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Abstract The application of powdered layer double hydrox-
ides (LDHs) in constructed rapid infiltration system (CRIS)
appears to be an appreciable problem still unsolved due to the
small particle size and the low density. Therefore, the core-
shell zeolites/MgFe-LDHs composites were prepared via
using co-precipitation method in present study. To investigate
the practical applicability, a detailed organics, ammonia, and
total phosphorus removal study were carried out in columns to
treat the municipal wastewater. The scanning electron micro-
scope (SEM) and energy dispersive spectrometer (EDS) re-
sults confirmed the successful synthesis of core-shell zeolites/
MgFe-LDHs through coating on the surface of zeolites. Ac-
cordingly, the zeolites/MgFe-LDHs largely reduced the COD
by 81.14 %, NH4

+-N by 81.50 %, and TP by 83.29 %. Phos-
phate adsorption study revealed that the equilibrium adsorp-
tion data were better fitted by Langmuir isothermal model,
with the maximum adsorption capacity of 79.3651 mg/kg
for zeolites/MgFe-LDHs and 38.4615 mg/kg for the natural
zeolites. In addition, economic analysis indicated that the re-
agent cost of synthesis of zeolites/MgFe-LDHs was econom-
ical. Herein, the zeolites/MgFe-LDHs solved the natural zeo-
lites problem for poor P removal and the application of pow-
dered LDHs in the solid/liquid separation process, suggesting
that it was applicable as potential substrates for the removal of
organics, ammonia, and total phosphorus in CRIS.
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Introduction

Layered double hydroxides (LDHs), also known as
hydrotalcite-like compounds or anionic clays are a large group
of natural and synthetic layered materials. In the recent de-
cades, due to their special structure and unique properties,
LDHs have received considerable attention (Da Silva et al.
2014; Russell et al. 2015). It can be represented by the general
formula of [M1−x

2+Mx
3+ (OH)2]

x+ (An−)x/n×mH2O, where
M2+ and M3+ are the divalent and trivalent cations in the oc-
tahedral positions within the hydroxides layers. The value of x
represents the molar ratio of M3+/(M2++M3+) which was nor-
mally between 0.17 and 0.33. An− is an exchangeable inter-
layer anion. The structure of LDHs is based on positively
charged brucite-like sheets, and the positive charges are bal-
anced by intercalation of anions in the hydrated interlayer
regions (Yan et al. 2015; Qiu et al. 2015). LDHs have been
studied for their potential use in a series of important fields,
such as catalysis (He et al. 2011), biomedical science
(Chandra et al. 2011; Choi and Choy 2011). There has also
been considerable interest in utilizing LDHs to remove envi-
ronmental contaminants since the environmental pollution has
emerged as an important issue in the recent decades (Goh et al.
2008; Rojas 2012; Lin et al. 2015). However, LDHs were
directly used in a dispersed powder form for the adsorption
of oxyanions, especially, for the phosphate. Therefore, it pre-
sented appreciable problems for the application in the con-
structed rapid infiltration system.

Constructed rapid infiltration systems (CRIS) were widely
used as an efficient alternative means of wastewater treatment
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over the world for far longer than the past 2 decades (Zheng
et al. 2008; Jiang et al. 2011; Xu et al. 2011). Compared to
conventional treatment technologies, it has been proved to be
with low investment, low energy consumption and easy man-
agement (Wang et al. 2010; Lian et al. 2014). The contami-
nants’ removal processes include microbial degradation, sorp-
tion, sedimentation, filtration and precipitation (He et al. 2002;
Li et al. 2004). However, the CRIS presented appreciable prob-
lems for the removal of nitrogen and phosphorus due to the
limited oxygen availability in substrates and the inefficient
adsorption of the saturated substrates, respectively. Therefore,
the attention of the scientific community has to be focused on
the selection of a substrate with a high removal capacity in
order to obtain an efficient purification. In this regard, anthracite,
zeolite, bio-ceramic, vermiculite, steel slag, and other natural
minerals were gradually used as the substrates to improve
the removal efficiencies of contaminates in recent years.

Natural zeolites are aluminum-silicate crystals and have the
skeleton-like structure which has been identified as a porous
material. Its internal cavities and channels are capable of ac-
cumulating massive liquidity strong cations and presented the
cations exchange properties with the NH4

+ and Na+. More
particularly, the exchange process showed no change to the
crystal structure of the zeolites. Due to its worldwide distribu-
tion, large deposits, low cost, high porosity, and its neutral
chemical structure, zeolites are considered to be an appropri-
ate material for the removal of NH4

+-N from urban and indus-
trial wastewater (Filippidis and Kantiranis 2007; Milan et al.
2001). Generally speaking, the natural zeolites presented the
efficient removal performance of ammonia but faced the prob-
lems of the organic and total phosphorus removal. It has been
reported that the removal rates of organic and total phosphorus
were 62.0 and 40.5 % (Stefanakis et al. 2009), and 30.6 and
51.9 % (Yalcuk and Ugurlu 2009), respectively. In particular,
the inefficient removal performance and the clog in the CRIS
appeared to be appreciable problems when the adsorption
reaches the saturation. Herein, it is imperative to find a way
to improve the removal rates.

In summary, the main issues of LDHs and natural ze-
olites were that powder LDHs presented appreciable
problems for the application in the constructed rapid in-
filtration system due to the small size, the low specific
density and the solid/liquid separation process. On the
other hand, poor removal performances of organic and
total phosphorus were obtained by the natural zeolites.
Additionally, there are no research studies on CRIS in
the field scale of using the combination of LDHs and
natural zeolites to removal pollutant from the municipal
wastewater. In this regard, LDHs were used to coat on
the surface of the zeolites to synthesize zeolites/LDHs
composites and reached the aim of improving the remov-
al capacity, solving the application of powdered LDHs in
constructed rapid infiltration system.

As preliminary experiments showed LDHs could be syn-
thesized in the alkaline conditions by co-precipitate method
(Zhang et al. 2013) and in situ coated on the natural anthracite
(Zhang et al. 2015a, b). Natural zeolites were selected in the
present study by using MgCl2·6H2O and FeCl3·6H2O in the
alkaline conditions to synthesize MgFe-LDHs. The MgFe-
LDHs were in situ coated on the zeolites to synthesize the
core-shell zeolites/MgFe-LDHs for the purpose of providing
a reference for controlling and strengthening the purification
effect in constructed rapid infiltration system. Herein, the pres-
ent research was aimed to synthesize, to characterize, and to
study the removal performance of COD, NH4

+-N, and TP. The
adsorption properties for phosphate were further evaluated by
using batch experimental method. Besides, the economical of
synthesizing zeolites/MgFe-LDHs were also investigated in
this study.

Material and methods

Characterization of the system

Column experiments were simulated as the constructed rapid
infiltration systems which were operated indoors. The units
contained two test columns (PVC, H=40 cm, d=8 cm) which
were filled with the zeolites/MgFe-LDHs and the natural ze-
olites (d=0.5–2.0 mm), respectively. The true and bulk densi-
ty of the natural zeolites was 1.93 and 1.32 g/cm3 in this study
which were purchased from Zhengzhou City, Henan, China.
The specific surface area of the natural zeolites was 7.40 m2/g.
Under intermittent operation, the raw water collected from
Shahu Sewage Treatment Plant (Wuhan, China) after a thin
grill was filled into the top of the columns and flowed out of
from the bottom after 12-h hydraulic retention time (HRT),
indicating that the hydraulic loading rate (HLR) was 0.25 m/
day. The pH value of the raw water fluctuated between 7.13
and 7.37. The purification experiments started at October
2013 and lasted for 18 weeks. The indoor temperatures were
18–30 °C with the average of 22 °C. The characteristics of the
raw water are shown in Table 1.

Preparation of zeolites/MgFe-LDHs

MgFe-LDHs were prepared by the co-precipitation method
(Das et al. 2006). The 1.50 mol/L MgCl2 and 0.75 mol/L
FeCl3 solutions with the metal mole ratio (M2+/M3+) of 2:1
were added simultaneously to a beaker containing 2 L distilled
water and clean zeolites. The water temperature was stably
maintained at 80° with continuous heating and stirred for
4 h. During that period, the pH of the solution was maintained
at 11∼12 by the addition of 25 % wt NaOH. In order to sep-
arate from suspension, the mixed compounds were centri-
fuged for 10 min at a speed of 1000∼1500 r/min and
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thoroughly washed with deionized water until the effluent
obtained a neutral pH. At last, the composites were oven-
drying at 100 °C for 16 h giving product of zeolites/MgFe-
LDHs.

Physicochemical characterization

The crystal morphologies of these materials were probed by
scanning electron microscopy (SEM, S4800, Hitachi, Japan).
Chemical compositions were analyzed by a field emission
scanning electron microscopy equipped with Energy Disper-
sive Spectrometry (EDS, Oxford Instrument X-Max 50, En-
gland). Brunauer-Emmett-Teller (BET) surface area were an-
alyzed by N2 adsorption at −196 °C using a sorptometer
(ASAP-2020, Micromeritics, USA). All the characterizations
were examined in Material Research and Testing Center, Wu-
han University of Technology.

Phosphate adsorption studies

The phosphate adsorption experiments were carried out in
aqueous solution by using the zeolites/MgFe-LDHs and nat-
ural zeolites as the adsorbent, respectively. Standard phos-
phate solutions were prepared using KH2PO4 (GR) dissolved
in distilled water. Ten-gram adsorbent was mixed with
100-mL phosphate solutions at various initial concentrations
(0, 1, 2, 4, 8, 16, 32, 64 mg-P/L) in a series of 250-mL conical
flasks. Experiments using blank samples were also carried out
by using adsorbents and distilled water instead of phosphate
solution. All the experiments were carried out in duplicates at
the indoor temperature (25±1 °C). After continuous shaking
over in a thermostatic shaker at the speed of 120 rpm for 24 h,
the adsorbents were separated from the mixture by the filtra-
tion process and the residual concentration of phosphate were
measured by the standard methods (APHA 2005). Amount of
phosphate adsorbed on per unit mass of adsorbents was com-
puted using the formula (Eq. (1)):

qe ¼
CO−Ceð ÞV

m
ð1Þ

where qe is the phosphate uptake (mg P/kg), Co is the initial
concentration (mg/L), Ce is the final equilibrium concentra-
tion (mg/L), V is the volume of solution (L), andm is the mass
of the adsorbent (g).

Langmuir (Eq. (2)) and Freundlich equation (Eq. (3)) were
used to describe the adsorption isotherm data. These equations
can be expressed in linear form as follows:

Ce

qe
¼ 1

KLqm
þ Ce

qm
ð2Þ

lgqe ¼ lgK f þ 1

n
lgCe ð3Þ

where qe is the amount of phosphate adsorbed per unit mass of
adsorbent (mg/kg), Ce is the equilibrium phosphate concen-
tration in solution (mg/L), qm is the theoretical maximum
sorption capacity (mg/kg), and KL is Langmuir adsorption
equilibrium constant, as for the Kf and n which are the
Freundlich adsorption equilibrium constant.

Water quality analysis

Water samples were collected from the effluent at the bottom
of the columns in each batch and immediately analyzed for
chemical oxygen demand (COD), ammonia (NH4

+-N), and
total phosphorus (TP). COD, TN, NH4

+-N, TP, and phosphate
were measured by potassium dichromate method, UV spec-
trophotometry method after alkaline potassium persulfate di-
gestion, Nessler’s reagent colorimetric method, Anti-Mo-Sb
spectrophotometry method after potassium persulfate diges-
tion, and anti-Mo-Sb spectrophotometry method, respectively
(APHA 2005).

Statistical analysis

In order to investigate the statically significant differences of
the removal rates between the zeolites/MgFe-LDHs and the
natural zeolites, a one-way ANOVA at 95% significance level
was used to examine the removal performance. Post hoc mul-
tiple comparisons were also performed by using the
Bonferroni test. As the number of the data for the zeolites/
MgFe-LDHs and the natural zeolites was the same, Levine’s
test for homogeneity of variance and normality was bypassed.
All the statistical analyses were determined by Excel 2007 and
SPSS 19.0 software (SPSS Inc., Chicago, IL, USA). Statistical
was defined as p<0.05, and the p value was also called sig-
nificant (two-tailed) value in the t test (SPSS 2003).

Table 1 Characteristics of the
raw water Parameters COD (mg/L) NH4

+-N (mg/L) TN (mg/L) TP (mg/L)

Concentration 38.20∼159.25 14.60∼15.86 19.94∼31.73 1.63∼2.95
Mean 110.61 15.34 25.29 2.45

Standard deviation 39.14 0.45 5.00 0.42
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Results and discussion

Apparent characteristic of the zeolite/MgFe-LDHs

The results obtained from the SEM pictures of the zeolites/
MgFe-LDHs (Fig. 1b) showed a mass of overlapping crystals
like the layer stacked on the surface area which was typical for
layered double hydroxides and the surface of the layer stacked
aggregated lots of nano-particles. Comparatively, the mor-
phologies of natural zeolites (Fig. 1a) aggregated a mass of
disorganized particles, and the right surface area showed rel-
atively smooth and flat. These results implied the successful
fabrication of core-shell zeolites/MgFe-LDHs composites
which formed a highly porous network and were responsible
for the high surface of LDH materials. Herein, the natural
zeolites physical characteristics were changed by virtues of
coating MgFe-LDHs on the surface area.

Chemical composition of the natural zeolites
and zeolites/MgFe-LDHs

To further verify the feasibility of the coated method, the en-
ergy dispersive spectrometer (EDS) was utilized to measure
the chemical composition of the zeolites before and after the
experiments. According to energy spectrum results, it can be
concluded that the compositions of the natural zeolites were
Si, Al, Fe, K, and O element (Fig. 2a). Comparatively, the
zeolites/MgFe-LDHs contained other elements, such as Mg,
Na, and Cl (Fig. 2b). Therefore, the Mg element was success-
fully added on the surface of natural zeolites after the process
of coating method.

Furthermore, compared with the main chemical composi-
tion of natural zeolites and zeolites/MgFe-LDHs (Table 2), the
contents of Fe3+ and Mg2+ were higher for zeolites/MgFe-
LDHs (5.54 and 2.02 %) than the natural zeolites (0.06 and
0 %), indicating that the coated method further changed the
chemical composition of the zeolites. On the basis of the
change of physical characteristics and chemical composition,
it revealed that the way of co-precipitate synthesized LDHs in
alkaline conditions and in situ coating on the zeolites sub-
strates was feasible.

COD removal

The COD removal rates and average removal rates of the
municipal wastewater treated by the natural zeolites and
zeolites/MgFe-LDHs during the experiments are illustrated
in Fig. 3a, d, respectively.

As shown in Fig. 3d, the average removal rates of the
zeolites/MgFe-LDHs and natural zeolites were 81.14 %
(53.00∼95.43 %) and 62.20 % (51.00∼72.99 %), respectively.
Compared with the natural zeolites, the removal effect of the
zeolites/MgFe-LDHs was more stable due to the smaller fluc-
tuations (Fig. 3a) which indicated that the coated method to
the substrates could enhance the average removal rates of
COD. The statistical analyses between the natural zeolites
and zeolites/MgFe-LDHs are shown in Table 3. The signifi-
cant (two-tailed) value (p value) was 0.009 which was less
than 0.05, indicating that there was significant difference be-
tween the two of them. In other words, zeolites/MgFe-LDHs
actually improve the removal rates of the organic matter.

(a) Natural zeolites                     (b) Zeolites/MgFe-LDHs 

Fig. 1 SEM images of natural
zeolites and zeolites/MgFe-LDHs
(mag 20 K, resolution 2 μm)

(a) Natural zeolites                      (b) Zeolites/MgFe-LDHs 

Fig. 2 EDS images of the natural
zeolites and zeolites/MgFe-LDHs
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The average removal rates of CODwith the natural zeolites
obtained in this study (62.20 %) were much comparable to the
result of 62 % in Stefanakis et al. (2009), but lower than the
results of other studies, such as 70 % in Zhang et al. (2007b)
and 79.9 % in Stefanakis and Tsihintzis (2012). The main
reason for the higher efficiencies of zeolites in Stefanakis
and Tsihintzis (2012) might attribute to the longer residence
times (1 day). The other reason might associate with their
relatively larger pores which allowed for the adsorption of
solid particles and dissolved organics (Fachini and
Vasconcelos 2006). The average removal rates observed both
in the zeolites/MgFe-LDHs and natural zeolites were better
than those recorded in other study; Zhang et al. (2013) obtain-
ed 58 % in zeolites/MgFe-LDHs and 48 % in natural zeolites,

respectively. The more efficient removal performance attrib-
uted to the different particle size of the zeolites and the content
of Mg2+ and Fe3+ after modification, which the values of this
study (2.02 and 5.54 %, respectively) were much higher than
those of Zhang et al. (2013) (0.10 and 1.12 %, respectively).
The results showed that the high contents of Mg2+ and Fe3+

might promote the capacity of LDHs to efficiently coat on the
zeolites and as a consequence, increase the removal efficien-
cies of COD.

Interestingly, the natural zeolites showed poorer removal
rates of COD than anthracite and bio-ceramic under normal
circumstances. However, after the coated method, the removal
rates of COD with zeolites (81.14 %) were significantly en-
hanced and exceeded those of the natural anthracite (70 %)

Table 2 Main chemical
composition of the natural
zeolites and zeolites/MgFe-
LDHs/%

Element content O Al Si K Fe Mg Na Cl Ca

Natural zeolites 53.89 1.46 43.48 1.12 0.06 – – – –

Zeolites/MgFe-LDHs 42.66 6.61 35.06 3.49 5.54 2.02 0.93 2.12 1.55
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Fig. 3 Removal rates of a COD, b NH4
+-N, c TP, and d average removal rates with the natural zeolites and zeolites/MgFe-LDHs
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(Zhang et al. 2007a) and bio-ceramic (66 %) (Wu et al. 2010).
Furthermore, it seemed that the zeolites/MgFe-LDHs obvious-
ly improved the removal capacity through the coated method.
Due to the specific configuration of LDHs which is a kind
of layered compounds with a porous surface structure, the
zeolites/MgFe-LDHs promoted more small suspended organic
matters to be intercepted than the natural zeolites. In other aspect,
the high removal rates of zeolites/MgFe-LDHs for COD might
relate to the sedimentation of suspended solids in the water
(Zhang et al. 2009). Therefore, the main mechanism of COD
removal in this study depends on the physical mechanisms.

NH4
+-N removal

The results depicted in Fig. 3b showed that the ammonia re-
moval rates in the zeolites/MgFe-LDHs (67.27∼92.56 %) are
more effective than the natural zeolites (45.49∼67.42 %),
which were also consistent with the results of statistical anal-
ysis (sig. <0.01, Table 3). The average removal rates in the
zeolites/MgFe-LDHs were 81.50 %, while in the natural zeo-
lites were 57.01 % (Fig. 3d).

Ammonia removal mainly related to the mass loading, the
operation regime (loading and resting periods) and the nitri-
fying bacteria employed in the constructed rapid infiltration
system. Nitrification is the principal transformation mecha-
nism that reduces the concentration of ammonia nitrogen to
oxidized nitrogen. Particularly, there has been a typical bio-
logical denitrification process which is the ammonia eventu-
ally converted to nitrogen by degradation of the nitrifying
bacteria (Zhang et al. 2013).

In this present study, the average removal rates of ammonia
(57.01%) in natural zeolites were lower than 78% obtained in
Stefanakis and Tsihintzis (2012), revealing that the natural

zeolites in this study did not exhibited the high selectivity
for ammonia (Saltali and Sari 2007). The reason may relate
to the different particle size and the limited aeration in the
columns. Wang and Li (2013) reported that the removal rates
of the modified zeolites were 91.4 % when the HLR was
0.139m/day. In other words, the removal rates tended to increase
with the decrease of hydraulic load which were coincided with
the results in this study. Compared with the zeolites/MgFe-
LDHs, the removal rates still showed a great difference of
24.5 % which were operated under the same conditions. The
high removal rates may attribute to several reasons. One reason
was the surface of the zeolites/MgFe-LDHs which was coarser
than before (Fig. 1) so as to provide a favorable environment and
large surface area for the nitrifying bacteria to perch and grow.
The other reasons were the cation exchange capacity (CEC) of
the materials played a large role in the retention of ammonia and

Table 3 Independent samples test of removal rates of COD, NH4
+-N, and TP in the columns with natural zeolites and zeolites/MgFe-LDHs

t test removal rates Levene’s test t test for equality of means

F Sig. t df Sig. Mean (%) Std. (%) 95 % confidence

Lower Upper

COD Equal var. 0.04 0.84 3.14 12 0.009 18.94 6.03 5.79 32.08

Unequal var. – – 3.14 10.43 0.010 18.94 6.03 5.57 32.31

NH4
+-N Equal var. 0.32 0.58 5.40 14.00 0.000 24.49 4.54 14.76 34.22

Unequal var. – – 5.40 13.71 0.000 24.49 4.54 14.74 34.24

TP Equal var. 0.02 0.88 4.54 14 0.000 28.60 6.31 15.07 42.12

Unequal var. – – 4.54 13.93 0.000 28.60 6.31 15.07 42.13

F and t represent the values of the F and t test. df represents the degree of freedom. Significance in the t test for equality of means represent significance
(two-tailed) which also call p value. Levene’s test represents Levene’s test for equality of variances. Mean (%) represents mean difference (%). Standard
represents mean standard error difference. Ninety-five percent confidence represents mean 95 % confidence interval of the difference. Equal variation
represents equal variances assumed. Unequal variation represents equal variances not assumed
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Fig. 4 Equilibrium isotherms of phosphate adsorption on the natural
zeolites and zeolites/MgFe-LDHs
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subsequent processing within the constructed rapid infiltration
system (Gisvold et al. 2000). It was apparently that the zeolites/
MgFe-LDHs showed more content of Mg2+ and Fe3+ which in
turn to enhance the exchange capacity.

Indeed, the Na and K element was an important factor
which influenced the ammonium uptake. The zeolites coated
with MgFe-LDHs presented that the concentrations of Na and
K were approximately one and three times higher than the
natural zeolites, respectively (Table 2). The selectivity of ion
exchange on zeolites was found to in the sequence of K+>
NH4

+>Na+>Ca2+>Mg2+ (Zhu et al. 2011), while the ammo-
nium uptake on the cation exchange sites was reported to
follow the order: Na+>K+>Ca2+>Mg2+ (Sprynskyy et al.
2005). Therefore, Na element was found as the most benefit
element for the zeolites in ammonia removal (Sarioglu 2005).

TP removal

The results obtained in Fig. 3c, d indicated that the zeolites/
MgFe-LDHs were more effective for TP removal than the
natural zeolites, and the significant (two-tailed) value was
0.000 which was less than 0.05 (Table 3). The removal rates
of the zeolites/MgFe-LDHs varied between 53.61 and
92.93 % with an average of 83.29 %, while in the natural
zeolites were 33.73∼72.46 % and 54.69 % in average. Under
normal circumstances, the removal rates of TP by the natural
zeolites were less efficiently than the anthracite and bio-ce-
ramic. However, the zeolites/MgFe-LDHs removal rates of

TP (83.29 %) exceeded those of the natural anthracite
(60 %) (Zhang et al. 2007a) and bio-ceramic (58 %) (Wu
et al. 2010), implying that the zeolites/MgFe-LDHs efficiently
improved the removal capacity through the coated method.

It is obvious that the key mechanisms of phosphorus re-
moval from wastewater in the constructed rapid infiltration
system are physicochemical processes, such as the fixation
of phosphate by iron and aluminum in the substrates (Ayoub
et al. 2001). In this study, the high TP removal rates of
zeolites/MgFe-LDHs might relate to the decrease of Si ele-
ment. It was reported that the more Si element contained in
the substrates, the lower removal rates for the phosphorus
(Drizo et al. 1999). The other reason may be due to the porous
structure of LDHs and the feature of layered metal
compounds, which could strengthen the physicochemical
processes so as to promote the degradation of TP. Cheng
et al. (2009) recorded that the adsorption capacity of the
MgFe-LDHs for phosphate was about 25 mg P/g. And, it is
generally believed that the adsorption capacity can be en-
hanced by increasing the anion exchange capacity of the
LDHs (Goh et al. 2008). In this regard, the sorption charac-
teristics of the zeolites/MgFe-LDHs are a major mechanism at
the early stage in the constructed rapid infiltration system
when it operates until the substrate reached saturation. Fur-
thermore, the different materials, hydraulic loading rates, and
ways of coating method may further cause the different puri-
fication effect of phosphorus. Therefore, the results obtained
in this study were lower than those of Wang and Li (2013),
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Table 4 Langmuir and
Freundlich constants for natural
zeolites and zeolites/MgFe-LDHs
used for adsorption of phosphate

Adsorbent Langmuir isotherm model Freundlich isotherm model

qm KL R2 Kf n R2

Zeolites/MgFe-LDHs 79.3651 0.4013 0.9821 26.5155 3.4014 0.9075

Natural zeolites 38.4615 0.2112 0.9854 9.0803 2.7248 0.9468
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which reported an 86.9 % removal rate of phosphorus in coat-
ed zeolites when HLR was 0.093 m/day.

Phosphate adsorption isotherms

Phosphate adsorption isotherms were used to determine the
distribution of phosphate between solution and solid
phased of the zeolites/MgFe-LDHs and natural zeolites,
respectively. The adsorption isotherms of zeolites/MgFe-
LDHs and natural zeolites to phosphate are shown in
Fig. 4. The values of all the constants are shown in
Table 4, and the linear plots of Langmuir and Freundlich
models are shown in Fig. 5.

It can be observed that the correlation coefficient (R2) of
natural zeolites and zeolites/MgFe-LDHs in Langmuir and
Freundlich equation were higher than 0.90 (Table 4). Compar-
atively, the Langmuir equation showed better fitted than the
Freundlich equation with the values ofR2>0.98, implying that
the adsorption on the surface was homogeneous and forma-
tion of monolayer coverage of phosphate on the surface of the
adsorbent.

Based on the values of qm (Table 4), theoretical phosphate
adsorption capacity for zeolites/MgFe-LDHs (79.3651 mg/kg)
was about two times higher than the natural zeolites
(38.4615 mg/kg) calculated by the Langmuir equation. The
results were coincided with the Kf values in Freundlich equa-
tion which represented the adsorption capacity of the adsor-
bents. In other words, the higher Kf values indicated the ad-
sorption capacity of zeolites/MgFe-LDHs that were higher
than the natural zeolites. Furthermore, the higher theoretic
maximum adsorption capacity for zeolites/MgFe-LDHs
(79.3651mg/kg) can attribute to its high surface area, abundant
adsorption sites, and macro-porous networks on the surface of
the zeolites.

Economic analysis

In order to evaluate economic of synthesizing MgFe-LDHs
and in situ coating on the natural zeolites, the prices of the
reagents (MgCl2·6H2O, FeCl3·6H2O, NaOH) applied in the
coated method were provided by the Alibaba Website.
The prices were RMB ¥3.30/kg for industrial FeCl3·6H2O,
RMB ¥1.00/kg for industrial MgCl2·6H2O, and RMB ¥2.10/kg
for industrial sodium hydroxide. Moreover, taking into con-
sideration of the far differences between the conditions of
industry and laboratory, parts of costs were not included in
this study such as the electricity and the pay for workers. After
a rough estimation, the reagents cost of synthesis of zeolites/
MgFe-LDHs was RMB ¥0.0395/kg, indicating that the com-
bination of co-precipitation to synthesis MgFe-LDHs and in
situ coating on the natural zeolites is economical.

Conclusion

The present study showed that MgFe-LDHs hydrotalcite was
synthesized by magnesium chloride hexahydrate, iron(III)
chloride hexahydrate, and sodium hydroxide using co-
precipitation method, and MgFe-LDHs were in situ coated
on the natural zeolites to synthesis zeolites/MgFe-LDHs com-
posites. Synthesis was ascertained by adopting various charac-
terizing method such as SEM and EDS chemical analysis. The
purification experiments results indicated that compared to the
natural zeolites removal rates of COD (62.20 %), NH4

+-N
(57.01%), and TP (57.69 %), the zeolites/MgFe-LDHs largely
increased by 18.94, 24.49, and 28.26 %, respectively. The
adsorption of phosphate from aqueous solution by the
zeolites/MgFe-LDHs and natural zeolites were better fitted to
the Langmuir equation. The maximum theoretical phosphate
adsorption capacity was 79.3651 mg/kg for zeolites/MgFe-
LDHs and 38.4615 mg/kg for the natural zeolites. According
to the rough estimation, the reagents cost of synthesis of
zeolites/MgFe-LDHs was RMB ¥0.0395/kg.

Themain removal mechanisms of zeolites/MgFe-LDHs for
COD, ammonia, and total phosphorus have been proposed to
surface adsorption, cation exchange, and precipitation. More
particularly, the zeolites/MgFe-LDHs in this study enhanced
the removal capacities in TP and ammonia, solving the zeo-
lites problem for poor P removal and the application of pow-
dered LDHs in CRIS. Herein, the zeolites/MgFe-LDHs were
probably a kind of potential substrates to treat the organic,
ammonia, and total phosphorus in CRIS.
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