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Abstract—Natural and modified zeolite and bentonite are investigated and characterized for extraction of magnesium
from aqueous solutions. Magnesium removals as high as 85.21% and 81.73% were achieved by calcined bentonite and
microwave radiated zeolite, respectively. The effects of various operational parameters were studied and optimized
using selected isotherms. Maximum Mg (IT) adsorption capacities of 26.24 and 35.67 mg-g ' were obtained on pristine
and calcined bentonites, respectively. Thermodynamic studies suggest that magnesium adsorption on natural bentonite
is spontaneous and endothermic (9.13 kj-mol ). Also, desorption study of natural bentonite demonstrates that HNO,
is more effective by offering 89.11% desorption than other desorptive counterparts.
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INTRODUCTION

Desalination is widely accepted as a viable technology for meet-
ing long-term demands for drinking, agricultural and industrial
waters in arid regions [1]. In fact, water scarcity is considered as
one of the most important concerns in Iran as well as other coun-
tries in the Middle East in the present and foreseeable future [2].
This is because the presence of heavy metal, nitrate, calcium, mag-
nesium and other minerals is not in favorable levels in most of the
water resources and this adds into the complexities involved [3,4].

Removal and recovery of magnesium from water has several
advantages. Calcium and magnesium are recognized as the main
species causing the formation of scales leading to decrement in
heat transfer in boilers and potentially malfunction of pipelines.
Also, the high concentration of magnesium tends to give a bitter
taste to the water [3,5]. On the other hand, seawater desalination
using RO is the most widespread technology in the world [6]. In
RO desalination plants, hardness removal is necessary for preven-
tion of membrane scaling, which adversely affects the process per-
formance and overall treatment costs [7]. Discharge of the brine
produced by the RO desalination process results in many environ-
mental adverse effects, due to the high concentrations of metals
and salts. Recovery and removal of elements from RO brine would
decrease environmental impacts and create economic gains in the
production of valuable metals [8]. From another aspect, magne-
sium is listed as an element with high economical value [9]. Ex-
traction of lithium from salt lake brine and seawater is one of the
main sources of lithium production. Lithium has similar jonic size
as magnesium, making it difficult to separate lithium from magne-
sium. Magnesium ions prohibit lithium chloride formation, which is
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the first step in the production of lithium carbonate desired prod-
uct. Removal of magnesium decreases the Mg/Li ratio in brine
and facilitates lithium extraction and makes it economical.

Several technologies have been used for magnesium removal.
Precipitation using lime and/or soda is an established technique
used for extraction of magnesium from aqueous solutions. How-
ever, the main drawback is generation of large volumes of sludge,
which usually results in dewatering and disposal problems in addi-
tion to the need for re-carbonation of the softened water [3,10].
Alternatively, ion exchange resins have been widely used for removal
of calcium and magnesium ions. Ion exchange resins offer advan-
tages such as high capacity and fast kinetics [11-13]. On the other
hand, they must be regenerated by chemical reagents often caus-
ing subsequent pollutions in addition to being expensive especially
for large scale applications [10].

In recent years, some other techniques such as micellar enhanced
ultrafiltration (MEUF) [14], polymer enhanced ultrafiltration (PEUF)
[15], reverse osmosis [15], nanofiltration [16], electrodialysis [17],
electrochemical treatment [18] and adsorption [1,5,17-28] have
emerged for removal and recovery of ions from aqueous solu-
tions. Several types of adsorbents have been investigated for their
ion removal efficiency. Recently, unmodified and functional nano-
materials have been promising for recovery of metal ions [29-33].
Especially in case of magnesium, Tofighy et al. [34] investigated water
softening using oxidized carbon nanotube (CNT) sheets. The re-
sults showed that oxidized CNTs were effective for separation of
calcium and magnesium. However, CNTs may have drawbacks,
such as the difficulty of separation from treated water and degree of
toxicity and, as a result, their safety aspects remain controversial.
Therefore, economical water softening without CNT leakage into
water is preferable. Fly ash is also used as low-cost adsorbent for
treating the salty solution. The results revealed that the removal
efficiency of magnesium was as low as 29%. Activated carbon has
been evaluated for water softening despite its relatively high price
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[35]. Among the low-cost adsorbents [27], natural clay minerals
(e.g., bentonite) [36,37] and zeolite [38,39] have been examined for
adsorption of heavy metals and molecular species from various
water streams. Utilization of inorganic adsorbents has many advan-
tages such as less environmental impact and toxicity, low-cost in
addition to abundance in most soils. Bentonite is one of the main
clay minerals and is mostly composed of montmorillonite and
aluminosilicate [35]. Bentonites are very valuable because of their
particular sorptive properties originating from their high surface
area. This property enables high tendency of bentonites to adsorb
water in the interlayer sites [40]. Moreover, zeolites are crystalline
aluminosilicates, structurally based on tetrahedral SiO, and AlO,
units, connected by shared oxygen atoms forming interconnected
cages and channels [2]. Silicon is tetravalent and aluminum is tri-
valent, and hence the structure of zeolite is negatively charged [39].
Zeolites are capable of exchanging ions, and the negative charge of
zeolite causes their high tendency towards cations (versus anions)
and non-polar organic molecules [41].

Various modification methods such as thermal treatment, acid
treatment as well as surfactant modification can be employed for
improving the characteristics and performance of adsorbents. It is
demonstrated that thermal treatment of zeolite and bentonite
changes their physicochemical and textural properties [40,42,43].
Moreover, acid treatment has been used for modification of min-
eral adsorbents and improving the chemical and structural prop-
erties of natural zeolite and bentonite. [39,44]. It is also shown that
acid treatment could result in modified mesoporosity, textural and
structural characteristics of bentonite [44].

As reported, the high prices, low efficiency, and adverse envi-
ronmental impacts are the main drawbacks attributed to utiliza-
tion of adsorbents for water softening and magnesium removal
from aqueous solutions. Based upon the vast experiences gained
over the years in our research group on various separation pro-
cesses [45-54], the impetus for the present research study was to
explore the characteristics and performance of efficient, environ-
mental friendly, low-cost and less toxic adsorbent (zeolite and ben-
tonite) for this purpose. The effects of various modification tech-
niques including acid and thermal (by calcination and microwave
radiation) treatments of adsorbents on the separation performance
were investigated and analyzed. To the best of our knowledge, it is
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for the first time that capability of bentonite for removal of magne-
sium from aqueous solutions is being investigated and reported.
Another novelty of the present study is the employment of ther-
mal treatments for improving the characteristics and adsorption
performance of zeolite and bentonite. Thermal treatment by micro-
wave has not been applied for this purpose before. Furthermore,
the effects of several processes and operational parameters such as
the mass of adsorbent, the initial concentration of magnesium,
contact time, pH, temperature, agitation speed, and particle size
were investigated on the adsorption efficiency of bentonite as the
model adsorbent. Adsorption isotherms were plotted, analyzed
and compared with respect to the well-established Langmuir, Fre-
undlich, and Dubinin-Raduskevich (D-R) models.

MATERIALS AND METHODS

1. Materials

Natural zeolite and bentonite adsorbents were provided in the
powder form by a local mining plant in Semnan (Negin Powder
Co.), Iran. Bentonite powders were provided in four range of par-
ticle sizes ranging from 88 to 354 um. Solutions of Mg (II) in vari-
ous compositions were prepared by dissolving prescribed amounts
of MgSO,-7H,O in double distilled water and stirring at room
temperature until obtaining homogeneous solutions. The pH of
solutions adjusted using 0.1 M H,SO, and 0.1 M NaOH. All other
chemical reagents used in this work were of analytical grade and
purchased from Merck (Germany).
2. Characterizations

Zeolite and bentonite powders were characterized by various
instruments. The chemical composition of both adsorbents was
characterized by X-ray florescence (XRF; Philips PW 2404). Sur-
face microstructure and morphology of adsorbents were charac-
terized using scanning electron microscopy (SEM) (Philips XL30
and ZEISS-DSM 960A). The crystallinity of the powders was exam-
ined using a Bruker D8 ADVANCE X-ray diffractometer (XRD)
employing Cu K radiation.
3. Acid Treatment Procedures

Acid treatment of zeolite powders was carried out using a glassy
flat bottom flask placed onto a Wisd MSH-D hotplate magnetic
stirrer according to the following procedure. 30 grams of zeolite
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Fig. 1. Schematic of procedures involved in acid treatment of zeolite and bentonite.
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was added into 100 mL of 1 N HCI solution and then stirred for
3hrs. On the other hand, acid treatment of bentonite powders
involved using a glassy round-bottom flask reactor with a reflux
condenser. The reactor was placed onto a Wisd MSH-D hotplate
magnetic stirrer. 20 grams of raw bentonite was added into 250 ml
of 5N HCI solution, stirred well and maintained at boiling tem-
perature (~378 K) for 3 hrs. Upon preparation, individual suspen-
sions were then cooled naturally before filtration and then washed
with deionized water until the pH of filtrates reached a constant
value (~pH 7), ensuring complete residual acid removal. The resul-
tant slurries were dehydrated by drying at 80 °C for 24 hrs and
then milled and screened using mesh sieve #170 (88 pum). The final
powders were stored in a desiccator until use. The adopted proce-
dures are shown schematically in Fig. 1.
4. Thermal Treatment Procedure
4-1. Calcination

Prescribed amounts of zeolite and bentonite powders were sub-
jected to calcination at various temperatures of 100 °C, 400 °C and
700 °C using an atmospheric muffle furnace. The period of calci-
nation was 24 hrs for all the samples, then samples were removed
from the furnace and cooled naturally over a silica gel bed to avoid
adsorption of any moisture. Calcined samples were then milled
and screened using mesh sieve # 170 (88 pm). The calcined pow-
ders were finally stored in a desiccator until use.
4-2. Microwave Radiation

Prescribed amounts of zeolite and bentonite powders were ex-
posed to microwave radiation at the frequency of 2.45 GHz (900
Watt) for 5, 15 and 30 min in an industrial microwave oven (Pana-
sonic Inc.). The samples were then allowed to cool naturally over a
silica gel bed to avoid adsorption of any moisture. The final pow-
ders were then milled and screened using mesh sieve # 170 (88
pum). The powders were finally stored in a desiccator until use.
5. Adsorption Experiments

Specified quantities of zeolite and bentonite powders were added
individually into 50 ml solutions containing known concentration
(in the range of 250-550 mg-L™") of Mg (II) while being stirred on
a thermostated shaker (Heidolph unimax). Samples then under-
went rigorous shaking at various speeds between 50-300 rpm for 5
to 120 min time intervals at 20, 30, 40, 50, and 60 °C. Adsorbents
were separated from the solution by centrifugation for 5min at
3,000 rpm using ShimiFan ultracentrifuge (Model: CE-148). The
concentration of Mg (II) ions in the solutions was measured before
and after the process by using flame atomic absorption spectro-
photometer (FAAS).

The ion removal efficiency (%) and distribution constant (K,)
were calculated using following equations, respectively:
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where C, (mg-L™") and C, (mg-L™") are the concentrations of the
Mg (II) ion in the solutions before and after the adsorption, respec-
tively. V and m are the volume of liquid phase (mL) and the weight
of the adsorbent (g), respectively.

The adsorption capacity of adsorbents for Mg (II) was calculated
using the following equation:

\
qe:CO_CEXr_n (3)

where g, is the equilibrium concentration of Mg (II) on the adsor-
bent (mg of ion per gof adsorbent). All the experiments were
repeated at least twice to ensure reproducibility of the results with
standard deviations in the range of +5.0%. In the rest of the exper-
iments, bentonite was selected as the model adsorbent to investi-
gate the effects of several process parameters on the removal and
recovery efficiency of Mg (II) ions.
6. Desorption and Regeneration

The regeneration characteristics were examined on bentonite
powders using various solutions. For this purpose, 1g-L™" of loaded
adsorbent was added into the individual bottles containing 50 ml
of 1 M solution of NaOH, HNO;, HCl and pure water before shak-
ing at 200 rpm and 30 °C for 60 min. Solutions were finally sepa-
rated from the solids by centrifugation (5min at 3,000 rpm). The
concentration of Mg (II) ions was measured before and after de-
sorption experiments using flame atomic absorption spectrome-
ter (FAAS).

RESULTS AND DISCUSSION

1. Characterization of Adsorbents

The physicochemical properties of adsorbents play essential role
in their application, especially adsorption performance. Accordingly;
the elemental compositions of the zeolite and bentonite were ana-
lyzed by XRE and the ingredients including their percentage in the
overall composition are reported in Table 1. Results indicate that
silica and alumina are major constituents of both zeolite and ben-
tonite. The percentage of SiO, in the structure of zeolite is more
than in bentonite. These suggest that zeolite may have more inter-
actions with metal ions than bentonite due to the presence of more
negatively charged (Si-O) - in its chemical structure. In the case of
bentonite, the high proportion of SiO, and ALO; indicates the
presence of montmorillonite. Both zeolite and bentonite also con-
tain the prevailing exchangeable cations, such as Na (I), K (I), and
Ca (II), which can effectively play a role in the adsorption of mag-
nesium ions.

Table 1. The chemical composition of natural zeolite and benton-

ite analyzed by means of XRF
Ingredient Zeolite (w%) Bentonite (w%)
SiO, 69.28 65.53
ALO, 10.43 10.44
Fe,0, 0.49 1.24
CaO 3.56 3.23
MgO 0.50 1.57
Na,O 0.73 3.51
K,0 1.27 1.31
SO; 0.005 1.91
L.OI 12.97 9.75
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The X-ray diffraction (XRD) patterns for zeolite and bentonite spectively. The structural morphology and surface characteristics

are shown in Fig. 2. Data demonstrate that both zeolite and ben- of zeolite and bentonite are exhibited in Fig. 3. The SEM image of
tonite consisted primarily of clinoptilolite and montmorillonite, re- zeolite shows that it consists of crystalline laminar habits and con-
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Fig. 2. X-ray diffraction patterns for natural (a) zeolite (b) bentonite [55].

Fig. 3. SEM micrographs of (a) zeolite and (b) bentonite [56,57].

Table 2. Adsorption efficiency of zeolite and bentonite with respect to Mg (II) ions

Adsorbent Code Treatment type and condition Mg (II) removal efficiency (%)
Z-N Pristine (natural zeolite) 75.17
Z-A Acid treatment 77.65
Z-C-100 Calcination at 100 °C 75.65
Zeoli Z-C-400 Calcination at 400 °C 79.58
eolite
Z-C-700 Calcination at 700 °C 71.14
Z-R-5 Radiation by microwave for 5 min 76.28
Z-R-15 Radiation by microwave for 15 min 81.73
Z-R-30 Radiation by microwave for 30 min 73.32
B-N Pristine (natural bentonite) 69.47
B-A Acid treatment 82.43
B-C-100 Calcination at 100 °C 70.34
B . B-C-400 Calcination at 400 °C 85.21
entonite
B-C-700 Calcination at 700 °C 62.56
B-R-5 Radiation by microwave for 5 min 72.66
B-R-15 Radiation by microwave for 15 min 84.33
B-R-30 Radiation by microwave for 30 min 68.25
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glomerates of compact crystals (Fig. 3(a)). On the other hand, the
micrograph of bentonite reveals that it is composed of wavy flakes
and honeycomb textures in the form of aggregates with porous sur-
faces. Surface properties of bentonite are specified on the basis of
the montmorillonite content with its surface charges. Fig. 3(b) also
reveals that there exist many micro and nano passages within the
structure of bentonite. This possibly enables penetration and sub-
sequently potential adsorption of selective ions on the active sites
[55-57].
2. The Effect of Acid Treatment on the Performance of Adsor-
bents

The performance of adsorption of Mg (II) ions by natural and
acid treated zeolite and bentonite was investigated, and the results
are provided in Table 2. Based on the findings, essentially the removal
efficiency of Mg (II) ions by natural zeolite was higher than natu-
ral bentonite. As shown in Table 1, SiO, and AlO, are the main
components of zeolite and bentonite. Silicon is tetravalent and alu-
minum is trivalent, and hence the structure of both zeolite and
bentonite are negatively charged. The negative surface charge of
zeolite is greater than bentonite due to higher SiO,/ALO; ratio and
as a consequence, the Mg (II) adsorption on zeolite is more effi-
cient. Acid treatment enhanced the adsorption efficiency of both
adsorbents. The removal efficiency of Mg (II) ions by zeolite in-
creased from 75.17% to 77.65% upon performing the acid treat-
ment. This improvement could be attributed to various possible
factors including the alteration of Si/Al ratio and chemical/struc-
tural properties, removal of impurities that block the pores, elimi-
nation of cations in order to change the adsorbent structure into
H-form and eventually dealumination of zeolite [39,58]. Similarly,
acid treatment also improved the adsorption efficiency of natural
bentonite by almost 18%. As reported by Kul et al. [44], acid treat-
ment causes the formation of fine pores in the solid particles, con-
sequently leading to increased surface area and active sites for ad-
sorption. The mechanisms of adsorption of Mg (II) ions onto pris-
tine and acid-treated zeolite and bentonite are illustrated schemati-
cally in Fig. 4. In the case of pristine adsorbents, the Mg (II) ions
in aqueous solution are exchanged with Na (I) and K (I), but in acid
treated adsorbents, the adsorbent structure changes into H-form

O = Exchangeable cations {

—

and the Mg (II) ions are exchanged with H (I).
3. The Effect of Thermal Treatments on the Performance of
Adsorbents

Thermal treatment of natural zeolite and bentonite changed
their composition, structure and separation efficiency. In this study;
the influence of temperature (100-700 °C) and microwave expo-
sure time (5-30 min) on the characteristics of adsorbents and their
removal efficiency for Mg (II) ions was investigated, and the results
are provided in Table 2. The findings indicate that heat treatment
at 100°C could not make considerable effects on the properties
and performance of the adsorbents. However, ion removal effi-
ciency of zeolite and bentonite calcined at 400 °C improved com-
pared to their natural state by about 4% in case of zeolite and 15%
in case of bentonite. This could be due to the improved increase in
surface area as well as the release of impurities occupied active
sites of the adsorbents [43]. The lower removal efficiency for ther-
mally treated zeolite at 400 °C compared to bentonite can be at-
tributed to partial fracture of zeolite crystals lead to the reduction
of surface area. Further dehydration of active sites and removal of
vapors entrapped within the structure of the adsorbents caused by
the expansion of the structure at elevated temperature could be
another factor playing a role. It has been demonstrated that calci-
nation changes the textural properties of bentonite and improves
its dispersion in aqueous solution and as a consequence facilitat-
ing the adsorption of Mg (II) ions [40]. Further increase in the cal-
cination temperature to 700 °C had negative effect on the removal
efficiency. These observations can be attributed to fracture of the
crystal structure at the elevated temperature leading to a decrease
in the specific surface area and adsorption capacity [40]. Accord-
ing to data in the literature, the thermal degradation of bentonite
occurs at temperatures above 400 °C [40], while zeolite degrades at
temperatures between 200-400 °C [43].

For both zeolite and bentonite exposed to radiation by micro-
wave, removal efficiency increased with exposure time up to 15
min. Increase in adsorption capacity of microwave-treated miner-
als may be due to removal of water from the internal channels of
natural zeolite and bentonite leaving the channels vacant and in-
creasing adsorption sites [43]. The removal efficiency of both ad-

Na*,K" in Natural Adsorbents
H* in Acid treated Adsorbents

Fig. 4. The Mechanisms of adsorption of Mg (II) ions from aqueous solution on pristine (natural) and acid treated zeolite and bentonite.

Korean J. Chem. Eng.(Vol. 33, No. 12)



3534 M. A. Alaei Shahmirzadi et al.

sorbents decreased upon 30 mins exposure to microwave. Upon
30 mins exposure time, crystalline structure of both adsorbents col-
lapses and surface area and hence removal efficiency decreases as
also reported by Motsi et al. [43].
4. The Effect of Process Parameters on Process Efficiency

Due to its importance, the effect of several operational parame-
ters on the adsorption characteristics was investigated and ana-
lyzed in the case of bentonite as the model adsorbent.
4-1. The Effect of Mass of Adsorbent

The effect of the mass of bentonite Mg (II) ion removal effi-
clency was investigated at five different adsorbent doses ranging
from 0.5 to 4g (Fig. 5). According to the findings, the removal
efficiency of Mg (II) ions improved from 53.47% to 97.16% as the
mass of adsorbent increased from 0.5 to 4.0 g, respectively. Inter-
estingly, the improvement in the removal efficiency (~62%) was
significant upon increasing mass of adsorbent from 0.5g to 2 g.
The findings could be attributed to the competition of metal ions
in order to occupy limited adsorption sites at lower mass of ben-
tonite. However, as mass of bentonite increased, greater surface area
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Fig. 5. Effect of mass of bentonite on removal efficiency of Mg (II)
ions. Conditions: Mg (IT) conc.: 250 mg-L ™', bentonite parti-
cle size: 88 um, pH: 4.00, V: 50 mL, t: 60 min, T: 30 °C, agita-
tion speed: 100 rpm.

Mg (I1) removal efficiency (%)

pH

was available which exposed more vacant active adsorption site for
binding of metal ions, resulting in higher adsorption of Mg (II)
ions [59]. Further increase in the mass of adsorbent from 2 g to
4 g could only raise the removal efficiency by another 20%. In this
range, the provided active sites are excess and more than required
for metal jons in solution.

Bentonite turns into a sticky gel when in water [35]. This char-
acter is a limitation for application of high mass of bentonite for ad-
sorption. Accordingly; the amount of bentonite in further experi-
ments was limited to 1g to prevent unwanted complexities in the
analysis of the results.

4-2. The Effect of pH

The pH of aqueous solution is a significant operational parame-
ter in adsorption of metal ions on adsorbents. Also, pH has a promi-
nent effect on ionization degree and the surface charge of the ad-
sorbent. As shown in Fig. 6(a), the removal efficiency of Mg (II)
ions abruptly increased from 27.47% to 69.47% upon increase in
pH from 2 to 4 and then gradually decreased at further pHs. The
increase in Mg (II) adsorption on bentonite surface in the pH
range between 2 and 4 can presumably be due to the partial hydro-
lysis of Mg (II) in aqueous solution. At pH<4, positively charged
ions (Mg (II)) are attracted by columbic force between silica of
bentonite and Mg (II). At pH>4, hydrolysis of Mg (II) gradually
occurs and the negatively charged is formed, which leads to the
decrease of adsorption of Mg (II) on bentonite due to electrostatic
charge repulsion and decrease in the negative surface charge den-
sity [35,60]. The maximum adsorption of Mg (II) ions on benton-
ite was achieved at pH 4. Due to the highest adsorption of metal
ions, further experiments were carried out at pH=4.

4-3. The Effect of Initial Ion Concentration

The effect of initial concentration of magnesium ions on the
removal efficiency of bentonite was studied, and the results are
shown in Fig. 6(b). The initial Mg (II) concentration was varied
from 250 to 550 mg-L"". According to the findings, removal effi-
ciency decreased from 73.29% to 57.25% in the low to medium
(250 to 500 mg-L™") concentrations, which could be attributed to
lower ratio of surface active sites to total magnesium ions. Hence,
interaction between metal ions and adsorption sites present on the
surface of bentonite particles was not efficient. However, at higher
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Fig. 6. Effect of (a) solution pH and (b) initial concentration of Mg (II) on the removal efficiency of Mg (II) on pristine bentonite. Condi-
tions: particle size of bentonite: 88 pm, m: 1 g, V: 50 mL, t: 60 min, T: 30 °C, agitation speed: 100 rpm (In (a) Mg (II) conc.: 250 mg-L’l,

and in (b) pH: 4.00).

December, 2016



Enhancing removal and recovery of magnesium from aqueous solutions

80

.

70

60 -

50 A

Mg (1) removal efficiency (%)

40

0 20 40 60 80 100 120 140

Contact time (min)

3535
90
— (b)
=
N
5 80
L+
=
[}
El
3
H
2170 4
W
=
60 T T T
0 100 200 300 400

Agitation speed (rpm)

Fig. 7. Effect of (a) contact time and (b) agitation speed on removal efficiency of Mg (II) on pristine bentonite. Conditions: Mg (II) conc.:
250 mg-L™, partidle size of bentonite: 88 pum, m: 1.g, pH: 4.00, V: 50 mL, T: 30 °C (In (a) agitation speed: 100 rpm and in (b) t: 60 min).

Mg (II) ion concentrations, more ions were available in order to
occupy the active site of bentonite; accordingly; at higher concen-
tration, the active sites of adsorbent were exhausted faster in com-
parison to lower concentrations [61].
4-4. Effect of Contact Time

Contact time play an important role in optimization of energy
and processing period. The adsorption behavior of Mg (II) ions
on bentonite was investigated as a function of contact time in the
range of 5-120 min (Fig. 7(a)). The amount of ion removal increased
from 43.65% to 70.09% at experiments conducted for 5 and 120
min time, respectively. The results indicate that Mg (II) removal
using bentonite is a very fast process (especially at the beginning
of adsorption), and it reached a maximum value in 20 min after
mixing of bentonite and magnesium solution. After 20 min, no sig-
nificant change in the Mg (II) removal was observed. This may be
explained considering the availability of the large fraction of active
sites at the surface of the adsorbent providing high tendency and
the chance for firm adsorption of Mg ions. However, after almost
full saturation of the surface sites, the only available opportunities
remain within the internal structure of the adsorbent and within
the pores which still enable adsorption to continue through intra-
particle diffusion mechanism [40,62]. According to the results, 60
min was considered as the optimum equilibrium contact time for
further experiments.
4-5. Effect of Agitation Speed

The agitation speed and turbulence of solution is one of the
crucial parameters that can considerably influence the ion removal.
Experimental data related to the effect of agitation speed on the
removal efficiency are depicted in Fig. 7(b). According to the find-
ings, the removal efficiency increased monotonically upon increase
in the agitation speed. The removal efficiency of Mg (II) by ben-
tonite reached its maximum value of 83.97% upon agitation at 300
rpm. The transfer of metal ions from liquid (water) to solid (adsor-
bent) phase faces resistance due to formation of boundary layer at
the interphase of liquid-solid. Increasing the agitation speed led to
a decrease of the boundary layer thickness and improved the ions
transfer from liquid to solid phase [60]. In addition, higher agita-
tion speed also provides more chance for the penetration of metal
ions into the internal porous structure of the particles and thus
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Fig. 8. Effect of particle size on removal efficiency of Mg (II) on
pristine bentonite. Conditions: Mg (IT) conc.: 250 mg-L ™', m:
1g, pH: 4.00, V: 50 mL, t: 60 min, T: 30 °C, agitation speed:
100 rpm.

enabling consumption of more active sites.
4-6. The Effect Adsorbent Particle Size

Particle size is a well-known influential factor in adsorption pro-
cesses. The effects of particle size of bentonite (varied from 88 to
354 um) on Mg (II) adsorption are shown in Fig. 8. It is obvious
that particles with smaller size offered higher removal efficiency. In
other words, the removal efficiency of Mg (II) ions increased from
41.11% to 69.47% in adsorption by bentonite with particle sizes of
354 and 88 um, respectively. This trend can be attributed to the tre-
mendous effect of particle size and its increasing effect on the surface
area and active sites [35]. According to these results, bentonite sam-
ples with particle size of 88 was selected for all other experiments.
5. Thermodynamic Studies

The effect of temperature on the removal efficiency of Mg (II)
ions was investigated in the temperature range of 20-60 °C. Accord-
ing to Fig. 9(a), the removal efficiency of Mg (II) ions increased
from 67.41% (at 20 °C) to 76.38% (at 60 °C), indicating that rise in
temperature activated the metal ions for enhancing adsorption at
the coordinating sites of the minerals [63]. Similar trends have

Korean J. Chem. Eng.(Vol. 33, No. 12)
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Fig. 9. (a) Effect of temperature on Mg (II) removal by pristine bentonite and (b) the plot of In K; versus 1/T for obtaining the thermody-
namic parameters. Conditions: Mg (II) conc.: 250 mg-L ™, particle size of bentonite: 88 pm, m: 1g, pH: 4.00, V: 50 mL, t: 60 min, agita-

tion speed: 100 rpm.

been reported for other heavy metal ions [35,40].

The feasibility of the adsorption process was determined using
thermodynamic parameters, including the changes in Gibbs free
energy (AG’), enthalpy (AH’) and entropy (AS°). AG” was calcu-
lated from the following equation [64]:

AG’=-RTInK, “)

where R is the universal gas constant (8.314J-mol "-K '), T is the
temperature (K) and K is the distribution coefficient of adsorp-
tion calculated using the following equation [64]:

Ki=g ®)

where g, and C, are the equilibrium concentration of Mg (II) ions
on adsorbent (mg-L™") and in solution (mg-L™), respectively. K, can
be expressed in terms of change in enthalpy (AH®) and entropy (AS°)
as a function of temperature according to the following equation:

AS’ AH’
R RT

InK,= ©)
The thermodynamic parameters of AH’ and AS’ were extracted
from the slope and intercept of the plot of In K, versus 1/T, respec-
tively, as shown in Fig. 9(b). The thermodynamic parameters for
the bentonite-Mg (II) ion system are given in Table 3. The nega-
tive values of change in Gibbs free energy in the studied tempera-
ture range indicated that the adsorption process was feasible and
spontaneous. Furthermore, the degree of spontaneity of the reac-
tion increased with increasing temperature. The increase in ad-
sorption with temperature may be attributed to the de-solvation of
active sites on the adsorbent and, subsequently, decrease in the
thickness of the surrounding boundary layer, and therefore the
mass transfer resistance of adsorbate in the boundary layer decreases

[40]. On the other hand, the positive sign of enthalpy change indi-
cates an endothermic process. One possible explanation is that the
metal ions are well solvated and have to lose part of their hydra-
tion sheath before being adsorbed and this requires energy. The
energy of dehydration supersedes the exothermicity of the ions
getting attach to the surface [65]. Furthermore, the positive value
of adsorption entropy indicates that the adsorption process is irre-
versible and favors complexation and stability of sorption. The
resultant effects of complex bonding and steric hindrance of the
adsorbed species eventually lead to the increased enthalpy and
entropy in the system [35].
6. Adsorption Isotherms

Adsorption isotherms are employed for gaining a better under-
standing of the mechanism of the adsorption and nature of the
surface. Adsorption isotherms also provide useful information
about the distribution of adsorbate molecules in solution (liquid
phase) and on adsorbent (solid phase). In this study, the data ob-
tained from the adsorption experiments were examined by using
Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherms,
and discussions are provided in the following sections.
6-1. Langmuir Isotherm

The Langmuir model assumes that maximum adsorption cor-
relates with a saturated monolayer of solute on the adsorbent sur-
face with no lateral interaction between the adsorbed species [66].
The linear form of the Langmuir isotherm model can be presented
as:

C. 1 C,

o 7
9 9K q 7

where q, (mg-g ') is the amount of the metal ions adsorbed per

unit mass of adsorbent, C, (mg-L™") is the equilibrium metal ions

concentration in the solution, q, (mg-g ™) is the Langmuir constant

Table 3. Thermodynamic parameters for the system of Mg (II) and natural bentonite at various temperatures

AH’ (Kj-mol ") AS’ (j-mol -K™")

AG’ (Kj-mol ")

293K

303K 313K 323K 333K

9.13 50.40 -5.67

-6.14 —6.64 -7.14 -7.63
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Fig. 10. (a) Linear plot of Langmuir isotherm for Mg (II) ion adsorption on natural bentonite at 30 °C (b) variation of separation factor (R;)

as a function of initial Mg (II) concentration.

Table 4. Langmuir, Freundlich and the D-R isotherm constants and
correlation coefficients for adsorption of Mg (II) on pris-

tine bentonite

Isotherm Parameters
Langmuir

Q (mg-g") 26.24
K (L-mg") 0.0072
R? 0.992
Freundlich

K; (mg: g' (L””-mgfl/") 0.9958
n 1.92
R’ 0.952
D-R

B3 (mol’-kJ™?) 0.0087
Qo (mol-gfl) 0.00238
E (kJ-mol™) 7.58
R’ 0.983

related to the maximum monolayer adsorption capacity, and b
(L-mg ") is the constant related to the free energy or net enthalpy
of adsorption. The values of q, and K were obtained from inter-
cept and slope of the linear plot of C,/q, versus C, (Fig. 10(a)). The
Langmuir model parameters and the statistical fits of the sorption
data are given in Table 4. The linear plot of specific sorption (C,/
q.) versus equilibrium concentration (C,) shows that the adsorp-
tion of Mg (II) ions on bentonite obeys the Langmuir model. The
essential features of the Langmuir isotherm can be expressed by
dimensionless constant called equilibrium parameter or separation
factor (R;) which is defined as:

1

R =
I71+KC,

®)

where C, is the initial concentration (mg-L™"). There are four
probabilities for the R; value: for favorable adsorption, 0<R;<1; for
unfavorable adsorption, R;>1; for linear adsorption, R;=1; and for
irreversible adsorption, R;=0 [66]. Accordingly, Fig. 10(b) indi-
cates the variation of equilibrium parameter (R;) with respect to

Table 5. Maximum adsorption capacity of some adsorbents for mag-
nesium ions removal from aqueous solution

Adsorbent Qrax (Mg-g™") Ref.
Bentonite (natural) (B-N) 26.24 Present study
Calcined bentonite (B-C-400) 35.67 Present study
Microwave radiated zeolite (Z-R-15) 31.23 Present study
Chemically modified cellulose 135 [67]
Modified pumice 56.11 [3]

initial Mg (II) ion concentration. The R; values were in the range
of 0-1 at 30°C, showing that the adsorption of Mg (II) ions on
bentonite is favorable in initial concentration range 250-550 mg-L~
!, Maximum sorption capacities according to the Langmuir con-
stant (qo) for adsorption of Mg (II) ions on various natural adsor-
bents are tabulated in Table 5 to allow comparison with the results
from the present work [67].
6-2. Freundlich Isotherm

The Freundlich isotherm model is valid for non-ideal and mul-
tilayer adsorption on heterogeneous surfaces with sites that have
different energies of sorption and is expressed by the following lin-
earized equation [64,66]:

Log(q,)=Log(K)+Log(C,) ©

where K and n are Freundlich constants related to adsorption
capacity and adsorption intensity, respectively. The value of n var-
ies with the heterogeneity of the adsorbent and for favorable ad-
sorption process, the value of n should be higher than unity. The
values of K; and n (Table 4) were determined from the intercept
and slope of linear plot of log (q,) versus log (C,) (Fig. 11(a)) and
found to be 0.99 mg-g ' and 1.92, respectively. The n value is higher
than unity and therefore this system can be considered favorable
for adsorption according to the Freundlich isotherm.
6-3. D-R Isotherm

The equilibrium data were also applied to the D-R model to
determine the type of adsorption. This model enables prediction
of energy of adsorption per unit of adsorbate and a maximum ad-
sorption capacity of the adsorbent. The E value often varies from
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Fig. 11. (a) Linear plots of Freundlich isotherm of Mg (II) adsorption on pristine bentonite at 30 °C (b) D-R isotherm plot of Mg (II) adsorp-

tion on pristine bentonite at 30 °C.

1 to 8 kJ-mol " for physical adsorption and from 8 to 16 kJ-mol *
for chemical adsorption [66]. The linear form of D-R isotherm is
presented by the following equation [66]:

Ing,=Ing,,~ &’ (10)

where ¢ (Polanyi potential) is equal to RT In (1+1/C,), q, is the
amount of the solute adsorbed per unit natural bentonite (mol-g ),
Q.. the theoretical monolayer saturation capacity (mol-g '), C, the
equilibrium concentration of the solute (mol-L™"), A the constant
of the adsorption energy (mol’kJ *). B is related to mean adsorp-
tion energy (E, kJ-mol ") defined as:

T (11)

J-2p

Values of q,, and /3 were obtained from the plot of In g, versus &
(Fig. 11(b)), and are tabulated in Table 4. According to these data,
E is 7.58 kJ-mol ' for Mg (II) adsorption on natural bentonite. The
value of E indicates occurrence of physical adsorption. The large
difference between q, derived from the Langmuir and g, from D-
R isotherms may be due to the different definition of maximum
adsorption capacity in two isotherms. In Langmuir isotherm, q,
displays the maximum adsorption of adsorbate species at mono-
layer coverage, whereas q,, displays the maximum adsorption of
adsorbate species at the total specific micropore volume of the
adsorbent in D-R isotherm. Compared with the correlation coeffi-
cient value of the Langmuir isotherm, those of Freundlich iso-
therm and D-R isotherm were found less satisfactory (R’<0.99).
7. Desorption and Regeneration

It is very important to regenerate the adsorbents for reusing and
reducing the process cost. Regeneration of adsorbents was investi-
gated by washing spent bentonite with 1 molar solutions of HNO;,
HCI and NaOH, as well as deionized H,O. According to the results
shown in Fig. 12, among the desorbing solutions used in the pres-
ent study, HNO; could exhibit better performance. The yield is in
the following order: HNO;>HCI>NaOH>H,O.

CONCLUSIONS
The properties and behavior of zeolite and bentonite for mag-
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Fig. 12. Desorption yields of some desorptive solutions in the case
of spent bentonite.

nesium removal were improved through appropriate modification
methods and investigation of process parameters. The experimen-
tal data demonstrated that selected inorganic adsorbents could be
successfully used for the adsorption of magnesium from aqueous
solutions. Acid and thermal modification of zeolite and bentonite
resulted in significant enhancement in magnesium removal effi-
ciency. Maximum removal efficiency was found 85.21% for the
thermal-treated bentonite in furnace. Langmuir, Freundlich and
Dubinin-Radushkevich (D-R) isotherms were used to represent
the experimental data. The adsorption of magnesium was best
represented by the Langmuir isotherm, which indicated a mono-
layer adsorption. R; value for Langmuir and the n value for Freun-
dlich isotherm indicated that Mg (II) ions were favorably adsorbed
by natural bentonite. According to mean adsorption energy (E)
obtained from the D-R isotherm, adsorption of Mg (II) ions onto
natural bentonite was defined as physical. The negative AG’ val-
ues indicated that the adsorption of Mg (II) ions onto natural ben-
tonite was feasible and spontaneous. Moreover, the positive value
of AH’ confirmed the endothermic nature of adsorption. The pos-
itive values of AS’ suggested the increased randomness at the solid/
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liquid interface during the adsorption of magnesium onto natural
bentonite. With respect to experimental results and low cost of
zeolite and bentonite, natural and modified inorganic adsorbent
can be successfully used for effective removal of magnesium ions
from aqueous solutions.
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