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ABSTRACT

Eco-friendly biomass and its activated carbon synthesized from the stem of Capparis decidua was
attempted for removal of Pb(II) from model aqueous solution. Raw biomass and its activated car-
bon composition were analyzed by thermogravimetric analysis, scanning electron microscopy,
energy-dispersive X-ray analysis and Fourier-transform infrared analysis. Various parameters such
as, concentration of the metal ion, contact time, temperature, particle size of the adsorbent, pH,
dosage of adsorbent and influence of shaking speed in batch experiments were investigated. Pb(II)
removal from aqueous solution obeyed pseudo-second-order kinetics equation having a good cor-
relation coefficient value of (R?> = 0.9995 and 0.9995). Freundlich isotherm model was well fitted and
adsorption capacity (g,) was found 327.86 mg/g for biomass and 719.42 mg/g on activated carbon.
The adsorption of Pb(Il) was increased with an increase of pH on both the raw biomass and activated
carbon. The pH value for point of zero charge on activated carbon was found 8.8. Thermodynamics
parameter, that is, AG°, AH® and AS° were also calculated which clued that process of Pb(II) adsorp-
tion on biosorbents was spontaneous and exothermic. The interaction of Pb(II) with adsorbent
was physical in nature.

Keywords: Pb(Il) removal; Adsorption model; Thermodynamics study; Wastewater treatment;

Activated carbon from Capparis decidua

1. Introduction

Different effluents coming from industries such as min-
ing, electroplating, electrolysis, leather, electro-osmosis,
fertilizer, photography, mining, smelting, battery prepa-
ration industry, petroleum refining, paint, pesticides are
the main source of Pb(II) in water [1,2]. Pb(II) is one of the
toxic metals which may cause anorexia, intestinal prob-
lem, mental issues in children, anaemia, brain impairment,
loss of appetite, liver cirrhosis and Fanconi syndrome in
kidneys [3,4]. To defend public health from heavy metal
ions, its removal from industrial effluents is important [2].
Different biological, biochemical, and physiochemical
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processes have been attempted for removal of these haz-
ardous metals from contaminated water. In these meth-
ods include, electrochemical analysis (electrocoagulation,
electroflotation, and electrodeposition), physicochemi-
cal operations, biosorption (ACs, CNTs, and adsorbents
from plant and livestock), or modern techniques (mem-
brane filtration methods, catalysis, and nanotechnology)
[5]. Adsorption is one of the most preferred and effective
methods used for removing of the lethal metal from waste
water due to its simple design, easy operation, and rela-
tively simple regeneration and cost beneficial. Different
agricultural by-products and waste were investigated for
preparation of green adsorbent. Among these include shells
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of almond [6], stones of apricot [7], saw dust [8], rice hulls
and husks [9], Oryza sativa husk [10], shells of coconut fruit
[11], bark of eucalyptus [12], orange peel [13], peach stones
[14], sugarcane bagasse [15], white dragon fruit [16], rock
melon [17], bitter gourd [18]. Although, these methods are
used successfully for the adsorption processes [19], search
for biosorbent having high sorption capacity and low cost
are still main target of environmental chemists.

Among the various renewable available resources,
use of Capparis decidua stem as raw materials for acti-
vated carbon is a new source for biosorbent which are not
investigated before for removal of Pb(II). It is a member of
family Capparaceae and has a bushy shrub with a height
of 4-5 m. This plant is easily available in tropical region of
the world, that is, sub-continent (India and Pakistan) and
Africa which is currently used only for combustion pur-
pose. The utilization of Capparis decidua stem for the pro-
duction of AC may minimize the pollution problems and
considered as low-cost precursor for preparation of AC. The
current study was therefore based on adsorption of Pb(II)
from model waste water solution on raw biomass and its
ACs using Capparis decidua stem.

2. Experimental
2.1. Chemicals

All the given chemicals were analytical grade and was
used as such received from the company. Hydrochloric
acid (37%), nitric acid (69%) was purchased from Riedel-de
Haen Sigma-Aldrich. Sodium hydroxide (98%), lead ace-
tate trihydrate (99.99%) was supplied by MERCK, KGaA,
Darmstadt, Germany.

2.2. Raw biomass and its activated carbon

Capparis decidua stem were collected from Jarma Grave-
yard, near Kohat University of Science and Technology,
Kohat-26000, Khyber Pakhtunkhwa, Pakistan, washed sev-
eral time with distilled water in order to clean the sample
and dried in open air for few days. Activated carbon (ACs)
was prepared by using powder form of the stem of the given
plant in furnace (Tetec XTMA series temp cont.) at 600°C
for 60 min and were sieved through sieve (ASTM El1,
Gilson’s Company, USA) in Kohat Cement Factory, Pakistan
to obtain particle size (90-250 um).

2.3. Characterization of biomass and its ACs

For thermogravimetric analysis (TGA) (Pyris Diamond
Series, Perkin Almer, USA) was used. The sample was
thermally treated in an inert atmosphere (N,) from room
temperature to 1,000°C with a ramp of 10°C/min. The
presences of different functionalities present in samples
were analyzed by using Fourier-transform infrared (FTIR)
spectrometer (Spectrum two, Perkin Almer, USA). Each
sample was analyed by the KBr method in the range of
4,000-400 cm™. Surface topography was analyzed using
scanning electron microscopy (SEM) (JSM5910 JEOL, Japan).
The sample was characterized without any gold plating.
Tungsten filament was used for electron beam production.

The chemical characterization was analyzed using energy-
dispersive X-ray spectrometer (EDS) (INCA200/Oxford
instruments, UK).

2.4. Adsorption study

Batch experiment mode was used for checking the
adsorption capacity of the biosorbent. In each analy-
sis, known concentration of Pb(II) solution was added in
100 mL flask. The mixture of biosorbent and Pb(II) solution
was agitated on a shaker (Wise Bath, WSB-30, DIAHAN
Scientific Co., Ltd., Seoul, Korea) with ramp of 140 cycle/
min and at desired temperature. Sufficient time was
allowed for adsorption equilibrium. Shaking speed allows
surface of biosorbent to come in contact with metal ion in
these experiments. Different parameters i.e. contact time,
amount of biosorbent, metal ion concentration, pH, speed
of shaking (rpm), temperature and size of biosorbent parti-
cle were examined for adsorption of Pb(II) on biomass and
ACs of Capparis decidua stem. After experiment, Pb(II) con-
centration in filtrates were analyzed on atomic absorption
spectrometer (A Analyst 400, Perkin Elmer, USA).

The capacity of metal ion removal efficiency on
biosorption are defined as [20]:
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where g, is the adsorbed amount of metal at equilibrium in
mg/g; C, and C, are initial and equilibrium concentration
(mg/L), m is the amount of the adsorbent (g) and V is the
volume of the solution (L).

2.5. Point of zero charge

Point of zero charge value for the adsorbents were deter-
mined by salt addition technique [21]. In different flask,
0.1 M sodium nitrate (40 mL) and 0.1 g adsorbent were
added. pH, (2, 4, 6, 8, 10, 12) was adjusted using either 0.1 M
nitric acid or 0.1 M sodium hydroxide solutions. All the bot-
tles were agitated on shaker for 24 h at 25°C. Final pH, read-
ing was carefully noted and ApH (pH,—pH,) was determined.
The initial pH values were plotted against ApH results. The
intersection of the connecting point line with the horizon-
tal axis at the point ApH = 0 indicates pH,, .. This process
was repeated for biomass and ACs of Capparis decidua stem.

2.6. Adsorption kinetics

For kinetic study, 0.1 g of biosorbent and 50 mL Pb(II)
solution was poured to 250 mg/L flask and agitated with
ramp of 140 cycle/min at 25°C. Under the given conditions
the adsorption experiment was performed for different
interval of time (from 5 min to 180 min) separately. Then
pseudo-first-order and pseudo-second-order kinetics equa-
tion were applied to calculate the kinetic data for removal of
Pb(II) using biomass and activated carbon as a adsorbents.



M. Bilal et al. / Desalination and Water Treatment 221 (2021) 185-196 187

The equation used for pseudo-first-order kinetics is
given below [22]:

k
1 —q,t=1 | ==t 3
0g{q, —q,} =logg, [2.303j ©)
While for pseudo-second-order kinetics following
equation was tried [23]:
P @
9 kd. 4.

where g, and g, represent the adsorbed amount of Pb(II)
at equilibrium time and time (t) in (mg/g). k, represent the
rate constants for pseudo-first-order and k, represent the
rate constants for pseudo-second-order kinetics. The values
of g, k, and k, were calculated from the equations.

2.7. Adsorption isotherm

Biosorbent and activated carbon (0.1 g) were added in
50 mL Pb(II) solution and agitated with ramp of 140 cycle/
min for 60 min. Using the mentioned condition, adsorp-
tion of different initial metal concentration upto 1,000 mg/L
were tested separately. Then two well-known adsorption
isotherms, that is, Langmuir and Freundlich isotherm mod-
els were used to study adsorption results. Langmuir model
considers monolayer adsorption of the adsorbate on the
homogeneous surface of the adsorbent [24,25] equation:

c¢_1 .G ®)
9. 9.X. 4,

where C, is a concentration of Pb(Il) ions (mg/L) at equilib-
rium, g, is the amount of adsorbed Pb(II) calculated at equi-
librium (mg/g), K, is the constant for Langmuir isotherm,
g,, illustrates the maximum capacity of Pb(II) adsorption.

The heterogeneity of the surface of biosorbent and ACs
favors multilayer formation. Kenneth R. Hall in 1966 intro-
duces a separation factor R, a dimensionless equilibrium
term, to express the Langmuir constant K,. The impor-
tance of the R, term is based upon an initial assumption
of the applicability of the obtained results of the Langmuir
isotherm model, beyond which the value of R, provides
important information about the adsorption isotherm.
The separation factor equation can be determined by the
equation [26]:

1
" 1+RC,

(6)

where K, is the constant of Langmuir isotherm equation,
C, is initial concentration of adsorbate (mg/L). The value
of R, represents the type of isotherm to be either favorable
(0 <R, <1), unfavorable (R, > 1), or irreversible (R, = 0).

Freundlich isotherm well explain the interaction between
adsorbent and adsorbate on the surface of heterogeneous
adsorbent.

The below equation was applied to evaluate the
Freundlich isotherm model [25]:

log g, =logK, + 1log C, (7)
n

where K, represent Freundlich constant which represents
relative adsorption capacity of adsorbent (mg/g) (dm?
mg)', 1/n is Freundlich represent the intensity of adsorp-
tion, while g, is the amount adsorbed (mg/g) of the adsor-
bate at equilibrium, and C, is the equilibrium concentration
(mg/L).

2.8. Adsorption thermodynamics

Thermodynamic parameters, that is, change in Gibbs
free energy, enthalpy and entropy were calculated with
the help of thermodynamic equilibrium constant K; at dif-
ferent temperature [26]. From the results of AG® calculated
the feasibility of the Pb(II) adsorption on biosorbents.

The value of K, AG® and AH® can be calculated using
the equations below:

a C
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where, a_ represents the activity of Pb(Il)ion, a, shows the
activity of Pb(Il) ion in solution at equilibrium, C_ rep-
resents the amount of Pb(II) adsorbed per gram of adsor-
bent (mmol/g) and C, shows at equilibrium the Pb(II)
concentration in solution (mmol/ml), V_ is the activity coef-
ficient of adsorbed Pb(Il) and V is the activity coefficient of
Pb(II) in solution. As the concentration of Pb(II) in solution
decreases and access to zero, the value of K° were calcu-
lated by plotting In(C/C)) vs. C_ and considers the C, to be
zero. The straight line obtained and from the intercept on
y-axis calculate the values of K°. R is the general gas con-
stant and T is the temperature. The average value of AH°
can be determined from van’t Hoff equation. T, (278 K)
and T, (273 K) represent the final and initial temperature.

3. Results and discussion
3.1. Characterization of raw biomass and ACs

TGA analysis is primarily applied to investigate the
thermal or oxidative stability of biosorbent as well as
their compositional properties [27]. TGA was conducted
in inert atmosphere from 25°C to 1,000°C with the heat-
ing rate of 10°C/min. Fig. 1a illustrates the thermogravi-
metric profile of raw biomass of Capparis decidua stem. The
figure indicates that decomposition of biosorbent took place
in four steps. First step (30°C-300°C), corresponds to the
removal of water and hemicellulose present in the biomass.
The second weight loss (300°C-550°C) is matching to the
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Fig. 1. Thermogravimetric analysis of (a) raw biomass and
(b) activated carbon.

decomposition and thermal decomposition of different cel-
lulose and lignin present in the stem [28]. The maximum
weight loss occurred in this temperature region. In third
step weight loss ranges from 550°C-700°C. This weight
loss may be due to the dehydration of highly poly aro-
matic compounds present in the stem. Nevertheless, above
700°C, no weight loss is observed, which indicates that
temperature of 700°C could be optimum temperature for
preparation of activated carbon [29]. The total weight loss
was 81% for biomass sample. Fig. 1b illustrates the ther-
mogravimetric profile of ACs prepared from Capparis
decidua stem. The decomposition of prepared activated
carbon also contains three steps. The first step, occurred
in temperatures range of 30°C-300°C. This weight loss
is due to the removal of moisture adsorbed in microp-
ores.It indicates a high hydrophilicity of the surfaces of
activated carbon. In the second step, weight loss ranged
from 300°C to 550°C. This weight loss corresponds to the
decomposition of the different lignin compounds present
in the stem. This indicates partial gasification of the least
thermally stable fragments of carbon structure. Third step
ranging from 550°C to 700°C is due to the poly aromati-
zation by the removal of water and hydrogen from the
biochar formed in 2nd stage. Heating of the sample above
700°C brought no change in the weight loss. The total
weight loss up to 700°C from the sample was 68%. These
results suggest that thermal treatment of the sample above
700°C could be best for preparing of the activated carbon.
FTIR technique was used for the elucidation of the
different moieties which are present on the surface of raw
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Fig. 2. FTIR analysis of (a) raw biomass and (b) activated carbon.

biomass obtained from Capparis decidua stem and ACs.
The analysis was performed between 400 and 4,000 cm™
wave number as given in Fig. 2. The figure shows that the
FTIR spectrum of biomass has many functional groups like
hydroxyl groups, various unsaturated hydrocarbons and
carbonyl compounds. Whereas in Fig. 2b the spectrum of
the prepared ACs is very simple, containing few peaks in
finger print region only. As the stem of Capparis decidua
contains two major compounds, that is, n-Triancontanol
and Stachydrine [30]. So, the peaks may arise due to the
presence of these compounds. In biomass a broad band
observed at 3,324 cm™. This peak is matching the hydroxyl
moiety in the literature [31]. The sharp peak observed at
2,919.77 ecm™ is due to the stretching of methylene C-H
bond. The band observed at 1,591.88 cm™ correspond to
the presences of COO asymmetric stretching [32]. The peak
found at 1,421.26 cm™ is due to methylene C-H bending.
Peaks between 1,234.63 and 1,034.21 cm™ are due to the C-O
bond stretching of the carbonyl or the alcohol C-O-H group.
Peaks detected at 595.56 and 529.56 cm™ are due to C-H
deformations. In case of ACs, some functional moieties dis-
appeared due to thermal treatment as shown in Fig. 2b. The
figure shows that peak above 3,200 cm™ which correspond
to a hydroxyl group, disappeared due to the loss of mois-
ture. The peak observed on 1,406.89 cm™ is finger prints for
the C-H bending. The peak on 1,120.89 cm™in raw biomass
and at 1,030 cm™ in AC represents C-O stretching vibration
of stretching of alcohol and carboxylic [33,34]. Peak noted
at 872.93 cm™ is due to the C-C linkage of alkanes after
the loss of other functionalities. Peaks observed between
the 610.80-592.79 cm™ are a clue to C-H deformations.
SEM technique was carried out to evaluate the topog-
raphy of the raw biomass and ACs synthesized from it
(Fig. 3). The figure shows that changes in the morphology
of the materials in terms of size and the formation of pores
were observed. It is worth noting that the pyrolysis pro-
cess has altered the morphology of ACs sample compared
to the raw biomass of Capparis decidua stem. The surface of
raw biomass was rough and irregular. However, the SEM
image shows that ACs have several porous. It indicates
that pyrolysis method produced different types of pores
and cavities on the surface. In contrast to a previous study
where different activating agents were used for preparation
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Fig. 3. SEM images of (a) raw biomass and (b) activated carbon.

of ACs, in the current results, only the thermal treatment
produced pores on the surface of ACs [34]. These pores are
produced due to decomposition of high H/C ratio hydro-
carbons (VOC), leaving polyaromatic residue in the sample.

Chemical composition of the raw biomass and ACs
prepared from Capparis decidua stem were analysed by
energy-dispersive X-ray spectroscopy (EDX) which are
shown in Table 1. From the results it was found that raw
biomass contains mainly C, N and O. While ACs composed
of C and O. The table indicates that the amount of carbon
and oxygen contents, in raw biomass, were 48.04%, and
39.87, respectively. On the other hand, in the ACs carbon
amount by weight increased to 69.99% while the oxygen
amount decreased to 23.39%. A significant change between
the amount of carbon/oxygen ratio in the raw and ACs
samples were observed. These results indicate that syn-
thesis of ACs from raw biomass through heat treatment
brings a significant alteration in the chemical composi-
tion of ACs, which is also supported by the TGA and SEM
results. The adsorbent with high carbon content has high
surface area and may consider an efficient adsorbent for
removal of heavy metals from waste water [35].

3.2. Batch adsorption experiment

The study of various adsorption parameters such as con-
tact time, Pb(Il) concentration, dosage, rpm, pH, tempera-
ture and adsorbent particle size was examined for Pb(II)
adsorption on ACs prepared from Capparis decidua stem
and compared with raw biomass and literature.

To check the influence of concentration of Pb(II) on
raw biomass and ACs, the batch analysis were performed
by varying the metal concentration between 1 mg/L and
1000 mg/L while keeping other parameters such as agita-
tion speed (140 rpm), adsorbent amount (0.1 g), tempera-
ture (25°C) and time (60 min) constant (Fig. 4). Due to the
porous structure more adsorption of Pb(II) (224 mg/g) on
ACs was more compared to the raw biomass (175 mg/g).
It is clearly shown in the figure that adsorption increased
as the concentration of Pb(Il) ion increased. Equilibrium
was achieved for both the adsorbents at 500 mg/L. These
results indicate that at equilibrium position all the vacant

Table 1
EDX/EDS analysis for (a) raw biomass and (b) activated carbon

Elements Biomass Activated carbon

Weight %  Atomic %  Weight %  Atomic %
CK 48.04 55.42 69.99 77.93
NK 8.85 8.75 0.00 0.00
OK 39.87 34.35 23.39 19.55
Mg K 0.33 0.19 0.75 0.41
SiK 0.10 0.05 0.19 0.09
SK 0.94 0.41 1.23 0.51
KK 0.56 0.20 1.34 0.46
CaK 1.32 0.46 3.11 1.04
Total 100.00

sites were occupied. After filling the active sites on the
adsorbent, further increase in Pb(II) concentration has
no apparent change in the adsorption of Pb(Il). The opti-
mum amount of Pb(II) adsorption on ACs was compared
with the previous literature (Table 2). These results explain
that the prepared ACs has more Pb(II) adsorption capacity
compared to the most of the biosorbent except lignin base
carbon [43]. From these results, it can be concluded that
prepared ACs have potential to be used as a biosorbent for
removal of heavy metal from contaminated water. This high
adsorption capability of the prepared ACs for Pb(II) may be
due to the porous structure of the ACs which is supported
by SEM analysis (Fig. 3). The high adsorption of Pb(II) on
ACs can be explained by interaction of Pb(II) with oxygen
containing groups (OH and COOH) which are present on
the surface of ACs. It was found that functional groups
present on ACs which are responsible for OH and COOH
disappeared in the post reaction characterization of ACs
(Fig. 5). The Pb(Il) in solution make a bond with oxy-
gen atom which is reported in previous studies [44,45].

2R-COOH + Pb(II) - R-COOPb(II) + 2H* (12)

2R-OH + Pb(IT) —> R-OPb(II) + 2H* (13)
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of Pb(II) at 25°C.
Table 2
Various bioadsorbents and their adsorption capacities (mg/g) for
Pb(II)
Bioadsorbent .. (Mg/g) References
Spirogyra neglecta 132.00 [36]
Cladophora fascicularis 198.5 [37]
Coconut shell 76.66 [38]
Pyrolusite-modified sewage  69.87 [39]
sludge carbon
Oryza sativa L. husk 8.60 [40]
Polypyrrole-based ACs 5.54 [41]
Tea waste 1.35 [42]
Lignin-based porous carbon  250.47 [43]
Capparis decidua stem 719.42 Present work

To determine the influence of contact time on both the
adsorbents, adsorption of Pb(II) was performed for dif-
ferent interval of time which range from 1 to 180 min.
Meanwhile other parameters were kept constant (Fig. 6).
It was observed that initially with an increase of agitation
interval, the amount of adsorption increased on biomass
and ACs. However, after 60 min further increase in agi-
tation interval brought no change in the amount of Pb(II)
adsorption by the adsorbent, indicating an equilibrium has
been achieved. These results show that 60 min is enough
time for occupying the active sites present on both the
adsorbents surface. The figure also indicates that in both
the adsorbents the equilibrium was achieved in similar
time (60 min) [46]. However, more Pb(II) was adsorbed on
ACs than biomass. These results further supports that the
vacant sites and surface area of the ACs were increased by
thermal treatment. This result matches to other researches
done for removal of Pb(II) on different biosorbents [47,48].

Biosorption capacity of biomass and ACs were checked
by altering the dosage of adsorbent between 0.1 and 0.6 g
while keeping the other parameter such as agitation speed
(140 rpm) metal ion concentration (250 mg/L), the volume
of sample (50 mL), temperature (25°C) and pH (6 + 0.31)
constant (Fig. 7). Maximum adsorption (121 mg/L) was
observed on 0.1 g dosage of ACs. However, with an increased
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in dosage significantly decrease the adsorption capacity of
the adsorbents. This can be explained as increasing biosor-
bents dosage cause to overlapped or an aggregate of active
sites at higher dosage and decreased in the total sorbent
surface area of the biosorbent. This result is also matching
with the previous literature [43,49]. In another investigation
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the Pb(II) adsorption was checked on banana stalk and was
found that maximum adsorption (15.8 mg/g) was taking
place on 0.6 g dosage [25].

pH of solution plays a key role in governing the
metal adsorption on biomass. Different optimum pH
for the different nature of the biomass has been reported
[15,50]. The influence of pH solution on the adsorption
of Pb(Il) on biomass was checked by varying the ini-
tial pH of solution between 2 and 12 at 25°C (Fig. 8). The
figure indicates that adsorption of Pb(II) on the adsor-
bents significantly change with pH. At pH 2, the adsorp-
tion efficiency of biomass and activated carbon was low
(82.2 mg/g and 86.4 mg/g). However, with an increase in
pH the adsorption efficiency of both the adsorbents was
increased till pH 10 and then become constant. Similar
patterns of Pb(II) adsorption were observed on soybean
oil cake in previous study [51]. It is proposed that there
is competition between Pb(II) and H* for the active sites
at low pH. However, at high pH the H* concentration is
decreased and hence the Pb(II) adsorption is increased.
Atlow pH: H"+Pb(Il)+ Xt

- H'-3x+Pb(l) (14)

Athigh pH: H'+Pb(Il) + Xt — Pb(Il)- ¥+ H* (15)
where %t represent active sites. These results indicate that
Pb(II) adsorption onto the raw biomass and ACs is con-
trolled by the physicochemical properties of the solution.
The effect of pH study indicates that adsorption of Pb(II)
followed by ion exchange path on adsorbent. At low pH
the less adsorption of Pb(Il) may be due to high concentra-
tion of H* ion in solution and on the surface of adsorbent
while at high pH decrease of H" and increase of negative
charge on the surface increased the adsorption efficiency
of Pb(II) on the surface which is supported by the point
of zero charge (PZC). The figure also indicates that after
pH 8 the removal efficiency significantly increased [52].
The change of adsorption temperature influence the
equilibrium sorption capacity for both the chemisorption
and physiosorption process [53]. In this study, temperature
was varied between 5°C and 70°C while the other parame-
ters remain constant as given in Fig. 9. The results showed
that increase of temperature from 5°C to 40°C give almost
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Fig. 8. Effect of pH on Pb(II) adsorption at 25°C.
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similar patterns for both the adsorbents. After 40°C, fur-
ther increase in temperature significantly decreased the
rate of adsorption which steadily decreased till to 70°C.
These results reveal that adsorption of Pb(II) on raw bio-
mass and ACs is function on temperature and increase
of the temperature decrease the adsorption process, sim-
ilar result are also reported in literature [54]. From these
results, it is concluded that adsorption of Pb(II) is physio-
sorption. The current results show that Pb(II) on biomass
is exothermic in nature. Therefore, in accordance with
Le-Chatelier’s principle, with an increase in tempera-
ture adsorption of Pb(Il) on adsorbent decreased, which
support that physiosorption occurred more easily at a
lower temperature. This result indicates that at room tem-
perature the use of this ACs has potential to be used for
removal of Pb(II) from contaminated water.

The size of particle influence on the active sites and
diffusion of the metal ion inside the structure of the par-
ticle [55]. The effect of adsorbent particle size was inves-
tigated from 45 to 250 um using 50 mL of solution with
metal ion concentration of 250 mg/L at 25°C as given in
Fig. 10. The figure shows that with an increase of particle
size from 45 to 250 um the removal of Pb(Il) decreased
from 121 to 109 mg/g. This result indicates that efficiency
of small particle for removal of metal ions is higher than
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Fig. 9. Effect of temperature on adsorption of Pb(Il) on raw
biomass and ACs.
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Fig. 10. Effect of adsorbent particle size on Pb(Il) adsorption
at 25°C.
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large particle size. This clues that an increase of the par-
ticle decreases the surface area and hence decreases the
Pb(II) adsorption on the ACs and raw biomass [55].

PZC illustrates about the presence of positive and neg-
ative charge carrying functional moieties on the surface
of the adsorbent. The amphoteric nature of carbon may
have a positive or negative charge, depending upon the
surface functional moieties and the pH of the solution.
Below PZC the surface favors the adsorption of negative
charge while pH above PZC favor positive charge species
[51]. pH at PZC was determined for the raw biomass and
ACs which is illustrated in Fig. 11. The figure elaborates
that pH at PZC were 7.5 and 8.8 for raw biomass and ACs
respectively. These results indicate that thermal treat-
ment modify the number and nature of surface functional
groups and give a different pH at PZC.

3.3. Adsorption kinetics

For the commercialization of adsorbent, kinetics
study is important for adsorption. The nature and type of
the adsorption method is a function of the chemical and
physical behaviors of adsorbent and the other parame-
ter of the system. For the adsorption kinetic study, pseu-
do-first-order and pseudo-second-order kinetics models
were applied. The integrated form of pseudo-first-or-
der kinetics model [Eq. (3)] was applied on the obtained
results. The current results indicate that first order kinetics
model does not apply to our system due to low correlation
coefficient value (R?) of 0.60938 for biomass and 0.80762
for ACs (Table 3). Biosorption of Pb(Il) on Anethum gra-
veolens is also matches with the current results [56]. High
linearity of correlation coefficient value (R?) was observed
in case of pseudo-second-order kinetic model [Eq. (4)].
Also, adsorption capacity (q,) was close to the experimen-
tal value (Fig. 12). k,, g, and R* values calculated from the
graph are tabulated in Table 3. So, it can be concluded
that pseudo-second-order kinetic model is well fitted to
our kinetic results of Pb(II) adsorption on raw biomass
and ACs prepared form Capparis decidua. These results
have close agreement with the previous literature [57,58].
pseudo-second-order kinetic equation is also followed
by adsorption of Pb(Il) on the orange peel, peanut shell
and tea waste [59].
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Weber and Morris model is used to determine the
rate-limiting step of the movement of metals from solution
on the surface and inside the particle. To determine, whether
Pb(I) diffusion on raw biomass and ACs is intra-par-
ticle diffusion control or boundary layer diffusion con-
trol, an amount of adsorbed Pb(II) was plotted verses the
square root of the time using Morris equation.

g, =kt +C (16)

where g, represents the amount of Pb(Il) adsorbed at a
particular time, K, is rate constant for the intra-particle dif-
fusion and C represent the intercept of the graph (Fig. 13)
[60]. The figure shows that adsorption of Pb(II) on adsor-
bent completed in two steps. In the first step the adsorp-
tion of Pb(II) sharply increased up to 6 min. This change
in the adsorption of Pb(Il) in the initial 6 min may cor-
relate to the diffusion of adsorbate from the solution to the
external surface of the adsorbent or the boundary layer dif-
fusion of the biosorbate molecules. In the 2nd the step no
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Fig. 12. Pseudo-second-order kinetic for the adsorption of Pb(II)
on raw biomass and ACs.

Table 3
Pseudo-first-order and pseudo-second-order results

Kinetic Adsorbents

models Constants Biomass Activated carbon

59 - Raw bi
1 - A - Activated carbon

dpH

-1

2- pH

Fig. 11. pH at PZC for raw biomass and activated carbon.

Pseudo-first-order model

R? 0.6094 0.8076

k, (1/s) 0.0129  -0.0178

g, (mg/g) (experimental) 101.921  5.55

g, (mg/g) (calculated)  1.288 1.6120
Pseudo-second-order model

R? 0.9999 0.9999

k, (M/s) 0.044 0.042

g, (mg/g) (experimental) 101.92 105.55

g, (mg/g) (calculated) ~ 101.72 10526

1/kg? 0.0022  0.00211
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Fig. 13. Morris and Weber linear plot for Pb(Il) adsorption
on (a) raw biomass and (b) activated carbon.

apparent change in the adsorption of (Pb(II) was detected,
which indicates that the equilibrium position of adsorbate
was achieved after 6 min. The extrapolation of the data
does not pass through the origin. These results deduced
that adsorption of Pb(Il) is not intraparticle diffusion
control, but it likes to be boundary layer control [61].

3.4. Adsorption isotherms

At fixed temperature, the adsorbent and adsorbate
interaction and the degree of adsorption on the surface
of an adsorbent can be evaluated by adsorption model.
Adsorbent surface may be monolayer or multilayer depend-
ing upon the model which are followed by the data. Among
different isotherms, Langmuir, Freundlich and Morris
model are studied and compared [62].

Monolayer adsorption of Pb(Il) from a liquid solu-
tion on a surface of raw biomass and ACs can be well
explained by Langmuir model. This model gives an idea
about vacant sites which have a fixed number of vacant
sites. The isotherm data is presented in Table 4. Langmuir
isotherm model was not applicable to our data due to low
correlation coefficient value (R? of 0.83874 for biomass
and 0.5834 for ACs. A Freundlich isotherm model is used
to explain multilayer adsorption of adsorbed molecules
on a heterogeneous surface which have non uniform dis-
tribution of heat of adsorption. From Table 4 it can be
seen that the K, value of biomass (0.757 mg/g) is greater
than ACs (0.710 mg/g). Freundlich isotherm model is well
matched with the results due to high correlation coeffi-
cients value (0.990). This result has close agreement with
previous literature, where Pb(II) adsorption on marine
green algae follows Freundlich model [47]. The adsorp-
tion intensity value (1/n) for biomass and activated carbon
are >0.05, indicates that the interaction between adsorbate
and adsorbent during the adsorption process is feasible.

3.5. Thermodynamics analysis for Pb(II) adsorption

The thermodynamics feasibility of Pb(II) adsorption on
biomass and ACs was calculated using different parameters
such as enthalpy, entropy and change in Gibbs free energy
(Tables 5 and 6). The determination of AG® is the criteria for

Table 4
Constants of Freundlich and Langmuir isotherm model

Adsorbents

Isotherm models Constants  Biomass Activated carbon
Freundlich

R? 0.9149 0.9910

Kf (mg/g) 0.75763  0.7106

1/n 0.91489 0.9763
Langmuir

R? 0.8387 0.5834

K, (dm*L) 0.0013 0.0006

R, 0.615 0.757

q, (mg/g)  327.86 719.42

spontaneity of physiochemical process. For calculation of
Gibbs free energy we need to calculate the equilibrium con-
stant. The equilibrium constant K value was determined at
different temperatures as given in section 2.8. The change
in enthalpy (AH®) was evaluated by van't Hoff equation:

InK,(T,)~InK, (T, ) = ‘AHC’(l_lj (17)

RAT, T,

T, and T, represents final and initial temperatures.

The higher value of equilibrium constant on ACs com-
pared to biomass indicates that more adsorption took
place on ACs. From the tables it was found that at low tem-
perature the change in Gibbs free energy was high which
decreased with an increase of temperature. These results
elaborate that process of Pb(II) adsorption decreased on
both biomass and ACs adsorbent with an increase of tem-
perature and hence conclude that Pb(II)adsorption on
both the adsorbents is physiosorption in nature [6]. Also
higher negative value of AG® support more adsorption on
ACs compared to biomass while at higher temperature bio-
mass and ACs have similar adsorption. These results further
support that adsorption on both the adsorbents are phys-
iosorption in nature. The negative value of enthalpy clues
that lead adsorption on both the adsorbents are exothermic
in nature [63].

4. Conclusions

In this study, the effective use of the ACs prepared
from Capparis decidua stem as an adsorbent for removing
of Pb(II) from model aqueous solution was investigated.
For synthesis of ACs from the stem of Capparis decidua,
optimum activation temperature was found from 500°C
to 700°C. Thermal treatment brings a significant change
in the morphology and chemical composition of ACs. At
equilibrium, the highest adsorption of Pb(II) was found
224 mg/g and the equilibrium position was achieved with
in the initial 60 min. It was found from the batch exper-
iment that experimental results follow the pseudo-sec-
ond-order and are well fitted in the Freundlich isotherm
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Table 5
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Thermodynamic parameters (AG°, AH®, AS®) results for raw biomass

Thermodynamic constants Temp. (K)
278 283 293 303 313 323 333 343

K,(mLg™ 6,444.44 4,460.31 3,480.89 2,609.45 1,202.99 624.10 434.23 390.31
AG® (k] mol™) —20.250 -19.749 -19.832 -19.790 -18.451 -17.280 -16.778 -16.987
AH® (k] mol™) -36.443
AS° (J mol? K™) 16.0

Table 6

Thermodynamic parameters (AG®, AH°, AS°) results for activated carbon
Thermodynamic Temp. (K)
constants 278 283 293 303 313 323 333 343
K, (mL g™ 16,861. 6,444.4 5,080.3 4,460.3 1,360.1 760.08 44410 395.41
AG® (k] mol™) —-22.468 -20.627 -20.753 -21.129 -18.744 -17.782 -16.862 -17.029
AH° (k] mol™) —45.396
AS° (J mol K) 29.70

model. In basic media the adsorption of Pb(Il) on both [7] H. Albroomi, M.A. Elsayed, A. Baraka, M.A. Abdelmaged,

the adsorbents was higher and pH for PZC was found 8.8 Batch and fixed-bed adsorption of tartrazine azo-dye onto

on ACs. The ~AG° and -AH® confirm that adsorption of ;C(té‘éi‘;‘;ggggﬁggﬁrepared from apricot stones, Appl. Water Sci.,

Pb(1l) is favorable an.d e.xothe.rmic in nature on the ACs. [8] K. Kadirvelu, M. Palanival, R. Kalpana, S. Rajeswari, Activated

Based on the current findings, it can be concluded that ACs carbon from an agricultural by-product, for the treatment of

prepared from Capparis decidua stem is considered to be a dyeing industry wastewater, Bioresour. Technol., 74 (2000)

cheap, eco-friendly biosorbent which will be effective for 263-265. .

removing of Pb(Il) from wastewater [9] M. Teker, M. Imamoglu, O. Saltabas, Adsorption of copper

& ’ and cadmium ions by activated carbon from rice hulls, Turk. J.
Chem., 23 (1999) 185-191.
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