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Abstract: Metal-organic frameworks (MOFs) featuring porous structures and large specific surface
areas have shown great potential in removing organic pollutants from wastewater via adsorption
processes. Although the particle size of MOFs determines the adsorption performance (something
known as the size-dependent effect), engineering it into desirable dimensions for enhancing the
adsorption performance is a great challenge. Here, we develop a practical and facile approach to
regulate the particle size of copper benzene-1,3,5-tricarboxylate (Cu-BTC) adsorbents with high
tunability by screening the functional modulator of various surfactants adding in hydrothermal
synthesis procedure. The effect of surfactant type and concentration on the particle size of Cu-BTC
was systematically investigated. The results show that the nonionic surfactant polyvinylpyrrolidone
(PVP) demonstrated the greatest ability to control the particle size of Cu-BTC among other counter-
parts (e.g., N, N, N-trimethyl-1-dodecanaminium bromide (DTAB), polyethylene glycol (PEG1000),
sodium dodecyl sulfate (SDS), sodium dodecyl benzene sulfonate (SDBS) and hexadecyl trimethyl
ammonium bromide (CTAB)). By increasing the PVP concentration to 0.14 mmol L™}, the average
particle size of Cu-BTC could be correspondingly reduced by more than ten times, reaching to a
comparative smaller value of 2.4 um as compared with the reported counterparts. In addition, the
PVP allowed a large increase of the surface area of Cu-BTC according to porosity analysis, resulting
in a great enhancement of methylene blue (MB) adsorption. The PVP-modulated Cu-BTC showed
fast adsorption kinetics for MB removal accompanied with a maximum adsorption capacity of
169.2 mg g~ !, which was considerably competitive with most of the analogs reported. Therefore, our
study may inspire concepts for engineering the particle size of Cu-BTCs with improved properties
for more practical applications.

Keywords: Cu-BTC; particle size; adsorption; surfactant; modulator

1. Introduction

The continuous growth of the textile industry produces a lot of wastewater commonly
discharged from dyeing and printing processes. Toxic and refractory components, such as
dyes, auxiliaries, and by-products in the textile wastewater pose significant risks to human
health and the environment unless suitable treatments are implemented. In particular,
methylene blue (MB), one of the most typical dyes, not only deteriorates water quality, but
also has a significant impact on human health due to its toxic, carcinogenic, mutagenic
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or teratogenic effects [1]. Recently, adsorption [2], membrane separation [3], advanced
oxidation [4], and electrochemical process [5,6] have been well-developed and improved to
purify dye pollutants. In particular, adsorption is widely used for wastewater treatment
because of its low-cost, easy operation and mature facility [7-9]. However, one of the key
components—adsorbent material, such as activated carbon [1], zeolite [10], and cellulose
derivative [11]—that determines the overall treatment efficiency commonly fails to extract
aqueous pollutants in an effective way and thus requires further improvement to largely
optimize the balance between operating costs and performance [12]. To this end, developing
advanced functional adsorbents with high adsorption performance is highly desired.

Metal-organic frameworks (MOFs) are a new type of inorganic—organic hybrid three-
dimensional porous material constructed by metal ions/clusters and organic ligands. Most
MOFs have been attracting extensive attention in adsorption usage due to their highly
specific surface area, rich pore structure and adjustable physicochemical structure. Among
the often reported MOFs, copper benzene-1,3,5-tricarboxylate (Cu-BTC) is a very represen-
tative compound for versatile applications, including high-efficiency adsorptive removal of
aqueous pollutants, due to its easy preparation and low cost [1,13-16]. Specifically, Cu-BTC
has a unique double connected network with main and secondary channel diameters of
0.9 and 0.5 nm [17-19], respectively. The cavity formed along the channel connection may
function as useful space for the capture and storage of guests (e.g., dyes, metals and gas).
Note that the structure part of Cu-BTC serving as active sites for adsorbing distinct guests
is usually different and recognized in a different mechanistic manner.

There are many approaches developed for Cu-BTC preparation, such as hydrother-
mal synthesis [20], ultrasonic [21], microwave [22], freeze-drying [23] and electrochemical
methods [24]. Among these, hydrothermal synthesis is one of the most widely used meth-
ods because of its simple reaction condition, high yield and good crystalline properties.
Typically, Cu-BTC crystalline particles prepared by hydrothermal method are often not
smaller than 20 um [25,26], resulting in a relative lower accessible surface area and prob-
ably poor adsorption capacity toward organic dyes. However, scarce studies has been
focused on the regulation of Cu-BTC’s particle size during hydrothermal synthesis, which
majorly controls accessible surface area and thus governs the adsorption performance via
optimization of the mass transfer kinetics. In the case of targeting larger guest molecules
than the porous diameter of Cu-TBC, the outer surface is more conducive to accommodate
the pollutants because of the mismatching size effect. Consequently, well-shaped Cu-BTC
featuring a smaller particle size is expected to enhance the adsorption performance for
organic dye removal as more outer surface is potentially exposed to the guest molecules for
attachment [27,28]. Unfortunately, little is known and reported about facile and practical
methods on engineering the particle size of Cu-BTC for dye adsorption enhancement.

This study was inspired by the modulation function of surfactants on the size regula-
tion of metal oxides crystals [29,30]. Up to now, the main strategy of morphology control
was based on a coordination modulation regime, in which different additives such as surfac-
tants are used to adjust crystal growth by influencing coordination balance [31]. Pan et al.,
proved that the existence of cationic surfactant switched the morphology of ZIF-8 MOFs,
from truncated cube to rhombic dodecahedron [32]. Herein, we have, for the first time,
evaluated the modulation efficiency of various anionic, cationic and nonionic surfactants
featuring molecular structure diversities for engineering Cu-BTC’s particle size by adding
them into hydrothermal precursor solutions. The differences of chemical structure between
surfactant-modulated Cu-BTC and the pristine analog were elucidated by the X-ray diffrac-
tion (XRD), scanning electron microscope (SEM), X-ray photoelectron spectroscopy (XPS),
Fourier transform infrared spectroscopy (FTIR) and Brunauer-Emmett-Teller (BET). As a
concept of proof, the dye adsorption performance of Cu-BTC with optimized size enabled
by the screened surfactant was systematically investigated and discussed in terms of kinet-
ics and stability. Our work may provide a facile and practical approach for the modulation
of Cu-BTC with a highly improved adsorption capacity toward organic pollutants.
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2. Experimental and Characterization
2.1. Materials

Copper nitrate trihydrate (Cu(NO3),-3Hy0, 99%), 1,3,5-benzenetricarboxylic acid
(H3BTC, 98%), dodecyl trimethyl ammonium bromide (DTAB, 99%), polyethylene glycol-
1000 (PEG1000, AR) and polyvinylpyrrolidone (PVP, AR) were all purchased from Aladdin
Industrial Co., Ltd., Shanghai, China. Ethanol was obtained from Hangzhou Gaojing Fine
Chemical Co. Ltd., Hangzhou, China. Sodium dodecyl sulfate (SDS, AR) and sodium
dodecyl benzene sulfonate (SDBS, AR) were received from Comio chemical reagents Co.,
Ltd., China. Hexadecyl trimethyl ammonium bromide (CTAB, AR) was supported by
Tianjin Dongli Tianda Chemical Reagents Factory, Tianjin, China. Methylene blue (MB,
82%) was obtained from Shanghai Zhanyun Chemical Co., Ltd., Shanghai, China. The
reagents were used as received without further purification. Deionized water was used for
all the experiments if necessary.

2.2. Preparation of Surfactant-Modulated Cu-BTC and Pristine Cu-BTC

Firstly, 0.831 g (ca. 3.4 mmol) of Cu(NO3),-3H0 and 0.399 g (1.8 mmol) of trimesic
acid were dissolved in 18 mL deionized water and 18 mL of ethanol to form solution
A and B, respectively. The concentration range was set according to the critical micelle
concentration (CMC) of surfactants. The solution A and B were mixed before adding a
certain amount of surfactant (e.g., DTAB, PEG1000, SDS, SDBS, CTAB and PVP). After
stirring for 30 min, the resulting solution was transferred into an autoclave and maintained
at 393 K for 12 h to complete the hydrothermal reaction. A blue precipitate was obtained
and subjected to a thorough and successive centrifugation and by washing with a mixture
of ethanol and deionized water (v:v = 1:1) three times. Finally, the surfactant-modulated
Cu-BTC was obtained after drying the precipitate in the vacuum at a temperature of 333 K
for 12 h. The resultant surfactant-modulated Cu-BTCs were referred as D-Cu-BTC, P-Cu-
BTC, S1-Cu-BTC, S2-Cu-BTC, C-Cu-BTC, and PV-Cu-BTC when using DTAB, PEG1000,
SDS, SDBS, CTAB and PVP as the modulator, respectively. By comparison, the pristine
Cu-BTC was fabricated using the identical processes above excluding surfactant addition.

2.3. Characterization

The morphology and particle size of the prepared samples were evaluated by scanning
electron microscopy (SEM, Phenom Pro, Shanghai, China). The particle size distribution of
Cu-BTC particles was measured by Mastersizer 2000 particle size analyzer (Malvern, UK),
and the particle size was analyzed by the spatial distribution (scattering spectrum) of the
scattered light of the particle. The crystal structure of the prepared samples were analyzed
by X-ray diffraction (XRD, Thermo ARL X'TRA, Waltham, MA, USA). Fourier transform in-
frared spectroscopy (FI-IR, Vertex70 Bruker, Karlsruhe, Germany) was employed to unravel
the chemical structure and functional groups of surfactant-modulated Cu-BTC. A Thermo
K-Alpha X-ray photoelectron spectroscopy (XPS) was applied to investigate the chemical
composition and electronic structure of samples using Al-Ko (hv = 1486.71 eV) as a radia-
tion source. As for N; adsorption—desorption measurement, the samples were first out-
gassed at 393 K for more than 12 h prior to the measurement. Specific surface area and total
pore volume were calculated by the Brunauer—Emmett—Teller (BET) method. The pore size
distribution was extracted from the desorption curve using the Barrett—Joyner—Halenda
(BJH) method. The zeta-potentials (pH) of the Cu-BTC suspension with different pH
values were analyzed using Malvern Nano-ZS90 NanoSizer.

2.4. Adsorption Experiments

For MB adsorption tests, 50 mg of adsorbent was immersed into 50 mL of 20 mg L~!
dye solution. The initial pH of MB solution was adjusted by 0.1 mol L~! HCI and
0.1 mol L~ NaOH. The conical flask was placed in a digital thermostatic oscillator under
a stirring rate of 200 rpm for 4 h to complete the adsorption process. Subsequently, the
filtrate was collected for further analysis after separation through a filter with a pore size
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of 0.22 um. All experiments were performed in triplicate, and the average values were
determined and shown in the figures or tables. The concentration of MB in the adsorption
suspension was evaluated by measuring the absorbance at a wavelength of 665 nm. The
corresponding removal rate and adsorption capacity of MB were calculated according to
Equations (1) and (2), respectively.

R = (COC_OC‘Z) % 100 1)
fo — (Co —I(Ijle) xV ?)

where Cy (mg L) and C, (mg L™!) are the initial and final concentration of the solution,
V (L) is the volume of MB solution, and m (g) is the mass of adsorbent. To investigate
the adsorption kinetics, water samples were taken from the adsorption stock at constant
time intervals during 0 to 720 min for analysis. The adsorption isotherm experiments were
performed using seven different initial MB concentrations (10-800 mg L~!). The effect of
pH values on the adsorption of MB by Cu-BTC was also evaluated at pH values of 4.0, 5.0,
6.0,7.0,8.0,9.0,10.0, and 11.0.

3. Results and Discussion
3.1. Modulation Ability of Surfactants on the Particle Size of Cu-BTC

It was preliminarily observed that the surfactant is capable of reducing MOFs’ particle
size as it can mediate the crystal growth of MOFs in previously reports. Unfortunately, the
modulation ability of surfactants with diverse structures is still unknown. As a concept of
proof, we first investigated the efficiency of anionic, cationic and nonionic surfactants in
modulating the particle size of Cu-BTC. To this end, two anionic surfactants (i.e., SDS and
SDBS), cationic surfactants (i.e., DTAB and CTAB), and nonionic surfactants (i.e., PEG1000
and PVP) were selected for Cu-BTC preparations due to their totally different structures
and commercial accessibility in Table 1. The effect of surfactants on the particle size of
Cu-BTC are illustrated in Figure 1.

Table 1. Chemical structure and normalized cost of different surfactants.

* Cost (RMB ton—1

Surfactant Formula Molecular Weight Structural Diagram AParticle Size—1)
SDS C1,H,550,Na 288.38 PR ¢ 44
SDBS C18H29Na035 348.476 . O/\\S\\/OW\ 0.9
B \ NN
DTAB C;5H34NBr 308.34 X 7
CTAB CioHyBrN 364.46 >k 28
o
PEG-1000 H(OCH,CH,),OH 1000 H/{/ \/\]\OH 3.9
n

(CsHoNO)n 10,000 *T\/} 02
H
H n

* Cost refers to particle size reduction normalized cost at the maximum efficiency.
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Figure 1. Effect of surfactants on the particle size of Cu-BTC: (a) DTAB; (b) SDS, SDBS, and PEG-100;
(c) CTAB and PVP. (d) Concentration normalized particle size reduction of Cu-BTC using involved
surfactants. Note that particle size modulation efficiency refers to the concentration normalized
particle size reduction.

It can be seen from Figure 1a that the particle size of D-Cu-BTC is largely decreased
from 18.4 to 9.8 pm as DTAB concentration increases from 0 to 20 mmol L~1. When further
increasing the concentration to 40 mmol L™}, the particle size of D-Cu-BTC is found to be
relatively steady rather than obviously decreasing. As for the effect of CTAB, it follows the
same variation trend of particle size as DTAB, accompanied with a minimum C-Cu-BTC size
of ca. 9.3 um after adding more than 0.3 mmol L~! of CTAB in the hydrothermal synthesis
formula. Remarkably, an inverted volcanic curve is observed for anionic surfactant SDS,
whose function of modulation maximizes at the concentration of 3.0 mmol L~! with a
resulting particle size of 6.6 um. Meanwhile, another anionic surfactant SDBS exhibits
an efficient performance in decreasing Cu-BTC’s particle size (from 18.4 to 3.7 um) over
concentration ranges of 0~3.0 mmol L~!. Similar changes in particle size of P-Cu-BTC are
detected with the increasing addition of PEG1000. Although PEG1000 only reduces the
particle size of Cu-BTC to 7.5 pum, the same analog surfactant PVP outperforms all the others
in terms of the ability to reduce the particle size to a smallest level (ca. 2.4 um). In addition,
the concentration normalized particle size reduction of Cu-BTC using these surfactants
(Figure 1d) suggests that the PVP also gives the highest modulation efficiency by using
comparatively low concentrations among other five candidates. For instance, to fabricate
the surfactant modulated Cu-BTC with a particle size of ca. 7.0 um, about 3.0 mmol L~!
of SDS, 3.5 mmol L~! of PEG1000, 2.5 mmol L~! of SDBS or only 0.2 mmol L' of PVP
addition is sufficient for preparation while the remaining candidates are totally invalid for
reducing size to a value as small as ca. 7.0 pm.

In short, the PVP is found to have the best ability to modulate the particle size of
Cu-BTC among applied surfactants. In particular, the poorest modulation ability of cationic
surfactants DTAB and CTAB on the particle size of Cu-BTC could be ascribed into their
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relatively lower dispersity in the aqueous solution. On the other hand, in the case of
the same type of surfactant, it can be found that the surfactant having relatively bigger
molecular weight (e.g., SDBS, PVP) is more reactive than those with smaller molecular
weight (e.g., SDS, PEG1000) in controlling the particle size of Cu-BTC. This may be because
the larger molecular weight along with longer molecular chain allows for the effective
retardation of the growth of crystals via the space hindrance effect. In addition, as a
polymeric surfactant and dispersant, PVP also contains a large amount of nitrogen atoms,
whose lone pair electrons are expected to interact with copper atoms terminated in the
crystals. By screening the types of surfactants as well as their usages, we could easily tailor
the particle size of Cu-BTC from 18.4 to 2.4 um with the addition of 0.02 to 0.14 mmol L~!
PVP. Finally, the P-Cu-BTC with a particle size of 2.4 um was selected in particular to
investigate the structural difference and dye adsorption enhancement below.

3.2. Structural Analysis of Surfactant Modulated and Pristine Cu-BTC

Figure 2 shows the SEM images of pristine Cu-BTC and PV-Cu-BTC. It can be clearly
seen that both PV-Cu-BTC and pristine Cu-BTC demonstrate a regular octahedron, which
matches well with previous reports [33,34]. However, an average particle size of ca. 2.4 um
is observed in PV-Cu-BTC’s SEM image while pristine Cu-BTC is highlighted with a much
larger dimension (ca. 20 um). This indicates that PVP is practical and useful to mediate the
crystal growth stage rather than nucleation process for smaller Cu-BTC particle preparation.
In the hydrothermal system of crystallization, growing facets of Cu-BTC particles formed in
the solution would be blocked by the fast interaction with both the hydrophobic long-chain
alkyl group and the hydrophilic N moieties within PVP macromolecules. Once the PVP
macromolecule is adsorbed onto the specific facet, it undergoes self-entanglement to create
a steric hindrance effect, which may determine its capability to reduce the growth rate of
Cu-BTC crystals and terminate them with similar shape but much smaller particle size.

Figure 2. SEM images of pristine Cu-BTC (a) and PV-Cu-BTC (b).

To further investigate the influence of PVP on the molecular structure of Cu-BTC, the
FT-IR spectra of PV-Cu-BTC and pristine Cu-BTC were recorded, as shown in Figure 3. The
detected peak at 3419 cm ! could be assigned to the hydroxyl (H-O) stretching vibration in
carboxyl (-COOH), which is the functional organic linker to construct the sketch of Cu-BTC.
The characteristic peaks belonging to the asymmetric and symmetric stretching vibration
peaks of carboxyl were also observed at 1641 and 1444 cm ™!, respectively. In addition, the
peak at 1373 cm ™! was assigned to the C-O bond stretching vibration while the peak at
730 cm~! was the fingerprint band of the C-H in benzene rings. Comparing with the FT-IR
spectrum of pristine Cu-BTC, little difference could be found in the case of PV-Cu-BTC,
suggesting almost no chemical structural changes of Cu-BTC with PVP modulation.
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Figure 3. FT-IR spectra of pristine Cu-BTC and PV-Cu-BTC.

The specific surface area largely determined by the particle size of Cu-BTC is one
of the most important key factors for pollutant adsorption performance. To this end, we
measured the N, adsorption-desorption isotherms of prepared Cu-BTC with and without
PVP modulation. As illustrated in Figure 4a, type-IV N, adsorption—-desorption isotherms
containing H3 loops are clearly found, suggesting the mesoporous structure of both PV-
Cu-BTC and pristine Cu-BTC. Moreover, it can be also observed that N; uptake increases
rapidly when the relative pressure is lower than 0.1. The maximum N, uptake for PV-Cu-
BTC is much greater than that of pristine Cu-BTC. This observation highlights the larger
specific surface area of PV-Cu-BTC over its counterpart. To quantitatively compare their
microstructure diversities, the pore texture parameters of pristine Cu-BTC and PV-Cu-BTC
were calculated, as shown in Table 2. After the modulation of PVP, the specific surface area
of Cu-BTC could be increased to 1093.8 m? g~!, which is ca. 2.6 times that of the pristine
one (424.6 m? gfl). The average pore size is reduced from 2.71 to 2.38 nm while similar pore
size distribution is recognized in Figure 4b. In particular, PV-Cu-BTC possesses a larger
pore volume as compared to the pristine Cu-BTC. This result manifests that PV-Cu-BTC
may have more adsorption sites than Cu-BTC for enhancing the pollutant removal capacity.
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Figure 4. (a) N, adsorption-desorption isotherms and (b) pore size distribution curve of pristine
Cu-BTC and PV-Cu-BTC.

Although PV-Cu-BTC exhibits a typical octahedral morphology of Cu-BTC, indicating
successful formation of Cu-BTC, it is also necessary to determine the crystal structure of
PV-Cu-BTC by using XRD technique. The XRD patterns of pristine Cu-BTC and PV-Cu-BTC
are shown in Figure 5a. It is observed that both PV-Cu-BTC and pristine Cu-BTC samples
appear to have similar characteristics in their diffraction peaks of the XRD patterns as the
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previous report, in which the peaks at the 20 of 6.6°,9.4°, 11.52°, 13.34°, 18.96°, and 25.9°
are assigned to (200), (220), (222), (400), (440), and (731) facets, respectively. Moreover, the
diffraction peaks detected in these two XRD patterns are sharp and the corresponding
half peak width is quite narrow. This indicates that a high crystallinity of PV-Cu-BTC
is remained after the introduction of PVP modulator. The results show that PVP has no
effect on the crystal structure of Cu-BTC so that the relevant crystal-dependent applications
would be well preserved.

Table 2. Texture structure parameters of pristine Cu-BTC and PV-Cu-BTC.

Sample Sger (m? g Average Pore Size (nm)
pristine Cu-BTC 424.597 2.713
PV-Cu-BTC 1093.764 2.381
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Figure 5. XRD patterns of Cu-BTC (a), survey XPS (b), Cu 2p XPS of pristine Cu-BTC (c) and Cu 2p
XPS of PV-Cu-BTC (d).

To further elucidate the elemental composition and electronic structures of pristine Cu-
BTC and PV-Cu-BTC, the XPS spectra were collected and analyzed. As shown in Figure 5b,
it can be clearly observed that there are four main peaks located at 285.1, 532.1, 934.1, and
954.1 eV in the XPS survey spectra of pristine Cu-BTC and PV-Cu-BTC, corresponding to
C1s,01s,Cu2p3/2, and Cu 2pl/2, respectively [35]. In particular, the newly generated
peak at 399.1 eV could be attributed to the nitrogen element, which suggests the presence
of trace PVP and in turns verifies the modulation function of PVP on the particle size of
Cu-TBC. Figure 5¢,d display the high-resolution Cu 2p XPS spectra of Cu-BTC with and
without PVP modulation. The Cu 2p XPS spectra of as-synthesized catalysts are depicted
around the range from 925 to 969 eV. The peaks locating at binding energies of 934.1 and
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953.9 eV are assigned to Cu 2p3/2 and Cu 2p1/2, respectively. Meanwhile, the well-known
“shake-up satellite bands” (at the 936-947 and 961-965 eV regions) are clearly observed,
which is indicative of the paramagnetic chemical state of Cu(II) [36]. However, in the case of
PV-Cu-BTC, the bind energy of Cu 2p3/2 shifts from 934.1 to 933.9 eV and the intensity of
shake-up satellite bands is also decreased slightly. These results indicate that the interaction
of Cu(Il) centers and N elements in PVP

3.3. Enhanced Adsorption Performance of PV-Cu-BTC

As previous reports have demonstrated that the adsorption performance is highly
related to particle size and the specific surface area of MOFs, we first evaluated and
compared the MB adsorption capacity of Cu-BTC with and without PVP modulation.
As illustrated in Figure 6a, the maximum MB adsorption capacity of PVP-Cu-BTC is ca.
147.6 mg L~! while the pristine Cu-BTC could only uptake 96.7 mg L' of MB adsorbent.
This observation is well in agreement with the results of previous studies [37], greatly
supporting the idea of enhancing the adsorption performance by particle size reduction.
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Figure 6. (a) MB adsorption capacity of pristine Cu-BTC and PV-Cu-BTC (Cy = 500 mg L™!, m = 20 mg,
V=20mL, pH =8, T=298K, and t = 4 h); (b) Effect of contact time on the adsorption of MB with PV-Cu-
BTC (Cyp=20mg L1, m=150 mg, V=150mL, pH =8, T =298 K, and t = 12 h); (c) pseudo-first-order
and (d) pseudo-second-order model fitting curves of MB adsorption onto PV-Cu-BTC.

To further understand the enhanced adsorption performance, adsorption kinetics and
isotherms of MB onto PV-Cu-BTC were investigated and elucidated. The effect of contact
time on the MB adsorption capacity of PV-Cu-BTC is depicted in Figure 6b. On the one
hand, the adsorbed amount of MB rapidly increased to a steady point at the first 60 min.
On the other hand, the MB adsorption process was subjected to a balance at 240 min,
when the equilibrium adsorption capacity of MB reached to 13.1 mg g~ !. In the first stage
of adsorption, the electrostatic effect might be attributed to the rapid adsorption of MB
by overcoming the diffusion resistance. In the second stage, as more sorption sites were
invaded and steric hindrance increased, the more sorption rate was delayed [38,39]. The
experimental adsorption data were fitted using the pseudo-first-order model and pseudo-
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second-order model to investigate the kinetics insights of MB adsorption on the PV-Cu-BTC
according to Equations (3) and (4):

In(g. — g¢) = Inge — kqt (3)
t 1 1
= 4
q gika ge @

where k; (min~!) and k, (g mg’1 min~!) are the kinetic adsorption rate constants of
the pseudo-first and second-order models, respectively; g, (mg g~ ') and g; (mg g~ ') are
the adsorption capacity of MB onto PV-Cu-BTC at the equilibrium given interval time
t (min), respectively. The kinetic parameters and correlation coefficients (R?) for each
model are summarized in Table 3. The relatively lower R? value in the case of fitting
by pseudo-first-order model and the significant difference between the calculated and
experimental adsorption capacity suggested that the pseudo-first-order model (Figure 6c)
failed to describe well the MB adsorption process onto PV-Cu-BTC. Whereas, due to the
higher R? value (0.9991) in the case of fitting by pseudo-second-order model and the
similar adsorption capacity between experimental and fitting result, the MB adsorption
process onto PV-Cu-BTC obeyed the pseudo-second-order model (Figure 6d). This indicates
that chemisorption is a rate-limiting step in the MB adsorption by PV-Cu-BTC, which is
consistent with previous results.

Table 3. Adsorption kinetic parameters for fitting results applying pseudo-first-order and pseudo-
second-order models.

Pseudo-First-Order Model Pseudo-Second-Order Model
Adsorbent
k1 (min—1) ge (mg g=1) R? k; (gmg—1min—1) ge (mg g—1) R?
PV-Cu-BTC 8.9209 12.7 0.6247 0.0733 13.1 0.9991

Since adsorption isotherms are considered a useful tool to describe the relationship
between the adsorbate and adsorbent, the Langmuir and Freundlich isotherm models were
applied to demonstrate the MB adsorption process according to Equations (5) and (6):

o K19 Ce
e ©
ge = K;Cl ©)

where K; (L mg™1), g (mg g~ 1), Ky (mgl1-f Lf g~ 1) and f indicate the Langmuir adsorption
constant, the maximum theoretical adsorption capacity, the Freundlich equilibrium constant
and exponent, respectively. The isotherm parameters and correlation coefficients (R2) for
each model are summarized in Table 4. As shown in Figure 7, the adsorbed amount
reaches a plateau at a higher equilibrium solution concentration. The highest adsorption
capacity for MB arrives at 169.2 mg g~!. Based on the fitting result, all the R2 values from
the Freundlich models of MB were much greater than those of the Langmuir isotherm
models. This indicates that the Freundlich isotherm model is found to have a greater
ability to fit the experimental data than the Langmuir isotherm model, demonstrating a
multilayer adsorption of MB on the surface of PV-Cu-BTC [21,40]. In addition, the fitting
result shows that the adsorption of MB on PV-Cu-BTC was greatly driven by both physical
and chemical processes. The relatively larger specific surface area of PV-Cu-BTC could
provide more accessible active adsorption sites for MB molecule captures in water. Once
the active adsorption sites are fully occupied, the adsorption capacity of MB reaches the
equilibrium stage with a saturation amount [41]. More importantly, the effect of other
MOFs on MB removal was compared through literature data, as shown in Table 5. These
results demonstrate that PV-Cu-BTC could be a promising adsorbent for removing dye
from wastewater.
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Table 4. Obtained key parameters from fitting results using pseudo-first-order and pseudo-second-
order models.

Langmuir Freundlich
Temperature (K)
K; (Lmg™1) gm (mg g~1) R2 f K¢ (g mg~1 min~1) R2
298 0.0206 169.2 0.9228 0.3522 17.9535 0.9832
200
>
150 - o
'_‘A
I =1y
B 100 @
E |
c:‘ L g
O
0 ’? 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800
. -1
C, (mgL™)

Figure 7. MB Adsorption isotherms fitted by Langmuir model (dashed line) and Freundlich model
(solid line).

Table 5. Comparison of adsorption performance of PV-Cu-BTC toward MB removal over other
reported MOFs counterparts.

Adsorbents Adsorption Capacity (mg g—1) Reference
[BMIM][PF6]/MIL-53 204.9 [42]
MOF-235 187 [43]
MIL-101 MOFs 21 [44]
Ni-MOFs 156 [45]
HKUST-1/GO/Fe304 105.9 [46]
Cu-BTC MOF 101.2 [47]
Fe304@ZIF-67 20 [48]
Fe;0,/HKUST-1 104 [49]
NiCu-BTC 798 [50]
VNU-23 1992 [51]
Zn-MOF 326 [52]

PV-Cu-BTC 169.2 This Work

3.4. Adsorption Stability of PV-Cu-BTC

As various pH values are a typical feature in different wastewater resources, it is
necessary to investigate the effect of pH value on the adsorption stability reflecting the
practicality of adsorbent. It can be clearly observed in Figure 8a that the adsorption rate
and removal efficiency of MB by PV-Cu-BTC almost remained unchanged at different
pH values ranging from 4.0 to 10.0. To elucidate this observation, the zeta potentials of
PV-Cu-BTC at different pH values were determined and shown in Figure 8a. It was found
that PV-Cu-BTC exhibited a negative surface charge over the wide pH range (4.0-10.0),
which allowed the negative PV-Cu-BTC to adsorb cation MB molecules via electrostatic
attraction. Besides, r-7 interaction would also participate in the adsorption process due to
the presence of a benzene ring in both the PV-Cu-BTC and MB molecular structures. As for
extreme alkali condition (e.g., pH 11.0), the adsorption efficiency for MB suffered a slight
decline probably because the three-dimensional pore structure of PV-Cu-BTC might be
destroyed at this condition [53].
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Figure 8. (a) Effect of pH value on MB adsorption onto PV-Cu-BTC; (b) PV-Cu-BTC on MB during
regeneration cycles (Cyp =20 mg L1 m=25 mg, V=25mL,Ph=8 T=298K,and t=4h).

3.5. Desorption and Regeneration of PV-Cu-BTC

To evaluate the possibility of regeneration and reusability of PV-Cu-BTC as an adsor-
bent, the desorption experiments were performed. Desorption and regeneration experi-
ments were performed using ethanol. The results of MB adsorption for three cycles are
shown in Figure 8b. It can be clearly observed that more than 60% of MB can be removed
after 3 cycles. The results show that PV-Cu-BTC has good recycling performance and could
be a potential water purification material.

3.6. Possible Adsorption Mechanism

According to the previous discussion, we propose a possible mechanism for the
adsorption of MB on PV-Cu-BTC (Figure 9). First, the regulation of PVP increased the
specific surface area of Cu-BTC, which favored the overall adsorption process. Since —OH
and C=0 on PV-Cu-BTC were electronegative, they would bind to positively charged
MB through electrostatic attraction and hydrogen bond. In addition, the BTC ligands
of PV-Cu-BTC possessed a benzene ring that also showed affinity to MB molecules via
mi-7t interaction. These driving forces may be responsible for the enhanced adsorption of
PV-Cu-BTC, however, much effort should be made to understand the involved specific
mechanism.

Physical absorption

Figure 9. Possible adsorption mechanism of PV-Cu-BTC.

4. Conclusions

In summary, we demonstrated a practical and facile approach to regulate the particle
size of Cu-BTC adsorbents with high tunability by screening the functional modulator of
various surfactants adding in hydrothermal synthesis procedure. These surfactants showed
a very different modulation capacity in reducing Cu-BTC’s particle size, in which PVP
outperformed the other five surfactants in the effective modulation of Cu-BTC’s particle size.
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By slightly increasing PVP concentration to 0.14 mmol L™}, the average particle size of Cu-
BTC could be correspondingly reduced by more than ten times, reaching to a comparative
smaller value of 2.4 pm than reported counterparts. The resulting PV-Cu-BTC retained the
crystalline structure of pristine Cu-BTC while the specific surface area was largely increased
for the enhancement of MB adsorption. Pseudo-second-order and Freundlich isotherm
models were found to well describe the adsorption processes of MB by PV-Cu-BTC. The
theoretical maximum adsorption capacity reached up to 169.2 mg g~!, which is much
higher than those of emerging analogues reported so far. This work may provide a practical
strategy to engineer MOFs’ particle size for enhanced adsorption application.
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