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Preparation of Ammonia Dealuminated Metakaolinite and Its Adsorption
against Bixin
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using X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), scanning
electron microscopy-energy dispersive spectroscopy (SEM-EDS), and Brunauer-Emmett-
Teller (BET-N,) measurements. XRD and FTIR results confirmed that structural
transformation from kaolinite to metakaolinite had occurred. According to SEM-EDS data,
the activation of metakaolinite by NH,OH allowed the dealumination of metakaolinite.
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The increase in the Si/Al ratio was almost twice as high as in kaolinite. BET-N, analysis
showed that the specific surface area and the total pore volume increased significantly
after activation. Its adsorption properties were tested against bixin. Bixin adsorption on
dealuminated metakaolinite followed pseudo-second order kinetic where k; = 0.20 g/mg min.
The adsorption isotherm followed the Langmuir model where gm = 0.72 mg/g.
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m INTRODUCTION Due to the passivity of kaolinite, acidic or alkaline
activation was also studied from metakaolinite. It is a
metastable phase obtained by calcination of kaolinite,
which has been reported to be more reactive in chemical

Kaolinite [ALSi,O3;(OH)4] is a mineral clay that is
relatively inexpensive. It is effective as a support material.
This behavior is governed by the extent and nature of the

: treatments. Metakaolinites are obtained by calcination
outer surface, the interspace, and the crystal structure that

] ; ] . of kaolinite at temperatures between 500 and 900 °C
can be modified by appropriate processing techniques [1-
3]. Acidic or alkaline activation has been widely studied as

a chemical treatment to improve the characteristics of

[5,8]. This transformation occurs by losing its structural
water and a reorganization of the structure. Only a small

. L part of AlOs octahedron is maintained, while the rest is
natural kaolinite. However, activation from natural . )
. ) ] ) o transformed into much more reactive tetra and
kaolinite shows that improving the properties of kaolinite ; ) ) )

pentacoordinate units. This process of dehydroxylation

hemical is difficul f the high
by chemical processes is difficult because of the hig is presented in following equation [5].

Al,0,(SiO H,0), (kaolinite) = Al,O,(SiO H,O
affected by acidic or alkaline treatments, even under 203(810,),(H;0); (kaolinite) +iz3(x)1H23)ZEF 20
—Xx)d,

passivity of this material. Thus, it was not significantly

concentrated solution conditions [4-7].
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The calcination conditions of kaolinite strongly
influence the reactivity of the solids obtained. The best
conditions for obtaining a highly reactive metakaolinite
were discussed by various authors who reported
calcination values between 600 and 800 °C [5,9-10].
Calcination at higher temperatures leads to the formation
of mullite and cristobalite. In this study, we used the
calcination temperature of 600 °C according to the
adapted protocol written by Belver et al. [5].

Rahmalia et al. [6] previously studied the
characterization of HCl and KOH treated kaolinite and
their adsorption properties against bixin (Fig. 1). The
results showed that there was only little change in the
kaolinite structure after treatment. However, the
activation of kaolinite using alkaline solutions allowed the
increase of the adsorption capacity of bixin, both
isotherms adsorptions, and kinetics. Bixin was chosen in
this study because it is a carotenoid dye that is widely used
in industry, cosmetics, pharmaceutical products, as food
coloring, textile dye [11-14], sensitizer in the solar cell
[15-17] and photodynamic therapy [18]. The double
bonds structure of bixin renders it unstable to light,
temperature, and oxygen exposure [19-20]. Incorporating
bixin into the surface or interlayer space of clay minerals
is one of the efforts to increase its stability [21-22].

In line with the development of environmentally
friendly technologies, NH,OH is a less toxic alternative to
KOH. KOH strongly attacks cell constituents by
dissolving keratin, hydrolyzing lipids, and degrading
proteins. The destructive effect of KOH on the eyes is
particularly serious. The effect of NH,OH is less severe.
The corrosive effects of NH,OH cause destruction of
single tissues, while KOH causes severe tissue destruction
[23]. NH,OH enters the nitrogen cycle. It is produced in
the soil by bacterial methods. NH4OH is also produced
naturally from the decomposition of organic matter [24].
So we used NH4OH in this work. Since the alkaline
properties of NH4,OH are almost the same as KOH, it is
advantageous to develop a new activator which has less
toxicity, and is believed to also improve surface properties
of natural kaolinite.

Although the bixin adsorption rate on kaolinite is
faster when acetone acts as a solvent, it is preferred to use
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dimethyl carbonate (DMC) since it can increase the
adsorptive capacity of bixin on kaolinite [6]. Most
properties of DMC make it a truly green reagent [25]: (1)
DMC is a non-toxic compound. Since the mid-1980s, it
is no longer produced from phosgene, but rather by
oxidative catalytic carbonylation of methanol with
oxygen. In addition to improving the safety of the
procedure, this manufacturing process avoids phosgene
contamination and eliminates the need for inorganic
salts as by-products. (2) DMC is classified as a flammable
liquid just like methanol, and has no irritant or mutagenic
effects, either by contact or by inhalation. Therefore, it
can be handled safely without the special precautions
required for toxic and mutagenic methyl halides. (3)
DMC has a versatile and flexible chemical reactivity that
depends on experimental conditions.

Thus, the objective of this work is the activation of
metakaolinite using concentrated NH,OH solution to
obtain the metakaolinite with better properties. The
treatment of kaolinite using concentrated NH,OH was
also done for comparative study. The parameters studied
are the properties of kaolinite and metakaolinites after
activation and its adsorption characteristics against bixin.

m EXPERIMENTAL SECTION
Materials

Bixin crystals containing 88.11% cis-bixin and
11.75% di-cis-bixin and an unknown compound (0.14%)
were obtained by the extraction and purification
processes described by Rahmalia et al. [26]. Natural
kaolinite (A,OSi,-2H,0), CAS Number 1318-74-7, was
supplied by Sigma-Aldrich (Germany), together with
analytical grade ammonium hydroxide (NH;OH, NHj3
28.0-30.0%) and dimethyl carbonate (99%) were
supplied by Sigma-Aldrich, Germany.

Procedure

Preparation and activation of metakaolinite by
NH,OH

The kaolinite was calcined at 600 °C in an oven to
give the corresponding metakaolinite. The calcination
was carried out under an air atmosphere in a
programmable furnace, with a program for heating from
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room temperature to the calcination temperature by
10 °C min' and maintaining the calcination temperature
for 6 h. The metakaolinite obtained was named Kca.
Activation was performed by adding 10 g of Kca in 100 mL
of a 5 M NH,OH solution. The mixture was stirred on a
vibrating table continuously (300 rpm) for 6 h at room
temperature. The suspension was filtered and the residue
was washed using distilled water until neutral and dried
in an oven at 103 °C for 24 h. This process was repeated 3
times to optimize the activation process. The final product
obtained was called Kca. The activation of kaolinite
without calcination was also done by a similar method,
and the final product obtained was called Ka. Kx, Kca, and
Kca were characterized by XRD, FTIR, SEM-EDS, and
BET-N.,.

Adsorption of bixin on KB and KCA

The adsorption process was carried out by adopting
the experiment optimum condition of Rahmalia et al. [6].
Stock solutions of bixin (20 mg/L) were prepared in
dimethyl
concentrations (3-18 mg/L) were prepared by dilution of
the stock solution. The adsorbent (0.05 g) was then added
to a solution of 5 mL of bixin (3-18 mg/L). The mixtures

carbonate. Solutions at the required

were stirred on a vibrating table continuously (300 rpm)
at room temperature (~22 °C). Samples were taken after
4 h (predetermined equilibrium time) and small aliquots
of the supernatant were removed and diluted to an
appropriate concentration, if necessary. The absorption
spectrum was determined immediately with a Shimadzu
UV-1800 UV-visible spectrophotometer. Concentrations
of bixin in the solutions were determined by a UV-visible
spectrophotometer calibrated at 456 nm dimethyl
carbonate [27]. For contact time studies, the residual
concentration of 5 mL of bixin solution (10 mg/L) with
kaolinite (0.1 g) was determined at various time points
from 5 to 360 min. The experiments were performed in
triplicate and mean values were reported.

m RESULTS AND DISCUSSION
Characteristics of Dealuminated Metakaolinite

The XRD diftractograms (Fig. 1) show the amorphous
patterns for Kca and Kca. The calcination process resulted
in significant crystallographic transformations of kaolinite.
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Fig 1. XRD diffragtograms of K, (black), Kca (blue), and
KCA (red)

Two intense diffraction reflections at 20 values of 12.3
and 24.9° which were observed at K, had disappeared,
while peaks attributed to quartz (20 of 21.22 and 27.45°)
remained unchanged. A diffractogram for K showed no
significant difference with respect to kaolinite before
activation as reported in Rahmalia et al. [6]. The
calcination product patterns are similar to those
reported for metakaolinites [5,9]. Since the activation of
metakaolinite was performed at room temperature, the
XRD pattern of Kca did not show significant variations
from Kca. This indicates that treatment with NH,OH at
room temperature leads to very small alterations in the
crystal structure of metakaolinite. However, the
International Centre for Diffraction Data (ICDD) shows
that Kca (PDF 01-076-5970) contains a small amount of
sodium aluminum silicon oxide. It is the precursor
component of zeolite formation. This mineral is not
present in the Kca. This result shows that NH,OH has
the ability to convert metakaolinite to zeolite although
activation was performed at room temperature.

FTIR analysis (Fig. 2) confirm the transformation
of kaolinite during calcination and activation. The FTIR
spectra patterns of Kx showed no significant differences
between kaolinite before and after treatment, indicating
an absence of significant change in the kaolinite samples.
The FTIR spectrum of natural kaolinite published by
Rahmalia et al. [6] was also presented for comparison. The
FTIR spectrum of natural kaolinite characteristic bands
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Fig 2. The FTIR spectra of K, (black), Kca (blue), Kca (red)

of kaolinite: at 3696, 3669, 3652, and 3619 cm™ correspond
to the stretching of inner-surface-hydroxyl groups, at
3443 cm™ corresponds to stretching of the hydroxyl group
of water, 1631 cm™ corresponds to the O-H deformation
of water, 1114 cm™ corresponds to Si-O stretching
(longitudinal mode), 1030, and 1006 cm™" correspond to
in-plane Si-O stretching, 937 cm™ corresponds to the -OH
deformation of inner-surface hydroxyl groups, 911 cm™
corresponds to AI-OH deformation, 794 cm™" corresponds
to Si-O vibration, 755 and 696 cm™ correspond to Si-O
perpendicular vibrations, 536 cm™ corresponds to Al-O-Si
deformation, 468 cm™" corresponds to Si-O-Si deformation,
and 428 cm™' corresponds to Si-O deformation.

The calcination process of kaolinite caused the almost
complete disappearance of the water and hydroxyl bands.
The stretching of inner-surface-hydroxyl groups bands at
3696, 3669, 3652 and 3619 cm™’, and the ~-OH deformation
of inner-surface hydroxyl groups band at 937 cm™ also
disappeared. This proves that the dehydroxylation process
occurred. The significant decrease in Al-OH deformation
band at 911 cm™ and Al-O-Si deformations at 536 cm™
indicates that the evolution of octahedral AI’* coordination
in the kaolinite structure towards coordination tetrahedral
in metakaolinite was observed.

The spectrum of metakaolinite shows a very simple
spectrum, consisting of three broad bands centered at
1079, 777, and 470 cm™'. The first corresponds to the

vibrations of the tetrahedral sheet, clearly showing the
deformation of this sheet during calcination. The second
band corresponds to silica or free quartz, unaffected by
calcination. Finally, the third band corresponds to the
structural flexural vibrations. The simplification of this
region also shows the structural deformation of kaolinite
in metakaolinite.
Glukhovsky et al
mechanism for the alkaline activation of materials

[28] proposed a general

consisting mainly of silica and reactive alumina. The
mechanism of the Glukhovsky model is composed of
joint destruction-coagulation-condensation-crystallization
reactions. The first step is a decomposition of the Si-O-Si
and Al-O-Si covalent bonds, which occurs as the pH of
the alkaline solution increases. These groups are therefore
transformed into a colloidal phase. Then, an accumulation
of destruction products occurs, which often interacts
with each other to form a coagulated structure, which
leads to the third phase, the generation of a condensed
and crystallized structure. In another study, Steinerova
[29] reported that metakaolinite in a strong alkaline
medium allows hydrolysis of metakaolinite source
components and their disintegration during which
bridging oxygen (BOS) converses to non-bridging oxygen
(NBOs) precursors release (BOS > NBOs), leading to a
solution of the hydrated units of SiO, and AlO.. As a
consequence, we did not observe any significant
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differences between the IR spectra of Kca and Kca. On the
other hand, the Al-O-Si deformation band at 536 cm™!
completely disappeared, followed by the decrease in
intensity of the Si-O-Si band at 468 cm™.

Alkaline attack on the structure of metakaolinite
produces a release of silicate and aluminate species in
solution, with 5 or 6 Al coordinates converted into 4-
coordinations during dissolution. In this case, the release
of Al may be faster than that of Si [30]. This can be
explained by the decrease in the percentage of Al in
metakaolinite after activation as observed by elemental
analysis using SEM-EDS (Table 1). According to SEM-
EDS data, the activation of metakaolinite by NH,OH
allowed the dealumination of metakaolinite. The increase
in the Si/Al ratio was almost twice as high as in natural
kaolinite, K, and Kca.

Table 2 shows that monolayer volume, surface area,
and total pore volume decreased during calcination due
to particle aggregation when water molecules was removed
from the structure. Meanwhile the average pore diameter
showed an increase, indicating that the high temperature
calcination process also allowed pore opening by
minimizing organic contaminations of natural kaolinite.

795

probably due to the ability of concentrated NH,OH to
dissolve aluminic and silicic part of metakaolinite.

Due to the change in chemical composition, the
mapping of the elements was conducted for natural
kaolinite and Kca using SEM-EDS with a magnification
of 2000x to know their distributions of chemical elements.
The results of the analyses are shown in Fig. 3. It is found
that the elements of O, N, Mg, Al, Si, and K of natural
kaolinite were homogenously distributed. After calcination
followed by activation, a new phase was observed
forming more pores. Activation by NH,OH lead to the
formation of pore domains that were larger in the clusters
site of chemical elements such as O, Si, and Al. This
figure also shows the change in the distribution of the
chemical elements of Na, Mg, and K but less important.

Adsorption of Bixin on Dealuminated Metakaolinite

For the comparison study with respect to natural
kaolinite, HCl treated kaolinite, and KOH treated
kaolinite, that Rahmalia et al. [6] had studied previously,
we carried out the adsorption of bixin on K, and Kca

Table 1. SEM-EDS analysis data

The specific surface area and the total pore volume  Element — wt.%
. o Natural kaolinite [11]  Ku Kca Kca
increased significantly after treatment for Kca because of o 569 53.0 535 560
the reorganization of the Kca structure. These results 0.42 045 029 037
show that metakaolinite is more reactive under treatment Mg 0.15 026 031  0.19
compared to natural kaolinite. NH,OH is capable of  A] 18.4 18.2 19.8 13.7
activating kaolinite by increasing slightly the surface area i 23.1 225 245 281
and average pore diameter of Ka. NH4OH was capable of K 0.79 038 072  0.83
dealuminating metakaolinite by increasing the surface  Fe 0.22 022 022 023
area by up to 16 times more than natural kaolinite. It is ~_S/Al 1.26 123 124 206
Table 2. BET-N; analysis data
Kaolinites Natural kaolinite [11] Ka Kcal Kca
Weight of sample (g) 0.21 0.22 0.21 0.19
Saturation vapor pressure (kPa) 99.22 99.78 97.18 97.14
Volume of monolayer, V,, (cm® STP g™) 1.76 1.88 1.64 28.57
BET Constant of energy, C (first layer) 42.94 3599  122.07  2877.50
Parameters  Surface area BET, a; BET (m*g™") 7.65 8.15 7.13 124.33
Analysis Total pore volume, p/po = 0.99 (102 cm® g™") 3.62 2.89 2.34 7.43
Average pore diameter, d, (nm) 8.20 14.17 13.16 2.39
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Fig 3. Cartography of elements of natural kaolinite (a) and Kca (b)

using dimethyl carbonate as the solvent. The effect of
contact time showed that bixin in dimethyl carbonate
needed 240 min to wait for equilibrium (Fig. 4). The result
was the same when natural kaolinite, HCI treated kaolinite,
and KOH treated kaolinite were used as adsorbents.

The absorption spectrum of the supernatant
solution of bixin in dimethyl carbonate before and after
adsorption by K, and Kca for 240 min is shown in Fig. 5.
In contrast to the adsorption properties of bixin on
natural kaolinite and treated kaolinite, the spectrum of
bixin after adsorption on Kcax showed a small red
displacement (bathochromic). It appeared in the visible
region and gave a maximum absorbance at 462 nm,
moving 6 nm with respect to the bixin spectrum before
adsorption (456 nm), and is associated with the position
of the 0-1 band of vibrations. This behavior is an
advantage in bixin applications as a photosensitizer. That
is, less energy is needed for the bixin to be excited from
HOMO to LUMO compared to bixin adsorbed on natural
kaolinite and treated kaolinite.

In order to explain the design of an adsorption system
and the interaction between bixin and metakaolinite in
this study, we used the most common types of isotherms,
which are the Langmuir and Freundlich models. They are
the best models to explain the trend of adsorption based
on the essence of absorbents saturated with adsorbate after
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Fig 4. Effect of contact time on adsorption of bixin using

K. (A) and Kca (o)
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Fig 5. Supernatant solution absorption spectrum of

bixin in dimethyl carbonate before (a) and after
adsorption on K, (b) and Kca (¢)
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enough contact time. Freundlich isotherm is applicable to
adsorption processes that occur on heterogonous
surfaces. This isotherm gives an expression which defines
the surface heterogeneity and the exponential distribution
of active sites and their energies. The linear form of the
Freundlich isotherm is as follows [31]:

1
logq, =logK; +;logCe (1)

where q. is the amount of the adsorbate at equilibrium
(mg/g), C. is the equilibrium concentration of the
adsorbate on the adsorbent (mg/L), K; is adsorption
capacity (L/mg) and 1/n is adsorption intensity; it also
indicates the relative distribution of the energy and the
heterogeneity of the adsorbate sites.

In the Langmuir model, the mass of solute adsorbed
per unit mass of adsorbent increases linearly with solute
concentration at low surface coverage, approaching an
asymptote as the adsorption sites become saturated. Eq. (2)
is based on three important assumptions: (1) the energy
of adsorption is identical for all sites and is independent
of surface coverage, (2) adsorption occurs only at
localized sites, with no interaction between adjoining
adsorbed molecules, and (3) the sorption maximum
represents monolayer coverage. The linear form of the
Langmuir Eq. (2) can be expressed as follows [32]:

C
Ce 1 J{che )
9e KL “dm dm

where K. is Langmuir constant related to adsorption
capacity (mg/g), which can be correlated with the variation
of the suitable area and porosity of the adsorbent which
implies that large surface area and pore volume will
result in higher adsorption capacity, and qn is maximum
adsorption capacity (mg/g).

Table 3 shows that the equilibrium data did not
correspond to the Freundlich equation for K and Kca in
dimethyl carbonate. The poor fit of these models was
demonstrated by the very low correlation coefficient (r
< 0.95) and the values of n > 1. The Langmuir equation
gave a better fit, with > > 0.95. This indicates the presence
of a homogeneous active site and the coverage of the
adsorbent surface with a monolayer of bixin. Depending
on the values of qm, the bixin adsorption on Kca is
favorable compared to K. This is predictable as the
adsorption capacity of adsorbents increased with an
increase in the specific surface area of BET.

The adsorption kinetics (k; and k,) were also
calculated for Kx and Kca as well as the correlation
coefficient, the values of q.; and e (calculation) and g.
(experiment) by using the Lagergren’s pseudo-first
order and pseudo-second order models to investigate the

Table 3. Adsorption parameters for the adsorption of bixin on K, and Kac

Adsorption isotherm parameters Ka Kac

K¢ (L/mg) 0.36 0.60

Freundlich N 0.14 8.76
r’ 0.42 0.30

K. (mg/g) 7.89 6.16

Langmuir qm (mg/g) 0.47 0.72
r’ 0.99 0.98

Adsorption kinetic parameters Ka Kac

q. exp (mg/g) 0.44 1.43

Pseudo-first order Gt (mg/g) , 0.19 046
k; (1072) (1/min) 3.57 10.4

r’ 0.84 0.73

ge2 (mg/g) 0.44 1.41

Pseudo-second order h (107%) (mg/g min) 20.1 399
k, (mg/g.min) 1.05 0.20

r’ 0.99 0.99
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dynamics of the bixin adsorption process. The pseudo-
first order model assumes that the rate of change of solute
uptake over time is directly proportional to the difference
in saturation concentration and the amount of solid uptake
over time. In most cases, the adsorption reaction involves
diffusion across a boundary (3) [33]. The adsorption
process with chemisorption controls the rate, according
to the pseudo-second order model (4) [34].

log(q. —q;)=logq, —k;. ( 3)

_t
2.303)'

1 {L] t (4)
9% (k,q2) \9m

where k; is pseudo first order adsorption rate constant

(1/min) and k; is pseudo second order adsorption rate
constant (g/mg min). Values of k; and k, were calculated
from the intercept of the corresponding plots of log (q. -
qu) against t and t/q; against t.

As seen in this table, the values of the correlation
coefficients for the pseudo-second-order rate equation
were found to be higher than those of the pseudo-first-
order rate equation. Although the r* values for plots are in
the range of 0.7329 after applying the pseudo-first order
model, the calculated qe; values obtained from this model
do not give reasonable values because they are very small
relative to the values of the experimental q.. The values of
qe2 and qe were close in agreement with the other values
for the pseudo-second order model. These results confirm
that the bixin adsorption process on both Ki and Kca
follow the pseudo-second-order kinetic model. These
results prove that adsorption occurs in this experiment by
chemisorption [35].

m CONCLUSION

The treatment of metakaolinite with NH,OH is a

good method for producing the dealuminated
metakaolinite with a very large surface area. The nature of
the adsorption process depends on the physical and
chemical characteristics of the adsorbents, as well as on
the conditions of the system. The product obtained can
also slightly decrease the energy required to excite the
electrons of the bixin from HOMO to LUMO. It can also
increase the capacity of kaolinite to adsorb bixin to almost

twice the amount of activated kaolinites without an initial

Indones. I. Chem., 2020, 20 (4), 791 - 800

calcination phase. Finally, dimethyl carbonate has
potential to be a good solvent for increasing the
adsorptive capacity of bixin on kaolinite.
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