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ABSTRACT

Granular ZnAl layered double hydroxides (LDHs) were prepared to study the possible
application of the material in phosphate removal from secondary effluents in wastewater
treatment plants. The structural and phosphate adsorption properties of LDHs granules
were compared with those of powder LDHs. The results of powder X-ray diffraction and
Fourier transform infrared spectra show that polyvinyl alcohol as a binding agent did not
change the interlayer distance of ZnAl LDHs or interact with the hydroxyl layers or inter-
layer anions. Although the distribution of pore size in granular ZnAl LDHs was similar to
that in powder samples, the total pore volume and Brunauer—-Emmett-Teller specific surface
area decreased by 68.2% and 63.1%, respectively, after granulation. The phosphate adsorp-
tion capacity of granular ZnAl LDHs was to some extent lowered compared with that of
LDHs powder; nevertheless, the decrease was not proportional to the reduction in the spe-
cific surface area, suggesting that physical surface adsorption was not a major pathway of
phosphate uptake by ZnAl LDHs. Phosphate adsorption onto ZnAl LDHs powder was basi-
cally a two-step process: a fast uptake in 1h and a slower uptake afterward, which fit well
to pseudo-first-order models and pseudo-second-order models, respectively. Phosphate
uptake by granular LDHs, however, had better agreements with intra-particle diffusion
models during the entire contact time, indicating that mass transfer became the rate-limiting
step in phosphate adsorption after LDHs granulation.
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1. Introduction water bodies [1]. Phosphorus even at a low level of
30 ug/L would stimulate algal growth in aquatic eco-
systems [2]. In China, wastewater treatment plants
(WWPTs) newly built or reconstructed are currently

Phosphorus (P) has been recognized as one of the
limiting nutrients for the control of eutrophication of
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subject to the discharge limit of phosphorus of
0.5mg/L (as total P).

During the past decades, various technologies have
been developed to enhance the removal of P from
wastewaters, for example, activated sludge-based pro-
cesses, chemical precipitation/crystallization, reverse
osmosis, ion exchange, adsorption, and constructed
wetlands [3-7]. For wastewaters with low levels of
phosphorus, for example, secondary effluents in
WWTPs, the removal efficiency of P by adsorption
was shown to be satisfactory [8]. Generally, adsorption
process requires simple operation and small
consumption of chemicals that reduces the production
of chemical sludge, thus has been considered as a
cost-effective and environment-friendly technology.
Adsorptive materials for phosphate removal from
water environments documented in the previous
literatures include red mud, iron oxides, modified
activated carbon, aluminum oxide/hydroxide, calcite,
zeolite [9-14].

Layered double hydroxides (LDHs) are a wide
variety of layered compounds with a generic formula
of MY _M" (OH),I[A" ], /nwyH2O, where MY and
M™ denote divalent and trivalent metal cations,
respectively, and A" is the intercalated anion [15].
The compounds have shown to be a promising mate-
rial for the adsorption of anions, including phosphate,
from aqueous solutions due to the exchangeability of
interlayer anions and the high charge density of the
sheets [16, 17]. In recent years, LDHs with different
composition and stacking patterns were studied for
the removal of phosphate from various P-containing
streams, for example, phosphate solutions [18, 19],
seawater [20], and excess sludge liquor [21, 22]. Since
LDHs are a group of compounds with great composi-
tional diversity, different mechanisms responsible for
phosphorus adsorption on LDHs were explored,
which include surface adsorption, interlayer anion
exchange, and reconstruction of calcined LDH
precursors by “memory effect” [23, 24]. Our previous
work studied the adsorptive behavior of phosphate
on ZnAl LDHs and the major influencing factors [21].
However, for the real application of LDHs in water
treatment industry, powder adsorbent has to be gran-
ulated for a better separation from aqueous phase.

This paper aims to study the effectiveness of phos-
phate removal from secondary effluents in WWTPs by
ZnAl LDHs granules. The capacities and properties of
phosphate adsorption by LDHs powder and granules
were compared. Influence of water quality of second-
ary effluents on the phosphate adsorption by LDHs
was discussed.
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2. Materials and methods
2.1. Preparation of ZnAl LDHs powder and granules

ZnAl LDHs were synthesized by urea hydrolysis-
based coprecipitation. ZnCl, (54.52g), AlCl3-6H,O
(48.286 g), and urea (144.144 g) were dissolved in 1L
of deionized (DI) water to prepare a mixed solution
with 0.4mol/L of Zn**, 02mol/L of AI**, and a
urea/(Zn** + AI’*) molar ratio of 4. The homogeneous
solution was then heated up to 100 +1°C for 24 h with
vigorous stirring in an oil bath to promote urea hydro-
lysis and consequently LDHs precipitation. The result-
ing slurry was washed thoroughly with DI water until
no chloride ion was detected. The precipitate was
dried at 60°C in an oven for 48 h and was ground to
fine powder.

Granular LDHs were prepared by using polyvinyl
alcohol (PVA) as a binding agent. A PVA solution of
10% was obtained by dissolving a certain amount of
PVA in DI water at 80°C. LDHs powder and 10%
PVA were mixed completely and granulated to cylin-
der-shaped granules (2mm in diameter and 4 mm in
length) using an extruder. The cylindrical granules
were dried at 60°C in oven overnight and were stored
in a desiccator before use.

2.2. Characterization of ZnAl LDHs

Powder X-ray diffraction (XRD) analysis of ZnAl
LDHs was conducted on a Shimadzu XRD-6000 diffrac-
tometer using Cu Ka radiation (40kV and 30mA) at a
scanning rate of 2°/min from 5° to 80°. Fourier trans-
form infrared spectra (FT-IR) of the samples were
recorded on a FT-IR spectrometer (Spectrum one, Perk-
inElmer) using KBr pellets in the wavenumber range of
4,000-400 cm™~'. Morphology of LDHs powder and
granules was investigated by scanning electron micros-
copy (HITACHI, S-3400N) at beam energy of 15.0kV.
Specific surface area and pore property were measured
by nitrogen adsorption—desorption isotherms on an
ASAP 2020M instrument (Micromeritics) after the sam-
ple was degassed overnight under vacuum (107> Torr)
at 90°C. The data were analyzed by the built-in soft-
ware. Zeta potential was determined at different pH
values on a zeta-meter (Malvern, Zetasizer Nano).

2.3. Phosphate adsorption assays

Phosphate adsorption by ZnAl LDHs was carried
out in batch assays. Phosphate solutions at desired
concentrations with a pH of 7.00 +0.01 were prepared
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using a mixture of NaH,PO, and Na,HPO,. In the
adsorption assays, 0.1 g of ZnAl samples were added
to serum vials containing 100 mL of phosphate solu-
tions. The vials were then stirred thoroughly in a ther-
mostat shaker at constant temperatures. At certain
time intervals, certain amounts of the suspension were
sampled and were filtrated through 0.22-um glass fiber
filter papers (Gelman A/E, Ann Arbor, USA) for
examining the residual phosphate. Adsorption kinetics
was determined by monitoring the concentration of
phosphate at 25°C for 80 h (to ensure equilibrium was
reached based on preliminary experiments) with ini-
tial concentrations of 2, 10, and 50 mgP/L, respec-
tively. Adsorption isotherms at 15, 25, and 35°C were
obtained by conducting the assays with initial concen-
trations of phosphate from 5 to 350 mgP/L.

Influences of pH and coexisting ions on the phos-
phate adsorption by ZnAl LDHs were evaluated by
taking the water quality of secondary effluents into
consideration. pH dependence of the phosphate
adsorption was investigated by mixing 0.05g of LDHs
with 200mL of phosphate solution of 2mgP/L with
pH 6-8. Adjustment of pH was done by using 1M
HCI or 1M NaOH solutions. For studying the influ-
ences of coexisting ions, ZnAl LDHs were fully mixed
with phosphate solutions of 2 mgP/L spiked with dif-
ferent anions (Cl-, SO37) at an adsorbent dosage of
0.05g/100 mL.

2.4. Fixed-bed adsorption experiment

Fixed-bed column adsorption of phosphate was
performed in a glass column of 1.0cm internal
diameter and 5.0cm length. Phosphate solution of
2.0mgP/L was used as the influent to mimic WWTPs
secondary effluents. The solution was introduced from
the column bottom at a flow rate of 0.082mL/min
(empty bed contact time: 26.36 min) using a peristaltic
pump (LongerPump Co. Ltd, Baoding, China). Water
samples were collected at scheduled time intervals for
phosphate analysis.

2.5. Analysis

COD and NH; N were determined by standard
method (APHA, AWWA, WEF [25]). Anions (PO>~,
Cl7, NOj, and SO}") were analyzed using ion chro-
matography (ICS-3000, Dionex), which was run with
an elution solution consisting of 250 mmol of NaOH
and DI water with a mixing ratio of 12:88 (V/V) at a
flow rate of 1.2mL/min. pH was measured by a
PHS-3C pH meter (Leici Co. Ltd, Shanghai).
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Fig. 1. XRD patterns of ZnAl LDHs powder and granules.

3. Results and discussion
3.1. Characterization of ZnAl LDHs powder and granules

XRD patterns of the prepared ZnAl LDHs powder
and granule are presented in Fig. 1. Sharp peaks for
(003), (006), (009), (015), and (018) planes were
observed for ZnAl LDHs powder, suggesting that the
sample consisted of well-defined LDHs crystallites
[26]. No other solid phases were seen as impurities in
the powder LDHs according to the diffraction peaks.
By comparing the XRD patterns of ZnAl powder and
granules, it can be concluded that the introduction of
PVA in the granular ZnAl did not bring any new min-
eral phases into the sample. The peaks for (003) plane
for the ZnAl granules was to some extent lowered,
but the diffraction angle was as same as that for ZnAl
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Fig. 2. FT-IR spectra of ZnAl LDHs powder and granules.
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powder. This reveals that PVA molecules did not
enter the interlayer space of LDHs and the hydroxyl
groups in PVA did not interact with the LDHs sheets
or interlayer anions either, both of which would cause
a change of interlayer distance [27].

Fig. 2 shows the FTIR spectra of ZnAl LDHs sam-
ples. The broad bands centered at ~3,437 cm™! can be
ascribed to H-bonded stretching vibrations of the OH
groups in LDHs layers. The bands at ~1,640cm ™" can
be assigned to the bending vibration of water mole-
cules physically adsorbed or in the interlayer space.
Three sharp peaks at 620, 554, and 429 cm™ ! were
observed in the spectra of ZnAl LDHs powder and
granules, which can be interpreted as metal-oxygen
vibrations [28]. Additionally, the bands of C-O vibra-
tions were clearly seen in the IR spectrum of ZnAl
powder at 1,448 (splitting of v3), 1,363 (v3, asymmetric
stretching), 1,134 (v;, asymmetric stretching), and 880
(vp, out-of-plane deformation stretching) cm™!, which
may be due to the carbonate ions from the hydrolysis
of urea during the LDHs preparation. For the granular
ZnAl LDHs, characteristic bands of PVA were
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observed for the asymmetric stretching (2,935cm™)
and in-plane bending (1,448 cm!) vibration of C-H,
out-of-plane deformation stretching (880cm™') and
asymmetric stretching (1,140 and 1,050 cm™") vibration
of C-O, and stretching (1,640 cm™Y) and out-of-plane
bending (837 cm™) vibration of C=C. The bands cen-
tered at 1,774 cm™!' can be due to those non-hydro-
lyzed vinyl acetate molecules. From the above
analysis, it is apparent that the bands observed in the
IR spectrum of powder LDHs were all preserved in
that of granular samples and the corresponding wave-
length unchanged, suggesting that the interlayer envi-
ronment of ZnAl LDHs was basically not affected by
the PVA-mediated granulation.

As seen in Fig. 3(a) and (b), powder ZnAl LDHs
consisted of layered hexagonal crystallites with sizes
in a narrow range. For the granular LDHs, many
pores with different sizes were observed scattered
evenly on the outer surface of the cylinder-shaped
samples (Fig. 3(c)). The crystallites on the surface were
broken into smaller pieces due to the extrusion opera-
tion (Fig. 3(d)). Inside the granules, however, fine

Fig. 3. SEM images of ZnAl LDHs powder ((a) and (b)) and granules (outer surface: (c) and (d); interior: (e) and (f)).
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crystallites were well remained as illustrated by
Fig. 3(e) and (f). A porous structure due to the
arrangement of layered crystallites was clearly
observed. The results demonstrate that granulation of
ZnAl LDHs by PVA as a binder did not impose a
noticeable influence on the LDHs micromorphology.
Nitrogen adsorption-desorption isotherms of ZnAl
LDHs powder and granules are shown in Fig. 4(a).
Both samples presented a type IV isotherm with a dis-
tinct H3 hysteretic loop according to IUPAC classifica-
tion, which corresponds to mesoporous materials and
the presence of slit-shaped pores resulted from the
arrangement of layered crytallites [29]. Pore size, pore
volume, and Brunauer-Emmett-Teller (BET) specific
area of the samples was calculated based on
Barrett-Joyner-Halenda method from the desorption
branch of the isotherms and was shown in Fig. 4(b)
and Table 1. The pore sizes of both powder and gran-
ular LDHs were mostly in the range of 7 to >100 nm
with a small portion in the range of 2—4 nm. The total
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Fig. 4. N, adsorption—desorption isotherms (a) and pore
size distribution curves (b) of ZnAl LDHs powder and
granules.
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Table 1

Specific surface area and pore properties of ZnAl LDHs
ZnAl BET surface area  Pore volume Pore size
LDHs (m*/g) (cm®/g) (nm)
Powder 44.21 0.044 83.71
Granule 16.30 0.014 67.34

pore volumes and specific surface area decreased by
68.2% and 63.1%, respectively, after the LDHs sample
was granulated.

Fig. 5 indicates that the point of zero charge of
ZnAl LDHs granules was nearly equal to that of the
powder LDHs (powder: 10.5, granule: 10.8), suggesting
that the use of PVA as a binder did not add extra
charges to the sample surface. Under neutral pH con-
ditions, the zeta potentials of both LDHs were positive.
This can be explained by the structural positive charge
on the LDHs layers and the electric double layer on
the material surface. Differing from the interior struc-
tural charges on LDHs layers which are screened by
interlayer anions, the surface positive charges are often
not fully balanced by the adsorbed anions due to the
existence of stern layer and diffusion layer [30]. The
occurrence of LDHs separation from the diffusion lay-
ers would lead to a positively charged LDHs surface.
In addition, at each studied pH value (except pH,,o),
the zeta potential of ZnAl granules was always much
greater than that of powder samples. This is consistent
with the fact that the addition of non-charged PVA in
the material obviously decreased the charge density
caused by the effect of protonation—deprotonation on
the sample surface.

60
L e —£— powder
e ~— granule
40 T
N
\\\\
s .
E 20 \
5 o
E i \‘-v
g o =
@ \ "=
z \
~
20 o .
~—,
-40 T T T T
4 6 8 10 12
pH

Fig. 5. Zeta potentials of ZnAl LDHs powder and granules
at different pHs.
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3.2. Adsorption isotherms

The adsorption capacity of granular ZnAl LDHs
was to some extent lower than that of LDHs powder
as illustrated by the adsorption isotherms (Fig. 6). For
example, at initial concentrations of 56.9 and
192.5mgP/L, the phosphate uptakes at equilibrium
(25°C) on LDHs granules were 55.9 and 68.1% lower
than those on powder samples, respectively. By com-
paring with the decrease in the specific surface area
after granulation (being 36.9% of that of powder
LDHs), it may be concluded that physical surface
adsorption was not the predominant pathway of phos-
phate uptake by the ZnAl LDHs, especially at high
phosphate concentrations. Increases in temperature
adversely influenced the phosphate adsorption onto
both LDHs samples. This further reveals the insignifi-
cant role of physical adsorption in the phosphate
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Fig. 6. Isotherms of phosphate adsorption by ZnAl LDHs

and data fitting to Langmuir and Freundlich models ((a):
powder; (b): granule).

Table 2
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Langmuir and Freundlich constants for phosphate adsorp-
tion onto ZnAl LDHs powder and granules

Langmuir equation

Freundlich equation

%:b;m L% Inge = InK¢ +1InC.
LDHs (°C)  gm b R? K¢ n R?
Powder
15 2400 0.087 0.8842 8.14 5.07 0.9484
25 26.85 0.108 0.8118 8.82 4.73  0.9447
35 2784 0.173 0.8072 1145 5.81 0.9364
Granule
15 13.36  0.021 0.9698 1.48 2.66 0.9687
25 21.09 0.034 0.8825 4.06 3.55 0.9957
35 22.68 0.070 0.8164 6.14 422 0.9899
(a) zs
o 50mgPIL
v 10mg PiL
{1 o 2mgPL
= 20'_ Pseudo-first order model fit o O . 2-00
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Fig. 7. Kinetics of phosphate adsorption onto ZnAl LDHs
powder (a) and granules (b).
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Table 3
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Kinetic constants for phosphate adsorption onto ZnAl LDHs powder and granules analyzed by pseudo-first-order,

pseudo-second-order and intra-particle diffusion models

Intra-particle diffusion

Pseudo-first-order equation Pseudo-second-order equation equation
2

i = ge — gee ! g = 1 g =kt'2 +C
LDHs (mg P/L) Ge ki rR? Ge ky rR? ki C R?
Powder (0-80 h)
2 1.980 122.7 0.9765 2.000 147.3 0.9721 0.100 1.66 0.0854
10 8.900 0.087 0.6455 8.200 0.210 0.7708 0.760 3.24 0.8988
50 15.65 1.610 0.5186 16.33 0.120 0.6337 1.680 6.16 0.9077
Powder (0-1 h)
10 3.870 25.02 0.9729 4.130 12.01 0.9716 4.800 0.98 0.6656
50 8.950 18.19 0.9829 9.530 3.690 0.9756 10.88 2.08 0.6979
Powder (1-80 h)
10 5.760 0.024 0.9629 7.580 0.004 0.9726 1.480 7.53 0.9477
50 24.55 0.009 0.9720 37.85 1.7E—4 0.9798 0.580 4.50 0.9763
Granule (0-80 h)
2 1.840 0.066 0.9812 2.300 0.029 0.9765 0.580 4.50 0.9863
10 5.180 0.049 0.9329 6.300 0.009 0.9500 0.590 0.42 0.9915
50 10.75 0.070 0.9430 12.70 0.007 0.9591 1.270 1.25 0.9745

uptake by ZnAl LDHs materials. The temperature
effect on phosphate adsorption was found to be more
significant by the granular LDHs, suggesting that
mass transfer in the granules would be a rate-limiting
step of phosphate uptake onto the material. The iso-
therms of phosphate adsorption by both powder and
granular LDHs have better agreements with Freund-
lich models than with Langmuir models (see Table 2),
indicating the phosphate uptake was not a monolayer
surface adsorption. Multilayer or multiple-pathway
adsorption of phosphate, for example, ion exchange
with the interlayer Cl”, onto the ZnAl LDHs was thus
proposed as reported previously [31, 32].

3.3. Adsorption kinetics

The kinetics of phosphate adsorption on the pow-
der and granular ZnAl LDHs apparently differed
from each other as shown in Fig. 7. The phosphate
uptake by ZnAl powder at initial P concentrations of
10 and 50mg/L can be clearly divided into two steps
(Fig. 7(a)): a very fast adsorption in the first hour
and a relatively slow adsorption afterward. The first
step of adsorption (in 1h) can be satisfactorily
described by a pseudo-first-order kinetic model (see

Table 3). The rate constant (k;) was found to be inde-
pendent with the initial P concentrations, revealing
that the adsorption rate was not affected by the mass
transfer to the LDHs surface [27]. The second step of
phosphate adsorption (after 1h) well agreed with a
pseudo-second-order model (also see Table 3). At an
initial concentration of 2mgP/L, all the phosphate
was adsorbed in 20min due to the high availability
of adsorption sites at a small ratio of P/LDHs, and
the adsorption data fit well in a pseudo-first-order
kinetic model (also see Table 3) as at higher P con-
centrations. According to Fig.7(b), the two-step
adsorption was not observed in phosphate uptake by
granular ZnAl LDHs with all the three initial concen-
trations of phosphate. The adsorption during the
whole contact time had better agreements with intra-
particle diffusion models than other kinetic models
(also see Table 3), indicating that the transfer of
phosphate into the granule interior was the rate-limit-
ing step. The intra-particle diffusion rate constant (k;)
increased with the initial P concentration increasing,
which indicates the growth of driving force in
enhancing the phosphate diffusion in the granule
[33]. The small values of constant C reveal that a fast
adsorption occurred on the outer surface in the initial
period.



X. Chen et al. | Desalination and Water Treatment 54 (2015) 1216-1225

3.4. Effect of pH and coexisting anions on phosphate
adsorption

Fig. 8 illustrated that phosphate adsorption by
granular ZnAl LDHs was to some extent favorable in
acidic environments. This can be explained by the
enhanced affinity between phosphate ions and proton-
ated LDHs surface as demonstrated by the pH buffer
effect of LDHs and also the foregoing results of zeta
potential tests (pHp,.: 10.8). As can be seen in Fig. 8,
phosphate adsorption by LDHs granules was still sat-
isfactory in waters with near-neutral pH levels, for
example, WWTPs secondary effluents.

Urban sewage usually contains a considerable
amount of CI” and SO3~, and the anions would still
remain in the effluents from secondary water treat-
ment. According to Fig. 9, the effects of these two
anions at levels that commonly seen in secondary
effluents on phosphate adsorption by ZnAl granules
were comparable, and both of which were acceptable.

3.5. Fixed-bed column adsorption

A continuous experiment of fixed-bed column
adsorption was conducted with a phosphate solution
of 2mgP/L, which was to mimic WWTP secondary
effluents. From the breakthrough curve, the bed vol-
umes of treated P-bearing solution at the break-
through point (2mgP/L) were 4,315 for the granular
ZnAl LDHs with an accumulated adsorption capacity
of 7.65mgP/g (Fig. 10). According to the Chinese Dis-
charge Limits of Pollutants for Municipal Wastewater
Treatment Plants (GB 18918-2002), newly built or
reconstructed WWTPs in China since 1 July 2002 are
subject to a stricter discharge limit (Grade 1A) of
phosphate as low as 0.5mg/L. Taking this discharge
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Fig. 8. Phosphate adsorption by ZnAl LDHs granules at
different pH levels.
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level into consideration, 2,200 bed volumes of phos-
phate solution was treated at the breakthrough point
(0.5mg/L) with an accumulated adsorption capacity
of 504 mgP/g.

4. Conclusion

This paper investigated the structure and adsorp-
tion capacity of granular ZnAl LDHs as an adsorbent
for removing phosphate from WWTPs secondary
effluents. The results revealed that PVA as a binder
did not change the interlayer space of ZnAl LDHs or
interact with the layered structure. The distribution of
pore size in granular LDHs was similar to that in the
powder, whereas the total pore volume and specific
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surface area (BET) were reduced by 68.2% and 63.1%,
respectively, after granulation. The reduction in the
adsorption capacity of phosphate by ZnAl LDHs was
not proportional to the decrease in the specific surface
area, indicating physical surface adsorption was not a
major pathway of the phosphate removal. Increases in
temperature led to improvements of phosphate uptake
by both ZnAl powder and granules, which also sug-
gests the insignificant role of physical adsorption in
the total removal of phosphate. Phosphate adsorption
by ZnAl LDHs granules was more sensitive to temper-
ature increases compared with the powder samples,
implying that mass transfer of phosphate in the gran-
ule became the rate-limiting step of phosphate uptake.
Phosphate adsorption by the powder ZnAl LDHs con-
sisted of a fast step in the first hour and a slow step
afterward, which followed pseudo-first-order models
and pseudo-second-order models, respectively. How-
ever, phosphate adsorption by ZnAl LDHs granules
basically agreed more with intra-particle diffusion
models during the entire test. The influence of pH and
coexisting anions (ClI” and SO}") that commonly seen
in secondary effluents was demonstrated to be small
in the tested range. By fixed-bed column experiments,
2,200 bed volumes of phosphate solution of 2mg/L
can be treated at the breakthrough point of 0.5mg/L,
which is the phosphate discharge limit for newly
built/reconstructed WWPTs in China.
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