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Polyvinyl alcohol-stabilized granular iron(Il)-copper(Il) binary oxide:
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ABSTRACT

Though powdered iron(IlI)-copper(Il) binary oxide offers a good capacity for phosphate adsorption,
it is unsuitable for direct use in fixed-bed systems, due to pore clogging and high pressure drop. To
solve this problem, a novel granular iron(III)-copper(Il) binary oxide sorbent (GFC) was successfully
prepared using extrusion granulation method. The as-prepared GFC is cylindrical, with a diameter
of ca. 2.0 mm and a length of 2.0-3.0 mm. Its adsorption for phosphate increased with temperature,
decreased with an increase in pH value, but not significantly influenced by co-existing SO,*>, HCO,’,
and SiO,, indicating its high selectivity for phosphate. Its maximal phosphorus (P) adsorption capacity
is 20.2 mg/g at pH 5.5 + 0.1, superior to most of the granular sorbents reported in literature. For column
tests, about 1,780 bed volumes of simulated phosphate-containing wastewater were treated before
the phosphorus (P) concentration in the effluent reached the limit of 50 ug/L recommended by the
United States Environmental Protection Agency (USEPA). Therefore, GFC has a high potential for use

in wastewater treatment to remove phosphate.
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1. Introduction

Phosphorus is an essential nutrient for life, but excessive
phosphorus may contribute to eutrophication of water
bodies, deteriorating water quality and posing a threat
to aquatic organisms and human health. Phosphorus is
often found in municipal and some industrial wastewaters.
Its concentration in a typical raw municipal wastewater
is approximately 10 mg/L with ortho-phosphate as the
principal form [1-3]. To prevent eutrophication problem, the
United States Environmental Protection Agency (USEPA)

* Corresponding author.

has recommended 50 pg/L as the maximum phosphorus
level in water [4], and Florida Everglades Forever Act
has recommended a more stringent mandate of 10 ug/L
of phosphorus in water [5,6]. Therefore, the wastewaters
containing phosphorus must be treated to meet phosphorus
limit, prior to being discharged to the receiving water bodies.

The main techniques employed for phosphate removal
include chemical precipitation [7], ion exchange [6], adsorp-
tion [1], membrane treatment [8], biological processes [9],
and constructed wetlands [10]. Chemical precipitation
and biological processes are generally unable to satisfy the
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stringent effluent standards. Ion exchange, reverse osmosis,
and membrane have the disadvantage of high capital cost.
In contrast, adsorption is recognized as a cost-effective and
reliable method, with the advantages of easy operation, low
sludge production, and high efficiency at low phosphate
concentrations [11]. Therefore, a variety of adsorbents have
been developed and evaluated for phosphate removal,
including metal oxides [12,13], layered double hydroxides
[1,2], volcanic tephra [14], and biochar [15,16]. Among them,
metal oxides have been extensively investigated because of
their high affinity for phosphate. Moreover, composite adsor-
bents containing two (or more) metal oxides for phosphate
removal has gained much attention because they inherit the
advantages of parent materials and exhibit synergetic effect.
Al-Fe hydr(oxides) [17], Ce-Zr binary nanoadsorbent [18],
Fe-Mn binary oxide [19], Fe-Zr binary oxide [20], Fe-Al-Mn
trimetal oxide [21], and Fe-La binary (hydro) oxide [22] have
been synthesized and tested for phosphate removal.

Recently, a novel nanostructured iron(III)-copper(Il)
binary oxide adsorbent has been developed for effective
phosphate removal over a wide pH range [23]. Moreover,
the spent Fe-Cu binary oxide could be easily regenerated and
reused, which makes the adsorbent a potentially attractive
choice for the removal of phosphate from water. However,
the obtained Fe-Cu binary oxide is powdered. Its inherited
problems of pore clogging, high pressure drop, and mass loss
during operations make it unsuitable for direct use in packed
beds [24,25]. By far, the greatest use of powdered adsorbents
occurs in slurry reactors and not in fixed beds. However,
fixed-bed reactors are the more widely preferred type of
reactors for large-scale applications. We were, therefore,
motivated to turn powdered Fe-Cu binary oxide into granular
one for practical applications. To this end, granules were first
produced by extruding the mixture of powdered Fe-Cu binary
oxide and liquid polyvinyl alcohol (PVA) as binder, in a sim-
ilar way of making granular catalysts, pharmaceuticals and
fertilizers [26,27]. Then, the granular Fe-Cu binary oxide was
systematically evaluated for its phosphate removal potential
under various operational conditions, including initial phos-
phorus concentration, pH, temperature, reaction time, and
competing anions. Finally, it was investigated in column tests
to assess its performance for phosphorus removal.

2. Materials and methods
2.1. Reagents

Chemicals used in this work were purchased from
Sinopharm Chemical Reagent Beijing Co. (Beijing, China),
including anhydrous potassium dihydrogen orthophosphate
(KH,PO,) of guaranteed grade and other reagents of analytical
grade. Phosphorus (P) stock solution was prepared by dissolv-
ing KH,PO, in water, and phosphorus working solutions were
freshly prepared by diluting the stock solution with deionized
water. The concentrations of phosphate species were given as
phosphorus element concentration in this study.

2.2. Preparation of granular Fe-Cu binary oxide adsorbent

Granular Fe-Cu binary oxide was prepared via a
two-step process: (1) synthesis of Fe-Cu binary oxide

powder. The powder was prepared following the procedure
of Li et al. [23]. Specifically, 270.3 g of ferric chloride hexahy-
drate (FeCl,.6H,O) and 125 g of copper (II) sulfate pentahy-
drate (CuSO,.5H,0) were dissolved in 15 L deionized water.
Under vigorous agitation, sodium hydroxide solution (5 M
NaOH) was added dropwise until the suspension pH was
raised to 7.0. The solution was continuously stirred for 0.5 h,
aged for 4 h at room temperature, and then washed several
times with deionized water. The final suspension was filtered,
dried at 55°C for 24 h, ground into powder, and stored in a
desiccator for further use; and (2) granulation using polyvinyl
alcohol as binder. Briefly, 40 g of polyvinyl alcohol (PVA 1799)
was dissolved in 500 mL hot water (95°C, water bath) to yield
a homogenous solution. Then the solution was cooled down
to the room temperature. Hereafter, about 400 g powdered
adsorbent was added into the solution and mixed adequately
(about 1 h), making the mass ratio of binder and powder to be
1:10. The mixture was transferred to an extrusion machine to
prepare noodle-like adsorbent with a diameter of about 2 mm.
The obtained granules were then dried at 55°C and broken up
manually into particles with a length of 2.0-3.0 mm.

2.3. GFEC characterization

GFC was observed by a field scanning electron
microscope (FE-SEM) (Hitachi 5-4800, Japan) and analyzed
by energy dispersive X-ray spectroscopy. To some extent,
the surface area value of adsorbents could reflect their active
surfaces for adsorbates. The specific surface area of GFC was
measured via nitrogen adsorption using Brunauer-Emmett—
Teller (BET) method with a Micromeritics ASAP 2020 surface
area analyzer (Micromeritics Co., USA). X-ray diffraction
(XRD) analysis was carried out on a D/Max-3A diffractom-
eter (Rigaku Co., Japan) using Ni-filtered copper Ka 1 radi-
ation. FTIR spectra were collected on a Nicolet IS10 FTIR
spectrophotometer (Thermo Scientific, USA) using a trans-
mission model. Samples for FTIR analysis were prepared via
grinding 1 mg of GFC with 80 mg of spectral grade KBr in an
agate mortar and then pressed into pellets. The point of zero
charge (pzc) of GFC was determined according to the slightly
modified method described by Kinniburgh et al. [28]. Briefly,
about 0.1 g GFC was added to bottles with 50 mL 0.01 M
NaNO, and the mixture was stirred for 24 h, after which the
rate of change in pH was very slow. Then the mixture was
adjusted to various pH values with NaOH or HNO, solution.
After agitation for 60 min for equilibrium, the initial pH was
measured; then 1.5 g of NaNO, was added to each bottle to
bring final electrolyte concentration to about 0.45 M. After
additional 3 h, the final pH was measured. The results were
plotted as ApH (final pH - initial pH) against final pH to
determine pzc as the pH at which ApH =0.

2.4. Batch adsorption tests

Adsorption kinetics of phosphate was assessed at pH
7.0 £0.1. About 1.0 g GFC was added into a 1.5 L glass ves-
sel containing 1,000 mL 5.2 mg/L phosphorus solution. The
mixture was then stirred with a magnetic stirrer at 180 rpm
and 25°C + 1°C. The solution pH was maintained at 7.0 + 0.1
throughout the experiment by adding 0.1 M HNO, and/or
NaOH. Approximately 5 mL aliquots were taken from the



J. Fu et al. / Desalination and Water Treatment 146 (2019) 305-314

mixture at certain time intervals, and then filtered through
a 0.45 pum membrane filter for phosphorus analysis. In
order to eliminate the effect of membrane adsorption, the
first 3 mL of filtrate was deliberately discarded for all sam-
ples. The result indicated that adsorption reached equilib-
rium within 36 h. Thus, this equilibrium time was used in
batch experiments.

The influence of solution pH on phosphate sorption
was assessed via batch experiments. Briefly, 50 mg of GFC
were added into 100-mL polyethylene bottles with 50 mL of
5 mg/L phosphorus solution. Solution pH was adjusted every
4 h with 0.01 M HNO, or/and NaOH solution to designated
values in the range of 4.0-11.0 during the 36 h experiment. At
the end, equilibrium pH was measured and the supernatant
was filtered through a 0.45 um membrane for phosphorus
analysis.

Adsorption isotherm experiments were carried out by
varying initial phosphorus concentrations (2.5-35 mg/L) at
two pHs of 7.0 + 0.1 and 5.5 + 0.1, respectively, with a total
solution volume of 50 mL in 100-mL polyethylene bottles. The
dose of GFC was fixed at 1 g/L. The bottles were shaken on
an orbit shaker at 180 rpm for 36 h at 25°C + 1°C (298 K). The
pH of mixtures was maintained by manually adjusting with
0.1 M NaOH and HNO,. At the end, all samples were filtered
by a 0.45 um membrane filter and analyzed for phosphorus.
In addition, batch experiments were also conducted at 15 + 1
(288 + 1) and 35°C + 1°C (308 + 1 K), respectively, to investi-
gate the effect of temperature on phosphate adsorption.

The influences of coexisting anions (SO,*, HCO,, and
SiO,*) on phosphate removal were also evaluated using fixed
initial phosphorus concentration of 5.0 mg/L, fixed GFC dose
of 1.0 g/L, fixed solution pH at 7.0 £ 0.1, and varied concentra-
tion of coexisting substances (0.1 to 10 mM). After stirring at
180 rpm and 25°C + 1°C for 36 h, the solution was filtered by
a 0.45 pm membrane filter for phosphorus analysis.

2.5. Column tests

Fixed-bed column tests were performed using per-
spex columns with an inner diameter of 1.9 cm and a total
length of 32 cm. Approximately 32 g of GFC was packed
into the column, making a packed height of 25.0 cm and a
volume of 70.8 mL. A simulated wastewater containing
3.2 mg/L phosphorus was used as feeding solution. The pH
of simulated wastewater was 7.5. Influent flowed through
the column with an empty bed contact time (EBCT) of 10
or 20 min. The effluent samples were collected at regular
intervals, filtered by a 0.45 um membrane filter and then the
phosphorus concentration was determined.

2.6. Analytical methods

Phosphorus (P) concentration was determined using an
inductively coupled plasma atomic emission spectroscope
(ICP-AES, Optima 7100 DV, PerkinElmer Co., USA). Fe and
Cu concentrations in the effluent were determined using an
inductively coupled plasma mass spectrometer (ICP-MS,
ELAN DRC II, PerkinElmer Co., USA). Prior to analysis, the
aqueous samples were acidified with dilute HCI solution
(1%), and stored in acid-washed plastic vessels. All samples
were analyzed within 24 h after collection.

307

3. Results and discussion
3.1. Adsorption isotherms

To evaluate the maximal adsorption capacity of
phosphate on the granular Fe-Cu binary oxide adsor-
bent, batch isotherm experiments have been performed
at different pHs and temperatures. Fig. 1(a) illustrates the
plots of adsorbed phosphate as a function of phosphate
concentration in solution. It shows that GFC is more effec-
tive in adsorbing phosphate at pH 5.5 than that at pH 7.0,
which is in agreement with the results from powered
Fe-Cu binary oxide adsorbent [23]. Adsorption data were
fitted with the Langmuir (Eq. (1)), Freundlich (Eq. (2)), and
Temkin (Eq. (3)) models, which are extensively used to
describe equilibrium adsorption data [29]. The Langmuir
adsorption model is based on the assumptions that adsorp-
tion is limited to one monolayer, all surface sites are iden-
tical, and adsorption to one site is independent of the
occupancy condition of the adjacent sites. The Freundlich
model assumes that adsorption occurs on a heterogeneous
surface and is multi-layer sorption. The Temkin model
considers the effects of some indirect adsorbate/adsorbate
interactions on adsorption and assumes that the heat of
adsorption decreases linearly with respect to coverage, due
to these interactions [29].
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Fig. 1. Adsorption isotherm of phosphate on GFC at (a) two pH
levels and (b) different temperatures.
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where g, and g, represent the amount of equilibrium
adsorption capacity and the maximum adsorption capacity
(mg/g), respectively; C, is the equilibrium solution con-
centration (mg/L); K, (L/mg) is the Langmuir coefficient;
K. is roughly an indicator of the adsorption capacity; n is
the heterogeneity factor which has a lower value for more
homogeneous surfaces; A (L/g) is the Temkin isotherm
constant and b (k] mol™) is the Temkin constant related to the
heat of adsorption; R (8.314 ] mol™ K™) is the universal gas
constant, and T is the absolute temperature in kelvin.

The coefficient of determination (R?) values in Table 1
suggest that the Freundlich model is the most suitable one for
describing adsorption data at both pH levels. This is different
from the model fitting results of powered Fe-Cu binary oxide,
where the Langmuir model is more suitable than Freundlich
model for fitting the isotherm data [23]. This apparent dis-
crepancy might be attributed to the introduction of PVA,

Table 1
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making the surface of GFC much more heterogeneous.
The maximal adsorption capacity of GFC, calculated from
Langmuir model, is 20.2 mg/g at pH 5.5 + 0.1 and 17.2 mg/g
at pH 7.0 + 0.1 (Table 2). The value is greater than those of
many other adsorbents, suggesting GFC is superior to them.
Although granulation reduced the phosphate adsorption
capacity of Fe-Cu binary oxide, GFC still retained over 50%
of the maximal sorption capacity of powder Fe-Cu binary
oxide.

Fig. 1(b) shows the influence of temperature on
phosphate adsorption at pH 7.0 + 0.1. The thermodynamic
equilibrium constants (K) for the adsorption process was
determined by plotting In(q/C) vs. g, and extrapolating g,
to zero using a graphical method. The change in Gibbs free
energy (AG") was calculated using Eq. (4). The change in
enthalpy (AH’) and entropy (AS°) was calculated from the
slope and intercept of the plot of InK vs. 1/T (Eq. (5)).

AG" =-RTInK, 4)
0 0
InK, :%- ﬁ (5)

where R is the universal gas constant (8.314 ] mol™ K™), and
T is the absolute temperature in kelvin.

Langmuir, Freundlich, and Temkin isotherms parameters for phosphate adsorption on the GFC at two pH levels

pH Langmuir model Freundlich model Temkin model
9o (MEg—") k (Lmg™) R? k; 1/n R? A (mgL?) b (k] mol?) R?
55+0.1 20.2 0.49 0.886 7.73 0.34 0.978 529 1.01 0.837
70£0.1 17.2 0.60 0.836 7.43 0.29 0.985 90.1 1.21 0.863
Table 2
A comparison of maximum phosphate adsorption capacity (from Langmuir model) for different adsorbents
Adsorbent Adsorbent Best model for P equilibrium Solution =~ Maximum Reference
state fitting concentration pH capacity (mg/g)
range (mg/L)
Fe-Cu binary oxide Powder Langmuir 0-25 5.0 39.8 [23]
Magnetic Fe-Zr oxide Powder Langmuir 0-100 4.0 13.6 [30]
Magnetic iron oxide Powder Freundlich 0-25 - 5.0 [31]
La-doped vesuvianite Powder Langmuir 0-4 7.1 6.7 [32]
Peat Powder Langmuir 0-120 5.2 8.9 [33]
Biochar Powder Freundlich 0-40 - 15.1 [15]
GAC Granules Langmuir 0-20 6.8 3.0 [34]
Chitosan modified zeolite ~ Granules Langmuir 0-2 - 4.1 [35]
PVA hydrogel bead Beads Langmuir 0-60 6.0 115 [36]
GFC Granules Freundlich 0-18 5.5 20.2 This study
GFC Granules Freundlich 0-18 7.0 17.2 This study
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It was found that phosphate adsorption capacity
increased with temperature from 288 to 308 K (Fig. 1(b)),
while AG® declined from —-3.92 to —4.21 k] mol! (Table 3). The
negative values of AG® indicate that the adsorption process
is spontaneous. The positive value of AH" (13.26 k] mol?)
indicates the endothermic nature of phosphate adsorption
process. The positive value of AS® (59.65 ] mol™ K™) implies
an increase in the degree of freedom during adsorption pro-
cess. These results are consistent with the reports of other
researchers who investigated the thermodynamics of phos-
phate sorption on iron oxides [31].

3.2. Effect of pH on phosphate adsorption

Solution pH is an important parameter to influence not
only the species of phosphate in water but also the sur-
face charge of adsorbents, which in turn affects phosphate
adsorption by the adsorbents. In water, phosphate can exist
as H,PO, H,PO,, HPO, or PO, depending on the pH
(pK, =2.15, pK, = 7.20, and pK, = 12.33). With a point of zero
charge (pzc) of 7.3 (Fig. 9), GFC adsorbed more phosphate on
the acidic side of pzc. As pH increased, phosphate adsorp-
tion decreased (Fig. 2), which is typical for anion adsorption
by metal oxides [37]. When the solution pH was below
7.2, HPO,” was the main species and GFC was positively
charged, which facilitated the adsorption of phosphate.
As pH increased, phosphate adsorption decreased. But the
reduction was not significant in pH 7.3-10.0, due to the for-
mation of stable inner-sphere complex of phosphate with
GFC via ligand exchange reaction [23]. Thus, GFC is an
effective adsorbent for phosphate over a wide pH range.

3.3. Adsorption kinetics

Fig. 3(a) shows the effect of time on phosphate adsorption
by GFC at pH 7.0 = 0.1. It can be seen that phosphate

Table 3
Thermodynamic parameters for phosphate adsorption on GFC

adsorption was fast within the first 12 h and then slowed
down. Adsorption equilibrium was reached at about 36 h,
which was used in other batch adsorption tests. The kinetic
data were initially fitted using the pseudo-first order (Eq. (6)),
pseudo-second order (Eq. (7)), and Elovich (Eq. (8)) models
as follows.

q,=q,(1-e™") ©)
_ gkt
gkt )
1 1
q, =Eln(aB)+Elnt ©)

where g, and g, are the adsorption capacities (mg/g) of the
adsorbent at equilibrium and at any time, ¢ (h), respectively;
k, (h™) and k, (g mg™" h') are the pseudo-first order and
pseudo-second order rate constants for adsorption process,
respectively; a is the initial adsorption rate constant and 3
is the Elovich adsorption constant. The fitting results are
shown in Fig. 3(a) and the related values of parameters are
summarized in Table 4. The high R? values suggest that both
the pseudo-first order model and pseudo-second order model

Phosphorus adsorbed (mg/g)

T(K) K, AG° (k] mol™")  AS®(J mol' K1)  AHC (k] mol™?)
288 514 -3.92 59.65 13.26
298 492 -3.95
308 516 -4.21
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Fig. 2. Effect of solution pH on phosphate sorption on GFC.
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Fig. 3. Kinetics of phosphate adsorption on GFC at pH 7.0 + 0.1.
(a) Fitted with pseudo-first order, pseudo-second order, and
Elovich models and (b) fitted with intraparticle diffusion model.
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Table 4

Kinetic parameters for phosphate adsorption on GFC fitted with different models

pH Pseudo-first order Pseudo-second order Elovich
g (mggh) k() R 9.(mgg")  K,(gmg'h') R a(mgg'h™) PEmgh K
7.0 5.1 0.16 0.991 6.1 5.77 0.995 4.99 1.03 0.937

fitted the kinetic data well. Elovich model was less suitable
for describing phosphate adsorption kinetic process. These
results indicated that both physical and chemical adsorption
might be involved in the adsorption process.

Adsorption is a multi-step process and involves four
sequential steps: diffusion through the bulk liquid, film dif-
fusion, intraparticle diffusion, and adsorption on the solid
surface [38]. Because the pseudo-second order model takes
adsorption as a single, one-step binding process [39], its accu-
racy would be affected when applied to granular adsorbents.
Intraparticle diffusion model is extensively used for describ-
ing adsorbate sorption by granular adsorbents because it
considers adsorption as a process containing a series of dis-
tinct steps [39]. Therefore, the kinetic data were also fitted
using the intraparticle diffusion model (Eq. (9)) and the result
is show in Fig. 3(b).

q,= kpto's +c ©9)

where g, is the amount of adsorbed phosphorus at any time
t (h). k, is the intraparticle diffusion rate constant, and the
constant C (mg/g) represents the boundary layer effect. k and
C can be determined from the plot of g, vs. t°. If intraparticle
diffusion is the rate-controlling step, the plot of g, against
%% should be linear and pass through the origin [24].
Fig. 3(b) shows three linear sections, implying three stages
in adsorption processes: fast, moderate, and slow. They
might be dominated by external mass transfer, intraparticle
diffusion and steric hindrance from the adsorbed phosphate
molecules, respectively. This suggests that the phosphate
sorption on GFC is a multi-step process and intraparticle dif-
fusion is not the rate-controlling step. Obviously, intraparti-
cle diffusion model is much more suitable for describing the
sorption process of phosphate on the GFC.

3.4. Effect of coexisting anions

Anions such as SO,*, HCO,, and SiO,* often exist in
natural waters. They might compete with phosphate for
sorptive sites on the surface of an adsorbent and hinder
phosphate adsorption. Fig. 4 indicates that the coexisting
SO,*, HCO,, and SiO,* had no significant effect on phos-
phate adsorption, even when their concentrations were
almost one order of magnitude higher than that of phosphate.
At much higher concentration levels (10 mM), these anions
suppressed the phosphate adsorption by less than 20%. Thus,
GFC is highly selective towards phosphate, and it has a good
potential for use in real wastewater treatment. In addition,
among three anions, SiO,> caused the greatest decrease in
phosphate adsorption. Silicon and phosphorus are located
in the adjacent position in the periodic table of elements,
and the molecular structure of the silicate ion is similar to
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Fig. 4. Effect of coexisting anions on phosphate adsorption on
GFCatpH7.0+0.1.

that of the phosphate ion. Therefore, silicate could strongly
compete with phosphate for available sorption sites on the
surface of the GFC. Similar phenomenon was also observed
by Konhauser et al. [40] when they studied the adsorption of
phosphate on ferric oxyhydroxides.

3.5. Column tests

The GFC was packed in a fixed-bed column and the simu-
lated wastewater was flowed through the column. The effluent
histories of phosphate are demonstrated in Fig. 5. The phos-
phate concentration in influent is 3.2 mg/L and solution pH is
7.2. When the EBCT was 10 min, more than 900 bed volumes
of simulated phosphorus-containing wastewater were treated
before the phosphate concentration in the effluent reached the
limit of 50 ug/L. For a longer EBCT of 20 min, about 1,780
bed volumes of simulated wastewater were treated before the
breakthrough. Apparently, a longer EBCT favors the diffusion
of phosphate in the pores and more complete utilization of
surface sorptive sites of the GFC. Above-mentioned results
suggest that the GFC is an effective phosphorus adsorbent
and can be used in real wastewater treatment. In addition,
the release of Fe and Cu from the GFC was investigated, to
evaluate the possibility of secondary pollution during the pro-
cess of GFC utilization in column tests. It was found that the
Fe and Cu concentrations in the effluent were both less than
0.05 mg/L, which met the limits of drinking water. Therefore,
GFC was stable and safe to use, with little risk of secondary
pollution during water treatment.

3.6. Characterization of GFC before and after phosphate
adsorption

The as-prepared GFC is cylindrical, with a diameter of
approximate 2.0 mm and a length of 2.0-3.0 mm (Fig. 6).
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Fig. 5. Breakthrough curves for phosphate adsorption by GFC
from the simulated wastewater.

Fig. 6. Photograph of granular Fe-Cu binary oxide sorbent.

Fig. 7 shows the field emission scanning electron microscope
(FE-SEM) images of the GFC with different magnification.
It can be seen that the GFC is aggregate of nanoparticles
and its surface is relatively rough. X-ray diffraction pattern
of the GFC is illustrated in Fig. 8(a). It demonstrates two
broad peaks at approximately 35.3° and 62.1°, which are
very similar to those of pure Fe-Cu binary oxide and poorly
ordered 2-line ferrihydrite [41]. In addition, the sharp peak
appearing at 16.2° might be ascribed to the PVA component.
The FTIR spectrum of the GFC is shown in Fig. 8(b). The
broad peak at 3,200-3,600 cm™ is attributed to the stretch-
ing vibration of -OH; the peaks at 2,924 cm™ is assigned to
the asymmetric stretching vibration of -CH,; the peak at
2,854 cm™ is assigned to the symmetric stretching vibration
of —-CH,; the peak at 1,632 cm™ is assigned to the deforma-
tion of water molecules, which indicates the presence of
physisorbed water; the peaks at 1,431 cm™ is assigned to
the bending vibration of CH-OH; the peak at 1,107 cm™ is
attributed to the vibration of SO,* [42]; the peak at 675 cm™
may be assigned to the bending vibration of C-H. GFC had
a BET specific surface area of 62 m?/g, much lower than that
of the original powdered Fe-Cu binary oxide (282 m%/g) [41].
Obviously, granulation reduced the specific surface area of

Fig. 7. FE-SEM images of the granular Fe-Cu binary oxide,
(a) (x35) and (b) (x50,000).
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Fig. 8. (a) XRD diffraction pattern and (b) FTIR spectrum of
the GFC.
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S
0

Fig. 9. Point of zero charge (pzc) determination for GFC. ApH
is the change in pH during 3 h after increasing the electrolyte
concentration, and pzc is the pH at which ApH = 0.

Fe-Cu binary oxide by 78%. This contributes to the decrease
in phosphate maximal adsorption capacity though to a less
extent (less than 50%). The point of zero charge (pzc) of GFC
is found to be 7.3 (Fig. 9). It is slightly lower than that of
Fe-Cu binary oxide (7.9) but very close to that of pure ferri-
hydrite (7.4) [41]. This decrease in pzc might be ascribed to
the introduction of PVA.

The elemental distributions of Fe, Cu, and P on the cross
section of GFC before and after phosphate adsorption are
shown in Fig. 10. Before phosphate adsorption, the Fe and
Cu were uniformly distributed on the cross section. After
P adsorption, the distribution of Fe and Cu did not signifi-
cantly change, while the distribution of adsorbed phosphate
showed different characteristics. Most of the adsorbed phos-
phate was located on the edge of GFC particles, whereas
P concentration in the center of particles was minimum.
This was expected because phosphate first diffused across
the edge of GFC particles, then gradually penetrated into

Fig. 10. FE-SEM images and elemental maps of cross section of GFC. Image (a), Fe-K (b), and Cu-K (c) for original GFC; image (d),

Fe-K (e), Cu-K (f), and P-K (g) for P adsorbed GFC.
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interior part and finally reached the center during phosphate
adsorption.

Under neutral condition, a possible mechanism for
phosphate removal by the GFC can be proposed, which is
similar to that of pure Fe-Cu binary oxide. Phosphate ions
are removed through the replacement of surface hydroxyl
groups on the Fe-Cu binary oxide surface and formation of
monodentate mononuclear and/or bidentate binuclear inner-
sphere surface complexes. The possible reactions between
phosphate ions and the surface of GFC could be presented
as follows:

=M-OH + H’ <> =M-OH,’

=M-OH,* + H,PO,” <> =MOPO,H, + H,O (10)
monodentate mononuclear
2=M-OH," + H,PO,” ¢> =M,0,PO,H + 2H,0+ H* (11)

bidentate binuclear

where —-OH is a hydroxyl group.

4. Conclusions

A novel GFC adsorbent was prepared with extrusion
granulation method. It has good mechanical property and
adsorption performance towards phosphate. The maximal
adsorption capacity for phosphorus is 20.2 mg/g at pH
5.0 + 0.1, which is superior to most of reported granular
sorbents. The phosphate adsorption increased with
increasing temperature, but decreased with an increase in
solution pH. The co-existing SO,*, HCO,, and SiO,> had no
significant effect on phosphate adsorption. The GFC could
be readily applied to a fixed-bed system for phosphate
removal and about 1,780 bed volumes of simulated
phosphorus-containing wastewater were treated before the
phosphorus concentration in the effluent reached 0.05 mg/L
for an EBCT of 20 min. The GFC has high potential to be used
for phosphate removal in real wastewater treatment, due to
its high performance and selectivity.
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