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Abstract: The adsorptive removal of dyes from industrial wastewater using commercially available
adsorbents is not significantly efficient. Metal-organic frameworks (MOFs) offer outstanding proper-
ties which can boost the separation performance over current commercial adsorbents and hence, these
materials represent a milestone in improving treatment methods for dye removal from water. Accord-
ingly, in this paper, the recent studies in the modification of MOF structures in dye removal from the
aquatic environment have been discussed. This study aims to elaborate on the synthetic strategies
applied to improve the adsorption efficiency and to discuss the major adsorption mechanisms as well
as the most influential parameters in the adsorptive removal of dyes using MOFs. More particularly,
the advanced separation performance of MOF-based adsorbents will be comprehensively explained.
The introduction of various functional groups and nanomaterials, such as amine functional groups,
magnetic nanoparticles, and carbon-based materials such as graphene oxide and CNT, onto the MOFs
can alter the removal efficiency of MOF-based adsorbents through enhancing the water stability,
dispersion in water, interactions between the MOF structure and the contaminant, and the adsorption
capacity. Finally, we summarize the challenges experienced by MOF-based materials for dye removal
from water and propose future research outlooks to be considered.

Keywords: adsorptive separation; dye removal; functionalized MOF; MOF composite; water treatment

1. Introduction
1.1. Dye Contaminants in the Aquatic Environment

Water is the most vital substance for life on earth; the health of all living things, in-
cluding humans, plants, and animals depends on its existence. Water pollution and water
scarcity are severe environmental problems worldwide, where one of the most critical
challenges of human society is the conservation and proper use of water resources [1,2].
Industrial activities, daily activities of humans, agriculture, etc., cause water pollution.
Hazardous substances in industrial wastewater endanger human life and aquatic organ-
isms [3,4]. Access to safe and clean water is essential for various activities, and discharging
effluents into the environment leads to a severe challenge to safe water accessibility. Various
pollutants enter the environment and pollute water resources. One of the most toxic pollu-
tants of water resources is dyes. Leather [5], textiles [6], paper and rubber [7], plastic [8],
and food [9] are among the industries in which dyes have a wide range of applications.
Over 1,600,000 tons of dyes are produced worldwide [10-12]. Dyes are usually classified
based on the structural or functional groups plus the ionic charge during dissolution in
aqueous solutions [13]. Organic dyes in wastewater are toxic, carcinogenic, and may cause
health problems such as respiratory problems, cyanosis, skin irritation, and headache [14].
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In addition, the presence of dyes in water reduces dissolved oxygen in water and lowers
sunlight irradiation to plants and organisms in water. Moreover, they cause bad odors due
to the high chemical oxidation demand [15,16]. Accordingly, treatment of dye contaminant
wastewater before discharging into the environment is necessary [17]. Some of the dyes
mentioned in this research are presented in Table 1.

Table 1. Specifications of various dyes.

Molecular Mass

Dye IUPAC Name Molecular Formula (g/mol) Chemical Structure
N
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Table 1. Cont.

Dye

IUPAC Name Molecular Formula

Molecular Mass

(g/mol)

Chemical Structure

Fuchsin acid

Disodium 2-amino-5-[(Z)-(4-amino-3-
sulfonatophenyl)(4-iminio-3-sulfonato-
2,5-cyclohexadien-1-ylidene)methyl]-3-

methylbenzenesulfonate

CaoHi17N3Na 0955

585.54

Neutral red

3-Amino-7-dimethylamino-2-
methylphenazine
hydrochloride

C15Hy7CINy

288.77

Fuchsin basic

4-[(4-Aminophenyl)(4-imino-2,5-
cyclohexadien-1-ylidene)methyl]-2-
methylaniline hydrochloride
(1:1)

C20H2oCIN3

337.85

Sunset yellow

disodium 2-hydroxy-1-(4-
sulfonatophenylazo)naphthalene-6-
sulfonate

C16H10N2Na 075,

(]

Nat 0" 'O o

OH
)
°N
s (o}

Reactive Black 5

tetrasodium;4-amino-5-hydroxy-3,6-
bis[[4-(2-sulfonatooxyethyl
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2,7-disulfonate

Ca6Ha1N5Nay 01956

SO3Na
OH

991.8
el
CZH4SZOSNa©—N:N SO;Na

CZHASZOSNaON:N

Methyl blue

disodium;4-[4-[[4-(4-sulfoanilino)phenyl]-

[4-(4-sulfonatophenyl)iminocyclohexa-

2,5-dien-1- Ca7Hy7N3Nay 0953

ylidene]methyl]anilino]benzenesulfonate

799.81
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Various methods such as coagulation [18], membrane separation [19], adsorption [20],
oxidation processes [21], solvent extraction [22], electrolysis [23], and biological pro-
cesses [24] are used to purify wastewater and to reduce the dye concentration from the
effluent before discharging into the environment. Among these methods, adsorption
technology has been proposed as a popular, efficient, low-cost, fast, and easy method
for treating dye wastewater [25,26]. A wide range of adsorbents are used for adsorption
processes. In this regard, finding new adsorbents or modifications of existing adsorbents
for achieving higher adsorption capacity and better adsorption conditions has always been
of interest [27,28]. Novel adsorbents under consideration should have high adsorption
capacity, good stability in the aquatic environment, reusability, and low cost [29,30]. In
this regard, MOFs have been introduced as high-performance adsorbents for dye removal
applications [31].

1.2. Metal-Organic Frameworks

MOFs have been proposed as an essential part of porous nanomaterials in various
applications such as adsorption and photocatalytic degradation [32], sensors [33], gas
storage [34], energy conversion plus storage [35], and drug delivery [36] in recent years.
MOFs can be synthesized with different dimensionality as well as different sizes and
shapes, depending on the type of synthesis and raw materials used [37]. Due to its excellent
performances in various applications in different fields, it has been considered an essential
member of new porous materials in recent years. MOFs present excellent performance in
removing various contaminants from the gaseous and aqueous medium [38]. The most
important advantages of MOF over other adsorbents are structural diversity [39], the
possibility of determining the size of the pores, as well as determining the properties and
performance by selecting various metal nodes and organic ligands in the synthesis stage.
Various methods such as solvothermal [40], hydrothermal [41], mechanochemical [42],
sonochemical [43], spray drying [44], sol-gel [45], and flow chemistry [46] have been used
in MOFs synthesis. Another advantage of MOFs over other adsorbents is the low energy
required for the regeneration process [47], large surface area [48], as well as high thermal
and mechanical stability [49].

In recent years, the adsorptive removal of various pollutants from the aquatic envi-
ronment is a widely studied field of application of MOFs [50]. Among these, dyes are one
class of pollutants tested in particular, as other conventional methods and adsorbents are
ineffective in the removal of these pollutants from the aquatic environment. This article
presents a comprehensive review on the properties of bare MOFs and optimized MOFs in
the adsorptive removal of dyes. The following sections discuss MOFs’ characteristics and
performance as adsorbents, and recent advances on removing dyes from aquatic environ-
ments using MIL-type, zirconium-based MOFs, Zeolitic Imidazolate Frameworks (ZIFs),
magnetic MOFs, amine-functionalized MOFs, and GO-MOF and CNT-MOF nanocom-
posites. Moreover, the effectiveness of pH, adsorbent dosage, contact time, initial dye
concentration as the most important parameters on dye removal using MOFs are discussed.

2. Characteristics of MOFs as Adsorbents
2.1. The Structure of MOFs as Adsorbents in the Aquatic Environment

Metal-organic frameworks with a high surface area, ranging from 100 to 10,000 m? /g [51],
are composed of metal ions and organic linkers [52-54]. Various MOFs with different struc-
tural properties can be created using different metal ions and organic ligands [55]. Organic
ligands play an essential role in MOFs structures and in determining structural properties
such as thermal stability, stability in the aqueous environment, and adsorption perfor-
mance. The most widely used organic linkers are displayed in Figure 1. Organic ligands
play an essential role in the higher adsorption capacity by creating symmetric pores. The
lack of strong bonds between metal and ligand leads to poor stability of MOF in water.
Stronger bonds between the linkers and the metal ions results in a more stable MOF in
water. The hydrophobic nature of ingredients is important in the water stability of MOFs.
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The introduction of some functional groups such as alkyl and fluoride groups to the ligand
also leads to a more stable structure in the aquatic environment [56,57]. Metal ions are also
important in the stability of the MOF structure. The use of more than one metal ion in
the structure can lead to MOF stability. This is because of the formation of more strong
bonds compared to monometallic metal clusters. Reduction in the mobility of the metallic
cluster, reduction in the mobility of inorganic secondary building units, and introduction
of intermolecular interactions such as m—m and hydrogen bonding have significant effects
on the hydrothermal stability of MOFs [58].
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Figure 1. Structure of most common organic linkers used in the synthesis of MOFs; reprinted with
permission from Ref. [59]. Copyright 2019 Elsevier.

MOFs can be applied to pollutant purification, including organic dyes, as one of
the primary sources of water contamination. Some characteristics of MOFs make them
appropriate materials for dye adsorption from wastewater with preferable performance
over other conventional adsorbents [59]. These characteristics include crystalline, porous
structure, large surface area, multifunctional capabilities, structural diversity, flexible
structure, and very active sites for dye adsorption [60,61]. The porosity of the MOF
structure improves the adsorption of pollutants into adsorption sites and facilitates the
saturation of adsorption [62]. MOFs are superior materials for water treatment as their
structural ligands provide a high density of adsorption sites and their ultrahigh porosity
improves the extraction of pollutants from contaminant sources [63].

2.2. Adsorption Performance of MOFs in the Aquatic Environment

The adsorption and removal performance of pollutants by MOFs is almost similar to
other adsorbents. However,

(i) Open and active metal sites in MOFs can act as an additional adsorption site [63].

(i) Functionalized pores, which are able to perform specific host-guest interactions
including electrostatic interactions [64], H-bonding [65], hydrophobicity [66], acid—
base interactions [67], and 7—7 interactions. These interactions between MOF and
contaminant molecules can improve the adsorption capacity [68].

(iii) One of the necessary factors for high adsorption capacity and efficient adsorbent
performance is the large surface area of the adsorbent. A large surface area has
greater capacity to host polluting molecules and provides more active sites for
contaminant uptake.
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2.3. The Adsorption Mechanism of Dyes on MOF-Based Adsorbents

The mechanisms of dye adsorption by MOFs are similar to other adsorbents, except
that the presence of ligand functional groups and the presence of metal ions or metal
clusters in the structure of MOFs in some cases cause two or several interactions between
dye and MOF, and performance improvements in the adsorption processes.

The most common interaction is the electrostatic interaction that occurs between two
species with different surface charges. The electrostatic interaction is observable between
a wide range of dyes and MOFs [65-67]. The 7— interaction is usually observed in the
removal of compounds containing aromatic rings. Dyes such as MG, MO, and CR, which
contain multiple aromatic rings, can interact with MOFs that have aromatic rings in their
structure [64,68]. Hydrogen bonding is also observed between dyes and MOFs that can
bond between hydrogen atoms and electronegative atoms. Adding functional groups such
as NH2 to the structure of MOFs can create and improve the hydrogen bonding between
dye and MOF [69,70].

2.4. Recent Advances in Adsorptive Removal of Dyes Using MOFs

MOFs, due to their excellent performances in contaminant removal from the aqueous
phase, have been widely used in different wastewater treatment applications. Applying
MOFs by adsorption [64] and photocatalytic degradation [70-72] has been considered
in recent years for removing various pollutants such as PPCPs [73], heavy metals [74],
pesticides [75], and herbicides [76] from the aquatic environment. Among these, one of
the most essential applications of MOFs is adsorbing dyes from the aquatic environment.
Several chemical and water-stable MOFs, such as MIL-100 [77], MIL-101 [78,79], ZIF-
8 [80], UiO-66 [81], and MOEF-235 [82], have been identified and applied in adsorptive
removal of dyes from the aquatic environment [83,84]. These MOFs have excellent thermal
and chemical stability due to the strong bonds between the metal or clusters and the
ligands [85]. In addition, their high porosity leads to a high surface area, which in turn
provides excellent performance in wastewater treatment applications. It can be easily
washed and regenerated by acetone [86] or ethanol [87], etc., and used for successive cycles
without significant performance changes. Table 2 summarizes some recent advances on
dye adsorption using MOFs.

Table 2. Recent studies in adsorption of dyes using bare MOFs.

Maximum

MOF Dye Ads?rption Mechanism Thecl':)r:::ﬂilil(l);mic Ref.
Capacity (mg/g)

TMU-34 RB-B 34.58 Electrostatic, H-bonding [71]
MIL-101(Cr) Uranine 127 Electrostatic P(IilsigZ’fi\IAeI_Z CA; 5 [72]
MIL-100(Fe) MB 736.2 Electrostatic - [73]
MIL-100(Cr) MB 645.3 Electrostatic - [73]
MIL-100(Fe) MO 1045 Electrostatic - [73]
MIL-100(Cr) MO 212 Electrostatic - [73]

MIL-68(Al) MB 666.7 Electrostatic, -7t - [74]
MIL-68(Al) MG 153.8 Electrostatic, -7t - [74]
MIL-68(Al) MO 3413 Electrostatic, -7t P‘ﬁgglzz VAeHA' és [75]
MIL-125(Ti) RhB 59.9 - Ne%fsl;;ev’gi'sm [76]
MIL-68(In) CR 1204 e - [77]
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Table 2. Cont.
Maximum Thermodynamic
MOF Dye Adsorption Mechanism Y Ref.
. Condition
Capacity (mg/g)
. Positive AH, AS
MIL-100(Fe) CR 714.3 Electrostatic Negative AG [78]
. Positive AH, AS
MIL-100(Fe) AO7 480.8 Electrostatic Negative AG [79]
. Negative AH, AG
MIL-53(Fe) MR 183.5 Electrostatic, -7t Positive AS [80]
UiO-66 ARS 400 Electrostatic, H-bonding - [81]
UiO-66 MB 90 - - [82]
. Positive AH, AS
UiO-66 RhB 256 - Negative AG [83]
UiO-66 MO 83.7 Electrostatic, -7t Negative AH, AS, AG [84]
. . Positive AH, AS
UiO-66 MB 69.8 Electrostatic Negative AG [84]
. . Positive AH, AS
UiO-67 MG 357.3 Electrostatic, -7t Negative AG [85]
. . Positive AH, AS
UiO-67 CR 1236.9 Electrostatic, -7t Negative AG [85]
UiO-67 MB 48.5 - - [85]
UiO-67 SY 47.2 - - [85]
UiO-67 RhB 41.3 - - [85]
UiO-67 MO 132.6 - - [85]
PCN-222 MB 906 Electrostatic, r—7t Negative AH, AG [86]
Positive AS
PCN-222 MO 589 Electrostatic, -t Negative AH, AG [86]
Positive AS
UiO-66 MB 145 Electrostatic, -t Negative AG [64]
UiO-66 MO 639 Electrostatic, -7t Negative AG [64]
UiO-66 CR 827 Electrostatic, 7t Negative AG [64]
UiO-66 AC 230.9 Electrostatic, -7t Negative AG [64]
ZIF-8 Methyl blue 2500 Electrostatic - [87]
. . Positive AH, AS
ZIF-67 MG 2430 -7t interactions Negative AG [88]
HKUST-1 MB 200 H-bonding, Electrostatic, Negahy'e AH, AG [89]
T—TC Positive AS
. Positive AH, AS
MOF-235 MO 477 Electrostatic Negative AG [90]
. Positive AH, AS
MOF-235 MB 252 Electrostatic Negative AG [90]
. Negative AH, AG
MOF-235 LY 250 Hydrophobic, —m Positive AS [91]
MOF-235 CR 1250 Hydrophobic, —m Negative AH, AS, AG [91]
Acid Chrome Positive AH, AS
MOF-235 Blue K 918 ) Negative AG 921




Energies 2022, 15, 2023 8 of 34
Table 2. Cont.
Maximum Thermodynamic
MOF Dye Adsorption Mechanism ok Ref.
. Condition
Capacity (mg/g)

TMU-8 RB5 79.36 Hydrophobic, m—m Negative AH, AS, AG [93]
T™™U-7 CR 97 - - [94]

. Alizarin .
Ni-BDC Yellow GG 621.1 Electrostatic - [95]
Zn-BDC Alizarin 764.8 Electrostatic, 7 - [95]

Yellow GG ' ectrostatc,
Cu-BDC Alizarin 710 Electrostatic, 7— - [95]

u Yellow GG ectrostatic, -7

Al-based MOF AQO7 559.3 H-bonding, Electrostatic - [96]
Al-based MOF AB1 332.5 H-bonding, Electrostatic - [96]

2.4.1. MIL-Types MOFs

Razavi et al. [71] synthesized TMU-34 for RB-B dye from the aquatic environment.
TMU-34 showed fast adsorption kinetics and removed more than 90% of dye in 2 min.
TMU-34 also showed an excellent adsorption performance over a mixture of dyes including
MB, RB-B, and MO-RB-B due to strong host-guest interactions between RB-B and TMU-34.
Tong et al. [73] utilized MIL-100(Fe) and MIL-100(Cr) to adsorb methylene blue (MB) and
MO from the liquid phase. MIL-100(Fe) had a better adsorption capacity in adsorption of
both dyes compared to MIL-100(Cr). The maximum capacity for MO and MB adsorption
was reported to be 1045 and 736 mg/ g, respectively, using MIL-100(Fe), while the maximum
capacity of MIL-100(Cr) for MO and MB adsorption was 211.8 and 645.3 mg/g, respectively.
A larger value of binding energy for MIL-100(Cr) with water indicates that H,O and
MO adsorption are more competitive on MIL-100(Cr). In the aquatic environment, both
adsorbents have a negatively charged surface. The electrostatic attraction between MIL-
structures and MB leads to excellent adsorption and high adsorption capacity. In a mixture
composed of methyl orange and methylene blue, MIL-100(Cr) can remove 100% of MB
and 8% MO, while MIL-100(Fe) can adsorb 100% MB and 85% MO. This study confirmed
that MIL-100(Fe) could be used to simultaneously adsorb methyl orange and methylene
blue, while MIL-100(Cr) is more suitable for selective removal of MB from the dye mixture,
with both MIL-100(Fe) and MIL-100(Cr) being useful depending on the target application.
It can also be inferred from this experiment that the central metal of MOF has had a
great effect on the removal performance from the aquatic environment. Tehrani et al. [74]
synthesized MIL-68(Al) to investigate the removal of MG and MB dyes from the aquatic
environment. The maximum adsorption capacity of 153.8 for MG and 666.7 for MB was
reached. The adsorbents were quickly regenerated with solvents such as methanol and
could be reused up to three cycles with the best performance. Easy regeneration and
performance maintenance are among the most important features for commercial feasibility.
Wau et al. [75] working on MIL-68(Al) reached the maximum capacity of 341.3 mg/g for
MO adsorption. Thermodynamic studies revealed that the processes of MO adsorption
over MIL-68(Al) were endothermic, with positive entropy. The strong electrostatic and
H-bonding between MO and MIL-68(Al) contributed to MO adsorption. Elsewhere, Al
Sharbati et al. [97] synthesized MIL-53(Al) and explored the uptake of cationic MG and
anionic MO from the water. MIL-53(Al) could quickly remove MO and MG up to 95%.
MIL-53(Al) was easily regenerated through washing with ethanol and re-used for up to
four cycles without any reduction in the removal efficiency, as displayed in Figure 2A. -7t
stacking and H-bonding were the main interactions in these experiments. Both dyes showed
an endothermic adsorption onto MIL-53(Al). MIL-125(Ti) was prepared using solvothermal
method by Guo et al. [76] who investigated RhB adsorption from water. The maximum
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capacity of RhB adsorption was 59.9 mg/g at 25 °C and pH = 7. The adsorption of RhB
onto MIL-125(Ti) was spontaneous and exothermic. Jin et al. [77] synthesized nano-rods
MIL-68(In) by a solvothermal method within a short time (30 min). MIL-68(In) has a high
BET surface area (1252 m?/ g). MIL-68(In) showed a rapid adsorption rate and maximum
capacity of 1204 mg/g in CR dye adsorption. As shown in Figure 2B, the nano-rods in
MIL-68(In) have almost four times more adsorption capacity than micro-rods in MIL-68(In).
The mesopore volume and larger surface area cause more adsorption capacity of nano-rods
compared to micro-rods. Moradi et al. [78] synthesized MIL-100(Fe) with a high BET surface
area of 2800 m? /g to remove CR from wastewater. The presence of carboxylic acid group
as well as open and active metal sites suggest the excellent adsorption performance of
MIL-100(Fe) over CR. An endothermic and spontaneous adsorption of CR on MIL-100(Fe)
was observed. MIL-100(Fe) revealed better adsorption capacity (714.3 mg/g) compared to
other common adsorbents such as chitosan/CNT (450.4 mg/g), cellulose/Fe3O,/activated
carbon (66.1 mg/g), and MMT-CTAB (358 mg/g), suggesting that MIL-100(Fe) can be a
proper choice in removing CR from the aquatic environment. Tsai et al. [79] prepared MIL-
100(Fe) to investigate the adsorption of AO7 dye. A maximum capacity of 480.8 mg/g was
obtained for the AO7 removal at 45 °C. The study of thermodynamic parameters revealed
the endothermic and spontaneous adsorption of AO7 on MIL-100(Fe). The electrostatic
interactions between adsorbent and dye molecules constitute the main interaction in
the adsorption.

[B]

14 ——@ nano-rods MIL-68(In)

1200 =30
—l micro-rods MIL-68(In) —
12 1000 ,/
10 —
20 800 /
8 g p
= 600 4
6 o /
p 400 »
J— . . .
3 200 ./Z'/
0 0.y T v T T
1 2 3 4

0 200 400 600 800 1000 1200
Number of cycles Initial CR (mg/L)

q. (ng/g)

Figure 2. Effect of four cycles of regeneration on adsorption performance (A) of MIL-53(Al) over
MO and MG adsorption at 298 k, pH = 6, contact time = 180 min, Cy = 13 mg/L; reprinted with
permission from Ref. [97]. Copyright 2020 Elsevier. (B) Adsorption performance of nano-rods and
micro-rods MIL-68(In) at different concentrations in 60 min; reprinted with permission from Ref. [77].
Copyright 2015 Elsevier.

To investigate the adsorption behavior of cationic MB and anionic methyl blue dyes
on MIL-types MOF, Jia et al. [98] synthesized MIL-100(Fe) with a high BET surface area
(1525 m?/g), and mesoporous cage. The AH value in adsorption of methyl blue was
positive, while the AH value of MB adsorption onto MIL-100(Fe) was negative. According
to the zeta potential results, the surface charge of adsorbent was negative within the pH
range of 1-10 and MIL-100(Fe), where a negatively charged surface may show better
adsorption performance over positively charged surface pollutants. That may explain why
MIL-100(Fe) showed better adsorption efficiency over cationic MB (about 100%) compared
to anionic methyl blue (52.1%). Yilmaz et al. [80] prepared MIL-53(Fe) for examining the
adsorption of MR dye from the aqueous phase. Based on the kinetic study, MR adsorption
onto MIL-53(Fe) obeyed the pseudo-second-order kinetic model. As reported in Table 3,
MIL-53(Fe), with a minimal BET surface area, has had a better performance for MR capture
from the aquatic environment than modified zeolite and activated carbon [99,100].
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Table 3. Performance of various adsorbents over MR adsorption from the aquatic environment;
reprinted with permission from Ref. [80]. Copyright 2016 Elsevier.

Adsorbent BET Surface Area (m?/g) Qmax (mg/g)
MIL-53 (Fe) 23 1835
Commercial activated charcoal - 30
Modified zeolite - 7
Activated carbon - 40.5

2.4.2. Zirconium-Based MOFs

Zirconium-based MOFs cover a wide range of MOFs including UiO-series such as
UiO-66 [101], UiO-67 [102], and UiO-68 [103], as well as PCN-series such as PCN-222 [104],
PCN-521 [105], MOF-808 [106], MOEF-812 [107], NU-1000 [108], and NU-1100 [109]. Zr-
based MOFs have efficient performance in the removal of various contaminants from
the aquatic environment, especially dyed contaminants. They are widely used in water
treatment applications [110].

Embaby et al. [81] synthesized UiO-66 via microwave-assisted method. All experi-
ments were carried out at 25 °C, shaking at 200 rpm for 2 h. According to Table 4, UiO-66
showed a better adsorption performance over anionic dyes, while the removal of cationic
dyes was very low and negligible. Anion exchange of the Zr;O4(OH)4 nodes of UiO-66 with
anionic adsorbates as an adsorption mechanism would lead to better removal efficiency of
anionic dyes over UiO-66. On the other hand, hydrogen bonding between SO3~ and -OH
on the UiO-66 nodes would result in the anionic dyes being attracted to the MOF and better
adsorbed onto the MOF surface.

Table 4. Performance of UiO-66 in the removal of cationic vs. anionic dyes; reprinted with permission
from Ref. [81]. Copyright 2018 Elsevier.

Cationic Dyes Removal (%) Anionic Dyes Removal (%)
Neutral red (NR) 34 Alizarin red S (ARS) 81
Methylene blue 443 Eosin (E) 80
Fuchsin basic (FB) 0.98 Fuchsin acid (FA) 40
Safranine T (ST) 3.41 Methyl orange (MO) 31

As displayed in Figure 3A, the positively charged surface of UiO-66 has stronger
electrostatic interactions with anionic dyes. Mohammadi et al. [82] synthesized UiO-66
with crystalline sizes of 153-213 nm, and a surface area of 765 m?/g to investigate MB
adsorption from water. The maximum adsorption (90 mg/g) was reached at pH = 9. The
zeta potential was 6, where the negatively charged surface of UiO-66 at the pH ranges above
6 was more favorable for adsorption for cationic MB dye. To investigate the removal of RhB
dye from the aquatic environment, He et al. [83] synthesized UiO-66 with a BET surface
area of 486.4 m?/g, and an average pore diameter of 4.85 nm. The maximum capacity of
135-256 mg/g was obtained at 0-50 °C for the RhB adsorption. The adsorption of RhB on
UiO-66 was endothermic, and higher temperatures were more favorable for the possesses.
In addition to relatively good adsorption capacity, the regenerated UiO-66 revealed an
excellent performance in experiments up to seven cycles as shown in Figure 3B. Molavi
etal. [84] reported the synthesis of UiO-66 and employed it in the adsorption of MB plus MO
from wastewater. Electrostatic interactions between anionic MO and UiO-66 in neutral and
acidic environments would lead to higher capacity of MO adsorption (83.7 mg/g) than MB
adsorption (69.8 mg/g). In this study, the long-term water stability of synthesized UiO-66
was confirmed for one year. Examination of the XRD pattern of the UiO-66 after 12 months
of presence in water did not show much change in diffraction patterns, suggesting that the
synthesized UiO-66 structure was maintained in the aqueous environment even after a very
long time. UiO-66 placed in the aquatic environment for 1 year was able to adsorb MO with
70% of the initial capacity. This reduction in MO uptake was related to the reduction in the



Energies 2022, 15, 2023

11 of 34

surface area from 1276 to 972 m? /g during 12 months. Figure 3C presents the performance
of UiO-66 placed in water after 3, 9, and 12 months in MO and MB adsorption. Another Zr-
based MOF, UiO-67, was synthesized by Yang et al. [85] and applied in adsorption of MG
and CR from the aquatic environment. The maximum capacity of 357.3 and 1236.9 mg/g
was reported for the MG and CR adsorption, respectively. Great affinity of SO3;” group of
CR and Zr-OH groups of UiO-67 would result in the high adsorption capacity of CR. The
7—7t interactions between aromatic compounds of both dyes and UiO-67 and electrostatic
interactions were other major interactions in the adsorption of MG and CR over UiO-67.
In addition to CR, the adsorption of MB, SY, RhB, and MO was also examined in this
study. The maximum capacity of MB, SY, RhB, and MO adsorption was 48.5, 47.2, 41.3, and
132.6 mg/g, respectively, under the same conditions.
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Figure 3. Anionic (A) SO3;~ group interacting with ZrsO4(OH)4 nodes of UiO-66; reprinted with
permission from Ref. [81]. Copyright 2018 Elsevier. (B) Regenerated performance of UiO-66 in RhB
adsorption up to seven cycles; reprinted with permission from Ref. [83]. Copyright 2014 Elsevier.
Fresh and stored in the aquatic environment after 3, 9, and 12 months (C) performance of UiO-66 in
MO and MB adsorption; reprinted with permission from Ref. [84]. Copyright 2018 Elsevier. (D) The
primary mechanism of MG adsorption from water by ZIF-67; reprinted with permission from Ref. [88].
Copyright 2015 Elsevier.

Li et al. [86] synthesized PCN-222 with a BET surface area of 2336 m?2/ g under
solvothermal condition and utilized it in the removal of MB and MO from the aquatic
environment. PCN-222 indicated an excellent adsorption performance toward dyes, with a
maximum capacity of 906 and 589 mg/g for the MB and MO adsorption, respectively. This
Zr-based MOF also showed excellent performance in adsorption from a mixture containing
MO and MB, with the ability to adsorb 1239 and 1022 mg/g, respectively. The adsorption
processes were exothermic and spontaneous. In addition to the excellent adsorption capac-
ity, PCN-222 could also be regenerated and reused up to several successive cycles, where
the removal efficiency diminished to 92.7% for MO and to 95.2% for MB after eight cycles.
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2.4.3. Zeolitic Imidazolate Frameworks (ZIFs)

Zeolitic Imidazolate Frameworks (ZIFs) are composed of imidazolate linkers and metal
ions with a structure similar to aluminosilicate zeolites [111]. ZIFs enjoy both the structural
properties of zeolites and MOFs, conferring them a high surface area, high crystallinity,
and unimodal micropores [112,113].

ZIE-8 [87] and ZIF-67 [88] are the most important structures used in the adsorption
of dyed pollutants from the aquatic environment. Feng et al. [87] synthesized ZIF-8
and utilized it in removing methyl blue from the water. ZIF-8 revealed an excellent
adsorption capacity of 2500 mg/g. The sorption saturation occurred within less than
45 min and the adsorption rate was very fast. The strong ionic bonding between negatively
charged SO3” groups in methyl blue and positively charged Zn?* in ZIF-8 contributed
to improving the adsorption performance. In this study, the removal of MB, MO, and
RhB was also investigated by ZIF-8, where the adsorption capacity of 18, 20, and 40 mg/g
was reported for MO, MB, and RhB, respectively. The higher adsorption capacity of
methyl blue compared to the other three dyes indicates the higher selectivity of adsorption
methyl blue onto ZIF-8. Lin et al. [88] synthesized a high-stable ZIF-67 for the MG dye
adsorption from the aquatic environment. ZIF-67 presented an excellent maximum capacity
of 2500 mg/g at 20 °C and 2941 mg/g at 40 °C, which were higher than the values of other
common adsorbents. Table 5 compares the adsorption capacity of MG over ZIF-67 and
other adsorbents. ZIF-67 also exhibited a high regeneration efficiency and maintained the
removal efficiency of more than 95% up to four cycles. Investigation of thermodynamic
parameters revealed an endothermic and spontaneous adsorption. As depicted in Figure 3D,
-7t stacking between aromatic compounds of MG and imidazole rings on ZIF-67 was the
primary interaction for the MG adsorption in this study.

Table 5. Performance of various adsorbents in MG adsorption from the aquatic environment com-
pared to ZIF-67; reprinted with permission from Ref. [88]. Copyright 2015 Elsevier.

Adsorbent T (°C) Adsorption Capacity (mg/g)

Cyclodextrin-based material 25 92
Coconut shell-based AC ! 60 214
Bamboo-based AC 30 263
Commercial AC 30 222
Oxalic-acid-modified sawdust 60 280
Chitosan beads 30 93

ZIF-67 20 2500

ZIF-67 40 2941

ZIF-67 60 3226

1 AC means Activated Carbon.

Santoso et al. [114] synthesized ZIF-8 with acetic acid, ZIF-8(AA), for adsorption of
MB from the aquatic environment. In this study, the structural characteristics and the
performance in MB uptake of ZIF-8(AA) were compared against ZIF-8 synthesized with
DMEF solvent, ZIF-8(DMF). ZIF-8(DMF) had a higher BET surface area (1013 to 538 m?2/ g)
and higher crystallinity (100% to 32.75%) compared to ZIF-8(AA). The particle size of
ZIF-8(AA) was 62.5 nm, while the particle size of ZIF-8(DMF) was 2500 nm. The adsorption
experiments revealed a better performance of ZIF-8(AA) with almost 50% the surface
area compared to ZIF-8(DMF). The better adsorption performance of ZIF-8(AA) than ZIF-
8(DMF), despite the smaller surface area, was due to the higher mesoporosity of ZIF-8(AA).
In addition, the presence of oxygen atoms in the acetate on the ZIF-8(AA) and its affinity
toward MB would support a better performance in adsorption.
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2.4.4. Other Types of MOFs

Lin et al. [89] synthesized Cu-based MOF, HKUST-1, also known as Cu-BTC, for
removing MB from the aquatic phase. The maximum capacity obtained for MB adsorption
was 200 mg/g, at pH = 7. Thermodynamic parameters indicated an exothermic and
spontaneous adsorption of MB on HKUST-1. H-bonding and n—mt stacking between the
aromatic compounds of MB and HKUST-1 were the primary adsorption interactions in
this experiment.

MOFEF-235 as a Fe-based MOF has presented an adequate performance in absorbing
anionic and cationic dyes [115,116]. MOF-235 synthesized by Haque et al. [90] showed
an adsorption capacity of 252 mg/g for MB and 477 mg/g for MO. In this experiment,
MOFEF-235 failed to adsorb nitrogen from the aqueous phase, while presenting an excellent
performance in adsorptive removal of dyes. It can be concluded that MOF-type adsorbents
can offer good performance in removing dyes from the aquatic environment even if they
cannot adsorb gases from the aqueous phase.

Dou et al. [91] synthesized MOF-235 to adsorb lemon yellow (LY) and CR dyes from
water. The strong - and hydrophobic interactions between MOF-235 and CR and LY
would result in an excellent adsorption performance of MOF-235 with a maximum capacity
of 250 and 1250 mg/g for LY and CR adsorption, respectively. The adsorbent utilized in this
experiment was quickly recovered and regenerated with ethanol and sodium hydroxide
solution and applied for up to six cycles without significant change in the performance.
Indeed, the adsorption capacity of CR and LY obtained was 1027 and 213 mg/g, respectively,
after six cycles. Ge et al. [92] synthesized MOF-235 via a microwave-assisted thermolysis
method to the adsorption of Acid Chrome Blue K from the water. The maximum capacity
obtained for the Acid Chrome Blue K adsorption was 591.8 mg/g at 20 °C. Due to MOF-235
high adsorption capacity and fast performance in Acid Chrome Blue K uptake from the
aquatic environment, the application of MOF-235 was confirmed in this study as an efficient
adsorbent in dyed-contaminants wastewater.

Hazrati et al. [93] synthesized TMU-8 with the solvothermal method and applied it to
remove reactive black 5 (RB5) dye from the aquatic environment. The maximum capacity
obtained was 79.36 mg/g for the RB5 adsorption. Formation of the m—m interactions
between dye and TMU-8 ligand, along with the hydrophobic interaction were the main
interactions in RB5 adsorption by TMU-8. To investigate the CR dye adsorption and to
compare the dye removal performance of two adsorbents synthesized by the sonochemical
and the mechanochemical method, Masoomi et al. [94] synthesized TMU-7. As shown in
Figure 4A, the adsorbents obtained from sonochemical method revealed a faster adsorption
performance in CR uptake. The maximum capacity of sonochemically synthesized TMU-7
obtained was 97 mg/g for the CR adsorption. To explore the effect of central metals on the
adsorptive removal of Alizarin Yellow GG from the aquatic environment, Liu et al. [95]
synthesized three two-dimensional MOFs, including Ni-BDC, Cu-BDC, and Zn-BDC. The
BET surface area obtained was 4.60, 14.41, and 15.07 m2/ g for Ni-BDC, Cu-BDC, and
Zn-BDC, respectively. Different morphologies such as peony-like, rectangle sheet, and
irregular sheet were obtained using different central metal ions in Ni-BDC, Cu-BTC, and
Zn-BDC, respectively. The maximum capacity of Alizarin Yellow GG adsorption over MOFs
obtained was 621.1, 710, and 764.8 mg/g for Ni-BDC, Cu-BDC, and Zn-BDC, respectively.
The performance of these three MOFs at different temperatures is shown in Figure 4B.
Adsorption capacities indicated more affinity between anionic Alizarin Yellow GG dye and
Zn-BDC as well as Cu-BDC compared to Ni-BDC, well suggesting the role of the central
metal ion of MOF in adsorption performance. - stacking and H-bonding were the main
interactions in the Alizarin Yellow GG adsorption by these MOFs. As outlined in Table 6,
all three synthesized MOFs far outperformed other adsorbents in adsorption of Alizarin
Yellow GG dye.
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Figure 4. (A) The sonochemically synthesized (a) TMU-7 and mechanochemically synthesized (b)
TMU-7 performance in CR adsorption from the aquatic environment; reprinted with permission from
Ref. [94]. (B) The maximum adsorption capacity of Cu-BDC, Zn-BDC, and Ni-BDC in Alizarin Yellow
GG uptake from water; reprinted with permission from Ref. [95].

Table 6. Adsorption capacity of Cu-BDC, Ni-BDC, and Zn-BDC compared to other adsorbents;
reprinted with permission from Ref. [95]. Copyright 2020 Elsevier.

Adsorbent Adsorption Capacity (mg/g)
Cu-BDC 710
Ni-BDC 621.1
Zn-BDC 764.8
Ar@eMCM 400
Modified polymer 15.9
Fe3;04,@MCM@Cu-Fe-LDH 1219
nZVI/PANI/APT 72
DNPH-y-Alumina 47.8
y-Alumina 37.7

3. Optimized MOF

Efforts are made to improve the structural properties of adsorbents through modifica-
tion or development of composites for more efficient performance in wastewater treatment
applications. Structural modification of adsorbents leads to more favorable conditions such
as higher stability in the aquatic or acid-basic environments [117], easy recovery [118], and
better adsorption capacity [119]. Despite the unique properties of MOFs, some weaknesses
of their structure, such as restricted absorption capacity and low stability in aquatic envi-
ronments, limit their use in water treatments. Several optimization methods have been
considered to address these restrictions and improve the properties. Adding modified
groups to the organic ligands [120], adjusting pore size and pore structure of MOFs with dif-
ferent ligands, changing the synthesis method [121], or combining MOF with nanoparticles
to fabricate an MOF-based nanomaterial have been proposed for improving the adsorp-
tion performance of MOFs [122]. In this study, the primary purpose is on MOF-based
composites with improved structural properties compared to bared-MOFs.

3.1. Magnetic MOFs

MOF-based magnetic composites composed of a magnetic nanoparticle and a metal—
organic framework have recently received attention for catalysis [123], drug delivery [124],
and water purification [125]. The introduction of magnetic nanoparticles into the MOFs
structure leads to rapid and easy recovery by applying an external magnetic field in various
applications [126]. Different methods are used to integrate magnetic nanoparticles into
the MOFs, such as layer-by-layer growth of MOFs on magnetic nanoparticles [127-129],
encapsulation of magnetic particles into MOFs [130,131], and sedimentation of magnetic
nanoparticles on the MOFs’ structure by a solvothermal method [127,132,133]. High
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specific surface area and low toxicity of Fe3O4 nanoparticles result in widespread use
of these particles for magnetized MOFs. Porous MOFs can be used to encapsulate magnetic
nanoparticles. The incorporation of magnetic nanoparticles onto MOFs reduces the pore
volume of the composite and BET surface area, while sparing the pore size distribution of
the MOFs matrix [134]. Several MOFs such as MIL-100 [135], ZIF-8 [136], UiO-66 [137], and
MIL-101 [138] are utilized to encapsulate magnetic nanoparticles. Recent advances in dye
removal by magnetic MOF are reported in Table 7.

Table 7. Recent advances in dye removal using magnetic MOF.

Maximum

MOF Dye Ade)rption Mechanism Thecrgz)‘:{lii/ir(l);mic Ref.
Capacity (mg/g)

Fe304/MIL-100(Fe) RhB 28.36 Electrostatic, 7t Positive AH and AS [139]
ZIF-8@SiO,@MnFe; Oy MG 1010.2 Electrostatic, -7t - [140]
ZIF-8@SiO,@MnFe; Oy MO 78.1 Electrostatic - [140]

Fe304/MIL-101(Cr) AR1 142.9 Electrostatic Negative AH, AS, AG [141]

Fe304/MIL-101(Cr) Orange G 200 Electrostatic Negative AH, AS, AG [141]

Cu-MOF/Fe;0, MG 113.7 ; P ‘I’\?;;Zfl VAeHZ és [142]
Fe; O, /HKUST-1 MB 296 Electrostatic Pi?gg‘;fl o oS [143]

Fe304/MIL-101(Cr) FS 78 Electrostatic - [144]

Fe304/MIL-101(Cr) XO 98 Electrostatic - [144]

Fe304/MIL-101(Cr) MO 79 Electrostatic, - [144]

Fe;04/HKUST-1 MB 245 m—1, Hydrophobic - [145]
Fe304-ZTB-1 CR 458 Eﬁgﬁjﬂg ; [146]

Magnetic MOFs in Dye Removal

Liu et al. [139] synthesized magnetic MIL-100(Fe) for the removal of RhB dye from the
aquatic environment. The adsorbent showed an excellent performance and can be reused
for up to five cycles without any significant change in performance.

Abdi et al. [140] synthesized ZIF-8@SiO,@MnFe;O4 as a magnetic MOFs with a maxi-
mum uptake capacity of 1010.2 and 78.12 mg/g for MG and MO, respectively. MnFe,O4
nanoparticle was synthesized through coprecipitation method in this study. In this method,
the metal was precipitated in the form of hydroxide with the help of a base solution in
a solvent. The SiO; particles were prepared by Stober method. n—m interaction between
imidazole rings in the MOF structure with the aromatic rings of MG dye molecules would
cause more efficient adsorption of MG from the aquatic environment. Wang et al. [141]
reported the synthesis of Fe304/MIL-101(Cr) based on a reduction-precipitation technique.
The maximum capacity obtained was 142.9 mg/g for AR1 and 200 mg/g for the orange G
adsorption. This magnetic MOF can easily be separated with an external magnetic field
such as magnet, and regenerated and reused up to six times. As displayed in Figure 5A,B,
despite the lower surface area of Fe;0,/MIL-101(Cr) than MIL-101(Cr), and the reduc-
tion in the surface area from 3312 m?/g to 1482 m?/g by magnetizing MIL-101(Cr), the
magnetic composite even outperformed MIL-101(Cr) in some cases. Magnetic Fe304/MIL-
101(Cr), in addition to presenting almost the identical dye removal performance, has also
the advantage of separability from the adsorption environment by a magnetic field. Shi
et al. [142] synthesized Cu-MOF/Fe30y, to remove MG dye from the aquatic environment.
The maximum adsorption capacity was found to be 113.7 mg/g. Matched molecular size of
the MG dye and MOF pore sizes of Cu-MOEF/Fe;04 was the main reason for the excellent
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performance of the magnetic composite in MG removal from the aquatic environment,
where dye molecules would easily enter the MOF cavities and be adsorbed. The adsorption
of MG on magnetic composite was endothermic, and spontaneous. Xu et al. [143] synthe-
sized a Cu-based MOF, HKUST-1, and Fe304/HKUST-1 magnetic composite. In this study,
the magnetic Fe3O4 particles were prepared via one-pot hydrothermal technique where the
synthesized Fe;04-embedded-MOF was used to remove MB dye from the aquatic envi-
ronment. The removal efficiency was about 70%, with a maximum capacity of 2.96 mg/g
for the MB adsorption. Magnetizing HKUST-1 reduced its BET surface area from 1316 to
939, which was due to the presence of Fe3O4 particles within HKUST-1 structure and space
occupation. Jiang et al. [144] synthesized Fe;04/MIL-101(Cr) with a high BET surface area
of 3300 m? /g and applied it to remove XO, FS, and MO from the aquatic environment. As
illustrated in Figure 5C, the electrostatic interactions between adsorbent and anionic dyes
would lead to a better adsorption performance. Fe30,/MIL-101(Cr) with the possibility of
easy recovery from the adsorption environment and excellent performance up to five cycles
after regeneration proved to a suitable option in wastewater treatment. Zhao et al. [145]
synthesized magnetic Cu-BTC, also known as HKUST-1, through incorporating Fe3Oy parti-
cles onto HKUST-1 for removing MB dye from the aquatic environment. Hydrophobic and
7—7t interactions between MB dye and magnetic composite were the main adsorption mech-
anism in this study. The adsorption of MB over Fe304/HKUST-1 was endothermic and
spontaneous. Han et al. [146] synthesized highly water-stable magnetic ZTB-1 to remove
CR from water. The strong electrostatic interactions and H-bonding between -NH, groups
of CR dye and C=0 bond of Fe304-ZTB-1 led to an excellent adsorption performance and

high adsorption capacity in CR uptake.
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Figure 5. The performance of Fe;O,/MIL-101(Cr) in removing (A) Acid Redl and (B) Orange G,
reprinted with permission from Ref. [141]. Copyright 2016 Elsevier. (C) The amount adsorbed of FS, XO,
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3.2. Amine-Functionalized MIOFs

Introducing amine functional groups to the metal-organic frameworks referred to as
amine-functionalized MOFs has attracted attention to optimize the adsorption performance
of MOFs in aquatic environments. Amine-functionalized metal-organic frameworks are
used to adsorb various anionic and cationic dyes. The emergence of new interactions
such as hydrogen bonding and steric hindrance as well as regulation of surface charge
distribution improve the adsorption process. These composites are prepared via three main
methods, including physical mixing amines and MOFs [147], in situ synthesis [148,149], and
post-modification with polyamines. Adding amine compounds such as -NHj to the MOF
structure or using amine-ligands in the synthesis are the basis for the amine-functionalized
MOF preparation. Some of the most widely used organic amine-linkers are listed in Table 8.

Table 8. The reported amine-linkers and their structure information.

Molecular Mass

Ligands Molecular Formula Chemical Structure Ref.
(g/mol)
(0]
OH NH,
2-Aminoterephthalic acid 181.5 CgH7NOy o [150]
OH
0
Q NH
/ 2
Dimethyl 2,5-diaminobenzene-
1,4-dicarboxylate 2242 C10H12N204 [151]
HoN (0]
0]
\
N
- Ay
3-amino-1,2,4-triazole 84.1 CoH4AN, NH_7 [152]
NH,
//N\
v N
5-Aminotetrazole 85.1 CHj3Ns NH \/< [153]
NH,
NH,. N_ _NH,
3,5-diamino-1,2,4-triazole 99.1 CoH5N;5 \(/ Y [154]
NH-N

Due to a facile synthesis route, structural stability in the solvent, and a high adsorption
capacity, amino-functionalized MOFs can be considered promising adsorbents in aqueous
solutions. Electrostatic interaction between amine groups in MOFs structure with dye
molecules would enhance the adsorption capacity. Recent advances in dye removal by
amine-functionalized MOF are presented in Table 9.
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Table 9. Recent advances in dye removal using amine-functionalized MOF.
MOF Dye Mazi;l;’lalz?t??;(;rlgion Mechanism Thermodynamic Condition Ref.
Electrostatic,
NH,-MIL-101(Al) MG 274.4 7t—7t, Hydrophobic, Positive AH, AS Negative AG [155]
H-bonding
Electrostatic, ..
NH,-MIL-101(Al) IC 135 -7, Hydrophobic, P‘I’\?mve. AHA' és [155]
H-bonding egative
NH,-MIL-101(Cr) MO 461.7 Electrostatic, 7t—7t - [156]
NH,-MIL-101(Cr) Acid chrome blue K 259.8 Electrostatic, 7t—7t - [156]
Electrostatic, 7t-7t,
NH,-MIL-101(Cr) CR 2967.1 H-bonding - [156]
NH,-MIL-125(Ti) MB 405.6 Electrostatic P‘I’\?ggﬁ MM, 85 [157]
101&3% éol\f)l}l'\mz MO 355.8 Electrostatic Negative AH, AS, AG [158]
NH,-MIL-101(Al) MB 762 Electrostatic Positive AH, AS Negative AG < 0 [120]
NH,-MIL-101(Al) MO 188 - Positive AH, AS Negative AG [120]
NH,-MIL-101(Al) MG 2744 Eleﬁ%ﬁiﬁfhg‘”f Positive AH, AS Negative AG [155]
NH,-MIL-101(Al) IC 135 Eleﬁ%ﬁiﬁfhg‘”f Positive AH, AS Negative AG [155]
Fe3041%\(1é‘1rz)-MIL' MB 370.3 Electrostatic, 7t—7t Positive AH, AS Negative AG [159]
NH,-MIL-125(Ti) MB 862 Ele%{%sgig%g—m Positive AH, AS Negative AG [115]
NH,-MIL-125(Ti) BB41 1257 Ele%{%sgig%g—m Positive AH, AS Negative AG [115]
NH,-MIL-125(Ti) BR46 1296 Ele%{%sgig%g—m Positive AH, AS Negative AG [115]
NH,-UiO-66 Safranin 390 Electrostatic - [160]

Amine-Functionalized MOFs in Dye Removal

Magnetic NH,-MIL-101(Al) was synthesized by Liu et al. [155] to explore adsorption
of IC and MG dyes. The maximum capacity for MG and IC adsorption was 274.4 and
135 mg/g, respectively. The greater adsorption capacity of NH,-MIL-101(Al) compared to
MIL-101(Al) was associated to the electrostatic and 7—7 interaction between amine groups
and dye molecules. Moreover, H-bonding between the -NH, in adsorbent structure and
dye molecules would enhance the adsorption capacity. The MG and IC adsorption onto
this composite was endothermic and spontaneous at 298, 308, and 318 K. For adsorption of
MO, acid chrome blue k, and CR from the water, NH,- MIL-101(Cr) were synthesized by
Zhang et al. [156]. This amine functionalized MOF revealed an excellent performance with
a capacity of 461.7, 259.8, and 2967.1 mg/g for MO, acid chrome blue k, and CR adsorption,
respectively. Moreover, the maximum adsorption capacity of unfunctionalized MIL-101(Cr)
toward MO, acid chrome blue k, and CR obtained was 228, 217, and 1367 mg/ g, respectively.
As shown in Figure 6A, high adsorption of CR is attributed to the presence of many aromatic
rings in the CR structure, which leads to 7t—m interaction and H-bonding with NH>-MIL-101.
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Figure 6. (A) Possible interactions between NH;,-MIL-101(Cr) and CR dye; reprinted with permission
from Ref. [156]. Copyright 2020 Elsevier. The SEM images of (B) MIL-125(Ti) and (C) NH,-MIL-
125(Ti); reprinted with permission from Ref. [160]. Copyright 2018 Elsevier.

In another study, Bibi et al. [157] synthesized NH,-MIL-125 via hydrothermal method
to investigate adsorption of MB dye from the aqueous media. The results indicated that the
NH,-MIL-125 had a higher surface area (1028 m?/g) compared with MIL-125 (470 m?/g).
Moreover, NH,-functionalization enhanced the adsorption performance of MIL-125 and
resulted in higher adsorption capacity from 321.39 to 405.61 mg/g for MB dye. The
strong electrostatic interaction between NH,-MIL-125 and the amino groups of dye has
significantly boosted the adsorption performance of the composite. An endothermic and
spontaneous adsorption of MB onto NH,-MIL-125(Ti) was reported in this study. NH,-MIL-
125(Ti) also presented excellent reusability and efficiently adsorbed MB up to four cycles.

Bao et al. [158] synthesized Fe304/MIL-101(AlgoFep1)/NH,, and reported a maxi-
mum capacity of 355.8 mg/g for MO adsorption. The use of two central metal ions in
the MOF structure increases the water-stability of MOF and improves the adsorption
performance of the composite due to the strong interactions between the central metal
ions, linkers, and MO dye. To investigate the removal of MB and MO from the aquatic
environment, Haque et al. [120] synthesized NH,-MIL-101(Al) with an adsorption capacity
of 762 and 188 mg/g for MB and MO at 303 K, respectively. The amino-functionalized
MIL-101 outperformed non-amino-functionalized MIL-101 regarding adsorption, such that
in the case of MB, the adsorption capacity of MIL-101(Al) obtained was only 195 mg/g. The
strong electrostatic attractions between NH-MIL-101 and dye molecules would lead to
better adsorption performance of amino-functionalized MIL-101 compared to non-amino-
functionalized MIL-101. The adsorption of both dyes onto NH,-MIL-101 was endothermic
and spontaneous. Haochi et al. [155] synthesized Fe30,@NH;-MIL-101(Al) to remove
of MG and IC. The maximum adsorption capacity obtained was 135 and 274.4 mg/g for
IC and MG, respectively. In addition to the excellent adsorption performance in both IC
and MG uptake from water, the easy separation from the aqueous solution, as well as
good regeneration and reusability for up to five cycles were other characteristics of the
synthesized magnetic NHp-MIL-101(Al) in this study.
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Elsewhere, Karimi et al. [159] synthesized magnetic NH,-MIL-101(Cr) to explore the
removal of MB from the aquatic environment. The maximum adsorption capacity obtained
was 370.3 mg/g. The adsorption of MB on the composite was endothermic, with an
increase in irregularities. Oveisi et al. [115] synthesized MIL-125(Ti) and NH,-MIL-125(Ti)
to examine the adsorption of BR46, BB41, and MB and from the aquatic environment. The
SEM images of MIL-125(Ti) and NH,-MIL-125(Ti) are presented in Figure 6B,C. Amine-
functionalized MIL-125 has a BET surface area of 1350 m? /g, higher than non-functionalized
MIL-125(Ti) (499 m?/ g). As reported in Table 10, the higher removal efficiency of amine-
functionalized MIL-125(Ti) is related to the 7—m interactions between NH;,-MIL-125 and dye
molecules. In addition, the hydrogen bonding between the N atom in the functional group
of MIL-125 and dye molecules as another vital interaction results in better performance
of NH,-MIL-125(Ti) in dye adsorption. The adsorption of three cationic dyes onto NH,-
MIL-125(Ti) was endothermic and spontaneous. The maximum capacities of 862, 1257, and
1296 mg/g were obtained in this study for MB, BB41, and BR46 adsorption, respectively.
Tambat et al. [160] synthesized NH,-UiO-66 for investigating safranin dye removal from
the aquatic environment. Strong electrostatic interactions between the dye and amine-
functionalized MOF resulted in an adsorption capacity of 390 mg/g. Amine-functionalized
UiO-66 presented good regeneration efficiency, and after three cycles, the adsorbent had
still good performance in safranin uptake from the water.

Table 10. Dye removal efficiency of MIL-125(Ti) and NH,-MIL-125(Ti). reprinted with permission
from Ref. [115].

Adsorbent MB Removal (%) BB41 Removal (%) BR46 Removal (%)
MIL-125(Ti) 39 41 45
NH,-MIL-125(Ti) 97 93 99

3.3. GO- and CNT-MOF Nanocomposites

The utilization of carbon-based materials in wastewater treatment has a long history
and has always been of interest. Graphene oxide (GO) is a 2-D carbon nanostructure
with many oxygen functional groups such as hydroxyl, epoxy, and carboxyl. GO can be
easily dispersed in polar solvents such as water [161] and can be utilized as an adsorbent
in aqueous solutions. Oxygen functional groups in graphene oxide and metal nodes
of MOFs form MOF/GO nanostructure, with an enhanced adsorption capacity and an
improved performance for dye removal [162-166]. The structural analysis showed that in
an MOF/GO nanostructure, GO thin layer and MOF particles can act as a divider and a
filler. In this regard, carbon nanotubes (CNT) are carbon cylinders with a wall diameter
of nanometers. These pipes are single-walled or multi-walled and have closed or open
ends [167,168].

GO- and CNT-MOF Nanocomposites in Dye Removal

Since CNT [169] and GO [170] have been considered efficient adsorbents in wastewater
treatment applications, MOF can be attached to CNT and GO and offer the characteristics
of both carbon material and MOF with superior performance as an adsorbent. Recent

advances in dye removal by MOF nanocomposites based on CNT and GO are presented
in Table 11.
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Table 11. Recent advances in dye removal using MOF nanocomposites based on CNT and GO.

MOF Dye Ma)g;?;;gt;\?;%r/gion Mechanism Thermodynamic Condition Ref.
7—7, Electrostatic, -
GO/Cu-MOF MB 173 Fi-bonding ) [171]
. Positive AH, AS
ZIF-8 MG 1667 77, Electrostatic ONSéé;’five AG [172]
. Positive AH, A!
GO/ZIF-8 MG 3300 77, Electrostatic K?étgﬁﬁve x> [172]
. Positive AH, AS
CNT/ZIF-8 MG 2034 m—1, Electrostatic (l)\?ég;teive AG [172]
. . Positive AH, A
GO/Ni-MOF CR 2489 Electrostatic ‘ﬁéﬁbﬁzgve A'GS [173]
m—, Electrostatic, ,
GO@MOF-5 RhB 151.62 H-bonding [174]
7—7, Electrostatic, -
GO/MIL-68(Al) MO 400 Fi-bonding - [175]
MIL-100(Fe) MO 667 - - [176]
MIL-100(Fe) MB 1019 - - [176]
GO/MIL-100(Fe) MO 1189 - - [176]
GO/MIL-100(Fe) MB 1231 - - [176]
Ui0-66 AO7 126 - - [177]
CNT/UiO-66 AO7 80.6 m—, Electrostatic - [177]
GO/UiO-66 AO7 66.2 m—, Electrostatic - [177]
Ui0-66 AY17 223 - - [177]
CNT/UiO-66 AY17 86.4 m—, Electrostatic - [177]
GO/UiO-66 AY17 63.2 m—, Electrostatic - [177]

Kumar et al. [174] synthesized a cost-effective MOF-5/GO nanocomposite for RhB dye
removal from the aquatic environment with a fast adsorption kinetic and an adsorption
capacity of 151.62 mg/g at a 500 ppm concentration of dye solution.

Dadashi et al. [171] synthesized GO-copper-based MOF as an adsorbent for MB uptake
from the aquatic environment with a high adsorption capacity of 173 mg/g compared
to 106 mg/g for Cu-MOF at 25 °C. The n—n stacking would lead to the formation of a
layered structure outperforming bared MOF. Moreover, the extra —m interaction between
GO and MB dye would enhance the adsorption capacity of the composite. Abdi et al. [172]
synthesized ZIF, GO/ZIF, and CNT/ZIF to investigate the adsorptive separation of cationic
MG dye from the aquatic environment. The maximum adsorption capacity of ZIF, GO/ZIF,
and CNT/ZIF obtained was 1667, 3300, and 2667 mg/g at 293 K, respectively. The thermal
stability of GO was low and its thermal decomposition occurred up to 200 °C. ZIF-8
presented excellent thermal stability up to 400 °C. The presence of ZIF-8 in the composite
structure would improve the thermal stability of GO/ZIF-8 composites. In general, with
elevation of the ZIF-8 content in composites, their thermal stability grew. As shown in
Figure 7, the ZIF-8 ratio in composites directly affected the performance of the composites,
where a higher adsorption capacity was obtained for composite with 70-90 wt.% ZIF-8
content. In this study, ZIF-8- and ZIF-8-based CNT and GO composites were introduced as
excellent adsorbents with a highly efficient performance in dye removal from the aquatic
environment. These superior materials outperformed other adsorbents in MG uptake, as
reported in Table 12.
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Figure 7. The effect of ZIF-8 contents on the adsorption capacity of GO/ZIF-8 and CNT/ZIF-8
composites. Reprinted with permission from Ref. [174]. Copyright 2018 Elsevier.

Table 12. Comparison of different adsorbents in MG removal from the aquatic environment; reprinted
with permission from Ref. [172]. Copyright 2017 Elsevier.

Adsorbent Removal (%) Maximum Adsorption Capacity (mg/g)
Activated carbon - 200
Nanoparticles on the ash 80 500
Chitosan bead 93.5
MIL-100(Fe) 88 485
MIL-53(Al)/NH, 76 164.9
ZIF-8 80 1667
GO/ZIF-8 92 3300
CNT/ZIEF-8 97 2034

Zhao et al. [173] synthesized Ni-MOF and GO/Ni-MOF to investigate the removal of
CR from water. The GO would create new pores at the interface of the composite, with
the BET surface area being expanded from 59.8 for Ni-MOF to 69.6 for GO/Ni-MOF. The
maximum adsorption capacity of the composite over CR adsorption obtained was 2489
and 2046 mg/g for GO/Ni-MOF and Ni-MOF, respectively. With functional groups such
as “OH and -COOH provided by GO in the composite structure and strong electrostatic
interactions between these functional groups and CR dye, the adsorption capacity of
GO/Ni-MOF was higher than that of Ni-MOF.

MIL-68(Al)/GO was prepared by Wu et al. [175] to examine the adsorption perfor-
mance of the anionic MO dye from water. The maximum capacity for MO removal using
MIL-68(Al) and MIL-68(Al)/GO was 340.14 and 400 mg/g, respectively. The rise in adsorp-
tion capacity was attributed to the enhanced BET surface area of the composite. Adding
GO to the MIL-68(Al) structure would expand the BET surface area from 1239 to 1309 m?/g.
H-bonding between oxygen or nitrogen atom of MO and —-OH groups of Al-O-Al units in
MIL-68(Al) structure was the main interaction in MO adsorption in this study. Adsorption
properties of MIL-100(Fe) and GO/MIL-100(Fe) for an aqueous system containing MB
and MO were compared by Luo et al. [176]. Their results revealed that the addition of
5% (w/w) GO in MOF contributed to a considerable growth in the adsorption capacity
from 1019 mg/g to 1231 mg/g for MB and from 667 to 1189 mg/g for MO. Regarding
the thermal stability, the decomposition temperature of the MOF rose from 280 to 350 °C
with 5% GO. Further increase in the GO content reduced the adsorption capacity due to
a decrement in the surface area and pore volume. At the GO content of 25% (w/w), GO
sheets would cover the MOF structure and hinder dye adsorption on the active surface
sites of MOF, resulting in a drop in the adsorption capacity.
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Lin et al. [177] synthesized UiO-66, NH,-UiO-66, GO/UiO-66, and CNT/UiO-66 to
investigate the adsorption of two acid dyes including AO7 and AY17 from the aquatic
environment. For AO7 adsorption, the maximum capacity obtained was 42.6, 55, 80.6,
and 66.198 mg/g for UiO-66, NH,-UiO-66, CNT/UiO-66, and GO /UiO-66, respectively.
In the case of AY17 adsorption, the maximum capacity obtained was 22.3, 81.8, 86.4,
and 63.2 mg/g for UiO-66, NH,-UiO-66, CNT/UiO-66, and GO/UiO-66, respectively.
CNT/UiO-66 indicated a better adsorption capacity toward both dyes. The electrostatic
interactions between acidic sites on CNTs and nitrogen-containing functionalized groups
would improve the adsorption performance. In addition to the best adsorption performance
for CNT/UiO-66, this composite offered the best thermal stability compared to UiO-66,
NH,-UiO-66, and GO/UiO-66. The thermal decomposition of CNT/UiO-66 was around
510 °C, while UiO-66 and GO/ UiO-66 were decomposed within the range of 410450 °C.
The CNT by the surrounding UiO-66 structure would cause thermal decomposition at
higher temperatures.

4. Effective Parameters on Dye Adsorption by MOFs
4.1. The Effect of pH on Dye Removal Using MOFs

One of the most critical factors contributing to the removal of contaminants from the
aquatic environment is pH [178]. The pH affects the surface charge and the adsorbent
surface characteristics [179]. Concerning the type of dye and absorbent, pH can have
different effects on the adsorption performance of the adsorbent. The pH value at which
the absorbent surface area is neutral is known as the point of zero charge, an essential
factor in identifying the nature of the active sites [180]. In the adsorption of cationic dyes by
elevating the pH values from the point of zero charges, the electrostatic attraction between
the adsorbate and the adsorbent increased and the adsorption capacity was enhanced. In
the case of anionic dyes, it could enhance the adsorption capacity by reducing the pH value
of the solution from the point of zero charge, creating a positive charge at the absorption
area and promoting electrostatic attraction between the dye molecules and the adsorbent
surface. Moreover, in the adsorption of cationic dyes in aqueous solutions with reduction
in pH value and increase in H* ions in the solution, competitive adsorption between dye
molecules and H* ions would lower the adsorption capacity. In anionic dyes, the same
competitive adsorption between OH™ ions and dye molecules would lower the adsorption
capacity [181,182]. The appropriate pH range for adsorption of some dyes by different
MOFs is listed in Table 13.

Table 13. The optimum pH and PHpzc values reported in the literature for dye removal using different
MOF-based adsorbents.

MOFs Dyes PHpzc Ref.
Ni-BDC MB - [183]
Fe;0,@AMCA-MIL-53(Al) MB 5.6 [184]
Fe;0,@AMCA-MIL-53(Al) MG 5.6 [184]
Fe;0,@MIL-100(Fe) MR - [185]
Fe;0,@MIL-100(Fe) MB [186]
PCN-222 MB 8 86
PCN-222 MO 8 86
Cu-BTC MB 4 89
MIL-68(In) CR - 77
UiO-67 CR 5.7 85
TMU-8 RB5 - 93
MIL-53(Fe) MR - 80
UiO-66 MB - 68
UiO-66 MO - 68
UiO-66 MB 6 82
MIL-68(Al) MO - 75
MIL-53(Al) MG 44 97
MIL-53(Al) MO 44 97
MIL-125(Ti) RhB - 76
MIL-100(Fe) CR - 78
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Algadami et al. [184], in adsorptive removal of MB and MG dyes by Fe;O,@AMCA-
MIL-53(Al), observed that by increasing pH from 2 to 6.8 for MG, the adsorption capacity
rose from 10.5 to 28.5 mg/g, and for MB by elevating pH from 1.5 to 8.9, ge (i.e., the
adsorption capacity at equilibrium) increased from 10.2 to 27.7 mg/g. At pHs above 5.6, the
adsorbent surface would take on a negative charge and efficiently uptake cationic MB plus
MG dyes. Dadfarnia et al. [185] synthesized Fe30,@MIL-100(Fe) and examined its ability
to remove MR. They concluded that by increasing the pH from 2 to 10, the adsorption
capacity diminished from 555 mg/g to 310 mg/g. This indicates the placement of methyl
red between anionic dyes. By elevating the pH value, the positively charged sites of the
adsorbent would diminish, and so would the amount of adsorbed MR. In another study
by Shao et al. [186] on the adsorption of MB by Fe30,@MIL-100(Fe), it was concluded that
upon enhancing the pH value from 2 to 9, qe rose from 28 mg/g to 42 mg/g. The increase
in pH would augment the negative charge on the MOF surface, causing higher electrostatic
attraction and 7—m stacking between MB and the MOF surface.

In some cases, the effect of pH on the structure of MOF also had a significant effect on
the adsorption performance, where low or high pHs could damage the MOFs structure. Al
Sharbati et al. [97] in MO and MG adsorption found that the decline in MIL-53 adsorption
capacity at pHs above 8 was due to the structural degradation at alkaline pHs. In general,
in examining the effect of pH on adsorption experiments, the stability of the structure in
acidic and alkaline environments should also be considered. Some MOFs such as UiO-
66 [187], MIL-101(Cr) [187], PCN-225 [188], PCN-228 [189], and PCN-600(Fe) [190] have
considerable stability in acidic and alkaline environments.

4.2. The Effect of Adsorbent Dosage on Dye Removal Using MOFs

Another important parameter in adsorption is the initial dosage of the adsorbent,
which determines the cost of adsorption and removal of pollutants. As the amount of
adsorbent increased, due to the increased number of available active sites, so did the
adsorption rate. An optimal value of absorbent amount can help improve the adsorption
process. This is because less absorbent content can reduce the adsorption capacity, while the
extra amount will result in additional costs. In general, with elevating the initial adsorbent
dosage, the adsorption capacity would diminish, while the removal efficiency grows. In
a study examining the effect of adsorbent dose on MG and MB removal via Fe;Os@MIL-
53(Al) by Alqadami et al. [184], it was found that by elevating the adsorbent dosage up
to 100 mg, the adsorption capacity of both dyes dropped from 27.9 to 5.8 mg/g and from
28.2 to 5.9 mg/g. The aggregation of adsorbent particles and reduction in the surface area
would lead to a decrement in the adsorption capacity. In contrast, with the augmentation
of adsorbent dosage, the removal efficiency of MG and MB increased by 89.4-93.8% and
90-94.6%, respectively, due to the increase in active adsorption sites. In the study of MB
removal using UiO-66 by Mohammadi et al. [82], the removal efficiency rose from 30 to
70% by increasing the initial UiO-66 dosage from 0.1 to 0.5 g/L. In another study by Yaoyao
et al. [98], the percentage of adsorption of methyl blue and MB increased by 65-80% and
75-99%, respectively, by heightening the initial MIL-100(Fe) dosage from 1 to 50 mg.

In general, MOFs, with their large surface area and ultra-porous structures, require
lower doses than other adsorbents for wastewater treatment applications. The high sur-
face area of the MOFs could allow them to provide larger number of active sites for the
adsorption of contaminant molecules and a high adsorption capacity.

4.3. The Effect of Contact Time on Dye Removal Using MOFs

The adsorption capacity would grow with increased contact time, though there must
be an optimal contact time during the uptake. Active adsorption sites are gradually covered
with the adsorbent during the adsorption process, and after a specific time, the adsorbent
cannot absorb more dye molecules, which is called equilibrium time [191]. Over time,
active sites of adsorbent are occupied by dye molecules and the adsorbent can no longer
adsorb more dyes, whereby the adsorption process stops [192,193]. Most MOFs need
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a very short time to reach the equilibrium point of adsorption [86,89,92,93,95,184]. Fast
adsorption may be due to various interactions between MOF and contaminant molecules.
Duo et al. [91] confirmed the fast adsorption of CR and LY over MOF-235 due to the
hydrophobic nature of MOF and dye molecules. In these experiments, both dyes were
adsorbed onto MOF-235 within less than 15 min. In some cases, the formation of bonds
between MOF groups and dye molecules caused fast adsorption. In the study of removal
of methyl blue by ZIF-8 by Feng et al. [87], the effect of ZnO bonding with dye molecules
on fast adsorption was confirmed. The adsorption equilibrium was reached within less
than 30 min in this experiment.

4.4. The Effect of Initial Dye Concentration on Dye Removal Using MOFs

At low initial concentrations, the removal efficiency is intense, and the adsorption
process is rapidly equilibrated. The adsorption rate would diminish as the initial concen-
tration grows due to the saturation of active sites of the MOF [194,195]. In general, at a
constant adsorbent dose, the amount of adsorption grows with elevation of the initial dye
concentration, which may be related to the rise in the concentration gradient. In contrast,
with increasing initial dye concentration due to saturation of adsorption sites, the removal
percentage would decline [97,172].

5. Conclusions

Metal-organic frameworks with superior advantages over other conventional sor-
bents in removing dyes from the aquatic environment have attracted much attention in
recent years. Extensive structural diversity, the possibility of using different structures with
different metal clusters and/or organic linkers according to the purpose, is one of the most
important characteristics of MOFs in the field of wastewater treatment, which distinguishes
them from other adsorbents. MIL-type MOF structures with adjustable properties for
selective adsorption, ZIF structures with high surface area and high adsorption capacity,
and zirconium-based MOFs with excellent stability in aqueous and acidic environments
are categorized as the most studied structures in dye removal applications. The removal of
various dyes such as methylene blue, methyl orange, Congo red, acid orange 7, malachite
green, acid chrome blue K, acid red 1, orange G, methyl red, basic blue 41, rhodamine B,
neutral red, fuchsin basic, safranine T, alizarin red S, eosin, fuchsin acid, reactive black 5,
xylene orange, fluorescein sodium, and sunset yellow have been studied using MOF-based
sorbents. The existence of some challenges such as stability in aqueous and acidic environ-
ments, reusability, and improvement of adsorption performance through increasing the
adsorption capacity has led researchers to modify and structurally improve metal-organic
frameworks. Synthesis of magnetic MOF-based composites for easy recycling and reuse,
introduction of amine functional groups, and preparation of graphene-MOF composites to
increase the adsorption capacity and improve the stability of the framework in the aqueous
medium are some of the proposed and applied solutions to address the above-mentioned
challenges. Amine-functionalized MOF structures aim to increase the adsorption capacity
by creating and improving hydrogen bonds and electrostatic interactions between the dye
molecules and the adsorbent framework. Use of graphene-MOF composites also aims to
increase the adsorption capacity by improving electrostatic and n—m interactions. These
composites also have high thermal stability due to their sandwich-shaped structures and
the presence of graphene in the structure.

Author Contributions: Conceptualization, FH.S. and M.A.; methodology, FH.S., A.B. and M.A;
formal analysis, M.B., EH.S., V.VK. and M. A ; investigation, M.B., V.V.K. and FH.S.; resources, FH.S.,
A.B. and M. A ; writing—original draft preparation, M.B. and V.VK.; writing—review and editing,
FH.S., AB. and M.A_; visualization, M.B., supervision, FH.S. and M.A. All authors have read and
agreed to the published version of the manuscript.

Funding: M.A. was supported by Swiss National Science Foundation, under grant number P2ELP2_195134.

Institutional Review Board Statement: Not applicable.



Energies 2022, 15, 2023

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: M.A. acknowledges a fellowship from the Swiss National Science Foundation

(P2ELP2_195134).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

HKUST-1 Cu3(BTC),

T™MU-39 [Zn4(oba);(DMF), ]

™U-7 [Cd(oba)(4-bdph)In.DMF

ZIF Zeolitic imidazolate framework
TMU-16 [Zn2(BDC), (4-bpdh)].3DMF
ZIF Zeolitic Imidazolate Frameworks
NU Northwestern University

Uio Universitetet i Oslo

MIL Material Institute Lavoisier
PCN Porous coordination network
GO Graphene oxide

CNT Carbon nanotube

L 1,4-bis(4-pyridyl)-2,3-diaza-1,3-butadiene
4,4-BPy 4,4'-Bipyridine

BDC Benzene-1,4-dicarboxylic acid
H2oba 4,4’-oxy(bis)benzoic acid

bpe 1,2-bis(4-pyridyl)ethene

DMA N,N’-dimethylacetamide

BTC benzene-1,3,5-tricarboxylate
H3Imdc 4,5-imidazole dicarboxylic acid
BPDC biphenyldicarboxylic acid

BPB 1,4-bis(4’-pyrazolyl)benzene
MB Methylene blue

MO Methyl orange

CR Congo red

AO7 Acid orange 7

AB1 Acid black 1

MG Malachite green

SY Sunset yellow

LY Lemon yellow

AC Acid chrome blue K

AR1 Acid red 1

oG Orange G

RB-B Rose-bengal B

ARS Alizarin red S

FA Fuchsin acid

XO Xylenol orange

FS Fluorescein sodium

MR Methyl red

IC Indigo carmine

BR46 Basic red 46

BB41 Basic blue 41

RhB Rhodamine B

PPCP Pharmaceutical and personal care product
MMT-CTAB  Cetyltrimethylammonium bromide modified clays
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