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a b s t r a c t

Linde type A zeolite (LTA)–goethite nanocomposite was synthesized by adding sodium orthosilicate solu-
tion to goethite, followed by addition of sodium aluminate and NaOH solutions at 100 ◦C. Optimum
condition at the Si addition step required for nanocomposite formation was pH 10.0 and Si/Fe = 2.7. The
final product composed mainly of LTA and goethite crystals. Formation of LTA–goethite nanocomposites
eywords:
oethite
inde type A zeolite
anocomposite

in the final product was suggested by differences in IR spectra and SEM images between the final product
and a mixture of LTA and goethite. The mixture separated into LTA and goethite components after washing
with water, but the final product did not show such separation. Precipitation of silica on the surface of
goethite and subsequent formation of Si–O–Fe bonds at the Si addition step contributed to formation of
the LTA–goethite nanocomposite. The amount of adsorption of phosphate on the final product was more
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. Introduction

Various pollution remediation techniques such as adsorption,
recipitation, ion exchange and filtration have been employed.
ost of these techniques concentrate on removal of only one type

f pollutant, which may either be positively charged or negatively
harged. Currently, combinations of cation and/or anion exchang-
rs with inorganic cohesion precipitants are generally used for
imultaneous removal of both species of pollutants. However, these
aterials are expensive; and they release huge amounts of counter

nions such as Cl− and SO4
2− ions into the treated system [1]. This

ay require further treatment. There is an increasing need, there-
ore, to develop adsorbent materials that are not only economically
ffective at removing both types of pollutants, but that can also be
asily synthesized from natural and waste materials [1].

Zeolites, with their permanent negative charges as well as the
nterconnection of channels and cages that run through their sec-
ndary framework structure, are efficient adsorbents for positively
harged pollutants such as heavy metals [2]. Zeolites are eas-
ly synthesized from industrial wastes such as coal fly ash and

aper sludge ash [3,4]. On the other hand, iron minerals such as
oethite (�-FeOOH) are common constituents of soils, sediments
nd aquifers, and are known to be efficient adsorbents for neg-
tively charged pollutants such as phosphates [5]. If zeolite and

∗ Corresponding author. Tel.: +81 89 9469681; fax: +81 89 9774364.
E-mail address: joekugbe@agr.ehime-u.ac.jp (J. Kugbe).
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orbed on the mixture, indicating generation of synergistic effect in the

© 2008 Elsevier B.V. All rights reserved.

oethite are mixed, it could be used for the removal of both positive
nd negatively charged pollutants in the environment. However, a
imple mixture of the two components results in separation into
eolite and goethite components in aqueous solutions: hence does
ot effectively adsorb the two types of pollutants at the same point

n time. A nanocomposite of zeolite and goethite, on the other hand,
ould be used in remediation of environments without the separa-
ion problem. In addition, nano-level composition of zeolites with
ther materials has resulted in tremendous increase in useful char-
cteristics [6–10]. For example, Fukugaichi et al. [6] found that the
mount and rate of decomposition of acetaldehyde under UV irradi-
tion was much higher on a nanocomposite of faujasite type zeolite
nd anatase type TiO2, than on a mixture of the two components.

Synthesis of zeolite–goethite nanocomposite has not been
eported in literature: one reason is that coexisting Si and Al inhibit
he formation of goethite [11,12] when zeolite and goethite were
imultaneously synthesized. The aim of this study was, therefore, to
ynthesize stable zeolite–goethite nanocomposites as fundamental
tudy for syntheses of the nanocomposite from natural and waste
aterials. In the synthesis procedure, silica was first precipitated

n the surface of synthesized goethite. An Al source was then added
o form Linde type A zeolite (LTA, NaAlSiO4) on the surfaces of
oethite crystals to obtain the LTA–goethite nanocomposite. The

anocomposite was not obtained by simultaneous syntheses of LTA
nd goethite. Neither was it obtained by synthesis of goethite in the
resence of LTA. LTA was selected as a zeolite species, because it is
eadily synthesized from a wide range of Si and Al sources under a
ide range of synthetic conditions [13].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:joekugbe@agr.ehime-u.ac.jp
dx.doi.org/10.1016/j.jhazmat.2008.08.080
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. Materials and methods

.1. Synthesis of LTA and goethite

LTA was synthesized according to the procedure recommended
y the International Zeolite Association’s Synthesis Commission
14]. For a batch synthesis, 40 mL of 0.0378 M sodium alumi-
ate (Na2O·Al2O3·3H2O) solution in 0.226 M NaOH was quickly
dded to 40 mL of 0.0731 M sodium metasilicate (Na2SiO3·5H2O)
olution in 0.226 M NaOH. Composition of the mixture was 3.17
a2O:Al2O3:1.93 SiO2:128H2O. The mixture in a polyethylene flask
as continuously stirred until homogenized and then heated at

00 ◦C for 4 h under a water-cooled reflux condenser. The content
as then washed with water, dried at 40 ◦C for 24 h, and used as a

ynthetic LTA.
Goethite was prepared according to the method of Schwert-

ann and Cornell [15]. For each batch synthesis, 180 mL of 5 M
aOH solution was rapidly added with continuous stirring to
00 mL of 1.0 M Fe(NO3)3·9H2O solution in a polyethylene flask.
he mixture was immediately diluted to 2 L with water, capped,
nd kept at 40 ◦C for 3 weeks. The content was then washed with
ater, dried at 40 ◦C for 24 h, and used as a synthetic goethite.

.2. Synthesis of LTA–goethite nanocomposite

.2.1. Si coating on goethite
To 1 g of the synthetic goethite, different concentrations of

odium orthosilicate (Na4SiO4) were added to obtain Si/Fe atomic
atio of 1.0, 2.7, 5.0 or 10. Water was added to the mixture to
chieve goethite/water ratio of 1 g/100 mL, and pH of the mixture
as adjusted to 10.0, 11.0, 12.0 or 14.0 with HNO3 or NaOH solu-

ions. The mixture was heated at 100 ◦C for 24 h in a polyethylene
ask with a water-cooled reflux condenser, then the system was
ooled to room temperature. The mixture was then washed with
ater, centrifuged, and then dissolved Si and Fe in the washings
ere analyzed by means of a polarized Zeeman atomic absorption

pectrophotometer (Hitachi, Z-5000). The precipitate was dried at
0 ◦C for 24 h, and the contents of Si and Fe in the dried precipitate
ere calculated.

.2.2. Al treatment
To 0.6 g of the dried precipitate from Section 2.2.1, correspond-

ng concentrations of Na2O·Al2O3·3H2O and NaOH solutions were
dded in polyethylene flasks to obtain Si/Al ratio of 0.963 and Si/Na
atio of 0.304. Water was added to obtain precipitate/water ratio of
g/50 mL, and the mixture was aged at 20 ◦C for 24 h. The mixture
as then heated at 100 ◦C for 24 h under a water-cooled reflux sys-

em, and washed with water. The washings were analyzed for Fe,
i and Al by the atomic absorption spectrophotometer as in Sec-
ion 2.2.1. The precipitate was dried at 40 ◦C for 24 h, after which
ts mass was measured. This was used as the final product.

.3. Adsorption experiments

Water adsorption experiment was carried out by keeping 1 g of
ample in an evacuated desiccator at 20 ± 1 ◦C for 3 weeks, in the
resence of a saturated solution of LiCl (relative humidity = 0.15),
H3COOK (0.20), CaCl2 (0.31), KNO2 (0.45), Na2Cr2O7 (0.52), NaNO2
0.66), NaClO3 (0.75), (NH4)2SO4 (0.81), ZnSO4 (0.90), or Pb(NO3)2
0.98). After that, equilibrium mass of each sample was measured.

he amount of water adsorbed was calculated from the difference
etween the equilibrium mass and mass of the sample dried at
05 ◦C for 24 h.

Lead (Pb) adsorption experiment was carried out by mixing
0 mg of each sample with 30 mL of 0, 2–5 mM Pb(NO3)2 solutions.

1
t
L
f
f

aterials 164 (2009) 929–935

H of the mixture was maintained at 5.00 ± 0.02 throughout the
dsorption experiment. The mixture was shaken at 20 ± 1 ◦C for
4 h. After centrifugation at 7200 × g for 30 min, Pb concentration
f the supernatant was determined by the atomic absorption spec-
rophotometer as in Section 2.2.1. The amount of Pb adsorbed was
alculated from the difference in Pb concentrations before and after
he adsorption experiment.

Phosphate adsorption experiment was carried out by mixing
0 mg of each sample with 30 mL of 0–4 mM NaH2PO4 solutions.
he mixture was shaken at 20 ± 1 ◦C for 24 h after which equilib-
ium pH was measured and the mixture centrifuged at 7200 × g for
0 min. Concentration of phosphate in the supernatant was deter-
ined by the method of Murphy and Riley [16]. The amount of

hosphate adsorbed was calculated from the difference in phos-
hate concentrations before and after the adsorption experiment.

.4. Analytical methods for products characterization

Powder X-ray diffraction (XRD) analyses were performed by a
igaku Miniflex X-ray diffractometer with Cu-K� radiation gener-
ted at 30 kV and 10 mA, between 4–45◦ of 2� angles with a step
nterval of 0.01◦ and a scanning rate of 1◦ min−1. Fourier trans-
ormed infrared (FT-IR) spectra were measured with a Shimadzu
TIR-8300 spectrophotometer with a spectral resolution of 2 cm−1,
here 1 mg of air-dried sample was mixed with 200 mg of oven-
ried spectroscopic grade of KBr to obtain a KBr disc. Scanning
lectron microscope (SEM) images were obtained by a Hitachi High
echnology S-800 electron microscope at an accelerating voltage of
0 kV.

. Results and discussion

.1. Characterization of final product

XRD analyses suggested that composition of final product in the
TA–goethite nanocomposite synthesis was strongly affected by pH
nd Si/Fe ratio at the first Si coating step, where Si was coated on
oethite (Section 2.2.1). In order to know the effect of pH on com-
osition of the final product, the pH was first varied at constant
i/Fe ratio of 2.7. The final products at pH of 12.0 and 14.0 gave no
RD peak due to crystalline materials other than goethite. The final
roducts at pH of 10.0 and 11.0 gave peaks of LTA zeolite in addition
o those of goethite. But, intensities of peaks of LTA in the final prod-
cts obtained at pH of 10.0 were much greater than those obtained

n the final product at pH of 11.0. Next, the Si/Fe ratio was varied at a
onstant pH of 10.0. XRD pattern of final product at Si/Fe of 1.0 was
imilar to that of goethite, and no peak due to zeolite species was
ound. The final products at the Si/Fe ratio of 2.7 and 5.0 gave XRD
eaks of LTA together with peaks of goethite. Intensity of peaks of
TA was, however, greater for the final product at Si/Fe ratio of 2.7.
n XRD pattern of final products at Si/Fe ratio of 10.0, peaks of LTA
as not found. We therefore concluded that optimum condition at

he first Si coating step was pH 10.0 and Si/Fe = 2.7. Hereafter, the
nal product obtained at this optimum condition is referred to as
nanocomposite sample”.

Fig. 1 shows XRD pattern of the nanocomposite sample, together
ith patterns of synthetic LTA and synthetic goethite. Lattice
arameters of the synthetic LTA and the synthetic goethite agreed
ell with those for phase identification of LTA (JCPDS number 43-
42) and goethite (JCPDS number 29-713). In the XRD pattern of
he nanocomposite sample, all peaks were attributed to those of
TA and goethite. The goethite crystallite size distribution ranged
rom 20 to 50 Å while LTA zeolite crystallite size distribution ranged
rom 2 to 95 Å. Position and relative intensity of peaks due to LTA
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to LTA, whereas for the LTA–goethite mixture, band absorbance at
ig. 1. XRD patterns of nanocomposite sample, LTA–goethite mixture, synthetic LTA
nd synthetic goethite.

n the XRD pattern of the nanocomposite sample were the same as
hose in the XRD pattern of the synthetic LTA, indicating chemical
tructure of LTA in the nanocomposite sample was the same as that
f the synthetic LTA. Position and relative intensity of peaks due
o goethite in the XRD pattern of the nanocomposite sample were
lso the same as those in the XRD pattern of the synthetic goethite.
broad peak around 30◦ was not recognized, indicating amount

f amorphous materials composed of Si and/or Al was small in the
anocomposite sample.

Measured mass of the nanocomposite sample was 2.63 g when
.00 g of goethite was used. Mass ratio of goethite in the nanocom-
osite sample calculated from the mass determination was 38%,
ecause dissolution of Fe from goethite was negligible throughout
he nanocomposite synthesis process (less than 0.2%). Mass ratio
f LTA in the nanocomposite sample was then calculated as 62%, by
ssuming no amorphous materials of Si and/or Al was contained in
he nanocomposite sample. Analyses of Si and Al in the washings in
ection 2.2 indicated that 39% of Si and 94% of Al of the added mate-
ials precipitated as the nanocomposite sample. The Si/Al ratio of
TA in the nanocomposite sample was then calculated as 1.05. Si/Al
atio of pure LTA synthesized in Section 2.1 was calculated as 1.01, by
ssuming that no amorphous material of Si and/or Al was formed in
he synthesis. Both Si/Al ratio values are within previously-reported
ange of about one for LTA [17].

Fig. 1 also shows XRD pattern of an LTA–goethite mixture. The
ixture was obtained by mixing LTA and goethite in water, fol-
owed by ultrasonication at 28 kHz for 30 min:mass ratio of LTA and
oethite were 62% and 38%, respectively. The XRD patterns of the
TA–goethite mixture and the nanocomposite sample were simi-
ar. Intensity of peaks of LTA was, however, a little bit smaller for

4
p
a
i

ig. 2. FT-IR spectra of nanocomposite sample, LTA–goethite mixture, synthetic LTA
nd synthetic goethite with (a) wider and (b) narrower wave number ranges.

he nanocomposite sample than for the LTA–goethite mixture. This
ndicates that small amounts of amorphous materials composed of
i and/or Al may have been contained in the nanocomposite sam-
le. However, XRD analyses revealed absence of such amorphous
aterials.
Fig. 2 shows FT-IR spectra of the nanocomposite sample and

he LTA–goethite mixture, together with those of synthetic LTA and
oethite, with wider (Fig. 2a) and narrower (Fig. 2b) wave num-
er ranges. A peak at 745 cm−1 was found in the spectrum of the
anocomposite sample, but was not found for the LTA–goethite
ixture:this peak was also not found for synthetic LTA and goethite.

his peak was suspected to be the result of close approach and
nteraction between LTA and goethite crystals in the nanocomposite
ample. Another difference in the spectra between the nanocom-
osite sample and the LTA–goethite mixture is relative peak height
f LTA and goethite. In the spectrum of the nanocomposite sample,
ntensity of a peak at 640 cm−1 due to goethite was much lower
han that at 665 cm−1 due to LTA, whereas for the LTA–goethite

ixture, intensity of the two peaks was comparable. Similarly, in
he spectrum of the nanocomposite sample, absorbance of a band
t 400 cm−1 due to goethite was lower than that at 380 cm−1 due
00 cm−1 was higher than that at 380 cm−1. As described in the
revious paragraph, LTA content of the nanocomposite sample was
little bit lower than that of the mixture, while goethite content

n the two samples were the same. Therefore the lower relative
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ig. 3. SEM images. Low magnification images of (a) synthetic LTA, (b) nanocomposi
ample and (e) LTA–goethite mixture.

ntensity of peaks of goethite in the nanocomposite sample, as com-
ared to that in the LTA–goethite mixture, indicates incorporation
f goethite into LTA body, or covering of goethite by LTA in the
anocomposite sample.

Fig. 3 shows SEM images of the nanocomposite sample and the
TA–goethite mixture. In both samples, long acicular, needle-like
oethite crystals were found with multidomain structure along
heir needle axis (Fig. 3b and c). The acicular goethite crystals
ormed aggregations in the LTA–goethite mixture (Fig. 3c), but they
ppeared to be arranged in an order on the surface of LTA crys-
als in the nanocomposite sample (Fig. 3b). Higher magnification
mages showed two types of arrangements of goethite and LTA

n close proximity. The goethite crystals in the LTA–goethite mix-
ure appeared to be held with their acicular ends stacked on the
TA crystal to form the regularity in their surface arrangement
n the LTA crystal (Fig. 3e). On the other hand, formation of finer
TA crystals on the surfaces of goethite crystals was noticed in the

a
e
t
t

ple and (c) LTA–goethite mixture: high magnification images of (d) nanocomposite

anocomposite sample (Fig. 3d): leading to the formation of undu-
ations, on goethite crystal surfaces, which were not observed in
he LTA–goethite mixture (Fig. 3e). The SEM observations together
ith the FT-IR results indicate that LTA and goethite particles in the
anocomposite sample were closely attached to each other to form
TA–goethite nanocomposites. As a result, after shaking treatment
ith water, the nanocomposite sample did not separate into LTA

nd goethite components, but the LTA–goethite mixture separated
asily into the two components.

.2. Mechanism of nanocomposite formation
To clarify the LTA–goethite nanocomposite formation mech-
nism, chemical state of Si after the first Si coating step was
xamined by FT-IR spectroscopy. Fig. 4a shows FT-IR spectrum of
he sample just after the first Si coating step at the optimum condi-
ions (pH 10.0, Si/Fe = 2.7). The spectrum was compared with that
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ig. 4. FT-IR spectra of (a) sample after Si treatment of synthetic goethite at optimum
ondition (pH 10.0, Si/Fe = 2.7), (b) mixture of synthetic goethite and synthetic silica,
c) synthetic silica and (d) synthetic goethite. The silica was synthesized from sodium
rthosilicate by heating at 100 ◦C for 24 h at pH 10.

f a mixture of silica and synthetic goethite: because the sample
t this stage was composed of precipitated silica and synthetic
oethite. The silica sample was synthesized by the same method
n Section 2.2.1 at Si/Fe = 2.7 and pH 10.0, but in the absence of
ynthetic goethite. The obtained silica was then mixed and ground
ith synthetic goethite in a porcelain mortar for 10 min, and used

s mixture of silica and goethite: mass ratio of silica and synthetic
oethite of the mixture was the same as that of the sample after
he Si coating step at optimum conditions (58.7% silica and 41.3%
oethite). Fig. 4 also shows FT-IR spectrum of the synthetic goethite:
he band at 891 cm−1 is attributed to OH deformation vibration
n the mirror plane and that at 794 cm−1 is to OH deformation
ibration out of the mirror plane of goethite [18]. They are con-
idered to be characteristic vibrations in distinguishing goethite
19,20] together with the lattice bands at around 640 and 400 cm−1

19].
FT-IR spectrum of the mixture was just the sum of those of the

ilica and the synthetic goethite, and no new peak was identified.
he spectrum of the nanocomposite sample was qualitatively sim-
lar to that of the physically mixed sample; confirming the sample
t this stage to be composed of precipitated silica and synthetic
oethite. However, relative intensity of the band around 960 cm−1

s compared to that at 891 and 794 cm−1 (goethite) was higher
or the sample than for the mixture. The band around 960 cm−1 is
elated to formation of Si–O–Fe bonds [21–23], indicating that the
oethite and silica components in the sample were more closely
ttached to form Si–O–Fe bonds than those in the mixture of

−1
oethite and silica. The band at 960 cm also existed in the spec-
rum of silica (Fig. 4c), but relative intensity of this band compared
o that around 1107 cm−1 was greater for the sample than for sil-
ca. Relative peak intensity of bands of goethite (891, 794, 640 and
98 cm−1) as compared to bands of silica (1107 and 460 cm−1) were

L
fi

ig. 5. Water vapor adsorption isotherms of nanocomposite sample and
TA–goethite mixture.

eaker for the sample than for the mixture: this may be due to the
overing effect of goethite by silica in the sample.

The mechanism of LTA–goethite nanocomposite formation
ppears to have involved the adsorption and bonding of Si onto sur-
aces of goethite; together with precipitation and polymerization of
i, during the Si coating step, onto synthetic goethite. Subsequent Al
reatment caused substitution of trivalent Al for tetravalent Si in its
etrahedral framework and rearrangement of Al and Si tetrahedra
o form regular lattice of LTA crystals on the surfaces of synthetic
oethite, resulting in formation of the LTA–goethite nanocompos-
te.

.3. Adsorptive properties of the nanocomposite

Merit for synthesis of LTA–goethite nanocomposite is to gener-
te synergistic properties as an adsorbent for pollutants in addition
o solving the separation problem which occurs in LTA–goethite

ixtures. Adsorption experiments of water, Pb and phosphate were
herefore carried out to examine whether synergistic properties
ere generated in the nanocomposite sample as compared to the

TA–goethite mixture.
Fig. 5 shows adsorption isotherms for water adsorption by

he nanocomposite sample and the LTA–goethite mixture. The
sotherm for the nanocomposite sample was similar to that for
he LTA–goethite mixture. BET specific surface area of each sample
as calculated from the data within monolayer adsorption region
f relative humidities between 0.15 and 0.45. Calculated specific
urface areas were 157 m2 g−1 for the nanocomposite sample and
60 m2 g−1 for the LTA–goethite mixture: similar values for both
amples indicates that synergistic effect was not generated in the
anocomposite sample in view of the specific surface area and
ater adsorption. Fig. 6 shows adsorption isotherms for Pb, a rep-

esentative of heavy metals, on the nanocomposite sample and the

TA–goethite mixture. The two isotherms were similar, and both
tted to the Langmuir equation:

C

X
= 1

XmK
+ C

Xm
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ig. 6. Pb adsorption isotherms of nanocomposite sample and LTA–goethite mix-
ure. 50 mg of sample was mixed with 30 mL of 0, 2 –5 mM Pb(NO3)2, and shaken at
0 ± 1 ◦C for 24 h. pH was maintained at 5.00 ± 0.02 throughout the experiment.

here X = amount of adsorption of Pb (�mol g−1), K = a constant
elated to the binding energy (L �mol−1), Xm = maximum adsorp-
ion of Pb (�mol g−1), and C = equilibrium concentration of Pb
�mol L−1). Calculated Xm value was 2500 mmol kg−1 for both sam-
les. The K value for the nanocomposite sample (0.077 L �mol−1)
as a little bit higher than that for the mixture (0.067 L �mol−1).

imilar Pb adsorption property for the nanocomposite sample and
he LTA–goethite mixture suggested that synergistic effect was also
ot generated in the nanocomposite sample in view of Pb adsorp-
ivity.

Fig. 7 shows phosphate adsorption isotherm of the nanocompos-
te sample, together with isotherms of the LTA–goethite mixture,
ynthetic LTA and synthetic goethite. Table 1 shows corresponding
quilibrium pH values after the phosphate adsorption. Although
he adsorption isotherm of the nanocomposite sample did not
t to the Langmuir equation, the adsorption isotherms of the
TA–goethite mixture, synthetic LTA and synthetic goethite fitted
ell to the Langmuir equation: the Langmuir Xm and K values

ere 312 �mol g−1 and 0.0027 L �mol−1 for the LTA–goethite mix-

ure, 105 �mol g−1 and 0.0023 L �mol−1 for synthetic LTA, and
50 �mol g−1 and 0.0022 L �mol−1 for synthetic goethite. Both the
anocomposite sample and the LTA–goethite mixture generated

able 1
quilibrium pH after phosphate adsorption

nitial concentration (mM) Nanocomposite Mixture LTA Goethite

9.7 9.9 9.8 8.8
8.7 8.6 8.6 7.1
8.1 7.8 7.8 6.8
7.6 7.4 7.4 6.6
7.4 7.3 7.3 6.2

0 mg of sample was mixed with 30 mL of 0–4 mM NaH2PO4, and shaken at 20 ± 1 ◦C
or 24 h.
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ig. 7. Phosphate adsorption isotherms of nanocomposite sample, LTA–goethite
ixture, synthetic LTA, and synthetic goethite. 50 mg of sample was mixed with

0 mL of 0–4 mM NaH2PO4, and shaken at 20 ± 1 ◦C for 24 h.

igher phosphate adsorption potential than the synthetic goethite
Fig. 7) and other iron oxides such as magnetite (Xm = 168 �mol g−1

t equilibrium pH 3; [24]).
Fig. 7 shows that between phosphate equilibrium concentra-

ions of 0–2 mM, adsorption isotherms of both the nanocomposite
ample and the LTA–goethite mixture were the same. However,
or phosphate equilibrium concentration of more than 2 mM,
he amount of phosphate adsorbed by the nanocomposite sam-
le increased to a maximum of 500 �mol g−1 while phosphate
dsorption on the LTA–goethite mixture remained relatively con-
tant. From initial phosphate concentration of 2–4 mM, equilibrium
H after phosphate adsorption was concurrently higher for the
anocomposite sample than the LTA–goethite mixture (Table 1).

ncrease in phosphate adsorption by the nanocomposite sample
ight not therefore be due to equilibrium pH effect. In view

f phosphate adsorption, the increase in adsorption indicates
hat synergistic effect was much generated in the nanocompos-
te sample compared to the physically mixed sample at high initial
hosphate concentrations. Closer approach between goethite and
TA crystals in the nanocomposite sample, as indicated in Sec-
ion 3.1, might have caused this synergistic effect. One probable

echanism for the increase in phosphate adsorption is the strong
dsorption and binding of phosphate by bridging LTA and goethite
rystals.

. Conclusions

Nanocomposite, consisting of LTA zeolite and goethite was suc-
essfully obtained by synthesizing LTA in two steps in the presence
f goethite. SEM images revealed closer association between the
wo crystals as compared to a physically mixed sample. Precip-
tation of silica on goethite surface and subsequent formation
f Si–O–Fe bonds between silica and goethite in the first step
ontributed to stable LTA–goethite nanocomposite formation. The

anocomposite generated synergistic effects for phosphate adsorp-
ion in both amount and strength of adsorption. It is expected that
he LTA–goethite nanocomposite has similar synergistic effect for
dsorption of other pollutants. In view of cost, the next step is
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