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a b s t r a c t
Excessive phosphate can cause eutrophication of water bodies and disturb the balance of water 
organisms while the exhausted adsorbent can be further utilized to bind adsorbate for second 
adsorption. In this study, wheat straw (WS) was modified by grafting polyethylenimine (PEI) and 
PEI-WS was obtained, then Cu2+-loaded PEI-WS was used as adsorbent to bind phosphate (PO4

3–) 
from solution in batch mode and fixed-bed column mode (as secondary adsorption). PEI is suc-
cessfully modified onto surface of WS through elemental analysis. The results of batch experiments 
showed that the adsorption capacity of Cu-PEI-WS for toward PO4

3– was 15.7 mg·g–1 (according to 
P) from experiments at 293 K. Adsorption isotherms were better fitted by Langmuir model and 
Temkin model while kinetic process was better fitted by Elovich model. The adsorption process 
was an exothermic spontaneous process. In column adsorption experiments, the effects of flow 
rate, column height and initial concentration of PO4

3– on break-through curves were investigated 
and Thomas model was suitable to fit results of column adsorption. Secondary adsorption of spent 
adsorbents is one way of reuse about some material and plays an important role in environmental  
protection.
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1. Introduction

Clean water is essential for life [1]. However, with the 
rapid economic development, smelting, electrolysis, elec-
troplating, dye and other industries need to discharge a 
large amount of industrial wastewater every year [2–5]. 
If industrial wastewater is discharged into the environment 
without treatment, it will cause serious harm to the eco-
logical environment, that’s why more and more people are 
paying attention to wastewater treatment [6–8].

phosphate is a very important material in many indus-
tries [9]. Its widespread use in industry inevitably generates 
large amounts of phosphate-containing waste [10], which 
disturbs the biological balance in water, causes eutrophica-
tion of water bodies, and pollutes the environment [11,12]. 
The commonly used wastewater treatment methods are bio-
logical [12], oxidation [13,14], flocculation sedimentation [15] 

and adsorption method etc. In recent years, the main meth-
ods of phosphorus removal have been chemical and biolog-
ical. Chemical phosphorus removal means that chemical 
reagents such as Fe3+ and Al3+ are added to the wastewater to 
produce phosphate precipitation by chemical reaction with 
phosphorus. Although the chemical precipitation method is 
highly efficient in removing phosphorus, it can cause re-pol-
lution of the water body, and the treatment cost is high. The 
biological method uses functional microorganisms or algae 
to adsorb phosphorus. The disadvantage of the biological 
method of phosphorus removal is the high requirements 
for wastewater treatment technology and operating con-
ditions, and the different water quality in various regions, 
which makes the implementation of this method difficult 
[16]. Adsorption is widely used for the removal of contam-
inants due to its simplicity and stability [3,4]. Baccar et al. 
[17] studied the activated carbon prepared by oxidation of 
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activated olive branches with potassium permanganate to 
improve its adsorption of metal ions. In the study, Cu2+ was 
used as the adsorbent, and by comparing before and after 
modification, it was found that the unit adsorption capac-
ity of activated carbon increased from 12.0 to 35.3 mg·g–1, 
which was a threefold increase. Sych et al. [18] prepared acti-
vated carbon by activating corn cob with phosphoric acid, 
so that the prepared activated carbon had phosphoric acid 
groups and a large number of carboxylic acid groups, ester 
groups and phenol groups on the surface, as well as a high 
specific surface area of 2,081 m2·g–1. The prepared modified 
adsorbent showed good removal of both copper ions and 
methylene blue.

Agricultural by-products such as cellulose and lignin 
are low-cost and abundant, and have a porous structure 
and large specific surface area [19], so they can be used as 
adsorbents. Wheat straw (WS) is rich in cellulose and lig-
nin. However, the adsorption performance of natural wheat 
straw is poor. In order to improve the adsorption efficiency, 
straw modification has become critical. Mehdinejadiani 
et al. [20] made the attempt to chemically modify wheat 
straw with 3-chloropropyl to remove nitrate from water. 
The results showed that 85% nitrate removal was achieved 
when the solution pH = 7, the initial nitrate concentration 
was 20 mg·L–1, and the MWS dosage was 2 g·L–1.

Polyethylenimine (PEI) can be modified for the removal 
of pollutants from wastewater due to its high cationic and 
adsorptive properties and its ability to chelate with heavy 
metal ions, etc. [21]. PEI is a polymeric amine with good 
water solubility, so the modification needs to be combined 
with a cross-linking agent or through a grafting reaction to 
immobilize PEI on the surface of the adsorbent to avoid its 
loss. Sajab et al. [22] studied the modification of oil palm 
fruit shells with glutaraldehyde cross-linked PEI to obtain 
a cationic modifier to remove the anionic dye phenol red 
from water. The results showed that its maximum unit 
adsorption capacity was 108.7 mg·g–1 at 293 K. Mao et al. 
[23] investigated the optimal modification conditions for 
PEI modification of glutamate fermentation waste biomass 
and performed adsorption studies using activated red as the 
adsorbent, and the results showed that the best adsorption 
effect was obtained by adding 4.29 g of PEI and 0.15 mL 
of glutaraldehyde to 10 g of biomass. The adsorption per-
formance after modification was increased by 4.52 times 
without modification.

In our previous study, PEI modified WS was obtained 
by grafting epichlorohydrin (ECH) in NaOH solution with-
out organic solvents, which is suitable to bind copper ion 
from solution [24]. In this study, the spent PEI-WS or Cu2+ 
loaded PEI-WS was used to bind phosphate as second 
adsorption from solution. Batch and dynamic adsorption 
studies were carried out, and the experimental data were 
fitted using adsorption models.

2. Materials and methods

2.1. Materials and reagents

Wheat straw (WS) was obtained from local country-
side and WS (40–60 mesh was selected after pretreat-
ment. Reagents: polyethylenimine (PEI), ethanol (C2H6O), 

epichlorohydrin (ECH), NaCl, Na2SO4, HCl, NaOH, KH2PO4, 
CuSO4·5H2O. The test reagents were all analytically pure, 
and the water used in the experiment was distilled water.

2.2. Preparation of Cu-PEI-WS

PEI-WS was prepared according to our previous study 
[24]. Fig. 1 shows the process of preparation. According to 
the adsorption results of PEI-WS on Cu2+, the initial concen-
tration of Cu2+ was selected to be 50 mg·L–1, the solid–liquid 
ratio of adsorption was 0.8 g·L–1. The reaction was carried out 
in a constant temperature oscillator for 3 h to allow PEI-WS 
to fully absorb Cu2+. After filtration, the un-adsorbed copper 
ions on the surface were washed off with distilled water and 
dried. Cu-PEI-WS was prepared for secondary adsorption 
test toward phosphate. Adsorption quantity toward Cu2+ 
is 36.7 mg·g–1 (PEI-WS). Cu-PEI-WS as adsorbent for sec-
ondary adsorption of PO4

3– was carried out under various 
conditions [24].

2.3. Adsorption of phosphate by Cu-PEI-WS

2.3.1. Batch adsorption

A certain concentration of Cu-PEI-WS solution was 
taken into a small 50 mL conical flask and 10 mL of PO4

3– 
solution of the desired concentration was added. The effects 
of temperature, concentration and time on the adsorption at 
293, 303 and 313 K as well as the effects of pH and salinity 
on the adsorption of PO4

3– were investigated. The changes 
of PO4

3– solution concentration before and after adsorp-
tion were measured using molybdenum antimony spec-
trophotometric methods (at 700 nm) to calculate the unit 
adsorption amount.

The unit adsorption capacity q (mg·g–1) and removal 
efficiency p (%) can be calculated by Eqs. (1) and (2). The 
adsorption experiments are carried out in triplicate and 
average results are recorded with errors less than 5%.

q
V C C

m
�

�� �0  (1)

p
C C
C

�
�

�0

0

100%  (2)

Fig. 1. Preparation process of PEI-WS.
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where C0 (mg·L–1) and C are the concentration of PO4
3– 

before and after adsorption, m is the mass (g) of adsorbent 
(Cu-PEI-WS).

2.3.2. Column adsorption

The dynamic adsorption experiments of Cu-PEI-WS on 
PO4

3– were investigated according to the dynamic adsorp-
tion process of Cu2+ on PEI-WS [24]. A certain amount of 
Cu-PEI-WS was taken as the stationary phase in the adsorp-
tion column. A constant concentration of PO4

3– solution was 
pumped into the column by a mobile pump, and the effluent 
was picked up at different times and its concentration was 
measured. The experimental conditions were as follows: 
(1) The initial concentration of PO4

3– was 30 mg·L–1, the flow 
rate was 6.8 mL·min–1, and the column heights were set at 
2.8, 5.2 and 7.0 cm to investigate the effect of column height 
on the adsorption results; (2) The flow rate was controlled 
to 6.8 mL·min–1, the column height was 5.2 cm, and the ini-
tial concentrations of 15, 30 and 45 mg·L–1 of PO4

3– solution 
were prepared to investigate the effect of initial concentra-
tion on the adsorption results; (3) The initial concentration 
of PO4

3– was 30 mg·L–1, the column height was 5.2 cm, and 
the flow rates were 8.5, 6.8 and 4.2 mL·min–1 to discuss 
the effect of flow rate on the dynamic adsorption of PO4

3–. 
The dynamic penetration adsorption curves were plotted 
against t using Ct/C0 (Ct and C0 are the concentrations of 
PO4

3– in the influent and effluent water) [25].
The value of the total mass of pollutants adsorbed, 

qtotal (mg), can be estimated from the area beneath the break-
through curve and the adsorption capacity, q0 (mg·g–1) is 
estimated using Eqs. (3) and (4), respectively.

q C C dtv
t

t

t t

total

total

= −( )
=

=

∫1 000 0
0,

 (3)

q
q
x0
total=  (4)

where C0 is the concentration of phosphate in influent 
(mg·L–1), x is the weight of dry adsorbent in the column (g), 
v is the flowing rate (mL·min–1), ttotal is the total flowing time 
(min), Ct is the concentration of adsorbate at a specified time.

3. Result and discussion

Elemental analysis showed that there were 3.20% N of 
PEI-WS and 0.12 N of WS. The isoelectric point of WS was 
7.39 and the isoelectric point of PEI-WS was 8.38. Combining 
the results of FTIR [24], PEI is successfully modified 
onto surface of WS.

3.1. Batch adsorption

3.1.1. Effect of adsorbent dosage on secondary 
adsorption of PO4

3–

In order to ensure the utilization of adsorbent, the effect 
of adsorbent dosage on the secondary adsorption of PO4

3– 
was investigated using Cu-PEI-WS as adsorbent. It can be 

seen that when the adsorbent dosage gradually increased, 
the removal rate of PO4

3– also gradually increased, while 
the unit adsorption amount gradually decreased (Fig. 2). 
This was because at first the amount of adsorbent added 
increased the more active sites that can adsorb PO4

3–, and 
the removal rate increases; but as the amount of adsorbent 
increases, because the amount of PO4

3– in the solution was 
certain, the active sites of each adsorbent cannot be com-
pletely combined, so the unit adsorption amount gradually 
decreased. The concentration of adsorbent was chosen to 
be 0.8 g·L–1 in order to achieve a high removal rate and a 
large unit adsorption capacity.

3.1.2. Effect of solution pH on secondary adsorption 
of phosphate

The effect of pH on the adsorption process was studied 
by adjusting the pH of the solution to 2–12 with certain 
concentrations of HCl and NaOH. It can be seen from the 
graph that the unit adsorption amount increased rapidly 
with the increase of pH under acidic conditions; the unit 
adsorption amount reached the maximum at pH = 6, and 
the unit adsorption amount remained basically unchanged 
at pH 6–8; the unit adsorption amount decreases gradu-
ally with the increase of pH under alkaline conditions, and 
remained basically unchanged after pH = 10 (Fig. 3). After 
consulting the ionization constant of phosphoric acid, it 
was known that at pH < 2, the main form of phosphate 
was H3PO4; between pH 2–4.5, the main form of H2PO4

–, 
H3PO4; between pH 5–9, the main form of H2PO4

–, HPO4
2–; 

at pH > 10, the main form of HPO4
2– and PO4

3–. From the 
presence of phosphate forms, it can be assumed that the 
adsorption of Cu-PEI-WS toward PO4

3– should be based 
on electrostatic attraction. When the pH was about 2, the 
unit adsorption amount was small, and it could be judged 
that the phosphate existed mainly in the form of mole-
cules, and as the pH increased, H2PO4

– ions appeared in the 
solution, and H2PO4

– could be adsorbed on the surface of 
the adsorbent by electrostatic gravity, so the unit adsorp-
tion amount of PO4

3– increased; after the pH was greater 
than 4.5, the phosphate in the solution existed in the 
form of negative charges The unit adsorption amount of 
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Fig. 2. Effect of adsorbent dosage on secondary adsorption of 
PO4

3– (t = 480 min, C0 = 30 mg·L–1).
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PO4
3– increased; after the pH was greater than 4.5, the phos-

phate in solution was in the form of negative charge, so 
the unit adsorption amount reached the maximum; under 
the conditions of alkaline pH, OH– competed with the 
negative ions containing phosphorus, so the unit adsorp-
tion amount gradually decreased. Finally, the adsorption 
test was carried out under neutral conditions. The prac-
tical application can be applied to wastewater with pH  
range of 5–8.

At low and high pH values, adsorption was not favored. 
Similar results have been observed in other studies, such 
as Congo red adsorption of on Al3+ and iminodiacetic acid 
modified magnetic peanut husk [25], fluoride adsorption 
on zirconium–carbon hybrid sorbent [26], p-nitrophenol 
adsorption on silver(I) triazole MOF [27].

3.1.3. Effect of co-existing ions on secondary 
adsorption of PO4

3–

The effect of co-existing ions during the adsorption pro-
cess should not be neglected. The effect of co-existing ions 
on secondary adsorption of PO4

3– was investigated by adjust-
ing the salt concentration with different masses of NaCl and 
Na2SO4. It can be seen from Fig. 4 that when the solution 
contains 0.03 mol·L–1 of inorganic salt ions, its unit adsorp-
tion amount decreases rapidly, and the effect of Na2SO4 is 
greater than that of NaCl.

From the results of the effect of salinity, if salinity has 
a large effect on adsorption, the adsorption mechanism is 
generally an electrostatic gravitational force between the 
adsorbent and the adsorbent mass. Zhang et al. studied the 
adsorption of phosphate from aqueous solutions by lan-
thanide-modified macroporous chelating resin. By study-
ing the adverse effect of NaCl and Na2SO4 on adsorption, it 
was shown that the adsorbent and adsorbent masses inter-
acted by electrostatic gravitational force [28]. In this exper-
iment, the ionic strength has a negative effect because the 
increase in ionic concentration increases the ionic strength 
of the system and the ionic activity decreases, so it was not 
favorable for its adsorption, proving that the mechanism of 

adsorption in this reaction was electrostatic force between 
copper ions and phosphate on the surface of the adsorbent.

3.1.4. Adsorption isotherms for secondary adsorption of 
phosphate

The adsorption equilibrium of phosphate on qe values 
was carried out at 293, 303 and 313 K, respectively. Then Plot 
the unit adsorption volume against the concentration in solu-
tion at equilibrium. From the results, it can be seen that the 
greater the concentration of adsorbate in solution at equi-
librium, the greater its unit adsorption capacity. This phe-
nomenon may be due to the increase in PO4

3– concentration 
resulting in increased mass transfer of PO4

3– to the adsor-
bent surface. The effect of temperature on adsorption was 
not significant. It is favorable to the adsorption at higher 
temperature and this adsorption reaction was exothermic. 
The adsorption capacity from experiments was to 15.7, 
15.2, and 14.8 mg·g–1 at 293, 303, and 313 K, respectively.

The common adsorption isotherm models Langmuir, 
Freundlich, and Temkin were used to describe the adsorp-
tion behavior. The results of the fit are shown in Fig. 5.

Langmuir model is expressed as following equation [29]:

q
q K C
K Ce

m L e

L e

�
�1

 (3)

Freundlich model is presented as following equation [30]:

q K Ce F e
n= 1/  (4)

Temkin model is expressed as following equation [31]:

q A B Ce e� � ln  (5)

where Ce is the PO4
3– concentration at equilibrium (mg·L–1), 

qm (mg·g–1) is the maximum adsorption amount; KL (L·mg–1) 
and a constant related to the adsorption energy; KF and 1/n 
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Fig. 3. Effect of solution pH on secondary adsorption of PO4
3– 

(adsorbent dose = 0.8 g·L–1, C0 = 30 mg·L–1, t = 180 min).
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are Freundlich parameters related to the adsorption capac-
ity of the adsorbent and the adsorption strength A and 
B are constants of mode.

Nonlinear regression analysis was used to obtain the 
parameters and decidable coefficients R2 and differen-
tial sum SAE of the corresponding models with the least 
differential sum, and the results are listed in Table 1.

The results showed that the Langmuir model and 
Temkin model were better fitted, with R2 above 0.951. 
In this adsorption process, the Langmuir model fits better, 
indicating that monomolecular layer adsorption accounts 
for the major part of this adsorption process. The R2 of the 
Freundlich model fit was also higher, which proved that 
there is also multilayer adsorption in this adsorption pro-
cess. The Temkin model was used to describe the adsorption 

on inhomogeneous surfaces, which can be presumed to be 
inhomogeneous in the adsorption process. The maximum 
adsorption capacity from Langmuir model at 293, 303, 
and 313 K was 17.8, 16.6, and 15.8 mg·g–1.

3.1.5. Kinetics study of secondary adsorption toward 
phosphate

The adsorption equilibrium of c (initial concentration 
of 30 mg·L–1) on qe value was carried out at different times 
and plotted as qe vs. t. It can be seen that the higher the 
temperature is, the less favorable the adsorption of PO4

3–, 
indicating that this adsorption reaction is exothermic.

The adsorption kinetics was studied to further analyze 
the adsorption mechanism. In this experiment, the pseu-
do-first-order kinetic model, Elovich kinetic model, and 
double constant kinetic model were used for nonlinear fit-
ting. The fitted curves are shown in Fig. 6, and the fitted 
parameters of each model are shown in Table 2.

The expression of pseudo-first-order kinetic model is 
as follows [32]:

q q et e
k t� �� ��1 1  (6)

where k1 is the rate constant (min–1).
The expression of Elovich equation is as follows [33]:

q t
t �

� �
�

ln ln��

� �
 (7)

where a is the initial adsorption rate constant (mg·g–1·min–1) 
while β is related to the extent of surface coverage and 
activation energy for chemisorption (g·mg–1).

By comparing the fitted curves of each model and the 
R2 and error analysis results of each model, it was found 
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Fig. 5. Fitting curves of different isotherm models for Cu-PEI-WS 
adsorption of PO4

3– (t = 180 min).

Table 1
Fitting parameters for each isotherm model of Cu-PEI-WS2+ adsorption PO4

3–

Langmuir

T (K) qe(exp) (mg·g–1) KL (L·mg–1) qm(theo) (mg·g–1) R2 SAE ARS × 10–3

313 14.8 0.0927 ± 0.013 15.8 ± 0.8 0.970 4.11 4.49
303 15.2 0.122 ± 0.021 16.6 ± 0.8 0.951 6.49 3.85
293 15.7 0.146 ± 0.021 17.8 ± 0.6 0.966 4.59 4.65

Freundlich

T (K) qe(exp) (mg·g–1) KF 1/n R2 SAE ARS × 10–3

313 14.8 3.36 ± 0.14 0.393 ± 0.013 0.994 2.11 0.688
303 15.2 4.17 ± 0.54 0.345 ± 0.038 0.929 6.88 4.41
293 15.7 4.72 ± 0.44 0.324 ± 0.028 0.956 6.20 3.60

Temkin

T (K) qe(exp) (mg·g–1) A B R2 SAE ARS × 10–4

313 14.8 0.371 ± 0.52 3.68 ± 0.17 0.981 8.11 13.6
303 15.2 1.33 ± 0.82 3.61 ± 0.27 0.951 1.99 1.28
293 15.7 2.33 ± 0.58 3.53 ± 0.19 0.974 4.15 6.86
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that the R2 of the Elovich model fitted at different tem-
peratures and concentrations was above 0.827, which was 
a good fit. The R2 fitted by the pseudo-first-order model 
was smaller at higher and lower concentrations, but the R2 
fitted by the pseudo-first-order model was larger at differ-
ent temperatures at 30 mg·L–1, which was in good agree-
ment. The differences between the fitted qe of the observed 
models and the experimental values were small, and the 

errors were within 4%, and the fitted results were almost 
error-free at 303 K and 30 mg·L–1. When the pseudo-first- 
order kinetic model is fit, it indicates that the adsorption 
is controlled by external mass transfer [34].

3.1.6. Analysis of thermodynamic results

Through the study of some thermodynamic parame-
ters, we can derive the possibility of the adsorption reac-
tion occurring and the degree of occurrence have a more 
comprehensive understanding of the adsorption process, it 
is necessary to carry out some calculations of thermody-
namic data, the parameters that often need to be calculated 
are ΔG°, ΔH°, ΔS°, and their calculation formulae are as 
follows [35]:

�G RT Kc� � � ln  (8)

� � �G H T S� � � � �  (9)

where Kc (Cad,e/Ce) is the apparent adsorption equilibrium 
constant, where Cad,e is the concentration of adsorbate on 
the adsorbent when adsorption reaches equilibrium and 
Ce is the concentration of adsorbate in solution at equilib-
rium, using concentration instead of activity to find the 
adsorption equilibrium constant of the system. R is the gas 
constant (8.314 J·mol–1·K–1); T is the absolute temperature (K).

The activation energy represents the energy barrier 
that needs to be overcome for a chemical reaction to occur 
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Fig. 6. Fitting curves of kinetic models for Cu-PEI-WS adsorption 
of PO4

3– (m = 0.008 g, C0 = 30 mg·L–1, pH = 6).

Table 2
Kinetic fitting parameters of each model for Cu-PEI-WS2+ adsorption of PO4

3–

Pseudo-first-order equation

T (K) C0 (mg·L–1) qe(exp) (mg·g–1) k1 (min–1) qe (mg·g–1) R2 SAE ARS × 10–3

303 45 15.0 0.168 ± 0.023 14.4 ± 0.4 0.765 6.47 2.56
303 30 12.6 0.0914 ± 0.037 12.6 ± 0.1 0.993 15.9 2.46
303 15 9.06 0.0685 ± 0.0140 9.02 ± 0.6 0.692 7.14 15.6
313 30 11.9 0.0498 ± 0.0360 12.1 ± 0.3 0.982 2.49 1.72
293 30 13.8 0.0798 ± 0.0085 14.1 ± 0.4 0.924 5.85 4.57

Elovich equation

T (K) C0 (mg·L–1) qe(exp) (mg·g–1) α β R2 SAE ARS × 10–3

303 45 15.0 139 0.577 0.828 20.1 7.16
303 30 12.6 5.83 0.403 0.843 7.34 4.80
303 15 9.06 3.70 0.569 0.878 5.76 1.29
313 30 11.9 1.71 0.318 0.968 4.00 2.58
293 30 13.8 5.94 0.353 0.871 8.16 3.92

Double constant equation

T (K) C0 (mg·L–1) qe(exp) (mg·g–1) Ks a R2 SAE ARS × 10–3

303 45 15.0 0.124 ± 0.022 8.78 ± 0.71 0.785 4.71 2.98
303 30 12.6 0.221 ± 0.053 4.87 ± 1.0 0.752 9.21 10.7
303 15 9.06 0.248 ± 0.031 3.05 ± 0.37 0.881 6.49 1.74
313 30 11.9 0.351 ± 0.046 2.53 ± 0.48 0.901 7.05 14.5
293 30 13.8 0.231 ± 0.040 5.23 ± 0.80 0.805 10.3 7.21
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and represents the minimum amount of energy required 
for a chemical reaction to occur. The smaller the activation 
energy, the more likely the reaction will occur. It is calcu-
lated by the following formula.

ln lnk
E
RT

Aa� � �  (11)

where A is the temperature effect factor, K is the adsorp-
tion rate constant and Ea is the apparent activation energy 
of the reaction (kJ·mol–1).

Thermodynamic data of secondary adsorption of phos-
phate were obtained by thermodynamic equations, and 
the results are shown in Table 3. From Table 3, it can be 
obtained that ΔG° < 0, indicating that the adsorption was 
a spontaneous process. The absolute value of ΔG° becomes 
smaller as the temperature increases, indicating that the 
higher the temperature the less spontaneous it occurs, and 
increasing the temperature is not conducive to its adsorp-
tion. ΔH° < 0, proving that the secondary adsorption of 
PO4

3– was an exothermic reaction, and increasing the tem-
perature was not conducive to adsorption, which was con-
sistent with the conclusion obtained from the discussion 
of ΔG°. ΔS° < 0, proved that this adsorption process was 
a process of entropy reduction. Ea was 16.1 kJ·mol–1, prov-
ing that the adsorption process occurring in this process 
was mainly physical adsorption.

3.2. Adsorption in column mode

3.2.1. Breakthrough curve of PO4
3– on Cu-PEI-WS

Secondary adsorption of PO4
3– by Cu-PEI-WS can be 

further demonstrated by column adsorption.
From Fig. 7a it can be seen that as the column height 

increased from 2.8 to 7.0 cm, the breakthrough time 
increased from 5 to 30 min, and the time to reach adsorption 
saturation also increased sequentially from 60 to 140 min. 
This was because when the column height increased, the 
adsorbed mass in the column increased, thus the adsorp-
tion active site increased and the residence time of the 
adsorbed mass increased, which slowed down the break-
through of the adsorption column and facilitated increase 
the recovery of PO4

3–. From Fig. 7b it can be seen that the 
greater the concentration, the shorter the breakthrough time. 
The breakthrough time was 15 min at the initial concentra-
tion of 45 mg·L–1, while the breakthrough time was 30 min 
at the initial concentration of 15 mg·L–1. The breakthrough 
time decreased with the increase of concentration. When 
the adsorbent content in the solution increased, the con-
centration driving force increased, the mass transfer rate 
increased, and then the slope of the breakthrough curve 

becomes larger and the breakthrough time is shortened [36]. 
As can be seen from Fig. 7c, the higher the flow rate, the 
shorter the breakthrough time and the shorter the time to 
reach adsorption saturation. The higher the flow rate was, 
the less favorable it was for adsorption. This was because 
the higher the flow rate, the shorter the residence time of 
the adsorbent in the column and the shorter the contact 

Table 3
Thermodynamic parameters of PO4

3– adsorption

Ea 
(kJ·mol–1)

ΔH 
(kJ·mol–1)

ΔS 
(J·mol–1·K–1)

ΔG (kJ·mol–1)

303 K 313 K 323 K

16.1 –12.9 –40.9 –0.877 –0.492 –0.0597
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Fig. 7. Experimental results of column adsorption and fitting 
curves of Thomas model.
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time with the adsorbent, and thus the shorter the break-
through time. Under high flow rate conditions, the faster 
the adsorbate transport, the faster the adsorption rate and 
the easier it was to reach adsorption saturation [37].

3.2.2. Thomas model application

The kinetic results of the experiments were analyzed 
using Thomas model and Yan model for secondary adsorp-
tion PO4

3– dynamic tests.

C
C k q x

v k C t

t

0 0

0

1

1
�

�
�

�

�
�

�

�
�exp Th

Th

 (12)

where Ct and C0 are the effluent and influent pollutants 
concentration (mg·L–1), kTh is the Thomas rate constant 
(mL·min–1·mg–1), q0 is the maximum adsorption quantity 
(mg·g–1), x is the weight of material (g), Veff (vt) is the effluent 
volume (mL) and v is the flowing time (mL·min−1).

The results of its nonlinear fitting are also shown 
in Fig. 7. The fitted parameters of the model are shown 
in Table 4.

The Thomas model fitted the breakthrough curve when 
the Ct/C0 is greater than 0.05. Fig. 7 shows the breakthrough 
curve, and by fitting the model parameters in the plot and 
Table 4, it was shown that the Thomas model can describe 
the adsorption behavior better, and the fitted R2 are above 
0.859. The observed parameter kTh decreases with increas-
ing column height and increases with increasing flow rate. 
The experimentally obtained values of q0(cal) are some dif-
ferences from the values of qe(exp) calculated by Eq. (4).

3.3. Potential application of spent adsorbent

Recovery of adsorbate from solution or reuse of spent 
adsorbent is important as this can make the adsorption 
process economical [38–41]. Quaternary ammonium mod-
ified sugarcane bagasse as anionic exchanger can adsorb 
phosphate from solution and the P-loaded adsorbent was 
further treated as a slow-release phosphate fertilizer in 
water or soil [42]. In this study, there are nutrient elements 
(N and P) and micronutrient element (Cu, essential element 
in biological body) about P-loaded Cu-PEI-WS. So maybe 
this spent material can be used as soil amendment. The appli-
cation of this spent adsorbent can be performed in future  
study.

4. Conclusion

Cu-PEI-WS used as adsorbent for secondary adsorp-
tion of PO4

3– was carried out under neutral pH conditions. 
The pH was not favorable for the adsorption under both 
over-acid and over-base conditions, and the presence of 
inorganic salt ions was not favorable for the adsorption. 
The secondary PO4

3– adsorption process was exothermic 
and the increase in temperature was not favorable for the 
adsorption reaction. The Langmuir model was better to fit 
the equilibrium data and this indicated monomolecular layer 
adsorption for the major part of this adsorption process. 
The Elovich model was best to predict the kinetic process. 
Thomas model could describe the adsorption behavior of 
column mode. In summary, Cu-PEI-WS can be used as an 
adsorbent for secondary adsorption of phosphate.
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