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A B S T R A C T

Metal-organic frameworks (MOFs) material with high surface area, good chemical stability and multi-func-
tionality, has become an emerging adsorbent for water treatment. A novel kind of quaternary amine anionic-
exchange MOFs UiO-66 namely UiO-66-NMe3+ was firstly synthesized for adsorptive removal of a widely used
toxic herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) from aqueous solutions. The well-prepared UiO-66-
NMe3+ MOFs were fully characterized, and then the main parameters affecting the adsorption process including
solution pH, adsorbent dosage and coexisting anions were systematically investigated. The maximum adsorption
capacity of UiO-66-NMe3+ toward 2,4-D reached as high as 279 mg g−1, much higher than that of pristine UiO-
66 and aminated UiO-66. The adsorption mechanism could be attributed to the electrostatic interactions effi-
ciently enhanced by the functionalization of quaternary amine groups, combining with the π-π conjugations
between the linkers in MOFs and 2,4-D molecules, leading to the better adsorption performance of UiO-66-
NMe3+. Additionally, the UiO-66-NMe3+ could be well regenerated by simple solvent washing and exhibited a
slight decline of adsorption capacity after seven successive recycle. Furthermore, satisfactory adsorption capa-
city and reusability of the MOFs in environmental water samples were attained. Comparing with reported ac-
tivated carbon and resin materials, the UiO-66-NMe3+ MOFs possessed higher adsorption capacity and shorter
equilibrium time, as well as good reusability and practicality. The developed ion-exchange functionalized MOFs
provided an ideal alternative for efficient adsorptive-removal of 2,4-D from complicated aqueous environment.

1. Introduction

Phenoxy acid herbicides are widely used as plant growth regulator
on grass and broadleaf weeds. Among these herbicides, 2,4-di-
chlorophenoxyacetic acid (2,4-D) exhibits excellent selectivity with
relatively low cost, and has become one of the most widely used phe-
noxy acid herbicides (Lu et al., 2012). However, 2,4-D is also an en-
docrine disruptor showing high toxicity to kidney, liver and central
nervous system, and the International Agency for Research on Cancer
has classified it as a potential human carcinogen and mutagen (Derylo-
Marczewska et al., 2010). As an ionizable herbicide, the excessive re-
sidues of 2,4-D are usually weakly adsorbed onto soil components

(Mantilla et al., 2009) and can easily move into natural environment
water bodies because of its low pKa. So far, the extensive use of 2,4-D
has made it be frequently detected in surface water and groundwater
(Ignatowicz, 2009). When the concentration of 2,4-D rises to
10–30 mg L−1 in natural waters, human health would be affected
(Aaron and Oturan, 2001). For this reason, it's necessary to develop
effective materials and technologies to eliminate 2,4-D from aqueous
media to avoid its accumulation in aquatic environment.

Nowadays, different kinds of treatment methods have been devel-
oped to remove 2,4-D from aqueous solutions, such as photocatalytic
degradation (Echavia et al., 2009), Fenton processes (Katsumata et al.,
2011), biological treatment (Cycon et al., 2011) and nanofiltration
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membranes (Ehtash et al., 2014). Compared to these techniques, ad-
sorption method possesses the advantages such as simple operation, low
cost, few toxic byproducts and high removal efficiency and has been
widely used for the removal of pollutants from aqueous solutions (Lu
et al., 2017). The removal efficiency of adsorption is directly dependent
on the properties of adsorbents. Activated carbon is the most widely
used material for the removal of organic micropollutants, while the
properties of 2,4-D make it difficult to be removed by traditional carbon
adsorbents (Corwin and Summers, 2012). Therefore, several functio-
nalized materials have been investigated as the adsorbents for the re-
moval of 2,4-D from water, e.g., activated carbon chemically activated
by H3PO4 (Njoku and Hameed, 2011), biopolymers of chitin and chit-
osan (Harmoudi et al., 2014), and Pd/Fe functionalized magnetic
MWCNTs nanoparticles (Xu et al., 2016).

Metal-organic frameworks (MOFs) are a new class of porous mate-
rial built by various transition metal ions and organic ligands. They
have attracted a great deal of interest due to their unique structures and
properties, such as high surface area, good thermal and chemical sta-
bility, and multi-functionality (Wu et al., 2018; Ma et al., 2016). The
wide applications of MOFs have been demonstrated in gas storage (Rosi
et al., 2003; Yang et al., 2017a), catalysis (Rostamnia et al., 2016; Hu
et al., 2014a), sensing (Yang et al., 2013; Zhang et al., 2012), and ad-
sorption removal of pollutants (Hasan and Jhung, 2015; Dias and
Camille, 2015). The electrically neutral nature of MOFs makes them
exhibit relatively high adsorption efficiency for weak-polar substances
such as polycyclic aromatic hydrocarbons (PAHs) (Xie et al., 2015; Hu
et al., 2014b), benzene series (He et al., 2013) and heterocyclic pesti-
cides (Ma et al., 2018). Furthermore, the functionalization of MOFs will
improve their applicability in polar atmosphere (Burtch et al., 2014; De
et al., 2012). Therefore, the functionalization process is a promising
approach to extend the applications of MOFs in water treatment. Ion-
exchange MOFs (iMOFs) are novel materials by combining porous
MOFs with ion exchangers. Compared with conventional ion ex-
changers, several iMOFs have exhibited better chemical and thermal
stability (Kumar et al., 2017). Due to various porous structures and
binding groups, the functionalization of MOFs with ion-exchange
groups shows higher selectivity toward targeted ionic compounds. For
example, Liu et al. (2015) used two modification methods to functio-
nalize MIL-101(Cr) with anionic exchangers, and applied them as the
adsorbents for the removal of perfluorooctanoic acid from aqueous
solution. Zhang et al. (2017) used Fe3O4@SiO2 combined quaternary
amine functionalized MIL-101(Cr) for magnetic solid-phase extraction
of azide in sartan drugs. The experimental results indicated that iMOFs
tended to exhibit remarkable enhancement in adsorption efficiency
compared to unmodified MOFs. However, the investigation on the ap-
plication of iMOFs is just in the opening stage, and the iMOFs haven't
been extensively applied in environmental contaminant removal.

As a zirconium-based MOF, UiO-66 possesses large surface area,
exceptional thermostability and good chemical resistance, and has been
used for the removal of PAHs (Gao et al., 2016), sulfachloropyridazine
(Azha et al., 2017), and nitrophenol (Yang et al., 2017b). And, UiO-66
based iMOFs have been used for the removal of hexavalent chromium
(Rapti et al., 2016) and perrhenate (Banerjee et al., 2016) from water.
However, to the best of our knowledge, quaternary amine functiona-
lized UiO-66 based iMOFs have not been reported up to now.

Therefore, inspired by the above researches about the preparation
and applications of MOFs, herein, we synthesized the quaternary amine
anionic-exchange MOF UiO-66 (UiO-66-NMe3+) for adsorptive removal
of 2,4-D. The well-prepared UiO-66-NMe3+ was thoroughly char-
acterized. Several main influence factors on adsorption efficiency such
as the adsorbent dosage, initial solution pH and coexisting anions were
examined in detail. In addition, the adsorption properties and the
reusability of the UiO-66-NMe3+ were investigated, as well as the ad-
sorption capacity and reusability in three environmental water samples
were evaluated. Furthermore, the possible adsorption mechanism was
explored.

2. Materials and methods

2.1. Reagents and materials

All reagents were of at least analytical grade. 2,4-D (as shown in Fig.
S1 in electronic supporting information (ESI)) and 2-amino-terephthalic
acid were purchased from Shanghai Aladdin Chemistry Co., Ltd.
(Shanghai, China). Zirconium chloride (ZrCl4) was acquired from Si-
nopharm Chemical Reagent Co. Ltd. (Shanghai, China), and methyl
triflate was purchased from Jiuding Chemical Reagent Limited Com-
pany (Shanghai, China). Dichloromethane, ethanol and di-
methylformamide (DMF) were supplied by Aibi Chemical Reagent
Limited Company (Shanghai, China). Ultrapure water of 18 MΩ re-
sistances was obtained from a Mingche D-24UVpurification device
(Millipore, France). Three kinds of environmental water samples were
collected from ChanZhi Reservoir, YiFu Reservoir and ShiPeng Re-
servoir, respectively.

2.2. Instruments for characterization

PerkinElmer Frontier (PerkinElmer, USA) spectrometer with the
wave number range from 4000 to 400 cm−1 was used to record the
Fourier transform infrared (FT-IR) spectra. D8 Advance (Bruker, USA)
was used to record the X-ray diffractometer (XRD) patterns. SUPRA 55
scanning electron microscope (SEM, ZEISS, Germany) was used to
characterize the morphologies of MOFs materials. Thermogravimetric
analyzer SDTQ 600 (TA, USA) system was heated from 50 °C to 800 °C
at the rate of 10 °C min−1 to conduct the thermogravimetric analysis
(TGA). 3H–2000PS1 (BeiShiDe, China) was used to calculate the
Brunauer-Emmet-Teller (BET) surface area by nitrogen adsorption-
desorption analysis. Zetasizer (ZetaPlus, Brookhaven) was used to
analyze the Zeta potential change. Thermo SCIENTIFIC ESCALAB 250Xi
was used to record X-Ray photoelectron spectroscopic (XPS) char-
acterization. Bruker AVANCE Ⅲ 600 HZ was used to record nuclear
magnetic resonance (NMR) characterization.

2.3. Preparation of UiO-66-NMe3+

First, UiO-66-amine was synthesized by using a typical solvothermal
method (Massoudinejad et al., 2016). Briefly, 0.233 g ZrCl4 and 0.161 g
2-amino-terephthalic acid were dissolved in 50 mL DMF, and the
mixture solution was transferred to a Teflon-lined stainless steel auto-
clave (100 mL) and heated to 120 °C for 48 h. After cooling naturally to
room temperature, the resulting UiO-66-amine was collected by cen-
trifugation and then washed with DMF and ethanol successively; the
precipitate was further washed by ethanol using Soxhlet extraction at
80 °C for 24 h to remove residual 2-amino-terephthalic acid. The re-
sulting UiO-66-amine was dried in vacuum oven at 70 °C for 12h.

Then, UiO-66-NMe3 was synthesized as follows. 60 mg of UiO-66-
amine and 70 μL of methyl triflate were dispersed in 6 mL of di-
chloromethane. The mixture solution was stirred for 12 h at room
temperature. Dichloromethane and unreacted methyl triflate were re-
moved by drying the product in vacuum. Subsequently, the resulting
product was further washed by ethanol using Soxhlet extraction at
80 °C for 24 h to thoroughly remove the residual methyl triflate.
Finally, the resulting UiO-66-NMe3 was dried in a vacuum oven at 70 °C
for 12 h.

The quaternary anionic exchangers were synthesized by treating the
UiO-66-NMe3+ with 0.1 M HCl for 12 h at room temperature. Then the
acidified MOFs were washed repeatedly by ultrapure water until the pH
of eluent reaching neutral. Finally, Cl− became the anion exchangers of
the synthesized UiO-66-NMe3+ by drying it in a vacuum oven at 80 °C
for 12 h. The synthesis procedure was schematically shown in Fig. 1.
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2.4. Adsorption experiments

The stock solution of 2,4-D at 1000 mg L−1 were prepared by dis-
solving solid standards in methanol. Daily used solutions were made
from successive dilution of the stock solution with ultrapure water to
appropriate concentrations. The concentrations of 2,4-D were analyzed
by Ion Chromatography system (ThermoFisher Scientific Aquion)
equipped with a Dionex AERS 500 suppressor (AERS 4 mm) and an EGC
eluent generator. An analytical column Dionex IonPacAS19
(4 × 250 mm) was used at 30 °C. The mobile phase was 20 mM NaOH
aqueous solution produced by eluent generator.

The batch adsorption experiment was conducted using a series of
250 mL conical flasks with a certain account of adsorbents and 20 mL of
2,4-D solution, and the flasks were placed in a constant temperature
shaker for a fixed time. After adsorption, the adsorbents were separated
by centrifuge from aqueous phase, and the solution was filtered with a
0.22 μm nylon membrane. Then, remaining concentration of 2,4-D in
filtrate was measured by ion chromatography. The adsorption capacity
qe (mg g−1) was expressed by Eq. (1):

=q C C V
W

( )
e

0 e
(1)

where C0 and Ce (mg L−1) mean the liquid-phase concentrations of 2,4-
Dat initial and equilibrium, respectively. W(g) is the mass of the ad-
sorbent, and V(L) is the volume of solution.

3. Results and discussion

3.1. Characterization of the adsorbent

Fig. 2A shows the FT-IR spectra of UiO-66 (a), UiO-66-amine (b) and
UiO-66-NMe3+ (c). The bands at 1420 cm−1 and 1655 cm−1 were at-
tributed to -O-C-O- groups and the bands at 1385 cm−1 and 1578 cm−1

indicated C]C stretching vibration, revealing the terephthalic acid li-
gands were incorporated in the UiO-66 framework. Compared to the
absorption bands of UiO-66, the bands at 1250 cm−1 and 965 cm−1 in
Fig. 2A (b) may be attributed to the C–N stretching vibration, and the
band at 3400 cm−1 could be related to –NH2 stretching vibration and
regarded as the characteristic peaks of pure amine groups, demon-
strating the existence of amino terephthalic acid in UiO-66-amine. As
shown in Fig. 2A (c), the band indicating the C–N stretching vibration
at 965 cm−1 was shifted to 1032 cm−1 in UiO-66-NMe3+, suggesting
the formation of quaternary ammonium groups in the synthesized
material (Makvandi et al., 2016). Compared to the C–N stretching vi-
bration in UiO-66-amine at 1250 cm−1, the band at 1280 cm−1 in-
dicated a new type of C–N stretching vibration existed in UiO-66-
NMe3+, demonstrating the formation of quaternary ammonium groups.
Also, as seen in Fig. 2A, the peak at 655 cm−1 could be assigned to the
C–H bending vibration of benzene rings in terephthalic acid ligands (b),
and then was shifted to a higher wavenumber of 670 cm−1 (c). The
substituent group on benzene ring was modified from –NH2 to -NMe3+,
and thereby the electron-donating effect was increased, leading to the
peak shift of C–H bending vibration. All the characteristic peaks in-
dicated the successful preparation of quaternary amine anionic-ex-
change MOFs, namely UiO-66-NMe3+.

Fig. 2B shows the XRD patterns of UiO-66 (a), UiO-66-amine (b) and

UiO-66-NMe3+ (c). The diffraction peaks at 2θ = 7.4, 8.6 and 25.8°
could be observed in three materials, which is consistent with that re-
ported UiO-66 MOFs (Molavi et al., 2018). The result suggested that the
three synthesized materials had the similar crystal structures and the
introduction of quaternary ammonium groups did not cause significant
changes in crystal structure of MOFs.

The morphologies of the obtained UiO-66-NMe3+ were character-
ized by SEM. As seen in Fig. S2, the unmodified UiO-66-amine showed a
high crystallinity, and the surface of UiO-66-amine consisted of inter
grown cubic nano-crystals (a and b), which are correspondent to pre-
viously reported UiO-66 MOFs (Yang et al., 2017b). The comparison of
morphologies of UiO-66-NMe3+ (c and d) suggested that the functio-
nalization process did not change the crystallinity of MOF crystals. It
should be noted the synthesized UiO-66-amine crystals were not uni-
formly dispersed, quite different from that reported (Zhang et al., 2016)
following a similar method. This phenomenon was likely owing to that
the synthesized UiO-66-amine crystals were washed with ethanol by
Soxhlet extraction, and this procedure may well result in crystals con-
glutination and nonuniformity.

XPS characterization of UiO-66-NMe3+ was carried out to define the
chemical coordination environments within the MOF framework.
Overall surveys of the prepared UiO-66-NMe3+ were shown in Fig. 2C
(I), and the C 1s (284.6 eV), Zr 3d (182.8 eV), O 1s (531.7 eV) N 1s
(399.47) and Cl 2p (196.8) peaks appeared in the spectrum. The high
resolution XPS spectrum for Zr 3d (Fig. 2C (II)) showed the double
binding energy position of the Zr 3d 3/2 and Zr 3d 5/2 peaks were
around 185.0 and 182.7 eV, respectively. The data are consistent with
the reported values of UiO-66 (Yang et al., 2019). The binding peaks of
C 1s (Fig. 2C (III)) at 288.5, 285.4 and 284.5 eV were corresponding to
carbon atoms in different functional groups such as C–O, C–NMe3 and
C–C (Liu et al., 2015). Additionally, the N 1s XPS spectrum (Fig. 2C
(IV)) showed the binding energies at 399.0 and 400.4 eV, indicating the
nitrogen atoms in Ph-NMe3 and C–N groups (Liu et al., 2015; Xu et al.,
2013).

To further confirm the functionalization of quaternary amine
groups, UiO-66-amine and UiO-66-NMe3+ were digested in acidic
conditions (HF in d6-DMSO) to obtain NMR data. As the 1H NMR
spectrum of UiO-66-amine depicted in Fig. 3a, proton peaks at 7.05,
7.39 and 7.76 ppm were attributed to 2-aminoterephthalate ligand
(Molavi et al., 2018; Goh et al., 2015). The common product of me-
thylation of primary amine is a mixture of secondary, tertiary and
quaternary amine products (Lebleu et al., 2014), and therefore, newly
appearing proton peaks (δ = 7.09 for secondary amine, δ = 7.10 for
tertiary amine and δ = 7.22 for quaternary amine (Lebleu et al., 2014)
of UiO-66-NMe3+ in Fig. 3b suggested the successful functionalization
of UiO-66-amine. In addition, the functionalization degree of qua-
ternary amine groups was about 55%, which is calculated from the peak
area proportion of quaternary amine in total newly appearing proton
peaks for secondary amine, tertiary amine and quaternary amine, by
referring to the related report (Lebleu et al., 2014).

The thermal stability analysis of the functionalized material was
conducted with the temperature heating from 50 to 800 °C. Fig. S3
shows the TGA curves of UiO-66 (a), UiO-66-amine (b) and UiO-66-
NMe3+ (c). The decomposition processes of three materials were all
mainly divided into three regions, and the TGA curves possessed the
similar tendency. The first step weight-loss occurring around 120 °C

Fig. 1. Schematic illustration of the synthetic process
for NMe3-UiO-66.
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might be owing to the evaporation of water molecules, whereas the
second weight loss from 120 to about 280 °C might be due to the release
of residual solvent from the pores of the framework. Subsequently,
major weight losses appeared from 250 to 500 °C could be attributed to
the decomposition of organic linkers of the framework. As the tem-
perature was over 500 °C, the weight of three materials all reduced
slightly until 800 °C, suggesting the formation of zirconium oxides
derived from UiO based MOFs (Lin et al., 2016). Because UiO-66-
NMe3+ comprised additional quaternary ammonium groups, organic
matters possessed higher ratio in the framework. Thus, the remanent
weight of UiO-66-NMe3+ was lower than that of UiO-66-amineand
UiO-66.

The BET surface area was investigated by nitrogen adsorption-des-
orption test. Fig. S4 shows the related isothermal curves of UiO-66 (a),
UiO-66-amine (b) and UiO-66-NMe3+(c). And the BET surface areas of
three materials were 861, 509 and 484 m2 g−1, respectively. As seen,
the surface area of UiO-66-amine was lower than that of UiO-66, which
might be explained that the introduction of amine groups made the
internal void space of the framework decreased (Saleem et al., 2016). In

the same way, the reduced BET surface area of UiO-66-NMe3+ com-
pared to UiO-66-amine can be attributed to the formation of quaternary
ammonium groups. The type IV isotherms for UiO-66-NH2 and UiO-66-
NMe3+ materials indicated the existence of mesoporous, which could
be attributed to the interparticle separations (Das et al., 2011; Bhunia
et al., 2014). The presence of hysteresis loop might be due to the ca-
pillary condensation of these two materials and the introduction of
functional groups of –NH2 and -NMe3 enlarged the pore size. Pore size
distribution plots using the density functional theory (DFT) were shown
inside Fig. S4. The sharpest peak of UiO-66, UiO-66-NH2 and UiO-66-
NMe3+ occurred at pore diameter about 0.47, 0.49, 0.51 nm, respec-
tively. The size of 2,4-D is about 8.8 Å, which is a bit larger than the
average pore size of UiO-66-NMe3+, and therefore, adsorption would
primarily occur on the exposed surface of MOFs. On the other hand, as
pore size distribution plots shown, some pores larger than 8.8 Å also
exist in the UiO-66-NMe3+ materials (Zhang et al., 2019), which could
make the interior adsorption sites interact with 2,4-D molecules,
leading to the increase of adsorption capability.

Fig. 2. (A) FT-IR spectra of UiO-66 (a), UiO-66-NH2 (b) and UiO-66-NMe3+ (c). (B) XRD curves of UiO-66 (a), UiO-66-NH2 (b) and UiO-66-NMe3+(c). (C) Survey XPS
spectra (I), and high-resolution spectra for Zr 3d (II), C1s (III) and N 1s (IV).
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3.2. Influence factors examination on adsorption

3.2.1. Effect of adsorbent dosage
As Eq. (1) suggested, the adsorption capacity (qe) was directly af-

fected by the amount of adsorbents. Therefore, 1–5 mg of adsorbents
wereput into a series of 20 mL of 2,4-D (10 mg L−1) solutions to in-
vestigate the effect of adsorbent dosage. The adsorption capacities of
three materials all kept decreasing when the amount of adsorbents in-
creased from 1 to 5 mg, and the decrease tendencies were not linear, as
the left ordinate shown in Fig. S5. This phenomenon might result from
that at lower adsorbent dosage, the fixed amount of adsorption sites
could be exposed with more 2,4-D molecules, leading to a higher ad-
sorption capacity. Meanwhile, the relationship of removal efficiencies
with the adsorbent dosage was also investigated. As the right ordinate
shown in Fig. S5, the removal efficiencies sharply increased and then
tended to be gentle within the tested range of adsorbent dosage. More
2,4-D molecules in water could be adsorbed by higher amount of ad-
sorbents, resulting in the increase of removal efficiency. Therefore,
compromising the adsorption capacities with the removal efficiencies,
the dosage of 2 mg of adsorbent was selected for further experiment.

3.2.2. Effect of initial solution pH
The pH value of the solution is an important variable throughout the

adsorption process, which affects not only the degree of ionization of
the polar adsorbates but also the surface charge of the adsorbent. In this
procedure, the solution pH was evaluated ranging from 2.0 to 10.0 by
using 0.01 mol L−1 of HCl or NaOH for adjustment, with the initial 2,4-
D concentration at 10 mg L−1. The pKa of 2,4-D is about 2.73 (PPDB,
2006; Njoku et al., 2015), as a result, the molecules will predominately
exist in anionic species when pH > 3. As shown in Fig. 4, at pH of 2,
the highest adsorption capacity was attained by the UiO-66-NMe3+.
Cation-π boning may well appear between the natural form 2,4-D and
cationic quaternary amine group in UiO-66-NMe3+, since cation-π
boning can be formed between the cationic group and π-electron-rich
aromatic structure (Zhao et al., 2017). On the other hand, the pure UiO-
66 also exhibited certain adsorption capability toward 2,4-D at the pH
of 2 (Fig. 4), considering that there were no cationic groups on pure
UiO-66, thus π-π conjugation was very likely to happen between ter-
ephthalic acid in the framework of UiO-66 and 2,4-D. With the pH
values increasing, 2,4-D molecules became deprotonated and the

electron density in benzene ring was enhanced while π-π conjugations
were reduced. As the zeta potentials shown in Fig. S6, three kinds of
MOFs were positively charged when pH values were 2–4, and electro-
static interactions were increased when 2,4-D molecules became de-
protonated; consequently, the adsorption capacities were almost un-
changed at this pH range. The higher adsorption capacity of
quaternized MOF suggested the electrostatic interactions significantly
enhanced the adsorption of 2,4-D onto UiO-66-NMe3+. Moreover, with
the solution pH value continuously increasing from 4–10, more anionic
OH− existent in the solution would compete for the positive charged
adsorption sites of UiO-66-NMe3+, leading to the adsorption capacities
of 2,4-D decreasing. Therefore, the main adsorption mechanism of UiO-
66-NMe3+ towards 2,4-D can be proposed as a combination of elec-
trostatic interactions, cation-π boning and π-π conjugations, and the ion
exchange sites on UiO-66-NMe3+ significantly enhanced adsorption
capabilities for 2,4-D.

Fig. 3. 1H NMR spectrum of UiO-66- NH2 (a) and UiO-66-NMe3+ (b).

Fig. 4. Effect of solution pH values on the adsorption of 2,4-D by series UiO-66
materials. Experimental conditions: initial concentration, 10 mg L−1; adsorbent
dosage, 2 mg; adsorption time, 120 min; salt, without addition.
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3.2.3. Effect of coexistent anions
Coexistent inorganic anions in natural water bodies might compe-

titively occupy the adsorption sites of the quaternary anionic exchange
adsorbent. Therefore, the effects of different types of anions (sulfate,
chloride and hydroxyl) on 2,4-D removal were investigated. In these
batch experiments, equivalent concentrations of each coexistent anion
were fixed as 1 meq L−1 with the concentration of 2,4-D solutions at
10 mg L−1. The comparison results of effect degree for each type of
anion were presented in Fig. S7. As shown in the figure, the removal
efficiency of 2,4-D was 72.5% when no other anion was present in 2,4-D
solution. However, the removal efficiencies of 2,4-D decreased to
40.4%, 39.3%, and 67.2% when chloride, hydroxyl and sulfate were
dosed, respectively. The monovalent ions (chloride, hydroxyl) had
larger negative effect than divalent ion (sulfate). The smaller chloride
ions would quickly occupy the adsorption sites of UiO-66-NMe3+, and
thereby significantly impede the adsorption of 2,4-D molecules. How-
ever, the sulfate is relatively harder to rapidly access to the quaternary
amine groups of UiO-66-NMe3+ due to their tetrahedral structure, and
therefore, the interactions between 2,4-D molecules and UiO-66-
NMe3+ was slightly impeded by sulfate (Wang et al., 2016a).

3.3. Adsorption properties and models

3.3.1. Adsorption kinetics
Adsorption kinetics is often used to describe the adsorption reaction

rate and predict the adsorption mechanism. Three curves of adsorption
capacities at initial concentration as 20 mg L−1 for UiO-66, UiO-66-
amine and UiO-66-NMe3+ vs. time were shown in Fig. 5A. The

adsorption capacities of three tested materials increased with a similar
trend, and all achieved equilibrium at about 120 min. Therefore, the
adsorption process can reach equilibrium at about 120 min and this
time was chosen for the following experiments.

The diffusion rate of the adsorption process was estimated by two
kinds of kinetic models, namely the pseudo first-order (Eq. (2)) and
pseudo second-order (Eq. (3)) models. Relevant equations and discus-
sions were described in ESI.

Based on the slope and intercept of the above equations, the ad-
sorption rate constant (k1, k2) and calculated qe values were displayed
in Table 1. The correlation coefficient (R2) values obtained from the
pseudo-first-order model were 0.992, 0.974 and 0.973 for UiO-66-
NMe3+, UiO-66-amine and UiO-66, respectively. Whereas for the
pseudo-second-order model, R2 values were 0.999, 0.999 and 0.996 for
UiO-66-NMe3+, UiO-66-amine and UiO-66, respectively, and all sorp-
tion kinetics can be concluded to follow the pseudo-second-order
model. Additionally, as shown in Table 1, the pseudo-second-order
model showed better agreement between the experimental adsorption
capacities (qe,exp) with the calculated data (qe,cal), further revealing the
better suitability of pseudo-second-order model in fitting the kinetic
data. These results meant that the adsorption process should be more
relying on chemical sorption; high correlation coefficients (R2) implied
possible chemical interactions between the function groups on MOFs
and 2,4-D. The 2,4-D molecules predominately existed in anionic spe-
cies and a fraction natural forms under the tested conditions. Therefore,
electrostatic interactions between anionic 2,4-D and cationic sites on
MOFs might be the major adsorption mechanism; in addition, π-π
conjugation between the benzene rings within MOFs and 2,4-D also
played an important role. Hydroxyl groups on metal oxide clusters
(Zr–OH) existing in the unit cell of UiO-66 framework (Wang et al.,
2015) provided electron donor (Lewis base) and the Cl atom on 2,4-D
molecules possessed electronegativity (Lewis acid). Therefore, Lewis
acid-base interactions might exist in the adsorbent-adsorbates system.

3.3.2. Adsorption isotherms
Adsorption isotherms are used to acquire a better understanding of

the distribution of adsorbate between the adsorbent surface and the
liquid phase at adsorption equilibrium, which are beneficial for further
illustrating the adsorption behavior and comparing the adsorption
performances of different adsorbents. The 2,4-D solutions with different
initial concentrations (10, 20, 40, 60, 80 mg L−1) were prepared for the
isotherm tests with the adsorption temperature maintained at 25 °C,
and the results were shown in Fig. 5B. Two classic isotherm models
named Langmuir (Eq. (4)) and Freundlich (Eq. (5)) were used to de-
scribe the equilibrium data. Relevant equations and discussions were
displayed in ESI.

As the parameters of two adsorption models presented in Table 2,
higher linear correlation coefficients (R2) values suggested that Lang-
muir-type isotherms showed a better fitting to adsorption data of three
materials. This result suggested that 2,4-D molecules were mostly
monolayer adsorption on the surface of adsorbents. As for the calcu-
lated maximum adsorption capacities (qm), the quaternized anionic-
exchange MOF (UiO-66-NMe3+) exhibited the higher value
(279 mg g−1) than that of unmodified UiO-66-NH2 (222 mg g−1) and

Fig. 5. (A) Effect of contact time on the adsorption of 2,4-D by series UiO-66
materials. Experimental conditions: initial concentration, 20 mg L−1; adsorbent
dosage, 2 mg; pH, without adjusting; salt: without addition. (B) Adsorption
isotherms of 2,4-D by series UiO-66 materials at 25 °C.

Table 1
Kinetic model parameters of 2,4-D adsorption onto series UiO-66 materials.

Adsorbent qe
(mg
g−1)

Pseudo-first-order kinetics Pseudo-second-order kinetics

k1 (min−1) qe,cal
(mg
g−1)

R2 K2 (g mg−1

min−1)
qe,cal
(mg
g−1)

R2

UiO-66-NMe3+ 160 0.03 45 0.992 1.7 × 10−3 162 0.999
UiO-66 –NH2 110 0.023 60 0.974 0.6 × 10−3 125 0.999
UiO-66 80 0.026 74 0.973 0.4 × 10−3 91 0.996
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pure UiO-66 (179 mg g−1); the UiO-66-NMe3+ with the lowest BET
surface area attained the highest adsorption capacity. Generally, spe-
cific surface area of an adsorbent has a significant influence on the
adsorption performance; the larger the specific surface area is, the
greater the adsorption capacity is (Lei et al., 2017). However, the
general phenomenon will only occur when Van Der Waals interaction is
the main adsorption mechanism (Sarker et al., 2018). Herein, the ad-
sorption process of 2,4-D on UiO-66-NMe3+ was mainly dominated by
electrostatic interactions combining with π-π conjugations, and there-
fore, the adsorption capacity wasn't affected by the lower surface area.
The anion exchangers Cl− was detected in the adsorption solution,
indicating the ion-exchange interaction existed in adsorption process of
UiO-66-NMe3+. The anion exchange capacity of this UiO-66-NMe3+

was estimated by a reported method (Olorunyomi et al., 2018) to be 3.3
meq/g.

The dimensionless separation factors (RL) described by Eq. (6) are
related to the favorability of an adsorption behavior (Wang et al.,
2016b). Relevant equations and discussions were displayed in ESI. As
can be seen from Fig. S8, RL values of UiO-66-NMe3+, UiO-66-amine
and UiO-66 were between 0 and 1, suggesting the adsorption conditions
were favorable (Wang et al., 2016b).

On the other hand, Freundlich model assumes that the adsorption
occurs as multilayers on heterogeneous surfaces of adsorbents. The
linear correlation coefficients (R2) obtained from the Freundlich model
for UiO-66-NMe3+, UiO-66-amine and UiO-66 were 0.943, 0.981 and
0.964, respectively, indicating the adsorption performances also fitted
the Freundlich model. The higher R2 of UiO-66-amine and UiO-66
suggested the adsorption of 2,4-D onto these two materials may involve
both monomolecular-layer and multilayer adsorption. However, ad-
sorption behavior of 2,4-D onto UiO-66-NMe3+ was dominated by
monomolecular-layer sorption, indicating chemisorption was the main
mechanism. This phenomenon suggested that the quaternary amines
groups on the surface of UiO-66-NMe3+ made electrostatic interactions
become the key mechanism of the adsorption process. In addition, as
can be seen in Table 2, the Freundlich constant (n) values were falling
between 2 and 10, suggesting that the adsorption behaviors of 2,4-D on
three materials are favorable (Erdem et al., 2004).

3.3.3. Adsorption thermodynamics
The thermodynamic parameters such as ΔG (Gibbs free energy

change, kJ mol-1), ΔH (enthalpy change, kJ mol−1) and ΔS (entropy
change, J mol−1 K−1) were investigated at three different temperatures
of 298, 308 and 318 K for 120 min. The values of ΔG were calculated
from Eq. (7). Additionally, ΔH and ΔS were determined from the slope

of and the intercept of van't Hoff plot (Eq. (8)) of lnK versus 1/T.
Relevant equations and discussions were displayed in ESI.

The linear plots of lnK versus 1/T were presented in Fig. S9. The
calculated thermodynamic parameters were shown in Table 3. The
negative ΔG values at all temperatures indicated the spontaneous ad-
sorption of 2,4-D onto series UiO-66 MOFs and the adsorption condi-
tions were favorable. The values of ΔG became more negative with
temperature declining suggesting that the adsorption processes of 2,4-D
were exothermic and more favorable at lower temperatures. The cal-
culated ΔH values were −43.94, −38.28 and −29.33 kJ mol−1 for
UiO-66-NMe3+, UiO-66-amine and UiO-66, respectively. The negative
changes of enthalpy revealed the 2,4-D adsorption process onto three
materials were exothermic. The negative values of ΔS were −67.57,
−59.63 and −32.36 J mol−1 K−1 for UiO-66-NMe3+, UiO-66-amine
and UiO-66, respectively. The negative ΔS indicating the free energy at
the solid-solution interface decreased within the adsorption process,
possibly due to the adsorption mechanism of the 2,4-D was the co-
operation of ion exchange interaction and π-π conjugation. Thus, the
number of adsorbed 2,4-D molecules was larger than that of the des-
orbed exchanger Cl− in the adsorbents, leading to the decrease of free
energy at the solid-solution interface (Jung et al., 2013).

3.4. Reusability of the UiO-66-NMe3+ adsorbent

To assess the stability and reusability of the prepared UiO-66-
NMe3+ adsorbent, 1% NaCl/methanol (30:70, v/v) was selected as
regeneration solution to conduct the adsorption-desorption experi-
ments. As shown in Fig. S10, the reusability efficiencies of the UiO-66-
NMe3+ didn't decrease noticeably after seven successive cycles, in-
dicating the UiO-66-NMe3+ adsorbents performed well in stability and
reusability. FT-IR spectra were used to compare regenerated material
with initial UiO-66-NMe3+. As shown in Fig. S11, the bands of -O-C-O-
groups appearing at 1420 and 1655 cm−1 and the bands at 1385 and
1578 cm−1 related to C]C stretching vibration, still existed in the
reused UiO-66-NMe3+ framework. The band at 1032 cm−1 related to
quaternary amine groups, and the band at 1250, 1280 cm−1 related to
C–N stretching vibration in UiO-66-NMe3+, were also present in the
regenerated adsorbents. These results confirmed that the chemical
structure of the quaternary amine anionic-exchange materials was
stable. Meanwhile, as shown in Fig. S12, the XRD diffraction peaks at
2θ = 7.4, 8.6 and 25.8° related to UiO-66 MOFs could also be observed
in reused NMe3-UiO-66, indicating the adsorption process didn't change
the crystal structure of NMe3-UiO-66 adsorbents.

3.5. Application of the UiO-66-NMe3+ adsorbent to environmental water
samples

Furthermore, the adsorption capacity and reusability of UiO-66-
NMe3+ in three real environmental waters were evaluated. Relevant
experimental data were listed in Table S1. As seen from the table, under
the same experimental conditions such as the initial concentration at
10 mg L−1, the adsorption capabilities of UiO-66-NMe3+ for 2,4-D in
the reservoir water samples (63–67 mg g−1) aren't markedly decreased,
comparing with that in ultrapure water sample (71 mg g−1); the ma-
terial applied in reservoir waters also could be recycled for at least five
times. Therefore, the UiO-66-NMe3+ adsorbent possessed good

Table 2
Isotherm parameters of 2,4-D adsorption onto series UiO-66 materials.

Adsorbent Langmuir Freundlich

Qm (mg
g−1)

KL (L
mg−1)

R2 K (mg g−1 (L
mg−1)1/n)

n R2

UiO-66 -
NMe3+

279 0.086 0.996 92.1 3.50 0.943

UiO-66-NH2 222 0.091 0.998 40.3 2.49 0.981
UiO-66 179 0.078 0.998 28.6 2.38 0.964

Table 3
Thermodynamic parameters of 2,4-D adsorption onto series UiO-66 materials.

T (K) ΔG (KJmol−1) ΔH (KJmol−1) ΔS (Jmol−1 K−1)

UiO-66 NMe3+ UiO-66 –NH2 UiO-66 UiO-66 NMe3+ UiO-66 –NH2 UiO-66 UiO-66 NMe3+ UiO-66 –NH2 UiO-66

298 −23.87 −20.56 −19.65 −43.94 −38.28 −29.33 −67.57 −59.63 −32.36
308 −22.98 −19.85 −19.45
318 −22.53 −19.35 −18.99
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applicability in real environmental waters.

3.6. Comparison of the adsorption performance with reported adsorbents
for 2,4-D

Here, five significant adsorption behavior parameters including in-
itial solution concentrations, equilibrium time, adsorbent dosage, ad-
sorption capacity and reusability are compared with those of other
reported methods for 2,4-D removal, as listed in Table 4. Various syn-
thesized carbon materials such as graphene (Liu et al., 2016), granular
activated carbon (Salmaa et al., 2011), H3PO4 functionalized activated
carbon (Njoku et al., 2015), chitosan (Harmoudi et al., 2014) and ion
exchange resins (Ding et al., 2012; Liu et al., 2015; Manna et al., 2016;
Vergili and Barlas, 2009) have been used for adsorption removal of 2,4-
D from water. Comparing with above materials, our prepared UiO-66-
NMe3+ exhibit higher adsorption capability, shorter adsorption time
and good reusability. Therefore, the UiO-66-NMe3+ materials can be
proposed to be an efficient, recyclable and environmentally friendly
adsorbent to remove 2,4-D herbicide from water environment.

4. Conclusions

In the present work, novel quaternary amine anionic-exchange
MOFs (UiO-66-NMe3+) were successfully prepared and employed as
adsorbents to remove 2,4-D from aqueous solutions. The prepared UiO-
66-NMe3+ material was well characterized and the optimized adsorp-
tion conditions were obtained. The sorption mechanisms can be con-
cluded as the combination of electrostatic interactions and π-π con-
jugations, and the ion exchange sites on UiO-66-NMe3+ significantly
enhanced the adsorption capability of 2,4-D. Furthermore, the pseudo
second-order kinetics model was more consistent with the experimental
data and the Langmuir isotherm model was better fitted for the equi-
librium adsorption behavior. Therefore, the adsorption process of 2,4-D
onto UiO-66-NMe3+ mostly belonged to chemisorption and mono-
molecular-layer adsorption. The maximum adsorption capacity of UiO-
66-NMe3+ was 279 mg g−1, which was much higher than that of the
unfunctionalized UiO-66-amine and pristine UiO-66. Thermodynamic
study including the changes of Gibbs free energy, enthalpy and entropy
suggested that the adsorption of 2,4-D onto UiO-66-NMe3+ was spon-
taneous and exothermic as well as entropy decrease. Comparing with
traditional resins and carbon materials, the presented UiO-66-NMe3+

exhibited higher adsorption capability, shorter adsorption time and
good reusability, indicating the potential applicability of iMOFs for the
removal of polar contaminant from water samples.
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