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Abstract: In this study, a modified synthetic zeolite adsor-
bent was synthesized by the hydrothermal method using
coal fly ash as the main raw material, and the enhanced
phosphorus adsorption properties from aqueous solutions
were then evaluated. The modification parameters were
specifically studied and optimized. Moreover, the effects
of initial phosphorus concentration, adsorption time, and
pH value on phosphorus absorption were also investigated.
The adsorbent was characterized by the energy-dispersive
spectrometer analysis, scanning electron microscopy, and
Fourier transform infrared spectroscopy. Furthermore, the
phosphorus adsorption properties of the zeolite adsorbent
were preliminarily discussed through the perspectives of
isothermal adsorption experiments, adsorption kinetics
experiments, and adsorption thermodynamics calculations.
The results show that the lanthanum ions were physically
loaded on the surface and micropores of the adsorbent after
modification, which helps to enhance the adsorption effect
of phosphorus components from the aqueous solution. The
phosphorus removal rate has been increased by about 65%.
The adsorption process better fitted the Langmuir and
Elovich equations. The theoretical calculation and analysis
of adsorption thermodynamics showed that the adsorption
and removal of phosphorus in water happens spontaneously.
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1 Introduction

The main chemical components in common phosphorus-
containing wastewater are phosphates such as PO,>", HPO,*,
and H,PO, [1]. The large-scale discharge of phosphorus-con-
taining wastewater will directly cause the eutrophication of
water bodies and destroy its ecological balance [2]. At this
stage, the removal methods of phosphorus components
in water mainly include chemical precipitation, biological,
adsorption, crystallization, and ion exchange methods [3].
Among them, the adsorption method has the advantages of
easy operation, low cost, and no secondary pollution. It is
regarded as one of the most potential methods of phos-
phorus removal in water [4,5]. The adsorption method
mainly relies on the interaction between the adsorbent
and phosphorus components in water (including physical
or chemical adsorption) to achieve the purpose of phos-
phorus removal. It can be seen that the selection of high-
efficiency adsorbents plays a key role in this process [6].
Research has found that the zeolite is a highly efficient
absorbent, which has been widely used in water treatment
because of its unique microstructures [7]. In addition, stu-
dies have pointed out that the chemical composition of coal
fly ash contains a large proportion of SiO, and Al,03;, which
is an ideal raw material for the synthesis of zeolite [8,9].
Coal fly ash is mainly a silver-gray or gray porous
granular material produced by coal-fired thermal power
plants, and is currently the largest industrial solid waste in
China [10,11]. The national output of coal fly ash in 2020 has
exceeded 650 million tons, in which the overall utilization
rate of coal fly ash is only about 70% [12]. The accumulation
of a large amount of coal fly ash will not only cause waste
of land resources but also may cause water and soil pollu-
tion and destroy the ecological cycle if improperly handled.
Therefore, it is of great practical significance to carry out
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research on the utilization of coal fly ash [13]. Compared
with other developed countries or regions, the utilization
of coal fly ash in China mainly includes use as raw mate-
rials for the production of cement, building materials, and
concrete [14,15], but the utilization in high value-added
fields is still relatively low [16,17]. In recent years, the green
and high-value utilization of coal fly ash has always been a
hotspot in the research on industrial solid waste disposal, and
itis also an urgent problem to be solved. Based on the observed
phenomena reported earlier, the adsorption capacity of nat-
ural zeolite is better than that of coal fly ash, and the adsorp-
tion capacity of coal fly ash synthetic zeolite is the best of the
three [3]. At present, many researchers have established a
certain research basis for the treatment of phosphorus-con-
taining wastewater using zeolite adsorbents synthesized from
coal fly ash [18-22]. It is reported that the scheme has been
proven to be effective in increasing the efficiency and saving
the costs, without jeopardizing adsorption capacity. Further-
more, the modification treatments have been conducted to
enhance the adsorption effect [23-26]. Some related researches
indicate that the physicochemical properties and adsorption
behavior of synthetic zeolites modified by rare earth were
greatly enhanced [23,27-30]. However, a few studies focus on
the phosphorus adsorption properties from aqueous solutions,
such as the adsorption kinetics, adsorption thermodynamics,
and adsorption isotherms.

In this study, the synthesized zeolite was modified by
lanthanum chloride solution, which was used in the treatment
of phosphorus-containing wastewater. Then, scanning elec-
tron microscopy coupled with energy-dispersive spectroscopy
(SEM-EDS), Fourier transform infrared spectroscopy (FTIR),
and other analysis and detection methods were applied for
the characterization of the physicochemical properties of the
synthesized zeolite before and after modification. For further
investigation on the effect of lanthanum chloride modification
on phosphorus adsorption properties from aqueous solutions,
the perspectives of isothermal adsorption, adsorption kinetics,
and adsorption thermodynamics of phosphorus components
need to be determined. In short, it provides theoretical and
experiment basis for the mechanism of rare earth element
modification to strengthen the adsorption and phosphorus
removal of coal fly ash synthetic zeolite.

2 Materials and methods

2.1 Materials

The coal fly ash used in the test was purchased from a coal-
fired power plant in Hubei, China, which was fully mixed,
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ground, and dried at 105°C, and then passed through a 200-
mesh standard sieve. The chemical composition of the sam-
ples was analyzed by using an X-ray fluorescence spectro-
meter (XRF, ARL PERFORM’X, Thermo Scientific, USA), and
the results are presented in Table 1. As Table 1 shows, the
main components are SiO, and Al,03, which are consistent
with the main components of natural zeolite.

The simulated phosphorus-containing aqueous solu-
tions with different concentrations were prepared by diluting
the 1,000 mg:L™" potassium hydrogen phosphate stock solu-
tion. All the chemicals employed in this study were of analy-
tical grade, and double distilled water was used throughout
this study.

2.2 Preparation of zeolite adsorbents
2.2.1 Pretreatment of the coal fly ash

The coal fly ash and ultrapure water were mixed uni-
formly in a beaker at a solid-to-liquid ratio of 1g:20 mL,
and then the beaker was placed in a water-bath thermo-
static magnetic stirrer at 25°C for 24 h. After water washing,
the mixture was taken out and filtered with suction. Then,
the washed coal fly ash was dried and sieved.

2.2.2 Synthesis of zeolite

Appropriate amounts of coal fly ash and 1mol-L.”" NaOH
solution were added into a round-bottomed flask at the
solid-to-liquid ratio of 1g:5mlL, and then evenly mixed.
The suitable synthesis time, alkali concentration, and tem-
perature for zeolite synthesis are 8 h, 1 mol'L} and 120°C,
respectively. After the synthetic experiment, the product was
repeatedly washed with ultrapure water three times. Finally,
the synthetic product was filtered, dried, and weighed.

2.2.3 Modification of the synthetic zeolite

The synthetic zeolite was added into a conical flask with
20 mL solution of the modifier. The mass concentrations of

Table 1: Results of elemental analysis of the coal fly ash samples (wt%)

Element SiO, Al,0; Fe,03 CaO MgO K,O Others Si/Al

Content 46.54 34.88 677 5.04 0.60 0.46 571 1.18
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the lanthanum chloride modifier were chosen in the range
of 0.4-2.0%. The pH value of the pulp was adjusted with
sodium hydroxide (NaOH) and hydrochloric acid (HCl)
(Sinopharm Chemical Reagent Co., Ltd, Shanghai, China).
Then, the influence of the solid-liquid ratio on the modifi-
cation was studied to explore the optimum modification con-
ditions. After the modification, the synthetic zeolite was
repeatedly washed with ultrapure water for three times.
Finally, the effects of modification on phosphorus removal
were determined through adsorption experiments.

2.3 Physicochemical properties of zeolite
adsorbents

2.3.1 SEM analysis

Microstructures for the zeolite adsorbents were studied by
SEM (JSM-5510LV, JEOL, Japan). In each experiment, the
pressure, accelerated voltage, and work distance were set
to 30 Pa, 15kV, and 10-12 mm, respectively.

2.3.2 FTIR spectroscopy measurements

FTIR spectroscopy has been widely used to identify the
adsorption approach of the reagents on solid surfaces.
One gram of the ground zeolite adsorbent (<5 um) was
mixed with the spectroscopic KBr and determined within
the wavenumber range of 4,000-400 cm at a resolution of
2.cm. The infrared spectra were determined with an FTIR
spectrometer (Continuum XL, Thermo Scientific, USA).

2.3.3 EDS analysis

Chemical composition of the synthetic zeolite and its mod-
ified products was analyzed by using the FALCONS8200
EDAX instrument (AMETEK, USA). The EDS examination
was performed using a beam current and a beam size of
1nA and 1 um, respectively. In each quantification, a dwell
time of 30 s was applied.

2.4 Adsorption tests

A certain amount of modified zeolite adsorbent was added
into a 50 mL centrifuge tube together with 40 mL of simulated
phosphorus-containing wastewater (initial concentrations
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were controlled to be 10-500 mg'L'l), and the adsorption
tests were conducted to evaluate the phosphorus removal
effect. In these cases, the pH value was adjusted between 2
and 12. After adsorption, the remaining total phosphorus in
the supernatant was measured by ammonium molybdate
spectrophotometry [31], and the phosphorus removal rate
was relatively calculated. The total phosphorus concentra-
tion (Cp), phosphorus removal rate (R), and adsorption
amount (Q) in the solution can be described by Egs. 1, 2,
and 3, respectively.
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where C, is the concentration of total phosphorus (calcu-
lated by element) in the solution (mg-L™), A, is the absor-
bance of the solution, Ay, is the absorbance of the blank
test, a is the slope of the calibration curve, b is the inter-
cept of the calibration curve, R is the removal rate of
phosphorus (%), Q is the adsorption amount of phos-
phorus (mg-g™), C, is the initial concentration of phos-
phorus (mg-L™), C. is the equilibrium concentration of
phosphorus (mg-L™), V is the solution volume (mL), and
m is the mass of zeolite (g).

2.5 Specific surface area analysis

The BET-specific surface area and average pore volume of
the prepared adsorbent before and after phosphorus adsorption
were analyzed by using a Autosorb-iQ instrument (Quantachrome,
USA). Each measurement was conducted three times, and
the average result was recorded.

3 Results and discussion

3.1 Influencing factors of zeolite
modification

3.1.1 Effect of modifier concentration
Figure 1(a) shows the influence of lanthanum concentration

on the phosphorus removal of synthesized zeolite from coal
fly ash. With the increase of lanthanum concentration, the
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phosphorus removal rate and the adsorption amounts
increase gradually. When the lanthanum concentration
was 1.2%, the phosphorus removal rate and the adsorption
amounts reached the maximum at 98.6% and 1.97 mg-g™,
respectively. After that, the removal rate began to decrease
slowly, and the corresponding adsorption capacities also
decreased. It might be that as the concentration of lanthanum
ions increases, the coordination complexes formed between
lanthanum ions and synthetic zeolite components transform
from adsorbing phosphate at the initial stage to blocking the
pores of synthetic zeolite, resulting in a decrease in the phos-
phorus removal [32,33]. According to the test data, 1.2%
lanthanum chloride solution was determined as a reason-
able modification concentration in the subsequent modifica-
tion test.

3.1.2 Effect of pH

Figure 1(b) shows that the pH has a great influence on the
phosphorus removal of synthesized zeolite from coal fly
ash. When the pH value of the modified solution was lower
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than 5, the removal rate and adsorption capacities of the
synthetic zeolite increased with the increase in the pH
value. While the pH increased from 5 to 7, the phosphorus
removal rate and adsorption capacity decreased slightly.
Furthermore, the removal rate and adsorption capacities
increase monotonically with the increase in pH from 7 to
12. At pH 10, the removal rate of phosphorus reached
95.8%, and the corresponding adsorption amount reached
1.91mg-g". The appropriate pH of the modified solution
was determined to be 10, which is also consistent with
the results reported in the study by Wang [34].

3.1.3 Effect of solid-liquid ratio

The effect of the solid-to-liquid ratio (the ratio of the mass
of synthesized zeolite to the volume of lanthanum chloride
solution, g¢'mL ™) on the phosphorus removal performance
of zeolite synthesis from coal fly ash is presented in Figure
1(c). When the solid-liquid ratio was 1g:3mL, the phos-
phorus removal rate and adsorption capacities of the mod-
ified zeolite are only 31.7% and 0.63mg-g ", respectively.
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Figure 1: Phosphorus removal ability under different (a) lanthanum concentrations, (b) pH values, and (c) solid-to-liquid ratios.
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While the solid-to-liquid ratio becomes smaller, the removal
rate of phosphorus in water by the modified zeolite
increases continuously. When the solid-liquid ratio is
1g:6 mL, the phosphorus removal rate reached 94.2%. If
the solid-to-liquid ratio continues to decrease, the phos-
phorus removal rate does not change much. The more
lanthanum ions there is, the more active adsorbents are
loaded into the synthetic zeolite, and these substances
have good adsorption to phosphate, so the removal effect

T00um
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of modified zeolite on phosphorus in the solution showed
a trend of first increasing significantly and then reaching a
stable level. According to the test results, the economic effi-
ciency of the modification of synthetic zeolite and the high
efficiency of phosphorus removal are combined to determine
the suitable concentration of lanthanum chloride solution, pH
of the modified solution, and solid-to-liquid ratio for the opti-
mization and modification of lanthanum chloride modified
coal fly ash zeolite as 1.2%, 10, and 1 g:6 mL, respectively.
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Figure 2: SEM and EDS analyses of the synthetic zeolite (a, b, and e) before and (c, d, and f) after modification.
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Figure 3: FTIR characterization of the synthetic zeolite before and after
modification.
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Figure 4: Effect of initial phosphorus concentration on phosphorus
removal.

3.2 Physicochemical properties
3.2.1 SEM and EDS analysis

SEM and EDS analyses of the synthetic zeolite adsorbent
were made so as to ascertain its chemical composition
and microscopic structure before and after modification
with lanthanum chloride. It can be seen that the main
chemical components of the synthetic zeolite (Figure 2(b))
and the modified synthetic zeolite (Figure 2(d)) are silicon,
aluminum, iron, calcium, magnesium, and so on. It might
be possible to deduce that the content of lanthanum ions
in the synthetic zeolite was significantly increased, which
indicated that lanthanum ions have been successfully
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Figure 5: Effect of adsorption time on phosphorus removal.

introduced into the synthesized zeolite, so that the phos-
phorus removal capacity has been significantly improved.
SEM images (in Figure 2(e) and (f)) have also been taken to
show the particle morphology of the synthetic zeolite adsor-
bent before and after modification. The results showed that
the morphology was changed to a certain extent when the
synthetic zeolite was modified with lanthanum chloride.
The surface of the unmodified synthetic zeolite was rough
and has many protrusions, which generally showed the
typical morphology of P-type zeolite particles, while the sur-
face of the modified synthetic zeolite was relatively smooth
and fuzzy. On the whole, the result shown in Figure 2 shows
that lanthanum was introduced onto the synthetic zeolite
surface after the modification, but does not change the
structure.
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Figure 6: Effect of pH on phosphorus removal.
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Figure 7: Adsorption isotherm of phosphorus by the modified synthetic
zeolites.

3.2.2 FTIR characterization

Figure 3 shows the infrared absorption spectrum of the
synthetic zeolite treated with or without the lanthanum
chloride solution. It indicates that the infrared absorption
peaks of the synthetic zeolite from coal fly ash at 445.60
and 608.79 cm ™' might be caused by the bending vibration
of Si-0 or the double ring vibration of 0-Si(Al)-0 [35].
The peak appeared at 739.60 cm™ means the stretching
vibration of the tetrahedral structure, and the strong
absorption peak at 994.44 cm™ is the asymmetric stretching
vibration of the Si(A)-O-Si. The peaks of 1,648.33 and
3,452.05cm ™" are the bending and stretching vibrations of
the hydroxyl groups of water molecules adsorbed by zeo-
lite, respectively, which are consistent with related stu-
dies [36,37].

3.3 Influencing factors of phosphorus
adsorption

3.3.1 Effect of phosphorus initial concentration

Figure 4 shows the effect of phosphorus initial concentra-
tion on the phosphorus removal effect of the modified
synthetic zeolites in water. When the initial concentration
of phosphorus was at 10-70 mg-L ", the adsorption capacity
of the modified synthetic zeolites to phosphorus increased
rapidly with the increase of the initial concentration of
simulated wastewater. It indicates that the active sites of
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Figure 8: Linear fitting of (a) Langmuir and (b) Freundlichadsorption
isotherm model.

the modified synthetic zeolites within this concentration
range were sufficient to remove phosphorus in water
[38]. Furthermore, the adsorption capacity of the modified
synthetic zeolites might suffer due to the reduction of
active sites on the surface when the initial concentration
was more than 70 mg-L ™%

Table 2: Linear fitting parameters of the two isothermal adsorption
models

Models Langmuir adsorption isotherm  Freundlich adsorption
model isotherm model
Qm K R K 1n R
(mg-g™) (Lmg’)
Values  6.40 4.463 0.9998 3.953 0.166 0.5441
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3.3.2 Effect of adsorption time

As shown in Figure 5, the adsorption process of the mod-
ified synthetic zeolites conforms to the characteristics of
“rapid adsorption in the early stage and slow equilibrium
in the later stage” [39], that is, when the adsorption time was
less than 300 min, the phosphorus adsorption increases
rapidly, and then the adsorption capacity gradually becomes
flat and basically unchanged after 400 min. The removal
rate of phosphorus reaches the maximum of 96.9% at
360 minutes, and the corresponding adsorption capacity
increased to 2.98 mg-g .

3.3.3 Effect of pH

The solution pH has a great influence on the adsorption
process [40]. Figure 6 shows the adsorption capacity of the
modified synthetic zeolites as a function of pH value. It
indicates that the adsorption capacity was low at a pH of
less than 3.0. At pH 3.0-8.0, the phosphorus adsorption
capacity gradually increases with the increase of pH, and
the adsorption capacity increased from 2.89 to 2.99 mg-g ..
Instead, at pH over 8.0, the phosphorus adsorption capacity
decreases gradually. The adsorption capacity under strong
acid conditions was likely to be related to the changes in
pore structures of the synthetic zeolites, which makes zeo-
lite unable to adsorb and fix phosphate.

3.4 Phosphorus adsorption isotherms

The adsorption isotherm results of the modified synthetic
zeolites are shown in Figure 7. It indicated that with the
increase of phosphorus equilibrium concentration, the equi-
librium adsorption capacity gradually increased. Moreover,
Langmuir and Freundlich adsorption isotherm models were
commonly used adsorption isotherm models, which belong
to chemical adsorption and physical adsorption models,
respectively [9]. In this study, the two models were used to
describe the phosphorus adsorption behaviors. The linear
forms of the Langmuir and Freundlich isotherm models are
described by Egs. 4 and 5, respectively [41].

Tl @
Qe Qm KLQm
1
InQ =InKg + Eln Ce (5)

where C, is the equilibrium mass concentration of pol-
lutants in the solution (mg-L™"), Q. is the equilibrium
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Figure 9: (a) Adsorption kinetic fitting results and (b) three-stage fitting
curve of intraparticle diffusion model.

adsorption capacity of the material to the pollutant
(mg-g™), Qn is the saturated adsorption capacity of the mate-
rial to the pollutant (mg-g™), K. and Ky are Langmuir and
Freundlich equilibrium constants, respectively, and n is the
Freundlich adsorption index.

According to the results shown in Figure 7, the Lang-
muir and Freundlich isotherm adsorption models were used
for linear fitting, and the results are shown in Figure 8(a)
and (b), respectively. The parameters of the adsorption iso-
therm models after linear fitting are shown in Table 2.
It can be seen from the fitting results that the regression
coefficients R? of the two models are 0.9998 and 0.5441,
respectively, indicating that the Langmuir model is more
suitable to describe the isothermal adsorption behavior
and the adsorption process fitted the monolayer adsorption.
The theoretical saturated adsorption capacity of modified
zeolite for phosphorus in water calculated according to
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Table 3: Fitting parameters of adsorption kinetic model

Enhanced adsorption properties of phosphorus =— 9

Model parameters Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Elovich equation

Q.(mgg™ k((h") R

Q. (mg-g™"

kz (@mg™h) R a(gmg™hT) b(gmg™) R

Parameter value 2.64 10.786 0.3299 2.78

5.469 0.6513  5,561.92 4.185 0.9375

the Langmuir model was 6.4 mg-g~", which was very close to
the actual saturated adsorption capacity (6.3mg-g ™). The
calculated separation constant R, of the modified synthetic
zeolites was between 0 and 1, indicating that the phosphorus
could be effectively adsorbed in water. The fitting constant
1/n was in the range of 0-0.5, indicating that the phosphorus
adsorption process was easy to carry out.

3.5 Phosphorus adsorption kinetics

In general, the phosphate adsorption process of the mod-
ified synthetic zeolites can also be seen as a process of
internal diffusion and adsorption [8]. For better under-
standing and evaluating the adsorption process, four models
of pseudo-first-order, pseudo-second-order, intraparticle dif-
fusion model, and Elovich equation model [42-44] (Egs. 6-9)
were used to study the adsorption Kkinetics.
Pseudo-first-order model:

In(Q,- Q) =InQ, - kit 6)
Pseudo-second-order model:
t t 1
W)

— = — 4
Qt Qe kZQe2

Intraparticle diffusion model:
Q, = kat® + C ®

Elovich equation model:
1

Qt=gln(a><b><t+1) 9
Here, Q, is the adsorption capacity at t (mg-g™"); Q. is the

equilibrium adsorption capacity (mg-g™); ki, ks, and kq
represent the rate constant; t is the reaction time (h); C is

the thickness of the adsorbent boundary layer; a is the
initial adsorption rate (gmg h™"); and b is the analytical
constant (gmg ™).

The fitting curves and correlation coefficients are shown
in Figure 9 and Table 3, respectively. Results show that the
Elovich equation model fitted the best, being 0.9375 in regres-
sion coefficient R?, higher than the other two (Figure 9(a)).
The pseudo-first-order kinetic model was the worst fitting,
which shows that the phosphorus adsorption belongs to the
chemical adsorption process of uneven solid surface, and it
also shows that the surface adsorption energy of modified
zeolite is evenly distributed in the whole adsorption process
[45]. In Figure 9(b), the intraparticle diffusion process was
divided into three stages, and the calculated fitting para-
meters for each stage are shown in Table 4. The fitting results
show that the fitting correlation coefficient of the modified
synthetic zeolites in the second stage is 0.9924, which indi-
cated that the adsorption reaction of phosphorus on the sur-
face of the modified synthetic zeolites is probably more up
the intraparticle diffusion kinetic model. From Figure 9(b),
the linearly fitted straight line did not pass through the origin
over the entire time range, indicating that the intraparticle
diffusion model was not the only rate-limiting mechanism
and that there were other kinetic models controlling the
adsorption rate [46].

3.6 Phosphorus adsorption thermodynamics

The thermodynamic parameters are often used to explore
the change of heat in the phosphorus removal, so as to
further explore the state characteristics of the modified
synthetic zeolites [31]. K. and the thermodynamic con-
stants of AH? and AS° conform to the Van’t Hoff equation
[47] in the normal form (Eq. 10):

Table 4: Three-stage fitting parameters of the modified synthetic zeolites intraparticle diffusion model

Model parameters Stage one

Stage two Stage three

ke (mgg™h™*%) ¢ R

ksz (mgg™h%%) ¢ R

kes (mg-g™h™ %) G R

Parameter value 0.209 1.88 0.8881 0.337

2.01 09924 0.029 2.88  0.5357
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Table 5: Thermodynamic parameters of the modified synthetic zeolites in the phosphorus adsorption
AH® (kJ-mol™") AS® (Jomol ™ K™) R? AG° (kJ-mol™)
288K 293K 298 K 303K 308K
M0.719 164.13 0.9854 -5.550 -6.371 -7.192 -8.012 -8.833
3.6 e . . .
value of AS® was positive indicating an increase in solid—
a4k liquid interfacial disorder and a decrease in orderliness
during phosphorus adsorption by modified synthetic zeo-
32k y=-5.01792x+19.74125 lites [47].
R2=0.9854
3.0k
]
= 28} 3.7 BET-specific surface area determination
26 As illustrated in Table 6, the specific surface area of the
a4 prepared adsorbent after phosphorus adsorption becomes
’ : smaller than that in the absence of phosphorus-containing
Py - : : : 1 solution, indicating that the introduction of prepared adsor-

3.25 3.30 3.35

1/7x103/K"1

3.40 3.45 3.50

Figure 10: Relationship between In K and 1/T of phosphorus removal by
the modified synthetic zeolites.

Table 6: Results of specific surface area measurement

Adsorption state BET-specific surface

area (m>g™")

Average pore

volume (cm*g™")

Before adsorption 42.074 0.238
After adsorption 40.125 0.201
AS®  AHO
InKe=—- — (10)
R RT

where R is the ideal gas constant (8.314 ]-(mol K™, Tis the
absolute temperature (K), and K, is the equilibrium adsorp-
tion partition coefficient (mL-g™).

The adsorption thermodynamics is mainly carried out
by studying the thermodynamic parameters, which are
calculated as shown in Table 5. The fitting results are pre-
sented in Figure 10. Results show that the value of AG° was
negative at different temperatures, indicating that the
adsorption process can proceed spontaneously at all tem-
peratures. As the temperature increases, AG° gradually
decreases, which indicates that the higher the tempera-
ture, the greater the degree of spontaneity. Moreover, the
whole process of AH® was positive, so it can be shown that
the adsorption of phosphorus onto the modified synthetic
zeolites was an endothermic reaction. Besides this, the

bent in solution leads to alteration of surface morphology,
which can apparently result from the reaction of phosphorus
components with adsorbent. Furthermore, the average pore
volume was decreased from 0.238 to 0.201 cm®*g™ showing
that the phosphorus could be adsorbed into the microporous
structure of the adsorbent.

4 Conclusion

In this study, the lanthanum concentration, pH, and solid-
to-liquid ratio make an important influence on the modi-
fication of the synthetic zeolites. The modified synthetic
zeolites were then characterized and verified the adsorption
capacities for phosphorus. The results of SEM, EDS, and FTIR
indicated that after the modification of lanthanum chloride,
lanthanum was only loaded on the surface and micropores
of zeolite synthesized, and did not change its crystal struc-
ture and skeleton structure, nor participate in skeleton
vibration. The modified synthetic zeolites prepared at the
conditions of modifier concentration of 1.2%, pH value of
modified solution of 10, and solid-liquid ratio of 1g: 6 mL
showed the best adsorption capacities. The phosphorus
adsorption of the modified synthetic zeolites belongs to
the single molecular layer adsorption, and the adsorption
isotherm was more in line with the Langmuir model. The
adsorption kinetics analysis shows that the adsorption con-
forms to the Elovich equation. Thermodynamic studies have
shown that the adsorption of phosphorus on modified zeo-
lite belonged to the spontaneous process of endothermic
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entropy increase. Furthermore, the reuse of zeolite adsor-
bent in phosphorus removal will be observed and discussed
in a subsequent article.
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