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A  novel  conversion  process  for  the
utilization of  EMR  was  first  proposed.
Effect  of Si/Al  ratio  on the EMRZ  syn-
thesis was  investigated.
EMRZ  showed  good  adsorption  prop-
erties for removal  of  Mn2+ and  Ni2+

ions.
The  adsorption  mechanism  and
kinetics  were  systematically  studied.
Ion  exchange  was  responsible  for
metal ions removal.
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a  b  s  t  r  a  c  t

The  zeolite  material  was  first synthesized  from  electrolytic  manganese  residue  (EMRZ),  by a  two-step
synthetic  procedure  using  NaOH  and  NaAlO2 within  a short  aging  period.  Based  on  the  detailed  analy-
ses  using  XRD,  FT-IR,  FE-SEM,  XRF,  CEC  and  BET  surface  area  measurement,  the  product  synthesized  at
Si/Al  ratio  =  1.5  was mainly  composed  of  Na-A  zeolite  with  a  specific  surface  area  of  35.38  m2 g−1. Then,
the  removal  characteristics  of  Mn2+ and Ni2+ ions  by EMRZ  were  investigated  under  various  operating
variables  like  contact  time,  solution  pH and  initial  metal  concentration.  The  adsorption  equilibrium  for
both  Mn2+ and  Ni2+ was  best described  by  the Langmuir  model,  confirming  the  applicability  of  monolayer
coverage  of  metal  ions  onto  EMRZ  particles.  The  maximum  sorption  capacities  for  Mn2+ and  Ni2+ shown

−1 −1 2+

eavy metal
emoval
inetics

by  EMRZ  were  66.93  mg g and  128.70  mg g , respectively.  It  was  also  found  that  adsorption  of  Mn
and  Ni2+ by  EMRZ  followed  second-order  kinetics  and  rate  constants  for  Mn2+ and  Ni2+ sorption  were
found  to  be  0.001091  and  0.005668  g  mg−1 min−1,  respectively  at 30 ◦C.  These  results  indicate  that  the
synthesized  EMRZ  is a promising  and  low-cost  adsorbent  for removing  heavy  metals  from  wastewater
due  to  higher  adsorption  capacity  than  other  adsorbents.
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1. Introduction
Rapid industrialization has led to increased disposal of heavy
metals into the environment, causing serious soil and water pollu-
tion [1]. Meanwhile, heavy metals are not biodegradable and tend
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o accumulate in living organisms causing various diseases and
isorders [2,3]. Moreover, heavy metals are priority toxic pollut-
nts that severely limit the beneficial use of water for domestic or
ndustrial applications. Thus considerable attention has been paid
o methods for metal removal from industrial wastewaters as the
lobal interests in this issue increase over the past decades [3–5].

To date, numerous processes exist for removing dissolved
eavy metals, including ion exchange, precipitation, phytoextrac-
ion, ultrafiltration, reverse osmosis, and electrodialysis [6]. Among
hem, ion exchange techniques using solid adsorbents has been a
romising method for treating wastewater, owing to its advantages
uch as operational simplicity, low cost, availability in large amount
nd ability to treat pollutants in a sufficiently large scale operation
6,7]. Activated carbon adsorption is considered to be a particularly
ompetitive and effective process for the removal of heavy metals
8]; however, the use of activated carbon is not suitable in develop-
ng countries due to the high costs associated with production and
egeneration of spent carbon. Consequently, the use of alternative
ow-cost materials as potential sorbents for the removal of heavy

etals has been emphasized recently.
Electrolytic manganese residue (EMR) is a potentially harmful

ndustrial solid waste that comes from the electrolytic manganese
ndustry and has rarely been recycled in large quantities [9]. In the
lectrolytic manganese metal (EMM)  industry, about 6∼9 tons of
MR is discharged into the environment per ton of produced EMM
10]. The common practice in China is collecting the EMR  in open
ites near the plants. It is highly questionable if the EMR  generated
s managed properly. Because EMR  contains some heavy metal ele-

ents and compounds, the untreated discharge can cause serious
ollution of surrounding soil and receiving water bodies [11,12].
dditionally, high volume EMR  resulting from large scale indus-

rial activities have long been considered to be a burden, due to
he high costs for their associated post-treatment, storage and dis-
osal [10,11]. Owing to its mineral composition, EMR  has been
ostly recycled as hydraulic cement, concrete aggregate, road base,

rickmaking materials in civil engineering work, as well as for the
roduction of chemical fertilizers in agricultural work [13–16]. Yet,
roblems associated with above disposal, such as the potential
nvironmental impacts and the severe environmental regulations,
ake the recycling of slag difficult. It is, therefore, essential to con-

inuously develop new and advanced recycling processes of EMR.
Recently, our research group found that zeolite can be syn-

hesized using EMR  as Si and Al sources. Zeolites are known as
on-exchange materials where the indigenous charge-balancing
ations (typically sodium and calcium) are not rigidly fixed to the
ydrated aluminosilicate framework and are readily exchanged
ith metal cations in solution [6,17]. Meanwhile, the fact that zeo-

ite exchangeable ions are relatively innocuous (sodium, calcium,
nd potassium ions) makes them particularly suitable for removing
ndesirable heavy metal ions from wastewaters [17,18]. Moreover,
eolites can transfer a heavy metal contamination problem of many
housands of liters to a few kilos of easily handled solid. The toxic

etals are firmly held in the crystal structure and do not leach, how-
ver for ultimate environmental protection the solid zeolite can
e cement stabilized or vitrified [2]. Given these advantages, zeo-

ites (including natural, commercial, and chemically synthesized
eolites) have been intensively studied recently for the removal of
eavy metals [17–19]. Accordingly, making use of EMRZ to remove
eavy metals can not only reduce the cost, but also comply with
he requirement of green economy.

The objective of the present study was to propose a novel con-
ersion process of EMR  to zeolite in order to make full use of the eco-

omic potential of EMR, and to find out its potential use as low-cost
dsorbent for the removal of heavy metals from aqueous solution.
n2+ and Ni2+ ions were chosen as a target contaminant to charac-

erize the adsorptive properties of the synthesized zeolite. For the
em. Eng. Aspects 470 (2015) 258–267 259

present study, the uptake of heavy metals on EMRZ was evaluated
as a function of initial metal ions concentration, pH, and contact
time. Further, models to fit the adsorption equilibrium and kinetic
data were presented to understand the adsorption mechanism.

2. Materials and methods

2.1. Materials

The EMR  investigated in this study was mainly generated in
leaching process of the manganese ore (with part of residue gen-
erated in electrolytic cell process) at an electrolytic manganese
company, situated in western of Hunan province, China. The chem-
ical composition of EMR  used in this study is listed in Table 1. This
chemical composition is fairly common in EMR produced in China’s
EMM  industry.

Stock solutions of Mn2+ and Ni2+ ions with concentration
at 1000 mg  L−1 were prepared by dissolving given amounts of
MnSO4·H2O and Ni(NO3)2·6H2O, respectively, in distilled water.
The solutions of different concentrations used in various experi-
ments were obtained by dilution of the stock solutions.

2.2. Zeolite synthesis

The fabrication process of EMRZ is shown in Fig. 1. Based on
our previous related studies [20], a fusion method, involving alka-
line fusion followed by hydrothermal treatment, was adopted for
the synthesis of zeolite in this research. During the hydrothermal
reaction process, various amounts of sodium aluminate (NaAlO2)
were added into the reaction system to investigate the effect of the
ratio of Si/Al. At the end of the process the solid phase was  col-
lected by filtration, washed several times with distilled water, and
then dried at 100 ◦C. The obtained samples were labeled based on
their initial Si/Al ratios. Namely, the samples with initial Si/Al ratio
of 1.5, 2.0 and 2.5 were labeled as EMRZ15, EMRZ20 and EMRZ25,
respectively.

2.3. Adsorption studies

The adsorption of heavy metals was performed by shaking 0.3 g
of adsorbents with a 100 mL  solution of known solute (Mn2+ and
Ni2+ ions) concentration ranging from 100 to 600 mg  L−1 at 200 rpm
in a constant temperature shaker bath. A portion of the solution
was collected at predetermined time intervals for kinetics and at
equilibrium time for isotherms. The residual concentration was
centrifuged at 5000 rpm for 2 min  and then determined in tripli-
cate using Thermo SOLAAR atomic absorption spectrophotometers
(Thermo Electron, USA). The equilibrium adsorption capacity qe

(mg  g−1) was  calculated using the following equation.

qe = (C0 − Ce)V
m

(1)

where C0 and Ce (mg  L−1) are the concentration of the test solution
at the initial stage and under equilibrium conditions, respectively.
V (L) is the volume of the test solution and m (g) is the mass of the
adsorbent used.

To determine the effect of experimental parameters such as
pH and contact time on adsorption process, this method was  also
applied by varying the corresponding condition. The pH of solution
investigated was changed between 1.0 and 6.0 using 0.5 mol/L HCl
solutions.
2.4. Characterization

The crystal phase was  identified by XRD (D8  Discover, Bruker,
Germany). Chemical analysis of EMR, leaching residue and EMRZ
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Table 1
Major chemical composition in EMR.
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Constituent Na2O SiO2 Al2O3 MgO

Mass (wt%) 2.7 24.6 12.2 1.7

ere carried out using an XRF spectroscopy (Axios, PANalytical,
olland). The morphology and particle size of the crystals were
bserved by field emission scanning electron microscopy (FE-SEM)
Mira3, Tescan, Czech Republic). The furrier transform infra-red
pectra (FT-IR) were recorded on a Thermo Scientific Nicolet
700 FT-IR spectrophotometer. The specific surface area (SSA) was
etermined by the nitrogen adsorption method. Nitrogen sorption
xperiments carried out at 77 K using ASAP2020 (Micromeritics,
SA). The BET equation was applied to determine the specific sur-

ace area. Cation exchange capacity (CEC) of synthesized zeolite was
easured according to the study of Zhang et al. [21] and the CEC
as calculated and denoted as meq  per gram of adsorbents. The
H value of solutions was measured by a pH meter (pHS-3C, Leici,
hina) with a combination electrode (E-201-C, Leici, China).

. Results and discussion

.1. Synthetic procedure of EMRZ and its characterization

.1.1. Mineralogical composition
In present study, effect of Si/Al ratios on zeolite synthesis was

nvestigated by changing the Si/Al ratio of starting mixture from
.5 to 2.5 in the three synthesized samples of EMRZ15∼EMRZ25.
ig. 2 shows the XRD patterns of synthesized zeolites, together with
eaching residue as a silica source of zeolites. As shown in Fig. 2,
he XRD patterns of synthesized samples of EMRZ15∼EMRZ25,
xhibit several sharp diffraction peaks, which are different from
hose present in the untreated leaching residue. Although EMRZ15
howed a detectable diffraction peak for zeolite P (see Fig. 2), no
ther zeolitic phases, quartz or hydroxysodalite with low poros-
ty were identified. That is to say, the zeolite synthesized at Si/Al
atio = 1.5, namely EMRZ15, was mainly composed of Na-A zeolite.
enerally, zeolite with lower Si/Al ratio, i.e. larger Al2O3 content,
hows higher CEC and adsorption capacity due to the presence of
xchangeable cations, which are trapped at the tetrahedral alu-
inum sites for charge compensation. For this reason, zeolite A,
hose Si/Al ratio is inherently quite low, has been widely used
s useful cation-exchangers and adsorbents [22–24]. On the other
and, the EMRZ15 synthesized from leaching residue exhibited
emarkable diffraction peaks attributable to A-type zeolite, proving
hat the leaching residue is available enough as a silica source on

Fig. 1. Schematic illustration of the f
K2O CaO MnO  Fe2O3 TiO2

2.4 8.6 4.6 7.9 0.4

zeolitie synthesis. These patterns further indicated that the crys-
tallinity and phase purity of synthesized samples are decreased
with increasing Si/Al ratio from 1.5 to 2.5.

3.1.2. Chemical composition
Meanwhile, a detailed analysis of chemical composition of EMRZ

samples was  performed by XRF measurement and the results are
summarized in Table 2. As shown in Table 2, small amounts of impu-
rity elements, such as Mg,  Fe and Mn,  were commonly detected in
the zeolites synthesized from the leaching residue. As no detectable
peaks attributable to Fe, Mg  and Mn  compounds were observed in
the XRD patterns, it is speculated that those minor metal ions are
uniformly dispersed within the structure of EMRZ by replacing the
Na+ sites [23,25]. Meanwhile, the initial Si/Al ratios of 1.5, 2.0 and
2.5 afforded EMRZ15 with Si/Al = 1.01, EMRZ20 with Si/Al = 1.09 and
EMRZ25 with Si/Al = 1.17 respectively. It is intriguing to note that
the Si/Al ratio of the final product is less than that of the starting
reaction mixture. And the explanation is displayed as below. In the
experimental conditions adopted in this work, the zeolite A and
P with low Si/Al ratio was  synthesized from leaching residue (see
Fig. 2). Hence, the lower Si/Al ratio of the final product compared
to the starting reaction mixture was  due to the formation of Al rich
zeolite (zeolite A or P). Namely, after the nucleation of zeolite A or P,
Al species were consumed more rapidly than Si in the solution [26].
It is well known that Al is the controlling species in the synthesis of
zeolites. And almost all Al was  depleted during the synthesis of zeo-
lites, however, the extra water-soluble silicates extracted from the
starting reaction mixtures was swept away by distilled water in the
zeolite synthesis process [27]. Moreover, increasing of Na2O con-
tent of the final product up to 18.7% (taking EMRZ15 for example),
in comparison to the leaching residue, which was only 0.1%, is a very
clear and promising evidence of CEC improvement in the final prod-
uct. The remarkable changes in Na2O content can be considered
another evidence of successful conversion [28].

3.1.3. Results of BET surface area measurements
BET surface area measurement was adopted to determine the
SSA of the synthesized EMRZ. And the results were shown in Table 3.
As shown in Table 3, the SSA of EMRZ15∼EMRZ25 were estimated
to be 35.38, 28.64 and 24.13 m2 g−1, respectively. Although the
zeolitization process led to an increase in SSA and pore volume

abrication procedure of EMRZ.
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Fig. 2. XRD patterns of samples EMRZ15, EMRZ20, EMRZ25 and leaching residue.

Table 2
The results of elemental analysis of zeolites synthesized from leaching residue.

Sample Si/Al ratio (starting reaction mixture) Chemical composition/wt% Si/Al ratio (final product)

SiO2 Al2O3 Na2O Fe2O3 MgO MnO

EMRZ15 1.5 35.1 29.5 18.7 0.76 0.24 0.13 1.01
7.5 
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EMRZ20 2.0 35.4 2
EMRZ25 2.5 35.5 2
Leaching residue 3.6 66.4 1

ver the starting material, particularly for EMRZ15 obtained by the
usion method, the obtained values of SSA of EMRZ were much
ower than those of commercial or traditional zeolite reported in
iteratures as expected. However, the efficient utilization of EMR  as
ngredients of other materials may  be advantageous in reduction of
ot only waste generation but also manufacturing costs. And low
SA of the zeolite synthesized from EMR  may  be attributed to the
ow crystallinity of the samples [29]. On the other hand, in partic-
lar, the cations or/and impurities in the leaching residue (e.g. Mg,
n,  Fe, etc.) led to a lower surface area than alkali metals (K, Li) did.

hese results may  correlate with pore filling by large cations or par-
ial fusion of the cation compounds during the thermal treatment
30,31].
.1.4. Results of cation exchange capacity (CEC)
In order to evaluate the ion exchange capability of the as-

ynthesized zeolite samples, CECs of the zeolites were measured.
n Table 4, the CECs of the prepared zeolites are compared with the

able 3
he result of structural parameters of zeolites synthesized from leaching residue.

Sample Structural parameters

SSA/m2 g−1 VBET/cm3 g−1

EMRZ15 35.38 0.23
EMRZ20 28.64 0.21
EMRZ25 24.13 0.18
Leaching residue 0.28 0.023
16.8 0.87 0.27 0.15 1.09
15.1 0.92 0.25 0.17 1.17

0.10 1.1 0.7 0.3 3.60

leaching residue, and some other relevant zeolites in the literatures
[21,32–35]. The results obtained revealed that the applied zeoliti-
zation process increased the CEC of the EMRZ15∼EMRZ25 to 2.15,
1.84 and 1.38 meq/g, respectively. In comparison to zeolite reported
in the literatures, EMRZ15 had a higher CEC. This may be caused by
fact that low Si/Al ratio and high phase purity of EMRZ15 is syn-
thesized on the basis of fusion method. Moreover, the high CEC
value of EMRZ15 was an evidence of high potential for removing
ammonium and heavy metals from aqueous solutions [32–35].

Therefore, given the above analysis including XRD, XRF, BET and
CECs, a precise control of the synthesis Si/Al ratio in this process
drastically alters the composition, type and property of the final
product, and that the most suitable Si/Al ratio for the synthesis of
EMRZ from leaching residue is 1.5. Therefore, the zeolite synthe-
sized at Si/Al ratio = 1.5 was  employed in the heavy metal removal
process as shown in Section 3.2.

3.1.5. FT-IR spectrometry analysis
Furrier transform infra-red spectroscopy (FT-IR) is a powerful

technique for structural characterization of organic and inor-
ganic materials. Hence, FT-IR analysis was  determined for sample
EMRZ15, as being the best sample of this research shown in Fig. 3.
The IR band at 870 cm−1, which can be assigned to T–OH bond in
the amorphous precursor of zeolite A, was not observed in Fig. 3

elucidating the successful formation of EMRZ. Because this band
disappears as the sample became more crystalline [36]. The band
at 1001 cm−1 that corresponded to T–O–T (T = Si or Al in zeolite
and T is tetrahedrally coordinated) was  sharp again signifying that
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Table 4
Cation exchange capacity (CEC) of the as-synthesized zeolites in comparison to some related typical zeolites.

Adsorbent Raw material CEC/(meq/g) Reference

EMRZ15 Leaching residue from EMR  2.75 This work
EMRZ20 Leaching residue from EMR  2.04 This work
EMRZ25 Leaching residue from EMR  1.38 This work
Leaching residue EMR  0.015 This work
Zeolite X Coal fly ash 2.79 [21]
Zeolite A (Na) Coal fly ash 0.87∼1.05 [32]
Na-P1 Coal fly ash 0.99∼1.31 [33]
Natural Turkish clinoptilolite Natural zeolite 

Natural Chinese (Chende) zeolite Natural zeolite
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first 60 min, and then reached adsorption equilibrium, demonstrat-
ing that the EMRZ15 has a strong ability for binding Ni2+ cations.
ig. 3. FT-IR spectra of EMRZ15 in the wave number range of 400 ∼ 4000 cm−1.

he amorphous material was transformed into crystalline zeolite A.
he band at 556 cm−1 is related to the presence of the double ring
D4R) that is characteristic in the zeolite A [37,38]. The IR bands at
62 and 664 cm−1 are assigned to the internal linkage vibrations of
he TO4 tetrahedra and to the asymmetric stretching, respectively,
f zeolite A. The band at 1640 cm−1 has been associated with the
haracteristic H–O bending mode of water molecules. Moreover,
he observed single strong band at 3420 cm−1 was ascribed to the
resence of hydroxyls in the sodalite cages as the building blocks
f zeolite A. Ultimately, the intensities of these adsorption bands

re proportionate to purity of samples and are in agreement with
he interpretation of obtained XRD results.

Fig. 4. SEM photomicrograp
0.95∼1.40 [34]
0.82 [35]

3.1.6. SEM analysis
The morphology and particle size of EMRZ synthesized under

optimal conditions (at Si/Al ratio 1.5) were observed by FE-SEM
(Fig. 4). The cubic particles with a chamfered shape, along with a
small fraction of round crystals were observed in the Fig. 4a. And
the cubic and round crystals corresponded to zeolite A and zeolite P,
respectively [21,36], which also confirmed by the XRD data in Fig. 2.
Meanwhile, the crystal morphology of EMRZ15 with an average size
of 1 �m approximately was  more clearly shown in Fig. 4b. Besides,
it is worth to note that no aggregates were observed in the SEM
pictures which indicate that this shape transformation can provide
large surface area with tiny pores.

3.2. Removal of heavy metal by EMRZ material

3.2.1. Effect of contact time
Before performing the batch uptake equilibrium experiments, it

was necessary to determine the contact time required for adsorp-
tion equilibrium. The adsorption of Mn2+ and Ni2+ onto EMRZ
synthesized under optimal conditions, namely EMRZ15, as a func-
tion of contact time was studied at 30 ◦C by varying the contact
time from 20 to 300 min  while keeping all other parameters con-
stant. The results are shown in Fig. 5. From the Fig. 5, it is shown that
the adsorption of the studied heavy metal ions is increased firstly
and then kept increasing gradually until the equilibrium is reached
and remained constant. Namely, the removal rates for both cations
were obviously faster at initial stage. The fast removal rate at the
initial stage was due to the fact that, initially, all adsorbent sites
were vacant and the solute concentration gradient was high [21].
Over EMRZ15, Ni2+ adsorption immediately took place within the
Unlike the case of Ni2+ adsorption, EMRZ15 still exhibited mod-
est increases in the Mn2+ uptake even after 60 min, suggesting a

hs of sample EMRZ15.
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oncentration = 300 mg  L−1; adsorbent dose = 0.3 g/100 mL;  pH value = 6.0; temper-
ture = 30 ◦C).

lower adsorption rate than that for Ni2+ adsorption. This could be
ttributed to the larger ionic radius of Mn2+ that will pass with dif-
culty through the channels for zeolite [2,39]. And 180 min  after

nitial reaction, the uptake amount of Mn2+ became almost stable
t 30 ◦C. Thus, a contact time of 180 min  was found to be sufficient
or all metal studied to achieve uptake equilibrium, and the contact
ime was fixed at 180 min  for the following batch experiments.

.2.2. Effect of initial concentration
The effect of the initial concentration on the retention of metal

ons, at concentration levels ranging from 100 to 600 mg  L−1, was
tudied at 30 ◦C while keeping all other parameters constant. The
esults are shown in Fig. 6. As can be seen from Fig. 6, it is evident
hat the adsorption capacity increased with an increase in the ini-
ial concentration. The increases of heavy metal adsorption with
n increasing initial concentration have been widely observed in

any studies [3,40]. And the figure also shows that the adsorp-

ion of the heavy metal ions at different concentrations is increased
rstly and then kept increasing gradually until the equilibrium is
eached and remained constant. This behavior can be explained by
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Fig. 6. Effect of initial concentration on heavy metal adsorption (contact time = 18
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the fact that under higher initial concentration, more metal ions
are left un-adsorbed in solution due to the saturation of binding
sites [40]. These results indicate that energetically less favorable
sites become involved when the concentration of metal in solu-
tion increases [8,40,41]. The heavy metal uptake is attributed to
different mechanisms of ion-exchange processes as well as to the
adsorption process. In this case, ICP analyses of the test solution
recovered after the equilibrium adsorption revealed that the leach-
ing amount of Na+ was predominately enhanced in that case. This
result unambiguously indicates that the uptake of metal ions pro-
ceeds via an ion-exchange mechanism, i.e., the weakly bonded,
network-modifying Na+ ions are released to the solution so as to
replace with heavy metal ions. During the ion exchange process,
diffusion was  faster through the pores and was retarded when the
ions moved through the smaller diameter channels.

3.2.3. Effect of pH
The pH of the aqueous solution is an important operational

parameter in the adsorption process because it affects the solubility
of the metal ions, concentration of the counter ions on the func-
tional groups of the adsorbent and the degree of ionization of the
adsorbate during reaction [40,42]. As we  know, at pH value higher
than 6.0, most of the heavy metal ions tend to form precipitation as
hydroxides. And the “true” adsorption capacity of EMRZ15 could be
masked by precipitation [43]. Thus, the adsorption of heavy metal
onto EMRZ15 at pH value ranging from 1.0 to 6.0 was studied as
shown in Fig. 7. From Fig. 7, an increase in pH corresponds to an
increase in adsorption, reaching the maximum capacity at a pH
of about 6.0. The lower adsorption of heavy metal at acidic pH is
probably due to the following reasons. At lower pH values, where
the concentration of H+ is high, the competition by the negative
sites on the zeolite surface is enhanced and the metal sorption is
reduced accordingly [40,44]. In addition, zeolite crystals begin to
collapse or dissolve with decreasing pH in aqueous solutions, par-
ticularly when the pH is below 4.0 [21]. Meanwhile, these results
are in agreement with the results previously reported [40,43,44].
3.2.4. Adsorption kinetics
The kinetics of sorption of metal ions by EMRZ15 was  stud-

ied for its possible importance in treatment of metal-bearing
industrial effluents. In the present study, pseudo-first-order and

600500400
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0 min; adsorbent dose = 0.3 g/100 mL;  pH value = 6.0; temperature = 30 ◦C).
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seudo-second-order kinetic models were employed to test the
xperimental data [4,21]. The pseudo-first-order and pseudo-
econd-order models are respectively described in the following
quations:

n(qe − qt) = ln qe − k1t (2)

t

qt
= 1

k2q2
e

+ t

qe
(3)

here qe and qt are the amounts of adsorbate adsorbed on the
dsorbents (mg  g−1) at equilibrium and at time t, respectively. k1
min−1) and k2 (g mg−1 min−1) are the rate constants of pseudo-
rst-order and pseudo-second-order models, respectively.

The kinetic data were linearized using the pseudo-first-order
nd pseudo-second-order models, and plotted between ln(qe − qt)
ersus t and t/qt versus t, respectively. The constants were calcu-
ated from the slope and the intercept of the plots, and are given in
able 5 and Fig. 8. The results given in Table 5 show that, for both
n2+ and Ni2+, the R2 values (R2 = 0.8616 and 0.2901) for pseudo-

rst order model were much lower than those obtained using the
seudo-second-order model (R2 = 0.9979 and 0.9998). Besides, the
e value predicted from the second-order model is much more com-
arable to the experimental qe value than that from the first-order
odel. Thus, the pseudo-second-order model explains the kinetic

rocesses better.

.2.5. Adsorption isotherm
In this work, two of the most commonly used equilibrium mod-

ls, the Langmuir and Freundlich isotherms, were fitted with the
xperimental data to find the most suitable model [5,21].

Langmuir’s isotherm model suggests that uptake occurs on
omogeneous surface by monolayer sorption without interaction
etween sorbed molecules. The linear form of Langmuir’s isotherm

odel is given by the following equation:

Ce

qe
= 1

q0KL
+ Ce

q0
(4)

able 5
he constants and correlation coefficients of pseudo-first order and pseudo-second order

Metal C0/mg  L−1 qe(exp)a/mg  g−1 Pseudo-first-order model 

qe
a/mg g−1 k1/min

Mn2+ 300 55.03 64.23 0.0329
Ni2+ 300 92.91 0.7213 0.0196

a qe(exp) and qe are the experimental and calculated values of qe , respectively.
em. Eng. Aspects 470 (2015) 258–267

where KL is the adsorption equilibrium constant (L mg−1), q0 is the
maximum monolayer adsorption capacity, and qe is the amount
adsorbed on a unit mass of the adsorbent (mg  g−1) when the equi-
librium concentration is Ce (mg L−1). The isotherm experimental
data, which were collected at different initial metal ion concentra-
tions, were plotted between Ce/qe versus Ce (Fig. 9a). As seen in
Fig. 9a, a linear plot is obtained when Ce/qe is plotted against Ce

over the entire concentration range of metal ions investigated. The
Langmuir model parameters and the statistical fits of the sorption
data to this equation are given in Table 6. Regression values (R2)
presented in Table 6 indicated that the adsorption data for heavy
metal ions removal fitted well the Langmuir isotherm. Meanwhile,
the extremely high value of correlation coefficient (R2 > 0.99) for the
Langmuir isotherm predicts the monolayer coverage of metal ions
on EMRZ15 particles. As can be seen from the q0 results (Table 2),
Ni2+ adsorption was  higher than Mn2+ adsorption for EMRZ15. The
adsorption capacity of zeolites generally depends on: (1) the charge
density of cations, (2) the exchangeable sites and pore size on the
zeolite framework, (3) the equilibrium temperature [45–47]. Since
the ion exchange was conducted at the same condition for each
heavy metal species, the different adsorption capacity of cations
was ascribed to the different charge density of cations. The charges
of the metal cation are the same (+2); therefore charge density for
Ni2+ ions is higher than for that of Mn2+, since Ni2+ has lower ionic
radius than that of Mn2+. This difference leads Ni2+ to be attracted
to the surface of zeolite more strongly than Mn2+ [46,47].

One of the essential characteristics of the Langmuir equation
could be expressed in terms of a dimensionless separation factor
(RL). And RL is defined as follows [48]:

RL = 1
(1 + KLC0)

(5)

where C0 is the highest initial solute concentration (mg L−1), KL is
the Langmuir’s adsorption constant (L mg−1). The RL value implies
the adsorption to be unfavorable (RL > 1), linear (RL = 1), favorable
(0 < RL < 1) or irreversible (RL = 0). For C0 from 50 to 250 mg  L−1 used
in the present study, the values of RL range from 0.036 to 0.29 for
Mn2+ and 0.023 to 0.11 for Ni2+. The adsorption of Mn2+ and Ni2+

onto EMRZ15 can thus be considered favorable. In other words, the
prepared EMRZ15 is a suitable sorbent for both Mn2+ and Ni2+.

Meanwhile, the results of metal ion sorption onto EMRZ15 were
also analyzed using the Freundlich model to evaluate parameters
associated to the sorption behavior. The Freundlich isotherm is an
empirical equation employed to describe heterogeneous systems.
The linear form of Freundlich’s isotherm model is expressed by the
following equation:

ln(qe) = 1
n

ln(Ce) + ln(KF ) (6)

where KF ((mg g−1)(L g−1)n) and 1/n  are Freundlich constants
related to sorption capacity and sorption intensity of adsorbents.
Ce and qe are same to those in the Langmuir isotherm model.

Freundlich isothermal plots are presented in Fig. 9b, and the

Freundlich constants are also listed in Table 6. As can be seen in
Fig. 9b and Table 6, the Freundlich model does not fit the data of both
Mn2+ and Ni2+, as indicated by the values of R2 of 0.8293 and 0.7583
for Mn2+ and Ni2+, respectively. Namely, the Langmuir isotherm

 kinetic models for adsorption of heavy metal onto EMRZ15.

Pseudo-second-order model

−1 R2 qe
a/mg  g−1 k2/g mg−1 min−1 R2

3 0.8616 58.62 0.001091 0.9979
6 0.2901 93.73 0.005668 0.9998



C. Li et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 470 (2015) 258–267 265

300250200150100500

-5

-4

-3

-2

-1

0

1

2

3

4

(a) Pseudo-f irst-ord er model 

 Mn

 Ni

ln
(q

e-
q

t)

t (min)

300250200150100500
0

1

2

3

4

5

6
(b) Ps eudo-s econ d-o rder  mode l

 Mn

 Ni

t/
q

t

t (min)

Fig. 8. Plots of kinetics of heavy metal removal by the EMRZ15 (initial metal ions concentration = 300 mg L−1; adsorbent dose = 0.3 g/100 mL;  pH value = 6.0; tempera-
ture  = 30 ◦C).

5004003002001000
0

1

2

3

4

5

6

7

8
(a)

 Mn

 Ni

C
e/q

e (
g

·L
-1

)

C
e 
(mg·L

-1
)

654321
3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

4.6

4.8

(b)

 Mn

 Ni

ln
q

e

lnC
e

F i2+ on
t

m
l
f
h
b

3

o

T
P

ig. 9. (a) Langmuir and (b) Freundlich isotherm adsorption model of the Mn2+ or N
emperature = 30 ◦C).

odel fits the experimental data better compared to the Freund-
ich model. Consequently, the sorption of metal ions on EMRZ15
ollows the Langmuir isotherm model where the uptake occurs on
omogeneous surface by monolayer sorption without interaction
etween sorbed ions [48].
.3. Comparison between our results and related literature

Table 7 lists the comparison of maximum adsorption capacity
f Mn2+ and Ni2+ on various adsorbents. For Mn2+, the EMRZ15

able 6
arameters of adsorption isotherms of heavy metal onto EMRZ15 at 30 ◦C.

Metal pH Langmuir isotherm 

KL (L mg−1) q0 (mg  g−1) R

Mn2+ 6.0 0.02373 66.93 0
Ni2+ 6.0 0.07380 128.70 0
to EMRZ15 (adsorbent dose = 0.3 g/100 mL;  contact time = 180 min; pH value = 6.0;

has a greater capacity than natural clinoptilolite [8], natural zeo-
lite [49], vermiculite [50], and Na-montmorillonite [51]. For Ni2+,
the adsorption capacity of EMRZ is much higher than other low-
cost adsorbents such as spirodela intermedia, Brazilian natural
scolecite, pretreated clinoptilolite, natural bentonite, vermiculite
and Na-montmorillonite [5,7,44,50–52]. Thus, it is evident that

EMRZ15 shows great potential as an adsorbent for meatal ions.
Besides, the adsorption of Mn2+ and Ni2+ onto standard zeo-
lites (zeolite A, Y and P) was  conducted in order to investigate
which component is responsible for the superior performance

Freundlich isotherm

2 KF (mg g−1)(L g−1)n 1/n R2

.9942 8.421 0.3468 0.8293

.9977 23.834 0.3305 0.7583
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Table 7
Comparison of maximum adsorption capacity of metal ions on various adsorbents.

Adsorbent q0 (mg  g−1) Reference

Ni2+ EMRZ15 128.70 This work
Spirodela intermedia 122.10 [5]
Pretreated clinoptilolite 15.55 [7]
Brazilian natural scolecite 3.52 [44]
Vermiculite 25.33 [50]
Na-montmorillonite 3.63 [51]
Natural bentonite 4.27 [52]

Mn2+ EMRZ15 66.93 This work
Natural clinoptilolite 4.22 [8]
Natural Turkish zeolite 2.42 [49]
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silicon fly ash to Na-P1 zeolite: alkaline fusion followed by hydrothermal crys-
Vermiculite 26.78 [50]
Na-montmorillonite 3.22 [51]

f the EMRZ15, since the synthesized EMRZ15 was a mixture of
eolites (see Fig. 2). And the tests were made under following con-
itions: initial metal ions concentration = 300 mg  L−1; adsorbent
ose = 0.3 g/100 mL;  pH value = 6.0; temperature = 30 ◦C; contact
ime = 180 min. It was found that the uptake capacity for Ni2+ and

n2+ by commercially available zeolite A, P and Y were determined
o be 108.57, 80.86, 56.62 mg  g−1 and 65.59, 48.26, 35.42 mg  g−1,
espectively. Hence, compared to the adsorption capacity of Mn2+

nd Ni2+ by EMRZ15 under the same condition (see Fig. 5), it could
e stated that the zeolite A in EMRZ15 plays the main role in the
n2+ and Ni2+ uptake. This statement is also supported by the

esults from XRD analysis (Fig. 2) showing that Na-A zeolite was
he major constituent of EMRZ15.

. Conclusions

In the present study, we have first reported on the synthesis of
eolite utilizing EMR  as an abundant and cheap chemical source
rom the viewpoint of the chemical and economical use of EMR.
nalyses by means of XRD, FT-IR, FE-SEM, XRF, CEC and BET sur-

ace area measurement indicated that the zeolite synthesized at
i/Al ratio = 1.5, namely EMRZ15, was mainly composed of Na-A
eolite and the zeolite material has specific properties such as high
urity and CEC. The adsorption of Mn2+ and Ni2+ was found to
e dependent on initial concentration, pH and contact time. The
dsorbed amount of Mn2+ and Ni2+ both increased with increas-
ng initial concentration, pH and contact time. Langmuir isotherm
isplayed a better fitting model than Freundlich isotherm, thus,

ndicating to the applicability of monolayer coverage of metal ions
n the surface of adsorbent. The kinetic process can be predicted by
seudo-second-order model and rate constants for Mn2+ and Ni2+

orption were found to be 0.001091 and 0.005668 g mg−1 min−1,
espectively at 30 ◦C. Moreover, the maximum sorption capaci-
ies for Mn2+ and Ni2+ shown by EMRZ15 were 66.93 mg  g−1 and
28.70 mg  g−1, respectively. These results show that EMRZ15 is

 highly efficient adsorbent for metal ions removal from aque-
us solution, which exhibits much higher adsorption capacity
han other low-cost adsorbents. This conversion process, which
nables us to fabricate valuable zeolite materials from EMR  at
ow cost and through convenient preparation steps, is surely ben-
ficial from the viewpoint of the chemical and economical use
f EMR.
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