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a b s t r a c t
Pollution of water resources with phosphate due to industrial activities restricts water usage for 
different purposes. This work depends on the collection of some surface and groundwater sam-
ples from the fertilizer industrial effluent of Helwan, Egypt, then analyzed for the determination 
of major and minor constituents. Based on the chemical analyses, it was found that some water 
samples contain higher concentrations of phosphate. Therefore, a new hybrid anion exchanger 
(HAEX) for selective sorption of phosphate from polluted water was prepared. Durability, mechan-
ical strength, and high sorption affinity of hydrated ferric oxide toward phosphate urged us to use 
it along with HAEX as a good adsorbent. The prepared ion exchanger was characterized using 
Fourier transform-infrared spectroscopy, X-ray diffraction, and scanning electron microscopy 
to confirm the chemical structure and surface morphology. The results show that the exchanger 
had high selectivity for the removal of phosphate from higher concentrations of competing for 
sulfate, chloride, and bicarbonate anions. The removal percentage was 100% after 2 h due to the 
combined presence of Coulombic and Lewis acid–base interactions.
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1. Introduction

There are many technologies for wastewater treat-
ment, among them ion exchange, reverse osmosis, mem-
brane distillation, and photocatalysis [1]. For the advan-
tages of ion exchange resins such as the absence of sludge, 
less labor-intensive and lower overall operation cost have 
made it the most common method for wastewater treat-
ment [2], Polymeric materials offer durability and pre-
ferred mechanical strength. The used Amberlite MB9L is 
a mixed ion exchanger, its matrix is styrene-divinylben-
zene and ethylstyrene copolymer with functional groups 
of trimethylamine quaternized, hydroxide (Anion part) 

and sulfonated hydrogen form (Cation part) as shown in 
Fig. 1c. Earlier research works at Lehigh University led to 
the development of polymeric ligand exchangers (PLEs) 
that exhibit high phosphate selectivity over competing for 
sulfate and chloride ions [3–5]. PLEs are also amenable to 
efficient regeneration and reuse. Extensive researches were 
undertaken to explore the effectiveness of fixed-bed pro-
cesses for phosphate removal because of their operational 
simplicity and adaptability to change wastewater flow 
rates and compositions [6]. However, the inorganic metal 
oxide particles (e.g. Fe) lack the mechanical strength and 
attrition resistance properties for prolonged operation in 
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fixed-bed units [7]. Oxides of polyvalent metals, namely, 
Fe(III), Ti(IV), Zr(IV) exhibit very favorable ligand sorption 
properties through the formation of inner-sphere complexes 
[7–10]. For example hydrated Fe(III) oxide (HFO) is innoc-
uous, inexpensive, readily available, and chemically stable 
over a wide pH range. Recently, however, it was shown that 
the ligand sorption capacity can be increased by dispersing 
HFO nanoparticles within polymeric anion exchangers [11]. 
Dispersing HFO nanoparticles within an anion exchanger is 
scientifically challenging because both ferric ion (Fe3+) and 
quaternary ammonium groups (R4N+) in an anion exchange 
resin are positively charged. Amberlite resin and modi-
fied Amberlite were used for pollutant removal with high 
efficiency [12]. The work aims to modify the commercial 
Amberlite resin by nano hydrated ferric oxide in order to 
make it highly selective for phosphate ions.

2. Materials and methods

2.1. Materials

The used resin is a mixed ion exchange resin called 
Amberlite MB9L, available from Rohm and Haas Company. 
KMnO4, FeSO4, and acetone from Sigma-Aldrich (USA) were 
also used.

2.2. Preparation of adsorbents

The composite was prepared according to previous 
work in a batch method [13]. In brief, 10 g of Amberlite resin 
was oxidized using 1,300  ml of potassium permanganate 
(600  mg/L) with stirring for 30  min. The formed interme-
diate was rinsed twice with deionized water, and then was 
immersed in 330 ml of 5% (w/v) ferrous sulfate solution and 
shaken for 4 h. After that, the hybrid resin was excessively 
rinsed with deionized water. These steps were repeated 
for a second and third cycle of iron loading. Afterward, 
the hybrid resin was rinsed with deionized water and ace-
tone, and then dried in an oven at 35°C for 12 h. When the 
Amberlite resin, without any modifications, was added 
to a mixture containing different ions, it showed no selec-
tivity, as shown in Table 1. The excess of sulfate ions, as a 

result of rinsing in ferrous sulfate solution, was washed 
out with a 0.5 M NaOH solution.

2.3. Characterization

Fourier transform infrared spectrophotometer (FT-IR) 
(Bruker Vertex 70 FT-IR spectrometer model), scanning 
electron microscopy (SEM, EO FESEM 1530), X-ray diffrac-
tion (XRD; Bruker-AXS D8 Discover diffractometer, Co-Ka 
source) and energy-dispersive X-ray spectroscopy (EDX) 
analysis were carried out for adsorbent identification.

2.4. Batch adsorption experiment

A solution containing different concentrations of (F–, Cl–, 
Br–, PO4

–3, SO4
–2, NO2

–, NO3
–, Fe, Cu, Mn, Pb) species was pre-

pared for identifying the selectivity of the modified resin; 
a stock of PO4

–3 was also prepared. All batch adsorption 
experiments were performed on a mechanical shaker with 
a shaking speed of 200 rpm. The concentrations were mon-
itored using an inductively coupled plasma (ICP) spec-
trophotometer (Thermo Jarrell Ash; Model: ICP 61E) and 
ion chromatography (ICS-3000 Reagent-Free IC System) 
for anion concentrations determination. To study the effect 
of adsorption time, 0.5  g of modified resin was shaken in 
50  ml of a solution containing ppm of PO4

–3 at different 
time intervals (5, 10, 30, 40, 50, 60, 70, 80, 90, 120, 150, and 
180 min.). The effect of the adsorbate solution temperature 
was investigated by shaking 0.5 g of adsorbent with 50 ml 
of phosphate solution at 25°C, 40°C, and 60°C. After each 
adsorption process, the solution was filtrated and taken to 
ion chromatography (IC system) for analysis. The adsorption 
capacity was calculated according to the following equation:
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The removal % of PO4
–3 was calculated as follows:
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−( )

×
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C
i f

i

100 	 (2)

where “q” is the adsorption capacity (mg/g), Ci and Cf are 
the initial and the final PO4

–3 concentration, respectively, in 
(mg/L), V is the volume of the adsorbate solution (in liters), 
and m is the mass of adsorbent (in g).

2.5. Reusability of the adsorbent

Reusability of the adsorbent was carried out by washing 
it with a single solution containing 2% NaOH and 2% NaCl, 
then washed with DI water several times. Afterward, the 
adsorbent was used again and the adsorption and removal 
of phosphate were calculated according to the previous 
equations.

3. Results and discussions

3.1. Effect of the adsorbent modification

By adding a commercial Amberlite resin to a polluted 
water sample, complete ions removal occurs indicating 

Table 1
Adding the resin (AMBERLITE MB9L) only before modification 
to the mixture (no selectivity)

Before (ppm) After (ppm) Efficiency %

F 9 0 100
Cl 65.2 1.2 98.2
Br 16.8 0 100
NO2 9.7 0 100
NO3 3.5 0.085 97.6
PO4 62 0 100
SO4 36.3 0 100
Fe 77.89 29.66 61.9
Cu 102.3 0.43 99.6
Mn 96.65 1.13 98.8
Pb 102.3 0.77 99.2
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no selectivity (Table 1). Despite the newly modified resin 
showed high selectivity toward phosphate ion removal, 
an increment of some other ions such as iron and sul-
fate occurred, (Table 2). Such problems were overcome 
by increasing the concentration of the permanganate to 
allow much more iron oxidation. The modified resin was 
then washed with 0.5M NaOH solution for excess sulfate 
removal. The newly modified resin was tested with a nat-
urally-occurring polluted water sample and the concen-
tration of the different ions were observed, (Table 3). The 
selectivity toward phosphate removal, without any addi-
tional increase of the other ion concentration, was observed. 
Fig. 1 shows that there is a change of the external color of 
Amberlite after modification with ferric oxide, where the 
yellow spherical beads were changed to brown color with-
out any change in its original spherical shape. The FT-IR 
spectra of the adsorbent before and after the loading of 
ferric oxide was illustrated in Fig. 2. The figure showed 
that the commercial or non-modified Amberlite resin 
(Fig. 2a) exhibited a broad peak at 3,392  cm–1, which can 
be assigned to O–H stretching vibration of the hydroxyl 
group [14,15]. Meanwhile, two peaks at about 2,924 and 
2,359  cm–1 indicating C–H stretching of the aromatic ring 
of polystyrene-divinylbenzene matrix in anion resin [15]. 
Furthermore, a peak at 1,417  cm–1 corresponds to C–H 
bending of the quaternary ammonium functional group 
of ion resin [16]. As shown in Fig. 2b, the peak pattern of 
FO-Amberlite is similar to Amberlite resin, an additional 
peak observed at 550 cm–1 is attributed to Fe–O stretching 
vibration which clearly indicated loading of ferric oxide 
onto Amberlite [17]. Fig. 3 shows the X-ray diffraction 
(XRD) patterns of Amberlite before and after modification. 
As shown in Fig. 3b, six characteristic peaks for nano iron 
oxide (2θ = 36.417, 43.353, 45.425, 50.459, 52.3, 61.249) were 
identified. These peaks are in agreement with the database 
of standard nano iron oxide (ASTM Card No: 86-1359) 
[18–20]. Scanning electron microscopy (SEM) image of the 
non-modified Amberlite resin (Fig. 3c) showed the uniform 

Table 2
After modification the resin

Species Before (ppm) After (ppm) Efficiency %

F 9 6.3 30
Cl 65.2 55 15.6
Br 16.8 0 100
NO2 9.7 3.4 64.9
NO3 3.5 1.5 57
PO4 62 0 100
SO4 36.3 131 –
Fe 77.89 144.2 –
Cu 102.3 31.35 69.3
Mn 96.65 34.75 64
Pb 102.3 10.67 89.58

+ 

(a) (b)

(c)

Fig. 1. (a) Shape of Amberlite MB9L, (b) shape of modified resin, and (c) chemical structure of Amberlite MB9L.

Table 3
After increasing the concentration of permanganate and wash-
ing by NaOH (0.5 M)

Species Before (ppm) After (ppm) Efficiency% 

F 9 6.3 30
Cl 65.2 55 15.6
Br 16.8 0 100
NO2 9.7 3.4 64.9
NO3 3.5 1.5 57.1
PO4 62 0 100
SO4 60 58 3
Fe 77.89 0.5841 99.3
Cu 102.3 0.48 99.5
Mn 96.65 14.88 84.6
Pb 102.3 0.16 99.8
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and smooth surface, while the surface of FO-Amberlite 
(Fig. 3d) showed roughness due to the deposition of iron 
oxide particles. The EDX analysis modified resin illustrated 
in Fig. 3e. It can be revealed that Amberlite resin contained 
mainly of carbon and chlorine which may result from the 
polymeric matrix and exchangeable ion of the resin compo-
sition. Meanwhile, Fe element was detected in the elemen-
tal compositions of modified resin. This confirmed that the 
loading of iron oxide onto resin is successful.

3.2. Factors affecting removal of PO4
–3 ions

The optimal conditions for phosphate adsorption on 
FO-Amberlite adsorbents were evaluated by varying some 
factors as follow:

3.2.1. Effect of dose

Standard phosphate solution was prepared (10  ppm), 
then different amounts of the modified Amberlite resin 

 

(a)

(b)

Fig. 2. (a) FT-IR of Amberlite MB9L and (b) FT-IR of modified resin.

 

(e)

(b)

(a)

(d) 

(c)

Fig. 3. (a) XRD of Amberlite MB9L, (b) XRD of modified resin, (c) SEM of Amberlite MB9L, (d) SEM of modified resin, and (e) EDX 
of modified resin.
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were added to a phosphate-containing solution with resin/
solution ratios of (5, 10, and 15  g/L). The optimum result 
was observed when 10 g of resin was immersed in a solu-
tion containing 10 ppm of phosphate, where the phosphate 
concentration decreased from 10 to 0.003 ppm.

3.2.2. Effect of adsorption time

The modified Amberlite resin was further challenged 
with time. 5 g of resin was immersed in a solution contain-
ing 55 ppm phosphate at different times (0.5, 1, 2, 4, 8, 12, 
and 24  h). The results showed that phosphate concentration 
is significantly decreasing until it almost reaches near-zero 
concentration after 2 h. Fig. 4 shows that there is a definite 
time at which complete phosphate removal occurs after 
this time desorption of phosphate ions in the solution will 
occur.

3.2.3. Effect of NaOH washing

As previously mentioned in this paper that the mod-
ified resin should be washed with a sodium hydroxide 
solution to remove the excess sulfate leachate into the 
treated water. Different concentrations of NaOH solution 
were prepared (0.01, 0.1, and 0.5  M) to define the best-
suited concentration at which most of the sulfate ions 
will be removed. The highest amount of sulfate removed 
was recorded when 0.5 M of NaOH was used. It should be 
noted that washing with NaOH solution is a good way for 
sulfate removal but at definite concentration. Reviewing 
the literature, it was found that adding 2  N sodium 
hydroxide solution cannot separate sulfate ions [21].

3.2.4. Effect of FeSO4

The selectivity toward phosphate was improved by 
introducing ferric oxide nanoparticles into the resin. 
Therefore, the resin was modified by treating it with a fer-
rous sulfate solution. Different concentrations of ferrous 
sulfate solution were prepared to show the effect of con-
centration change on removing phosphate from polluted 

water. Three solutions of FeSO4 (4%, 5%, and 6% wt./v) 
were used in the modification process, then the modified 
resins were challenged with a naturally-occurring water 
sample having 12.88 ppm phosphate. It was found that the 
efficiency of the modified resin increased as the concentra-
tion of ferrous sulfate increased. However, it requires much 
more washing with NaOH solution to remove the excess 
sulfate, (Fig. 5). The increase in the adsorption capacity as 
the iron ion concentration increase could be attributed to 
the availability of a higher amount of adsorption sites onto 
anion resin surface, resulting in an enhancement of the 
phosphate adsorption. The maximum adsorption capacity 
was obtained at a 6% FeSO4 solution with NaOH washing. 
The drop in the adsorption capacity due to further increase 
of iron concentration is probably referred to as the pore 
blockage and self-aggregation of iron oxide particles at a 
high amount of iron. This may reduce the available active 
sites for adsorption and hinder the diffusion of phosphate 
into the adsorption sites of adsorbent, lowering the adsorp-
tion capacity [22,23].

Fig. 4. Effect of time.

Fig. 5. Effect of FeSO4 concentration.

Fig. 6. Effect of PH.
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3.2.5. Effect of pH

The modified Amberlite was prepared at different pH 
values and then mixed with another water sample contain-
ing 81 ppm phosphate. As shown in Fig. 6, it was shown that 
as the pH values increase, the removal capability of phos-
phate ions increases. The maximum phosphate sorption 
occurs in the PH range of 6.0–8.0. Since the pH of typical 
secondary wastewaters is in the vicinity of 7.0, phosphate 
removal by HAIX does not warrant any pH adjustment [12].

3.3. Adsorption kinetic models

The pseudo-first-order kinetic model [24] and pseudo-
second-order kinetic model [25] were employed to fit the 
experimental data and to understand the adsorption mech-
anism of PO4

3– ions using modified resin adsorbent. The 
Eq. (3) of the pseudo-first-order kinetic model is as follows:

log logq q q k te t e−( ) = − 1 	 (3)

where qe and qt (mg/g) are the adsorption capacities at 
equilibrium time and time t, respectively. k1 (l/min) is the 
pseudo-first-order rate constant. From plotting log(qe–qt) vs. 
t (Fig. 7a), k1 and qe can be obtained from the slope and inter-
cept, respectively. The Eq. (4) of the pseudo-second-order 
kinetic model is as follows:

t
q k q

tq
t e

e= +
1

2
2

	 (4)

where k2 [g/(mg min)] is the pseudo-second-order rate con-
stant. From plotting t/qt vs. t (Fig. 7b), the values of qe and 
k2 can be obtained from the slope and intercept, respec-
tively. From the figures, it was observed that the values 
of R2 of the pseudo-first-order kinetic model were better 
than the other two models. Therefore it’s more applicable to 
the kinetics adsorption of PO4

–3 ions and therefore suggests 
a chemisorption process.

4. Adsorption mechanism

It is known that Amberlite resin has an affinity for all 
anions and cations with no selectivity. After modification 

with Fe it was able to efficiently adsorb phosphate ions even 
in the presence of chloride and sulfate ions. This may be 
due to formation of inner complex, monovalent and diva-
lent phosphate (H2PO4

– and HPO4
2–, respectively) ions onto 

HFO surface sites. Contrary, sulfate, and chloride form 
only outer-sphere complexes through coulombic interac-
tion, and hence, they are less selectively bound to the resin 
exchanger [12].

5. Conclusion

The ion exchange system is a good system for pollut-
ant removal with no selectivity. Commercially available 
ion exchangers are robust and durable but exhibit poor 
selectivity. Conversely, HFO particles have high phosphate 
sorption affinity but lack mechanical strength for prolonged 
usage in fixed-bed columns. This investigation presents 
the development of selectivity of ion exchange resin by 
adding nano metal oxide to the ion exchange resin. Adding 
nano metal oxides to the resin increase the selectivity of the 
resin, for example, modification of Amberlite resin with nano 
iron oxide increases its selectivity for phosphate removal.
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