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Abstract

Removal and recovery of phosphorus (P) from sewage are essential for sustainable development of P resource. Based on the
water quality determination of sludge dewatering filtrate from a wastewater treatment plant in Beijing, this study investigated the
adsorption and regeneration characteristics of P by magnetic anion exchange resin (MAEX). The experiments showed that the P
adsorption capacity of MAEX could reach a maximum of 2.74 mg/mL when initial P concentration was 25 mg/L and dosage of
MAEX was 8 mL/L. The P adsorption on MAEX resin was suitable for large temperature range (283-323 K). However, the
adsorption capacity was reduced in various degrees due to the interference of different anions (Br~, SO4*~, C1, NO5, HCO;,
C05%") and organic compounds (bovine serum albumin, humic acid). Kinetics studies indicated that the P adsorption process
followed the pseudo-second-order model. The MAEX resin had a rapid P adsorption rate and the P adsorption capacity at 30 min
could reach 97.7-99.3% of ¢.. Increase of temperature was favorable to P adsorption on MAEX, and the adsorption isotherm data
fitted to Langmuir model more than Freundlich model. Meanwhile, the thermodynamics parameters were calculated; it was
shown that the adsorption process was an endothermic reaction. Desorption and regeneration experiments showed that NaHCO;
was a suitable regenerant, and the P adsorption capacity could reach 90.51% of the original capacity after 10 times of adsorption-
desorption cycles; this indicated that MAEX resin has an excellent regeneration performance and thus has a very good application
prospect of P removal and recovery. Fourier transform infrared spectroscopy (FTIR) analysis confirmed that ion exchange,
charge attraction, and hydrogen bonding affected the removal of P by the MAEX resin. The vibrating sample magnetometer
(VSM) analysis revealed that MAEX resin was a kind of soft magnetic materials with good magnetism.
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Introduction

Phosphorus (P) is essential but non-renewable (Roy 2017). In
nature, P only linearly moves from the land to the sea (Hao
etal. 2010). Across the globe, P ore depletion is getting worse
by relying on limited natural resources (Lwin et al. 2017).
However, the unreasonable discharge of P with the domestic
sewage and industrial wastewater leads to eutrophication, and
it gradually becomes one of the research hotshots all over the
world (Xu et al. 2014; Song et al. 2017). Therefore, not only
for scanty P resources but also for serious P pollution, P
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recovery from sewage and sludge has become a particularly
promising option (Schiitte et al. 2015).

Massive sorts of P-recovery technologies have been
researched and applied (Sartorius et al. 2012), including tradi-
tional chemical precipitation, crystallization, biological meth-
od, and adsorption, etc. (Morse et al. 1998; Shih et al. 2017,
Yuan et al. 2012; Loganathan et al. 2014). Of these, the ad-
sorption method is routinely described as a widely wastewater
treatment option because of its easy operation, stable treat-
ment effect, reversible process, low-cost absorbents
(Bhatnagar and Sillanpdd 2011; Dai et al. 2011). A variety of
P adsorbents have been developed and evaluated, such as fly
ash (Ugurlu and Salman 1998), slag (Ozacar 2003), MgMn-
layered double hydroxides (Chitrakar et al. 2005), red mud
(Huang et al. 2008), zirconium (Chitrakar et al. 2006), Fe-
EDA-SAMMS (self-assembled monolayers on mesoporous
supports, a registered trademark of Steward Advanced
Materials) (Chouyyok et al. 2010), and palygorskite (Gan
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et al. 2009). Recently, using magnetic anion exchange resin
(MAEX) to remove pollution from water has attracted much
attention.

MAEX is a strong base anionic resin with some ammonia
functional groups and a magnetized component within its
structure that enables this resin to act as a weak individual
magnet (Mergen et al. 2008). In contrast with the traditional
anion exchange resins, MAEX has two distinctive features.
First, the particle size of MAEX, ranging from 150 to
180 wm, is small and the specific surface area is relatively
large. This has contributed to rapidly adsorb the negative
charge pollutants in water by MAEX (Boyer and Singer
2005). Second, the resin is applied to water and wastewater
in a slurry form and will be mixed well with adsorbate by
mechanical stirring, thus decreasing the resistance to liquid
phase mass transfer (Liu et al. 2011). Initially, MAEX was
designed specifically to remove the dissolved organic carbon
(DOC) from wastewater, while it recently has become con-
cerned to remove inorganic anions. MAEX had a sulfate re-
moval ratio of 9-24% and a nitrate removal ratio of 17-42%
(Kitis et al. 2007). Besides, MAEX had a good adsorption
effect on P, while the removal rate was about 70% (Ding
et al. 2012). However, the previous study was incomplete
since neither the reutilization effect of resin nor the adsorption
mechanism was evaluated and explored.

Accordingly, this study investigated the P adsorption and
regeneration characteristics of MEAX based on the water
quality determination of sludge dewatering filtrate from a
wastewater treatment plant (WWTP) in Beijing. For this pur-
pose, the effects of initial P concentration, adsorbent dosage,
initial pH, temperature of solution, ion strength, coexistent
anions, and organic compounds on P adsorption were inves-
tigated. Adsorption kinetics, isotherm, and thermodynamics
were also performed. Moreover, the regeneration characteris-
tics of MEAX were analyzed by exploring the kinds of
regenerants and regeneration times. In addition, the character-
izations of MAEX resin before and after adsorption were in-
vestigated by Fourier transform infrared spectroscopy (FTIR)
and vibrating sample magnetometer (VSM). The outcomes
will be important for providing the fundamental basis for prac-
tical application in P recovery by magnetic resin.

Materials and methods
Sampling and analysis of sludge dewatering filtrate

Sludge dewatering filtrate samples were obtained from a
WWTP with the anaerobic-anoxic-oxic (A/A/O) process in
Beijing. Then the samples were stored at 4 °C and transported
to the laboratory.

Table 1 and Fig. 1 presented the water quality of the sludge
dewatering filtrate samples. The amount of P in the filtrate was
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Table 1 Water quality of sludge dewatering filtrate

Water-quality index Average value Standard deviation

Temperature (°C) 16 0.027
pH 7.25 0.001
ORP (mV) 94.95 0.000
DO (mg/L) 1.81 0.000
SS (mg/L) 1159 24.222
Total nitrogen (mg/L) 149.80 0.087
Ammonia nitrogen (mg/L) 1.10 0.000
tCOD (mg/L) 1414 88.667
sCOD (mg/L) 153 10.889
Total phosphorus (mg/L) 23.54 2.693
Soluble total phosphorus (mg/L) 19.76 0.297
Soluble orthophosphorus (mg/L) 19.42 0.964
Granular total phosphorus (mg/L) 3.78 1.211
Other soluble phosphorus (mg/L) 0.33 0.519

considerable and the proportion of soluble total P in total P
was high. As shown in Fig. 1, tryptophanlike was the main
organic pollutant, consistent with the research result of Liu
et al. (2016). In the meantime, according to the amount of P
in the water samples, the P concentration of the simulated
wastewater in the follow-up experiments was determined to
be 25 mg/L.

P adsorption experiments by MAEX resin

All MAEX resins, the adsorbent of this study, were purchased
from Jiangsu Guochuang New Material Research Center with
a wet superficial density of 1.058 g/mL. MAEX was stored in
plastic bottle. Before using, it would be rinsed with deionized
water for several times in order to remove impurities, then
after settled for about 30 min, a certain amount of MAEX
resin was used according to the adsorption experiment
requirement.

Table 2 showed the size distribution of MAEX resin mea-
sured by Malvern Laser Particle Size Analyzer. The particle
size of MAEX resin mainly ranged from 244 to 445 pm. The
morphological features and the surface characteristics of
MAEX resin were obtained by scanning electron mi-
croscopy (SEM), as shown in Fig. 2. From Fig. 2, we
can conclude that the surface of MAEX resin appears to
be ragged, due to Fe,O; loaded on the surface of the
resin for magnetic purpose.

Potassium dihydrogen phosphate (KH,PO,) was used as
the adsorbate. KH,PO, solutions and MAEX resin were
added into a set of 50 mL conical flasks, and the flasks were
sealed and agitated in an incubator for some time. Then the
mixture was filtered by 0.45 pm membranes, and the P in
filtrates was analyzed by the molybdenum blue colorimetry.
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Fig. 1 The 3D-EEM
characteristics of sludge
dewatering filtrate
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The P removal rate and the P adsorption capacity of MAEX
resin were calculated as Egs. (1) and (2), respectively:

_ (jOAA*(jt
0
((jo___(j[)‘/

9t = T w (2)

E

x 100% (1)

where Cy and C, stand for P concentration before and after
adsorption (mg/L), W stands for dosage of MAEX resin (mL),
and V stands for volume of the mixed solution (L).

The effect experiments of different factors on P ad-
sorption by MAEX resin were employed by varying
resin dosage, initial pH, temperature, ionic strength, co-
existent anions, and organic compounds. The effect ex-
periments of resin dosage were conducted with an elec-
tric mixer. However, as to accurately control the exper-
imental parameters, the later experiments were conduct-
ed in a thermostatic oscillator. The initial pH values
were adjusted by adding 0.1 mol/L NaOH or HCl if necessary.

Table 2  Size distribution of MAEX resin
No. Dy (10)/um Dy (50)/um Dy (90)/um
1 243.280 328.959 445.260
2 244.489 329.936 443.547
3 244.434 331.569 445.193
4 244219 330.597 446.356
5 244.595 330.937 444799
Average 244.197 330.400 445.031

A (nm)

Table 3 showed the experimental conditions from the effect
experiments of different factors on P adsorption by MAEX
resin.

Adsorption kinetic and thermodynamic experiments

Batch adsorption experiments were carried out to ex-
plore adsorption kinetics and diffusion mechanism. P
solutions with different initial concentration (10 mg/L,
25 mg/L, and 50 mg/L) and 10 mL MAEX resin were
added into a set of 500 mL beakers. The mixture was
stirred using the motor agitators for 2 h when the ad-
sorption reached equilibrium. In the meantime, the mix-
tures sampled from the beakers at regular intervals were
filtered by 0.45 um membranes, and the P concentration
infiltrates were determined. Each experiment was per-
formed three times under identical conditions.

As for the adsorption thermodynamic research, the exper-
iments were conducted at pH 8, MAEX resin dosage of 8 mL/
L, and shaking for 30 min, while the adsorption temperatures
were 293, 303, and 313 K and the initial P concentrations were
5, 10, 15, 20, 25, 50, 100, 150, 200, and 250 mg/L. The
amount of P adsorption at equilibrium, ¢, (mg/mL), was com-
puted as follows:

(Co—C,)V

» G)

qe =

where Cy and C, are the initial and the equilibrium P con-
centrations (mg/L), respectively, V is the volume of the
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Fig. 2 SEM images of MAEX resin: a x 200; b x 5000; ¢ x 20,000

solution (L), and W is the dosage of MAEX resin (mL).
Thermodynamic parameters could be calculated by experi-
ment data of the temperature effect on P adsorption by
MAEX resin. Each experiment was also performed three
times under identical conditions.

Regeneration study on MAEX resin

Regeneration experiments were first carried out with six
different regenerants (H,O, NaCl, Na,CO3;, NaOH, HCI,
and NaHCO;) in the same concentration of 1.0 mol/L,
and the adsorption capacities of MAEX resins after re-
generation were compared to choose suitable regenerants.
Then, the effect experiments of regenerant concentra-
tions (NaHCO; and NaCl) were discussed. In order to
investigate the stability and the readsorption capacity of
MAEX resin, ten times of adsorption-desorption cycle exper-
iments were carried out by using regenerants of NaHCOj; and
NaCL

Table 3  The experimental parameters for different factor

Regenerative effect of reagents for MAEX resin, E, was
computed as follows:

qr
E == (4
90 )

where ¢ is the initial adsorption capacity of MAEX resin
(mg/mL), and gy is the adsorption capacity of MAEX resin
after regenerated (mg/mL).

FTIR and VSM analysis

To further elucidate the process of P adsorption and the sta-
bility of MAEX resin, MAEX resin, before and after once
adsorption, was characterized by Fourier transform infrared
spectrometer (FTIR) and vibrating sample magnetometer
(VSM). The FTIR spectrum was recorded at room tempera-
ture ranging from 400 to 4000 cm™' by FTIR spectrometer
(Vertex 70, Germany). The magnetic properties of MAEX

Experimental Initial P Resin Initial pH Temperature lonic strength Coexistent anion Concentration Concentration
groups concentration dosage X (mmol/L of bovine of humic acid
(mg/L) (mL/L) NaCl) serum (mg/L)
albumin (mg/
L)
a 25 4,8,12, 16, — 298 - - - -
20, 24,28
b 25 8 2,3,4,5,6,7,8, 298 - - - -
9,10, 11, 12
c 25 8 8 283, 293, - - - -
303, 313,
323
d 25 8 8 298 0.0,0.2,04, CI' - -
0.6, 0.8,
1.0
e 25 8 8 298 - CI, SO/, NO;~, -
Br, CO;%,
HCO;~
f 25 8 8 298 - - 0,15,25,35 -
g 25 8 8 298 - - - 0,1,5,10
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Fig. 3 The influence of different factors on the adsorption of P by MAEX resin

resin were assessed with a multifunctional vibrating sample
magnetometer (Versa Lab, USA).

Results and discussion

Effects of different parameters on P adsorption
by MAEX resin

Monofactor experiments were carried out by the control var-
iable method to investigate the effect of different factors on the
P adsorption by MAEX resin.

From Fig. 3a, as the resin dosage was reached to 8 mL/L, it
may be noted that there was no significant increase in the
removal rate of P when the initial P concentration is 25 mg/
L (closed to the P concentration in the actual sludge
dewatering filtrate). The resin dosage of 8 mL/L was selected
for the following experiments.

According to Fig. 3b, the suitable pH is 8 and the removal
rate of P could reach to 87.8%. Besides, both the removal rate

and the adsorption capacity all increased first and then de-
creased as pH was increasing. The removal rate of P and the
adsorption capacity of MAEX resin reached to the maximum
at pH = 8. The existing state of phosphate in aqueous medium
is closely related with pH of the solution. Under the condition
of low pH value, phosphate mainly exists in the forms of
H;PO,4 and H,PO, (Ozmen et al. 2011), and these two forms
are more difficult to exchange the chloride ions from the active
adsorption sites, which could lead to the low adsorption ca-
pacity of MAEX resin. In addition, since the pH of solution
was mainly adjusted by hydrochloric acid or sodium hydrox-
ide, the introduction of chloride ions into the solution can
inhibit the exchange between phosphate and chloride. When
the pH of solution increases to 8, phosphate mainly exists in
the forms of HPO42_ and PO43_. The increase of ionic charge
can lead to the increase of ion exchange capacity between
phosphate and chlorine at the active adsorption sites, resulting
in the increase of the adsorption capacity. However, as the pH
of solution increased to 12, the competitive adsorption be-
tween phosphate and hydroxyl ions in solution results in the

Table 4 The change of pH after

adding anions P+ClI

P +S0,%

P +NO;~ P+Br P +CO3%> P+ HCO;™

pH 255 256

2.55

2.52 2.54 2.74 293
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Table 5 Kinetic parameters of P
adsorption on MAEX resin at
different initial P concentrations

Pseudo-first-order

co (mg/L) Ge-exp (mg/mL)
10 0.4966
25 1.2362
50 2.4737
Pseudo-second-order
co (mg/L) Ge-exp (ML)
10 0.4966
25 1.2362
50 24737
Elovich
¢o (mg/L) a (mg/(mL min))
10 159.8091
25 179.0779
50 139.3733

qe-cal (mg/ IIlL)

0.0441
0.2367
1.4322

Ge-cal (mg/ mL)

0.4994
1.2478
2.5094

3 (mL/mg)

24.1546
9.0827
4.1964

k; (mg/(mL min)) R?
0.0622 0.5076
0.0873 0.5750
0.1111 0.8906

k>(mL/(mg min)) R?
3.0861 0.9999
0.8743 0.9999
0.2779 1.0000

RZ

0.6045

0.7072

0.8431

Ge-exp Was calculated by the experiment data, and g....1 Was calculated by the adsorption kinetic models
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Fig.4 The fitted curves of adsorption kinetics of P adsorption on MAEX resin. P concentrations were 10, 25, and 50 mg/L, resin dose was 20 mL/L, and

volume of solution was 500 mL
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Fig. 5 Plots of pseudo-second-order model for P adsorption on MAEX
resin. P concentrations were 10, 25, and 50 mg/L, resin dose was 20 mL/

L, and volume of solution was 500 mL

reduction of P adsorption capacity on MAEX resin. As a re-
sult, the optimum pH for P adsorption by MAEX resin was 8.

From Fig. 3c, the increase of temperature was favor-
able to the P adsorption by MAEX resin, which indi-
cated that the P adsorption process by MAEX resin
might be an endothermic process. Besides, the P adsorp-
tion capacities of MAEX resin changed a little during
the wide temperature range (283—-323 K), which showed
that the resin can deal well with the temperature change
of the wastewater. In Fig. 3d, along with the concentra-
tion of sodium chloride increase from 0 to 1 mmol/L,
the removal rate of P by MAEX resin decreased from
79.6 to 65%. It confirmed that the existence of Cl
would reverse the original ion exchange equilibrium.
As shown in Fig. 3e—g, the P adsorption capacities by
MAEX resin were reduced in various degrees due to the
interference of anions or organic compounds, which
were mainly because of the competitive adsorption between
anions or organic compounds and P. According to Table 4, we
can conclude that pH was almost not changed after adding
Cl, SO427, NO; , and Br ; however, pH was a little higher
after adding CO5? and HCO; . The order of the inhibition of
anion was as follows: Br >S0,> >Cl >NO; >HCO; >

CO5%". Compared Fig. 3 fand g, it was found that the inhibi-
tion of the humic acid was stronger than that of the bovine
serum albumin. The reason may be that the humic acid has a
smaller molecule than the bovine serum albumin (Liu et al.
2016), resulting in more easily adsorbed by MAEX resin.

Adsorption kinetics of P on MAEX resin

To investigate the mechanism and the dynamic of P adsorp-
tion process, several kinetic models (pseudo-first-order, pseu-
do-second-order, and Elovich equation) were tested to fit the
experimental data obtained from the batch adsorption experi-
ments (Hameed et al. 2007).

Adsorption kinetic models

Pseudo-first-order kinetic model has been widely used to de-
scribe the process of adsorption (Hameed et al. 2008). The
equation is generally presented as follows:

44,

dt )

=k (qe_qt)

where k&, stands for the rate constant of pseudo-first-order
adsorption, ¢, and ¢, represent the adsorption capacity (mg/
mL) at equilibrium and at any time, respectively. Integrating
Eq. (5) with respect to boundary conditions ¢ =0 at =0 and
q=q;att=t, Eq. (§) becomes:

(6)

According to Eq. (6), the plot of In (¢, — ¢,) versus ¢ could
fit a straight line. From the line, k; and ¢, can be determined
from the slope and intercept, respectively.

Pseudo-second order assumes that the rate-limiting step is
chemisorption (Kan et al. 2017). The equation is generally
presented as follows:

In(¢,~q,) = In(g,)~kut

(7)

where k, stands for the rate constant of pseudo-second-
order adsorption, ¢g. and g, represent as same as above.

Table 6 Comparison of adsorption equilibrium time between some common adsorbents for P adsorption

Adsorbent Initial P concentration (mg/L)  Adsorption kinetics ~ Adsorption equilibrium time  Reference
MAEX resin 25 Pseudo-second-order 30 min This study
Ternary (Fe-Mg-Al)-layered hydroxides 20, 30 Pseudo-second-order 60 min Liu et al. (2015)
Magnetic hydrotalcite-like compounds 50 Pseudo-second-order 24 h Zhao (2007)
Biochars derived from dairy manure 20 Pseudo-second-order 4 h Ma et al. (2015)
Lanthanum (III) loaded granular ceramic 10 Pseudo-second-order 30 h Chen et al. (2012)
Modified rectorite 80-500 Pseudo-second-order 2h Xu et al. (2016)
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Table 7  Constants and correlation coefficients of intraparticle diffusion model for P adsorption on MAEX

co(mgL) kg (mg/(mL min'?) C, R? kg (mg/(mL min'?) G, R ks (mg/(mL min'?)) G R
10 0.1697 0.0178  0.9819 0.0047 04717  0.4077 0.0004 04914  0.4820
25 0.4407 0.0247  0.9908 0.0457 1.0047  0.9316 0.0014 1.2207  0.7802
50 0.7483 0.1510  0.9559 0.1323 1.7612  0.9850 0.0103 23690  0.8444

Integrating Eq. (7) and applying the initial conditions, Eq. (7)
becomes:

t 1 1
= —t (8)
4, kqt q,

According to Eq. (8), the plot of #/g, versus ¢ could give a
straight line. From the line, &, and ¢, can be calculated from
the slope and intercept, respectively.

Elovich equation, one of the most useful models, describes
the kinetics of activated chemisorption process (Ali et al.
2016). The equation is generally presented as follows:

@ =lln(aﬂ)—%ln(t) (9)

B
From Eq. (9), a and (3 are the constants obtained from the
slope and intercept of the linear plot of ¢, versus In (7).

Analysis of the experimental data

The adsorption kinetic parameters on MAEX resin at different
initial P concentrations were given in Table 5, and the fitted
curves for different systems were shown in Fig. 4. According
to Table 5, the adsorption process most closely followed
pseudo-second-order kinetics, by which the highest correla-
tion coefficient (R?>0.99) was obtained as well as the very
accurate estimation of g.. From Fig. 4, we also could find that
pseudo-second-order kinetic curves appeared to fit well with
the experimental data. This suggested that the adsorption of P
on MAEX resin may be controlled by the chemical sorption,
which involved covalent forces through exchanging or shar-
ing the electrons between adsorbate and adsorbent (Wang
et al. 2018). According to Fig. 5, the main process of adsorp-
tion was completed in 30 min and the P adsorption capacity at
30 min could reach 97.7-99.3% of ¢,. Table 6 showed us the
comparison of adsorption equilibrium time between some
common adsorbents for P adsorption. We could deduce that
the P adsorption by MAEX resin reached to equilibrium with-
in a very short time, resulting in shortening treatment time and
improving efficiency of wastewater treatment.

Intraparticle diffusion model and analysis

The adsorption process is controlled by several steps includ-
ing (i) diffusion of the solute from solution to the film on

@ Springer

particle surfaces, (ii) diffusion from the film to the particle
surface after overcoming liquid film resistance (external dif-
fusion), (iii) diffusion from the surface to the active adsorption
sites on the inner surface of particles (surface diffusion or pore
diffusion), and (iv) uptake which can involve several mecha-
nisms such as ion exchange, physicochemical sorption, com-
plexation, or precipitation (Wu et al. 2001; Gerceel et al. 2007).

Adsorption kinetics is usually controlled by different mech-
anisms, of which the most limiting ones are the diffusion
mechanisms (Toor and Jin 2012). As the diffusion mechanism
cannot be identified by the above kinetic models, the
intraparticle diffusion model based on the theory proposed
by Weber and Morris was widely studied (Weber and Morris
1963). This model assumes that diffusion controls the sorption
process if the whole reaction rate is dependent upon the dif-
fuse rate between adsorbate and adsorbent. The model was
characterized by Eq. (10):
q, = kiat'* + C (10)

where kq is the intraparticle rate constant (mg/(g-s t'2)) and
C is the intercept. According to Eq. (10), the plot of ¢, versus
1'% should be linear. If this line passed through the origin, the
intraparticle diffusion is the rate-limiting step to the adsorption
process. If not, there are other factors controlling the process,
such as liquid film (Bhattacharyya and Gupta 2006).
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Fig. 6 Plots of intraparticle diffusion model for P adsorption on MAEX
resin. P concentrations were 10, 25, and 50 mg/L, resin dose was 20 mL/
L, and volume of solution was 500 mL
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Table 8 Constants and correlation coefficients of Langmuir and
Freundlich models

T(K) Isotherm model

Langmuir Freundlich

¢m (mg/mL) K, (L/mg) R? Ky (mg/mL) n R?
293 23153 28546 09741  21.0334  0.1106 0.6103
303 2.3408 41516 09886 287237  0.1107 0.6457
313 24038 11.5236  0.9982 782220  0.1068 0.6956

Table 7 presented the constants and the correlation coeffi-
cients of intraparticle diffusion model for P adsorption on
MAEX resin, while Fig. 6 showed the adsorption profiles by
plotting ¢, versus ¢ for three initial P concentrations.

As illustrated in Fig. 6, during the whole reaction time, the
adsorption process was divided into three different stages:

(1) The first stage was surface adsorption stage at the initial
adsorption, by which the linear slope was the largest and the
adsorption rate was the fastest. During this stage, the process
of P transferring from the solution to the adsorbent surface
was the mainly material transfer process which had a small
resistance.

(ii) The next stage was the internal diffusion process. At
this time, the adsorption on the adsorbent surface was basical-
ly completed with gradually smaller adsorption rate, and the
adsorption process started to transfer into the holes of
adsorbent.

(iii) The final stage was the adsorption saturation process,
where the adsorption capacity of adsorbent was no longer
changed with time, indicating that the adsorption process
had reached saturation.

Although there was a high correlation coefficient between
g, and 1'"? as shown in Table 7, the fitting curves were not
through the coordinate origin at different stages of the

16+ Langmuir Isotherm
[ ] ° a
14+ / 7
///
12} 7
g
: 1.0+ / //’/
E g
E i
= //
06} P = 293K
5’/’ e 303K
04l A 313K
R 1 1 1 " 1 1 1
0 5 10 15 20 25 30
1/C (L/mg)

adsorption process. It indicated that the adsorption reaction
was mainly not only controlled by intraparticle diffusion,
while the adsorption rate was also affected by particle diffu-
sion, such as surface adsorption or liquid film diffusion. These
three diffusion stages have also been observed form another P-
adsorption process in which the soils from diverse ecological
zones were used as the adsorbent (Zhang et al. 2015).

Adsorption thermodynamic characteristics of P
on MAEX resin

Adsorption isotherm models and analysis

Adsorption isotherm is the equilibrium curve describing the
relationship between the adsorbate in solution and adsorbate
adsorbed on the surface of adsorbent at a given temperature
(Treybal 1981). Establishing the most appropriate correlation
for the equilibrium curves is important to optimize the design
of an adsorption system (Hameed et al. 2008).

In this study, two adsorption isotherms, namely, Langmuir
and Freundlich isotherms, were applied to the equilibrium
data of P adsorption on MAEX resin.

The widely used Langmuir isotherm has found successful
application in many real sorption processes (Agyei et al. 2000;
Bajpai et al. 2000). Langmuir isotherm model is valid for mono-
layer sorption on a surface with a finite number of identical sites
and is generally expressed as follow (Sheshdeh et al. 2014):

q.Krce
=7 11
=T K (1)
1 1 1 1
—=—+4 X — (12)
qe (’Im quL Ce

In the above equations, ¢, and g, are respectively the con-
centration of adsorbate (mg/L) and the adsorption capacity of
adsorbent (mg/mL) at equilibrium, ¢,, stands for Langmuir
sorption capacity (mg/mL), and K; is the parameter of

1.2
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Fig. 7 The fitting of adsorption data on the Langmuir and Freundlich models. Temperatures were 293 K, 303 K, and 313 K, resin dose was 8 mL/L, and

initial pH was 8
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Table9 Thermodynamics parameters of P adsorption on MAEX resin
25+ . & A a
i —— N T(K) AG (kJ/mol) AH (kJ/mol) AS (J/(mol'K)
AT T T Ta e~ a8
I . n
S0k i 283 — 14.1309 5.3226 68.6021
' s 293 ~ 14.8004
2 i 303 - 15.3995
il
S 15L 313 - 16.0213
£ \ 323 ~ 16.9689
o ‘ = 293K
1oL | o 303K
| 2 E13K e i Figs. 7 and 8 described the fitting curves of two isotherm
4 angmuir mode models. As shown in Table 8 and Fig. 7, Langmuir model
05 L . - L L - . with the higher regression coefficients than those of
0 50 100 150 200 . . .
Freundlich model was more suitable for the adsorption behav-
C_(mg/L) iors of P on MAEX resin. This indicated that adsorption of P is

Fig. 8 Plots of Langmuir model for P adsorption on MAEX resin.
Temperatures were 293 K, 303 K, and 313 K, resin dose was 8 mL/L,
and initial pH was 8

Langmuir isotherm equation which can reflect adsorption ca-
pacity of adsorbent.

Freundlich isotherm is often used for heterogeneous sur-
face energy systems (Agyei et al. 2000; Baup et al. 2000). The
equation is expressed as follow:

(13)

where K- is the parameter of Freundlich isotherm equation
which is related to binding energy and adsorption capacity.
The shape of the isotherm depends on the value of 1/n as
follows (Toor and Jin, 2012): the isotherm is unfavorable
(1/n > 1), ineffective (1/n=1), favorable (0< 1/n< 1), or re-
versible (1/n=0).

The parameters of Langmuir and Freundlich isotherm
models at three temperatures were listed in Table 8, while

q, = KFCel/n

- y =-0.6402x + 8.2514
6.3} :
R"=0.8925
6.2
[ ]
x> .
= 6.1F i
6.0 n
59 1 1 1 1 1
3.1 3.2 3.3 3.4 3.5
1000/T

Fig. 9 Plots of In (K)p) versus 1/T for P adsorption on MAEX resin. P
concentrations was 25 mg/L; resin dose was 8 mL/L; initial pH was 8; and
temperatures were 283 K, 293 K, 303 K, 313 K, and 323 K
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a monolayer adsorption on the surface of MAEX resin.
Furthermore, as presented in Fig. 8, there were no significant
increases in the equilibrium adsorption capacity of P when the
initial P concentration reached to 50 mg/L, further proving the
formation of monolayer coverage of P at the surface of MAEX
resin. Similar phenomenon was observed in the adsorption of
P on Fe;04 magnetic nanoparticles (Li et al., 2013), ternary
(Fe-Mg-Al)-layered hydroxides (Liu et al. 2015), and modi-
fied rectorite (Xu et al. 2016). However, some studies found
that the Freundlich model gave a better fit on the adsorption of
P using different adsorbents (Shen and Huang 2011;
Kuwabhara et al. 2016). This might be affected by the charac-
teristics of the adsorbents chosen.

Adsorption thermodynamic parameters

The thermodynamic parameters, such as standard free energy
(AG), enthalpy (AH), and entropy (AS), could be helpful to
further explain the mechanism of adsorption process (Sarkar
et al. 2017). These parameters can be determined from the

3.5
Before After 100 m.
30F 80 i
A ~ 60
25} a0 Y
- =20 o=
3 20} o
E - NaHCO, NaOH H,0
W 151 NaCl  HCl = Na,CO,
=
10
05F

NaHCO, NaCl NaOH HCI

H,0 Na,CO,

Fig. 10 The adsorption capacities of MAEX before and after different
regenerations. P concentration was 25 mg/L, resin dose was 8 mL/L, and
regeneration concentration was 1.0 mol/L
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Fig. 11 Comparison of regeneration kinetics of MAEX resin by NaCl and NaHCO; with different concentrations

following equations:

AG = —RTInK,
InKp, = AS/R-AH /RT

In Egs. (14) and (15), R is the gas constant (8.314 J/mol K),
T is the temperature (K), and K, is the standard thermody-
namic equilibrium constant (L/mol) which is calculated by
Eq. (16):
o C()_Ct V

Kn = — 16
D C, XW (16)

In Eq. (16), Cy is the initial P concentration (mg/L), C, is
the P concentration (mg/L) in the solution at equilibrium, V'is
volume of the solution (mL), and W is dosage of MAEX resin
(mL). The detailed computation processes of thermodynamic
parameters are as follows: (i) calculating the values of K, at
different temperatures, (ii) linear fitting of InK, versus 1/T
(Fig. 9), (iii) calculating AS and AH from the slope and the
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Fig. 12 Effect of regeneration times on the removal of phosphorus. Initial
P concentration was 25 mg/L, and MAEX resin dose was 20 mL/L

intercept, respectively, and (iv) determining AG at different
temperatures.

From Table 9, the positive value of AH (5.3226 KJ/mol)
denoted that the adsorption reaction was endothermic, which
was also proved by Fig. 3c. The positive value of AS
(68.6021 J/(mol'K)) suggested that the degree of confusion
on the solid-liquid interface was increased and the adsorption
reaction can be carried out spontaneously. The value of AS
was positive, which indicates that the dissociative mechanism
was involved in the sorption process. (Abbasizadeh et al.,
2014; Talebi et al., 2017). The values of AG at different tem-
peratures were all negative (range from — 14.1309 to
—16.9689 KJ/mol), further indicating that the adsorption pro-
cess of P on MAEX resin was spontaneous thermodynamical-
ly. Moreover, as the increase of temperature, the value of AG
decreases gradually, which showed that increasing of temper-
ature is beneficial to the adsorption process of P on MAEX
resin. Besides, according to the absolute value of AG at five
temperatures ranged from 14 to 17 KJ/mol, we could infer that
the adsorption is not only chemical adsorption, but also phys-
ical adsorption.

Regeneration and reuse of MAEX resin

Figure 10 showed the regeneration effects of MAEX by differ-
ent reagents. As seen, the order of the regenerative ability was
as follows: NaHCO;>NaCIl>NaOH>HCI>H,0O>Na,COs,
while the adsorption capacities of MAEX resin after regenera-
tion were respectively 98.12%, 82.04%, 48.74%, 46.34%,
17.43%, and 15.97% of the original capacities. The result
showed that NaHCO; and NaCl have good performance on
MAEX resin regeneration, indicating that chloride (CI") and
bicarbonate (HCO; ") could exchange phosphate at the surface
reaction sites of resin more effectively. Cl ™ at the surface of the
resin is the functional point which can exchange the contami-
nant ions from solution. In addition, OH hydrolyzed by
HCO3 might be reacted with H,PO4 or HPO42_ and formed
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Table 10 Comparison of P

adsorption by different adsorbents Adsorbent Reagent Times of adsorption-desorption  qg/qo* Reference

after multiple regeneration cycles
MAEX resin NaHCO; 10 90.51% This study
BA-Fe-Al magnetic zeolite NaOH 6 64.8% Jiang (2016)
TMA-Fe-Al magnetic zeolite NaOH 6 75.1% Jiang (2016)
PMA-Fe-Al magnetic zeolite NaOH 6 77.4% Jiang (2016)
Mn-Fe magnetic zeolite NaOH 6 66.7% Jiang (2016)
Zr-Fe magnetic zeolite NaOH 6 64.2% Jiang (2016)
Mn-Zr-Fe magnetic zeolite NaOH 6 76.8% Jiang (2016)
CMC-CoFe,04 NaCl 1 88.92% Xu (2013)
Ferric salt modified oyster shell HCI 8 88% Wang (2012)

*qr was the adsorption capacity of adsorbent after the last regeneration in this table

to PO,>", leading to the charge increasing of phosphate ions,
which promoted P adsorption on MAEX resin.

Figure 11 depicted the regeneration process of MAEX resin
by NaCl and NaHCO; with different concentrations. From
Fig. 11a, P desorbed from MAEX resin was basically stable
after 30 min of reacting and increased as the increasing of
NaCl concentration. When the concentration of NaCl in-
creased from 0.1 to 1.0 mol/L, the concentration of P in the
solution increased from 18.76 to 20.03 mg/L. However, when
the concentration of NaCl continued increasing until
4.0 mol/L, the concentration of P just increased to 20.64 mg/
L, with no visible difference. Therefore, 1.0 mol/L of NaCl
was suitable for the regeneration process of resin. As for
Fig. 11b, when the concentration of NaHCOj; increased from
0.1 to 1.0 mol/L, the concentration of P in the solution
desorbed from the resin increased from 32.13 to 36.97 mg/
L. Since 1.0 mol/L is close to the solubility of NaHCOs at the
room temperature, 1.0 mol/L of NaHCOj; was chased for the
subsequent adsorption-desorption cycle experiments.

Figure 12 showed us the adsorption capacities of MAEX
resin during ten times of adsorption-desorption cycle experi-
ments by NaHCO; and NaCl. After ten times of regeneration
by 1.0 mol/L NaHCO; and NaCl, the adsorption capacities of
MAEX resin reduced by 9.48% and 24.2%, respectively. The
removal rates of P after ten times of regeneration by NaHCO;
and NaCl were 90.51% and 75.8% of the original rate, respec-
tively. The result showed that the regenerating performance of
NaHCO; was better than that of NaCl. Furthermore, no sig-
nificant loss of adsorption capacity of MAEX resin was ob-
served after 10 cycles of adsorption-desorption, indicating that
MAEX resin could be reused for many times and MAEX resin
has good physical stability. Table 10 was the comparison of P
adsorption by the MAEX resin and with other adsorbents after
multiple regeneration. According to Table 10, we could con-
clude that MAEX resin had little adsorption capacity loss after
10 cycles of adsorption-desorption and had a high
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regeneration efficiency, which can save the cost of P removal
from wastewater.

Characterization of MAEX resin before and
after adsorption

FTIR could provide detailed information about the change of
ions and functional groups in resin. As shown in Fig. 13, there
were obvious absorption bands appeared at 1074 cm ',
968 cmfl, and 634 cmfl, while the absorption bands around
1070 cm™', 970 cm ™', and 630 cm ™' were respectively attrib-
uted to PO,> and HPO,*>~ (Weng 2010), indicating that
MAEX resin had an effective adsorption of P in the solution.
The absorption band around 463 cm ™' (the symmetrical tele-
scopic vibration band of C—Cl) (Weng 2010) decreased sig-
nificantly after adsorption, which represented that the content
of chloride in MAEX resin decreased, presumably since the
chloride was exchanged by P and transferred into solution. In
addition, the absorption bands around 3400 cm™ ! to
3230 cm ! and 3075 cm ! to 3030 ¢cm ', attributed to the
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Fig. 13 The FTIR spectra of MAEX resin before and after adsorption
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stretching vibration of alcoholic hydroxyl (Liu et al. 2018) and
symmetric stretching vibration of ammonia (Ma et al. 2005),
respectively, shifted or changed the intensity after adsorption,
which implied that, besides ion exchange, there are other ad-
sorptions (e.g., charge attraction and hydrogen bonding)
which affected the removal of P by MAEX resin.

The magnetic hysteresis loop describing the magnetization
versus magnetic field was presented in Fig. 14. The coercive
force (Hc) value of original MAEX resin was 58.22 Oe
(0.73 A/m). According to the value of coercive force, the
ferromagnetic materials are divided into soft magnetic mate-
rials with low coercive force (Hc < 102 A/m) and hard mag-
netic materials with high coercive force (Hc> 102 A/m) (Li
2014), explaining that MAEX resin is a kind of soft magnetic
materials. Moreover, the saturation magnetization (Ms) values
of MAEX resins before and after adsorption were 3.05 emu/g
and 2.62 emu/g, respectively. Although the value of Ms

o] o] 0 0
HPO > NR,'Cl NR,'Cl NR,Cl NR,'C1
HPO > -

Fig. 15 The sketch map of the P adsorption process by MAEX resin

0=~ HPOX oy 2

decreased slightly after adsorption, the resin still had good
magnetic properties and did not affect the application of
MAEX resin.

Adsorption mechanism

Based on the results of kinetics, thermodynamics, and infrared
analysis, it could be speculated that during the initial stage of
adsorption, ion exchange had acted a leading role since there
were enough active ion-exchange sites on the surface of the
resin to exchange P from the solution. However, along with
reacting, the limited active ion-exchange sites could not meet
the need for adsorption of P. Once the adsorption reach to the
saturation state of monomolecular adsorption, MAEX resin
adsorbed P mainly through Van der Waals force and hydrogen
bond. Nevertheless, compared with ion exchange, the reaction
rate of physical adsorption was slower. The adsorption reac-
tion would proceed slowly until reaching the saturation ad-
sorption (shown in Fig. 15).

Conclusions

This work demonstrated that MAEX resin has a high phos-
phorus removal and recovery potential. Compared with tradi-
tional anion exchange resins, the MAEX resin had a stable
magnetic property, which made it easy to aggregate and settle
from water after adsorption. An important finding was that
temperature had little effect on the adsorption capacity of P
on MAEX resin, which illustrated this resin had a good P
removal efficient in a wide range of temperature and could
be used against the temperature fluctuation of wastewater in

0] (0] 0 (0]
HPO,* NR, Cl NR,'Cl NR.'Cl NR, Cl
HPO HPO

NR," HPO,* NR;

Cr Cr
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some circumstance. The MAEX resin had a rapid adsorption
rate of P comparing with the other adsorbents. In addition, this
resin could be successfully regenerated and had little adsorp-
tion capacity loss after 10 cycles of adsorption-desorption,
which could reduce the overall cost of P removal.

All these results revealed that MAEX resin was a promis-
ing adsorbent in removing P from wastewater. Further work
aiming at the evaluation of P removal effect in actual sludge
dewatering filtrate and deep exploring of P adsorption mech-
anism by MAEX resin is currently in progress.
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