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Fabrication and Properties of Adsorptive Ceramic Membrane Made
from Kaolin with Addition of Dolomite for Removal of Metal lons in
a Multielement Aqueous System
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ABSTRACT: The exorbitant presence of heavy metals has emerged as one of the most serious ecological issues facing the world.
The treatment processes currently employed are not effective for removing all of the contaminants completely. Therefore, it is
necessary for better operational technology to be developed. Here, we fabricated effective and inexpensive kaolin-based ceramic
membranes with the addition of dolomite using a simple dry compaction method. Moreover, we applied the obtained adsorptive
membranes to the removal of lead, copper, zinc, and cadmium from aqueous solutions. The membranes prepared with dolomite
addition (sintered at different temperatures) exhibited a high water flux between 246.78 and 1738.56 L/h-m” at an extremely low
operating pressure (0.03 MPa). Furthermore, the optimal membrane showed high removal efficiencies of 99.12, 99.82, 85.62, and
65.94% for Pb(II), Cu(Il), Zn(II), and Cd(IL), respectively. The utilization of dolomite enhanced the removal efficiency of the
adsorptive membranes by around 32—54% in a multielement system. This work reveals that enhanced adsorptive membranes with
high fluxes and strong removal abilities have great potential as a synergized system with practical applications in the removal of
heavy-metal contaminants from wastewater in the future.

B INTRODUCTION

Clean water is a crucial substance that ensures the survival of all
living things and protects nature on Earth. Nonetheless, the
most pressing problems humans currently face can be related to
water pollution by various types of contaminants from human
activities, which leads to a shortage of drinkable water. Namely,
heavy-metal ions [Pb(II), Cu(II), Cd(Il), Zn(II), Co(II), and
Ni(II)] existing in water bodies are raising concerns because of

removal of heavy metals, providing a simple design and
operation.”® However, commercial adsorbents are expensive
and still face some drawbacks, such as the resistance of internal
diffusion and their sluggish performance. Therefore, there is an
urgent need to develop and find more effective technologies for
wastewater treatment to remove heavy-metal ions. As a
promising alternative, adsorption combined with ceramic
membrane technology has an excellent ability to remove heavy
metals, and both adsorption and filtration can be performed in a

their highly deleterious and nonbiodegradable effects on human
health and the environment.'™> Heavy metals are mainly
released into water streams from various industries including the
microelectronics, battery, electroplating, mining, tannery,
agricultural, and chemical industries.”> To date, technologies
such as ion exchange, coagulation, chemical precipitation,
adsorption, electrodialysis, and membrane filtration have been
designed for removing heavy metals from water.”” Among them,
adsorption is considered the most effective process for the
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Ceramic membranes have desirable properties, in terms of
their chemical and thermal stability and mechanical strength.
These excellent characteristics offer advantages such as long
lifetimes and the ability to withstand extreme temperatures and
pH values in many applications."' Despite all of these
advantages, inorganic membrane products require high-cost
materials (alumina, silica, zirconia, and titania) and high
sintering temperatures, limiting their application on a large
scale.” To resolve these shortcomings, recent studies on the
preparation of ceramic membranes have employed inexpensive
materials such as dolomite," clay,14 kaolin, > fly ash,'”
zeolite,” bentonite,'® and apatite'” to reduce the high costs and
firing temperatures. Kaolin is a type of soft clay and an
alternative raw material for membrane fabrication that exhibits
distinctive properties including its low plasticity, high temper-
ature resistance, stable pore size formation, cost-effectiveness,
and hydrophilicity.”>*" These membranes’ hydrophilic proper-
ties, as well as the active groups they contain, allow them to
interact with heavy-metal ions." In addition, dolomite is a natural
mineral that consists of magnesium and calcium double
carbonate. It plays a vital role as a pore former in membrane
technology and as an adsorbent with a strong ability to remove
heavy-metal ions from water sources.”” >* The fundamental
physicochemical properties of kaolin and dolomite used for
ceramic membrane preparation make them ideal for use as
adsorptive ceramic membranes. The main adsorption process
for removing heavy metals involves the mechanism of chemical
and physical interaction between the membrane sides and metal
ions in the feed stream.”” There have been combined membrane
studies and experiments on heavy-metal removal. For example,
Foorginezhad et al." synthesized a composite adsorptive ceramic
membrane (tubular) from SnO, and montmorillonite for the
removal of Cu(Il), Zn(I), and Ni(II). The membrane was
noted to possess 99.26% Cu(Il), 92.23% Zn(II), and 64.74%
Ni(II). Many other studies fabricated and developed adsorptive
membranes based on copper, graphene oxides (nanoparticles),
metal—organic frameworks, carbon nanotubes, and zeolite
combined with different clays, zirconia, alumina, or clay—
alumina supports for Cr(VI), Cr(III), Cu(II), Ni(II), Pb(1I),
Co(I1), Hg(I), Zn(II), and Cd(II) removal.*”**7*' The
addition of oxide materials with specific adsorption capabilities
in combined membranes provides great potential for enhancing
the removal performance. On the other hand, the choice of raw
materials and their appropriate combination are very important
in the field of adsorptive membrane fabrication. The production
method of nanomaterials such as metal—organic frameworks
and carbon nanotubes (which require several syntheses) is not
simple. This type of membrane can work in the range of
nanofiltration. High-pressure-driven membranes require high
operating pressure, resulting in low permeate and high energy
use.””?

In fact, relatively few studies have reported adsorptive
membranes made from different materials or combinations
(e.g., dolomite and kaolin) for the various heavy metals in
multimetal systems. As a further contribution, a great number of
studies are still needed in order to gain a better understanding of
this combined technology as well as adsorptive membranes.

Based on the above considerations, here, we designed ceramic
membranes based on kaolin and dolomite. Dolomite plays the
roles of both the main adsorbent and the pore former. Therefore,
the first objective of this study is to evaluate the effect of
dolomite addition on the structure and properties of the porous
ceramic membranes. Also, the influence of the sintering

temperature and time on the membranes with optimal
compositions was studied based on their characteristics such
as their mechanical strength and pure water flux. The second aim
is to assess the removal of lead, copper, zinc, and cadmium using
the selected membranes in a multimetal solution with the
designed single-batch system. This work highlights some novel
findings as follows: (a) the cheap starting materials, such as
kaolin and dolomite, and the low sintering temperature enable
the low-cost production of membranes; and (b) dolomite
combined with kaolin plays a significant role in membrane
preparation, possessing promising performance in the removal
of heavy metals and a high flux at low applied pressures.

B MATERIALS AND METHODS

Materials. Dolomite and kaolin were provided by Ueda Lime
Manufacturing Co., Ltd. and Kusaba Chemical Co., Ltd. (Gifu,
Japan), respectively. Methylcellulose with a viscosity of 4000 cP,
standard solutions of metal ions (Pb**, Cu**, Zn**, and Cd**)
with a concentration of around 1000 mg/L, and element nitrate
salts including Pb(NO;),, Cu(NO;),-3H,0, Zn(NO;),-6H,0,
and Cd(NO,),"4H,0 with a purity of 98.0—99.5% were
supplied by Kanto Chemical Co., Inc. (Tokyo, Japan). As
received, other chemical reagents were of analytical grade, and
all of the chemicals were used without further purification.
Throughout the experimental process, deionized water (>18.2
MQ) obtained from an ultrapure water instrument (RFU
424TC, Advantec, Toyo Seisakusho Kaisha., Ltd., Japan) was
used.

Membrane Preparation. Ceramic membranes (dry basis)
were fabricated from kaolin, dolomite, and methylcellulose
according to the mass ratios shown in Table 1. First, kaolin and

Table 1. Compositions of Materials Used in Membrane
Fabrication

wt %
membrane names kaolin dolomite
K95DO0O 95 0
K85D10 85 10
K80D1S5 80 15
K75D20 75 20
K70D25 70 25
K65D30 65 30

dolomite were uniformly mixed with S wt % of an organic binder,
namely, methylcellulose, and pressed at a pressure of 300 kgf/
cm? in a cylinder mold (diameter of 40 mm and thickness of 3
mm). This step was followed by a sintering process to obtain the
final ceramic membranes at varying temperatures (950—1250
°C) and times (1—S h) using an electric furnace (NHK-170,
Nitto Kagaku Co., Ltd.). The sintering temperature was
gradually increased to 250 °C and held for 1 h to evaporate
residual water. Then, heating at 450 °C was employed to remove
the organic binder. The temperature and time were further
increased to different desired values (950—1250 °C and 1—5 h,
respectively) to determine the optimal sintering temperature
and time. Eventually, the sintered membranes were cooled to
reach the ambient temperature. A series of ceramic membranes
containing kaolin and dolomite were labeled, as shown in Table
1.

For the mechanical strength measurement, ceramic cube-
shaped bodies (wet basis) were prepared. The materials (as
shown in Table 1) were accurately weighed and mixed with 40
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wt % distilled water. The ceramic bodies were printed using a
cube mold (2 X 2 cm) and dried at 110 °C for 24 h; then, they
were subjected to the sintering conditions described above.

Characterization. The elemental compositions of the raw
starting materials kaolin and dolomite were determined by using
the X-ray fluorescence technique (SEA1200VX, SII Vortex,
Akishima, Tokyo, Japan). The thermal and mass changes in the
raw starting materials and powders mixed with different
compositions were studied via thermogravimetric analysis
(TGA) and differential thermal analysis (DTA) (ThermoPlus2
TG8120, RIGAKU, Tokyo, Japan). The mineral compositions
of the materials and membranes were detected via XRD (D2
Phaser, Bruker, Billerica, MA). A scanning electron microscope
(SEM, JCM-6000, JEOL Tokyo, Japan) was used to observe the
morphology and microstructure of the membranes. The particle
size distributions of the powders were obtained based on
analysis of the SEM images using Image] software. The X-ray
photoelectron spectroscopy (XPS, K-Alpha, Thermo Scientific
Center, Waltham, MA) measurement was also carried out to
confirm the adsorption mechanisms. The surface texturing
properties (membranes), namely, surface area, pore volume, and
pore size, were identified using Brunauer—Emmet—Teller
apparatus (TriStar II 3020, Micromeritics, Norcross, GA), and
before analysis, samples were pretreated at 423 K for 2 h.

Water absorption was determined by the difference in weight
between the dried and the immersed membranes. The
membrane bodies were soaked in distilled water for around 24
h in accordance with Archimedes’ principle. Water absorption
was determined using the formula
Mo =™ o 100

m (1)

where m; and m, are the weights of the wet and dry membranes,
respectively.

The measurement of the mechanical strength was made by
applying pressure until the membrane samples (cube-shaped)
broke. The mechanical strength (R, MPa) was evaluated using
the equation

water absorption (%) =

R=F/S (2)

where F is the maximum force on the membrane (Newton) and
S is the active membrane area (mm?).

Lab-scale cross-flow filtration set to 0.03 MPa pressure and
room temperature was used to test the water flux. The pure
water flux, J (L/h-m?), was calculated by collecting the filtered
water volume through the membrane pores in unit time as
defined in the following equation:

_ Vv
A XAt (3)

J

where Vis the total volume of water after filtration (L), At is the
measured time (h), and A is the valid membrane area (m?).

The volume (V,,, cm®) and density (p,,, g/cm?) of the ceramic
membranes sintered at different temperatures were calculated by
the following equations:

V. = d*mh

4 (4)
p =m
L A (8)

where d is the diameter of the membrane (cm?), h is the
thickness of the membrane (cm), and m,, is the dried membrane
mass (g).

Performance of Membranes in Removal of Complex
Metal lons. We conducted experiments for the removal of
multiple metal ions using the obtained ceramic membranes in
lab-scale cross-flow filtration mode (as shown in Figure 1). The

<— Filtration cell

Vacuum pump

— Membrane

Permeate

=}
 —

I

Pressure gauge

Figure 1. Schematic diagram of the dead-end cell.

ceramic membranes are disk-shaped with a membrane area of
approximately 0.855 X 107° m”. The ceramic membrane was
placed in a dead-end filtration setup (Figure 1) and then applied
for the removal of multiple metal ions. The experiments using
the five different membranes were carried out at room
temperature and pH S with an applied pressure of 0.015 MPa.
Three solutions with different concentrations of 10, 50, and 100
mg/L served as the feed solutions. The filtration amount of one
time is 50 mL. The adsorption amount of metal ions in the
filtrate was calculated from the concentration determined by
inductively coupled plasma atomic emission spectrometry
(SPS1500 V, Seiko, Chiba, Japan). The permeate flux was also
calculated. The removal performance (R, %) was determined
using the equation

G -G
—— X 100

G (6)
where C; is the amount of metal ions before filtration (mg/L)
and C, is the amount of metal ions after filtration (mg/L).

Moreover, the most effective parameters for membrane
fabrication are sintering temperature and time. Therefore, the
appropriate sintering temperature and time were considered
based on the membrane characteristics such as their mechanical
strength, pure water flux, and removal rate.

In this article, all of the experiments were performed more
than three times. Then, the error bars were drawn based on the
calculation of standard deviation.

R (%) =

B RESULTS AND DISCUSSION

Characterization of Raw Materials. The elemental
compositions of kaolin®* and dolomite are listed in Table 2. It
is noted that the main elements of kaolin are 54.12 wt % Si and
38.92 wt % Al, which are widely employed raw materials in the
preparation of ceramic membranes.”* The major elements of
dolomite are 74.05 wt % Ca and 21.09 wt % Mg, so it
theoretically contains both calcium and magnesium carbonates.
Also, CO, is released during the thermal decomposition of these
carbonates, suggesting the potential to produce membranes with
a porous structure.
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Table 2. Elemental Analysis (XRF) of Kaolin and Dolomite

wt %
elements kaolin dolomite
Si 54.12 2.78
Al 38.92 0.66
Ca 0.27 74.05
K 3.94 0.41
Mg 228 21.09
Fe 0.47 0.61
Mn 0.33
others 0.07

The SEM images and particle size distributions of the kaolin
and dolomite powders are listed in Figure 2a—d. The
morphology of kaolin (a) displayed uniform particles with
different shapes, but dolomite (c) showed irregularly sized
particles (big and small particles) with various chunks. Also, the
average particle size of both kaolin (b) and dolomite (d)
predominated in the small range below around 15 pm.

Figure 3 shows the XRD results of the raw kaolin®* and
dolomite powders. Based on Figure 3, the main crystalline
phases in the kaolin powder are kaolinite, Illite, and quartz. The
significant intense peaks at 12.33° and 24.82° (26) indicate the
presence of the kaolinite phase.”* The major phases present in
the dolomite powder are dolomite and calcite. The high peak
observed at a 20 of 30.96° corresponds to the dolomite phase.

The TG and DTA results of the kaolin, dolomite, and
methylcellulose powders are shown in Figure 4A—C. From the
TG curves (solid black lines in Figure 4A—C), the total weight
losses of kaolin, dolomite, and methylcellulose were 17.22, 42.5,

o K-Kaolinite , ALSi;00H);;  Q-Quartz, Si0y;
Illite, KALSi;AIO(0H);;  D-Dolomite, CaMg(COy), ;
K
C-Calcite, CaCOy ;
B
& K
g
e
C
Q U DpD >y DD b
I
JL.._LH;&“ s g ok mo Qgx
10 15 20 25 30 35 40 45 50 55 60 65 70
2 0 (degrees)

Figure 3. XRD patterns of kaolin (a) and dolomite (b).

and 96.9%, respectively. In the DTA analysis of kaolin (solid red
line in Figure 4A), the three peaks noted were exothermic and
endothermic peaks. Weak and sharp endothermic peaks
appeared at 561.4 and 659.7 °C, corresponding to the
dehydroxylation, which refers to kaolin shifting into metakaolin.
The sharp exothermic peak noted at 1009.8 °C indicates the
crystallization of the primary mullite. In the DTA results for
dolomite (Figure 4B), one endothermic peak at 735.6 °C can be
observed, which is related to the decomposition of dolomite
(CaMg(COs),) into MgO and CaO, releasing CO,. In the DTA
line for methylcellulose (Figure 4C), three exothermic peaks at
317.7, 387.6, and 480.1 °C can be observed, which correspond

Frequency
ANN.

g

o

Diameter (um)

A e e W W ® w e
20 30 40 %0
Diameter (um)

10

Figure 2. SEM images and particle size distribution of the kaolin (a, b) and dolomite (c, d) powders.
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Figure 4. Thermogravimetric-differential thermal analysis (TG—DTA) curves for kaolin (A), dolomite (B), and methylcellulose (C).
to methylcellulose being entirely burned from the membrane 0 T
during the sintering process.
Characterization of the Ceramic Membranes. The
compared weight loss (TG) results of the ceramic membranes 51
produced with and without different dolomite additions (0—
30%) are presented in Figure S. The total weight losses of the § 10+
membranes were between 17.34 and 27.20%. With the increase 2
in the weight percent of dolomite from 10 to 30, the total weight = 15
loss increased notably. The total weight loss for K9SDO (without § a
dolomite addition) was much lower than that of K65D30 204
(dolomite addition of 30 wt %), and this observation indicates b
that the dolomite addition has a significant effect on the 95
. - C
membrane properties. Also, the TG and DTA curves of the 3
optimal mixed sample containing 20 wt % dolomite are shown in
1 1 1 1 30 T T T T T T
Figure 6. In the TG curves, significant weight losses can be 200 200 00 800 1000 1200

observed in several regions. In the range 300—400 °C, the
weight loss is attributed to the burning process of methyl-
cellulose, which is related to the exothermic peak at 326.5 °C in
the DTA curve. Further weight losses occurred between 500 and
800 °C due to the phase transition of kaolin to metakaolin and
the decomposition of dolomite. These observations are

43072

Temperature [°C]

Figure S. TG curves for the powders mixed in different compositions
(a-K95D0, b-K85D10, ¢-K75D20, and d-K65D30).
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o R LT R [Al,0,-28i0,](mullite) + 3CaO + 4SiO,
5 . — 3[Ca0-Al,0,-25i0, ](anorthite) (7)
1 -1
10 Lo 2[3A1,0;-2Si0,](mullite) + 6MgO + 11SiO,
S s
3 < — 3[2MgO0-2Al,0,-58i0, ](cordierite) (8)
2 --10 8
= 154 =
> 3 The SEM images of the K75D20 membranes sintered at 1100,
= 20 L0 T 1150, 1200, and 1250 °C for 4 h are illustrated in Figure 8a—d.
As can be seen in Figure 8a—d, similar microstructures and pores
- -30 were observed in the K75D20 membranes sintered at 1100 and
2 — 2 1150 °C. However, with the increase in the sintering
] 655.0°C 40 temperature to 1200 °C, broad necks and integrated pores
30

T T T T T T
200 400 600 800 1000 1200

Temperature [°C]

Figure 6. TG—DTA curves for the mixed powder (K75D20).

confirmed by the endothermic peaks at 555.2 and 655.0 °C in
the DTA analysis, respectively. Finally, the weight loss appearing
in the range of 1150—1250 °C may be explained by the
formation of cordierite and anorthite phases.

The XRD patterns of the K75D20 ceramic membrane
sintered at different temperatures for 4 h are shown in Figure
7. The ceramic membranes sintered at a temperature of 1150 °C

M-Mullite, ALSi;O3 3

A-Anorthite, CaAl,Si;Og 3 Co-Cordierite, (Mg,Fe);ALSisOys ;

Q
A LA T OM ) e
5 X h e AL

g ) a
A'E‘ A
Z
: J :
z A M N A A

10 20 30 40 50 60 70
2 0 (degrees)

Figure 7. XRD patterns of K7SD20 membranes sintered at 950 °C (a),
1000 °C (b), 1050 °C (c), 1100 °C (d), 1150 °C (e), 1200 °C (£), and
1250 °C (g) for 4 h.

or lower mainly contained mullite, quartz, and a certain amount
of anorthite phases. With the increase in the sintering
temperature from 950 to 1150 °C, the intensities of mullite
and anorthite increased, while the intensities of quartz
decreased. These observations indicate that mullite formed
through the transformation of metakaolin, and anorthite
appeared due to the interaction of CaO (decomposition of
CaCO; in dolomite) with the alumina and silica structure in
kaolin. For the membranes sintered at temperatures greater than
1150 °C (at 1200—1250 °C), the quartz peaks disappeared, a
small amount of mullite was left, and anorthite and cordierite
minerals predominated. The cordierite and anorthite minerals
formed from mullite with the increase in the sintering
temperature; the related formulas are presented below (eqs 7
and 8)."" It is worth noting that the theoretical eutectic
temperatures of anorthite and cordierite (CaO-SiO,—Al,O; and
MgO-Si0,—Al, O, systems) are around 1170** and 1365 °C,*°
respectively.

(coalescence phenomenon) were observed on the membrane
surface. In particular, this observation (broad necks and
integrated pores) was recorded for the membrane sintered at
1250 °C, which may be due to the several phase transformations
during sintering at a high temperature.®® It is revealed that the
membrane morphology and pore size significantly depend on
the sintering temperature. The SEM results of the K75D20
membrane are compared with those of the K95D0 membrane,
both sintered at the same temperature, as shown in Figure 9. It
can be clearly seen that K95SDO displayed a few and smaller
pores, but after the dolomite addition, the K75D20 membrane
showed many large pores. This outcome reveals that the
formation of a large pore structure was due to the strong phase
inversion caused by the dolomite addition.

Effect of Dolomite Content on Membrane Properties.
To evaluate the appropriate dolomite content, water flux and
compressive strength tests were conducted by using ceramic
membranes produced with and without different amounts of
dolomite addition. The results are displayed in Figure 10. With
the dolomite addition of 0—10%, the water flux increased sharply
from 49.99 to 152.05 L/h-m?* (three times), which continued
until the addition of 20% dolomite and increased gradually with
the addition of 30% dolomite. These water flux results suggest
that dolomite is a good pore former for ceramic membranes. The
compressive strength increased with the increase in the dolomite
amount from 0 to 20% (0.81—1.1 MPa) and then dropped from
1.1 MPa to 0.92 with the further addition of dolomite (from 20
to 30%). From these observations, dolomite may improve the
mechanical strength of the membrane in the dolomite amount
from 0 to 20%, but the further enhancement of the dolomite
content degrades the membrane due to the formation of a large
pore structure, which leads to a decrease in the physical strength
of the membrane.”” In addition, the difference (from 0.81 to 1.1
MPa) in the mechanical strength of the ceramic membranes
(K95D0—K65D30) prepared with different additions was small.
The membranes were sintered at low temperatures. Therefore,
the main phases did not completely form in the membrane body,
which resulted in a small difference in the strength of the
membranes. On the other hand, the membranes showed a high
water flux, even a low operating pressure (0.03 MPa). Therefore,
it can be considered that the appropriate dolomite addition is 20
wt %.

Effect of Sintering Time on Membrane Properties. To
investigate the appropriate sintering time, water flux and
compressive strength experiments were carried out on the
K75D20 membrane with sintering times of 1—5 h. The obtained
results are listed in Figure 11. The mechanical strength (1.1—
1.37 MPa) was gradually enhanced with an increase in the
sintering time from 1 to S h. This increase suggests that the
particles of the materials become better connected with
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Figure 9. SEM images of K95DO (a, b) and K75D20 (c, d) membranes sintered at 1250 °C for 4 h (22 and 300X magnifications, respectively).

increasing time, which improves the mechanical strength of the
membrane. Regarding the water flux results, with the increase in
the sintering time from 1 to 4 h, the water flux increased, but
then it decreased at a sintering time of 5 h. These flux results
indicate that the pore diameters of the membranes gradually
grow with the increase in the sintering time up to a certain point;
then, the opposite occurs in the form of pore shrinkage or
densification, which leads to a decrease in the flux.

Effect of Sintering Temperature on Membrane
Properties. To evaluate the effect of the sintering temperature,
K75D20 membranes sintered at different temperatures (950 and
1250 °C) were further tested in terms of water flux and
compressive strength. As shown in Figure 12, both parameters,
namely, water flux and compressive strength, increased with the
increase in the sintering temperature from 950 to 1250 °C. In
particular, sharp increments were observed at higher temper-

atures of 1200—1250 °C. The mechanical strength may be
controlled by several factors. The K75D20 membranes sintered
at different temperatures exhibited compressive strengths of
1.09—16.69 MPa. The K75D20 membrane sintered at 1250 °C
showed the highest mechanical strength, 16.69 MPa. This can be
explained by the fact that the addition of dolomite, which
initiates liquid phase formation during sintering and provides a
stronger intermolecular interaction between the ceramic
particles (kaolin and dolomite), leads to an enhancement of
the membrane’s mechanical strength.17 In addition, another
explanation is that the mechanism of the neck grain growth and
mechanical bond formation of cordierite and anorthite by the
mullite phase at a high sintering temperature improves the
compressive strength. This result is confirmed by the results of
the XRD patterns (Figure 7), and these good trends are
consistent with the literature.'”** Regarding the water flux
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o 200 1 | @ size, and low shrinkage. In addition, both the water flux and
% 150 1 08 4 mechanical strength were improved with increasing sintering

£ 2 temperatures from 950 to 1250 °C.
5 100 L 04 é The results of the mean pore sizes and water absorption on the
] K75D20 membranes sintered at different temperatures are
3 illustrated in Figure 13 and Table 3. The increase in the sintering
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Figure 10. Effect of the dolomite content on the water flux and
compressive strength of ceramic membranes based on kaolin and
dolomite (sintering temperature, 1000 °C; sintering time, 1 h).
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Figure 11. Effect of sintering time on water flux and compressive
strength of K75D20 membranes (sintering temperature, 1000 °C).
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Figure 12. Effect of the sintering temperature on the water flux and
compressive strength of K75D20 membranes (sintering time, 4 h).

results, the K75D20 membranes showed water fluxes of 246.78—
1738.56 L/h-m* with the increase in the sintering temperature.
In particular, the water flux of the membrane sintered at 1250 °C
rapidly increased (from 1.4 to 7 times) to 1738.56 L/h-m”
compared to that of the K75D20 membranes sintered at lower
temperatures. However, the increase in the sintering temper-
ature mostly led to an increase in the density, grain growth, and
shrinkage of the membranes. Notably, this phenomenon occurs
rapidly at high operating temperatures, in turn reducing the
porosity and permeability. However, in our case, the water flux
did not show a declining trend with increasing temperatures.
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Figure 13. Results of the mean pore sizes by Brunauer—Emmett—
Teller (BET) analysis and water absorption on the K75D20
membranes sintered at 1100, 1150, 1200, and 1250 °C for 4 h.

Table 3. BET Surface Area, Pore Size, and Pore Volume of
Ceramic Membranes Sintered at Different Temperatures for

4h

BET surface area pore volume pore size
sample (mz-g_l) (cm3-g_1) (nm)
1100 °C 2.9394 0.013591 18.49497
1150 °C 2.5847 0.012385 19.16647
1200 °C 0.9630 0.003700 15.37066
1250 °C 0.5005 0.001899 15.17969

temperature from 1100 to 1250 °C led to a decrease in the
average pore size from 18 to 15 nm, while water absorption
decreased from 31.29 to 19.29%. The observation of decreased
average pore sizes suggests that pore shrinking is caused by an
increase in the sintering temperature. Therefore, the K75D20
membranes sintered at high temperatures have a small pore size,
which led to a decrease in the water absorption amount.

Also, the density of the ceramic membranes sintered at
different temperatures is changed from 1.4 to 1.5 g/cm’. The
results are shown in Figure 14. From the result, the density
increased with the increase in the sintering temperature because
of the pore shrinking.

Membrane Performance and Mechanism for the
Removal of Complex Heavy Metals. First, the K95DO0 and
K75D20 membranes produced with different compositions
(same sintering temperature and time) were tested with 10 mg/
L multielement (Pb**, Cu®*, Zn**, and Cd**) solution. As shown
in Figure 15, the K95D0 membrane exhibited removal rates of
99.83% Pb(II), 67.20% Cu(Il), 31.27% Zn(II), and 29.37%
Cd(11). These considerable removal rates can be explained by

https://doi.org/10.1021/acsomega.4c06785
ACS Omega 2024, 9, 43068—43080


https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06785?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
1.8 120
s Pb = Cu s Zn = Cd —a— Flux [ 200
i — —A
100 -
— -
1.6 X A I 150
80 1 — .
Z - £
E 2 s z
< =1
o s g o0 - 100 ;
z - g =
7} £ ]
£ ERY
= b s0
1.2 20
0 T T 0
1100 1150 1200
1 T T T T T T T Sintering temperature (°C)
1100 1150 1200 1250

Sintering temperature, °C

Figure 14. Density of the K75D20 membranes sintered at 1100, 1150,
1200, and 1250 °C for 4 h.
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Figure 15. Complex heavy-metal removal efficiency and flux of the
K95DO and K75D20 membranes sintered at 1100 °C for 4 h (applied
pressure, 0.015 MPa; pH S; feed concentration of complex metals, 10

ppm).

the interaction of the functional groups (active sites) on the pore
walls of the K95DO membrane.' In addition, the K75D20
membrane showed removal rates of 99.12% Pb(II), 99.82%
Cu(1I), 85.62% Zn(11), and 65.94% Cd(II), which, except for
Pb(1I), were approximately 1.5 (Cu(Il)), 2.7 (Zn(Il)), and 2.2
(Cd(11)) times higher than those of a pristine K95DO
membrane, respectively. The presence of dolomite addition
supplies greater amounts of calcium and magnesium to the
membrane. During the sintering process, calcium and
magnesium elements can bond to aluminosilicates via a weak
electrostatic interaction. Therefore, this allows for ion exchanges
between heavy-metal ions in feed solutions with an acidic pH
and exchangeable cations such as Ca®*, Mg**, and K** or charged
H* ions on the membrane surface and inner side. The ion
exchange mechanism is as follows (eq 9)%3¢

[M™A"] + Cationt & [M Cation™] + A" 9)

In addition, the permeate flux of the K7SD20 membrane (156.2
L/h-m?) for metal ions was about 5.7 times higher than that of
the K95D0 membrane (27.5 L/h-m?). These results show that
the addition of dolomite enhanced both the removal rate and
permeate flux.

The K75D20 membranes sintered at different temperatures
were also applied to the removal of heavy metals and permeate
flux. As shown in Figure 16 and Table 4, the removal rates of the
membranes for heavy metals decreased noticeably when the

Figure 16. Complex heavy-metal removal efficiency and flux of the
K75D20 membranes sintered at different temperatures for 4 h (applied
pressure, 0.015 MPa; pH §; feed concentration of complex metals, 50

ppm).

Table 4. Complex Heavy-Metal Removal Efficiency and Flux
of the K75D20 Membranes Sintered at Different
Temperatures for 4 h”

removal rate (%)

sintering temperature flux
°C (L/h'm?) Pb Cu Zn Ccd
1100 118.8906 97.69  59.07 1438 697
1150 148.824 93.54  56.63 0.53  0.00
1200 181.9229 39.32 11.73 0.00  0.00
1250 690.7532 0.00 3.30 0.00  0.00

“Applied pressure, 0.015 MPa; pH S; feed concentration of complex
metals, 50 ppm.

membranes were sintered at high temperatures. In particular, the
K75D20 membrane sintered at 1250 °C did not catch metal ions
except for Cu ions. It could be explained that Ca>* and Mg** ions
in dolomite reacted with mullite and became the anorthite and
cordierite (eqs 7 and 8). According to some researchers,”’
using raw materials with big particles for membrane fabrication
leads to the formation of integrated pores. These integrated
pores lead to a decrease in both the specific surface area and
liquid entry pressure of water, allowing some water with heavy-
metal jons to pass through the membrane into the collection
side. As a result, removal rates decline, revealing sharp increases
in the permeate flux data.

The effect of the multielement concentration on the flux and
removal rate is shown in Figure 17. The removal amount for all
heavy-metal ions declined with an increase in the initial metal-
ion concentration from 10 to 100 mg/L, and the flux for the
filtration of the feed solution remained stable. These rate
declines might be caused by the increase in the initial
concentration, which leads to the saturation of the membrane
sites. The number of available active sides on the membrane for
the removal of metal ions decreased at a higher feed
concentration. From this, the amount of metal ions removed
depends on the initial concentration of metal ions.”® On the
other hand, it is a membrane, so the removal rate also depends
on the pore size of the membrane, since, as mentioned above,
integrated pores can allow some water together with metal ions
to pass from the feed solution into the collection side.”” Another
factor is the presence of metal-ion competition during the
removal process because it is a multielement system. Neris et
al.’” clarified the three types of metal-ion competition: it is
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Figure 17. Effect of the feed concentration on the flux and removal rate
of the K75D20 membrane sintered at 1100 °C for 4 h (applied pressure,
0.015 MPa; pH §).

possible for metal-ion competition to increase or decrease, or
metal ions may not interact in the multielement system. In our
case, the removal rate followed the order Pb > Cu > Zn > Cd.
The removal percent of Pb(II) was observed to be higher than
that of other metal ions including Cu(Il), Zn(II), and Cd(II).
The Pb(1I) ions were assigned to their ionic radius (1.19 A) and
Pauling electronegativity (2.33), which were higher than those
of Cu(II) (0.73 and 1.95 A), Zn(II) (0.83 and 1.63 A), and
Cd(II) ions (0.97 and 1.69 A). High ionic radii and Pauling
electronegativities involve stronger electrostatic interactions
with active functional groups present in the membrane.”’

In addition, we carried out element analysis using the K75D20
membrane sintered at 1100 °C for 4 h before and after removal
for multiple heavy-metal ions. The results are illustrated in
Figure 18. Before applying the membranes in the multielement
system, Al, Si, Ca, Mg, and O were mainly found on the surface
of the membrane. However, after applying the membranes in the
multielement system, Al, Si, Ca, Mg, O, Pb, Cu, Zn, and Cd were
detected on the membrane surface. This reveals that the
membranes successfully caught the heavy-metal ions, which is
also confirmed by XPS results (Figures 19 and 20). As illustrated
in Figure 19, the Pb 4f, Cu 2p, Zn 2p, and Cd 3d signal peaks
appear in the spectrum of the K75D20 (K75D20 + Pb, Cu, Zn,
and Cd) membrane after removal of complex heavy metals,
which indicates that heavy-metal ions adsorbed into the
K75D20 membranes. In addition, each element’s signal peaks

are more clearly shown in Figure 20. Therefore, the mechanism
of the metal-ion adsorption process into ceramic membranes
can be explained by electrostatic attraction. The electrostatic
reaction occurs between the negatively charged active sites of the
membrane and the positively charged metal ions. The
mechanism is as follows (eqs 10 and 11):*'

2(Si07) + M** - (Si-0),M (10)

(11)

Comparison with Other Membranes. The heavy-metal
removal performance of K75D20 membranes compared with
other reference’s membranes is shown in Table 5. As shown in
Table S, it is clear that the K75D20 membranes have the
potential to remove the heavy metals from aqueous media, and
the obtained results are comparable with other membranes.
Moreover, the K75D20 membranes showed higher water flux at
low operating pressure compared to other membranes.

Membrane cost is a major concern for practical application on
the industrial scale. The primary limiting factors of commercial
ceramic membranes are the high cost of raw materials (pure
oxides) and high sintering temperature. In this study, the usage
of inexpensive precursors and low sintering temperature
reduced the cost of raw materials and membrane production
because dolomite is a cheaper material than kaolin.

2(Al07) + M** = (Al-0),M

B CONCLUSIONS

In this work, kaolin- and dolomite-based adsorptive ceramic
membranes (K9SDO and K65D30) were prepared for the
removal of Pb(II), Cu(Il), Zn(II), and Cd(II) from aqueous
solutions. The dolomite addition of 20 wt %, sintering time of 4
h, and temperature of 1100 °C were found to be appropriate for
membrane preparation. The dolomite addition improved both
the compressive strength and pure water flux at a very low
operating pressure (0.015 MPa). On the other hand, compared
to commercially available alumina, titania, zirconia, and silicon
carbide membranes, kaolin- and dolomite-based membranes
have low mechanical strength, low temperature resistance, and
high hygiene. But the obtained membrane with an optimal
composition can be produced at a lower sintering temperature
and raw material production cost compared to commercial
ceramic membranes, which is one of its advantages for
application. In addition, we have deeply clarified the adsorption
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Figure 18. Elemental analysis of the K7SD20 membrane sintered at 1100 °C for 4 h before (a) and after (b) the removal of complex heavy metals.
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Figure 19. XPS patterns of the K75D20 membrane sintered at 1100 °C for 4 h before and after the removal of complex heavy metals.
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Figure 20. High-resolution XPS spectra of Pb 4f, Cu 2p, Cd 3d, and Zn 2p on the K75D20 membranes sintered at 1100 °C for 4 h before and after the

removal of complex heavy metals.

Table S. Comparison of Heavy-Metal Removal Performance on the Different Membranes

applied feed
pressure feed concentration
membranes target pollutants (MPa) flux (L/h-m?) pH (mg/L) removal efficiency (%) references
clay-based CM with Cu(II) and Zn(II) <7 5-50 97.88—99.26 and 76.79—92.23 1
SnO,/MMT
CHFM derived from  Zn(II), and Pb(II) 0.2 S S0 99 41
RHA
GO/ATP composite ~ Cu(II), Pb(II) and Cd(II) 0.5 6.3 S 100 ~100 4
ZIF-300 MOF Cu(1D) 0.1 392 460 99.21 2
membrane
kaolin-dolomite-based 0.015 118.89—156.15 S 10—100 88.3—99.1, 38.1-99.8, this work

Pb(11), Cu(1I), Zn(1I) and
CM Cd(ID)

6.2—85.6 and 1.8—65.9

mechanism based on instrumental analysis from the viewpoints
of both experimental and theoretical. The K75D20 membrane
sintered at 1100 °C had the best removal rates for heavy-metal
ions compared with the other membranes. The morphology,
functional groups, charge distribution, and weakly bonded
cations of the K75D20 membrane were highly influential in its
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ability to efficiently capture heavy-metal ions. The outcomes of
this study offer beneficial perspectives on the role of membranes
in heavy-metal removal and their possibilities for a broad range
of applications, such as supports for membrane distillation, gas

applications, and photocatalytic membranes.
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