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Abstract

Phosphate is present in all kinds of industrial wastewater; how to remove it to meet the strict total phosphorus discharge
standards is a challenge. This study used a one-step foaming technique to fill polyurethane foam (PUF) with ZnO, taking
advantage of PUF’s excellent features like its porous network, lightweight, hydrophilicity, and abundance of binding sites
to create ZnO/PUF composites with high adsorption capacity and exceptional separation properties. The adsorption iso-
therms, kinetics, starting pH, and matrix impacts of ZnO/PUF composites on phosphate were examined in batch studies. The
results showed that the composites had good adsorption performance for phosphate with a saturated adsorption capacity of
460.25 mg/g. The quasi-secondary kinetic and Langmuir models could better describe the adsorption process, which belonged
to the chemical adsorption of monomolecular layers. The composites’ ability to treat phosphates in complicated waters was
shown by their ability to retain a high adsorption capacity in the pH range of 3—6. In column experiments, the composite also
maintains a good affinity for phosphate during dynamic adsorption. Multiple characterizations indicate that the adsorption
mechanism is a combined effect of ligand exchange and electrostatic interactions. Therefore, this study provides valuable
insights for practical phosphorus-containing wastewater treatment.
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Introduction

Phosphorus is a non-renewable resource extensively uti-
lized in agriculture, medicine, ceramics, and other indus-
tries. It is also necessary for human growth and develop-
ment and for other creatures (Cordell et al. 2009; Cramer
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2010). Unfortunately, phosphorus is currently wasted
away as a significant amount is released into the envi-
ronment annually through a variety of means, including
the release of phosphorus-containing wastewater during
phosphorus mining, the loss of phosphorus fertilizers in
the soil during agricultural production, and phosphorus-
containing domestic sewage. Orthophosphate is the pri-
mary fugitive form of phosphorus found in natural aquatic
habitats (Zhang et al. 2020c). As phosphates collect suf-
ficiently, the environment’s phosphorus content increases
significantly. Municipal wastewater discharge in China
must not exceed 0.5 mg P/L. Permit limits in the USA
must adhere to rigorous guidelines and fall between 0.1
and 0.5 mg P/L (Kumar et al. 2019). Overphosphorus in
water may cause eutrophication, deplete the dissolved
oxygen in the water, upset the ecosystem’s balance, and
endanger human health (Smith and Schindler 2009). As
a result, there should be no delay in phosphorus removal
from wastewater (Hwang 2020).

Presently, membrane filtration, adsorption, ion
exchange, chemical precipitation, and other treatment
techniques have all been employed to treat wastewater
containing phosphorus (Ramasahayam et al. 2014; Hong
et al. 2022; Zhang et al. 2020a). Among these methods,
adsorption is widely regarded as a cost-effective technique
for separation owing to its straightforward operational
procedures, notable efficacy, economical nature, and con-
venient recovery process (Lalley et al. 2016; Feng et al.
2022). In recent years, many common adsorbent materials
have been employed to extract phosphate from wastewater.
For instance, Jung et al. (2016) discovered that the bio-
char produced by pyrolyzing undressing at 400 °C has an
adsorption ability of 32.58 mg/g for phosphate at 30 °C,
and Yan et al (2010) suggested using column-supported
bentonite that was hydroxy-aluminum, hydroxy-iron, or
combination hydroxy-iron-aluminum for the removal of
phosphates; the highest adsorption capacities of these ben-
tonite types were 12.7, 11.2, and 10.5 mg/g, respectively.
Both biochar and conventional clay materials lack suffi-
cient adsorption capability. Hence, exploring novel mate-
rials that might effectively boost the capacity to remove
elevated phosphate levels in wastewater is essential.

Lewis acid—base action gives the zinc oxide an intense
preference for phosphate. For instance, Luo et al.’s
(2015) ZnO powder had a saturated adsorption ability
of 163.40 mg/g for phosphate at a pH of 6.2+ 0.1 in the
solution. Phosphate was successfully removed from den-
dritic eclogite-zinc oxide nanocomposites by Wei et al.
(2021) by successfully coating ZnO nanoparticles on
tubular eclogite through noncovalent hybridization. Li
et al. (2018) used hydrothermal atomic layer deposition
to create magnetic 3D Fe;0,@Zn0O nanomaterials with
uniform active sites to remove phosphate from water in the

presence of a modest magnetic field. Isothermal line fitting
demonstrated that the composite phosphate had a satura-
tion adsorption capability of 100.3 mg/g. By using saccha-
rothermal calcination, Madhusudan et al. (2024) produced
effective and environmentally benign ZnO/ZnFe,0, yolk-
shell microspheres that had an optimal adsorption capacity
of 103.2 mg P/g for phosphate. However, the drawbacks
of using composites and powdered zinc oxide as adsor-
bents include their instability, propensity for agglomera-
tion, and difficulty in separating from the water column
upon adsorption (Cheng et al. 2018; Shen et al. 2022).
Consequently, it is critical to look for a straightforward
technique to enhance zinc oxide’s stability, dispersion, and
separation qualities.

Generally, combining ZnO nanoparticles with organic
polymer carriers is an effective way to improve the above
deficiencies. For example, loading ZnO onto functional
matrices such as chitosan (Chandra Das et al. 2023), gra-
phene oxide aerogel (Shen et al. 2022), and 3D carbon foam
(Zhang et al. 2020b) can be used for adsorption separation
and photocatalytic degradation. However, there is no signifi-
cant research on mixing ZnO and polyurethane foam (PUF).
PUF is a porous material with remarkable thermochemical
stability, hydrophilicity, cost-effectiveness, numerous bind-
ing sites, large specific surface area, three-dimensional struc-
ture, and porous network (Ren et al. 2022). Because of these
characteristics, PUF is the best substrate for holding ZnO. In
this work, ZnO powder was incorporated into PUF using a
one-step foaming technique to create ZnO/PUF composite
materials (Fig. 1). The PUF has a porous matrix that exhib-
its notable permeability and favorable flow characteristics,
hence facilitating the efficient mitigation of mass transfer
hindrances during the process of adsorption. The even distri-
bution of ZnO inside the polyurethane foam matrix results in
an increased number of binding sites, significantly enhanc-
ing the adsorption capabilities. These properties provide a
new means of treating phosphorus-containing wastewater
in real life.

Experiments and methods
Materials

The chemicals employed in this investigation are all of
reagent-grade purity and were used without being puri-
fied. Zinc nitrate hexahydrate was obtained from Sinop-
harm Chemical Reagent Co. Dipotassium hydrogen phos-
phate, ammonium molybdate tetrahydrate, sulfuric acid,
hydrochloric acid, glycerol, and polyethylene glycol(PEG)
(Mn =4000) were procured from Chengdu Kolon Chemi-
cal Co. At the same time, the stannous octoate and sodium
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Fig. 1 Schematic diagram of the

preparation of ZnO/PUF
J (X
QDI )
)) ) 9%
Zn* OH

hydroxide(HDI) were sourced from Beijing Inokai Tech-
nology Co.

Synthesis of ZnO

First, solution A with a concentration of 0.5 mol/L of
Zn* was obtained by dissolving the necessary Zn(NOy),
(9H,0) in deionized water. Solution B was prepared by
dissolving a certain quantity of NaOH in 120 mL of deion-
ized water, per the molar ratio of Zn>* to OH™ of 2:1.
Subsequently, solution B was introduced into solution A
uniformly. The sample was subjected to dynamic aging
for 2 h on a magnetic stirring table with a temperature of
40 °C. The samples were freeze-dried for 24 h to produce
ZnO powder after being cleaned with deionized water and
ethanol three times.

Preparation of ZnO/PUF

Twenty grams of PEG was put into a beaker and heated
at 90 °C until melted. Then, 0-10 wt% of ZnO was added
to the melt, and the mixture was obtained by stirring it
evenly. Next, 0.5 mL of deionized water, 0.8 g of stannous
octanoate, and HDI were added to the mixture all at once
(n(PEG): n(HDI) = 1:3). After stirring and mixing the vari-
ety evenly, the reactants were put into a mold and allowed
to foam for 30 s to produce the initial foam. The foam was
matured in a warm oven at 100 °C over an hour, then cooled
to room temperature to make the ZnO/PUF-s composites.
The specific feed is shown in Table 1:

Characterization

The morphology of the materials was examined using a
scanning electron microscope (SEM, S4800, Hitachi, Japan).
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Table 1 The precise feed ratios

Products PEG dosage/g ZnO
dosage/
wt%

PUF 20 0

ZnO/PUF-2.5 20 2.5

ZnO/PUF-5 20 5.0

ZnO/PUF-7.5 20 7.5

ZnO/PUF-10 20 10.0

Additionally, EDS spectroscopy was performed simultane-
ously with the morphological observations. The crystal
structure of the samples was determined using an X-ray dif-
fractometer (XRD, DX-2600, Danfang Dongyuan Instrument
Co., Ltd., China). Fourier examined the infrared spectros-
copy’s functional groups transform (FTIR, TENSOR-27,
Bruker GMBH, Germany). X-ray photoelectron spectros-
copy (XPS, Escalab Xi+, Thermo Fisher Scientific, USA)
analyzed the elemental state of the samples. The sample’s
thermal stability was evaluated using a thermogravimetric
analyzer (TG/DTG, STA449F5, NETZSCH Instruments
GmbH, Germany) in an inert environment. The samples’
Zeta potential was determined using a Zeta potential ana-
lyzer (Zeta, Nano ZS90, Malvern Instruments Ltd, UK).

Batch experiments

The batch tests were conducted to investigate the adsorp-
tion characteristics of ZnO/PUF composites for phosphate.
A phosphate-contaminated solution with a volume of 50 mL
was combined with 0.5 g PUF and 0.5 g ZnO/PUF-s, cor-
respondingly. The adsorption process took 1440 min, and
the supernatant was collected. Phosphomolybdenum blue
spectrophotometry was used to measure the phosphate con-
centration at 706 nm (Yuchi et al. 2003; He and Honeycutt
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2005). Figure 2 illustrates the relationship between the Langmuir model : Q, = 2,K,C,Cy 3)
measured spectrophotometric values and PO43_. The follow- ¢ 1+K.C.
ing formulas (1 and 2) were used to determine the adsorption
capacity per unit (estimated by ZnO) and the phosphorate Freundlich model : O, = K Ci @)
removal rate. TEe T e
0. (Co-C,)V (1y  Temkinmodel : 0, = &inac,) ©)
m
s . _ _KC,

C, - C, Redlich — Peterson model : Q, = e (6)

R= o X 100% )

0

where C,, and C, represent the initial and equilibrium con-
centrations of phosphate solution (mg/L), respectively, V is
the phosphate solution volume (mL), and m is the adsorbent
mass (g). R is the removal rate of phosphate.

Adsorption isotherm experiments

A solution containing varying concentrations of phosphate
(10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L, 60 mg/L, 80 mg/L,
100 mg/L, 120 mg/L, 150 mg/L, 200 mg/L, 300 mg/L,
500 mg/L, 800 mg /L, and 1000 mg/L) was mixed with
0.5 g of ZnO/PUF-5. The mixture was then adsorbed at
25 °C for 1440 min, and the initial pH of the contaminated
solution was 6.3. The phosphate batch adsorption tests
on ZnO/PUF-5 composites at varied starting concentra-
tions were used to derive the adsorption isotherm data.
The experimental data was fitted using the Langmuir, Fre-
undlich, Temkin, and Redlich-Peterson isotherm models
(3-6) (Huang et al.2015):
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Fig.2 Standard curve of phosphate concentration

where Q,, (mg/g) is the theoretically calculated saturated
adsorption capacity; K; and K are constants in the Lang-
muir and Freundlich adsorption isotherm models, respec-
tively; and n is the Freundlich coefficient denoting the
adsorption strength. A and B are the constants. Ky and ag
are constants, and g is the exponent.

Adsorption kinetics experiments

Of ZnO/PUF-5, 3.5 g was immersed in 350 mL of phos-
phate-contaminated solution with an initial concentration
of 200 mg/L and a pH of 6.3. The phosphate concentration
was determined by adsorbing the supernatant for specific
times (3 min, 5 min, 10 min, 20 min, 30 min, 60 min,
90 min, 120 min, 180 min, 240 min, 360 min, 540 min,
720 min, 960 min, 1200 min, 1440 min). After which the
phosphate concentration of the tainted solution was ascer-
tained by removing the supernatant. A series of adsorption
kinetic studies were conducted to elucidate the adsorption
mechanism of ZnO/PUF-5 on phosphate. The adsorption
kinetics of phosphate on ZnO/PUF-5 were described using
the pseudo-first-order kinetic model, the pseudo-second-
order kinetic model, and intraparticle diffusion (Zhou
et al.2018):

Pseudo — first — order kinetic model : In(Q, — Q) = InQ, — ki1

@)

et 14t

Pseudo — second — order kinetic model : 2= e + o
(®)
Intrapaticle diffusion model Q, = k,#*° + C 9)

The adsorption capacities at equilibrium and time ¢ are
Q. (mg/g) and Q, (mg/g). The rate constants for the quasi-
first-order and quasi-second-order models are k; (min~)
and k, (g/mg/min), respectively. k; is the rate constant
at stage i, and C is the correlation constant between the
boundary layer and its thickness.
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Effect of initial pH on adsorption performance

To investigate the impact of varying solution starting pH on
phosphate adsorption performance on ZnO/PUF-5, potas-
sium dihydrogen phosphate solution’s pH was gone within
the range of 3—11 using 0.10 mg/L. NaOH and 0.10 mg/L
HCI.

Column experiment

An adsorption column of 3 cm in inner diameter and 9 cm
in height at room temperature was filled with a specific
quantity of ZnO/PUF-5 to test the material’s potential for
practical applications. The adsorption column’s pores were
filled with 30 g of quartz sand. The diagram illustrating the
configuration of the apparatus used in the column experi-
ment is shown in Fig. S1. The study examined the adsorption
capabilities of ZnO/PUF-5 in removing phosphate from con-
taminated liquid under several conditions, including varied
flow rates, column heights, and starting concentrations. A
peristaltic pump injects the tainted fluid into the column
in a downward flow direction. Specimens were collected,
centrifugated, and analyzed regularly to determine the phos-
phate concentration after treatment. When the contaminated
solution’s effluent concentration reaches 10% of the influent
concentration (C/C,=0.1), the breakthrough time (#,; min)
is typically determined, and the column depletion (or satura-
tion) time (#,; min) may be computed when C/C,=0.9. The
total adsorption capacity (gs; mg), unit adsorption at column
depletion time (g,; mg/g), total phosphate mass (m;: mg) by
adsorption column, empty bed contact time, and phosphoric
acid removal rate of the adsorption column (3; %) (Mekon-
nen et al. 2021):

V, =01 (10)
0 t=t,
qy = 70— (Cy— C)dt 11
1000 -0 0 t ( )
q
ge= % (12)
C, 01,
s = 1?)00 (3)
=% w1009
= 5o X 100% (14)
V (4
=" (15)
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where Q is the velocity of flow of the contaminated liquid
(mL/min), m' is the dry weight (g) of ZnO/PUF-5 in the
adsorption column, and V,,,, is the volume of the adsorption
column (mL).

Data on dynamic adsorption were fitted using the
Thomas, Yoon-Nelson, and Adams-Bohart models (Golie
and Upadhyayula 2016):

Thomas : ln(%J -D= K”‘% — Ky, Cot (16)

Yoon — Nelson : In( COC—IC,) = Kyyt — tKyy 17)

Adams — Bohart : ln(%’)) =K,zCot — KABNO(U%) (18)

where C,, is the influent concentration (mg/L), C, is the efflu-
ent concentration at time ¢ (mg/L), Ky, is the Thomas model
constant (mL/min-mg), g, is the Thomas dynamic adsorp-
tion capacity (mg/g), and m is the dry weight (g) of ZnO/
PUF-5 material in the adsorption column. Q is the flow rate
of the contaminated liquid (mL/min), ¢ is the adsorption time
(min), Kyy is the Yoon-Nelson model adsorption rate con-
stant (min~"), 7 is the half-saturation, and adsorption time
(min), K, 5 is the Adams-Bohart model kinetic constant (L/
mg-min), N, is the saturation concentration (mg/L), % is the
column height of the adsorption column packing layer (cm),
and so on. U, is the empty tower rate (cm/min), defined as
the ratio of Q to A, where the cross-section area of A adsorp-
tion column (cm?).

Results and discussion
Effect of ZnO dosage

Figure 3a illustrates the impact of ZnO dosage on the
removal rate of phosphate, with an initial concentration of
100 mg/L. The removal rate of phosphate by pure PUF was
shallow, amounting to just 4.26%. The ZnO dose increase
increased the removal rate; nevertheless, the removal rate
remained essentially constant at around 99% when the dos-
age exceeded or equaled 5.0 wt%. As shown in Fig. 3b, pure
PUF had porosity and water adsorption of only 81.61% and
746.25%, respectively. With the increase in ZnO dosage
to 5.0 wt%, the material porosity increased from 81.61 to
95.39%, and the water absorption from 746.25 to 2128.06%.
Water absorption decreased from 2128.06 to 1124.76%, ZnO
dosage rose 10.0%, and material porosity decreased from
95.39 to 93.33%. From this analysis, adding the correct
quantity of ZnO will help the foam material’s porosity and
water absorption, which will enhance the material’s adsorp-
tion capabilities.
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ZnO powder with a particle size of around 0.26 pm was
made using a straightforward co-precipitation technique
(Fig. 4a). The pore size distribution of the pure polyure-
thane foam vesicles was found to be reasonably consistent,
with an average pore size of around 0.72 mm, a smooth
pore surface, and a limited quantity of micropores and
macropores (Fig. 4b). The bubble pores of ZnO/PUF-5
displayed a wrinkled and rough surface structure when the
proper amount of ZnO was added, with the average pore
diameter rising to 1.12 mm (Fig. 4c). The SEM scan did
not show ZnO directly, indicating that ZnO was deeply
entrenched in the polyurethane foam matrix. Concurrently,
the SEM pictures and the energy dispersive X-ray analysis
findings (Fig. 4d) demonstrated that the elements of zinc

were evenly distributed in ZnO/PUF-5.

As shown in Fig. 5, XRD analysis confirmed that ZnO
filling into PUF was successful. The ZnO standard card
(PDF#36-1451) matches the distinctive diffraction peaks
at 2-Theta of 31°, 34°, and 36° in the XRD spectrum of
ZnO/PUF-5, demonstrating the successful introduction of
ZnO into the polyurethane foam. The N-H, C-H, and C=0
stretching vibrations are responsible for the distinctive peaks
in the PUF spectrum (Fig. 5b) at 3329 cm™!, 2877 cm™!, and
1711 em™", respectively (Xie et al. 2019; Yuan et al. 2017).
The vibrational peak seen at 1093 cm™! corresponds to the
C-0 bending vibration. In addition, it can be shown that the
C-N vibration generated by stretching is associated with
the vibrational peak observed at 1462 cm™!, indicating the
successful formation of the carbamate bond in the polymer
(Wei et al. 2022). The stretching and bending vibrations of

Fig.4 a SEM images of ZnO, b SEM images of PUF, ¢ and d SEM images of ZnO/PUF-5, e-h EDS mapping of ZnO/PUF-5
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ZnO/PUF-5
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Fig.5 a XRD pattern of ZnO/PUF-5 and b FTIR pattern of ZnO/PUF-5, ¢ TG/DTG curve of ZnO/PUF-5

the —OH adsorbent on the surface of ZnO cause the spec-
tral peaks in the ZnO spectra at 3447 cm™' and 1632 cm™!
(Li et al. 2018). The vibration maxima at 886 cm™! and
500 cm™! indicate the bendable beats of the —OH and Zn—O
in Zn(OH),. For ZnO/PUF-5, the characteristic peaks of
PUF are preserved, and no prominent distinct peaks of ZnO
are seen, which may be due to the small amount of ZnO
added (5 wt%), and the characteristic peaks of polyurethane
foam covering the distinct peaks of ZnO.

ZnO/PUF-5 undergoes three stages of thermal decompo-
sition, as Fig. 5c illustrates. The first stage, which occurs at
temperatures from 208 to 340 °C, has a specimen mass loss
of approximately 13% and belongs to the stern section of
thermal decomposition; the second stage, which occurs in
a temperature vary of 340 to 420 °C, has a specimen mass
loss of approximately 75% and belongs to the soft section
of thermal decomposition; and the third stage, which occurs
in the temperature. At 400 °C, the foam’s weight loss rate
reaches its highest, and at 797 °C, the polyurethane foam’s
residual mass is around 8%. Most of the leftover material is
undecomposed ZnO since the thermal breakdown tempera-
ture of ZnO in ZnO/PUF-5 is more excellent than 2000 °C.

Adsorption properties in batch experiments
Adsorption isotherms

Adsorption isotherms were fitted using the Langmuir and
Freundlich adsorption isotherm equations to examine the
adsorption process, as seen in Fig. 6a, b. The Langmuir fit-
ting correlation coefficient (R?) shows a more excellent value
than the Freundlich model (Table 2). This indicates that
phosphate adheres to ZnO/PUF-5 by monolayer adsorption.
The saturation adsorption capacity was calculated using the
Langmuir isotherm model, and the result was 460.25 mg/g
(calculated by ZnO). Temkin model fitting results indicate
that the energy change of phosphates adsorbed on ZnO/
PUF-5 is affected by temperature (Luo et al. 2024). In this
work, the value of g is 0.954, close to 1 (Table 3). Therefore,

@ Springer

the Redlich-Peterson isotherm constant agrees very well
with the Langmuir isotherm, and the whole adsorption pro-
cess is preferred to be described by the Langmuir model
(Al-Ghouti et al. 2020).

In contrast, the most prevalent phosphate adsorbents sum-
marized in Table 4 seldom achieve over 200 mg/g of uptake
capacities even at optimal pH. It can be seen that the ZnO/
PUF-5 obtained in this study has a significant effect on the
purification of phosphate in water.

Adsorption kinetics

The completion of the adsorption process of phosphate
at various temperatures was seen within a time frame of
1440 min, as shown in Fig. 6d. The adsorption process of
phosphate by ZnO/PUF-5 may be categorized into three
distinct stages, namely quick adsorption (0-360 min), slow
adsorption (360-1200 min), and equilibrium adsorption
(1200-1440 min), owing to the presence of a significant
number of pore channels and a high pore size. Many active
sites are extensively dispersed during the first phase, result-
ing in a rapid adsorption rate. As the adsorption process
advances, an increasing number of active sites get occupied
by phosphate, reducing available adsorption sites, and a sub-
sequent plateau in the adsorption rate until equilibrium is
reached. As the temperature rose within the range of 8—40
°C, there was a corresponding progressive rise in the equi-
librium adsorption capacity. In particular, the adsorption
capacity increased from 360.10 to 394.63 mg/g (calculated
by ZnO). This observation suggests that the rate of ionic
diffusion is positively correlated with temperature, hence
facilitating the adsorption process and enhancing the adsorp-
tion of phosphate by ZnO/PUF-5. The adsorption kinet-
ics data were fitted to investigate the adsorption process
further. Table 5 and Fig. 7b and c show the findings. The
pseudo-second-order kinetic model at various temperatures
has a higher correlation coefficient R? (0.992, 0.992, and
0.993) than the pseudo-first-order kinetic model, and the
fitted adsorption capacity is more similar to the adsorption
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Fig.6 a Langmuir isotherm
model fitting. b Freundlich
isotherm model fitting. ¢
Temkin isotherm model fitting.
d Redlich-Peterson isotherm
model fitting

Table 2 Model parameters for
the Langmuir and Freundlich
adsorption isotherms

Table 3 Model parameters
for the Temkin and Redlich-
Peterson adsorption isotherms

Table 4 Comparison of
phosphate uptake performance
with different reported
adsorbents

49349
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Sample Langmuir Freundlich
Ky 0. R? K (mg/g)(L/mg)/s 1/n R?
(L/mg) (mg/g)
ZnO/PUF 1.725 460.25 0.998 203.804 0.139 0.847
Sample Temkin Redlich-Peterson
A B R Ky ag g R?
L/g) (kJ/mol)
ZnO/PUF 243.720 41.658 0.928 2322.770 6.653 0.955 0.969
Adsorbent Maximum adsorption Experimental conditions Ref
capacity (mg/g)
ZnO/PUF-5 460.25 pH (5~6); 0.5 g/L; 25 °C This work
ZnO 163.40 pH6.2+0.1;25°C Shen et al. (2022)
CaZnAlZr-LDH 51.00 pH (7~8);0.2 g/L; 25°C Drenkova-Tuhtan et al. (2016)
7Zn0O-ZnAl 33.54 pH7;35C Liu et al. (2019)
La@ZIF-8 147.63 pH 6;30 °C Li et al. (2020a)
ZIF-67 92.43 pH 6.82; 0.8 g/L; 25 C Mazloomi et al. (2019)
Ce-MOF(500) 189.40 pH6; 1 g/L; 25 °C He et al. (2020)
NH,-MIL-101(Fe) 124.38 pH 7;0.06 g/L; 20 °C Xie et al. (2017)
AI-MIL-101 90.00 pH 6; 0.2 g/L; 25 °C Li et al. (2020b)
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capacity determined in the experiment. As a result, the phos-
phate adsorption by ZnO/PUF-5 is more in line with the
chemisorption-dominated secondary kinetic process.

The intraparticle diffusion kinetic model was used to fit
the adsorption kinetic data, assuming that the only rate-lim-
iting step is intraparticle diffusion. In this work, the intra-
particle diffusion kinetic model was used to fit the results
as shown in Fig. 7d. All the plots do not pass through the
origin but show a linear relationship, which suggests that

intraparticle diffusion is not the only rate-controlling step
in adsorption (Table 6).

Effect of initial pH value

The adsorption performance of the adsorbent on phos-
phate was observed to vary with the initial pH of the
contaminated solution in the range of 3—11, as depicted
in Fig. 8a. The adsorption capacity of the adsorbent for

Table 5 Parameters of pseudo-

Temperatures  Pseudo-first-order Pseudo-second-order
first-order and pseudo-second- (C)
order kinetic models R? ky 0. R? ky Q. (mg/g)
(1/min) (mg/g) (mg/g) (1/min)
8°C 0.939 0.00382 290.89 0.992 0.00003 374.53
25°C 0.924 0.00283 261.34 0.992 0.00004 387.60
40°C 0.892 0.00308 246.87 0.993 0.00005 395.26
Fig. 7 a Adsorption kinetics of
phosphate on ZnO/PUF-5. b 61 %b s 8°C
Pseudo-first-order kinetic model s A 25°C
fitting. ¢ Pseudo-second-order VS TP 4 4doeC
kinetic model fitting. d Intrapar- 44
ticle diffusion model fitting QIT
SR
k-1
=]
14 Pseudo-first-order model “
0 . L]
0 200 400 600 800 1000 1200 1400 1600 0 250 500 750 1000 1250
t (min) ¢ (min)
4.04 c n ftaﬁg‘
| e
J Stage Il A /
? 32 Pseudo-second-order model : —
£ I
244 > !
= I
g !
St 161 |
: —
o ° °
0.8 e A XS

A 40°C

Intraparticle diffusion model

T ™55

0 250 500 750
t (min)

1000 1250 1500 0 5 10 15 20 25 30 35 40

25 (min"%)

Table 6 Parameters for fitting

. 3 o Temperatures Intraparticle diffusion model
the intraparticle diffusion model (C)
k; R? k, R? ks R?
8°C 10.998 0.920 7.245 0.981 2.176 0.829
25°C 12.745 0911 5.876 0.964 4.845 0.871
40°C 14.847 0.969 4.294 0.938 3.682 0.839
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Initial pH value

phosphate diminishes as the initial pH value increases,
with this effect being particularly pronounced when the
pH value exceeds 6. The reason for the preferential bind-
ing of anions to the ZnO/PUF-5 material, when the solu-
tion pH is below the pHpzc (zero-point charge) value of
6 (Fig. 8b), is due to the positive surface charge acquired
by ZnO/PUF-5 under such conditions. Hence, in instances
when the pH level of the polluted solution falls below 6,
the adsorption of phosphate by the ZnO/PUF-5 material is
more advantageous. When the pH of the solution is higher
than 6, ZnO/PUF-5’s negatively charged surface makes
it difficult to form bonds with phosphate anion, which
causes a dramatic drop in the material’s ability to adsorb
phosphate. ZnO/PUF-5 has shown a greater affinity for
phosphate across a more extensive pH range when com-
pared to the analogous materials that have been reported.
The initial pH value of the polluted solution within the
scope of 3—6 may support over 335.82 mg/g of phosphate
adsorption.

Figure 8c illustrates zinc leaching from the adsorbent
following phosphate adsorption at various pH levels. Fol-
lowing adsorption, the concentration of zinc that leached
from the solution was around 25.5 mg/L in the pH range
of 3-5. As the pH increased, the amount of zinc that
leached into the solution gradually reduced until it was
below 5 mg/L.

Effect of co-existing anions

At a phosphate concentration of 30 mg/L, the effects of sev-
eral common anions (C1~, NO; ™, SO42_, and CO32_) on the
adsorption performance of ZnO/PUF-5 at varied concentra-
tions were examined. The findings were displayed in Fig. 8d,
which demonstrated that there was little to no change in
the rates at which C1™ and NO;~ adsorption occurred on
phosphate. The adsorption rate of C1I~ and NO;~ on phos-
phate was essentially unaffected; the adsorption rate of
phosphate showed a modest drop but remained above 95%
with an increase in SO42_ concentration; and the removal
of phosphate was more affected by the presence of CO;>".
The adverse effects were CI~ <NO,;~ <S0,?>~ <CO;*7, in
decreasing order.

Adsorption mechanism

The scanned pictures of ZnO/PUF-5 before and after phos-
phate adsorption are shown in Fig. 9a—f. Before adsorption,
the vesicles of the material exhibited a surface structure that
was folded and rough. However, after adsorption, the pores
of ZnO/PUF-5 expanded, resulting in numerous fiber-like
network structures. Additionally, many spherical substances
resembling tremella were observed on the surface of the
vesicles (Fig. S2a). In the analysis of the EDS patterns of
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Fig.9 a—c SEM images of ZnO/PUF-5 before p adsorption, d—f SEM images of ZnO/PUF-5 after p adsorption, and g—j EDS mapping of ZnO/

PUF-5 after p adsorption

ZnO/PUF-5 before adsorption (Fig. 4e), it was observed
that a significant presence of P elements was detected in the
adsorbed samples. This finding suggests that ZnO/PUF-5
effectively adsorbed phosphate.

Furthermore, Fig. 9j reveals a substantial overlap
between Zn and P elements in the adsorbed samples, indi-
cating that phosphate likely primarily adhered to the ZnO
powder. The FTIR analysis conducted before and after the
adsorption of phosphate by the ZnO/PUF-5 did not exhibit
significant changes, as depicted in Fig. 10a. Additionally,
the FTIR spectra of pure ZnO powder, both before and
after phosphate adsorption, displayed the absence of vibra-
tional peaks corresponding to —OH in Zn(OH),, as shown
in Fig. S3, specifically at 886 cm™!. Conversely, three new
vibrational peaks emerged at 943 cm™', 1008 cm™!, and
1120 cm™!, which correspond to the vibrational peaks of
the P-O bond in the phosphate (Yang et al. 2015). This

@ Springer

observation suggests that adsorption depletes the —-OH
groups and generates P—O bonds. Therefore, it is further
explained that ZnO plays a significant role in phosphate
adsorption in composite materials.

XPS analysis was performed to further confirm the
adsorption mechanism of ZnO/PUF-5 on phosphate. The
outcomes are shown in Fig. 10b—f. The appearance of P2p
peaks in the XPS spectra (Fig. 10b) demonstrated that the
phosphate had adsorbed on ZnO/PUF-5. Figure 8c displays
the XPS-Zn 2p spectra of the material before and after
adsorption. Before adsorption, the Zn 2p spectra showed
two different peaks: Zn 2p,,, and Zn 2p;,, respectively, with
energies of 1021.6 eV and 1044.6 eV. Following adsorption,
the Zn 2p spectra showed no change in the typical peaks
associated with Zn. The materials’ C 1 s spectra, as seen
in Fig. 8d, show a noticeable difference before and after
adsorption.
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Fig. 10 a FTIR spectra of ZnO/PUF-5 before and after p adsorption, b—f XPS spectra of ZnO/PUF-5 before and after p adsorption (b total spec-

trum; ¢ Zn2p; dC 1s;eO 1s;fP2p)

Notably, the intensity of the characteristic peaks asso-
ciated with the C—C bonds of the materials experienced a
reduction after adsorption. This observation suggests that
the structure of the materials underwent a certain degree of
impairment during the adsorption process. Figure 10e dis-
plays the O 1 s spectra of the materials before and follow-
ing adsorption. The energy level of 530.5 eV corresponds
to the Zn—O bond in ZnO and the P-O bond in phosphate
(Wang and Xiang 2014). The C=0 and C-O-C bonds in
urethane are shown by the unique peaks at 531.5 eV and
532.4 eV, respectively. Notably, the intensity of the charac-
teristic peaks at 530.5 eV increased after adsorption, sug-
gesting the presence of adsorbed phosphate on the materials.
Figure 9f presents the XPS-P 2p spectra of the materials
before and following adsorption. Notably, distinctive peaks
following adsorption at 133.3 eV and 134.4 eV, respectively,
correspond to P 2p,,, and P 2p,,,. These peaks signify the
presence of H,PO,™ and HPO,™ species (Xie et al. 2014),
indicating substantial phosphate adsorption onto the surface
of ZnO/PUF-5.

Based on the research above, in conjunction with the find-
ings about adsorption thermodynamics, adsorption kinet-
ics, and the zero-point charge pH of ZnO/PUF-5, it can be
deduced that the primary mechanism by which ZnO/PUF-5
adsorbs phosphates is via ligand exchange and electrostatic
interactions, the specific descriptions are as follows.

Ligand exchange:

ZnO/PUF — OH + H,PO; — ZnO/PUF — H,PO, + OH~
(19)

2ZnO/PUF — OH + HPO;” — (ZnO/PUF), — HPO, + 20H"
(20)

Electrostatic interactions:

ZnO/PUF — OH! + H,PO; — ZnO/PUF — OH, - - - H,PO,
(21

2ZnO/PUF — OH! + HPO2™ — (ZnO/PUF — OH,), - - - HPO,
(22)

The schematic representation of this adsorption mecha-
nism is illustrated in Fig. 11.

Adsorption properties in column experiments

Setting the initial pollutant concentration and column height
allowed for the investigation of the impact of flow rate on
the adsorption process. The data shown in Fig. 12a indicates
a correlation between the steepening of the breakthrough
curves and the leftward shift of the breakthrough and col-
umn depletion points. This correlation suggests that as the
flow rate rises, there is a decrease in the time needed to reach
the breakthrough and column depletion points. The observed
decrease in breakthrough time and column depletion time
as the flow rate of the contaminated liquid increased aligns
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with the removal rate constants (Kry, Kyy, and K, p) esti-
mated for the three chosen models (Table S2, Fig. S4). This
suggests that higher flow rates are associated with acceler-

ated saturation rates.

The breakthrough curve exhibited a deceleration as the
height of the adsorption column packing increased from 4.5
to 9.0 cm (Fig. 12b), resulting in a rightward shift of the
breakthrough point and column depletion point. This shift
indicates that the time required to reach the breakthrough
point and column depletion point tended to increase with

Fig. 11 Adsorption mechanism
diagram

S0

v

the increase in column height (Unuabonah et al. 2010).
This observation suggests that the prolongation of break-
through and column depletion times at higher bed heights
can be attributed to the expansion of the mass transfer region
(Table 5). Furthermore, it can be inferred that using higher
quality ZnO/PUF-5 (i.e., higher column height) leads to a
larger surface area of the adsorbent and an increased number
of active sites (Table 7).

The column’s height and flow rate were determined to
be 9 cm and 1.0 mL/min, respectively. The influence of
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Fig. 12 a Penetration curves at different flow rates. b Penetration curves at different column heights. ¢ Penetration curves at different concentra-

tions

Table 7 Adsorption parameters
of ZnO/PUF-5 on phosphate

in fixed bed with different
parameters

@ Springer

Number Q (mL/min) A (cm) C,(mg/L) ¢, (min) gq,(mg) g, (mg/g) m,(mg) n,(%) ¢, (min)
1 0.5 4.5 9.84 2010 5.62 4494 9.89 56.81 63.62
2 1.0 4.5 9.84 930 5.08  40.65 9.15 55.54 31.81

3 2.0 4.5 9.84 330 2.71 21.64 6.49 41.67 159

4 1.0 7.3 9.84 1450 7.67  34.06 14.27 53.73 51.6

5 1.0 9.0 9.84 2330 12.38  38.08 22.93 53.98 63.62
6 1.0 9.0 18.35 1770 18.72  57.59 32.49 57.62  63.62

7 1.0 9.0 31.93 1610 1893  58.25 51.41 36.82 63.62
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the starting concentration on the process of adsorption was
investigated. Figure 10 displays the breakthrough curve.
Changes in the starting concentration significantly impact
the breakthrough and column depletion time. The reduction
in breakthrough and column depletion time was seen when
the initial concentration of the intake-contaminated solu-
tion rose, and this may be attributed to the quick saturation
of adsorption sites on the surface of ZnO/PUF-5. When the
initial concentrations are elevated, the observed phenomena
may be attributed to the substantial concentration gradient
between the liquid and solid phases. This phenomenon often
leads to an increased diffusivity or mass transfer driving
force during phosphate adsorption (Salman et al. 2011).

Conclusion

In summary, ZnO/PUF composites were successfully made
using a one-step foaming technique to remove phosphate
from water effectively. The findings indicated that the
ZnO powder exhibited a homogeneous dispersion inside
the PUF material, effectively addressing the agglomera-
tion and separation challenges encountered with the ZnO
powder in aqueous solutions. The PUF porous matrix has
high permeability and exhibits outstanding hydrophilic-
ity. The equally distributed ZnO inside the matrix offers
more active sites. Consequently, these combined factors
contribute to a substantial enhancement in the purifica-
tion efficiency of phosphate in aqueous solutions. The
saturated phosphate adsorption could reach 460.25 mg/g
after adsorption at an initial pH of 6.3 of the contaminated
liquid and at 25 °C for 24 h. Compared with many reported
adsorbents, ZnO/PUF has a higher adsorption capacity.
Secondly, ZnO/PUF is promising as an adsorbent material
that is easy to synthesize, low-cost, and easy to separate
from water after adsorption. The composites exhibited
high phosphorus removal performance in the pH range
of 3—6. The results of the column experiments, which
examined the breakthrough curves at different flow rates,
column heights, and initial phosphate concentrations, dem-
onstrated that the composite material could continue to
perform well during the dynamic adsorption process and
could be used in real-world applications to treat wastewa-
ter that contains phosphorus. These benefits indicate that
the composite material has many potential uses and will
provide a new avenue for efficiently removing phosphate
from water.
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