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Abstract: The development of effective heavy metal adsorbents has always been the goal of environ-
mentalists. Pectin/activated carbon microspheres (P/ACs) were prepared through simple gelation
without chemical crosslinking and utilized for adsorption of Pb*. Scanning electron microscopy
(SEM) revealed that the addition of activated carbon increased the porosity of the microsphere.
Texture profile analysis showed good mechanical strength of P/ ACs compared with original pectin
microspheres. Kinetic studies found that the adsorption process followed a pseudo-second-order
model, and the adsorption rate was controlled by film diffusion. Adsorption isotherms were de-
scribed well by a Langmuir isotherm model, and the maximum adsorption capacity was estimated to
be 279.33 mg/g. The P/ACs with the highest activated carbon (P/AC;.;3) maintained a removal rate
over 95.5% after 10 adsorption/desorption cycles. SEM-energy-dispersive X-ray spectrum and XPS
analysis suggested a potential mechanism of adsorption are ion exchange between Pb>* and Ca?*,
electronic adsorption, formation of complexes, and physical adsorption of P/ACs. All the above
results indicated the P/ ACs may be a good candidate for the adsorption of Pb?*.

Keywords: pectin; activated carbon; microsphere; Pb%*; adsorption

1. Introduction

With the development of rapid urbanization and industrialization, water pollution has
become one of the major concerns of environmentalists and scientists around the world [1].
Among various water pollutants, heavy metals have drawn much attention due to their
toxic characteristics. After they are enriched in aquatic organisms, they will be transferred
step by step along the food chain and finally accumulate in the human body through
food [2]. Lead is one of the most serious heavy metals and has a serious impact on the
human body, causing damage to the hematopoiesis, kidney, and the nervous system [3].
Therefore, effectively removing Pb?* from water has become an urgent problem around
the world.

At present, several common wastewater treatment techniques include physicochemi-
cal and biological methods such as chemical precipitation, coagulation-flocculation, mem-
brane separation, ion exchange, and physical adsorption [4]. Among the above methods,
the adsorption method is one of the most effective techniques because of its high efficiency,
low cost, environmental friendliness, and universality [5].

An effective method for the adsorption of Pb?* is to chelate the Pb?** with various
functional groups such as carboxyl, hydroxyls, and phosphates. Natural polymer materials,
such as pectin [6], lignin [7], and cellulose [8], have attracted wide attention in Pb%*
adsorption because of their biocompatibility and biodegradability. Pectin, a nontoxic
and biocompatible complex anionic polysaccharide rich in carboxyl and hydroxyl groups,
is considered to be a very promising adsorption material for wastewater treatment [9].
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However, like other single biopolymer materials, pectin also has obvious drawbacks
such as low surface area, difficulty in separation and regeneration, and poor mechanical
strength [10], which makes it hard to meet the needs of practical applications [11]. Therefore,
functional and/or physical modification has become critical.

Activated carbon, a promising adsorbent for heavy metal adsorption, is a carbonaceous
material produced by various thermal decomposition methods [12]. The presence of diverse
functional groups, highly porous structure, and relatively high mechanical strength are the
important properties of activated carbons that influence the adsorption of heavy metals in
wastewater [13]. However, powder-like activated carbon has the problems of easy loss and
difficulty separating it from the solution after adsorption. Moreover, that which remains in
the environment will be desorbed under specific conditions, which will cause secondary
environmental pollution [14].

Although many papers have reported some effective porous materials for adsorp-
tion of Pb?*, the preparation of porous materials is often carried out under some harsh
conditions such as high-temperature [15], tedious, and toxic chemical reactions [16,17].
For the purpose of improving the adsorption properties, mechanical strength, and easy
separation of adsorbents from wastewater, we focused on a green synthesis of microsphere
based on pectin and activated carbon, in which the composite may further benefit from
the synergistic effects. In this work, pectin-based microspheres were prepared by adding
different proportions of active carbon as a special functional material to obtain better
properties for Pb?* adsorption. The microspheres were characterized by Fourier transform
infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and surface area and
pore size analysis, as well as texture profile analysis (TPA). The effects of pH, contact
time, initial Pb2* concentration on the adsorption of Pb?*, and reuse of adsorbents were
tested. Moreover, the potential adsorption mechanism of adsorbents was investigated by
energy-dispersive X-ray spectrum (EDX) and X-ray photoelectron spectroscopy (XPS).

2. Materials and Methods
2.1. Materials

Citrus pectin (type 104, molecular weight of 786 kDa, degree of methoxylation of
28.3%, degree of amidation of 20.63%) was supplied by the general agent of CPkelco
(Shanghai, China). Activated carbon (AC), anhydrous calcium chloride, sodium hydroxide,
hydrochloric acid, nitric acid (HNOs3), and Pb(NO3), were purchased from Aladdin Reagent
Company (Shanghai, China). All other chemicals and reagents used were of analytical
reagent grade. All aqueous solutions were prepared with ultrapure water (18.2 M() cm
resistance) from a Milli-Q system (Millipore, Billerica, MA, USA).

2.2. Preparation of Pectin/Active Carbon Microspheres

Firstly, citrus pectin (2.0 g) was dissolved in 98 mL deionized water with magnetic
stirring at room temperature for 12 h. Activated carbon was added at a mass ratio of
pectin to activated carbon of 4:1, 2:1, 1:1, and 2:3, and then continuous mechanical stirring
at room temperature for 3 h to obtain a homogeneous mixture. The pectin/activated
carbon mixture was dripped into a Petri dish containing about 100 mL of 0.5 mol/L
calcium chloride solution through a syringe without needle (stirring continuously at the
bottom). The pectin/activated carbon microspheres (P/ACs) were rinsed off consecutively
with deionized water several times and dried at 30 °C for 12 h (10-20 undried hydrogel
microspheres were retained for texture analysis). The resulting products were named
P/ACy4q, P/ACyq, P/ACy1, and P/AC,.3 respectively. Pectin microspheres without added
activated carbon were prepared as a control group.

2.3. FTIR Spectra Analysis

Fourier transform infrared spectra of adsorbents were measured by Nicolet 5700
FTIR (Thermo Fisher Scientific, Madison, WI, USA). A 1.0 mg sample and KBr were
mixed and pressed in the mass ratio of 1:100. The spectral analysis was carried out at the
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scanning frequency of 4000 to 400 cm~!. Data were collected and analyzed by Ominic
7.2 software [18].

2.4. SEM Analysis

The dried samples were adhered to a circular specimen stub with conductive adhesive.
The external morphology of samples was measured by SEM (model JSM-6701F, JEOL,
Japan) under different magnifications [19].

2.5. Specific Surface Area and Pore Size Analysis

The samples were placed on a specific surface area and pore size analyzer JW-BK132 F,
JWGB, China) and analyzed by the nitrogen adsorption at 77 K. Specific surface area was
calculated by Brunauer-Emmett-Teller (BET) algorithm, and pore volume and average
pore size were calculated by the Barrett-Joyner—-Halenda (BJH) method [20].

2.6. Texture Profile Analysis

The mechanical strength of the sample was measured using a texture analyzer (TA-XT
plus, SMS Ltd., London, UK) at room temperature. The microspheres were submitted to
texture profile analysis (TPA) using a probe P36R, and the following test parameters were
used: constant speed of 1.0 mm/s, trigger force of 5.0 g, and compression of 50%.

2.7. Batch Adsorption Experiments

A 1.589 g sample of Pb(NO3); was dissolved in 1.0 L of distilled water. Different
concentrations of Pb(NO3), solution were obtained by diluting the stock solution (1.0 g/L)
of Pb%*. In order to understand the effect of pH, contact time, and initial Pb2* concentration
on adsorption of Pb?*, pH was set in the range of 2.0-6.0, contact time of 10 min to
1440 min, and the initial Pb?* concentration of 20 mg/L to 300 mg/L. After adsorption,
the microspheres were separated from the solutions using a filter. The initial and final
Pb?* concentrations were determined by an atomic absorption spectrophotometer (AAS,
A3AFG-12, Puxi, Beijing, China). The removal rate (R) and the adsorption capacity (qe) for

Pb%* are calculated as follows:
_ CO_Ce

R - x 100 1)
V _
qe = 7“:& Ce) % 100 )

where Cy and C, (mg/L) are the initial and equilibrium concentrations of Pb%* solution,
respectively. V (L) is the volume of the solution, and m (g) is the mass of the adsorbent.

The experimental results of contact time and initial Pb?>* concentration were used for
adsorption kinetics and isotherm study, respectively (Table 1).

Table 1. Kinetics and adsorption isotherm models used to study the adsorption process.

Model

Linear Equation Parameters Reference

Pseudo-first-order

q;(mg/g): amounts of Pb** adsorbed at time ¢
In(q,—q;)= Inq, — kqt qo(mg/g): amounts of Pb** adsorbed at time ¢ at
adsorption equilibrium
ki (min~1): rate constants of the pseudo-first-order

Pseudo-second-order

14t ky(min~1): rate constants of the [20,21]
% kg 9 pseudo-second-order

Q

Intra-particle diffusion

kP(mg-g_1 -min~1/2): rate constant of
q= kpt1 24C intra-particle diffusion
C : intercept
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Table 1. Cont.
Model Linear Equation Parameters Reference
q.(mg/g): Pb?* adsorption at the equilibrium
. 1 . . 2+
L . 1 _ 1, 1 Ce(mg/L): equilibrium concentration of the Pb
angmutr %e Im KegmCe K (L/mg): Langmuir constant
q,,(mg/g): theoretical maximum adsorption [22]
capacity of adsorbent
Freundlich Inge= InK + 1/ngInCe Kg: Freundlich constant

ng: intensity of the adsorbents

2.8. Adsorption—Desorption Cycles

Adsorbent was added into Pb?* solution with an initial concentration of 50 mg/L,
adsorbent dosage of 1.0 g/L, and pH of 5.0. After adsorption of 1440 min, adsorbents
were filtrated, and the concentration of Pb2* in the filtrate was determined by atomic
absorption spectrophotometer. After that, adsorbents were added into 30 mL 0.1 mol/L
HNOj solution and stirred for 30 min. The adsorbent was then filtered and washed with
distilled water several times. This adsorption—desorption was repeated 10 times.

2.9. SEM-EDX Analysis

The surface of samples before and after adsorption processes were analyzed with the
combination of Zeiss Ultra Plus SEM (Carl Zeiss NTS, Jena, Germany) and XFlash Quad
5060F EDX (Bruker Nano GmbH, Berlin, Germany).

2.10. X-ray Photoelectron Spectroscopy Analysis

The surface chemical composition of samples before and after adsorption was analyzed
by X-ray photoelectron spectroscopy (ESCALAB250Xi, Thermo Fisher Scientific, Madison,
WI, USA). The test was excited by AlK« ray and corrected by Cls (284.8 ev). The obtained
map was processed by XPS PEAK4.1 software [23].

3. Results and Discussion
3.1. Characterization of P/ACs

The functional groups of microspheres were detected by FTIR and are shown in
Figure 1. There is a broad band of 3395.5 cm ! that appeared in the spectrum of pectin
microspheres, which was assigned to stretching vibration of O-H groups. Two peaks
at about 1627 cm~! and 1441 cm~! exhibited the vibrations of the carboxylate group
(-COO) [24]. The typical bands of activated carbon were viewed at 1575.1 cm ! assigned
to the C=0 peak of ketone or carbonyl, and the 1212.1 cm ™! was the C-O peak of aliphatic
ether or phenol [25]. It was found that the peak around 3395.5 cm~! gradually disappeared,
and peaks of 1627 cm~! and 1441 cm ! shifted to lower wavenumber with the increase
of activated carbon content. The spectrum of P/ACs seems to be the combination of
pectin and activated carbon, indicating that the preparation of P/ACs was mainly a
physical complexing process without changing functional groups of both pectin and
activated carbon.
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Figure 1. FTIR spectra of pectin microsphere, activated carbon, and P/ACs.

The surface morphologies of the pectin microsphere and P/ACs were observed by
SEM analysis and are shown in Figure 2. The surface morphology of the original pectin
microsphere exhibited a slightly wrinkled surface without pores or cracks on it, which was
quite similar to the morphology of the pectin microsphere reported by other researchers [26].
In comparison, the size of microspheres seemed to increase with the addition of activated
carbon. The size of pectin microsphere, P/ACy1, P/ACy.1, P/ACy.q, and P/ACy3 was
1.30 £+ 0.18 mm, 1.44 £ 0.15 mm, 1.75 £ 0.17 mm, 2.28 £ 0.19 mm, and 2.78 £ 0.20 mm,
respectively. Meanwhile, the surface of P/ACs was seen to be more coarse. With the
increased amount of activated carbon, more and more pores and cavities were found,
indicating that the constancy of pectin gel was interrupted. The structures of these cavities
may make good opportunities for trapping and adsorbing the Pb?* onto the exterior of
the P/ACs.

The Nj-adsorption isotherms and pore volume distributions are presented in Figure 3.
The data of the specific surface area (SSA), average pore size (PS), and pore volume (PV) of
the obtained samples are listed in Figure 3F. It can be observed that the P/ACs showed
Type IV isotherms and H4 hysteresis loop, which can be attributed to the presence of
microporous and mesopores [27]. In addition, it was found that the SSA and PV of P/ACs
were dramatically increased with the addition of activated carbon, especially for those
containing a high number of activated carbons (P/AC;.; and P/AC;3). Generally, the
large SSA could provide a large number of available active sites and hierarchical structure,
which endow the adsorbent with excellent adsorption performance [28]. In addition, larger
PV and smaller average PS indicated larger porosity of the adsorbent, which may be more
beneficial for Pb?* to bind with potential active sites.
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Figure 2. SEM images of pectin microsphere (A,a), P/ACy41 (B,b), P/AC,.1(C,c), P/ACy.1(D,d), and
P/AC;;3(E e). The capital letters represent the whole view of microspheres, and the lower-case letter

represents the enlarged surface of microspheres.
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Figure 3. Nitrogen adsorption/desorption isotherms of (A) pectin microsphere, (B) P/ACy, (C) P/ACy, (D) P/ACy,
and (E) P/ACy3 (Inset: Pore-volume distribution). (F) the specific surface area (SSA), average pore size (PS), and pore

volume (PV) of pectin microsphere and P/ACs.

The mechanical properties of microspheres were studied through TPA compression
tests. It was found that the hardness of microspheres increased with the number of activated
carbons, and the P/ AC;.3 showed a gel hardness of 181.41 g, which was greater than that
of the pectin microsphere (128.52 g), P/ ACy; (140.61 g), P/ACy; (150.31 g), and P/ACy,
(154.20 g). These results suggest that the addition of activated carbon played an important
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role in improving the mechanical strength of the microsphere matrix. In addition, good
mechanical strength not only means that the microspheres can withstand the washing and
stirring of mechanical force in the actual wastewater treatment, but also means that the
microspheres can bear greater column pressure when they are used as fillers.

Based on the above results, it is expected that the P/ACs will provide greater removal
efficiency of Pb?* as compared to the original pectin microspheres due to their favorable
porosity and mechanical strength.

3.2. Effect of Initial pH on the Pb>* Adsorption

Solution pH is one of the most important factors determining the surface charge along
with significant roles in the adsorption of target metal ions. From Figure 4, it is clear that at
low pH (pH = 2.0), all the samples showed relatively poor adsorption efficiency. With the
increase in pH from 2.0 to 4.0, the removal rate increased rapidly, and the optimum pH
range of 5.0-6.0 was obtained for all samples studied. This can be explained by the pKa of
pectin being about 3.5-4.1. When pH value is lower than pKa, the protonation of carboxyl
sites of pectin molecule was favored, and there is a competitive relationship between the
positively charged H* and Pb?*, leading to a reduced number of COO~ for Pb?* binding,
so the adsorption amount is small. When pH values became higher than pKa, the majority
of carboxyl groups were in a dissociated state, and there were more and more deprotoned
carboxylic acid groups and free hydroxyl groups available in the solution. These groups
can be used to adsorb Pb?*, thus improving the adsorption efficiency [29].

100 4
90 -
o)
<
o 804
st
[~
E 70 -
S
s oy —=—P/AC,,
g ——P/AC,,
=% —— P/AC,,
Stq 7 P/AC,,
4 Pectin microsphere

2.0 3.0 4.0 5.0 6.0
Initial pH value

Figure 4. The effect of initial pH (2.0, 3.0, 4.0, 5.0, 6.0) on Pb2* adsorption efficiency of P/ACs
(adsorbent dosage: 1.0 g/L, initial Pb?>* concentration of 50 mg/L, temperature of 298 K, contact time
of 1440 min).

3.3. The Kinetic Studies

The effect of contact time on the removal rate of Pb>* was investigated, and the results
are shown in Figure 5A. It was obvious that the uptake of Pb>* was very fast in the first 2 h.
This rapid adsorption could be attributed to the sufficient unused adsorption sites and the
large concentration gradient, which enables the rapid adsorption of Pb** to the surface of
the adsorbent. As the active site on the adsorbent surface was gradually occupied by Pb?*,
the repulsive force on the solid-liquid interface gradually increased, leading to a decrease
in the adsorption rate of Pb?* until it reached equilibrium.
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Figure 5. The effect of contact time (10, 30, 60, 240, 360, 720, 960, and 1440 min) on the removal rate of Pb%* adsorbed by
P/ACs (A). The pseudo-first-order kinetic model (B), the pseudo-second-order kinetic model (C), and the intraparticle
diffusion plots (D) for Pb?* adsorpted by P/ACs (adsorbent dosage of 1.0 g/L, initial Pb?* concentration of 50 mg/L,
temperature of 298 K, pH of 5.0).

Kinetic studies are fundamental in adsorption science and technology. In order to
understand the kinetic behavior of Pb%* adsorbed by the P/ACs, three kinetic models,
including the pseudo-first-order, pseudo-second-order, and intra-particle diffusion, were
investigated. The linear equations of these models are compiled in Table 1, and their
linear fitting plots and parameters are shown in Figure 5B-D and Table 2. The pseudo-
second-order model fitted the experimental data better, with relatively high coefficients
of determination (R? > 0.996), as compared with the pseudo-first-order model. According
to the pseudo-second-order model, the saturation adsorption capacity (qe) of P/AC;:3
was 50.97 mg-g~!, which was quite consistent with the experimental value (48.98 mg-g~1).
According to the principle of pseudo-second-order model, it was inferred that the ad-
sorption of Pb** by P/ACs was dominated by chemisorption, similar to the results of
Chwastowski et al. [30]. The chemisorption such as some electron transfer or sharing
between the Pb?* and the adsorbents may be the rate-limiting step [31]. In addition, when
the experimental results were fitted into the intraparticle diffusion, the plot exhibits a
multi-linearity relationship (Figure 5D). The first sharper linear curve represents the sur-
face adsorption, whereas the second one corresponds to the slow diffusion of Pb?* from
the surface to the inner pores. The third linear portion is approaching equilibrium. For
P/AC,3, the external mass transfer rate constant (Kp; = 3.212 mg/g min!/?) is much
greater than the internal surface diffusion rate constant (Kp, = 0.779 mg/g min'/2) and
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equilibrium diffusion rate constant (Kps = 0.043 mg/g min'/2), suggesting that the overall
adsorption rate is mainly controlled by film diffusion as the primary rate-determining step.

Table 2. Kinetic model parameters of the adsorption of Pb?* by P/ACs.

Pseudo-First-Order Pseudo-Second-Order Intra-Particle Diffusion
q Model Model Model
Adsorbent e P
sorben (mgg 1 Qe cal Ky R2 e cal K, R2 Kpl KPZ Kp3
(mg-g™")  (min-1) (mg-g~")  (gmg~l-min~?) (mg-g—1-min-12)
Pectin
. 44.55 31.99 0.003 0.969 48.15 0.0089 0.997 1.619 1.454 0.312
microsphere

P/ACyq 47.49 24.42 0.003 0.879 50.66 0.0126 0.996 1.746 1.101 0.078
P/ACy 48.54 22.74 0.003 0.873 51.39 0.0145 0.997 2.267 0.955 0.103
P/ACy4 48.94 22.60 0.004 0.947 50.86 0.0209 0.999 3.034 0.638 0.101
P/ACy3 48.98 23.75 0.005 0.968 50.97 0.0219 0.999 3.212 0.779 0.043

3.4. The Adsorption Isotherms Study

An adsorption isotherm study was carried out with initial Pb?>* concentrations be-
tween 20 mg/L and 300 mg/L. As shown in Figure 6A,B, the adsorption capacities of all
the samples increased with the initial Pb?* concentration, which may be because the initial
heavy metal concentration gradient is the main driving force for mass transfer of heavy
metal from the solution to the adsorbent [32]. However, the removal rate (%) decreased
with initial Pb?* concentration, which may because the number of available adsorption
sites was limited for a certain amount of adsorbent. When the binding site of the adsorbent
was occupied, even the concentration of Pb?* is increased, its adsorption capacity did not
increase much, showing a decrease in the removal rate. In addition, it was found that no
significant difference in adsorption capacities between the original pectin microsphere and
P/ACs at low Pb?* concentration (20 mg/L and 40 mg/L), but the adsorption capacities of
P/ ACs were much higher than those of the original pectin microsphere at high Pb?* concen-
tration. For example, the P/ACj,.3 kept more than 80% removal rate when the initial Pb%*
concentration reached 100 mg/L, and the removal rate of P/ACy.3 was 1.72 fold of pectin
microsphere when initial Pb>* concentration reached 300 mg/L, indicating supplementary
activated carbon significantly increased adsorption capacity of pectin microsphere.

Langmuir, Freundlich isotherm models are used for modeling experimental data of
Pb?* adsorption on P/ACs. The linear equations of these models are listed in Table 1.
Figure 6C-D shows the fitting results of adsorption isotherm, and data are summarized
in Table 3. It was found that the correlation coefficients (R?) of the Langmuir model
(>0.994) are bigger than the R? of the Freundlich model (0.957-0.983). Therefore, adsorption
data fitted well with the Langmuir model than the Freundlich model. Considering that
the Langmuir isotherm assumes that all adsorption sites are similar and do not affect
each other [33], the adsorption of Pb%* onto the P/ACs was attributed to energetically
homogeneous binding sites on the P/ACs surface. According to the Langmuir fitting,
the theoretical maximum uptake (Qm) of Pb** was 279.33 mg/g. This value is greater
than that of many other polysaccharide-based adsorbents reported recently [34,35]. The
effective adsorption of P/ACs towards Pb?* might be attributed to the introduction of
activated carbon. The Qp, of activated carbon was found to be 256.3 mg/g. This value
was significantly higher than that of the pectin microsphere (120 mg/g), which is why
increasing the content of activated carbon in the microsphere increased the adsorption
results. In addition, the higher specific surface area of P/ACs would offer more active
binding sites and stronger adsorbent-adsorbate interactions for adsorption.
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Figure 6. The effect of initial Pb2* concentration (20, 40, 60, 80, 100, 150, 200, and 300 mg/L) on adsorption capacity (A) and
removal rate (B) of P/ ACs towards Pb>*. Adsorption isotherms for Pb?* according to Langmuir model (C) and Freundlich
model (D) (adsorbent dosage of 1.0 g/L, solution pH of 5.0, temperature of 298 K, contact time of 1440 min).

Table 3. Isotherm parameters, correlation coefficients for adsorption of Pb?* by P/ACs, and original

pectin microsphere.

Om Langmuir Freundlich
Adsorbents
(mg/g) K (L/mg) R? 1/nfp R?
Pectin microsphere 120.19 0.009 0.994 0.569 0.959
P/ACy, 154.32 0.008 0.995 0.622 0.957
P/ACy 204.08 0.006 0.995 0.689 0.970
P/ACq.q 240.38 0.005 0.997 0.722 0.978
P/ACy3 279.33 0.004 0.996 0.751 0.983

3.5. Desorption and Regeneration

The regeneration of adsorbent is one of the important indexes for assessing its practical
applications. Using 0.1 mol/L HNOj as an eluent helps to rerelease metal ions from the
binding sites of the adsorbent. At lower pH values, the inhibition of Pb?* adsorption
also indirectly supports this statement. The performances of P/ACs during ten consec-
utive desorption regeneration cycles are shown in Figure 7. The results showed that
the adsorption performance of the pectin microsphere became worse and worse during
adsorption-desorption cycles. The pectin microsphere was gradually dissolved into a solu-
tion so that almost no microsphere could be filtrated after ten cycles. However, it was found
that there was little decrease (4.5%) in adsorption performance after ten cycles of P/ACy.3.
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These results indicate that P/ ACs possess excellent reusability for the effective removal of
Pb?* from aqueous media, which may be partly attributed to the high mechanical stability.

[ Pectin microsphere [l P/AC,., B P/AC,,, [ P/AC,, I P/ACMI

100

E N (=) ®
= = >
1 1 1

Removal Rate (%)

[
<>
1

4 6 8 10
Cycles

Figure 7. Efficiency of P/ACs on removal Pb>* during adsorption-desorption cycles.

3.6. Adsorption Mechanism

In order to study the adsorption mechanism of P/ACs towards Pb>*, EDX element
scanning analysis was performed on the surface of P/ACs before and after adsorption
(Figure 8). Before adsorption, samples showed the existence of carbon, oxygen, chloride,
and calcium elements on the surfaces. After adsorption, the EDX results confirmed the
successful adsorption of Pb2* on the P/ACs surface. Moreover, after adsorption, the
content of calcium and chloride element in microspheres decreased significantly, which
may be caused by the ion exchange between Ca?* and Pb?* during the adsorption process.

XPS analysis was performed to understand the interactions between the adsorbent and
Pb?* based on the involved binding energy. XPS spectra of samples before and after Pb%*
adsorption were implemented in Figure 9. The wide scan XPS spectra of Pb4f (Figure 9B)
showed two strong peaks appearing at 144.1 eV and 139.1 eV, which were assigned to
Pb4fs/, and Pb4fy ,, respectively. The newly detected Pb4f peak confirmed the adsorption
of Pb?* on the surface of the adsorbent. Interestingly, the Ca2s and CI2s peak (Figure 9A)
could be seen in the spectrum before adsorption, but its strength almost disappeared after
adsorption. This may indicate that there was ion exchange between Pb?* and Ca?* in
the adsorption process; this result was consistent with EDX results. It is well known that
the surface functional groups, such as -COOH group and -OH group, had an excellent
Pb?* adsorption function due to the electron donor to the cationic. The Cls spectra of
P/AC,; before and after heavy metals adsorption can be deconvoluted to three peaks
(Figure 9C-D). The binding energy for the carbon atoms in the -C-O-C-, -C-OH, and -O-
C=0 were increased and the peaks shifted from 286.2 eV to 286.5 eV, 287.2 eV to 287.3 eV,
and 289.0 eV to 289.2 eV, respectively, indicating that the three functional groups were
involved in combination with heavy metals [36]. It can also be observed from the Ols
(Figure 9E,F) spectrum that two peaks lying at 533.90 eV and 532.20 eV correspond to -C-O-
and -O-C=0. After Pb*" adsorption, the peak shifted to 533.5 eV and 531.60 eV, indicating
that these groups may complex with Pb%* [37].
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Figure 8. EDX image of P/AC;.3 before (A) and after (B) Pb2+ adsorption.



Polymers 2021, 13, 2453

14 of 17

A B 139.1ev  Pb4f
e ~
= ots o1s =
S Ca2s Ca2p /Cns ci2p s

> -
.‘E} Before adsorption ‘E‘
“ n
g Ols Cis g
= Cazp Pbaf <
= L
After adsorption A
I ' 1 ' 1 ' 1 T T T T T T T T

1200 1000 800 600 400 200 150 148 146 144 142 140 138 136

Binding Energy (eV) Q15

C C-C

= 284.80eV
= C-0-C

e C-OH 286.2eV
& 287.2eV

@ N

< | o-c-0

)

289.0eV

\\_

Cls

Intensity (a.u)

Binding Energy (eV)

D co-c ¢l
C-OH 286.5eV
287.3e Cc-C

284.80eV

I " I " I " I "
292 290 288 286

—
284

1 " I ' I " 1 " I ' 1
292 290 288 286 284 282

Binding Energy (eV) Binding Energy (eV)

E ©Co. con Ols F 0-C-0, C-OH O1s
? 533.0eW: E 532.9eV
< iy < C-0
z 533.9¢ Z - _
Z o.c=0 | % 533.5¢V 0-C=0
g g 531.6eV
= 532.2e¢V -
e — \ N\,

540 S38 536 534 532 530 528 538 536 S34 532 S30 528

Binding Energy (eV) Binding Energy (eV)
G Ca2p,, Calp H Ca2p,, Ca2p

£ 347.8¢V) £} 347.9¢V

] < {3 ~

E: Ca2p,, / \ E: Calp,,,

g ‘- 2 \

= \ = \

N \\L_A

356 354 352 350 348 346 344 356 354 352 350 348 346 344

Binding Energy (eV)

Binding Energy (eV)

Figure 9. Wide-scan XPS spectra of P/ AC,.3 before and after adsorption (A). High-resolution XPS spectra of Pb4f of P/ ACy.3
after adsorption (B). Ols before (C) and after (D) adsorption, Cls before (E) and after (F) adsorption. Ca2p before (G) and

after (H) adsorption.



Polymers 2021, 13, 2453

15 of 17

1. Ion exchange

R=Ca(II), H(I) and Na(I),
was replaced by Pb(II) ions

According to the results of isotherm studies, SEM-EDX, and XPS, the adsorption of
Pb?* by P/ACs may involve ion exchange, electronic adsorption, complexing, and physical
adsorption [38], as illustrated in Figure 10.

Porous structure of biochar

4. Physical adsorption

Interaction between
negative oxygen and

positive lead

Pore-filing effect

3. Complexing

Complexing with
O-containing groups
In hydrogel

Figure 10. The proposed mechanisms of adsorption of Pb%* by P/ACs.

4. Conclusions

Pectin/activated carbon microspheres (P/ACs) with highly porous structures and ex-
cellent mechanical strength were successfully prepared through a simple combination with-
out chemical crosslinking. Batch experiments demonstrated that the adsorption of P/ACs
was dominated by chemisorption, and the adsorption rate is simultaneously controlled
by film diffusion. EDX imaging, as well as XPS analysis, indicated that P/ACs removed
Pb%* through ion exchange, complexation, and physical adsorption. After 10 adsorption—
desorption cycles, the removal rate of P/ACjy.3 was maintained at 95.5%. These results
indicated that P/ ACy.,3 was an excellent and eco-friendly adsorbent for the removal of Pb2*
from wastewater.

Author Contributions: Conceptualization, R.-s.W. and R.-h.L.; methodology, R.-s.W.; validation,
Y.L. and X.-x.S.; formal analysis, R.-s.W.; investigation, R.-s.W.; writing—original draft preparation,
R.-s.W.; writing—review and editing, J.C.; supervision, C.-m.L.; project administration, C.-m.L.; fund-
ing acquisition, C.-m.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Nr 31660488)
and Research Program of State Key Laboratory of Food Science and Technology, Nanchang University
(SKLE-ZZA-201908).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank the Center of Analysis and Testing of Nanchang
University and State Key Laboratory of Food Science and Technology for their expert technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2021, 13, 2453 16 of 17

References

1. Abdollahi, N.; Razavi, S.A.A.; Morsali, A.; Hu, M.-L. High capacity Hg(II) and Pb(II) removal using MOF-based nanocomposite:
Cooperative effects of pore functionalization and surface-charge modulation. J. Hazard. Mater. 2020, 387, 121667. [CrossRef]

2. Binet, M.T.; Adams, M.S,; Gissi, F; Golding, L.A.; Schlekat, C.E.; Garman, E.R.; Merrington, G.; Stauber, J.L. Toxicity of nickel to
tropical freshwater and sediment biota: A critical literature review and gap analysis. Environ. Toxicol. Chem. 2018, 37, 293-317.
[CrossRef]

3. Joseph, L.; Jun, B.-M,; Flora, ].R.V,; Park, C.M.; Yoon, Y. Removal of heavy metals from water sources in the developing world
using low-cost materials: A review. Chemosphere 2019, 229, 142-159. [CrossRef]

4. Hasanpour, M.; Hatami, M. Application of three dimensional porous aerogels as adsorbent for removal of heavy metal ions from
water/wastewater: A review study. Adv. Colloid Interface Sci. 2020, 284, 102247. [CrossRef]

5. Liu, M,; Liu, Y,; Shen, J.; Zhang, S.; Liu, X.; Chen, X.; Ma, Y.; Ren, S.; Fang, G.; Li, S.; et al. Simultaneous removal of Pb%*, Cu%t
and Cd?* ions from wastewater using hierarchical porous polyacrylic acid grafted with lignin. |. Hazard. Mater. 2020, 392, 122208.
[CrossRef]

6.  Mahmoud, M.E.; Mohamed, A.K. Novel derived pectin hydrogel from mandarin peel based metal-organic frameworks composite
for enhanced Cr(VI) and Pb(Il) ions removal. Int. ]. Biol. Macromol. 2020, 164, 920-931. [CrossRef]

7. Zhang, X.; Li, Y,; Hou, Y. Preparation of magnetic polyethylenimine lignin and its adsorption of Pb(Il). Int. ]. Biol. Macromol. 2019,
141, 1102-1110. [CrossRef]

8. Najaflou, S.; Rad, M.E; Baghdadi, M.; Nabi Bidhendi, G.R. Removal of Pb(Il) from contaminated waters using cellulose
sulfate/chitosan aerogel: Equilibrium, kinetics, and thermodynamic studies. J. Environ. Manag. 2021, 286, 112167. [CrossRef]

9.  Thakur, S.; Chaudhary, J.; Kumar, V.; Thakur, VK. Progress in pectin based hydrogels for water purification: Trends and challenges.
J. Environ. Manag. 2019, 238, 210-223. [CrossRef]

10. Sheth, Y.; Dharaskar, S.; Khalid, M.; Sonawane, S. An environment friendly approach for heavy metal removal from industrial
wastewater using chitosan based biosorbent: A review. Sustain. Energy Technol. Assess. 2021, 43, 100951. [CrossRef]

11. Qin, H,; Hu, T.; Zhai, Y;; Lu, N.; Aliyeva, J.].E.P. The improved methods of heavy metals removal by biosorbents: A review.
Environ. Pollut. 2020, 258, 113777. [CrossRef]

12.  Kharrazi, S.M.; Soleimani, M.; Jokar, M.; Richards, T.; Pettersson, A.; Mirghaffari, N. Pretreatment of lignocellulosic waste as
a precursor for synthesis of high porous activated carbon and its application for Pb (II) and Cr (VI) adsorption from aqueous
solutions. Int. J. Biol. Macromol. 2021, 180, 299-310. [CrossRef]

13. Sajjadi, S.-A.; Meknati, A.; Lima, E.C.; Dotto, G.L.; Mendoza-Castillo, D.I.; Anastopoulos, I.; Alakhras, F.; Unuabonah, E.I; Singh,
P.; Hosseini-Bandegharaei, A. A novel route for preparation of chemically activated carbon from pistachio wood for highly
efficient Pb(II) sorption. J. Environ. Manag. 2019, 236, 34—44. [CrossRef]

14. Hassan, A.F; Abdel-Mohsen, A.M.; Elhadidy, H. Adsorption of arsenic by activated carbon, calcium alginate and their composite
beads. Int. |. Biol. Macromol. 2014, 68, 125-130. [CrossRef] [PubMed]

15. Kan, X;; Ding, J.; Yu, C.; Deng, C.; Zhu, H.; Hou, H. Molten salt synthesis of porous chromium carbide/carbon biomorphic
ceramics for Pb%* removal from water. Micropor. Mesopor. Mat. 2021, 318, 111030. [CrossRef]

16. Cataldo, S.; Lo Meo, P,; Conte, P.; Di Vincenzo, A.; Milea, D.; Pettignano, A. Evaluation of adsorption ability of cyclodextrin-
calixarene nanosponges towards Pb?* ion in aqueous solution. Carbohyd. Polym. 2021, 267, 118151. [CrossRef] [PubMed]

17. Fouda-Mbanga, B.G.; Prabakaran, E.; Pillay, K. Synthesis and characterization of CDs/A1203 nanofibers nanocomposite for Pb%*
ions adsorption and reuse for latent fingerprint detection. Arab. J. Chem. 2020, 13, 6762-6781. [CrossRef]

18. Ibarra-Rodriguez, D.; Lizardi-Mendoza, J.; Lopez-Maldonado, E.A.; Oropeza-Guzman, M.T. Capacity of ‘3nopal’ pectin as a dual
coagulant-flocculant agent for heavy metals removal. Chem. Eng. J. 2017, 323, 19-28. [CrossRef]

19. Wang, X.-d,; Li, Y,; Dai, T-t; He, X.-m.; Chen, M.-s.; Liu, C.-m.; Liang, R.-h.; Chen, J. Preparation of pectin/poly(m-
phenylenediamine) microsphere and its application for Pb** removal. Carbohyd. Polym. 2021, 260, 117811. [CrossRef]

20. Manawi, Y;; McKay, G.; Ismail, N.; Fard, A K.; Kochkodan, V.; Atieh, M.A. Enhancing lead removal from water by complex-assisted
filtration with acacia gum. Chem. Eng. J. 2018, 352, 828-836. [CrossRef]

21. Ribeiro, S.C.; de Lima, H.H.C.; Kupfer, V.L.; da Silva, C.T.P.; Veregue, ER.; Radovanovic, E.; Guilherme, M.R.; Rinaldi, A.W.
Synthesis of a superabsorbent hybrid hydrogel with excellent mechanical properties: Water transport and methylene blue
absorption profiles. J. Mol. Lig. 2019, 294, 111553. [CrossRef]

22. Mahmoud, M.E.; Amira, M.E; Seleim, S.M.; Mohamed, A K. Amino-decorated magnetic metal-organic framework as a potential
novel platform for selective removal of chromium (VI), cadmium (II) and lead (II). . Hazard. Mater. 2020, 381, 120979. [CrossRef]

23. Gong, J.-L.; Wang, X.-Y.; Zeng, G.-M.; Chen, L.; Deng, J.-H.; Zhang, X.-R.; Niu, Q.-Y. Copper (II) removal by pectin-iron oxide
magnetic nanocomposite adsorbent. Chem. Eng. J. 2012, 185, 100-107. [CrossRef]

24. Liang, R.-h; Li, Y.; Huang, L.; Wang, X.-d.; Hu, X.-x.; Liu, C.-m.; Chen, M.-s.; Chen, J. Pb%* adsorption by ethylenediamine-
modified pectins and their adsorption mechanisms. Carbohyd. Polym. 2020, 234, 115911. [CrossRef]

25. Jung, K.-W,; Lee, S.Y.; Choi, J.-W.; Lee, Y.J. A facile one-pot hydrothermal synthesis of hydroxyapatite /biochar nanocomposites:
Adsorption behavior and mechanisms for the removal of copper(Il) from aqueous media. Chem. Eng. J. 2019, 369, 529-541.
[CrossRef]

26. Zhang, Z.; Wang, T.; Zhang, H.; Liu, Y.; Xing, B. Adsorption of Pb(Il) and Cd(II) by magnetic activated carbon and its mechanism.

Sci. Total Environ. 2021, 757, 143910. [CrossRef]


http://doi.org/10.1016/j.jhazmat.2019.121667
http://doi.org/10.1002/etc.3988
http://doi.org/10.1016/j.chemosphere.2019.04.198
http://doi.org/10.1016/j.cis.2020.102247
http://doi.org/10.1016/j.jhazmat.2020.122208
http://doi.org/10.1016/j.ijbiomac.2020.07.090
http://doi.org/10.1016/j.ijbiomac.2019.09.061
http://doi.org/10.1016/j.jenvman.2021.112167
http://doi.org/10.1016/j.jenvman.2019.03.002
http://doi.org/10.1016/j.seta.2020.100951
http://doi.org/10.1016/j.envpol.2019.113777
http://doi.org/10.1016/j.ijbiomac.2021.03.078
http://doi.org/10.1016/j.jenvman.2019.01.087
http://doi.org/10.1016/j.ijbiomac.2014.04.006
http://www.ncbi.nlm.nih.gov/pubmed/24780567
http://doi.org/10.1016/j.micromeso.2021.111030
http://doi.org/10.1016/j.carbpol.2021.118151
http://www.ncbi.nlm.nih.gov/pubmed/34119126
http://doi.org/10.1016/j.arabjc.2020.06.030
http://doi.org/10.1016/j.cej.2017.04.087
http://doi.org/10.1016/j.carbpol.2021.117811
http://doi.org/10.1016/j.cej.2018.07.087
http://doi.org/10.1016/j.molliq.2019.111553
http://doi.org/10.1016/j.jhazmat.2019.120979
http://doi.org/10.1016/j.cej.2012.01.050
http://doi.org/10.1016/j.carbpol.2020.115911
http://doi.org/10.1016/j.cej.2019.03.102
http://doi.org/10.1016/j.scitotenv.2020.143910

Polymers 2021, 13, 2453 17 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Jakoébik-Kolon, A.; Bok-Badura, J.; Karon, K.; Mitko, K.; Milewski, A. Hybrid pectin-based biosorbents for zinc ions removal.
Carbohyd. Polym. 2017, 169, 213-219. [CrossRef]

Ling, L.-L.; Liu, W.-].; Zhang, S.; Jiang, H. Magnesium oxide embedded nitrogen self-doped biochar composites: Fast and
high-efficiency adsorption of heavy metals in an aqueous solution. Environ. Sci. Technol. 2017, 51, 10081-10089. [CrossRef]
Liang, H.; Song, B.; Peng, P; Jiao, G.; Yan, X.; She, D. Preparation of three-dimensional honeycomb carbon materials and their
adsorption of Cr(VI). Chem. Eng. J. 2020, 387, 124016. [CrossRef]

Wang, R.; Liang, R.; Dai, T.; Chen, J.; Shuai, X.; Liu, C. Pectin-based adsorbents for heavy metal ions: A review. Trends Food Sci.
Technol. 2019, 91, 319-329. [CrossRef]

Chwastowski, J.; Brado, D.; Ukowski, W.J.M. Adsorption of cadmium, manganese and lead ions from aqueous solutions using
spent coffee grounds and biochar produced by its pyrolysis in the fluidized bed reactor. Materials 2020, 13, 2782. [CrossRef]

Lv, D, Liu, Y;; Zhou, J.; Yang, K,; Lou, Z.; Baig, S.A.; Xu, X. Application of EDTA-functionalized bamboo activated carbon (BAC)
for Pb(II) and Cu(Il) removal from aqueous solutions. Appl. Surf. Sci. 2018, 428, 648-658. [CrossRef]

Zare, E.N.; Lakouraj, M.M.; Kasirian, N. Development of effective nano-biosorbent based on poly m-phenylenediamine grafted
dextrin for removal of Pb (II) and methylene blue from water. Carbohyd. Polym. 2018, 201, 539-548. [CrossRef] [PubMed]
Ahmad, R.; Mirza, A. Synthesis of Guar gum/bentonite a novel bionanocomposite: Isotherms, kinetics and thermodynamic
studies for the removal of Pb (II) and crystal violet dye. . Mol. Liq. 2018, 249, 805-814. [CrossRef]

Wang, Q.; Zheng, C.; Shen, Z; Lu, Q.; He, C.; Zhang, T.C.; Liu, J. Polyethyleneimine and carbon disulfide co-modified alkaline
lignin for removal of Pb2* ions from water. Chem. Eng. J. 2019, 359, 265-274. [CrossRef]

Shao, Z.; Lu, J.; Ding, J.; Fan, F; Sun, X.; Li, P; Fang, Y.; Hu, Q. Novel green chitosan-pectin gel beads for the removal of Cu(II),
Cd(II), Hg(II) and Pb(II) from aqueous solution. Int. J. Biol. Macromol. 2021, 176, 217-225. [CrossRef]

Zhou, G;; Luo, J.; Liu, C.; Chu, L; Crittenden, J. Efficient heavy metal removal from industrial melting effluent using fixed-bed
process based on porous hydrogel adsorbents. Water Res. 2018, 131, 246-254. [CrossRef]

Lu, H.; Zhang, W.; Yang, Y.; Huang, X.; Wang, S.; Qiu, R. Relative distribution of Pb%* sorption mechanisms by sludge-derived
biochar. Water Res. 2012, 46, 854-862. [CrossRef]


http://doi.org/10.1016/j.carbpol.2017.03.095
http://doi.org/10.1021/acs.est.7b02382
http://doi.org/10.1016/j.cej.2020.124016
http://doi.org/10.1016/j.tifs.2019.07.033
http://doi.org/10.3390/ma13122782
http://doi.org/10.1016/j.apsusc.2017.09.151
http://doi.org/10.1016/j.carbpol.2018.08.091
http://www.ncbi.nlm.nih.gov/pubmed/30241851
http://doi.org/10.1016/j.molliq.2017.11.082
http://doi.org/10.1016/j.cej.2018.11.130
http://doi.org/10.1016/j.ijbiomac.2021.02.037
http://doi.org/10.1016/j.watres.2017.12.067
http://doi.org/10.1016/j.watres.2011.11.058

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Pectin/Active Carbon Microspheres 
	FTIR Spectra Analysis 
	SEM Analysis 
	Specific Surface Area and Pore Size Analysis 
	Texture Profile Analysis 
	Batch Adsorption Experiments 
	Adsorption–Desorption Cycles 
	SEM-EDX Analysis 
	X-ray Photoelectron Spectroscopy Analysis 

	Results and Discussion 
	Characterization of P/ACs 
	Effect of Initial pH on the Pb2+ Adsorption 
	The Kinetic Studies 
	The Adsorption Isotherms Study 
	Desorption and Regeneration 
	Adsorption Mechanism 

	Conclusions 
	References

