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Abstract A very effective adsorbent for thorium has been
obtained by modification of Santa Barbara Amorphous
(SBA-15) using the chelating agent thenoyltrifluoroacetone
(TTA). The prepared adsorbent (SBA-15-TTA) was char-
acterized using scanning electron microscopy (SEM),
Fourier transform infrared spectroscopy (FT-IR), surface
area, porosity, and zeta potential analyses. We investigated
the factors affecting Th(IV) adsorption on TTA-SBA-15,
such as initial pH, contact time, temperature, and initial
metal concentration. The effective initial pH for adsorption
was found to be 4. The binding sites on TTA-SBA-15
adsorbent were saturated using an initial Th(IV) concen-
tration of 100 mg L™'. The Dubinin-Radushkevich iso-
therm suggested a strong chemical interaction between
adsorbent and adsorbate. Contact time and temperature had
no significant effect on the adsorption. Therefore, the
studies show that TTA-SBA-15 is a promising adsorbent to
treat Th(IV)-contaminated effluents.
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1 Introduction

Thorium is a long-lived radionuclide spread throughout
the earth’s crust in many geological forms such as xeno-
time, monazite, and bastnasite [1]. It is considered an
alternative nuclear fuel to uranium due to its abundance in
the earth’s crust, chemical stability, high radiation resis-
tance, and low radiotoxic waste production [2]. Mining
activities and nuclear industry are the main producers of
thorium waste. Due to its radioactive character and heavy
metal toxicity, the release of thorium waste is an important
issue in terms of both human health and environment.
Therefore, the recovery of Th(IV) from aqueous solution is
a relevant challenge from an environmental and economic
point of view.

The treatment of liquid effluents containing high con-
centrations of metal ions can be performed using some
conventional methods like ion exchange, chemical pre-
cipitation, filtration, evaporative recovery, and reverse
osmosis. Nevertheless, these methods are expensive and
inefficient when the waste metal concentration is up to the
100 mg L™ [3]. Adsorption is another technique used or
separation and purification in dilute solutions. Many
sophisticated synthetic materials have been recently
developed for adsorption of radionuclides from aqueous
solutions. Metal-organic frameworks (MOFs) are one of
the materials that can be used for partitioning and reme-
diation of radioactive contaminants. Wei et al. developed
mesoporous luminescent MOFs for detection of uranium in
several water samples [4]. The Tc”® radioisotope, having
long half-life, high fission yield, and high mobility, was
removed in its anionic form (TcO, ) from contaminated
waters by such an MOF [5]. To remove uranyl ions from
aqueous solutions, ultrastable zirconium phosphonate was
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developed. The prepared MOF structure showed high sta-
bility in the otherwise harsh chemical conditions [6].
Yanlong et al. investigated the structure of uranyl ions
coordinated with polycarbonate compounds and observed
that the synthesized material exhibits high chemical and
radiation resistance in aqueous solutions. It can be used for
the treatment of radioactive solutions containing cesium
[7]. Many modified and unmodified sorbents were used for
adsorption of Th(IV) from liquid effluents, such as PVA/
TiO,/ZnO nanofiber adsorbent functionalized with mer-
capto groups [8], amino-magnetic glycidyl methacrylate
resins [2], alumina and silica [9], goethite [10], and TiO,
[11].

Mesoporous silica structures like MCM-48, MCM-41,
HMS, and SBA-15 show suitable adsorbent features due to
their narrow pore-size distribution, controlled pore sizes,
and large surface area [12]. Additionally, the adsorption
affinity toward metal ions can be enhanced by modification
of silica structures with suitable functional groups [13].
The well-ordered hexagonal mesoporous silica structure, i.
e., SBA-15, was synthesized by Zhao et al. [14]. The SBA-
15 silica structure has attracted the attention of many
adsorption studies because of its distinctive features. Due
to its large and controlled pore diameter (5-30 nm),
enabling the diffusion of metal ions into the internal pore
structures, fast adsorption kinetics could be easily realized.
Furthermore, its thick pore walls (4 nm) enhance mechanic
and hydrothermal stability of the structure. These striking
properties make SBA-15 a suitable support to many func-
tional groups for use in the adsorption of metal ions [15].
Modified with Schiff base ligands N-propylsalicylaldimine
and  ethylenediaminepropylesalicylaldimine, = SBA-15
adsorbents were used for the removal of uranium(VI) ions
from aqueous solutions, as a function of aqueous-phase pH,
contact time, adsorbent dose, initial metal ion concentra-
tion, and ionic strength [16]. Wang et al. investigated Pb>*
adsorption on amino-functionalized core—shell magnetic
mesoporous SBA-15 silica composite. They easily
removed the adsorbent from solution using external mag-
netic field and regeneration of the sorbent was achieved by
acid treatment [17]. SBA-15 materials functionalized by
3-aminopropyl-triethoxysilane and bis(2,4,4-tri-
methylpentyl)phosphinic acid (Cyanex 272) were
employed for the adsorption of some heavy metal ions
from aqueous solution. Remarkable adsorption capacities
were obtained for Cu?*, Co?", and Zn”" ions, and high
selectivity was achieved for Zn®" compared to other ions
[18]. Shahbazi et al. conducted batch and column studies
for adsorption of Cu(Il), Pb(Il), and Cd(I) ions from
aqueous solution using polyamidoamine-functionalized
SBA-15 (PAMAM-SBA-15). The isotherm models, ther-
modynamic parameters, and kinetic studies were
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investigated in the batch mode. The breakthrough curves
were obtained using column tests [19].

Thenoyltrifluoroacetone (TTA) is a type of B-diketone
derivative used as a chelating agent for metals. Harvianto
et al. studied lithium ion recovery from seawater using the
solvent extraction method with thenoyltrifluoroacetone—
trioctylphosphine oxide (TTA-TOPO) mixed in kerosene
[20]. The extraction of the U022+ ion was investigated by
TTA room temperature ionic liquid systems. The results of
this study suggested that the extraction mechanism is
dominated by cation exchange at lower pH but changed to
the ion-pair extraction method at higher pH [21].

In this study, adsorption of thorium from aqueous
solution using TTA-modified SBA-15 was investigated.
The modified mesoporous structure was characterized to
identify its chemical and physical features. The adsorption
process was carried out in batch mode, and the effects on
the uptake of metal ions were investigated. Isotherm
models were used to understand adsorption behaviors.

2 Experimental
2.1 Materials and methods

The reagents for the preparation of the TTA-SBA-15
sorbent material, tetraethylorthosilicate (TEOS, 99%),
Pluronic® P123 (EO,,PO70EOs), 3-(triethoxysilyl)propyl
isocyanate (TEPIC, 95%), 2-thenoyltrifluoroacetone (TTA,
99%), tetrahydrofuran (THF, 99.9%), and sodium hydride
(NaH, 95%) were all purchased from Sigma-Aldrich (Saint
Louis, USA). Hydrochloric acid (HCI, 37%), ethanol
(C,HgO, 99.5%), nitric acid (HNOs;, 65%), sodium
hydroxide (NaOH), and thorium nitrate pentahydrate (Th
(NO3)4-5H,0) were all supplied by Merck (Darmstadt,
Germany). The metal solutions of U, Ca, Fe, and Mg were
prepared by dissolving appropriate amounts of their nitrate
salts to study the effect of coexisting ions on adsorption
experiments (Merck, Darmstadt, Germany) in deionized
water (resistivity=18.2 MWcm, TOC level=1-5 ppb,
Millipore, Milford, MA, USA).

2.2 Synthesis of SBA-15

SBA-15 mesoporous silica structure synthesis was
adapted from a previously reported study [14]. The reaction
mixture consists of 4 g copolymer/0.041 mol TEOS/
0.24 mol HC1/6.67 mol H,0. The detailed description is as
follows: surface active agent was mixed with 14.22 g of
distilled water until it became homogeneous; 57.08 g of
2 M HCI was added to the solution and stirred at 35 °C for
2 h. 406 g TEOS was then introduced to the mixture
dropwise, and the solution was stirred under the same
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condition for 24 h. The milky solution obtained was then
kept in a Teflon-lined autoclave at 100 °C for a further
24 h. The resulting material was filtered, washed with
distilled ethanol and water, and oven-dried. The fine white
powder produced was calcined in air at 550 °C for 6 h at a

heating rate of 1 °C min .

2.3 Modification of SBA-15

Synthesized SBA-15 material was modified with TTA
using the following reflux system [22, 23]: 1 g TTA was
dissolved in 40 mL. THF. 0.2 g NaH was added slowly. The
solution was stirred for 2 h until a yellowish color was
observed. 2.5 g TEPIC was introduced to the solution
dropwise for 30 min. Resulting material was refluxed at
45 °C under dry nitrogen for 12 h. Synthesized SBA-15
material was added to the reflux system, and the process
allowed to continue for a further 12 h. Modified silica
material was filtered, washed with ethanol and then water,
and dried at room temperature, resulting in a fine light-
yellow powder.

2.4 Characterization and analysis

The metal concentrations of solutions were measured by
inductively coupled plasma optimal emission spectrometer
(ICP-OES, PerkinElmer Optimal 2000 DV). Scanning
electron microscope (SEM) images were obtained with a
JEOL JSM-6060. Fourier transform infrared spectroscopy
(FT-IR) spectrums were acquired via a Shimadzu FT-IR-
8400 S within the wavelengths 400 and 4000 cmfl,
inclusive. Surface area and porosity values were obtained
from nitrogen physisorption isotherms measured at 77 K
with a Micromeritics ASAP 2020 analyzer. Zeta potential
was measured by a Malvern Nano ZS zetasizer for char-
acterization of TTA-SBA-15.

2.5 Batch adsorption studies

The adsorption behavior of TTA-SBA-15 adsorbent was
investigated by batch method with a thermostatically
controlled shaker (GFL-1083 model). Experiments were
conducted by shaking 0.05 g adsorbent with 25 mL metal
solution in an Erlenmeyer flask at 150 rpm. Equilibrium
concentration of metals was measured by ICP-OES. The
adsorbed amount of metals by TTA-SBA-15 was calcu-
lated using the following equation:

14
0=(G-C, . (1)
Metal uptake (mg g ') is indicated by Q, and equilib-

rium and initial concentration (mg Lfl) of metal solutions

are indicated by C, and C;, respectively. V' is the volume of
metal solution (L), and m is the mass of sorbent (g).

3 Results and discussion
3.1 Preparation and characterization of adsorbent

We prepared TTA-SBA-15 over two steps: the synthesis
of the mesoporous silica (SBA-15) and the post-modifica-
tion of SBA-15 by the TTA chelating agent. The SBA-15
was synthesized by precipitation of TEOS in acidic media
to produce an ordered porous silica structure. The slurry
product was kept in a Teflon-lined autoclave for
hydrothermal treatment. The calcination process was
employed to remove organic content, which yields the pure
silica structure. The post-modification procedure of SBA-
15 by TTA was carried out using the reflux system under
dry nitrogen. The final product was characterized using the
aforementioned methods and utilized for adsorption
experiments.

The values for surface area and porosity shown in
Table 1 are comparable with the literature [24-29]. The
surface area of SBA-15 decreased by 70% after modifica-
tion by TTA. Similar decreases in pore diameter and pore
volume values have been reported in the literature. These
size changes can be interpreted as the result of grafting
organic functional groups into the pore structures of SBA-
15. SEM images of SBA-15 and TTA-SBA-15 are shown
in Fig. 1. SBA-15 material shows a rope-like morphology
with an average size of 1 pm. A wheat-like macrostructure
due to the aggregation of particles was observed [14]. After
grafting the TTA chelating agent, SBA-15 shows similar
particle morphology. It shows the stability of the
macrostructure after the modification process. The FT-IR
spectra of SBA-15 and TTA-SBA-15 can be seen in Fig. 2.
The peak between 3760 and 3060 cm™' shows the char-
acteristically broad absorption band related to the physi-
cally adsorbed water molecules and stretching of the
framework’s Si—~OH groups. The vibrations attributed to
the Si—O-Si bonds can be seen at 1063 cm™' (asymmetric
stretching), 799 cm™' (asymmetric stretching), and
482 cm™' (bending). The peaks belonging to the charac-
teristic chemical groups of the TTA molecule at 1686 cm
(C=0) and 2934 cm ! (C—H, stretching) can be observed
on the FT-IR spectra of TTA-SBA-15, which confirms the
grafting of the chelating agent into the silica material.
Figure 3 shows that the zeta potential of SBA-15 and TTA-
SBA-15 decreased with increasing pH. The zero-point
charges of the SBA-15 and TTA-SBA-15 materials were
found to be 3.8 and 2.7, respectively. Thus, the decrease in
zero-point charge was observed by the modification of
SBA-15 with TTA extractant.
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Table 1 The results of surface area and porosity analysis

BET surface area (m> gfl)

BJH adsorption average pore diameter (nm)

BJH adsorption average pore volume (cm® g ')

SBA-15 760 7.10
TTA-SBA-15 231 4.00

0.75
0.33

3.2 Adsorption experiments
3.2.1 Effect of initial pH on Th(IV) adsorption

Due to the acidity of metal solutions, which has a sig-
nificant effect on metal uptake, the adsorption of Th(IV)
was investigated as a function of the initial pH. The pH of
the metal solution influences the adsorbent surface charge
and metal speciation directly. Studies on species of thorium
in aqueous solutions show that Th(IV) is the least hydro-
lyzed ion among the tetra positive ions and is stable at pH 3
or less as an uncomplexed cation [30]. According to Cro-
miéres et al., the main species of thorium at pH<4 are Th*
+ (predominating species, 88%) and Th(OH)*>" (less than
12%) [31]. Therefore, the initial pH value for experiments
on the adsorption of Th(IV) was held between 1 and 4 to
avoid precipitation of anionic thorium complexes. The
effect of initial pH on metal uptake can be seen in Fig. 4. A
significant increase in metal adsorption was observed at pH
4. This observation was also supported with the zeta
potential analysis: the protonation of TTA-SBA-15 occurs
below the zero-point charge (2.7), making the surface
charge positive and creating a repulsion force against the
cationic forms of metals. By increasing the pH the surface
charge changes to negative and metal ions are adsorbed
onto the surface. The competition between metal ions and
hydrogen ions for the binding sites of the adsorbent at
lower pH leads to a decrease in metal adsorption due to the
abundance of hydrogen ions [3, 32]. Due to the concern
with the precipitation of Th(IV) at pH 4, a blank experi-
ment was carried out. The experiment was done without
adsorbent in identical conditions with previous adsorption
experiments at pH 4. The concentration of Th(IV) was
measured by ICP-OES, and no evidence of Th(IV) pre-
cipitation was found.

3.2.2 Effect of initial concentration on Th(IV) adsorption

The effect of the initial concentration of metal on the
adsorption process is shown in Fig. 5. The effect of the
initial concentration on adsorption can further explain the
interaction between metal ions and the active sites of the
adsorbent surface. The experiments were performed with
initial metal concentrations ranging from 40 to 200 mg L™".
The adsorption of Th(IV) increased between 40 and
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100 mg L™ and then plateaued with initial concentrations
above 100 mg L™". This can be explained by the increase in
the number of metal ions in higher concentrations com-
peting for the available binding sites on the adsorbent. Due
to the limited number of binding sites, once all binding
sites are occupied, no more Th(IV) ions can be adsorbed
[33].

3.2.3 Adsorption isotherms

Isotherm models were used to understand the adsorption
capacity of the adsorbent by evaluating the equilibrium
data. The Langmuir, Freundlich, and Dubinin—Radushke-
vich (D-R) isotherm models were employed [34, 35].
According to the Langmuir theory, the adsorbent has
structurally homogeneous and energetically identical
adsorption sites. Adsorption occurs at specific adsorption
sites inside the adsorbent, and adsorbates cover the surface
of the adsorbent in a monolayer formation [36].

The Langmuir equation is

C_1 .G 2
O bnyn nn
where C, is the equilibrium concentration (mg LY, 0. is
the amount adsorbed at equilibrium (mg g™ "), and n,, and
b are Langmuir constants that describe the monolayer
capacity and the energy of adsorption, respectively.

The Freundlich isotherm model postulates that the sur-
face of the adsorbent has a heterogeneous structure. The
empirical Freundlich equation is shown below

0. = ke (3)

Its linearized form is
logQ. = logk + (l/n) logCe, (4)

Q. indicates the amount of solute adsorbed per unit mass
of adsorbent, C. indicates the equilibrium concentration,
and k and n specify the Freundlich constants of a particular
adsorption isotherm.

The D-R isotherm model can be employed for low
concentration ranges. It is suitable for the description of
both homogeneous and heterogeneous surfaces. The gen-
eral expression of this model is:

InX =InX, — Ke’. (5)
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Fig. 1 SEM images of SBA-15 (a-b) and TTA-SBA-15 (c—d)

¢ is the Polanyi potential and is described as follows
¢=RTIn(1+1/C). (6)

X indicates the mole amount of adsorbate per unit mass
of adsorbent, X, is the theoretical adsorption capacity, and
C. is the equilibrium concentration of the adsorbate. K is
the constant associated with the adsorption energy, R
shows the universal gas constant, and 7 is the temperature
in Kelvin. E is the average energy of adsorption and is
related to the free-energy change when one mol of adsor-
bate is transferred to the surface of the adsorbent from
solution. It is calculated using the equation below

E=—(K)"? (7)

The value of E can be used to estimate the reaction
mechanism. If E is less than 8 kJ mol ™, the physical forces
dominate the adsorption mechanism. If the E values are
between 8 and 16 kJ mol ™', the adsorption is driven by ion
exchange. Finally, if E is greater than 16 kJ mol ', the
adsorption is governed by particle diffusion.

The parameters regarding the isotherm models can be
seen in Table 2. In terms of the value of the correlation
coefficient, the Langmuir isotherm model is well fitted to
the Th(IV) adsorption behavior on TTA-SBA-15 (R2=1).
The high E value (40.82 kJ mol ') derived from the D-
R isotherm model indicates that the particle diffusion
mechanism plays an important role in the adsorption.

The temperature effect on Th(IV) adsorption was
investigated within the range of 293-323 K. The experi-
mental conditions were as follows: pH 4, initial concen-
tration 50 mg Lfl, adsorbent amount 0.05 g, volume
25 mL, and contact time 30 min. The results of the
experiment revealed that the temperature does not signifi-
cantly affect Th(IV) adsorption. The average value of the
results obtained was 24.7240.03 mg L™, Additionally, the
contact time effect on Th(IV) adsorption was performed
within the range of 5-360 min. Temperature was kept at
293 K; however, the rest of the experimental conditions
were the same as those for the testing of the temperature
effect. Once again, no significant difference was found in
the results. (Average result was 24.804+0.04 mg L")
These insignificant effects of temperature and contact time
between the mentioned ranges could be related to the
strong chemical interaction between adsorbent and adsor-
bate. This deduction correlates with D—R isotherm results.

Modified and unmodified adsorbents were tested in
identical conditions for control of adsorption efficiency.
The experimental conditions for both SBA-15 and TTA-
SBA-15 were set as follows: pH 4, initial concentration
80 mg L', adsorbent amount 0.05 g, volume 25 mL,
temperature 293 K, and contact time 30 min. The results of
five parallel experiments show that on average the uptake
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Fig. 2 FT-IR spectra of SBA- ( a)
15 (a) and TTA-SBA-15 (b) 184,
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of Th(IV) was 19.64+0.6 mg g ' on SBA-15 and 39.8+
0.06 mg g ' on TTA-SBA-15. Thus, a significant increase
in uptake capacity was shown to occur when the SBA-15
material was modified.

For comparison, other studies displaying the results of
adsorption capacity and equilibrium are shown in Table 3.
As seen from the results, the TTA-SBA-15 adsorbent
shows highly rapid kinetic adsorption capacity. These fast
adsorption kinetics are one of the advantages of the SBA-

15 structure and give a favorable feature to the obtained
material.

3.2.4 Effect of coexisting ions on Th(IV) adsorption
To test the effect of coexisting ions on Th(IV)

adsorption, an aqueous solution containing Th, U, Ca, Fe,
and Mg ions was prepared, where the concentration of
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each ion was set to 80 mg L', Experiments were carried
out as a function of pH to test the environment acidity of
competing ions. The results of the experiments can be
seen in Fig. 6. An increase in Th(IV) uptake by an
increase in pH can be seen for both experiments. Nev-
ertheless, the uptake of Th(IV) was reduced by 47.39% at
pH 3 and 19.73% at pH 4 due to coexisting ions. This
decrease is understandable because of the sharing of
active sites on the adsorbent by thorium ions with
coexisting ions. However, the decrease in Th(IV) uptake

at pH 4 is less than that at pH 3. This can be explained

by the different speciation of coexisting ions. The results

reveal that Th(IV) adsorption was continuing even in the

presence of competitive ions, despite a slight decrease in
adsorption efficiency. As a conclusion, TTA-SBA-15

adsorbent has a potential use in the treatment of Th(IV)
contaminated water.
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Fig. 3 Zeta potential variations of SBA-15 (a) and TTA-SBA-15 (b),
as a function of pH
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Fig. 4 Effect of pH on the adsorption of Th(IV) by TTA-SBA-15
adsorbent (initial concentration: 50 mg L~', temperature: 25 °C,
contact time: 2 h, amount of sorbent: 0.05 g)
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Fig. 5 Effect of the initial metal concentration on the adsorption of
Th(IV) by TTA-SBA-15 adsorbent (pH;,; 4, temperature: 25 °C,
contact time: 30 min, amount of sorbent: 0.05 g)

Table 2 Langmuir, Freundlich, and D-R parameters for the adsorp-
tion of Th(IV) on TTA-SBA-15

Isotherm models Parameters Values
Langmuir Ny, (mg gfl) 36.10
b (L mg") 0.0002
R 1
Freundlich n 30.67
k(@L mg™h 4.66
R? 0.90
D-R X, (mmol g1 0.17
E (kJ mol Y 40.82
R 0.94

4 Conclusion

In this paper, we prepared thenoyltrifluoroacetone
modified SBA-15 mesoporous silica structure for thorium
adsorption. The increase in the adsorption of thorium was
observed at an initial pH of 4. The uptake of Th(IV)
reached a plateau after an initial concentration of
100 mg L™". The Langmuir isotherm model was found to
be a suitable model for describing thorium adsorption onto
TTA-SBA-15. The Dubinin—Radushkevich isotherm model
revealed that a strong chemical interaction occurred
between the adsorbent and the adsorbate. Temperature and
contact time appeared to have no significant effect on the
adsorption process within the range of experimental con-
ditions. The results of the experiments indicate that TTA-
SBA-15 is a very effective adsorbent in recovering Th(IV)
from aqueous solutions, and could be a promising area of
further development from an environmental and economi-
cal point of view.
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Table 3 Comparison of the adsorption properties between the presented method and other methods
Material O uptake (mg gfl) Equilibrium time (min) References
Modified clays 30.0 7.50 [37]
Modified mesoporous silica 49.0 3.00 [38]
Modified mesoporous silica 81.0 30.0 [39]
Mesoporous molecular sieves 214 720 [40]
Bifunctional groups modified mesoporous silica 164 60.0 [41]
Flux calcined diatomite 13.0 20.0 [42]
Activated carbon 21.0 30.0 [43]
This study 36.0 5.00 -
30 5. D. Sheng, L. Zhu, C. Xu et al., Efficient and selective uptake of
TcO, by a cationic metal-organic framework material with open
Ag™ sites. Environ. Sci. Technol. 51, 3471-3479 (2017). https://
25 doi.org/10.1021/acs.est.7b00339
6. T. Zheng, Z. Yang, D. Gui et al., Overcoming the crystallization
and designability issues in the ultrastable zirconium phosphonate
20+ framework system. Nat. Commun. 8, 15369 (2017). https://doi.
_ n org/10.1038/ncomms 15369
k=] 15 - 7. Y. Wang, Z. Liu, Y. Li et al., Umbellate distortions of the uranyl
E’ coordination environment result in a stable and porous poly-
o catenated framework that can effectively remove cesium from
10 4 aqueous solutions. J. Am. Chem. Soc. 137, 6144-6147 (2015).
https://doi.org/10.1021/jacs.5b02480
8. D. Alipour, A.R. Keshtkar, M.A. Moosavian, Adsorption of
5 thorium(IV) from simulated radioactive solutions using a novel
electrospun PVA/TiO,/ZnO nanofiber adsorbent functionalized
n with mercapto groups: study in single and multi-component
0 T T T ! systems. Appl. Surf. Sci. 366, 19-29 (2016). https://doi.org/10.
0 d 2 s % 9 1016/j.apsusc.2016.01.049
PH, . 9. L. Weijuan, T. Zuyi, Comparative study on Th(IV) sorption on
alumina and silica from aqueous solutions. J. Radioanal. Nucl.
Fig. 6 Variations of Th(IV) adsorption as a function of pH (Wlth Chem. 254(1), 187-192 (2002) httpS//dOlOrg/101023/A
1020874405480

(b) and without (a) coexisting ions)
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