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ABSTRCT

Biosorption of hexavalent chromium ions from the synthetic solution was performed
using activated Ziziphus jujube seeds powder as an adsorbent material. A chemical synthesis
process prepared the adsorbent, and various methods have evaluated its characteristics. FTIR,
SEM and EDX analysis was conducted to check the ability of hexavalent chromium uptake from
the synthetic solutions. Batch mode of adsorption process was performed and the adsorption
parameters of pH, concentration, dose, contact time and temperature were found in various
operating conditions. The entire adsorption process was evaluated by isotherm and kinetic
models to check the nature of the adsorption process and its chemical reactions. Thermodynamic
studies were conducted, desorption studies were used to recover the spent adsorbent using

concentrated hydrochloric acid.

Keywords: Batch adsorption, Ziziphus Jujube seeds, Hexavalent chromium, Isotherm studies,

Kinetic studies.

1. INTRODUCTION

Clean water is essential to all living beings for consumption and other usages. Water
contamination is one of the new issues that we've been dealing with recently. Without clean
water, the people and all living creatures cannot survive. Recently, water gets polluted due to
various domestic and industrial activities. Due to the rapid population growth and their needs, the
industries developed very high and created huge problems for the surroundings (Adeyemo et al,
2015). Tanneries, Electroplating, Dairy, fertilizers, Pulp & paper etc., are the various industries
that release huge amounts of wastewater to produce their products. Among various industries,
tanneries play an important role in water pollution (Labied et al, 2018). By processing the leather
products, a huge amount of chromium metal ions was released into the water bodies through
industrial effluent. During the chrome tanning process, the chromium ions have been converted
into the hexavalent chromium (Cr®") stage, and it becomes highly toxic. Excess amounts of
hexavalent chromium consumption may create toxic effects such as lung cancer and respiratory
problems (Lucai et al, 2020). Hence, it is necessary to control chromium pollution in water using
advanced treatment technologies. Many approaches are used to eliminate harmful pollutant
concentrations from aqueous solutions. Chemical precipitation, lon exchange, Membrane

separation, and Adsorption are widely used to reduce the concentration of toxic pollutants in the



water. Among these, Adsorption is the process commonly used to reduce the concentration of
heavy metals without the generation of any secondary pollutants and sludge (Khan et al, 2020).
Using the adsorbate material, the adsorption process produced very high removal efficiency
from metal ion removal in wastewater. Many adsorbent substances were utilized to lower heavy
metal ion concentrations in wastewater. Organic and inorganic adsorbents such as; banana peels,
date seeds, fly ash, orange peels and sawdust powder were used to remove the heavy metal ions
of Cu?", Pb*", Zn>" and Hg?" from the aqueous solutions (Amit Kumar et al, 2022). In this
experimental work, Ziziphus Jujube (ZJ) seeds powder was used as an organic adsorbent
material for removing the hexavalent chromium ion from the prepared synthetic solution. The ZJ
seeds are commonly available in many places in India and are used for medical purposes.
Various people are consuming these fruits and seeds to improve brain functions and the
immunity powder against cancer and digestion. Many investigations have been carried out to
extract heavy metal ions from aqueous solutions utilizing ZJ-based adsorbents. Table 1
represents the various researches works conducted using the ZJ adsorbent material and its
capability for metal ion uptake from the aqueous solutions. In this study, ZJ seeds were
transformed into activated carbon and employed as an adsorbent material to remove the
hexavalent chromium (Cr") ion from the synthetic solution. The maximum allowable limit of
chromium ions in the drinking water is 100 ng/L, for sewage water 50 pg/L and for water reuse
100 mg/L. All the experiments were performed in batch mode under various operating

conditions, and multiple kinetic and thermodynamic approaches evaluated the adsorption

process.
Table 1 — Research works conducted using ZJ based adsorbents
S. No. Type of Metal ion Ion Ideal pH VA Time of | Reference
pollutant uptake concentration adsorbent contact
(s) dose
1. Crt 63.23% 20 mg/L 2.0 0.6 g/L 50 min | In this study
. Fakhar et
2+
2. Cd 49.40 mg/g 50 mg/L 2.0 1.6 g/L 40 min al., 2021
. Labied et
6+ o
3. Cr 62.08% 100 mg/L 2.0 1 g/L 120 min al., 2018
16.47 mg/g & . Khan et al.
2+ 2+ B
4. Cd*" & Pb 20.98 mg/e 70 mg/L 6.0 lg 100 min 2020
0.3 Ziarati et al.
2+ () >
5. As 80% 50 ppb 4.5 me/100ml 24 hours 2019
6. | Humicacid | 76.92 mg/g 50 mg/L 6.0 50 mg 300 min E]"“;%SI?




Methylene
Blue - Dye

Regti et al.,

0 .
88.77% 100 mg/L 4.0 1g/L 30 min 2017

2. MATERIALS AND METHODS

2.1 Preparation ZJ seed adsorbent & stock solution

The ZJ seeds were collected from the trees and dried in sunlight for 24 hours to remove the water
and moisture contents. The dried seeds are taken and ground well and converted into powder
form. Using distilled water, the ZJ powder samples were washed several times to remove the
impurities and placed in an oven at 100°C. After 8 hours, the sample was taken from the oven
and concentrated sulfuric acid was added to make activated carbon ZJ seeds. The suspension was
taken after 3 hours from the sulfuric acid using filter paper and again washed to remove the
impurities. Then the sample was collected and used for another experimental purpose. The stock
solution was prepared by adding 100 mg of potassium dichromate (K>Cr207) powder with 1 litre
of distilled water. With a known concentration of K>Cr2O7 powder with distilled water, the
experimental analysis was performed in batch mode.

2.2 Characterization of activated ZJ seeds

The specific surface area of activated ZJ seed powder and its pore structure was obtained using
the nitrogen adsorption process at -196°C. The vacuum and gas molecules were removed from
the activated ZJ seeds powder by keeping the powder at 300°C for 5 hours. The Brunauer-
Emmett-Teller (BET) analysis was used to calculate the surface area (Sget). The ZJ adsorbent
surface's meso and micropore (Su & Sm) area were calculated using the Dubinin—Radushkevich
(D-R) relation of Sy = SeeT — Su. The total pore (Vr) and liquid nitrogen volume were calculated
under the high relation pressure of P/Po~0.99. The volume of micro and meso pores can be
obtained by the Vim = V1 — V4 relationship (Ziarati et al, 2019). The equation (1) for Barrett—
Joyner—Halenda (BJH) model was used to evaluate the distribution of pores in activated ZJ seeds

powder by taking the mean pore diameter (DP).

4Vr

Dp = (1)

The presence of functional groups in activated ZJ seeds adsorbent for adsorbing metal ions from

SBET

the aqueous solutions was evaluated by Fourier Transform Infrared Spectroscopy (FTIR)
analysis. To perform this analysis, the initial concentration of chromium synthetic solution was
fixed at 20 mg/L with a pH of 6.0. 1 gm of activated ZJ seeds powder was added to that solution
and placed in a rotary shaker. With 200 rpm of shaking for 3 hours, the final suspension was




taken and used for further experimental studies. The range for FTIR analysis was fixed from 400
— 4000 cm™ with a scanning interval of 4 cm™! resolution, and the scanning was performed up to
20 times. SEM analysis was performed with a working distance of 20 um and a voltage level of
15 kV to confirm that adsorption occurs on the adsorbent surface. In order to determine the
presence of hexavalent chromium ions on the activated ZJ seeds adsorbent, an Energy Dispersive

X-Ray (EDX) analysis was performed using a SEM instrument.

2.3 Batch Adsorption studies

The batch studies of hexavalent chromium adsorption using activated ZJ seeds powder were
performed by adjusting the parameters of pH, the concentration of chromium ions, ZJ seeds
powder concentration, contact time between the ZJ seeds and chromium ions and temperature.
By trial-and-error basis and literature reviews, the concentrations and levels of other parameters
were adjusted, and the impact of chromium removal from the synthetic solution was evaluated.
Using the pH buffer tablets, the solution’s pH was adjusted from 2.0 to 7.0, and the solution’s
temperature was preserved at 30°C. The concentration of hexavalent chromium ions in the
synthetic solution was adjusted to 20 - 100 mg/L, and the equilibrium time for complete
adsorption reaction was allowed for up to 1 hour. To check the optimum ZJ seeds powder dose,
the chromium concentration was fixed at 20 mg/L in 1 liter of distilled water, and the activated
adsorbent dose was adjusted from 0.1 to 1 g/L. The contact time between adsorbent and metal
ion was maintained between 30 to 180 minutes for 20 — 100 mg/L of varying chromium ion
concentrations. For equilibrium attainment, the solution was kept in a rotary shaker for 60
minutes, the final suspension was taken after the batch adsorption studies, and the concentration
was analyzed using AAS (Shimadzu — 6300). The concentration of metal ions before and after

the adsorption process at the equilibrium time was calculated using equation 2.

(Co—COV
qQe = ——— mg/g )

m
The activated ZJ seeds charcoal powder and its metal ion uptake were denoted by q:, and the
concentration of batch adsorption study before and after hexavalent chromium uptake by
activated ZJ seeds was denoted by C, & C;, respectively. The solution containing hexavalent
chromium ions and its volume was denoted by V, and m represents the mass of the adsorption

system. The equilibrium time was maintained at 30 minutes for each adsorption study, and the

final suspension was taken after the equilibrium time and allowed for complete rest for 5



minutes. Then the concentration of the synthetic solution was examined using AA6300
spectrophotometric analysis. Each analysis was conducted up to 2 times to get the concurrent
value of metal ion adsorption, and equation 3 was used to compute the adsorption system's mass

balance method.

% Removal = |“—=¢|X 100 3)

o

Co & C. represents synthetic solutions' initial and final metal ion concentrations.

2.4  Isotherm studies

The linear equation used to evaluate the transmission of adsorption from solution phase to
adsorbent phase in equilibrium conditions is called the isotherm equation in adsorption studies
(Batagarawa et al, 2019). Isotherm studies described the interaction of adsorbate molecules
within the adsorption sites. At 30°C temperature with chromium ion concentration of 20 mg/L
was taken for entire isotherm studies. The following common types of adsorption isotherm
studies were used to check the performance of prepared activated ZJ seeds powder for
hexavalent chromium removal from the aqueous solutions.

2.4.1 Langmuir isotherm study

The Langmuir isotherm study identified the equilibrium condition between the adsorbent phase
and gas. Also, the relationship between solid and fluid interactions was observed by this
isotherm model, and changes in the adsorption process were described (Bayuo et al, 2019). The
Langmuir isotherm process follows the basic assumption of the monolayer adsorption process
and its relative pressure under the nature of heterogeneous sites. Also, the binding process
between the activated ZJ seeds and hexavalent chromium ions happened due to chemical
reactions (Bouras et al, 2015). Equation 4 expresses the linear equation for the Langmuir

1sotherm model.

Ce 1 Ce

=t @

de K.9max dmax

Here, the concentration of metal ion solution during the equilibrium time was denoted by Ce,
hexavalent chromium ions adsorbed per gram were denoted by q. and the Langmuir isotherm
constants were denoted by K & gmax for adsorption capacity and intensity, respectively.

2.4.2 Freundlich isotherm study

The amount of gas adsorbed by unit mass of activated ZJ seeds adsorbent and its variations

were evaluated by the Freundlich isotherm study under the given temperature and system



pressure (Biswajit et al, 2011). This study allowed multiple adsorption layers on the activated
7J seeds powder adsorbent, and the surface adsorption has developed by heterogeneous nature.

Equation 5 expresses the linear equation for the Freundlich isotherm model.

Ing. =Ink; + -InC, (5

Here, the quantity of adsorbed metal ions by ZJ seeds per gram was denoted by qe; the
adsorption energy was denoted by n, the equilibrium concentration of metal ion-containing
solution was denoted by C. and Freundlich constant related to adsorption capacity was denoted
by K.

2.4.3 Sips isotherm study

The heterogeneous sites were predicted by limiting behavior levels using the sips model, a
combination of Langmuir and Freundlich model isotherms (Djelloul et al, 2014). This model did
not consider the adsorbate concentration, and the monolayer adsorption process was followed.

Equation 6 expresses the linear equation for the sips isotherm model.

1

i= 1 (1)ﬁ+ 1 6)

de QmaxKs \Ce Qmax

Here, the capacity of adsorption was denoted by Qmax; Ks represented the equilibrium constant,
and the heterogeneity factor was denoted by n.

2.4.4 Toth isotherm study

The Langmuir isotherm model produces some discrepancies between equilibrium and
experimental data. For reducing these discrepancies, Toth isotherm model has been used. The
detailed description of adsorption process in low metal ion concentrations and higher metal ion
uptake was described by this study (Ouyang et al, 2019). The linear equation for Toth isotherm
model can be expressed in equation 7.

de
dm—Ade

In =nlnkK; +nlnC, (7)

Here, the metal ions adsorbed quantity in the equilibrium conditions was denoted by ge and the
Toth isotherm constants was denoted by K1 & n.

2.4.5 Redlich-Peterson (R-P) isotherm study

The R — P isotherm model, a three-parameter derived from Langmuir & Freundlich isotherm

studies, followed the multilayer adsorption process. The basic assumption of this study is the



mechanism between metal ions and activated ZJ seeds adsorbent is unique and does not follow
any monolayer adsorption process (Edidiong et al, 2018). Equation 8 expresses the linear

equation of the R-P isotherm model.
In(Kpg %— 1) = bgInC, +Inag (8)

Here, the adsorption capacity constant is denoted by KR, ar denote the R-P isotherm constant,
and br denotes the exponent value.

2.5  Kinetic studies

For optimizing the adsorbent material and the interaction between metal ions and activated ZJ
seeds was analyzed in kinetic studies. The kinetic models are used to evaluate the performance of
activated ZJ seeds adsorbent and mass transfer mechanisms (Regti et al, 2017). The following
kinetic studies are commonly used to evaluate the process of adsorption using adsorbent
material.

2.5.1 Pseudo first order study

The capacity of solid adsorption was established within the liquid, and solid systems were
examined by Pseudo first order or Lagergren model. The desorption rate of metal ions is directly
proportional to the driving force (Francisco et al, 2020). The metal ion uptake by activated ZJ
seeds powder was identified using the difference of initial (qc) and equilibrium (q) concentrations
of metal ion-containing solution. The equation for Lagergren kinetic model can be expressed in

equation 9.

dde _ _
. N k (q. — qt) )

Calculating the qe & qt values, the volume of chromium uptake by ZJ seeds adsorbent at any time
(t) was obtained in an equilibrium state. Applying the boundary conditions and equation 9 can be

rearranged to equation 10.

k
log(qe — q) = logqe — 5t (10)

2.5.2 Pseudo second order study
The assumption of this kinetic model is that the availability of empty sites in the activated ZJ
powder adsorbent is directly proportional to the adsorption rate (Boubaker et al, 2021). The

pseudo-second-order kinetic model can be represented using the assumption in equation 11.

= k(g — 9 (an



By applying boundary conditions (t =0 to t > 0, and q = 0 to q > 0), the Equation 11 can be

rearranged as Equation 12.

t 1 1
E—zﬂ'at (12)

Here, the initial adsorption rate was denoted by h = kq¢?, rate constant was denoted by k.

2.5.3 Elovich Kinetic study

During the initial stages of the adsorption process, The Elovich kinetic model was used to assess
the chemical adsorption of gas molecules on the adsorbent's solid surface (Baidhani et al, 2016).
The underlying assumption of this kinetic analysis was that the amount of adsorbed solute
increased exponentially as the rate of adsorption decreased. Equation 13 represents the Elovich

kinetic model.

X =aexp(~bqy) (13)

Here, the Elovich model parameters were denoted by a & b in mg/g & g/mg, respectively. The
boundary conditions of q = 0 att = 0 and qt = qt at t = t was applied in equation 13, and the
Elovich rate model can be expressed in equation 14.

g = 31n (1+ abt) (14)
3. RESULYTS AND DISCUSSION
3.1 FTIRSTUDIES
Figure 1 (a) & (b) shows the FTIR peaks of raw and activated biochar ZJ seeds powder,
respectively. Referring to the raw adsorbent powder, the maximum peak attained at 1602 cm-1
may confirm the presence of the carbonyl group and its ring vibration. Also, the maximum
bandwidth was generated in the 3390 cm’!, confirming the stretching functional groups of
alcohol and water. The peak 3350 cm™! was developed because of -CH stretching, and no further
peak development was observed. The activated ZJ powder and its peaks (fig.1b) show the
maximum number of peaks because of the presence of various functional groups. The peak at
2924 cm! indicates symmetrical bending due to the stretching of O-H groups. The -CH> bending
vibrations were observed at the peak of 1595 cm™!, and the peak disappears after 1092 cm™ may
confirm the -COO stretching (Hong et al, 2020). The above experimental study shows evidence

of the presence of organic functional groups to adsorb the pollutants from aqueous solutions.
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Figure 1 — FTIR analysis of (a) Raw ZJ seeds powder and (b) Activated ZJ seeds powder

3.2 SURFACE AREA AND PORE DISTRIBUTION

The process of adsorption-desorption isotherm was used to check the pore size and surface area
of prepared activated ZJ seeds powder under the temperature of -196°C. The adsorption-
desorption isotherm curve of activated ZJ powder seeds was shown in figure 2, and it confirms
the adsorption process follows type — II (both Micro & Meso pores) nature. The adsorbent
produced micro pores and was exhibited in the first curve, and the second portion represents the
meso pores in a high amount of relative pressure (Aswini et al, 2019). Table 2 represents the
micro and meso pore values of adsorbent material along with its pore radius & surface area. The
surface area of ZJ seeds powder is 4.75 m?/g which is lesser than normal activated carbons.

Table 2 - Pore characteristics of raw and activated ZJ seeds powder

S.No Description Z.J Activated Biochar - Characteristics

1. | BJH surface area (m*/g) 76.983




2. | Pore volume (cc/g) 0.116
3. | Pore Radius (A) 32.822
4. | BET surface area (m?/g) 4.75
5. | Average pore diameter (nm) 0.006
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Figure 2 - BET isotherm study of activated ZJ seeds adsorbent by Nitrogen adsorption —
desorption process

3.3 SEM EDX ANALYSIS

Scanning Electron Microscopic image of activated ZJ seeds powder before and after hexavalent
chromium uptake from the synthetic solution was shown in figures 3 (a) & (b), respectively. The
pores on activated ZJ seeds powder were developed by washing the adsorbent using concentrated
sulfuric acid. Referring the figure 3 (a), the presence of pore was observed in a huge amount on
the adsorbent’s surface. These pores are very helpful in receiving the pollutants from the aqueous
medium. Also, the adsorbent has a very large surface area and a high amount of active site
availability. The metal ion-containing solution was passed into the activated ZJ adsorbent and the
surface was examined by SEM analysis, as shown in figure 3 (b). The adsorbent’s surface was
filled with a lot of pollutants, and materials completely occupied the pores are seen in that figure

3 (b). The pollutants were filled and formed a cloud shape on the top side of the adsorbent’s



surface. When the adsorption process was finished, the pollutant uptake by the adsorbent was
reduced and attained the equilibrium stage (Luisa et al, 2018). Due to very high attraction forces
and pollutants settlement on the inner walls of adsorbent materials, the presence of active sites
was filled. Based on the SEM studies, the adsorption of pollutants by the activated ZJ seeds was
confirmed. To ensure the hexavalent chromium ion adsorption by the adsorbent, EDX analysis

were performed.
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Figure 3 — SEM image of activated ZJ seeds powder (a) before Cr®* uptake and (b) after
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Crb" uptake in batch adsorption

34 EDX ANALYSIS

The Energy Dispersive X-ray analysis of Activated ZJ seeds powder, before taking the
hexavalent chromium ions and after taking the metal ions, is shown in figure 4 (a) & (b),
respectively. The ZJ seeds powder before metal ion uptake from the synthetic solutions shows
(fig. 4a) the presence of many organic and inorganic functional groups on the surface. The
presence of carbon, aluminum, potassium and calcium elements was observed in figure 4a. On
the other hand, figure 4b shows the presence of various pollutants and organic & inorganic
elements after passing the chromium-containing solution into the activated ZJ powder adsorbent.
Apart from the elements mentioned before the adsorption process, the presence of chromium
ions was observed in figure 4b. Referring to the EDX analysis figures, it was confirmed the
ability of the prepared adsorbent to remove the hexavalent chromium ions from the aqueous

medium.
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Crb" uptake in batch adsorption

3.5 Impact of chromium uptake by varying the pH

Batch adsorption tests were carried out to test the effect of hexavalent chromium adsorption by
altering the pH of the metal ion-containing solution from 2.0 to 7.0. Taking the initial
concentration of the chromium-containing solution at 20 mg/L, activated ZJ seeds powder dose
of 1 g/L, and contact time of 30 minutes, the experimental analysis was done at the temperature
of 30°C. Figure 5 shows the impact of hexavalent chromium uptake by varying the pH of the
synthetic solution. During the initial stages, the pH level is very low, the hexavalent chromium
uptake by activated ZJ seeds powder is very high and attained the maximum adsorption rate. The

negatively charged ions in low pH may attract the positively charged ions and increases the



metal ion interactions (Manjuladevi et al, 2018). When the pH of the metal ion-containing
solution was increased, the decrease in the percentage of chromium adsorption was noticed in
figure 5 (a). The adsorption decreased due to the hydroxide precipitation at higher pH levels. The

maximum amount of 63.25% hexavalent chromium ions was removed at the optimum pH of 2.0.
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Figure 5 — Impact of chromium metal ion uptake by varying pH

3.6 Impact of chromium uptake by ZJ seeds dose

The activated ZJ powder dosage level was adjusted from 0.1 to 1 g/L, and the other parameters,
such as chromium concentration in synthetic solution at 20 mg/L, contact time of 30 minutes and
optimum pH of 2.0, were fixed. The impact of chromium adsorption was analyzed at the
temperature of 30°C. Figure 6 shows the impact of hexavalent chromium ions uptake from the
synthetic solution using activated ZJ adsorbent. There was an increase in the amount of
chromium adsorption with an increase in adsorbent dosage has been noticed from the plot.
Around 65.06 % of hexavalent chromium ions were observed in the aqueous solution taking the
adsorbent dose of 0.6 g/L. A sudden decrease in metal ion adsorption was noticed with a further
increase in adsorbent dose. The adsorbent dosage level is low, the active sites in the adsorbent’s
surface are reduced, and the pollutant uptake is considerably decreased (Feszterova, et al, 2021).

The presence of actives sites gets filled by the pollutants at an optimum level, and no further



decrease in metal ions uptake was noticed beyond 0.6 g/L. The concentration gradient was

developed at high adsorbent dose levels may reduce the amount of adsorption after the optimum

dose level.
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Figure 6 — Impact of chromium metal ion uptake by varying Adsorbent Dose

3.7 Impact of chromium uptake by metal ion concentration

The pH and adsorbent dose was fixed at 2.0 & 5 g/L, and the impact of hexavalent chromium ion
uptake was analyzed by varying the synthetic solution's concentrations from 20 to 100 mg/L with
20 mg/L common intervals. Referring to figure 7, the metal ion uptake from the aqueous solution
was very rapid during the starting stage. The chromium ion-containing solutions and their
concentrations were increased, and there was a decrease in metal ion uptake. A sharp decrease
was noticed with an increase in adsorbate concentrations in the aqueous solutions because of the
high availability of pollutants and low availability of active sites (Saeed et al, 2020). The metal
ion removal attained a saturation level with a further increase in adsorbent concentration. The
activated carbon charcoal adsorbent provides a very high efficiency when the solution's

concentration is very low. Based on the availability of active sites, the changes happened.
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Figure 7 — Impact of chromium metal ion uptake by varying Adsorbate Concentration

3.8 Impact of chromium uptake by varying the contact time

By adjusting the starting chromium ion concentrations from 20 to 100 mg/L, the contact period
between adsorbent and adsorbate was varied from 30 to 180 minutes. Figure 8 shows the
variations in hexavalent chromium metal ion uptake by adjusting the contact time between
chromium metal ions and activated ZJ seeds powder. During the initial stages, the chromium
uptake by the adsorbent was rapid for all metal ion concentrated solutions, and the rate of
adsorption reached the saturation level when the contact time reached 80 minutes. The vacant
sites were filled with pollutants. After that, no vacant sites were available due to the repulsive
force on the ZJ adsorbent molecule surface. Also, the pores in the adsorbent are much deeper,
and the metal ions need to penetrate the pores with high force (Langeroodi et al, 2018). Because

of this reason, the metal ion uptake by the adsorbent was reduced considerably.
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Figure 8 — Impact of chromium metal ion uptake by varying Contact Time

3.9 Impact of chromium uptake by varying the temperature
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Figure 9 — Impact of chromium metal ion uptake by varying Temperature
Using the optimal pH of 2.0, an adsorbent dosage of 0.6 g/L, a starting ion concentration of 20

mg/L, and an 80-minute contact duration, the variations in metal ion uptake were investigated by



altering the temperature from 15 to 60°C. Figure 9 shows the variations in metal ion uptake by
activated adsorbent material, and it was found to be rapid metal ion uptake when the solution
temperature was very low. The solution’s temperature was adjusted after the saturation point
(30°C), and a sudden decrease in adsorption rate was noticed. The drop in chromium ion uptake
after the saturation point indicates the rate of desorption that takes place (Priya et al, 2022).

3.10 Impact of chromium uptake by varying the particle size
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Figure 10 — Impact of chromium metal ion uptake by varying Particle Size
Adsorbent particle size variations are an important parameter in batch adsorption studies. The
size of the adsorbent particle may affect the pollutant uptake from the aqueous solutions. In this
study, the particle size of activated ZJ seeds adsorbent was adjusted to 10, 25, 40 & 65 um, and
the other parameters were taken from optimum conditions through batch studies. Figure 10
shows the variations in hexavalent chromium ion uptake by different activated ZJ adsorbent
particle sizes. The maximum amount of chromium removal was achieved with the small particle
size. i.e., 10 um of adsorbent material received more hexavalent chromium ions because of its
very high surface area and pore volume. The plot noticed a decrease in metal ion uptake when
the particle size was increased. Metal ion uptake reduced as particle size increased due to limited
active sites and surface area (Rico et al, 2018).

3.11 Isotherm studies



3.11.1 Langmuir isotherm study
The linear isotherm plot (Ce/qe vs Ce) for the Langmuir study was shown in figure 11, and the
constants of this isotherm model (k, qmax) Were obtained from slope and deflection values of
linear plots and represented in table 3. The separation parameter obtained for chromium ions
(0.0033) lies between 0 to 1, indicating a good adsorption process. Also, the calculated
regression value (R?) is more than 0.95 may confirm the applicability of this isotherm model, and
the process of adsorption follows monolayer adsorption with heterogeneous nature (Biswas et al,
2015).
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Figure 11 — Adsorption isotherm plots of Langmuir model for hexavalent chromium
uptake using activated ZJ seeds powder

3.11.2 Freundlich isotherm study

The linear plot (In ge vs In Ce) of the Freundlich model was shown in figure 12, and the constants
of this model (K& n) were obtained from the slope and deflection value of the plot, represented
in table 3. The constant ‘n’ value obtained from the plot is 3.563, which lies between 1 to 10,
which may confirm the physical adsorption process of chromium ions by the ZJ adsorbent. With
the same set of experimental data, both Langmuir and Freundlich isotherm analysis was

performed, and the regression values (R?) were more than the expected level. Based on the



observations, it was confirmed the process of chromium uptake by the adsorbent follows the
monolayer/multilayer adsorption process (Khan et al, 2022).
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Figure 12 — Adsorption isotherm plots of Freundlich model for hexavalent chromium
uptake using activated ZJ seeds powder
3.11.3 Sips isotherm study

Figure 13 shows the linear plot of the sips isotherm model, and the constants of this model (Qmax
& Ks) were obtained and represented in table 3. The heterogeneity factor (n) describes the fitting
of Langmuir or Freundlich isotherm models, and the regression (R?) value is more than 0.95,
indicating the applicability of the sips isotherm study. If the n value reaches 1, this equation

reduces to the Langmuir equation and infers the adsorption process in a homogeneous nature.
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Figure 13 — Adsorption isotherm plots of Sips model for hexavalent chromium uptake
using activated ZJ seeds powder

3.11.4 Toth isotherm study
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Figure 14 — Adsorption isotherm plots Toth model for hexavalent chromium uptake
using activated ZJ seeds powder

Similar to previous studies, the linear plots were used to determine the constants of this kinetic

model and are represented in table 3. Figure 14 shows the linear plot of the Toth isotherm model.



This model, also called a three-parameter model, provides more accuracy than other isotherm
studies. To identify the heterogeneous solid surfaces, the Toth isotherm study was used (Edet et
al, 2020). The regression value of this isotherm model was found to be very low (R < 1), and
this model was not suitable for the metal ion adsorption process. The Toth isotherm plots were
used to connect the equilibrium data if the Langmuir isotherm was not fitted properly with the
adsorption process.

3.11.5 R-P isotherm study

Figure 15 shows the linear plot of the R-P isotherm model, and the constants (Kr & ar) were
obtained from the linear plot and listed in table 3. The isotherm model has three unknown
parameters, which provide high accuracy of results for the adsorption process. The regression
value (R?) is more than 0.95, confirming the fitting of this isotherm model, and the br values lie
between 0 to 1, which represents the fitting of isotherm models. If the value of br is equal to 1, it
becomes the Langmuir isotherm fit, and br equals 0, representing the Freundlich isotherm fitting

method (Kromah et al, 2021).
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Figure 15 — Adsorption isotherm plots of R-P model for hexavalent chromium uptake using
activated ZJ seeds powder



Table 3 - — Adsorption isotherm constants for chromium adsorption using activated ZJ

seeds powder

S. No. Model Parameters | Cr" adsorption constants
(max 9.402
1. Langmuir KL 0.343
R? 0.9704
K¢ 2.541
2. Freundlich n 2.963
R? 0.9926
Krp 11.325
) ORP 0.3268
3. | Redlich-Peterson (R-P)
Brp 1.0521
R2 0.995
Ks 12.868
1.2534
4. Sips Ps
as 0.4734
R2 0.9718
Qmax 27.4598
5 Toth bt 0.38393
nr 0.78414
R? 0.8714

3.12 Kinetic studies

3.12.1 Pseudo first order study

The first-order pseudoscience study described the chromium metal ion concentrations from 20 to
100 mg/L in the synthetic solutions and the kinetics of adsorption. The linear plots ((qe — q) & t)
for the Lagergren study were shown in figure 16, and the kinetic & regression constants (k & R?)
were obtained from the plots and listed in table 4. The regression values obtained from the plot
are more than 0.95, indicating the Lagergren study's applicability for this adsorption process.
Also, the process of adsorption reached the equilibrium level based on the regression indication

(Venkatraman et al, 2022).
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Figure 16 — Kinetic plots of Pseudo 1% order model for hexavalent chromium uptake using
activated ZJ seeds powder

3.12.2 Pseudo second order study

The linear plot of this kinetic study (t/q vs t) was shown in figure 17, and the constants of this
kinetic model were obtained from slope and deflection values in a linear plot. Like first-order
studies, the concentration of chromium ion solution was adjusted, and the fitting of second-order
studies was evaluated based on the regression values. The calculated qe values are nearby the
experimental q. values and the regression values R? are more than 0.95, which indicates the
applicability of this kinetic model and that the process of adsorption has reached the conditions

of equilibrium (Zhang et al, 2019).
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Figure 17 — Kinetic plots of Pseudo 2" order model for hexavalent chromium uptake using
activated ZJ seeds powder

3.12.3 Elovich kinetic study

The linear plots of the Elovich kinetic study (q: vs In (t)) are shown in figure 18, and the
constants (a and b) of this kinetic model are listed in table 4. Similar to the pseudo and second-
order studies, the concentration of chromium ions was adjusted, and the performance of the
Elovich model was evaluated. The R? value obtained from the linear plot was low, and the model
was not fitted well with the adsorption process. This kinetic model does not predict any
particular function, but it is used for clarifying the heterogeneous adsorbents in extreme
conditions (Yogeshwaran et al, 2021). Because of the presence of heterogeneous active sites in
activated ZJ seeds adsorbent, the Elovich kinetic model may also be used to determine the

kinetics of metal ion adsorption during the entire adsorption period.
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Figure 18 — Kinetic plots of Elovich model for hexavalent chromium uptake using activated
Z.J seeds powder

Table 4 — Adsorption kinetic constants of cr®" uptake using activated ZJ seeds powder

Pseudo 1% order Pseudo 2™ order Elovich
S. Conc.
No. | (mg/L) Y al ( /I; de h a .
(min") ((rl:;g o) R? lgning. cal (mg/g. R? | (mg/g (g/mg) R?
X 103 (mg/g) min) . min)

L 20 0.043 2.15 0.96 17.21 1.98 0.12 0.96 | 0.342 1.63 0.92
2 40 0.056 6.95 0.97 13.59 4.89 0.16 098 | 0.783 0.92 0.94
3 60 0.061 9.93 0.96 9.83 7.94 0.22 098 | 0.957 0.73 0.92
4. 80 0.049 12.68 0.96 4.36 9.87 0.25 098 | 0.931 0.48 0.94
> 100 0.042 16.54 0.98 1.95 11.59 0.31 0.97 | 0.902 0.29 0.92




3.13 Thermodynamic studies

The chromium ion containing solution’s concentration was adjusted from 20 to 100 mg/L, and
the thermodynamic graphs for different metal ion concentrations are given in figure 19. The
slope and intercept values (AH, and AS,) were calculated and represented in table 5. The values
of AG, (Gibbs Energy) found to be negative with positive AH, (Enthalpy) values may confirm
the reaction is endothermic because of the spontaneous nature of activated ZJ seeds powder
(Malima et al, 2021). The uncertainty between solid and liquid phases was identified by referring
to the positive AS, (Entropy) values and their increases during the adsorption process in the

aqueous medium (Kotodynska et al, 2016)
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Figure 19 — Thermodynamic plot of Cr®" adsorption using activated ZJ seeds powder

Table 5 — Thermodynamic constants of Cr®" metal adsorption using activated ZJ seeds

powder
sgs 6+ .
Cf)l:llct::lltgl;ion Enthalpy Entropy Gibbs Energy (AG()) kJ/mol

: (AHP) (AS°)
n KJ/mol J/mol 15°C 30°C 45°C 60°C

Mg/L
20 82.283 189.472 -14.192 | -10.281 -8.922 -7.492
40 43.294 99.583 -10.348 -8.293 -6.239 -6.029
60 21.944 49.293 -8.593 -5.294 -5.029 -5.132
80 15.492 32.091 -5.291 -4.312 -3.924 -3.821
100 12.914 29.443 -3.982 -3.228 -3.012 -2.931




3.14 Desorption studies

Spent adsorbent disposal is one of the challenging problems in the adsorption process; also, it
will create environmental pollution severely. Regeneration of spent adsorbent is the only way to
make the adsorption process more economical (Fakhar et al, 2021). The hexavalent chromium
metal ion recovery was made in desorption studies using concentrated hydrochloric acid with
varying concentrations (0.1 to 0.4N). The number of chromium ions recovered from the spent
adsorbent, and it was found the metal ion recovery was rapid during the initial time. The
concentration of hydrochloric acid was increased by more than 0.3N, a sudden decrement in
chromium recovery was observed, and it attained a constant rate. There was no increase in metal
ion recovery with an increase in hydrochloric acid concentration, and the optimum value for
chromium recovery was fixed by adding 0.3N of hydrochloric acid. The recovered metal ions
were used in the different experimental processes. In this study, 0.3N of HCI acid took around
91.32% of chromium ions from the adsorbent surface.
4. CONCLUSION

The biosorption of hexavalent chromium ions was performed using activated ZJ seeds
powder. At the ideal pH of 2.0, initial concentration of 20 mg/L, ZJ seeds dose of 0.6 g/L, and
temperature of 30°C, the maximum adsorption efficiency of 63.23% was attained. FTIR, SEM,
and EDX analysis confirmed the presence of targeted pollutants and the availability of functional
groups in the activated ZJ seeds adsorbent. The adsorption process fit well with the Langmuir,
Freundlich, R-P, and Sips isotherm models, and the adsorption approach follows Pseudo first and
second order kinetic graphs. The thermodynamic studies confirm the exothermic nature of the
adsorption process, and 0.3N of HCI desorbs 91.32% of spent chromium ions from the
adsorbent. Based on the above studies, it was confirmed the ability of activated ZJ seed material
to remove metal ion pollution from the aqueous solutions.
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