4. Redlich–Peterson study

Redlich–Peterson study, commonly known as the 
three-parameter model, is used to identify the adsorption 
performance in clear way [30]. The Langmuir and Freundlich 
isotherms have just two undetermined values. On the 
other hand, the Redlich–Peterson isotherm has three unde-
termined variables that produce the precise values of the 
adsorption constants. The constants of Redlich–Peterson 
isothermal model were obtained from the linear plots are 
shown in Fig. 6d and the values are listed in Table 3. The 
constants of Redlich–Peterson model plot are shown in 
Table 3, and the regression value (R2) was determined to be 
high (>0.95). The values of bR have been utilized to match 
the adsorption process, either Langmuir or Freundlich iso-
therm. If bR = 0, the adsorption process uses the Freundlich 
fitting approach, and if bR = 1, the chromium absorption 
by Ziziphus jujube biochar uses the Langmuir fitting method. 

3.12. Kinetic studies

3.12.1. Pseudo-first-order studies

Fig. 7a shows the linear plots of (qe – q) vs. t used to 
investigate the kinetics of chromium ion adsorption by 
Ziziphus jujube biochar seeds adsorbent. Table 4 represents 
the values of pseudo-first-order kinetic model obtained 
from each plot in various concentrations of 25, 50, 75, 100, 
125 and 150 mg/L. The table displays the plots’ kinetic val-
ues (k) and regression coefficients (R2), both of which were 
found to be acceptable and consistent with the adsorption 
process. Regression value on the linear plot is more than 
0.95, demonstrating the model’s relevance to chromium 
adsorption. In addition, based on the regression indicator, 
the adsorption process reached an equilibrium level.

3.12.2. Pseudo-second-order studies

Similar to the first order studies, the earlier stage ion con-
centration was adjusted as 25, 50, 75, 100, 125 and 150 mg/L 
and the constants were obtained in each linear plots of this 
study. Table 4 shows the constants obtained from the linear 
plots of the second-order kinetic model, which were cal-
culated from this study, as illustrated in Fig. 7b. The qe val-
ues derived using linear equations were almost identical to 
the qe values derived through experimental analysis. The 
second-order studies also match well with the adsorption 
process based on the plot values, and it demonstrates the 
adsorption saturation point within the limiting behavior [31].

3.12.3. Elovich kinetics

Using Elovich kinetic experiments, the nature of the het-
erogeneous adsorption process under extreme conditions 
was examined. Fig. 7c depicts a linear plot of qt vs ln(t), and 
the slope deflection values were collected and utilised to cal-
culate the kinetic constants of a and b. Table 4 lists the vari-
ous Elovich kinetic plot constants, and the regression value 
was relatively small. Based on the results of the regression 
investigations, this model does not correspond to the chro-
mium adsorption process by Ziziphus jujube adsorbent. 
Referring to the first order studies, heterogeneous active 
sites are abundant, and the Elovich kinetic model does not 

Table 3
Constants of isotherm models obtained from linear plots

Isotherm type Constants Values

Langmuir qmax 10.283
KL 0.381
R2 0.9704

Freundlich Kf 2.831
n 2.621
R2 0.992

Redlich–Peterson KRP 12.912
αRP 0.364
βRP 1.183
R2 0.995

Sips Ks 11.374
βs 1.437
aS 0.502
R2 0.971



T. Hariharan et al. / Desalination and Water Treatment 295 (2023) 205–216214

anticipate this [32]. As a result, the kinetic model did not 
suit the chromium adsorption process. 

3.13. Thermodynamic studies

The synthetic solution’s chromium ion concentration 
was adjusted to range between 20 and 100 mg/L, and ther-
modynamic experiments were run to evaluate the adsorp-
tion process’s thermodynamic behavior. Fig. 8 depicts 
thermodynamic graphs of the chromium ion adsorption 

process at 15°C, 30°C, 45°C, and 60°C, respectively. Taking 
the slope and deflection values from the thermodynamic 
plots the thermodynamic parameters (Ho and So) and its 
values were obtained. The Gibbs free energy (Go) was mea-
sured at various temperatures; the results are shown in Table 
5. Because of its spontaneous character, the Gibbs energy 
values are positive with negative enthalpy values, confirm-
ing that the adsorption process employing Ziziphus jujube 
biochar follows an endothermic reaction [33]. Furthermore, 
the entropy values are positive, supporting the liquid and 
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Fig. 7. Adsorption kinetics for metal ion removal using biochar by (a) pseudo-first-order, (b) pseudo-second-order and 
(c) Elovich studies.

Table 4
Chromium adsorption kinetic constants using Ziziphus jujube biosorbent

Conc. 
(mg/L)

Pseudo-first-order Pseudo-second-order Elovich

K (min–1) qe (mg/g) R2 K × 10–3 (g/mg·min) qe (mg/g) h (mg/g·min) R2 a (mg/g·min) b (g/mg) R2

20 0.041 3.21 0.97 18.41 2.13 0.15 0.97 0.413 1.72 0.93
40 0.059 7.04 0.95 15.38 5.48 0.17 0.95 0.854 0.95 0.92
60 0.072 10.23 0.98 10.53 8.64 0.24 0.97 0.983 0.64 0.94
80 0.063 13.82 0.97 6.49 10.84 0.27 0.96 0.942 0.41 0.92
100 0.051 17.38 0.97 2.18 13.53 0.34 0.97 0.889 0.27 0.93
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solids uncertainty of chromium ion absorption utilizing 
Ziziphus jujube biochar material.

3.14. Desorption studies

Concentrated hydrochloric acid (0.1 to 0.4 N) was used 
in this study. The desorption tests were conducted to reuse 
the adsorbent materials and metal ions. The adsorbed 
materials were first treated with strong hydrochloric acid 
(0.1 N), which recovered 85.67% of the chromium ions 
from the solution. When the concentration was raised to 
0.3 N, about 93.47% of the chromium ions were recovered 
from the adsorbed solutions. Fig. 9 shows that increasing 
the concentration reduces the quantity of metal ion recov-
ery. Metal ion recovery decreased as hydrochloric acid 
concentration increased due to a decrease in active site 
availability. The metal ion recovery from the spent adsor-
bent was reduced due to the large volume of ions in the 
higher concentrations. As a result, in chromium adsorption 
investigations utilizing activated Ziziphus jujube biochar 
seeds powder, the highest quantity of wasted adsorbent 
was recovered by adding 0.3 N of hydrochloric acid.

4. Conclusion

Activated Ziziphus jujube biochar seeds were used in 
batch adsorption investigations of chromium ion absorption 
from synthetic solution. With pH range of 2.0, biosorbent 

dose of 0.6 g/L, and ion concentration of 20 mg/L, the chem-
ically prepared activated carbon biosorbent adsorbs 99.27% 
of chromium ions in 90 min. Langmuir, Freundlich, Sips, 
and Redlich–Peterson isotherm studies match well with 
the adsorption process, and it is recommended that both 
monolayer and multilayer adsorption be followed. The 
pseudo-first and second-order kinetics suggest the hetero-
geneous nature and its applicability of metal ion uptake 
process by the adsorbent. Thermodynamic investigations 
were carried out to evaluate the endothermic behavior of 
the adsorption process under various temperatures and 
concentrations. The adsorption investigations show the 
adsorbent’s capacity to remove chromium metal ions from 
aqueous solutions under regulated conditions.
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