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Abstract: In modern society, frequent use of synthetic materials in the household and industry
presents a great challenge to environmental and water quality. As such, numerous types of research
have been conducted for potential removal of emerging contaminants from water using advanced
materials. Earth materials, due to their low costs and vast reserves, have also been evaluated in great
details for contaminant removal. In this study, a naturally occurring carbonate mineral dolomite (Dol)
was assessed for the removal of an anionic dye alizarin red S (ARS) from aqueous solution before and
after heat treatment to increase its performance. The ARS-removal capacities increased from 80 to
130 mmol/kg after heat treatment based on the isotherm study. And the ARS-removal efficiency rose
by a factor of four as the partitioning coefficient increased from 1.5 to 6 L/mmol after heat treatment.
The X-ray diffraction (XRD) analyses showed minute conversion of dolomite into calcite after samples
being heated at 800 °C for 3 h. However, there were no phase changes for ARS before and after
its sorption. Fourie transform infra-red (FTIR) results also showed a minute appearance of calcite
after heating. Thus, the increase in ARS sorption could be due to surface reactivation of Dol after
heating or due to formation of a minute amount of amorphous MgO in the system as a result of the
conversion of Dol to calcite. The results from this study will add new perspectives to the utilization
of Earth materials for environmental application.
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1. Introduction

The use of color dyes over the last half-century increased drastically [1]. In a review
article published in 2009, it was stated that about 100,000 types of dyes with a mass of
7 x 10° to 1 x 10° tons were manufactured each year [2]. In the textile industry, once the
dyeing process was finished, the waste, which could contain as much as 85% of the initial
dye, was often discharged into the environment [3], which could significantly impair the
quality of the receiving aquatic system [4]. For example, when the amount of residual dye
in wastewater increased, color, pH, chemical, and biological oxygen demands as well as
metal concentration of wastewater will change correspondingly [5]. As such, extensive
studies for dye removal from water were conducted in the last several decades and various
physical, chemical, and biological removal methods have been explored [3]. Adsorption
represents an excellent physical method for the removal of a wide variety of dyes but
one typical disadvantage of the adsorption method is high material cost associated with
many industrial adsorbents [3]. Thus, many attempts were made to focus on searching for
sorbents with high efficacy and low material costs and many Earth materials, particularly
clay minerals, fall into this category [6-9].

In addition to clay minerals, carbonate minerals such as calcite (Cal) and dolomite
(Dol) were also studied for the removal of color dyes before and after heat treatment.
Previous results showed that Dol will decompose into Cal, magnesium oxide, and carbon
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dioxide at temperatures of 700 °C [10,11], 800 °C [12,13], or 900 °C [14]. Dol heated at
800 °C for 4 h was evaluated for the removal of dyes basic violet 16 (BV14, C23H29CINy)
and reactive red 195 (RR195, C31H19CIN7Na5019Sg) from initial concentrations of 10 to
50 mg/L (constant mass volume ratio of 1.5 g/0.5 L of solution) [15]. Also, Dol heated for
5h at 300, 700, and 900 °C was evaluated for the removal of methyl orange (MO), C.1.13025,
(C14H14N3NaO3S) [14]. In a binary solution made of reactive black 5 (RB5) and Congo
red (CR), Dol treated at 900 °C showed preferential adsorption of CR over RB5 and was
attributed to inner-sphere complexation with amine groups since CR and RB5 contain two
vs. one amine functional groups [16]. In addition, Dol-modified biochar was evaluated for
the efficient removal of anionic dyes remazol brilliant blue (RBB) and RB5 from simulated
wastewater solutions in a recent study with a sorption capacity of 33 and 23 mg/g for RBB
and RB5, respectively [17]. However, neither the Dol nor the pristine rice husk biochar were
tested for comparison. And the mechanism of Dol modification was not discussed, either.
Studies on methylene blue (MB) removal by alkaline-activated Dol showed a capacity of
350 mg/g but no evaluation of original Dol was provided for comparison [18].

Alizarin red S (ARS) is an anionic dye made of typical dihydroxyanthraquinone and
was derived from the roots of plants of the madder genus and was originally used as a
traditional dye [19]. It has also been used over decades for the evaluation of calcium-rich
deposits in cells. It is particularly versatile, as the dye can be extracted from the stained
monolayer and assayed [20]. It can also react with Mg and other group II elements and
form complexes with other divalent transition metals [19]. As most Earth materials have
negative charges on their surfaces, organic materials such as synthetic carbon nanotubes
were evaluated for ARS removal [21]. For inorganic materials, layered double hydroxide
(LDH) was evaluated for ARS removal due to its positively charged surfaces [22]. Removal
of ARS from aqueous media using alumina as an adsorbent was also studied under different
physico—chemical conditions but the removal capacity was not mentioned [23].

ARS was initially used for the identification of carbonate minerals [24]. The stain was
more for aragonite, Cal, witherite, and cerussite, as these minerals dissolve more rapidly in
dilute HCl in comparison to Dol, siderite, magnesite, and rhodochrosite, which react much
slower with the acid and remained unstained [25]. Later, it was found that it was sorbed
more on apatite than on Cal and the sorption was controlled more by its -OH groups rather
than the —-SO3 group [26].

Due to the strong affinity of ARS for calcium and phosphorus, calcium phosphate
hydroxyapatite (Ca-Hap) was synthesized from CaCOj3; and H3POs5 and its removal of ARS
was assessed under different physico—chemical conditions with an ARS removal capacity
of 100 mg/g [27]. Also, the complexation of ARS with Ca?* on surface of fluorite (CaF5)
was studied in detail [28].

A literature survey about eight years ago showed that dye sorption by Dol was almost
non-existent [16]. Removal of RB5, an anionic dye, by Dol after heat treatment resulted
in a capacity of 126 mg/g [16]. Similarly, Dol after being heated to 800 °C also showed
a sorption capacity of 73 mg/g for RR195, another anionic dye [15,29]. Calcinated Dol
at 1100 °C, at which the Dol decayed to CaO, MgO, Ca(OH);, and Mg(OH),, was also
evaluated for the removal of humic acid with a capacity about 22 to 35 mg/g [30].

Although several studies have reported the removal of color dyes using heat-treated
Dol, no report could be found for the removal of anionic dye ARS by Dol before or after
heat treatment. To fill this knowledge gap, in this study, we quantified and compared the
removal of ARS by Dol before and after heat treatment under different physico—chemical
conditions. The sorbents were characterized after ARS sorption. The mechanisms of inter-
actions between ARS and the sorbents were speculated. Overall, the results of this study
would provide new perspectives for the utilization of Earth materials for environmental
remediation and water treatment. Specifically, the bedrocks in southeastern Wisconsin,
where the universities of the authors are located, are Devonian dolomite. Thus, the findings
from this study could promote local and regional business initiatives to actively find new
use of local resources for global environmental application.
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2. Materials and Methods
2.1. Materials

The dolomite (Dol), whose composition is CaMg(COs),, was from the stock dolomite
mineral in the Geosciences Department, University of Wisconsin — Parkside. The chemical
composition of the Dol was characterized with X-ray diffraction (XRD). It was crushed
with a mill crusher and then ground to less than 230 meshes (0.063 mm), in the silt size
range. For heat treatment, 4 ceramic crucibles each with a mass of 8.0 g of ground Dol
were placed inside a muffle furnace. Then, samples were heated to 600, 800, and 1000 °C,
respectively, and maintained for 2—4 h with a heating rate about 30—40°C/min. After
heating, the samples were left inside the furnace overnight to cool to room temperature
(23 °C). They were designated as HDol.

The size distributions of Dol and HDol were measured using the Malvern Mastersizer
2000 laser diffraction particle size analyzer. Briefly, the samples (~0.1 g) were suspended in
50 mL deionized water and laser beams were used to measure particle sizes in the range
of 0.02 to 2000 um. The Mie diffraction theory was then applied by the Mastersizer 2000
software to calculate particle sizes [31].

The anionic dye alizarin red S (ARS) is also referred to as nordant red 3 or alizarin
carmine. Its IUPAC name is sodium; 3,4-dihydroxy-9,10-dioxo-9,10-dihydroanthracene-2-
sulfonate. It has a formula of C14H7NaO7S, a molecular mass of 342.253 g/mol, and CAS#
of 130-22-3. It has Na™ as its counterion. Its color changes from yellow at pH 3.5 to pink at
pH 6.5, to orange-brown at pH 9.4, and, then, to violet at pH 12.0 (Acros). (https://www.
fishersci.com/shop/products/alizarin-red-s-pure-certified-acros-organics-2 / AC400480250
#?keyword=alizarin%?20s, accessed on 12 February 2024). It has pKa values of 5.49
and 10.85 [19], or 4.5 and 11 from Chemical Book (https://www.chemicalbook.com/
ProductChemicalPropertiesCB0711917_EN.htm, accessed on 12 February 2024). Its dimen-
sion and the diagram of speciation against equilibrium solution pH is illustrated in Figure 1.
It is water soluble with values varying from 1 g/L (https://www.chemicalbook.com/
ChemicalProductProperty_EN_CB0711917.htm; https://www.scbt.com/p/alizarin-red-
s-130-22-3 accessed on 12 February 2024) to 7.69% (https:/ /us.vwr.com/store/product/17
336548 /alizarin-red-s-sodium-salt-certified-c-i-58005 accessed on 12 February 2024). Its
melting point is 287-298°C (https://www.scbt.com/p/alizarin-red-s-130-22-3 accessed on
12 February 2024).
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Figure 1. Molecular structures of ARS (a) and its pH-speciation diagrams (b).

2.2. Batch Studies

ARS concentrations of 0.1 and 0.2 mM were used for the initial evaluation of its
adsorption by the HDol treated at 600, 800, and 1000 °C. Briefly, 0.5 g of solid and 10 mL
of ARS solution were mixed in each 50 mL centrifuge tube at 150 rpm for 24 h. Then,
the samples were centrifuged for 10 min at 3500 rpm. The supernatants were filtered by
0.45 um syringe filters. The equilibrium ARS concentrations were determined using a
UV-Vis spectrophotometer at the wavelength 420 nm. As the speciation of ARS is a function
of aqueous pH (Figure 1b), calibration curves were prepared for different pH values and
the concentrations of ARS were determined using the calibration curves of the specific pH
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conditions. The results showed that the ARS removal was about 70% for Dol and HDol
heated to 600 °C, and 99% for the HDol heated to 800 and 1000 °C. As such, the raw Dol and
HDol heated to 800 °C, which exhibited optimal ARS removal capacity, were selected for
further studies of ARS removal under different physico—chemical conditions (see below).
For all following adsorption experiments, the quantities of solid and liquid used
were 0.5 g and 10 mL, respectively. To determine the sorption capacity, the initial ARS
concentrations were 0.0,0.2,0.4, 1.0, 2.0, 3.0, 4.0, and 5.0 mM. The mixtures were shaken
for 24 h at 150 rpm. Then, the samples were centrifuged for 10 min at 3500 rpm. The
supernatants were filtered by syringe filters of 0.45 um in pore size. The equilibrium ARS
concentrations were determined using the UV-Vis method. Proper dilution was made
when the absorbance values were greater than 1.000. For all other batch studies, the initial
concentrations of ARS were 1.0 and 3.0 mM for Dol and HDol, respectively. To quantify
ARS adsorption kinetics, the solid-liquid mixtures were shaken for varying amounts of
time, ranging from % to 24 h. To investigate the effects of ionic strength on ARS adsorption,
the ionic strength was adjusted to 0.001, 0.01, 0.1, and 1.0 M NaCl. To evaluate how pH
would affect ARS adsorption, proper amounts of concentrated HCI or NaOH were added
to adjust the final equilibrium pH to about 3-11. Finally, the mixtures were shaken at 23,
33, 43, and 53 °C to study the temperature effect. The separation of supernatants from the
solids was the same as mentioned before. The amount of dye sorbed was calculated by:

Volume of liquids (mL)
Mass of solid (g)

1)

Cs (mmol / kg) = (Cinitial - CEquilibrium)

2.3. Methods of Analyses

After dye sorption, the solid samples were dried naturally and, then, analyzed by
XRD and Fourie transform infrared (FTIR) to evaluate whether changes in structure or
bonding happened after dye sorption. A Shimadzu 6100 X-ray diffractometer (Kyoto,
Japan) with a Ni filter and a CuK« radiation at 30 kV and 40 mA was used for the XRD
analyses. Samples were scanned at a speed of 2° /min from 20-60° (26). A Shimadzu 8100
spectrometer (Kyoto, Japan) with a quartz ATR was used for FTIR analyses. Samples were
scanned from 400 to 4000 cm~! with a resolution of 2 cm 1.

The Dol and HDol samples before and after the dye adsorption experiments were also
examined using a scanning electron microscope (SEM, model: Hitachi S-4800, Kyoto, Japan).
For this purpose, the samples were mounted onto individual 13 mm aluminum stubs with
carbon tape. The mounted samples were then coated with carbon in a vacuum coater
(Edwards 306A coating system, Irvine, CA, USA). Images were captured using 10.0 kV
accelerating voltage in high-current mode at 15.0 mm working distance. The elemental
makeup of the samples was characterized through energy dispersive X-ray spectroscopy
(EDS) using a Bruker Quantax Esprit system (Billerica, MA, USA).

3. Results
3.1. ARS Sorption Isotherm

Sorption of ARS on Dol and HDol is illustrated in Figure 2. Several isotherm models
were used to fit the experimental data. The fitted parameters can be seen in Table 1. The
Langmuir isotherm has the formula of:

KrSmCr
— -t 2
e @
where C; and Cg represent ARS concentration in water (mmol/L) and amount of ARS
sorbed on solid (mmol/kg), respectively. The solute sorption capacity is represented by
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the Langmuir parameter S, (mmol/kg) and affinity of the solute for the solid surface is
represented by K;, (L/mmol). Equation (2) can be converted into a linear form:

Cr 1 Cr

G~ KiSu ' Su ©

and the S;; and K can be calculated via a linear regression.

140

60
= Langmuir P N4
120 isotherm 2 = HDol
S 12=0.99 g 250 -
E 100 1  Freundiich rd ’ :;ZTE:,-,‘::’ TE)
= isotherm e 12=0.87 40
B 80 =099 77 _.--- . Dol & é
2 o 4 Temkln 0 ’ ety ko]
3 60 fc0ss AT O Temkin 330
&) ! {100l <o isotherm ° Dol
ol er e 2=0.90 |
E 40 'é =~ . Freundiich ' @ 20 PO O © O
£ Q- isotherm g:)
2 20 4 PN - r2=0.95 < 10 A
E 6 -7 o Dol (a) (b)
0 B - : 0 : : : :
0.0 0.4 0.8 1.2 0 5 10 15 20 25

Equilibrium ARS Concentration (mmol/L) Time (h)

Figure 2. Sorption isotherms (a) and kinetics (b) of ARS on raw Dol (O) and HDol at 800°C (<). The
Langmuir, Freundlich, and Temkin fittings are indicated by solid, dashed, and dotted lines.

Table 1. Comparison of ARS sorption parameters using Dol and HDol as the sorbents.

Sorption Parameters ARS Sorption on Dol ARS Sorption on HDol

Sy (mmol/kg) 80 140

Kr, (L/mmol) 1.5 6.0

12 for Langmuir isotherm fitting 0.71 0.96
Kr (L/kg) 105 113

1/n 1.3 0.2

#? for Freundlich isotherm fitting 0.95 0.99
ge (mmol/kg) 18 60

kqe? (mmol/kg-h) 833 1250

k (kg/mmol-h) 25 0.3

12 for pseudo-second-order fitting 0.9999 0.9999

Previous results showed that Langmuir sorption isotherm fitted the sorption of ARS
and brilliant blue FCF on Abelmoschus esculentus stem powder well [32]. And ARS sorption
capacity on synthetic LDH was 29 mg/g [22]. In this study, the ARS sorption capacity was
about 80 mmol/kg on Dol based on the Langmuir isotherm fitting (Figure 2a). In compar-
ison, the ARS sorption capacity on HDol is 138 mmol/kg, about 70% higher (Figure 2a).
Meanwhile, the K; value was about 6 L/mmol for HDol and 1.5 L/mmol for Dol, an
increase in ARS affinity by a factor of 4 for HDol (Figure 2a). It was previously reported
that the sorption of azo dye orange I by HDol heated to 900 °C also increased by a factor of
4 when compared to its adsorption by raw Dol [10].

In addition to the Langmuir model, data were also fitted to the Freundlich isotherm
model. It has the formula of:

Cs = KpC}/" ()

in which the Freundlich isotherm constant is Kr and the intensity of the adsorptionis 1/7.
When 1/nis 0 < 1/n < 1, the sorption is favorable, while when 1/7 is greater than 1, the
sorption process is unfavorable [33]. The K¢ = 105 and 113 while the 1/n = 1.3 and 0.2 for
ARS sorption on Dol and HDol, suggesting a favorable ARS sorption on HDol.
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3.2. ARS Sorption Kinetics

Several kinetic models were used to fit the experimental data and the pseudo-second-
order kinetic model had the best fit (Figure 2b). It has the formula of

_ kqt
1= T kget ®)

And it can be converted into a linear form:

t 1 1
TR ©
In above equations, the rate constant and initial rate of ARS sorption on solid surfaces
are represented by k (kg/mmol/h) and kg,2 (mmol/kg/h). And g; and g, (mmol/kg)
represent the amounts of ARS sorbed at time t and at equilibrium. For ARS sorption on
Dol from an initial ARS concentration of 1.0 mM, the k was 2.5 kg/mmol/h and the g, was
18.3 mmol/kg. In contrast, the k was 0.3 kg/mmol/h but the g. was 60 mmol/kg for ARS
sorption on HDol from an initial concentration of 3.0 mM. Moreover, the initial rates kq.>
were 833 and 1250 mmol/kg/h for ARS sorption on Dol and HDol, respectively (Table 1).
Similarly, the pseudo-second-order kinetics model fitted the ARS sorption on synthetic
LDH well with a k value of 0.008 L/mg/min [22]. Also, ARS sorption on halloysite from
single and binary solution mixed with MB resulted in g, values of 33.3 and 73 mmol/kg
and kg, values of 222 and 256 mmol/kg/h [34]. For comparison, removal of RBB and RB5,
both being anionic dyes, from simulated wastewater solutions using Dol-modified biochar
also followed the pseudo-second-order kinetics well [17].

3.3. Effects of Equilibrium Solution pH, lonic Strength, and Temperature on ARS Sorption

Previous studies showed that the adsorption of dyes by various adsorbents can be
strongly influenced by water pH. For instance, the adsorption of alizarin (AZ) by calcium
deposits peaked around pH 12 [35]. Removal of RBB and RB5 from simulated wastewater
solutions using Dol-modified biochar, however, decreased significantly with an increase
in solution pH [17]. For the dye of Janus green B, its adsorption by Algerian diatomite
was not influenced by water pH [12]. In contrast, at initial concentrations of 25, 50, and
100 mg/L ARS sorption on mustard husk was 100% at pH 2 and it decreased to 45-50% at
pH 9-10 [36]. In this study, ARS sorption on Dol was about 18 mmol/kg from pH 5 to 7.
But the sorption decreased slightly to 13 mmol/kg at pH 12. Similarly, the adsorption of
ARS by HDol was 55 to 57 mmol/kg for pH 5 to 9 and decreased slightly to 41 mmol/kg at
pH 12 (Figure 3a). Our results showed that HDol could be an effective ARS remover when

pH is lower than 11.
—_ .
3% T 00 & 2 00 N Hpol Y 8 y = -4597x + 21.6
S HDol E @‘\8 R?=0.82
E ;\;\\'\\
£ £, 50 o o HDol
° X o
gzo- o) 8 Dol 56 y=-1034x + 7.9
3 Dol o 3 A% O @ ) R?=0.17 6 o
2 @ 2 o oo 9
EE 0 T T T Z (c) -
B - ) . N -3 2 1 0 g 0030 0.0032 0.0034
EqUEDTME SN iompH Log lonic Strength (M of NaCl) AT (1K)

Figure 3. Influence of equilibrium solution pH (a), ionic strength (b), and temperature (c) on ARS
sorption on Dol (O) and HDol (<).

The influence of solution ionic strength on ARS sorption on Dol and HDol was
minimal. For Dol, the ARS sorption was in the range of 15 to 17 mmol/kg. For HDol, the
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ARS sorption was between 59 and 60 mmol/kg (Figure 3b), suggesting that the presence of
anion chloride had minimal competition against anionic dye ARS sorption on Dol or HDol.

The influence of temperature on ARS sorption is demonstrated in Figure 3c. The
thermodynamics for solute sorption from solution is governed by

AH AS

In the above equation, the solute distribution coefficient is represented by Kj;, the
changes in enthalpy and entropy after solute sorption are represented by AH and AS, and
the gas constant and temperature in K are represented by R and T. The change in free
energy AG after solute sorption related to AH and AS is governed by

AG = AH — TAS (8)

For ARS sorption on Dol and HDol, the AH values are 9 and 38 k] /mol, the AS values
are 0.07 and 0.18 kJ/mol/K and the AG values are —11 to —13 and —15 to —20 kJ/mol],
respectively, suggesting that the sorption is spontaneous, endothermic, and resulting in
increase in disorder of the sorbed dye molecules, and weak electrostatic interactions were
responsible for the uptake of dye molecule on the mineral surfaces.

3.4. XRD Analyses

In a previous study, using the XRD indexing of ARS calculated before [37], the XRD
peaks of crystalline ARS at 26.38, 31.72, and 45.44° (20) were attributed to the reflections
of (—304), (222), and (—434). In this study, the XRD patterns of Dol and HDol before and
after ARS sorption were presented in Figure 4. No change in the d-spacing of Dol nor
diffraction peaks of ARS were found in these patterns, suggesting the sorption of ARS was
on the external surfaces and no crystalline ARS was found on Dol or HDol surfaces. In
comparison to the XRD patterns of Dol, those of HDol showed a peak at 29.38 to 29.42°
(20), corresponding to the djq4 diffraction peak of calcite with a spacing of 3.033 to 3.038 A
(Figure 4a), suggesting that only a minute amount of Dol was converted to calcite after
being heated at 800°C for 3 h.

35000 30000
(a) (b)
30000 - ——
n —~
@ 25000 1 é 20000 -
z 20000 - l = o | -
S 15000 - - 4__50mM e 30mit
IS 1 ——- 8 40000 AN A M S
= 10000 T———f——r-— AN T | E _ , i
N TO ™M - A A\ 704 mM
5000 -—;\,JJ% o 5000 g«.AJMJL»r\_A,jv\ﬁTﬁW
. Y | / - M__ R | SN Y/ W WS | W ¥ S VIS
0 7/ — o] A S | W S
20 30 40 50 60 20 30 40 50 60
26(°) 26(°)

Figure 4. XRD patterns of HDol (a) and Dol (b) after ARS sorption from different initial concentrations.

The strongest peak of MgO is at 42.98° (26) [38] and this peak is not found on the XRD
patterns of HDol, suggesting that no crystalline MgO was produced. Meanwhile, CaO had
its characteristic (111) peak at 32.34° (26) and Ca(OH); had its characteristic (101) peak at
34.11° (260) [39]. These peaks are not present in the XRD patterns of HDol either, suggesting
neither was produced, or not in crystalline form, due to a minute conversion of dolomite to
calcite after being heated at 800 °C for 3 h.

3.5. FTIR Analyses

For the FTIR of Dol, the v2 (CO3%") band is at 881 cm ™! while the same band for calcite
is at 875 cm ™! and the v3 (CO32) and in-plane bending v4 (CO3%") bands for Dol are at
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1400-1480 cm ! and 713 cm ! [40]. In this study, these bands are located at 876, 1414-1418,
and 727 cm ™! for both Dol and HDol, again confirming that the raw Dol is pure and there
was not much change after Dol was heated at 800°C for 3 h (Figure 5). In another study, the
v4 (CO3%") band was located at 713 cm ™! for calcite and 730 cm ™! for Dol [41]. The band
at 730 cm ! is especially useful for indicating the presence of Dol [42]. In this study it is
located at 727 cm™~1 for Dol, again confirming it is dolomite instead of calcite. For HDol,
a minute shoulder at 713 cm ™! can be noticed, suggesting a minute amount of calcite is
formed after heating, confirming the XRD results.
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Figure 5. FTIR spectra of Dol (a) and HDol (b) after ARS sorption from different initial concentrations.
And their enlargement at 1100 to 1700 em 1, 500 to 1100 em 1, and 700 to 740 cm ™! (c-h).

The characteristic bands of solid ARS were located at: 3448, 1643, 1589, 1546, 1191,
1069, 1037, and 1127 cm ™! for v(OH) of hydrogen bonding, v(10-C=0), v(9-C=0), v(Ar
C=C), v(C-0), v45(503), vs(SO3), and carbonyl C-C-C [43]. However, none of these bands
were observed on the samples of Dol or HDol after ARS sorption (Figure 5). At the highest
ARS input concentration of 5.0 mM, the amounts of ARS sorbed were 78 and 93 mmol/kg,
corresponding to a mass of 2.5% and 2.9% on Dol and HDol. Such small percentages will

not typically show up in the FTIR spectra, which explains why none of the ARS absorption
bands were observed in Figure 5.

3.6. SEM Observation and Particle Size Analyses

The SEM observation of Dol and HDol before ARS sorption can be seen in Figure 6.
Essentially, there is not much change in crystal morphology, nor particle size before or
after the heat treatment. For the particle size analyses of Dol, the surface weighted mean
particle size is 14 um while the volume weighted mean particle size is 66 pm and 63% of
the particles had sizes of 2-63 um. In contrast, the surface weighted mean particle size of
HDol is 21 um, while the volume weighted mean particle size is 67 um and 55% of the
particles had sizes of 2-63 um. The results suggest a slight increase in particle size due to
heating, which may be attributed to slight crystal growth during the heating process. But,
overall, the difference between these two materials is small.
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Figure 6. SEM images of Dol (left) and HDol (right), showing rough particle size distribution and
crystal morphology.

3.7. Discussion

Earlier studies showed that the sulfonic acid and/or its OH groups of ARS can react
with calcium [35]. Depending on solution pH, three species of the oxidized forms of ARS
would be present and electrochemical reduction may lead to dissociation of four phenolic
hydroxyl groups as solution pH increases, which may result in formation of a total of
7 different species, with negative charges located on different O atoms [42]. Additionally,
the binding between Ca?* and ARS could be due to salt type, by which the Ca?* forms
complexes with O atoms attached to C1 and C2, or to chelate-type, by which the CaZ*
forms complexes with O atoms attached to C1 and C9 [19]. These types of binding could be
illustrated in Figure 7. For the former case, the binding between Ca?* with ARS could be
1:1, or 1:2 in a dimeric formation (Figure 7). On the Dol or HDol surfaces, the electrostatic
and complexation interactions could result in different tilting angles, which could result in
difference in ARS sorption capacities (Figure 7).

The bonding between ARS and Ca?* was used for Ca stain [35], it is, thus, anticipated
that calcite would be able to adsorb ARS. However, our preliminary studies using 0.1 and
0.2 mM ARS for its sorption on raw calcite and calcite heated to 600 and 800 °C resulted
in similar sorption (about 70% removal). About 99% removal was achieved for HCal and
aragonite heated to 1000 °C (data not published due to patent application). Dolomite
has a typical formula of CaMg(CO3), and the presence of Ca?* should also facilitate ARS
sorption. It is likely that the presence of Mg?* also forms complexation with ARS [19].
Accordingly, when ARS is sorbed on Dol or HDol surfaces, ARS could interact with Ca?*
or Mg?* on Dol or HDol surfaces via the salt-type or chelate-type interactions.

In this study, with the assumed specific surface area (SSA) of 10 m?/g and S,, value
of 80 mmol/kg, the ARS sorption on Dol would form a relatively compact monolayer
arrangement with a dipping angle about 40-50 degrees. In contrast, at the ARS sorption
capacity of 138 mmol/kg on HDol, the ARS arrangement would be almost in a vertical
monolayer arrangement using the same SSA value. By electrostatic interaction, the Ca?* or
Mg?* will interact with the sulfonate group, which will result in a vertical or tilted ARS
orientation on Dol or HDol surfaces (Figure 7).

In a more recent study [44], it was proposed that Dol decomposes in three stages, with
the first stage occurring at 769 °C with the following reaction:

CaMg(CO3); (s) — CaCOs (s) + Mg** (g) + O (g) + CO, (g)
The second stage is the formation of MgO:
Mg* (g) + O (g) — MgO (s)
and the third stage is for the decomposition of calcite at 950 °C:

CaCOj3 (s) — CaO (s) + CO, (g)
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As the Dol was heated to 800 °C for 3 h, the chemical reaction during heating is:
CaMg(CO3); —+CaCO3 + MgO + CO;. The differential thermal analyses (DTA) curve
showed two endothermic peaks at 772 and 834 °C with the first peak due to the formation of
MgO, CaCOs, and CO,, and the second peak represents Cal decomposition with formation
of CaO and further CO; release [45]. Thus, the possibility of increased ARS sorption could
be due to the slight increase in Ca* on surface coverage, which could facilitate more
interactions between ARS and HDol via the salt type or chelate-type interactions. Also,
the formation of MgO after heating may induce the formation of non-crystalline Mg(OH),
precipitates in aqueous suspension. Thus, further studies on interactions between Mg(OH);
and ARS are warranted.

Ca?*:ARS 1:2

Dolomite surface % + Dolomite surface

Electrostatic interaction Complexation interaction
between Sulfonate and between oxygen and
Ca?* or Mg?* Ca?* or Mg?*

Figure 7. [llustration of interactions between ARS and Dol or HDol under electrostatic interaction or
complexation interaction.

4. Conclusions

The removal of emerging contaminants by Earth materials was demonstrated in this
study using alizarin red S (ARS) as a contaminant and dolomite before and after heat
treatment as the sorbents under different physico—chemical conditions. The ARS removal
capacity increased from 80 mmol/kg to 140 mmol/kg, about 75% in comparison to raw
dolomite. The affinity increased by a factor of 4 after heat treatment. Significant increase in
ARS removal was also found under kinetic, pH, ionic strength, and temperature conditions.
XRD results suggested minute formation of calcite due to decomposition of dolomite after
being heated at 800 °C for 4 h. No crystalline ARS was detected by XRD in the solid after
being centrifuged and dried, indicating no ARS removal was via precipitation. As ARS
may form complexation in addition to electrostatic interactions with Ca?* on solid surface,
the conversion from dolomite to calcite would remove some MgO from the surface and
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increase the interactions between ARS and Ca?*. Thus, the heat treatment of dolomite
explored in this study shows a new perspective of using vast Earth materials such as
calcite and dolomite in addition to clay minerals for the removal of emerging contaminants
from water.
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