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a b s t r a c t

A novel adsorbent based on iron oxide dispersed over activated carbon (AC) were prepared, and
used for phosphate removal from aqueous solutions. The influence of pre-oxidation treatment on the
physical, chemical and phosphate adsorption properties of iron-containing AC were determined. Two
series of ACs, non-oxidized and oxidized carbon modified by iron (denoted as AC-Fe and AC/O-
Fe), resulted in a maximum impregnated iron of 4.03% and 7.56%, respectively. AC/O-Fe showed
34.0%–46.6% higher phosphate removal efficiency than the AC-Fe did. This was first attributed to
the moderate pre-oxidation of raw AC by nitric acid, achieved by dosing Fe(II) after a pre-oxidation,
to obtain higher iron loading, which is favorable for phosphate adsorption. Additionally, the in-situ
formed active site on the surface of carbon, which was derived from the oxidation of Fe(II) by
nitric acid dominated the remarkably high efficiency with respect to the removal of phosphate. The
activation energy for adsorption was calculated to be 10.53 and 18.88 kJ/mol for AC-Fe and AC/O-
Fe, respectively. The results showed that the surface mass transfer and intra-particle diffusion were
simultaneously occurring during the process and contribute to the adsorption mechanism.

Introduction

With its well-established consequence to eutrophication,
the excessive phosphate in wastewater has become an
important issue in wastewater treatment (Smith et al.,
1999). To limit such pollution, the Chinese Environmental
Protection Agency has revised the maximum contaminant
level of phosphate in wastewater discharge from 1.0 to 0.5
mg/L according to Class A of Integrated Wastewater Dis-
charge Standard (GB 18918-2002). This new regulatory
pressure has increased interest in the development of new
or improved technologies to meet the regulation.

Several methods have been developed to remove phos-
phate from wastewater, namely biological removal and
physico-chemical process (Morse et al., 1998). Biological
methods could achieve a higher removal rate of phosphate,
but the methods are often prone to operational difficulties

∗Corresponding author. E-mail: zzhenghj@fudan.edu.cn.

and need monitoring. The conventional physico-chemical
process used for phosphate removal can be classified on the
basis of the involved separation mechanisms: precipitation,
membrane, and adsorption technologies. Precipitation with
lime, alum, and iron salts has been widely used because
of its simplicity and reduced cost; however, in order to
remove efficiently phosphate at acceptable levels, large
amount of chemicals are necessary. The membrane pro-
cesses is expensive, mainly because of the high energy
requirements. The technology of adsorption is based on
materials having high affinity for phosphate. Recently,
adsorption of phosphate by metal-based materials has been
reported (Zhang et al., 2011a; Zhou et al., 2011).

Activated carbon (AC) has been proven to be an effective
adsorbent for the removal of a wide variety of organic and
inorganic pollutants from aqueous. However, phosphate
adsorption onto raw AC is minimal, it cannot be directly
applied for phosphate treatment. Research on AC modifi-
cation is gaining prominence due to the need to develop

http://www.jesc.ac.cn
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the affinity of AC for phosphate to facilitate their removal
from water. Several publications have shown that the
adsorption performance of AC can be evidently improved
by treatment with various iron compounds (Muñiz et al.,
2009; Fierro et al., 2009), which could be assign to the
fact that iron compounds are cross-linked to AC leading
in an enhanced adsorption. It is essential to understand the
factors that influence the adsorption of AC prior to their
modification to tailor their specific physical and chemical
properties and enhance their affinity for phosphate present
in wastewaters. Pre-oxidation, using oxidants such as
potassium permanganate, hydrogen peroxide, sulfuric and
nitric acid, has been shown to enhance the adsorption
of pollutants by altering their surface characteristics and
charge (Hristovski et al., 2009).

Although several studies have been conducted on
pollutants removal (such as arsenic) by iron-containing
adsorbents, limited reports address the influence of pre-
oxidation treatment on the physical, chemical and phos-
phate adsorption properties of iron-containing AC. This
study aimed to: (1) characterize the modified AC, includ-
ing nitrogen adsorption analyses, X-ray diffraction (XRD),
infrared spectroscopy (FT-IR), and pHPZC analysis; (2)
compare the removal efficiencies of phosphate by the mod-
ified AC obtained under various preparation conditions; (3)
evaluate phosphate adsorption results through both kinetic
and equilibrium studies taking into account the major
factors including the initial phosphate concentration and
temperature; (4) propose the possible reaction mechanism
involved in the removal of phosphate by modified AC.

1 Materials and methods

1.1 Preparation of activated carbon

Raw AC sample was supplied by the Masamori Nanjing
Chemical Industrial Co., Ltd. (China). The raw AC was
thoroughly rinsed with deionized water to remove dust and
soluble material and was then allowed to dry at room tem-
perature. Afterwards, the dried sample was modified with
5 mol/L HNO3 for 6 hr at the room temperature. Oxidized
carbon was thoroughly washed by deionized water to
remove residual acid adsorbed before iron loading. The
carbon oxidized by HNO3 was named AC/O hereinafter.

The iron-containing AC was prepared by introducing 0.5
g of non-oxidized and oxidized carbon into 100 mL of 0.2
mol/L iron solution made from FeSO4. A series of iron
concentration ranging from 0.05 to 0.4 mol/L were used
for AC coating to examine the effect of iron concentration
on phosphate removal. The pH during iron loading ranged
from 1.0 to 6.0. The mixtures were stirred continuously for
a few minutes, and then heated at 110°C until they become
dry. Afterwards, they were cooled at room temperature,
rinsed to remove iron residues, dried, and sieved. The

two prepared ACs are denoted as AC-Fe and AC/O-Fe,
respectively.

1.2 Characterization of activated carbon

The specific surface area and the porosity of the iron-
containing ACs were determined by N2 adsorption at
77 K using a Micrometritics ASAP-2020 Surface Ana-
lyzer in the relative pressure range of 0.01–1. Prior to
measurement, all samples were degassed at 120°C and
until a constant low pressure was reached (0.004 µmHg).
The Brunauer-Emmett-Teller (BET) surface areas were
calculated using the BET method; micropore volume and
micropore specific surface area were obtained using the
t-plots method; mesopore volume and mesopore specific
surface area were determined by the Barrett-Joyner-
Halenda model. The total pore volume was determined by
nitrogen uptake at P/P0 0.98.

XRD measurements were conducted using standard
powder diffraction procedure. Mineralogy of the AC sam-
ples were analyzed by Cu Kα radiation (40 kV, 30 mA)
over the 2θ range 10–80◦ using XRD analysis instrument
(ARL, X’TRA, Switzerland).

The functional groups available on the surface of the
prepared ACs were identified by KBr technique using a
Fourier transform spectrophotometer (Nicolet, Nexus 870
FT-IR, USA). The spectra were recorded from 4000 to
400 cm−1.

Batch equilibrium method was used for determination
of the point of zero charge (pHPZC). Accordingly, 0.1 g
of the ACs were shaken in PVC vials for 24 hr with 20
mL of 0.01 mol/L KNO3, at different pH values. Initial
pH values were obtained by adding an amount of KOH
or HNO3 solution (0.01 mol/L), keeping the ionic strength
constant. The amount of H+ or OH− ions adsorbed by ACs
was calculated from the difference between the initial and
the final concentration of H+ or OH− ions.

1.3 Adsorption experiments

Adsorption experiments were conducted by varying con-
tact time, temperature, initial phosphate concentration
under the aspects of adsorption isotherms and adsorption
kinetics. Phosphate solutions of 50 mL with different initial
concentrations (9.03–39.22 mg/L) were mixed with 0.1
g of AC sample under various temperature (20, 30 and
40°C). The mixture was agitated in a thermostated shaker
(Model THZ-C, China) at a speed of 160 r/min at room
temperature for 24 hr to reach equilibrium. At predeter-
mined time, the flasks were withdrawn from the shaker
and the residual phosphate concentration in the reaction
mixture was analyzed by centrifuging the reaction mixture
and then measuring the absorbance of the supernatant at
700 nm wave length that correspond to the maximum
absorbance of the sample. Phosphate concentration in
the reaction mixture was calculated from the calibration
curve. All the experiments were performed in duplicates.
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The amount of phosphate adsorbed onto AC samples, qe
(mg/g), was calculated by the following mass balance
relationship:

qe = (C0 −Ce)V/W (1)

where, C0 (mg/L) and Ce (mg/L) are the initial and equi-
librium concentrations of phosphate solution, respectively;
V (L) is the solution volume; and W (g) is the mass of the
adsorbent.

The kinetic studies were performed following similar
procedure at 20, 30 and 40°C, respectively. The initial
concentration was set as 20 mg/L (in P), and the samples
were separated at predetermined time intervals. The resid-
ual phosphate concentration was analyzed by the same
method described above. Each experiment was performed
twice under identical conditions.

1.4 Chemical analysis

To test the iron loading on the iron-containing ACs, 0.5
g of samples was ashed at 600°C and then digested with
25 mL of concentrated hydrochloric acid. The digestion
solutions were analyzed for iron by atomic absorption
spectrophotometer (Hitachi, Z-5000, Japan) with flame
atomization.

2 Results and discussion

2.1 Optimization of preparation conditions of activated
carbon

Bench-scale tests were done to optimize the preparation
conditions of iron-containing AC. The type of iron salt,
iron concentration and impregnating pH were considered
as crucial factors. The previous studies suggested that the
type of iron salt was an important factor that determines the
phosphate adsorption efficiency (Wang et al., 2012). The
carbon modified by FeSO4 showed much higher phosphate
removal than that modified by FeCl3. This is probably
because, compared to Fe(II), Fe(III) easily hydrolyzes to
form large metal particle clusters which cannot diffuse
easily into the internal pores of AC but are more likely to
precipitate in the macropores and coat the outer surfaces of
the particles. So the better FeSO4 modification result might
be caused by the fact that better intra-particle diffusion in
carbons modified by FeSO4 which is favored for phosphate
adsorption. In this work, AC samples modified by FeSO4
were tested for removal of phosphate in aqueous solution.
Comparative experiments were performed for different
preparation conditions, in which the iron concentration
varied from 0.05 to 0.4 mg/L, and the impregnating pH
varied from 1.0 to 6.0.

The impregnated amounts of iron onto AC were strongly
dependent on the impregnating pH (Fig. 1). It could be
shown below that the use of very acid solutions (pH =
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Fig. 1 pH effect on impregnation efficiency of AC-Fe and AC/O-Fe.

1.0) of FeSO4 was claimed to be ineffective, because
the strong affinity of protons for the surface sites would
hinder the adsorption of iron (Gu et al., 2005). Both the
iron content and the adsorption capacity of modified ACs
reached maximum when the impregnating pH was 2.0.
And then, gradually reduced impregnation efficiency was
noted above pH 2.0, which could be explained by the
diffusion efficiency of soluble iron into the pore of AC.
Impregnation efficiency of iron on AC could be depend on
the diffusion of iron in bulk solution to the meso- or micro-
pores of AC, oxidation of iron to iron oxides and adherence
of iron oxides on the AC. The solution pH can greatly
affect the diffusion efficiency of iron in bulk solution to
the pores of AC because the solubility of iron depends on
the solution pH. The impregnation efficiency decreased as
the solution pH increased, suggesting the lack of soluble
iron which can diffuse into pore of AC (Yang et al., 2009).

The iron content of the raw AC was < 0.05% of Fe per
dry carbon weight. Higher iron contents were generally
obtained using the pre-oxidation method; these AC/O-Fe
samples had 5.46%–7.56% Fe per dry adsorbent weight.
The AC-Fe obtained by contacting the carbon with only
0.2 mol/L FeSO4·7H2O (no pre-oxidation treatment) had
a relatively low iron content, 1.97%–4.03% Fe per dry
carbon weight. At fixed pH of 2.0, the effects of iron at
four concentration levels (0.05, 0.1, 0.2, and 0.4 mol/L)
showed that the iron loading on the carbon increased as
the iron concentration increased. In general, the phosphate
adsorption capacity of both AC-Fe and AC/O-Fe increased
as the iron content of the adsorbent increased. However, the
iron content did not significantly increase at iron solution
concentrations higher than 0.2 mol/L. Furthermore, the
increasing iron concentrations did not seem to have a
significant effect on the phosphate adsorption capacity of
iron-containing ACs. The trend could be explained by
the decrease of the high energy adsorption sites due to
the excessive iron coating caused a reduction in removal
efficiency (Hristovski et al., 2009; Zhang et al., 2008).

The above analysis results thus demonstrated that the
pre-oxidation step in this synthesis method is essential to
obtain good iron loading, which is favorable for phosphate
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adsorption. Based on the above results, appropriate param-
eters for the preparation conditions were established as:
FeSO4, impregnating concentrations of 0.2 mol/L Fe and
pH of 2.0. The samples prepared under this condition were
employed as the iron-containing ACs for further studies,
unless otherwise stated.

2.2 Characterization of the activated carbons

2.2.1 Surface area and porosity
The N2 adsorption/desorption isotherm (Fig. 2) shows that
the overall adsorption/desorption curves are comparable
between raw AC and modified samples; thus, the basic
carbon structures must be maintained during the modified
treatment. According to the classification of IUPAC, all the
N2 adsorption/desorption isotherms are considered to be a
typical type IV isotherm with a sharp capillary condensa-
tion step at high relative pressures (P/P0 = 0.85–0.96) (Liu
et al., 2010). The shape of the hysteresis loop is of a type
H4, indicating that raw material and modified samples are
predominantly mesoporous, reinforcing the isotherm data
(Table 1). The textural properties showed high surface area
for all activated carbon samples with a slight reduction
after iron impregnation. This effect was more pronounced
for the AC/O-Fe, which could be attribute to higher iron
content. As the iron contents were increased to 7.56% for
AC/O-Fe and 4.03% for AC-Fe, the BET surface areas
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Fig. 2 Adsorption and desorption isotherms of N2/77 K. Adsorbed is
given in gas volumes at standard temperature and pressure (STP) per gram
of adsorbent. STP means T = 298 K, P = 1 atm.

were decreased from 1176.58 to 880.65 m2/g and from
1406.10 to 1059.67 m2/g, respectively. It appears that with
more iron impregnated, an increasing fraction of pores in
the AC is blocked, leading to a lower specific surface area
(Castro et al., 2009). The decrease of the mesopore region
of AC-Fe and AC/O-Fe might attribute to the blockage of
macropores and mesopores by iron metal particles. The
corresponding decreases in the total pore volume of AC/O-
Fe ranged from 0.71 to 0.54 cm3/g, the micropore volume
from 0.18 to 0.15 cm3/g, and the mesopore volume from
0.42 to 0.31 cm3/g.

However, drop of specific surface area and pore volume
after modification did not reduce the phosphate adsorption
capacity of AC, indicating that physisorption was minor
importance for the phosphate uptake. The pre-oxidation
treatment before iron loading of raw AC could improve
the phosphate adsorption capacity although it slightly
decreased the surface area and microporous volume of the
samples.

2.2.2 X-ray diffraction analysis
XRD analysis of the raw AC (Fig. 3) showed broad reflec-
tion of typically amorphous materials with no appearance
of crystallites. The peak at 2θ = 23.5◦ corresponds to
the micrographitic structure characteristic of AC (Castro
et al., 2009). The XRD of the modified AC shows new
broad bands related to the formed iron phase (Asaoka
and Yamamoto, 2010). These new peaks were identified
from comparisons with known standards (JCPDS, 2002).
The major peaks of AC/O-Fe XRD spectra showed the
high intensity and broad peaks of iron in the form of the
crystalline iron species goethite (α-FeOOH); while, the
XRD spectrum of AC-Fe with the same iron species but
relatively low intensity peaks implies a low iron content.
In addition, effects of the impregnating pH on the formed
iron phase of the iron-containing activated carbon samples
obtained by the pre-oxidation treatment were considered.
Little difference could be observed between the XRD
patterns of AC/O-Fe (pH = 2) and AC/O-Fe (pH = 6). The
results indicated that the pre-oxidation treatment shows
larger influence on the formation of iron oxide phase than
impregnating pH.

2.2.3 FT-IR analysis
The FT-IR spectrums of AC samples are shown in Fig. 4.
The FT-IR spectra of AC and AC/O illustrated that there

Table 1 Surface area and porosity parameters of activated carbons

Surface area (m2/g) Pore volume (cm3/g) Average pore size (nm)

BET Micropore Mesopore Micropore Mesopore Total

AC 1406.10 428.07 611.82 0.18 0.51 0.85 2.40
AC/O 1176.58 419.49 471.89 0.18 0.42 0.71 2.42
AC-Fe 1059.67 374.29 424.21 0.16 0.37 0.63 2.39
AC/O-Fe 880.65 351.57 322.60 0.15 0.31 0.54 2.47
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Fig. 3 X-ray diffraction spectra of AC, AC/O-Fe (pH = 2), AC-Fe and AC/O-Fe (pH = 6).

are slightly changes of characteristic bands between 1720
to 1280 cm−1, including the C=O stretching vibration in
ketones, aldehydes, lactones and carboxyl groups (1712
cm−1), the C–O stretching in carboxylic groups, and car-
boxylate moieties (1587 cm−1), and the breathing C–O
vibrations in ethers, phenols and hydroxyl groups (1300
cm−1) (Guo and Rockstraw, 2006). Representing oxygen
groups, the intensity of these bands was much higher for
the oxidized sample (AC/O) than for the AC sample. All of
these FT-IR results showed that the pre-oxidation increases
some oxygen groups and promotes the crosslinking of AC,
and hence, lead to an enhanced equilibrium quantity of
fixed iron (Muñiz et al., 2009).

The results of FT-IR phase analysis of the iron-
containing activated carbon (AC-Fe and AC/O-Fe) showed
a good agreement with those obtained by XRD. The bands
between 900 and 795 cm−1 can be assigned to Fe-O-
H bending vibrations in α-FeOOH (Musić et al., 2003,
2004). The bands between 700 and 400 cm−1 were due
to the Fe–O stretching vibration (Krishnan and Haridas,
2008). The peaks due to iron-containing functional groups
were much more visible for AC/O-Fe than for AC-Fe,
indicating the high content of the iron phase in the former
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Fig. 4 FT-IR analysis for activated carbon samples.

sample. These observations suggested that the iron was
immobilized onto the AC samples by chemical bonding.
For the pre-oxidation treatment samples (AC/O-Fe), dis-
solved ferrous iron diffuses into the internal pores of AC,
and followed by oxidation of ferrous to ferric iron. Then
the ferric species could cross-link with various oxygen
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functional groups on the AC, with a higher content of the
iron (Gu et al., 2005).

2.2.4 Surface charge
Experimental results of the pHPZC determination were
given as pH values of filtered solutions after equilibration
with iron-containing AC as a function of initial pH values
of solution. The pHPZC of AC/O-Fe was lower than that
of AC-Fe, which was 5.76 for AC/O-Fe and 6.90 for AC-
Fe. Pre-oxidation made the materials become more acidic,
since the pHPZC systematically decreased. Such a trend is
unequivocally correlated to the oxygen content, as already
shown by Muñiz et al. (2009). The higher the oxygen level,
the higher the acidic character of the AC. This observation
for the AC/O-Fe was in general agreement with the trends
shown by the FT-IR data (Fig. 2). A negatively charged
surface repels more negative phosphate ions; however,
positively charged surface attracts more phosphate ions.

2.3 Adsorption results

2.3.1 Adsorption isotherms
The adsorption isotherm plays an important role in the
determination of the maximum capacity of adsorption. It
suggests how efficiently adsorbent will adsorb and supplies
estimate of the economic viability of the adsorbent com-
mercial applications for the solute. In order to adapt for the
considered system, an adequate model that can reproduce
the experimental results obtained, equations of Langmuir,
Freundlich and Redlich-Peterson have been considered.

The validity of the Langmuir model suggests the ad-
sorption process is monolayer and adsorption of each
molecule has equal activation energy. As shown in Table 2,
for Langmuir isotherm, the values of qm for both AC-Fe
and AC/O-Fe were found to increase with temperature.
It suggested that phosphate adsorption onto AC was an
endothermic process. Due to the sufficient energy provided
by the temperature, more phosphate adsorbed onto AC
interior structure. Compared with AC-Fe, the phosphate
adsorption capacity of AC/O-Fe was much higher. At
30°C, qm was calculated to be 7.46 and 13.12 mg/g for
AC-Fe and AC/O-Fe, respectively. It suggested that for the
sample AC/O-Fe, there were more high energy adsorption
sites that lead to strong adsorption (Xiong and Mahmood,

2010). For Freundlich isotherm applies to adsorption on
heterogeneous surfaces with interaction between adsorbed
molecules, the values of 1/n between 0.21 and 0.42 (0 < 1/n
< 1) indicated the favorability of adsorption of phosphate
onto both AC-Fe and AC/O-Fe. Higher KF values of AC/O-
Fe mean higher adsorption/distribution coefficient than that
of AC-Fe (Kumar et al., 2010). From the comparisons of
the R2 values for both AC-Fe and AC/O-Fe, the Langmuir
isotherm was found to fit the data significantly better than
either the Redlich-Peterson or Freundlich isotherm at all
temperatures, which shows the more homogeneous nature
of the iron-containing activated carbons.

Additionally, we compared maximum adsorption capac-
ities obtained in this study with some other iron-modified
activated carbons. Type of activated carbon (Table 3),
oxidant used in the pre-oxidation treatment, and prepa-
ration methods were considered. The results are listed in
Table 4. It was suggested that AC/O-Fe obtained in this
research was an effective adsorbent for the purification of
wastewater containing phosphate.

2.3.2 Adsorption kinetics
In order to examine the controlling mechanism of ad-
sorption processes such as mass transfer and chemical
reaction, pseudo first-order, pseudo second-order and intra-
particle diffusion kinetic equations were used to test the
experimental data. The pseudo first-order kinetic model
suggested by Onganer and Temur (1998) for the adsorption
of solid/liquid systems was used to the present study of
phosphate adsorption. The rate constant, k1 and correlation
coefficients of phosphate under different temperatures are
listed in Table 5. The correlation coefficients for the
pseudo first-order kinetic model were low. Moreover, a
large difference of equilibrium adsorption capacity (qe)
between the experiment and calculation was observed,
indicating a poor pseudo first-order fit to the experimental
data.

The kinetic data were further analyzed by pseudo
second-order kinetics model (Ho and McKay, 1999). At
all studied temperatures, the extremely high correlation
coefficients (R2 > 0.99) were obtained. In addition, the
calculated qe values also agreed with the experimental data
in the case of pseudo second-order kinetics. It suggested

Table 2 Langmuir, Freundlich, Redlich-Peterson parameters of adsorption isotherms of phosphate onto AC-Fe and AC/O-Fe

Adsorbent Temperature (°C) Langmuir Freundlich Redlich-Peterson

qm KL R2 KF 1/n R2 αR βR KR R2

AC-Fe 20 6.59 0.29 0.9719 2.85 0.22 0.9001 0.06 1.54 1.90 0.9640
30 7.46 0.25 0.9530 3.11 0.22 0.8782 0.56 0.72 1.83 0.9478
40 8.47 0.25 0.9338 3.69 0.21 0.8364 0.72 0.64 2.15 0.9544

AC/O-Fe 20 9.98 0.49 0.9983 3.76 0.32 0.9150 0.56 0.95 4.88 0.9982
30 13.12 0.62 0.9939 4.98 0.37 0.8339 0.83 0.85 8.18 0.9681
40 15.87 0.59 0.9963 5.72 0.42 0.9032 0.69 0.91 9.35 0.9917
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Table 3 Main technical specifications of ACs used in the experiment

Powdered activated carbon Granular activated carbon Activated carbon fiber

BET surface areas (m2/g) 1250–1400 950–1200 1150–1250
Iodine value (mg/g) 1000–1300 > 1000 1100–1200
Methylene Blue value (mg/g) > 200 > 170 180
Ash content (%) 6–8 6–9 –
Intensity (%) – > 95% –
Pore volume (cm3/g) 0.8–1.0 0.6–0.9 0.8–1.2
Average pore size (nm) 2.0–3.5 2.0–3.0 1.7–2.0
pH 5–7 5–7 5–7

Table 4 Adsorption capacities for phosphate using iron-modified ACs by different methods

Oxidant Preparation method Adsorption capacity (mg/g)

Powdered activated carbon HNO3 Precipitationa 3.248
Co-impregnationb 5.051
Iron-salt evaporationd 13.12

H2SO4 Precipitationa 0.835
Co-impregnationb 4.367
Iron-salt evaporationc 6.249

Granular activated carbon HNO3 Precipitationa 1.358
Co-impregnationb 1.450
Iron-salt evaporationc 2.104

H2SO4 Precipitationa 0.573
Co-impregnationb 1.384
Iron-salt evaporationc 2.016

Activated carbon fiber HNO3 Precipitationa 2.492
Co-impregnationb 4.360
Iron-salt evaporatioc 4.967

H2SO4 Precipitationa 0.937
Co-impregnationb 1.143
Iron-salt evaporation c 3.286

The data were adopted from a Thirunavukkarasu et al. (2003); b Fierro et al. (2009); c Vaishya and Gupta (2003); and d this study.

Table 5 Adsorption kinetic parameters of phosphate onto AC-Fe and AC/O-Fe

Adsorbent Temperature (°C) qexp (mg/g) Pseudo first-order Pseudo second-order Intra-particle diffusion

qe (mg/g) k1 (min−1) R2 qe (mg/g) k2 (g/(mg·min)) R2 kp (mg/(g·min0.5)) C (mg/g) R2

AC-Fe 20 6.72 4.23 0.0254 0.9888 6.99 0.0127 0.9969 0.5512 1.82 0.9914
30 7.23 4.62 0.0266 0.9876 7.41 0.0164 0.9979 0.3883 3.49 0.9261
40 7.94 4.89 0.0260 0.9901 8.12 0.0166 0.9979 0.4384 3.82 0.9952

AC/O-Fe 20 9.97 5.27 0.0317 0.9312 10.22 0.0120 0.9974 0.6670 3.91 0.8944
30 10.07 7.47 0.0324 0.9700 10.24 0.0167 0.9980 0.3820 6.20 0.9657
40 10.58 8.23 0.0422 0.9177 10.70 0.0197 0.9986 0.3852 6.93 0.9978

that the adsorption data are well represented by pseudo
second-order kinetics and this supports the assumption
(Ho and McKay, 1999) that the rate-limiting step of
phosphate onto iron-containing AC may be chemisorp-
tion. From Table 5, the values of the rate constant k2
increased with increasing temperature. It was explained
that as temperature increased, the surface activity and
kinetic energy of adsorbent also increased which caused
the interaction forces between the solute and adsorbent to
become stronger.

2.3.3 Intra-particle diffusion study
In order to gain insight into the mechanism of adsorption
process and to determine the rate controlling step which
is mainly depends on either surface or pore diffusion,
Weber’s intra-particle diffusion model was adopted (Weber
and Morris, 1963). This model is expressed as follows:

qt = kpt0.5 +C (2)

where, C (mg/g) is the intercept and kp (mg/(g·min0.5))
is the intra-particle diffusion rate constant, which can be
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evaluated from the slope of the linear plot of qt versus
t0.5. If the regression of qt versus t0.5 is linear and passes
through the origin, then intra-particle diffusion is the sole
rate-limiting step (Weber and Morris, 1963). However, it
was observed that the intra-particle diffusion model of
phosphate adsorption on AC-Fe and AC/O-Fe were both
not linear over the whole time range and the plots obtained
presented multi-linearity (not shown here). The linear plots
did not pass through the origin and this deviation from the
origin might be due to the difference in mass transfer rate in
the initial and final stages of adsorption. From these results,
it could be concluded that intra-particle diffusion is not the
dominating mechanism for the adsorption of phosphate on
both AC-Fe and AC/O-Fe (Ahmed and Theydan, 2012).
The intra-particle diffusion rate constant (kp) and C are re-
ported in Table 5. The C value reflects the boundary layer
effect (Weber and Morris, 1963). The C values increased
with the temperature, which indicated an increase of the
thickness of the boundary layer and therefore internal mass
transfer is favored over surface mass transfer (El Nemr et
al., 2008). Taking into account the effects of time, it was
proposed that intra-particle diffusion plays an important
role in the adsorption. Larger C values of AC/O-Fe than
that of AC-Fe might mean better intra-particle diffusion in
AC/O-Fe which is favored for phosphate adsorption.

2.3.4 Surface mass transfer study
The uptake of phosphate from liquid phase (sorbate) to
solid surface (adsorbent) is carried out by transfer of mass
from the former to the latter. The phosphate adsorption
process by AC-Fe and AC/O-Fe can both be divided into
three phases. The first step was the mass transfer of sorbate
from the aqueous phase on to the solid surface. The second
step was the sorption of solute on to the surface sites of the
adsorbent. And the last step was the internal diffusion of
solute via either a pore diffusion model or homogeneous
solid phase diffusion model.

During the present study, the second step has been
assumed rapid enough with respect to the other steps and
therefore it is not rate limiting in any kinetic study. Taking
into account these probable steps, mass transfer analysis
for the removal of phosphate was carried out using kinetic
model proposed by Mckay et al. (1981) which describes
the transfer of adsorbate in solution; with the assumption
the adsorption obeys the Langmuir model. This model is
expressed as follows:

ln(
Ct

C0
− 1

1 + mKL
) = ln

mKL

1 + mKL
− 1 + mKL

mKL
βLS0t (3)

where, Ct (mg/L) is the concentration after time t, C0
(mg/L) is the initial concentration, m (g/L) is is the mass
of adsorbent per unit volume of particle-free absorbate
solution, KL (L/g) is the constant obtained by Langmuir
equation, and βL (cm/sec)the mass transfer coefficient. S0
(cm−1) is the outer surface of adsorbent per unit volume of

particle-free solution, given as:

S0 =
6m

Dad(1 − ε) (4)

where, Da (cm) is the diameter, d (g/cm3) is the density and
ε is the porosity of the adsorbent.

As shown in Fig. 5, plot of ln(Ct/C0-1/(1+mKL)) versus
t for phosphate gives the straight line. The linear nature
of the plot confirms the validity of the diffusion model for
the phosphate-carbon system (Daifullah et al., 2007). For
AC-Fe, the values of βL (3.10 × 10−7, 3.40 × 10−7 and
3.70 × 10−7 cm/min) were calculated from the slopes and
intercepts of the plots (Fig. 5) of ln(Ct /C0-1/(1+mKL))
versus t (min) at different temperatures (20, 30 and 40°C).
The values of βL obtained for AC/O-Fe (1.52 × 10−6, 2.40
× 10−6 and 4.10 × 10−6 cm/min) showed that the rate
of transfer of mass from bulk solution to the adsorbent
surface was rapid enough so it cannot be rate controlling
step (Gupta et al., 1988). Larger βL values of AC/O-Fe
than that of AC-Fe might mean better surface mass transfer
in AC/O-Fe which is favored for phosphate adsorption.
It could also be mentioned that the deviation of some
points from the linearity of the plots suggested the varying
extent of mass transfer at the initial and final stages of the
adsorption (Hasan et al., 2008).

2.3.5 Activation energy
Arrhenius equation is expressed as follows,

k = k0 exp(
−Ea

RT
) (5)

ln(k) = ln(k0) − Ea

R
(

1
T

) (6)

where, k (g/(mg·min)) is the rate constant of pseudo-
second order adsorption, k0 is the Arrhenius factor, R
(8.314 J/(mol·K)) is gas constant, T (K) is absolute tem-
perature. The activation energy (Ea) can be calculated from
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Fig. 5 Mass transfer plot for the adsorption of phosphate on iron-
containing activated carbons at different temperatures.
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Fig. 6 Proposed mechanism of phosphate uptake on iron-containing activated carbon.

Arrhenius equation, which is useful for estimating the type
of adsorption process. Due to the weak forces between the
adsorbent and adsorbate, Ea value for physical adsorption
is usually lower than 4.2 kJ/mol. Chemical adsorption
involves forces much stronger than physical adsorption.
The adsorption process could be assigned to chemical
adsorption if Ea values are between 8.4 and 83.7 kJ/mol
(Smith, 1981). In this study, Ea value for adsorption were
found to be 10.53 and 18.88 kJ/mol for AC-Fe and AC/O-
Fe, respectively, both falling in the chemical adsorption
range. Compared to AC-Fe, the activation energy of AC/O-
Fe was more higher, which is related to better adsorption
capacity. This result for the AC/O-Fe was strongly consis-
tent with the above analysis.

2.3.6 Proposed adsorption mechanism
After the pre-oxidation and iron-doped treatment, the acti-
vated carbon became more chemically stable, and provided
more activate and accessible sites to adsorb phosphate
molecules (Fig. 6). From kinetic and isotherm analysis,
and high activation energy of the iron-containing activat-
ed carbons, we could assume that the phosphate-carbon
reaction could be dominated by a chemical adsorption
mechanism through electro-static adsorption in the outer
layer and chemical bond force in the inner layer (Tian
et al., 2009; Zhang et al., 2011b). AC/O-Fe has a higher
phosphate removal capacity than AC-Fe, which could be
attributed to its higher affinity toward phosphate probably
due to the existence of the above-mentioned interactions.
The adsorption process was complex; both chemical ad-
sorption, surface mass transfer and intra-particle diffusion
were simultaneously occurring during the process and
contribute to the adsorption mechanism.

3 Conclusions

This study has demonstrated that the iron-containing
adsorbent for phosphate was successfully prepared by

loading iron onto the surface of activated carbon, which
was confirmed based on the results of XRD and FT-IR.
Both the adsorption performance and kinetics indicated
that modification process by pre-oxidation treatment is a
promising approach for enhancement of the phosphate ad-
sorption capacity. The equilibrium adsorption data agreed
reasonably well for Langmuir isotherm model. Adsorption
dynamic study revealed that the adsorption process fol-
lowed pseudo second-order equation. The AC/O-Fe gave
more percentage removal of phosphate than that of AC-
Fe, which could be attributed to its better surface mass
transfer, intra-particle diffusion and higher binding energy.
Due to its high efficiency for phosphate treatment, easy
commercial availability, and working experience of water
treatment, the iron-containing activated carbon can be
considered a useful adsorbent for phosphate.
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