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Langmuir monolayers of stearic acid (SA) were used as a template to induce the
nucleation and growth of Fe-BTC microparticles. X-ray diffraction (XRD) patterns,
Fourier transform infrared spectroscopy (FTIR), BET and microscopy techniques were
employed to investigate the particles. In the absence of the template, the Fe-BTC particles
show a bulky morphology, while round-shaped Fe-BTC is nucleated beneath a Langmuir
monolayer. The Fe-BTC material has been found to have excellent adsorption properties
for the organic dye methyl orange in aqueous solutions, exhibiting both high adsorption
capacity and rate. Adsorption capacity of Fe-BTC for Methyl Orange(MO) was retained
high and stable in a wide range of pH values from 2 to 9. The adsorption capacity of
Fe-BTC for MO is described by a pseudo-second-order model, implying that chemisorption
is responsible for the process. The adsorption data were analyzed and found to be in line
with the Langmuir isotherm model, indicating the monolayer adsorption.

Keywords: Langmuir monolayer, Fe-BTC, bionic mineralization, adsorption; methyl
orange.

3pocranna uvactunok Fe-BTC na momomapax Jlenrmiopa CreapuHOBOI KHCJIOTH Ta
agcopOuiiini BaacTuBocTi MeTuan opammky. Yuan-Sheng Ding, Fei Lu
JlenrmiopiBebki mMoHomapu creapuHoBol Kucaory (SA) BUKOPHUCTOBYBAIU K MATPULIIO
miA impykuiil sapomgskenusa ta pocery Mikpouactunork Fe-BTC. Hna mocnigKeHHS 4YacTUHOK
BUKopucToByBasu peuTrenorpaMu (XRD), indpadepBoHY CIEKTPOCKOIiI0 3 IepPEeTBOPEHHAM
@yp’e (FTIR), BET Ta mikpockomito. 3a BigcyrHocTi Marpuili uactuaku Fe-BTC memoHcTpy-
0TE 00’ eMmuy Mmopdoorio, Toxl ax Fe-BTC oxpyrsoil dopmu sapomiyeTbesi Ha MOHOIIapi
Jleurmiopa. Bymo BusiBmeno, mo marepian Fe-BTC mae uymosi azcopbiritini BracTuBocTi Ajs
opra’iysHoro GapBHUKA METHJIOBOI'O OPAHYKEBOTO Y BOJHUX DO3UNHAX, IOKA3YHUU SK BUCOKY
azicopOITifiny 3LaTHICTh, Tak i MBUAKicTb. Afcopbirifina agarmicts Fe-BTC mas merunoBoro
anmenbcura (MO) sanumanacs BUCOKOIO Ta cTabilbHOIO B IMUPOKOMY AiamasoHi sHaueHb pH
Big 2 mo 9. Agmcopbritina sgarmicts Fe-BTC gas MO omumcyeTbes MOTENNIIO IICEBIOLPYIOTO
HOPAJKY, 10 Hepeabadae IO 3a Ipollec BigmoBimae xemocopbirida. [HaHi amcop6riii 6ymu
mpoaHaizoBaHi Ta BUABUJIU, IO BOHU BiAmoBimaroTh Mogeni isorepmu JleHrmiopa, 1o
BKasye Ha MOHOIIIAPOBY ajcopdilizo.
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1. Introduction

Synthetic dyes are widely used in plastics, tex-
tiles, rubber, cosmetics, food processing, medi-
cine, and other industries that are the most cru-
cial water contamination sources [1, 2]. The dis-
charge of these colored dyes into the water can
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affect the photosynthesis of aquatic organ-
isms with mutagenic properties [3]. More-
over, these dyes can also cause harm to the
human central nervous system, reproductive sys-
tem, kidney, etc [4, 5]. Some species are even

carcinogenic [6]; therefore, the dye-containing

Functional materials, 30, 2, 2023
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Fig.1. Schematic diagram of the biomineralization experimental set-up.

Fig.2. SEM images of Fe-BTC grown (A) in aqueous solution, (B) on a Langmuir monolayer of

stearic acid, (C) Enlarge image of (b).

wastewater should be treated somewhat be-
fore being discharged.

Metal-organic frameworks (MOFs) refer
to coordination compounds [7] formed by
organic ligands and metal ions or metal
clusters through coordination bonds. MOFs
materials are characterized by a lot of
pores, large specific surface area, diverse
structures, and functional diversity. They
have been used in gas storage, catalysis,
chemical separation, and so on [8]. In recent
years, dye absorbents from MOFs have at-
tracted much attention [9]. Iron-based
MOFs are excellent absorbents because the
iron matrix is inexpensive. As one of the
few commercial MOFs materials, Fe-BTC is
at the focus of our research. Fe-BTC is a
1,3,5-Benzenetricarboxylic acid (H3BTC)
linker-based MOFs based on Fe(III) with
some degree of the missing ligand [10].
Amorphous Fe-BTC materials are usually
prepared by the sol-gel method, followed by
drying or annealing [11]. In this process,
the use of strong acids, high temperatures,
or the use of high-boiling organic solvents
is unavoidable. However, some research
groups have adopted the "room temperature
transformation”™ strategy to prepare Fe-BTC
in aqueous or ethanol solutions at room
temperature without the further post-proc-
essing [12, 13]. However, the morphology of
the materials formed at room temperature
is mostly irregular.
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The ability of biological systems to con-
trol inorganic crystal structure, phase, ori-
entation, and nanostructure morphology is
called biomineralization. Biomineralization
is considered as one of the biomimetic path-
ways to prepare nanostructured materials,
which has many advantages over other
solid-state and wet-chemical methods [14].
Professor Mann of Bristol University has
pointed out that biological minerals are usu-
ally synthesized on the surface of organic
templates such as the biomacromolecule
framework, lipid membranes or cell walls [15].
Langmuir monolayers have a semidiphos-
pholipid membrane structure, which is similar
to the structural morphology of biofilm. Many
inorganic and organic materials have been pre-
pared to use Langmuir monolayers as biomin-
eralization templates [16—17].

In this article, circular Fe-BTC particles
were well formed using biomineralization
simulation methods using a Langmuir SA
monolayer. The biomimetic mineralization
process was inspected by a metallography
microscope every hour. The adsorption
properties of methyl orange were studied,
and the effects of the initial concentration
of methyl orange, contact time, adsorbent
dosage and pH on the adsorption ability
were discussed. In addition, the isother-
mal adsorption and adsorption kinetics of
adsorbing methyl orange with Fe-BTC
were studied to understand its adsorption
mechanism.
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Fig.3. Metallographic images of Fe-BTC on an SA monolayer after growth for A-2h, B-4h, C-6h,
D-8h, E-9h, F-10h, G-11h, H-12h, I-12h, J-18h, K-14h, L-16h, M-18h, N-20h, 0-22h, P-24h).

2. Experimental

Chemicals.

Stearic acid, FeClz, and H3BTC were ob-
tained from Fluka Chemical Co. and used
without further purification. The chloro-
form and acetone were of A.R. grade and
were purchased from the Shanghai Chemical
Reagents Co.

Preparation of Fe-BTC particles.

Triple distilled deionized water (Ul-
trapure Millipore water, 18.2 M-Q) contain-
ing 10 mM FeCl; and 50 mM H3BTC is used
as a subphase. The 1073 mol chloroform SA
solution was spread on the subphase with a
microsampler. The Chloroform was allowed
to evaporate for at least 830 min before com-
pression was started. The Langmuir mono-
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layer was slowly compressed at 15 mNm™1
and maintained at that pressure during the
material growth. The crystals were aspi-
rated from the surface of the subphase
using a syringe after different mineraliza-
tion times. All the experiments were per-
formed at room temperature. The schematic
diagram of the biomineralization experi-
mental set-up is shown in Fig. 1.

Characterization.

X-ray diffraction (XRD) patterns were
recorded with a D/Max-RA X-ray diffrac-
tometer using CuKo radiation. The morphol-
ogy of obtained crystals was observed by a
JSM-5600 scanning electron microscope
(SEM) and a metallographic microscope. The

Functional materials, 30, 2, 2023
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Fig.4. Scheme of growth process of Fe-BTC particles with the induction of a SA Langmuir monolayer.

FTIR spectrum was measured by a Perkin
Elmer FTIR1600 spectrometer.

Adsorption experiments.

The adsorption ability of Fe-BTC for MO
was evaluated as follows: different amounts
of adsorbents were placed in 10 ml of
water, then a dye was added at a certain
concentration at room temperature. After
centrifugation and separation, the dye con-
centration in the supernatant was settled,
and the adsorption capacity (g,) was calcu-
lated according to Equation (1):

q,=(cog—¢,) - V/m, (1)

where cy is the starting concentration of
dye (mg/L); ¢, is the concentration of the
dye after some time adsorption (mg/L); V is
the volume of the dye (mL); m is the mass
of the adsorbent (mg). The adsorption time
was changed from 55 to 540 min, and the
curve of adsorption capacity with time was
measured when the 9 mg Fe-BTC was put in
10 mL MO solutions (25 mg/L). The pH of
the dye solution was adjusted from 2 to 12,
and the curve of adsorption capacity with
pH was measured, when the 9 mg Fe-BTC
was placed in 10 mL MO solutions
(25 mg/L). Cyclic adsorption of Fe-BTC was
also measured under the same conditions.

3. Results and discussion

Fig. 2A shows an example of Fe-BTC
particles grown from the neutral solution.
The sample morphology is irregular, and its
rough particle surface does not display an-
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gular particle morphology. In contrast, the
Fe-BTC particles induced by the SA tem-
plate (Fig. 2B) have a circular morphology,
indicating that the SA Langmuir monolayer
can well regulate the growth of Fe-BTC par-
ticles.

Fig. 3 shows the optical microscopic im-
ages of the particle morphology at different
mineralization times. At the initial stage of
mineralization, the morphology of the parti-
cle grains is rectangular, and the particles
are micrometer in size. With an increase in
the time of mineralization, the size of the
cuboid particles gradually decreased. After
16 hours, the cuboid particles disappeared,
and round particles appeared. From
18 hours, the rounded morphology becomes
the dominant morphology. The above ex-
perimental phenomena indicate that the
growing Fe-BTC particles undergo nuclea-
tion, dissolution, and recrystallization upon
induction of a Langmuir SA monolayer. The
scheme for the process is shown in Fig. 4.

Fig. 5 shows a FTIR spectrum of the ob-
tained Fe-BTC sample with a growth time of
24 hours. The absorption peak at 480 cm™!
is the stretching vibration peak of the FeO
octahedron. The peaks at 718, 760, and
1030 cm™! belong to the out-of-plane bend-
ing vibration of C—H on the benzene ring.
The absorption peak at 1109 em™! corre-
sponds to the stretching vibration of C-O
on the carboxyl group. The strong peak at
1380 cm™! corresponds to the overlap of the
Fe—OH vibration and COO~ stretching vi-
bration under the influence of coordinated
Fe in the structure [18]. The peak at
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Fig.5. FT-IR spectrum of obtained Fe-BTC
particles.
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Fig.7. N, adsorption-desorption isotherms of
obtained Fe-BTC particles.

1572 cm™! corresponds to the asymmetric
stretching vibration of -COO~, and the
stronger peak at 1630 cm™! corresponds to
C=0 on the triphenyl acid ligand. The ab-
sorption peak at 2927 cm™! is the stretch-
ing vibration peak of C—-H of the benzene
ring, and the absorption peak at 3418 cm™!
is the stretching vibration peak of H,O
molecule in MOFs and carboxyl-OH on the
ligand of triphenylacid [19]. The spectrum
shows that the structural composition of the
sample is similar to the spectrum of Fe-BTC
prepared in the previous studies.

The XRD pattern can generally reflect
the microstructure of porous materials. Un-
like MIL-100(Fe), the peak positions of Fe-
BTC are fuzzy and disordered (Fig. 6),
which indicates that the synthesized Fe-BTC
is an amorphous material with a low spatial
structure order. The experimental results
on Fe-BTC are consistent with the previous
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Fig.6. XRD pattern of obtained Fe-BTC parti-
cles.
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Fig. 8. Effect of the amount of Fe-BTC on
MO dye adsorption percentage.

literature reports [20]: the XRD pattern
shows that Fe-BTC has a spatially distorted
structure of MIL-100(Fe) to a certain extent.

In Fig. 7, the nitrogen adsorption-
desorption isotherm of Fe-BTC at 77 K is
shown. This isotherm is a typical type 1
isotherm, and a sharp increase at a rela-
tively low pressure indicates that the Fe-
BTC particles have a microporous structure
with a pore size of 2.28 nm. The micropore
volume of Fe-BTC particles is approxi-
mately 0.50 cm3/g, and the BET specific
surface area is 878.3 m?/g.

From Fig. 8, it can be seen that the
amount of Fe-BTC has a significant effect
on the adsorption efficiency of methyl or-
ange in the solution. The Fe-BTC dosage
affects the adsorption efficiency of methyl
orange in solution, under the condition of a
fixed initial mass concentration of methyl
orange and adsorption time. With the

Functional materials, 30, 2, 2023
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Fig. 9. Adsorption amounts in methyl orange
solutions of different mass concentrations.

amount of Fe-BTC equal to 1 mg, the num-
ber of adsorption centers existing on the
surface is not enough to carry out complete
adsorption separation of adsorbed dyes in
solution, and the adsorption efficiency is
only 53.06 % . With an increase in the dos-
age of adsorbent, MO in the solution can be
largely adsorbed and removed; and at a dos-
age of 9 mg Fe-BTC, the adsorption rate of
MO reaches 92.06 %. After that, the ad-
sorption rate of the adsorbent was stable. It
indicates that the dosage of 9 mg can pro-
vide complete adsorption and removal of
ions from solution under current experi-
mental conditions. However, the ion adsorp-
tion and separation efficiency cannot
achieve 100 % due to a phenomenon of MO
molecular desorption from the surface of
Fe-BTC in the course of the adsorption
process. Consequently, we choose the dose
of 9 mg as the optimal parameter.

The equilibrium adsorption capacity @,
(mg/g) of prepared Fe-BTC with respect to
methyl orange solutions with different in-
itial mass concentrations of 10, 25, 40, 60,
80 and 100 mg/L for 24 h was investigated
(Fig. 9). It can be seen from Fig. 9 that the
equilibrium adsorption capacity to methyl
orange increases with an increase in the
mass concentration of methyl orange, and
the slope of the curve is larger when the
mass concentration of methyl orange is low.
The slope gradually decreases, indicating
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Fig. 10. Adsorption isotherms of MO dye on
the Fe-BTC particles.

that the adsorption gradually reaches satu-
ration.

The adsorption of methyl orange in dif-
ferent mass concentrations was analyzed
using two isotherm adsorption models:
Langmuir model and Freundlich model. The
Langmuir model gives the highest correla-
tion coefficient, as shown in Table 1 and
Fig. 10. This suggests that the adsorption
of methyl orange on Fe-BTC occurs in the
form of a monolayer, as assumed by the
model. The separation factor R; is used to
determine if the adsorbent has preferential
or non-preferential dye adsorption. It is ex-
pressed as: R; =1/(1 + K;-Cy). The calcu-
lated R; falls between 0 and 1, indicating
that the adsorption of dye methyl orange on
Fe-BTC is feasible.

We also examined the effect of the con-
tact time on the adsorption process of
methyl orange by Fe-BTC at different tem-
peratures under the condition of pH 7.0 in
the solution system. As can be seen from
Fig. 11, as the reaction time increased, ad-
sorption increased first rapidly and then
slowly. When the contact time reached
150 min, the adsorption of methyl orange
on Fe-BTC basically reached equilibrium. At
the beginning of the reaction, there are a
great number of adsorption sites on the sur-
face of the adsorbent material, which can
react with the methyl orange in the solu-
tion, so that methyl orange is adsorbed

Table 1. Isotherm model constants for adsorption of MO dye on the Fe-BTC particles

Langmuir model

Freundlich model

@y Mg g1 K;, Lmg! R?

K n R?

0.018 0.1809 0.9966

20.2136 2.501 0.9293

Functional materials, 30, 2, 2023
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Fig. 11. Contact time on adsorption percent-
age of MO dye on the Fe-BTC particles.

quickly. With the progress of the reaction,
the adsorption sites on the surface of the
adsorbent material are occupied by methyl
orange, and MO loaded into adsorption sites
prevents diffusion of MOs to the adsorbent
in solution, so the adsorption process
reaches equilibrium.

The results of fitting the adsorption
kinetic curves are shown in Fig. 12 and Table
2. Combined with the fitting-related pa-
rameters in Table 2, the equilibrium adsorp-
tion capacity gcal obtained using the quasi-
first-order kinetic model is far different
from the experimental equilibrium adsorp-
tion capacity qe. The equilibrium adsorption
amount obtained by the quasi-second-order
kinetic model is close to the ge, and the linear
correlation coefficient R2 is close to 1. Thus,
in the process of MO adsorption on the Fe-
BTC conforms, the chemical interaction pre-
dominates [21].

Fig. 18 shows the effect of pH value on
the adsorption of methyl orange. It can be
seen that below pH 9, the amount of ad-
sorbed methyl orange material does not
change much. When the pH value is higher
than 9, the adsorption ratio is greatly re-
duced due to the destruction of the Fe-BTC
structures under highly alkaline conditions.
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Fig. 12. Adsorption kinetics, quasi-first-

order and quasi-second-order kinetic models.
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Fig. 13. Effect of the pH on adsorption per-
centage of MO dye on the Fe-BTC particles.

The pH value of most aqueous media is
typically below 9, so for most wastewater
treatment processes, the use of Fe-BTC can
provide a better methyl orange adsorption
effect without changing the pH value of the
system. Therefore, compared with other ad-
sorption materials, Fe-BTC has a great ad-
vantage in the application of methyl orange
adsorption. The surface of the Fe-BTC ad-
sorption material is positively charged when

Table 2. Kinetic parameters of kinetic models for adsorption of MO dye on the Fe-BTC particles

c, mg/g Doxp? mg/g Quasi-first-order kinetic model Quasi-second-order kinetic model
h’l(min) Qeal R2 1 h’2 1 Qeal R2
(g mg min")
9 37.04 0.018 5.8 0.985 0.001 39.05 0.995
288 Functional materials, 30, 2, 2023
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Fig. 14. Adsorption percentage of MO dye on
the Fe-BTC particles with various numbers of
cycles.

the pH is lower than 9 [22], while methyl
orange is an acidic dye containing a sulfon-
ate anion (-SOzNa), whose dissociation con-
stant py, is 3.4. When the pH value of the
solution is greater than its dissociation con-
stant, methyl orange mainly exists in the
form of an anion (MO-) [22]. Hence, when
the pH is between 3.4 and 9, there is a
strong electrostatic interaction between MO
and Fe-BTC. When the pH is below 3.5, the
n-7 stacking interaction between the ben-
zene rings and hydrogen in the MOF or-
ganic linker and the MO molecule, which
determines the adsorption ratio, is still at a
high level.

The results of the reusability tests in
Fig. 14 show, that the adsorption amount of
Fe-BTC gradually decreases as the adsorp-
tion time increases. After 5 cycles, the rate
of Fe-BTC to absorb methyl orange dropped
to 30.64 %. The reason may be that the
chemical desorption process is not accom-
plished enough; as a result, some dye mole-
cules remain in the Fe-BTC pore structure,
reducing the specific surface area and the
number of adsorption sites of Fe-BTC in the
cyclic adsorption, which will in turn reduce
the adsorption effect of Fe-BTC on the
methyl orange.

4. Conclusion

Circular Fe-BTC particles were nucleated
on a Langmuir SA monolayer by simple
simulated biomineralization methods at
room temperature. The microscopy results
show that the growth of Fe-BTC occurs by
the nucleation-dissolution-recrystallization
mechanism under the action of the Lang-

Functional materials, 30, 2, 2023

muir SA monolayer. Fe-BTC prepared by
the method can effectively remove methyl
orange in a large pH range. The adsorption
of methyl orange by Fe-BTC is in good
agreement with both the quasi-second order
adsorption kinetic model and the Langmuir
isotherm model. The results show that the
process of methyl orange adsorption by the
Fe-BTC adsorbent belongs to monolayer ad-
sorption, chemisorption prevails in the ad-
sorption process.
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