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The adsorption of 2,4-dichlorophenoxyacetic acid (2,4-D) from aqueous solutions on dif-
ferent porous materials was studied. The materials included micro- and mesoporous carbon
matrices of different genesis and metal-organic frameworks (MOFs) of the MIL type such
as microporous matrices MIL-53(Al) (AIOHbdc, bdc = benzene-1,4-dicarboxylate) and
NH,-MIL-53(Al) (AlIOHbdc, abdc = 2-aminobenzene-1,4-dicarboxylate), as well as meso-
porous matrix NH,-MIL-101(Al) (Al;0(abdc);). It is found that the efficiency of liquid phase
adsorption is affected by the texture and functionality of the studied materials, whereas in the case
of MOFs, the adsorption efficiency is also under the influence the framework flexibility. The MOF
materials and mesoporous carbon matrices show a higher adsorption rate than microporous
carbon matrices. The flexible microporous MIL-53(Al) framework and microporous coconut
shell activated carbon (CSAC) exhibit the highest adsorption capacity with respect to 2,4-D.
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metal-organic frameworks (MOFs).

Currently, a serious threat to the environment is posed
by the pollution of ground and surface waters with toxic
compounds such as dyes, herbicides, and drugs.!>2 Herb-
icides are generally resistant to commonly used treatment
methods such as UV irradiation,3 coagulation,4 floccula-
tion or ultrafiltration,5 and biodegradation.® Liquid-phase
adsorption represents an alternative method for removing
herbicides from aqueous media. Activated carbons,’ fly ash,$
zeolites,® and mesoporous silicates!® are used as porous
adsorbents. In particular, activated carbons of various origins
are widely used for the adsorption of physiologically active
organic compounds (e.g., herbicides) from wastewater.5

Carbon matrices are actively used as adsorbents because
of their strong interaction with organic compounds dis-
solved in water.1! It is known that textural characteristics
such as the size and shape of pores,12 as well as the pres-
ence of specific adsorption sites!3 determine the efficiency
of adsorption.

Metal-organic frameworks (MOFs) being hybrid nano-
porous materials are the most promising for the adsorption
removal of toxic compounds from water.14—18 MOFs are
crystalline porous coordination polymers possessing a three-

dimensional structure formed by metal ions and organic
molecules ( linkers).1?

The successful application of MOF matrices to the
effective removal of toxic compounds from aqueous phases
is related to their developed surfaces and high porosity,
the ability to purposefully control the shape and size of
pores in the micro- and meso-ranges, as well as the
chemical properties of pore surfaces.2%:21 The design of
the MOF materials for selective adsorption consists in
formation of coordinatively unsaturated sites?2 and mod-
ification of their intracrystalline space with specific mol-
ecules or particles.11:23

Organic compounds present in wastewater can be
adsorbed by MOF matrices, first of all, due to electrostatic
interactions and ;t—at stacking that is an interaction be-
tween aromatic moieties of molecules of adsorbate and
linkers in the MOF framework.1:20:24:25 The adsorption
is facilitated by the increase in the pore size under the
action of an external influence, a phenomenon known to
MOFs as the breathing effect.!

In particular, it was found that the electrostatic inter-
actions between the adsorbent and adsorbate and the
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flexibility of framework of "breathing" matrices of some
MOFs such as MIL-53(Cr) and MIL-53(Al1)26 are impor-
tant factors determining the efficiency of adsorption of
organic compounds.1:25:27

The present study is devoted to the investigation of the
role of the porous structure and composition of adsorbents
in adsorption of the herbicide 2,4-dichlorophenoxyacetic
acid (2,4-D) from the aqueous medium. Two types of
adsorbents were chosen for this study. Those are micro-
and mesoporous carbon matrices with different textural
characteristics and functional groups on the surface and
MOF matrices with different porous structures, composi-
tions, and framework flexibilities. Comparison of the ef-
ficiencies of the above adsorbents is important for under-
standing the mechanisms of adsorption on the adsorbents
of different nature and, therefore, for the targeted develop-
ment of adsorbents with desired properties.

Experimental

The microporous frameworks MIL-53(Al) (AIOHbdc, bdc =
=Dbenzene-1,4-dicarboxylate and NH,-MIL-53(Al) (AIOHabdc,
abdc = 2-aminobenzene- 1,4-dicarboxylate), and the mesoporous
structure NH,-MIL-101(Al) (Al;0(abdc);) were included in
this study.

The following carbon adsorbents were used: coconut shell
activated carbon (CSAC) (Pingluo Derun Charcoal Carbon Co.,
Ltd., Germany),28 samples based on polyvinyl chloride (PVC),
which were prepared according to a known procedure?® by carb-
onization and activation in CO, or Ar flow at different heating
rates, and a synthetic carbon material representing a composite
of Sibunite (pilot production of the Siberian Branch of the
Russian Academy of Sciences, Novosibirsk, Russian Federation),
a pyrolytic carbon modification, and soot.3?

Commercially available reagents obtained from Acros were
used without additional purification. N,N’-Dimethylformamide
(DMF) used as a solvent was purified by distillation over CaH,
under reduced pressure. Adsorption was studied using 2,4-di-
chlorophenoxyacetic acid 1 (2,4-D) of >98% purity obtained
from Sigma-Aldrich.
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Synthesis of MIL-53(Al). The sample was prepared with the
use of microwave radiation according to the known procedure,3!
which, however, was somewhat modified by changing the sol-
vent system. The starting reagents, viz., AlCl;+6H,0 (1.21 g,
5.01 mmol), benzene-1,4-dicarboxylic acid (0.42 g, 2.53 mmol),
and a mixture of solvents (0.5 mL of deionized water and 5.5 mL
of DMF), were mixed in a glass ampoule and heated under at-
mospheric pressure in the chamber of a Vigor microwave oven
(RF) (200 W, 125 °C) for 30 min. The obtained sample of
MIL-53(Al) was separated by centrifugation and washed with
DMF (3x20 mL) and distilled water (3x30 mL). The matrix was

calcined at 330 °C for 72 h in air and then additionally heated at
440 °C for 3 h to completely remove residues of benzene-1,4-
dicarboxylic acid from the pores of the framework.

Synthesis of NH,-MIL-53(Al). The sample was prepared by
microwave activation of the reaction mixture containing 2-amino-
benzene-1,4-dicarboxylic acid instead of benzene-1,4-dicarb-
oxylic acid. The initial reagents, viz., AlCl;+6H,0 (3.94 g,
16 mmol), 2-aminobenzene-1,4-dicarboxylic acid (3.01 g,
15 mmol), and a mixture of solvents (20 mL of deionized water
and 20 mL of DMF), were placed into a glass ampoule and
heated under atmospheric pressure in the chamber of a Vigor
microwave oven (200 W, 130 °C) for 15 min. The light-yellow
precipitate was separated by centrifugation and washed with DMF
(3S20 mL) and distilled water (3S30 mL). The obtained sample
of NH,-MIL-53(Al) was heated in boiling DMF for 12 h, washed
with water, and activated using a thermal vacuum treatment
(1073 Torr, 150 °C) for 4 h.

Synthesis of NH,-MIL-101(Al). The sample was prepared
using microwave radiation under atmospheric pressure.3! The
starting reagents, viz., AICl3+6H,0 (0.51 g), 2-aminobenzene-
1,4-dicarboxylic acid (0.56 g), and DMF (40 mL), were placed
into a glass ampoule and heated under atmospheric pressure in
the chamber of a Vigor microwave oven (200 W, 130 °C) for
20 min. The formed yellow precipitate was separated by cen-
trifugation and washed with DMF (3x10 mL) and acetone
(3x10 mL). The crystalline product was heated in boiling
methanol (20 mL) under stirring for 24 h, separated by centri-
fugation, and activated using a thermal vacuum treatment
(1073 Torr, 130 °C) for 7 h.

Physicochemical studies of the MIL samples. Prepared MIL
samples and carbon matrices were characterized using powder
X-ray diffraction (PXRD), FE-SEM, and DRIFTS and explor-
ing low-temperature nitrogen adsorption.

The microstructure of the synthesized samples was studied
using field emission scanning electron microscopy (FE-SEM)
and field emission scanning transmission electron microscopy
(FE-STEM) with the use of a Hitachi SU8000 electron micro-
scope (Japan). The images were taken detecting secondary
electrons at an accelerating voltage of 2 kV and a distance of
5—6 mm (for SEM images) or in the mode of light-field imaging
(detection of passed electrons) at an accelerating voltage of
30 kV32 (for STEM images). The morphology of the samples was
investigated taking into account the correction for the surface
effects of the conducting layer deposit. The X-ray measurements
were carried out at room temperature using an EMPYREAN
diffractometer (Panalytical, Netherlands) (Cu-K, radiation,
a nickel filter, a X "Celerator line detector, the Bragg-Brentano
geometry). The porous structure and surfaces of the prepared
materials were characterized using adsorption apparatus ASAP
2020 (Micromeritics ASAP-2020-Plus, USA) on the basis of
measurements of nitrogen adsorption by volumetry; the porous
structure parameters were calculated by the Brunauer— Emmett—
Teller (BET) equation. After outgassing of a sample at 150 °C in
vacuo, the nitrogen adsorption was measured at —196 °C and
relative vapor pressure (P/P;) within 0.01—0.99.

Adsorption measurements. Adsorption of 2,4-D from aqueous
solutions of predetermined concentrations (Cy = 25—200 mg L~1)
was carried out in a conical bulb equipped with a reflux con-
denser under permanent stirring with a magnetic stirrer (150 rpm)
at room temperature. The herbicide concentration in a solution
during achieving the adsorption equilibrium (C,) was determined
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using UV spectroscopy by measurements of an absorption at
A = 283 nm with the use a Hitachi U-1900 spectrophotometer
(Japan).28

Results and Discussion

The porous structure of the microporous matrices
MIL-53(Al) and NH,-MIL-53(Al), which are formed by
the AlIO4(OH), octahedra and the 2-aminobenzene-1,4-
dicarboxylate linkers, represents a system of one-dimen-
sional (unidirectional) channels.33 These frameworks
exhibit a significant breathing effect in the form of dynamic
transformations of their structures. The effect involves
pore size tuning of the matrix to accommodate the adsorb-
ate molecules without the loss of crystallinity and without
breaking bonds.11:34:35 Because of this effect, the size of
the 1D pores in the MIL-53(Al) and NH,-MIL-53(Al)
frameworks is sensitive to dimensions of the adsorbed guest
molecule.

It is known that the MOF flexibility significantly de-
pends on the nature of substituents in the organic linker.33
The comparative analysis of structures with the amino-
containing linkers (abdc) and without the NH, groups
(bdc) was aimed at the determination of the effect of the
amino group on the adsorption characteristics of MOFs
in the process of removal of 2,4-D from aqueous medium.

The pore system of mesoporous NH,-MIL-101(Al)
framework is formed by two quasispherical cages of 2.4
and 2.9 nm in size, which are accessible through windows
with a diameter of 1.2 and 1.6 nm, respectively.3® Therefore,
to reveal the effects of the porous structure of frameworks
and specific surfaces of matrixes, the NH,-MIL-53(Al)
and NH,-MIL-101(Al) matrices with the same 2-amino-
benzene-1,4-dicarboxylate linkers, but different textural
characteristics were selected.

Physicochemical characteristics of the MIL materials.
The analysis of images obtained using scanning electron
microscopy (Fig. 1) showed that the samples of metal-
organic frameworks of the MIL type prepared in micro-
wave fields crystallize in the form of nanoparticles of

similar size and shape. The MIL-53(Al) sample was ob-
tained as ellipsoidal crystallites with the average size of
200—300 nm (Fig. 1, a). The NH,-MIL-53(Al) sample
crystallizes in the form of prisms with an average size
of ~300 nm (Fig. 1, b), whereas the NH,-MIL-101(Al)
adsorbent was prepared as octahedral crystallites of
50—100 nm in size (Fig. 1, ¢).

The powder XRD data obtained for the prepared MIL
samples confirmed that their structures correspond to the
MIL-53(Al), NH,-MIL-53(Al), and NH,-MIL-101(Al)
metal-organic frameworks reported earlier.25,36-38

The X-ray powder diffraction patterns of the MIL-53(Al),
NH,-MIL-53(Al), and NH,-MIL-101(Al) samples are
shown in Figs 2 and 3.37 It is seen that the diffraction
pictures of the prepared samples are analogous to the dif-
fractograms reported earlier for the metal-organic frame-
works.38 In particular, the formation of three crystalline
phases with the MIL-53 topology defined as MIL-53(Al)as,
MIL-53(Al)At, and MIL-53(Al)lt was reported. They are
stored in the Cambridge Structural Database (CSD) and
denoted as SABVOH, SABVUN, and SABWAU, respec-
tively.39-40

The analysis of the X-ray powder diffraction patterns
of the MIL-53(Al) sample (see Fig. 2) indicates the pres-
ence of two crystalline phases in the sample. The main
fraction of the sample is represented by the MIL-53(Al)
ht high-temperature phase with completely open pores of
8.5x8.5 A. The MIL-53(Al) framework has a rhombic
Imma structure. The MIL-53(Al)/t low-temperature phase
is present in small amounts. It has a monoclinic Cc sym-
metry and is characterized by the pore dimensions of
2.6x13.6 A. The same crystalline phases are identified in
the NH,-MIL-53(Al) sample (see Fig. 3, a). According
to the published data,3! the ratio of the low-temperature
phase to the high-temperature phase (/t : hf) in the NH,-
MIL-53(Al) sample can be assessed as 1 : 2.

The X-ray powder diffraction pattern of the NH,-MIL-
101(Al) sample (see Fig. 3, b) indicates that this matrix
crystallizes as the standard Fd-3m cubic structure
(a = 87.95(1) A) in agreement with the published data.3!

Fig. 1. SEM images of samples of MIL-53(Al) (a), NH,-MIL-53(Al) (b), and NH,-MIL-101(Al) (¢).
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Fig. 2. X-ray powder diffraction patterns of the MIL-53(Al) sample for 26 within 5—50° (a) and within 9—19° after scaling (S10) ().
The vertical arrows indicate positions of first three diffraction reflexes with indices hk/ = 200, 110, and 11-1 for the monoclinic

modification of MIL-53(Al)/.
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Fig. 3. X-ray powder diffraction patterns of the MIL samples (/) and the difference curve (2) after the Pawley fit:37 4 is the NH,-
MIL-53(Al) two-phase sample; the vertical bars show the calculated reflex positions for two crystalline phases: monoclinic Cc phase
(upper row) and rhombic /mma phase (bottom row); b is the NH,-MIL-101(Al) monophase sample; the vertical bars show the cal-

culated reflex positions for cubic Fd-3m crystalline modification.

Figure 4 shows isotherms of nitrogen adsorption ob-
tained for the samples. Their shapes indicate that the
MIL-53(Al) and NH,-MIL-53(Al) samples have micro-
porous structure, whereas the NH,-MIL-101(Al) matrix
contains mesopores.4142 Particularly, reversible isotherms of
nitrogen adsorption at 77 K and complete filling of pores in
the range of very low relative pressures (P/Py=0.005—0.01)
are characteristic of the MIL-53(Al) and NH,-MIL-53(Al)
samples. As can be seen, the adsorption and desorption
branches practically coincide for the MIL-53(Al) adsorbent.

A small hysteresis in the nitrogen adsorption isotherm
of the NH,-MIL-53(Al) sample corroborates flexibility of
the structure of this matrix. The specific surface area (Sggt)
for this sample is equal to ~79 m? g=! (Table 1) in well
agreement with published data.43 A decrease in the amount
of nitrogen adsorbed by NH,-MIL-53(Al) in comparison
with that adsorbed by MIL-53(Al) can be explained by
a difference in the ability of these materials to exhibit the
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Fig. 4. Isotherms of adsorption (/—3) and desorption (1"—3")

of nitrogen at 77 K for the MIL samples: NH2-MIL-101 (7, 17),

MIL-53(Al) (2, 2°), and NH2-MIL-53(Al) (3, 3°).

Note. Fig. 4 is available in full color on the web page of the journal

(https://link.springer.com/journal/volumesAndlIssues/11172).
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Table 1. Textural characteristics of the studied adsorbents

Adsorbent Composition Sper/m? g~! Viot Vnicro Vineso ~ F(H—K)/nm
cm3 g1
MIL-53(Al) AlOHbdc 633 0.479 0.278 0.201 0.7—1.0
NH,-MIL-53(Al) AlOHbdc 79 0.113 0.037 0.076 —
NH,-MIL-101(Al) Al;O(abdc); 2895 1.333 1.072 0.261 0.6—0.8
CSAC CM, —CH,—OH, —CH,— —CH=CH— 915 0.472 0.446 0.026 0.9;1.3
PVC AC-CO, CM, —CH,—OH, —CH,—, —CH=CH— 733 0.460 0.210 0.250 0.56
PVC AC-Ar-1 CM, (—CH,—OH, —CH;,—) 453 0.657 0.140 0.517 —
PVC AC-Ar-2 CM, —CH,—OH, —CH=CH— 393 0.478 0.130 0.348 —
Sibunite CM, —CH=CH— 372 0.838 0.114 0.724 0.6

Note: CM is carbon matrix; Sggt is the specific surface area; V. is the total pore volume determined from the adsorption value
at relative pressure P/Py = 0.99; Viicro is the micropore volume equal to the difference between Vi, and Vieeo; Vineso 1S the cu-
mulative volume of mesopores calculated from the data for the desorption branch of the isotherm using the Barret—Joyner—Halenda
(BJH) procedure for a standard thickness of the adsorption film; (H—K) is the radius of micropore distribution calculated according
to the Horvath—Kawazoe method for cylindrical pores (the interaction parameter is equal to 2.8 « 10~43 erg cm?); abdc = 2-amino-

benzene-1,4-dicarboxylate, bdc = benzene-1,4-dicarboxylate.

breathing effect. It was found earlier that the structure of
NH,-MIL-53(Al) at 77 K can correspond to the crystalline
phase with very narrow pores.44

The branches corresponding to nitrogen adsorption
and desorption in the case of the NH,-MIL-101(Al)
sample form a thin hysteresis loop, which is typical of
mesoporous adsorbents. This observation agrees with
published data.45 For this adsorbent, a sharp increase in
the amount of nitrogen adsorbed in mesopores is observed
at relative pressure values P/Py~ 0.2 (see Fig. 4). As the
P/ Py ratio increases to 1.0, the amount of adsorbed nitro-
gen gradually increases.

The data on textural characteristics of the prepared
samples of the metal-organic frameworks and carbon
matrices are shown in Table 1. As can be seen, the spe-
cific surface area and geometric parameters of pores of
the carbon materials and MIL matrices under study vary
in a wide range. The highest specific surface area of
almost 3000 m2 g=! has the mesoporous NH,-MIL-
101(Al) framework. The activated carbons practically do
not differ in pore size from the microporous MIL-53(Al)
framework. In particular, the pore volume and size of the
MIL-53(Al) sample almost coincide with the same char-
acteristics obtained for coconut shell activated carbon
(CSAC). However, the specific surface area in the case of
the carbon matrix is larger than Sggt of the MIL-53(Al)
matrix.

Thus, on the basis of the data of powder X-ray diffrac-
tion and low-temperature nitrogen adsorption obtained
for the MIL samples, one can conclude that these materi-
als are characterized by phase purity, a high degree of
crystallinity, and a well-developed pore system.

Adsorption on the carbon materials. According to the
data obtained for the adsorption of 2,4-D on the samples
of MOFs of the MIL type and on the carbon materials

(Table 2), the highest adsorption capacity is exhibited by
microporous carbon materials with large specific surface
areas. The pore sizes in these samples (see Table 1) are
comparable with the size of the 2,4-D molecule. According
to the calculations#0 carried out using the Chem3d Pro
program, the cross section of the herbicide molecule is
~0.21 nm, whereas its longitudinal section is ~0.95 nm.46
The highest value of the adsorption capacity was shown
by the CSAC matrix (~383 mg g~!).30 The next adsorp-
tion capacity value (~293 mg g~!) was exhibited by the
PVC-CO, carbon material, which was prepared by alkaline
dehydrochlorination of polyvinyl chloride (PVC) with
subsequent activation in CO, flow (7'=900 °C, = 3 h, the
temperature was increased with a rate of 5 deg min—1).2%
Both of these carbon materials possess a porous structure
with a predominance of micropores up to 1 nm in size.
A low rate of the herbicide adsorption by carbon matrices
from an aqueous solution is typical of adsorbents with
micropores with an average diameter of 0.8 nm.47
Apparently, the higher adsorption capacity of micro-
porous samples is due to high concentration of the adsorp-

Table 2. Adsorption capacity of the adsorbents with
respect to 2,4-dichlorophenoxyacetic acid

Adsorbent Adsorption capacity/mg g~!
MIL-53(Al) 336
NH,-MIL-53(Al) 241
NH,-MIL-101(Al) 172
CSAC 383
PVC AC-CO, 293
PVC AC-Ar-1 129
PVC AC-Ar-2 103
Sibunite 159
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tion sites.4® The existence of micropores in the PVC
AC-CO, can be explained by partial oxidative destruction
of the sample in the course of its activation under CO,.

To achieve the adsorption equilibrium, about 300 h
was needed for samples of carbon materials in which
a micropores predominate (Fig. 5, @), whereas a shorter
time (ca. 8—25 h) was required for mesoporous carbon
materials. A slow diffusion into slit-shaped pores can be
suggested as the limiting step of the adsorption on the
microporous carbon matrices. The existence of this type
of pores in the studied samples was established on the
basis of data on the low-temperature nitrogen adsorption
(see Table 1).

Probably, a shorter time required to achieve the adsorp-
tion equilibrium in the case of mesoporous carbons is
related to a larger size of mesopores, which facilitates the
transport of adsorbate molecules to micropores.” However,
the adsorption capacity of mesoporous carbon matrices is
lower than that of microporous carbons (see Table 2). For
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Fig. 5. Kinetics of the 2,4-dichlorophenoxyacetic acid adsorption
on carbon sorbents (a) and MIL samples (b); a: PVC AC-Ar-2 (1),
PVC AC-Ar-1 (2), Sibunite (3), PVC AC-CO2 (4), CSAC (%);
b: NH2-MIL-101(Al) (1), NH2-MIL-53(Al) (2), MIL-53(Al) (3).

instance, the fraction of mesopores is higher for PVC
AC-Ar-1 and PVC AC-Ar-2, which were obtained by
carbonization of PVC in an argon atmosphere (at different
heating rates), than for the sample of PVC AC-CO, treated
with carbon dioxide. In the PVC AC-CO, sample, micro-
and mesopores are present in approximately equal ratio
(see Table 1). Therefore, a larger volume of mesopores in
the case of the PVC AC-Ar-1 sample ensures the acces-
sibility of active adsorption sites, while a larger volume of
micropores determines an increase in its adsorption capac-
ity in comparison with PVC AC-Ar-2.2 Rather low content
of functional groups on the surface of the Sibunite sample
is apparently responsible for a slower achievement of the
adsorption equilibrium as compared to the PVC AC-Ar-1
and PVC AC-Ar-2 samples.30:49

It was suggested that the mechanism of the herbicide
adsorption on carbon materials includes m—um-stacking
due to interactions between electron-deficient aromatic ring
of 2,4-D and aromatic moieties (benzene rings) on the sur-
faces of carbon adsorbents.5? Indeed, IR spectra of Sibun-
ite contain characteristic bands corresponding to the stretch-
ing vibrations of C—OH groups of aromatic moieties.4?

Adsorption of 2,4-dichlorophenoxyacetic acis on MIL
matrices. The prepared MIL samples are active in the
herbicide adsorption. The highest adsorption capacity
(~336 mg g—1) has the MIL-53(Al) microporus matrix
(see Table. 2). According to our measurements, pH of the
working solution of 2,4-D is equal to 2—3. At this pH
value, the herbicide molecules exist in the form of anions,
and the highest adsorption capacity of MIL-53(Al) is,
probably, related to the electrostatic interaction between
herbicide anions and the positively charged framework
surface.25:51

A decreased adsorption capacity of the NH,-MIL-
53(Al) matrix relative to its non-modified analog MIL-
53(Al) (see Table 2) can be explained by the presence of
the amino group in the organic linker of NH,-MIL-
101(Al), which weakens the breathing effect of the NH,-
MIL-53(Al) framework in comparison with the MIL-
53(Al) framework.52 In addition, the adsorption capacity
of the NH,-MIL-53(Al) matrix can be reduced by elec-
trostatic repulsion between the lone electron pairs of the
nitrogen atoms of the amino groups of the 2-aminoben-
zene-1,4-dicarboxylate linkers and the anions of the
herbicide molecules.

It is known that a high adsorption activity towards
organic compounds in cationic forms exhibited by the
NH,-MIL-101(Al) matrix is associated with its negatively
charged surface. In particular, a high adsorption capacity
of this matrix with respect to methylene blue?’ is due to
electrostatic interactions between the cations of the ad-
sorbate and lone electron pairs of the amino groups of the
organic linker of the framework. Apparently, an analogous
effect operates in the case of adsorption of 2,4-D in the
form of anions on the NH,-MIL-101(Al) matrix.
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In contrast to carbon matrices, the values of the specific
surface area of the MIL matrices do not significantly affect
the herbicide adsorption. Particularly, the NH,-MIL-
101(Al) mesoporous matrix with a very high specific
surface area (Sgpr = 3000 m2 g—1) and wide pores in the
forms of mesocavities and entrance windows does not
exhibit the breathing effect. According to the data of Table 2,
this matrix adsorbs a lower amount of the herbicide than its
microporous analog NH,-MIL-53(Al). The framework of
NH,-MIL-53(Al) also formed by 2-aminobenzene-1,4-di-
carboxylate linkers, has however a lower specific surface area
(~79 m2 g~1). As noted above, this matrix has a pore system
in the form of one-dimensional channels and exhibits a pro-
nounced breathing effect, which, possibly, compensates
the negative effect of the electrostatic repulsion between
2,4-D anions and amino groups in the organic linker.

Alower adsorption capacity of the NH,-MIL-101(Al)
matrix can be related to its lower stability in the working
solution of 2,4-D with pH ~2—3. Indeed, a transformation
of the NH,-MIL-101(Al) sample into a gel-like material
was observed when long-term experiments (# > 200 h) on
liquid-phase adsorption were conducted.

The difference in stabilities of micro- and mesoporous
MIL matrices in the liquid medium can be explained by
specific features of the structure of secondary inorganic
building units (SBUs) forming the metal-organic frame-
works.53 In the case of microporous MIL-53(Al) matrix,
the AI3" ions are shielded from actions of water molecules
to a large extent. Indeed, the SBU structures of MIL-
53(Al) consist of infinite chains of the AlOg4 polyhedra,
which are connected by benzene-1,4-dicarboxylate an-
ions.38 On the contrary, SBUs of the NH,-MIL-101(Al)
mesoporous framework are formed by three-dimensional
Al;O-centered clusters, which are interconnected by six
molecules of linkers accessible for water molecules.30

The analysis of the data of Table 2 shows that the
adsorption capacity of the MIL-53(Al) matrix with respect
to 2,4-D is somewhat lower than that of the CSAC matrix,
but considerably higher (by ~50 mg g—1) than that of the
PVC AC-CO, sample. In contrast to the case of the CSAC
and PVC AC-CO, carbon matrices, the adsorption equi-
librium (g) in the case of investigated MOF samples is
achieved faster, for 5—8 h (Fig. 5, b). In the presence of
Sibunite and matrices based on PVC, which were obtained
by carbonization under an argon atmosphere, the adsorp-
tion equilibrium is achieved approximately for the same
time (~5 h) as with the MIL samples.

Thus, we showed that the adsorption processes occur-
ring in the MIL and carbon matrices follow different
patterns. The adsorption characteristics of the metal-or-
ganic matrices of the MIL type strongly depend on the
framework flexibility, topology, and the presence of the
amino group in the organic linker, which, in turn, deter-
mines the ability of MOF to exhibit the breathing effect.

The most promising matrix for adsorption of 2,4-D
and similar compounds is the MIL-53(Al) matrix, which

exhibits considerably more pronounced breathing effect
in comparison with its analog NH,-MIL-53(Al) modified
with amino groups. This effect facilitates adsorption of
bulky organic molecules by the porous system. The struc-
tural and composite characteristics of the MIL-53(Al)
matrix at low pH values are favorable for the electrostatic
interaction with anions of the 2,4-D herbicide. The stabil-
ity of this crystalline structure in aqueous medium is also
an important factor.

The NH,-MIL-101(Al) mesoporous matrix is based
on the Al;O secondary building units, whereas the NH,-
MIL-53(Al) microporous framework is formed by the
AIOH moieties. Therefore, in spite of similar composition
of these MOFs, the mesoporous matrix does not exhibit
the breathing effect and, in addition, is less stable in aque-
ous medium than its microporous analog.

Amino groups present in the secondary building units
of the NH,-MIL-101(Al) sorbent function as Brensted
acid sites. These sites create favorable conditions for elec-
trostatic interactions with cationic forms of organic com-
pounds in water, and less favorable for the interactions
with anionic forms of compounds, including the herbicide
2,4-dichlorophenoxyacetic acid.

The obtained results can be useful for the development
of new adsorbents based on the MOF and carbon matrices
and possessing controlled functional characteristics.

This work was performed under financial support of
the Russian Foundation for Basic Research (Project
No. 18-29-19126).
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