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ABSTRACT

A new adsorbent SD300-M was successfully synthesized by coating the adsorption resin
SD300 with manganese oxide via KMnO, modification. The results of X-ray photoelectron
spectrometer and nitrogen adsorption measurement revealed that the manganese oxide
exists as MnQO, on the surface and inside the channel of the SD300 resin. The SD300-M resin
exhibited higher adsorption capacity to Pb** with the maximum adsorption capacity as high
as 141 mg/g, comparing with original SD300 resin and the other manganese oxide-modified
adsorbents, such as cellulose or carbon nanotubes. The increased adsorption of Pb** on the
SD300-M resin arose mainly from the formation of inner-sphere complexes with MnO,. In
the presence of Ca®* and Mg?*, the SD300-M resin also has excellent adsorption selectivity
for Pb>* relative to that of the D301-M and HMO-001 resins, which arises from electrostatic
interaction and surface complexation acting together. All the results indicate that the SD300-

M resin is an efficient adsorbent to remove Pb** from aqueous solution.
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1. Introduction

Heavy metal pollution in aquatic environments has
been given greater attention in recent years. Various
kinds of technologies have been used to remove heavy
metals from water, such as chemical deposition, mem-
brane separation, biotechnology, adsorption, etc. [1-3].
Among them, adsorption has become the most effec-
tive and cost-effective technology, considering the pos-
sibility of reuse of adsorbents after desorption and

*Corresponding author.

recovery of heavy metals with proper enrichment
technology.

Resins have been widely used to treat waters pol-
luted by heavy metals. However, in natural water and
industrial wastewater, there are many competing ions,
such as alkali metals and alkaline-earth metals coexis-
ting with heavy metals, which make selective adsorp-
tion of resins one of the major concerns in the removal
of heavy metals in aqueous solution. Efforts have been
made to synthesize new resins or to modify existing
resins with organic [4] or inorganic compounds [5-10].
Loading metal oxides on adsorbents has proved effec-
tive to improve the adsorption and selectivity of heavy
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metal ions. Sarkar et al. [9] proposed that resins
loaded with hydrous ferric oxide (HFO) successfully
produced the commercial resin ArsenX, specifically
for the removal of arsenic from aqueous solutions.
Pan et al. [5], Zhang et al. [6] and Su et al. [10], how-
ever, improved the resin’s selectivity for arsenic by
loading HFO and for lead by loading hydrous manga-
nese dioxide (HMO) [10].

Manganese oxides not only have a higher affinity
for heavy metals compared with Fe or Al oxides [11],
but also have good adsorption capacity and selectivity
for many heavy metals [11-15]. On the other hand,
manganese oxides exist in most cases as fine particles
and do not have enough mechanical strength. There-
fore, researchers have to resort to other host materials
for loading manganese dioxide and to synthesize new
adsorbents. These include sand [16], carbon nanotubes
[17], bentonite [18], activated carbon [11], zeolite
[19,20], cellulose [12], cation-exchange resins [10,21],
and anion-exchange resins [13,14,22]. These newly
synthesized adsorbents showed excellent adsorption
for heavy metals.

Porous ion-exchange adsorbents are regarded as
one of the best host materials, because of their poten-
tial Donnan membrane effect which allows the
charged groups on the matrix to preconcentrate and
enhance the metal ions before they are sequestrated
by oxide particles [23,24]. However, the charged
groups on the matrix react with charged metal ions
indiscriminatively by electrostatic action, which
decreases the capacity and selectivity of adsorbents for
the target metal ions. Therefore, adsorption resins can
be regarded as a host material which has neither
charged groups on the matrix nor indiscriminate ion
exchange actions.

In this study, a new hybrid adsorbent SD300-M
was prepared by loading MnO, onto the macroporous
adsorption resin SD300. Meanwhile, the adsorption
behaviors and selectivity of Pb(II) on SD300-M were
investigated with fair consideration of varying the pH
and competitive adsorption, and the results were com-
pared with the modified anion exchange D301 resin
by loading MnO,, which was termed as D301-M.

2. Materials and methods
2.1. Reagents

All reagents were of analytical grade and pur-
chased from Sinopharm Chemical Reagent Co. Ltd
(Beijing, China). The resins used in this research were
kindly provided by Zhenguang Resin Co. China. The
SD300 resin is an aromatic macroporous adsorption
resin with a styrene skeleton and has a brown appear-
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ance and a surface area of more than 1,500 m®/g. The
D301 resin is a weak basic, macroporous anion-
exchange resin; its principal properties have been doc-
umented in the literature [22].

A stock solution of 1,000 mg/L Pb(Il) was pre-
pared by dissolving Pb(NOj3), in deionized water con-
taining a few drops of concentrated HNO; to prevent
precipitation of Pb(Il) by hydrolysis. The initial pH of
the working solution was adjusted by the addition of
0.1 M HNO; or 0.1 M NaOH solutions. All solutions
were prepared using deionized water.

2.2. Synthesis of adsorbents

Before synthesis, the SD300 resin was purified with
absolute alcohol to remove impurities from its synthe-
sis process and then washed with deionized water.
The purified resins were dried in the oven at 40°C.
One gram of the dry SD300 resin and 100 mL of
0.05 M KMnOy; solution were placed in a beaker. The
mixture was shaken for 5h at ambient temperature,
during which the color of the beads changed from
brown to black. The synthesis of the MnO,-loaded
resin followed the literature procedures [14,19,20] and
the formation of manganese oxide occurs according to
the following reaction.

2KMnOy + 8HCl — 2MnO, + 2KCI 4 3Cl, +4H,O0 (1)

After filtration, the beads were washed with deionized
water to rinse away the excess permanganate ions and
nonretained oxides. Then, the black beads were dried
at 55°C. The modified resin was named SD300-M
meaning beads loaded with manganese dioxide. The
resin after adsorbing lead was designated as SD300-
MP.

The MnO,-coated D301 resin (D301-M) was synthe-
sized according to the method proposed in the litera-
ture [14,22].

2.3. Resin characterization

The characterizations of the three different resins
(SD300, SD300-M, and SD300-MP) were carried out
with various methods to indicate the structures and
adsorption mechanism of the resins. FI-IR spectra of
the samples were obtained by using a Tensor 27 FT-IR
spectrometer (Bruker, Germany). X-ray diffraction
(XRD) patterns were obtained on a RigakuDmax /2400
X-ray diffractometer. The X-ray photoelectron spectro-
scopic (XPS) data were taken on an AXIS Ultra
instrument from Krators Analytical using the mono-
chromatic Al Ka radiation (225 W, 15 mA, 15 kV) and
low-energy electron flooding for charge compensation.
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The pore distribution and specific surface areas were
measured with a gas adsorption-type porosimeter
(Micromeritics ASAP2010, USA).

2.4. Adsorption experiments

In the adsorption study, 0.01 g of an adsorbent
was added into 50 mL solution with a Pb(II) concen-
tration of 10mg/L at various initial pH values
(2.0-7.0) to investigate the effects of pH. The flasks
were shaken at 140 rpm for 48 h. The pH of the solu-
tion was adjusted using 0.1 M HNOj; or 0.1 M NaOH.

0.010 g of a given adsorbent was introduced into a
flask containing 50 mL solution with different concen-
trations (1, 10, 50, 100, 150, 200, and 250 mg/L) of
Pb(I) at pH 5, and shaken at 25°C for 24 h. The Pb(II)
concentration of solution was tested before and after
the adsorption equilibrium. The experiments were
repeated three times and average values were calcu-
lated for concentration measurements. All adsorption
experiments were duplicated.

For the kinetic experiments, 0.1 g of a specific resin
was added into a flask containing 200 mL solution
with a Pb(Il) concentration of 50 mg/L at pH 5 and
shaken at 25°C for 34 h. At various time intervals,
0.5 mL samples were taken. The amount of Pb(II)
loaded onto the resins was calculated by conducting a
mass balance before and after the test.

The concentrations of Ca**, Mg”*, Na**, and Pb**
ion were measured by ICP-OES (Prodigy, Leeman
Labs, USA).

3. Results and discussion
3.1. Material characterization
3.1.1. Infrared spectroscopic and XRD analysis

Fig. 1 shows the infrared (IR) spectra of the SD300,
SD300-M, and SD300-MP beads. The spectra of three
beads were almost same, which indicated that the
loading of manganese oxide did not damage the prin-
cipal structure of the SD300 resin during the synthesis
process of the SD300-M resin. There was a new peak
at about 520 cm ™' appearing in both the SD300-M and
SD300-MP spectra, which is attributed to the stretch-
ing vibration of the Mn-O bond of the loaded manga-
nese oxides [12,25]. Pb(II) was adsorbed onto the
SD300-M resin by ion exchange or adsorption effect
without damage to the main structure of the SD300
and the loaded MnO, particles.

The XRD pattern of the SD300-M resin (Fig. 2)
implied that it was weakly crystallized. There were
two weak peaks at about 37° and 66°, which contribute
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Fig. 1. IR spectra of the SD300, SD300-M, and SD300-MP.
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Fig. 2. XRD pattern of the SD300-M resin.

to the crystal structure of manganese dioxide
[10,14,26], thus indicating that solid manganese oxides
are loaded onto the resin matrix.

3.1.2. X-ray photoelectron spectroscopic analysis

Fig. 3(a) shows the XPS survey spectra of the
SD300, SD300-M, and SD300-MP resins, which indi-
cate clearly the differences of three beads. In order to
confirm the Mn oxidation state, detailed scans of the
Mn and O regions were performed; the results are
shown in Fig. 3(b) and (c). The Mn 2p;,, peak is
located at 64224 and 641.95eV in the SD300-M
and SD300-MP resins, respectively, which indicates
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Fig. 3. X-ray photoelectron spectra of the SD300, SD300-M, and SD300-MP beads (a) Survey spectra, (b) Mn 2p spectra,

(c) O 1s spectra, and (d) Pb 4f spectra.

that manganese in the loaded manganese oxides is Mn
(IV) [12,20,25]. Also, the separations from Mn 2p;,,
to Mn 2p;,, peaks are 11.6 and 11.7eV in the
SD300-M and SD300-MP resins, respectively, which
are same as that obtained by Maliyekkal et al. [12],
who found that the loaded manganese oxides are

MHOZ.

The O 1s peak in the SD300 resin is at the highest
binding energy (532.6 eV), which is assigned to a
defect oxide, such as O-H, in the main structure of
the resin. In the O 1s plots (Fig. 3(c)) of the SD300-M
and SD300-MP beads, four oxygen species peaks can
be observed. The binding energy of 532.3 and 532.0 eV
might be characteristic of oxygen in the principal
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Table 1
Textural properties of SD300 and SD300-M adsorbents
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BET (m?/ Micropore area

Total pore volume

Micropore volume Average pore diameter

Sample g (m*/g) (cm®/g) (cm’/g) (nm)
SD300 1,292 86.1 0.99989 - 3.095
SD300-M  523.5 177.5 0.44556 0.0639 3.405

structure of the resins as the case in the SD300 resin.
The binding energy of 530.9 eV is related to the sur-
face adsorbed OH™. The binding energy of 529.7
and 529.6 eV can be assigned to the lattice oxygen
(Mn-O-Mn) of the loaded MnO, [12,20,25]. There was
no change in the binding energy of O 1s before and
after the SD300-M resin adsorbing Pb(II), which indi-
cated that there was no chemical reaction through the
adsorption of Pb(II) onto the SD300-M resin.

Fig. 3(d) shows the Pb 4f spectra of the SD300-MP
bead. The peak at a binding energy of 138.35 eV for
Pb 4f is characteristic of the Pb—O bond according to
the reported literature [12,15]. This confirms that Pb
(I) uptake onto the SD300-M resin is mainly due to
the formation of inner-sphere complexes. After lead
adsorption, the Mn and adsorbed Pb both exist in the
SD300-MP bead, which indicates that the loaded Mn
atoms in the SD300-M resin do not exist in an ionic
state, and the removal of the Pb(Il) by the SD300-M
resin depends principally on adsorption.

3.1.3. Pore distribution and specific surface area

Before and after synthesis, the pore size and spe-
cific surface area of the SD300 and SD300-M resins
had changed. Table 1 shows the numerical data for
the SD300 and SD300-M resins. The BET and pore vol-
ume decreased from 1,292 to 523.5 m?/ g and from
0.99989 to 0.44556 cm®/g, respectively, after the SD300
resin-loaded MnO, particles. These decreases indicate
that the deposited MnO,; is not only on the surface,
but also inside the pore channels of the SD300 resin.

The SD300 resin is a macropore resin and the
loaded MnO, separates the macropores into mesop-
ores or micropores, which leads to an increase in the
number of micropores in the SD300-M resin. Hence,
compared with the SD300 resin, the micropore area
and volume of the SD300-M resin increased and the
same results were observed with the MnO,-loaded
biochar [27].

At the same time, the test range of the BET test
was set from 1.7 to 70 nm, which is the mesoporous
range. The quantity of mesopores in the SD300-M
resin increased, and the mean pore diameter increased
compared with the SD300 resin.

The nitrogen adsorption—desorption isotherms for
SD300-M are shown in Fig. 4, which exhibited an iso-
therm type IV with a nitrogen hysteretic loop accord-
ing to the International Union of Pure and Applied
Chemistry. The type IV isotherms are given by many
mesoporous industrial adsorbents [28]; this implies
that the pores of the SD300-M resin are mesoporous.

3.2. Adsorption studies of the SD300-M resin
3.2.1. Effects of pH

The effects of solution pH on Pb(II) removal by the
SD300-M and D301-M resins are shown in Fig. 5. For
the D301-M resins, the removal rate of Pb(II) increased
with increasing pH. The D301 resin is a weak base
anion exchange resin. The surface complexation mech-
anism is involved in the sorption of Pb(Il) for the
D301-M resins [13].

The Pb(II) removal efficiency of the SD300-M resin
increased sharply from 47.9 to 97.0% with the pH
rising from 2 to 4. When the pH was between 4 and 6,
the percent removal of lead did not change
significantly.

Lead adsorption of the SD300 resin was studied
for comparison at pH 5 under the same experimental
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Fig. 4. Nitrogen adsorption-desorption isotherms for the
SD300-M resin.



Y. Xiong et al. | Desalination and Water Treatment 57 (2016) 2018-2027

110

SD300-M
-

—— -m
L} L5
.

Pb* removal (%)

pH

Fig. 5. Effect of pH on the Pb(Il) adsorption by the SD300-
M and D301-M resins.

conditions. The Pb(I) percent removal with the SD300
resin was only about 1%. The SD300 resin is an
adsorption resin, which has no exchangeable ions.
This experimental result revealed that the MnO,
loaded onto the SD300-M resin enhanced the adsorp-
tion capacity for Pb(Il) ion.

The pHg,. (point of zero charge) of MnO, is
reported as 1.4 < pHp,. <4.5 [29-31]. With increasing
pH, the negative charge on the SD300-M surface
increases, which enhances the adsorption of Pb** ions
onto the SD300-M resin through electrostatic interac-
tion. When the pH was above 6, the Pb** percent
removal increased mainly depending on the precipita-
tion of Pb**. Hence, pH 5 was chosen for the follow-
ing adsorption experiments.

3.2.2. Effect of competitive ions on adsorption

Ca”* and Mg”* ions are normally present in waste-
water along with Pb®" jons. When adsorbents are used
to remove Pb®> ions, these coexisting ions could
occupy the active sites and cause the adsorption of
Pb”* to decrease. In order to test the special selectivity
of the SD300-M resin to Pb** in the presence of com-
peting ions, the D301-M resin, which has a good
removal effect for Pb>* [13], was chosen for compari-
son under the same test conditions.

Fig. 6(a) and (b) shows the effect of Mg** and Ca®*
on lead removal by the adsorbents SD300-M and
D301-M, respectively. The removal rate of lead by the
two adsorbents decreased in the sequence as
Ca%t > Mg2+, which arises from different hydration
energies [10]. Divalent cations with lower hydration
energies are adsorbed preferably over those with
higher hydration energies. The Gibbs free energy of
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hydration of these three cations are in the sequence as
Mg** > Ca®* > Pb*", so they give different competing
capacities with Pb*".

The removal rate of Pb(Il) by the SD300-M and
D301-M resins decreased with increasing concentra-
tions of competitive ions when the initial Ca**
(Mg**)/Pb** ratio was below 200. But when the ratio
increased above 200, the removal rate of Pb** of the
two adsorbents changed only slightly. The SD300 resin
is an adsorption resin and has a lower adsorption of
lead. The D301-M resin is an anion exchange resin
and only can adsorb anions through ionic exchange.
So, the excellent adsorption capacity and selectivity of
these two modified adsorbents for Pb** ion come from
the loaded MnOs,. It had been reported that lead can
form a strong inner-sphere complex with MnO,
[10,15,32], hence decreasing the effect of the Ca®* and
Mg competing ions.
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Fig. 6. Effect of (a) Mg>* and (b) Ca** on lead removal by
the D301-M and SD300-M resins at pH 5.0 and 298 K.
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The plots in Fig. 6(a) and (b) also indicated that
the SD300-M resin has higher adsorption selectivity
for lead than does the D301-M resin in the presence of
competing cations. This experiment was taken at pH
5. In pH range 5-6, the D301-M surface has a net posi-
tive charge, which is unfavorable for adsorption. So,
surface complexation was the principal effect for the
adsorption of Pb** on the D301-M resin [13]. In above
discussion, the surface of the SD300-M resin had nega-
tive charges in pH range 5-6. So for the adsorption of
Pb?* onto the SD300-M resin, electrostatic interaction
and surface complexation act together.

Compared with the data in the literature [10], the
SD300-M resin also had better selectivity than did the
HMO-001 resin. The HMO-001 is a new hybrid adsor-
bent which is fabricated by impregnating nanosized
HMO into a porous polystyrene cation-exchange resin
(D-001). The adsorption of the HMO-001 resin towards
Pb** is attributed to the host material D001 and HMO
particles. But the sulfonic acid groups bound to the
D001 matrix preconcentrated the competing cations
indiscriminatively at the same time, when it adsorbed
Pb>* ions. The host material SD300 resin for the
SD300-M resin has no negatively charged groups on
the matrix, so it decreased the adsorption of compet-
ing cations.

All results indicated that SD300-M resin had excel-
lent adsorption selectivity for lead in the presence of
competing ions.

3.2.3. Adsorption equilibrium and kinetics

Normally, Langmuir and Freundlich models have
been used to explain the solid-liquid equilibrium for
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Fig. 7. Adsorption isotherm plot of the SD300-M resin.
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Table 2
Langmuir and Freundlich parameters for lead adsorption
onto the SD300-M resin at 298 K

Langmuir equation Freundlich equation
dm (mg/g) Ki (L/mg) R* n K (L/mg) R?
140.9 0.9938 2.807 0.299

0.303 0.9189

adsorption processes; the corresponding equations are
as follows:

1 1 1
Langmuir : — = +— (2
& qe KLL]mCe qm

1
Freundlich : Ing. = In K¢ + - InC, 3)

where g. and C. are the equilibrium solid-phase
(mg/g) and liquid-phase (mg/L) concentrations of
Pb**, respectively, ¢, (mg/g) is the maximal adsorp-
tion capacity, and K, (L/mg) is a binding constant in
the Langmuir equation. K¢ (mg' ™ L"/g) is the Freund-
lich adsorption affinity parameter. Fig. 7 shows lead
ion adsorption isotherm of the SD300-M resin at 298 K
and Table 2 gives the derived Langmuir and Freund-
lich constants. It was found that the adsorption of lead
on the SD300-M resin fits the Langmuir model very
well with a high correlation coefficient R* > 0.99. The
maximum adsorption capacity of the SD300-M resin
was 1409 mg/g at 298 K, which is better than other
MnO,-loaded  adsorbents, such as C-NMOC
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Fig. 8. Adsorption kinetics of Pb** onto the SD300-M resin
at 298 K.
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Table 3
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Kinetic constants for lead uptake onto the SD300-M resin at 298 K

(@)

Pseudo-first-order model

Pseudo-second-order model

ge (exp.) (meq/g) Kk g (theor.) (meq/g) R? ko g (theor.) (meq/g) R?
101.1 0.0044 99.95 0.9985  0.000045 113.64 0.9945
(b)
Intra-particle diffusion model Liquid film diffusion model
de (exp.) (meq/g)  kint (meq/g min /%) R? ki (meq/g min!) R?
101.1 2.6887 0.8456 0.0043 0.9984
@m =75.0mg/g) [12], MnO,-loaded D301 resin 05
(g = 80.6 mg/g) [13], and MnO,-loaded carbon nano- 7t = kit > +C ©®)

tube (9, =78.7 mg/g) [17]. The Langmuir model is
derived based on a monolayer adsorption assumption,
so the lead adsorption on the SD300-M resin is likely
a monolayer adsorption process.

Fig. 8 shows the lead adsorption kinetics onto the
SD300-M resin at 298 K. Four adsorption models were
used to interpret the SD300-M adsorption kinetics data:
pseudo-first-order, pseudo-second-order, intra-particle
diffusion, and liquid film diffusion models, respec-
tively. Table 3(a) and (b) shows the parameters for
these four models. The correlation coefficients for the
pseudo-first-order model and the liquid film diffusion
model (R* > 0.99) are larger than those for pseudo-sec-
ond-order model and intra-particle diffusion model.
And, the theoretical g, value (99.95), which was calcu-
lated from the pseudo-first-order model also agreed
with the experimental g. value (101.1). These results
indicated that the sorption of Pb** onto the SD300-M
resin followed a pseudo-first-order mechanism, likely
controlled by physical sorption. And, the liquid film
diffusion is the controlling step.

Pseudo-first-order kinetic model:

k
log (4 — ) = log e — 53zt @)

Pseudo-second-order kinetic model:

t 1 1
a:@'f'at 5)

Inter-particle diffusion model:

Liquid film diffusion model:

—ln( —ﬁ) — kit @)
qe

4. Conclusions

A new hybrid absorbent SD300-M resin was syn-
thesized, and its lead adsorption potential was investi-
gated. The XRD, IR, and XPS results indicated that
MnO, was loaded successfully onto the SD300 resin
by in situ composition. The results of adsorption equi-
librium data fit well to the Langmuir isotherm, and
the maximum lead adsorption capacity on the SD300-
M resin was 140.9 mg/g at 298 K, which is better than
other MnO,-loaded adsorbents. The lead adsorption
on the SD300-M resin was well described by a
pseudo-first-order model, and the adsorption was pri-
marily controlled by physical sorption. The SD300-M
resin had excellent lead adsorption selectivity in the
presence of coexistent Mg”* and Ca®* ions.
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