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a b s t r a c t
This study evaluated the effectiveness of Fe-loaded granular composites (FGCs) for phosphorus 
removal from aqueous solution. Loess, montmorillonite, polymethyl methacrylate and FeSO4·7H2O/
FeCl2·4H2O were mixed to develop a new novel porous geological adsorbent by granulation 
procedure with the mass ratio of 3:4:1:2. Scanning electron microscope, Brunauer–Emmett–
Teller, energy dispersive X-ray spectroscopy and X-ray diffraction were used to characterize 
the morphology and surface of synthesized samples. The FGC (FeSO4·7H2O) was more effective 
for phosphorus adsorption than FGC (FeCl2·4H2O) in adsorption capacity. The optimum pH 
for phosphorus removal on FGC (FeSO4·7H2O) and FGC (FeCl2·4H2O) was 7.0–9.0 and 6.0–7.0, 
respectively. The experimental data fitted reasonably well to Langmuir and Freundlich isotherm 
models for both of the geological adsorbents. The pseudo-first-order kinetic equation fitted well to 
FGC (FeSO4·7H2O), while the pseudo-second-order kinetic equation fitted well to FGC (FeCl2·4H2O). 
A chemical precipitation mechanism may be the predominant process for both adsorbents in this 
research. The practical application of FGCs on the effective removal of phosphorus from aqueous 
solution could be expected.
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1. Introduction

Phosphorus is mainly as an essential nutrient for 
organisms in ecosystems. The geochemical behaviors of 
phosphorus were studied in the past few decades in vari-
ous disciplines [1]. Phosphorus is involved in a wide vari-
ety of biological and chemical process in natural water 
and wastewater [2,3]. Amounts of soluble phosphorus in 
aqueous solution could cause severe ecological problems 
such as algal blooms and eutrophication [4]. In many coun-
tries, stringent regulations limit phosphorus level to be 
0.05 mg/L to prevent increased algae growth [5]. Numerous 
studies concerning phosphorus removal from aqueous 
solution have been performed during recent years, such 

as adsorption, chemical precipitation, ion exchange, bio-
logical treatment and crystallization process [6–9]. Among 
these traditional methods, adsorption is one of the most 
popular separation and purification method due to its high 
selectivity, low operating cost, easy handling and effective 
removal efficiency. There are a large number of adsorbents 
have been studied for phosphorus removal, including alum 
and aluminum hydroxide, layered double hydroxides, 
dolomite, red mud, goethite, hybrid materials and collagen 
fiber [10–16]. However, most of them are still difficult to be 
applied because of high cost of reagent, short life expec-
tancy or narrow pH ranges. In addition, most of these mate-
rials are powders, causing them to be difficult to separate 
from aqueous solution for reuse.
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Loess, an abundant natural geological material, origi-
nates from the western and northeast areas of China. Because 
of its cheapness and availability, it was used as base material 
in this experiment for Fe-loaded to adsorb phosphorous from 
contaminated water. Montmorillonite is a low cost and easily 
obtained mineral. Recently, some attempts have been carried 
out to be binder in the preparation process of ceramic mate-
rials. In order to keep the mechanical strength of adsorbent, 
montmorillonite was selected as the bonding material in this 
experiment. This study has developed a new type of adsor-
bent material (Fe-loaded granular composite [FGC]), which 
was characterized by specific surface areas and pore size dis-
tribution methods. These porous granular adsorbents were 
the solid phase of a spherical shape, with sufficient mechan-
ical strength to retain its physical integrity after long-time 
adsorption process. Batch studies focused on comparing the 
phosphorus removal behaviors with two kinds of Fe-loaded 
(FeSO4·7H2O/FeCl2·4H2O) composites. It is necessary to fig-
ure out the removal behavior with different iron-loaded 
adsorption materials. Kinetic and isotherm experiments were 
conducted and different models were used to analyze the 
adsorption process of phosphorus at the solid–liquid inter-
face, by describing the rate and mechanism of the adsorption 
process. The changes in surface morphology of FGCs before 
and after the adsorption reaction were also evaluated.

2. Materials and methods

2.1. Preparation of Fe-loaded granular composites

Loess (base material, particle size was <100 µm), a common, 
inexpensive deposit of eolian geological sedimentation, was 
collected in the garden of China University of Geosciences 
(Beijing). Montmorillonite (binder, particle size was 
<100 µm), polymethyl methacrylate (PMMA) (porogen, 
<20 µm), FeSO4·7H2O and FeCl2·4H2O were purchased from 
Sinopharm Chemical Reagent Co., Ltd., China. The FGCs 
were synthesized by the mixture (loess, montmorillonite, 
PMMA and FeSO4·7H2O/FeCl2·4H2O) with the mass ratio of 
3:4:1:2. Ultrapure water (resistivity 18.2 MΩ cm at 25°C) was 
then added into the mixture to make a paste and the granu-
lation procedure was conducted at room temperature (25°C 
± 2°C) by manual [17]. Other chemical agents used were all 
analytical grade and all solutions were prepared with dis-
tilled water. The obtained granules were then dried at 105°C 
for 24 h and calcined at 600°C for 1 h in a muffle furnace. 
Finally, the prepared samples were cooled to room tempera-
ture and sealed in polythene bottle for further studies.

2.2. Batch adsorption experiments

A stock solution (100 mg/L) was prepared by dissolving 
0.387 g anhydrous NaH2PO4 in 1 L of ultrapure water. All the 
solutions for phosphorus adsorption experiments and analysis 
were prepared by an appropriate dilution from the stock solu-
tion. The pH value for test solution was adjusted by 0.1 M HCl 
and NaOH. Batch adsorption experiments were carried out by 
adding 2 g of Fe-loaded adsorbent with 100 mL of phospho-
rus solution of desired concentrations at room temperature. 
Experimental variables were considered, such as: (a) contact 
time between granular adsorbent and phosphorus solution, 

0–48 h; (b) adsorbent dosage, 5–25 g/L; (c) initial phosphorus 
concentration, 5–50 mg/L; (d) initial pH solution, 2.0–11.0 and 
(e) possible mechanisms for both of the different Fe-loaded 
adsorbents. Water samples were taken at the certain intervals 
and filtered through a 0.45 µm membrane filter to measure the 
residual phosphorus concentration. Each test was conducted 
in triplicate and averaged results were reported.

2.3. Characterization analysis

Phosphorus concentration was measured by the method 
of molybdenum antimony anti-spectrophotometer at 700 nm 
wavelength (DR-5000, Hach, USA) [18]. The surface mor-
phology and spot elemental analysis of samples were car-
ried out using the scanning electron microscope (SEM) and 
energy dispersive X-ray spectroscopy (EDS) detector (SSX-
550, Shimadzu, Japan), respectively. The specific surface 
area of samples was determined by the Brunauer–Emmett–
Teller (BET) method with N2 adsorption (Coulter SA3100, 
Japan). Mineralogical phase characterization was carried out 
using quantitative X-ray diffraction (XRD; D8 Focus, Bruker, 
Germany). Solution pH was monitored with a standard pH 
meter (ORION 8157BNUMD, USA). The point of zero charge 
(pHpzc) of FGCs was estimated using batch equilibrium tech-
niques described by Chutia et al. [19].

3. Results and discussion

3.1. Influence of adsorbent dosage

The effect of adsorbent dosage for phosphorus removal 
by FGC (FeSO4·7H2O) and FGC (FeCl2·4H2O) was investi-
gated with adsorbent dosage range from 5 to 25 g/L, initial 
pH 7.0 ± 0.1, initial phosphorus concentration of 10 mg/L and 
contact time of 36 h at 25°C. The results obtained are shown as 
adsorption percentage form in Fig. 1(a). It was observed that 
the adsorption percentage increased from 34.1% to 99.9% and 
9.7% to 22.9% for FGC (FeSO4·7H2O) and FGC (FeCl2·4H2O) 
with an increase in adsorbent dosage from 5 to 25 g/L. 
However, after a dosage of 20 g/L, the amount removed per 
unit of adsorbent remained relatively stable. The increase in 
phosphorus removal with increase of adsorbent dosage is the 
consequence of a greater amount of available binding sites 
and energies for phosphorus. The distribution coefficient 
(KD) for phosphorus on adsorbent was calculated by [20]:

K F F CD p= [ ] [ ] ( / )− −
ads diss/ 1  (1)

where Cp is the solid concentration in kg/L and KD has the 
unit of L/kg. A distribution coefficient reflects the binding 
ability of the surface for an element.

The KD value of a system mainly depends on the type 
of adsorbent surface and solution pH value. It was found 
that the KD value increased with increase of adsorbent dos-
age for both of the FGC adsorbents (Fig. 1(b)). If the sur-
face of adsorbent is homogeneous, the KD value would not 
change with adsorbent dosage at a constant initial solution 
pH value. Therefore, the increased of KD value (Fig. 1(b)) 
denoted the heterogeneous in nature of FGCs (FeSO4·7H2O 
and FeCl2·4H2O) surface [21].



223L.L. Ma et al. / Desalination and Water Treatment 77 (2017) 221–228

3.2. Determination of pHpzc and influence of pH

The pH value of solution where the net surface charge of 
adsorbent is zero is defined as pHpzc. As shown in Fig. 2(a), a 
plot of pH values of filtered solution after equilibrium (pHfinal) 
as a function of initial pH values (pHinitial) provides pHpzc of the 
adsorbents by the common plateau of constant pH to the ordi-
nate at 9.4 ± 0.2 and 7.0 ± 0.2 for FGC (FeSO4·7H2O) and FGC 
(FeCl2·4H2O), respectively. After the calcination process, the 
ferrous ion in FeSO4·7H2O and FeCl2·4H2O changed to be iron 
oxides and the content of Fe element in FGC (FeSO4·7H2O) is 
around 2.5 times than FGC (FeCl2·4H2O) (shown in Table 1). 
Therefore, the FGC (FeSO4·7H2O) performed a better phos-
phorus adsorption capacity than the FGC (FeCl2·4H2O), and 
hence increased the value of pHpzc with the phosphorus con-
centration decreased in aqueous solution.

It has been reported that adsorption of anionic substances 
from aqueous medium depends heavily on the protonation 
pH range in liquid environment [22]. Influence of solution 
pH for phosphorus removal by FGC (FeSO4·7H2O) and FGC 
(FeCl2·4H2O) was carried out with solution pH ranging from 
2.0 to 11.0 and the results are shown in Fig. 2(b). It is evi-
dent that for FGC (FeSO4·7H2O) sample, the maxima occurs 
at pH range of 7.0–9.0, with a maximum adsorption percent-
age of 99.1%. Whereas for FGC (FeCl2·4H2O) sample, the 

maxima is in the pH range of 6.0–7.0, with a removal adsorp-
tion percentage of 22.9%. The adsorption process by FGC 
(FeSO4·7H2O) was more favored in neutral or partial alkaline 
(7.0–9.0) solution, while FGC (FeCl2·4H2O) was more favored 
in neutral (6.0–7.0) solution. It can be explained by the pHpzc 
value (9.4 ± 0.2 and 7.0 ± 0.2) of these two synthesized geo-
logical materials. The phosphorus adsorption mechanism 
may be attributed to the electrostatic attraction and chemi-
cal precipitation interactions between the iron oxides on the 
surface of FGCs. At acidic conditions (pH < 4), H2PO4

– and 
HPO4

2– ions may have a weak combining ability with the iron 
compounds on the surface of FGCs. A chemical precipitation 
mechanism may be the predominant process at pH > 7.0 in 
aqueous solution. While, the surface of FGCs is negative at 
alkaline conditions (pH > 9), which may decrease the electro-
static attraction with PO4

3– ions. This results were found to be 
similar to that had been reported for phosphorus adsorption 
by Chen et al. [17].

3.3. Equilibrium isotherms

The adsorption equilibrium isotherm models would 
help to reveal the adsorption mechanism, the surface prop-
erties and affinity of the adsorbent. In the current study, the 
Langmuir and Freundlich isotherm models were used to 
describe the dynamic balance on solid (FGC adsorbents) and 
liquid (dissolved phosphorus) interface.

Fig. 1. (a) Effect of FGCs (FeSO4·7H2O and FeCl2·4H2O) dosage 
variation for phosphorus removal (initial pH 7.0 ± 0.1, initial 
phosphorus concentration 10 mg/L, contact time 36 h and 
temperature 25°C ± 1°C). (b) The plot of logKD value as a 
function of FGCs (FeSO4·7H2O and FeCl2·4H2O) dosage (data 
corresponding to (a)).

Fig. 2. (a) pHpzc of FGCs (FeSO4·7H2O and FeCl2·4H2O). (b) Effect 
of pH on phosphorus removal by FGCs (FeSO4·7H2O and 
FeCl2·4H2O) (adsorbent dosage 20 g/L, contact time 36 h, initial 
pH 2.0–11.0, initial phosphorus concentration 10 mg/L and 
temperature 25°C ± 1°C).



L.L. Ma et al. / Desalination and Water Treatment 77 (2017) 221–228224

The Langmuir isotherm model is based on the hypothesis 
that uptake or adsorption occurs on a homogenous surface by 
monolayer adsorption without interaction between adsorbed 
molecule, and is expressed as [23]:

q q BC BCe m e e= +/ ( )1  (2)

where qm represents the maximum adsorption capacity 
(mg/g) and B is a constant related to affinity and energy of 
binding sites (L/mg).

The Freundlich isotherm model assumes a monolayer 
adsorption process with a heterogeneous energetic distribu-
tion of active sites and with interaction between adsorbed 
molecules. It is expressed mathematically as [24]:

q K Ce f e
n= 1/  (3)

where Kf and n are the Freundlich coefficients. Kf provides an 
indication of the adsorption capacity (mg/g) and n is related 
to the intensity of adsorption.

Fig. 3 demonstrates the plot of Ce vs. qe on the adsorp-
tion of phosphorus by FGC (FeSO4·7H2O) and FGC 
(FeCl2·4H2O). The equilibrium data of Fig. 3 have been ana-
lyzed by non-linear regression method using the isotherm 
Eqs. (2) and (3). Table 1 shows the estimated model param-
eters. It was found that the adsorption data for phospho-
rus removal by FGCs (FeSO4·7H2O/FeCl2·4H2O) were fitted 
well to both Langmuir and Freundlich isotherm models. 
The magnitude of the Langmuir constant B has small val-
ues (0.0650 and 0.0546 L/mg), which denoted a low heat of 
adsorption. The Freundlich constant n values (3.3456 and 
1.8067) illustrated the high bond strength between solid 
and liquid interface and it also indicates the adsorbent sur-
face to be heterogeneous, which is in accordance with the 
results in section 3.1.

3.4. Kinetic studies

In order to investigate the adsorption rate constants of 
phosphorus on FGCs (FeSO4·7H2O/FeCl2·4H2O), the pseu-
do-first-order and pseudo-second-order models were 
employed. The model equations are presented as follows 
[25,26]:

log( ) log / .q q q k te t e− = − 1 2 303  (4)

t q k q t qt e e/ / ( ) /= +1 2
2  (5)

where qt and qe are the amount of adsorbed phosphorus 
(mg/g) at time t and at equilibrium time (h), respectively. k1 
(1/h) and k2 (g/(mg·h)) are first-order and second-order rate 
constants for adsorption.

The kinetic parameters estimated from Eqs. (4) and (5) 
are shown in Table 2. According to the values of correlation 
coefficient, it was found that the pseudo-first-order equa-
tion (R2 = 0.9754) fitted better than the pseudo-second-order 
equation (R2 = 0.9416) for FGC (FeSO4·7H2O). On the contrary, 
the pseudo-second-order equation (R2 = 0.9670) described 
more appropriate than the pseudo-first-order equation 
(R2 = 0.9176) for FGC (FeCl2·4H2O). The calculated qe values 
obtained from pseudo-first-order and pseudo-second-order 
equations were also found close to the experimental qe for 
FGC (FeSO4·7H2O) and FGC (FeCl2·4H2O), respectively. Thus, 
it had been concluded that the adsorption process obeyed the 
pseudo-first-order and pseudo-second-order kinetic model 
for synthesized FGC (FeSO4·7H2O) and FGC (FeCl2·4H2O), 
respectively. The adsorption rate constant was found to be 
0.1145 and 0.3210 g/(mg·h) for FGC (FeSO4·7H2O) and FGC 
(FeCl2·4H2O), respectively.

Besides adsorption at the outer surface of the adsorbent, 
the dihydrogen phosphate ion and phosphate ion may also 
diffuse into the interior of the porous geological adsorbent 
[27]. Therefore, it is important to investigate the rate deter-
mining step in phosphorus adsorption process by using the 
intra-particle diffusion equation [28]:

q k tt p= 0 5.
 (6)

where qt is the amount adsorbed (mg/g) at a given time t (h), 
kp (mg/g h0.5) is the intra-particle diffusion rate constant.

Table 1
Langmuir and Freundlich isotherm parameters for the adsorption on FGCs at initial pH 7.0 ± 0.1, initial phosphorus concentration 
5–50 mg/L, contact time 36 h, adsorbent dosage 20 g/L and temperature 25°C ± 1°C

Granular adsorbent Langmuir isotherm Freundlich isotherm
qm (mg/g) B (L/mg) R2 Kf (mg/g) n R2

FGC (FeSO4·7H2O) 1.4255 0.0650 0.9856 0.3064 3.3456 0.9321
FGC (FeCl2·4H2O) 0.3930 0.0546 0.9994 0.0352 1.8067 0.9643

Fig. 3. The plot of Ce vs. qe on phosphorus adsorption by FGCs 
(FeSO4·7H2O and FeCl2·4H2O) (__ Langmuir isotherm; _ _ _ 
Freundlich isotherm) (initial pH 7.0 ± 0.1, adsorbent dosage 
20 g/L, contact time 36 h and temperature 25°C ± 1°C).
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Fig. 4 shows the value of qt vs. the square root of t. It is 
observed that the intra-particle diffusion model of phospho-
rus adsorption on FGC (FeSO4·7H2O) and FGC (FeCl2·4H2O) 
both are not linear forms over the whole time range. The 
adsorption process can be divided into three stages: first, 
transport of phosphorus to the external surface of the adsor-
bent from bulk solution across the boundary layer surround-
ing the adsorbent particle (external mass transfer); second, 
adsorption of phosphorus onto particle surface, which always 
happens very fast; finally, exchange of the adsorbed phos-
phorus with the structural metal elements (iron) of adsorbent 
particles, or diffusion of phosphorus in the internal surface 
of porous geological materials (intra-particle diffusion). In 
addition, the linear portions did not pass the origin in Fig. 4, 
which indicated that mechanisms of phosphorus removal 
by FGC (FeSO4·7H2O) and FGC (FeCl2·4H2O) were complex, 
and the intra-particle diffusion was not the only determin-
ing step. Similar results have been reported for phosphorus 
adsorption on Aleppo pine and hydrous niobium oxide [29].

3.5. Possible mechanisms

It is known that certain anions (dihydrogen phosphate, 
hydrogen phosphate, phosphate, etc.) that are strongly 
adsorbed on metal hydroxides through the ligand exchange 
(inner sphere or outer sphere complex). In the present study, 
the metal hydroxide is mainly the iron hydroxide. An inner 
sphere complex is formed when the adsorbed ligand is 
directly linked to the metal ion by covalent bonding, and 
an outer complex, which involves electrostatic bonding, 
is formed when a water molecule is retained between the 
exchange site and the adsorbed ligand [30]. Accordingly, it 
can be assumed that the phosphorus adsorption on FGCs 
may be due to the following reactions:

FeSO 7H O/FeCl 4H O O SO/ ClO Fe O H O4 2 2 2 2 2 3 2× × + →≡ ≡ + +

 (7)

Fe O H O Fe OH2 3 2+ →≡ −  (8)

≡ − + + → ≡ − ++ − + −Fe OH H H PO Fe OH H PO2 24 2 4  (9)

≡ − + + ↔ ≡ − ++ − + − +Fe OH H HPO Fe OH HPO H2 4
2 2

4
2  (10)

≡ − + + ↔ ≡ − + ++ − + − +Fe OH H PO Fe OH PO H3 24
3

2 4
3  (11)

where –OH is a hydroxyl group, and –H2PO4
–, HPO4

2– and 
PO4

3– are the adsorbed ligands at corresponding pH values.
In the present study, phosphorus adsorption behaviors 

were performed by comparing with FGC (FeSO4·7H2O) and 
FGC (FeCl2·4H2O), and the results are of the horizon of other-
ness. The samples of FGC (FeSO4·7H2O) and FGC (FeCl2·4H2O) 
were red-colored and claret-colored particles, respectively, 
and with diameters of 2–3 mm (Figs. 5(a) and (b)). The 
Vickers hardness of FGC (FeSO4·7H2O) and FGC (FeCl2·4H2O) 
ceramic particles was 98.8 and 97.4 kg/mm2, respectively, 
which indicates the stability and firmness of the adsorbents. 
The EDS (Table 3) showed the atom proportion of Fe at the 
surface was around 2.5 times in FGC (FeSO4·7H2O) than in 
FGC (FeCl2·4H2O) adsorbent. According to the assumed 
mechanisms, phosphorus was mainly bound with the iron 
oxide and its hydrate hydroxide, therefore, the content of 
iron oxide is an important parameter for the performance 
of phosphorus adsorption. The surface morphology of 
FGC (FeSO4·7H2O) and FGC (FeCl2·4H2O) was shown in 
Figs. 5(c) and (d). Compared with FGC (FeCl2·4H2O), FGC 
(FeSO4·7H2O) had a significantly rougher surface with a 
lot of pore structures (Fig. 5(c)). Conversely, the relatively 
smooth surface of FGC (FeCl2·4H2O) appeared to be less 
porosity which would make phosphorus difficult to attach 
to the adsorbent (Fig. 5(d)). In addition, from the results 
of XRD pattern in Fig. 6, it can be seen that hematite/gam-
ma-hematite was the predominant iron mineral in the pris-
tine FGC (FeSO4·7H2O), while iron-oxide-beta hematite and 
wustite were the predominant iron minerals in the pristine 
FGC (FeCl2·4H2O). According to the results obtained from the 

Table 2
Kinetic constants for adsorption of phosphorus on FGCs at initial pH 7.0 ± 0.1, initial phosphorus concentration 10 mg/L, adsorbent 
dosage 20 g/L and temperature 25°C ± 1°C

Granular adsorbent qe,exp (mg/g) Pseudo-first-order Pseudo-second-order
k1 (1/h) qe,cal (mg/g) R2 k2 [g/(mg·h)] qe,cal (mg/g) R2

FGC (FeSO4·7H2O) 0.4995 0.1154 0.7468 0.9754 0.0549 0.8280 0.9416
FGC (FeCl2·4H2O) 0.1145 1.8104 0.8997 0.9176 0.3210 0.1709 0.9670

Note: qe,exp and qe,cal represent the measured value and predicted by kinetic models value of solid phase phosphorus concentrations at 
equilibrium.

Fig. 4. Intra-particle diffusion modeling of phosphorus adsorption 
on FGCs (FeSO4·7H2O and FeCl2·4H2O) (initial pH 7.0 ± 0.1, initial 
phosphorus concentration 10 mg/L, adsorbent dosage 20 g/L, 
contact time 36 h and temperature 25°C ± 1°C).
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a b

dc

Fig. 5. Photos of pristine: (A) FGC (FeSO4·7H2O) and (B) FGC (FeCl2·4H2O); SEM images of pristine: (C) FGC (FeSO4·7H2O) 1,000× and 
(D) FGC (FeCl2·4H2O) 1,000×.

Table 3
Chemical analysis and surface area characterization of each mineral sample and Fe-loaded porous granular composite (FGC)

Analysis of each clay sample and FGCs by SEM–EDS test

Composition (wt%) O Si Fe Al Ca Mg pHpzc

Loess 75.79 10.45 1.20 5.15 5.86 1.55 –
Montmorillonite 65.86 21.17 0.10 9.58 0.76 2.53 –
FGC (FeSO4·7H2O) 57.14 11.92 22.43 5.74 1.33 1.44 9.4 ± 0.2

FGC (FeCl2·4H2O) 64.63 16.44 9.94 6.83 1.00 1.16 7.0 ± 0.2

Surface area and pore volume analysis by BET test
BET surface area (m2/g) T-plot surface area (m2/g) Average pore diameter (nm) Pore volume (cm3/g)

FGC (FeSO4·7H2O) 25.54 18.20 11.23 0.1803

FGC (FeCl2·4H2O) 9.86 6.52 5.07 0.0827

Note: The effect on LOI (600°C) has been neglected.
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batch experiments, it can be revealed that the hematite (espe-
cially gamma-hematite) mineral may have a better affinity 
with phosphorus than the iron-oxide-beta hematite and wus-
tite minerals, while the specific mechanism in detail should 
be tested and verified in further research.

4. Conclusion

Results obtained from this study have provided some 
valuable information regarding the characteristics and mech-
anisms of phosphorus removal by Fe-loaded porous gran-
ular composites. FGC (FeSO4·7H2O) and FGC (FeCl2·4H2O) 
were both used for phosphorus removal from aqueous 
solution. FGC (FeSO4·7H2O) was more effective and appli-
cable for phosphorus removal than FGC (FeCl2·4H2O). 
Maximum adsorption efficiency by FGC (FeSO4·7H2O) and 
FGC (FeCl2·4H2O) at pH 7.0–9.0 and 6.0–7.0 were 99.1% 
and 22.9%, respectively. The equilibrium data fitted well 
to both Langmuir and Freundlich isotherm models for two 
kinds of the FGCs (FeSO4·7H2O/FeCl2·4H2O). In addition, the 
pseudo-first-order equation fitted well to FGC (FeSO4·7H2O), 
while the pseudo-second-order equation fitted well to FGC 
(FeCl2·4H2O). Intra-particle diffusion model played an 
important role in adsorption process for both of the FGC 
(FeSO4·7H2O) and FGC (FeCl2·4H2O). The adsorption mech-
anisms for Fe-loaded porous geological materials were also 
investigated and assumed. In summary, the FeSO4·7H2O 
loaded porous granular composite is a potential adsorbent, 
which may be used in practical application for phosphorus 
removal from aqueous solution in the future.
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