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Abstract

This study aims to synthesize mullite powders using the sol-gel method and explore their potential for water purification and
removing copper ion contaminants. The effects of synthesis temperature, pH value, and solvent type on the samples’ specific
surface area and microstructural properties were thoroughly examined. The impact of different solvents, including aqueous
and aqueous-polymeric solvents, was also investigated. Subsequently, the adsorption properties of the PVA membranes
containing synthesized materials as adsorbents in a solution containing copper ions were investigated. According to XRD
results, samples treated under acidic conditions in the presence of polyethylene glycol as solvent demonstrated crystallization
of 100% of the mullite phase at lower temperatures (1350 °C) which is higher than that of samples synthesized at basic condi-
tions or in aquas media. BET results and SEM images of the thermally treated samples at 1350 and 1550 °C revealed that the
acid-treated samples, PW0 and W0, exhibited more porous and uneven surfaces than the basic-treated samples, PW13 and
W13. According to BET and PSA results, synthesized samples at acidic conditions in a polymeric substrate demonstrated a
higher specific surface area (11 m*/g) and smaller particle size (0.4 pm) in comparison to samples synthesized in the basic
and/or aqueous substrate conditions. These characteristics enhance the adsorption capacity of the synthesized materials in
this series. Moreover, ICP results indicated that the PW0-1550-1 h sample exhibited the highest adsorption capacity. Under
the conditions using 0.06 g of this adsorbent, the adsorption rate was 58%, and increasing the adsorbent amount to 0.12 g
resulted in a 70% adsorption rate.
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Introduction

While some heavy metals are essential for human health
in minimal amounts, they act as toxic materials at higher
concentrations. The uncontrolled discharge of heavy met-
als into wastewater is one of the ways that can lead to the
undemand increase in the concentration of mentioned ions
and cause environmental damage by accumulating toxic sub-
stances in living organisms [1, 2]. Such as many other heavy
elements, copper has a dual effect on both human health
and environmental protection. In controlled values, it is an
essential element for the progress and completion of some
important biological and industrial processes. However,
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excessive amounts of Cu can contaminate soil and water
sources, impacting plant growth and threatening the health
of living organisms. Accordingly, responsible manage-
ment and proper disposal of copper waste are essential to
minimize its harmful effects [2, 3]. In recent years, various
methods have been proposed for removing heavy metals
from wastewater, including chemical precipitation, adsorp-
tion, ion exchange, membrane filtration, and electrochemi-
cal techniques [4—6]. Among these methods, adsorption has
been extensively studied due to its high removal efficiency,
significant capacity, and simplicity. Numerous adsorbents
have been developed for heavy metal removal from water
[7-9]. Nonetheless, some limitations, such as low specific
surface area and poor adsorption performance, restrict the
application of these adsorbents in wastewater treatment [10].

Among different materials, porous ceramics have gained
popularity as adsorbents in applications such as waste-
water filtration, catalyst support, and membranes, owing
to their advantageous chemical inertness [11]. Published
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results indicate that aluminium oxide, aluminium hydrox-
ide, and aluminium oxyhydroxide have been extensively
studied due to their excellent physicochemical properties
for Cr (VI) removal. Besides, mullite, an aluminosilicate
based ceramic renowned for its exceptional physiochemical
properties and high-efficiency production methods, can be
used effectively as an adsorbent [1]. The significant spe-
cific surface area, porous structure, fine particle size, and
electrochemical activity, making mullite particle suitable
for the adsorption and removing of heavy elements [12].
According to the studies conducted by Treto-Suarez et al.,
aluminosilicate hydrate was utilized for heavy metal removal
from wastewater [1]. Zhang et al. also demonstrated that
mullite/wisconsinite porous ceramics can be prepared and
modified to absorb and remove copper ions from wastewater
[2]. Based on the published results by Omer Fouad et al.,
mullite nano-ceramic materials synthesized via the sol-gel
method could be used as selective electrodes to estimate
the levels of carcinogenic ion Cd(II) in biological samples
[13]. Cuo et al. prepared a mullite fiber ceramic membrane
coated with alumina for gas purification, achieving 100%
adsorption efficiency for suspended particles ranging from
3 to 10 micrometers [14]. Since making porous ceramic
bodies is a complicated and costly process, ceramic adsor-
bents are usually used in granular or powder form. However,
the powder-based adsorbents also present drawbacks, such
as the agglomeration of fine particles and costly recovery
equipment [15]. Besides, when using the adsorbent in pow-
der form, after adsorption, it is necessary to employ filter
paper or centrifugation for separation processes, which is
time-consuming and adds extra costs to the process [16].
Polymeric membrane-based adsorbents could be considered
suitable options to overcome this issue. Due to the inherent
properties, such as desired mechanical properties and the
flexibility to be processed into different modules, the mem-
brane used in water and wastewater treatment allows specific
components to pass through more rapidly than others [17,
18]. Since, one important drawback of using membranes is
their susceptibility to fouling and pore-clogging, modifying
membranes structure by employing composite structures is
one practical method in improving their antifouling proper-
ties [19]. Composite membranes are composed of discrete
and continuous phases in which ceramic particles are dis-
persed as the discrete adsorbent phase within the polymeric
matrix (continuous phase) [20]. Among different polymers,
polyvinyl alcohol (PVA) is a promising candidate to use as
a polymeric matrix due to due to controllable water solubil-
ity, favorable film-forming properties, and high resistance
to organic fouling. The high solubility of PVA in water can
be decreased by cross-linking the surface through a cross-
linking reaction followed by an appropriate annealing step
[21]. Different ceramic phases could be dispersed in the
polymer matrix and act as adsorbents. As mentioned earlier,
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mullite is a valuable adsorption agent, and the preparation
method strongly affects the purity and performance of an
adsorbent [22-25]. Various methods could be used for mul-
lite production, including melting, sintering, spray pyroly-
sis, hydrolysis, deposition, solution combustion, and sol-gel
[26]. It can also be formed from oxides or hydroxide salts
of metal compounds [27-32]. Among these methods, the
sol-gel process is particularly important due to its repeatabil-
ity, lower synthesis temperature, lower impurity levels, and
high homogeneity [32]. In the sol-gel process, hydrolysis
and condensation are crucial steps that significantly impact
the properties of the resulting materials. According to pub-
lished results, the rate of hydrolysis and condensation of
precursor materials and the rate of SiO, and Al,O; combina-
tion depend on various factors such as the amount of water,
solvent type, catalyst, pH, and temperature [33]. Besides,
using polymers as the solvents of starting precursors resulted
in the formation of more uniform and purer mullite at lower
temperatures [22-26, 32—-34]. Anicamur et al. demonstrated
that under acidic conditions, the precursor gel forms crystal-
line mullite at a temperature of 1250 C°, while under higher
pH conditions, the primary phase is a-Al,O5. These find-
ings indicate that the precursor pH can influence the gel
properties, mullite formation, and microstructural charac-
teristics [35]. Although many studies have been conducted
on the synthesis of mullite particles by sol-gel method, the
investigation on the synergistic effect of synthesizing param-
eters, i.e., pH level, solvent type, and process temperature
on the final physio-chemical properties of the synthesized
powders, has not been systematically addressed yet. Phase
purity, particle size, and porosity, which significantly influ-
ence the final application’s efficiency as an adsorbent, are
some physical properties directly influenced by manipulat-
ing the synthesizing parameters. At low pH, larger particles
form due to a slower rate of hydrolysis and condensation
processes, in comparison to basic pH. The material may have
a more disordered structure due to inhibited network growth.
On the other hand, high pH levels encourage rapid hydroly-
sis and condensation, producing smaller, more uniform par-
ticles which could be often desired for applications requiring
specific geometrical properties and specific surface areas.
Accordingly, the recent study aimed to use mullite par-
ticles synthesized by the sol-gel method as adsorbents of
copper ions from aqueous media. For this purpose, the
parameters effective in the synthesis process were changed
simultaneously so that the mesoporous aluminosilicate par-
ticles with the highest weight% of the mullite phase, the
best morphology, and specific surface area were synthesized.
Compared to other studies, the principal advantage and sig-
nificance of the current research is to evaluate the param-
eters that affect the formation of mullite with an appropriate
specific surface area and morphology, thereby facilitating
the achievement of maximum adsorption capacity. Since
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separating mullite particles from wastewater containing
copper ions, after the process of ion adsorption, is time-
consuming, PVA composite membranes containing synthe-
sized mullite particles as adsorbents were used for water
treatment. To the best of our knowledge, mullite-PVA com-
posite membranes have never been used for the water treat-
ment process.

Experimental
Alumino-silicate particle synthesis process

Tetraethyl orthosilicate (TEOS, Merck) and aluminium
nitrate nonahydrate (Merck) were utilized as the silica and
alumina sources, respectively, while ethanol, polyethylene
glycol (PEG), and distilled water were employed as solvents
[12, 36, 37]. Nitric acid (Merck) and ammonium hydrox-
ide (Merck) were utilized as catalysts, as well [38, 39]. The
required raw materials and their corresponding quantities for
each experimental set are detailed in Table 1.

Four experiments employed the sol-gel method to synthe-
size mullite particles. The initial solution was formulated by
dissolving the desired amount of aluminium nitrate in water
[39, 40]. Distilled water and ethanol were mixed via a mag-
netic stirrer for 20 min to prepare the silica solution. Subse-
quently, specific amount of TEOS was meticulously added
dropwise to distilled water and ethanol solution over 20 min
at 60 °C to initiate hydrolysis [41]. Besides, 2 mL of poly-
ethylene glycol with a molecular weight of 6000 g/mol was
added to the initial TEOS sol as a polymeric solvent. The
influence of the pH and the polymeric solvent was examined
in the first and second experiments. The pH level was con-
sistently maintained following the addition of the catalyst.
An acidic environment was established at a pH of 0 (first
experiment) using nitric acid, while a basic environment
was achieved with a pH of 13 (second experiment) using
ammonium hydroxide. The pH remained constant through-
out the entire procedure. The mixtures were stirred within
the sealed glass vessels, ensuring isolation from contact
with air. Following the introduction of the initial aluminum

Table 1 Raw materials and their respective quantities for each experi-
ment

Raw Material Quantity
Ethanol 20 ml
Water 13 ml
Aluminium nitrate nonahydrate 10¢g
TEOS 2ml
polyethylene glycol (PEG) 0.6¢g

for each membrane

nitrate solution to the silica sol, stirring ensued under the
same conditions at a temperature of 60 °C until the sol trans-
formed into a gel. The resulting gel was aged for ten days.
Subsequently, the gels were subjected to a drying period of
24 h to eliminate excess liquids and obtain xerogels. The
third and fourth experiments followed the same protocol as
the first two, except in these series of experiments, only one
aqueous solvent was used, and the polymeric solvent was not
added. The resultant samples were systematically labeled
with abbreviations, as shown in Table 2.

To induce the crystallization of the mullite phase in all
samples and investigate the influence of temperature, the
dried gels were subjected to heating at a rate of 5 °C/min.
Initially, they were elevated to a temperature of 400 °C and
maintained at this temperature for 3 h. Then, employing the
same heating rate, they attained temperatures of 900, 1100,
1250, 1350, and 1550 °C, undergoing thermal treatment for
an additional 3 h. Finally, the obtained powder samples were
cooled in a turned-off furnace.

Composite and polymer membrane preparation

6 gr of polyvinyl alcohol (PVA) were combined with 6
mL of water at a temperature of 60 °C for 20 min using a
magnetic stirrer. Subsequently, 0.06 g of powder samples,
including PW13-1550, W0-1550, W13-1500, PWO0-1550,
PW13-1100, W0-1100, W13-1100, and PW0-1100, was
introduced into the PVA solution and stirred for 10 min.
Additionally, a polymer solution without the synthesized
aluminosilicate powder was prepared. The resulting solu-
tions were poured into lens-shaped containers and positioned
in a freezer at —20 °C for 24 h. Following this, they were
dried in a freeze-dryer for another 24 h. To cross-link the
membranes, a glutaraldehyde solution was applied to the
freeze-dried membranes; for this, prepared membranes were
sealed in a container and suspended in the vapor of gluta-
raldehyde for 24 h [42]. The Adsorption test methodology
was as follows:

For a Cu** ion solution formulation, 4.0 g of copper
nitrate was dissolved in 1 L of deionized water. After-
ward, the produced membranes, without synthesized
particles and with synthesized particles, were affixed to

Table2 Series of experiments and samples systematically labeled
with abbreviations

Experiments Sample Label

Samples with a constant pH and pH=0 PWO
polyethylene glycol pH=13 PW13

Samples with a constant pH with- pH=0 WO
out polyethylene glycol pH=13 W13
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a plastic mixer and mechanically stirred at a rate of 120
RPM within the container containing 50 mL of the Cu?*
ion solution. Sampling for ICP testing was performed at
15, 30, and 60-min intervals, with each sample having
an equal amount of 10 mL. The respective sample codes
are outlined in Table 3.

Characterization

The DSA-TGA test was carried out by SETSYS Evo-
lution-1750 With a heating rate of 10 °C/min in the
normal atmosphere to determine the thermal stabil-
ity and phase transition temperatures of the samples.
X-ray diffraction (XRD) analysis was conducted uti-
lizing a PHILIPS PW1730 device equipped with a Cu
LFF Tube (A=1.540598 A) within the range of 10-80°.
This analysis aimed to ascertain the final phase com-
position of the synthesized powders. The ICP test was
employed to assess the quantity of copper ion adsorption
by produced membranes (ICP-OES, SPECTRO ARCOS-
76004555-Germany). The Brunauer-Emmett-Teller (BET)
test was employed to quantify the specific surface area.
Dynamic light scattering (DLS, Cordnouan Technology)
analysis was used to measure the particle size distribution
of the synthesized particles. Chemical bond determina-
tion was carried out using the fourier transform infrared
spectrometer (FTIR), specifically the Thermo Nicolet
model AVATAR 370 FT-IR (USA). The morphological
examination of synthesized mullite particles following
the thermal process was conducted utilizing a scanning
electron microscope (SEM) (VP1450 LEO-Germany).

Results and discussion
Aluminosilicate (AlIS) powders

DSC-TG

Differential scanning calorimetry (DSC) and thermogravi-
metric (TG) analyses were conducted on the samples, and
their thermal analysis curves are depicted in Fig. 1. The
TG curve reveals that all samples underwent weight loss,
attributable to the reduction in water content and decom-
position of volatile materials [43, 44]. This weight loss pre-
dominantly occurred between 400 and 600 °C and resulted
in a 60% weight reduction. Subsequent weight loss beyond
600 °C up to 1300 °C is marginal and can be ascribed to the
elimination of residual nitrates [45].

In Fig. la and b, corresponding to samples PWO0 and
PW13, the DSC curve displays exothermic peaks at tem-
peratures of 157 and 245 °C. These peaks can be attributed
to the combustion of the polyethylene glycol as the poly-
meric solvent (PEG) present in this series of samples [46].
Additionally, the combustion of acidic and basic functional
groups and the remaining nitrates may contribute to the
observed exothermic peaks. In the DSC plot of sample PWO,
a partial exothermic peak is discernible at 400 °C. During
the thermal treatment of the dried gel, regions enriched in
alumina and silica are formed, providing nucleation sites
for the heterogeneous nucleation of mullite. This phenom-
enon could account for the observed exothermic peak in the
temperature range of 400 °C [47]. Moreover, at 1095 °C, a
partial exothermic peak is evident in PW0, likely stemming

Table 3 Sample codes for ICP

. Adsorbent Time Code Adsorbent Time Code
Analysis
Feed solution - Feed solution Without alumino- 15 min Without AlIS-15 M
silicate (AIS) 30 min  Without AIS-30 M
60 min Without AlS-1 H
PWO0-1100 15 min PWO0-1100-15 M PWO0-1550 15 min PWO0-1550-15 M
30 min PWO0-1100-30 M 30 min PWO0-1550-30 M
60 min PWO0-1100-1 H 60 min PWO0-1550-1 H
PW13-1100 15 min PW13-1100-15 M PW13-1550 15 min PW13-1550-15 M
30 min PW13-1100-30 M 30 min PW13-1550-30 M
60 min PW13-1100-1 H 60 min PW13-1550-1 H
WO0-1100 15 min WO0-1100-15 M WO-1550 15 min WO0-1550-15 M
30 min WO0-1100-30 M 30 min WO0-1550-30 M
60 min WO0-1100-1 H 60 min WO0-1550-1 H
W13-1100 15 min W13-1100-15 M W13-1550 15 min W13-1550-15 M
30 min W13-1100-30 M 30 min W13-1550-30 M
60 min W13-1100-1 H 60 min W13-1550-1 H

@ Springer



Journal of the Australian Ceramic Society

exo
" —DSC s
— DTG
Lo
L6
0 _-V_
L4
04 Py
>
0 [~k
Lo 2L
04 =
2 &
=
.
o L3
04
- i
0
T T T T T T 8
0 200 400 600 800 1000 1200
temperature
—TGA
0 —DSse -
—_DTG Lo
0 -
L2 oo
D_
o
Lo >
0 0
Eloe
=
o L22L.0a
0 S k04
]
0 |--0.5
04 ] --0.6
0 L-07
T L L} T T L} -a
0 200 400 800 800 1000 1200

temperature (/°C)

—TGA
0 s NS C
—DTG 8 o2
o1 N— - . Loo
04 L F-0.2
04 L S04
L2 ;
~H-06
04 Lo B
o
T r-08
0" —zjﬂ—.m
L4 X
04 e
o F& L .ja
F8 L.s
04
T T T T T T -10 --1.8
0 200 400 600 800 1000 1200
temperature (/°C)
0= —TGA -4 ~05
| e DS C
04 —DTG |2
0.0
04 s
2>
E-05
04 —2;
o
1
Poed T )
0+ F-4a
@
<
04 F6 L.as
04 -8
20
0 Ll L L} L} L} L} 'IO
0 200 400 600 800 1000 1200

temperature

Fig.1 The DSC-TG-DTG results for the samples (a) PWO, (b) PW13, (¢) W0, and (d) W13

from the partial reactions between y-alumina and SiO, [48].
This observation is substantiated by Fig. 2a and will be dis-
cussed further in the XRD results related to sample PWO.
This variant of mullite exists in the form of tetragonal mul-
lite and contains elevated levels of y-alumina, diminishing
with increasing temperature as it approaches its stable and
stoichiometric composition. In sample PW13, a relatively
sharp exothermic peak is revealed at 891 °C, associated with
the crystallization of y-alumina, as supported by previous
literature and XRD results [48]. Furthermore, the DSC curve
of sample WO reveals exothermic peaks at 139 °C, while
sample W13 exhibits exothermic peaks at 126, 167, and 275
°C, corresponding to the removal of water and volatile mate-
rials [43]. In sample WO, a small exothermic peak indicative
of y-alumina crystallization is observed at 990 °C, a finding
that XRD results will corroborate. In sample W13, the 1100
°C to 1210 °C temperature range exhibits a flat region on
the DSC curve and a single exothermic peak. Drawing from

prior results and considering the XRD outcomes discussed
below, this temperature range is attributed to the crystalliza-
tion of a- and y-alumina. Furthermore, the TG curve of W13
exhibits an abnormal weight loss of 110%, likely attributed
to either the decomposition of the entire sample during the
analysis process or the expulsion of the sample from the cru-
cible due to intense exothermic reactions. The initiation of
mullite crystallization was observed at 1095 °C, as indicated
by the DSC curve of sample PWO0. Consequently, based on
these findings, the optimal temperature range for the thermal
treatment of the samples is estimated to be between 1100 °C
and 1550 °C.

XRD
Figure 2a and b illustrate the X-ray diffraction patterns of

the synthesized samples in the presence of acidic and basic
catalysts at pH values of 0 and 13 in the presence of different
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Fig.2 XRD patterns of the synthesized samples: a PW0, b PW13, ¢ W0, and d W13 at different heat treatment temperatures

aqueous-polymeric solvents heat-treated at various tempera-
tures, respectively. In Fig. 2a, as the temperature increases
from 900 to 1550 °C, the amorphous phase diminishes, and
peaks associated with mullite formation become apparent,
signifying the initiation and growth of the mullite phase.
The absence of mullite formation in samples with a con-
stant pH between 900 and 1250 °C can be attributed to the
relatively low temperature and insufficient time for alumina
to infiltrate the silica matrix. Lowering the pH and intensify-
ing the system’s acidity Increased the rate of hydrolysis and
decreased the rate of condensation reactions [49]. According
to Table 4a, the average crystallite size of mullite for PW0
at 1250 °C was approximately 400 A. At 1350 °C and 1550
°C, a uniform and regular pattern accompanied by sharp
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mullite peaks is observed as a result of mullite formation.
According to Table 4a, with an elevation in the heat treat-
ment temperature from 900 °C to 1550 °C, the crystalliza-
tion percentage of the formed phases also experiences an
increase. Ultimately, at 1550 °C, a predominantly crystal-
line mullite phase emerges with a crystallinity percentage of
93% (ICDD Card No. 01-073-1389). Figure 2b corresponds
to samples PW13, synthesized in a basic environment with
pH=13 in the presence of an aqueous-polymeric solvent
and heat-treated at various temperatures. According to this
figure, due to the rapid hydrolysis of TEOS compared to the
hydrolysis of aluminium nitrate, there is insufficient time for
significant interaction and reaction between them [50]. Con-
sequently, the alumina phase predominantly forms during
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Table 4 The quantitative results of XRD analysis for (a) PWO0, (b) PW13, (c) WO, and (d) W13 samples

Sample| T Crystallite Size Phase % Crystallinity %
code ez
(°C) | phase (h}d:| size | Si0: [ Mullite Al
900 39 6l 39
(gamma)
ALOs |(111)| 36
1100 | ALO, |(002)] 55 25 75 48
ALO; [(022)] 48 (gamma)
Mullite [ (210)] 415
1250 [Mulliee [ (121)] 406 | 3 97 66
PWO
Mullite [ (1103 378
Mullite | (2107 484
1350 | pulliee [ (1213 517 100 73
Mullite [ (110)| 461
Mullite {(210)] 111
1550 [ Mulliee | (1213 99 100 82
Mullite | (331) 95
a
Simple| T Crystallite Size Phase % Crystallinity %
code |(°C — .
G phase | (hikd) | size | SiO, | Mullite | ALO,
55
S
900 45 (gamuma) =
ALO, |(022)] 43
1100 5 95 57
ALO, |(002)| 54 (gamumna)
si0, |(011)| 106
wo

ALO, [(104)] 374
1250 : 56 44 75
ALLO, [(113)] 365

Mullite | (210)| 308

Mullite [ (210)| 381
1350 1 67 32 79
ALO, [(104)] 427

Mullite [(121)] 387

Mullite [ (210) | 117
1550 74 26 85
ALO, |(104)| 121

Mullite ((121) | 117

the first thermal treatment stage at lower temperatures. In
acidic environments, a substantial amount of alumina is dis-
persed in the silica matrix, whereas in basic environments,
alumina is predominantly present as an oxide phase [50].
Hence, the percentage of mullite phase formed is expected
to be higher in acidic environments compared to basic envi-
ronments. According to Table 4b, with the heat treatment
of samples synthesized in the basic aqueous-polymeric sol-
vent environment with pH=13 and at temperatures of 900
°C and 1100 °C, two phases, y-alumina (ICDD Card No.
01-074-2206) and SiO, (ICDD Card No. 01-076-0941),
crystallize to approximately 25% and 60%, respectively. At

Sample| T Crystallite Size Phase % Crystallinity %
% | eoy phase |rhkn| size | Si0 [Mullite ALO:
SO0 1 99 30
(gamma)
ALOy [(022)] 48
1100 | ALOy |(D02)] 350 25 75 52
sio; || 23 (gamma)
AbOy |(220)] 28
1250 [T, iy 20 | 12| 2 67 65
PW13
Mullite | (210)] 93 (gamma)
ALO: [(104)] 482
1350 [ ALOs |(113)] 466 11 45 44 B4
Mullire [ (2107] 433
Mullite | {210)] 292
1550 | Mullire [(121)| 299 93 7 &3
Mullite [(111)] 272
b
sample| T Crystallite Size Phase % Crystallinity %
code | oc. [ phase | [m;nl size | S10; | Mullite ALO,
900 1 23 30
(alpha)
Sty | (111)| 51
100 ALy |(022)] 53 14 86 [}
ALO; [(112)] 51 (alpha)
ALOs [ 104y 358
1250 ALOs | (113) | 357 2 98 50
W3 ALOs |(116) | 439 (gamuma)
Si0: |(111)| 100
1350) ALOs [(104) | 111 | 17 25 58 83
ALOy [(118)] 108
Mullite | (210) | 304
1350 |Mullice | (211) | 331 1 86 13 84
ALO; | (104} 292
d

approximately 1250 °C, the mullite phase forms alongside
other phases, such as y-alumina and SiO,, with a crystal-
linity percentage of about 75%. With further increases in
the heat treatment temperature, at 1350 °C and 1550 °C,
the crystallinity and the mullite phase percentage increase.
However, similar to the other synthesized samples, this is not
a pure mullite phase and is accompanied by other phases,
such as y-alumina and SiO,, with a crystallinity percentage
of approximately 80%.

Figure 2c and d depict the X-ray diffraction patterns of
samples synthesized in an aqueous medium at pH=0 and
pH =13, respectively, named WO and W13, respectively,
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and heat treated at various temperatures, as well. Accord-
ing to Table 4c, with the heat treatment of WO samples at
temperatures of 900 °C and 1100 °C, two phases, y-alumina
(ICDD Card No. 01-074-2206) and SiO, (ICDD Card No.
01-076-0941), crystallize to approximately 25% and 60%,
respectively. At approximately 1250 °C, the mullite phase
forms alongside other phases, such as y-alumina and SiO,,
with a crystallinity percentage of about 75%. With a further
increase in the heat treatment temperature, at 1350 °C and
1550 °C, the crystallinity and the mullite phase (ICDD Card
No. 01-073-1389) percentage increase. However, the mul-
lite phase is not pure, similar to the samples synthesized in
the polymeric medium. According to Table 4d, with the heat
treatment of W13 at temperatures of 1250 °C, a-alumina is
observed (ICDD Card No. 01-074-0323), with crystallinity
percentages of approximately 50%, and a partially crystal-
lized mullite phase is formed. With a further increase in
the heat treatment temperature, at 1350 °C and 1550 °C,
the mullite phase percentage increases with the crystallinity
percentages of approximately 80% and 85%, respectively.

Overall, the presence of water in the reaction system
impacts the crystallization temperature of mullite and the
occurrence of spinel formation. An increase in the amount of
water leads to higher crystallization temperatures of mullite
and an elevated likelihood of spinel formation. In polymeric
media, the resulting materials tend to be more homogeneous
with reduced phase separation, facilitating mullite formation
at lower temperatures and in a pure form [32, 34]. Accord-
ing to XRD results, for the synthesized samples under both
acidic and basic conditions, both in polymeric and aqueous
media, the crystallinity percentage remains significantly low
up to 1100 °C, and the samples can be considered almost
amorphous. With an increase in the heat treatment tempera-
ture, the characteristic peaks of mullite become prominent,
indicating the formation of a more stable mullite phase.
The crystallinity percentage also experiences an increase
with temperature due to the highly crystalline nature of the
mullite phase. In general, it can be concluded that at lower
temperatures, a higher percentage of the mullite phase, and,
in fact, pure mullite, is obtained in samples under acidic
conditions in the presence of polymeric solvent.

FTIR

FTIR analysis was employed to complement the information
obtained from the XRD analysis. The chemical changes and
structural bands of the synthesized samples at temperatures
of 900-1100-1250-1350-1550 °C are shown in Fig. 3. The
vibrations appearing around 3400 cm™! are attributed to the
stretching vibration of OH in H,O molecules [51-53]. The
irregularity and complexity in the band shape may be due
to the random vibrations of different energy of -OH groups
[52]. Since the utilized material is AI(NO3);, the gel may
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contain some amounts of NO;™ ions, observable by the band
in the range of 1388 cm™!, corresponding to the stretching of
trapped NO;™ ions in the gel structure [52]. Additionally, a
vibration at around 1625 cm™! is attributed to the N-O func-
tional group. The observed vibrations in the range of 1100
cm~! and 456 cm™! are attributed to asymmetric stretching
and bending vibrations of Si-O-Si bonds, respectively [51,
53]. In the same vibration position at approximately 1100
cm™!, it indicates the presence of a pure silica structure.
Notably, the Si-O vibration in this study was observed in the
range of 1180 cm™". The vibration in the range of 1100 cm™"
was attributed to C-O bands. The bands at 1557 cm™! were
assigned to the vibrations of Si-O-Al in the sample [53].
The vibration band at 567 cm™! was attributed to the stretch-
ing vibrations of Al-O bonds derived from AlO6 groups in
mullite [51]. In the PWO sample at a temperature of 900
°C, no band related to Al-O was observed in the range of
1570 cm™'. With an increase in temperature to 1100 °C,
traces of a small band in this region appeared. This band
reached its maximum intensity as the temperature increased
to 1350 °C and 1550 °C. Additionally, in this sample, the
C-O stretching vibration appeared at around 1110 cm™ in
the PW0-900 sample, with a small shoulder on its left side,
most likely related to Si-O. As the temperature increased,
the intensity of the C-O band gradually decreased and dis-
appeared at 1550 °C, while the Si-O vibration band became
clearly visible. Considering the XRD results obtained for
the PWO0-1550 sample, where mullite was received, the
FTIR results with characteristic Al-O and Si-O peaks were
predictable. During the heat treatment, the removal of
hydroxyl groups and organic matter in the gel structure is
expected. This is confirmed by the disappearance of bands
related to these O-H groups in the synthesized samples with
an increase in heat treatment temperature. The removal of
-OH groups in the sample leads to an increase in Al-O-Al
and Si-O-Si bonds. Furthermore, these two types of bonds
can become more compact and result in the formation of an
Al-O-Si bond [39]. It was also observed that the vibrations
related to O-H were removed with increasing temperature
in acidic samples. However, in basic samples, due to the
basic nature of the prepared matrix and the presence of a
significant amount of probable O-H groups in the system,
the vibrational bands corresponding to O-H groups were still
observed with increasing temperature. It should be noted
that the observed O-H vibration in the acidic PW0-1550
sample could be due to the ambient moisture or the mois-
ture of the KBr used in the analysis. After heat treatment at
temperatures of 1250 °C and 1350 °C, significant spectral
changes were observed in the range of 560 and 666 cm™!
due to the appearance of the Al-O stretching vibration in the
structure, indicating the formation of an irregular structure
with multiple vibrations at low wave numbers. The vibration
in the range of 1830 cm™! also became broader, indicating a
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higher formation of Si-O-Al bonds, increasing the crystal-
lization of mullite phases [52]. The observed vibration bands
in the range of 1750 cm™!, with the bending mode of (Si,
Al)-O-(Si, Al) and a vibration band at 737 cm™', are consist-
ent with mullite formation, as well [51].

In all samples, after heat treatment at 1550 °C, the bands
present in the range of 1171 cm™', corresponding to Si-O-Al
vibrations, became broader, indicating complete crystalliza-
tion of mullite with a lower SiO, content. The bands in the
range of 591 cm™! also became more prominent, indicat-
ing the presence of Al,O; and Al,0;-SiO, accumulations
in the structure [52]. According to the studies conducted by
Sividenko and Barna [51], the assigned fundamental bands
to Si0, (482, 988, 1107, 1131, and 1168 cm™!), AlO, (620,
828, and 909 cm™!), and AlO, (578 and 1482 cm™") demon-
strate the presence or formation of mullite.
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Figure 4 depicts the results of nitrogen adsorption/desorp-
tion isotherms at 77 K for the heat-treated powders.

Based on the studies conducted by Brunauer, Emmett, and
Teller in 1985, adsorption isotherms can be classified into six
types. Comparing the graphs in Fig. 4 with this classification
allows us to analyze the results. Figure 4(a) represents the
adsorption/desorption isotherm of W0-900, corresponding
to the hysteresis loop of type H4, suggesting the presence of
slit-like and micro-void channels. Figure 4(b), corresponding
to WO0-1350, exhibits a type III isotherm, where the adsorbed
amount increases convexly with relative pressure. This type
indicates relatively weak interactions between the adsorbate
and the adsorbent, and the adsorbed molecules tend to accu-
mulate on the preferred sites of a non-porous or macro-porous
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solid [54, 55]. The behavior observed in Fig. 4(c) aligns with
Type IV isotherms, which are characteristic of mesoporous
materials, as well. This suggests the presence of non-rigid,
slit-like, and irregular-shaped pores in the corresponding sam-
ple. Figure 4(d), shows a type Il isotherm. Type Il is typically
observed in non-porous or macro-porous materials with an
unlimited number of adsorbed layers [54, 55]. The elevated
specific surface area of the W13-900 sample, as documented
in Table 5, can be attributed to the inherent nature of gamma-
alumina, characterized by a highly porous structure and sub-
stantial specific surface area [56]. The behavior observed
in graphs (e)-(1) in Fig. 4 aligns with Type IV isotherms, as
well, which have porous characteristics like those in Fig. 4(c)
mentioned earlier. In conjunction with the BET analysis, the
complementary BJH theory was employed to assess the dis-
tribution of pore sizes, particularly in materials featuring a
confined range of mesopores and small macropores. The MP
plot was utilized to derive the pore size distribution for pores
with diameters less than 1 nm. The outcomes of the BJH and
MP analyses are detailed in Table 5. The results suggest a
consistent distribution of pore sizes across most samples, sig-
nifying mesoporous attributes, with pore sizes falling within
the 1 to 3 nm range. PSA results are shown in Table 5, as well.
According to these results, there is no significant difference
between the particle sizes of different heat-treated samples at
various temperatures.

SEM images

Figure 5 displays SEM images of the heat-treated samples
PWO, PW13, W0, and W13 at 1550 °C. The observations
reveal that the acidic sample PWO exhibits porous and uneven
surfaces characterized by many pores, indicating its potential
for enhanced performance in adsorption applications.

Table 5 Results from MP and BJH theories and DLS

Adsorption results
ICP

ICP results for the filtered samples utilizing membranes
without aluminosilicate powders and containing 0.6 g of the
heat-treated powders at 1100 and 1550 °C as adsorbents are
depicted in Figs. 6 and 7, respectively. In order to compare
the effect of heat treatment temperature on the adsorption
ability of synthesized powders, samples heat-treated at 1100
°C and 1550 °C were selected and used for the fabrication of
composite membranes. Polymer membranes without these
particles were also fabricated and used for adsorption to
evaluate the effect of the presence of synthesized alumino-
silicate particles on the adsorption of copper ions from the
liquid medium. The control solution used to study the adsorp-
tion capability of the copper ions from water media by the
fabricated composite membranes contained an initial copper
concentration of 140 mg/l. According to Fig. 6, subsequent
filtration using polymeric membranes devoid of aluminosili-
cate powders decreased the copper concentrations from 140
mg/l to 119 mg/l, 117 mg/l, and 105 mg/1 for filtration dura-
tions of 15, 30, and 60 min, respectively. The absence of the
aluminosilicate adsorbent in the polymeric matrix is expected
to yield a low adsorption capacity of copper ions. The mar-
ginal reduction of the copper concentration in this experi-
ment may be attributed to the presence of excellent pores in
the polymeric membrane formed during the freeze-drying
process. Figure 6 presents the adsorption results using mem-
branes containing aluminosilicate particles that underwent
heat treatment at 1100 °C. These membranes do not exhibit
significant adsorption capacity, with the highest adsorption
recorded for sample W0-1100-1 h, resulting in a copper con-
centration of 121 mg/l. In other words, only 13.5% of the

Sample MP BJH DLS
Sger (M?/g) The total hole The average pore Vp (cm’/g) Ty peak (P/Py),, Particle size

volume (cm3/g) diameter (nm) (Area) (nm) (um)
PWO 900 6 0.028758 20 0.028375 2.7 0.984 0.1
1350 13 0.0038865 5 0.0030687 2.1 0.990 0.5
1550 11 0.0031938 11 0.0029859 2.1 0.989 0.3
PW13 900 115 0.24 0.2598 24 0.982 0.1
1350 14 0.0058465 0.0050081 2.1 0.990 0.3
1550 11 0.0028478 8 0.002612 2.1 0.990 0.4
WO 900 17 0.063019 15 0.063436 1.8 0.981 0.4
1350 11 0.041938 108 0.037968 1.9 0.981 0.5
1550 15 0.017081 13 0.016378 1.8 0.983 0.6
W13 900 11,694 82.207 28 78.397 1.2 0.990 0.1
1350 13 0.0032713 4 0.0031185 1.2 0.990 0.4
1550 12 0.012937 17 0.01204 2.1 0.982 0.2
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copper ions in the solution were adsorbed. These findings
suggest that the membranes created using reinforcing materi-
als heat-treated at 1100 °C are ineffective in adsorption. XRD
results and Tables 1a-d indicate the absence of peaks associ-
ated with any crystalline phase in these materials.

Figure 7 illustrates the ICP results for the polymer
membranes fortified with aluminosilicate particle heat
treated at 1550 °C. Compared to the samples treated at
1100 °C, these samples have absorbed a higher percentage
of the available copper ions from the solution, showing
a significant difference in the adsorption capacity com-
pared to the polymeric membrane without aluminosilicate
particles. The highest adsorption capacity is achieved by
sample PWO0-1550, resulting in a copper concentration of
60 mg/1 after 1 h, showing that 57% of the copper ions are
adsorbed. As depicted in Fig. 4i, the adsorption isotherm
of this sample resembles a Type IV isotherm associated

15min 30min 60min

Fig.8 The results of the ICP analysis of the adsorbed solution with a
dosage of 0.12 g
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with mesoporous materials, exhibiting a hysteretic loop
characteristic of non-rigid aggregates of plate-like pores
[54]. These features can enhance the contact point between
the adsorbent and the adsorbate, leading to a more effi-
cient adsorption process. The experiment was extended
to 60 min to ensure equilibrium conditions were reached.
However, it can be observed that for all samples, after
60 min, the adsorption levels have reached a relatively
constant state, and the changes in solution concentration
are insignificant. Therefore, it can be concluded that the

¥ 1750.1735

v 35503200 v 300-3840 v 1130- 1085
O-H C-H €0 5o cHr CQ-CCH 7
T i T a
C

L I L I - I LE I ¥ U |3 T v I
4000 3500 3000 2500 2000 1500 1000 500

Fig.9 The results of the FTIR test for the membrane samples:a The
membrane containing 0.06 g of PW0-1550 before adsorption,b The
membrane containing 0.06 g of PW0-1550 after 1 h of adsorption,c
The membrane containing 0.12 g of PW0-1550 after 1 h of adsorp-
tion
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adsorption process has reached equilibrium. The disso-
lution of the polymeric membrane can be considered an
influential factor after 60 min. Another factor influencing
the results may be the dissolution of the polymeric mem-
brane. Despite being cross-linked with glutaraldehyde, the
membrane softened upon contact with the aqueous solu-
tion, becoming gel-like. This reduced interaction between
the aluminosilicate particles and the solution, potentially
affecting the adsorption of copper ions.

As the composite membrane containing PW0-1550
powder exhibited the highest adsorption capacity, it was
selected for further experimentation with double the adsor-
bent dosage. A PVA membrane containing 0.12 g of PWO0-
1550 adsorbent powders was prepared to accomplish this.

Fig. 10 a SEM images of the
polymer membrane before the
adsorption process. b Energy
dispersive X-ray analysis (EDX)
of the specified region is shown
in Figure 10a

The adsorption test was repeated using the same method-
ology, and the results are depicted in Fig. 8. As expected,
as the adsorbent dosage increased, the adsorption level
during the 1-h duration rose from 58 to 70%. At the same
time, the concentration of copper ions in the feed solution
decreased from 140 mg/l to 47 mg/l.

FTIR results of the prepared membranes

The membranes containing PW0-1550 nanopowder with
dosages of 0.06 and 0.12 g were dried after adsorption, and
FTIR tests were conducted on them before and after adsorp-
tion. The results are shown in Fig. 9. According to Fig. 9,
the absence of bands indicates the presence of no bonds
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Fig. 11 SEM images of the polymer membrane after the adsorption process

between copper and the constituents of aluminosilicate par-
ticles. This suggests that the adsorption mechanism has a
physical nature. The high adsorption rate and the absence
of heat release or adsorption during the adsorption test align
with these findings [57].

SEM images of the membranes

SEM images of the cross-sectional surface of the polymer
membrane containing the PW0-1550 sample before and after
the adsorption test are presented in Figs. 10 and 11, respec-
tively. Figure 10a shows the cross-sectional surface of the
polymer membrane before the adsorption process, revealing
the presence of mullite particles and the porous nature of the
membrane. Figure 10b displays the EDS results of the material
within the membrane, indicating the presence of aluminium
(Al), silicon (Si), and oxygen (O) elements, suggesting the dis-
persion of mullite within the membrane. The presence of car-
bon (C) is due to the carbonaceous nature of the PVA structure.

Figure 11 depicts SEM images of the polymer mem-
brane after the adsorption process. The polymer mem-
brane retains its porous nature even after adsorption and
exposure to water. The porosity is visible in large cavities,
and mullite particles are present in the polymer matrix,
indicating that the mullite particles remain attached to
the membrane and are not detached into the surrounding
medium during the adsorption process.

@ Springer

Conclusion

The aim of the current study was to use sol-gel synthesized
mullite particles as adsorbents of copper ions from con-
taining liquid environments. Since the process of filtration
and separation of adsorbent particles from the environ-
ment is a time-consuming and costly process, mullite-PVA
composite membranes were fabricated by freeze-drying
process and used as adsorbents. The physicochemical
properties of the synthesized particles affect their ability
to act as adsorbents. Since these properties are optimized
by controlling the synthesis parameters, the synthesis con-
ditions were designed so that the effect of the most sig-
nificant number of variables on the properties of the final
particles was studied. Accordingly, the synthesis of mullite
was conducted using the sol-gel method, employing simul-
taneous variations of the solvent type, pH, and different
heat treatment temperatures within the range of 900 °C to
1550 °C. XRD and FTIR results confirmed the successful
synthesis of mullite as the predominant phase in samples
PWO0-1350, PWO0-1550, PW13-1550, W0-1550, and W13-
1550. The samples synthesized in acidic conditions in the
presence of polymeric solvent displayed a notable propor-
tion of the pure mullite phase. Besides, SEM images of
the polymer membranes containing heat-treated particles
revealed that the acidic samples PW0 and WO displayed
more porous and uneven surfaces when compared to the
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basic samples PW13 and W13. Moreover, these samples
exhibited a great specific surface area and small particle
size when compared with samples prepared under basic
and aqueous conditions. The ICP results demonstrated
the high adsorption capacity of the PW0-1550 sample for
copper ions. The polymer membrane containing 0.06 g
of PWO0-1550 powder demonstrated an adsorption per-
centage of approximately 58% for copper ions. With an
increased amount of adsorbent to 0.12 g, the adsorption
percentage rose to around 70%. The FTIR results of the
membranes utilized in the adsorption process indicated
that the adsorption mechanism was predominantly of a
physical nature.
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