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Abstract

As an inevitable industrial by-product, polyaluminum chloride residue (PACR) will cause serious harm to the environment if
directly buried and dumped. The aim of this paper was searched a new economical, environmental, and practical way of
utilization for PACR. In this paper, a novel non-burning PACR compound filler was made from mainly PACR. The prepared
compound filler has excellent physical properties and phosphate adsorption efficiency of up to 99.9%. Static adsorption exper-
iments showed that the adsorption process of phosphorus by the compound filler conformed to the pseudo-second-order kinetic
model and intra-particle diffusion model. Langmuir and Freundlich isotherm models described the phosphorus adsorption
process well, and the maximum phosphate adsorption capacity arrived at 42.55 mg/g. The phosphate adsorption by the com-
pound filler is a spontaneous endothermic process. The main mechanisms are ligand exchange and Lewis acid-base interactions;
calcium and aluminum play important roles in the adsorption of phosphorus by the compound filler. Dynamic column experi-
ments showed that as much as 90% of the phosphorus removal by compound filler, and the phosphorus concentration decreased
from 1 to ~0.1mg/L. The results provide a new waste resource utilization method for PACR and show the good application
potential of prepared compound filler in constructed wetlands.

Keywords Polyaluminum chloride residue - Phosphate adsorption - Compound filler - Waste resource utilization - Constructed
wetland

Introduction

Phosphorus, as a common nutrient, is found in surface water
(Boujelben et al. 2008; Xiong et al. 2017) and is related to
both point and diffuse source pollution, including secondary
effluent from municipal sewage treatment plants and surface
runoff from agricultural activities (Cusack et al. 2019;
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Mockler et al. 2017). According to statistics, 30-50% of the
phosphorus in water comes from sewage treatment plant
drainage (Han et al. 2019). Excessive phosphorus in water-
courses leads to eutrophication and ecosystem degradation, so
controlling phosphate discharge from sewage treatment plants
and the continuous search for cost-effective methods for phos-
phorus removal have recently attracted great interest.

Numerous researchers have launched the use of construct-
ed wetland treatment systems (CWs) as tertiary effluent filters
at sewage treatment plants for phosphorus removal (Chen
et al. 2016; Lu et al. 2009). The systems are designed and
constructed to strengthen natural purification processes, in-
cluding wetland plant uptake, substrate adsorption, chemical
precipitation, and related microbial assemblage growth.
Among these processes, a vital role is played by substrate
adsorption and chemical precipitation in phosphorus removal
(Blanco et al. 2016; Cheng et al. 2018).

Traditionally, natural materials, such as sand, gravel, un-
polluted soil and gravel, are used as substrates in CWs (Brix
etal. 2001; Yang et al. 2018). However, the low stability and
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adsorption capacity of these materials always affect the phos-
phorus removal efficiency (Garcia et al. 2010). Recently,
many active materials including Al, Ca, Fe, Si, and Mg have
been successfully applied as substrates for phosphorus remov-
al in CWs, such as natural materials (wollastonite (Gustafsson
et al. 2008), bentonite (Chen et al. 2018), egg shells
(Panagiotou et al. 2018), industrial by-products fly ash (Lu
et al. 2009), steel slag (Blanco et al. 2016), water treatment
sludge (Liu et al. 2016)), and man-made products lightweight
aggregates (Vohla et al. 2011), cement-bound ochre pellets
(Littler et al. 2013), and ceramsite (Wu et al. 2016).

In the preliminary study of our research group, non-
burning substrate with cement and drinking water treatment
sludge as main raw materials were prepared (Gao et al. 2020).
However, more than 28% natural organic matter (NOM) is
contained in drinking water treatment sludge in Zhengzhou
(Henan Province, China). The release NOM is hardly biode-
gradable organics, and its by-products may be dangerous (Liu
et al. 2016). So we are looking for a new cost-effective mate-
rial that is free of NOM.

Polyaluminum chloride residue (PACR) is an inevitable
by-product in the production of polyaluminum chloride. At
least 60-kt PACR is produced in China every year. Although
this residue is regarded a general solid waste for management
purposes, its treatment has become a “burden” for production
enterprises with the continuous expansion of China’s coagu-
lant industry (Han et al. 2019). For a long time, the main
treatment methods of PACR were landfilling and dumping
as waste. The high costs, destruction of the ecological envi-
ronment, and large area required in this process pose increas-
ingly great drawbacks. Due to the rich calcium oxide (CaO),
aluminum oxide (Al,O3), iron oxide (Fe,O3), and other com-
ponents in PACR, these compounds have great potential for
phosphorus removal. The detailed chemical composition is
shown in Supplementary Material Table A.l. Therefore, re-
covering useful materials from PACRs or using them to pre-
pare other new materials will be future research trend. The
direct use of raw materials in CWs will affect the normal
operation of plants, microorganisms, and other wetland sys-
tems due to the weak acidity of PACR. In addition, powder
adsorbents are easily lost with water flow and cause wetland
clogging, restricting their extensive application in wetlands
(Na et al. 2011; Yang et al. 2018). Bentonite mainly consists
of the 2:1 clay mineral montmorillonite (Zhang et al. 2020).
The surface roughness of bentonite improves the contact be-
tween sewage and PACR compound fillers to improve the
adsorption capacity of phosphorus.

Compared with the traditional sintered filler, novel non-
burning fillers have attracted much attention for their high
mechanical strength, strong adsorption capacity, developed
pore structure, low economic costs, low carbon emissions,
environmental friendliness, and other excellent performance
metrics (Gao et al. 2020). However, there have been no reports

on the preparation of non-burning fillers from mainly PACR
so far, and the feasibility of the production of non-burning
compound fillers from PACR and its application in CWs have
remained unexplored.

In this paper, a novel non-burning PACR compound filler
was made from mainly PACR, Portland blast furnace slag
cement, and a small amount of bentonite. The optimal propor-
tions of addition were determined according to the results of
single-factor design and mixed design tests. On this basis, the
removal performance and mechanism of phosphorus were
studied in detail, and the practical application value of the
compound filler was evaluated.

Materials and methods
Materials

All of the chemicals used in this study were analytical grade or
better. PACR was obtained from a factory in Gongyi
(Zhengzhou, Henan, China). Portland blast furnace slag ce-
ment was purchased from a high-tech zone building materials
market (Zhengzhou, Henan, China). Bentonite was purchased
from Henan Haiyun Environmental Protection Technology
Co., Ltd (Zhengzhou, Henan, China).

Preparation of compound fillers

PACR was dried at 105 °C for 4 h and passed through a 100-
mesh sieve. After a large number of experiments, the final
selected compound filler materials were PACR, Portland blast
furnace slag cement, and bentonite. The results showed that
the addition of these materials could not only neutralize the
weak acidity of PACR but also significantly improve the
phosphorus adsorption effect of PACR. According to the re-
sults of single-factor design and mixing design experiments
(Table A.2; Figure. A.1), the optimal proportions were 44%
cement, 49% PACR, and 7% bentonite. These three raw ma-
terials were evenly mixed with the indicated ratio, and the
right amount of water was added (mixture/water: 3/1). After
granulation by machine (XM-500, Dry powder ball press ma-
chine), the material was pressed into pellets cakes (2—4 cm)
and sprinkler cured for 5—7 days until the strength was stable.
The finished product is shown in Fig. 1.

Compound filler material characterization

Elemental analysis was performed by X-ray fluorescence
spectrometry (XRF) using an Axios-Poly instrument. The
crystal structure and phase composition of non-burning
PACR compound fillers before and after phosphate adsorp-
tion were analyzed by X-ray diffraction (D8 advance diffrac-
tometer, Bruker, Germany). Fourier transform infrared
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Fig. 1 Novel non-burning PACR
compound filler

spectroscopy (Tensor 27, Bruker, Germany) was used to ana-
lyze the surface functional groups of the compound fillers
before and after phosphate adsorption. Scanning electron
microscopy—energy dispersive spectrometry (SEM-EDS)
was used to analyze the surface morphology and element
changes of the compound fillers before and after phosphate
adsorption. The BET (Brunauer, Emmett, and Teller)-specific
surface area and BJH (Barrett, Joyner, and Halenda) pore size
distribution of the compound filler were determined using a
specific surface area and pore analyzer (V-sorb 2800P, China)
based on the nitrogen gas static adsorption method. The true
density of the compound filler was measured by a true density
analyzer (G-Denpyc 2900, China) based on the gas replace-
ment method.

Static adsorption experiments

All static experiments were performed in glass conical flasks
(total volume=250 mL) with 100 mL of KH,PO, solution and
the compound filler on a thermostatic oscillator with a speed
of 150 rpm.

For kinetic studies, 1 g of compound filler was placed in
KH,PO, solution (total phosphorus (TP)=100 mg/L), the pH
was adjusted to 7 by using HCI (0.1 M) and NaOH (0.1 M),
and the mixed solution was shaken at 25 °C for different times
(0.5-24 h).

For the adsorption isotherm and thermodynamic experi-
ments, the initial TP of the KH,PO, solution ranged from 50
to 300 mg/L with a compound filler dosage of 5 g/L. The
mixture was shaken for 24 h at different temperatures (20,
35, and 50 °C) to reach adsorption equilibrium.

To investigate the effect of the solid concentration of the
compound filler on phosphorus adsorption, different doses of
compound filler (2, 4, 6, 8, 10, 12, and 14 g/L) were added to
the KH,PO,4 wastewater solution, and the mixture (pH=7) was
shaken at a constant temperature (25 °C, 150 rpm) for 24 h.

Different solution pH values affect the adsorption effect of
the compound filler. To study the effect of pH, 5 g/L com-
pound filler was added to KH,PO, wastewater solution
(TP=100 mg/L), the solution was adjusted to different pH
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values (3, 4,5, 6,7, 8,9, 10, and 11) by using HCI (0.1 M)
and NaOH (0.1 M), and the mixture was shaken at a constant
temperature (25 °C, 150 rpm) for 24 h.

The study of coexisting anions is helpful to fully under-
stand the potential of the best-performing fillers for further use
in real CWs. Prior to the addition of compound filler, different
concentrations of sodium salts (NaCl, NaNO; Na,SO,, and
Na,CO3) (0-300 mg/L) were added to simulated phosphorus
solution (TP=100 mg/L) to investigate the effects of
coexisting anions (Cl, NO; , S04%", and COs%"). The
mixture was shaken at a constant temperature (25 °C,
150 rpm) for 24 h.

To investigate the phosphorus purification effect of the
compound filler on real wastewater, 1 g of compound filler
was placed in domestic sewage (TP~3.4 mg/L) and with
effluent of municipal sewage treatment plants (TP~1
mg/L), the mixed solution was shaken at 25 °C for
different times (2-24 h).

All measurements were repeated, and the data are
expressed as the mean and standard deviation of three values.
After adsorption, the supernatant was centrifuged at 4000 r/
min for 10 min and filtered with a 0.45-um filter membrane.
The original and residual phosphorus concentrations were de-
termined by the potassium persulfate oxidation-molybdenum-
antimony anti-spectrophotometric method. The
dephosphorization rate (R%), adsorption capacity, and equi-
librium adsorption capacity were calculated using the follow-
ing formulas:

R = M x 100% (1)
0

q, = (CO_mCt)V (2)

g, = (Co—mCe)V 3)

where R is the percentage of dephosphorization. ¢; and ¢,
are the adsorption capacity and equilibrium adsorption capac-
ity for phosphorus on the compound filler, respectively, in
units of mg/g. Cy, C;, and C, are the concentration of
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phosphorus in solution at the initial time, time #, and equilib-
rium, respectively, in units of mg/L. V is the volume of the
solution, in units of milliliters. m is the mass of the compound
filler adsorbent in units of g.

For speciation analysis of adsorbed saturated phosphorus,
the adsorbed saturated compound filler was extracted succes-
sively by NH4Cl aq, NH4F and H;BOj3 aq, NaOH aq, H,SO,4
aq, Na;CqHs07.2H,0 aq, NaHCO; aq, and Na,S,04 aq (Bai
et al. 2017). The TP concentration of the supernatant from
each round of extraction was determined after centrifugation
at 4000 r/min for 10 min and filtration with a 0.45-pum filter
membrane.

For regeneration of adsorbed saturated compound filler, 1g
adsorbed saturated compound filler was placed in an
Erlenmeyer flask containing 0.1 mol/L hydrochloric acid so-
lution, sodium hydroxide solution, and sodium chloride solu-
tion (50 mL). After shaking at 25 °C for 2 h, the compound
filler was washed with distilled water, and then taken out after
drying. The phosphorus removal of the regenerated com-
pound filler in 100 mg/L phosphorus solution was measured,
and so on.

Dynamic column adsorption experiments

To assess the phosphate removal effect of compound filler
under dynamic flow condition, two experimental devices of
dynamic adsorption column with an inner diameter of 10 cm
and a height of 40 cm were established (Figure A.5). The
influent solution was collected from the secondary effluent
of municipal sewage treatment plants with TP concentration
of ~Img/L and pumped into the column in an up-flow mode.
The compound filler was filled with 1.5 kg (height 90 cm) and
effective volume was 1150 mL, respectively. The flow rate of
peristaltic pump was 0.799 mL/min. The column hydraulic
time (HRT) was 24 h. The phosphorus concentration and pH
of influent and effluent were measured daily.

Results and discussion
Properties of the compound filler

The prepared compound filler based on the best formula was
determined by single-factor design and mixing design taking
phosphorus adsorption and strength into account. The com-
pound filler was placed in 25 °C conditions for 6 h, the surface
was allowed to dry, and the strength was stable after 7 days of
sprinkler curing. As a wetland filler, the material needs to have
enough strength and a good pore size to take advantage of its
excellent phosphorus adsorption ability. Specific compound
filler physical performance parameters are presented in
Table 1. The principal chemical composition of the compound
filler measured by XRF is shown in Table A.3. It can be seen

Table 1 Physical performance parameters of compound filler

Filler parameter Numerical value

Compressive strength 480 N

True density 2.455 g/mL
Multipoint-specific surface area 29.290 m*/g
Packing density 820 kg/m®
Median pore diameter 0.546 nm
Micropore surface area 28.971 m?/g

from Table A.3 that the main chemical components of the
compound filler were silicon, calcium, aluminum, iron, and
a small amount of other elements, and does not contain heavy
metal ions.

Static adsorption characteristics of phosphorus
Adsorption kinetics

The kinetics of phosphate adsorption by the compound filler
are presented in Fig. 2. It is concluded that the process of
phosphate adsorption by the compound filler involved rapid
adsorption and slow equilibrium. A similar adsorption trend
was also found in the removal of phosphate by sewage sludge
adsorbents and alum sludge (Jiang et al. 2017; Yang et al.
2006). The equilibrium adsorption capacity reached 15.32
mg/g, and the phosphorus removal rate exceeded 99%.

Four kinetic equations (Eqs. (4)—(7)) were used to correlate
the phosphorus sorption data to understand phosphate sorp-
tion processes on the compound filler; the equations are as
follows (Chen et al. 2018):

Pseudo—first—orderequation(PFO) : In(q,—q,)

= Ing,—k;t 4)

Pseudo—second—order equation (PSO) : L. Lqe2 + s (5 )
4 ke qe

Simple Elovich equation (SE) : ¢, = a + b Int (6)

Intra—particle diffusion equation (IPD) : ¢, = kpt% +c (7)

where ¢, and ¢, (mg/g) are the adsorption capacities of phos-
phorus at equilibrium and at any time ¢ (h), respectively. &
(1/h) is the rate constant of the PFO equation; &, (g/mgxh) is
the rate constant of the PSO equation; a (mg/g) and b (mg/
gxh) are the desorption constants of the SE equation, respec-
tively; and &, (mg/gxh'"?) and ¢ (mg/g) are the rate constants
of the IPD model, respectively.

The resulting parameters of the four kinetic fitting equa-
tions are shown in Table A.4. The pseudo-second-order model
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Fig. 2 Adsorption kinetic curves of phosphorus onto compound filler and pseudo-second-order equation (a), pseudo-first-order equation (b), Elovich

equation (c¢), and intra-particle diffusion equation (d)

can better describe the adsorption kinetic results (R?=0.99988)
than the pseudo-first-order model (R*=0.87832) and the
Elovich equation (R*=0.88619), indicating that the rate-
controlling mechanism was involved chemical interaction
(Ku$mierek et al. 2016; Liu et al. 2015). The calculated g,
was 15.44 mg/g, which is close to the experimental value
(15.32 mg/g).

For compound fillers, there are several stages associated
with transport processes during adsorption: bulk transport,
film diffusion, intra-particle diffusion, and adsorptive attach-
ment (Hai et al. 2017; Weber and Smith 1987). As seen from
the intra-particle diffusion model, the adsorption process in-
cludes two stages. The first linear region describes film diffu-
sion, and the second linear region describes intra-particle dif-
fusion. The linear portions of the curves do not pass through
the origin, indicating that the mechanism of phosphate adsorp-
tion is complex and that both surface adsorption and intra-
particle diffusion are involved in the actual adsorption process
(Ozer et al. 2005). In addition, comparing the two dif-
fusion constants of K,,; and K,,, as shown in Table A.4,
reveals that K,,; is approximately six times higher than
K>, which suggests that intra-particle diffusion may be
the decisive step of the adsorption process (Ozer et al.
2005; Zhang and Leiviskd 2020).
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Adsorption isotherm

As seen from the Fig. A.2, increasing the initial phosphorus
concentration and temperature significantly increased the
phosphorus adsorption capacity of the compound filler. This
is because the migration rate of phosphorus on the compound
filler accelerated as the temperature increased, speeding up the
mass transfer between the phosphorus and the compound filler
(Lan et al. 2018).

The Langmuir and Freundlich models are usually used to
further analyze the type of adsorption (Chung et al. 2015). The
Langmuir adsorption isotherm is a theoretical formula, which
holds that the adsorbents form a single-molecule adsorption
layer on the surface of a uniform solid and there is no inter-
molecular force (Baseri and Tizro 2017). The Freundlich ad-
sorption isotherm is an empirical formula that describes mul-
tilayer adsorption and heterogeneous surface adsorption
(Coles and Yong 2006). As expressed (Fu et al. 2011):
C, 1 1

+—=cCe
Im

q. Kuiq,

(8)

1
Ing, = nKp + ;lnCe 9)
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where ¢, (mg/g) and C, (mg/L) are the adsorption amount and
concentration of phosphorus at equilibrium, respectively. g,
(mg/g) represents the maximum adsorption capacity of the
Langmuir model, and K} (L/mg) is the Langmuir constant relat-
ed to the adsorption energy. Kr (L/mg) is the Freundlich constant
related to adsorption capacity, and # is the heterogeneity factor
indicating the adsorption strength of the adsorbate, where the
larger the n value is, the stronger the adsorption force.

The values of the Langmuir and Freundlich constants and
of the correlation coefficients for the compound filler are pre-
sented in Table 2. The results showed that the isotherm data
could be fitted by both the Langmuir and Freundlich models,
and the Freundlich isotherm model was slightly better fit to the
experimental data than the Langmuir model, which indicated
that the compound filler provides both a homogeneous mono-
layer and heterogeneous active sites for phosphorus adsorp-
tion (Yang et al. 2006; Yin et al. 2016). Moreover, adsorption
by heterogeneous active sites was slightly stronger than that
by other sites on the compound filler.

As shown in Table 3, the maximum phosphate adsorption
capacity of the compound filler determined from the
Langmuir isotherm plot was 42.55 mg/g, which is 260—
21,150 times that of sand (Arias et al. 2001), 12—61 times that
of dewatered alum sludge (Yang et al. 2006), 10 times that of
natural materials such as turf (Cui et al. 2008), 6 times that of
man-made biochar (Jung et al. 2015), 9—12 times that of CFA/
WS/OS ceramsite (Cheng et al. 2018), 179 and 6 times that of
natural and thermally treated bentonite (Chen et al. 2018),
respectively, 1676 times that of fly ash pellets, and 19 times
that of steel slag (Drizo et al. 2006).

Adsorption thermodynamics

Adsorption thermodynamics are mainly concerned with the
degree to which adsorption can be achieved. By studying the
adsorption amount of adsorbates on adsorbents under various
conditions, various thermodynamic data can be obtained, such
as the diffusion coefficient (Ky), Gibbs free energy (AG°®),
enthalpy change (AH°®), and entropy change (AS°) (Ma
et al. 2020). The standard Gibbs free energy change is calcu-
lated according to the following formulas:

Table 2 Parameters of Langmuir and Freundlich isotherm for
phosphate adsorption onto compound filler

Temperature  Langmuir equation Freundlich equation
©)

Qm KL R2 n KF R2
20 4255 0443 098249 3207 9.833  0.99343
35 40.05 0395 098283 3.272 10.998 0.99967
50 39.62 0306 0.97554 3.574 13.013  0.99790

Table 3  Comparison of adsorption capacities of phosphate with
different types of substrates in CWs

Type of substrate in CWs P adsorption (mg/g) References

Sand 0.02-0.17 (Arias et al. 2001)
Dewatered alum sludge 0.7-3.5 (Yang et al. 2006)
Turf 4.24 (Cui et al. 2008)
Man-made biochar 6.79 (Jung et al. 2015)
CFA/WS/OS ceramsite 3.48-4.51 (Cheng et al. 2018)
Natural bentonite 0.24 (Chen et al. 2018)

Thermally treated bentonite 6.94 (Chen et al. 2018)

Fly ash pellets 0.59-2.56 (Drizo et al. 2006)
Steel slag 2.2 (Drizo et al. 2006)
Compound filler 42.55 This study
Co—C, V
K, = X — 10
¢ C, m (10)
N S N
InK; = — —_— 11
nkq RT + R (11)
aG” = aH -TaS’ (12)

where Cj is the initial adsorption concentration, C, is the
adsorption equilibrium concentration (mg/L), K is the solid-
liquid distribution coefficient (mL/g), m is the mass of adsor-
bent, Vis the volume of the solution (mL), 7'is the temperature
(K), and R is the gas constant (J/mol*K).

As seen from Table A.5, K4 value increases with increasing
temperature, and AH>0 and AG<0 in the phosphate adsorp-
tion process, which indicates that the adsorption of phosphate
by the compound filler is a spontaneous endothermic process
(Raganati et al. 2018). The free energy AG is the embodiment
of the adsorption driving force. With increasing temperature,
the absolute value of AG increases, indicating that a greater
driving force is obtained in the adsorption process and that an
increase in temperature promotes adsorption (Tran et al.
2018). In addition, the variations in AG at different initial
concentrations show that phosphate adsorption by compound
filler is not a single physical or chemical adsorption process,
but the coexistence of physical adsorption and chemical
adsorption processes. Phosphate adsorption is accompa-
nied by the desorption of other ions, i.e., via ion ex-
change or ligand exchange.

The effects of operational parameters
Regarding the effect of compound filler dosage on adsorption,

Fig. 3 a shows that the removal rate of phosphorus increased
significantly from 51 to 99% with an increase of compound
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Fig. 3 The effect of compound filler dosage (a); the effect of initial pH value on phosphate adsorption capacity and finally pH after adsorption of
compound filler (b); the effect of CI', NO3 ", SO427, CO327 on equilibrium adsorption capacity of compound filler (c)

filler dosage from 2 to 10 g/L. However, when the compound
filler adsorbent dosage was further increased, the removal rate
of phosphorus increased negligibly. On the other hand, the
phosphorus adsorption capacity gradually decreased from 26
to 7 mg/g with increasing compound filler dosage. Given the
economy (minimum compound filler usage) and efficiency
(phosphorus removal rate above 99.5%) of such operation,
the optimal concentration of compound filler was 10 g/L, at
which value both the adsorption capacity and percentage were
maintained at high levels.

The initial solution pH value can significantly affect the
phosphate adsorption capacity of a compound filler during
the adsorption process (Wei et al. 2008; Xiong et al. 2019).
An increase in pH value from 3 to 11 influenced phosphate
adsorption, mainly due to the dissolution of cations, the total
surface charge of the adsorbent, and the species of phosphate
in solution (Chouyyok et al. 2010; Gan et al. 2009). As the pH
increased from 2 to 12, the forms of phosphate changed from
H,PO, to HPO,> and PO,> (Chouyyok et al. 2010; Yang
et al. 2013). As the pH value increased from 4 to 9, HPO,*
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became the dominant species, which was not conducive to
ligand exchange since the free energy of adsorption of
HPO,”" is higher than that of other species, and the adsorption
capacity of the adsorbent decreased accordingly (Lin et al.
2017). In addition, a high pH value could cause the compound
filler surface to carry more OH , which may cause competi-
tion for adsorption sites on the compound filler among HPO,?
o, PO437 and OH in solution (Babatunde et al. 2009; Su et al.
2013). Figure 3 b shows that the compound filler could act as a
buffer solution to neutralize alkaline and acidic conditions.
When the initial pH was acidic or neutral, the distinct change
in solution pH indicated that surface hydroxide groups and
phosphate underwent ligand exchange (Liu et al. 2011;
Zhang et al. 2011). As the initial pH increased, the value of
the solution pH decreased. This is because of the deproton-
ation of coordination water molecules at the metal active sites
(Wu et al. 2007). This phenomenon revealed that a ligand
exchange mechanism may not occur within this pH range and
that phosphate removal might occur through a Lewis acid-base
interaction mechanism (Liu et al. 2013). In summary, ligand
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exchange and Lewis acid-base interactions took place in the
phosphate adsorption process, and the adsorption mechanisms
were highly dependent on the pH value of the initial solution
(Blaney et al. 2007; Collins et al. 1999; Yang et al. 2013).

The coexisting anions investigated were Cl , NO; SO427,
and CO5”". The results are shown in Fig. 3 c. The presence of
Cl,NO; ", SO,%, and CO5* " inhibited phosphate sorption by
the compound filler to varying degrees. Of all the coexisting
anions investigated, with increases in the coexisting anion
concentration, SO4° and CO;> had a slightly greater effect
on phosphorus removal, whereas the effects of CI and NO;~
on phosphorus removal were limited. This may be related to
the geometry of anions, which have various shapes, including
spherical (Cl"), linear (OH ), triangular (NO; ", CO;%), and
tetrahedral (PO4>~, SO4>") (Wu et al. 2019). In general, an
inner-sphere complexation through the ligand exchange pro-
cess may consist of a phosphate molecule connected by one or
two metal atoms to one or two oxygen bonds, other anions
such as C1, NO; ", and CO5>~ generally form an outer-sphere
complexation (a water molecule exists between the ions and
the surface of metal oxide), while sulfate can form an inner
and outer spherical complexation on the surface of metal ox-
ides (Wu et al. 2019; Liu et al. 2018). Compared with outer-
sphere complexation, inner-sphere complexation has stronger
interactions, thus phosphate can be selectively sorbed by the
compound filler compared to other anions. Besides, these re-
sults can be explained by Hard and soft Acids and Bases
(HSAB) theory (Pearson 1968). This concept describes a spe-
cies’ preference for other species of the same compound when
forming coordinative bonds: hard acids prefer to coordinate
with hard bases, while soft acids prefer to coordinate with soft
bases (Beer and Gale 2001; Pearson 1968). The results show
that phosphate is a hard base, and hard acid metals such as
Fe**, AI**, Mg®*, and Ca”* have good phosphate complexa-
tion properties. In addition, other anions, such as OH , Cl ,
NOs , SO427, and CO327, also belong to the hard bases.
However, the electron pair-donating capacity (or Lewis basic-
ity) of these anions is different and follows the order of PO, >~
> CO;* > SO, > CI" > NO5". This trend may indicate a
difference in the complexation ability of these anions with a
given Lewis acid metal. The HSAB theory can offer a prelim-
inary explanation for why the compound filler has high selec-
tivity for phosphate even if coexisting anions are present at
several times the phosphate concentration.

To understand the purification effect of compound filler
on actual wastewater is helpful to evaluate the phosphorus
removal performance of compound filler. The results are
shown in Fig. A. 4, The phosphorus removal rate of the
compound filler in the domestic sewage (TP~3.4 mg/L)
and effluent of municipal sewage treatment plants (TP~1
mg/L) can reach more than 99% in 2h, and have good
phosphorus retention ability, without obvious desorption
phenomenon.

Characterization of compound fillers before and after
adsorption

The surface functional groups of the compound filler before
and after adsorption were determined by FTIR spectroscopy.
The results are shown in Fig. 4 a; the FTIR spectra exhibited
several functional groups. For example, the absorption peaks
at 3431 cm ! before adsorption and 3441 cm " after adsorp-
tion were assigned to —OH bending vibrations and were
strengthened after the adsorption of phosphate (Jiang et al.
2017), which indicated that metal ions could also be hydrox-
ylated in the solution. In addition, the peak at 1038 cm ™' was
significantly enhanced after adsorption compared to that be-
fore adsorption, and the appearance of a new peak at 561
cm !, which was intense and broad, could be assigned to the
asymmetric vibration of P-O bonds (Berzinacimdina and
Borodajenko 2012), indicating that an interaction might exist
between surface hydroxyl groups and phosphate (Su et al.
2013; Wang et al. 2018).
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Figure 4 b shows X-ray diffraction patterns of the com-
pound filler before and after the phosphate reaction. Jade 6.5
was used to analyze the characteristic diffraction peaks at dif-
ferent 20 (°), and the results showed that the main components
of the compound filler were quartz, calcite, calcium silicate,
calcium aluminum oxide, and reinhardbraunsite. These
chemicals have great potential for phosphorus removal and
have been reported in other relevant research (Cheng et al.
2018; Lu et al. 2009; Oguz 2005; Yu et al. 2010). After the
phosphate adsorption process, the crystallization peaks related
to elements such as calcium and aluminum were weak-
ened to a certain extent, which indirectly proved that
elements such as calcium and aluminum played an im-
portant role in the process of phosphorus removal. In
combination with the appearance of calcium phosphate
silicate, we infer that the dominant mechanism for the
adsorption of phosphate by compound fillers is inner-
sphere complexation via the ligand exchange process
(Li et al. 2016; Ruiting et al. 2018). In reaction solu-
tion, the surface of metal oxides is usually covered by
hydroxyl groups. During the ligand exchange process,
these surface hydroxyl groups are replaced by other li-
gands, such as phosphate, which form covalent chemical
bonds with metal atoms. The interactions between the
compound filler and phosphate can be described as fol-
lows:

O-M + H,0-MOH

MOH + H' + PO, -MPO,> + H,0

MOH + 2 HT + PO,> &MHPO, + H,0
MOH + 3 H + PO, -MH,PO,4 + H,O
2MOH + 2 H' + PO -M,P0O,;~ + 2H,0
2MOH + 3 H' + PO,*” &M, H,PO, + 2 H,0

where M and OH represent the metal atom and the hydrox-
yl group, respectively (Xie et al. 2014). Figure 5 summarizes
the possible mechanisms for phosphorus sorption by com-
pound filler.

Fig. 5 Schematic diagram of the
possible mechanisms for
phosphorus adsorption by
compound filler

Electrostatic
attraction

A layer of white precipitate was deposited in the glass
container after the adsorption reaction and could be dissolved
with dilute hydrochloric acid. It was speculated that the dis-
solved metal ions in the compound filler react with phosphate.
The involved reactions are as follows (Jie et al. 2013):

Ca*" + HPO4> «>CaHPO, |

Ca’* + H,PO, —CaH,P0O, |

Ca?" + 2P04> «>Ca;3(POy), |

3Ca>" + 2H,PO,” + 40H «>Ca3(POy),| + 4H,0
5Ca’" + 3H,PO,” + 70H «>Cas(P0O,);0H| + 6H,0

As shown in Fig. 4 b, there was no significant change in the
peak of quartz before and after reaction. Therefore, quartz
plays a minor role in the phosphorus removal process. To test
this hypothesis, a separate experiment of phosphorus removal
by quartz sand was designed. Unfortunately, the average con-
centration of phosphorus in the solution decreased from 108.1
to 108 mg/L after 24 h, the removal rate was only 0.09%, and
the removal effect was negligible. A similar conclusion has
also been reported in the literature (Delaney et al. 2011).

To better understand the surface morphology and element
changes before and after phosphate adsorption by the com-
pound filler, SEM-EDS analysis was conducted. Figure 6 a
shows that the compound filler surface was rough, cracked,
and loose and that a large number of pores were distributed on
the surface. The rough surface is beneficial to improving con-
tact between the compound filler and the adsorbent, and the
numerous pores expand the specific surface area of the com-
pound filler to facilitate adsorption at surface active sites.
Figure 6 b reveals that the surface of the compound filler
was obviously covered with a layer of crystalline material
and relatively smooth with few pores after the adsorption of
phosphate, which further proved that ligand exchange oc-
curred mainly at the compound filler surface active sites
(Gao et al. 2020; Yang et al. 2015). As seen from Fig. 6 ¢
and d, the changes in the main elements on the surface of the
compound filler before and after adsorption indicated that
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Fig. 6 SEM observations of
compound filler before (a) and
after (b) phosphate adsorption;
EDS spectrum of compound filler
before (¢) and after (d) phosphate
adsorption

calcium, aluminum, and iron played greater roles than other
elements in the adsorption process, and the peaks of phospho-
rus and oxygen were significantly enhanced after adsorption.

Speciation analysis of saturated adsorbed
phosphorus

To further study the mechanism of phosphorus removal by
adsorption by the compound filler, the sequential graded ex-
traction method was used to distinguish the adsorbed phos-
phorus into soluble adsorbed phosphorus (S—P, extracted by
NH,4Cl aq.), aluminum adsorbed phosphorus (Al-P, extracted
by NH4F, H3;BOj aq.), iron adsorbed phosphorus (Fe—P, ex-
tracted by NaOH aq.), calcium adsorbed phosphorus (Ca—P,
extracted by H,SO, aq.), and occluded phosphorus (O-P, ex-
tracted by Na3;CgHsO07-2H,0O, NaHCO3;, and Na,S,0, aq.).
Figure 7 indicates that Ca—P and Al-P were the dominant
adsorption forms, accounting for 59% and 23%, respectively.
In addition, approximately 2.39% of the adsorption amount of
phosphate was Fe—P, and the soluble phosphorus and occlud-
ed phosphorus contents were also low. This result was also
consistent with the SEM-EDS results.

Regeneration of adsorbed saturated compound filler

Adsorbents recycling is an important factor affecting the ap-
plication prospect of adsorbents. As shown in Fig. A.3, NaCl
solution was not suitable for exchanging phosphate from com-
pound filler when compared with the other two desorption

solution. These results were due to the low affinity of CI with
compound filler (Cheng et al. 2009). However, with the in-
crease of the number of regenerations, the phosphorus remov-
al rate of the compound filler decreases significantly. After
being regenerated by HCIl and NaOH solutions for the fourth
time, the phosphate removal rate of the compound filler were
only 70% or 55%, respectively. On the one hand, hydrogen
ions make desorption of the saturated compound filler more
complete, releasing more active sites, but at the same time
causing the loss of some metal ions (Wu et al. 2019). On the
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—
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Speciation of saturated adsorbed phosphorus

Fig. 7 Speciation analysis of saturated adsorbed phosphorus onto
compound filler
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other hand, the hydroxide group and the bound phosphate on
the surface of the compound filler compete for adsorption sites
to promote the release of phosphorus, but caused certain
damage to the compound filler (Gao et al. 2020). This
limits the number of regeneration of adsorbed saturated
compound filler.

Dynamic column adsorption experiments

Figure 8 presents effluent pH of compound filler packed col-
umn. The influent sewage pH was about 6.5, but the initial
effluent was somewhat alkaline, which may be caused by the
hydrolysis of metal ions on the compound filler. In addition,
during the adsorption process, the pH of the effluent is slightly
higher than the influent. This result was also consistent with
previous static test results.

Figure 8 shows the effect of HRT 24 h on the removal of
phosphorus by compound filler packed column. The phospho-
rus removal rate of the compound filler packed column
reached up to 90% with a stable effluent concentration of
phosphorus (~0.1 mg/L), which basically reached the surface
water quality of Classll (GB 3838-2002) (Environmental
Protection Agency of China 2002). These indicates that the
compound filler has the higher potential to effectively remove
the phosphorus as the CWs substrate under the condition of
dynamic flow condition.

Application potential of compound filler in CWs

Suppose compound filler is used in CWs, take the CWs with a
daily treatment capacity of 10,000 t/day sewage as an example, an
effective CWs area of 40,000rn2 (60 mu), and a depth of 0.7m,
only half of the CWs substrate contains compound filler, the com-
pound filler was used for 11,200m’ (according to the project
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Fig. 8 Dynamic adsorption of phosphorus by compound filler packed
column: change of influent and effluent TP; change of influent and
effluent ph
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experience value). Based on the phosphorus adsorption capacity
of compound filler (15 mg/g), the adsorption life of the compound
filler to phosphorus is up to 46 years theoretically. In addition,
research shows the P. aeruginosa can promote the release of
Ortho-P from adsorbents into the liquid phase, which may pro-
mote plant growth (Wang et al. 2020). Moreover, because the Ca—
P is more easily absorbed by plants than Al-P and Fe-P
(Mitrogiannis et al. 2017), the adsorbed phosphorus of compound
filler are more conductive to the growth of constructed wetlands
plants (the adsorbed phosphorus form is mainly Ca—P), which
further improves the phosphorus adsorption life of the compound
filler in CWs. Therefore, the application of compound filler in
CWs is very sensible and practical, and it has a good synergistic
effect with microorganism and plant in CWs. Taken together, the
actual adsorption life of the compound filler needs further obser-
vation in the CWs project.

Considering various factors, the cost of the compound filler
is 180 yuan/t, which is far lower than 250 yuan/t for gravel and
450 yuan/t for ceramsite in China. The low cost, high adsorp-
tion performance, and long adsorption life make it have good
application potential in CWs.

Conclusions

In our study, an efficient and non-burning PACR compound
filler has been successfully prepared for the first time by using
PACR as the main materials, which provides a new method
for the reuse of PACR waste resources. The phosphorus ad-
sorption performance and mechanisms of the compound filler
were explored completely. The PACR compound filler pos-
sessed high selectivity to phosphorus adsorption, almost with-
out influence of other factors, and exhibited excellent phos-
phorus adsorption efficiency (99.9%) and adsorption capacity
(42.55 mg/g). Moreover, the phosphorus adsorption of com-
pound filler is the coexistence of physical adsorption and
chemical adsorption process. The main mechanism is ligand
exchange and Lewis acid-base interactions, calcium and alu-
minum play important roles in the phosphorus adsorption. In
addition, column experiments indicated the compound filler
could effectively remove phosphorus under dynamic flow
conditions. Meanwhile, microorganisms and plants have
a good synergistic effect on the phosphorus adsorption
life of compound filler. The results obtained are of great
significance in resource utilization of PACR and appli-
cation of fillers in CWs.
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