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In this study, the cation exchange capacity (CEC); phosphate immobilization capacity (PIC); and chemical, mineralogical, and
morphological characteristics of the synthesized electrolytic manganese residue (EMR) based zeolite (EMRZ) were systematically
investigated during the synthesis process. By varying synthesis conditions, different zeolites with different purity were generated,
and it was proven that a lower Si/Al ratio, relatively higher temperature, and relatively longer time favored the synthesis of zeolite.
Besides, the decrease in Si/Al ratio and variation within a narrow range contributed to the forming of Al rich zeolite. Meanwhile,
the discrepancy of CEC and PIC of EMRZ contributed to the case in which various elements in EMRZ do have an impact on CEC
(Na2O element and type of zeolite) and PIC (calcium and iron components). Moreover, the synthesis conditions were optimized
and evaluated in terms of their CEC, specific surface area (SSA), and crystallinity. According to the analyses using XRD, FE-SEM,
and XRF and the SSA analysis, the EMRZ (mainly zeolite A, LTA) synthesized under the optimum conditions (initial Si/Al ratio of
1.5, at 100°C, for 1.5 h) was found to be mainly composed of highly ordered cubic zeolites A crystals with a Si/Al ratio of 1.02 and a
CEC of 3.45meq/g.

1. Introduction

By 2012, China’s electrolytic manganese production capacity
has exceeded 2.11 million tons per year, which takes up 98%
of global annual output. Electrolytic manganese residue
(EMR) is a by-product derived from the production of
electrolytic manganese metal (EMM) in the electrolytic
manganese industry [1, 2]. With generation of every ton of
EMM, roughly 10∼12 tons of EMR is being released into the
environment, which is a common practice in the EMM
industry nowadays. Since there are toxic and hazardous
materials in EMR, it is crucial that EMR is properly treated.
At the moment, the reality in China is that nearly all EMRs
are being dumped into a close-by landfill untreated after
being generated in the plant. With ceaseless migration of
pollutants in EMR, severe environmental pollution, such as
soil contamination and river or groundwater pollution, is
induced as a result [3–5]. Moreover, as a result of ever-

increasing expense for continuing maintenance and newly
established disposal sites, the financial burden for EMM
manufacturers to process extensive amount of EMR from
large-scale industrial activities becomes a growing one. In
order to meet environmental protection, as well as to achieve
sustainable development, it is a pressing necessity to study
novel and state-of-the-art recycling techniques which fa-
cilitate EMR exploitation.

(rough the recent studies, it came to our research
group’s knowledge that Si and Al in EMR can be used for the
synthesis of EMRZ (EMR based zeolite). Owing to their large
specific surface area (SSA) and cation exchange capacity
(CEC), zeolites are well accepted as useful adsorption ma-
terials. As a result, the study of contaminant removal by
zeolites has been carried out widely in all types of zeolites
including natural zeolite, commercial zeolite, and chemically
synthesized zeolite [6–10]. Removing pollutants in waste-
water using EMRZ not only serves as an effective means to
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lower cost, but also, more importantly, achieves the purpose
of fulfilling the requirement of green economy.

Generally, zeolite with lower Si/Al ratio shows higher
CEC and adsorption capacity due to the presence of ex-
changeable cations. (erefore, the targeted type of frame-
work/structure of zeolite is zeolite A (LTA), which inherently
possesses lower Si/Al ratio and higher cation exchange ability.
Although our previous studies revealed that EMRZ can be
successfully prepared from EMR, the influence of synthesis
conditions on the formation process and properties of EMRZ
has not been clearly defined. (e objective of the existing
study was to understand the synthesis process and to lay out
more information on improving the quality of EMRZ with
regard to contaminant removal. To better understand the
influence of synthesis conditions, the factors of the miner-
alogical composition, chemical composition, CEC (cation
exchange capacity), PIC (phosphate immobilization capac-
ity), and morphology in the conversion of EMR to EMRZ
under different synthesis conditions were investigated.

2. Experimental Section

2.1. Materials. (e EMR tested in this study was gathered
from Xinxing Metallurgical Chemical Co., Ltd., located in
western Hunan, China. (e major chemical composition of
the EMR used in this study is listed in Table 1. All the re-
agents used in this study were AR grade chemicals and were
used without further purification.

2.2. Zeolite Synthesis. Before synthesis of EMRZ, the EMR
was first activated and fully dissolved by 1.5mol/L H2SO4
aqueous solution at 80°C for 2 h. (en, the leaching residue
of EMR (LR-EMR) was collected by filtration and used as
raw material for zeolite synthesis so as to fully utilize
chemical components of EMR.

Based on a previous relevant study [11], our research
team here acquired the fusion method involving alkaline
fusion followed by hydrothermal treatment. During the
reaction process, various amounts of sodium aluminate
(NaAlO2) were added to the reaction system to change the
initial Si/Al ratio. (e final steps of the process were to
collect solid phase after filtration, wash it repeatedly with
distilled water, and dry it at 100°C. Moreover, the zeolite
conversion was studied as a function of initial Si/Al ratio
(1.5∼3.0), reaction temperature (40∼100°C), and reaction
time (0.5∼2.0 h) in this study aiming to figure out the impact
of the experimental parameters on EMRZ synthesis process.

2.3. Characterization. (e X-ray (powder) diffraction (XRD)
patterns of different samples were obtained using a D8
Discover X-ray diffractometer (D8 Discover, Bruker, Ger-
many). (e chemical analysis of the samples was conducted
using an XRF spectroscopy (Axios, PANalytical, Holland).
(e morphological structure of the synthesized zeolitic ma-
terials was obtained using field emission scanning electron
microscopy (FE-SEM) (Mira3, TESCAN, Czech Republic).
(e specific surface area (SSA) was obtained via BETequation
by N2 adsorption method on ASAP2020 (Micromeritics,

USA). Cation exchange capacity (CEC) of EMRZ was eval-
uated based on the study of Zhang et al. [12] and the CECs
were thus determined and represented as meq per gram of
solids. (e PIC value was determined according to the study
of Wu et al. [13] and denoted as milligram per gram of solids.

3. Results and Discussion

3.1. Effect of Synthesis Conditions on EMRZ Mineralogical
Composition. (e changes of mineralogical composition of
the EMRZ synthesized from EMR under various experi-
mental conditions are summarized in Figures 1–3. Figure 1
shows the XRD patterns of EMRZ synthesized under various
Si/Al ratios within a range from 1.5 to 3.0, together with LR-
EMR. (e XRD pattern of EMRZ shows some spiky dif-
fraction peaks, which are inconsistent with those in LR-
EMR.(e several crystalline phases of quartz and muscovite
were notable in the LR-EMR, while the original crystalline
phases of LR-EMR were decomposed in the zeolitization
process (see Figure 1). (is is due to the fact that quartz and
muscovite in the LR-EMR were transformed to amorphous
alum inosilicates in the fusion process at 600°C. However,
the resulting alum inosilicates are unstable in the hydro-
thermal environment and therefore contribute to the gen-
eration of zeolite crystals. Moreover, the synthesis products
obtained under various initial Si/Al ratios in the reaction
mixture contained both zeolite A and zeolite P in all tests, as
indicated by XRD patterns (see Figure 1). (e statistics in
Figure 1 further points out that the crystal growth of zeolite
A was intensified when initial Si/Al ratio decreased from 3.0
to 1.5. Comparable conclusions were drawn by several other
authors regarding the formation of zeolite A at lower initial
Si/Al ratio [14, 15]. Considering possible future uses in terms
of contaminant removal, the three-dimensional parallel
channel structure of zeolite A makes a high ion exchange
capacity possible, and it is thus widely used in contaminant
separation or collection processes [16, 17].

(e synthesis temperature is a very key factor in de-
termining structure of zeolite, and the results in Figure 2
show that the reaction temperature had a remarkable impact
on the kind of zeolite and the crystallinity of zeolite. From
Figure 2, at a relatively low hydrothermal temperature of
40°C, carnegieite is the main phase, while zeolite A forms at a
relatively higher reaction temperature of 100°C. (e char-
acterization results disclose that, at the tested synthesis
condition, zeolite A is stronger at higher reaction temper-
atures, and the formation of zeolite A was in terms of the
dissolution of silicon. As seen from Figure 2, quartz in the
reaction mixture would only be fully dissolved when the
reaction temperature was above 90°C. (us, it seems that, at
reaction temperatures lower than 90°C, Si/Al ratio is low
enough in the reaction system to facilitate the generation of
zeolite A.(at is to say, a higher temperature facilitates the Si
ingredient getting dissolved from the LR-EMR and the
crystallization of zeolite phase [13, 16].

Another parameter which can greatly affect the synthesis
of zeolite is the reaction time.(e impact of reaction time on
the kind of the synthesized samples was investigated from
0.5 h to 2.0 h, and the results are presented in Figure 3. (e
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figure shows that quartz, zeolite Na-ZK-4, and andalusite
were synthesized at the reaction time of 0.5 h, whereas the
Na-ZK-4 type zeolite and andalusite both disappear after
0.75 h treatment revealing a metastable behavior [16].
Meanwhile, when reaction time increases further to 0.75 h,
quartz still can be detected while formation of zeolite A is
insignificant. From the figure, it was also obvious that the
crystallinity of the prepared EMRZ increased moderately
with the increase in reaction time up to 1.5 h and zeolite A is
the dominant phase; then no further development in the

crystal growth was seen after 1.5 h. (is observation is also
consistent with the conclusion of Ojha et al. [18], because
there is an incubation period for the nucleation of zeolites
during zeolite synthesis. After nucleation process, zeoliti-
zation increases only slightly over time.

3.2. Effect of Synthesis Conditions on the Chemical Compo-
sition of EMRZ. Table 2 shows a summary of chemical
composition of LR-EMR and synthetic EMRZ under
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Figure 1: XRD patterns of the synthesized zeolites under various initial Si/Al ratios: (a) 1.5; (b) 2.0; (c) 2.5; (d) 3.0; LR-EMR (synthesis
conditions: reaction temperature, 100°C; reaction time, 1.0 h).

Table 1: Major chemical composition in EMR.

Constituent Na2O SiO2 Al2O3 MgO K2O CaO MnO Fe2O3 TiO2

Mass (wt%) 2.7 24.6 12.2 1.7 2.4 8.6 4.6 7.9 0.4

(e)

(d)

(c)

(b)

(a)

In
te

ns
ity

 (a
.u

.)

Carnegieite
Quartz
Chabazite

20 30 40 50 60 70 80 9010
2θ (degree)

Sodalite

Zeolite P
Zeolite A

Figure 2: XRD patterns of the synthesized zeolites under various reaction temperatures: (a) 100°C; (b) 90°C; (c) 80°C; (d) 60°C; (e) 40°C
(synthesis conditions: initial Si/Al ratio, 1.5; reaction time, 1.0 h).
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different experimental conditions. From Table 2, the data
reveals that the LR-EMR with Si/Al � 3.60 was reduced to
1.01∼1.36 by increasing of the Al2O3 content from 15.8% to
24.8∼29.5% in the final product. Moreover, the change of
Si/Al ratio in the EMRZ samples is not in proportion to the
applied change of Si/Al ratio in the reaction mixture. As we
all known, during the process of zeolite synthesis, Al acts as
the controlling substance, and the consumption rate of Al is
much higher than that of Si in the reaction [19]. (erefore,
the drop in the Si/Al ratio after the synthesis process was
generally caused by the loss of dissolved Si during the
synthesis process. As to why the dissolved Si is lost, the
reasonable explanation would be the formation of Al rich
zeolite (mainly zeolite A), and the generation of zeolite A
would cause excessive soluble Si when compared with
dissolved Al. Instead of being consumed in the zeolite

formation, the extra soluble silicates got lost. (at is to say,
an excess amount of water-soluble silicates ions did not
take part in EMRZ formation (mainly zeolite A, LTA),
while almost all of the Al was depleted during the synthesis
of EMRZ. As for the Mg2+, Fen+, and Ca2+ (n� 2 or 3), it is
believed that those cations in the solution can be incor-
porated into the interlayer or aggregated species on the
crystallite surface during the zeolitization process. Due to
the mechanisms of zeolite growth, the amounts of Mg2+,
Fen+, and Ca2+ (n � 2 or 3) incorporated into the zeolite are
very sensitive to the synthesis conditions. Namely, the
amounts of Mg2+, Fen+, and Ca2+ (n� 2 or 3) incorporated
into the zeolite are different under various synthesis
conditions, thus causing significant differences in molar
ratio of components in the as-synthesized zeolites. As no
detectable peaks attributable to Fe, Mg, and Ca compounds
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Figure 3: XRD patterns of the synthesized zeolites under various reaction periods (synthesis conditions: initial Si/Al ratio, 1.5; reaction
temperature, 100°C).

Table 2: Chemical composition analysis of the synthesized EMRZ under different conditions.

No Reaction temperature (°C) Reaction time (h) Initial Si/Al ratio
Chemical composition (wt%) Si/Al ratio

(final product)SiO2 Al2O3 Na2O Fe2O3 MgO CaO
1 LR-EMR 66.4 15.8 0.10 1.1 0.7 0.2 3.60
2 100 1.0 1.5 35.1 29.5 18.7 1.26 0.24 0.62 1.01
3 100 1.0 2.0 35.4 27.5 16.8 0.92 0.27 0.55 1.09
4 100 1.0 2.5 35.5 25.7 15.1 0.87 0.34 0.47 1.17
5 100 1.0 3.0 36.5 24.8 14.3 0.95 0.39 0.36 1.25
6 40 1.0 1.5 42.9 26.8 6.2 0.96 0.52 0.27 1.36
7 60 1.0 1.5 37.1 25.4 12.2 0.90 0.34 0.30 1.24
8 80 1.0 1.5 37.8 27.0 15.2 0.82 0.40 0.39 1.19
9 90 1.0 1.5 36.6 27.8 17.4 0.85 0.38 0.46 1.12
10 100 1.0 1.5 35.1 29.5 18.7 1.26 0.24 0.62 1.01
11 100 0.5 1.5 40.7 26.2 6.9 1.59 0.40 0.38 1.32
12 100 0.75 1.5 37.7 27.9 9.6 0.85 0.35 0.54 1.15
13 100 1.0 1.5 35.1 29.5 18.7 1.26 0.24 0.62 1.01
14 100 1.5 1.5 35.1 28.9 19.8 1.08 0.34 0.69 1.02
15 100 2.0 1.5 35.1 29.0 20.7 0.98 0.38 0.76 1.01
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were observed in the XRD patterns, it is speculated that the
minor metal ions such as Fe, Mg, and Ca are likely to be
uniformly incorporated within the structure without
forming any crystalline phases. On the other hand, the
remarkable increase of Na2O content in the as-obtained
EMRZ was also observed in Table 2. (e rise in Na2O
content in EMRZ during the use of NaOH in the synthesis
process can be explained by the initial saturation of the
EMRZ samples by Na+ [20]. (e remarkable changes in
Na2O content before and after the synthesis process can be
also considered as another evidence of successful prepa-
ration of EMRZ from EMR.

3.3. Effect of Synthesis Conditions on the CEC of EMRZ.
(e CEC value was analyzed by the ammonium acetate
method to evaluate the ion exchange capability of the
synthesized EMRZ, and the outcomes are illustrated in
Figure 4. From Figure 4, the CEC of the synthesized EMRZ
is much greater than that of LR-EMR (0.015meq/g).
Besides, within the initial Si/Al ratio used, the CEC value
of EMRZ enhanced with the increase of initial Si/Al ratio
(Figure 4(a)). (e reason for this is that raising the initial
Si/Al ratio facilitated the transformation of synthesized
product from zeolite A to zeolite P (see Figure 1). In
addition, the CEC value of zeolite P tested by the am-
monium acetate method is lower than that of zeolite
A. Meanwhile, the reaction temperature also notably
influenced the CEC value of EMRZ. (e CEC value in-
creased by a considerable amount along with the increase
of reaction temperature. (e increase of CEC along with
reaction temperature is clearly due to the enhancement of
zeolite formation (see Figure 2). (at is to say, higher
reaction temperature is instrumental in promoting the
level of zeolitization and, as a result, a higher capacity to
exchange cations. As for the reaction time, the CEC value
of EMRZ increased rapidly within the first 1.5 h and then
remained stable. (e prolonged reaction time leading to
the increase in CEC can be explained by both the increase
in zeolite content and the phase change from quartz and
andalusite to high CEC zeolite A (see Figure 3). Table 3
also shows the comparison of CEC value of prepared
zeolite and other related zeolites in literature [12, 21–24].
(e CEC of the final zeolite product that we determined in
this work (i.e., 3.45meq/g) is much higher than the related
zeolites mentioned in the literature. (is is an indicator
that the EMRZ is a suitable cation exchange material in
multiple applications such as water softener and con-
taminant adsorption.

3.4. PIC of EMRZ Prepared under Different Conditions.
As reported in the literature, both CEC value and PIC
value in zeolite prepared from fly ash turned out to be
high. In this study, the PIC of the EMRZ also proved to be
suitable for the removal of contaminant in the wastewater,
especially for phosphate.(e PIC of the EMRZ obtained at
different initial Si/Al ratios is displayed in Figure 5. It can
be seen that as initial Si/Al ratio increased, the PIC value
dropped quickly. As also shown in Figure 5, the changes of

SSA (specific surface area) with initial Si/Al ratio and PIC
shared a quite similar model. (e reason can be attributed
to the fact that the SSA of EMRZ correlates significantly
with PIC, and higher initial Si/Al ratio results in formation
of zeolite P which might reduce the specific surface area of
EMRZ in comparison with formation of zeolite
A. Although, the zeolitization process caused a great in-
crease in SSA over the starting material (the SSA of LR-
EMR was only 0.28m2·g−1.), the values of SSA of EMRZ
were relatively lower than those of other artificial zeolites
mentioned in the literature according to expectation. And
the relatively lower SSA of the as-synthesized EMRZ
compared with the commercial or traditional zeolite was
due to the following reasons. On the one hand, the
crystallinity of the EMRZ was lower than those of com-
mercial or traditional zeolite reported in the literature. On
the other hand, Mg2+, Fen+, and Ca2+ (n � 2 or 3) cations in
the solution can be incorporated into the interlayer or
aggregated species on the crystallite surface during the
zeolitization process (see Table 2). In addition, those
cations led to a lower surface area than alkali metals (K,
Na) did. Moreover, Figure 6 shows the N2 adsorption-
desorption isotherms and pore size distribution of EMRZ
synthesized under reaction temperature of 100°C, reaction
time of 1.5 h, and initial Si/Al ratio of 1.5. (e N2 ad-
sorption-desorption isotherm of EMRZ shows an obvious
hysteresis loop in the range of P/P0 > 0.4 (see Figure 6(a)),
reflecting the intra- and intercrystalline mesoporosity.
Meanwhile, a gradual increase in the range of P/P0 > 0.8
corresponds to the presence of macroporous structure in
EMRZ. And the pore size distributions calculated using
the BJH adsorption data (see Figure 6(b)) again confirm
that EMRZ has both mesoporous and macroporous size
pores with average pore diameter of ca. 10∼80 nm. And the
existence of macroporous structure in EMRZ can also lead
to the relatively lower SSA of the as-synthesized EMRZ.
(e low PIC of EMRZ was attributed to the fact that the
total consumption of iron and calcium for synthesized
EMRZ was low and the immobilization of phosphate by
synthesized zeolite was mainly due to calcium and iron
components [25, 26]. Since the PIC of EMRZ can be
further enhanced by saturation with Ca2+ solution, EMRZ
was modified through a previous Ca2+ and Fe3+ solution
treatment [26]; thus it is possible that it can serve as a
favorable material for removing both ammonium and
phosphate in wastewater.

3.5. Effect of Synthesis Conditions on the Morphology of
EMRZ. In this study, FE-SEM was used to observe the
morphology and particle size of EMRZ synthesized under
various initial ratios of Si/Al (Figure 7). Different crys-
talline shapes of synthesized EMRZ are caused by different
types of zeolites. As demonstrated in the literature, typical
shapes of synthesized zeolite are cubic and round, which
matches zeolite A and zeolite P, respectively [27–29]. At
initial Si/Al ratio of 1.5, zeolite A in its well-developed
cubic shape as well as zeolite P in the shape of round
crystals with a small amount of was presented (see
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Figure 4: Effects of initial Si/Al ratio on the CEC of the synthesized EMRZ (synthesis conditions: (a) reaction temperature, 100°C; reaction
time, 1 h; (b) initial Si/Al ratio, 1.5; reaction time, 1 h; (c) initial Si/Al ratio, 1.5; reaction temperature, 100°C).

Table 3: Comparison of CEC value of the as-synthesized EMRZ and related typical zeolites.

Sample CEC (meq/g) Reference
EMRZa 3.45 (is work
Zeolite X 2.79 [12]
Zeolite A (Na) 0.87∼1.05 [21]
Na-P1 0.99∼1.31 [22]
Natural Turkish clinoptilolite 0.95∼1.40 [23]
Natural Chinese (Chende) zeolite 0.82 [24]
aEMRZ obtained in this work under the following synthesis conditions: reaction temperature, 100°C; reaction time, 1.5 h; initial Si/Al ratio, 1.5.
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Figure 7(a)). Besides, the particle size of this zeolite is
around 1 μm. With the initial ratio of Si/Al being raised to
2.0, zeolite A cubes grew at the cost of these plates leaving
some zeolite P coexisting with larger-sized well-formed
zeolite A crystals (see Figure 7(b)). Additionally, the
sample with initial Si/Al ratio of 2.5 has a morphology
similar to the one with initial Si/Al ratio of 3.0 with the
characteristic cube of zeolite A and round shape of zeolite
P. Moreover, in the EMRZ synthesized at initial Si/Al ratio
of 2.5 or 3.0, more round particles of zeolite P with a size
of around 2 μm were generated in addition to the cubic

particles (see Figures 7(c) and 7(d)), which once again was
corroborated by the XRD data in Figure 1. (ese results
also suggest that there is a sort of competition in zeolite P
and zeolite A during the EMRZ synthesis that seems to be
regulated by initial Si/Al ratio adopted in the experimental
conditions. On top of that, it is worth noticing that no
aggregates were observed in the SEM pictures, which can
guarantee the higher dispersion of EMRZ with tiny pores.
A large number of tiny pores which may exist inside the
pellets help increase the specific surface area, which has
been confirmed by SSA measurements.
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4. Conclusion

EMRZ (mainly zeolite A, LTA), which can be used to treat
polluted water for purification, was successfully produced. (e
CEC; PIC; and chemical, mineralogical, and morphological
characteristics of the synthesized EMRZ were systematically
investigated under various experimental conditions. (e result
proves that the experimental parameters including initial Si/Al
ratio, reaction temperature, and reaction time are crucial for
the type and chemical composition of zeolite generated.
Depending on the experimental conditions, zeolite A (LTA)
begins to form initially during hydrothermal treatment of fused
LR-EMR, which can be transferred to zeolite P. Because of the
formation of Al rich zeolite, the synthesis process caused de-
crease in Si/Al ratio and rise of Na2O content in the EMRZ
samples. It was noticed that CEC, PIC, and SSA of the syn-
thesized EMRZ were improved with respect to the original LR-
EMR. In addition, the discrepancy of CEC and PIC of EMRZ
supports the fact that various controlling factors/components
in EMRZ are accountable for CEC (Na2O content and type of
zeolite) and PIC (calcium and iron components). In terms of
CEC, SSA, and crystallinity, the optimal synthesis conditions

for EMRZ were an initial Si/Al ratio of 1.5, a reaction tem-
perature of 100°C, and a reaction time of 1.5 h, respectively.(e
EMRZ synthesized under the optimum conditions was found
to be primarily composed of Na-A zeolite (LTA) with a Si/Al
ratio of 1.02 and a CEC of 3.45meq/g. (e present result is,
therefore, very much practical in opening the way to the use of
EMR to synthesize zeolite.

Data Availability

(e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

(e authors declare that they have no conflicts of interest
regarding the publication of this paper.

Acknowledgments

(e authors are thankful for the project funded by China
Postdoctoral Science Foundation (no. 2017M611799);
Jiangsu Provincial Basic Research Program (Natural Science

(a) (b)

(c) (d)

Figure 7: SEM pictures of EMRZ synthesized under various initial Si/Al ratios: (a) 1.5; (b) 2.0; (c) 2.5; (d) 3.0 (synthesis conditions: reaction
temperature, 100°C; reaction time, 1.0 h).

8 Journal of Chemistry



Foundation)—Youth Foundation Project (no. BK20190690);
Hunan Provincial Science and Technology Plan Project,
China (no. 2016TP1007); and Open Research Fund of
Hunan Provincial Key Laboratory of Efficient and Clean
Utilization of Manganese Resources (no. MN2018K02).

References

[1] K. Hagelstein, “Globally sustainable manganese metal pro-
duction and use,” Journal of Environmental Management,
vol. 90, no. 12, pp. 3736–3740, 2009.

[2] N. Duan, Z. Dan, F. Wang, C. Pan, C. Zhou, and L. Jiang,
“Electrolytic manganese metal industry experience based
China’s new model for cleaner production promotion,”
Journal of Cleaner Production, vol. 19, no. 17-18, pp. 2082–
2087, 2011.

[3] N. Duan, W. Fan, Z. Changbo, Z. Chunlei, and Y. Hongbing,
“Analysis of pollution materials generated from electrolytic
manganese industries in China,” Resources, Conservation and
Recycling, vol. 54, no. 8, pp. 506–511, 2010.

[4] C. Li, H. Zhong, S. Wang, and J. Xue, “Leaching behavior and
risk assessment of heavy metals in a landfill of electrolytic
manganese residue in Western Hunan, China,” Human and
Ecological Risk Assessment: An International Journal, vol. 20,
no. 5, pp. 1249–1263, 2014.

[5] N. Hu, J.-F. Zheng, D.-X. Ding et al., “Metal pollution in
Huayuan river in Hunan province in China by manganese
sulphate waste residue,” Bulletin of Environmental Contam-
ination and Toxicology, vol. 83, no. 4, pp. 583–590, 2009.

[6] J. Peric, M. Trgo, and N. V. Medvidovic, “Removal of zinc,
copper and lead by natural zeolite—a comparison of ad-
sorption isotherms,” Water Research, vol. 38, no. 7,
pp. 1893–1899, 2004.

[7] S. Wang and Y. Peng, “Natural zeolites as effective adsorbents
in water and wastewater treatment,” Chemical Engineering
Journal, vol. 156, no. 1, pp. 11–24, 2010.

[8] S. K. Pitcher, R. C. T. Slade, and N. I. Ward, “Heavy metal
removal frommotorway stormwater using zeolites,” Science of
the Total Environment, vol. 334-335, pp. 161–166, 2004.

[9] J. Behin, S. S. Bukhari, V. Dehnavi, H. Kazemian, and
S. Rohani, “Using coal fly ash and wastewater for microwave
synthesis of LTA zeolite,” Chemical Engineering & Technology,
vol. 37, no. 9, pp. 1532–1540, 2014.

[10] T. Aldahri, J. Behin, H. Kazemian, and S. Rohani, “Effect of
microwave irradiation on crystal growth of zeolitized coal fly
ash with different solid/liquid ratios,” Advanced Powder
Technology, vol. 28, no. 11, pp. 2865–2874, 2017.

[11] C. Li, H. Zhong, S. Wang, J. Xue, and Z. Zhang, “Removal of
basic dye (methylene blue) from aqueous solution using ze-
olite synthesized from electrolytic manganese residue,”
Journal of Industrial and Engineering Chemistry, vol. 23,
pp. 344–352, 2015.

[12] M. Zhang, H. Zhang, D. Xu et al., “Ammonium removal from
aqueous solution by zeolites synthesized from low-calcium
and high-calcium fly ashes,” Desalination, vol. 277, no. 1–3,
pp. 46–53, 2011.

[13] D. Wu, Y. Sui, X. Chen, S. He, X. Wang, and H. Kong,
“Changes of mineralogical-chemical composition, cation
exchange capacity, and phosphate immobilization capacity
during the hydrothermal conversion process of coal fly ash
into zeolite,” Fuel, vol. 87, no. 10-11, pp. 2194–2200, 2008.

[14] H. Tanaka and A. Fujii, “Effect of stirring on the dissolution of
coal fly ash and synthesis of pure-form Na-A and -X zeolites

by two-step process,” Advanced Powder Technology, vol. 20,
no. 5, pp. 473–479, 2009.

[15] F. Fotovat, H. Kazemian, andM. Kazemeini, “Synthesis of Na-
A and faujasitic zeolites from high silicon fly ash,” Materials
Research Bulletin, vol. 44, no. 4, pp. 913–917, 2009.

[16] C. Belviso, F. Cavalcante, and S. Fiore, “Synthesis of zeolite
from Italian coal fly ash: differences in crystallization tem-
perature using seawater instead of distilled water,” Waste
Management, vol. 30, no. 5, pp. 839–847, 2010.

[17] M. Nascimento, P. S. M. Soares, and V. P. d. Souza, “Ad-
sorption of heavy metal cations using coal fly ash modified by
hydrothermal method,” Fuel, vol. 88, no. 9, pp. 1714–1719,
2009.

[18] K. Ojha, N. C. Pradhan, and A. N. Samanta, “Zeolite from fly
ash: synthesis and characterization,” Bulletin of Materials
Science, vol. 27, no. 6, pp. 555–564, 2004.

[19] R. Terzano, M. Spagnuolo, L. Medici, F. Tateo, and
P. Ruggiero, “Zeolite synthesis from pre-treated coal fly ash in
presence of soil as a tool for soil remediation,” Applied Clay
Science, vol. 29, no. 2, pp. 99–110, 2005.

[20] H. Kazemian, Z. Naghdali, T. Ghaffari Kashani, and
F. Farhadi, “Conversion of high silicon fly ash to Na-P1 ze-
olite: alkaline fusion followed by hydrothermal crystalliza-
tion,” Advanced Powder Technology, vol. 21, no. 3,
pp. 279–283, 2010.

[21] N. Koukouzas, C. Vasilatos, G. Itskos, I. Mitsis, and
A. Moutsatsou, “Removal of heavy metals from wastewater
using CFB-coal fly ash zeolitic materials,” Journal of Haz-
ardous Materials, vol. 173, no. 1–3, pp. 581–588, 2010.

[22] R. Juan, S. Hernández, J. M. Andrés, and C. Ruiz, “Ion ex-
change uptake of ammonium in wastewater from a sewage
treatment plant by zeolitic materials from fly ash,” Journal of
Hazardous Materials, vol. 161, no. 2-3, pp. 781–786, 2009.

[23] D. Karadag, Y. Koc, M. Turan, and B. Armagan, “Removal of
ammonium ion from aqueous solution using natural Turkish
clinoptilolite,” Journal of Hazardous Materials, vol. 136, no. 3,
pp. 604–609, 2006.

[24] H. Huang, X. Xiao, B. Yan, and L. Yang, “Ammonium re-
moval from aqueous solutions by using natural Chinese
(Chende) zeolite as adsorbent,” Journal of Hazardous Mate-
rials, vol. 175, no. 1–3, pp. 247–252, 2010.

[25] J. Chen, H. Kong, D. Wu, Z. Hu, Z. Wang, and Y. Wang,
“Removal of phosphate from aqueous solution by zeolite
synthesized from fly ash,” Journal of Colloid and Interface
Science, vol. 300, no. 2, pp. 491–497, 2006.

[26] D. Wu, B. Zhang, C. Li, Z. Zhang, and H. Kong, “Simulta-
neous removal of ammonium and phosphate by zeolite
synthesized from fly ash as influenced by salt treatment,”
Journal of Colloid and Interface Science, vol. 304, no. 2,
pp. 300–306, 2006.

[27] N. M. Musyoka, L. F. Petrik, E. Hums, H. Baser, and
W. Schwieger, “In situ ultrasonic monitoring of zeolite A
crystallization from coal fly ash,” Catalysis Today, vol. 190,
no. 1, pp. 38–46, 2012.

[28] A. A. Ismail, R. M. Mohamed, I. A. Ibrahim, G. Kini, and
B. Koopman, “Synthesis, optimization and characterization of
zeolite A and its ion-exchange properties,” Colloids and
Surfaces A: Physicochemical and Engineering Aspects, vol. 366,
no. 1–3, pp. 80–87, 2010.

[29] J. Behin, A. Shahryarifar, and H. Kazemian, “Ultrasound-
assisted synthesis of Cu and Cu/Ni nanoparticles on NaP
zeolite support as antibacterial agents,” Chemical Engineering
& Technology, vol. 39, no. 12, pp. 2389–2403, 2016.

Journal of Chemistry 9


