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Role of electrostatic interactions in the adsorption
of dye molecules by Tiz;C,-MXenesT
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MXenes, a new class of 2D materials, have recently attracted increasing attention as promising adsorbents
for environmental remediation. It has been previously demonstrated that MXenes can successfully capture
selected organic dyes from aqueous media; however, to date, the adsorption performance of MXenes for
a wide variety of dyes in simulated real-life aquatic environments other than clean laboratory deionized (D)

water has not been systematically investigated. In this study, we systematically investigated the adsorption

performance of delaminated TizC,-MXenes for six different organic dyes in aquatic media at different pH

levels and ionic strengths. Our results strongly suggest the importance of the electrostatic interactions
between the ionizable functional groups of MXenes and dyes for removal efficiency. The electrostatic
repulsions between negatively charged MXenes and certain anionic dyes reduced the removal

efficiencies of MXenes for these dyes in DI water; however, the presence of divalent cations significantly
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improved the removal efficiencies, possibly owing to the charge screening effects and like-charge

attractions mediated by cation binding to the functionalities of dyes and MXenes. These results provide

DOI: 10.1039/d0ral0876f

rsc.li/rsc-advances using MXenes.

1. Introduction

Water pollution, one of the most critical environmental issues
that threaten ecosystems and humanity, is caused by contami-
nants such as organic matter and heavy metal ions, which
dissolve in the water supply and industrial wastewater."* To
date, different water treatment methods have been developed
for removing contaminants and reusing purified water. Among
these, adsorption is the most popular, owing to its high effec-
tiveness, economic feasibility, and ease of operation.* Well-
known examples of commercial adsorbents include activated
carbons,* silicas,” and zeolites;® furthermore, new types of
adsorbents are being actively developed.

Recently, transition metal carbides and/or
(“MXenes”), a new class of 2D materials, have received increasing
attention as adsorbents in environmental remediation applica-
tions.”® MXenes are prepared via acid etching of the “A” elements
from their M,,,,AX,, ternary precursors (M: transition metal; A: Al,
Si, Ga, etc.; X: C and/or N). This generates abundant surface
functional sites, including hydroxyl (-OH) groups, which are
suitable for adsorption applications.’®" Since Mashtalir et al.*?
first attempted to use titanium carbide (Ti;C,)-MXenes as

nitrides
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a rational strategy for optimizing the conditions for efficient removal of different types of organic dyes

potential adsorbents for organic dyes, methylene blue (MB) and
acid blue 80, as model aqueous pollutants, a number of studies
have been performed employing pristine’** or engineered
MXenes as adsorbents.”*" Integration of the excellent adsorp-
tion properties of MXenes with their high aspect ratios, unique
catalytic activity, and electronic conductivity has extended the
environmental applications of MXenes in several areas such as
membrane separation,' photocatalytic degradation," and elec-
trochemical sensing of different aqueous pollutants.*

The textile, paper, dye and dye intermediates, and pharma-
ceutical industries release more than 10 000 types of organic dyes
in the environment.”* These dyes are major aqueous pollutants
and present persistent challenges for the water supply. Selected
aqueous organic dyes have been successfully sequestrated by
MXenes;>'>'¢ however, a study on the adsorption of a wider
variety of dyes with different chemical structures has not been
performed to date. Furthermore, previous studies only investi-
gated the adsorptive performance of MXenes in clean laboratory
deionized (DI) water instead of simulated real-life aquatic envi-
ronments, which might be acid or alkaline and could contain salt
ions.”” The presence of salt ions in aquatic environments is of
particular interest because MXenes present poor colloidal
stability in natural or synthetic waters that contain mono- and/or
divalent ions and present higher ionic strength than DI.>*** Such
“mobility” problem could be successfully overcome by grafting
salt-resistant polyelectrolytes on MXene surfaces;** however,
insight into the adsorption properties of pristine MXenes in

RSC Adv, 2021, 11, 6201-6211 | 6201


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra10876f&domain=pdf&date_stamp=2021-02-02
http://orcid.org/0000-0001-6007-1052
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10876f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011011

Open Access Article. Published on 03 February 2021. Downloaded on 2/5/2026 2:12:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

saline environments would be extremely useful for designing
MXene-based water treatment processes. In this study, we
investigated the adsorption performance of delaminated Ti;C,-
MXenes for six organic dyes in aquatic media with various pH
levels and ionic strengths and discussed the adsorption mecha-
nisms with a particular focus on the electrostatic interactions
between the dyes and MXenes.

2. Materials and methods

2.1. Materials

Titanium aluminum carbide (Ti;AlC,, 98% purity) was
purchased from American Elements (USA). Hydrochloric acid
solution (HCl, >35%), sodium chloride (NaCl), calcium chloride
dihydrate (CaCl,-2H,0), and orange G (OG) were purchased
from Daejung Co., Ltd. (Korea). Lithium fluoride (LiF, 98%
purity) and lithium hydroxide monohydrate (LiOH-H,0) were
purchased from Waco (Japan) and Duksan Co., Ltd. (Korea),
respectively. MB, congo red (CR), and methyl red (MR) were
purchased from Samchun Pure Chemical Co., Ltd. (Korea).
Methyl violet (MV) and methyl orange (MO) were purchased
from Junsei Chemical Co., Ltd. (Japan) and Showa Chemical
Industry Co., Ltd. (Japan), respectively.

2.2. Preparation of delaminated Ti;C,-MXenes

0.8 g LiF was dissolved in 10 mL aqueous HCI solution (9 M) by
magnetically stirring the mixture, into which 0.5 g Ti;AlC, MAX
phases were subsequently added. The entire mixture was
magnetically stirred at RT for 24 h. The etched product was
precipitated via centrifugation in a 50 mL conical tube and
washed copiously with DI water until the measured pH of the
supernatant became higher than 6. After the last washing step,
the precipitated MXenes were redispersed in DI water and
centrifugated at 3500 rpm for 2 min to discard the TizAlC,
residues and unsuccessfully delaminated MXenes. The
concentration of the resulted aqueous MXene dispersion was
determined gravimetrically by taking an aliquot of the sample
and evaporating the water.

2.3. Batch adsorption experiments

For experiments in salt-free environments, each type of organic
dye was individually dissolved in DI water to prepare stock
solutions with a concentration of 75 mg L™". The pH of the stock
solutions was adjusted to 2, 4, 6, 8, 10, or 12 using HCI and
LiOH. For the adsorption experiments, 4 mL of stock dye solu-
tion with the desired pH was mixed with 2 mL of a MXene
dispersion (2 mg mL ") in a 20 mL scintillation vial. The pH of
the MXene dispersion was previously adjusted to match that of
the dye solution. The resulting mixture, with initial dye and
MXene concentrations of 50 mg L' and 0.67 mg mL™ ',
respectively, was magnetically stirred at 700 rpm for 1 h. The
product was centrifuged at 8000 rpm for 20 min to completely
precipitate the adsorbent MXene, and the supernatant was
filtered through a non-sterile polyethylene sulfone membrane
with a pore size of 0.2 pm to remove the dusts before ultraviolet-
visible (UV-vis) spectroscopy analysis.
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For the experiments in salt-containing environments, each
type of organic dye was dissolved in 0.006 M NacCl, 0.006 M
CaCl,, 0.015 M NaCl, or 0.015 M CacCl, solution to prepare stock
solutions with dye concentrations of 75 mg L™". All tested dyes
were completely soluble in the salt solutions at the given
concentrations (except for CR; to be discussed below), as
confirmed by observing no precipitants after centrifuging the
solutions at 8000 rpm for 20 min. Similar to the experiments in
salt-free environments, a 4 mL salt-containing stock dye solu-
tion and a 2 mL MXene dispersion (2 mg mL~") with matching
pH were mixed in a 20 mL scintillation vial to obtain mixtures
with initial dye and MXene concentrations of 50 mg L™ and
0.67 mg mL™ ", respectively, in 0.004 M NaCl/CaCl, or 0.01 M
NaCl/CaCl, solutions. The experimental procedure followed the
same steps outlined for the salt-free environments.

For long-term adsorption experiments, the adsorption
batches were scaled up to total mixture volumes of 180 mL, and
the experiments were performed in 250 mL polypropylene
bottles at a same magnetic stirring rate of 700 rpm for up to
96 h. Aliquots were collected at different times to determine the
amount of dye adsorbed on MXenes.

2.4. Kinetic modeling

The time-dependent adsorption data of the long-term batch exper-
iments were fit with several kinetic models to determine the
adsorption mechanisms. The well-known pseudo-first order (PFO),*
pseudo-second order (PSO),* and intra-particle diffusion (ID)
models,” can be described using eqn (1), (2), and (3), respectively:

0, =01 —e ™ 1)
_ kZQezt
Qt - I‘FTZQJ (2)
and
0, =kt + C (3)

where Q, (mg g ') and Q. (mg g~ ') are the mass of adsorbed dye
per mass of adsorbent at time ¢ (h) and at equilibrium,
respectively, &, (h™"), k, (g (mg h)™"), and k, (mg (g h)~"?) are
the rate constants for the respective models, and C is the
intercept (mg g~ ).

2.5. Characterization

An EM-30AX (COXEM, Korea) table-top scanning electron
microscopy (SEM) instrument was used to visualize the Ti;AlC,
MAX phase and Ti;C,-MXenes. A ZS90 (Malvern, UK) zetasizer
was used to measure the zeta potential of the MXenes in salt-
free and salt-containing aquatic media. A Mega-900 (SCINCO,
Korea) UV-vis spectrometer was used to determine the concen-
tration of residual organic dyes in the supernatants of the
adsorption products. A K-Alpha" (Thermo Fischer Scientific,
USA) X-ray photoelectron spectroscopy (XPS) apparatus and an
AERIS (Malvern, UK) X-ray diffraction (XRD) device were used to
characterize the Ti;AlC, MAX phase and Ti;C,-MXenes before
and after the adsorption experiments.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Al 2p XPS narrow scan profiles of TizAlC, MAX phase (grey) and TizC, MXene (black). (b) XRD patterns of TizAlC, MAX phase (grey) and

TizC, MXene (black). SEM images of (c) unexfoliated TizAlC, MAX phase and (d) delaminated TizC, MXene (anodic alumina membranes were used

as the substrate for the identification of thin MXene sheets).
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Fig. 2 Organic dyes used for batch adsorption experiments: (a) methylene blue (MB), (b) methyl violet (MV), (c) congo red (CR), (d) methyl red

(MR), (e) methyl orange (MO), and orange G (OG).

3. Results and discussion

3.1. Effect of pH on the removal efficiency of MXenes for
different aqueous organic dyes

Delaminated Ti;C,-MXenes were prepared by etching the
Ti;AlC, MAX phase using a LiF-containing concentrated HCI
solution, following the literature.'®*** The characteristic Al 2p

© 2021 The Author(s). Published by the Royal Society of Chemistry

peak at 73.61 eV of the precursor disappeared from the XPS
profile of the etched product (Fig. 1a), which indicated that
etching successfully removed the “A” layer from the MAX phase.
The (002) peak in the XRD pattern of the etched product
(Fig. 1b) was shifted toward lower 26 values than that of the
MAX phase, which suggested that the d-spacing increased,
likely owing to the intercalation of Li" ions and introduction of
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surface terminal groups, including -OH." The SEM images of
the precursor and etched product (Fig. 1c and d, respectively)
revealed their 3D and 2D nature, respectively, and confirmed
the successful delamination of Tiz;C,-MXenes. MB, MV, CR, MR,
MO, and OG dyes were used for the adsorption study, and their
chemical structures are illustrated in Fig. 2.

To study the effect of the pH on the dye adsorption perfor-
mance of MXenes, batch experiments were performed in
aqueous dye solutions in the pH range of 2-12, at initial dye and
MXene concentrations of 50 mg L' and 0.67 mg mL ',
respectively (MB and MV were not analyzed at pH 12 because of
dye discoloration®® and precipitation). The removal efficiencies
of the prepared MXenes for the dyes were evaluated by the
calculated removal (%) defined as follows:

Removal (%) = (%) x 100(%) (4)
0
where C, (mg L") and C, (mg L") are the initial dye concen-
tration and residual dye concentration at time ¢. The calculated
removal (%) after 1 h are illustrated in Fig. 3.

Overall, the variation trends of the removal efficiencies versus
pH was correlated with the charge type of organic dye. As the pH
increased, the removal efficiencies of the cationic (MB and MV)
and anionic dyes (CR, MR, MO, and OG) increased and
decreased, respectively. The ever-present van der Waals inter-
actions likely played a role in the adsorption of all dyes;
however, the apparently opposite pH dependence of the
removal efficiencies for cationic and anionic dyes suggested the
importance of the electrostatic interactions between the dyes
and MXenes, which should be related to the charging states of
the interacting species.

Fig. 4 presents the measured zeta potentials of the prepared
MXenes, which reflect the charging state of the MXene surfaces

View Article Online
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in the pH range of 2-12. The MXene surfaces were negatively
charged over the entire investigated pH range, which was
attributed to the deprotonated hydroxyl (-O™) surface groups.
This negative charging state of the MXene surfaces could
promote the adsorption of cationic dyes via electrostatic
attraction, particularly at high pH levels where the MXene
surfaces were more negatively charged. At low pH levels, the
MXene surfaces became relatively less negatively charged
because of the neutralization of the -OH groups on their surface
by the excess H' ions in solutions; consequently, the adsorption
of cationic dyes could be less favored at low pH levels owing to
the competition with excess H' ions. Thus, the higher (lower)
negative surface charging of MXenes at higher (lower) pH
explained the higher (lower) adsorption of cationic dyes in
terms of the attractive electrostatic interactions.

Conversely, the repulsive electrostatic interactions would be
dominant for the adsorption of anionic dyes, particularly at
high pH levels at which the MXenes were more negatively
charged, causing lower dye adsorption. The removal efficiencies
of the MXenes for MR, MO, and OG were close to zero at pH
levels above 8, 6, and 4, respectively, which indicated that the
adsorption of these anionic dyes in these pH ranges was
negligible (note that the adsorption of cationic dyes at lower pH
levels, where the electrostatic attraction was expected to
decrease, was still relatively high due to the van der Waals
interactions in the absence of this electrostatic “barrier”). The
removal efficiencies of the anionic dyes typically increased with
decreasing pH. This was primarily attributed to the decrease in
electrostatic repulsion as the anionic functionalities of the
MXenes and dyes were gradually neutralized by the excess H'
ions in the low pH region.

It is notable that the chemical structures of MR and MO were
very similar except for their single anionic groups, ie.,
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Fig. 3 Removal efficiencies of MXenes for (a) MB, (b) MV, (c) CR, (d) MR, (e) MO, and (f) OG in batch adsorption experiments performed at
different pH levels for 1 h (Co: 50 mg L~ and MXene concentration: 0.67 mg mL™Y).
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Fig. 4 Zeta potential of MXenes measured under different salinity
conditions: DI water (empty circles), 0.004 and 0.01 M NaCl solutions
(empty and solid inverse triangles, respectively), and 0.004 and 0.01 M
CaCl, solutions (empty and solid stars, respectively).

carboxylic and sulfonic groups for MR and MO, respectively, yet
the removal efficiency of the MXenes for MO was systematically
lower than that for MR at pH =< 8. The difference in the removal
efficiencies of the MXenes for MO and MR indicated the
importance of the type of anionic functionality of the dye on the
adsorption behavior when the repulsive electrostatic interac-
tions with the negatively charged MXenes were dominant. It is
more difficult to neutralize the strong sulfonic acid-derived
anion of MO with excess H' ions at low pH than the weak
carboxylic acid-derived anion of MR.?**° Therefore, it was highly
probable that the electrostatic repulsion between MO and the
MXene surface was stronger than that between MR and the
MXene surface, which resulted in the adsorption of MO being
lower than that of MR. Furthermore, the removal efficiency of
OG, with two sulfonic groups, remained very low, owing to the
strong repulsions between the two dye anions and negatively
charged MXene surface over the entire pH range investigated
except for pH 2. These results suggested that the very low
adsorption of AB80 dyes, which also present two sulfonic
groups, by MXenes, which has been previously reported by
Mashtalir et al.,"* might have been similarly affected by the
strong dye-MXene electrostatic repulsions.

Interestingly, the removal efficiencies of MR, MO, and OG
were remarkably high at pH 2, and were comparable to or even
higher than those of the cationic dyes. It should be noted that
the N atoms of the N=N bonds within the anionic azo dyes
could be easily protonated at pH 2, as reported previously.*-*
Hence, the protonated dye moieties could be electrostatically
attracted to the anionic surface sites of the MXenes at this pH,
whereas the anionic dye moieties were neutralized by the excess
H' ions. Similarly, the typically high removal efficiencies of
MXenes for anionic CR over the entire investigated pH range
might be attributed to the two amine groups in the structure of
CR, which could form ammonium cations with H' ions.?* Still,
the overall decrease in the removal efficiency of MXenes for CR
with increasing pH matched those of other anionic dyes, owing
to the electrostatic repulsions between CR and the negatively
charged surface of MXenes.

Thus, the results of the batch adsorption experiments per-
formed over a wide pH range strongly suggested the importance

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Removal efficiencies of MXenes for (a) MR, (b) MO, and (c)
OG anionic dyes in batch adsorption experiments performed at
different salinities for 1 h (Co: 50 mg L™ and MXene concentration:
0.67 mg mL™Y.

of the electrostatic interactions between organic dyes and
MXenes in the dye adsorption mechanisms.

3.2. Effects of salts

The effects of salt ions on the dye adsorption of MXenes were
investigated under the same experimental conditions but with
NaCl or CaCl,, which are abundant in sea water and subsurface
brines, deliberately added to the dye-contaminated solutions. We
particularly focused on the anionic MR, MO, and OG, for which
the removal efficiencies of the prepared MXenes in a salt-free
environment over a wide pH range were unsatisfactory (Fig. 3).
As illustrated in Fig. 5, the adsorption of these anionic dyes
generally improved with increasing salt concentration (except for
MO and OG at pH 2, which will be discussed further). In addition,
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the improvement was more distinct when CacCl, was present in
solutions than NaCl. The removal efficiencies of MXenes in CaCl,
solutions were comparable to those of other adsorbents for
MR,;*?*¢® MO,**® and OG** reported in the literature.

The charge screening effect of the dissolved salt ions could
contribute to the overall improvement in the adsorption of the
anionic dyes by MXenes. The salt ions, which increased the
ionic strength of the surrounding aqueous medium, reduced
the thickness of the electrical double layer adjacent to the
charged surfaces, or the Debye length (x*),*' which is defined
as follows:

. )

2,2
Pwi€Zi
 eeokT

where p.;and z; are the concentration and valence, respectively,
of ion 7 in the bulk, e is the elementary charge, ¢ and ¢, are the
dielectric constant of the medium and vacuum permittivity,
respectively, k is the Boltzmann constant, and T is the temper-
ature. At a small !, the long-range electrostatic repulsions
between dyes and the MXene surface could be effectively sup-
pressed. This would allow for a closer approach of the like-
charged entities, which should lead to an increase in adsorp-
tion. The order of magnitude of the calculated x~* values for the
four tested salt solutions matched the relative dye removal
efficiencies of MXenes in those solutions (Table 1).

The like-charge attractions*»** mediated by the binding of
divalent Ca*>" ions to the anionic functional groups of the
MXenes and dyes could significantly contribute to the improved
dye removal efficiencies of MXenes. It has been reported by
a number of studies that Ca®>" ions could irreversibly adsorb
onto the anionic sites of various chemical compounds, such as
carboxylates and sulfonates, in aqueous media.********¢ When
a divalent Ca®" cation binds to a monovalent anionic site, a local
charge inversion*”** could occur at the adsorption site and the
net charge changes from (—1) to (+1), which could subsequently
attract another anionic species. For MXenes, the intercalation
of Ca®" ions into multi-layered MXenes has been reported by the
previous literature,'®* where the binding of Ca®>" ions to the
anionic sites of two adjacent MXene layers sometimes resulted
in changes in the interlayer distance. However, to the best of our
knowledge, the binding of Ca®" ions to the colloidal surfaces of
delaminated MXenes and its electrostatic effects have not been
reported to date. The zeta potentials of MXenes in CaCl, solu-
tions were significantly lower than those in DI water and NaCl
solutions, and at some pH levels, the sign of measured zeta
potential was inverted to the positive (Fig. 4). This was

Table1 Calculated Debye length (x~2) for the four tested salt solutions

Salt solution «~ ' (nm)
0.004 M NaCl 4.81
0.01 M Nacl 3.04
0.004 M CaCl, 2.78
0.01 M CacCl, 1.76

6206 | RSC Adv, 2021, 1, 6201-6211
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attributed to the Ca®" binding to the anionic functionalities of
MXenes, likely the -O™ groups. The significant decrease in
magnitude of the negative zeta potential of MXenes in CacCl,
solutions should not be exclusively attributed to the charge
screening effects, because the MXenes still maintained high
negative zeta potential values in the 0.05 M and 0.1 M NacCl
solutions, and their «~* values were 1.36 and 0.96 nm, respec-
tively (Fig. S1, ESIt). Owing to the numerous effective surface
cationic sites produced on the surfaces of MXenes via Ca**
binding, the adsorption of anionic dyes could occur more easily
in CacCl, solutions than in NaCl solutions as well as in the salt-
free water, and this was consistent with the results presented in
Fig. 5. We hypothesized that Ca®>" ions could also bind to the
interlayer anionic sites of some incompletely delaminated
MXenes, which promoted the intercalation of dye molecules.
This will be discussed in more detail in the next section.
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Fig. 6 Time-dependent removal efficiencies of MXenes for (a) MR, (b)
MO, and (c) OG anionic dyes in batch adsorption experiments per-
formed at different salinities for up to 96 h (Co: 50 mg L~ and MXene
concentration: 0.67 mg mL™).
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This hypothetical adsorption mechanism involving Ca** ion
binding could explain the observed dye specificity with respect
to the removal efficiencies of MXenes in CaCl, solutions, which
was most noticeable at pH 10, where the removal efficiencies of
MXenes for all the dyes in DI water were practically zero. The
increase in the removal efficiency of MXenes for MR was
significantly higher than that for MO in CacCl, solutions with
identical ionic strengths, despite the highly similar chemical
structures of MR and MO. This might be attributed to the
carboxyl group of MR being more susceptible to Ca®>" ions
binding than the sulfonic group of MO.>*** The removal effi-
ciency of OG from a CaCl, solution with the same concentration
was the lowest because OG presented two sulfonic groups with
low Ca*>* binding affinity. Dye specificity was not distinct at the
highest pH of 12, probably because Ca** ions formed calcium
hydroxide with the excess OH™ ions. Interestingly, the salts
presented little effect or even decreased dye adsorption at the
lowest pH of 2. The decrease in dye adsorption at pH 2 was more
noticeable for the CaCl, solutions and might be attributed to
the electrostatic repulsions between the protonated dyes (dis-
cussed in the previous section) and Ca®*"-bound MXenes, which
presented net positive charges at this low pH.

Another possible mechanism for the improved dye removal
efficiencies of MXenes in the presence of salts might be the
salting-out effect,® that is, the decrease in solubility and
precipitation of dyes at high salt concentrations. This effect was
closely related to the aforementioned binding of ions to dyes,
which could result in the local dehydration®****¢ of the charged
moieties of dyes dissolved in aqueous media. The adsorption of
such hydrophobized dyes onto the available colloidal surface
sites would be entropically more favored than that of the fully
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dissociated dyes in the salt-free water. For CR-contaminated
solutions, immediate precipitation of dyes was observed with
the addition of CacCl,, even in the absence of MXenes, which
demonstrated the salting-out effect (adsorption experiments
were not performed).

The overall results strongly suggested the importance of salt
ion-MXene and salt ion-dye interactions and the decrease in
electrical double layer thickness caused by mobile salt ions for
the improved adsorptive removal of anionic dyes by MXenes in
saline solutions. Electrostatic attractions predominated the
interactions of MB and MV with MXenes in salt-free environ-
ments, and consequently, the salts presented minor effects on
the overall removal efficiencies of MXenes for these dyes. This
might be attributed to the weakening of the electrostatic
attractions between dyes and MXenes, which decreased removal
efficiencies, being offset by the salting-out effect, which
increased removal efficiencies. The removal efficiencies of
MXenes for MB and MV in salt solutions remained as high as
those in the salt-free environments (Fig. S2, ESIt).

3.3. Effect of contact time

To investigate the effect of contact time on the removal effi-
ciencies of MXenes for the MR, MO, and OG anionic dyes, batch
adsorption experiments were performed at pH 8 under the same
experimental conditions mentioned in the previous section but
for extended periods of up to 96 h, and the results are illustrated
in Fig. 6.

With increasing contact time, dye removal gradually
increased for all anionic dyes, except for OG in DI water and
0.01 M NaCl solution, for which the most significant

(b)

0 20 40 60 80 100
Time (h)

Fig.7 Kinetic model fitting of some selected time-dependent dye adsorption data: (a) MR in DIl water, (b) MR ina 0.01 M CaCl, solution, (c) MO in

a 0.01 M CaCl; solution, and (d) OG in 0.01 M CaCl, solution.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Parameters extracted from the kinetic model fitting of all data sets
MR MO oG

Model Parameter DI water 0.01 M NaCl 0.01 M CaCl, DIwater 0.01 M NaCl 0.01 M CaCl, DIwater 0.01 M NaCl 0.01 M CacCl,
PFO Q. (mgg™?) 61.5646  64.1478 68.9024 12.2897  33.6508 37.7155 11527  1.5262 13.5683

kq (hfl) 0.1225 0.2218 0.9649 0.0610 0.0287 0.1893 0.5456 0.9532 0.0488

R? 0.7874 0.7982 0.8927 0.9453 0.9252 0.601 0.4762 0.5716 0.8308
PSO Q. (mgg™) 69.2133  69.6761 72.2903 14.7035  43.4233 42.0975 1.2225  1.6099 15.7833

ks, (g (mg h)’l) 0.0023 0.0046 0.0228 0.0046 0.0006 0.0058 0.7082 0.9142 0.0039

R? 0.8849 0.9046 0.9697 0.9764 0.9417 0.7475 0.4883 0.5932 0.8871
1D k, mg (gh)™* 6.3752  5.8562 3.9739 1.3899  3.3372 3.8885 0.0774  0.1086 1.4311

C (mg g’l) 15.2931 24.3277 45.1883 0.9884 0.2941 11.7851 0.6582 0.9043 1.2885

R? 0.9497 0.8547 0.4471 0.9781 0.9919 0.9142 0.2449 0.4065 0.9817

electrostatic dye-MXene repulsions were expected. The removal
rates of the anionic dyes followed the same overall trends
observed after 1 h of adsorption, namely MR > MO > OG (Fig. 3
and 5). The removal rate of MR was the highest, and approxi-
mately 100% removal was reached before the end of the
experiments (Fig. 6a). Furthermore, among the three tested
aqueous media (i.e., DI water, 0.01 M NaCl, and 0.01 M CaCl,),
the removal rate was the highest in the CaCl, solution and the
lowest in DI water (Fig. 6a).

Kinetic model fitting of the time-dependent MR adsorption
was performed, and the results are illustrated in Fig. 7a and
b (DI water and 0.01 M CacCl,, respectively) and are summarized
in Table 2 (DI water, 0.01 M NaCl, and 0.01 M CacCl,). The PFO
and PSO models poorly fit the data in DI water (Fig. 7a), which
indicated that the MR adsorption mechanism in this medium
was not simply a consequence of the kinetic collisions between
adsorbates and the unoccupied sites on the adsorbent surface.
This somewhat reflected the repulsive nature of the anionic
dye-MXene interactions in salt-free environments, which could
prevent the collisions between the interacting species.
Conversely, the fitting of the same data with the ID model
yielded an excellent result. This indicated that the MR adsorp-
tion in DI water might be mainly driven by intra-particle diffu-
sion.” For MXenes, this likely involved the diffusion of MR into
the interlayer spaces of a few incompletely delaminated MXene

Intensity (a.u.)

345

Binding Energy (eV)
Fig. 8 Ca 2p XPS narrow scan profiles and curve-fitting and decon-
volution results for the precipitants of four samples: {MXenes, Ca®*}

(black), {MXenes, Ca>*, MR} (red), {MXenes, Ca%*, MO} (orange), and
{MXenes, Ca®*, OG} (dark yellow).
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sheets, which was, in part, a thermodynamically driven
process.**

The ID model poorly fit the data in the 0.01 M CacCl, solution
(Fig. 7b). The high y-intercept value of the fit equation (C in
Table 2) suggested that mechanisms other than ID were
involved in the adsorption process. The PSO model fit the
experimental results for the adsorption in the 0.01 M CaCl,
solution the best, unlike the data for the adsorption in DI water.
This suggested that the adsorption might have been the
consequence of the collisions between the anionic dyes and
surface sites of MXenes, which, according to our hypothesis,
could be promoted via Ca®>" ion binding to the anionic groups of
the interacting species. It should be noted that these phenom-
enological modeling results do not necessarily exclude the
possibility of the intra-particle diffusion (which will be dis-
cussed further, below). We hypothesized that the intra-particle
diffusion could still occur, while the dye adsorption at the
external surface sites was significantly increased owing to the
support of the adsorbed Ca®>" ions at the same time.

The removal efficiencies of MXenes for MO and OG did not
reach equilibrium values until the end of the experiment (96 h),
which indicated that the adsorption of these sulfonated dyes on
the MXene surfaces was a very slow process. The time-
dependent adsorption data for MO and OG in 0.01 M CaCl,
solutions were best fit with the ID model, whereas the other two
models completely failed to reproduce these data sets (Fig. 7c
and d). This implied that, similar to the cases of MR in DI water,
the adsorption behaviors of MO and OG in 0.01 M CacCl, solu-
tions were not a simple consequence of the kinetic collisions
between adsorbates and the unoccupied sites on the adsorbent
surface, and this was attributed to the low binding affinity of the
sulfonated dyes on the Ca®"-bound MXene surfaces.

Table 3 XPS binding energies of the most intense Ca 2ps/, peaks

Sample precipitants Ca 2p3,, binding energy

MXenes, Ca>" 347.86 eV

{ ,

MXenes, Ca**, MR 347.61 eV

{ , Ca™',

MXenes, Ca>', MO 347.77 eV
y b

{MXenes, Ca>', OG} 347.80 V

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 XRD patterns of the precipitants of pristine MXenes (before adsorption, black) and samples collected after 96 h of adsorption experiments
for (a) MR, (b) MO, and (c) OG under different conditions: DI water (thin line) and 0.01 M CaCl, solution (thick line).

XPS analyses were performed for the precipitated adsorbents
after 96 h. The normalized narrow scan profile for the charac-
teristic Ca 2p peaks and the binding energies for the most
intense Ca 2pj3/, deconvolution peaks are illustrated in Fig. 8
and Table 3, respectively. The low shift of the Ca 2p;/, peak from
that of {MXenes, Ca>*} (347.86 eV) was the most significant for
the {MXenes, Ca®*, MR} sample (347.61 eV), followed by
{MXenes, Ca*>*, MO} (347.77 eV) and {MXene, Ca>*, OG} (347.80
eV). This indicated that the adsorption of the MR dye on Ca*'-
bound MXene surfaces was likely the highest among the three
anionic dyes, which was consistent with the results of long-term
adsorption experiments and modeling analysis.

Whereas the XPS analysis revealed the adsorption charac-
teristics of different dyes on the external surfaces of MXenes,
the XRD spectra illustrated the significance of intra-particle
diffusion or intercalation of dyes into incompletely delami-
nated MXene sheets, based on the degree of low shift of the
peak associated with the (002) basal plane of MXenes. The (002)
peaks of the precipitated adsorbents of all dyes in the 0.01 M
CacCl, solution occurred at much lower 26 angles than those in
the salt-free environment (Fig. 9). This indicated that the
interlayer spacings of the non-delaminated MXenes were much
larger in the 0.01 M CaCl, solution than in DI water, and the
removal of dyes via intercalation was more efficient in the
0.01 M CaCl, solution than in DI water. In addition, the inter-
layer distance was the largest for the {MXenes, Ca®>’, MR}
sample (15.97 A), followed by {MXenes, Ca>", MO} (15.38 A) and
{MXene, Ca**, OG} (14.72 A), which was consistent with the final
removal efficiencies of MXenes for these dyes.

Thus, the results of XPS and XRD analyses suggested that the
removal of anionic dyes by MXenes could be improved via
adsorption on the external MXene surfaces and intercalation in
the presence of Ca>" ions.

4. Conclusion

In this study, the adsorption performance of delaminated Tiz;C,-
MXenes for six organic dyes: MB, MV, CR, MR, MO, and OG, was
systematically investigated in aqueous media with different pH
levels and ionic strengths. The adsorption of dyes on MXenes
was significantly affected by the electrostatic dye-MXene inter-
actions. For the cationic dyes, the electrostatic attractions
between the dye cations and negatively charged MXenes were

© 2021 The Author(s). Published by the Royal Society of Chemistry

dominant, and the removal efficiencies of MXenes for the dyes
increased at high pH levels, where MXenes were more negatively
charged. For the anionic dyes, electrostatic repulsions were
dominant, and the pH dependence of the dye removal effi-
ciencies was the opposite of that for the cationic dyes. Owing to
the electrostatic repulsions, the removal efficiencies of MXenes
for the anionic dyes, except for CR, which presented two pro-
tonatable amine groups in addition to the anionic groups, were
generally low in a wide range of pH; however, the presence of
salt ions, particularly the divalent Ca*, could significantly
increase removal efficiencies via charge screening effects and
specific binding to the functionalities of the dyes and MXenes.
Correlative investigations using XPS, XRD, and Kkinetic
modeling provided an in-depth mechanistic picture of the salt-
mediated increase in the removal efficiencies of MXenes for
anionic dyes, which suggested that both external and interlayer
adsorption processes might be important. This is the first report
on the use of negatively charged colloidal MXenes as adsorbents
in aqueous media in a wide pH range for cationic dyes, for
which the favorable adsorption was somewhat trivial, and also
for anionic dyes, with functional groups such as carboxylates
and sulfonates, which are susceptible to salt ion binding. It
should be noted that the pristine MXenes were not subjected to
physicochemical modification; moreover, external energy
sources, such as UV light, have not been used to improve the
removal efficiencies of MXenes for anionic dyes. Therefore, it is
expected that MXenes could remove other dyes with similar
functionalities from real-life environments,” including
groundwater, which typically contains salt ions, more efficiently
than from laboratory DI water. In this regard, sea water or
subsurface brine with high salinities might be considered
useful working solvents for the removal of mixtures of different
cationic and anionic dyes using MXenes as adsorbents. The
results of this study are expected to be very useful for predicting
the removal efficiencies of MXenes for organic dyes and similar
contaminants in arbitrary aquatic environments and deter-
mining the optimal process conditions for successful water
treatment. Furthermore, the improved dye adsorption achieved
via the simple addition of salt ions, without modifying the
pristine MXenes or using external energy sources, which might
degrade the original materials, could present potential impli-
cations in several energy applications, including the develop-
ment of dye-sensitized solar cells.”
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