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The development of an efficient adsorbent for phosphate removal from wastewater to prevent the
eutrophication of surface waters is very important. In this study, porous silicon powder prepared with acidic
etching solution (HF: HNOs: H20). Then, Zirconium-modified porous silicon has been synthesized by a simple
and low-cost hydrothermal process. The morphology and structure of the samples were investigated using
scanning electron microscopy (SEM), X-ray diffraction (XRD). This material has been used as an adsorbent for
phosphate ion (PO43-) removal from synthetic aqueous solutions. The effect of operating conditions such as
contact time, initial anion concentration, pH, the presence of competitive ions on the adsorption performances
and the regeneration of the adsorbent have been investigated. Maximum adsorption amount of 47.7 mg P/g
has been obtained at ambient temperature. The maximum removal of phosphate was reached at pH= 4 for
Zirconium-modified porous silicon. The adsorption was almost unaffected by the presence of competitive ions.
Regeneration tests have shown that the adsorbent retains its capacity after 3 adsorption-desorption cycles.

doi: 10.5829/ijee.2018.09.03.05

INTRODUCTION

Eutrophication of aqueous systems by phosphate ions is
one of the major environmental problem. The presence of
phosphorous species in surface waters can lead to the
abundant development of aquatic plants, the growth of
algae, with some kinds of them being toxigenic, thus
causing eutrophication. Excessive increase in algae and
decrease in water quality are the main results of
eutrophication, which can lead to health problems and
loss of property value [1-5]. The detergents used in
industry and fertilizers from agricultural farming are the
main pollution sources of phosphates in natural waters
[6,7]. Phosphates are often present, in low concentrations
in water, almost solely as organic phosphate, inorganic
phosphate (orthophosphates) and polyphosphates [8].

A variety of methods for water treatment are
available. Chemical and biological treatments are the
most effective and well-established methods up to date,
but they have some disadvantages such as operation
difficulties and high cost at industrial level [2]. Various
physicochemical methods have been suggested including
reverse osmosis, electro-dialysis, contact filtration and
adsorption [9-11]. The adsorption is a promising
approach for the removal of pollutants because of
simplicity and ease of operation. Furthermore, adsorption
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capacity and selectivity could be improved by the surface
modification of the adsorbent. Adsorption has been used
as an alternative method for phosphate removal in
wastewater treatment since 1960s which has some
advantages, such as less production of sludge [10,12],
low cost and easily available adsorbent materials [13].
Transition metal nanoparticles such as Zr, Al, Fe and
etc. are capable of binding anionic ligands such as sulfate,
nitrate, phosphate and arsenate [14-16]. Because
sorption sites inhabit on the surface, these metals offer
very high specific sorption capacity at nanoscale size due
to their high surface area-to-volume ratio. The metal
oxides are electron pair acceptors which can act as Lewis
acids and are capable of selectively binding to Lewis
bases. The phosphate anion as Lewis base donates
electron pair(s) to form inner-sphere complexes by
binding to the central metal atom of the metal oxide. Due
to the high selectivity of zirconium oxide for phosphate,
it can selectively adsorb phosphate from the background
of other commonly occurring anions such as ClI', SO,
and NO3  because of these anions form only outer-sphere
complexes with the surface of the metal oxide by
Coulombic interactions [17]. Also, the complex of
zirconium oxide and phosphate anion has high resistance
against attacks by acids, alkalis, oxidants and reductants.
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In the accumulated catalysts or adsorbents, pure metal is
the active phase, but the metal nanoparticles show the
strong tendency to agglomerate into larger ones. These
results caused the negative effect on the effective surface
area and removal performance. In addition, the
separation and recycling of bare metal nanoparticles are
extremely difficult and when used in their native form,
lack the mechanical strength and attrition resistance
properties that required for prolonged operation [18]. In
supported catalysts or adsorbents, the active site located
on a supporter which has a supporting role. The economic
issue is an important reason for using supported catalysts
or adsorbents because of metals such as platinum,
iridium, etc. are expensive. Another reason to put active
sites on the supporter is to make them available. The
supporters have porous surface and allow the metal that
used as an active site distributed in these areas and a more
accessible surface [19]. To overcome these drawbacks,
several solids such as graphite, zeolite, porous silica,
carbon nanotube and alumina introduced as supporters or
carriers of metal nanoparticles. Zirconium oxide is
relatively high cost and applies pure zirconium oxide as
an adsorbent is not cost-effective.

A Porous Silicon (PSi) was discovered more than 50
years ago; however, the interest of the scientific
community on PSi has been only triggered in recent
years. PSi possesses several interesting characteristics.
Among its most significant characteristics are its very
large specific area, high pore volume, uniform pore size
distribution and controlled pore structure, the possibility
to modify its pore size and morphology according to
various requirements, as well as its biocompatibility and
non-toxicity. Because of the unique properties of porous
silicon, it was chosen as suitable substrate for the
decoration of metal nanoparticles [20—-23]. Also, PSi has
photocatalytic activity in visible light [24]; so, it could be
a suitable material for using in water treatment process.

The aim of this study was to investigate porous
silicon functionalized with metal nanoparticles for the
adsorptive removal of phosphate from aqueous solutions
at a laboratory scale.

MATERIAL AND METHOD

Chemicals

Polycrystalline Si powder (325 meshes, 99%), nitric acid
(HNQO3) 65%, hydrofluoric acid (HF) 40%, ethanol,
acetone, hydrochloric acid (HCI) 36.5%, zirconium
oxychloride octahydrate (ZrOCl,*8H,0), paraffin,
hydrogen peroxide(H20;), sodium hydroxide (NaOH)
and other chemicals were from Sigma-Aldrich and used
without further purification. Anhydrous sodium
dihydrogen phosphate (NaH»POs) was from Merck
(Germany). All solutions were prepared with deionized
water (Hz20).
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Synthesis of porous silicon

PSi powder was prepared via chemical etching, although
other techniques, such as metal-assisted chemical etching
and electrochemical etching, have been reported to
produce PSi [25,26]. The technique used in this work is
particularly simple and interesting because of the
presence of readily available oxidizing and corrosive
reagents; namely HNOjs and H0, as well as HF [27]. For
this purpose, 1.5 g of commercially Si powder with a
mean particle size of 40 pm was dispersed in a mixture
of HF: HNOs: HyO (4:3:6 volume ratio) in a plastic
beaker. The mixture was stirred at 400 rpm for 80 min.
During this time, the metallic color of the Si powder,
converted to brown-yellow color, which indicated that
the etching reaction was finished. The obtained PSi
powder was filtered and the etched silicon powder was
rinsed several times with deionized water to a neutral pH.
Finally, the PSi powder was dried at 343K for 24 h and
kept in a desiccator until further analysis.

Two-step chemical process performed for the etching
of silicon in HF/HNO3; mixtures including (i) the formal
oxidation of silicon to SiO; by nitric acid (Eg. 1) and (ii)
the subsequent dissolution of forming SiO, by HF (Eq.
2). The overall reaction, as written in Eq. 3, shows that
formally only reaction products are water, nitrogen
monoxide, and hexafluorosilicic acid [27].

3Si + 4HNOs — 3Si02 + 4NO + 2H20 Q)
SiO2 + 6HF — H2SiFs + 2H20 2
3Si + 4NHOs + 18HF — 3H.SiFs + 4NO + 8H20 3)

Functionalization of porous silicon

The procedure described in the literature was followed to
load zirconium oxide nanoparticles into the silicon
powder [28]. 0.3g of zirconium oxychloride octahydrate
was dissolved in 50mL of deionized water and then 1g of
the porous silicon powder was added into this
ZrOCl,-8H,0 solution. Then, the suspension was stirred
magnetically for 1.5 h. After that, LM NaOH solution was
slowly added dropwise to the suspension. During the
addition of the NaOH solution, the suspension was stirred
magnetically till the solution pH reached 10. After that,
the suspension was stirred magnetically for 1h. Then the
Zr-modified PSi was separated by filtration, washed
repeatedly with deionized water, and finally dried in an
oven at 80°C. The obtained dry material was stored in a
desiccator for further use. Prior to use, the adsorbent was
rinsed by 5%w NaCl solution to be converted into the
chloride form, so as to minimize the pH variation during
adsorption.

Characterization of the adsorbents

The morphology and the average diameter of the spheres
were studied with scanning electron microscopy (SEM),
obtained with a VEGA3 TESCAN microscope, operating
at an accelerating voltage of 20 kV. The FTIR spectra of
adsorbents were obtained by a Shimadzu 8400S Fourier
transform infrared spectroscopy. The Zr contents in the
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samples (chemical analysis) were obtained by Shimadzu
AA-6300 atomic absorption spectrometer (AAS). The X-
ray diffraction (XRD) analysis of adsorbent was
performed with a Philips 1830 powder X-ray
diffractometer. The concentration of phosphate was
obtained with PG Instruments Ltd T80 ultraviolet-visible
(UV-Vis) spectrophotometer by measuring the change in
the absorption peak at 690 nm.

Adsorption studies

All adsorption experiments were carried out with batch
method, at room temperature (298 + 2 K) with a constant
ionic strength of 0.01 M NaCl at pH= 6.1. The pH values
of solutions were adjusted by adding 0.1M NaOH or
0.1M HCI solution. Some parameters such as metal
content, adsorption time, pH and presence of competitive
anions were varied for the phosphate adsorption studies.
A phosphate stock solution of 100.0 mg/L used for the
experiments was prepared by dissolving the anhydrous
sodium dihydrogen phosphate, appropriate amounts of
deionized water, without previous treatment. All the
experiments were carried out by adding the appropriate
amount of the adsorbent in 100 mL Erlenmeyer flasks
containing 50.0 mL of the phosphate stock solution with
concentration of 100.0 mg/L. The solutions were kept
stirring on shaker bath at 400 rpm for an appropriate time.
After the contact time, samples were filtered and the
residual concentration of phosphate in the filtrates was
determined by the stannous chloride method using a UV—
Vis spectrophotometer [29-31]. Phosphate removal (R)
was defined as:

(R)% = 1oox—c'gc‘

4)
and the adsorption amount (mg P/g) was calculated as:
ge= (Ci —Ct) X \L (5)
m

Where Ci and Ct are the initial and final concentrations
of the anion in solution (mg/L) respectively, gt is the
amount adsorbed at time t (mg P/g adsorbent), V is the
solution volume (L), and m is the mass of adsorbent (g).
The Effect of time, stirrer speed, initial phosphate
concentration, pH, ion adsorption competitivity were
investigated to evaluate the phosphate removal using Zr
modified PSi.

Desorption of phosphate from Zr modified PSi and
reuse

To investigate the regenerability of Zr modified PSi, 0.1
g of adsorbent mixed with 50 mL of phosphate solution
(100 ppm) for 90 min at 400 rpm, the adsorbent then was
separated by filtration and concentration of phosphate
was determined by UV-Vis. After filtration, the
adsorbent was washed, dried at room temperature, and
weighed. Then, anion loaded sample was stirred with
different concentrations of NaOH solution 0.001, 0.01,
0.1 and 0.5 M for 30 min with a loading of 1 g adsorbent
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to strip the phosphate anions. After filtration and washing
with deionized water, the solid was dried at room
temperature and weighed. The forward steps comprise
first adsorption-desorption cycle, which was repeated by
more cycles using the same adsorbent batch.

RESULTS AND DISCUSSION

Characterization of adsorbent

The morphology of the resulting PSi powder has been
investigated and compared to bulk silicon powder. SEM
images of the initial silicon powder and PSi powder after
80 min of etching are presented in Figure. 1. The surface
of silicon powder is generally layered and smooth. In
contrast, the surface of the PSi powder was rough,
revealing pores. This indicates that etching of the silicon
powder results in an increase in the surface area of the
resulting PSi powder. Figure. 1(C and D) clearly indicate
that the zirconium nanoparticles are well loaded on the
PSi surface and have spherical morphology with
increasing surface area, which is quite suitable for
enhancing adsorption of phosphate.

The EDX spectra of Zr modified PSi before and after
phosphate adsorption (Figure. 2) demonstrate that the
nanocomposite consists of silicon and zirconium at
concentration levels of 45.45 and 22.54%, respectively.
These results indicate that the Zr/PSi nanocomposite has
been successfully synthesized and phosphate ion is
adsorbed.

The crystalline structures of the products were
identified with XRD (Figure. 3). The diffraction peaks in
silicon powder and PSi powder pattern (20 =28.4°, 47.2°,
56.4°,
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Figure 1. SEM images of (A) silicon powder, (B) porous

silicon (PSi) powder after 80 min of etching, (C) and (D) Zr
modified PSi powder




Iranian Journal of Energy and Environment 9 (3): 182-190, 2018

i

1000

Figure 2. EDS spectra of Zr modified PSi powder before (A)
and after (B) phosphate adsorption

69.4° and 76.6%) can be assigned to Si (1 1 1), Si (2 2 0),
Si(311),Si(400)and Si (3 3 1), respectively [32]. X-
ray diffraction analysis shows that Zr nanoparticles
loaded on PSi is poorly crystalline material and has
nonuniform shapes. The results reveal that the presence
of Zr nanoparticles on the outer surface of PSi powder
has caused no change in the pattern, except that the
overall intensity is reduced.

Figure. 4 shows FT-IR spectra of the PSi in the
wavenumber range of 400-4000 cm™. The absorption
peak of PSi located at 610-620 cm™ is assigned to Si-Si
stretching modes and the peaks in the range of 1000-
1300 cm™ are corresponding to the stretching modes of
the Si—O-Si groups [33]. The weak peaks in the range of
800-900 cm™* show that the outermost surface of the PSi
consists of SiH; species. The weak peaks in the range of
2000-2200 cm* show that the outermost surface of the
PSi consists of SiHx species [34]. The broad and intense
band at 3450 cm™ and the peak at 1630 cm™* are possibly
attributed to the stretching vibration and bending
vibration of O-H groups, due to the structural hydroxyl
group of SiOH and the presence of bound water or
inhibited water [35]. It is found that Zr nanoparticles
deposition on PSi causes no major change in the nature
of the vibration modes or bonds present in PSi except in
the reduction of overall intensity. After the phosphate
adsorption, the FTIR spectrum of adsorbent demonstrates
obvious changes. The peaks of physically adsorbed H,O
is greatly weakened. These observations indicate that the
replacement of OH and H,O has occurred during the
phosphate adsorption. Additionally, new peaks appeared
at 1037 cm?® and 510-550 cm?, which are intensive.
These new peaks could be assigned to the asymmetry
vibration of P-O bonds, indicating that the surface
hydroxyl groups have been replaced by the adsorbed
phosphate ions [36].

Adsorption studies

Effect of time

The results of the effect of contact time for phosphate
removal on PSi and Zr modified PSi are shown in Figure.
5. From this Figureure, it has been determined that 60
min of contact time is enough to reach the equilibrium
and remove a considerable amount (47.7 mg/g) of
phosphate
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Figure 4. FT-IR spectra of PSi
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present in aqueous solution. Further increase in contact
time does not seem to have any impact on the equilibrium
concentration. It is known that the time required to reach
the equilibrium is short in the case of physical adsorption.
The adsorption of phosphate into Zr modified PSi is a
physical adsorption process occurring via electrostatic
interactions between the positively charged surface
zirconium groups and negatively charged phosphates
anions in solution. When the Zr modified PSi surface
(solid) is in contact with phosphate solution (liquid), the
molecule of the liquid strikes the surface of the solid and
the rate of adsorption is high as the whole surface is bare
but as more and more of the system is covered, the
available bare surface decreases and so does the rate of
adsorption.

According to the study of adsorption Kinetics, the
adsorption results were fitted with the pseudo-second-
order reaction kinetics expression [37]:

t 1 1
o (eg)* () Q
where g is the sorption capacity at equilibrium at t (min);
ge is the sorption capacity at equilibrium (mg/g); ko
(g/mg. min) is the equilibrium rate constant of pseudo-
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Figure 5. Adsorption of phosphate on Zr modified PSi as

function of time
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Figure 6. Pseudo-second order adsorption kinetics plots of
t/qt versus t using linear regression of Zr/PSi nanocomposite

second-order chemical sorption. In order to match
experimental data with pseudo second order Kinetics, t /
Qe is plotted in terms of t. Figure. 6 shows, the high
correlation coefficients (R?) implied that dominant
mechanism of the phosphate adsorption on Zr/PSi
nanocomposite was chemisorption [38].

The adsorption isotherm can illustrate adsorption
capacity at  different  phosphate  equilibrium
concentrations. Two isotherm models, the Langmuir and
the Freundlich models are commonly described the
adsorption process [39]. Langmuir equation is widely
used to measure absorption capacity and is as follows

[40]:
c, 1 1
@ b + (E)Ce (7)

where Ceis equilibrium phosphate concentration (mg/L);
Qe is equilibrium adsorption capacity (mgP/g of media);
gm(mg P/g) is the maximum phosphate adsorption
capacity; b is the Langmuir adsorption isotherm constant
related to the energy of adsorption (L/g). With the graph
of Cc/ge in the term, C. can calculate b and gm. The
Langmuir isotherm describes the absorption process in
which the active sites are uniform on the surface, so the
species is absorbed homogeneously and single-layer on
the surface. Freundlich isotherm is an experimental
method that describes a state in which the species is
absorbed by heterogeneous surface and expressed as
follows [41,42]:

In (qe) = (%) In Ce + In K¢ (8)
where Kg (mg'~'» LY g) is the Freundlich dissociation
constant, n is proportional to the intensity of the reaction.
KF and n determined from the linear plot of In (qe) versus
In Ce. The values of the these equations constants
obtained by linear regression analysis of the
experimentally derived data are presented in Table 1
together with the correlation coefficient, R,. The higher
value of correlation coefficient (R2 > 99) on the Langmuir
model compared to the R, value of the Freundlich model
indicate Langmuir model is better fitted the phosphate
adsorption behavior on the Zr/PSi.

TABLE 1. Langmuir and Freundlich constants for adsorption
of phosphate on Zr/PSi.

Langmuir Freundlich
Gm b (Um R? K n (L/m R?
o D Um9) . (Lmg)
54.64 0.3552 0.9959 32.37 7.28 0.8580

Effect of agitation

Figure 7 illustrates the effect of stirrer speed on
phosphate removal with Zr modified PSi. The results
showed that upon increasing the stirring speed,
adsorption capacity of phosphate does not change after
400 rpm, which means that phosphate ions could be
diffused easily and quickly from the solution to the
surface of the adsorbent without needing additional
stirring.

Effect of initial phosphate concentration

The results are shown in Figure. 8. It can be seen that an
increase in initial phosphate concentrations decreases the
removal percentage of phosphate for the same adsorbent
loading. This has been attributed to the higher initial
concentration ratio of phosphate molecules to available
surface area; therefore adsorption is dependent on initial
concentration.

Effect of pH on phosphate removal
The effect of pH on phosphate removal is presented in
Figure. 9. It is observed that the maximum phosphate
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Figure 7. Effect of agitation on phosphate adsorption
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adsorption occurs at pH 4 (47.5 mg/g), and then it
decreases gradually from pH 4 to pH 10. There are three
forms of phosphate: H,POs  (dihydrogen phosphate
anion), HPO4*(hydrogen phosphate anion), or PO4*
(orthophosphate anion). The form of phosphate in the
solution is dependent on the pH as described in Figure.
10 and Egs. 9-1. H,PO4 and HPO4* species are present in
the pH region between 4 and 10. The concentration of
H,PO4 species is higher at pH below 7 while
predominate over PO4* species while, for pH higher than
12,5 the concentration of PO.* species becomes
significant.

HPOs——> H:POs~ +H*  pK1=215 ©)]
HPO——> HPOs 2 +H* = pK2=7.20 (10)
HPOs*———> POs* , pK3=12.33 (11)

In this study, the higher removal of phosphate is expected
at low pH values (corresponding to HyPOs) with
increasing acidity of the solution pH < pKj, the solution
donates more protons than hydroxide groups (OH’), and
so the adsorbent surface is positively charged (attracting
phosphate anions). Conversely, at higher pH > pK,, the
solution donates more hydroxide (OH"), groups than H*
and then surface charge of adsorbent becomes neutral
losing electrostatic attraction towards the negatively
charged phosphate anions HPO,* and PO,*[43]. The
schematic of phosphate removal by Zr modified PSi
showed in Figure. 11.

The immobilization of phosphate ions maybe occurs
through the formation of inner or outer sphere surface
complexes. The adsorption mechanisms of phosphate
would describe with ion exchange (such as at low pH
range) as follows (Egs. 12 and 13):
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Figure 9. Effect pH on phosphate removal
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Zr-OH + H2PO4 — Zr(H2PO4) + OH- (12)
Zr-OH + H2POs* — Zr2(H2PO4) + 20H- (13)
And can explain with ligand exchange are given as[44—

46]:
Zr-OH + H* + H2PO4 — Zr-OH2*-H2PO4
Zr-OH + 2H* + H2POs2 — ZrOHz"-(HPO4)>

(14)
(15)

Effect of ion adsorption competitively

As shown in Table 2 and Figure. 12, the effect of
competing ions on phosphate adsorption by Zr modified
PSi has been found to follow this order CI' < NO3™ <
S04, Apparently, sulfate ion just exhibit slight effect on
phosphate removal by using Zr modified PSi. Phosphate
has been considered to form inner-sphere complexes with
metal oxides/hydroxides, whereas other ions often form
outer-sphere complexes, which leads to ineffective
competition. In general, effect of the presence of these
ions on phosphate adsorption has not been significant.

TABLE 2. Effect of competing ions on phosphate removal by
Zr modified PSi.

Existing ions Phosphate removal %
H,PO, alone 95.4
H,PO,~ + CT” 93
H,PO,~ + NO;3~ 91.3
H,PO,” + SO, 87
100 957

913
87

Phosphate Removal(%6)
D o N N o o W
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Figure 12. Effect of competing ions on phosphate removal

by Zr modified PSi

phosphate +
sulfate
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Desorption of phosphate from Zr modified PSi

The phosphate adsorbed on Zr modified PSi could be
desorbed with NaOH solution washing [43-48]. The
performance of recovered adsorbent after first
adsorption-desorption cycle are shown in Figure. 13.The
percentage of phosphate removal is increased gradually
with the increase of the alkalinity of NaOH solution.
When the NaOH concentration is increased to 0.1 M, the
phosphate removal percentage by recovered adsorbent
also increased to 81.43%. When the NaOH concentration
is increased to 0.5 M, it further increases to 91.25%.
Results reveal that most of the phosphate adsorbed on Zr
modified PSi could be easily desorbed using the NaOH
solution with concentration at of 0.1 M or high. And this
recovered adsorbent could be reuse for the phosphate
removal from water to reduce the operation cost
significantly. The spent Zr modified PSi is reused for
further phosphate removal, which showed that they could
maintain about 60—80% of its original phosphate removal
capability after re-adsorption for three cycles. After last
recycling, this material can use as fertilizer. The adsorbed
phosphate transferred to the soil continuously in time.
Also, concentrated and desorbed phosphate can be
applied directly to the soil.

CONCLUSIONS

This study shows that Zr modified PSi synthesized from
a simple and low-cost hydrothermal process
demonstrates an  effective  phosphate  removal
performance in water. The adsorption performance is
influenced by pH, initial phosphate concentration,
stirring speed and co-existing anions. The maximum
adsorption amount of phosphate was determined at about
47.7 mg/g at pH 6.1, which was among the highest
reported values in the literature. The adsorption
mechanism of phosphate onto Zr modified PSi has been
determined to follow the inner-sphere complexion
mechanism, and the surface -OH groups play the main
role in phosphate removal. In general, different
interactions such as electrostatic, Lewis acid-base
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Figureure 13. Phosphate removal by recovered Zr modified
PSi using NaOH solutions with different concentrations
from 0.001to 0.5 M
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interactions and ion exchange between the loading
groups on the adsorbents and the phosphate anion is,
reported for the phosphate adsorption of metal oxides. Zr
modified PSi could remove phosphate effectively even
when competing anions are present. Thus, it has the
potential to be a promising adsorbent for the phosphate
removal. Furthermore, catalytic feature of PSi in visible
light could have a positive effect in water treatment.
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