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A B S T R A C T

MXene and metal organic framework (MOF) were used as the main adsorbents to remove synthetic dyes from

model wastewater. Methylene blue (MB) and acid blue 80 (AB) were used as the model cationic and anionic

synthetic dyes, respectively. To investigate the physicochemical properties of the adsorbents used, we carried out

several characterizations using microscopy, powder X-ray diffraction, a porosimetry, and a zeta potential ana-

lyzer. The surface area of MXene and MOF was 9 and 630m2 g−1, respectively, and their respective isoelectric

points were approximately pH 3 and 9. Thus, MXene and MOF exhibited high capacity for MB (~140mg g−1)

and AB (~200mg g−1) adsorption, respectively due to their electrostatic attractions when the concentrations of

the adsorbents and adsorbates were 25 and 10mg L−1. Furthermore, the MOF was able to capture the MB due

mainly to hydrophobic interactions. In terms of the advantages of each adsorbent according to our experimental

results, MXene exhibited fast kinetics and high selectivity. Meanwhile, the MOF had a high adsorption capacity

for both MB and AB. The adsorption mechanisms of both adsorbents for the removal of MB and AB were clearly

explained by the results of our analyses of solution pH, ionic strength, and the presence of divalent cation, anion,

or humic acids, as well as other characterizations (i.e., Fourier-transform infrared spectroscopy and X-ray

photoelectron spectroscopy). According to our results, MOF and MXene can be used as economical treatments for

wastewater containing organic pollutants regardless of charge (e.g., MB and AB), and positively charged one

(e.g., MB), respectively.

1. Introduction

Synthetic dyes have generally been used in the paper/textile in-

dustries and for beauty/drug treatments [1]. To date, over 100,000

types of synthetic dyes have been produced, and 0.7 million ton year−1

dyestuffs are discharged into water bodies [2]. This is due to the de-

velopment of the dye industry, propelled population growth [2]. One

important intrinsic property of synthetic dyes is their complex chemical

structure, which makes them difficult for microorganisms to degrade

[3]. The presence of synthetic dyes in wastewater would affect negative

aspects on ecosystems, as follows [2,4]: (i) synthetic dyes are known as

toxic and carcinogenic to the living organisms near to natural water

sources, (ii) it could be difficult for sunlight to penetrate natural water

containing synthetic dyes, inhibiting the photosynthesis of plants, and

(iii) colored wastewater containing synthetic dyes could destroy

ecosystems due to the decrease in amount of oxygen dissolved in the

water. Thus, the treatment of wastewater containing dyes is currently

one of the most pressing environmental issues [2,5].

There are many strategies for treating wastewater containing syn-

thetic dyes, as follows: photocatalytic removal using visible light [6],

reduction by zero-valent metals [7], biodegradation [8], ozonation [9],

sonocatalytic degradation [10], photo-assisted Fenton processes [11],

and membrane processes [12]. However, these techniques have many

weaknesses, such as high cost, undesirable byproducts, and relatively

low removal rates [4]. Adsorption processes constitute an alternative

method, and are characterized by higher removal rates, easy operation,

good reusability, and relatively low cost for treating synthetic dyes in

aqueous solution [2]. During the past few decades, many adsorbents

have been used for treating wastewater (including synthetic dyes), as

follows: Australian natural zeolite [13], orange peel from orange trees
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3. Results and discussion

3.1. Characterization of the adsorbents

We used SEM and TEM images to determine the surface morphology

of the adsorbents; Fig. S1 (a.1) and (b.1) is representative microscopic

images of MXene and MOF, respectively. We confirmed the accordion-

like surface microstructure of MXene and spherical MOF particles in the

SEM and TEM images, which showed similar patterns to those reported

previously [1,36]. Furthermore, the crystallinity of each adsorbent was

analyzed by PXRD as shown in Fig. S1 (a.2) and (b.2). The major peaks

of each adsorbent were in good agreement with previously reported

studies [20,36]. Fig. S1 (a.3) and (b.3) shows the surface area of each

adsorbent, which we measured using a porosimetry, based on N2 ad-

sorption and desorption isotherms. According to these results, the sur-

face area of MXene and MOF was approximately 9 and 630m2 g−1,

respectively. Hence, MOF has a much higher surface area than MXene.

In other words, MOF can achieve better qe for organic pollutants due to

the van der Waals force if there is no specific adsorption mechanism

[37]. These adsorbent surface areas agree with others reported in the

literature (i.e., ~13m2 g−1 for MXene [38] and ~500m2 g−1 for MOF

[39]). The surface charges of the adsorbents at pH 3, 5, 7, 9, and 11

were evaluated using a zeta potential analyzer, as shown in Fig. S1 (a.4)

and (b.4); the points of zero charge (pHpzc) of MXene and MOF were

approximately 3 and 9, respectively. These charge characteristics are

comparable to those of previous studies [40,41]. Based on these results,

MXene and MOFs could by electrostatically attracted to positively and

negatively charged adsorbates, respectively, at neutral pH values.

3.2. Adsorption of dyes: study of dosage, kinetics, and isotherms

3.2.1. Dosage of MXene and MOF

The adsorbent dosage is among the factors determining qe, so we

investigated the effects of dosage on dye adsorption performance using

MXene and MOF, as described in Fig. S2 (a) and (b), respectively. The

removal rate and qe of dyes increased and decreased continuously, re-

spectively, as the dosages of both adsorbents increased (Fig. S2 (a) and

(b)). The opposite tendency for the removal rate and qe was may re-

sulted from the relative difference between the concentration of ad-

sorbates and number of adsorption sites [42]. In other words, fewer

occupied adsorbent sites leads to greater adsorption due to the rela-

tively higher diffusion rate [27]. In terms of the adsorption perfor-

mance for each dye, MXene and MOF achieved better removal rates of

MB and AB, respectively. This can be explained by electrostatic inter-

actions due to the opposite charges between the adsorbates and ad-

sorbents, as mentioned in Section 3.1. The specific adsorption me-

chanisms of both dyes by MXene and MOF are discussed in Section 3.4,

based on FTIR and XPS measurements. The maximum dosages of

MXene and MOF (100mg L−1) were selected as the optimal amounts of

adsorbents for further study of water chemistry factors, as they

achieved the highest removal rates of both dyes.

3.2.2. Kinetics study

We studied the kinetics of MXene and MOF to evaluate the effect of

exposure time on MB and AB adsorption; Fig. 1 (a) and (b) shows the

adsorption performance of MB and AB, respectively. These results are

consistent with the adsorbent dosages (Section 3.2.1), because MXene

and MOF achieved better removal rates of MB and AB, respectively.

Since interestingly, the adsorption of MB by MXene became saturated

within 30min, in particular, fast adsorption of positive charged organic

pollutant may be one of the advantages of using MXene as an adsorbent.

Subsequently, MOF achieved an AB removal rate of over 80% within

120min, and its qe value was slightly higher than that of MXene for

removing MB; thus, a high qe may be one of the advantages of using

MOF as an adsorbent. Furthermore, MOF achieved a removal rate of MB

of approximately 40%, whereas MXene did not remove AB. Thus, based

on the results of our kinetic study, shown in Fig. 1 (a) and (b), the

adsorption mechanisms of MB and AB should differ. Furthermore, Fig. 1

(c)–(f) shows the four different kinetic models obtained using the qe
data displayed in Fig. 1 (a) and (b), and we summarize the kinetic

parameters of dye adsorption by MXene and MOF in Table S2. Both

adsorbents were well characterized by the pseudo-second order kinetic

model, and these results are similar to those of other related studies

[11,12,27,32,38,43], where MXene and MOF were used as adsorbents

for treating organic/inorganic pollutants.

3.2.3. Isotherm study

We carried out an isotherm study while varying the initial con-

centration of the adsorbate (Fig. S3). The removal rates and qe of the

dyes increased and decreased monotonically, respectively, with in-

creasing dosages of both MXene (Fig. S3 (a.1)) and MOF (Fig. S3 (a.2)).

This pattern is consistent with the results of Section 3.2.1, so the

number of adsorption sites with respect to the concentration of ad-

sorbates is a critical factor determining the adsorption performance. To

investigate this mechanism in terms of the adsorption isotherms of

MXene and MOF for MB and AB, we applied two different isotherm

models in this study. Langmuir and Freundlich isotherm models are

known as monolayer and multilayer adsorption models, respectively

[12,27]. Fig. S3 (b.1) and (c.1) shows MB removal by MXene using the

Langmuir and Freundlich models, respectively. The MXene adsorption

was well explained by the Freundlich model, as indicated by its higher

R2 value. The MOF adsorption agreed well with the results predicted by

the Langmuir model in the cases of both MB and AB removal, as shown

in Fig. S3 (b.2) and (c.2), respectively. These different tendencies may

be due to their different intrinsic properties, and are in good agreement

with previous studies [1,11,12,20,38] reporting isotherms of MXene

and MOF for the removal of organic/inorganic pollutants.

3.3. Influence of water chemistry factors on dye adsorption

3.3.1. Solution temperature

To evaluate the effects of solution temperature on the adsorption

performance, we carried out dye adsorption experiments with MXene

(Fig. 2 (a)) and MOF (Fig. 3 (a)) at temperatures of 293, 303, and 313 K.

The removal rate and qe values of the dyes improved as the solution

temperature increased, for both adsorbents. Based on qe and the Gibbs

equation reported in a previous study [27], we obtained thermo-

dynamic parameters to explain the influence of solution temperature on

the rates of dye removal by the adsorbents (Table S3). Both adsorbents

had spontaneous reactions due to the negative value of ΔG, so in-

creasing the solution temperature enhanced the dye adsorption prop-

erties of both MXene and MOF. Furthermore, Table S3 shows that ad-

sorption was an endothermic process (i.e., ΔH > 0) with increasing

randomness (i.e., ΔS > 0) when MOF and MXene adsorbed MB and AB.

Thus, the solution temperature is also an important factor affecting the

adsorption performance.

3.3.2. Solution pH

The surface charge of the adsorbents depends on the solution pH, so

this factor should be considered for practical purposes [12,38]. Figs. 2

(b) and 3 (b) shows the effects of the solution pH on the removal rate

and qe of dyes when MXene and MOF were used as adsorbents, re-

spectively. In Fig. 2 (b), it can be seen that the removal rate and qe of

MB by MXene increased with increasing solution pH. This may be due

to electrostatic interactions, based on both pKa of MB (Table S1) and the

isoelectric point of MXene (Fig. S1 (a.4)). However, MXene was not able

to remove AB due to electrostatic repulsion. Subsequently, the removal

rate of AB by MOF was higher than that of MB under acid (i.e., pH 3.5)

and neutral (i.e., pH 7) conditions. However, we observed opposite

trends under standard (i.e., pH 9.5) conditions. This indicates that

electrostatic effects are the dominant mechanism governing interac-

tions between dyes and MOF, based on the pKa of MB and AB (Table S1)
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and isoelectric point of MOF (Fig. S1 (b.4)). Meanwhile, the higher

removal rate of AB than MB by MOF under neutral pH values can be

explained by a supplementary hydrogen bonding effect, considering the

hydrogen donors (i.e., H elements of amine groups) of AB and hydrogen

acceptors (i.e., O elements of organic linker) of MOF. However, the

main adsorption mechanism of dyes by MOF was electrostatic interac-

tion, based on the overall trends. Thus, electrostatic interaction was the

most critical factor determining the adsorption performance of both

adsorbents.

3.3.3. Background ions

Ionic strength and divalent cations/anions affect adsorption per-

formance when electrostatic interaction is the main adsorption me-

chanism [27]. Thus, we considered the effect of background ions on dye

adsorption by the adsorbents, based on previous experimental

conditions [27,44,45]. Figs. 2 (c) and 3 (c) shows the effects of back-

ground ions on the removal rate and qe of dyes when MXene and MOF

were used as the adsorbent, respectively. At first, increasing ionic

strength (i.e., from NaCl 300 to 1,200 μS/cm) led to a decrease in the

removal rate and qe of MB by MXene (Fig. 2 (c)) and AB by MOF (Fig. 3

(c)). These results may be explained by the screening effects of the

adsorbents arising from the change in the electrical double layer gen-

erated by the increased ionic strength [46]. In other words, high ionic

strength in the solution weakened the electrostatic interactions between

the adsorbents and adsorbates. Furthermore, increased ionic strength

slightly increased the removal rate and qe of MB by MOF (Fig. 3 (c)),

which may have been due to weakened electrostatic repulsion between

the MB and MOF. Subsequently, divalent cations and anions in the

solution will also have affected the removal rate and qe of the dyes, as

shown in Figs. 2 (c) and 3 (c). Both adsorbents showed that divalent

Fig. 1. Adsorption kinetic study of (a) MB and (b) AB dyes depending on contact time. Linear fitting lines of adsorption of dyes by each adsorbents through (c)

pseudo-first-order, (d) pseudo-second-order, (e) Elovich, and (f) intra-particle diffusion kinetic model.
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counter-ions for dyes enhanced the removal rate and qe of the dyes. For

example, the adsorption performance of AB by MOF was improved

when Ca2+ was present in the solution, as shown in Fig. 3 (c). However,

the existence of divalent co-ions in dyes decreased adsorption perfor-

mance due to competition between co-ions and dyes. The results of our

analysis of background ion effects support our hypothesis that elec-

trostatic interaction is the main adsorption mechanism in this study.

3.3.4. Humic acids

According to previous studies, the presence of HA in solution affects

the removal rate and qe of the adsorbate, so we evaluated adsorption

performance after adding 2.5 and 10mg L−1HA to the solution, based

on methods used in previous studies [27,45]. Because HA consists of

carboxylic acids and aromatic rings [47], it may act as a multivalent

anion, like SO4
2−, as mentioned in Section 3.3.3. Figs. 2 (d) and 3 (d)

show the effect of HA on the removal rate and qe of dyes when MXene

and MOF were used as adsorbents, respectively. The results were si-

milar to those obtained when divalent anions were added to the solu-

tion, as shown in Figs. 2 (c) and 3 (c). Interestingly, the decrease in the

removal rate of AB by MOF was smaller than the increase in the re-

moval rate of MB by MOF (Fig. 3 (d)). Thus, there is an additional

adsorption mechanism in the case of MOF. One plausible reason for this

result could be the hydrophobic interactions between aromatic rings,

considering the chemical structures of MOF and HA. This phenomenon

was also observed when MOF was used as an adsorbent for pharma-

ceutical pollutants (i.e., carbamazepine) [48]. The relationship between

the adsorption mechanism and experimental results will be discussed in

the context of FTIR and XPS results in Section 3.4.

3.4. Plausible adsorption mechanism of dyes

Herein, we analyze the chemical bonds and elemental composition

of pristine adsorbents and adsorbates-adsorbed adsorbents, to clarify

the potential dye adsorption mechanisms. Initially, the difference be-

tween pristine adsorbents and adsorbates-adsorbed adsorbents was

confirmed by FTIR, used to characterize the chemical bonds. As shown

in the FTIR peaks of Fig. S4, MB and AB powder contain intrinsic peaks

at 1,593/879 and 1,060 cm−1 due to C=N/Nhet
⋯HO and SO3

−, re-

spectively [2,3]. Hence, new peaks at 1,593/879 cm−1 appeared in the

cases of both MXene and MOF after reaction with MB. However, we

only detected a new peak at 1,060 cm−1 in the case of MOFs after re-

acting with AB. These results, which suggest that MXene is not able to

trap AB in aqueous solution due to its electrostatic repulsion effect, are

in good agreement with those described in Sections 3.2 and 3.3. Second,

the differences between the pristine adsorbents and adsorbates-ad-

sorbed adsorbents, in terms of chemical elements, were investigated

based on XPS measurements. According to XPS measurement (Fig. 4

(a)), the composition of MXene consists of Na, C, Ti, F, and O elements.

Meanwhile, the composition of MOF consists of Al, C, and O elements.

Fig. 4 (a) shows wide XPS spectra of adsorbents and adsorbates, and the

blue circle in Fig. 4 (a) represents the absence of an N peak in the case

of reactions between MXene and AB. These results are in agreement

with those of the FTIR peaks shown in Fig. S4.

Specifically, Fig. 4 (b) and (c) shows the N 1s peaks of MXene and

MOF when they reacted with MB and AB, respectively. There were

differences in the N 1s peaks for MB between MXene and MOF

(Fig. 4(b)); some of the MXene N 1s peak shifted to a lower binding

energy, which may be due to the negative charge of MXene being

strongly bonded to the positive charge of MB. Thus, based on the peak

shift in Fig. 4(b), MXene captured MB electrostatically. This

Fig. 2. Effect of (a) solution temperature, (b) solution pH, (c) background ions, and (d) existence of HA on the removal rate and qe of dyes when MXene was used as

adsorbent.
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phenomenon is supported by the Na 1s, Ti 2p, and O 1s peaks shown in

Fig. S5 (a), (b), and (c), respectively. The Na 1s peak decreased after

reacting with MB (Fig. S5 (a)), which may be due to the ion-exchange

effect between Na+ and MB, considering previously reported results

[43]. In the case of Ti 2p, as shown in Fig. S5 (b), Ti 2p was shifted to a

higher binding energy due to the strong binding effect between Ti-O

and MB [43]. Furthermore, the O 1s peak could be deconvoluted by [Ti-

O]- and Ti-OH at 530.0 and 532.0 eV, respectively (Fig. S5 (c), and the

area of the Ti-OH peak decreased after reacting with MB due to the

surface complexation [43].

In the same way, the MOF adsorption mechanism could be ex-

plained by the XPS peaks shown in Fig. S5 (d), (e), and (f), which re-

present the XPS spectra of Al 2p, O 1s, and C 1s peaks, respectively, of

pristine and MB- or AB-adsorbed MOFs. In other words, the Al 2p and O

1s peaks were shifted to a higher binding energy in the case of reactions

with AB (Fig. S5 (d) and (e)), and these results verify that MOF was able

to capture AB due to electrostatic interactions. Furthermore, the de-

convoluted C=C peaks in the MOF were shifted slightly to a higher

binding energy in both cases (i.e., reaction with AB and MB), as shown

in Fig. S5 (f). This could be resulted from the hydrophobic interactions

between aromatic rings [49]. Thus, MOF could adsorb MB, the charge

of which is opposite to that of MOF, arising from hydrophobic inter-

actions. Fig. 5 shows a plausible schematic diagram of the adsorption

mechanisms of dyes by MXene and MOF, based on the FTIR/XPS results

presented in Section 3.4 and performance tests related to the water

chemistry factors discussed in Section 3.3.

3.5. Regeneration of used adsorbents

The regeneration of used adsorbents is a critical factor determining

practical feasibility [50]. In this study, we analyzed the removal of MB

by MXene, and of AB by MOF, in the regeneration tests; the higher qe
was considered in each case, as shown in Section 3.2 and 3.3. Fig. 6

shows the reusability of MXene for AB removal after four cycles, for MB

and MOF. Both adsorbents had slightly lower removal rates after four

cycles; this may be due to the imperfect recovery of adsorbents using

physical separation, because the N 1s peak of MXene and MOF dis-

appeared completely after washing, as shown in Fig. 4 (b) and (c). Both

adsorbents still had a qe higher than 50mg g−1 after four cycles of

reuse, so both adsorbents can be used as economical and practical ad-

sorbents for treating wastewater containing dyes.

4. Conclusions

Herein, we comprehensively characterized MXene and MOF by

microscopy (i.e., SEM and TEM), XRD, porosimetry, and zeta potential

analysis. Furthermore, this study aimed to investigate the feasibility of

MXene and MOF for the treatment of wastewater containing synthetic

dyes (i.e., MB and AB), so these materials were systematically studied to

determine meaningful water chemistry factors. MXene and MOF had

isoelectric points at pH values of approximately 3 and 9, respectively,

based on the results of the zeta potential analysis. According to their

intrinsic properties, MB and AB had positive and negative charges, re-

spectively. Thus, for MB dye, MXene achieved a better qe than MOF in a

short time (~30min). On the other hand, MOF achieved a better qe in

the case of AB, based on the qe at different solution pH values.

Electrostatic interaction was the main adsorption mechanism of dyes by

both adsorbents, according to our experimental results using different

background ions. These results were clearly explained by our FTIR and

XPS measurements. Meanwhile, even though MOF had a positive

charge at neutral pH values, it was able to capture MB in aqueous so-

lution due to hydrophobic interactions. This conclusion was also

Fig. 3. Effect of (a) solution temperature, (b) solution pH, (c) background ions, and (d) existence of HA on the removal rate and qe of dyes when MOF was used as

adsorbent.
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supported by our experimental results obtained under different con-

centrations of HA, as well as by the XPS study. The adsorption perfor-

mance of MXene and MOF was evaluated using the Freundlich and

Langmuir isotherm models, respectively. The behavior of both ad-

sorbents was in good agreement with the pseudo-second-order kinetic

model. Finally, both adsorbents had good reusability, so MXene and

MOF are economical and practical adsorbents for the treatment of

wastewater containing organic pollutants (e.g., synthetic dyes).
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