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ABSTRACT

In this study, D751 resin (macroporous styrene chelated ion exchange resin, sodium form) was
modified by FeCl, to enhance the adsorption performance of phosphate from solution. The modified
resin (D751-Fe) was characterized by FTIR and XPS, and its adsorption property toward phosphate
was presented. The results showed that it was favorable of phosphate adsorption with the increase
in the temperature and acidity. The effect of coexisting ions (chloride and sulfate) was insignificant.
When the solid-liquid ratio was 1.5 g L™, the unit adsorption amount of D751-Fe toward phosphate
was to 14.1 mg g (according to P element) with solution pH 3. The adsorption isotherms were well
fitted by Langmuir model, Freundlich model, and Koble-Corrigan model while the kinetic curves
were well described by pseudo-first-order kinetic model, double constant model, and intraparticle
model. There were both physical adsorption and chemical adsorption between D751-Fe and
phosphate. It was effective for 0.1 mol-L™" sodium hydroxide solution as desorbent to regenerate
phosphate-loaded adsorbent. It is concluded that that D751-Fe can be used well for the removal of

phosphate from solution.
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1. Introduction

Phosphorus is an essential nutrient for the growth of
animals and plants, and is expressed in all aspects of our
lives [1,2]. However, it has become one of the main causes
of eutrophication of water bodies as the large amount of
phosphorus-containing wastewater produced by food
processing, the production and use of detergents, and the use
of phosphorus fertilizers and organophosphorus pesticides
[3-6]. Excessive phosphorus content not only harms water
bodies, soils, and plants but also affects human health and
even life safety.

At present, the methods for removal of phosphorus
mainly include chemical methods [7], biological methods
[8,9], and adsorption methods [10-13]. Among them,
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chemical method is not only costly but also the metal salt
used in the removal process will cause secondary pollution
to the environment, for example, using barium hydroxide to
adsorb phosphate with higher reagent cost [14]. Biological
treatment of phosphorus-containing wastewater has strict
requirements on biological living conditions and wastewater
quality. However, adsorption method has the advantages
of simple operation, low processing cost, high phosphorus
removal efficiency and is widely used in remediation field.
So finding low-cost, high-efficiency adsorbents is a hot topic
in recent years. In addition to the above advantages, the resin
has a high degree of functionalization and good selectivity,
and can be applied in the water treatment. At present, it
has been widely used in the preparation process of Chinese
herbal medicine to remove excess heavy metals (such as
copper, tungsten, arsenic), or to be used for the adsorption
of anions (such as ammonia nitrogen and fluorine in
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wastewater) in water bodies by transition metal modification
and so on [15-21]. However, there are not many reports on
phosphorus removal by resins. Xie et al. [22] used cation
exchange resin loaded nano-scale zero-valent iron to remove
phosphorus in rainwater runoff; the study pointed out that
0.72 mg L of phosphorus could be reduced to 0.42 mg L. Ye
et al. [23] used DS ion exchange resin to remove and recover
phosphorus from eutrophic river water, the saturated
adsorption capacity of DS in the soluble orthophosphate
reached 1.3 mg g™ and the saturated adsorption capacity of
total phosphorus reached 1.8 mg g™. The unit adsorption
capacity still needs to be improved. So, there is still a gap
between these and our expectations. There are possible
prospects for exploring new ways for advanced treatment
and recycling of phosphate from phosphate-containing
wastewater, further packed and used for commercial water
purification for the benefit of mankind. The problem of the
utilization ratio of the resin, the saturated adsorption amount
of phosphorus, and the removal efficiency of phosphorus are
comprehensively considered. Anionic exchangeable resin
can be directly used to exchange phosphate from solution,
but the efficiency is significantly decreased if there are more
coexisted common ions in solution. As common knowledge,
if interaction between adsorbent and phosphate is main
complex or coordination, there will be little effect with the
common salts in solution. D751 resin as a macroporous
styrene-based chelating resin (functional base: sodium
N, N-iminodiacetic acid) was used in the research of this
subject. D751 resin has the characteristics of high degree of
functionalization, large degree of crosslinking and stable
load. At present, it is widely used to adsorb cations, such
as adsorption of lithium ions [24]. However, there are fewer
reports on phosphate removal by modified D751 resin. In this
study, the iron-modified D751 resin significantly improved
adsorption quantity toward some pollutants from solution.

FeCl, is inexpensive and easily obtained and it is also
environmental friendly [25]. It is considered to be an elec-
tron pair acceptor as its strong Lewis acid properties, and
has a strong affinity toward phosphate. In the investigation
of this experiment, D751 resin was modified by iron, and the
modified resin (D751-Fe) was characterized and the adsorp-
tion property toward phosphate was investigated. Several
adsorption models were applied and the regeneration of
spent D751-Fe was performed.

2. Materials and methods
2.1. Materials

Ferric chloride (FeCl,-6H,0) was purchased from Tianjin
Damao Chemical Reagent Factory (China); anhydrous etha-
nol (C,H.OH) was derived from Fuchen (Tianjin) Chemical
Reagent Co., Ltd.; hydrochloric acid (HCl) was exported to
Yantai Shuangshuang Chemical Co. Ltd. Company (China);
sodium hydroxide (NaOH) was purchased from Yantai
Shuangshuang Chemical Co., Ltd.; sodium chloride (NaCl)
was obtained from Anhui Suzhou Chemical Reagent
Factory (China); potassium dihydrogen phosphate (KH,PO,)
was acquired from Beijing Chemical Plant (China); D751
resin (macroporous chelating ion exchange resin, sodium
form; the granularity: 0.3~1.2 mm 2>95%; the moisture content

(Na* type): 57.000000%) was derived from Aladdin (Shanghai,
China); the above reagents were of analytical grade; the
experimental water was deionized water.

2.2. Instrument

The main instruments used in this study are following: the
concentration of phosphate was measured using a UV-visible
spectrophotometer (752 Shanghai Hanyu Hengping Instru-
ment Co. Ltd., China) with a 1 cm path length according
to the Beer-Lambert law at a wavelength corresponding to
the maximum absorbance at 700 nm (the molybdenum blue
method); the pH of solutions was measured with a preci-
sion acidity meter (PHS-3C Shanghai Scientific Instrument,
China) at room temperature; all reactions were carried out
in a constant temperature oscillator (SHZ-82 Changzhou
Guohua Electric Co. Ltd., China) at constant speed (120 rpm);
drying of the material in a constant temperature drying oven
(202-V1 Shanghai Experimental Instrument Factory, China).

2.3. Preparation of iron-loaded modified D751 resin
2.3.1. D751 resin pretreatment

The D751 resin was pretreated according to the existing
literature and combined with individual experimental con-
ditions [26]. A certain amount of resin was immersed in four
times resin volume of absolute ethanol for 24 h (for completely
dissolving the organic matter on the surface of the resin), then
washed with deionized water to tasteless to remove organic
impurities on the surface; then four times resin volume of
1 mol L™ HCI and NaOH by the order of HCI-NaOH-HCl
were alternately soaked for 24 h to wash dirty materials
(making it fully activated, the pH is measured by an acid-
ity meter during the acid-base treatment. the ion exchange
was considered complete until the pH was not changing.
This amount was sufficient to make the exchange com-
pletely). Finally, the resin was washed with deionized water
to neutrality, then H-type resin was obtained after dried at
60°C under vacuum for 12 h, which was denoted as D751-H.

2.3.2. D751 resin-loaded iron

A certain mass of D751-H was put into a 4-fold resin vol-
ume of 0.2 mol L™ FeCl, solution, and shaken in a constant
temperature water bath at 40°C, 120 rpm for 12 h. During the
process of oscillating, the solution was slowly adjusted with
a 1.0 mol L™ NaOH solution to adjust the pH to 2.0 (reducing
the acidity was beneficial to the load, while avoiding the pre-
cipitation of Fe*, so the pH was adjusted to 2.0) and the FeCl,
solution was replaced four times (making it fully loaded).
Finally, the resin was washed with distilled water to neutral-
ity and dried in a vacuum oven at 60°C for 12 h, which was
designated as D751-Fe.

2.4. Characterization of the adsorbent

In order to understand the performance of the adsorbent,
a series of characterizations were carried out: FTIR analysis
(PE-1710FTIR American PE Company, (Chinese Company)
(Guangzhou, China)) was used to determine the loading
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form of Fe on the adsorbent with KBr as the salt window
and the air as blank. Photoelectric energy spectrum (Escalab
250Xi, Thermo Fisher, UK) was adopted to judge the change
in the surface elements of the adsorbent before and after
adsorption.

The isoelectric point of the adsorbent was determined
by using 0.01 mol L NaCl. 0.03 g of D751-Fe was placed
in a series of 50 mL conical flasks containing 20 mL of
0.01 mol L™ NaCl (pH, = 2-12), and shaken in a constant
temperature water bath at 30°C, 120 rpm for 15 h. The pH
difference before and after the solution is the ApH, which is
plotted with pH as the abscissa and ApH as the ordinate,
then the intersection with the abscissa is the isoelectric point
of the adsorbent.

2.5. Adsorption experiment

In this experiment, the adsorption performance of
D751-Fe toward phosphate was investigated by a series of
experiments. By taking a certain amount of adsorbent in a
series of 50 mL conical flasks, 20 mL phosphate solution with
a certain concentration of (concentration as P) was added.
Then the mixture was shaken in a constant temperature
water bath at a certain temperature, 120 rpm for a certain
time, respectively. The effects of solution pH (2-11),
adsorbent dosage (0.01-0.10 g), salinity (0-0.20 mol L' NaCl
and Na,S0O,), initial solution concentration (10, 20, 30 mg L),
contact time (0-12 h) and adsorption temperature (20°C,
30°C, 40°C) on the adsorption of phosphate onto D751-Fe
were researched. Among them, the pH of the solution was
adjusted with a certain concentration of NaOH and HCI,
and was measured with a pH meter. The concentration of
the solution after adsorption was calculated by measuring
the absorbance at 700 nm by molybdenum rhenium
anti-spectrophotometry.

The unit adsorption amount and removal rate were
calculated by Egs. (1) and (2), respectively.

g = =S 1)

m

= G -C) x100% )

0

where g, (mg g™') denotes the unit adsorption amount (accord-
ing to P element), m (g) means the weight of the adsorbent,
V (L) shows the volume of the adsorbate solution, p (%) rep-
resents the removal efficiency and C; (mg L™) indicates the
adsorbate concentration before adsorption, C, (mg L™) signi-
fies the adsorbate concentration after adsorption.

Adsorption experiments were repeated at three times
and averages were recorded. The error is less than 5%.

2.6. Adsorption kinetics

Accurately pipetted 20 mL of a 10, 20, 30 mg L™ phos-
phate solution (pH = 3.0) into a series of 50 mL conical flasks.
Then, 0.03 g of D751-Fe was added, respectively, and shaken
in a constant temperature water bath at 20°C, 30°C, 40°C,
120 rpm for a certain time. The unit adsorption amount was
taken out at different times.

2.7. Isothermal adsorption study

20 mL of different concentrations of phosphate solution
(pH = 3.0) was accurately transferred into a series of 50 mL
conical flask. Then, 0.03 g of D751-Fe was added, respec-
tively, and shaken in a constant temperature water bath at
20°C, 30°C, 40°C, 120 rpm for 18 h. Then phosphate concen-
tration of solution was measured.

2.8. Desorption and regeneration experiments

In order to better explain the adsorption mechanism
and judge the economic benefit of the adsorbent, the static
desorption regeneration experiment of the adsorbent after
adsorption was carried out by different desorption methods.
First, 0.03 g of D751-Fe was accurately weighed into a series
of 50 mL conical flasks containing 20 mL phosphate solution
(30 mg L, pH = 3.0), and shaken in a constant temperature
water bath at 30°C, 120 rpm for 12 h. Then adsorbent was
washed with deionized water for several times and drying
in a vacuum drying oven for 12 h, then P-loaded or spent
D751-Fe was obtained; and the unit adsorption amount g,
was calculated. Then, 20 mL of 0.1 mol L NaOH was added
to the conical flask containing 0.03 g of spent adsorbent, and
shaken in a constant temperature water bath at 30°C for
12 h; the desorption efficiency d was calculated. Finally, the
desorbed adsorbent was washed with deionized water and
then regenerated. The method was the same as above, and
the regeneration efficiency r was calculated. The desorption
efficiency and the regeneration efficiency were determined as
Egs. (3) and (4), respectively.

d="4,100% 6)
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where d (%) is the desorption efficiency, r (%) represents
the regeneration efficiency, m, (g) means the mass of the
adsorbed material desorbed, m, (g) is the mass of the adsor-
bate on the adsorbent after adsorption, g, (mg g™') indicates
the unit adsorption amount when adsorbed again (n is the
number of regeneration times), and g, (mg g™') denotes the
unit adsorption amount before desorption.

In order to explore the reaction mechanism of the desorp-
tion process, analytical kinetic experiments were carried out.
0.03 g of the adsorbed adsorbent was placed in a series of
50 mL conical flasks containing 20 mL of 0.1 mol L' NaOH
desorption solution, and shaken in a constant temperature
water bath at 30°C, 120 rpm for different time. The desorp-
tion efficiency was calculated by taking out the desorbed
solution at different time.

3. Results and discussion
3.1. Characterization of materials
3.1.1. FTIR analysis

In order to compare the changes of surface functional
groups before and after resin modification, the FTIR spectra
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of the resin before and after modification are analyzed.
Fig. 1 shows the FTIR spectrum of D751-H and D751-Fe.
Comparing the FTIR spectra of the resin before and after
modification, it was seen that there was an absorption peak
at 709 cm™ for modified resin, which was a characteristic
absorption peak of Fe-O bond [27], and this indicated that
the iron had been successfully loaded onto D751. The stretch-
ing vibration peak of the carbonyl group at 1,729 cm™ was
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Fig. 1. FTIR spectra of D751-H (a) and D751-Fe (b).
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weakened or covered after modification, which might also be
due to the binding of oxygen (adjacent the carboxyl group) to
form a coordination bond with iron; 3,400 and 1,632 cm™ were
characteristic absorption peaks of -OH [28], and the peak
shape here was broadened after modification, which might
be due to the presence of an associated hydroxyl group on
the iron. After modification, there was an absorption peak at
1,370 cm™, which was the deformation vibration of O-H [29].
It might also be due to the presence of associative hydroxyl
groups on the iron. The bands at 1,320 cm™ represented the
C-N stretching vibration, and the peak shape was enhanced
after modification, which might be due to the formation of a
coordination bond between N and Fe. In summary, Fe was
loaded in the form of complexation.

3.1.2. XPS analysis

In order to judge the change of surface elements before
and after adsorption of adsorbent, and analyze it qualita-
tively, the adsorbents before and after adsorption are ana-
lyzed with XPS (charge correction was performed using stan-
dard C and Shirley background adjustment was used on the
spectra), and the results are shown in Fig. 2. It is seen from
Fig. 2 that XPS of D751-Fe before adsorption showed that the
binding energies of C 1s, N 1s, O 1s and Fe 2p were 285.45,
400.66, 532.08 and 712.72 eV, respectively. The adsorbent after
adsorption increased the photoelectron peak of 133.67 eV P
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700 705 710 715 720 725 730 735 740 745
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Fig. 2. (a) Full spectrum of XPS before and after adsorption of phosphate; (b) high-resolution XPS spectrum of Fe 2p before adsorption
of phosphate; (c) high-resolution XPS spectrum of Fe 2p after adsorption of phosphate; (d) high-resolution XPS spectrum of P 2p after

adsorption of phosphate.
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2p relative to that before adsorption. In addition, the photo-
electron peak of O 1s was enhanced. It revealed that P was
successfully adsorbed on the adsorbent.

In order to further explore the changes of the surface
groups of the adsorbent before and after adsorption, the Fe
2p and P 2p characteristic peaks are partially scanned. The
results are also shown in Fig. 2. It is observed from Fig. 2
that there were two absorption peaks at 712.45 and 725.36 eV
before adsorption, which were Fe 2p3/2 and Fe 2p1/2, respec-
tively; the contents were 58.82% and 41.18%, respectively.
After adsorption, the two absorption peaks were shifted to
712.74 and 725.79 eV, respectively, and the contents were
58.91% and 41.09%, respectively. The reason might be that the
bond energy was slightly enhanced due to the formation of
Fe-O-P bond through phosphate adsorption [30,31]. It can be
found from Fig. 2 that a new peak appeared at 133.6 eV after
the adsorption of phosphate, which corresponded to P2p,
indicated phosphate in the PO, group structure [30,31]. This
suggested that phosphate be adsorbed on the surface of the
adsorbent by forming a complex with iron [31].

3.1.3. Determination of isoelectric point

In order to determine the electrical properties of the
adsorbent surface, an isoelectric point test can be performed.
The pH difference before and after the measurement is the
ApH, which is plotted against pH,, and the intersection of the
curves is the isoelectric point of the material. The results are
shown in Fig. 3. It is observed from Fig. 3 that the isoelectric
point of the D751-Fe was about 4.0 and this showed the sur-
face with positive charge at pH < 4.0 or with negative charge
at pH >4.0. This was a good indication of why D751-Fe read-
ily adsorbed phosphate under acidic conditions.

3.2. Adsorption study
3.2.1. Effect of pH

Solution pH often plays an important role in the
adsorption process as it can affect the surface chemical and
physical properties of adsorbent and the existing form of
adsorbate in solution. Therefore, this experiment explores
the effect of solution pH on the phosphate uptake by
D751-H and D751-Fe and the results are presented in Fig. 4.
It is clearly observed from the figure that there was nearly
no adsorption capacity toward phosphate about D751-H
and the adsorption capacity was obviously improved after

Fig. 3. Isoelectric point of D751-Fe.

Fe loading. The adsorption quantity of D751-Fe showed a
downward trend with pH in the range of 2-11. When the pH
value was between 2.0 and 3.0, the unit adsorption amount
changed insignificantly, and the unit adsorption amount was
largest. Then the adsorption amount decreased rapidly with
the pH from 3.0 to 8.0. When the pH value was between 8.0
and 11.0, the unit adsorption amount tended to be stable.
The possible reasons for this phenomenon were as follows:
(1) phosphate was mainly present in the form of dihydrogen
phosphate under acidic conditions, and the form was easily
adsorbed by the adsorbent; (2) the adsorbent surface was
positively charged under acidic conditions, and tended to act
with negatively charged phosphate; (3) the OH-content in the
solution increased with the acidity decreased, and there was
competitive adsorption with phosphate, while there was also
electrostatic repulsion between adsorbent and phosphate
[30]. Zhang et al. studied the removal of phosphorus onto
hydrazine-containing carboxymethyl konjac glucomannan
from slaughter wastewater and the results showed that it was
advantage of adsorption at solution pH =4 [32]. Lin et al. [33]
explored the phosphorus adsorption onto zeolite/hydrated
zirconia, and also indicated that the adsorption performance
was best at pH = 2.79. In another study of phosphorus
adsorption onto cubic zeolitic imidazolate framework-8,
Shams et al. [34] showed that the adsorption was best at
solution pH = 2.8. This study is consistent with those studies.
In practice, there are many acidic phosphorus-containing
wastewaters, such as phosphorus-containing wastewater
from phosphorus compound fertilizer processing industry
and high-phosphorus wastewater from marine oil and gas
pipeline cleaning [35]. Therefore, the pH of the solution
was chosen to be 3.0 and used in subsequent studies, taking
into account the sorbent utilization and actual wastewater
conditions.

3.2.2. Effect of adsorbent dosage

In order to ensure the utilization efficiency of adsorbent
and improve its economic benefit, this experiment presents
the effect of adsorbent dosage on the phosphate adsorption
onto D751-Fe and the results are presented in Fig. 5. It is
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o0 0
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Fig. 4. Effect of pH on phosphate adsorption.
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obviously shown from Fig. 5, that the removal efficiency first
increased and then stabilized with the increase in the mass of
the adsorbent; while the unit adsorption amount gradually
decreased. The reason might be that there was more adsorbate
that can be combined when adsorbent mass was small, so the
unit adsorption amount was large. As the active sites on the
adsorbent were limited, resulting in lower removal efficiency.
When adsorbent mass increased, the unit adsorption quan-
tity was small, and the active sites on the adsorbent increased
correspondingly, and the removal efficiency increased. When
the adsorbent mass was 0.1 g, the removal efficiency was as
high as 97%, reduced the phosphate content of 10 mg L™ to
less than 0.3 mg L. In the following study, mass was chosen
to be 0.03 g and the solid-liquid ratio was 1.5 g L.

3.2.3. Influence of salinity

The influence of system salinity during adsorption is not
negligible. In order to investigate the effect of salinity on the
adsorption of phosphate by D751-Fe, NaCl and Na,SO, are
selected in this experiment. The results are shown in Fig. 6.
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Fig. 5. Effect of the amount of adsorbent on phosphate
adsorption.
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Fig. 6. Effect of salinity on phosphate adsorption.
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It is seen from the figure that there was negative effect with
existence of SO}, which might be the competitive adsorption
between SO}~ and phosphate. However, on the whole, the
adsorption quantity of phosphate adsorption onto D751-Fe
was not greatly affected by the salinity. This referred that
D751-Fe have good salt tolerance. Similar results of phospho-
rus adsorption were obtained by other studies [1,34].

3.2.4. Adsorption kinetics analysis

In order to further research the adsorption mechanism,
this experiment explores the effect of time and initial
concentration on the adsorption of phosphate by D751-Fe.
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Fig. 7. Adsorption kinetics of phosphate adsorption onto

D751-Fe.
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The results are illustrated in Fig. 7. It is observed from the
figure that values of g, increased rapidly with the increasing
of adsorption time, and finally tended to be slow. This
was due to the relatively more active sites that could bind
phosphate at the initial stage, so the adsorption was faster;
as the active site on the adsorbent decreased, the relatively
binding active sites decreased, and the adsorption rate was
slower. In addition, the smaller the initial concentration,
the shorter the time required for the adsorption to reach
equilibrium, because the relatively binding active sites were
more for the low concentration of phosphate, which was easy
for adsorption to reach equilibrium. On the contrary, there
were relatively fewer active sites that could be bound for high
concentration of phosphate, the competitive adsorption was
fierce and longer time was needed to obtain equilibrium.
In this study, four kinetic equations (these models work
better than others and corresponding expressions are listed
in Table 1) are applied to fit the adsorption curves of three
differentinitial concentrations of phosphate at three different
temperatures. Nonlinear regressive analysis is applied. The
pseudo-first-order kinetic model is used to describe the
adsorption process of physical adsorption rate control. The
pseudo-second-order kinetic model is suitable for describing
the adsorption process of chemical adsorption rate control.
The intraparticle diffusion equation model is often used
to determine the rate-determining step and adsorption
mechanism of the adsorption process. The double constant
equation is an experienced equation applied to describe the
heterogeneous diffusion process and reveal the complexity
of the adsorption process [36]. The suitability of all kinetic
models was judged mainly by comparing R? and SSE.

The fitted curves and fitting parameters are presented in
Fig. 7 and Table 2, respectively.

It is shown in Table 2 that there were higher values of
R? (0.962) and lower values of SSE (<5.54) from the double
constant model and the intraparticle diffusion model. This
manifested that the adsorption process was a heterogeneous
diffusion process combined with chemical adsorption, such

Table 1
Several common adsorption models

as ion exchange. As there were higher values of R* and
lower values of SSE from pseudo-first-order kinetic model,
the predicted g, from this model and the experimental g,
were very close. It was also found that both values of k, and
g, became larger with the increase in temperature, and this
indicated that the adsorption process was an endothermic
process. So pseudo-first-order kinetic model could predict the
equilibrium adsorption quantity. Although there were higher
values of R? and lower values of SSE, the pseudo-second-order
kinetic model was not suitable for describing the adsorption
process because the theoretical value g, differed greatly from
the experimental value q,.

This implied that there was physical action in the adsorp-
tion process. In short, the adsorption process was a complex
process in which chemical adsorption and physical adsorp-
tion coexisted.

3.2.5. Adsorption isotherm analysis

In the adsorption experiment, the influence of equilibrium
concentration and adsorption temperature is usually very
important. In order to explore the mechanism, this experi-
ment further performs the effect of equilibrium concentration
and temperature on the phosphate adsorption. The results are
shown in Fig. 8. It is seen from the figure that when the adsorp-
tion temperature was constant, the values of q, became larger
with the increase in phosphate concentration. Finally, adsorp-
tion tended to equilibrium. When the equilibrium concentra-
tion of the phosphate solution was the same, the higher the
adsorption temperature was, the larger values of g, was, this
also revealed that the adsorption process was endothermic.

In this study, three isothermal adsorption models (these
models work better than others and corresponding expres-
sions are also listed in Table 1) were used to fit the isotherms
of phosphate at three temperatures. The Langmuir model
is often used to describe the monolayer adsorption process
for uniform surfaces, where K, is the adsorption equilibrium
constant that can be used to reflect the binding force between

Models Nonlinear form  Symbol description
Isotherm model
Langmuir 7.K.C q,, (mg g™) is monolayer theoretical saturated adsorption amount;
— Im” "L "e
e T 1. K,.C. K, (L mg™) is constant associated with binding energy.
Freundlich g, =K.C" K.and 1/n are temperature-dependent constants.
Koble-Corrigan AC™ A and B are equation parameters.
< 1+BC
Kinetic model
Pseudo-first-order kinetic model g, =q.(1-) k, (min™) is a quasi-first order rate constant.
Y\
Pseudo-second-order kinetic model kgt k, (g mg? min™) is a quasi-secondary rate constant.
=1y kgt
Intraparticle diffusion g, =kt +C K, is the adsorption rate constant; C is the maximum adsorption amount.

Double constant Ing, =InA+K¢

Ais a constant; K_ is the adsorption rate coefficient.
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Table 2
Adsorption kinetics fitting parameters

Pseudo-first-order kinetic model

T/K C/(mgL™) qe(cxp)/ (mg g™ qa(thco)/ (mgg™ k/(h) R? SSE
293 10 4.52 454 +0.15 0.151 £ 0.01 0.974 0.638
20 7.17 7.89 +£0.28 0.102 + 0.008 0.989 0.801
30 9.38 9.14 +0.41 0.157 £0.018 0.946 5.05
303 10 5.97 6.06 +0.18 0.152 +0.011 0.981 0.837
20 8.80 9.21+0.22 0.135 + 0.008 0.990 1.05
30 10.9 11.0+0.3 0.177 +£0.011 0.982 2.62
313 10 6.69 6.47 +0.29 0.153 +0.017 0.950 0.988
20 9.52 9.38 +0.20 0.174 +0.010 0.988 0.099
30 12.5 12.7+0.4 0.184 +0.012 0.980 0.282
Double constant model
T/K C/(mgL™) A K, R? SSE
293 10 1.07 £0.05 0.475 +0.019 0.984 0.388
20 1.23 +£0.06 0.578 +0.020 0.989 0.738
30 2.29+0.06 0.457 +0.010 0.995 0.440
303 10 1.42 +0.07 0.479 +0.02 0.983 0.767
20 1.89 £0.13 0.513 £ 0.026 0.976 2.47
30 2.96 +£0.19 0.442 + 0.025 0.968 4.66
313 10 1.56 +0.06 0.469 + 0.015 0.989 0.507
20 243 +0.15 0.455 + 0.024 0.973 2.95
30 3.18£0.18 0.461 + 0.022 0.977 4.47
Intraparticle diffusion model
T/K C/(mgL™) K/(mg gTh™?%) C/(mg g™ R? SSE
293 10 0.986 +0.034 6.98E-2 + 9.75E-2 0.983 0.421
20 1.68 +0.04 0.581+0.117 0.991 0.604
30 1.94 £ 0.04 0.392 +0.110 0.994 0.539
303 10 1.33 £ 0.05 5.17E-2 £ 0.14 0.981 0.819
20 2.04 +0.08 0.282 + 0.227 0.978 2.27
30 240+0.12 0.538 + 0.354 0.962 5.54
313 10 1.39 £ 0.04 0.173 £0.112 0.988 0.564
20 2.09+0.08 0.259 +0.282 0.968 3.52
30 2.78 £0.12 0.334 + 0.340 0.974 5.12
Pseudo-second-order kinetic model
T/K Cy/(mg L) o/ (M &™) Ttneo/ (MG 87 k,/(g mg™ h) R SSE
293 10 4.52 5.87 £0.22 2.42E-2 + 3.14E-3 0.984 0.387
20 7.17 11.1+0.5 7.33E-3 + 9.50E-4 0.991 0.606
30 9.38 11.6 +0.6 1.33E-2 + 2.29E-3 0.969 2.89
303 10 5.97 7.88+0.25 1.77E-2 + 1.90E-3 0.989 0.479
20 8.80 12.3+0.4 9.54E-3 + 1.01E-3 0.992 0.876
30 10.9 14.0+0.4 1.23E-21.32E-3 0.987 1.85
313 10 6.69 8.26 +0.41 1.79E-2 + 3.05E-3 0.971 1.37
20 9.52 119+0.2 1.40E-2 + 8.07E-3 0.997 0.378
30 125 16.2+0.5 9.63E-3 + 1.01E-3 0.989 2.16

the adsorbent and the adsorbate. The Freundlich model is  is a three-parameter model [36]. The suitability of all thermo-
suitable for describing heterogeneous multi-molecular layer = dynamic models is judged mainly by comparing R* and SSE.
adsorption processes. The Koble-Corrigan model is a combi-  The fitted curves and fitting parameters are shown in Fig. 8
nation of the Langmuir model and the Freundlich model and  and Table 3, respectively.
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It is seen from Table 3 that there was a strong interac-
tion between D751-Fe and phosphate because of K < 1.
Theoretical g, was closer to experimental g, and both
increased with the increase in temperature. Furthermore,
as there were higher values of R? (20.959) and lower values
of SSE (£2.61), the Langmuir model could well describe the
adsorption process. It was also found from Table 3 that the K,
value increased with the increase in temperature. The values
of 1/n were between 0.1 and 0.5 and showed that the adsorp-
tion process was easy [11]. Freundlich model could also
describe the adsorption process better through comparison
values of R? (20.936) and SSE (<7.25). The values of B from
Koble-Corrigan model tended to be 0, revealed that the reac-
tion tended to be described by Freundlich model. There were
highest values of R? (20.983) and lowest values of SSE (<1.66)
from Koble-Corrigan model, furthermore, the fitted curves
from this model were closest to experimental curves. So it
was implied that Koble-Corrigan model was best to describe
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Fig. 8. Adsorption isotherms of phosphate adsorption onto

the equilibrium process. This further manifested that the
adsorption process was a heterogeneous multi-layer adsorp-
tion process, and there was some homogeneous monolayer
adsorption process [37]. In other words, the adsorption was
a complex process in which single layer uniform adsorption
and multiple non-uniform adsorptions coexisted [38-40].

3.2.6. Adsorption thermodynamic parameters

From the change of energy in the adsorption process, the
direction of the reaction, the energy required in the reaction
process and whether the reaction reaches equilibrium can be
revealed. In practice, it can be judged by Gibbs free energy
(AG), enthalpy change (AH), and entropy change (AS). The
adsorption of phosphate by D751-Fe was an adsorption equi-
librium process. The adsorption equilibrium constant (K’)
can be calculated according to Eq. (5).

K. =Cy./C, ©)

ad,e
Among them, C, (mg L") and C, (mg L") are the
concentration of the adsorbate on the adsorbent and
the concentration of the adsorbate in the solution when the
adsorption is balanced.
Finding Kcand bringing it to Eq. (6) to find the AG value.

AG =-RTInK 6)

where AGrepresents the Gibbs free energy; R (8.314] molK)
denotes the gas constant; T (K) expresses the absolute tem-
perature; K_is the adsorption equilibrium constant.

Linear regression is performed on AG-T by Gibbs—
Helmholtz equation (Eq. (7)), and AH (k] mol?) and AS
(J mol? K) are known from the slope and intercept of the
straight line.

Because AH, AS are a little affected by temperature, it can
be regarded as a constant.

D751-Fe. AG=AH-TAS (7)
Table 3
Adsorption isotherm fitting parameters
Langmuir
T/K K/(L mg™) oo/ (M8 ™) o/ (MG &™) R? SSE
293 0.169 + 0.030 10.9 12.6+0.6 0.959 2.61
303 0.254 +0.023 12.6 141+0.3 0.988 1.06
313 0.438 = 0.053 14.07 14.9+0.4 0.978 2.45
Freundlich
T/K K, 1/n R? SSE
293 3.29+0.21 0.353 +0.022 0.979 1.24
303 4.38+0.35 0.327 +0.028 0.959 3.59
313 5.67 +0.49 0.290 +0.031 0.936 7.25
Koble—-Corrigan
T/K A B n R? SSE
293 3.30+0.27 0.152 +0.048 0.549 +0.101 0.985 0.782
303 4.29+0.29 0.267 +0.019 0.778 +0.072 0.994 0.483
313 6.88 +0.59 0.417 +0.049 0.789 +0.111 0.983 1.66
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For the actual system, in addition to considering the
possibility of reaction, the reaction rate should also be con-
sidered. It can be expressed by activation energy. The appar-
ent activation energy can be obtained by bringing the most
consistent kinetic adsorption model parameters into the
Arrhenius equation (Eq. (8)).

Ink =- E, +InA (8)
RT

where k, is the adsorption rate constant, E (k] mol™) rep-
resents the apparent activation energy of the reaction, R
(8.314 ] mol™ K™) denotes the gas constant, T (K) expresses
the absolute temperature, and A is the temperature influence
factor.

According to Egs. (5)-(8), the relevant thermodynamic
parameters for phosphorus adsorption are calculated and
shown in Table 4.

It was found from Table 4 that the process was
spontaneous with negative values of AG°. The adsorption
process was endothermic with positive value of AH and it
was in favor of adsorption at higher temperature. Value of AS
was positive and this declared that the adsorption process
was an irreversible adsorption process with the randomness
of the solid-liquid interface increased. The positive value
of E, was between 5 and 40 k] mol™, and this indicated that
chemisorption was dominant during the adsorption process
[41]. In conclusion, it could be speculated that the adsorption
reaction was a spontaneous and endothermic reaction
with entropy increased [42]. There was both chemical and
physical adsorption.

3.2.7. Desorption and regeneration

In the adsorption experiment, the regeneration per-
formance of the adsorbent is often an important indicator
for evaluating the performance of the adsorbent [43—45].
Therefore, it is necessary to investigate the regeneration per-
formance of spent D751-Fe. After three times of desorption
regeneration with 0.1 mol L™ NaOH, the desorption rates
were 96.9%, 93.3%, and 91.5%, respectively, and the regener-
ation efficiencies were 79.8%, 74.5%, and 70.7%, respectively.
The efficiency of desorption and regeneration decreased with
the increase of desorption regeneration times, but the decline
trend was not obvious. This indicated that D751-Fe had some
good reusability. Similar result was obtained about phos-

out, and the results are shown in Fig. 9. It was seen from the
figure that the desorption rate increased rapidly with time,
and then it reached to equilibrium. This desorption process
could be divided into two stages: 0—4 h was a rapid desorp-
tion, which was mainly the desorption of static adsorption
state P; 4-12 h was a slow reaction process, which was mainly
the desorption of concentrated adsorption state P.

The desorption process can be fitted by pseudo-first-order
and pseudo-second-order models (the two models work
better than others and corresponding expressions are listed
in Table 1). The fitted curves and fitting data are shown in
Fig. 9 and Table 5, respectively. It is seen from Table 5 that the
pseudo-first-order equation model and the pseudo-second-
order equation model were both better suitable to predict the
kinetic desorption process according to values of R* and SSE.
Furthermore, the fitted curves from these two models were
closer to experimental curve. This implied that there may be
ion exchange between phosphate and hydroxide and there be
also competitive adsorption. In other words, the desorption
process included chemical and physical desorption. Similar
results were obtained about 2,4-DCP desorption from spent
cationic surfactant modified tree leaves using 75% alcohol
[47] and p-chlorophenol and p-nitrophenol desorption from

100
80
60
<
Q
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Fig. 9. Desorption kinetics nonlinear fitting curve.

Table 5
Desorption kinetics fitting parameters

Pseudo-first-order kinetic model

phate desorption jby zirconium-modified carbon nanotube D, /% D, oo/ % k,/(h) R2 SSE
using NaOH solution [46]. 96.0 955+30 03090024 0980 131
Pseudo- d-order kineti del
3.2.8. Study on desorption kinetics of D751-Fe seuco-seconcrorder nenic mode
D, % D % k —ht R? SSE
In order to understand the reaction mechanism of the o/ oo /(e mg"h)
desorption process, analytical kinetic experiments are carried 96.0 125+6 0.00224 + 3.91 0.977 150
Table 4
Thermodynamic parameters
E /(k] mol™) AH/(k] mol™) AS/(J mol K1) AG/(K] mol™)
293 K 303 K 313K
224 51.0 179 -1.83 -2.87 -5.42
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Fig. 10. Adsorption mechanism.

exhausted magnetic activated carbon using 0.01 mol L™
NaOH solution [48].

3.2.9. Adsorption mechanism

This experiment showed that D751-Fe had a good
adsorption effect on phosphate with no adsorption to
phosphate by D751-H, indicated that iron loaded on the
resin acted on the adsorption toward phosphate. Further,
the adsorption effect was good under the solution pH = 3,
it was attributed to electrostatic attraction with phosphate
mainly present in the form of H,PO; and HPO42‘ with pH
in the range of 3-11 [11,30]. In addition, the adsorption pro-
cess was essentially unaffected by salinity, revealed that Fe
on D751-Fe could form a complex with phosphate. In sum-
mary, it was speculated that the adsorption mechanism was
mainly a combination of physical adsorption (electrostatic
attraction) and chemical adsorption (coordination reaction)
between D751-Fe and phosphate [44]. The mechanism of
action between D751-Fe and phosphate is shown in Fig. 10.

4. Conclusions

The adsorption performance of D751 modified by FeCl,
was obviously improved. Solid-liquid ratio was 1.5 g L7, the
adsorption time was 18 h, and it was favorable for adsorption
under acidic conditions. Salinity had a little effect on adsorp-
tion. The isotherm fitting results showed that the adsorp-
tion was a complex process containing single layer uniform
adsorption and multiple non-uniform adsorptions. The
results of kinetic fitting manifested that the adsorption pro-
cess included chemical adsorption and physical adsorption.
Thermodynamic parameters indicated that the adsorption
reaction was a spontaneous and endothermic reaction with
entropy increased. In addition, D751-Fe had good regener-
ation performance. It is promising as adsorbent to remove
phosphate from solution.
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