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a b s t r a c t
It is valuable to remove phosphate from solution and adsorption is often considered. In this study, 
wheat straw (WS) was modified with lanthanum hydroxide to investigate the adsorption property 
of materials towards phosphate from solution. The WS and modified WS (La-WS) were character-
ized by Fourier-transform infrared spectroscopy, scanning electron microscopy, X-ray fluorescence 
analysis, which showed that La was loaded on the surface of WS. The pH range for PO4

3– adsorp-
tion onto La-WS was wide and the effect of salinity was not significant. The adsorption capacity 
of WS was significantly improved after modification and the adsorption capacity from experiments 
was to 34.5 mg·g–1 at 303 K. The Langmuir model could well describe the equilibrium results and 
the process was dominated by the adsorption of single molecular layer. The pseudo-second-order 
kinetic model could better describe the kinetics process and the process was mainly chemisorp-
tion. The column adsorption studies showed that the lower the flow rate, the higher the column 
height and initial PO4

3– concentration were in favor of adsorption capacity. The process was spon-
taneous and endothermic from thermodynamic analysis. The Thomas model could better describe 
the process of PO4

3– adsorption onto La-WS and 0.1 mol·L–1 NaOH solution had better regenera-
tion effect of PO4

3–-loaded La-WS. As environmentally friendly and economic materials, La-WS is 
promising to remove phosphate from real wastewater.
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1. Introduction

Phosphorus is an essential element necessary for bio-
logical growth and development. However, the overuse of 
phosphorus-containing pesticides and fertilizers in agricul-
ture has led to excessive phosphorus discharge into water 
bodies [1], resulting in eutrophication [2,3], which threatens 
the water environment and human health. So it is essential 
to remove phosphate from solution. The main methods of 
phosphorus removal from wastewater include electrolysis 
[4], chemical precipitation [5], crystallization [6], adsorption 
[7], biofilm [8], etc.

Currently, various composite materials are widely used 
for phosphorus removal by adsorption [9]. For example, 

organometallic skeletons [10], layered double hydroxides 
[11], minerals [12], and biomass [13] are used to remove phos-
phate from wastewater. However, many composite materials 
are economically costly and prone to secondary pollution. 
Therefore, it is necessary to find composite materials 
with low cost, high adsorption efficiency and easy recovery.

As one of a large yielding and renewable biomass, 
wheat straw (WS) is widely used in paper, board, live-
stock feed, biofuel and other fields [14]. WS is rich in lignin 
and has a large specific surface area [15], which is increas-
ingly used as an adsorbent to bind pollutants from water. 
However, due to its some negative functional groups and 
low surface [16], it has poor adsorption capacity of pollutants 
in general, especial for anionic pollutants [17]. Therefore, 
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physicochemical methods are usually used to modify the 
WS to improve the adsorption performance of wheat straw. 
These include ultrasonic method [18], high temperature 
charring method [19], acid-base modification method [20], 
surfactant modification method [21], amine modification 
method [22], etc. Mood et al. [23] combined WS with pyro-
lytic activation into nitrogen-magnesium co-doped (NMD) 
coke to adsorb phosphate in aqueous solution, and the 
phosphate adsorption capacity could reach 122 mg·g–1. Tang 
et al. [24] modified WS with palmitic acid to reduce the 
density of hydroxyl groups existed in wheat straw through 
esterification reaction and improve the oil adsorption rate 
and the performance of oil spill clean-up were improved by 
esterification, thus producing a low-cost, degradable and 
efficient oil adsorbent. The modified wheat straw could 
absorb oil up to 24.3 mg·g–1. Ma et al. [25] conducted a series 
of batch experiments by graft copolymerization with wheat 
straw, acrylic acid (AA), acrylic acid (AM) and methyl 
diallyl ammonium chloride (DMDAAC) to investigate the 
effects of solution pH, adsorbent dosage, concentration of 
adsorbate and contact time. The results showed that the 
new fertilizer control agent had a significant effect on the 
adsorption of ammonium and phosphate ions [25].

Lanthanum-modified materials have high affinity for 
phosphate and can form complexes between lanthanum and 
phosphate even at low concentrations [26–28]. Therefore, 
lanthanum-modified materials are widely used for removal 
of phosphate [29]. Zhang et al. [30] modified various crop 
straws with lanthanum hydroxide to remove phosphorus 
from livestock and poultry farming wastewater. The max-
imum adsorption capacity of modified ginger stalk was 
52 mg·g–1. Huang et al. [31] found that amine-modified 
wheat straw biochar, lanthanum-modified wheat straw 
biochar had a shorter adsorption time to reach equilibrium 
and high phosphorus removal efficiency, with an adsorption 
capacity of 172 mg·g–1 and 99.98% phosphorus removal. And 
it still had good adsorption performance at low phosphate 
concentration.

In this study, WS was used as a sustainable support 
material and lanthanum hydroxide was used to modify 
WS to prepare an economical and sustainable adsorbent, 
and its phosphorus adsorption performance was inves-
tigated under different conditions through batch and 
column adsorption.

2. Materials and methods

2.1. Materials and instruments

Wheat straw (WS) was obtained from local country-
side and WS (40–60 mesh) was selected after pretreatment. 
Reagents: LaCl3·7H2O, NaCl, Na2SO4, HCl, NaOH, KH2PO4, 
KNO3. The test reagents were all analytically pure, and the 
water used in the experiment was distilled water.

The pH at point of zero charge (pHzpc) of WS and La-WS 
were measured by the solid addition method using the 
PHS-3C meter (INESA, PHS-3C, China). The chemical groups 
of WS, NWS, La-WS were analyzed by Fourier-transform 
infrared spectroscopy (FTIR, PE-1710FTIR, USA). The X-ray 
fluorescence analysis was used to determine the content of 
each element in wheat straw before and after modification 

(XRF, S4 PIONEER, Germany). The morphology and micro-
structure of La-WS was observed by scanning electron 
microscopy (SEM, Zeiss/Auriga, Holland).

2.2. Pretreatment of wheat straw

The wheat straw (2.0 g) was reacted with 100 mL NaOH 
(1 mol·L–1) at 30°C for 2 h. The liquid pH was increased to 
10.0 and the temperature of the above mixture was raised 
to 60°C, washed with distilled water to neutral and then 
filtered and dried in a vacuum oven at 80°C and set aside, 
labeled as WS.

2.3. Pretreatment of La-WS

WS (2.0 g) was added to 100 mL of lanthanum chloride 
(50 mg·L–1) solution and shaken at 30°C for 30 min, then 
the pH of the solution was adjusted to 10.0 with NaOH 
(2 mol·L–1), and then shaken at 50°C for 16 h. The solid was 
filtered and washed with distilled water until no white pre-
cipitation appeared by AgNO3 test, dried in a vacuum oven 
at 80°C and set aside to obtain lanthanum-loaded wheat 
straw, labeled as La-WS.

2.4. Batch adsorption experiments

A certain amount of La-WS was sealed in 50 mL flask by 
adding 10 mL of a certain concentration of phosphate solu-
tion, and then shaken at a constant temperature of 303 K for 
6 h. The effects of solution pH (1~11), adsorbent concentra-
tion (0.1~2.0 g·L–1), salinity (0~0.12 mol·L–1 NaCl and Na2SO4) 
and adsorption temperature (303, 313, and 318 K) were 
investigated. The pH of the phosphate solution was adjusted 
with NaOH and HCl solutions and also monitored with a 
pH meter. The concentration of phosphate after adsorption 
was measured by obtaining the absorbance at 700 nm using 
molybdenum antimony spectrophotometry (Ultraviolet-
Visible Spectrophotometer, UV, 752, China). The calcula-
tion of unit adsorption and removal efficiency is obtained 
from Eqs. (1) and (2).

q
C C V
m

�
�� �0  (1)

p
C C
C

�
�� �0

0
 (2)

where q (mg·L–1) is the unit adsorption amount, m (g) is the 
mass of adsorbent, V (L) is the volume of adsorbent solu-
tion, C0 (mg·L–1) is the concentration of adsorbent before 
adsorption, C (mg·L–1) is the concentration of PO4

3– at time 
t or equilibrium, and p (%) is the removal efficiency.

The tests were performed in triplicate and the aver-
age was recorded for accuracy and reproducibility.

2.5. Column adsorption experiments

A certain amount of La-WS (such as 0.576 g, 4.7 cm) was 
filled in the column (length 30 cm, inner diameter 1 cm) 
as fixed bed. A certain concentration of PO4

3– solution (pH 
near 7.0) was pumped into the column by a mobile pump 
from top to bottom, and the effluent was picked up at 
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regular intervals and the concentration of PO4
3– was mea-

sured. Various parameters, such as bed height, flow rate and 
solution concentration, were performed. The breakthrough 
curves (Ct/C0 ~ t) can be performed. The total adsorption 
amount Qm (mg) of pollutants by the modified wheat straw 
adsorption column can be calculated by integration from 
Eq. (3), and ttotal (min) is the total time of the whole dynamic 
adsorption reaction.

Q C C dtm t
t

t t

� �� �
�

�

��
1 000 0

0,

total

 (3)

The unit adsorption capacity of MWS for anionic 
pollutants can be expressed by Eq. (4):

q
Q
me
m=  (4)

The total mass of adsorbent Wtotal (mg) flowing into the 
adsorption column during the whole adsorption time total 
during dynamic adsorption can be obtained from Eq. (5):

W
C t

total
total�

� 0

1000
 (5)

The removal efficiency Y (%) of pollutants by MWS 
can be calculated by Eq. (6):

Y
Q
W

m� �
total

100%  (6)

where v (mL·min–1) is the flow rate, t (min) is the dynamic 
adsorption time, C0 (mg·L–1) is the concentration of influ-
ent, Ct (mg·L–1) is the concentration of the effluent at time 
t, Qm (mg) is the total amount of adsorbed pollutant, and 
ttotal (min) is the total dynamic adsorption reaction time.

2.6. Desorption tests

Since the lanthanide-modified adsorbent material had 
good regeneration ability in NaOH solution [31], 0.01 mol·L–1 
NaOH solution was selected for desorption studies. 
Specifically, 0.05 g of La-WS was added to flask with 10 mL 
50 mg·L–1 phosphate solution, and shaken at a constant 
temperature of 303 K for 6 h until complete adsorption sat-
uration. The samples were filtered and washed, then spent 
material was transferred to 0.01 mol·L–1 NaOH solution, 
maintaining a solid–liquid ratio of 1:1 (m/V). The samples 
were then shaken for 48 h and filtered with water until the 
pH value was neutral. The obtained samples were dried at 
60°C under vacuum and used. The above procedure was 
repeated three times.

Similarly, spent adsorbent after column adsorption 
was also regenerated and reused.

3. Results and discussion

3.1. Characterization of materials

3.1.1. Determination of isoelectric point

To understand the electrical properties of WS and 
La-WS surface, the study was conducted to determine the 
isoelectric point [32]. As shown in Fig. 1, with the increase 

of pH, values of ΔpH first increased and then decreased. 
When the charge was zero, the isoelectric point of WS 
was 7.67 and that of La-WS was 7.44. The isoelectric point 
of La-WS decreased slightly relative to the WS isoelectric 
point. The surface charge of WS moved in the acidic direc-
tion, indicating that lanthanum was loaded onto WS. La-WS 
had the highest positive charge content at pH = 3, indicat-
ing that phosphate adsorption may be best at pH = 3 [33].

3.1.2. FTIR analysis

In order to compare the differences of surface func-
tional groups before and after the modification of wheat 
straw [34], WS and La-WS were analyzed by FTIR to con-
firm the functional groups on the surface, and the results 
were shown in Fig. 2. It was clearly seen from Fig. 2a that 
the peak of C=O from the conjugated carbonyl group was 
located at 1,734 cm–1. The phenolic hydroxyl absorption 
peak was located at 1,300 cm–1. The absorption at 1,265 cm–1 
was due to the cyclic methoxy stretching vibration. The 
C–O–C absorption peak in the characterized ester bond 
was at 1,147 cm–1 while the C–O absorption peak was at 
1,051 cm–1. The characteristic absorption peak of differ-
ent substitution types of benzene ring was enhanced at 
665 cm–1. From Fig. 2b, it could be seen that the absorption 
peaks of –OH were significantly enhanced near 3,400 cm–1 
and there was a significant increase in hydroxide precipi-
tated polymer, which indicated enhanced hydrogen bond-
ing and thus a stronger adsorption capacity of La-WS [35]. 
But the peaks from vibration of C=O, C–O–C disappeared 
or weakened. This indicated that the lignin structure of WS 
was partially destroyed after pretreatment with sodium 
hydroxide, and some functional groups such as –OH, –
CH2, –OCH3, C–O–C were broken, while the substitutable 
aromatic structures were increased. Several distinct new 
peaks in Fig. 2b are present from 500 to 670 cm–1, which 
represent the vibrational peaks of La-OH bond, indi-
cating that La was successfully loaded on wheat straw.

3.1.3. XRF analysis

As shown in Table 1, the content of each element in 
wheat straw before and after modification was determined 
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Fig. 1. Isoelectric point diagram of wheat straw before and 
after modification.



Y.Y. Wang et al. / Desalination and Water Treatment 295 (2023) 177–190180

semi-quantitatively by XRF analysis [36]. For NW, there is 
not detection of La while there is 46.3% La about La-WS. 
The content of La increased obviously, indicating that 
lanthanum was successfully loaded on WS mostly in the 
form of lanthanum hydroxide (according to condition of 
preparation).

3.1.4. SEM analysis

To understand the morphological changes of wheat 
straw before and after modification, SEM was used for 
analysis, and the results are shown in Fig. 3. The surface 
of WS was relatively rough and showed a hollow shape 
inside (Fig. 3a). After La modification, there was more 
pore on the surface (Fig. 3b), which indicated that lantha-
num had been successfully loaded on the wheat straw and 
also explained the increased adsorption capacity of La-WS 
toward phosphate from solution.

3.2. Batch adsorption studies

3.2.1. Effect of adsorbent dosage

The effect of La-WS dosage on phosphate adsorption 
was studied in order to improve the utilization of adsor-
bent, reduce the cost and avoid wasting resources. As could 
be seen in Fig. 4a, with increasing concentration of La-WS, 
the removal efficiency (p) of PO4

3– first increased rapidly 
and then tended to equilibrate, while the unit adsorption 
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Fig. 2. Infrared spectra of wheat straw before and after modification (a) WS and (b) La-WS).

Table 1
X-ray fluorescence analysis of WS and La-WS

Formula Z WS (%) La-WS (%)

O 8 2.920 9.210
Mg 12 0.063 0.081
Si 14 1.891 0.783
S 16 0.171 0.063
Cl 17 0.264 0.534
Ca 20 1.220 0.752
La 57 – 46.28
Fe 26 0.079 –
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amount qe of PO4
3– became lower and lower. This was due 

to a decrease in the amount of relatively bound adsorbates 
as the dose increased, which led to a decrease in the unit 
adsorption capacity. When the adsorbent concentration 
was 0.5 g·L–1, the removal rate of PO4

3– from the solution 
was 67.0% and the unit adsorption amount was 24.9 mg·g–

1. To ensure the utilization of La-WS, the adsorbent con-
centration of 0.5 g·L–1 was chosen for the experiment. At 
same conditions, the value of qe about WS is 4.52 mg·g–1. 
This confirmed the value of La modification.

3.2.2. Effect of pH

The solution pH can affect the form of adsorbate and 
property of adsorbent surface, then affect adsorption 
quantity. The adsorption of phosphate at pH values in the 
range of 2–12 was studied as shown in Fig. 4b.

When the solution pH was less than 3 or greater than 
7, the unit adsorption capacity decreased rapidly. When 
the pH was less than 3, the solution existed mainly in the 
form of phosphate acid, which was not easily absorbed by 
La-WS. When the solution pH was greater than 7, as the acid-
ity decreased, phosphate formed competition with OH– for 
adsorption [37]. When the solution pH was between 3 and 
7, the phosphate in solution existed mainly in the form of 

dihydrogen salts (H3PO4: pKa1 = 2.16, pKa2 = 7.20, pKa3 = 10.3), 
which was easily adsorbed by La-WS [38]. In summary, 
La-WS had a high adsorption capacity for PO4

3– over a wide 
range of solution pH, and the pH of phosphorus-enriched 
wastewater was generally around 7. Considering the prac-
tical application, no further adjustment of the solution 
pH (near 7.0) was required in the subsequent study.

3.2.3. Effect of salinity

For investigating the effect of salinity, this experiment 
explored the effect of two salts (NaCl and Na2SO4). The 
study found (figure not shown) that Cl– and SO4

2– had lit-
tle effect on the removal of PO4

3– from water by La-WS, with 
unit adsorption amounts fluctuating around 25 mg·g–1. This 
indicated that La-WS was capable of selective adsorption 
of phosphate [39]. Another researcher used similar metal 
oxides for PO4

3– adsorption studies and obtained the same 
results, which were mainly due to the formation of com-
plexes in the inner layer [40].

3.2.4. Study of adsorption equilibrium

As shown in Fig. 5a, as the temperature increased, 
the values of qe about phosphate onto La-WS increased, 

(a) (b)

Fig. 3. Scanning electron micrographs before and after modification (a) WS and (b) La-WS).
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indicating that this adsorption process was endothermic. 
At a certain temperature, the unit adsorption amount qe 
increased rapidly at low concentrations, which was due 
to the fact that the adsorption saturation had not reached 
saturation in the low concentration range. As the phos-
phate concentration increased, the adsorption gradually 
reached saturation and qe increased slowly until equilib-
rium. The experimental adsorption amounts of La-WS 
toward phosphate were 34.5 and 39.5 mg·g–1 at 303 and 
318 K, respectively.

To further explore the adsorption mechanism and 
investigate the effect of temperature on the adsorption of 
La-WS on phosphate, the adsorption process was fitted 
non-linearly by four isothermal models, and the expres-
sions of models were shown in Table 2.

The determination of the degree of conformity of each 
adsorption model to the adsorption isotherm was based 
mainly on the principle of least squares and determined 
coefficient (R2). If the values of R2 are closer to 1 and the 
error value was smaller, relative model is suitable to fit 
the process. The fitted results using non-linear regressive 
analysis are shown in Table 3 and the fitted curves are also 
presented in Fig. 5a.

Compared to Freundlich model, there are higher val-
ues of R2 and smaller values of SSE, while values of qm from 
this model were closer to the values from experiments. 
Furthermore, the fitted curves from Langmuir model were 

also closer to experimental curves, indicating that Langmuir 
model can describe the equilibrium adsorption process and 
max adsorption quantity and the process was dominated 
by the uniform adsorption of a single molecular layer [41].

The Temkin model was commonly used to describe mul-
tiphase surface adsorption. As the R2 value was lower and 
the SSE value was higher, and the fitted parameters were 
less suitable for describing this adsorption process.

The Redlich–Peterson adsorption model was a com-
bination of the Freundlich and Langmuir models [42]. The 
g values fitted by this model were 0.977, 0.882 and 0.924, 
which were closer to 1, so the model was more inclined to 
the Langmuir model. Langmuir model had the highest 
fit among the models analyzed, so Langmuir was able to 
describe the adsorption behavior well, indicating that the 
adsorption process was mainly dominated by monolayer 
homogeneous adsorption and supplemented by multilayer 
non-homogeneous adsorption.

3.2.5. Adsorption kinetics study

The kinetic curves at various conditions are shown in 
Fig. 5b–d. It could be seen that the unit adsorption amount 
increased rapidly with increasing time at constant tempera-
ture, and then the increase became slow until equilibrium 
was reached, indicating that the adsorption process was 
a fast one [43]. From Fig. 5b, the time to reach equilibrium 
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was about 50 min for a solution with an initial concentra-
tion of 10 mg·L–1, while the solution with an initial concen-
tration of 40 mg·L–1 still did not reach equilibrium at 50 min 
and reached equilibrium at 120 min, which also indicated 
that highly concentrated solutions tend to take longer to 
reach equilibrium. At the temperature of 318 K, the val-
ues of adsorption quantity were 17.9, 27.9, and 34.7 mg·g–1 
with initial the concentrations 10, 20 and 40 mg·L–1, respec-
tively. This also indicated that the unit adsorption amounts 
increased with the increase of the solution concentrations.

To describe the adsorption efficiency of the adsor-
bent, three common kinetic models were used to fit the 
non-linear process of phosphate adsorption by La-WS. 
The expressions of kinetic models are also shown in Table 2.

The fitted results are shown in Table 4 and Fig. 5b–d. It 
was seen from Table 4 that the pseudo-second-order kinetic 
model had the smallest error value, the largest R2 and a 
smaller gap between the theoretical adsorption qe(theo) and 
experimental adsorption qe(exp). The fitted curves from this 
model were closer to experimental points. So, the pseu-
do-second-order kinetic model could well describe the 
adsorption process. The Elovich model was used to describe 

the heterogeneous diffusion process. From the fitted data, 
it was clear that there was no specific trend in the variation 
of parameters α and β in the Elovich model as the initial 
concentration of phosphate solution increases. The deter-
mined coefficient R2 was low and the error was large, so the 
Elovich model was not suitable to describe the adsorption 
process. In general, the adsorption process of phosphate 
was mainly chemisorption.

3.2.6. Adsorption thermodynamics study

To study the effect of temperature adsorption and to 
reveal its thermodynamic properties, the thermodynamic 
parameters are calculated by the following expressions:

lnK S
R

H
RTL �

�
�

�� �  (7)

� � �G H T S� � � � �  (8)

ln lnk
E
RT

Aa� � �  (9)

Table 2
Adsorption models applied in this study

Adsorption models Expression Parameters

Isotherm models

Langmuir model q
q K C
K Ce

m L e

L e

�
�1

qe is the equilibrium adsorption quantity (mg·g–1), Ce is the AR 
concentration at equilibrium (mg·L–1), KL is the Langmuir binding 
constant related to the free energy of adsorption (L·mg–1), qm is the 
maximum adsorption capacity (mg·g–1)

Freundlich model q K Ce F e
n= 1/ KF and 1/n are the Freundlich constants characteristics of the system, 

implying the adsorption capacity and the adsorption intensity

Redlich–Peterson 
model

q
AC
BCe
e

e
g�

�1

A, B and g are the Redlich–Peterson parameters, g means the degree 
of heterogeneity, between 0 and 1. If the value of g is 1, the equation 
is equal to Langmuir

Temkin model q A B Ce e� � ln A and B are parameters of Temkin model

Kinetic models

Pseudo-first-order 
kinetic equation

q q et e
k t� �� ��1 1 qe is the equilibrium adsorption quantity (mg·g–1) and k1 is the rate 

constant of the equation (min–1)

Pseudo-second-order 
kinetic equation q

k q t
K q tt
e

e

�
�

2
2

21

k2 is the rate constant of the equation (g·mg–1·min–1)

Elovich equation q t
t �

� �
�

ln ln��

� �
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A and r is the Clark’s constant while n is from Freundlich model
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where KL (L·mg–1) is the Langmuir adsorption constant; 
R (J·mol–1·K–1) is the gas phase constant; T (K) is the tem-
perature; ΔS° is the standard entropy change; ΔH° is the 
standard enthalpy change; ΔG° is the standard Gibbs free 
energy change; k is the adsorption rate constant obtained 
from the model which best fits the adsorption kinetic 
curve while A is pre-exponential factor.

The line thermodynamic analysis of the La-WS adsorp-
tion phosphate process is shown in Table 5. Since ΔG < 0, 
ΔH > 0, and ΔS > 0, this indicated that the adsorption pro-
cess of PO4

3– onto La-WS was a spontaneous, endother-
mic and entropic adsorption process. The value of Ea was 
24.0 kJ·mol–1 and this showed that the adsorption reaction 
was considered as physical adsorption when it ranged from 
5 to 40 kJ·mol–1 [44]. In summary, the adsorption reaction was 
spontaneous and endothermic, and the adsorption process 
was accompanied by both chemical and physical reactions.

3.3. Column adsorption studies

The breakthrough curves at various conditions are pre-
sented in Fig. 6 and the results are calculated according 
to the breakthrough curves and listed in Table 6.

3.3.1. Comparison of phosphate adsorption on WS and La-WS 
and effect of salt

Fig. 6a shows the comparison of breakthrough curves 
about PO4

3– adsorption on WS and La-WS. It was obviously 

observed from Fig. 6a that the breakthrough curve from 
WS is very steep and this indicated that the adsorption 
quantity of WS was enhanced after La modification. This 
again shows the modification is necessary to improve 
the adsorption quantity.

Fig. 6a also shows the effect of existed salt (NaCl) on 
breakthrough curve. It was clearly presented that there 
was slight effect about breakthrough about existed salt 
in influent. This shows that there is some tolerance about 
common salt about La-WS and this property is useful for 
adsorbent to remove pollutants from water.

3.3.2. Effect of column height

Effect of column height on breakthrough curves is shown 
in Fig. 6b. The higher the column height of La-WS, the longer 
it took to reach adsorption saturation. Since the higher the 
column was, the higher the amount of La-WS it contained, 
the more active sites could adsorb PO4

3– and the less likely 
it was to reach equilibrium. It was clearly observed from 
Table 6 that values of Y became larger with the increase 
of column height while the values of qe slightly increased.

3.3.3. Effect of influent concentration

Fig. 6c shows the effect of influent concentration. As 
the initial concentration of PO4

3– increased, the time to reach 
equilibrium for dynamic adsorption of PO4

3– on La-WS 

Table 3
Fitting results of isotherm models toward PO4

3– adsorption on La-WS

Langmuir

T (K) KL (L·mg–1) qm(exp) (mg·g–1) qm(theo) (mg·g–1) R2 SSE

303 0.247 34.5 37.2 0.937 41.1
313 0.291 37.8 39.4 0.911 68.9
318 0.338 39.5 41.0 0.944 47.8

Freundlich

T (K) qm(exp) (mg·g–1) KF 1/n R2 SSE

303 34.5 12.3 0.281 0.867 87.0
313 37.8 13.6 0.276 0.890 85.1
318 39.5 14.9 0.266 0.895 90.0

Temkin

T (K) A B R2 SSE

303 8.43 7.07 0.922 51.1
313 10.8 7.17 0.922 60.0
318 12.1 7.41 0.942 49.5

Redlich–Peterson

T (K) A B g R2 SSE

303 9.80 0.288 0.977 0.927 40.8
313 17.7 0.703 0.882 0.922 58.4
318 17.8 0.574 0.924 0.942 42.4

Note: SSE = q qc�� �� 2
, q and qc are the experimental value and calculated value according the model, respectively.
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became shorter. Under the conditions of column height and 
flow rate, the total adsorption amount of La-WS increased 
with the increase of PO4

3– concentration, but the removal 
efficiency of PO4

3– decreased. With the increase of PO4
3– 

concentration, the unit adsorption amount of La-WS on 
PO4

3– also increased (Table 6). This was consistent with the 
results obtained in batch adsorption experiments.

3.3.4. Effect of flow rate

The effect of flow rate on breakthrough curve is pre-
sented in Fig. 6d. It can be seen from Fig. 6d that when the 
flow rate increased, the slope of the curve increased, the 
adsorption of La-WS on PO4

3– decreased, and the removal 
effect became worse. Since the contact time between La-WS 
and PO4

3– decreased when the flow rate was too high, the 
opportunity to bind the active site decreased, resulting 
in lower adsorption, so the adsorption process was more 
suitable for low flow rate. But seen in Table 6, the values 
of qe slightly increased with the increase of flow rate.

As shown in Fig. 6, under the conditions of constant 
flow rate, column height and initial concentration, the unit 
adsorption amount increased rapidly with the increase of 
time, and then the increase became slow until the equilib-
rium was reached. When the adsorption time was certain, the 

Table 4
Fitting results of kinetic model toward PO4

3– adsorption on La-WS

Pseudo-first-order equation

T (K) C0 (mg·L–1) qe(exp) (mg·g–1) qe(theo) (mg·g–1) k1 (min–1) R2 SSE

303
10 16.2 16.0 0.122 0.963 2.51
20 26.8 26.1 0.093 0.974 6.68
40 31.9 30.8 0.152 0.827 30.3

313
10 17.7 16.9 0.0952 0.884 11.2
20 27.4 26.3 0.0956 0.951 12.0
40 33.5 31.6 0.165 0.629 69.3

318
10 17.9 17.7 0.148 0.969 2.05
20 27.9 27.1 0.113 0.965 7.65
40 34.9 32.6 0.181 0.607 72.9

Pseudo-second-order equation

T (K) C0 (mg·L–1) qe(exp) (mg·g–1) qe(theo) (mg·g–1) k2 (g·mg–1·min–1) R2 SSE

303
10 16.2 16.9 0.0124 0.963 2.49
20 26.8 27.8 0.0054 0.969 7.90
40 31.9 32.4 0.0082 0.973 4.81

313
10 17.7 18.1 0.0083 0.986 1.31
20 27.4 28.2 0.0054 0.991 2.16
40 33.5 33.5 0.0078 0.911 16.7

318
10 17.9 18.6 0.0141 0.943 3.79
20 27.9 28.8 0.0065 0.978 4.70
40 34.9 34.5 0.00823 0.895 19.6

Elovich equation

T (K) C0 (mg·L–1) qe(exp) (mg·g–1) α β R2 SSE

303
10 16.2 186 0.591 0.718 18.9
20 26.8 58.9 0.294 0.772 57.7
40 31.9 1066 0.343 0.827 30.3

313
10 17.7 35.7 0.447 0.896 9.98
20 27.4 60.8 0.299 0.835 40.6
40 33.5 631 0.312 0.954 8.60

318
10 17.9 817 0.619 0.657 22.7
20 27.9 161 0.321 0.760 52.0
40 34.9 972 0.315 0.940 11.1

Table 5
Thermodynamic parameters for the adsorption of La-WS 
on PO4

3–

Ea 
(kJ·mol–1)

ΔH 
(kJ·mol–1)

ΔS 
(J·mol–1·K–1)

ΔG (kJ·mol–1)

303 K 313 K 318 K

24.0 25.7 91.2 –1.95 –2.78 –3.33
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lower the flow rate, the higher the column height and initial 
concentration, and the higher the unit adsorption capacity.

3.3.5. Model fitting of dynamic adsorption curves

In order to find the equilibrium adsorption amount of 
PO4

3– adsorbed by La-WS under different conditions and 
the characteristic parameters of adsorption, the experimen-
tal data of PO4

3– adsorbed by La-WS at different flow rates, 
different initial concentrations and different column heights 
were fitted using Thomas model and The Clark model 
(expression of model shown in Table 2), and the results 
are shown in Fig. 6b–d and Table 7, respectively.

As could be seen from Table 7, the unit adsorption amount 
fitted by the Thomas model was close to the experimental 

value, and the R2 was larger and the SSE value was smaller. 
Moreover, the fitted curves from Thomas model were closer 
to experimental points. These inferred that Thomas model can 
better describe the process of PO4

3– adsorption in column mode. 
Compared with Thomas model, the values of R2 obtained 
from the Clark model were smaller while the values of SSE 
were larger, indicating that the Clark model was not well 
suitable to describe the process of PO4

3– adsorption on La-WS.

3.4. Desorption regeneration studies

The adsorption–desorption experiments were condu-
cted to investigate the regeneration ability of the adsorbent, 
so as to achieve the reuse of the material and reduce the 
cost [45–47].
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Fig. 6. Breakthrough curves of PO4
3– adsorption: (a) comparison and effect of salt; effect of (b) flow rate, (c) column height, and 

(d) influent concentration.

Table 6
Results calculated from breakthrough curves at various conditions

No. Z (cm) v (mL·min–1) C0 (mg·L–1) Qm (mg) Wtotal (mg) Y (%) qe (mg·g–1) t (min)

1 2.9 6 20 5.23 24.0 21.8 16.5 200
2 4.7 6 20 9.96 26.4 37.7 17.1 220
3 6.8 6 20 13.4 27.6 43.4 17.3 230
4 4.7 6 10 7.17 13.2 54.3 12.4 220
5 4.7 6 40 10.2 52.8 19.3 17.7 220
6 4.7 4.2 20 9.49 19.3 49.2 16.5 230
7 4.7 8.6 20 10.3 37.8 27.2 17.9 220
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3.4.1. Desorption studies in batch mode

The results of desorption experiments and regeneration 
are shown in Fig. 7a and b. In the first desorption regener-
ation case, the best results were obtained when La-WS was 
desorbed and regenerated using 0.1 mol·L–1 NaOH solution, 
with a desorption efficiency of 80.3% and a regeneration effi-
ciency of 74.9% while there was lower desorption or regen-
eration efficiency about other methods. From the effects of 
pH and salinity on the adsorption process, it was clear that 
the adsorption mainly relies on the ligand exchange inter-
action between La-WS and phosphate to form complexes. 
Due to the addition of strong bases, they formed competi-
tive adsorption with phosphate, destroying their structure 
and releasing PO4

3– to achieve desorption. The better effect 

0.01 mol·L–1 NaOH solution was selected for three times 
of desorption regeneration, and the results are shown in 
Fig. 7b. The regeneration efficiencies of the first three times 
were 74.9%, 67.3% and 65.4%. The changes of the desorp-
tion efficiencies were the same as the regeneration efficien-
cies, which were 80.3%, 55.2% and 47.5% in the first three 
times. The above results indicated that La-WS was rela-
tively stable as an adsorbent and could be reused several  
times.

3.4.2. Desorption studies in column mode

A certain amount of La-WS was weighed and loaded 
onto the column for adsorption of phosphate solution, and 
after the adsorption was completed, 0.01 mol·L–1 NaOH 

Table 7
Results of column model non-linear fitting of La-WS toward PO4

3–

Thomas

Z (cm) v (mL·min–1) C0 (mg·L–1) KTh (mL·mg–1·min–1) q0(theo) (mg·g–1) qe(exp) (mg·g–1) R2 SSE

2.9 6 20 2.50 13.7 16.5 0.973 0.0678
4.7 6 20 1.74 15.7 17.3 0.996 0.0150
6.8 6 20 1.79 17.2 18.7 0.996 0.0175
4.7 6 10 2.53 12.5 12.4 0.993 0.0842
4.7 6 40 1.23 14.3 17.7 0.965 0.0842
4.7 4.2 20 2.19 15.7 16.5 0.997 0.0124
4.7 8.6 20 2.95 16.5 17.9 0.992 0.0309

Clark

Z (cm) v (mL·min–1) C0 (mg·L–1) n rc A R2 SSE

2.9 6 20 3.76 0.0755 103 0.949 0.129
4.7 6 20 3.76 0.0587 733 0.983 0.0572
6.8 6 20 3.76 0.0628 8390 0.994 0.0239
4.7 6 10 3.76 0.0429 1264 0.974 0.0666
4.7 6 40 3.76 0.0736 80.9 0.938 0.149
4.7 4.2 20 3.76 0.0729 18611 0.996 0.662
4.7 8.6 20 3.76 0.0960 1448 0.997 0.410
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Fig. 7. Desorption and regeneration effects of multiple methods (a) and three regeneration effects of 0.01 mol·L–1 NaOH (b).
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solution was used for the desorption. The desorption 
results are shown in Fig. 8a and the regeneration results 
are shown in Fig. 8b. The desorption of spent La-WS using 
NaOH was fast when it is performed in Fig. 8a, and then 
it decreased rapidly and gradually tended to equilibrium. 
The curves of the three adsorptions follow the same trend 
as seen in Fig. 8b, and the curves of the first adsorption and 
the first regeneration basically matched, which also indi-
cated that the adsorption effect of La-WS was better after 
regeneration. The unit adsorption amount was 17.0 mg·g–1 
for the first adsorption, 11.8 mg·g–1 for the first regenera-
tion, and 10.6 mg·g–1 for the second regeneration, and the 
desorption rates were 98.8% and 90.5% for the two adsorp-
tions. The regeneration rates were 69.7% and 62.7% for the 
adsorption process. Compared with the batch desorption 
and regeneration, the regeneration efficiencies was not 
much different, but the desorption efficiencies was higher, 
indicating that the 0.01 mol·L–1 NaOH solution was more 
effective for the desorption of PO4

3–-loaded La-WS, and the 
multiple regeneration of La-WS was not effective.

3.5. Adsorption mechanism

The experiments showed that La-WS had good selec-
tive adsorption effect on PO4

3–. Based on the effects of pH 
and coexisting ions on the adsorption of PO4

3– by La-WS, 
it was shown that anion exchange or electrostatic grav-
itation was not the main adsorption mechanism, and the 
main adsorption mechanism of La-WS on PO4

3– was ligand 
exchange. pH was around 7, and the phosphate was mainly 
in the form of H2PO4

– and HPO4
2– [48]. In this paper, the 

adsorption of La-WS on PO4
3– also showed good adsorp-

tion at pH 7. The kinetic and thermodynamic analysis 
showed that the adsorption of PO4

3– by La-WS was mainly 
chemisorption (coordination reaction) accompanied by 
physical adsorption (electrostatic reaction) [42], the iso-
therm fitting results indicated that the adsorption process 
was dominated by monomolecular layer chemisorption. 
in addition, La-WS would form hydrogen bonding inter-
action with PO4

3–. The adsorption mechanism of La-WS on 
PO4

3– was shown in Fig. 9.
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4. Conclusion

La-WS showed good adsorption property toward phos-
phate. When the pH was between 3 and 7, the adsorption 
process of La-WS on PO4

3– was favored. And the presence of 
salinity had little effect on the adsorption. The Langmuir 
and Redlich–Peterson models could be used to describe 
the equilibrium adsorption while the pseudo-second-or-
der model could better describe the kinetic process of PO4

3– 
adsorption onto La-WS. The adsorption process was spon-
taneous and endothermic, accompanied by both chemical 
and physical reactions. The column adsorption studies 
showed that the lower the flow rate, the higher the column 
height and initial concentration were advantage of adsorp-
tion capacity. The process of PO4

3– adsorption by La-WS was 
well described by the Thomas model. The relative stability 
of the adsorbent La-WS and its ability to be reused many 
times were demonstrated, with the best results when La-WS 
was desorbed and regenerated using 0.1 mol·L–1 NaOH 
solution. The obtained La-WS not only has selective adsorp-
tion on phosphate, but also has a good application prospect 
because of its relative stability and reuse.
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