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ABSTRACT

A hybrid sorbent of lanthanum and iron oxides doped onto activated carbon fiber
(ACF–LaFeO) was developed for the removal of phosphate from water. The effects of n
(La)/n (Fe), total metal ion concentration, activation time, and activation temperature on the
sorbent performance were studied by single-factor method. Response surface method
(RSM), based on three-variable, three-level Box–Behnken design (BBD), was used to opti-
mize the preparation parameters. The phosphate adsorption mechanism was investigated
by Brunauer–Emmett–Teller (BET) analysis, Fourier transform infrared (FT–IR) spectroscopy
analysis, and the test of adsorption amount dependence on the solution pH. The possible
adsorption mechanisms could be a combination of electrostatic interaction, ion exchange,
and Lewis acid–base interactions, depending on solution pH.

Keywords: Phosphate adsorption; Lanthanum iron oxides (LaFeO); Activated carbon fiber
(ACF); Response surface method (RSM); Mechanism

1. Introduction

Eutrophication is posing a great threat to the safety
of drinking water quality [1–3]. Control of phosphorus
has the highest priority because of its presumed lead-
ing role in limiting development of aquatic plant
biomass [4]. Therefore, phosphorus removal from
wastewater has been considered to be the key strategy
[5]. Methods of phosphorus removal mainly include:
chemical phosphorus removal [6], biological phospho-
rus removal, [7,8] and adsorption [9]. Among them,
adsorption is effective, environment-friendly and low-
cost, but with the main challenge of finding materials

with high adsorption capacity. Conventional adsor-
bents involve activated alumina [10–12], activated
carbon [13,14], iron (hydr) oxides [15–17], zeolite,
[18,19] and low-cost clay [20–22].

Recently, metal ions including aluminum, iron,
titanium, zirconium, and manganese especially rare
earth elements such as lanthanum are known to have
a specific affinity for fluoride, arsenic, and phosphates.
Lanthanum with nontoxic and environment-friendly
properties [23] has been extensively developed as the
adsorbents for phosphate anions from aqueous solu-
tions and has shown promising results [24–26], but
the high price and scarcity of the lanthanum resources
hinder its practical applications. In the past decades,
ferric (hydr) oxides have been found to possess ability*Corresponding author.
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to anionic pollutants [17,27,28] with cheap price and
sufficient resources. Mixing lanthanum with ferric
would be a possible economic way to reduce the dos-
age of rare earth metals, and to maintain high phos-
phate adsorption capacity at the same time.

Activated carbon fiber (ACF) has been proved to
be a cheap and easily available substrate, with high
adsorption capacity [29], huge BET surface area [30],
micropores of great pore volume [31], and more
importantly the ease of recovery. In our previous
study, lanthanum iron hydroxide-doped ACF (ACF–
LaFeOH) has been successfully prepared by a modi-
fied form of a proprietary synthetic process developed
by SolmeteX, with a simple process of loading a vari-
ety of metals at the same time [32]. But the stability of
ACF–LaFeOH was not so good because the binding
affinity between ACF and lanthanum iron hydroxides
(LaFeOH) is relative weak. For this problem, it could
be a good selection to load LaFeO onto ACF by a
typical method comprising immersion-filter-drying-
calcination-screening [33].

The objectives of this study were: (1) to optimize
the preparation conditions of ACF–LaFeO using sin-
gle-factor and response surface methodologies (RSM);
(2) to investigate the phosphate removal performance
of the sorbent; and (3) to study the adsorption mecha-
nism by Brunauer–Emmett–Teller (BET) analysis,
Fourier transform infrared (FT–IR) spectroscopy
analysis, and the test of adsorption amount depen-
dence on the solution pH.

2. Materials and methods

2.1. Materials

ACF was gained from Qinhuangdao Zichuan
Carbon Fiber Co. Ltd (China). The specific surface and
mean pore size of ACF is 1,326-m2/g, 1.8-nm, respec-
tively. Potassium dihydrogen phosphate, lanthanum
nitrate, ferric nitrate, ascorbic acid, and molybdenum
acid ammonium were purchased from Sinopharm
Chemical Reagent Co. Ltd. (China). All the chemical
reagents used were of analytical grade.

2.2. Preparation and characterization of the sorbents

ACF was fully washed several times with deion-
ized water and cut to the square block of 0.4–0.6 cm.
At this time, it was introduced to solutions containing
lanthanum nitrate and iron nitrate with different
impregnation mole ratios (n (La)/n (Fe), %) for modifi-
cation treatment. After filtration, the modified ACF
was dried overnight at 105˚C and then calcined, sealed
with a tin foil at different temperatures in an oven for

various time periods. Finally, ACF–LaFeO was sealed
and reserved for further experiments.

BET surface area (SBET) measurements were per-
formed on a QUADRASORB SI instrument (Quanta-
chrome Co. Ltd, USA). Nitrogen adsorption was
carried out at −196.15˚C. FT–IR measurements were
performed on a Nicolet FT–IR 380 instrument (Thermo
Scientific Co. Ltd., USA). The spectrum of dry potas-
sium bromide was taken for background subtraction.
Each spectrum was obtained by accumulating 152
scans in transmission.

2.3. Adsorption tests and analytical methods

A phosphate stock solution used for the experi-
ments was prepared by dissolving an accurately
weighed sample of anhydrous potassium dihydrogen
phosphate (KH2PO4 purchased from Merck) in deion-
ized water.

ACF–LaFeO (0.04-g) was added into a 50-mL coni-
cal flask filled with 40-mL (1-g/L dosage) of phos-
phate solution (20-mg P/L). The solutions were stirred
on a shaker bath at 120-rpm for 24 h at room tempera-
ture. After the contact time, the solution was removed
by filtering through a syringe nylon-membrane filter
(pore size 0.45-μm; Shanghai Minglie Science Technology
Co. Ltd). Then, the solution was used to determine the
phosphate concentration by the molybdenum anti-
mony method (Model 721, Shanghai Metash Instru-
ments Co. Ltd, China) at λmax of 700-nm with the
blank sample containing only deionized water as a
reference solution [34]. In order to reduce the experi-
mental errors, all experiments were conducted two
times and the mean experimental data were recorded.

The removal efficiency (E, %) and the adsorption
capability (Q, mg/g) of phosphate on ACF–LaFeO
were calculated from Eq. (1):

E ¼ Ci � Ceð Þ=Ci � 100 q ¼ Ci � Ceð Þ V=m

(1)

where V is the volume of phosphate solution in L, m
is the sorbent mass in g, and Ci and Ce are the initial
and equilibrium phosphate concentrations in mg P/L,
respectively.

2.4. RSM experimental design

Box–Behnken experimental design, which is a
widely used form of RSM [35], was applied for the
optimization of ACF–LaFeO preparation conditions,
using the design expert statistical software (version
7.1.6, STAT-EASE Inc., Minneapolis, MN, USA).
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After using multiple quadratic equations to fit
response value, n (La)/n (Fe) (X1, %), total metal ion
concentration (X2, mol/L), and activation time (X3,
min) had a great effect on the removal rate of phos-
phate [36]. The validity of the model was expressed in
terms of the coefficient of determination R2, and the
adequacy of the model was further evaluated by anal-
ysis of variance (ANOVA).

For statistical calculation, the variables Xi is
encoded as xi according to Eq. (2):

xi ¼ Xi � X0ð Þ=DX (2)

where X0 is the value of Xi at the center point and ΔX
represents the step change.

The quadratic equation model for predicting the
target function can use formula (3):

Y ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i¼1

biix
2
i þ

Xk�1

i¼1

Xk

j¼iþ1

bijxixj (3)

where Y is the predicted response value (the removal
rate of phosphate); b0 is the constant coefficient; bi is
the linear coefficients; bii is the quadratic coefficients;
bij is the interaction coefficients; and xi and xj are the
coded levels of process factors studied.

3. Results and discussion

3.1. The effect of different factors on ACF–LaFeO
preparation

The preparation conditions of ACF–LaFeO were
studied by single-factor method. The concentration of
phosphate was 20-mg P/L, the dosage of absorbent
was 1.0-g/L, and the adsorption time was 24 h. The
results are illustrated in Fig. 1.

It can be found in Fig. 1(a) that the phosphate
removal efficiency decreased with the decrease of n
(La)/n (Fe). This is because lanthanum had higher
phosphate adsorption capacity than iron. Higher lan-
thanum content of the sorbent makes better phospho-
rus removal effect.

From Fig. 1(b) we can find that phosphate removal
efficiency first increased with increasing phosphate
concentration and then decreased after the concentra-
tion came to 0.15-mol/L. This is possibly because, the
adsorption sites were enough to load metal oxides on
ACF when phosphate concentration was lower than

0.15-mol/L. While with higher phosphate concentra-
tion, there were no adsorption sites to load metal oxi-
des and there were considerable self-agglomerates
caused by loading too many metal oxides,which led to
saturation of the sorbent sites.

It can be observed in Fig. 1(c) that phosphate
removal efficiency increased at first sharply and then
decreased with an increase of the activation time. This
suggests that, it requires enough time for lanthanum
and ferric nitrate to convert into LaFeO. But a contin-
ued increase of the activation time made the micro-
spore size of ACF to decrease, which reduced the
active sites of reaction with the phosphate ions.

Fig. 1(d) points out that removal efficiency
increased with the rise of activation temperature. This
owes to the fact that the LaFeO has distinct oxide
forms at different activation temperatures, which are
likely to have different affinities to phosphate.

3.2. Response surface methodology

3.2.1. The variable and value of RSM

According to Fig. 1, the phosphate removal effi-
ciency ranged from 21.2 to 64.2% for n (La)/n (Fe),
from 32.3 to 58.7% for solution concentration, from
56.4 to 73.1% for activation time, and from 50.6 to
60.3% for activation temperature, respectively. It is
found that the effect of activation temperature on
phosphate removal changed in a small range. There-
fore, n (La)/n (Fe) (%), solution concentration (mol/L),
and activation time (min) were chosen as the main
factors which affect effectively phosphate removal. As
presented in Table 1, the levels of independent factors
of the experimental design were chosen based on the
single-factor experiment. The data (the removal effi-
ciency of phosphate, the content of Fe, solution con-
centration, and activation time) based on the matrix
experimental design are tabulated in Table 2.

3.2.2. Regression model equation

From Table 2, phosphate removal efficiency was
between 30.2 and 68.2%, when the dosage of the sor-
bent and the phosphate concentration were 1.0-g/L
and 20-mg P/L. The groups of 13–17 as mean values
were mainly to measure experimental errors.

The regression model equation explains the
relationship between phosphate removal efficiency (y)
with each factor code value, which is shown in the
following:
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y ¼ �2:53787þ 389:88797 x1 � 0:19393 x2 þ 0:95413x3
þ 0:54774x1x2 � 0:96996x1x3 � 4:10802E� 003x2x3
� 885:14732x1

2 þ 4:43731E� 005x2
2 � 4:96161E

� 003x3
2

3.2.3. ANOVA analysis

The results of the quadratic model in the form of
analysis of variance (ANOVA) for phosphate removal
efficiency are shown in Table 3. In general, the value
of sum of squares could be used to measure the signif-
icant variables in the model; the higher value of sum

of squares indicated it was more remarkable in statis-
tics. According to Table 3, the sum of square was
693.0 for the content of ferrum, 683.5 for the solution
concentration, and 130.8 for the activation time, which
indicated that content of ferrum and solution concen-
tration had a greater effect than the activation time on
the phosphate removal. In addition, it was known that
the corresponding variables would be more significant
if the p-value was smaller than 0.05. So the model of
x1, x2, x3, x1x3, x2x3, x1

2, x3
2, except x2

2 and x1x2 were
significant and conformed to the standard. The F
values in Table 3 for most of the regression were high,
which showed that the regression model could fit
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Fig. 1. The effects of different variables on the removal efficiency: (a) solution concentration = 0.1-mol/L, activation
time = 2.0 h, and activation temperature = 650˚C; (b) n (La)/n (Fe) = 70:30, activation time = 2.0 h, and activation
temperature = 650˚C; (c) solution concentration = 0.15-mol/L, n (La)/n (Fe) = 70:30, and activation temperature = 650˚C; (d)
solution concentration = 0.15-mol/L, n (La)/n (Fe) = 70:30, and activation time = 1.5 h. Initial phosphate concentration of
20-mg P/L, sorbent dosage 1.0-g/L, and temperature = 20 ± 0.5˚C.

Table 1
Experimental ranges and levels of the independent test variables

Variables Units
Real values of coded levels

−1 0 1

The content of ferrum % 0 25.0 50.0
Solution concentration mol/L 0.05 0.13 0.20
Activation time min 30.0 60.0 90.0
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well. The F value of 93.7 showed that the model could
fit well between the variables and the corresponding
value of the function. The fitting degree of regression
equation could be determined by correlation coeffi-
cient model. The R2 and R2

adj values of regression
equation were 0.9918 and 0.9812, respectively, by
which the relationship between phosphate removal
efficiency and the preparation factors could be effec-
tively predicted.

From Fig. 2(c), the experiment data distributed
near the straight line. It showed that the model could
be used to analyze and predict the relationship
between the parameters and the effect of phosphate
removal.

Three-dimensional (3D) response surfaces (Fig. 2(a)
and (b)) demonstrated that there was an interaction
effect among the three factors. The curve plots showed
that ACF–LaFeO successfully removed phosphate.

Table 2
Experimental design matrix and results

Run
Sorbent preparation variables The removal efficiency

of phosphate
The content of ferrum Solution concentration Activation time （%）

(x1) (x2) (x3)
1 0 0.05 60.0 49.74
2 0 0.20 60.0 68.23
3 50.0 0.05 60.0 30.23
4 50.0 0.20 60.0 52.82
5 25.0 0.05 30.0 30.74
6 25.0 0.20 30.0 51.80
7 25.0 0.05 90.0 44.10
8 25.0 0.20 90.0 56.42
9 0 0.13 30.0 53.85
10 50.0 0.13 30.0 40.50
11 0 0.13 90.0 67.20
12 50.0 0.13 90.0 41.53
13 25.0 0.13 60.0 54.28
14 25.0 0.13 60.0 54.07
15 25.0 0.13 60.0 56.42
16 25.0 0.13 60.0 54.37
17 25.0 0.13 60.0 55.91

Table 3
Analysis of variance (ANOVA) for response surface quadratic model for phosphate removal

Source Sum of square DF Mean square F-value p-value

Model 1,768.32 9 196.48 93.70 <0.0001
x1 693.00 1 693.00 330.50 <0.0001
x2 683.47 1 683.47 325.95 <0.0001
x3 130.82 1 130.82 62.39 <0.0001
x1x2 4.22 1 4.22 2.01 0.1990
x1x3 19.05 1 19.05 9.09 0.0195
x2x3 37.97 1 37.97 18.11 0.0038
x1

2 104.38 1 104.38 49.78 0.0002
x2

2 3.238E-003 1 3.238E-003 1.544E-003 0.9697
x3

2 83.96 1 83.96 40.04 0.0004
Residual 14.68 7 2.10
Lack of fit 11.14 3 3.71 4.20 0.0997
Pure error 3.54 4 0.88
Cor total 1,783.00 16

Note: R2, R2
adj (coefficient of determination) of the model is 0.9918 and 0.9812.
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Based on Fig. 2, interaction effects between solution
concentration and activation time, as well as between
activation time and n (La)/n (Fe), could be read out.

3.2.4. Model adequacy checking and optimal conditions

The optimal preparation conditions were illus-
trated: n (Fe)/n (La) of 2.4:97.6%, total concentration
of 0.17-mol/L, and activation time of 70.3 min. Phos-
phate removal efficiency of the sorbent ACF–LaFeO at
the optimal preparation conditions reached 68.3%,
which indicated that the performance of the novel sor-
bent was satisfactory. In order to verify the model,
three experimental conditions for the preparation of
ACF–LaFeO were investigated as shown in Table 4.
We also compared the predicted and experimental
values for phosphate removal efficiency, as shown in

Fig. 3. It indicated that the predicted values and the
experimental results are in good coherence.

4. Sorbent characterization and adsorption
mechanism study

4.1. Sorbent characterization

4.1.1. BET analysis

The specific surface area, pore size, and pore vol-
ume of ACF and ACF–LaFeO are shown in Table 5. It
was clear that the surface area of ACF–LaFeO was
reduced rapidly compared to ACF, and the pore size
and pore volume had a greater increase. That is attrib-
uted to the developed internal pores of ACF, which
influenced the specific surface area, pore size, and
pore volume. The surface of ACF–LaFeO was covered

Fig. 2. The three-dimensional response plot of the effects of (a) activation time and solution concentration, n (La)/n (Fe) =
75:25; (b) activation time and n (La)/n (Fe), solution concentration = 0.13-mol/L, and (c) the plot of predicted value versus
actual values for removal efficiency.
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with a layer of granular active metal oxides which
blocked the pores. The reduced parameter value might
be due to the granular active metal oxides preventing
N2 to contact the internal pores in the measurement
process. At the same time, pore size and pore volume
of sorbent ACF–LaFeO were larger than those of ACF,
which might be due to the metal particles in the por-
ous material’s internal crystallization. For the compos-
ite sorbent, most of the specific surface area was
covered by metal particles on the outer layer. Surface
area of composite sorbent was less than ACF, but still
could provide a premise for better adsorption proper-
ties. Physical change of ACF–LaFeO also showed that
metal particles loaded successfully on ACF.

4.1.2. FT–IR analysis

FT–IR spectra of ACF, ACF–LaFeO as well as,
ACF–LaFeO after phosphate adsorption are presented
in Fig. 4(a)–(c). By comparing Fig. 4(b) with Fig. 4 (a),
new peaks at –588 and –521-cm−1 were found repre-
senting the characteristic frequency of La–O and Fe–O
vibration, indicating that lanthanum and ferric were
indeed loaded onto the surface of ACF. Fig. 4(c) indi-
cates the frequency of La–O and Fe–O vibration
moved to –569 and preparation conditions –512-cm−1

after phosphate adsorption, due to the fact that the
active La and Fe sites reacted with phosphate. In
Fig. 4(c), the band at preparation conditions –947-cm−1

was attributed to the bend vibration of O–P–O and a
new peak at –419-cm−1 was attributed to La–O coordi-
nation between the active La sites and the oxygen
anion in the phosphate.

4.2. Effect of solution pH on the adsorption

The phosphate adsorption onto ACF–LaFeO was
tested at various pH values ranging from 2.0 to 12.0
under the experimental conditions: initial phosphate
concentration of 20-mg P/L, sorbent dosage of 1.0-g/L,
and temperature of 20 ± 0.5 ˚C. The effect of pH on
adsorption capacity was also investigated and it is
depicted in Fig. 5. It can be obviously found that the
phosphate adsorption on ACF–LaFeO was strongly
dependent on the pH value. The adsorption capacity
of ACF–LaFeO increased with increasing pH from 2.0
to 4.0 at first and then decreased slowly till pH 8.0,
then significantly decreased from 8.0 to 12.0. The sor-
bent showed a considerably high adsorption capacity
over a relatively wide pH range of 4.0–8.0 and the

Table 4
The experimental conditions for model validation

Run The content of ferrum (%) The solution concentration (mol/L) Activation time (min)

1 2.4 0.2 70.3
2 3.0 0.2 77.9
3 0.3 0.1 87.0

0 1 2 3 4
0

10

20

30

40

50

60

70

Fig. 3. The predicted value and experimental value for
model validation. Initial phosphate concentration of 20-mg
P/L, sorbent dosage 1.0-g/L, and temperature = 20 ± 0.5˚C.

Table 5
Specific surface area, pore size, and pore volume of ACF and composite sorbent ACF–LaFeO

Samples SBET (m2/g) Pore size (nm) Pore volume (cm3/g)

ACF 1326.07 1.81 0.22
ACF–LaFeO 734.14 1.94 0.26
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pHZPC of the sorbent was 9.4. In our previous study
[32], the optimum pH for phosphate adsorption onto
ACF–LaFeOH (with pHZPC of 8.5) was as low as 4.0. It
was clear that the pHZPC increased with doping LaFeO
onto ACF and the relatively high optimum adsorption
pH range was related to the higher pHZPC.

Based on the pKa values for phosphate reported in
the literature, the species of phosphorus is different at
different pH, as shown in the following:

H3PO4$K1
H2PO

�
4 þHþ$K2

HPO4
2� þ 2Hþ$K3

PO3�
4 þ 3Hþ

where pK1 = 2.15, pK2= 7.20, and pK3= 12.33,
respectively [37].

When the pH value is about 2.0, the predominant
species of phosphorus exists mainly in the form of
H3PO4. When the pH is in the range of 2.0–12.0,
H2PO

�
4 and HPO2�

4 are the dominant species. Under
very alkaline conditions, PO3�

4 is more prevalent.
When the pH value is lower than 2.13, the

predominant species of phosphate is the neutral
H3PO4, which is weakly attached to the sites of
ACF–LaFeO. However, La3+and Fe3+ may leach out
from ACF–LaFeO at low pH 2–4 [38,39].

At pH <9.4, the functional groups in the surface of
sorbents are protonated and favor the approach of
H2PO

�
4 and HPO2�

4 as the result of electrostatic forces.
It is also revealed that the pH values of solution
increases, indicating that phosphate adsorption onto
ACF–LaFeO is also the result of ligand exchange
between phosphate and hydroxide groups loaded on
the sorbent.

As the pH > 9.4, the degree of protonation
decreases, and the functional groups become nega-
tively charged which cannot benefit for the phosphate
adsorption. At the same time, the values of the con-
centration of hydroxyl ions are high and the low phos-
phate uptake in alkaline pH range can also be
attributed to competition between hydroxide ions and
phosphate ions for adsorption sites. Consequently,
electrostatic repulsive forces are operative, and the ion
exchange is weakened. Hence, it is likely that Lewis
acid–base interaction mechanism that the metal active
site reacts with oxygen anion in the phosphate gov-
erned due to the existing amount of phosphate
adsorption.

Fig. 4. The FT–IR spectra of (a) ACF, (b) ACF–LaFeO, and (c) ACF–LaFeOP.
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Fig. 5. Effect of solution pH on phosphate adsorption
phosphate. Initial phosphate concentration of 20-mg P/L,
sorbent dosage 1.0-g/L, and temperature = 20 ± 0.5˚C.
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Through the above analysis, the main adsorption
mechanism could be a combination of electrostatic
interaction, ion exchange, and Lewis acid–base interac-
tions, depending on solution pH.

5. Conclusion

The novel sorbent ACF–LaFeO was successfully
prepared by loading LaFeO onto ACF, which was con-
firmed based on the results of BET analysis and FT–IR
analysis. The sorbent could achieve phosphate
removal of 68.3% under the optimum preparation con-
ditions (n (La)/n (Fe)(%) of 2.4%:97.6%, solution con-
centration of 0.17-mol/L, and activation time of
70.3 min, respectively) obtained from RSM design
method. The effective phosphorus removal rate dem-
onstrated that ACF–LaFeO can be used for phosphate
removal from water. The pHZPC of ACF–LaFeO is 9.4,
obviously higher than that of ACF–LaFeOH which
was prepared in our previous study. The higher
pHZPC led to the relatively wider optimum adsorption
pH range in removing phosphate from water. The
mechanistic consideration was also discussed, which
illustrated that phosphate reacted with ACF–LaFeO by
means of electrostatic interaction, ion exchange, and
Lewis acid–base interactions.
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