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ABSTRACT

In this work, manganese oxide was used to coat the surface of diatomite, forming a novel modi-
fied adsorbent (referred to as Mn-diatomite). Because the structural changes that occurred during
the modification and adsorption processes are critical to formulating effective adsorption system
designs, various analytical techniques were used to characterize the Mn-diatomite structure and its
adsorbent mechanisms, including scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), and atomic absorption spectrometry (AA). The results
showed that the active hydroxyl on the diatomite surface disappeared after modification, and Mn-O—
Si groups were newly generated, suggesting that MnO, was successfully grafted onto the surface of
diatomite after modification. The feasibility of using Mn-diatomite as an adsorbent for removal of
Pb(II) ions was explored using the batch equilibrium technique with various controlled experimen-
tal parameters, such as adsorbent dose, pH, and initial Pb(II) concentration. Further analysis showed
that the removal process followed the Langmuir isotherms and pseudo-second-order kinetics mod-
els. Reusability studies indicated that the lead adsorption capacity did not change remarkably after
ten sorption—desorption cycles. These cumulative results suggested that Mn-diatomite can be used

as an adsorbent for efficient removal of Pb(II) from aqueous solutions.
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1. Introduction

Heavy metals are toxic substances, and they are
generated as byproducts from metallurgical industries,
electroplating, battery manufacturing, landfill leachates,
and other sources. Heavy metals discharged into the
environment are persistent; they can change form, be
transferred, and become diluted or bioaccumulated, but
they cannotbe degraded. Lead is one of the most widespread
and lethal heavy metals, which may cause anemia, brain
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damage, anorexia, encephalopathy, irritability, malaise,
and various symptoms related to the nervous system [1].
Lead and its compounds can endanger human health, even
at low concentration ratios in water, by accumulating in
animals and plants and being transported through food
chains. Therefore, the removal of lead from wastewater is
very important with respect to the environment and public
health.

Several physico chemical methods have been used to
remove lead from aqueous solutions, including chemical
coagulation, ion exchange, adsorption, extraction, and
membrane separation processes [2]. Among these methods,
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adsorption is highly popular because of its simplicity,
moderate operational conditions, and economic feasibility,
and hence adsorption has been widely applied in heavy
metal wastewater treatment processes [3]. Identifying an
adsorbent that is economical, environmentally friendly,
and has a high adsorption capacity is important to further
enhance adsorption methods.

Diatomite is a fine grained, low-density biogenic
sediment that consists essentially of amorphous silica
(510,nH,0) derived from the opalescent frustules of
fossilized diatoms. Although natural diatomite has a low
adsorption capacity [4], diatomite can react with many
polar functional groups because of the presence of silanol
groups that spread over the silica matrix [5]. Al-Ghouti
showed that diatomite impregnated with manganese oxides
was an effective adsorbent for removing heavy metals from
aqueous solutions [6]. Manganese oxides are regarded as
good scavengers of heavy metal ions [7].

In this study, manganese oxides were used to modify
diatomite, and the capacity of manganese oxide-modified
diatomite (Mn-diatomite) to adsorb Pb(II) was investigated.
Determining the structural changes that occur during
adsorbent modification and adsorption mechanisms
are essential for effective adsorption system designs [7].
Therefore, this study applied various analytical techniques to
characterize the structure of Mn-diatomite and mechanisms
of the modification and Pb adsorption processes, including
scanning electron microscopy (SEM), Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
atomic absorption spectrometry (AA).

2. Materials and methods
2.1. Materials

Diatomite samples used in this experiment were
collected from Sichuan, China. X-ray fluorescence analysis
of the diatomite revealed that the diatomite consisted
mainly of SiO, (81.81%), as well as 6.99% AlO,, 1.58%
Fe,O,, 0.57% CaO 1.54% MgO, 1.219% K.O, 0. 856% Na,O,
0. 295% TiO,, 0.052% P,0O,, 0.018% MnO, and 4.37% loss on
ignition.

The Pb(NO,),, MnCl,, NaOH, and HCI used in this
study were analytical grade reagents obtained from
Guangzhou Chemical Reagent Co. (Guangzhou, China). All
other reagents and solvents used were also analytical grade
without further purification, and distilled water was used
in the preparation of all solutions.

2.2. Preparation of Mn-diatomite sorbent

The procedures for the chemical modification were
as follows: 15 g of diatomite were mixed with 50 mL of
4 mol/L NaOH at 90°C for 2 h. Subsequently, 100 mL of
2 mol/L MnCl was added to the mixture, while the pH was
maintained between 1 and 2 with HCl. The mixture was
stirred continuously for 24 h at room temperature. To increase
the formation rate of Mn(OH),, the diatomite was re-mixed
with 25 mL of 2 mol/L MnCl at room temperature for 24 h.
The excess was decanted and the diatomite was left exposed
to air to facilitate oxidation of the Mn(OH), . The sample was
then washed with distilled water, dried in an oven at 105°C,

and pounded in a porcelain mortar to form a powdered
mixture. The powder was then placed into polyethylene bags
labeled “Mn-diatomite” and stored for future use.

2.3. Characterization tests

The morphology of the Mn-diatomite was determined
by SEM (JSM-6380LV). Vibrations of the sample skeletons
were analyzed by FTIR (NEXUS 470, USA) using KBr
pellets; the scanning wavenumber ranged between 400
and 4000 cm™. Chemical valence states of samples were
analyzed by X-ray photoelectron spectrometer (XPS,
ESCALAB 250Xi) with a monochromatized AlK  (1486.6
eV) ray as the excitation light source. All tested samples
were calibrated by C,_(284.8 eV) standard pollution peaks.
Sample phases were analyzed by X-ray diffraction (XRD,
X'Pert PRO). The specific surface area and the pore size
distribution were determined using a specific surface area
analyzer (ASAP 2020 HDS8S).

2.4. Adsorption tests

The batch adsorption experiments for the removal
of Pb(II) were examined at different adsorbent doses,
pH values, and initial metal ion concentrations. The
adsorbent was placed into 250-mL Erlenmeyer flasks, and
then 100 mL of Pb(II) solution was added. Each flask was
placed in an SHZ-82 gyratory thermostatic water bath
shaker at 200 r/min until the adsorption equilibrium was
attained. The mass fraction of Pb(Il) in water samples after
adsorption were tested by a PE-AA 700 atomic absorption
spectrometer. The test results were used to calculate the
removal rate and adsorption capacity according to Eqns.
(1) and (2):

Removal rate

n=(1-C/C,) x 100% (1)
Adsorption capacity
g=(C,-C)V/M ()

where C, is the initial concentration of the Pb(II) ion solution,
C, is the concentration of Pb(Il) ion present at equlhbrlum
(mg/ L), V is the volume of the solution (L), and M is the
mass of adsorbent employed (g).

3. Results and discussion

In oder to elucidate the adsorption mechanisms, a
variety of analytical techniques were employed, including
SEM, FTIR, XRD, and XPS, and the results are discussed in
the following subsections.

3.1. Characterizeation of diatomite
3.1.1. Morphological analysis of diatomite

SEM images of diatomite and Mn-diatomite are shown
in Fig. 1, where (al) and (a2) show diatomite samples and
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(b1) and (b2) show Mn-diatomite samples. Most diatoms
were disc sieve-shaped with many micro pores on the
surface. The Mn-diatomite samples maintained the original
diatomite shape and spatial structure but were covered by
the modifying substance. The modifier was interfaced to
the diatomite surface very well.

3.1.2. Specific surface area and pore diameter analysis

The pore volume changes in relation to the pore diameter
of diatomite and Mn-diatomite are shown in Fig. 2. The
pore diameters were mostly the range between 4 and 10 nm
before and after modification; this range belongs to the meso
porous range (between 2 and 50 nm) [3,4]. The pore diameter
changed a little after modification, and the uniformity of the
size distribution clearly improved, which was due to the
removal of impurities from the diatomite pores.

The specific surface areas and pore diameters of
diatomite and modified diatomite are shown in Table 1. The
diatomite had a high specific surface area, and the specific
surface area of Mn-diatomite was almost eight times that of
diatomite. This result is especially significant because high
specific surface areas benefit heavy metal adsorption. The
pore diameter changed only 0.26 nm after modification.

Fig. 1. SEM images of diatomite (a) and Mn-diatomite (b).
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Fig. 2. Pore volume changes in relation to pore diameter of
diatomite (D) and Mn-diatomite (Mn-D).

Table 1
Specific surface area and pore diameter of diatomite and Mn-
diatomite

Diatomite Mn-diatomite
Specific surface area (m*/g)  19.302 148.253
Pore diameter (nm) 7498 7.758

3.1.3. FTIR analysis

FTIR analysis was performed from 400 to 4000 cm™ to
investigate the surface characteristics of the diatomite and
Mn-diatomite. FTIR spectra of the diatomite, Mn-diatomite,
and Mn-diatomite after Pb adsorption were expected to
yield important information about these materials’ chemical
structures. A peak observed at 467 cm™ was due to the
antisymmetric bending vibration of O-Si-O; that at 694 cm™!
was due to the symmetric stretching vibration of Si-O-Si; that at
1095 cm™ was due to the antisymmetric stretching vibration of
Si-O [8,9]; all of the above peaks from the Mn-diatomite before
and after Pb adsorption were weaker than those of unmodified
diatomite. The peak at 796 cm™ was due to the symmetric
stretching vibration of S5i-O, the intensity of which decreased
and shifted to low wave numbers after MnO modification, and
the peak intensity weakened further after Pb adsorption, which
was in good agreement with the XRD results. The weak and
narrow bands at 3695 and 3619 cm™ were due to free surface
silanol (Si-OH) [5]. After modification, the band intensities at
3695 and 3619 cm™ almost disappeared because of the chemical
interactions between the oxides and the surface silanol
groups. The strong and broad band at 3431 cm™ was due to
the antisymmetric stretching vibration of free water hydroxyl
(~=OH) [10]. The bands at 1382 and 1633 cm™ were due to the
bending vibration of free water H-O-H. The bands at 2852 and
2922 cm™ were due to hydroxyl-associated hydrogen bonds,
which disappeared after adsorption. The most important peak
present in the FTIR spectrum of Mn-diatomite occurred at
528 cm™, which corresponds to the Mn-O stretching vibration
[11]. From the spectral analysis, it is evident that MnO, was
successfully deposited on the diatomite surface.
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Fig. 3. FTIR spectra of diatomite (D), Mn-diatomite (Mn-D) and
Mn-diatomite after Pb sorption (Mn-D-Pb).
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3.1.4. XRD analysis

XRD spectra of diatomite (D) and Mn-diatomite (Mn-
D) samples are shown in Fig. 4. The diatomite sample was
mainly composed of natural amorphous SiO,. There was
a bread peak at 20 = 18-32° on the XRD spectrum of the
diatomite sample, which indicated that the diatomite had
the amorphous [SiO4] structure. In addition to the SiO,
diffraction peak, the diatomite sample also contained
peaks indicating AlSi material (“2” in Fig. 4) and organic
phase (“3”). The low intensities of the diffraction peaks of
christobalite (20 = 25.5-30.5°, “a”) and montmorillonite (26
=15-20.5°, “b”) indicated relatively low content.

In the XRD spectra of the Mn-diatomite sample, the
bread peak disappeared and the intensity of the SiO, peak
decreased. These results were thought to be due to the
modifier grafted to the diatomite surface. Meanwhile, the
organic diffraction peak at 20 = 5-10° disappeared, which
indicated that the organic material had been removed or
destroyed. The intensities of the christobalite peak (“a”)
and montmorillonite peak (“b”) decreased, indicating
decreased content during the modification process. The
newly generated MnO, peak (“4”) in the Mn-diatomite
sample indicated that the modifier effectively grafted with
the diatomite surface.

3.1.5. XPS analysis

Changes in the chemical state and molecular structure
of the diatomite surface induced by the modification and
adsorption processes were revealed by XPS analysis of the
main elements O and Si of the diatomite matrix and the
modifier Mn. The Ols XPS patterns of diatomite (D) and
Mn-diatomite (Mn-D) are shown in Fig. 5. The Ols XPS
pattern of Mn-diatomite was obviously asymmetric and
shifted toward a low binding energy, which indicated that
the binding energy around O1s changed and a new binding
energy peak was generated. The peak separation of the Ols
XPS patterns are shown in Fig. 6. The binding energies of
Ols in the diatomite samples were 531.75 and 532.01 eV,
which correspond to the binding energies of O-Si and
O-H [12]. The binding energies of O1s in the Mn-diatomite
samples were 529.33, 531.42, and 531.88 eV, which
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Fig. 4. XRD patterns for the diatomite (D) and Mn-diatomite
(Mn-D).

correspond to the binding energies of O-Mn, O-5i, and O-H,
respectively. Therefore, Mn bound to the diatomite surface
in the modification process.

The Si2p XPS patterns of diatomite (D) and Mn-diatomite
(Mn-D) are shown in Fig. 7. The Si2p binding energy of
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Fig. 5. Ols XPS patterns of diatomite and Mn-diatomite.
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Fig. 6. O1s XPS peak separations of diatomite and Mn-diatomite.
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Mn-diatomite was lower than that diatomite, decreasing
from 102.60 to 102.24 eV, and the electron cloud density in
the vicinity of Si2p increased in the Mn-diatomite sample.
There were several reasons for the binding energy reduction:
impurities in the sample; some Si on the surface SiO,
tetrahedrals were replaced by cations; the active hydroxyl
groups on the surface were grafted by the modifier; and
when part of the silane chain opened, the original -Si-O-Si-
also opened, and some -5i-O-Mn- was generated. Therefore,
the electron cloud density of O increased and the electro
negativity decreased, leading to a lower Si2p binding energy.

As shown in Fig. 8, the main Mn2P binding energy peak
of Mn-diatomite was asymmetric, therefore, the Mn in the
sample was present in more than one chemical state. The
valence state of Mn in the modifier was +2, and thus the
Mn valence state changed in the modification process. The
total binding energy of Mn on the Mn-diatomite surface
increased beyond that of Mn*, and the electron cloud
density around Mn showed a decreasing trend [13].

The Mn2P XPS peak separation of Mn-diatomite is
shown in Fig. 9. The binding energy of the Mn2P peak
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Fig. 7. Si2p XPS patterns of diatomite and Mn-diatomite.
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Fig. 8. Mn 2p XPS pattern of Mn-diatomite.
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could be divided into 640.32, 641.53, and 645.23 eV, which
correspond to the binding energies of Mn?*, Mn*, and Mn**
oxides. This result indicated that the Mn oxidized, and
its valence state changed during the modification. In the
oxidation process, Mn with different valence states grafted
to the diatomite surface.

The Pb4f XPS pattern of Mn-diatomite after adsorption
isshown in Fig. 10. The binding energies of 138.13 and 143.05
eV correspond to Pb4f, which indicated a change compared
with the binding energies of Pb4f before adsorption (138.3
and 141.7 eV). This result indicated that the Mn-diatomite
adsorbed Pb(II).

The O1s, Si2p, and Mn2p XPS patterns of Mn-diatomite
before and after Pb(II) adsorption are shown in Fig. 11.
The Ols and Mn2p binding energy of Mn-diatomite after
adsorption increased compared with the sample before
adsorption, and after adsorption, the sample showed
a tendency to lose electrons. The Si2p binding energy
changed slightly; therefore, electrons may have shifted
from Mn and O to Pb. The Pb(II) was absorbed around Mn
and O.
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Fig. 9. Mn2p XPS peak separation pattern of Mn-diatomite.
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Fig. 10. Pb4f XPS pattern of Mn-diatomite after Pb(II) adsorp-
tion.
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Fig. 11. Ols, Si2p, and Mn2p XPS patterns of Mn-diatomite
before (Mn-diatomite) and after Pb(II) adsorption (Mn-di-
atomite-Pb).

3.1.6. Modification and adsorption mechanism analysis

Combined analysis of the XRD, SEM, FTIR, and XPS
results revealed the modification mechanism. As shown in
Fig. 12, several grafting processes occurred during the Mn

modification. There were abundant hydroxyl groups on the
diatomite surface, and some of the active hydroxyl positions
on the surface were replaced during Mn modification, as
the Mn grafted to the diatomite surface. The Mn valence
state changed in the modification process, resulting in
several grafting methods (® in Fig. 12). Some siloxane
bonds opened, forming more active surfaces with dangling
bonds (®@ in Fig. 12). These =5i-O- or =Si- bonds combined
easily with H* and OH™in aqueous solution and formed
more active hydroxyl bonds at the surface, which benefited
Mn grafting during modification. Some Si on the diatomite
surface was also replaced by Mn during modification
(® in Fig. 12). In Fig. 12, the red underline marks show the
positions where grafting could occur easily. These several
Mn grafting mechanisms promoted the adsorption of Pb(II)
around Mn and O.

3.2. Adsorption analysis
3.2.1. Effect of Mn-diatomite dose

The effect of Mn-diatomite on the adsorption of Pb(II)
was examined under the following conditions: doses
ranging from 0.1 g/L to 5 g/L, with an initial Pb solution
concentration of 100 mg/L, pH of 5, and temperature
of 25°C. The experiments were performed to establish
appropriate adsorbent conditions for Pb(II) removal. As
shown in Fig. 13, the Pb(II) removal increased from 24.3%
to 99.8% when the Mn-diatomite dose increased from 0.1
to 5 g/L. This increase was attributed to the increased
interference between the binding sites at higher doses
or the insufficiency of metal ions in solution with respect
to available binding sites. The removal rate increased
rapidly when the dose of Mn-diatomite from 0.1 to 1
g/L. Increasing doses of diatomite increase the external
diffusion parameter, a behavior that can be explained by
the dependence of the external mass transfer coefficient on
the driving force per unit area [14]. A similar behavior was
observed when the dose of Mn-diatomite was increased to
1 g/L. Because resistance induced by intra particle diffusion
is negligible when highly adsorbent masses are used, the
1 g/L Mn-diatomite dose was selected as the optimum
adsorbent for further experiments.

) 0, =Si-O-
=5i-0-H+Mn?* == =Si-0-Mn-0-H
=S5i-0-Mn- (HO)
X (o] a o
I Mn 1
o =si-0- S, == _Mn,
=Si-0-Si= == _o () 040 o lo

Fig. 12. Schematic of modification mechanism diagram; the red
underline marks are the positions where graft substitution may
occur.
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Fig. 13. Effect of adsorbent dose on Pb(II) removal.

3.2.2. Effect of initial solution pH

The pH of the adsorbent solutions is one of the major
important factors affecting adsorption [15,16]. Fig. 14
illustrates the effect of pH on the Pb adsorption by
Mn-diatomite in the pH range from 2.5 to 5 at 25°C for the
initial Pb solution concentration of 100 mg/L. As shown,
the Mn-diatomite adsorption significantly changed over
this pH range. The adsorption capacity for Pb(II) increased
as the pH increased up to 5. The zero point of charge
(pHpzc) of the diatomite was 2.04. With SiO, as the active
center of adsorption, the surface charge of Mn-diatomite
was —40 nC ecm™ [5]. The surface charge of MnO, was higher
than those of other oxides, such as SiO,, TiO,, ALO,, and
FeOOH, because of the former’s high acidity constant. The
surface of MnO, was ionized at low pH values and was
charged more negatively compared with other oxides. The
diatomite surface was charged negatively when the solution
pH exceeded the pHpzc and was charged positively when
the pH was below the pHpzc [7].

The maximum adsorption capacity increased from
43.9 to 92.7 mg/g with the increase in solution pH from
2.5 to 5. The metal uptake increased rapidly when the pH
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Fig. 14. Effect of pH on the Pb sorption onto the Mn-diatomite.
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increased from 2.5 up to 4 and then increased slowly when
the pH exceeded 4. Excessive protonation of the lone pair
of electrons on N occurs at low pH values, which decreases
the sorption of heavy metal ions [17]. At a very low solution
pH, the concentration of H* also increases, resulting in
changes in the ionic forms of the functional groups on the
silica surface and competition between H* and metal ions
[17,18] for active binding sites. The removal efficiency
of Pb(Il) increased from 94.1% to 96.6% when the pH
increased from 3.5 to 5. The increase in the metal removal
rate with increased pH can be attributed to decreasing H*
in competition with positively charged metal ions at the
adsorbent surface sites. Consequently, the solution pH of 5
was selected as an optimum value for further experiments.

3.2.3. Effect of initial Pb(1I) concentration

Pb(Il) adsorption by Mn-diatomite was examined at
different initial Pb(II) concentrations (75, 100, 150, 200,
300, and 500 mg/L), with a pH of 5, Mn-diatomite dose of
1 g/L, and temperature of 25°C. The effects of the initial
solution concentration on the adsorption of Pb(Il) ions onto
Mn-diatomite are shown in Fig. 15. As indicated in the
figure, the adsorption of Pb(Il) onto Mn-diatomite increased
as the initial Pb(II) concentration increased. The removal
rates of Pb(Il) at equilibrium were 98.6%, 97.3%, 91.2%,
81.4%, 59.1%, and 36.4% at the initial concentrations of 75,
100, 150, 200, 300, and 500 mg /L, respectively. Fig. 15 shows
that the adsorption capacity of Mn-diatomite for Pb(II) ion
increased linearly with the increasing initial concentration
of Pb(Il). High initial Pb(II) concentrations enhance the
adsorption [7]. Therefore, the initial Pb(II) concentration of
200 mg/L was selected as the optimum concentration for
further experiments.

3.2.4. Adsorption isotherms

The adsorption of Pb(Il) onto Mn-diatomite was
examined under the following conditions: varying initial
Pb(II) concentrations (75, 100, 150, 200, 300, and 500 mg/L),
pH of 5, Mn-diatomite dose of 1 g/L, and temperature of
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Fig. 15. Effect of initial concentration on Pb(II) removal.



L. Ma et al. / Desalination and Water Treatment 135 (2018) 198-209 205

25°C. The results were applied successively to the Langmuir
and Freundlich adsorption models [19].

The Mn-diatomite adsorptionisotherm curve at different
temperatures exhibits an “L” form [20]. Fig. 16 shows that
the adsorption of Pb(II) on Mn-diatomite increased with
increasing initial Pb(II) concentrations. Further increases
in temperature lead to increased adsorption of Pb(II),
indicating that the adsorption process is endothermic.

The experimental data were applied successively to
the Langmuir and Freundlich adsorption models by the

C 1 C
equations —=-—+— and logg, =logK; +llogCe [19],
n

9. bQ Q
where Q is the mono layer capacity (mg/g), b is the
equilibrium constant (L/mg), and K, (mg/g) and n are the
Freundlich constants related to adsorption capacity and
adsorption intensity, respectively.

The separation factor could be obtained from the

_r
1+bC,

favorable adsorption, R, > 1 indicates unfavorable
adsorption, R, = 1 indicates linear adsorption,
and R, = 0 indicates irreversible adsorption [21].

Fig. 17 shows the Langmuir plot of C, versus C /g, The
Freundlich plot of log C, versus log g, is shown in Fig. 18.
The parameters of all adsorption isotherm models of Pb(II)
for Mn-diatomite at three working temperatures are listed
in Table 2.

Table 2 shows that compared with the Freundlich
isotherm, the Langmuir isotherm provided a better
correlation with the experimental data for the adsorption
of Pb(Il) ion onto Mn-diatomite. The Langmuir mono layer
adsorption capacity Q was large, with values between
138.9 and 166.7 mg/g for Mn-diatomite. The dimensionless
separation factors R, were 0.0256, 0.0292, and 0.0327 for
Mn-diatomite at 25, 35, and 45°C, respectively. The R,
values showed that Mn-diatomite was favorable for the
sorption of Pb(II) ion.

The n adsorption levels determined from the Freundlich
adsorption isotherm were 6.109, 6.285, and 7.508 for
Mn-diatomite at 25, 35, and 45°C, respectively. n = 1 indicates

following relation: R, , where 0 < R, < 1 indicates

180

q.(mg/g)

T T T T
0 50 100 150 200 250 300 350

C_(mg/L)

Fig. 16. Adsorption isotherms of Pb(II) on Mn-diatomite.
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Fig. 17. Langmuir model of adsorption isotherm of Pb(II) on
Mn-diatomite.
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Fig. 18. Freundlich model of adsorption isotherm of Pb(II) on
Mn-diatomite.

linear adsorption and equal adsorption energies for all sites.
Values of 1 between 1 and 10 indicate good adsorption [22],
whereas 1 < 1 indicates decreased marginal adsorption energy
with increasing surface concentration [23]. The calculated n
values indicated that the adsorption processes were favorable.

3.2.5. Adsorption kinetics

Adsorption kinetics show the rate of adsorption
on an adsorbent and determines the equilibrium time.
The effect of reaction time on the adsorption of Pb(II)
onto the Mn-diatomite samples is shown in Fig. 19. The
measurements were obtained over a period of 2 to 120 min.
In all cases, a contact time of 30 min was sufficient to
ensure adsorption equilibrium. Rapid removal of Pb(II)
by adsorption on Mn-diatomite was observed during the
initial period of contact before 25 min. As contact time
increased, the removal became slower and more stagnant.
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Table 2
Parameters of Langmuir and Freundlich equations for Mn-diatomite
Temperature (°C) Langmuir Freundlich
Q (mg/g) B(L/g) R, R, K.(mg/g) n R,
25°C 166.7 0438 0.0256 0.9996 754 6.109 09515
35°C 140.8 0.383 0.0292 0.9993 71.1 6.285 09154
45°C 1389 0.341 0.0327 0.9902 60.6 7.508 09151
3.5
3.04
257
o
o) 2.04
=
"?_‘3- 1.5+
o 10]
=
0.5+
0.0+
0 20 40 60 80 100 120 : ‘ ‘ ‘ ; ‘ : ‘ ‘ J
t(min) 0 10 20 30 40 50 60 70 80 90 100

Fig. 19. Effect of reaction time on Pb(II) adsorption onto Mn-di-
atomite.

Pb(Il) was transported rapidly to the external surface of
the Mn-diatomite particles by film diffusion because of the
higher concentration gradient during the initial period [24],
resulting in a higher adsorption rate. The slow adsorption
rate during the late stage was attributed to the slow diffusion
of solute into the interior of the adsorbent [25].

The experimental data were fitted to pseudo-first-
order and pseudo-second-order models for Mn-diatomite

according to In(gq, - q) = Ing, - K/t and 22 1 t

kal 4.

respectively, wherek, is the pseudo-first-order rate constant
(min™), and k, is the pseudo-second-order rate constant (g/
(mg-min)). Initial Pb(II) concentrations of 100 mg/L at 25,
35, and 45°C were used in the calculations. The linear plot
of In (q,— g,) against t according to the pseudo-first-order
model is shown in Fig. 20. k, and g, can be derived from
the slope and the intercept of the plot. Fig. 21 shows the
variation of t/4q, against t according to the pseudo-second-
order model. The rate constants g, and k, can be derived
from the slope and the intercept. The kinetic parameters for
all experimental data as determined by the pseudo-first-
order and pseudo-second-order models arelisted in Table 3.

Table 3 shows that the g, values calculated from the
pseudo-first-order model do not match the g, experimental
results. The R, values ranged from 0.8304 to 0.9344. Similarities
between the g, values obtained by experiments and calculation
were observed from the pseudo-second-order model, where
the R, values ranged from 0.9991 and 0.9998. The mechanism
of Pb(Il) adsorption onto Mn-diatomite can be explained by
pseudo-second-order reaction kinetics. Consequently, all

7

t(min)

Fig. 20. Pseudo-first-order adsorption kinetics of Pb(II) onto
Mn-diatomite.

t/q‘(min.g.mg‘1)

0 20 40 60 80 100 120
t(min)

Fig. 21. Pseudo-second-order adsorption kinetics of Pb(II) onto
Mn-diatomite.

kinetic data from this study were analyzed using this model
to estimate the adsorption capacity, rate constant, and initial
adsorption rate obtained from Mn-diatomite.

3.2.6. Analysis of adsorption thermodynamics

Thermodynamic parameters provide additional detail
regarding the inherent energetic changes that occur during
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Table 3
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Parameters of pseudo-first-order and pseudo-second-order kinetic models for Mn-diatomite

Temperature Pseudo-first-order kinetic model Pseudo-second-order kinetic model

O q,(mg/g) k,(x10°min) R, q,(mg/g) k, (x10-*g-mg-min) R,
25°C 22.284 84.82 0.8304 96.862 47.63 0.9996
35°C 32.871 83.34 0.8606 90.580 60.03 0.9991
45°C 25.071 4213 0.9344 81.673 8.33 0.9998

adsorption [26]. The important thermodynamic parameters
are the standard enthalpy change (AH®), the standard entropy
change (AS°), and the Gibbs free energy change (°G), which
are calculated using equations (3), (4), and (5), respectively:

9.

K, =1

i~ ©

K, =85 AH @
R RT

AG’ = AH’ —TAS’ (5)

Here, K, is the thermodynamic equilibrium constant
(mL/g), T is the temperature (K), and R is the gas constant
(8.314 ]/ (mol-K)). The thermodynamic parameters obtained
from the above equations are listed in Table 4.

The results clearly show the spontaneous and
thermodynamically favorable adsorption of Pb(II), based
on the negative value of the Gibbs free energy change (AG®)
[27]. With increasing initial concentration and temperature,
the value of AG°® increases, which indicates that the
adsorption effect is better at lower initial concentrations
and temperatures [28]. The negative value of AH® confirms
the exothermic nature of sorption, and the absolute value of
AH?®, less than 40 kJ/mol, indicates that the mechanism of
adsorption is physical adsorption. The negative values of
AS° indicate the decreasing randomness at the adsorbent-
adsorbate interface during the adsorption [28].

3.2.7. Reusability

Ten cycles of adsorption-desorption of Pb(II) onto the
Mn-diatomite were performed at an initial Pb concentration
of 200 mg L™ and 25°C. The results are shown in Fig. 22.

The desorption of Pb(Il) from Mn-diatomite was
achieved by treatment with 0.5 M HCIL. The desorption
time was fixed at 40 min for each cycle. The adsorption

Table 4
Thermodynamic parameters for Pb(II) adsorption onto Mn-
diatomite

C, AH® AS° AG® (KJ/mol)

(mg/L)  (k/mol) J/molK)) 298k 308K 318K
150 3866 5293 2289 2236  -21.83
200 2958  -3055 2047 2017  -19.86
300 1883 282 1799 1796  -1794

qe(mg/g)

1 2 3 4 5 6 7 8 9 10
Number of cycles

Fig. 22. Ten cycles of Pb adsorption—desorption with 0.5 M HCL

capacity of Pb(I) onto the Mn-diatomite decreased from
162.3 mg g™ in the first cycle to 149.7 mg/g in the tenth
cycle. This showed that the Mn-diatomite could be reused
with very little loss in the adsorption performance.

3.2.8. Comparison of Mn-diatomite with other adsorbents

Table 5 compares the maximum adsorption capacity of
Mn-diatomite with other adsorbents reported in the literature.
The maximum adsorption capacity of Pb(Il) onto the
Mn-diatomite was higher than those of all of these previously
reported adsorbents; therefore, Mn-diatomite has significant
potential for adsorption of Pb(Il) from aqueous systems.

3.2.9. Treatment of electrolytic Zn rinse wastewater

Zn electrolysis production produces lots of rinse
wastewater that contains Zn, Pb, Cd, As, and other heavy
metal ions; the emission of this wastewater is harmful to the
environment and to public health. The electrolytic Zn rinse
wastewater used in this experiment was collected from
Guangxi Jinshan Indium and Germanium Metallurgical
Chemical Co., Ltd. The main constituents are shown in
Table 6.

The effect of Mn-diatomite on the adsorption of real
wastewater was examined under the following conditions:
adsorbent dosage of 5 g/L, pH of 5.46, time of 90 min, and
temperature of 25°C. The removal rates of Pb(II), Cd(II),
and Zn(II) were 98.84%, 54.75%, and 28.70%, respectively.
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Table 5
Pb(II) sorption capacities (mg/g) for Mn-diatomite and other
adsorbents in the literature

Adsorbent Adsorption capacity ~ References
of Pb(Il) (mg/g)

Nano-scale zero valent  50.31 [29]

iron (nZVI)

Magnetic biochar 27 [30]

(MBC)

Manganoxide minerals 98 [31]

Carbon nanotube sheet 117.64 [32]

Mesoporous activated ~ 20.3 [33]

carbon

PAC A 112 [34]

Acid-B-SBA-K 135.54 [35]

Mn-diatomite 166.7 This study

Table 6
Main constituents of electrolytic Zn rinse wastewater (mg/L)
Zn 483.62
Cu 0.73
Cd 7.59
Pb 2.60
As 2.00
pH 5.46

The concentrations of Pb(Il), Cu(ll), and As(V) after
adsorption were 0.03, 0.01, and 0.09 mg/L, which satisfy the
requirements of Pb and Zn Industrial Pollutant Discharge
Standards (GB25466-2010).

4. Conclusions

The characterizations of diatomite and Mn-diatomite
demonstrated that MnO, had been successfully grafted
onto the surface of diatomite after modification. The
modification also produced an eight-fold increase in the
adsorbent’s specific surface area. The Pb sorption capacity
of diatomite was improved after modification. This
improvement in diatomite performance was attributed to
increased surface area, as well as the grafted MnO, on the
diatomite surface.

The adsorbent dose, pH, and initial Pb concentration
effected the sorption capacity. The removal rate of Pb(II)
increased with increasing adsorbent doses from 0.1 to
5 g/L. However, the adsorption capacity exhibited the
opposite behavior. The removal rate of Pb(II) increased with
increasing pH from 2.5 to 5. Thus, the solution pH of 5 and
adsorbent dose of 1 g/L were selected as optimum values
for further experiments. The adsorption capacities of Pb(II)
increased with increasing initial Pb(II) concentrations.

The removal processes followed the Langmuir isotherm
model and pseudo-second-order kinetics model. The
adsorption process was spontaneous and endothermic. The

present study showed that Mn-diatomite can be used as a
readily available adsorbent for Pb removal from aqueous
solution.
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