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Abstract

Ettringite is a hydrous calcium aluminum sulfate mineral present in cement. In this study, ettringite was synthesized via
co-precipitation to remove methyl blue, dichromate, and copper ions from solutions with various pH values. The synthesized
ettringite was characterized using scanning electron microscopy, X-ray photoelectron spectrometry, Fourier transform
infrared spectroscopy, zeta potential analysis, and the Brunauer—-Emmett—Teller method. Equilibrium adsorption experiments
were performed using methyl blue and dichromate at pH values ranging from 5 to 11. To avoid precipitation, equilibrium
adsorption experiments were performed on copper ions in solutions with pH values of 3, 4, and 5. The adsorption kinetics
experiments for each contaminant were performed at pH 5. The results showed that ettringite was successfully synthesized,
and calcite might have precipitated during the synthesis process. The point of zero charge was at pH 8.6. The maximum
adsorption capacities for methyl blue, dichromate, and copper ions at pH 5 were 406, 321, and 365 mg/g, respectively. The
adsorption kinetics fitted the pseudo-second-order model well. The properties of the contaminants affect their equilibrium
and rate constants. lon exchange is regarded as the primary adsorption mechanism, whereas the other mechanisms include
complexation, hydrogen bonding, surface precipitation, m-interaction, and van der Waals forces. This study revealed a new
adsorbent, ettringite, for the removal of contaminants from wastewater, which is a promising alternative adsorbent that can
be used under specific conditions.
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Introduction

Numerous contaminants are discharged into water bod-
ies due to industrialization, urbanization, and population
growth. Contaminants such as heavy metal ions and dyes
can affect public health and ecosystems. Numerous meth-
ods have been developed to address this problem, including
chemical precipitation, adsorption, photocatalysis, biologi-
cal treatment, ion exchange, and membrane filtration (Price
and Finney 2000; Liu et al. 2002; Pal et al. 2007). Biological
treatment is considered to be a low-cost method. However,

P< Nguyen Duy Hai
nguyenduyhai @tuaf.edu.vn

P< Huan-Ping Chao
hpchao@cycu.edu.tw

Department of Civil, Chung Yuan Christian University,
Taoyuan 32023, Taiwan

Department of Environmental Engineering, Chung Yuan
Christian University, Taoyuan 32023, Taiwan

Faculty of Environment, Thai Nguyen
University of Agriculture and Forestry (TUAF),
Thai Nguyen City 24000, Vietnam

Sustainable Technology and Solution Laboratory
(STAS.Lab), Thai Nguyen University of Agriculture
and Forestry (TUAF), Thai Nguyen City 24000, Vietnam

Center for Environmental Risk Management, Chung Yuan
Christian University, Taoyuan 32023, Taiwan

microorganisms cannot readily degrade all contaminants.
Chemical precipitation is used to remove the specific con-
taminants. Photocatalysis, ion exchange, and membrane fil-
tration are expensive operational techniques. Among these,
adsorption is the most common method used to remove low
concentrations of contaminants via advanced wastewater
treatment.

Several other adsorbents have also been investigated.
Zeolite, clay, and titanate nanotubes (TNTs) have been used
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to remove cationic contaminants such as heavy metal ions
and dyes (Lee et al. 2008; Motsi et al. 2009; Adeyemo et al.
2017). A cationic dye with a concentration of <30 mg/L can
reach equilibrium kinetic adsorption within 30 min (Adey-
emo et al. 2017). Activated carbon, biochar, and hydrochar
have been used to adsorb organic compounds and heavy
metal ions (Tran et al. 2017; Nguyen et al. 2019; Zhang et al.
2020). For example, the amounts of copper and cadmium
adsorbed onto activated carbonaceous materials reached
182 and 208 mg/g, respectively (Nguyen et al. 2019). New
carbonaceous materials such as carbon nanotubes, carbon
spheres, and graphene oxide have been used as adsorbents
to remove contaminants such as heavy metal ions, nonionic
organic compounds, and dyes (Wang et al. 2009; Tofighy
and Mohammadi 2011; Ranjan et al. 2019). Most adsor-
bents exhibit negatively charged surfaces. Therefore, these
adsorbents do not easily adsorb anionic contaminants. Lay-
ered double hydroxides (LDHs) have been investigated for
the adsorption of anionic contaminants, such as AsO43_,
Cr,0,°7, Se0;*~, BrO; —, PO,*, NO,~, and dyes (Das et al.
2004; Goh et al. 2008; Yu et al. 2012; Chubar et al. 2013;
Lei et al. 2017; Ji et al. 2017; Pourfaraj et al. 2017).

The surface properties of the adsorbents can determine the
adsorbed amounts of contaminants. Several researchers have
attempted to modify adsorbent surfaces, and these modified
adsorbents can adsorb various types of contaminants.
Cationic surfactant-modified zeolites, clays, and TNTs can
absorb nonionic organic compounds, cationic metal ions,
and oxyanions (Krishna et al. 2001; Chao et al. 2012; Orona-
Navar et al. 2018). LDHs that are intercalated by organic acid
can adsorb cationic and oxyanionic metals simultaneously
(Tran et al. 2018). Although modified adsorbents can absorb
more contaminants than their unmodified counterparts, they
are rarely used for removing contaminants from wastewater.
This is because the absorbents release modified substances.
To maintain the stability of the adsorbents, composite
adsorbents have recently been developed to increase the
adsorption amounts of specific contaminants or other types
of contaminants (Begum et al. 2021; Zhang et al. 2022).

Although many adsorbents have been synthesized
to remove different contaminants, some have not been
comprehensively investigated. Herein, we present
a novel ettringite adsorbent for cationic metal ions,
oxyanions, and anionic dyes. Ettringite is a hydrous
calcium aluminum sulfate mineral. The general molecular
formula of ettringite is CagzAl,(SO,);(OH),,-26H,0
(Moore and Taylor 1968). Calcium ions and sulfate may
form CaSO,, and the remaining calcium ions can react
with H,O to form Ca-4H,0. Meanwhile, aluminum ions
generate coordinate bonds with the hydroxyl groups to
form an octahedral structure. Al(OH)63‘ can bond with
three Ca-4H,0 to form a polyhedron. AI(OH)¢*~ in the
polyhedron can connect with Ca-4H,0 in other polyhedra.
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Ettringite typically forms rod-like crystals (Figure S1).
Stacked aluminum and calcium hydroxide polyhedra were
arranged along the crystallographic axis to form ettringite
crystal structures. Hydroxyl groups were six times more
abundant than aluminum ions along the central axis. The
hydroxyl and H,O molecules of the same structure, which
appeared mainly around the central structure, produced
ettringite. Additionally, these water molecules hydrate the
hydration shells of intercolumnar sulfate ions (Tararushkin
et al. 2022). Ettringite can effectively adsorb anionic
contaminants because it possesses the exchangeable anion
SO,%". Ettringite has been added to Portland cement to
inhibit the release of toxic anions (Merlini et al. 2008).
Therefore, the characteristics of ettringite in cement have
been widely investigated (Cody et al. 2004; Tosun et al.
2010; Hargis et al. 2013; Shamaa et al. 2015). However,
ettringite in low-pH solutions can generate unstable
chemical structures. Several studies have used ettringite
to adsorb anionic contaminants from water. Hiraga and
Shigemoto (2010) used ettringite under specific conditions
to remove borates. The borate removal rate increased
with increasing amounts of Ca(OH),/Al,(SO,);. Borate
undergoes a co-precipitation reaction with A1(OH); in
a solution of pH 10. lizuka et al. (2014) used ettringite
derived from waste concrete to remove borate from water.
However, they did not achieve high removal rates.

Ettringite was used in the present study to adsorb cationic
and anionic contaminants. First, ettringite was synthesized
via co-precipitation. Next, the characteristics of ettringite
were determined by measuring its surface properties. The
ettringite samples were prepared and used to adsorb copper
ions, dichromate, and methyl blue (MB) at various pH
values. Except for composite adsorbents, most adsorbents
have only been applied to remove cationic or anionic
contaminants. An alternative mineral, ettringite, which
removes cationic and anionic contaminants from water and
wastewater simultaneously, is presented herein.

Materials and methods
Materials and reagents

All chemicals with > 95% purity were purchased from Merck
or Sigma-Aldrich and used without further purification.
Aluminum sulfate and calcium oxide were used to synthesize
ettringite. Sulfuric acid and sodium hydroxide (NaOH) were
used for pH adjustment. Stock solutions of MB, potassium
dichromate, and copper nitrate were prepared. MB (anionic
dye), dichromate, and copper ions were used as target
contaminants.
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Synthesis of ettringite

First, Ca’*/A1’*/SO,2~ with a molar ratio of 6:2:3 was
used to prepare ettringite. Next, 138 g of CaO and 25.2 g
of Al,(S0,);-13-14H,0 were dissolved separately into
100 mL of distilled deionized (DD) water. After dissolving
the chemicals in the DD water, the two solutions were
mixed using a breaker. The pH of the solution was adjusted
to 12. The mixture was then stirred at 25 °C for 6 h. The
solution was filtered through a 0.45-um filter, and the solid
was obtained. The ettringite samples were washed with DD
water until the pH of the filtrate reached approximately 7.0,
after which they were dried at 50 °C for 24 h to produce the
adsorbent.

Characterization of ettringite

The morphology of ettringite was determined using a
field-emission scanning electron microscope (SEM;
S-4800; Hitachi Ltd., Tokyo, Japan) and energy dispersive
spectroscopy (EDS). EDS was used to determine the
elemental composition of the samples. The crystal structures
of ettringite samples were measured using X-ray diffraction
(XRD; PW3040/60 X'Pert Pro, PANalytical, Worcestershire,
UK) with Cu Ka radiation (@ =0.154 nm). The scanning
angle 26 ranged from 5° to 60°, and the scanning rate was
3°/min. Fourier transform infrared (FTIR) spectra were
obtained using a PerkinElmer (MA, USA) 1600 FTIR
spectrophotometer to determine the functional groups.
The pore characteristics and surface areas of the ettringite
samples were determined using the Brunauer—-Emmett—Teller
(BET) method with a Micromeritics (GA, USA) ASAP 2020
sorptometer. The surface charges of the ettringite samples in
a specified pH range were measured using a zeta potential
analyzer (Zetasizer Nano-Z, Shimadzu, Kyoto, Japan).

Equilibrium adsorption experiments

Equilibrium adsorption was performed using batch
experiments. Each experiment was duplicated, the bias of
the experiments exceeded 15%, and all experiments were
performed in triplicate. Approximately 0.02 g of each
adsorbent was added to a 50 mL Corex centrifuge tube
containing the contaminant solution at concentrations
ranging from 50 to 1000 mg/L. The pH of the solution
was varied from 5 to 12. Because copper ions in high-pH
solutions may generate precipitates, the pH values were set
between 3 and 5 for copper ion adsorption. The centrifuge
tubes were placed on a shaker at 150 rpm and 25 °C for
24 h to reach equilibrium. The solutions were filtered
using a 0.45-pm filter. The supernatants were obtained to
measure the contaminant concentrations. The copper and
dichromate concentrations were determined by atomic

absorption spectrometry (Avanta/AAS, GBC Scientific,
Victoria, Australia). The MB concentration was determined
using ultraviolet—visible (UV-vis) spectrophotometry (10
UV-vis, Genesys, CA, USA) at a wavelength of 633 nm. The
amount of contaminant adsorbed at a specified concentration
at equilibrium is expressed as ge(mg/g), which can be
calculated using the mass balance equation.

g = =Gy (1)
m

where C, (mg/L) and C, (mg/L) are the initial and
equilibrium concentrations of the adsorbates, respectively;
m (g) is the mass of the adsorbent; and V (L) is the volume
of each adsorbate solution.

To elaborate the adsorption characteristics of the test
contaminants on ettringite, the Langmuir and Freundlich
models are expressed as Egs. (2) and (3), respectively.

— QmaxKLCe 2
9= TyK,.C, @)
q, = Kp C/" 3)

where ge and C, are defined in Eq. (1); Q. (mg/g) is
the maximum adsorption capacity of the adsorbate on the
adsorbent; K (1/mg) is the Langmuir constant; and Ky
((mg/g)/(mg/1)") and n (dimensionless) are the Freundlich
constants. All equilibrium adsorption experiments were
performed in duplicate. When errors exceeded 15%, the
experiments were performed in triplicate. The average
values were used to estimate the model parameters.

Experiments of adsorption kinetics

To investigate the adsorption kinetics, initial contaminant
concentrations of 100, 300, and 500 mg/L were used. The
pH of the solution was maintained at an optimum value for
equilibrium adsorption experiments. Subsequently, 1.0 g of
the adsorbent was added to 500 mL of the solution at 25 °C
and 150 rpm using a magnetic stirrer. The samples were
obtained at intervals of 0, 4, 16, 36, 64, 100, 144, 196, 256,
324, 400, and 1440 min. The obtained samples were filtered
using a 0.22-pm filter. Contaminant concentrations were
analyzed using atomic absorption spectrometry or UV—vis
spectrophotometry. The amount of contaminant adsorbed
(qt, mg/g) on the adsorbent at time t was calculated using
Eq. (4).
(Co_ct)

q9=—"V “
m
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where C, and C, are the contaminant concentrations in the
solution at the beginning and at any time, respectively; m
(g) is the mass of the adsorbent; and V is the volume of the
solution.

The nonlinear forms of the pseudo-first-order and pseudo-
second-order models are expressed by Eq. (5) and (6),
respectively.

q, = q,(1—e™hh ®)
2
q;kyt
- €< 6
a9 1+ kyq,t ©)

where k; (1/min) and k, (g/mg min) are the rate constants in

the pseudo-first-order and pseudo-second-order equations,
respectively. The adsorption kinetics experiments were
performed in triplicate. The average values and error bars
were used to express the error.

Economic analysis

Adsorption is known to be a low-cost technology. The cost
of an adsorbent to remove 1 g of adsorbate can be expressed
as Eq. (7) (Pham et al. 2016). The total cost is calculated by
the sum of purchased and energy costs. Equation (7) can be
converted to Eq. (8).

adsorption cost for removing one gram contaminant
total cost (USD) @)
removed contaminant (gram)

Adsorption cost for removing one gram contaminant

. UsD UsD
(Chemlcal purchased cost (—) + Energy cost< g:ﬁ) kWH) ®)

gram

Adsorpti ity @2 103 L
sorption capacity = o

Results and discussion
Properties of ettringite

SEM images of the synthetic ettringite are shown in Fig. 1.
The synthetic ettringite displayed a rod-like appearance.
Although ettringite may form ball and needle shapes (Tosun
and Baradan 2010; Hargis et al. 2013), the rod shape is the
most typical shape (Cody et al. 2004). The length of the
ettringite was approximately 1 pm. These results are consist-
ent with those of a previous study (Mantellato et al. 2016).

To determine the main elemental composition of the
synthetic ettringite, its EDS spectra were obtained, and the
results are shown in Fig. S2. It primarily comprised oxygen,
calcium, sulfur, and aluminum, which is consistent with the

@ Springer
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Fig. 1 SEM image of the synthetic ettringite

Table 1 Weight and mole ratios of the synthetic ettringite

Element Weight ratio (%) Molar ratio(%)
Ca 31.16 17.08
Al 6.99 5.68
S 13.26 9.08
(0} 45.25 62.06
C 3.34 6.10

elemental composition of ettringite. The trace amounts of
carbon observed may have resulted from calcite (CaCO5),
which is typically used in ettringite synthesis. The weight
ratios of the elements measured using EDS are listed in
Table 1. Owing to its chemical structure, oxygen exhibited
the highest ratio in synthetic ettringite. The molar ratio of
calcium/aluminum/sulfur was 6:2:3, which corresponded
to the expected chemical structure of ettringite. Therefore,
ettringite was successfully synthesized.

The XRD patterns of the synthesized samples are shown
in Fig. 2. The XRD patterns showed that the synthesized
samples possessed good crystallinity. The position of dif-
fraction angles 26 can reveal the crystal structure of the sam-
ple via a comparison between the “American Mineralogist
Crystal Structure Database” and the literature (Clark and
Brown 1999). The 26 values of 9.16°, 15.73°, 17.9°, 18.86°,
23.16°, 25.66°, 32.43°, and 35.1° reflected the characteristic
peaks of ettringite. The 26 values at 29.36° and 40.8° were
due to calcite. Because carbon dioxide in air may dissolve in
the solution during synthesis, a high calcium concentration
causes the precipitation of CaCOj. This result was consist-
ent with the aforementioned description of the weight ratios
of the elements. The characteristic peaks of calcium sulfate
(CaSO,) were located at 260=14.68°, 29.6°, 32.04°, 49.31°,
and 54.08°. However, the characteristic peaks of CaSO, are
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Fig.2 XRD pattern of the synthetic ettringite
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Fig.3 FTIR spectra of the synthetic ettringite before and after
adsorption

not shown in Fig. 2. The results revealed that although sul-
fate can react with calcium ions, CaSQ, is not released from
ettringite to produce precipitation in the solution. However,
the XRD patterns showed that ettringite was successfully
synthesized.

The FTIR spectra of synthetic ettringite before and after
adsorption are shown in Fig. 3. Before and after adsorp-
tion, the ettringite contained identical functional groups.
The bands near 3440 cm™! were assigned to the O-H group,
which is present in most minerals. The bands observed
near 1647 cm™~! were attributed to the bending vibration of
O-H=Ca-OH,. The band at 1138 cm™" was attributed to the
stretching vibration of SO,*~. The bands at 874 cm™' and

Table 2 The pore characteristics of the synthetic ettringite

Pore volume
(cm’/g)

BET surface area
(m®/g)

Average pore
size(nm)

Ettringite ~ 14.2 0.108 30.2

550 cm™! corresponded to the bending vibration of AI-OH.
These functional groups were consistent with the ettring-
ite structure. The band at 1459 cm™! corresponded to the
CO32‘ group originating from CaCO;, which is consistent
with the XRD patterns.

Although the pore size, pore volume, and specific
surface area of ettringite negligibly affected the adsorption
capacities of the contaminants in this study, the pore
characteristics of the adsorbent are important factors
in determining the adsorption mechanisms of specific
contaminants. For further observation of the pore
characteristics, the adsorption—desorption isotherms of
nitrogen for synthetic ettringite are illustrated in Fig. S3. The
adsorption—desorption isotherms did not exhibit a significant
hysteresis loop. According to the International Union
of Pure and Applied Chemistry chemical nomenclature
classification, the curve is a type-II isotherm. The
results revealed that the synthetic ettringite without clear
micropores was not a porous material. The pore size of the
mesoporous materials does not limit the adsorption of dyes
into the pores.

The pore characteristics included the BET specific surface
area (Sggt), average pore size, and pore volume (Table 2).
The Sgpr value of synthetic ettringite was 14.2 m?/g,
which is slightly higher than that reported in the literature
(Mantellato et al. 2016). The average pore size of 30.2 nm
shows that ettringite primarily comprised mesopores. A pore
volume of 0.108 cm?/g is similar to that of minerals with
mesopores.

The surface charge of ettringite varies with the solution
pH. Surface charge is a key factor that affects contaminant
adsorption through ion exchange. Figure 4 illustrates the
measurement of the zeta potential of the synthetic ettringite
in various pH solutions. As shown in Fig. 4, the zero charge
sites of the synthetic ettringite occur at pH 8.6. A solution
pH value > or < 8.6 can affect the adsorption capacities of
the test contaminants if ion exchange is regarded as the pri-
mary adsorption mechanism. A solution pH < 8.6 favors the
adsorption of MB and dichromate onto ettringite. A solution
pH > 8.6 favors the adsorption of copper ions on ettringite.
However, in addition to ion exchange, other potential adsorp-
tion mechanisms may affect the adsorption capacity of the
test contaminants. Therefore, the adsorption capacities of
the test contaminants in solutions with various pH values
must be determined.

@ Springer
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Fig.4 Zeta potential of the synthetic ettringite

decreased as the pH of the solution increased. This occurred
because OH™ can compete with the anionic contaminants
for adsorption sites. Moreover, H* competes with copper
ions for adsorption sites. These results indicated that ion
exchange was the primary adsorption mechanism. Synthetic
ettringite with sulfate provides exchangeable anion sites for
MB and dichromate. Calcium ions in ettringite can provide
exchangeable cation sites for copper ions. In particular,
when the solution pH exceeded 8.6, anionic contaminants
were still adsorbed onto the ettringite. The results showed
that other adsorption mechanisms were present between the
anionic contaminants and ettringite.

The data fitting the Langmuir and Freundlich models for
the adsorption of MB, dichromate, and copper ions on syn-
thetic ettringite are presented in Tables 3, 4, and 5, respec-
tively. The data fit the Langmuir model well, as indicated
by the R-square values exceeding 0.95. The results showed
that the maximum adsorption capacities for the test contami-

Table 3 Adsorption isotherm pH Langmuir model Freundlich model

parameters of MB on the

synthetic ettringite Oinax R’ K, R? Ky n
5 406 0.9769 0.0191 0.9495 18.1 3.98
6 388 0.9791 0.0126 0.9422 12.9 3.37
7 377 0.9629 0.0092 0.9626 12.1 3.13
8 349 0.9960 0.0075 0.9486 11.6 1.93
9 313 0.9837 0.0072 0.8609 5.23 1.58
10 273 0.9704 0.0092 0.7818 5.52 1.64
11 228 0.9650 0.0106 0.7609 6.56 1.81

Equilibrium adsorption

The adsorption isotherms of the selected contaminants on
synthetic ettringite in solutions with various pH values
are shown in Figure S4. All isotherms displayed concave
downward curves. The results show that synthetic ettringite
is an excellent adsorbent for the selected contaminants in
solutions with a pH of 3—11. For the anionic contaminants,
MB and dichromate, the adsorption amounts increased as
the solution pH decreased. The amount of copper adsorbed

nants could be estimated using the Langmuir model. All n
values in the Freundlich model exceeded 1.0, which corre-
sponded to the concave downward curves in the adsorption
isotherms. As expected, the maximum adsorption capaci-
ties for MB and dichromate decreased in high-pH solutions.
The K; values of the contaminants in the Langmuir model
differed significantly. The K| values represent the ratios of
the adsorption to desorption rates of the contaminants in
the equilibrium state. The relatively high K| value indicates

Table 4 Adsorption isotherm H Langmuir model Freundlich model

parameters of dichromate on the

synthetic ettringite Oinax R Ky R? Ky n
5 321 0.9834 0.210 0.9158 11.5 3.29
6 308 0.9654 0.179 0.9321 18.3 3.33
7 252 0.9837 0.444 0.8705 18.7 3.81
8 218 0.9672 0.485 0.8940 10.6 3.90
9 202 0.9682 0.606 0.8784 9.5 4.09
10 185 0.9637 0.348 0.7506 14.5 3.61
11 171 0.9620 0.093 0.6432 10.9 2.59
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Table5 Adsorption is.otherm pH Langmuir model Freundlich model
parameters of copper ion on the
synthetic ettringite Onmax R? Ky R Kr n
3 213 0.9936 3.07 0.8820 18.2 8.41
267 0.9620 322 0.9316 15.1 7.93
5 365 0.9837 3.27 0.8091 13.7 4.93

a strong interaction between the adsorbate and adsorbent.
From Tables 3, 4, 5, the K| values, in the order of highest to
lowest, are: MB < dichromate < copper. The results showed
that the three contaminants interacted differently with syn-
thetic ettringite.

The highest amounts of MB and dichromate adsorbed
in the pH 5 solution were 406 and 321 mg/g, respectively.
The adsorption amounts in this study are higher than those
reported in the literature (Fan et al. 2012; Liu et al. 2013;
Shu et al. 2015; Farahat et al. 2021; Tang et al. 2021;
Xu et al. 2021). The highest amount of adsorbed copper
ions was 365 mg/g. Copper ions can be adsorbed on the
adsorbent through mechanisms other than ion exchange.
Some adsorbents exhibited high adsorption capacities for
copper ions. However, the adsorption amounts in this study
were higher than those reported in the literature (Hansen
et al. 2010; Demiral and Giingor, 2016; Nguyen et al.
2019). These results demonstrate that synthetic ettringite
can effectively remove anionic and cationic contaminants

from wastewater.

Adsorption kinetics

The maximum adsorption capacities for the selected con-
taminants were observed in solutions with pH 5. The adsorp-
tion kinetics curves for the three selected contaminants on
ettringite in a pH 5 solution are shown in Fig. 5. The results
show the adsorption kinetics of the three contaminants at
initial concentrations ranging from 100 to 500 mg/L. The
adsorption reactions of the three contaminants reached equi-
librium within 100 min. The results showed that synthetic
ettringite could rapidly remove contaminants when used for
treating water or wastewater. The equilibrium times differed
for the three contaminants. The adsorption reactions for
MB, dichromate, and copper reached equilibrium after 100,
40-60, and 30-40 min, respectively. Because ettringite is
not a porous material, the diffusion of the pores inside does
not significantly affect the equilibrium time. These results
were ascribed to differences in the adsorption mechanisms
of the selected contaminants on the synthetic ettringite. Ion
exchange was the primary mechanism by which dichro-
mate and copper were absorbed by synthetic ettringite. The
mechanism by which the MB absorbs synthetic ettringite is
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Fig.5 Adsorption kinetics of test contaminants (a-methyl blue;
b-dichromate, and c-copper) on the synthetic ettringite
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complex. In addition to ion exchange, hydrogen interactions,
van der Waals forces, and other interactions are the potential
adsorption mechanisms. The potential interactions are dis-
cussed in the subsequent sections.

The data for the adsorption kinetics of the three
contaminants on synthetic ettringite fitted to the pseudo-
first-order and pseudo-second-order models are listed in
Table S1. The data fit the pseudo-second-order model well,
as indicated by R-square values exceeding 0.999. These
results support the previous assumption that chemical
adsorption is the primary adsorption mechanism. The rate
constants in the pseudo-second-order model decreased
as the initial concentration increased. High contaminant
concentrations significantly affected the adsorption rate. The
rate constants for MB were significantly lower than those for
dichromate and copper, which is consistent with previous
descriptions of equilibrium time.

Adsorption mechanisms

The crystal structure of ettringite varies with the solution
pH. Metal ions may be partially released from ettringite in
a low-pH solution to generate CaSO4 (Hampson and Bailey
1982). However, synthetic ettringite generates significant
amounts of adsorbed contaminants. The potential adsorption
mechanism required further investigation. Copper ions are
absorbed onto synthetic ettringite primarily through ion
exchange. Copper can replace calcium in synthetic ettringite
or CaSO, in low-pH solutions. However, hydrogen ions
can compete with copper ions for adsorption sites. Thus,
the number of copper ions adsorbed onto the synthetic
ettringite increased with increasing solution pH. In addition,
the complexation reaction was an important adsorption
mechanism. The oxygen atoms in the synthetic ettringite
may undergo complexation with the copper ions. Thus, the
adsorption mechanisms of copper on synthetic ettringite
were regarded as ion exchange and complexation reactions.

The adsorption mechanism of MB onto synthetic
ettringite is complex. The potential adsorption mechanisms
of dyes on the adsorbent include ion exchange, hydrogen
bonding, surface precipitation, z-interaction, van der
Waals force, and pore filling. Hydroxide ions competed
with MB for adsorption sites. lon exchange is regarded as
an important adsorption mechanism. Calcium can attract
anionic contaminants to the surface of an adsorbent and
increase the adsorption of anionic contaminants. Thus,
surface precipitation is a potential adsorption mechanism.
The molecular formula of MB is C;;H,;N3;Na,04S;.
Nitrogen, oxygen, and sulfur atoms can form hydrogen bonds
with the oxygen atoms in ettringite. Therefore, hydrogen
bonding is regarded as a potential pathway through which
MB is adsorbed onto synthetic ettringite. However, hydrogen
bonding only slightly increased the adsorption capacity. The
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7 bond of the benzene ring on MB can generate a specific
interaction with metals. MB with rich benzene rings can
generate z-interactions with calcium and aluminum on the
synthetic ettringite. Although the z-interaction with metal
has previously been reported (Tran et al. 2016), the effect
of the interaction on the adsorption amount has not been
determined. Organic compounds with polar functional
groups can also be adsorbed onto minerals (Chao et al.
2013). However, van der Waals forces are regarded as weak
interactions between the organic compounds and ettringite.
Ettringite, which lacks a large specific surface area, is not a
porous material. Thus, the effect of van der Waals forces on
the amount of MB adsorbed was negligible. Similarly, the
effects of pore filling on adsorption were negligible.

Dichromate is an anionic contaminant that may replace
the sulfate in synthetic ettringite. Calcium can attract
dichromate to the surface of ettringite, increasing its
adsorption amount. Ion exchange and surface precipitation
are the potential mechanisms of adsorption.

Adsorption cost

According to Eqgs. (7) and (8), the adsorption costs of
removing 1 g of MB, dichromate, and copper contaminants
using ettringite were 0.63, 0.80 and 0.70 USD, respectively.
The synthesis cost of ettringite is lower than that of
adsorbents such as montmorillonite, TNTs, carbon spheres,
and graphite oxide. However, these adsorbents have been
used only to remove cationic contaminants. Ettringite can
remove cationic and anionic contaminants simultaneously.

Conclusion

In this study, ettringite was synthesized to adsorb MB,
dichromate, and copper in solutions with various pH values.
Although ettringite is rarely used as an adsorbent, synthetic
ettringite can effectively remove anionic dyes, oxyanions,
and cationic heavy metals from wastewater. The properties
of ettringite varied with solution pH, and the maximum
adsorption capacities for the selected contaminants were
observed at pH 5. Ton exchange is regarded as the primary
adsorption mechanism. Other mechanisms include
complexation, hydrogen bonding, surface precipitation,
m-interactions, and van der Waals forces. Based on the
proposed mechanisms, synthetic ettringite has the potential
to adsorb contaminants with similar properties. Therefore,
if ettringite is utilized as an adsorbent for wastewater
treatment, it could also be effective in treating other similar
wastewater sources.
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