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Abstract—The development of an efficient adsorbent for removal of Ca®* and Mg™* ions using ionic liquid (IL) (1-
Ethyl-3-methylimidazolium amino acetate) functionalized graphene oxide (GO) (IL-GO) is reported. The formation of
IL-GO adsorbent was confirmed by FTIR, Raman, TGA, TEM and SEM-EDX analysis. The loading of IL within the
IL-GO adsorbent was found to be 39 wt%. A minimum amount of IL (~2%) leached from IL-GO after continuous stir-
ring in DI water for 24 h. The TL-GO adsorbent exhibited high adsorption capacity towards Ca® and Mg’" ions and
stable recovery without cross-contamination of the feed water. The structural integrity of IL-GO was preserved after
functionalization and adsorption of Ca** and Mg™* from aqueous solution. Adsorption kinetics results show that the
adsorption rates of Ca** and Mg"* follow a pseudo second-order kinetic model. Moreover, the adsorption data of both
Ca’ and Mg” on IL-GO is well fitted using the Langmuir isotherm, implying that active sites for adsorption are homo-
geneously distributed on the IL-GO surface. IL-GO adsorbent shows promise in the removal of Ca** and Mg™* ions
from saline water, as part of a pretreatment process in reverse osmosis (RO) desalination plants, to control the inor-
ganic fouling of RO membranes. Finally, since the adsorption capacity of IL-GO for Ca** and Mg** has been found to
be much greater than that for Na’, the developed adsorbent could be a very good candidate for the separation of mon-
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ovalent and divalent cations from an aqueous feed.
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INTRODUCTION

Graphene (GN), which consists of sp” hybridized carbon atoms
bonded together with a bond length of 0.142 nm [1], has received
a significant consideration because of its versatility. GN is oxidized
easily to produce graphene oxide (GO). The oxygen containing func-
tional groups on the basal plane of GO act as reactive sites for fur-
ther modification via various chemical reactions [2,3]. Nanostruc-
tured GO has been applied as an adsorbent for the removal of
heavy metal ions from aqueous solutions and wastewater [4]. The
adsorption capacity of GO for heavy metal ions is much higher than
carbon nanotubes (CNT5) and activated carbon (AC) [3]. However,
limited research has been conducted on the usage of GO in the
removal of alkali and alkaline earth metal ions (Na’, Ca** and Mg™")
through adsorption [5-7]. Despite being an excellent adsorbent of
different metal ions and pollutants, GO is difficult to recycle due
to challenges in its recovery from the feed water [4,8,9]. It is, there-
fore, of great interest to design nanostructured GO-based adsor-
bents for the removal of alkaline bi-valent metal ions with easy post-
use solid-liquid separation efficacy.

Today, the development of robust, ecofriendly processes for the
removal of salts from seawater is of high priority. Membrane-based
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desalination processes, such as reverse osmosis (RO), are applied on
large scale for salt removal from seawater [10]. However, RO is con-
sidered costly, with membrane fouling being one reason behind this
cost. One type of fouling, the so-called inorganic fouling or scaling,
occurs due to the deposition of inorganic salts on the membranes.
In particular, calcium and magnesium salts are deposited on the
membrane surface at high feed pressure [11,12]. Therefore, pre-treat-
ment of feed seawater containing Ca** and Mg™" using efficient adsor-
bents can be effective in addressing the membrane scaling problem.

Tonic liquids (ILs) have been explored as eco-efficient solvents in
water treatment for the extraction of different metal ions from water
[6,13,14]. However, cross-contamination of feed water could occur
during metal ions extraction. This cross-contamination risk can be
mitigated via the immobilization of ILs on suitable support mate-
rial. Recently; nanostructured GO was tested as a potential support
material for the immobilization of ILs via chemical modification
[15]. IL-modified GO adsorbents, which have additional functional
groups on their surface, have exhibited enhanced affinity towards
toxic contaminants in aqueous solution and improved recoverabil-
ity [16]. However, the immobilization of ILs onto the surface of
nanostructured GO by chemical modification needs to be stable
to avoid the leaching of ILs into the feed water. Covalent immobi-
lization of ILs onto nanostructured materials can be achieved via
acylation, esterification, isocyanate formation, nucleophilic ring open-
ing, amide formation, diazotization and cycloaddition reactions [17].

In this study, a new IL-functionalized GO (IL-GO) adsorbent



Tonic liquid functionalized graphene oxide for adsorption of calcium and magnesuim ions

was prepared via an epoxide ring opening reaction and amidation
at 80 °C using a specific IL (1-Ethyl-3-methylimidazolium amino
acetate) for the adsorption of Ca** and Mg™ ions from aqueous solu-
tion. It is hypothesized that the adsorption capacity of modified
GO after functionalization with IL can be enhanced for alkaline
earth metal ions due to the creation of extra active adsorption sites
without cross-contamination of feed water with IL [18]. In addi-
tion, IL-GO adsorbent can be easily isolated from the feed water
via filtration. The produced IL-GO adsorbent is expected to have
high adsorption capacity for Ca™ and Mg™ ions, enabling its ap-
plication in the pretreatment of RO feed to prevent the inorganic
fouling of RO membranes. To the best of our knowledge, a specific
IL functionalized GO (IL-GO) adsorbent is used herein for the first
time for adsorption of Ca** and Mg"" ions. The IL-GO adsorbent
was characterized thoroughly and the impact of various parame-
ters, including contact time, solution pH, adsorbent dose and tem-
perature, on the adsorption process was studied.

EXPERIMENTAL

1. Materials

Ionic liquid (IL) (1-Ethyl-3-methylimidazolium amino acetate
(>97%)), graphite, potassium hydroxide (KOH), potassium per-
manganate (KMnO,), sulfuric acid (H,SO,, 96%), hydrochloric acid
(HC, 36.5%), hydrogen peroxide (H,0O,) and absolute ethanol were
procured from Sigma-Aldrich. MgCl, and CaCl, were purchased
from Acros Chemicals. Deionized (DI) water was used in the prepa-
ration of all solutions, while GO was synthesized in our lab follow-
ing a previously reported protocol [19] and is presented below.
2. Synthesis of GO

GO was synthesized in our lab according to the modified Hum-
mers method [5]. Initially, 2 g of graphite flakes was charged into a
2L media glass bottle containing 250 mL H,SO, under constant
mechanical stirring of 300 rpm. The resulting mixture was further
stirred for 2h and 15g of KMnO, was gradually added into the
suspension, which was left overnight at a stirring speed of 300 rpm.
The color of the mixture turned to purple after 1 h heating at 80 °C.
Then, the temperature of the mixture was dropped to room tem-
perature (RT) and 200 mL of DI water was added dropwise into
the mixture over 2 h under the ice-cold condition at high mechan-
ical stirring. Thereafter, 100 mL of H,O, was added into the result-
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ing mixture, which was left overnight at room temperature without
stirring. The supernatant solution was discarded and oxidized graph-
ite was washed with 200 mL of 10 wt% HCL. Then, the suspension
was centrifuged with DI water until the pH of supernatant solu-
tion reached to 5.5. A brown color paste was isolated from the cen-
trifuge tubes and was subsequently dispersed in absolute ethanol
using a bath sonicator. The centrifugation and dispersion steps were
repeated three times to eradicate the remaining impurities from
GO suspension and purified GO suspension in ethanol was trans-
ferred onto glass petri dish and left inside airflow-controlled fume
cupboard overnight at RT. The dried GO was taken out from the
glass petri dish and stored in a Ziplock plastic bag for characteriza-
tion and further use in preparation of IL-GO adsorbent.
3. Preparation of Ionic Liquid Functionalized GO

IL-functionalized GO (IL-GO) adsorbent was prepared by an
epoxide ring opening and amidation reaction at 80 °C using GO
sheets and IL (1-Ethyl-3-methylimidazolium amino acetate) (Fig. 1).
Initially, a well-dispersed suspension of GO in DI water (0.5 mg
mL™") was prepared by adding 500 mg of GO into one neck round
bottom flask containing 1,000 mL DI water and the dispersion of
mixture was carried out in a bath sonicator for 30 min. Then, 1 g
of IL and 250 mg of KOH were alternatively charged into the well-
dispersed suspension of GO in water under constant stirring. The
alkaline mixture of GO in water was further sonicated over 30 min,
after which the pH was adjusted to 10 by adding few drops of 2 M
HCIL. The flask, along with the GO mixture, was immersed into a
preheated oil bath and the refluxing continued at 80 °C for 24 h. The
resulting suspension was cooled to room temperature and, subse-
quently, centrifugation was carried out at 8,000 rpm for 30 min to
obtain a black paste, which was re-dispersed in ethanol for 30 min
in the bath sonicator. A suspension of modified GO was centri-
fuged and sonicated alternately in ethanol twice for the removal of
impurity traces. The purified black paste of IL-GO was again dis-
persed in ethanol and transferred into a large glass petri-dish. The
petri-dish, with the IL-GO suspension, was kept in an airflow-con-
trolled fume cupboard overnight at room temperature. The dried
IL-GO was then removed from the petri dish using a spatula and
immediately stored in a Ziplock plastic bag before characterizations
and later use.
4. Adsorbent Characterization

The surface morphology of GO and IL-GO was investigated using
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Fig. 1. Schematic of the synthesis route of IL-functionalized GO (IL-GO) via epoxide ring opening and amidation reaction at 80 °C.
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a high-resolution scanning electron microscope (SEM) (Nova Nano,
FEI) linked to energy-dispersive X-ray analysis probe (EDXS, FEI,
The Netherlands). Both GO and IL-GO samples in powder form
were first immobilized atop SEM stubs using a prefixed double-
sided carbon tape. Then, the samples were coated with a 10 nm layer
of Au-Pd layer under vacuum using a sputtering machine. SEM
images of both samples were recorded at 10 um scanning scale.
SEM-EDX spectra before and after adsorption of Ca** and Mg’*
ions onto GO and IL-GO were also recorded.

HR-TEM images of GO and IL-GO samples were taken using
a transmission electron microscope (TEM) (Tecnai G2 series, FEI)
to examine the structural changes of GO sheets after IL function-
alization. For that, a dried powder sample of GO or IL-GO was
initially dispersed in ethanol at 100 ug mL™" concentration using a
bath sonicator for 30 min. The liquid suspension was then dropped
on TEM grids and subsequently ethanol was removed in an airflow-
controlled fume-cupboard at room temperature. TEM images were
then acquired at 20 nm scanning scale. Wide angle X-ray diffraction
(WAXRD) analysis of GO and IL-GO was performed on a Bruker
D2 Phaser X-ray diffractometer with Cu K, radiation source (A=
1.54 A). WAXRD spectra were collected at a step size of 0.0167 and
the interlayer spacing (d) was calculated using Braggs Law (2d sin
6=n/).

ATR-FTIR spectra were obtained in the range of 4,000 to 460
cm™ ata resolution of +4 for 64 scans using an attenuated trans-
form reflection-Fourier transform infrared (ATR-FTIR) spectrom-
eter (VERTEX, 80/80v, Germany). Raman spectra were recorded
using a Raman spectrometer (Renishaw Invia, UK) at 540 nm wave-
length. Thermogravimetric analysis (TGA) was done using a Netzsch
STA 449 F3 Jupiter TGA instrument. TGA data was acquired in
the temperature range of 50 to 800 °C at a 10°C min ™" heating rate
under N, flow.

5. Quantification of IL Leaching

Initially, 15 mg of IL-GO was added into a conical flask contain-
ing 30 mL of DI water, which was then sonicated in a bath sonicator
for 10 min. The conical flask, containing a well-dispersed suspen-
sion of IL-GO, was then placed on a mechanical shaker and stirred
at 300 rpm for 24 h. The suspension was filtered using vacuum fil-
tration and the supernatant solution was stored in airtight glass
bottle before analysis. A total carbon content (TOC) analyzer (TOC-
LCSH/CSN, Shimadzu, Japan) was used in determining the TOC
of the supernatant solution. The leaching of IL from IL-GO adsor-
bent was calculated as:

ATOCxV xCp.
el

my;,

where ATOC is the difference in TOC (mg L™) between the super-
natant solution (after IL leaching) and DI water (before leaching),
V., is the total volume of water (L), my, is the weight of IL in the
leached IL-GO sample (mg) and Cj; is the content of carbon in IL
(mg).
6. Adsorption Studies

Batch adsorption tests were carried out for the adsorption of Na',
Ca®" and Mg”" from aqueous solutions using IL-GO adsorbent. A
specific amount of IL-GO was added into an individual solution
of NaCl, CaCl, or MgCl, in a 50 mL conical flask and stirred on
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g
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an incubator shaker at 100 rpm for a predetermined time. After
that, the supernatant solution was filtered using a syringe filter
(Agilent, 0.2 um, Cellulose acetate) and the concentration of Na’,
Ca™ or Mg™ ions was determined using an inductively coupled
plasma-optical emission spectrometer (ICP-OES Model 5100 SVDV,
Agilent, USA). Adsorption studies were also carried out by vary-
ing the concentration of metal ions in solution, adsorption time,
adsorbent mass, temperature and solution pH. The adsorption capac-
ity (q,) of IL-GO at equilibrium was calculated as:

. (C,-C
q(mgg -GGV @

m
where C, is the initial concentration of metal ion (mg L™), C, is
the equilibrium concentration (mg ™), V is the total volume (L);
and m is the weight of adsorbent (g).

RESULTS AND DISCUSSION

1. Physico-chemical Characterization of GO and IL-GO

The ATR-FTIR spectra of GO, IL, and IL-GO are shown in Fig,
2 and a tabulation of the characteristic peaks present in these spec-
tra is provided in Table S1 (Supplementary Information, SI)). The
characteristic peaks in the FTIR spectrum of GO are associated as:
sp” aromatic C=C vibration at 1,622 cm™, oxygen containing func-
tional groups such as carbonyl C=0O stretching at 1,729 cm™’, C-
O-C bending at 1,225 cm™", C-OH group at 1,391 cm™, C-O stretch-
ing vibration at 1,060 cm ™', and O-H stretching vibrations at 3,350
cm') [20,21]. The stretching vibration of O-H seems to be flat-
tened in the FTIR spectrum of IL-GO, which suggests that GO
was partially reduced. New peaks for C-O at 1,171 cm ™', and C-H
bond at 620 cm™ are observed in IL-GO, while an intense peak for
C-Nat 1,288cm™" and -NH at 3,158 cm™" in the spectrum of IL-
GO validates the functionalization of GO with IL after amidation
and epoxide ring opening reaction at 80 °C [22]. The peaks for
C=0 in the FTIR spectrum of IL-GO also suggest the presence of
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Fig. 2. ATR-FTIR spectra of GO, IL and IL-GO in the range of 4,000
to 460 cm™".
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Fig. 3. WAXRD patterns of GO and IL-GO in the range of 5 to 90°
at a step size of 0.0167.

acetate anion within IL-GO. In addition, the characteristic peaks
for C=N at 1,565 cm™', C-H bending at 1,378 cm ™", C-O stretching
at 1,167 cm™’, and C-H at 3,059 cm™ are seen in the FTIR spec-
trum of IL (Table S1) [23,24].

WAXRD patterns of GO and IL-GO are displayed in Fig. 3. The
peaks at 26=29.6" and 20=41.5° correspond to (002) and (100)
lattices of non-oxidized traces of graphitic structure in GO and IL-
GO, respectively [25]. The characteristic peak at 26=11.48" links
to (002) crystal plane of GO. This peak became broad and shifted
to 20=13.76° for IL-GO, while its intensity was reduced. Also, the
interlayer distance was reduced from 0.77 (GO) to 0.64 nm after
functionalization of GO with IL. The peak broadening and reduc-
tion in interlayer distance after IL functionalization could be attri-
buted to the delamination of GO by ultrasound waves [21]. Accord-

ing to Scherrer’s equation (W gy = where Wiy, is the

mA

Tcos®
peak broadening at full width half maximum (FWHM), m is a
constant, A is the X-ray wavelength, T is the thickness of the crys-
tal plane and @is the Bragg diffraction angle (deg.)), the thickness
of the crystal plane is inversely proportional to the peak broaden-
ing and, therefore, the modified GO had less thickness, which might
be attributed to the reduction in aggregation of GO sheets with the
introduction of IL and stearic hindrance between IL molecules on
the surface of GO [26].

Raman spectra for GO and IL-GO are depicted in Fig. 4. The
characteristic G band is related to sp’-bonded carbon atoms within
the hexagonal lattice of GO and IL-GO. The characteristic D band
reflects the presence of defects or disorders because of sp® hybrid-
ized carbon in the lattice, while 2D (G’) band is caused by second-
order zone boundary phonons that are associated with the assem-
bly of multilayers [25]. The intensity ratio of D and G bands (I,/
I;) provides an indication for the degree of oxidation and/or func-
tionalization of GO nanosheets [25,27]. The I/I; ratio increased
from 0.90 (GO) to 0.97 after functionalization of GO with IL, due
to the creation of more defects and the number of functional groups
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Fig. 4. Raman spectra of GO and IL-GO in the range of 500 to
3,000cm .
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Fig. 5. TGA data of GO, IL and IL-GO in the temperature range of
50 to 800 °C at 10°C min .

on the surface of IL-GO.

TGA data of GO, IL and IL-GO are shown in Fig. 5. A one de-
composition step is observed for IL at 205.5 °C. Two steps of de-
composition can be observed for GO at onset decomposition tem-
peratures of 195 °C and 599.7 °C. IL-GO also displayed a two-step
decomposition, but at 120 °C and 680 °C. However, the decompo-
sition rate of IL-GO at high temperature was slower in compari-
son to GO under identical conditions. This can be associated with
a partial reduction of GO in an alkaline medium and the subse-
quent introduction of low T, aminated IL (1-Ethyl-3-methylimidaz-
olium amino acetate) onto the surface of GO upon covalent func-
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Fig. 7. TEM images of (a) GO, (b) IL-GO and (c) SAED pattern of IL-GO at 2.0 nm scanning scale.

tionalization. The loading amount of IL within IL-GO was deter-
mined as the difference in weight of GO and IL-GO residues left
at 800 °C [20], and was found to be 39%.

2. Morphological Characterization of GO and IL-GO

An alteration in surface texture of GO after functionalization with
IL was detected by recording their high-resolution SEM images
shown in Fig. 6. The surface texture of GO is characterized by stacked
layers (Fig. 6(a)), while in case of IL-GO, the surface texture is porous
and rougher (Fig. 6(b)). Additionally, the SEM image of IL-GO
indicates that more defects were created within the GO surface
upon its functionalization with IL.

Fig. 7 depicts the TEM images of GO and IL-GO at scanning
scale of 100 and 20 nm, respectively. TEM image of the former indi-
cates that GO had almost transparent layer with wrinkled edges
(Fig. 7(a)), while TEM image of the latter show uniformly black
spots distributed within the texture of IL-GO (Fig. 7(b)), as ILs are
salts which are inherently crystalline. The selected area of electron
diffraction (SAED) pattern signifies the polycrystalline structure of
IL-GO (Fig. 7(c)).

3. Leaching of IL from IL-GO

The cross-contamination of feed water by IL leaching out from
the adsorbent during water treatment is highly undesirable. There-
fore, the leaching of IL from IL-GO was quantified in this study
by determining the TOC content of the supernatant solution left
after IL-GO immersion and stirring in DI water for 24, according
to a protocol reported by Pirkwieser et al. [28]. A limited number

May, 2023

of studies quantify and report the issue of IL leaching, though it is
critical to consider leaching when using the adsorbent in water
treatment applications [29]. TOC results of the supernatant solu-
tion identified that only 2 wt% of IL was leached into the feed water
over 24 h. Taking into consideration the hydrophilicity of the IL,
the observed 2% IL leaching from the IL-GO matrix is considered
to be low. This low tendency of IL to leach out of IL-GO suggests
that the chances for cross-contamination of feed water by IL-GO
can be assumed negligible during the application of IL-GO in the
adsorption of alkaline earth metal ions from aqueous solution.
4. Key Thermodynamic Properties of Ca’ and Mg”* Adsorp-
tion on IL-GO

Three key thermodynamic parameters of relevance to the ad-
sorption of Ca** and Mg"* on IL-GO were determined. These are
the changes in Gibbs free energy (AG’), enthalpy (AH’), and entropy
(AS°). To accomplish this, the adsorption of Ca™ and Mg™* ions
on IL-GO was studied at three temperatures, 25, 35, and 45 °C, at
fixed initial salt ion concentration in the feed solution (300 ppm
for Ca®™, 500 ppm for Mg™"). For each temperature and at equilib-
rium, K was calculated using the following equations [30]:

C
Kc= é‘c 3)

e

where K, is the equilibrium constant, C,. and C, are the equilib-
rium concentrations of metal ion on the adsorbent and in solution,
respectively. From the K value, AG’ was calculated as:
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AG’=-2.303RTlogK, @

where T is the absolute temperature (K) and R is the universal gas
constant (R=8.31446 m® Pa K™'). Then, AS’ and AH’ were obtained,
respectively, from the slope and intercept of the van't Hoff plot (log
K. versus 1/T), as shown in Fig. 8, based on the following equation
[30]:

AH’ ) 5)

togk. =5 )
85%=(2303R) \2303RT

The values of all three parameters, tabulated in Table 1, confirmed
an exothermic and non-spontaneous adsorption of Ca** and Mg’*
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Table 1. Thermodynamic parameters (AS’, AH’ and AG’) and cor-
relation coefficient (R?) of the van’t Hoff plot

TCC) A JK'mol") AH’(Jmol") AG’(Jmol') R
C a2+

25 —66.25 —13,749.6 5,960.7 0.964
35 6,850.0

45 7,260.3

Mg2+

25 —75.23 —14,565 7,814.5 0.955
35 8,823.8

45 9,289.0

onto IL-GO at all temperatures. The negative values of AS’ sug-
gested a decrease in the randomness at the solid-solution interface
during adsorption of Ca** and Mg** ions [31].
5. Kinetics and Equilibrium of Ca®* and Mg** Adsorption on
IL-GO

Fig. 9(a) shows the effect of contact time on the adsorption capac-
ity of IL-GO for Ca™ and Mg™" ions from a feed solution with ini-
tial concentration of 150 ppm salt and pH=7. The adsorption capacity
starts to plateua after about 2 h, at which point equilibrium is almost
reached.

The rate constants for adsorption kinetics were calculated using
pseudo first-order and second-order kinetic models [32,33]. The
first-order kinetic model is represented as follows (6):

K
log(q,~q)=logq, ~ 55o=t ©)

where q, is the adsorption capacity of IL-GO (mg,,s/gr.co) at equi-
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Fig. 9. (a) Effect of contact time on the adsorption capacity of IL-GO at pH=7, (b) pseudo-first-order kinetics plot for adsorption of Ca** and
Mg™ at pH=7, (c) second-order kinetics plot for adsorption of Ca’* and Mg™" at pH=7.

Table 2. Pseudo first-order and second-order kinetic rate constants (k;, k), calculated q, values and R’ values for adsorption of Ca® and Mg™*
on IL-GO at pH=7 and initial salt concentration ca. 200 ppm

Pseudo 1%-order kinetic model

Pseudo 2™-order kinetic model

9o
RZ k1 . qe, pseudo-1st experimental qe, pseudo-2nd kZ . ) RZ
(min™) (Mgups/i-co) (mgps/gu-co) (Mgups/gir.co) (8o Mgups  min")
Ca™ 0.9553 0.0398 97.77 112 112.36 0.0012 0.9999
Mg2+ 0.9226 0.0370 116.57 71.68 72.46 0.00127 0.9938

Korean J. Chem. Eng.(Vol. 40, No. 5)
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librium, q; is the adsorption capacity after a particular adsorption
time, t, and k; (min™") is the rate constant for first-order kinetic
model, which is determined from the slope of log (q.—q,) versus
time (t) plot (Fig. 9(b)). The q, yeuio 15> ki and R* values are given in
Table 2.

The second-order kinetic model is described as follows [32,33]:

t 1 1
6! g

where h=k,q,” and is calculated from the intercept of the t/q, versus
t straight line with the t/q, axis. k, is the rate constant of pseudo
second-order kinetics and is calculated through h and the slope of
the t/q, versus t line, as shown in Fig. 9(c). The q, pseudo-2100 K2 (8160
mg,ps ' min') and R’ values are included in Table 2; note that
(mg,ps) refers to the amount (mg) of adsorbed species, either metal
cation, on the adsorbent IL-GO. It is noticed that the R values for
pseudo second-order kinetics are significantly closer to 1 than the
R’ values for pseudo first-order kinetics for both metal ions. In
addition, the calculated g, values from the pseudo second-order
model are very close to the experimental values of q, for both metal
cations, while the ones calculated from the pseudo first-order model
are not close to the experimental q, values. All these results indi-
cate that the adsorption process is much more accurately described
by the pseudo second-order model for both cations. The second-
order kinetics indicate that the adsorption of both metal ions (Ca’*
and Mg’") on IL-GO is mainly governed by chemisorption.

Insight into the type of prevailing equilibrium isotherm was ob-
tained from a linear fit of equilibrium adsorption data of Ca** and
Mg“ on IL-GO using the Langmuir (Eq. (8)) and Freundlich (Eq.
(9)) isotherms [32,33]:

C, 1 1
—=—+—=C, 8)
. K, K
logqe:logKF-krlllogCe )

where C, is the concentration of metal ion in solution at equilib-
rium, K; and a; are Langmuir constants, K is Freundlich constant,
and 1/n is the heterogeneity factor. K; and a; values were obtained
from the Langmuir isotherm plots (Fig. 10(a)) and K, was deter-
mined from the Freundlich isotherm plot (Fig. 10(b)). These val-
ues, along with the correlation coefficient (R’), are presented in
Table 3. Higher R’ in case of both metal ions (Ca*": 0.999 and Mg™":
0.9998) were obtained for Langmuir isotherm. These values indi-
cate a quick reduction in the intermolecular forces with distance
for monolayer adsorption and a homogeneous distribution of the
active cites on IL-GO [16]. On the other hand, the lower R values
obtained for the data fit using Freundlich isotherm indicate that

CJla,
\
\
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164, B

Log Ce

Fig. 10. (a) Langmuir and (b) Freundlich isotherms for the adsorp-
tion of Ca™* and Mg™ on IL-GO.

the adsorption of both metal ions does not match well the charac-
teristics of a heterogeneous adsorption system. The a; values lying
between 0 and 1 (0<a;<1) suggest that the adsorption of both metal
ions onto IL-GO was reversible. The g, values calculated from
the Langmuir isotherm model for Ca** and Mg™" ions are 125 and
73mg g, respectively.

Fig. 11 shows the effect of pH on the adsorption capacity of IL-
GO for Ca* and Mg™". The highest adsorption of both ions was at
pH=5. This is due to the deprotonation of O-H groups of IL-GO
at pH>4, resulting in increased electrostatic attraction interactions
between the negatively charged functional moieties of IL-GO and
the positively charged Ca™ and Mg™" ions at pH>4 [8]. It has been

Table 3. Parameters of Langmuir and Freundlich isotherms as obtained from the best fit of adsorption equilibrium data (Fig. 10)

Langmuir isotherm

Freundlich isotherm

a K, Qrrax R K a R
(L/mgyps) (L/gn-co) (Mgups/girco) (Mg ps/gi1-co) (Mgaps/ L)(Un)
Ca™ 0311 3891 125 0.9989 0.1524 0.7469 0.9197
Mg2+ 0.209 14.81 73 0.9998 0.0208 0.6308 0.8954
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Fig. 11. The effect of pH on the adsorption capacity (q: mg g ') of
Ca™ and Mg™* on IL-GO.
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Fig. 12. Comparative adsorption capacity of IL-GO for adsorption
of Na', Ca’ and Mg™".

reported previously that the charge nature of GO and IL is influ-
enced by changes in pH during adsorption [33,34]. The adsorp-
tion capacity of IL-GO for both ions decreased with further increase
in pH, from 5 to 11. These changes can be related to the type of
cation, the charge of adsorbate solution, and the charge on the sur-
face of adsorbent during adsorption in this pH range [8]. At pH>5,
Ca® was converted into its hydroxide form, which could not be
adsorbed in excess by the more negatively charged IL-GO in alka-
line medium and, therefore, the adsorption capacity of IL-GO for
Ca’ decreased.

The adsorption capacity of IL-GO for Na" was also checked
and compared with that for Ca** and Mg™" (Fig. 12). The q, of IL-
GO for Na* was 10mg g™ (at initial salt concentration of 250 ppm,
pH=7, and T=25°C), which is much lower than q, for Ca** and
Mg (Ca™: 87mg g ' and Mg*": 54 mg g ). These results demon-
strate that the IL-GO adsorbent was more competent for the ad-
sorption of bivalent inorganic metal ions (Ca™ and Mg™). For this
reason, IL-GO can be considered as a potential adsorbent in the

pretreatment of seawater to minimize inorganic fouling of the RO
membranes used in desalination. Note that the efficacy of IL-GO
needs to be evaluated further using real seawater that contains mul-
tiple cations, which is planned as a future work. In addition, since
the adsorption capacity of IL-GO for Ca™ and Mg"* has been found
to be much greater than that for Na®, the developed adsorbent could
be a very good candidate for the separation of monovalent and diva-
lent cations from an aqueous feed.

Finally, the recovery efficacy of IL-GO from the feed water was
corroborated by a well-settled precipitation of IL-GO in aqueous
solution after the adsorption of Ca* (Fig. S7). The precipitated IL-
GO was easily isolated from aqueous solution through filtration.
The adsorption capacity of developed IL-GO for Ca™ and Mg™" is
compared with that of GO for Na*, Ca* and Mg™* (Table S2). The
adsorption capacity of IL-GO for Ca* and Mg"" is higher than the
reported adsorption capacity of GO.

6. Adsorption Mechanism

Several factors control the adsorption capacity of an adsorbent:
(i) physico-chemical properties of the adsorbents (specific surface
area, porosity, pore structure); (i) type and amount of functional
moieties present on the adsorbent surface, and (iii) properties of
the adsorbate [35]. The oxygen containing functional groups (C=0,
C-OH and -COOH) present in GO and in the anion of IL, within
the matrix of IL-GO, could be liable for different binding path-
ways with metal ions. GO could also form complexes with the cat-
ions because of its functional groups on the surface. Cations can
interact with the aromatic structure of GO through cation-p inter-
actions [4]. Cation- interaction is a donor-acceptor or charge trans-
fer interaction, which is electrostatic. The cation-7 interaction energy
is determined from the electronegativity of metal ions over the
center of aromatic plane of GO [36]. The electronegativity describes
the electron attraction capability of metal ions, which is correlated
with the atoms intrinsic electronic density and distribution. The
electronegativity of both ions is in the order Mg™*>Ca®". Thus, ad-
sorption of metal ions was influenced by the attraction of these
metal ions with the surface of IL-GO. Another important factor
for adsorption of metal ions is associated with the hydration radii
of the cations. To evaluate the interaction of cations with the sur-
face of IL-GO in aqueous solution, it is crucial to take into consid-
eration that water is a dipole molecule, which could align around
the hydrated cation through hydrogen bonding interactions. As a
result, a hydration shell could be created, which shields the electro-
negativity of the cation causing distancing between cation and aro-
matic plane and, subsequently, the strength of bonding interaction
is reduced [37]. The hydration radii of Ca** and Mg’* are 3.13 and
3.63 A, respectively [4]. The adsorption capacity of IL-GO was influ-
enced together with alteration in electronegativity and hydration
radii of cations (Ca** and Mg™). The electrostatic interaction between
cations and the negatively charged moieties on the surface of IL-GO
could have also contributed to the high adsorption of both ions.
High adsorption capacity of IL-GO towards Ca** was attained due
to the use of stronger binding efficacy carboxyl ((COOH) and de-
protonated O-H groups with Ca™ in an aqueous environment [4,8].
Moreover, the positively and negatively charged moieties of IL
within TL-GO were able to attract Ca** and Mg’". The adsorption
of metal ions onto the surface of IL-GO was identified by ATR-
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FTIR spectra and absorption frequency of the respective peaks for
IL-GO before and after Ca™ or Mg™* (Fig. S1 and Table S1). The
peaks for C=0O and C-O stretching vibrations are shifted upon
adsorption of Ca™ or Mg™". The C=0 peak is slightly shifted from
1,560 to 1,562 cm ™" for Mg™* and large shift in the stretching vibra-
tion of C=O peak is observed at 1,539 cm™" with the adsorption of
Ca™. On the other hand, the peak for C-O slightly moved from
1,376 cm ™" to 1,372cm™" or 373 cm™ after adsorption of Ca** or
Mg”". The variation in the stretching vibration of C=O and C-O
peaks indicates the binding of metal ions to active sites on the sur-
face of IL-GO through cations-complex formation with the COO~
group of IL. Additionally, the peak intensity of O-H decreased after
adsorption of both cations onto the surface of IL-GO [38]. As shown
in Fig. S2, 20 value shifted from 13.76° to 13.46° for (002) plane of
IL-GO with the adsorption of Ca* or Mg’". Similar findings were
reported for the crosslinked GO with Ca’™, Mg™* or Na" [39]. A shift
in carbon peak and its broadening are distinguished due to the
change in interlayer spacing (d) between individual GO sheets after
functionalization with IL as well as adsorption of metal ions. Fig.
S3 to S6 present the SEM-EDX spectra of GO and IL-GO before
and after adsorption of Ca** and Mg"". The characteristic peaks for
elements C, O, N, S, Cl, Mn, Si, and K are spotted in SEM-EDX
spectra of GO and IL-GO. An additional peak for element N in
SEM-EDX spectrum of IL-GO confirms the functionalization of
GO with IL and the presence of imidazolium cation within IL-GO.
However, the peaks for the elements S, K, Cl, Si and Mn and Cl
are observed due to the presence of impurities in GO and IL-GO
samples (Fig. S3 and S4). The peaks for the element Ca and Mg
are seen in SEM-EDX spectra of Ca** and Mg"* adsorbed IL-GO
(Fig. S5 and S6).

CONCLUSION

The current work investigated the synthesis, characterization and
testing of the adsorbent IL-GO in the adsorption of Ca** and Mg**
from aqueous salt solution. IL-GO with 39 wt% IL loading was
produced from GO and 1-ethyl-3-methylimidazolium amino ace-
tate via amidation and epoxide ring opening reaction. The cova-
lently anchored IL acted as spacer between GO sheets, and more
accessible active sites were created within IL-GO for adsorption.
Only 2 wt% of IL leached out from IL-GO upon its immersion in
DI water under continuous mechanical stirring over 24 h. The func-
tional moieties that exist on the surface of IL-GO are responsible
for improving IL-GO adsorption capacity for Ca** and Mg"* ions.
The adsorption of Ca** and Mg"* onto IL-GO occurred through
electrostatic interactions and complex formation between the cat-
ions and oxygen-containing functional moieties of IL-GO. The ad-
sorption rates of both Ca™ and Mg™* followed a pseudo second-
order kinetic model. The Langmuir isotherm constants were cal-
culated from fitting the adsorption equilibrium data for both metals.
The maximum adsorption capacity (q,,,,) obtained was 125mg g™
for Ca® and 73 mg g ' for Mg”'. Removal and recovery of IL-GO
from solution after its use in adsorption was conveniently achieved
through vacuum filtration. Altogether, the developed IL-GO adsor-
bent can efficiently remove Ca** and Mg™* ions without cross-con-
tamination of feed water with IL, while it can be easily recovered
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upon completion of metal ions adsorption.
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Table S1. The functional groups present in GO and IL-GO based on FTIR spectra

Sample -OH CH
o C=C C=0 CO C-O C-O-C CN N-H C=N CH imidazolium C-H C-O-H
Wavelength, cm stretch .
ring
GO 1,622 1,729 1,060 3350 1,391 1,225 - - - - - - -
IL - - - - - - - 1565 627 3,059 1,378 1,167
IL-GO - 1560 - 3262 1,376 - 1,288 3,148 - 620 3,154 1,292 1,171
IL-GO after Ca™* adsorption - 1,539 - 3,134 1,372 - 1,261 - - 669 - - 1,075
IL-GO after Mngr adsorption - 1,562 - 3,133 1,373 - 1,261 - - 652 - - 1,057

Table S2. Comparison of maximum adsorption capacity of IL-GO to other adsorbents reported in the literature for the adsorption of Ca*

and Mg™" ions
. Maximum adsorption ..

Adsorbent Cation type capacity (g Conditions Ref.

GO Ca™* 21.1 mmol g pH=7, GO concentration=10 mg L™, Ca**=1 mmol L' [S1]

GO Ca™, Na* 153 mmol g pH=7, GO concentration=10 mg L', Ca**=1 mmol L™, [S1]
Na'=10 mmol L™ in the binary salt mixture solution

GO Mg™ 0.95 mmol g pH=5, time=24 h, Mg**=2 mmol L' [S2]

GO Na' 0.41 mmol g’ pH=5, time=24 h, Na*=1.7 mmol L' [S2]

GO Ca** NA pH=6, time=24 h, Ca’*=0.015 mmol L' multilayered [S3]
GO concentration=210mg L™ in 0.1 M NaClO, electrolyte
solution to form a parent suspension of 420 mg/L

IL-GO Ca™', Mg™" 125mg g ' (Ca™"), pH=7, time=120 min, Ca’"=130mg L™/, This study

73mgg ' (Mg™)

Mg**=140 mg L' IL-GO concentration 150 mg L"*
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Fig. S7. Pictures of IL-GO used in the adsorption of Ca* ions in
aqueous solutions before (left) and after (right) settling.
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