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ABSTRACT: Adsorption technology based on various adsorbents has been widely applied in
wastewater treatment containing phosphate. A novel diatomite adsorbent composited with ZIF-8
(CZD) was developed for removing phosphate from water in this work. The chitosan was used to
pre-modify the diatomite so that ZIF-8 could be anchored on the surface of the diatomite solidly
and uniformly. The diatomite composited with ZIF-8 was then used to remove phosphate in water
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by an adsorption process, the process variables such as adsorption time, temperature, pH, and °7°/\:3o~ Rl
competitive ions were investigated. The electrostatic attraction was the primary mechanism of - e T
phosphate removal. The adsorption reached equilibrium within 90 min, and its sorption capacity B, o
increased when adsorption time and temperature increased. Especiallyy, CZD had a rapid " A ’ AW
adsorption rate and 85% of the phosphate in the solution can be adsorbed within the first 10 min. g w7

The maximum phosphate adsorption capacities of the modified diatomite reached 13.46, 13.55,
and 13.95 mg/g at 25, 35, and 45 °C, respectively. The removal efficiencies of CZD for phosphate
were more than 98% and even came up to 100% at 45 °C. The adsorption isotherms fit well with
the Langmuir isotherm model. The Freundlich isotherm and Temkin isotherm showed that the
adsorption process is physical in nature. The kinetic data of the adsorption process were fitted by the pseudo-second-order kinetics.
Thermodynamic parameters indicated that the adsorption process was endothermic. This adsorbent provided an alternative for
phosphate removal on account of the high adsorption efficiency in a short time. Therefore, CZD could be a promising and eco-

friendly phosphate adsorbent for wastewater treatment.

1. INTRODUCTION

Phosphorus is one of the essential elements for various life
activities of human beings, animals, and plants.' > It plays a
critical role in agronomic production and industry develop-
ment.* However, excess phosphorus emissions will lead to a
series of environmental problems.” The accumulation of
phosphorus in water from mining, industrial production, and
agricultural activities could contribute to eutrophication.’ Thus,
phosphorus pollution has become one of the most critical factors
toward ecological issues in the world.”~"" Eutrophication may
lead to a drastic decrease of dissolved oxygen in the absence of
sunlight and the depopulation of aquatic species.'”"” Since
phosphorus is the minimum limiting factor for eutrophication,
removing phosphorus in the water body becomes a vital strategy
for controlling eutrophication.'” Several practical techniques
such as chemical precipitation, biological treatment, adsorption,
and membrane separation have been used to remove
phosphorus from wastewater."”

Compared with the other phosphorus removal methods,
adsorption technology has been widely concerned by
researchers owing to its simple operation, low cost, and high
efficiency.'®'” Various materials, such as clay minerals,
carbonate minerals, steel slag, and red mud, have been
developed as adsorbing materials of dephosphorization.'®™!
Limestone, fly ash, calcite, etc. were also used to control
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eutrophication by removal of phosphate. However, some
adsorbents have been restricted because of low capacities for
adsorption or the toxic compounds they released during the
adsorption process.”

Diatomite, also known as diatomaceous earth, is a natural
material derived from the fossilized remains of diatoms, which
are widely distributed in seas or lakes and deposited at the
bottom of water bodies after death.”” According to the
mineralogical classification, diatomite is non-crystalline opal-A
and is mainly composed of amorphous hydrated silica (SiO,
nH,0).”* Due to its unique physical and chemical character-
istics, such as high mechanical strength, low density, and natural
pores, we can find its applications in varied areas, such as a
filtration aid, a flame retardant, a mild abrasive in products
including metal polishes and toothpaste, an insecticide, an
absorbent for liquids, a reinforcing filler in plastics and rubber,
an antiblock in plastic films, a porous support for chemical
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Figure 1. Schematic diagram of the preparation of adsorbents and adsorbing phosphate.

catalysts, a stabilizing component of dynamite, a thermal
insulator, and an interior decoration material.*>~*° Diatomite
has been approved as a food-grade material by the FDA (the U.S.
Food and Drug Administration).”> However, the PO,>~
adsorption capacity of natural diatomite could not be
competitive compared with other industrial adsorption materials
because of the blocked channels and lower specific surface area.
Hence, it is an excellent strategy to combine the diatomite with
other functional materials to improve its adsorption perform-
ance.

The zeolitic imidazolate framework (ZIF-8), a sub-family of
porous metal—organic frameworks, has identical topologies to
conventional zeolites.”' It has tunable porosity and superior
thermal and chemical stabilities, potentially valuable for many
applications. When ZIF-8 was used in phosphate removal from
wastewater, the agglomeration of ZIF-8 particles with a
nanoscale size resulted in a remarkable deterioration of
adsorption efficiency.”” As far as we know, it is not reported to
remove phosphate in water using diatomite composited with
MOFs. Thus, it may be a practical approach to composite ZIF-8
and the diatomite to prepare a novel absorbent.

In the present work, chitosan was used for diatomite
pretreatment, considering the chemical inertness of diatomite.
The functional groups of chitosan, such as amino and hydroxyl
groups, will contribute to the loading of ZIF-8 on the surface of
diatomite and make the distribution of ZIF-8 more evenly.

The phosphate removal performance of the composited
diatomite was investigated in detail by the kinetics, thermody-
namics, and equilibrium adsorption isotherm. We also studied
the effect of process variables such as competitive anions, ionic
strength, and solution pH on phosphate removal. Furthermore,
the phosphate adsorption mechanism of the composited
diatomite was studied. Due to the high adsorption efficiency
of CZD in a short time, it could be a prospective adsorbent for
water treatment.

2. MATERIALS AND METHODS

2.1. Materials. All chemicals were of analytical reagent
grade. Monopotassium phosphate (KH,PO,), sodium hydrox-
ide (NaOH), sodium carbonate (Na,COj5), potassium nitrate
(KNO,), potassium chloride (KCl), chitosan (90% of

deacetylation degree), zinc nitrate hexahydrate, 2-methylimida-
zole, and methanol were purchased from Tianjin Kermel
chemical reagent Co., Ltd. (Tianjin, China). Diatomite (D)
was purchased from Tianjin Damao Chemical Reagent Co., Ltd.
(Tianjin, China).

2.2. Preparation of Diatomite Coated with Chitosan.
First, chitosan (0.18 g) was dissolved in S0 mL of acetic acid
solution (5% v/v) and filtered for use. Diatomite (2.0 g) was
immersed in the above chitosan solution for 10 min at room
temperature. Then, the mixture was rapidly poured into 50 mL
of NaOH aqueous solution (S wt %) and dispersed for 10 min
under stirring. Finally, the diatomite coated with chitosan
(CMD) was obtained by rinsing the mixture with deionized
water, filtration, and air drying.

2.3. Loading of ZIF-8 on the Surface of CMD. In a typical
process, zinc nitrate hexahydrate (0.64 g) and 2-methylimida-
zole (0.72 g) were dissolved in S0 mL of methanol, respectively.
The former solution was mixed with CMD for 20 min under
stirring. The later solution was subsequently poured into the
mixture, and they were dispersed for another 20 min under
stirring and then kept overnight. The resultant mixture was
washed throughout with deionized water, then filtered, and
dried in an air oven with a temperature of 105 °C. The final
product was chitosan-ZIF-8-modified diatomite (CZD). The
process of CZD preparation and adsorbing phosphorus is shown
in Figure 1.

2.4. Characterizations. The crystalline phase of the
samples was characterized by an X-ray diffraction diffractometer
(Maxima X XRD-7000, S/L, Shimadzu, Japan) with Cu Ka
radiation (4 = 1.5418 A, 30 mA, 40 kV) over the 20 range of S—
80°. Scanning electron microscopy (SEM) was carried out using
a FEG-SEM microscope (XL-30, FEI company, USA). The
distribution of the elements was examined by energy-dispersive
X-ray spectroscopy (EDS, X-MAX, Oxford Instruments, UK).
Fourier-transform infrared (FT-IR) spectra were recorded using
a Fourier-Transform infrared spectrometer (VERTEX 70,
Germany). The element content of Zn in the composite was
measured by an inductively coupled plasma optical emission
spectrometer (ICP-OES, Thermo-Scientific iCAP6300, USA).

2.5. Adsorption Kinetics. CZD (0.2 g) was added into 50
mL of aqueous solution of phosphate (10 mg/L) in an
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Erlenmeyer flask, and the mixture was shaken at 160 rpm in a
mechanical shaker at 25 °C for a fixed period (2, S, 10, 15, 30, 60,
90, 120, 180, 240, 360, and 480 min). Then, the mixtures were
filtered, and phosphate concentrations of the filtrate were
measured by a UV—vis spectrophotometer at 700 nm. The
equations used are as follows:

The pseudo-first-order model:

In(qe - qt) =Ingq, — kit (1)
The pseudo-second-order model:

t 1 t

R > + —

q, kg o q, ()

where k; (min~") and k, (g mg™' min~") were the pseudo-first-
order and second-order kinetic rate constant, respectively; g,
(mg/g) is the PO, sorption capacity at time t, and q, (mg/g) is
the equilibrium adsorption capacity.

2.6. Adsorption Isotherm. CZD (0.2 g) was mixed with
phosphate solutions (50 mL) with different initial phosphate
concentrations ranging from 5—90 mg/ L, and the mixtures were
shaken in a mechanical shaker (160 rpm) at 25, 35, and 45 °C,
respectively. After 90 min of mixing, all the mixtures were
filtered, and the phosphate concentrations of the filtrates were
measured by a UV—vis spectrophotometer. The Langmuir,
Freundlich, and Temkin models were used to investigate the
adsorption isotherms of phosphate. The linear forms of
Langmuir, Freundlich, and Temkin equations are given in eqs
3-S5, respectively.

C_&, 1
9, 4, Kua, 3)
Ing =InKp + lln C,

¢ n 4)
q, = BInK; + Bln C, (s)

where C, (mg/L) is the equilibrium concentration of the
phosphate solutions, and g, (mg/g) and gq,, (mg/g) are the
equilibrium adsorption capacity and maximum adsorption
capacity, respectively. K ((L/mg) and Kp ((mg/g) (L/
mg)"/") are the Langmuir and Freundlich constants, respec-
tively; 1/n is the Freundlich exponent (n is a measure of the
deviation from the linearity of adsorption).”® B = RT/b is a
constant related to the heat of sorption (J/mol); b is the Temkin
isotherm constant (L/g); R is the ideal gas constant (8.314 J/
(mol:K)); T is the thermodynamic absolute temperature (K).>*
2.7. Adsorption Thermodynamics. Thermodynamic
characteristics were investigated to further evaluate the
adsorption process such as exothermic or endothermic.
Thermodynamic parameters including AG® (Gibbs free
energy), AH® (enthalpy), and AS°® (entropy) were calculated
using the isotherm data by the following van’t Hoff equation:

AG°=—RTIn K, 6)
AS°  AH®
InK, = -
17 R RT (7)

where R is the universal gas constant (R = 8.314 J/mol'K), T is
the absolute temperature (K), and K; (L/mol) is the
thermodynamic equilibrium constant calculated from the
Langmuir equilibrium constant.

2.8. Effects of Environmental Conditions on Phos-
phate Removal. Chemical environments are the crucial factors
that affect the adsorption ability of adsorbents, such as pH and
anions. The effects of pH and competitive ions were evaluated in
batch adsorption experiments. For the effect of initial pH, the
adsorbents (0.2 g) were added into SO mL of phosphate
solutions (10 mg/L) with initial pH from 3—11 and shaken (160
rpm) at room temperature of 25 °C for 90 min. The pH value of
the solutions was adjusted with 1 mol/L NaOH or acetic acid
solution. For the effect of competitive anions (Coz, Cr,
NO,;"), 0.2 g of adsorbent was mixed with S0 mL of phosphate
solution (10 mg/L), which contained one of the above anions
and shaken at 160 rpm for 90 min. The concentrations of
competitive ions varied within a specific range. All the
suspensions were filtered, and the phosphate concentrations of
the filtrates were measured by a UV—vis spectrophotometer.
The equations of adsorption capacity (g,) and efficiency (E,) are
expressed as follows:

(Co — Ce)V
m (8)

(4

C, - C
0 % 100%
Co 9

where Cy (mg/L) and C, (mg/L) are the initial and equilibrium
solution concentrations, respectively; V (L) is the volume of the
solution, and m (g) is the mass of the adsorbent.

E =

(4

3. RESULTS AND DISCUSSION

3.1. Characterizations. Figure 2 shows the FT-IR spectra of
diatomite (D), chitosan, CMD, ZIF-8, and CZD samples. The
peaks at 472 and 1092 cm™' correspond to the asymmetric
stretching vibration of Si—O—Si bonds, which proves the
presence of SiO, in diatomite.”™** The FT-IR spectra of
chitosan showed stretching vibration of carbonyl (C=0, amide
I band) at 1652 cm™' and the amino group (N—H, amide II
band) at 1599 cm™" and C—N (amide III band) at 1324 cm™,
respectively. After diatomite was coated with chitosan, the
corresponding characteristic peaks at 2919, 2851, and 1622
cm™' appeared in the spectra of CMD, which indicated that
chitosan had been covered on the surface of diatomite
successfully. It can be seen that the characteristic peaks of
synthesized ZIF-8 are in good agreement with the correspond-
ing absorption spectra, which was reported in the previous
literature.” The bands in the spectral region of 600—1500 cm ™
are assigned to the ring stretching or bending vibration of the
imidazole ring. Furthermore, the peak at 420 cm™ is associated
with the Zn—N stretching vibration.”"*' Due to the presence of
chitosan, it is beneficial to the loading of ZIF-8. After
modification, as seen from the spectrum of CZD, the
characteristic peaks of ZIF-8 at 1578, 1458, 1419, 1174, and
693 cm™" appeared at modified diatomite, which illustrated that
ZIE-8 was successfully loaded on the surface of diatomite.

The XRD patterns of diatomite, chitosan, ZIF-8, and
chitosan-ZIF-8-modified diatomite are shown in Figure 3. The
diffraction spectrogram of Figure 3a indicates that the diatomite
consists mainly of silica (SiO,). As shown in Figure 3b, the
characteristic peak of chitosan appears at about 26 of 20°, which
belongs to the monoclinic system. The XRD pattern of ZIF-8 is
presented in Figure 3¢, which is consistent with the simulated
SOD-type ZIF-8 structure, confirming that the sample has a pure
ZIF-8 phase.41 As shown in Figure 3d, the characteristic peaks of
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Figure 2. FT—IR spectra of samples.

Z1F-8 appeared in the pattern of CZD, which further confirmed
that ZIF-8 was successfully loaded on the surface of the
diatomite.

Figure 4 shows the scanning electron microscope (SEM)
images of diatomite, CMD, and CZD. The natural diatomite’s
neat surface and clear pore structure can be observed in Figure
4a;—a;. When chitosan was coated onto the surface of diatomite,
as schematically illustrated in Figure 4b, the surface of the
diatomite seemed rougher than that of natural diatomite. It can
be seen that the chitosan is uniformly coated in the outermost
layer of the diatomite. After loading with ZIF-8, as shown in
Figure 4c, ZIF-8 particles were evenly distributed on the surface
of diatomite, forming a hierarchical pore structure. It could be
expected to improve the adsorption performance of diatomite. It
is clearly seen that the nanometer-sized crystals have uniform
cubic shapes, which is consistent with the reported results.*” As
shown in Figure 4c;, the size of ZIF-8 is about 70 nm.

An energy-dispersive X-ray spectrometer (EDS) analyzed the
distribution of elements on modified diatomite. Figure S shows
the EDS mapping of CZD with Si, O, N, and Zn. It was found
that Zn and N were well dispersed on the silicon skeleton of
diatomite. The uniformly existing Zn element indicated that
ZIF-8 was evenly dispersed on the surface of diatomite. The
EDS spectrum of CZD confirmed that diatomite was mainly
composed of silicon and oxygen (SiO,). The content of N and
Zn of the CZD was 1.70% and 2.58%, respectively. Therein, the
content of zinc was almost close to that of the ICP-OES analysis
results, which is 5.53% (15,840 ppm) of the total mass.

3.2. Adsorption Results of D, CMD, and CZD. The
phosphate adsorption capacity and adsorption efficiency of D,
CMD, and CZD at different temperatures are presented in
Figure 6. The adsorption capacity of D, CMD, and CZD
increased with increasing phosphate concentration and close to
equilibrium when the concentration was higher than 45 mg/L. It
can be clearly seen that the adsorption capacity of diatomite after
the modification has been significantly improved compared to D
and CMD. The maximum capacity of CZD is 13.46 mg/g for
phosphate removal, higher than those of CMD and D. The
phosphate efficiency has an appreciable increase after loading
ZIF-8 on the diatomite, as shown in Figure 6b. The removal
efficiencies of CZD are more than 98%, and it comes up to 100%
at 45 °C, in comparison with only 4.67% for D and 17.1% for
CMD. The results showed that the adsorption capacity of
diatomite was obviously improved after being modified with
chitosan and ZIF-8. Table 1 shows the phosphate adsorption
capacities of different adsorbents. The material produced in this
paper is a good phosphorus adsorption material in terms of
adsorption time and efficiency.

3.3. Effect of Initial pH. The effect of pH on phosphate
adsorption by CZD is presented in Figure 7. CZD exhibits a low
adsorption capacity at pH = 0—4 because the phosphate species
mainly are composited with H;PO, and H,PO,”, and the
electrostatic effect between phosphate and CZD is weak.”” The
phosphate removal capacity increased with the initial solution
pH from 4 to 6, and phosphate adsorption exhibited the largest
capacity (7.48 mg/g) at an initial pH of 5.81. It can be attributed
that ZIF-8 has the highest positive zeta potential values at pH =
4—8."7 Meanwhile, this sorption behavior can also be explained
by PO,*™ species changing in the case of pH = 4—8.”” With the
increase of pH, the solution’s existing phosphorus form
gradually changed from H,PO, to H,PO,”, HPO,*, and
PO,>"." As pH continued to rise, the negative charge of
phosphate increased. However, the zeta potential of ZIF-8
dropped dramatically, resulting in a decline in the adsorption
capacity. In the meantime, OH~ competed with phosphate
species and binding to the active adsorption sites, further
reducing the adsorption capacity. It can be speculated that when
the pH is below S, the adsorption behavior of CZD is dominated
by the phosphate species; when the pH is above 8, the
adsorption behavior of CZD is dominated by the electrical
charge of CZD. The adsorbent works best under neutral and
near-neutral conditions, conducive to its practical application in
phosphorus wastewater treatment and phosphorus recovery.

3.4. Effect of Competitive Anions. The coexistence of
CO,*7, ClI7, and NO, ™ may typically compete with phosphate in
wastewater during the adsorption process.*” They can interfere
with the absorption of phosphate through competitive
adsorption and reduce the efficiency of P removal. The influence
of the competitive anions on phosphate adsorption is shown in
Figure 8. It showed that CI” and NO;™ had a little competitive
effect for PO, removal. Specifically, the effect of Cl~ was nearly
negligible when it was kept at a low concentration. CO;*~
impacted significantly on phosphate removal, with adsorption
efficiency decreasing from 85.93% to 55.24% because CO;*~
might interact with the active site and compete with
phosphate.'” Moreover, the negative effect was proportional
to the concentration of competitive anions. In a word, the
impact of the above anions on phosphate adsorption followed a
descending order as CO;*” > NO;~ > CI™.

3.5. Adsorption Kinetics. The phosphate adsorption
capacities of CZD were expressed as a function of contact
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Figure 3. XRD pattern of (a) diatomite, (b) chitosan, (c)ZIF-8, and (d) CZD.
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Figure 4. SEM images of (a) D, (b) CMD, and (c) CZD.

time. As shown in Figure 9, phosphate sorption increased rapidly The kinetic adsorption results have been analyzed using pseudo-
and was close to equilibrium within 90 min and then remained first-order and pseudo-second-order models (Figure 10). As
comparatively stable. The results revealed that a short time is seen from the kinetic parameters in Table 2, the correlation
required for CZD to remove phosphate effectively. 85% of the coefficients of the pseudo-second-order model (R* = 0.999)
phosphate in the solution even can be adsorbed within 10 min. were more significant than the pseudo-first-order model (R* =
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Figure 5. EDS spectrum of CZD and element maps of Si, O, N, and Zn.

0.825). This result is similar to the previous kinetic results
obtained for various adsorbent-pollutant systems.’””" Further-
more, the calculated value of equilibrium adsorption of CZD to
phosphorus is close to the experimental results. Thus, the
adsorption kinetics of phosphorus coincides with the pseudo-
second-order model for the entire adsorption period.

The intraparticle diffusion model was used to define the rate-
limiting step of the adsorption process.”> As can be seen from
Figure 11, the kinetics adsorption of phosphate consists of three

consecutive phases: bulk diffusion, film diffusion, and pore
diffusion.”® The first stage observed at 1.4 < £>* < 3.9 min®® was
rapid, the rate slowed down slightly in the second phase, and
equilibrium was established at the third stage. The diffusion of
phosphate molecules through pores to the active sites of CZD at
the third phase. If the linear plot of g, versus t*° passed through
the origin, then intraparticle diffusion was the only rate-limiting
step.”” However, the lines in Figure 11 did not pass through the
origin, indicating that the adsorption process was governed not
only by intraparticle diffusion as the rate-limiting step but also by
other factors in the adsorption process.

3.6. Adsorption Isotherms. In this study, the equilibrium
adsorption of phosphate by CZD was investigated using
Langmuir, Freundlich, and Temkin isotherm models. The
isotherm curves and corresponding parameters are summarized
in Figure 12 and Table 3. According to the results, the Langmuir
model provided a higher correlation coefficient value compared
to the other two isotherm models. Thus, the Langmuir isotherm
model is the best-fitted model to describe the adsorption
behavior of phosphate adsorption. Based on the R* values, the
correlate order was as follows: Langmuir (R* = 0.9866—0.9887)
> Freundlich (R* = 0.9634—0.9768) > Temkin (R* = 0.8817—
0.9087). It was indicated that the monolayer adsorption of
phosphate molecules occurred on the heterogeneous surface of
CZD.>” The obtained isotherm results are in agreement with the
previous studies.”®> In the Freundlich isotherm, the signifi-
cance of the n value is as follows: adsorption is linear if n = 1;
adsorption is physisorption if n > 1; adsorption is chemisorption
if n < 1.°° In this work, n > 1 can indicate that the adsorption
process is physical. In Temkin isotherm, B is 1.99—2.26 J/mol,
which proved that the adsorption reaction occurred endo-
thermically and the adsorption is physical in nature.”” >’

Furthermore, the maximum adsorption capacity of CZD
based on the fitting results of the Langmuir model was 14.27
mg/g at 25 °C, which is four times more than the original
diatomite. Also, the adsorption capacity increased with the
increase of reaction temperature, indicating that a higher
temperature is beneficial to the adsorption of phosphate. It is
also consistent with the result of adsorption thermodynamics.

3.7. Adsorption Thermodynamics. The changes in the
Gibbs free energy (AG®), enthalpy (AH®), and entropy (AS®)
were determined in accordance with study results of temper-
ature effect (Table 4). The values of AH° and AS° were
obtained from the intercept and slope of the line in Figure 13.
The AG°® values were negative at different temperatures,
indicating that the adsorption process was favorable and
spontaneous. As the reaction temperature increased, the value
of AG® decreased gradually, indicating that the temperature in
the system had a certain influence on the adsorption process.
The higher temperature was more favorable to the forward
reaction and can promote the adsorption process. The values of
AH?® were positive at different temperatures, indicating that the
adsorption process was endothermic.’” The adsorption
efficiency of the adsorbent increased with increasing temper-
ature; hence, a higher temperature was more conducive to the
reaction. The positive value of AS° indicated that the
randomness in the system increased with the progress of the
adsorption process, which is conducive to the adsorption effect
of the adsorbent for phosphate.

4. CONCLUSIONS

Chitosan-ZIF-8-modified diatomite, prepared via a simple
process, exhibited an excellent affinity to phosphate in an
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Table 1. Comparison of the Phosphate Adsorption Capacities
of Various Adsorbents

adsorption
equilibrium capacil
adsorbents time (mg/g ref
Fe(III)-doped chitosan 48 h 15.7 43
Fe—Mn oxide adsorbent 24 h 18.4 44
magnetic illite clay 90 min 548 45
Fe’/iron oxide-DE 30 min 37.0 46
0.05-HIOMD (hydrous iron oxide 24h 4.89 14
modified diatomite)
CZD 90 min 13.95 This
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Figure 7. Effect of initial solution pH for adsorption capacity of CZD.

aqueous solution. It possessed high adsorption efficiency at a low
concentration, and the value of g,, calculated by the Langmuir
isotherm equation was 14.58 mg/g at 45 °C. The removal
efficiencies of CZD to phosphate were more than 98%. The pH
value of the solution had a significant influence on phosphate
adsorption, and optimal removal was at pH 5.81. The phosphate
adsorption isotherm was fitted better with the Langmuir model
than the Freundlich model, and the kinetic data followed the
pseudo-second-order model. Thermodynamic parameters in-
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Figure 8. Effect of competitive anions on phosphate adsorption
(adsorbent dosage = 0.2 g, temperature = 25 °C).
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Figure 9. Effect of contact time on the phosphate sorption of CZD.

dicated that the adsorption process was endothermic, and a
higher temperature was more conducive to the reaction. The
Freundlich isotherm and Temkin isotherm showed that the
adsorption process is physical in nature. Moreover, electrostatic
interaction is the primary mechanism of phosphate removal.

26160 https://doi.org/10.1021/acsomega.2c01648

ACS Omega 2022, 7, 26154—-26164


https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01648?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
2 60
a b
1F o
o
0 = 40 |
- e
Tt 2
= y:oA5021-oA0095x° E 20t y=0.2537+0.1057x
2r 0 R-0g2s = R?=0.9999
3k
° 0
4
' . ’ ! L L 1 1 1 1 | L
0 100 200 300 400 500 0 100 200 300 400 500
¢ (min) t (min)

Figure 10. Adsorption kinetics of phosphate adsorption. (a) Pseudo-first-order kinetics. (b) Pseudo-second-order kinetics.

Table 2. Kinetic Parameters and Regression Coeflicients for the Adsorption of Phosphate onto CZD

pseudo-first-order

pseudo-second-order

Co (mg/L) eexp (Mg/g) ky (min™") Gecar (mg/g) R k, (g/(mg-min)) Geal R
10 9.45 0.0095 1.65 0.825 0.0506 9.46 0.999
10 The present study demonstrated that CZD is expected to be an
//—ﬂ—_'») alternative as an adsorbent for phosphorus removal.
9 -
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Table 3. Isotherm Parameters for Phosphate Adsorption onto CZD

Langmuir Freundlich Temkin
temperature (°C) Ky (L/mg) qm (mg/g) R* Kg ((mg/g) (L/mg)'/") n R? B (J/mol) Ky (J/mol) R*
25 0.26 14.27 0.9866 5.87 4.99 0.9634 2.261 6.66 0.9087
35 0.28 14.25 0.9874 6.06 S.13 0.9671 1.988 13.85 0.8817
45 0.33 14.58 0.9887 6.31 5.07 0.9768 1.989 17.69 0.9002

Table 4. Parameters of Adsorption Thermodynamics with
CZD

T(K) K;(L/mol) AG° (kJ/mol) AS° (kJ/mol'’K) AH° (kJ/mol)
208.15  24420.02 —25.04
308.15 26560.42 —26.10 0.12 10.30
318.15 31746.03 —=27.42
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y=14.24-1239.07x
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Figure 13. Linear plot of InK,; vs 1/T.
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