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ABSTRACT

Adsorbents prepared from the Apiaceae family, namely parsley (PL), coriander (CR), and cilantro
(CL), were used for lead (Pb(Il)) removal from low-concentration aqueous solutions. Physical and
chemical characterizations were carried out by the Brunauer-Emmett-Teller adsorption isotherm,
scanning electron microscopy coupled with energy dispersive X-ray analysis, and Fourier transform
infrared (FTIR) spectra analysis. Batch experiments were conducted to study the effect of biomass
dosage, pH, contact time, agitation speed, and initial lead concentrations. The maximum biosorp-
tion of Pb(II) was approximately 89% with 1.0 g/L biomass under an optimum pH of 5 with 2 mg/L
initial lead concentration for the three selected adsorbents. The lead removal rate increased with an
increase of dosage, speed of rotation, and contact time, while it decreased with a pH greater than 5,
and increased initial Pb(II) concentration. The maximum monolayer adsorption capacity of the PL, CR,
and CL was 4.48, 2.94, and 3.87 mg/g, respectively. It was found that the Langmuir isotherm provides
a good model to describe the adsorption process for PL, CR, and CL. The adsorption process obeyed a
pseudo-second-order kinetic model in all cases. Due to its ease of use, local availability, low-cost, and
good adsorption capacities, PL, CR, and CL can be used as effective adsorbents for Pb(II) removal from

low-concentration aqueous solutions.
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1. Introduction

Access to clean and safe drinking water is a basic right
for humans. Water contamination by heavy metals is a major
environmental problem due to their acute toxicity and their
accumulation in food chains. Lead (Pb) is one of the toxic
heavy metals. Lead dissemination can occur naturally in
the environment or may be released from industrial residue
(batteries, radiators, Pb-based solder joints, etc.). The World
Health Organization (WHO) suggests that the tolerance
limit for lead concentration in drinking water is 0.01 mg/L
[1]. This limit is less than 0.05 mg/L limit by the Thailand
Pollution Control Department [2]. Moreover, the limit of lead
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discharge for wastewater in Thailand is 0.2 mg/L. Hence,
this toxic metal must be eliminated as much as possible from
effluents to protect the environment and human health.
According to environmental protection legislation and
public documents, lead and other toxic heavy metals can
be removed from wastewater by conventional techniques,
such as chemical precipitation, membrane filtration, reverse
osmosis, electrocoagulation, chelation, and ion exchange [3].
However, these methods are often inefficient and/or very
expensive for low concentrations of metals. Therefore, there
is a need for sought cheaper metal removal technologies that
can be applied to low-concentration aqueous systems. In such
sense, green technologies based on biosorption processes
can be used for pollutant removal from waters, especially
those that are not easily biodegradable such as metals. These
techniques involve physicochemical and metabolically
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independent processes based on a variety of mechanisms,
including absorption, adsorption, ion exchange, surface
complexation, and precipitation. In general, biotreatment
processes are more efficient for pollutants removal from
dilute solutions. The most popular adsorbents for heavy
metal removal from aqueous solutions are zeolites, activated
carbon (AC), silica gel, and chitosan [4]. Although the use of
commercially available adsorbents is still very widespread,
these materials are very expensive. Recently, biosorption of
contaminants by sorbents of natural origin has gained more
attention because of several factors, such as free availability,
low cost, good adsorption capacity, easy of chemical mod-
ification, easy renewal, and fewer disposal problems after
adsorption. Natural sorbents are very effective in removing
heavy metals even in low concentrations [5].

Plant materials such as Prosopis juliflora DC seed [6],
peach and apricot stones [7], Pinus sylvestris [8], green
algae Spirogyra species [9], rice husk and maize cobs [10],
sago waste [11], brown seaweed Sargassum filipendula [12],
sawdust (Acacia arabica) [13], baobab (Adononsia digitata) fruit
shells [14], mango tree (Mangifera indica) sawdust [15], sop
seeds [16], spent tea leaves [17], palm kernel shell charcoal
[18], fungus [19], orange barks [20], and peat [21] have been
studied for Pb(II) removal from aqueous systems.

At present, much effort has been taken to remove Pb(II)
by adsorption, and it is still highly desirable to develop novel
adsorbents with high adsorption capacities. However, this is
still a big challenge to remove the low-concentration lead ions
from water. Therefore, the main objective of this study was to
develop a method based on the use of parsley (PL), coriander
(CR), and cilantro (CL) plants as a potential biosorbent for the
removal and determination of lead ions in polluted aqueous
solutions. Preliminary results using PL, CR, and CL also indi-
cated that these biosorbents can be effectively used to adsorb
Pb(Il) from synthetic water [22]. In this study, the physical
and chemical characteristics of the selected adsorbents were
examined in terms of specific surface area, surface physi-
cal morphology and composition, and surface functional
groups. A series of batch adsorption experiment was per-
formed to determine the influence of biomass amount, pH,
agitation speed, contact time, and initial Pb(II) concentration.
Furthermore, the obtained data were evaluated and fit using
adsorption isotherms and kinetic models to understand the
mechanisms involved in the adsorption process.

2. Materials and methods
2.1. Materials and reagents

A stock solution of lead containing 100 mg Pb*/L was
prepared by dissolving 79.95 mg of Pb(NO,), in deionized
water. Then 5 mL of HNO, was added. This was diluted to
500 mL with deionized water. By using this stock solution,
other standard solutions were prepared at different Pb(II)
concentrations. Hydrochloric acid (1 N) and/or 1 N sodium
hydroxide (1 N) were used for pH adjustment.

2.2. Preparation of adsorbents

PL, CR, and CL are classified in the Apiaceae family.
Plants in this family are mostly aromatic flowering plants
and have been widely used in cooking. PL is cultivated in the

northern region of Thailand as it requires special cultivation.
PL grows best in moist conditions between 22°C and 30°C, in
well-drained soil, with full sun. CR and CL are widely culti-
vated in all regions of Thailand and are easy to obtain. The
experiments in this study were performed using all parts of
the PL, CR, and CL to produce the lead removal adsorbents
without chemical additives. PL, CR, and CL in this study
were bought from a local market. The plants were prelimi-
nary washed with tap water to remove any pulpy residues.
Then, they were cut into small pieces, crushed, and washed
thoroughly with deionized water, to eliminate any adhering
dirt. To obtain dried adsorbent particles, the plants were then
dried overnight in an oven at 90°C to remove any residual
moisture. Sunlight can also be used in a small community
or a rural area. After that, the dried plants were ground and
sieved through a 250-mesh sieve. The powdered plants were
stored in an air-tight container for further use.

2.3. Characterization of adsorbents

The physical and chemical properties of the prepared
adsorbents were investigated. Surface area characteriza-
tion was performed using a Micromeritics 3Flex Surface
Characterization Analyzer, using nitrogen adsorption based
on Brunauer-Emmett-Teller (BET) theory. Degas condi-
tions were done under vacuum with an initial heating rate
of 10°C/min up to a temperature of 110°C, kept for a mini-
mum of 9 h. The analysis was done using OMNIC software
version 9.2. The adsorbent surface morphology and wt. %
of elements was studied by SEM-EDX (scanning electron
microscopy coupled with energy dispersive X-ray; JEOL
Model JSM-5410) under high vacuum. The experiment was
carried out by the bombardment of electrons on a target sam-
ple. The sample was spread over a 10-mm aluminum stub
with the help of carbon adhesive doubled edged tape. Then
the surface was coated with gold foil using a gold-coating
machine (Fison Instruments Polaron SC7640). The electrons
interact with atoms in the sample, producing various signals
containing information of a sample’s surface topography.
The functional groups were analyzed by IR spectroscopy
using a Thermo Scientific Nicolet iS50 FTIR spectrometer. A
small amount of adsorbent (in grams) was ground and mixed
with spectral-grade KBr in a ratio of 1:10, and pressed under
high vacuum pressure to obtain a transparent pellet. The
Fourier transform infrared (FTIR) data were collected from
4,000 to 400 cm™ at 1 cm™ resolution.

2.4. Batch adsorption equilibrium experiments

Batch equilibrium tests were performed to investigate the
Pb(Il) adsorption on PL, CR, and CL. Experiments were per-
formed in 125 mL conical flasks with 50 mL of test solution
at room temperature (25 + 2°C). The effects of adsorbent bio-
mass (0.1, 0.5, 1, 2, and 4.0 g), pH of the solution (2, 3,4, 5, 6,7,
8,9, and 10), agitation speed (100, 150, 200, 250, and 300 rpm),
contact time (10, 20, 30, 40, 50, 60, 120, 180, and 360 min),
and initial Pb(II) concentration (2, 4, 6, 8, and 10 mg/L) were
studied. During the experiments, the parameter under study
was varied while the others were kept constant. At the end
of the desired contact time, the conical flasks were removed
from the rotary shaker, and the adsorbent was allowed to
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decant for 2-3 min. Finally, the samples were filtered using
Nylon Syringe Filters, 0.22 pm, 13 mm in diameter. The fil-
trates were analyzed for residual Pb(II) concentration using
an inductively coupled plasma spectrometer (Optima 8000,
Perkin Elmer). The percentage of Pb(II) removal was calcu-
lated by Eq. (1) as follows:

Removal(%) = COC_ S 100 €Y

0

where C; and C, are the initial and the final Pb(II) concen-
tration (mg/L) at time ¢, respectively.

The adsorption at equilibrium, g, (mg/g), was calculated
from the mass balance equation as follows:

— C()_Ce X
m
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where C and C, are the initial and the final (equilibrium)
Pb(II) concentrations (mg/L), respectively. V is the adsorbate
volume (L) and m is the mass of the adsorbent used (g) [23].

2.5. Adsorption isotherms

Modeling of adsorption data is essential for predict-
ing and comparing the adsorption performance. This is
critical for the optimization of the adsorption mechanism
pathways, expression of the adsorbents capacities, and the
effective design of adsorption systems [24]. The batch equi-
librium experimental data of PL, CR, and CL were fit and
analyzed via commonly used models, namely Langmuir and
Freundlich isotherms. This study was carried out at room
temperature (25 + 2°C) using variable Pb(II) concentrations
of 1-8 mg/L at pH 5 with adsorbent biomass: 1 g/L, agitation
speed: 170 rpm, and contact time: 2 h.

2.5.1. Langmuir isotherm

The Langmuir adsorption isotherm model assumes that
the adsorption occurs in a homogeneous surface monolayer
containing a finite number of adsorption sites. The linear
form of the Langmuir adsorption isotherm is given in Eq. (3)
as follows:

C_L.& )
9, bQ, Q

where C, is the equilibrium Pb(II) concentration (mg/L),
g, is the amount of Pb(II) adsorbed per unit mass of adsorbent
(mg/g), and Q, and b are Langmuir constants related to the
monolayer adsorption capacity (mg/g) and adsorption rate
(L/mg), respectively. Values of Q and b are calculated from a
plot of C /g, versus C, which gives a straight line with a slope
of 1/Q,and an intercept of 1/bQ, [25,26].

The important features of the Langmuir isotherm can be
explained in terms of the equilibrium parameter (R,), which
is a dimensionless constant referred to as the separation
factor or equilibrium parameter.

R, = !
1+bC,

4)

where C, is the highest initial Pb(II) concentration (mg/L)
and b is the reciprocal of the concentration at which half
saturation of adsorbent is achieved. The R, value represents
the adsorption nature. It is unfavorable if R, is greater than1,
linear if R, is equal to 1, favorable if R, is between 0 and 1, and
irreversible if R is equal to 0 [26,27].

2.5.2. The Freundlich isotherm

The Freundlich isotherm is applicable to adsorption
processes that occur on heterogeneous surfaces. This iso-
therm gives an expression which defines the surface het-
erogeneity and the exponential distribution of active sites
and their energies [28]. The linear form of the Freundlich
adsorption isotherm is given in Eq. (5) as follows:

log g, =logK, + 1log C, (5)
n

where C, is the equilibrium Pb(II) concentration (mg/L) and
g, is amount of Pb(Il) adsorbed per unit mass of adsorbent
(mg/g). K, and # are the Freundlich constants, consolidating
the factors affecting the adsorption capacity and the degree
of nonlinearity between the solute concentration in the solu-
tion and the amount adsorbed at equilibrium, respectively.
The values of n and K, were obtained from the slope and
intercept of plots of log g, versus log C . The constant K is an
approximate indicator of adsorption capacity, while 1/n is a
function of the strength of adsorption in the adsorption pro-
cess. If 1/n is below 1, this indicates a normal adsorption. In
contrast, 1/n above 1 indicates cooperative adsorption [28,29].

2.6. Adsorption kinetics

Adsorption parameters are important physicochemical
parameters to evaluate the basic qualities of a good adsor-
bent (such as whether the adsorbent adsorbs metals) [30].
In this study, pseudo-first-order and pseudo-second-or-
der kinetic models were employed to describe the kinetic
adsorption process. Kinetic parameters were estimated from
the batch adsorption of 2 mg/L Pb(Il) at pH 5 at room tem-
perature (25 + 2°C). The time was varied from 10 to 360 min.
The adsorbent biomass was 1 g/L and the agitation speed was
170 rpm.

2.6.1. Pseudo-first-order equation

The pseudo-first-order expression of Lagergren is a
widely used kinetic model for adsorption data analysis. This
kinetic model is used for a reversible reaction with an equi-
librium being established between liquid and solid phases,
as in Eq. (6):
kt

1

2.303

log (g, —4,)=loggq, - (6)

where g, and g, are the amounts of Pb(II) adsorbed (mg/g) at
equilibrium and at time ¢, respectively, and k, is the adsorp-
tion rate constant of pseudo-first-order adsorption (min™).
A plot of log(q, — g,) versus t gives a straight line. The rate
constant k, (min™) is calculated from the slope of the linear
plot [31,32].
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2.6.2. Pseudo-second-order equation

The pseudo-second-order equation is utilized for a
two-site-occupancy adsorption system. In this model, the
rate-limiting step is the surface chemisorption, where the
removal from solution is due to physicochemical interactions
between the two phases, occurring at the same time. The
pseudo-second-order adsorption kinetic model is expressed
in Eq. (7) as follows:

11,1,
9, ka 4, @

where k, (g mg™ min™) is the rate constant of the pseudo-sec-
ond-order kinetic equation, and ¢q, and g, are the amounts
of Pb(Il) adsorbed (mg/g) onto selected adsorbents at equi-
librium and at time t, respectively. The rate constant k,
(g mg! min™) and equilibrium adsorption capacity g, were
calculated from the slope and intercept of the linear plot of ¢
(time) versus t/g, [31].

If the kinetic model fits the pseudo-first-order reaction,
this suggests that the adsorption system corresponds to a
diffusion-controlled process, and the reaction is inclined
toward physisorption. Likewise, if the reaction fits the
pseudo-second-order model, this shows that the adsorp-
tion mechanism is predominant, and the overall rate of
the metal adsorption process is controlled by the chemical
process [33-35].

3. Result and discussion
3.1. Characterization of prepared adsorbents
3.1.1. BET surface area and pore volume

The specific surface area of an adsorbent, a key factor in
the effectiveness of a sorbent, was calculated with the BET
adsorption isotherm using nitrogen as the adsorbate [36]. As
shown in Table 1, PL, CR, and CL diameters are classified
as mesopores, according to the IUPAC classification [37].
CR has the highest surface area, followed by CL and PL. As
the specific area of the adsorbents that are 75.42, 88.76, and
75.93 m?/g, respectively. Their average mean pore diameters
are very small, approximately 5 nm. BET analysis shows
that PL, CR, and CL do not have a high surface area as com-
pared with commercially available adsorbents, such as AC
(1,688 m?/g) and carbon nanotubes (177 m?/g). However, it
is higher than the more expensive graphene oxide (32 m*/g)
based adsorbents [25]. The surface area of all the adsorbents
employed in this study is small when compared with other
commercially available adsorbents. However, the surface
area is not the only factor that affects the adsorption capacity
of an adsorbent. It also depends on other factors such as the

Table 1
BET surface areas and pore characteristics of prepared adsorbents

185

presence of surface functional groups on the adsorbents and
the experimental conditions.

3.1.2. SEM analysis

SEM analysis was employed to determine the surface
characteristics of the prepared samples and metal loaded
samples, to perceive the impact of Pb(Il) sorption on the
surface of the adsorbents. SEM analysis revealed that there
were significant changes on the surface of the adsorbents
after interaction with Pb(Il) ions. The surface morphology
of adsorbents before adsorption was irregular and rough, as
shown in Fig. 1. After the adsorption of Pb(Il), PL showed a
carpet-like surface with heterogeneous and disarrangement
grooves on its surface, suggesting agglomeration or cluster-
ing due to the stress produced by the agitation during the
experiment [38]. CR and CL exhibited somewhat changed
morphology. Loss of surface porosity, roughness, and
numerous cavities were noticeable. Due to the small amount
of adsorbed lead (3.8-4.5 mg/g), lead precipitates were not
visible on the surface of the adsorbent. In addition, the zoom
on the images should be greater, as the size of the lead pre-
cipitates are well below 1 um (nanometric scale).

Fig. 1. SEM images of (a) PL, (b) CR, and (c) CL, before (left)
and after (al, b1, and c1) sorption of Pb(II) (1,000x).

Adsorbents BET surface area (m?/g) Total pore volume (cc/g) Mean pore diameter (nm)
PL 75.42 0.1560 at P/P,=0.996 4.61
CR 88.76 0.1556 at P/P;=0.994 4.72
CL 75.93 0.1560 at P/P;=0.996 4.65
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3.1.3. EDX analysis

EDX analysis was performed to determine the elemen-
tal composition of the biosorbents before and after Pb(II)
adsorption. The EDX analysis in Fig. 2 shows the chemical
composition of the biomass. The EDX spectra depict the
peaks of C, O (H could not be measured), K, and Ca, which
are the main components of cellulose and lignin that are pres-
ent in the biomass. These peaks show the available function-
alities on the biomass, such as carboxylic acid (-COOH) and
hydroxyl group (-OH). Furthermore, the changes of C and
O atomic concentrations after Pb(II) adsorption confirmed
that lead(II) can covalently bond with C- and O-functional
groups such as carboxylate and hydroxyl, which are able to
attract and bond with Pb(II) [18]. Since the amount of Pb(II)
adsorbed on the biomass is small, no peaks of Pb(II) can be
observed after adsorption (Figs. al, b1, and c1). In conclusion,
it can be assumed that the small amount of Pb(II) absorbed
and the preparation of the samples for subsequent visualiza-
tion may have affected the results of the SEM-EDX analysis.
Results also suggest that some functional groups may be
participating in the process, which is additionally confirmed
by FTIR analysis.

3.1.4. FTIR analysis

Infrared spectroscopy is an important tool to determine
the influence of surface functional groups that are involved
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in the interactions with metal ions. The adsorption capacity of
an adsorbent is dependent on the chemical reactivity of func-
tional groups on the adsorbent surface [40]. Therefore, FTIR
analysis was carried out for the prepared adsorbents in this
study. The FTIR spectra of PL, CR, and CL adsorbents before
and after adsorption display a number of absorption bands
which imply the presence of various functional groups in the
biomass, as shown in Fig. 3. The functional groups favorable
for Pb(II) adsorption are listed in Table 2. The spectra reveal
11 explicit bands in the wavenumber range of 4,000-400 cm™.
The FTIR spectrum of raw adsorbents shows an abundance
of carboxyl and hydroxyl groups which are commonly pres-
ent in the biomass and may act in deprotonated forms as key
sites for coordination of heavy metals. Furthermore, after the
adsorption of Pb(Il) (Table 2), it can be confirmed that car-
boxyl, hydroxyl, amide, and amino functional groups play a
major role in Pb(II) binding and can combine with Pb(II) as
there are obvious changes in the spectra, C-H, CH,, C=0, and
C-Brbending vibrations play a minor role in Pb(II) complexes
as shown by the slight changes in the corresponding peak
wavenumbers [41,42]. Fig. 3(b) represents FTIR spectra after
the adsorption of Pb(Il). There is a shift in the position of the
peaks after Pb(II) adsorption. These shifts may be attributed
to the changes in counter ions associated with carboxylate
and hydroxylate anions, suggesting that oxygen-containing
acidic functional groups, carboxyl and hydroxyl, are pre-
dominant contributors to Pb(II) ion uptake for the adsorption
of Pb(IT) ions on the surface of an adsorbent [43].
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Fig. 2. Characteristic of EDX spectra of (a) PL, (b) CR, and (c) CL, before and after sorption (al, b1, and c1) of Pb(Il), respectively.
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Fig. 3. FTIR spectra of PL, CR, and CL (a) before and (b) after adsorption of Pb(II).

Table 2

FTIR spectroscopic band assignment of surface functional groups on PL, CR, and CL

Wavenumber (cm™) before ~ Wavenumber (cm™) after

Functional group

adsorption adsorption Ref.

PL CR CL PL CR CL

3,278.19 3,273.95 3,279.50 3,271.87 3,279.69 3,291.71 Amine (-NH) and hydroxyl (-OH) stretching [45]

(Broad (Broad (Broad (Broad (Broad (Broad vibrations of plant proteins and phenols

band) band) band) band) band) band)

2,918.25 2,920.29 291836 2,918.69 2,920.09 2,920.39 Aliphatic C-H group

2,850.09 2,851.19 2,850.42 2,851.05 2,851.08 2,848.89 Symmetrical CH, stretching band

1,731.48 1,733.51 1,734.40 1,732.15 1,734.35 1,734.08 C=O stretching, which originates from nonionic carboxyl [39]
groups (-COOH, -COOCH,), and may be denoted by
carboxylic acids or corresponding esters

1,604.08 1,616.51 1,600.99 1,610.69 1,622.96 1,616.85 C=O stretching vibrations (from amide I of proteins) [45]

1,369.95 1,370.71 1,315.66 1,316.40 1,317.75 1,318.61 C-N stretching of aromatic amino group

1,237.36 1,235.75 1,238.14 1,237.97 1,236.11 1,231.18 C=O stretching band

1,014.18 1,029.39 1,010.34 1,010.66 1,016.71 1,010.91 Existence of stretching vibrations of C-O of alcohol [39]
groups and carboxylic acids

824.06 82391 814.18 89892  851.89 89242  Primary and secondary amine (-NH) [46]

753.60 752.03 74850  755.86 75252 75721  Primary and secondary amine (-NH)

536.71 53323 53325 53425 532.09 53235  Alkyl halides, C-Br stretching band [47]

3.2. Adsorption parameters
3.2.1. Effect of dosage on Pb(II) removal

The effect of the amount of biomass on Pb(II) removal
is shown in Fig. 4. The maximum removal of Pb(Il) was
obtained for an adsorbent dose of 2 g/L. Results show that
the percent removal of Pb(ll) increased rapidly from 20%
to 81%, 39% to 70%, and 28% to 86% (Fig. 4(a)) when the
biomass content was augmented from 0.1 to 2 g/L for PL,
CR, and CL, respectively. Pb(II) removal efficiency increases
with increasing adsorbent dose due to the greater availability
of exchangeable sites or number of adsorption sites on the
surface, and hence, results in a higher percentage of Pb(II)
removal [48]. However, Pb(Il) adsorption did not increase by

further increasing the adsorbent dose which led to a decrease
in the percent removal of Pb(Il). This decline was a result of
an increase in adsorbent density, which causes an aggrega-
tion on adsorption sites, limiting the capacity for effective
adsorption [49]. Considering the adsorption capacity, a
reverse trend was recorded, where a decrease in the adsorp-
tion capacity with an increase in adsorbent dose was noticed.
This may be the result of a decrease in the total adsorption
surface area available for Pb(II) ions to bind due to overlap-
ping or aggregation on adsorption sites at higher dosages.
Therefore, as the adsorbent dose increased, the amount
of Pb(Il) ions adsorbed onto a unit mass of adsorbents
decreased, resulting in a decrease in the adsorption capacity
[14,50]. To maintain a reasonable capacity and high removal
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Fig. 4. Effect of adsorbent biomass on (a) Pb(II) removal (%) and (b) adsorption capacity of PL, CR, and CL (initial Pb(II) concentration:

2 mg/L, pH: 5, agitation speed: 170 rpm, contact time: 2 h).

efficiency, the surface loading (i.e., the mass ratio of lead to
adsorbent dose) should be lower than the optimum value.
Therefore, to ensure effective adsorption at a lower adsorbent
dose, 1 g/L is chosen as the applicable dosage for PL, CR, and
CL for further adsorption experiments.

3.2.2. Effect of pH on Pb(Il) removal

The pH of a solution has a crucial influence on Pb(II)
uptake as it determines the surface charge of the adsorbent
and the degree of ionization and speciation of an adsorbate
during adsorption [51]. The effect of pH on Pb(II) removal
is shown in Fig. 5. The adsorption of Pb(Il) by PL, CR, and
CL was dependent on the pH of the solution, and maximum
adsorption was achieved at pH = 5.0. There was an increase
in adsorption with increasing pH of solution for Pb(II) ions
over a pH range of 2.0-5.0. As the pH increases the number
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Fig. 5. Effect of pH on Pb(Il) removal (%) by PL, CR, and CL
(initial Pb(II) concentration: 2 mg/L, adsorbent biomass: 1 g/L,
agitation speed: 170 rpm, contact time: 2 h).

of hydrogen ions in the solution decreases and the number of
hydroxide ions increases. These ions are oppositely charged.
If they are placed on the active sites of the adsorbent, they
can adsorb lead ions. In contrast, at a pH greater than 5.0,
adsorption efficiency decreases because hydroxide ions
increase in solution. These ions compete with lead ions for
being on the active sites of the adsorbent. At a high pH, lead
hydroxide (Pb(OH),) starts to precipitate and deposit in the
solution, and thus, this prevents the formation of these ions
on the active sites of adsorbent, making true sorption studies
difficult [52,53].

Furthermore, at higher pH values, Pb(Il) in aqueous
solution is converted into different hydrolysis products.
Regarding the mechanism of adsorption, an increase of pH
of an aqueous solution leads to the hydrolysis of lead species
with known equilibrium constant:

Pb? + OH- - PbOH’, K, =107

PbOH* + OH" — Pb(OH),, K,=10*

According to the above reactions, free Pb(Il) ions in the
adsorption medium were precipitated [52]. Therefore, the
adsorption studies cannot be performed at a pH value higher
than 5.

In this study, pH 5 was selected because it has been
reported that at this value Pb(II) removal was optimum for
other plant-based adsorbents, such as activated charcoal [54],
Annona squamosa shell [55], date palm leaf ash [56], peat [21],
rice husk, spent tea leaves, and orange peel [57].

3.2.3. Effect of agitation speed

Agitation speed is an important factor because it affects
the outer boundary layer and affects Pb(II) removal. The
effect of agitation speed on Pb(Il) removal by the selected
adsorbents is presented in Fig. 6. The optimum agitation
speed was 200 rpm for the three adsorbents. The agitation
curve is similar for all the adsorbate-adsorbent systems
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Fig. 6. Effect of the agitation speed on Pb(Il) removal (%) by
PL, CR, and CL (initial Pb(II) concentration: 2 mg/L, adsorbent
biomass: 1 g/L, pH: 5, contact time: 2 h).

that were studied: with increasing agitation speed, a slight
increase in the metal removal occurs. For low agitation
(100 rpm), the Pb(Il) ions cannot find some active sites on
the adsorbents, therefore, the Pb(II) removal was low [58].
The Pb(II) removal increased at a higher stirring rate (beyond
150 rpm). This phenomenon can be explained in terms of the
reduction of the boundary layer thickness around the adsor-
bent particles. Consequently, near the adsorbent surface, the
concentrations of Pb(II) ions increase. A higher stirring rate
also contributes to a better mass movement of Pb(Il) ions
from the bulk solution to the surface of the adsorbent and a
shortened adsorption equilibrium time [32].

3.2.4. Effect of contact time

It is important to evaluate the effect of contact time
required to reach Pb(II) adsorption equilibrium. In most
cases, the contact time serves as a reference for the assess-
ment of the residence time required for the adsorption
process [59]. The obtained results were plotted as percent
removal of Pb(Il) against contact time, as shown in Fig. 7.
The result shows that the adsorption process takes place in
two stages. The first stage is rapid (10-120 min). The second
stage after 180 min represents the slow process of adsorp-
tion, and the adsorption rate is nearly constant. Therefore,
180 min of contact time was chosen as the optimum equili-
bration time in this study. The rapid initial adsorption may
be attributed to the accumulation of metals on the surface of
the adsorbent, due to the availability of a large number of
free binding sites. In the later stage, the binding sites became
restricted, and the remaining sites were not occupied. This
caused the adsorption system to become slower, to reach
equilibrium [14].

3.2.5. Effect of initial concentration

The effect of various initial Pb(II) ion concentrations on
the adsorption of Pb(Il) ion onto three adsorbents is pre-
sented in Fig. 8. As seen in this study, the adsorption of
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Fig. 7. Effect of contact time on Pb(II) removal (%) by PL, CR,
and CL (initial Pb(II) concentration: 2 mg/L, adsorbent biomass:
1 g/L, pH: 5, agitation speed: 170 rpm).

Pb(Il) is dependent upon the initial concentration. When
the initial Pb(Il) concentrations were increased from 2 to
10 mg/L, the percentage of adsorption decreased from 84%,
71%, and 77% to 11%, 17%, and 33% for PL, CR, and CL,
respectively, at 2 h. The decline in the Pb(Il) removal is
due to the availability of a smaller number of surface sites
on the adsorbents for a relatively larger number of adsorb-
ing species at higher concentrations [60]. In Fig. 8(b), with
an increase in Pb(II) concentration, the adsorption capacity
of the adsorbents increased. When the initial concentration
of Pb (II) was 6 mg/L for PL, CR, and 8 mg/L for CL, the
adsorption capacity was 4.8, 3.4, and 3.6 mg/g for PL, CR,
and CL, respectively. Thereafter, the adsorption capacity
began to decline. The adsorption capacity increase at the ini-
tial stage is due to the increased driving force for mass trans-
fer between the aqueous solution of Pb(II) ions and the solid
adsorbents. When the concentration of Pb(Il) was further
increased, the ratio of the initial number of moles of Pb(II)
to the available adsorption surface area was higher, and as a
result the adsorption capacity was less [61].

3.3. Adsorption isotherms

The equilibrium isotherm data for the adsorption of
Pb(II) on selected adsorbents is represented in Figs. 9 and 10,
and Table 3.

The results showed that the maximum adsorption
capacity was obtained with a value of Q, of 4.48, 2.94, and
3.87 mg/g from the Langmuir model and with a value of K, of
3.07, 1.86, and 2.18 mg/g from the Freundlich model for PL,
CR and CL, respectively. The R? value is an important param-
eter for selecting the best isotherm model. A higher R? value
suggests that the model describes the adsorption data more
effectively. Therefore, in this study, the adsorption data are
in close agreement with the Langmuir isotherm model, sug-
gesting that the adsorption of Pb(Il) onto these adsorbents
takes place at specific homogeneous sites and is confined to
one-layer adsorption [62]. An R, value (Fig. 10) of less than 1
indicates that the adsorption data fit the Langmuir isotherm
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model, and the adsorption of Pb(II) onto PL, CR, and CL is
favorable [63].

3.4. Adsorption kinetics

The adsorption kinetics explains the Pb(II) removal rate
as a function of equilibrium contact time. The linear analy-
sis of adsorption data with two different kinetic models is
shown in Fig. 11. The kinetic values are listed in Table 4.

The correlation coefficients for the pseudo-second-order
kinetic model were found to be higher than those for the
first-order kinetic model, and the calculated g, values are
close to the experimental g, values. Therefore, the kinetics of
Pb(II) adsorption for PL, CR, and CL fits well the pseudo-
second-order model, which suggests that chemisorption is
the rate-determining step in the adsorption process [32]. This
finding also supports the result obtained from FTIR analysis.



W. Boontham, S. Babel / Desalination and Water Treatment 130 (2018) 182-193 191
Table 3
Comparison of adsorption isotherm parameters of Pb(II) for PL, CR, and CL
Isotherm Parameters Adsorbent
PL CR CL
Langmuir b (L/mg) 3.060 2.887 1.666
Q, (mg/g) 4.484 2.938 3.873
R? 0.975 0.950 0.978
Freundlich 1/n 0.400 0.376 0.354
K, 3.074 1.863 2.180
R? 0.724 0.680 0.848
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Fig. 11. (a) Pseudo-first-order model and (b) Pseudo-second-order model for adsorption on PL, CR, and CL.
Table 4
Comparison of adsorption kinetic constants of Pb(II) on PL, CR, and CL
Adsorbent Pseudo-first-order experimental =~ Pseudo-first-order calculated Pseudo-second-order calculated
q, (mg/g) K, 9, (mg/g) R 9, (mg/g) K R
PL 1.716 0.019 1.487 0.695 1.753 0.075 0.996
CR 1.611 0.019 1.356 0.815 1.765 0.017 0.947
CL 1.632 0.012 1.628 0.604 1.659 0.063 0.996

In this case, chemical adsorption can occur by the interac-
tions of the polar functional groups (carboxyl, hydroxyl,
amide, and amino) on the adsorbent surface with the metals
[44]. Hence, these functional groups are responsible for the
sorption of Pb(Il) in this study.

4. Conclusion

The present investigation shows that PL, CR, and CL
can be employed as potential low-cost adsorbents for the
removal of Pb(Il) ions from low-concentration contaminated
water without any additional chemical and physical treat-
ments. Results show that the Pb(II) removal efficiency of
PL, CR, and CL increases with an increase of biomass, con-
tact time, and speed of rotation, whereas the removal rate
decreases with an increase of pH beyond 5, and increased

initial Pb(Il) concentration. Maximum Pb(II) removal effi-
ciency is observed at a biomass dose of 1.0 g/L, pH value of
5, 170 rpm for agitation speed, with 2 h contact time, for the
three selected adsorbents.

The physical characterizations support the obtained
results. BET analysis indicates that adsorbents are classified
as mesopores. SEM-EDX analyses before and after Pb(II)
adsorption exhibit the changes in the adsorbent surface
during the adsorption process. Although SEM images do
not provide evidence of lead biosorption by the biomass,
EDX images before and after adsorption suggest that some
functional groups are involved in the adsorption of Pb. In
addition, FTIR analysis shows that carboxyl, hydroxyl,
amide, and amino groups on the surface of the adsorbents
played a role in the Pb(II) biosorption. The mechanism of the
biosorption of Pb(Il) involves surface phenomena such as
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chemical adsorption. The equilibrium data are well fit by the
Langmuir isotherm model, and the experimental kinetics is
pseudo-second-order for PL, CR, and CL. Finally, based on
the adsorption results, PL, CR, and CL biomass may be used
effectively as an efficient low-cost biomass for the removal of
Pb(II) from low-concentration aqueous systems.
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