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Abstract: The effects of the combined addition of Mg- and Ca-based adsorbents (MgO, Mg(OH).,
MgCOs, CaO, Ca(OH)z, and CaCOs) were systematically tested for improving arsenic-removal per-
formance and inhibiting the leaching of base material components from the adsorbent. Arsenic-re-
moval tests were conducted with each single type or combination of two types of adsorbents. Re-
sults obtained after the combined-addition tests were compared with those obtained from the sin-
gle-addition test with each adsorbent. The arsenic-removal performance improved in most com-
bined additions but decreased in certain combined additions of MgO or Mg(OH): with Ca-based
adsorbents. The arsenic-removal performance of the combined addition of MgCOs and Ca(OH)2 was
the highest. The combination of Mg-based adsorbents with CaO or Ca(OH): inhibited Mg-leaching,
whereas that of CaO or Ca(OH): with MgCOs inhibited Ca-leaching. Improvement in arsenic-re-
moval performance for the combination of MgCOs with CaO or Ca(OH)2 was caused by the incor-
poration and co-precipitation with arsenic when Mg(OH)2 and CaCOs were produced. MgCOs-
Ca(OH)2 and MgCQOs-CaO are recommended for both arsenic removal and environmental adsorbent
stability that can be effectively applied over a wide range of arsenic concentrations.
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1. Introduction

Arsenic (As) is considerably toxic to humans and sourced not only from industrial
and mine wastewater but also from natural groundwater. The World Health Organization
(WHO) guidelines on drinking water quality introduced a provisional As guideline value
of 0.01 mg/L and important points on its properties and health effects [1]. Consuming As-
containing drinking water and food can cause chronic arsenicism, leading to dermal le-
sions, peripheral neuropathy, skin cancer, bladder and lung cancers, and peripheral vas-
cular disease, as well as acute As intoxication [1]. As-contaminated groundwater is often
directly consumed, especially in developing regions such as Southern and Southeast Asia
[2-16], Western and Southern Africa [17,18], and Latin America [19-23].

Arsenic speciation and the effects of As on human health are detailed in Singh et al.
[24]. The chemical speciation of inorganic arsenic species with strong toxicity among them
is important for health effects. Common inorganic arsenic species include arsenate As(V)
and arsenite As(IIl). Inorganic arsenic species are biomethylated in the human body and
converted to monomethylarsonic acid (MMA) and dimethylarcinic acid (DMA), which
are less toxic than inorganic arsenic. The order of toxicity of arsenicals is as follows:
MMA(III) > As(IIT) > As(V) > MMA(V) = DMA(V). Monomethylarsonic acid (MA(III)) is a
highly toxic intermediate product created during arsenic biotransformation. Prolonged
intake of drinking water containing inorganic As causes various adverse health effects
such as skin lesions, cardiovascular disease, neurological effects, chronic lung disease,
cerebrovascular disease, reproductive disease, adverse renal affects, developmental
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abnormalities, hematological disorders, diabetes mellitus and cancers of skin, lung, liver,
kidney and bladder.

The prevention of arsenic health hazards can only be achieved by properly treating
As-contaminated water. There are many studies on As treatment methods such as mem-
brane filtration, adsorption, coagulation, ion exchange, photocatalysis and photoelectro-
catalysis. In developing countries, treatment methods involving inexpensive adsorbents
are usually more likely to be used owing to economic and operational constraints. In the
adsorption method, various adsorbents such as activated carbon, silica gel, iron-based ad-
sorbents, and aluminum-based adsorbent are used. Some recent research on adsorbents
for arsenic removal are presented below.

Fe-based adsorbents are popular materials that are often used for arsenic removal,
and the arsenic adsorption mechanism has also been investigated. Liu et al. [25] investi-
gated the adsorption mechanism of As(V) and As(III) on magnetite nanoparticles (MNPs).
MNPs were synthesized using a modified Fe(II) and Fe(III) coprecipitation method under
N2 protection. The specific surface area of MNPs was 39 m?/g. Although near-spherical
primary particles with an average diameter of 34 nm, MNPs existed as larger aggregates
under adsorption experimental condition. The aggregate size was 2.57 um following a 30
min sonication, which increased to 5.1 um after 24 h of shaking. As(V) and As(Ill) adsorp-
tion on MNPs reached equilibrium around 120 min. The adsorption equilibration time
was set at 24 h to ensure complete reactions. Their experiments were performed at various
initial As concentration, pH (5.0-9.0), ion strength (0-100 mM NaNO:s) and temperature
(10 to 40 or 50 °C). Their isotherm data were fitted with the linearized Langmuir equation
and the maximum adsorption capacity slightly increased with increasing temperature.
As(V) adsorption decreased monotonically with increasing pH. As(IIl) adsorption also
started to decrease at pH greater than 7.0. As(V) and As(III) adsorptions were hardly af-
fected by ionic strength. No major redox reaction occurred for the As(V) or As(Ill) ad-
sorbed on MNPs under anoxic experimental conditions. Conversely, dramatic redox re-
actions occurred upon exposure to air during the overnight drying process. They de-
scribed that the possible role of reactive Fe(II) atoms in the redox transformation of ad-
sorbed As should not be ignored, because Fe atoms in magnetite are in Fe(II) and Fe(III)
mixed-valence states [25]. A new type of Fe-based adsorbent processed into an easy-to-
use shape has also been proposed. Lou et al. [26] reported the removal of As(V) using
sponges loaded with Fe-based adsorbents. They were synthesized a composite material
cube-shaped open-celled cellulose sponge loaded superparamagnetic iron oxide nanopar-
ticles (SPION). To assess the As(V) adsorption performance of the adsorbents, batch ad-
sorption experiments with various initial As(V) concentrations (0-800 mg/L), contact
times (up to over 1400 min), and different temperatures (293 and 343 K) were performed.
The solution pH was adjusted to 3.6 prior to the adsorption experiments to optimize the
adsorption. The adsorption tests were performed by adding the sponge-loaded SPION
(0.2 g) to As(V) solution (25 mL). From the results of the adsorption experiments, the fol-
lowing facts were mainly clarified: (1) The adsorption capacity increased when increasing
the As(V) initial concentration. (2) The adsorption at 293 K was better than at 343 K. (3)
The adsorption capacity became almost constant after 60 min. (4) The adsorption capacity
was 69.68 mg/g for the initial As(V) concentration of 800 mg/L. In addition, they described
that the best model for their adsorption isotherm data was Freundlich, which highlights
the importance of the heterogeneous surface of the adsorbents. Moreover, from the
XANES spectrum, they determined that As(V) was not reduced to As(IIl) after being ad-
sorbed. Adsorption—-desorption cycle experiments (initial As(V) concentration was 200
mg/L) were also performed. Then, they reported that the cube adsorbent maintained high
adsorption capacity even after 5 adsorption—desorption cycles [26]. Noteworthy among
more recent works on Fe-based adsorbents has been on the adsorbent composed of acti-
vated carbon (AC) and FesOs [27]. They made AC by carbonizing powdered sugarcane
bagasse mixed with HsPOa. Then, the AC and a solution including FeCls-6H20O were mixed
and hydrothermally treated using an autoclave to prepare a FesOs/AC composite
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adsorbent. Their As adsorption was more accurately described by the Langmuir isotherm,
as compared to the Freundlich isotherm. They concluded that the number of active sites
on the composite surface was limited, and a monolayer of As(Ill) was formed over the
homogenous composite surface [27].

Another interesting study on As removal by novel adsorbents [28] prepared novel
gelatin-PVA/La20s3 (GPL) composite by copolymerization of polyvinyl alcohol (PVA) and
gelatin in the presence of La20s using glutaraldehyde as a cross-linker. The GPL composite
proved to be a superior adsorbent because it could effectively remove both As(V) and
As(IIl) from real wastewater samples and because it was reusable [28]. In addition, studies
on manganese oxide adsorbents modified with transition elements have also been re-
ported. Zhang et al. [29] investigated a cobalt (Co)-doped hausmannite (one of Mn oxide
minerals) for the removal of As(Ill) and As(V) from water. The Co-doped hausmannite
was synthesized from manganese sulfate (MnSOs-H20), cobalt sulfate (CoSOs7H20), and
sodium hydroxide (NaOH). Three Co-doped hausmannite samples with initial Co/Mn
molar ratios of 0, 0.05 and 0.10 (HM, CoHS5, and CoH10) were prepared using the co-pre-
cipitation method. The average particle size was 85, 131, and 103 nm for HM, CoH5, and
CoH10. Correspondingly, the specific surface area was 12.4, 1.7 and 11.8 m?/g, respec-
tively. As(V) adsorption experiments, As(V) adsorption isotherm experiments, and As(III)
oxidation experiments were performed. For As(V) adsorption experiments, the initial
As(V) concentration was 7.5 mg/L and adsorbent concentration of 1 g/L, ionic strength
(0.01 mol/L, 0.1 mol/L, and 0.2 mol/L), and reaction pH (4.5, 5.5, 6.5 and 7.5) at 25 °C for
24 h. Adsorption isotherm experiments were conducted with initial As(V) concentrations
of 0-60 mg/L. For As(Ill) oxidation experiments, the initial As(IIl) concentration was of
15.8 mg/L. The results of these experiments have revealed the following: ionic strength
had no effect on the adsorption of As(V) onto the mineral surface. The As(V) adsorption
density decreased, as pH increased from 4.5 to 7.5. The As(V) removal by Co-doped sam-
ples from the solution gradually decreased with increasing Co-doping level. The Freun-
dlich model significantly better fit the data than did the Langmuir model, suggesting that
the active sites on the Co-doped samples were energetically heterogeneous. As(Ill) was
oxidated to As(V) by Mn(IlI) and then adsorbed on the mineral surface. During the As(III)
oxidation by these Co-doped samples under the experimental conditions, large amounts
of Mn(II) and Co(II) were released. EXAFS analysis revealed that only As(V) was adsorbed
on the mineral surface [29].

In addition to the above studies on Fe-based adsorbents and so on, many studies on
Mg-based and Ca-based adsorbents have been conducted for the purpose of As removal.
Park et al. [30] used magnesium chloride or magnesium sulfate to remove As(V) from a
molybdenum oxide processing plant liquid containing approximately 70 g/L of Mo(VI)
and 470 mg/L of As(V). The addition of MgO as a precipitating agent was also tested. They
reported that As(V) could be removed to less than 5 mg/L at pH 10.2, resulting in a pure
Mo(VI) liquid by adding magnesium at a Mg:As molar ratio of at least 2:1. Addition of
either MgCl: and MgSQOx resulted in precipitation of Mgs(AsOs)2 and also Mg(OH)2 at pH
9-11. This formed Mg(OH): could also adsorb As(V). No such effect was observed with
the addition of MgO. Park et al. also performed the As-removal tests using As(III) syn-
thetic solution (450 mg/L as As). Adding 0.3 mol/L (24 g/L) of Mg, the pH range of 6-12
was tested. As(IIl) reached approximately 20 mg/L at pH 11. Removal of As(IIl) after oxi-
dation by addition of H202 (a H202/As molar ratio of 3:1) was also tested. Within the range
of pH 9-11, the residual As(V) after 20 min was less than 5 ppm for the Mg/As ratio of
3/1.[30]. Tresintsi et al. [31] suggested a procedure for the regeneration of iron oxyhydrox-
ide arsenic adsorbents by granulated MgO. In their method, the arsenic desorbed from
spent Fe-based adsorbents using NaOH aqueous solution was re-adsorbed on MgO. The
optimum conditions of MgO application and the arsenic adsorption mechanism were ex-
amined through batch adsorption tests. A commercial fused MgO was used in the form
of fine powder (<63 um) for batch adsorption tests and granulated material (100-250 pm)
for regeneration column tests. The surface morphological characteristics for the used MgO
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were a specific surface area of 59 m?/g, a pore volume 0.14 mL/g, and a mean pore diam-
eter156 A. The corresponding characteristics for the FeOOH were 155 m?/g, 0.23 mL/g,
and 30 A. In batch adsorption experiments, around 20-25 mg of fine powder of MgO were
dispersed in 200 mL of As(Ill) or As(V) solutions inside flasks and the solutions were
stirred at 20 °C for 24 h. Initial As(IIT) and As(V) concentrations varied between 0.25 and
12.5 mg/L. The tests were performed at pH values 10-12. The optimum pH for As(V) ad-
sorption was 10, where a maximum adsorption capacity 59.4 mg-As(V)/g was calculated
for residual concentration near 5 mg/L. In the case of As(IlI), the removal capacity is max-
imized at pH 11, where around 50 mg As(III)/g could be adsorbed for residual concentra-
tion 3 mg/L. As K-edge EXAFS spectra indicated a high probability of adsorption of As(V)
and As(IIl) on Mg(OH): produced by hydrolysis of MgO [31]. Yu et al. [32] made a porous
hierarchically micro/nanostructured MgO for As removal. Their MgO precursors were
precipitates formed by mixing Mg(NOs)2 and K2COs solutions (at 293 K aging for 2 h).
Two types of MgO precursors (flower-like and nest-like MgO precursors) were made by
changing concentrations of K2COs (1 M and 0.5 M). The MgO precursors were calcined at
973 K for 4 h to produce two types of MgO. Using XRD identified the MgO precursors to
be hydromagnesites. The two MgO precursors were assigned to flower-like hydromagne-
site (F-hydromagnesite) and nest-like hydromagnesite (N-hydromagnesite), respectively.
Correspondingly, the flower and nest-like MgO samples are assigned to F-MgO and N-
MgO, respectively. The BET surface area of F- and N-hydromagnesite were approximately
21 and 18 m?/g. Those of F- and N-MgO were approximately 33 and 25 m?/g. For the com-
parisons of arsenic adsorption performance between MgO precursors and MgQO, the initial
As(IlT) and As(V) concentrations were approximately 4.6 and 7.2 mg/L, respectively. The
adsorbent dose was 0.3 g/L in a comparison study. The adsorption capacity of two MgO
was much higher than that of the hydromagnesites. The adsorption capacity of F-MgO
and N-MgO for As(IIl) was approximately 252 mg/g and 644, respectively. That of F-MgO
and N-MgO for As(V) was approximately 344 and 379 mg/g, respectively [32]. Opiso et
al. [33] investigated the different mineral phases formed at alkaline condition in the Mg-
Si-Al system and the sorption behavior of arsenate during and after mineral formation. In
addition, the desorption of co-precipitated and adsorbed arsenate was conducted using
phosphate-bearing solution. Their minerals were synthesized by mixing various volume
ratios of Mg, Si, and Al solutions (Naz25iOs, Mg(NOs)2:6H20 and Al(NOs)3-9H20) at room
temperature and 50 °C, respectively. The sorption of arsenate was investigated during and
after mineral formation at alkaline conditions (around pH11). For co-precipitation exper-
iments, arsenate solution were added instantaneously during the mixing of Mg, Si, and
Al solutions to be 100 mg/L of As(V) concentration. In the case of adsorption experiments,
the same amounts of As(V) were added after mineral formation. The suspension was then
shaken for 7 days. The results revealed that brucite (Mg(OH)z2), hydrotalcite
(MgsAl2(COs)(OH)16-4(H20)), and serpentine (MgSi20s5(OH)4) have high uptake capacity
for As(V) [33].

Camacho et al. [34] researched the effect of calcium addition as a stabilization agent
on arsenic desorption from residues after ferric treatment of arsenic-contaminated water.
They conducted laboratory and field tests using a calcium agent which was lime (CaO or
Ca(OH)z). The calcium addition was found to reduce arsenate leaching from ferric resid-
uals prepared in their laboratory. The treatment residual field sample was a granular fer-
ric hydroxide material used for arsenic removal from groundwater. Lime as calcium hy-
droxide was used as a binder for solidification/stabilization of arsenic in the field sample
and arsenic stabilization was achieved with excess calcium addition (6 g per 10 g of air-
dried treatment residual) [34]. Montes-Hernande et al. [35] investigated the removal of
oxyanions such as arsenic from an aqueous solution using carbonation of Ca(OH): under
moderate pressure (Pcoz2 = 20 bar) and temperature (30 °C). They placed one liter of high-
purity water, 20 g of commercial portlandite Ca(OH)z, 0 to 250 mg of sodium selenite pen-
tahydrate Na25eOs-5(H20), sodium selenate Na:SeOs, sodium acid arsenate heptahydrate
Na:HAsO+7(H:20), and monosodium phosphate NaH2POx in a titanium reactor. The solid
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particles were immediately dispersed by mechanical stirring (400 rpm) at 30 °C. Then, a
20 bar of CO2 was injected in the reactor. At the end of the experiment, the reaction cell
was rapidly depressurized for about 5 min and the autoclave was disassembled. Then,
they reported that the Ca(OH)2 carbonation reaction allowed for the successful removal
of selenite (>90%), arsenate (>78%), and phosphate (almost 100%) from synthetic solutions
[35]. Olyaie et al. [36] evaluated CaO2 nanoparticles synthesized for removing As (III) from
contaminated water. CaOz is one of the oxidants and decomposes in high humidity to
produce Ca(OH): and H20:. The diameter of CaO:2 nanoparticle was 15-25 nm. The re-
moval efficiency was enhanced by increasing the CaO2 nanoparticles’ dosage and reaction
time. Up to 88% removal efficiency for arsenic was obtained by nanoparticles” dosage of
40 mg/L at time equal to 30 min and pH 7. However, decreased by increasing arsenic con-
centration and pH [36]. Hu et al. [37] investigated the effect of calcium on arsenate re-
moval by electrocoagulation with aluminum electrode. The used calcium salt was CaCl..
Their test conditions were an initial arsenic concentration of 10 mM (i.e., approximately
750 mg/L as As), an initial calcium addition concentration of 0-2 mol ratio to the initial
arsenic concentration (i.e., 0-800 mg/L as Ca), and a reaction time of 40 min. The addition
of calcium salt dramatically improved the removal efficiency of As(V). They concluded
that this was due to calcium ions neutralizing the negative surface charge of the precipi-
tates and increasing the As-O binding energy. In addition, they reported that the addition
of calcium also prevented the formation of a deposit layer on anode surface which caused
an increase of applied potential and a decrease in the concentration of dissolve Al [37].

As summarized above, Mg- and Ca-based adsorbents are expected to be so effective
for As removal, as well as Fe-based adsorbents and so on. Furthermore, Mg and Ca com-
pounds, which are the base materials of Mg- and Ca-based adsorbents, are abundantly
available and are generally cheaper than Fe and Al In addition, Mg and Ca components
that may leach from Mg-based and Ca-based adsorbents are not harmful to humans or
animals. However, the As-removal performance and/or the environmental stability of the
adsorbents may deteriorate when the base materials leach from the system. Arsenic re-
moval using individual Mg-based and Ca-based adsorbents has been studied by many
researchers [30-37], but there has been little research on As removal using various combi-
nations of Mg-based and Ca-based adsorbents. Furthermore, preliminary results with re-
spect to the present study suggest the possibility of inhibiting the leaching of base mate-
rials by combining specific Mg- and Ca-based adsorbents. Investigating how As removal
changes with the combination of different types of adsorbents will provide important
guidance for designing novel treatments with high performance. This study aimed to find
improved sustainable adsorbent combinations with both high As-removal performance
and high environmental stability. The Mg- and Ca-based adsorbents were compared in-
dividually and in combination with each other in a full factorial experiment. Finally, im-
provements in the As-removal performance and environmental stability of the adsorbents
using the combined-addition method were evaluated.

2. Materials and Methods

The reagents listed in this article were purchased from FUJIFILM Wako Pure Chem-
ical Corporation (formerly Wako Pure Chemical Industries, Ltd., Osaka, Japan), unless
specified otherwise.

2.1. Mg- and Ca-Based Adsorbents

In this study, to clarify the effects of arsenic-removal performance and base-materials
leaching behavior due to the difference in the chemical compositions of the adsorbents,
pure analytical grade powder reagents were used without processing, as adsorbents. The
powder reagents of Mg and Ca oxides, hydroxides, and carbonates were used as Mg-
based (MgO, Mg(OH)z, and MgCQs) and Ca-based (CaO, Ca(OH)z, and CaCOQOs) adsor-
bents. The measured Mg content amg (%), the measured Ca contents aca (%), the reagent
purity (obtained from awmg and aca) P (%), the median particle size Dpso (m), and the
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Brunauer-Emmett-Teller (BET) surface area Sser (m?/g) are shown in Table S1. The data
on the table, except for CaCOs, were obtained from a previous study [38].

The aca value of CaCOs was determined by dissolving CaCOs in 1 M HCI and then
measuring Ca using ICP-AES (SII SPS3500DD). The Dpso value of CaCOs was determined
using a particle size analyzer (Microtrac HRA 9320-X100, Nikkiso Co., Ltd., Tokyo, Japan).
The Sser value of CaCOs was determined using a specific surface area measurement in-
strument (BELSOOP-miniX, MicrotracBEL Corp., Osaka, Japan).

2.2. Synthetic As(V)-Contaminated Water

Powdered disodium hydrogen arsenate heptahydrate (Na2HAsO+7H20, 99%) was
dissolved in deionized water to create our As(V) stock solution (2000 mg-As/L). One part
of the stock solution was diluted with deionized water to prepare a 1 or 10 mg-As/L solu-
tion. This solution was used as synthetic As(V)-contaminated water after adjusting the pH
to near neutral using hydrochloric acid. The initial pH (pHo) was taken as that of the syn-
thetic As(V)-contaminated water immediately before adding the adsorbent. The initial As
concentration (Caso in mg/L) was taken as that in the synthetic As(V)-contaminated water
immediately before adding the adsorbent, and was either 1 or 10 mg/L. The pH meter and
electrode used in this study were LAQUA F-72 and a Micro ToupH Electrode 96185-10D,
respectively, manufactured by HORIBA, Ltd. (Kyoto, Japan). The As in the solution was
quantified by ICP-MS (Agilent 7700X).

2.3. As-Removal Tests

As-removal tests were classified as either single-addition tests, which consisted of
one type of adsorbent, or combined-addition tests, which consisted of two types of adsor-
bents.

One or two types of the adsorbents mentioned in Section 2.1 were weighted into a
50-mL polypropylene centrifuge tube. The amount of each adsorbent to be weighed was
to become a set value of adsorbent addition concentration when 50 mL of the liquid was
added. The centrifuge tube containing the adsorbent was sealed immediately after adding
50 mL of the above synthetic As(V)-contaminated water and shaken in a constant-temper-
ature shaker (approximately 180 rpm at 20-25 °C). The tube was centrifuged after shaking
for 24 h. The supernatant was filtered through a syringe filter with a pore diameter of 0.45
um and collected in a polypropylene vessel. The pH of the filtrate (treated water) was
immediately measured and taken as the final pH (pHs). As, Mg, and Ca in the treated water
were quantified using the ICP-MS and the ICP-AES, respectively, and were denoted as
Cas, Cumg, and Cca, respectively.

The adsorbent addition concentration in the As-removal tests was set on a mass basis.
Wad was the amount of adsorbent added to the synthetic As(V)-contaminated water in g,
and V was the liquid volume (in L) of the synthetic As-contaminated water.

In the single-addition tests of one type of adsorbent, the adsorbent addition concen-
tration, Waq/V (g/L), was set to 0.2 and 0.4 g/L.

In the combined-addition tests of two types of adsorbents, the mass-based total ad-
sorbent addition concentration, ZWaq/V (g/L), was set to 0.4 g/L (each 0.2 g/L).

2.4. Definitions of Mg- and Ca-Residual Ratios

As some of the constituents of the adsorbent can leach into the liquid, the amount of
adsorbent remaining as a solid is reduced from the initial amount. As the Mg and Ca
components are leached out from the Mg-based and Ca-based adsorbents, the amounts of
Mg and Ca remaining as a solid in the liquid are calculated as the Mg-residual ratio Rwg
[%] and Rca [%], using the Equations (1) and (2).

Rutg = 100 — (Cwvig x 1000)/[Wad/V x (armg/100)] x 100. (1)
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Rea =100 — (Ccax 1000)/[Wad/V x (aca/100)] x 100. )

3. Results
3.1. Single Addition of One Type of Adsorbent

Table 52 shows the results obtained from the single-addition tests with one type of
adsorbent at Caso = 1 mg/L. To confirm the reproducibility of the experimental data, test
nos. 1-6 were conducted three times each, the results of which are presented in Table S2.
The table shows average values obtained from each test conducted thrice. In addition,
Table S3 shows the relative standard errors ¢ [%] for all six tests in Table S2. The standard
errors of both pHo and Caso for each test conducted thrice are zero, because the synthetic
As(V)-contaminated water used in the tests were the same. The values of ¢ for Wad/V, were
within 1.2%, which can be attributed to the accuracy of weighing the adsorbent. The val-
ues of ¢ for pHo, Cas, Cmg, and Cca were within 0.1%, 5%, 4%, and 3%, respectively. These
results indicate that the reproducibility of the experimental data was good.

As shown in Table S2, regardless of Wad/V, the magnitude of the relationship of pHs
was CaCOs < Mg(OH)2 < MgCOs < MgO < Ca(OH)2 = CaO. There was no clear difference
in pHs for adsorbents other than CaO and Ca(OH): depending on Wad4/V, but the pH: for
CaO and Ca(OH): clearly increased with increasing Wada/V. At both 0.2 and 0.4 g/L of
Wad/V, the Mg-based adsorbents exhibited an improved As-removal performance com-
pared with the Ca-based adsorbents. However, the magnitude of the relationship of the
As-removal performance of the adsorbent differed only slightly depending on Wad/V. The
magnitude of the relationship of Cas at Waq/V = 0.2 g/L was Mg(OH)2 < MgO < MgCO:s <
Ca(OH):2 < CaO < CaCOs. The magnitude relationship of Cas at Wada/V = 0.4 g/L was MgO
< Mg(OH)2 < MgCO:s < CaO < Ca(OH)2 < CaCO:s. Regardless of Wad/V, the magnitude of
the relationships of Cumz and Cca were Mg(OH)2 < MgO < MgCOs and CaCO:s < Ca(OH)2 <
CaO, respectively.

Table S4 shows the results obtained from the single-addition tests with one type of
adsorbent at Caso = 10 mg/L. The tendencies of pHs, Cmg, and Cca at Caso = 10 mg/L were
similar to those at Caso=1 mg/L, except for the following two points: (1) the pH: for CaCOs,
as with other Ca-based adsorbents, clearly increased with increasing Wad/V; (2) Cca was
slightly higher for Ca(OH)2 than for CaO at Wad/V = 0.4 g/L. In contrast, the tendency of
Cas was significantly different from that at Caso = 1 mg/L, except for the highest Cas for

CaCOs. At Wad/V =0.2 g/L, the magnitude of the relationship of Cas was CaO < MgO <

Mg(OH)2 < MgCOs < Ca(OH)2 < CaCQOs. At Wada/V =0.4 g/L, the magnitude of the relation-
ship of Cas was Ca(OH)2 < CaO < MgO < Mg(OH)2 < MgCOQOs < CaCO:s.

3.2. Combined Addition of Two Types of Adsorbents

Tables S5 and S6 show the results obtained from the combined-addition tests of two
types of adsorbents at Caso =1 and 10 mg/L, respectively.

Regardless of Caso, the pHr was higher in the combined-addition tests between the
Ca-based adsorbents than between the Mg-based adsorbents. In the combined-addition
tests of one Mg-based with one Ca-based adsorbent, pHs tended to become relatively high
with CaO or Ca(OH)z, but relatively low with CaCOs.

The Cwmg in the combined addition-tests of two different types of the Mg-based adsor-
bents did not sum to the total of the Cwmg in their single-addition tests and appeared to be
closer to the higher values between the single tests. The Cwv;g tended to be lower in the
combined additions of the Mg-based adsorbents with CaO or Ca(OH): than in the single
additions of each Mg-based adsorbent. The Cv; in the combined additions of the Mg-
based adsorbents with CaCOs were not significantly different from those in the single ad-
ditions of each Mg-based adsorbent.

The Cca in the combined addition-tests of two different types of the Ca-based adsor-
bents appeared to be close to the sum of the Cca in their single-addition tests and appeared
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somewhat higher in CaO-CaCQO:s. There was no significant difference in Cca between the
combined addition of CaO or Ca(OH)2 with MgO or Mg(OH)2 and the single additions of
each Ca-based adsorbent. In contrast, the Cca in the combined additions of the Ca-based
adsorbents with MgCOs tended to be lower than that in the single additions of one type
of each Ca-based adsorbent. In addition, the Cca in the combined additions of CaCOs and
the Mg-based adsorbents were lower than those in the single addition of CaCOs.

Moreover, in contrast, the tendency of the Cas differed depending on Caso. At Caso =
1 mg/L, the Cas was significantly lower in the combined-addition tests of MgO-Mg(OH).,
MgCOs-Ca(OH)z, MgCOs-CaO, and Mg(OH)2-CaO. At Caso = 10 mg/L, the Cas was signif-
icantly lower in the combined-addition tests of MgCOs-Ca(OH)2, MgCOs-CaO, Mg(OH)e-
Ca(OH)2, and CaO-Ca(OH)2.

4. Discussion

The effects of improving As-removal performance and those of inhibiting Mg- and
Ca-leaching via combined addition have been discussed below based on the data obtained
from the As-removal tests conducted in this study.

4.1. As-Removal Performance
4.1.1. As-Removal Ratio
The As-removal ratio, Ras [%], was calculated as:
Ras = (Caso — Cas)/Caso x 100. (3)
Ras values are summarized in Tables 1-3. Table 1 shows Ras for the single-addition

As-removal tests.

Table 1. As removal ratio (Ras) for single-addition As-removal tests.

1?;{;/ [Hclgj“u MgO MgOH): MgCOs CaO  Ca(OH) CaCOs
0.2 1 441 86.9 339 44 10.1 17
0.4 1 98.1 97.5 53.6 15.7 19.9 2.1
0.2 10 17.2 13.2 8.7 235 49 0.0
0.4 10 31.3 262 18.8 51.7 60.6 0.0
unit [%].

Table 2. As removal ratio (Ras) for combined-addition As-removal tests at Caso=1 mg/L.

YWad/V =04 g/L MgO | Mg(OH)2| MgCO:s CaO Ca(OH)2 | CaCO:s
MgO 98.1 99.9 98.8 85.5 57.5 65.3
Mg(OH): 99.9 97.5 88.4 99.1 90.0 79.2
MgCOs 98.8 88.4 53.6 99.7 99.9 33.3
CaO 85.5 99.1 99.7 15.7 32.6 1.6
Ca(OH)2 57.5 90.0 99.9 32.6 19.9 13.6
CaCOs 65.3 79.2 33.3 1.6 13.6 2.1

unit [%].
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Table 3. As removal ratio (Ras) for combined-addition As-removal tests at Caso =10 mg/L.

LWaa/V =04 g/L MgO | Mg(OH): | MgCO:s CaO Ca(OH)2 | CaCOs
MgO 31.3 43.8 33.6 16.0 13.1 10.4
Mg(OH): 43.8 26.2 21.0 38.0 58.1 12.2
MgCOs 33.6 21.0 18.8 63.9 83.7 9.8
CaO 16.0 38.0 63.9 51.7 60.1 42.5
Ca(OH) 13.1 58.1 83.7 60.1 60.6 8.2
CaCO:s 10.4 12.2 9.8 425 8.2 0.0

unit [%].

From Table 1, it is clear that Ras did not necessarily double when the adsorbent ad-
dition concentrations were doubled. Although CaCOs could not remove As even if the
adsorbent addition concentration was increased, the Ras of the other adsorbents increased
as the adsorbent addition concentration increased. Some adsorbents, such as CaO, more
than doubled their Ras when the adsorbent concentrations were only doubled. Overall,
the Ras was higher for Mg-based adsorbents at Caso = 1 mg/L and higher for Ca-based
adsorbents (excluding CaCOs) at Caso = 10 mg/L. In general, the surface area of adsorbent
can be an important parameter related to its adsorption capacity. The magnitude of Sser
is CaCOs < CaO < MgO < Ca(OH)2 < Mg(OH)2 < MgCOs, as shown in Table S1. Hence, the
magnitude relationship of Ras among the adsorbents did not correspond to that of Sser.
Section 1 introduced previous studies on Mg-based and Ca-based adsorbents [30-37], but
since the experimental conditions differed among their experiments, it is difficult to di-
rectly determine the order of superiority among their adsorbents. However, Yu et al. [32]
compared two MgO and two hydromagnesites (i.e., MgCQOs) under the same experimental
conditions. They reported that the As adsorption capacity of MgO was much higher than
that of MgCOs, but there was no significant difference in specific surface area among them.
This superiority in As adsorption between MgO and MgCO:s is consistent with our exper-
imental results. Therefore, it is believed that the arsenic-removal performance is more
strongly related to the chemical composition of the adsorbent than to the surface area.

Tables 2 and 3 show Ras for the combined addition of two types of adsorbents ob-
tained from As-removal tests with the mass-based adsorbent addition concentration at
Caso=1and 10 mg/L, respectively. For convenience, the results of single additions at Waa/V
=0.4 g/L are also included in Tables 2 and 3. In addition, each Ras of the combined addi-
tions is shown in Figure 1, based on the data in Tables 2 and 3. Figure 1a,b correspond to
Caso =1 and 10 mg/L, respectively.
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Figure 1. Ras for combined-addition at (a) Caso=1 mg/L and (b) Caso =10 mg/L. Ras= (Caso — Cas)/Caso
% 100.

At Caso = 1 mg/L, the Ras of the combined additions of MgO-Mg(OH)2, MgCOs-
Ca(OH)2, MgCOs-CaO, MgO-MgCOs, Mg(OH)2-CaO, MgO-MgO, Mg(OH)-Mg(OH)z and
Mg(OH)2-Ca(OH): were high (>90%). At Caso =10 mg/L, the Ras of the combined addition
of MgCOs-Ca(OH)2 was the highest (>80%) and followed by those of MgCOs-CaO,
Ca(OH)2-Ca(OH)2, and CaO-Ca(OH):2 (>60%).

From the above, the As-removal performance of the combined addition of MgCOs-
Ca(OH): was the highest at both 1 and 10 mg/L of Caso.

4.1.2. Effects of Combined Addition on As-Removal Performance

When multiple adsorbents are added together, the Ras was typically not equal to the
sum of the individual adsorbents Ras values. This apparent combined-adsorbent syner-
gistic effect was evaluated using the following method. The higher of the two single-ad-
dition Ras values for each adsorbent of a combined test was subtracted from the Ras in the
combined-addition test. The obtained difference was denoted as ARas.

The ARas values are shown in Table 4 for Caso = 1 mg/L and Table 5 for Caso=10 mg/L.
Similar to Tables 2 and 3, the results from the single-additions, Wada/V = 0.4 g/L tests are
included. Similar to Figure 1, each ARas of the combined additions is shown in Figure 2,
based on the data in Tables 4 and 5. Figure 2a,b correspond to Caso =1 and 10 mg/L, re-
spectively.

Table 4. The combined-addition Ras minus the higher of the two single-addition Ras (ARas) for As-
removal tests at Caso =1 mg/L.

YWad/V=04g/L| MgO Mg(OH)2 | MgCO:s CaO Ca(OH)2 | CaCOs
MgO 54.0 13.1 54.7 414 134 21.2
Mg(OH)2 13.1 10.6 1.5 12.2 3.2 =77
MgCOs 54.7 1.5 19.6 65.7 66.0 -0.7
CaO 41.4 12.2 65.7 11.3 22.5 -2.8
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Ca(OH): 13.4 3.2 66.0 22.5 9.8 3.5
CaCOs 21.2 7.7 -0.7 -2.8 3.5 0.4
unit [%].

Table 5. The combined-addition Ras minus the higher of the two single-addition Ras (ARas) for As-
removal tests at Caso = 10 mg/L.

YWad/V=04g/L| MgO Mg(OH)2 | MgCO:s CaO Ca(OH)2 | CaCOs

MgO 14.1 26.6 16.5 -7.5 -4.0 -6.7

Mg(OH)2 26.6 13.0 7.8 14.5 45.0 -1.0

MgCOs 16.5 7.8 10.1 40.4 75.0 1.1

CaO -7.5 14.5 40.4 28.2 36.6 19.0

Ca(OH): -4.0 45.0 75.0 36.6 55.8 3.3

CaCOs -6.7 -1.0 1.1 19.0 3.3 0.0

unit [%].
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Figure 2. ARas for combined-addition at (a) Caso =1 mg/L and (b) Caso = 10 mg/L. ARas = (the com-
bined-addition Ras) — (the higher of the two single-addition Ras).

At Caso=1mg/L, the ARas of the combined additions of MgCOs-Ca(OH)2 and MgCOs-
CaO were the highest (>60%). At Caso = 10 mg/L, the ARas of the combined addition of
MgCOs-Ca(OH)2 was the highest (>70%). On the other hand, the ARas of the combined
addition of Mg(OH)2-CaCOs at Caso = 1 mg/L and those of MgO-CaO and MgO-CaCO:s at
Caso = 10 mg/L were significantly negative (<-5%), indicating that the As-removal perfor-
mance of the combined addition was lower than that of each single addition.

From the above, it was found that many combined additions, especially MgCOs-CaO
and MgCOs-Ca(OH)z, improved As-removal performance; however, some combined ad-
ditions of the Ca-based adsorbents, MgO and -Mg(OH)z, decreased the As-removal per-
formance. In the former two combined-additions (MgCOs-CaO and MgCOs-Ca(OH)z), it
is considered that MgCOs released Mg?- and COs?, and CaO or Ca(OH): released Ca?* and
OH-, followed by reformations of Mg(OH)z and CaCOs. Hence, it is suggested that the As-
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removal performance improved because the As components were taken in during the for-
mations of Mg(OH)2 and CaCO:s (i.e., co-precipitation phenomenon).

4.2. Mg-Leaching Behavior
4.2.1. Mg-Residual Ratio

Rwmg obtained from the As-removal tests in this study are shown in Tables 6-8. How-
ever, it should be noted that the values of Rmg obtained from these calculations include
the resolidified portion of Mg once leached out.

Table 6 shows Ruwg for the single addition of one type of adsorbent obtained from As-
removal tests.

Table 6. Mg residual ratio (Rwmg) for single-addition As-removal tests.

V[\;A/ﬂ/ [Iggj”u MgO Mg(OH): MgCOs  CaO  Ca(OH): CaCOs
0.2 1 90.9 95.0 56.9 - - -
0.4 1 9.6 97.1 75.3 - - -
0.2 10 91.3 94.7 59.8 - - -
0.4 10 95.8 97.3 78.3 - - -
unit [%].

Table 7. Mg residual ratio (Rmg) for combined-addition As-removal tests at Caso = 1 mg/L.

LWaa/V =04 g/L MgO | Mg(OH): | MgCOs CaO Ca(OH)2 | CaCO:s
MgO 96.6 96.0 87.0 99.5 99.7 90.8
Mg(OH): 96.0 97.1 82.7 100 100 95.0
MgCO:s 87.0 82.7 75.3 99.7 98.6 58.5

unit [%].

Table 8. Mg residual ratio (Rmg) for combined-addition As-removal tests at Caso =10 mg/L.

YWad/V=04g/L MgO Mg(OH)2 | MgCOs CaO Ca(OH): | CaCOs
MgO 95.8 94.7 89.4 99.4 99.5 91.8
Mg(OH)2 94.7 97.3 85.2 100 100 95.2
MgCOs 89.4 85.2 78.3 97.4 95.3 64.6
unit [%].

For all the Mg-based adsorbents, the Rwvg of the higher adsorbent addition concentra-
tion were higher than that of the lower adsorbent addition concentration. Both the Rwg of
MgO and Mg(OH): were very high (>90%) in the range of the experimental conditions.

Tables 7 and 8 show Rwvg for the combined addition of two types of adsorbents ob-
tained from As removal tests at Caso = 1 and 10 mg/L, respectively. For convenience, the
results in the single additions of Wa4/V = 0.4 g/L have also been included in Tables 7 and
9. In addition, each Rmg of the combined additions is shown in Figure 3, based on the data
in Tables 7 and 8. Figure 3a,b correspond to Caso =1 and 10 mg/L, respectively.
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Figure 3. Ry for combined-addition at (a) Caso =1 mg/L and (b) Caso = 10 mg/L. Rmg = 100 - (Cmg x
1000)/(Waa/V x (anmg/100)) x 100.

There was no difference in the tendency of Rvg depending on Caso. Most of the com-
bined additions had an Rmg of >90%. Particularly, the Rmg of Mg(OH)2-CaO or -Ca(OH)e,
and MgO-CaO or -Ca(OH)2 were almost 100%. On the other hand, the Rvg of MgCOs-
CaCO:s was the lowest (58.5% at Caso =1 mg/L and 64.6% at Caso = 10 mg/L).

4.2.2. Effects of Combined Addition on Mg-Leaching Behavior

Even if the Mg-residual ratio was the same, the Mg leached amount differed depend-
ing on the type of Mg-based adsorbent. Therefore, to evaluate the effects of the combined
addition on the Mg-leaching behavior, it was more appropriate to compare the amount of
change in Cwmg. Then, the higher Cwv; in the single-addition test (Wad/V =0.2 g/L) of the two
types of adsorbents used in the combined-addition test (ZWaa/V = 0.4 g/L) was subtracted
from the Cwmg in the combined-addition test. The obtained difference was denoted as ACwmg.
The lower the value of ACwmg, the higher the effects of inhibiting Mg-leaching.

The ACwmg is shown in Table 9 for Caso = 1 mg/L and Table 10 for Caso = 10 mg/L, re-
spectively. Similar to Figure 2, each ACwg of the combined additions is shown in Figure 4,
based on the data in Tables 9 and 10. Figure 4a,b correspond to Caso = 1 and 10 mg/L,
respectively.

Table 9. The combined-addition Cvg minus the higher of the two single-addition Cmg (ACwmg) for As-
removal tests at Caso =1 mg/L.

LWad/V=04g/L| MgO Mg(OH): | MgCOs CaO Ca(OH): | CaCOs
MgO -3.0 -2.6 1.0 -10.6 -10.8 0.6
Mg(OH): 2.6 0.5 0.7 4.2 4.2 0.0
MgCO:s 1.0 0.7 2.5 -22.3 -21.8 -0.2

unit [mg/L].

Table 10. The combined-addition Cmg minus the higher of the two single-addition Cmg (ACwmg) for
As-removal tests at Caso =10 mg/L.

IWa/V=04g/L| MgO Mg(OH): | MgCOs CaO Ca(OH): | CaCOs
MgO -0.2 0.4 2.3 -9.8 -9.8 -0.4
Mg(OH): 0.4 0.1 -1.4 -4.4 -4.4 -0.3
MgCO:s 2.3 -1.4 1.0 -19.6 -18.5 -2.1

unit [mg/L].
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Figure 4. ACvg for combined-addition at (a) Caso =1 mg/L and (b) Caso =10 mg/L. ACwmg = [the com-
bined-addition Cwmg] — [the higher of the two single-addition Cwmg].

There was no significant difference in the tendency of ACvms depending on Caso. The
ACwmg of MgCOs-CaO and -Ca(OH): were the lowest followed by MgO-CaO and -Ca(OH)2.
For Mg(OH)2-CaO and -Ca(OH):, the leaching of Mg was slightly inhibited. In contrast,
the combined additions of the Mg-based adsorbents with CaCOs had almost no effect of
inhibiting the leaching of Mg. In addition, no clear increase in the amount of Mg-leaching
was observed even with the combinations between Mg-based adsorbents.

From the above, combining CaO or Ca(OH): with the Mg-based adsorbents was
shown to inhibit Mg-leaching. The effects of inhibiting Mg-leaching by CaO and Ca(OH)2

were similar, and the magnitude of the effects was Mg(OH)2 < MgO < MgCOs.

4.3. Ca-Leaching Behavior
4.3.1. Ca-Residual Ratio

Rca obtained from the As-removal tests in this study are shown in Tables 11-13. How-
ever, it should be noted that the values of Rca obtained from these calculations include the
resolidified portion of Ca once leached out, similar to Rvg for the Mg-based absorbent.

Table 11 shows Rca for the single addition of one type of adsorbent obtained from As-
removal tests.

Table 11. Ca residual ratio (Rca) for single-addition As-removal tests.

‘?;dg [Hclgj”u MgO Mg@OH). MgCOs CaO  Ca(OH) CaCOs
0.2 1 - - - 15.6 7.1 94.6
0.4 1 - - - 25.8 42 96.8
0.2 10 - - - 18.9 9.2 93.6
0.4 10 - - - 324 9.2 96.6

unit [%].
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Table 12. Ca residual ratio (Rca) for combined-addition As-removal tests at Caso = 1 mg/L.
LWad/V=04g/L MgO Mg(OH)2 | MgCOs CaO Ca(OH)2 CaCOs
CaO 29.0 29.1 53.9 25.8 16.5 36.9
Ca(OH): 9.7 10.2 72.5 16.5 4.2 47.2
CaCOs 96.6 97.0 98.6 36.9 47.2 96.8
unit [%].

Table 13. Ca residual ratio (Rca) for combined-addition As-removal tests at Caso = 10 mg/L.

LWad/V=04g/L| MgO Mg(OH): | MgCOs CaO Ca(OH): | CaCOs
CaO 313 35.6 42.3 32.4 25.4 44.4
Ca(OH)2 11.5 13.9 55.3 254 9.2 46.7
CaCOs 96.4 96.9 98.7 44.4 46.7 96.6

unit [%].

Regardless of Caso, the Rca of CaCOs exceeded 90%, but the Rca of CaO and Ca(OH):
showed considerably low values. Even if the adsorbent addition concentration was dou-
bled, the Rca of Ca(OH)2 and CaCO:s hardly changed. In contrast, the Rca of CaO nearly
doubled when Waq¢/V was doubled.

Tables 12 and 13 show Rca for the combined additions of two types of adsorbents
obtained from As-removal tests for Caso = 1 and 10 mg/L, respectively. For convenience,
the results in the single additions of Waq/V = 0.4 g/L have also been included in Tables 12
and 13, respectively. Similar to Figure 3, each Rca of the combined additions is shown in
Figure 5, based on the data in Tables 12 and 13. Figure 5a,b correspond to Caso =1 and 10
mg/L, respectively.
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Figure 5. Rca for combined-addition at (a) Caso = 1 mg/L and (b) Caso = 10 mg/L. Rca = 100 — (Ccax
1000)/(Wad/V x (aca/100)) x 100.

There was no significant difference in the tendency of Rca depending on Caso. How-
ever, overall, Rca tended to be slightly higher at Caso = 10 mg/L than at Caso = 1 mg/L. In
combinations of CaCOs with the adsorbents other than CaO and Ca(OH)., the Rca signifi-
cantly exceeded 90%. The Rca in most of the combinations of CaO and of Ca(OH)2 were
low overall; however, those with MgCOs were relatively high. The Rcain the combinations
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of Ca(OH)z, excluding those with MgCOs, were considerably lower than those in the com-
binations of CaO and of CaCO:s.

4.3.2. Effects of Combined Addition on Ca-Leaching Behavior

Similar to Mg, even if the Ca-residual ratio is the same, the amount of Ca leached differs
depending on the type of the Ca-based adsorbent used. Therefore, to evaluate the effects of
the combined addition on the Ca-leaching behavior, it is considered more appropriate to com-
pare the amount of change in Cca. Then, the higher Cca in the single-addition test (Wad/V = 0.2
g/L) of the two types of adsorbents used in the combined-addition test (XWad¢/V = 0.4 g/L) is
subtracted from the Cca in the combined-addition test. The obtained difference was denoted
as ACca. The lower the value of ACc, the higher the effects of inhibiting the leaching of Ca.

The ACca with the mass-based adsorbent addition concentration is shown in Tables
14 for Caso = 1 mg/L and 15 for Caso = 10 mg/L, respectively. Similar to Figure 4, each ACca
of the combined additions is shown in Figure 6, based on the data in Tables 14 and 15.
Figure 6a,b correspond to Caso =1 and 10 mg/L, respectively.

Table 14. The combined-addition Cca minus the higher of the two single-addition Cca (ACca) for As-
removal tests at Caso =1 mg/L.

LWad/V=04g/L MgO Mg(OH): MgCOs CaO Ca(OH)2 CaCOs
CaO -24.1 -24.2 -62.9 84.3 88.6 16.8
Ca(OH)2 4.3 -1.1 -71.8 88.6 103 -1.6
CaCO:s 2.9 2.6 1.1 16.8 -1.6 0.4

unit [mg/L].

Table 15. The combined-addition Cca minus the higher of the two single-addition Cca (ACca) for As-
removal tests at Caso = 10 mg/L.

LWad/V=04g/L| MgO Mg(OH): | MgCO:s CaO Ca(OH): | CaCOs
CaO -18.0 -21.5 -33.4 76.7 74.7 10.6
Ca(OH)2 -2.9 -4.7 -50.0 74.7 102 2.9
CaCOs 2.9 2.4 1.1 10.6 2.9 0.2
unit [mg/L].
(a) CASO=1 mg/L ZWAd/V= 0.4 g/ (b) CASO=10 mg/L ZWAd/V= 0.4 g/
CaO +Ca0O CaO +Ca0O
Ca(OH)2 + Ca(OH)2 | Ca(OH)2 + Ca(OH)2
CaCO3 +CaCO3 CaCO3 +CaCO3
CaO + Ca(OH)2 CaO + Ca(OH)2
Ca0 +CaCO3 Ca0 +CaCO3
Ca(OH)2 + CaCO3 Ca(OH)2 + CaCO3
MgO + CaO MgO + CaO

MgO +Ca(OH)2 |

MgO + CaCO3

Mg(OH)2 + CaO |

Mg(OH)2 + Ca(OH)2
Mg(OH)2 + CaCO3
MgCO3 + CaO
MgCO3 + Ca(OH)2

MgCO3 + CaCO3

MgO + Ca(OH)2 |
MgO + CaCO3
Mg(OH)2 + CaO |
Mg(OH)2 + Ca(OH)2
Mg(OH)2 + CaCO3
MgCO3 + CaO
MgCO3 + Ca(OH)2
MgCO3 + CaCO3

-100 -50

TR R R
100 150

-100 -50 0 50
A C., [mg/L]

Ly PR B R R
0 50 100 150
AC c, mg/L]

Figure 6. ACca for combined-addition at (a) Caso =1 mg/L and (b) Caso = 10 mg/L. ACca = (the com-

bined-addition Cca) - (the higher of the two single-addition Cca).
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There was no significant difference in the tendency of ACca depending on Caso. The
ACca of Ca(OH)2-MgCO:s was the lowest. The ACca of CaO-MgCOs, -Mg(OH):, and -MgO
were the next lowest. In contrast, a clear increase in the amount of Ca-leaching was ob-
served with the combinations between Ca-based adsorbents other than CaCOs.

From the above, combining MgCOs with the Ca-based adsorbents was shown to in-
hibit Ca-leaching. It was not significantly different in the effects of inhibiting Ca-leaching
by MgCOs between CaO and Ca(OH)2. CaCO:s also seemed to inhibit Ca-leaching by com-
bining with MgCOs; however, this is not clear because the Ccavalues were very low.

4.4. Mechanism of Inhibiting Mg- and Ca-Leaching

In this section, we have provided some brief considerations regarding the mecha-
nisms of inhibiting Mg- and Ca-leaching by combining with Mg-based and Ca-based ad-
sorbents.

First, the chemical reactions when each of the components are leached from the Mg-
based and Ca-based adsorbents are shown below.

MgO (s) + HO (1) —— Mg?* (aq) + 20H-" (aq) )
Mg(OH): (s) «—— Mg (aq) + 20H (aq) (5)
MgCOs (s) «—— Mg* (aq) + COs* (aq) (6)
CaO (s) + H:O (1) —— Ca?* (aq) + 20H" (aq) @)
Ca(OH): (s) «— Ca?* (aq) + 20H" (aq) 8)
CaCOs (s) —— Ca? (aq) + CO" (aq) ©)

In reality, the carbonate ion in (6) and (9) undergoes the following chemical equilib-
rium reactions, which depend on pH.

CO# (aq) + H20 (I) —— HCOs- (aq) + OH- (aq) (10)

HCOs (aq) + H20 (1) «— H,CO:s (aq) + OH- (aq) (11)

The chemical reactions related to the inhibition of Mg- and Caleaching can be ex-
plained by the combination of the above chemical reactions.

4.4.1. Chemical Reactions Involved in Inhibiting Mg-Leaching

In Section 4.2, the combined additions of the Mg-based adsorbents with CaO or
Ca(OH): were shown to inhibit Mg -eaching. Mg on each right side of Equations (4)-(6)
reacts with OH- on each right side of Equations (7) and (8) to produce Mg(OH)-.

Mg (aq) + 20H" (aq) «—— Mg(OH): (s) (12)

Therefore, one of the mechanisms for inhibiting Mg-leaching by the above-men-
tioned combined addition is the resolidification of the leached Mg owing to the produc-
tion of Mg(OH)z. In addition, the values of pHt were higher in the combined addition of
CaO or Ca(OH): than in the single additions of the Mg-based adsorbents; thus, the
Mg(OH)2 was more likely to be produced. In contrast, as the values of pH: in the combined
addition with CaCOs added were almost the same as those in the single additions of the
Mg-based adsorbents, indicating that Mg(OH)2 could not be produced.
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4.4.2. Chemical Reactions Involved in Inhibiting Ca-Leaching

In Section 4.3, the combined additions of the Ca-based adsorbents with MgCOs were
shown to inhibit Ca-leaching. Ca?  on each right side of Equations (7)—(9) reacts with COs?-
on each right side of Equation (6) to produce CaCOs.

Ca?* (aq) + CO=- (aq) «— CaCO:s (s) (13)

Therefore, one of the mechanisms for inhibiting Ca-leaching by the above-mentioned
combined addition is the resolidification of the leached Ca due to production of CaCO:s.
Ca(OH)2 may also be considered a candidate for resolidified substances. However, as the
pHtis lower in the combined addition with MgCOs than in the single additions of CaO or
Ca(OH), it is considered unlikely that Ca(OH): was produced.

In addition, compounds such as (Mg)p(Ca)q(OH):(COs)s (p, q, r and s are positive
numbers) may be produced; it is thus necessary to perform highly accurate X-ray analysis
and detailed chemical equilibrium calculation in the future.

4.5. Mechanism of As Adsorption
4.5.1. Dissolved Forms of Arsenic in Solution

The dissolved forms of As(V) in solutions are represented by the following dissocia-
tion reaction formulas for arsenic acid:

H3AsOs (aq) «—— H2As04 (aq) + H* (aq) (14)
H2AsOx (aq) «—— HAsO# (aq) + H* (aq) (15)
HAsO# (aq) «— AsO#- (aq) + H* (aq) (16)

where pKa1 = 2.24, pKaz = 6.96, and pKas =11.50 (25 °C) [39].

The value of pHo was 6.91-7.32 (see Tables S2,54-56) and pKa1 << pHo << pKas, so the
abundances of HsAsOs and AsO4*- were considered to be extremely small and negligible.
The value of pKa: was applied to Equation (15). Then, after substituting the pHo value, the
value of (HAsO#)/(H2AsO+) = 10 exp (pHo — pKaz) was calculated to be 0.89-2.29. Based
on the results, the main dissolved forms of As in the simulated As(V)-contaminated water
before adding the adsorbents were presumed to be H2AsOs~ and HAsO4?~.

On the other hand, the value of pHr was 9.45 to 12.05, and differed greatly depending
on the type and combination of adsorbents (see Tables 52 and S4-56). pKaz << pHj, so the
abundances of H3AsOs and H2AsOs~ were considered to be extremely small and negligi-
ble. In addition, in the cases of the single addition, the values of pH: for CaCOs, Mg(OH),
MgCOs, MgO, Ca(OH)z, and CaO were 9.45-9.71, 10.39-10.48, 10.59-10.68, 10.81-10.94,
11.72-12.05, and 11.80-12.05, thus the values of (AsO4+")/(HAsO+") = 10 exp (pHt — pKas)
were <<0.1, <0.1, 0.12-0.15, 0.20-0.26, 1.66-3.55, and 2.00-3.55, respectively. Therefore, the
main dissolved forms of As in the treated water were inferred to be HAsO«?- for MgO,
Mg(OH)z, MgCQOs, and CaCOs, and then AsO«*- for CaO and Ca(OH)a.

However, as the dissolved form of As would change accordingly as the pH of the
solution increases with the leaching (dissolution) of the base material components from
the adsorbents, any form of As that may be present at the pH range of pHo to pH: could
react with the adsorbent. In addition, even in the case of the combined addition, the idea
regarding the dissolved form of As is the same as in the case of the single addition de-
scribed above.

4.5.2. Reactions of Adsorption, Precipitation, and Co-Precipitation of As

It is considered that a part of each adsorbent is dissolved in the solution by the reac-
tion of Equations (4)—(9) shown in Section 4.4, and the adsorbent surface remaining as a
solid phase is also hydrated to form Solid-Me-OH, where Me is Mg or Ca.
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First, assuming H2AsOxs~ as the adsorbed species, the reaction with the adsorbent is
speculated below.

Solid-Me-OH (s) + H2AsO4 (aq) «—— Solid-Me-O-AsO(OH): (s) + OH~ (aq) (17)

Equation (17) represents the chemical adsorption reaction due to the ion exchange
between H2AsO4+ and OH-.

Additionally, the adsorption reactions after the hydroxyl groups on the surface of the
adsorbent dissociate to form Solid-Me* are considered:

Solid-Me* (s) + H2AsOx4 (aq) <—— Solid-Me-O-AsO(OH): (s) (18)

Equation (18) represents the electrostatic chemical adsorption reaction.

In both Equations (17) and (18), H2AsOs+ on the left sides can be replaced with
HAsO«* or AsO4*. In those cases, Solid-Me-O-AsO(OH): on the right sides in Equations
(17) and (18), are replaced by Solid-Me-O-AsO(OH)O- and Solid-Me-O-AsO(O-)2. How-
ever, it is difficult to identify the actual adsorbed arsenic acid species as mentioned in
Section 4.5.1 and also to differentiate between Equations (17) and (18).

Furthermore, a reaction in which released Mg? or Ca?, as in Equations (4)—(9), binds
with arsenic acid species to form and precipitate arsenate species is also conceivable. For
example, assuming AsO+*- as the reacting species, the precipitation reaction of arsenate
species is described as:

3Me?* (aq) + 2As04- (aq) «— Me3(AsOs)2 (s) (19)

However, the formation of arsenate species also significantly depends on the concen-
tration of each dissolved component and pH; thus, the possibility of the formation should
be verified by chemical equilibrium calculations.

Ras for the combined addition of each MgCOs3-CaO and MgCOs-Ca(OH)2 was much
higher than that for the single addition of each MgCQOs, CaO and Ca(OH): as described in
Section 4.1. This is due to As adsorption on MgCOs, CaO, and Ca(OH)2 individually but
also to As being incorporated and co-precipitated when Mg(OH)2 and CaCO:s are pro-
duced, as in Equations (12) and (13).

4.6. Comprehensive Evaluation

To summarize what has been described above, as evaluated in terms of both As-re-
moval performance and leaching of the base material components from the adsorbent, the
single addition or combined addition of the adsorbents, which would be highly evaluated
comprehensively, are as follows.

At Caso = 1 mg/L, the most performant strategies are the single addition of MgO or
Mg(OH):, or the combined additions of Mg(OH)2-CaO, MgCOs-CaO or MgCOs-Ca(OH)2.
At Caso = 10 mg/L, the most performant strategies are MgCQOs-Ca(OH)2 or MgCOs-CaO.
Therefore, if the As(V)-contaminated water may have a wide concentration range,
MgCOs-Ca(OH)2 or MgCOs-CaO are the recommended adsorbent compositions.

Since Fe-based adsorbents are expensive, regeneration treatment with Ca-based ad-
sorbents has been suggested [34], which can lead to increased operational complexity and
cost. In addition, it has been pointed out that when Fe(II) exists on the surface of Fe-based
adsorbents, the adsorbed As(V) may be reduced to highly toxic As(Ill) and eluted [25].
Such a reduction reaction would not occur for Mg-based and Ca-based adsorbents. Fur-
thermore, adsorbents doped with cobalt (one of transition elements) have problems with
cobalt leaching [29], which may lead to health risks. On the other hand, Mg and Ca com-
ponents that may leach from Mg-based and Ca-based adsorbents are not harmful to hu-
mans or animals. Since it is necessary to select the optimum adsorbent according to the
contamination state, contamination factors, purification conditions, etc., it would be better
to list a wide variety of adsorbents as candidates in advance. This study reported the re-
sults of arsenic-removal tests with various combinations of Mg-based and Ca-based



Sustainability 2023, 15, 4689

20 of 23

adsorbents, and it is hoped that the results of this research will be useful when selecting a
combination of adsorbents according to the arsenic contamination state.

In this study, the As-removal tests used two types of adsorbents combined at an ad-
sorbent addition concentration of 1:1 by mass ratio. In the near future, stoichiometric and
chemical equilibrium studies should be conducted and the effect of inhibiting the leaching
should be analyzed using the data obtained in this study. Additional tests on the molar
ratio of the adsorbent addition concentration as variables are needed, and an optimum
adsorbent mixing ratio should be derived. Furthermore, in future research, we also plan
to investigate this process using “arsenite” rather than “arsenate”.

5. Conclusions

In this study, As-removal tests with the combined addition of Mg- and Ca-based ad-
sorbents were systematically conducted for the purpose of improving the As-removal per-
formance and inhibiting the leaching of base material components from adsorbents (i.e.,
improving the environmental stability of adsorbents). The results of the combined addi-
tion tests were compared to those of the single-addition tests with each adsorbent.

Many of the combined additions tested in this study, especially MgCOs-CaO and
MgCO:s-Ca(OH)z, are promising. Some combined additions of the Ca-based adsorbents,
MgO and -Mg(OH)., decreased the As-removal performance. The As-removal perfor-
mance of the combined addition of MgCOs-Ca(OH)2 was the highest at both 1 and 10 mg/L
of Caso. It was clarified that the combined additions of the Mg-based adsorbents with CaO
or Ca(OH): inhibited Mg-leaching. The effects of inhibiting Mg-leaching by CaO and
Ca(OH)2 were similar but depended on the Mg species, with Mg(OH)2 < MgO < MgCQOs.
One of the mechanisms for inhibiting Mg-leaching via these combined additions was con-
sidered to be the resolidification of the leached Mg owing to the production of Mg(OH)a.
It was also clarified that the combined addition of CaO or Ca(OH): with MgCQOs inhibited
the leaching of Ca. It was not significantly different in the effects of inhibiting the Ca-
leaching by MgCO:s between CaO and Ca(OH)z. One of the mechanisms for inhibiting Ca-
leaching by these combined additions was the resolidification of the leached Ca owing to
the production of CaCOs. The improvement of the As-removal ratio for the combined ad-
dition of each MgCOs3-CaO and MgCOs-Ca(OH):2 was considered to be caused by the in-
corporation and co-precipitation with As when Mg(OH)2 and CaCOs were produced, in
addition to As adsorption on each adsorbent. From the viewpoints of both As-removal
performance and the environmental stability of the adsorbents, MgCOs-Ca(OH): or
MgCOs-CaO are recommended as improved sustainable adsorbent combinations that can
be effectively applied over a wide range of As concentrations.

Since the As-removal tests in this study were performed at only two initial As-con-
centrations and one initial pH, we were not possible to determine the optimal range for
As-removal performance. Although the combined-addition tests in this study were per-
formed at only an adsorbent addition concentration of 1:1 by mass ratio, in order to derive
the optimum mixing ratio of the adsorbents, it will be necessary to conduct additional
tests with varying the adsorbent mixing ratio as a parameter. Nevertheless, this study
demonstrated that the combined addition of specific Mg-based and Ca-based adsorbents
is possible to improve the As-removal performance and also inhibit the leaching of the
matrix component from the adsorbents. The results of this study are expected to increase
the options for using Mg-based and Ca-based adsorbents for arsenic contamination treat-
ment.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/su15054689/s1, Table S1: characteristics of the adsorbents
where a is the measured content, P is the reagent purity, Dp50 is the median particle size, and SBET
is the Brunauer—-Emmett-Teller (BET) surface area; Table S2: target and measured values for the Caso
=1 mg/L, single-addition tests where one type of adsorbent was employed at a time to assess As
removal; Table S3: relative standard errors for test nos. 1-6 in Table S2; Table S4: target and
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measured values for the Caso =10 mg/L, single-addition tests where one type of adsorbent was em-
ployed at a time to assess As removal; Table S5: target and measured values for the Caso =1 mg/L,
combined-addition tests where two types of adsorbents were added at a time to assess As removal;
Table S6: target and measured values for the Caso = 10 mg/L, combined-addition tests where two
types of adsorbents were added at a time to assess As removal.
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