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Abstract

Removal of humic acid from aqueous solutions is pivotal to protect water from environmental and health concerns. Slurry
consisting of silica gel, alumina, calcium hydroxide, and zeolite A was hydrothermally treated to prepare a hydrogarnet/
zeolite composite for humic acid removal from water. The amount of hydrogarnet formed and the partial disorder in the
zeolite structure affected the porous properties of the composite. The zeolite content in the slurry influenced the humic
acid adsorption capacity. The composite hydrothermally treated for 2 h showed improvement in higher humic acid
adsorption capacity (9.0 mg g~') than the composites hydrothermally treated for 6 and 24 h (7.4 and 5.9 mg g~') based
on the pseudo-second-order model. The adsorption capacity of the composite was related to its crystal phase and the
lattice distortion of the hydrogarnet, not the amount of hydrogarnet formed.
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1 Introduction

Natural organic matter (NOM) present in water is formed
via metabolic reactions and contains mainly humic sub-
stances, polysaccharides, and proteins. The contamination
level of NOM in water is changed by the site and season
[1]. High NOM levels in water can cause coloration and
fouling of membranes used in ultrafiltration treatments
for drinking water [2-5]. Removal of NOM from aque-
ous solutions by using adsorbents and coagulants [6, 7]
is important, addressing aesthetic and health concerns.
Many adsorbent types were reported to purify water con-
taining humic acid (HA), which is one constituent of humic
substances present in water [8, 9]. Zeolite-based materials
are known to be HA adsorbents [10]. It was reported that
a combination of zeolite with chitosan, cetylpyridinium
bromide hydrate, and N,N-dimethyl dehydroabietylamine

oxide has improved HA adsorption capacity due to hydro-
phobic interactions and hydrogen bonds [11-13]. Using
such a zeolite composite is a suitable approach to remove
color resulting from the presence of NOM in water.
Hydrogarnet (Ca;Al,(SiO0,);_,(OH),, with x=0-3) pre-
pared by a hydrothermal treatment is a solid solution
consisting of Ca;Al,(OH),, and Ca;Al,(Si0,);. It is a novel
HA adsorbent that utilizes hydroxyl groups at the sur-
face to interact with HA [14]. Zeolite dealumination is
achieved by hydrothermal treatment and leads to an
increase in the number of SiOH [15]. This supposes that a
combination of hydrogarnet with zeolite by a hydrother-
mal treatment is one approach to provide HA adsorption
sites, increasing its adsorption properties. In this study,
composites were hydrothermally prepared by combin-
ing zeolites and hydrogarnet, and the HA adsorption
abilities of the resulting composites were evaluated to
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investigate a new materials design for NOM removal
applications.

2 Materials and and methods

Calcium hydroxide (Ca(OH),), y-alumina (Al,O5, Taimei
Chemicals Co. Ltd.), and silica gel (SiO,, Fuji Silysia Chem-
ical Ltd.) powders were used as starting materials to
prepare the hydrogarnet and mixed in a Ca/Al/Si molar
ratio of 3:2:1. Calcium hydroxide was prepared by add-
ing distilled water to calcium oxide obtained by heat-
treating calcium carbonate at 1000 °C for 3 h (CaCOs;,
Fujifilm Wako Pure Chemical Corp.). Zeolite A with a Si/
Al=1 (Synthetic A-3, Fujifilm Wako Pure Chemical Corp.)
was used because the Gibbs free energy of formation
for zeolite A [16] is more unstable compared to that of
the hydrogarnet [17]. The zeolite was added to achieve
a zeolite/mixture ratio of 30/70 or 70/30 by weight to
determine the main phase of the composite. Then, dis-
tilled water was added to prepare the slurry with a solid/
liquid ratio of 1/10. The slurry was stirred and hydrother-
mally treated at 150 °C between 1 and 24 h. The deposit
obtained after filtration was dried at 80 °C for 12 h, which
is the flowchart of this process as shown in SM1.

The crystal phases of the composites were analyzed
by X-ray diffraction (XRD) with a 0.015°/s scanning rate
using a semiquantitative technique with silicon as the
internal standard. The morphology of the compos-
ites was observed by field-emission scanning electron
microscopy (FE-SEM) with an accelerating voltage of
5 kV and a working distance of 8 mm. Hydroxyl groups
of the composites were evaluated by Fourier transform
infrared (FT-IR) spectroscopy. The porous properties
of the composites were measured using nitrogen gas
adsorption analysis at —196 °C. The specific surface
area and mesopore volume were determined using the
Brunauer-Emmett-Teller and Cranston-Inkley methods,
respectively [18, 19]. Before the analysis, the composites
were heated at 150 °C under vacuum for at least 3 h. The
zeta potentials of the composites at pH 7 (adjusted by
0.1 M NaOH and HCI) were analyzed using a laser Dop-
pler velocimeter. HA adsorption tests were performed
per batch with a solid/liquid ratio of 50 mg/20 mL using
a HA solution with an initial concentration of 30 ppm,
shaking the solution at 100 rpm and 25 °C. The super-
natant obtained after the centrifugation of the test
solution was analyzed in triplicate using a multimode
plate reader and a 96-well UV transparent microplate,
monitoring the change in absorbance at 365 nm. The
absorbance of the blank sample was measured for each
adsorption test as reference.
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3 Results and discussion

The peaks corresponding to the hydrogarnet, zeolite,
and calcium hydroxide were observed in the compos-
ites obtained by hydrothermal treatment for 6 h, inde-
pendent of the weight ratio of the slurries, as shown in
Fig. 1. The composites prepared using slurries containing
30 and 70 wt% zeolite had specific surface areas of 120
and 45 m? g7', respectively, and adsorbed 8.8+0.7 and
1.5+0.1 mg g~ of HA, respectively, after 24 h. Pure zeo-
lite A, on the other hand, provided almost no HA adsorp-
tion at the same conditions. Therefore, the combination
of hydrogarnet with zeolite A indicated a potential for HA
adsorbent applications. The HA adsorption properties of
the composite prepared from slurry containing 30 wt%
zeolite were investigated.

Figure 2a shows the XRD patterns of the composites
after hydrothermal treatment. Even after 1 h, peaks cor-
responding to the hydrogarnet are observed in the XRD
patterns in addition to those related to calcite and the
C-S-H gel, which were produced as by-products. The
peaks corresponding to pure zeolite A decreased in inten-
sity with time and disappeared after 6 h of treatment, as
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Fig. 1 XRD patterns of the composites hydrothermally prepared for
6 h using slurries containing (a) 30 or (b) 70 wt% zeolite after the
hydrothermal treatment. (square) zeolite A, (filled circle) hydrogar-
net, (triangle) calcium hydroxide
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Fig.2 a XRD patterns of the composites after hydrothermal treat-
ment. b Relationships between the I, 4.ogamet/si 1atio and Legite//si
ratio with the hydrothermal treatment time. (square) zeolite A,

shown in Fig. SM2. In addition, the peaks at a lower dif-
fraction angle corresponding to zeolite A appeared after
2 h. There was almost no change in the peaks of the XRD
pattern when pure zeolite A was hydrothermally treated at
150 °Cfor 6 h, as shown in Fig. SM3. A local disorder in the
mordenite structure was observed after soaking it in hot
sodium hydroxide solution due to an incongruous dissolu-
tion, resulting in a slight change in the XRD pattern [20].
The dissolution of calcium hydroxide produced alkaline
conditions during the hydrothermal treatment, creating
a local disorder in the zeolite A structure and changing
its corresponding XRD peaks. The amount of zeolite A
and hydrogarnet in the composites was determined in
terms of Legite/lsi aNd lygrogamet/lsis respectively (Fig. 2b),
where Lggjites Ihydrogames @Nd 5 denote the integrals of the
zeolite A peak at approximately 7° (100), the hydrogarnet
peak at approximately 32° (422), and the silicon peak at
approximately 28° (111), respectively. The integrals were
fitted using Lorentzian functions. The zeolite content
in the composites stabilized after 2 h of treatment and
decreased dramatically after 6 h, subsequently increas-
ing only slightly. The hydrothermal zeolite synthesis is
a reaction-crystallization process, in which amorphous
reactants are converted to a crystalline product through
hydroxyl ions [21]. It is suggested that zeolite A partially
dissolved and simultaneously formed an amorphous
phase as a precursor at the initial stage of the treatment,
and then recrystallized under alkaline conditions. On the
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(filled circle) hydrogarnet, (triangle) calcium hydroxide, (filled
inverted triangle) C-S-H gel, (filled square) calcite, (Si) internal
standard material

other hand, the hydrogarnet content in the composites
increased with time. The changes in the composite mor-
phologies after the treatment are shown in Fig. 3. Zeolite
A'is a cubic-shaped crystal and formed particle aggregate
sizes of 2 to 5 um (Fig. 3e). There was almost no change
in morphology when the pure zeolite was hydrother-
mally treated at 150 °C for 6 h (Fig. 3f). It was observed
that the surfaces of the zeolite A particles were covered
with deposits even after 1 h of treatment. There were
hardly any cubic and petal or lath-like morphologies of
calcite and C-S-H gel observed in these SEM micrographs.
Based on the XRD results, the spaces between zeolite A
particles in their aggregates decreased with increasing
treatment time. This can be due to the settling of newly
formed deposits such as hydrogarnet. There was almost no
change in the absorbance at around 3600-3700 cm™" due
to hydroxyl groups of the FT-IR spectra of the composites,
as shown in SM4. Each composite provided a similar zeta
potential (approximately —13 mV) at pH="7. These seem
that the composites have almost the same condition as
the hydroxyl groups.

Figure 4 shows the variations in the specific surface area
and the mesopore volume of the composites with hydro-
thermal treatment time. Zeolite A exhibited a relatively
low specific surface area of approximately 1 m? g~' and
a mesopore volume of approximately 0.006 cm* g~'. The
mesopore volume of the composites increased sharply to
approximately 1.0 cm?® g™' after 6 h and then increased
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Fig.3 SEM micrographs of the composites aftera 1 h, b 2 h, ¢ 6 h, and d 24 h, and zeolite A e before and f after 6 h of the hydrothermal

treatment. The scale bar shows 10 um
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Fig.4 Variation of (filled circle) specific surface area and (circle)
mesopore volume of the composites with the hydrothermal treat-
ment time

slightly further. On the other hand, the specific surface
area of the composites increased to approximately 210 m?
g~" with treatment time. It is known that treating zeolite
with alkali forms mesopores [22, 23]. The dealumination
of the zeolite framework creates a secondary network of
mesopores in the zeolite crystals [24]. The dissolution pro-
cess is promoted, but the adsorption process is hampered
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after the mesopore formation [25]. This implies that the
dissolution of zeolite A at alkaline conditions created
mesopores in the composites and the recrystallization
24 h after the treatment suppressed the further increase
in the mesopore volume of the composites. The amount of
hydrogarnet in the composites increased with treatment
time. The specific surface area of the composites increased
due to the formation of mesopores derived from the zeo-
lite dissolution and the formed hydrogarnet.

Adsorption kinetics were measured to determine the
HA adsorption properties of the composites, as shown
in Fig. 5a. The composite hydrothermally treated for 2 h
exhibited the highest HA adsorption capacity among the
composites. The correlation coefficients (>0.99) of the
plots for the pseudo-second-order model of the com-
posites were higher than those (> 0.93) for the pseudo-
first-order model and those (> 0.95) for the intraparticle
diffusion model, showing that HA adsorption data better
fitted the pseudo-second-order model. The equation is
described as follows:

t 1 1

+_
g ka2 qe M

where g, and g, (mg g7") indicate the amount of HA
adsorbed at equilibrium and adsorption time, respectively,
and k, (g mg™" h™") is the rate constant of adsorption. The
values of g, and k, listed in Table 1 were calculated using
the slope and intercept of the linear plots shown in Fig. 5b.
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Fig.5 a Adsorption capacity of HA by the composites. b Pseudo-second-order adsorption kinetics of HA by the composites. The composites
were prepared hydrothermally for (diamond) 2 h, (square) 6 h, and (inverted triangle) 24 h

Table 1 Pseudo-second-order constants g, and k, of the compos-
ites after HA adsorption tests

Ge(mgg™) ky(x107

gmg™'

h™)
Composite hydrothermally treated for2h 9.0 23
Composite hydrothermally treated for6 h 7.4 33
Composite hydrothermally treated for 59 43

24h

It seems that the hydroxyl groups of the composites have
little effect on the HA adsorption capacity by considering
the FT-IR spectra and their zeta potentials. The pure zeolite
A before and after 6 h of hydrothermal treatment at 150 °C
indicated hardly any HA adsorption even after 24 h. The
hydrogarnet prepared by hydrothermally treating slurry of
calcium hydroxide, y-alumina, and silica gel with distilled
water as the solvent for 6 h showed g, and k, values of
11.1mg g 'and 47x102gmg™"' h™', respectively [14],
which means it has slightly larger HA adsorption capacity
and much lower rate constant of adsorption than the com-
posite hydrothermally treated for 2 h. We assumed that
calcite and the C-S-H gel barely affected the HA adsorp-
tion capacity due to their trace amounts in the composites.
The amount of Ca(OH), in the composites was determined
in terms of I, op)o/lsi Where I, o), denotes the integrals of

the Ca(OH), peak at approximately 18° (001). The Ca(OH),
contents in the composites after 2, 6, and 24 h of the treat-
ment were 0.50, 0.17, and 0.24, respectively. This implies
that Ca(OH), content in the composites has little effect on
the HA adsorption capacity under this experimental condi-
tion. These suppose that the hydrogarnet in the composite
played an important factor with respect to the HA adsorp-
tion capacity.

Controlling the chemical composition of the hydro-
garnet enhanced the HA adsorption properties [14].
All the composites had a similar chemical composition
(Ca3Al,(Si04).4(OH),,.4) Which was established from the
XRD patterns [26]. Although the hydrogarnet content in
the composite increased, the g, value decreased. In the
case of CeO,-Fe,0; mixed oxide catalysts, the lattice dis-
tortion and the surface iron species were reported to play
a crucial role in determining the catalytic activity [27]. We
supposed that the lattice distortion of HA may affect the
adsorption capacity. The lattice distortions of the hydroga-
rnets in the composites were determined from the slopes
of the Williamson-Hall plots [28] based on the XRD dif-
fractions of the composites (Fig. 6). The hydrogarnet lat-
tice distortions observed after 2, 6, and 24 h were 0.36,
0.43, and 0.62, respectively, indicating an increase with
increasing content in the composites. The lattice distor-
tion obtained by hydrothermally treating slurry consist-
ing of calcium hydroxide, y-alumina, silica gel, and distilled
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Fig.6 Williamson-Hall plots for hydrogarnet in the compos-
ites hydrothermally prepared at (diamond) 2 h, (square) 6 h, and
(inverted triangle) 24 h

water as a solvent for 6 h was 0.24. We suppose that the
HA adsorption capacity of the composites is influenced by
the lattice disorder of the hydrogarnet under experimen-
tal conditions, compared with the hydrogarnet content
of the composite. Although the hydrogarnet lattice disor-
der decreased in composites with zeolite A, a composite
hydrothermally treated for 2 h indicated almost the same
HA adsorption capacity than that of the pure hydrogarnet.
This implied that various HA adsorption sites at the com-
posite surface were formed due to the presence of differ-
ent crystal phases such as hydrogarnet, raw zeolite A, and
zeolite with the locally disordered structure.

The k, values of the composites increased with hydro-
thermal treatment time. Combining hydrogarnets with
zeolites enhanced the HA adsorption rate, compared with
the pure hydrogarnet. This suggested that the improved
specific surface area of the composites increased the
number of HA adsorption sites at the composite sur-
face, leading to higher adsorption rates. New types of HA
adsorbents, such as hybrids and composites, were recently
reported [29-31]. The composite that was hydrothermally
treated for 2 h should show similar or even better HA
removal efficiency (around 52%) at pH=7 than ceramic-
based materials (22-50%) at a pH range of 6 and 9 within
1 h of contact time [32, 33], although the adsorption was
tested at different conditions. The amount of adsorbent
dosage and pH of the solution is important keys for effi-
cient removal of a water pollutant [34, 35]. To enable a
more in-depth discussion on the HA adsorption capacity
of the composite, investigations with respect to the effect
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of the adsorbent mass and the pH, and its cyclic adsorp-
tion performance are in progress.

4 Conclusions

Hydrogarnet/zeolite A composites were prepared by
hydrothermal treatment to improve the color of aque-
ous solutions containing HA. The hydrothermal treat-
ment time influenced the amounts and crystal structures
of the hydrogarnet and the zeolite A in the composites.
This, in turn, affected their porosities and HA adsorption
properties. The kinetic adsorption experiments fitted well
with the pseudo-second-order model which revealed
that composite hydrothermally treated for 2 h had a
higher HA adsorption capacity than other composites.
The porous properties of the composites increased with
increasing hydrothermal treatment time. The composites
had the almost identical zeta potential. These seem to be
one of the factors for enhancement of the HA adsorption
rate constants. Considering the material design for NOM
removal applications, composites consisting of hydroga-
rnet with a low lattice distortion and zeolite with a partial
disorder structure are promising for development of the
excellent HA adsorption properties.
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