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Abstract—The removal efficiency of phosphate ion from aqueous media using magnesium oxide/iron molybdate
(MgO/Fe,(Mo0,);) nanocomposite was investigated. MgO nanoparticles were chemically modified by ferric molyb-
date. Then, the structure and morphology of the nanocomposite was completely investigated using different analyses
such as SEM, EDX/Map, FTIR, XRD, TGA, BET, and TEM. The TEM analysis demonstrated that the particles in the
mentioned nano-composite were on a nanoscale. BET analysis proved that the nanocomposite was mesoporous with
mean pore size of 9.4 nm. The sorption outcomes demonstrated that the highest phosphate sorption yield was achieved
at 98.38%, exhibiting remarkable sorption efficiency. Carbonate ions showed to have the highest interfering impact
compared to sulfate and nitrate ions, since phosphate ion removal efficiency decreased significantly when carbonate
and phosphate ions were simultaneously available in the solution. The thermodynamic studies demonstrated that the
current sorption process was spontaneous, possible, and exothermic. The sorption equilibrium investigation showed
that the Freundlich isotherm model can describe the adsorption of phosphate ion better than can the Langmuir model,
and the maximum sorption capacity was obtained as 30.21 mg/g. Additionally, the adsorbent was successfully regener-
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ated four times and was able to perform the sorption and desorption process well.
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INTRODUCTION

Phosphate (P) is one of the most important chemicals that is
widely used in the production of fertilizers, detergents, water soft-
ener agents, food and drink products, and other processes [1,2].
Based on the standards, the allowed phosphate concentration in
drinking water is 0.5 mg/L, while its standard value for the waste-
water discharge in surface waters is 5 mg/L [3]. Excessive phosphate
content can cause serious problems, such as excessive growth and
consequent bone injuries, high urea levels, asthma, nausea, kidney
problems, anorexia, and the eutrophication of water resources [4].
Various processes have been used to remove phosphate from waste-
water; including chemical precipitation [5,6], adsorption [7], bio-
logical methods [8], and reverse osmosis [9]. Most of these physical
techniques, especially reverse osmosis, are expensive [9]. Among
the above-mentioned methods, adsorption seems to be an appro-
priate method for treatment of wastewater containing contami-
nant due to the low-cost, simple, and high efficiency of sorbents
[10]. In addition, the sorption capacities of the sorbents can be
improved by activating their surfaces [11]. Previous studies have
shown that some of the particles, such as iron, aluminum, zirco-
nium, and titanium, are able to remove phosphate [12]. Generally,
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sorption is the process of removal of atoms and molecules from a
liquid or gas phase in contact with a solid surface. Using this method,
the dissolved organic chemicals and other harmful inorganic com-
pounds are adsorbed on the adsorbent surface and can be separated
from the aqueous media [13]. The most important adsorbent that
has been used in this field is activated carbon [13], due to the high
surface area, fast kinetics, high efficiency, and facile regeneration
[14]. It has a large volume of dispersed pores with different sizes.
Due to its considerable required time and cost of regeneration, acti-
vated carbon filters are usually installed along the other water treat-
ment steps to promote the quality of the treated water. The efficiency
of the adsorbent is dependent on its surface characteristics, so nano-
adsorbents are being developed due to their high surface area.
Therefore, several attempts have been made to design adsorbents
with excellent efficiency; high selectivity, and stability. This is possi-
ble by modifying the pore size and shape, thermal and electronic
structures, and chemical stability of these nanostructured materi-
als [15].

The main aim of this study was to determine the phosphate ion
sorption efficiency using MgO/Fe,(MoO,); nanocomposite as a
novel and efficient nano-sorbent. This nanocomposite was synthe-
sized and used for the first time in this work. The mentioned adsor-
bent is a magnetic material that is easily removed from the solution
by a magnetic field, which is one of the main advantages of this
nanocomposite. Also, the characteristics of the nanocomposite were
tully investigated by several analyses, such as SEM, EDX/Map, FTIR,
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XRD, TGA, BET, and TEM. In this study, the effects of pH, sor-
bent dosage, process temperature, contact time, initial concentra-
tion of P and interfering ions on sorption efficiency of phosphate
ion were examined. The adsorbent was reused and recovered. In
addition, the sorbent behavior was investigated through kinetic,
thermodynamic, and equilibrium studies of the sorption process.

EXPERIMENTAL

1. Chemicals

Dipotassium phosphate (KH,PO,) and nitric acid were purchased
from Merck Company (Germany); iron nitrate nonahydrate and
ammonium heptamolybdate were purchased from Biochem Com-
pany (France); and magnesium oxide was purchased from VCN
Materials Company (Iran). In addition, the chemical reagent which
was used to measure the phosphate ion concentration in aqueous
solutions was synthesized by ammonium heptamolybdate (Bio-
chem, France), ammonium monovanadate (Merck, Germany) and
sulfuric acid (Merck, Germany). Note that pH adjustment of the
phosphate ion samples was done with hydrochloric acid and sodium
hydroxide 1 M, which were procured from Merck Company (Ger-
many).

2. Preparation of Stock Solution

KH,PO, was used to produce the stock solutions of P ion based
on phosphorus. To this end, a specified amount of KH,PO, (4.39 g)
was added into 1L of doubly distilled water to produce a solution
containing 1,000 ppm P ion. The other phosphate solutions with
appropriate concentrations were prepared by diluting the afore-
said stock solution. All experiments were done by using doubly
distilled water.

3. Magnesium Oxide/Iron Molybdate (MgO/Fe,(MoO,);) Nano-
composite Synthesis

A 100 ml volumetric flask was used to synthesize the sorbent in
which 0.327 g of iron nitrate nonahydrate was dissolved in 50 ml
of doubly distilled water, then 0.5 g of magnesium oxide was added
to it and blended for 30 minutes. The mixture temperature was
enhanced to 80-90 °C; after that, ammonium heptamolybdate solu-
tion, which was acidified by nitric acid (pH=2), was gradually added
and stirred for 3hours. The achieved solution was then centri-
fuged at a rate of 3,000 rpm and stored at 105 °C for 24 hours to
be completely dried. After drying, the sorbent was placed in a fur-
nace at 500 °C for 10 hours. It was then powdered for further use
in P sorption tests. The atomic ratio of molybdate to iron in the
synthesized sorbent was 1.5 [16].

The surface characteristics of magnesium oxide/iron molyb-
date composite were specified using SEM, EDX/Map, FTIR, XRD,
TGA, BET, and TEM analyses. The sorbent surface changes before
and after the sorption process were analyzed using SEM analysis
(HITACHI-S-3400), and EDX/Map analyses were employed to
determine the constituent elements of the composite. The func-
tional groups in the nano-composite were identified by FTIR
(JASCO-460plus), while XRD (BRUKER D8) was applied to char-
acterize the phases and crystallinity of the sorbent structure. TGA
(Perkin Elmer S11) was also used to examine the thermal stability
of the synthesized adsorbent. BET (Philips model, USA) analysis
was applied to specify the surface structure and surface area of the

aforementioned sorbent.
4. Adsorption Experiments

The sorption of P ions by magnesium oxide/iron molybdate
nanocomposite was performed in batch mode. The impact of var-
ious factors such as pH value (2-10), sorbent dosage (0.2-2.5 g/L),
temperature (25-50 °C), contact time (5-130 min), and phosphate
ion concentration (10-70 mg/L) was investigated on sorption effi-
ciency. The impact of interfering jons (0.01-0.1 mol/L), such as sul-
fate, nitrate, and carbonate ions, was checked on phosphate removal.
The sorption capacity at equilibrium state (q,) and sorption per-
cent (R) was computed by Egs. (1) and (2):

(C=C)xV

=" (1)

Ci — Ce

R= c 100 ©)
where C; and C, are initial and residual phosphate ion concentra-
tion (mg/L), W is the nanocomposite mass (g), and v is the sam-
ple volume (L).

The experiments were initially started by examining the effect
of solution pH in the range of 2-10. To do this, 100 mL of the stock
solution with the concentration of 20 mg/L was poured into a 250
mL Erlenmeyer flask. The sorbent dosage was also set in the range
of 0.25-2.5 g/L. The sample was stirred using heater stirrer and the
temperature and stirring rate was adjusted to 35 °C and 500 rpm,
respectively. After 60 minutes, the phosphate ion concentration in
the sample was measured using spectrophotometry. Using this
data, the adsorption capacity and efficiency were calculated. The
impact of other parameters was studied be changing the consid-
ered parameter, while the others were kept constant in the opti-
mum values achieved in prior steps.

The chemical reagent which was used to measure the phos-
phate ion concentration by the spectrophotometer set was synthe-
sized using ammonium heptamolybdate. To do this, 25g of am-
monium heptamolybdate was initially poured into a 175 mL volu-
metric flask and stirred to dissolve completely. Then, 280 mL of
concentrated sulfuric acid was added to 400 mL of double distilled
water and left to be cooled. Ammonium heptamolybdate solution
was added and the volume of the achieved solution was increased
to 1,000 mL using double distilled water. 2.5 g of SnCl,-2H,0 was
dissolved in 100 mL glycerol (stannous chloride solution) and used
as the reagent in the experiments. To perform the spectrophotom-
etry tests, 50 mL of phosphate solution was blended with 2 mL of
ammonium heptamolybdate solution and 0.25 mL of stannous chlo-
ride solution. The phosphate ion concentration in the aqueous solu-
tion was measured by spectrophotometer set at a wavelength of
690 nm.

5. Desorption and Regeneration of the Adsorbent

Desorption was studied by adding 2 g/L of MgO/Fe,(MoO,);
nanocomposite into 100 mL P jon solution with the concentration
of 10 mg/L. The other conditions were kept constant (stirring rate
of 500 rpm, pH value of 6, temperature of 45 °C, and contact time
of 80 minutes). After the sorption tests, the aforementioned sor-
bent was separated from the aqueous media and washed twice by
doubly distilled water to separate the precipitated P ions from its
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surface. After washing, the adsorbent was added to 50 mL of sodium
hydroxide solution (0.3 M) and stirred at different times (0.5-2.5
hr). The solution was filtered and the phosphate ion concentration
was measured. Desorption tests were done for eight times, which
showed the desorption capability of the synthesized composite. The
desorption percentage can be computed using Eq. (3) [17]:

amount of metal ions desorbed) %100 G)

amount of metal ions adsorbed

Desorption (%)= (

RESULTS AND DISCUSSION

1. Adsorbent Characterization

SEM and EDX/Map analyses were applied to investigate the
structure of MgO nanoparticles and MgO/Fe,(MoO,); nanocom-
posite before and after the phosphate ion adsorption, and their
results are shown in Fig. 1. SEM images showed that MgO nano-
particles had a flat structure with different layers (Fig. 1(a)). EDX/
Map analysis was used to determine the elements present on the
MgO surface (Fig. 1(b) and (c)). It is quite revealing that oxygen
and magnesium are uniformly distributed on the MgO surface with
percentages of 43.01% and 56.99%, respectively. After preparing
the MgO/Fe,(MoO,), composite, there was considerable change in
MgO surface by increasing the aggregation of particles. A possible
explanation for this is the formation of MgO/Fe,(MoOQ,); in MgO

layers (Fig. 1(d)). EDX/Map analysis also showed that the content
of oxygen and magnesium on the composite surface was decreased,
while iron (12.11%) and molybdate (11.75%) were observed, indi-
cating that Fe,(MoO,), particles were formed (Fig. 1(e), (f)). After
the phosphate sorption, the pores in the adsorbent were filled, possi-
bly due to the sorption of P ions on the composite surface (Fig.
1(g)). The capability of MgO/Fe,(MoO,); composite in P adsorp-
tion can be more accurately analyzed using EDX/Map technique.
Fig. 1(h) and (i) reveal the presence of P ions (11.5%) on the afore-
mentioned adsorbent.

The results of FTIR analysis on MgO nanoparticles and MgO/
Fe,(MoO,); nanocomposite before and after the adsorption of phos-
phate ions are presented in Fig. 2. It can be observed that there are
intensive vibrations in MgO nanoparticles and MgO/Fe,(MoO,),
composite structures in the range of 3,438 and 3,436 cm ", respec-
tively, which can be possibly attributed to the tensile vibrations of
hydroxide groups in these materials [18]. There is also a peak at
1,630cm™ in MgO structure, which can be attributed to the bend-
ing vibrations of OH group [19]. In addition, the FTIR spectrum
of MgO structure shows vibrations with different intensities at
859cm™!, 691 cm ™, and 445 cm ™', which correspond to the Mg-
O-Mg vibration [19]. The ranges of sorption peaks in the MgO
structure changed by the formation of MgO/Fe,(MoO,); nano-
composite as the result of interactions between the groups present
in MgO structure and iron and molybdate ions. Note that the
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Fig. 1. Results of SEM and EDX/Map analyses for (a)-(c) MgO nanoparticles, (d)-(f) MgO/Fe,(M0O,); nanocomposite, (g)-(i) MgO/Fe,(MoO,);

composite after the adsorption of P ions from aqueous media.
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Fig. 2. FTIR analysis of MgO and MgO/Fe,(MoO,); nanocompos-
ite before and after phosphate ion adsorption.

MgO/Fe,(MoO,); composite structure has a sorption peak at 851
cm™' which was not observed in MgO structure. This can be
attributed to the vibrations of different types of molybdate (Fe-O-
Mo and FeMo) [20]. The peak at 445cm™" was a result of Mg
vibration, which was transferred to 454 cm™" after the synthesis of
MgO/Fe,(MoO,); composite as the result of magnesium and molyb-
date interactions and vibrations [21]. After the adsorption of P
ions using MgO/Fe,(MoO,); composite, the range of FTIR peaks
changed and some new peaks were seen in the sorbent structure
which are the results of P sorption on the applied composite. Fur-
thermore, there are some other peaks at 1,059 cm™' and 576 cm™"
which show v;(P-O) and v,(P-O) vibrations [22].

To identify the phases and also the crystallinity of MgO nano-
particles and MgO/Fe,(MoO,); composite structures, XRD analy-
sis was used. Fig. 3 reveals that there are various sharp peaks with
different intensities in 26 of 37.07°, 43°, 62.44°, 74.6°, and 78.78° in
the MgO structure, which show (111), (200), (220), (311), and
(222) crystalline phases in the MgO structure, in accordance with

MgO

MgO/FCz(M004)3
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0 10 20 30 40 50 60 70 80
2 Theta (degree)
Fig. 3. XRD analysis of MgO and MgO/Fe,(MoO,), nanocomposite.
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Fig. 4. TGA analysis for MgO and MgO/Fe,(MoO,); nanocomposite.

JCPDS No. 77-2179 standard [23]. In addition, there is a single
peak in 26=18.74" which can be related to Mg(OH), [24]. After
synthesis of MgO/Fe,(MoO,), composite, the range of MgO peaks
changed which, confirms the formation of MgO/Fe,(MoO,); par-
ticles in MgO layers. In addition to MgO structure peaks, there are
some other peaks in the structure of MgO/Fe,(MoO,); composite
in 20=24.72°, 27.88°, 28.74°, 41.96°, and 43.2°. These peaks are
related to the crystalline phases of MgO/Fe,(MoO,); composite,
which accord with JCPDS No. 31-0642 standard [25]. In addition,
the peaks observed in 260=94.32°, 53.2°, and 60.74° can be possi-
bly expressed due to the presence of MoO; crystals in the synthe-
sized adsorbent [25]. Generally, XRD results showed that MgO/
Fe,(MoO,); composite was successfully synthesized, and also MgO
and MgO/Fe,(MoO,); particles had crystalline structure.

Fig. 4 shows the TGA results that were applied to investigate the
thermal stability of MgO and MgO/Fe,(MoO,); composite. It can
be observed that MgO and MgO/Fe,(MoO,); samples lost their
weight in the temperature range of 50-380 °C, which was the result
of vaporization and humidity loss from the layers of mentioned
samples that were physically adsorbed before [26]. The weight loss
percentage of MgO and MgO/Fe,(MoO,); samples was 5% and
6%, respectively. The second phase of weight loss occurred in 380-
1,000 °C, where the corresponding values for MgO and MgO/
Fe,(MoO,); samples were 15% and 8%, respectively. This can be
attributed to the degradation of MgO and MgO/Fe,(MoOQ,); [27].
By increasing the temperature above 1,000 °C, there was a negligi-
ble weight loss (lower than 3%), which can be related to the final
destruction of residuals of the mentioned samples.

The surface characteristics of MgO nanoparticles and MgO/
Fe,(MoO,); composite, including specific surface area, pore vol-
ume, and pore size, was evaluated using BET analysis. The specific
surface area of MgO nanoparticles and MgO/Fe,(MoO,); compos-
ite were determined as 154.92, and 2.55 m’/g, respectively. There-
fore, the specific surface area of the synthesized composite is sig-
nificantly decreased compared to MgO nanoparticles, which is
due to the presence of Fe,(MoO,); nanoparticles within the layers
and surface of MgO particles. Similarly, the pore volume for the
composite (0.00599 cm’/g) was significantly lower than MgO (0.219
cm’/g), which confirms the formation of Fe,(MoO,); nanoparti-
cles in the layers and surface of MgO particles. Also, the average
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Fig. 5. TEM analysis for (a) MgO and (b) MgO/Fe,(MoO,); nanocompaosite.

pore diameter of MgO and MgO/Fe,(MoO,); obtained 56.54 and
93.84 °A, respectively, which showed that both materials are meso-
porous.

The results of TEM analysis for MgO nanoparticles and MgO/
Fe,(MoO,); composite are shown in Fig. 5. A flat structure with
variable porosity can be obviously observed in Fig. 5(a), which is in
accordance with SEM results. By the formation of MgO/Fe,(MoO,),
composite, significant changes can be seen in TEM images, which
can be possibly related to the formation of Fe,(MoO,); nanoparti-
cles in the layers and surface of MgO particles. Consequently; the
connections formed between MgO layers and Fe,(MoO,); nano-
particles result in aggregation of particles and increasing their sizes.
Note that the formation of Fe,(MoQ,); nanoparticles in the layers
and surface of MgO particles was previously approved by SEM
results.

2. Solution pH and Adsorbent Dosage Effects

Solution pH is one of the important factors affecting the removal
of pollutants from wastewater using the adsorption process. Besides
the effect of solution pH on the pollutant, it also changes the ad-
sorbent surface charge by bombardment of the adsorbent surface
using hydrogen and hydroxyl ions [28]. In the first stage in an
acidic environment, the adsorbent surface is covered by the posi-
tive charge of hydrogen ions (H"); meanwhile, it is saturated by the
negative charge of hydroxyl ions (OH") in an alkaline environ-
ment. The second stage is attributed to the solution pH effect on
phosphorus forms in acidic and alkali environments. Species of
phosphate which exist in the aqueous media include zerovalent
H,PO, (phosphoric acid), monovalent H,PO; (dihydrogen phos-
phate), divalent HPO; , and trivalent PO; . In an acidic medium
where pH is lower than 4, the dominant species is H;PO,, which
can be weakly connected to the adsorbent surface and eventually
leads to low removal of phosphate ions from the aqueous solu-
tion. At pH between 5 and 10, the dominant phosphate species in
the solution are H,PO, and HPO?", which can be adsorbed on
the active sites of the adsorbent. At these pH values, removal of
phosphate ions probably occurs by the ion-exchange mechanism.
At pH value above 10, the concentration of hydroxyl ions in the
solution is high, and low removal of phosphate ions can be at-
tributed to competition between OH™ ions and p ions for adsorb-
ing on the active sites of the sorbent [29].

May, 2020
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Fig. 6. The effect of solution pH and magnesium oxide/iron molyb-
date nanocomposite dosage on P ion sorption efficiency (initial
phosphate concentration=20 mg/L, contact time=60 minutes,
temperature=35 °C, and stirring rate=500 rpm). The mean
value of standard deviation was 14.45%.

In the current work, the influence of solution pH and magne-
sium oxide/iron molybdate composite on the P ion sorption effi-
ciency was investigated, and the results are presented in Fig. 6. Based
on these data, the removal efficiency increased when pH was raised
from 2 to 6. Because at acidic pH values (equal to 2), the domi-
nant phosphorous form is phosphoric acid, which reduces the
adsorption efficiency. By increasing pH to about 5-7, hydrogen
phosphate ion becomes the dominant form, which results in the
formation of strong bonds between this ion and the magnesium
oxide/iron molybdate nanocomposite and the adsorption effi-
ciency reaches a maximum value (pH=6). At pH>6, the sorption
efficiency dropped as the result of the presence of P ions and com-
petition between hydroxyl and phosphorous ions to adsorb on the
surface of the composite. Consequently, the negative sorbent charge
became higher which was followed by the desorption and precipi-
tation of phosphorous ions from the adsorbent surface and reduced
efficiency. Therefore, the highest sorption efficiency (94.64%) was
achieved at pH=6.

The impact of magnesium oxide/iron molybdate composite dos-
age in the range of 0.25-2 g/L on the adsorption of phosphate ion
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Fig. 7. The impact of temperature on P ions sorption efficiency using
magnesium oxide/iron molybdate nanocomposite (initial phos-
phate ion concentration=20 mg/L, contact time=60 minutes,
adsorbent dosage=2g/L, and stirring rate=500 rpm). Rela-
tive standard deviation for these data was 2.46%.

is presented in Fig. 6. As it is obvious, the phosphate ion adsorp-
tion efficiency declined initially and became 96.64% in the dosage
value of 2 g/L. By increasing the dosage of the adsorbent, higher
surface area and active sites are available for the adsorption of
phosphate ions.

Also, the stability of the composite was investigated at different
pH values. To measure molybdate, iron and magnesium ions in
the aqueous solution after the adsorption of phosphate, the flame
atomic absorption apparatus was used. The results showed that
the mentioned composite was stable at different pH values and the
amount of iron, molybdate and magnesium ions released into the
solution was negligible (<0.24 mg/L).

So, the optimum value of pH and adsorbent dosage for the re-
moval of phosphate ion from aqueous media using MgO/Fe,(MoO,),
nanocomposite was determined 6 and 2 g/L, respectively.

3. Temperature Effect

The impact of temperature on the adsorption of P ion which
was studied in the range of 25-50 °C is presented in Fig. 7. As can
be observed, higher temperatures promote the adsorption of phos-
phate on magnesium oxide/iron molybdate composite. Therefore,
it can be concluded that the current adsorption process was endo-
thermic and also ion exchange was desirable in higher tempera-
tures. The increase in the adsorption efficiency of phosphate ions
with increasing temperature can be related to the increase in the
size of the adsorbent pores, change of its surface and diffusion of
adsorbate across the external boundary layer [30]. In the same way,
the compression of magnesium oxide/iron molybdate composite
at lower temperatures leads in the reduction of pores volume. Over-
all, the utmost adsorption efficiency was 96.56%, which was achieved
at 45 °C; and there was no sensible change in sorption efficiency at
temperatures above 45°C. Therefore, the optimum temperature
for the adsorption of phosphate ion achieved was 45 °C.

4. Initial Ion Concentration and Contact Time Effects

The impacts of initial jon concentration and contact time on
the sorption efficiency of phosphate ion by magnesium oxide/fer-
ric molybdate nanocomposite can be observed in Fig. 8. An ini-
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Fig. 8. The effect of initial P concentration and contact time on P
ion sorption efficiency using magnesium oxide/iron molyb-
date nanocomposite (initial phosphate temperature=45°C,
adsorbent dosage=2 g/L, pH=6, and stirring rate=500 rpm).
The standard deviation was less than 15% for all cases.

tial increase in slope demonstrates that the sorption of phosphate
ion started at a quick rate and then continued slowly. In initial
steps of adsorption, the adsorption rate was high because of the
abundance of available active sites, but by approaching the equilib-
rium time (80 min), it slowed as a consequence of the occupation
of adsorption sites by phosphate ions, which decreases the adsorp-
tion efficiency.

At lower initial concentration, the available adsorption sites were
relatively higher and phosphate ions can be conveniently adsorbed
on these sites. But when the concentration was increased the un-
saturated active site was limited, and therefore there will be more
phosphate ions remaining in the solution, which results in lower
efficiency values. In addition, the ratio of pollutant to the active sites
of the adsorbent was higher in lower initial concentrations; there-
fore, the adsorption was independent of this parameter, but the
competition between the phosphate ions for the active sites was
intensified at higher initial concentrations, which was followed by
lower adsorption efficiencies. Based on the outcomes, the maxi-
mum sorption efficiency of phosphate ion (98.38%) was achieved
at initial phosphate ion concentration of 10 mg/L and contact time
of 80 min; after this time, the removal efficiency did not change
significantly. Therefore, the initial concentration of 10 mg/L and
contact time of 80 min were reported as the optimal values.

5. Ions Interference Effect on Adsorption Efficiency

Generally, the existence of some ions such as sulfate (SO;"),
nitrate (NO53), and carbonate (CO;3") in real sewages and surface
waters affects the adsorption of pollutants. In this work, the pres-
ence of sulfate, nitrate, and carbonate ions in aqueous solutions
and their effect on phosphate adsorption efficiency using MgO/
Fe,(MoO,); composite was investigated, and the results are shown
in Fig. 9. Based on this figure, it can be observed that by changing
the ion concentration from 0.01 M to 0.1 M, the phosphate ad-
sorption efficiency declined from 98.14% to 94.47, 97.43% to
90.38%, and 94.21% to 66.73% for nitrate, sulfate, and carbonate
ions, respectively. As is obvious, the decrease in adsorption effi-
ciency was more significant for carbonate compared to the other
two ions. Because sulfate and nitrate ions can occupy the active
sites on the composite surface less than the carbonate ion, and car-
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Fig. 9. Effects of interfering ions such as carbonate, sulfate, and nitrate
on the P jon sorption using MgO/Fe,(MoO,);. The mean stan-
dard deviation was obtained 4.9%.

bonate ion has a more interfering effect in the adsorption of phos-
phate ion from aqueous solution. Also, because of their negative
charges, they prevent the easy adsorption of phosphate ions (PO} ")
on the adsorbent surface. The findings observed in this study mir-
ror those of the previous studies that have shown the competition
between carbonate and phosphate ions for adsorption on the ad-
sorbent active sites [31].
6. Desorption Experiments and Reuse of the Adsorbent

The possibility and reusability of the adsorbents is a key factor
for their industrial application. Desorption studies of the MgO/
Fe,(MoQ,); nanocomposite after adsorption of phosphate ions were
performed using NaOH solution (0.3 M) in different periods of
time, and the results are shown in Fig. 10. The findings observed
in this figure show that phosphate ion desorption percentage from
the synthesized composite decreased with time and the maximum
desorption percentage was 94.84%, which was achieved after 1.5 hr.

Also, the reusability of the aforementioned composite was stud-
ied in eight stages of sorption/desorption, and the results are demon-
strated in Fig. 11. The decrease of sorption efficiency of MgO/
Fe,(M00O,); composite for the phosphate sorption from aqueous
media was lower than 5% after four stages of sorption/desorption
process. Then, the decrease in adsorption capacity was significant,
which can be related to the competition between OH™ and phos-
phate ions for sitting on the adsorbent surface [32]. The most

Table 1. Comparing the results with previous studies
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Fig. 10. The effect of contact time on the desorption of P ions using
MgO/Fe,(MoO,); nanocomposite. The standard deviation
was 5.06.
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Fig. 11. Adsorption/desorption studies of P ions using MgO/Fe,
(MoOQ,); nanocomposite. The standard deviation was 16.88%.

striking result to emerge from these data is that MgO/Fe,(MoO,),
composite can be used for four stages of sorption/desorption pro-
cess of phosphate ion and can be considered as an appropriate one
for the removal of this contaminant.
7. Comparing the Results with Previous Studies

The adsorption of phosphate ion from aqueous media by using
the adsorbent used in this study and other adsorbents used in the
literature was compared, and the result is presented in Table 1. As
shown, the maximum adsorption capacity and the removal effi-
ciency of phosphate ion obtained in this work were comparable to

Temperature Time Adsorbent Phosphate Removal max
Adsorbent E’C) pH (h) dose (g/L)  dose (l:ng/L) efficiency (%) (n(ig/g) Ref.
MgO/Fe;0, 25 9 20 min 5 1 98.9 2.95 [5]
Modified giant reed 20 5 1 16 50 98 34.6 [29]
Molybdate/brown algae 50 5 1 10 30 98.7 149.25 [33]
Alginate/geothite 20 4 2 10 10 97.6 [34]
Geothite 20 4 2 10 10 70 [34]
Raw peat - - - - - - 0.92 [35]
Iron-modified peat 20 2 24 12.5 50 99.5 11.53 [35]
Iron oxide tailings - - - - - - 8.21 [36]
MgO/Fe,(MoO,); 45 6 1h 20 min 2 10 98.38 30.21  Present study
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previous studies. In this study, the removal efficiency of 98.38 was
obtained at the adsorbent dosage of 2g/L and contact time of
80 min, which in comparison to the previous studies was achieved
at less contact time and lower adsorbent dosage. Therefore, the
results show that the adsorbent used in the present study is more
efficient than the other adsorbents in the removal of phosphate
ion from aqueous media.
8. Equilibrium Isotherm Study

Adsorption isotherm models are usually applied to define the
sorption process and its mechanism. Freundlich, Langmuir, and
Dubinin-Radushkevich isotherms are well-known models which
are extensively used in this research. In the Langmuir model, it is
assumed that sorption occurs on a single and homogeneous layer
of the sorbent surface. The linear form of the Langmuir equation
is given as below:

C_ 1 G

0. Ka, 4, @
where C, is the equilibrium concentration of phosphate ion (mg/
L) and g, is the amount of phosphate ion adsorbed in equilibrium
state per gram of the sorbent. Also, g, is the maximum amount of
the contaminant adsorbed per gram of the sorbent (mg/g), and K;
is the Langmuir constant which depends on the adsorbent sites
(L/mg). Langmuir constants, q,, and K;, are achieved from the slope
and intercept of C,/q, versus C, plot. In addition, the sorption
intensity (R;) is a dimensionless parameter and is defined as fol-
lows [37].

1
R =
L714K,C

. )
where C; is the contaminant concentration at initial time (mg/L).
The desirability value of the adsorption process can be determined
through the value of R;. If 0<R; <1, R;>1, R;=1, R;=0, the process
is categorized as desirable, undesirable, linear, and irreversible, respec-
tively [15].

The Freundlich isotherm model is used for heterogeneous sur-
faces and multilayer adsorption of pollutants on the adsorbent sur-
tace. The linear form of this model is described as follows:

1
Ing,=InK;+ nlnCe (6)

In this equation, K; (L/mg) and n are Freundlich constants which
are used to express the adsorption amount. If n=1, the process is
linear. Furthermore, n<1 and n>1 show that the adsorption pro-
cesses are unfavorable and favorable, respectively.

Dubinin-Radushkevich is an isotherm model that has been used
in this work to determine the chemical or physical nature of the
phosphate ions adsorption from the aqueous solution. The linear
form of this model is described as follows:

In q.= In Qinax— ﬂgz (7)

where Band ¢ are Dubinin-Radushkevich isotherm constant (mol’/
kJ?) and Polanyi potential (kJ/mol). Parameter & can be calculated
using the following equation:

g=RTln(1+Clj ®)

where T and R are temperature (K) and the universal gas constant.

In addition, Sis used to calculate the adsorption mean free energy,
(E) (kJ/mol), which is defined as follows:

E=— ©)

where E describes the adsorption mechanism (physical or chemi-
cal). For E values between 8 and 16 kJ/mol, the adsorption pro-
cess is chemical adsorption; if this parameter is lower than 8 kJ/
mol, the process has a physical nature [38].

As mentioned, Langmuir, Freundlich, and Dubinin-Radush-
kevich isotherms were used to investigate the adsorption of phos-
phate ions on MgO/Fe,(MoO,); composite. The results of equili-
brium study are illustrated in Fig. S1 and their constants and param-
eters are reported in Table 2.

The maximum adsorption capacity using the Langmuir iso-
therm model achieved was equal to 30.211 mg/g and R; was ob-
tained in the range of 0.023-0.114 (0<R;<1), which denotes that
the adsorption process was desirable. In addition, the amount of

Table 2. Estimated parameters for Langmuir, Freundlich, and Dubinin-Radushkevich models in the adsorption of P jon on the surface of

MgO/Fe,(MoO,); nanocomposite

Adsorbent
Models Parameters
MgO/FeMoO,
Langmuir q. (mg/g) 30.211
K; (L/mg) 0.5932
CJ/q.=C./qu+1/Kq, R’ 0.9835
R, 0.023-0.144
Freundlich n 2.619
_ K; (mg-L""/g-mg"") 10.488
Ing.,=In Ks+1/n InC, R 0.9907
Dubinin-Radushkevich (D-R) E (KJ/mol) 3.0686
q, (mg/g) 19.026
Ing,=In q,— i% £x10°° (mol’/J?) 0.0531
R’ 0.8084

Korean J. Chem. Eng.(Vol. 37, No. 5)
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Table 3. Kinetic parameters for the adsorption of P ion on MgO/Fe,(MoO,); nanocomposite

Concentration phosphate ions

Kinetic model Parameters
10 mg/L 20 mg/L 30 mg/L 50 mg/L 70 mg/L
R’ 0.9841 0.9693 0.9585 0.9257 0.9683
. K, (1/min) 0.0633 0.065 0.059 0.0397 0.0503
Quasi first-order
Qoca (Mg/g) 3.083 8359 1358 1578 26.151
Geerp (g/Q) 4931 9.738 14.034 22.285 28.661
R’ 0.999 0.9975 0.9967 0.9971 0.9955
. K, (g/mgmin) 0.038 0.0137 0.0074 0.0042 0.0027
Quasi second-order
Qeca (Mg/g) 5.165 10.38 15.12 24.09 31.54
Geerp (Mg/Q) 4931 9.738 14.034 22.285 28.661
K; (mg/g-min"?) 0.2296 0.5246 0.8122 1.3417 1.9148
Intra-particle diffusion I (mg/g) 2.7749 4.7358 6.1064 9.0399 9.915
R’ 0.8025 0.8471 0.8889 0.9165 0.8929

heterogeneity of the adsorbent surface, n, obtained was 2.619,
which shows the adsorption process is favorable and physical.

Since most of the applied adsorption isotherms cannot calcu-
late the reaction energy, Dubinin-Radushkevich isotherm was used
to determine the adsorption energy and type of adsorption reac-
tion by the calculation of Polanyi potential (Fig. S1(c)). As can be
seen in Table 2, g, and /3 are 19.026 mg/g and 0.0531 mol’/J’,
respectively. Based on the values of these parameters, the adsorp-
tion energy was 3.069 kJ/mol, which shows that the adsorption of
phosphate ions on the MgO/Fe,(MoO,); composite is physical.

Also, the results showed that the Freundlich isotherm model
was better fitted with the experimental data for describing the ad-
sorption of phosphate ions, because its correlation coefficient was
the highest value (R*=0.991) compared to the Langmuir (R’=0.9835)
and Dubinin-Radushkevich (R*=0.8084) models. Therefore, it can
be said that the adsorption of phosphate ions occurred on the
multilayer and heterogeneous surface of MgO/Fe,(MoO,); com-
posite. Also, the correlation coefficient for the Dubinin-Radush-
kevich model was 0.8084, which shows this model has a significant
difference with the experimental data and its not appropriate to
describe the equilibrium behavior of the adsorption process. Simi-
lar results are seen in previous studies [39,40].
9. Adsorption Kinetics

Adsorption kinetics includes several stages, such as the transfer
of pollutant to the adsorbent surface, its transfer from surface to
the intramolecular active sites, and the retention of adsorbed parti-
cles in active sites by adsorption, sedimentation, and complex for-
mation. To this end, quasi-first-order, quasi second-order, and
intra-particle diffusion kinetic models were used to illustrate the
kinetic behavior of the sorption process. The linear forms of the
quasi-first and quasi-second-order models are presented as Egs.
(10) and (11), respectively [13,14]:

In(q,~q,)=Ing,~K;t (10)
L . (11)
qt que qe

where t and q, are contact time (min) and the sorption capacity at
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time t (mg/g), respectively. Moreover, K, and K, are the quasi-first-
order (min"") and quasi-second order (g/mg-min) kinetics rate
constant, respectively.

To analyze the adsorption mechanism of the adsorbent, the
intra-particle diffusion model was used. This model provides a
more accurate idea of the adsorption mechanism of pollutants on
the adsorbent surface, compared to the pseudo-first order and the
pseudo-second order models. The linear form of the intra-parti-
cle diffusion model can be expressed as follows:

q=Kt"*+1

where K; (mg/g-min"?) represents the intra-particle diffusion rate
constant, and I (mg/g) gives information about the thickness of
the boundary layer [41].

The results of kinetics study of phosphate ion sorption using
magnesium oxide/ferric molybdate composite are presented in
Fig. S2 and Table 3. Based on the data presented in Table 3, it can
be obviously observed that the predicted sorption capacity was in
agreement with the real sorption capacity achieved by quasi-sec-
ond-order kinetic model. According to the R values of the afore-
mentioned models, the quasi-second-order kinetic model with
higher R” value could better describe the behavior of phosphate
ions sorption from aqueous solution using the magnetic adsor-
bent. Also, the results of the intra-particle diffusion model show
that the adsorption mechanism includes two-steps. The adsorp-
tion rate in the first step is very fast and the adsorption rate is slow
in the second step. Also, the amounts of parameter I were oppo-
site to zero, which shows the intraparticle diffusion model is as a
part of the diffusion process, although it was not the rate-con-
trolling step. In addition, the intra-particle diffusion mechanism
was not dominant during the adsorption process [41].

10. Thermodynamic Study

The thermal nature of the adsorption process (endothermic/
exothermic) can be investigated through the thermodynamic study.
Considering the temperature effects, the optimum temperature value
can be determined to achieve maximum adsorption efficiency. There-
after, the adsorption and equilibrium constants can be calculated.
The following equations are applied to determine the adsorption
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Table 4. Thermodynamic parameters for P ion adsorption on MgO/Fe,(MoO,); nanocomposite

Adsorbate Temperature (°C) AG’ (KJ/mol) AH® (KJ/mol) AS’ (J/mol-K)
25 5.356
30 -6.413
Phosphate ions % 7% 39.476 151.173
40 -8.015
45 8.836
50 9.024
thermodynamic factors [14,42,43]. tion equilibrium; the results showed that the Freundlich isotherm
AG = RTInK 12) model could better describe the adsorption process compared to
¢ other models. Besides, the adsorption process was physically based
In(K )= AS’ AH’ 13) on the data achieved from Freundlich and Dubinin-Radushkev-
“ R RT ich models. In addition, the maximum adsorption capacity was
obtained 30.21 mg/g. The kinetic behavior of the adsorption pro-
Kez((l—:“ * W (14) cess was also described better by quasi-second-order model com-

e

where AG’, AS’, AH’, K,, and W are the Gibbs free energy change
(J/mol), entropy change (J/mol-K), enthalpy change (J/mol), the
dimensionless equilibrium constant, and weight of adsorbent per
solution volume (g/L), respectively. AH’ and AS’ values can be cal-
culated from the InK, versus 1/T plot. Fig. S3 and Table 4 present
the results of thermodynamic study in the temperature range of
25-50°C. From these data, it can be seen that AG’ values were
negative; therefore, the adsorption of phosphate ions on the mag-
nesium oxide/iron molybdate nanocomposite was spontaneous,
and also AG’ increased with temperature. These findings suggest
that phosphate ion adsorption depends on temperature and indi-
cates structure variations in the adsorbent and the pollutant. In
addition, AH" obtained was 39.462 kJ/mol; therefore, the current
adsorption process was endothermic and irreversible.

CONCLUSIONS

This study set out with the aim of assessing the adsorption capa-
bility of magnesium oxide/iron molybdate (MgO/Fe,(MoO,),) nano-
composite for the removal of phosphate ions from aqueous media.
Several analyses,, such as SEM, EDX/Map, FTIR, XRD, TGA, BET,
and TEM, were applied to characterize the synthesized adsorbent.
The results demonstrated that the optimum values for pH, adsor-
bent dosage, temperature, time and initial ion concentration were
6 and 2 g/L, 45°C, 80 min, and 10 mg/L, respectively. In the opti-
mal condition, the highest removal efficiency obtained was 98.38%.
Moreover, the adsorption efficiency decreased more as the result
of the existence of carbonate jons in comparison with sulfate and
nitrate ions. There was a competition between phosphate and car-
bonate ions for sitting on the magnesium oxide/iron molybdate
nanocomposite sites. Furthermore, desorption studies on the syn-
thesized adsorbent after the adsorption of phosphate ions using
NaOH showed that its percentage increased with time and its maxi-
mum value was 94.84% after 1.5 hr. The current adsorbent showed
an acceptable adsorption capability after four stages of adsorption/
desorption process of phosphate ion. Also, Langmuir, Freundlich,
and Dubinin-Radushkevich models were used to study the adsorp-

pared to quasi-first-order model. Finally, the thermodynamic par-
ameters indicated that the adsorption process was endothermic
and spontaneous.
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Fig. S1. Equilibrium-isotherms of P ions adsorption on MgO/Fe,(MoO,); nanocomposite for (a) Langmuir, (b) Freundlich, and (c) Dubinin-
Radushkevich isotherms (time=80 minutes, temperature=45 °C, sorbent dosage=2 g/L, pH=86, stirring rate=500 rpm).
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Fig. S2. (a) Quasi first-order, (b) quasi-second-order, and (c) intra-particle diffusion kinetic model plots for adsorption of P jions on magne-
sium oxide/iron molybdate nanocomposite (temperatureg=45 °C, sorbent dosage=2 g/L, pH=®6, stirring rate=500 rpm).
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