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Abstract

In this study, an environment-friendly and sustainable route to convert clay minerals into highly
efficient sorbents for organic pollutants and heavy metals removal was reported. Needle-like
nanocrystalline zeolites were hydrothermally synthesized from metakaolin (MK) and their
properties and efficiency for organic pollutants and heavy metals removal were investigated.
After hydrothermal treatment, the morphology of metakaolin markedly transformed from
layered structures to aggregations of needle-like zeolites, thereby resulting in substantial
increases of total and meso porosities, N2 sorption capacity and specific surface area. The
hydrothermally synthesized MK-based zeolites exhibited much stronger sorption capacity
toward aniline (AN), 3-chloroaniline (3-CA), and humic acid (HA). The electrostatic attraction

and surface complexation dominated by chemisorption likely accounted for the enhanced
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sorptive interactions between zeolites and organic compounds. Similarly, the adsorption
capacity of the newly formed zeolites toward Cu(IT) and Pb(II) increased almost 20-fold, which
was 431.0 mg ¢! for Cu(Il) and 337.8 mg g*!' for Pb(II). Ionic exchange reactions between
heavy metal ions and the enriched sodium ion resulted in heavy metal removal by the MK-
based zeolites. Thus, the hydrothermally synthesized MK-based zeolites may be employed as
sorbents for wastewater treatment to remove organic pollutants and heavy metals with no
significant toxicity risk.

Keywords: Zeolites; hydrothermal treatment; metakaolin (MK); organic pollutants; heavy

metals

1. Introduction

Zeolites are a large group of natural and synthetic hydrated aluminosilicate minerals
commonly used as commercial adsorbents and catalysts [1]. The special crystal structures of
zeolites consist of three-dimensional frameworks of (SiO4)* and (AlO4)> tetrahedra with
variable pore size and morphology [2]. The net negative charge of lattice is compensated by
the exchangeable cations such as Na*, K* and Ca?". These exchangeable cations in zeolites are
usually innocuous, making them particularly suitable for removing toxic heavy metal ions
(Cu?*, Pb**, Cd**, Mn?**, Hg?", etc.) from industrial effluent [3]. In addition, the removal of
organic pollutants (dyes, humic substances, phenolic compounds, pesticides, pharmaceuticals,
etc.) by natural zeolites and their modified forms has been extensively investigated [4-8],
although zeolites exhibit relatively weak affinity toward organic pollutants. The electrostatic

attraction and surface complexation dominate the chemisorption. To keep up with the global
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rapidly growing water demand, it is of great interest to develop low-cost and sustainable
adsorbents for the removal of toxic heavy metals and organic pollutants from wastewater [9].
The applications of zeolites for water and wastewater treatment have been focused mainly due
to their properties and significant worldwide occurrence. Currently, the use of zeolites is still a
promising technique in environmental remediation processes [1]. Zeolites are preferably
prepared from pure chemicals of sodium silicate and sodium aluminate. Nevertheless, their
production from cheap natural clay minerals is of economic importance and therefore it is
necessary to optimize the synthesis route [10].

Metakaolin (Al203-2Si0z), a calcined product of kaolin (Al203:-2S102:2H20) with Si/Al
ratio of 1, is a very convenient raw material for the synthesis of zeolites due to its low cost and
natural abundance. Several synthetic methods have been reported to use the natural raw
materials (kaolin and metakaolin) for the production of zeolites. For example, zeolite A was
previously synthesized from metakaolin using a microwave-assisted heating procedure [11,12].
However, hydrothermal method was a more popular way to produce zeolites and only few
research work has been carried out using metakaolin as a starting material [3]. The removal of
organic pollutants and heavy metals by the hydrothermally synthesized zeolites from raw
metakaolin has not been well established and sufficiently documented. As a promising method,
hydrothermal synthesis of zeolites is a multiphase reaction containing dissolution and
crystallization process, which commonly involves at least one liquid phase and both amorphous
and crystalline solid phases [13]. Thus, hydrothermal transformation of metakaolin into zeolites
provides an alternative solution to sustainability of both clay mineral utilization and water

contamination.
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The main objective of this study is to explore the hydrothermal transformation of
metakaolin into zeolites and their applications in efficient removal of organic pollutants and
heavy metals. A layer-structured metakaolin was converted into needle-like nanocrystalline
zeolites through hydrothermal treatment, thereby showing strongly enhanced sorption
performance toward organic pollutants and heavy metals. The chemical, morphological and
mineralogical properties of raw metakaolin and the converted zeolites were characterized. The
specific surface area and pore size distribution were determined. The removal efficiencies of
aniline (AN), 3-chloroaniline (3-CA), and humic acid (HA) were investigated using raw
metakaolin and the hydrothermally synthesized MK-based zeolites. Their adsorption capacities
toward Cu(Il) and Pb(Il) were further examined via sorption isotherms. Together, these
experimental results are of environmental significance because they are useful to understand

zeolites formation from metakaolin and subsequent removal of pollutants at contaminated sites.

2. Materials and methods
2.1. Hydrothermal treatment of metakaolin

Raw metakaolin (MK) samples were provided by BASF (Germany), and directly used
without further treatment. The chemical compositions of the raw and the hydrothermally
treated MK were determined using a sequential X-ray fluorescence (XRF) spectrometer (S8
Tiger, Bruker).

In previous publications, the synthesis of zeolite was carried out through two different
routes: (1) conventional hydrothermal alkaline activation [14,15]; and (2) alkaline fusion prior

to hydrothermal reaction [16]. In the first method, a calculated amount of NaOH pellets was
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added to distilled water in reaction plastic beakers (150-250 ml) to prepare NaOH solutions, in
which metakaolinite was added. In the second method, an alkaline fusion step was introduced
prior to hydrothermal treatment. Metakaolinite was dry mixed with NaOH powder and the
resultant mixture was fused at 600 °C for 1 h. The fused product was ground in a mortar and
then a calculated amount of the ground powder was added to distilled water under stirring
conditions. In both routes, chemical reagents, such as CaCO3, AI(OH)3, and precipitated SiO2,
were used as activators to control the Si/Al ratio.

In the current study, only raw metakaolin and NaOH were used as the starting materials,
no additional Ca, Si and Al elements were introduced. Hydrothermal treatment of metakaolin
was performed in slurry using a 45 mL Teflon-lined acid digestion bomb (Parr Instrument
Company, USA). Initially, 5.0 g metakaolin powder was mixed with 30 mL of 2.0 M NaOH
solution (liquid-to-solid ratio = 6) in a 50 mL plastic centrifuge tube and stirred for 30 min. The
slurry was then transferred into the stainless steel autoclave, carefully sealed and incubated
under 180 °C in the oven for 20 h. After hydrothermal reactions, the products were cooled to
room temperature and subsequently washed three times by repeated centrifugation (5 min at
8000 g, 25 °C) using deionized water, and finally dried in oven at 105 °C for 6 h to recover the

robust materials [15].

2.2. Characterization of raw and treated metakaolin
The morphology of the raw and the hydrothermally treated metakaolin was observed on a
field emission scanning electron microscope (FESEM, JSM-7600F, JEOL). Before the test, the

samples were treated by gold coating. Powder X-ray diffraction (XRD) patterns were taken on
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a Bruker AXS D8 advance diffractometer using Cu Ka radiation (A = 0.15406 nm). The tube
voltage was 40 kV and the current was 40 mA. The XRD diffraction patterns were obtained in
the 20 range of 5-80° at a scan speed of 4° min’!. Phase identification was carried out by
searching the ICDD powder diffraction file database and comparing with those included in the
Joint Committee on Powder Diffraction Standards (JCPDS) files [3,16]. Infrared (IR) spectra
of metakaolin samples before and after hydrothermal treatment were recorded in the range of
480-4000 cm! on a Nicolet iS50 FT-IR spectrometer (Thermo Scientific, USA).

An automated surface area and pore size analyzer (Quadrasorb evo, Quantachrome
Instruments) was employed to determine the specific surface area upon the Brunauer-Emmett-
Teller (BET) nitrogen adsorption/desorption isotherms. Accordingly, the pore size distributions
were calculated using the desorption Barrett-Joyner-Halenda (BJH) method. The outgas
temperature and time were set at 180 °C and 18 hrs, respectively. Data analysis was performed
using the QuadraWin software.

Thermogravimetric analysis (TGA) of the raw and converted materials was conducted
with a TGA 8000 thermal analyzer (PerkinElmer, USA). Experiments were performed under a
nitrogen atmosphere with a flow rate of 20 mL min! and at a heating rate of 10 °C min’! from

30 °C to 900 °C.

2.3. Batch sorption experiments
Two heavy metals (Cu?* and Pb*") and three organic pollutants (aniline (AN), 3-
chloroaniline (3-CA), and humic acid (HA)) were chosen as models for sorption investigation.

Pb(II) and Cu(II) ions were used in the form of Pb(NO3)2 and Cu(NO3)2, respectively. Aniline
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and 3-chloroaniline were provided by Sigma-Aldrich, USA. Humic acid was purchased from
International Humic Substances Society (IHSS).

The sorption kinetics were obtained by adding 0.1 g of metakaolin samples into 50 mL
working solutions with either 400 mg L-! organic pollutants or 1000 mg L' heavy metals. All
assays were prepared in triplicate. The solution pH was adjusted to 3.0-5.0 for heavy metals
and 7.2 for organic pollutants using 2 wt.% HNO3 or NaOH. The mixture was stirred at 200
rpm and 25 °C. At specified time intervals, 1 mL of the mixture was taken and sacrificed to
quantify the residual concentrations of each species e.g. Cu(Il), Pb(Il), AN, 3-CA, and HA.
Samples were ten-times diluted and then filtered through 0.2-um Acrodisc polyethersulfone
membrane syringe filters (Pall Corp., Singapore) prior to analysis. The concentration of humic
acid was characterized with total organic carbon and determined using TOC measurements
(TOC-LCPH, Shimadzu Corp., Japan). The concentrations of AN and 3-CA in the aqueous
solution were quantified using a reverse-phase high-performance liquid chromatography
(HPLC, LC-20A, Shimadzu) equipped with a SIL-20A autosampler, LC-20AD solvent
delivery system, and SPD-M20A photo-diode array (PDA) detector [17]. Operating conditions
included an Acsentis C18 column (100 mm x 2.1 mm, 5 um particle size), mobile phase of
methanol-water (50/50 v/v), flow rate of 0.6 mL min™' and detector set at 254 or 280 nm. The
concentrations of Cu(Il) and Pb(II) in the solution were measured by an inductively coupled
plasma-mass spectrometer (ICP-MS, ELAN DRC-e, PerkinElmer).

To obtain the adsorption isotherm of MK toward Cu(Il) and Pb(II), batch sorption
experiments were conducted using 100 mL shaking flasks, in which 50 mL of Cu(II) or Pb(II)

working solution and 0.1 g of metakaolin samples were added. Initial concentrations of heavy
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metals were 50-2500 mg L' in the raw MK and 100-5000 mg L' in the treated MK,
respectively. To prevent the precipitation, the solution pH was adjusted to 5.0 using 2 wt.%
HNO:s. The reactants were mixed together and allowed to react at 25 °C for 18 h and equilibrate
on an orbital shaker of 200 rpm (SKF-3100, Jeio Tech). After equilibration, the concentrations
of remaining free heavy metal ions in the solution were measured to calculate the adsorption
amount by MK.

The adsorption process of Cu(Il) and Pb(II) from aqueous solution onto the raw and the
treated MK was described by the Langmuir isotherm equation, which has been widely used in
previous studies to explore the adsorption isotherms and to determine the maximum adsorption
capacity of sorbent materials toward pollutants [8,17,18]. Following is a linearized form of the

Langmuir isotherm:

c C 1
_—e — +—
q(,’ qlnax quax

where C, is the residual Cu(Il) or Pb(I) concentration at equilibrium (mg L'); ¢, is the
amount of Cu(1l) or Pb(Il) adsorbed at equilibrium (mg g!); ¢, is the maximum adsorption

capacity of MK at equilibrium (mg g'); and b (L mg™') is the Langmuir constant [19,20].

3. Results and discussion
3.1. Chemical compositions revealed by XRF

Table 1 presents the XRF results of the raw and treated MK. As shown, the raw MK
supplied by BASF Company was mainly composed of SiO2 (53.01%) and Al2O3 (43.74%).
After hydrothermal conversion, the treated MK consists of SiO2 (41.32%), Al203 (34.36%),

and NaxO (21.79%). This observation suggested that NaOH solution was substantially
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incorporated into the starting material, because except for 2 M of NaOH no other chemicals
were involved in the hydrothermal reactions of raw MK. In order to remove the excess NaOH,
the reaction products were washed by repeated centrifugation using deionized water until the
solution pH reached 7.2. Therefore, the XRF measurements indicated NaOH was chemically
incorporated into SiO2 and Al2Os, leading to the decreased contents of Si and Al and the

increased content of Na.

3.2. Morphology of raw and treated MK

Fig. 1 shows the morphology of the raw (upper) and the hydrothermally treated (bottom)
MK at the similar magnifications. As can be seen, significant changes in morphology of MK
were observed following the hydrothermal treatment. The microstructure of raw MK particles
was platy in shape and had tendency to create higher agglomerate of circle shape. SEM
micrographs of the samples suggest that the surface was layered structure for raw MK. This
sheet-like form may be attributed to the dehydroxylation of kaolin, which was an endothermic
process due to the large amount of energy required to remove the chemically bonded hydroxyl
ions [21]. Above certain temperature range, kaolinite transforms into MK, a complex
amorphous structure which retains some long-range order due to layer stacking [22]. However,
the sheet-like MK was converted into needle-like nanocrystal materials after hydrothermal
treatment (Fig. 1). These remarkable changes in surface morphology and internal structure
were caused by the formation of new crystal phases under alkaline condition. More specifically,
the hydrothermal synthesis of needle-like nanomaterials was achieved through the alkali-

activated dissolution of Si and Al-containing minerals and subsequent re-precipitation with Na.
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Thus, the reaction products may be mostly zeolite-type minerals [23,24]. To the best of our
knowledge, the current study is the first one to report and synthesize the needle-shaped zeolite

nanocrystals using a commercial MK sample as the starting material.

3.3. Characterizations of MK by FTIR, XRD, and TGA

Fig. 2a shows the FT-IR spectra of the raw and the hydrothermally treated MK. As can be
seen, similar patterns were observed at large wavenumber. For example, the broad band at
about 3400 cm! signified the O-H stretching vibrations of the H-O-H, Si-OH and Al-OH
groups. The spectral band at 1640 cm! in the treated MK was attributed to the zeolitic water
or the bending O-H bond of water molecules retained in the silica matrix [23]. In contrast, the
main difference of FT-IR spectra occurred in the lower absorption bands, especially between
550-1050 cm™. For the raw MK, the vibration bands located at 1050 cm™ and 787 cm™! were
assigned to the stretching Si-O bonds in SiO2 and Al-O bonds in Al2O3, respectively [10,25].
After hydrothermal treatment, the band of 1050 cm™! was shifted to that of 950 cm™! and the
weak peak at 787 cm! disappeared. These changes were caused by antisymmetric stretching
of Si-O and Al-O bonds in aluminosilicates with zeolite or sodalite structure [10]. As known,
SiO2 and Al2O3 were converted into aluminosilicates during the reactions between raw MK and
NaOH. Accordingly, their vibration bands were replaced by a strong single band around 950
cm!, characteristic of Si-O-Al bonds in TOs (T = Si or Al) tetrahedra in zeolite or
hydroxysodalite structure [25,26]. Moreover, three well-defined peaks at 550 cm™!, 620 cm!,
and 668 cm’! were assigned to vibration of 4-membered and 6-membered rings from the

cancrinite g-cage framework [27] or the symmetric T-O-T vibrations of sodalite framework.

10
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This finding was in good agreement with that reported for hydroxysodalite zeolite [28]. In
particular, the peak at 550 cm! indicated the presence of zeolite NaA band corresponding to
the cubic prism [28].

Fig. 2b shows the XRD patterns of the raw and treated MK. As can be seen, the raw MK
acquired from BASF Company was of amorphous structure and no distinct diffraction peaks
could be observed. According to previous studies, the amorphous phase in the raw MK was
relatively reactive in alkaline medium to produce either geopolymers [29] or zeolites [3].
Generally, the raw MK was a calcined and dehydroxylated product of the clay mineral kaolinite
(Al2Si205(OH)4) [23]. Depending on the calcination temperature, the reactivity and property
of raw MK could be quite different from each other. For example, to produce an amorphous
and highly pozzolanic state of raw MK, nearly complete dehydroxylation was necessary under
the appropriate temperature, because overheating caused sintering and thus formed a
nonreactive refractory which contained mullite and a Si-Al defect spinel [21,22]. Therefore,
the kaolin would be converted into an activated and metastable MK as expected when calcined
between 600 °C and 850 °C, due to the structural disorder [30]. After hydrothermal treatment,
the characteristic peaks in Fig. 2b became observable and the peak intensity markedly increased
for the treated MK. Peak identification was further conducted using the Search-Match Software,
and peak positions were compared with the database of powder diffraction file (PDF). The
identified crystalline compounds were partially listed as follows: cancrisilite
(Na7(AlsSi7024)CO3-3H20, PDF  #00-046-1381), sodium aluminum silicate hydrate
(Na3Al:Si3012-2H20, PDF  #00-044-0050), ZSM-22 (SiO2, PDF #01-079-0564), and

vishnevite (NasAl6Sic024S04-2H20, PDF #00-046-1333). Additionally, the treated MK
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products in Fig. 2b also matched the characteristic peaks of zeolite A/NaA and hydroxysodalite
at 26 values of 8.1°, 10.9°, 12.0°, 14.0°, 16.2°, 18.9°, 20.3°, 24.2°, 26.3°, 27.4°, 30.2°, 31.4°,
32.6°, 34.3°, 36.8°, 42.6° and 48.7° [23,31]. Coincided with the FT-IR results, the
mineralogical analysis indicated that the needle-like zeolitic adsorbents were hydrothermally
synthesized using raw MK powder as the starting material. The reaction mechanism includes
the dissolution of MK under alkaline condition to release Si and Al, and subsequently re-
precipitation, nucleation and crystallization of zeolites [16]. The entire process involves a
heterogeneous nucleation mechanism and the presence of an aluminosilicate gel in the early
stages [32]. The formation of different shapes such as needle and sheet is determined by the
Si/Al ratio [33].

Fig. 2c shows the TGA curves of the raw and the treated MK. As can be seen, the raw MK
exhibited a mass loss of less than 2%, whereas a mass loss of 14% was observed for the treated
MK. It is known that the absorbed water in pores or on the surfaces was released at low
temperature [10]. Thus, the accumulated loss between 100 °C and 175 °C in the treated MK
may be related to the loss of water located in the upper cages of the zeolite structure, while the
loss at higher temperature could be attributed to the more tightly bound molecules in the
sodalite cage [34]. The thermal behavior of the treated MK revealed a continuous weight loss
up to ~600 °C, which was attributed to the dehydration and decomposition processes, consistent
with previous reports in which the thermal transition from cancrisilite to nepheline was

complete at 600 °C [35].

3.4. BET surface area and porosity
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Surface properties of the raw and the treated MK are illustrated in Fig. 3. The N2
adsorption-desorption isotherms of the raw and treated MK are shown in Fig. 3a. After
hydrothermal treatment, substantial increase in N2 sorption capacity of MK was observed.
Specifically, the calculated BET surface area of MK increased from 12.59 to 29.84 m? g'! (Fig.
3a), suggesting the evolution of porosity and potential for pollutants removal. As per the
instructions from IUPAC, the N2 sorption isotherms could be classified as type IV with a
hysteresis loop of type H3 [36,37]. At high relative pressure, the presence of the hysteresis loop
indicated a mesoporous structure in the treated MK, whereas the N2 sorption capacity was
attributed to the micropores at low relative pressure [17]. Fig. 3b shows the cumulative pore
volume as a function of pore radius. As can be seen, the pore volume of the treated MK which
was indicative of total porosity (cm?® g!) increased much faster than that of the raw MK,
especially at a larger pore radius. Fig. 3¢ further shows the differential pore size distribution,
which was derived from the curve in Fig. 3b and obtained according to the Desorption Barrett-
Joyner-Halenda (BJH) method. The pore size distribution confirmed the presence of the
mesopores both in the raw and the treated MK with an average radius of 20.4+0.1 A. The
intensity of the sharp peak indicating the presence of mesopores remarkably increased
following hydrothermal treatment. Therefore, the hydrothermal treatment significantly
changed the porosity, the pore structure, and the adsorption capacity of MK likely due to the

reactions and the newly formed zeolitic materials.

3.5. Time-dependent adsorption of organic pollutants

13



285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

The kinetic behavior which controls the adsorption mechanism was studied to evaluate
the uptake rate of aniline (AN) and 3-chloroaniline (3-CA) from aqueous solution by MK. Fig.
4a shows the profiles of the sorption kinetics of AN and 3-CA by the raw and the treated MK.
As can be seen, the raw MK exhibited very limited sorption capacity toward AN and 3-CA,
which was 19.2+1.0 mg g! for AN and 18.5+0.1 mg g! for 3-CA. In contrast, the treated MK
showed a significantly enhanced sorption capacity toward AN and 3-CA, which was 143.0+3.7
mg g for AN and 138.9+0.1 mg g' for 3-CA. These results are much higher than other
reported common sorbents such as clay minerals [38], incineration bottom ash [17], porous
carbons [39], modified biomass [40] and even zeolites [8], suggesting that MK materials,
especially after hydrothermal treatment, could be employed as the efficient sorbents for the
removal of organic pollutants from aqueous solution.

To further examine the proposed kinetic behavior of MK, humic acid (HA) was selected
as a model of organic pollutants. Fig. 4b shows the sorption kinetics of HA by the raw and the
treated MK. As can be seen, the sorption capacity of the treated MK increased by about 40%
compared to that of the raw MK, indicating the needle-like crystal structures of zeolites (Fig.
1) could result in a higher removal efficiency of organic pollutants than the sheet-like
amorphous structures of raw MK. The superior sorption performance of the treated MK toward
HA was attributed to the improved surface properties and also comparable to other sorbent
materials such as a modified zeolite [7], bentonite clay [41], and bottom ash [9]. As known,
zeolites are typically three dimensional aluminosilicate minerals that have valuable
physicochemical properties, such as cation exchange, molecular sieving, catalysis and

adsorption. They are promising due to their unique structures, uniform pores and channels, high
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surface area and an excellent adsorption capacity for pollutants [1]. In current study, the
electrostatic attraction and surface complexation dominated by chemisorption might account

for the enhanced sorptive interactions between MK (zeolites) and organic compounds.

3.6. Sorption kinetics and isotherms of heavy metals

Fig. 5a shows the sorption kinetics of Cu(Il) onto the raw and the treated MK at pH 3.0
and 5.0, in order to investigate the effects of pH on the adsorption process. It is known that the
pH value of the aqueous solution is an important controlling parameter in the adsorption
process because it can affect the surface charge of adsorbent, the degree of ionization and
speciation of adsorbate during adsorption. According to previous studies, the adsorption
capacity toward Cu(Il) was very low at strong acidic medium (pH less than 2.0) and the
adsorption capacity increases with increasing pH values, until a certain pH value was reached
at 5.0. Accordingly, a sharp increase in the Cu(Il) adsorption was observed when the pH
increased from 3.0 to 5.0 [42]. Therefore, the pH of 3.0 and 5.0 are the critical values for
investigation of Cu(Il) adsorption. The effect of pH on Pb(II) adsorption is similar to Cu(II)
ions [43] and only pH value of 5.0 has been chosen in the current study to obtain the maximum
adsorption capacity. As can be seen, the treated MK obviously exhibited a much higher Cu(Il)
removal efficiency than the raw MK. Experiments carried out at pH 5.0 showed higher sorption
and removal efficiency that that at pH 3.0. Similar reaction patterns were also observed for
Pb(II) in Fig. 5b, where the treated MK was much more effective than the raw MK in removing
Pb(Il) ions. In general, the raw MK itself was not a good choice as the sorbent material for

heavy metals removal, because very few exchangeable ions (Na*, K™ and Ca?") (shown in Table
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1) were present in the amorphous sheet-like structures (Fig. 1). However, the hydrothermally
treated MK was identified as zeolites (Fig. 2), which consisted of three-dimensional
frameworks of SiO4 and AlO4 tetrahedra [2]. The AI’" ion occupied the position in the center
of the tetrahedron that was surrounded by four oxygen atoms, while the isomorphous
replacement of Si** by A’ produced the negative charge in the lattice. The net negative charge
was further balanced by the exchangeable cation such as Na® used in current study.
Consequently, the Na* ion could be exchangeable with certain cations in aqueous solution such
as Cu(Il) (Fig. 5a) and Pb(II) (Fig. 5b). In fact, the exchangeable ions in zeolites were usually
innocuous (sodium, potassium, and calcium ions), thereby making them particularly suitable
for removing undesirable heavy metal ions from industrial effluent [1,2]. In addition, the
adsorption capacity of Cu(Il) increased as the solution pH increased from 3.0 to 5.0 (Fig. 5a).
The lower Cu(Il) uptake at pH 3.0 could be attributed to the increased competition for sorption
sites with protons [44]. The concentration of protons at pH 3.0 was relatively high and the
metal binding sites became positively charged repelling the Cu(II) uptake.

The Langmuir model was used to determine the maximum adsorption capacity of the raw
and treated MK toward Cu(II) and Pb(II). Fig. 6 shows the adsorption data of Cu(II) and Pb(I),
which were fitted well by a linearized form of Langmuir isotherm equation with the correlation
factor of R? > 0.98, and thus other adsorption isotherms such as Freundlich were not considered
in the current study. This finding suggested that the adsorption process was thermodynamically
favorable and the adsorption of heavy metal ions onto the surface sites of sorbents could be
modeled by monolayer adsorption [45]. Analysis of the data in Fig. 6 further revealed that the

maximum adsorption capacity of the raw MK was 19.7+1.0 mg g! for Cu(Il) (Fig. 6a) and
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17.5£1.0 mg g! for Pb(Il) (Fig. 6b). The Langmuir constant was calculated to be 0.011 and
0.111 L mg!, respectively. In contrast, the maximum adsorption capacity of the treated MK
was 431.0+£27.5 mg g! for Cu(Il) (Fig. 6¢) and 337.8+19.7 mg g’ for Pb(Il) (Fig. 6d) with the
Langmuir constant of 0.009 and 0.047 L mg!, respectively. Compared to the raw MK, the
adsorption capacity of the treated MK increased almost 20-fold, which was much higher than
other sorbent materials such as natural zeolites [2], the MK-based geopolymer [46], and even
the MK-based zeolites [3]. These experimental results indicated that the hydrothermally treated
MK was a promising sorbent to efficiently remove the heavy metal ions like Cu(Il) and Pb(II)

from industrial wastewaters.

4. Conclusions

In this study, the needle-like nano-zeolites were hydrothermally synthesized using a raw
metakaolin. Their potential applications in efficient removal of organic pollutants and heavy
metals were further investigated. Results showed that the morphology of MK significantly
changed from sheet-like layered structures to aggregation of needle-like zeolites after
hydrothermal treatment, simultaneously resulting in substantial increases of total and meso
porosities, N2 sorption capacity and specific surface area. Compared to the raw MK, the
hydrothermally treated MK exhibited a strongly enhanced sorption capacity toward aniline, 3-
chloroaniline, and humic acid, which was even higher than other reported sorbents. The
electrostatic attraction and surface complexation dominated by chemisorption likely accounted
for the enhanced sorptive interactions between zeolites and organic compounds. Similarly, the

adsorption capacity of the treated MK toward Cu(II) and Pb(II) increased almost 20-fold, which
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was 431.0 mg g! for Cu(II) and 337.8 mg g! for Pb(II). The ionic exchange reaction between
the heavy metal ions and enriched sodium ion resulted in heavy metal removal by the MK-
based zeolites. Therefore, the hydrothermally synthesized MK-based zeolites may be used as
sorbents for wastewater treatment to remove organic pollutants and heavy metals with no

significant toxicity risk.
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Table 1. Chemical compositions of the raw and treated metakaolin

Component Content (wt.%)
Raw MK Treated MK

SiO2 53.01 41.32
AL03 43.74 34.36
TiO2 1.70 1.18
Fex03 0.43 0.35
Na20 0.23 21.79
K20 0.19 0.14
MgO 0.03 0.02
P20s 0.03 0.02
SOs 0.03 0.01
CaO 0.02 0.01
Total 99.41 99.20
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Figure Captions

Fig. 1 SEM micrographs of the raw (upper) and hydrothermally treated (bottom)

metakaolin.

Fig. 2 (a) FT-IR spectra, (b) XRD diffractograms, and (c) TGA curves of the raw (black

line) and the hydrothermally treated (red line) metakaolin.

Fig. 3 (a) N2 adsorption-desorption isotherms at -196 °C, (b) cumulative pore volume,
and (c) desorption BJH pore size distribution of the raw (black line) and the

hydrothermally treated (red line) metakaolin.

Fig. 4 Time-dependent adsorption of organic pollutants: (a) AN and 3-CA, and (b)
humic acid by the raw and the hydrothermally treated metakaolin at pH 7.2. Error bars

represent one standard deviation of triplicate samples.

Fig. 5 Time-dependent adsorption of heavy metals: (a) Cu(Il) at pH 3.0 and 5.0, and (b)
Pb(IT) at pH 5.0 by the raw and the hydrothermally treated metakaolin. Error bars

represent one standard deviation of triplicate samples.

Fig. 6 Linearized Langmuir adsorption isotherms of (a) Cu(II) and (b) Pb(I) on the raw
metakaolin, and (c) Cu(Il) and (d) Pb(II) on the hydrothermally treated metakaolin at

pH 5.0. Error bars represent one standard deviation of triplicate samples.
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