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ARTICLE INFO ABSTRACT

Keywords: In this paper, we investigate the potential use of Zeolitic Imidazolate Frameworks (ZIF-8) as a
CO; detection sensing material for CO5 detection. Three synthesis techniques are considered for the preparation
MOFs

of ZIF-8, namely room temperature, microwave-assisted, and ball milling. The latter is a green
and facile alternative for synthesis with its solvent-free, room-temperature operation. In addition,
ball milling produces ZIF-8 samples with superior CO2 adsorption and detection characteristics,
as concluded from fluorescence measurements. Characterization tests including X-ray diffraction
(XRD), Fourier transform infrared (FTIR), Thermogravimetric analysis (TGA), Field emission
scanning electron microscopy (FE-SEM) and Energy-dispersive X-ray spectroscopy (EDS) are
conducted to inspect the structural morphology, the thermal stability, and elements content of the
ZIF-8 samples obtained from the different aforementioned synthesis techniques. The character-
ization tests revealed the appearance of a new phase of ZIF-8 which is ZIF-L when deploying the
ball milling technique with different structure, morphology, response to CO, exposure and
thermal stability when compared to its counterparts. Fluorescence measurements are carried out
to evaluate the limit of detection (LOD), selectivity, and recyclability of the different ZIF-8
samples. The LOD of the ZIF-8 sample synthesized based on ball milling synthesis technique is
815.2 ppm, while LODs of the samples obtained from microwave and room temperature-based
synthesis techniques are 1780.6 ppm and 723.8 ppm, respectively. This indicates that the room
temperature and ball milling produced MOFs have comparable LODs. However, the room tem-
perature procedure requires the use of a harmful solvent. The range of LOD demonstrates the
suitable use of ZIF-8 for indoor air quality monitoring and other industrial applications.

Ball milling
Fluorescence intensity
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Selectivity

1. Introduction

Accumulation of foreign materials in respiratory systems of living organisms is correlated with emissions caused by rapid industrial
and transportation proliferation [1]. In particular, indoor air quality is a serious concern for inhabitants throughout the world as more
and more of their time is spent indoors [2]. Many research studies support the idea that indoor air is more lethal than outdoor air [1].
As a result, gases such as NO2, SO2, and CO2, as well as NH3, are posing serious risks to public health [3]. The rising concentration of
carbon dioxide (CO3) indoors has been shown to affect human well-being and causes different diseases and shortness of breath. The
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indoor levels can reach above 1000 ppm with more building occupants and rapidly deteriorating ventilation conditions [4]. Current
research has found that exposure to CO; at levels ranging from 500 to 4000 ppm results in linear rises in pCO> in the blood. Additional
physiological indicators corresponding with higher sympathetic stimulation are reported in these investigations, such as changes in
heart rate fluctuations and rises in circulation of the peripheral blood at CO5 levels from 500 to 4000 ppm [5]. Enclosed spaces are
subject to CO; buildup, which can displace oxygen. The expression “confined space hypoxic syndrome” was initially suggested for
describing confined space incidents caused by oxygen-deficient environments that take place in water meter pits, vessels, ships’ holds,
mines, basement storage bins, and other similar environments [6]. While increased carbon dioxide concentrations in the atmosphere
are a major global concern, most of us give little to no thought to the dangers caused by variations in CO3 indoors [7]. Various sensors
have been investigated, their working mechanisms rely on different principles, such as optical absorption, electrical resistance,
field-effect transistors, and amperometry. Several conventional techniques, including electrochemical, infrared spectroscopic, GC-MS,
and field-effect transistors, were utilized for CO; detection [8]. However, there are several challenges concerning the available CO,
sensors, including the high cost, massive weight and large size [9]. It’s also important to take into account the design of high per-
formance materials for CO, detection [10]. Metal-oxide-semiconductor (MOS) based sensors have been recently used for gas detection
but additional improvements in the sensing characteristics are needed to meet the needs of specific applications based on medical
diagnosis, gas detection, etc., where high selectivity, low power consumption, quick response, low reliability on humidity, and a low
limit of detection are required [11]. Hence, simple, inexpensive, and miniature sensors that work at severe conditions in nuclear
reactors or oil wells are desirable [9].

Numerous studies have been focusing on different sensing techniques to create low-cost, low-power, and miniature sensors. To
increase the sensitivity and selectivity of gas sensors, more studies should develop the modeling of gas sensors, material selection for
sensing films, sensing layer morphologies, and other varied factors [12]. Several luminescence-based chemical sensors have been
developed to date for the identification of particular chemical pollutants based on host-guest interactions, leading in the sensing of the
desired molecules as low as the nanometer size range. Sensors composed of metal-organic frameworks (MOFs) materials are more
appealing among these luminescence-based sensors because of their structural characteristics, functional content, and interactions
between MOFs and analytes [13].

Metal-organic frameworks (MOFs), formed by joining metal clusters with organic linkers, exhibit a wide surface area which makes
them desirable for various applications including utilization in gas sensing applications that require the gas analyte to be adsorbed
within their structure, improving the selectivity of a gas sensor [14]. Through mass or mechanical changes utilizing microcantilevers
and/or microresonators, spectroscopic measurements, changes in electric characteristics, calorimetry, and color change, the gas
detecting response from the sensing layers can be quantified [15]. MOFs have been extensively investigated for CO5 capture and
storage. However, the applicability of MOFs for CO5 sensing is far less understood, and only a small number of research has been
conducted. Different MOF structures can be constructed in order to attain high CO; selectivity [16]. Few studies have reported the
employment of MOFs for CO3 sensing and identified their limit of detection [16]. For instance, Wang et al. reported a limit of detection
of 20 ppm for CO when using near-infrared (NIR) optical fiber coated with HKUST-1 [17]. Additionally, Huang et al. developed an
enhanced Raman scattering (SERS) based sensor with ZIF-8 MOF films that resulted in a LOD of 5 x 10~8 M with an 8 min response
time [7]. The synthesis technique influences the structure, characteristics, and performance of MOFs [3]. The initial synthesis method
was solvothermal. To create the MOF crystals, it entails dissolving metal precursors and organic linkers and putting them in a
controlled reaction vessel. The temperature is typically kept below 220 °C during synthesis, and crystallization can take anywhere from
a few hours to days [3].

Mechanochemical synthesis, which avoids the use of hazardous solvents, high temperatures, and/or corrosive catalysts used in
conventional synthesis processes, has recently been proposed as an option for synthesizing MOFs [18]. The mechanochemical pro-
cesses produced by ball milling or grinding are thought to be a clean, effective, and fast method with a high production rate (in kg/h)
[19]. Although there have been tremendous improvements in synthesis techniques, the mechanism of mechanochemical processes is
still not entirely understood. Applying constant mechanical stress has so far been discovered to be the cause of unexpected reactivity
that cannot be explained by using classical chemistry [19]. Since the ball milling method for MOF synthesis includes fast reaction
times, and eco-friendly conditions (such as room temperature and solvent-free), the reduced carbon economy can be strengthened by
incorporating ball-milled MOFs with gas sensing technologies. Zeolitic imidazolate frameworks, such as ZIF-8, have shown
outstanding promise for CO5 capture. Altering their structure by transferring some of their component organic ligands is an established
technique for increasing the capacity for CO, absorption [20]. In light of this, the creation of ball-milled ZIF-8 facilitates the CO,
detection and help in achieving Sustainable Development Goals (SDGs). The process of creating chemical molecules in a sustainable
manner is known as “green chemistry.” Green chemistry seeks to reduce the harmful impact that the synthesis of diverse chemical
products has on the environment. The entire process of producing the nanomaterials can be done using green chemistry [21].

The objective of this work is to develop a novel and environmentally conscious pathway of synthesizing ZIF-8 and assess its po-
tential for CO, sensing applications. The present study presents a significant contribution to the field by introducing innovative aspects
in the synthesis and assessment of ZIF-8. We address the need for facile, energy-efficient and environmentally friendly synthesis
method for ZIF-8. To achieve this, three different synthesis techniques, namely room temperature, microwave-assisted, and ball
milling were employed. The ball-milling technique stands out as a green alternative, offering enhanced sustainability in MOF syn-
thesis. The other synthesis methods described in the literature, including sonochemical, electrochemical, and slow diffusion, either
require the use of sufficient solvents or a longer time for synthesis. Fluorescence measurements are conducted to evaluate the limit of
detection, the selectivity and recyclability of ZIF-8. Through our research, we aim to explore new directions and potentials of ZIF-8 as a
fluorescent probe for rapid and sensitive detection of CO, in competitive environment of other gases. By integrating innovative
synthesis techniques and characterizing the performance of ZIF-8, we contribute to advancing the field of gas detection and emphasize
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the importance of sustainability and safety in industrial settings. The exposure to hazardous gases from industrial operations, such as
carbon monoxide (CO), carbon dioxide (CO5), and methane (CHy), can result in fatal incidents and serious injury to humans. Deploying
gas detectors with the capability to identify the possible hazards posed by these gases is therefore essential to prevent their spread and
the pain or damage they may cause to the working environment.

2. Experimental methods
2.1. Materials

The gases used for the experiments are Argon (99.998%), CO» (99%), and Nitrogen (99.998%) which were obtained from Caltrols
Middle East LLC. All Chemicals were obtained from LabCo, the local supplier for Sigma Aldrich in the UAE and used without any
further modification. The materials include zinc nitrate hexahydrate (Zn(NOs)2-6H20, 99%), 2-methylimidazole (CHsCsH2N2H, 99%),
and dimethylformamide (DMF). The preparation of the MOF takes three main routes: (i) microwave-assisted (S1), (ii) room tem-
perature (S2) and (iii) mechanical ball milling (S3) approaches. These will be detailed in the following sections.

2.2. Synthesis of ZIF-8 using microwave-assisted procedure (S1)

The previously described method by Hillman [22] was used for the microwave synthesis with the modest modification of doubling
the amount of materials. In 15 mL of methanol, 0.65 g of zinc nitrate hexahydrate was dissolved. Then, 15 mL of methanol was also
used to dissolve 0.73 g of 2-methylimidazole. The resultant solution was then put into a 50 mL Teflon-lined microwave reaction vessel
that was designated for microwave irradiation and microwaved using the laboratory Microwave of the model MDS-6G Digestion,
obtained from a Chinese manufacturer of Laboratory equipment, Sineo, for 90 s at 100 W. After that, it was centrifuged, washed three
times with methanol, and overnight dried in an oven at 80 °C.

2.3. Synthesis of ZIF-8 using room temperature procedure (S2)

The synthesis was carried out in accordance with the previously published method by Hunter-Sellars et al. [23], in which 1.642 g of
2-methylimidazole was dissolved in 50 mL of methanol and combined with 0.745 g of zinc nitrate hexahydrate dissolved in 50 mL of
methanol. After being centrifuged and thoroughly washed with methanol three times, the precipitate was dried under vacuum for the
next 24 h at room temperature.

2.4. Synthesis of ZIF-8 using ball milling (S3)

The Pulverisette 7 planetary ball mill from Fritsch’s premium line was used to synthesize the MOF using ball milling. The amount of
ligand and metal cluster were obtained from Zhang et al. earlier work [24], although the synthesis method was modified without the
addition of solvents. Two 7 mm diameter stainless steel balls were added in the ball mill with 1.484 g of Zn(NO3),-6H20 and 3.278 g of
Hmim for an hour. The ball mill was run at its maximum speed of 1100 rpm. After that, the sample was centrifuged. The created milky
dough was washed with methanol and dimethylformamide (DMF) to get rid of any remaining metal ions and ligands. Subsequently, the
sample was dried for 4 h at 100 °C in the oven.

2.5. Characterization

For all the resultant MOFs, 5 mg were used for characterization before and after exposing to CO for 5 min. The Bruker D8 Advance
DaVinci multifunctional X-ray diffractometer with Cu K radiation operating at A = 1.5406A°, 40 kV tube voltage, and 40 mA current
was used for the X-Ray Diffraction (XRD) test. The range of 5.0°-40.0° with a step size of five, is where the XRD patterns are captured at
AB =25 °C. TESCAN’s VEGA3 XM is used for EDS analysis which runs at 5 kV operating voltage for both map and point modes. The FE-
SEM analysis was done using JEOL JSM-7500F FESEM at 3 kV. TGA-50 Series from SHIMADZU was used for thermogravimetric
analysis under temperature range from 25 °C to 800 °C with heating rate of 5 °C/min. FTIR analysis was conducted using JASCO FT/IR-
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Fig. 1. Illustrative schematic of the procedure used for fluorescence measurements.
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6300 Fourier transform infrared spectrometer in the range (4000-400 cm ™) to identify the chemical composition and physical state of
the samples. Surface area and adsorption-desorption isotherms were performed using Autosorb iQ utilizing multipoint Brunauer
Emmett Teller (BET) method. The pore volume was reported using density functional theory (DFT) method. Samples were degassed
under vacuum at 150 °C for 15.4 h.

2.6. Experimental procedure for CO2 detection, selectivity and regeneration

The DW-F97Pro Fluorescence Spectrophotometer obtained from Drawell was used to test the fluorescence intensity (as shown in
Fig. 1) of the prepared ZIF-8 suspension before and after exposure to CO5. A suspension of the fluorescent probe (ZIF-8) of 100 mg/L
was prepared by sonicating 5 mg of the ZIF-8 in 50 mL of deionized for 15 min to ensure full suspension of the MOF particles. Then, 3
mL of the mixture was taken for fluorescence measurement at 300-600 nm using excitation wavelength of 240 nm. The baseline before
CO, exposure was recorded for each synthesized MOF. The detection measurements were performed through bubbling CO; into 3 mL
of the MOF suspensions at different concentrations for 20 s. The experimental set-up is shown in Fig. 2 (a)-(b). The fluorescence ef-
ficiency was obtained using Equation (1):

immediate

1;
Fluorescence Quenching Efficiency % = ——— x 100 1)

baseline

where Igseline is the initial intensity of the MOF with water before exposing it to the analyte, and Liymediaze iS the fluorescence intensity
after exposing the MOF to the gas analyte [25].

A series of tests were run to assess the performance of the three MOFs in various controlled environments. The MOFs were first
examined with CO; bubbled by a gas cylinder. Using high-resolution mass-flow controller obtained from Caltrols Middle East LLC, the
amount of the gas was increased. In each case, the three trials were averaged and the standard error was taken. The selectivity ex-
periments were conducted in which other gases including N2, Ar and air were compared to CO2 by measuring the fluorescence in-
tensity at a fixed flow rate of 0.15 L/min. Finally, the regeneration experiments were conducted to investigate the recyclability of the
MOF and its capability to maintain a good detection level of CO, by observing the quenching and recovery of the fluorescence intensity
upon the injection of CO, and Ny, respectively. The regeneration experiments were performed for 3 cycles.

3. Results and discussion
3.1. Characterization tests

3.1.1. XRD analysis

The XRD patterns of the ZIF-8 samples prepared using the three different synthesis techniques, before and after exposure to CO are
shown in Fig. 3. The crystal structure of the three synthesized MOFs are in close agreement with previous studies and confirm the phase
purity [26]. The XRD patterns of the MOFs obtained from S1 and S2 indicate the sodalite structure of the material [26,27] with sharp
peaks at 20 of 7.30°, 10.35°, 12.70°, 14.80°, 16.40° and 18.00° [28]. An alteration in the structure after adsorption of CO; is observed.

.

e ‘f Mass flowmeters
el 1 Fume hood
/ Static mixer

(a) Experimental setup (b) gas injection control unit

Fig. 2. Gas sensing apparatus: (a) The entire experimental set-up and (b) gas injection control unit.
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For the MOF produced from S3, the XRD pattern reveals a 2D phase structure of ZIF-8, also known as ZIF-L with high crystallinity [27],
especially with sharp peaks at 26 of 7.58°, 10.80°, 12.54°, 14.95°, 16.49° and 17.86° [29]. For all the samples, the sharp and narrow
peaks are indicative of the favorable crystallinity of the material. The variations in the XRD patterns of the ZIF-8 samples obtained from
S1 and S2 upon exposure to CO, show that significant structural changes have emerged as a result of the attachment of the gas
molecules, supporting the fact that a new arrangement has created and caused the formation of a second configuration composed of a
CO2 molecule within the same crystallographic locations. The detection of the CO, species by XRD from the increased intensity in-
dicates the presence of small chemisorbed species that results from chemical bonds such as the x ... © interaction between CO, and
aromatic rings of the linker [30]. As for the ZIF-8 sample obtained from S3, there is no notable difference in the XRD patterns after
exposure to CO; which can indicate that the CO2 species are only physisorbed [31]. In the ZIF-8 and ZIF-L cages, the diameter of the
six-membered ring’s aperture where the methyl groups of the linker are pointing to the center allows the diffusion of CO into the
pores. The physisorbed interactions occur by the favorable electrostatic adsorption sites which are located on both edges of six-ring
channel and in the center of the available surface area near to the aromatic rings, in addition to the van der Waals interactions that
are high in the sodalite cage [32].

3.1.2. FE-SEM/EDS analysis

Fig. 4(a)-(f) show the FE-SEM images obtained for the different ZIF-8 samples (S1, S2, and S3). The synthesis approach worked
because the ZIF-8 crystals resulted from the S1 and S2 synthesis had rhombic dodecahedron morphologies, which is in agreement with
the results found in literature [26]. On the other hand, the ZIF-L 2D phase obtained from S3 had a closer morphology to a cruciate
flower, which also confirms the results found in Ref. [27]. It can also be observed that there is no major difference in the morphology
after adsorption of CO4. The EDS color map in Fig. 5(a)-(f) show the elemental composition of each sample (S1, S2, and S3) before and
after CO exposure. The mapping revealed that the C, Zn, and N elements were distributed uniformly on the surface of the MOFs. The O
element could be obtained from the zinc nitrate hexahydrate residue or the conductive sticky substrate employed in the character-
ization [26]. The percentage of C in all the samples increased after exposure to CO,, and thus, confirms the CO, capture. Furthermore,
in Fig. 5(f), the reaction of Zn with CO5 leads to the production of ZnO. The surface area of ZnO per Zn amount rises as the uniform mix
of Zn powder and ZnO’s mass fraction increases, in addition to the increase in Zn particles’ degree of dispersion [33]. Hence, this could
be one of the reasons explaining the reduction in Zn wt% and increase in O3 and N». According to literature [34], CO5 uptake within the
microstructure causes the depletion of the zinc, more Zn would be depleted from the microstructure or it formed as a thin surface ZnO
film that will not be detected with EDS, which could explain the lower values in the EDS measurements (from ~42 % to 1.6 %).

3.1.3. FTIR spectroscopy analysis

Fig. 6 displays the Fourier transform infrared (FTIR) spectra of the ZIF-8 samples. The FTIR results demonstrate that ZIF-8 suc-
cessfully incorporated amino groups. For the ZIF-8 samples (S1 and S2), notable bands are obtained at 2926, 1458, 1425, 1385, 1309,
1146, 995, 760, 694, and 426 cm~!. These FT-IR bands are in close agreement with those previously reported in Refs. [18,19].

For the ZIF-L phase (S3 sample), the following peak designations are made: 1570 cm™!,C = N stretching; 755 cm™!, Zn—O imidazole

$1 before CO2 exposure ‘

S$1 after CO2 exposure ‘

S2 before CO2 exposure

P D SO AN
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S2 after (ZO2 exposure

Intensity (a.u)

83 before C()2 exposure ‘

T
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Fig. 3. XRD patterns for S1, S2, and S3 MOFs before and after CO5 exposure.
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Before CO; exposure (S1) After CO; exposure (S1)

Fig. 4. FE-SEM for ZIF-8 synthesized using (a) S1 before CO, exposure, (b) S1 after CO, exposure, (c) S2 before CO, exposure, (d) S2 after CO,
exposure and (e) S3 before CO, exposure, (f) S3 after CO, exposure.

ring bending; 674 cm~!, Zn-N imidazole ring bending. The spectrum after adsorption of CO, not only confirms the storage of CO,, but
it also offers compelling proof of CO, and ZIF-8 framework interactions. For example, the 1146 cm~! generated from the aromatic C-N
stretching mode, shows a sharper peak after adsorption of COy in ZIF-8. Also, the bands between 1707 and 1366 cm ™! increased
slightly due to the chemisorbed CO3 in the ZIF-8 samples [31]. This is as opposed to the ZIF-L phase in which the peaks did not increase.

3.1.4. BET analysis

The Ny adsorption-desorption isotherms for the ZIF-8 samples are shown in Fig. 7 at 77 K. The ZIF-8 samples produced from the S1
and S2 synthesis obviously exhibited type I isotherm behavior, indicating that they are micropores. These results are consistent with
previously reported ZIF-8 isotherms [18]. Furthermore, at low (P/Py) pressures, the adsorbed nitrogen in all samples rises steadily,



S. Al Abdulla et al.

Heliyon 9 (2023) €21349

Before CO; exposure

After CO; exposure

keV

(a) S1 (b) S1
4
25 Xéo : 14000 . .
0,
n Element | wt % Element | wt %
12000 - C 538
N 33.2
10000 [0) 11.3
Zn ) B
8000 |
6000 i
4000 ,
2000 ,
Zn
0 . :
0 2 4 6 8 10 12
keV
@ 52 @S2
10000 : . ‘ : 9000 .
c o,
9000 - T T— p— | 8000 Element vévg 9/(. |
< .
8000 624 | 7 | 7000 25.4 ]
3L1 | 68
7000 3L so00 7
6000 |
5.0 5000 i
5000 ,
4000 ]
4000 i
3000 i 3000 ]
2000 . 2000 1
1000 i q 1000 H| i i
0 ; |
0 2 4 6 8 10 oo ; : - : -
keV
(e) 83 (f) S3
9000 ‘ ‘ .
o ‘ : Element | wt %
0,
8000 Element | wt% | | 8000 s e
& 41.5 N 443
7000 161 149,5 - 7000 5 =
s p B 6000 7n 1.6
6000 Na ka1 2 CKa12 le 42 1
5000 , 5000 1
4000 i 4000 |
Zn I i
3000 : | P |
2000 g 2000 g
1000 g 1000 |{ i
0 0 s .
12 6 8 19

Fig. 5. EDS color map of (a) S1before CO, exposure, (b) S1 after CO, exposure, (c) S2 before CO, exposure, (d) S2 after CO, exposure, (e) S3 before

CO,, exposure, (f) S3 after CO, exposure.



S. Al Abdulla et al. Heliyon 9 (2023) €21349

Y
WAV

S1 before 602 exposure ‘

S$1 after CO2 exposure ‘

S2 before CO2 exposure ‘

S2 after CO2 exposure ‘

Transmittance (%)

S3 before CO2 exposure ‘

S3 after CO2 exposure ‘

1590 {1366 1146
| H H 1

4000 3500 3000 2500 2000 1500 1000 400

Wavelength (cm™)

Fig. 6. FT-IR spectra for ZIF-8 samples before and after CO, exposure.

indicating the presence of micropores. On the other hand, the isotherm of ZIF-L sample obtained from S3 indicates type IV behavior. It
constitutes then a mesopores material. In addition, the produced isotherms showed a hysteresis loop when approaching P/Py = 1. This
demonstrates the existence of interfacial mesoporosity and macroporosity between MOF particles. The results are in agreement with
the findings reported in Refs. [18,19]. The Brunauer-Emmett-Teller (BET) surface area and pore volume are shown in Table 1 before
and after CO; exposure. It can be observed that the ZIF-8 samples obtained following S1 and S2 have much higher surface area and pore
volume compared to the S3 sample. In fact, the ball milling high rotational speed reduced the surface area and due to the emergence of
the ZIF-L phase, that have dense laminar structure, a lower surface area has resulted [35,36]. The reduction in both the surface area
and pore volume after exposure to CO; proves the existence of CO5 molecules within the material [37].

3.1.5. TGA analysis

We show in Fig. 8 the TGA results in terms of the variations of the mass percentage with the temperature. The results demonstrate
the high thermal stability of all synthesized ZIF-8 samples. Furthermore, the observed trends are in close agreement with those ob-
tained in Ref. [38]. For the S1 synthesized ZIF-8 (see Fig. 8(a)), an initial weight loss of about 1 % that occurred at about 200 °C, is
mainly due to the methanol solvent evaporation. When reaching 400 °C, the greatest weight loss is observed. There was a 67 % weight
loss that is mainly caused by the loss of organic linker molecules, leading to the destruction of the framework and the loss of certain
species from the nanocrystals [39]. The TGA pattern of the S2 ZIF-8 (see Fig. 8(b)) showed that higher temperatures are needed for
degradation, and thus, indicates a higher thermal stability. The initial reduction of 14 % occurred due to evaporation of trapped
solvent, which was also methanol. This is followed by about 66 % of weight loss around 600 °C which results from the thermal
decomposition of the MOF and organic linker dissociation.

As shown in Fig. 8(c), the TGA results of S3 synthesized ZIF-8 which corresponds to ZIF-L show a slightly different different trend
from that of ZIF-8 obtained from S1 and S2. The weight loss occurs in two stages. In the first stage, the moisture evaporates within a
temperature range from 50 °C to 300 °C. A weight loss of ~22 % with steeper slope initiates at 150 °C and continues until 300 °C.
Beyond this temperature, the TGA curve shows a dramatic weight loss of about 56 % until reaching a temperature of 700 °C. This is
caused by the thermal decomposition of ZIF-8, which takes place when 2-MIM breaks down at a high temperature and produces ZnO as
the final decomposition byproduct of the nanocrystals. The TGA results demonstrate that the MOF structure was maintained in the ZIF-
8 produced using the solvent-free technique up to 300 °C, which indicates a good thermal stability.

3.2. CO detection tests

To assess the capability of ZIF-8 to detect COq, the response of the MOFs toward COj is examined using the fluorescence method, as
described in the previous section. The fluorescence materials have gained high interest in scientific investigations given their various
prospective applications including sensing [40]. Fig. 9(a)-(f) show the fluorescence intensity as a function of the wavelength and the
normalized intensity as function of the CO, concentration. The results are obtained based on the fluorescence measurements conducted
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Fig. 7. Adsorption isotherms of ZIF-8 synthesized using (a) S1 before CO, exposure, (b) S1 after CO, exposure, (c) S2 before CO, exposure, (d) S2
after CO, exposure, (e) S3 before CO, exposure, (f) S3 after CO, exposure.

Table 1

Surface area, pore volume and pore diameter for the 3 samples before and after CO, adsorption.

BET surface area (m?/g)

Pore volume (cc/g)

Pore diameter (A)

Type Experiment (before/after CO5)

S1 Before 1084.614 0.373 13.7
After 974.539 0.343 14.07

S2 Before 1136.505 0.527 18.5
After 985.471 0.389 15.8

S3 Before 13.974 0.013 37.2
After 12.199 0.011 36

on the ZIF-8 samples produced from S1, S2 and S3 synthesis techniques. For the samples obtained from S3 and S1, a reduction in
intensity is observed after bubbling the CO5 which indicates that the MOF exhibited a turn-off response, also known as quenching.
There was a significant fluorescence quenching in the S3 sample after the injection of CO,. The fluorescence intensity reduces
dramatically from the baseline after bubbling with the highest gas concentration. This results in a quenching percentage of 93.42 %.
The fluorescence intensity reduces as the concentration of the injected CO; increases until reaching saturation of 12.19 a. u. at a CO5
concentration of 5.67 x 10> mol. This rapid and intense quenching reveals the capability of ZIF-8 to detect the CO, gas. The
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Fig. 8. TGA results of (a) S1, (b) S2, and (c) S3 ZIF-8.

fluorescence level can be used as an indicator of the presence of CO, and the associated concentration can be extracted from the
fluorescence intensity. Moreover, the considerable reduction in the peak indicates that the CO, adsorption mechanism has a significant
impact on the MOF luminescence characteristic, and the adsorption of the CO, molecules results in a major modification in the MOF
structure. In these MOFs, the luminescence is dependent on the luminescence of the linker (2-methylimidazole), which is related to the
n — interactions [41]. Since the most highly adsorptive sites for CO, in ZIF-8 and ZIF-L are those near the imidazole rings, the fluo-
rescence is quenched upon interaction with CO5 [32]. Another factor causing the quenching is the collisions due to interactions with
the gas molecules which causes the deactivation of the MOFs [40]. On the contrary, for the S2 samples, the MOF was turned on as the
intensity was increasing until reaching saturation point. The turn-on phenomenon can be attributed to the ZIF-8’s larger pore size in
this sample and the desirable molecular physical interactions between CO; and the surface. This high capacity is most likely a result of
the MOF’s high crystallinity, surface area and micropore volume. All of these factors contributed to adsorption of the electrophile CO2
via bonding with the metal sites [42]. The aggregation that occurs due to the restriction of the rotating organic groups’ molecular
motion upon activation is mostly the driving force for fluorescence enhancement [40]. The fluorescence characteristics of materials are
influenced by the synthesis process and morphology. Fluorescent materials’ properties can be intensified or diminished due to changes
in bonding, energy, or electron transport methods when they interact with other molecules [40].
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Fig. 9. Fluorescence intensity and Normalized Fluorescence of produced ZIF-8 samples: (a) S1 fluorescence intensity for different concentrations of
COo, (b) S1 limit of detection, (c) S2 fluorescence intensity for different concentrations of CO,, (d) S2 limit of detection and (e) S3 fluorescence
intensity for different concentrations of CO,, (f) S3 limit of detection. Points represent the average of three trials and error bars represent the
s‘tandard deviation of three trials.

The linear relationship of the fluorescence intensity to CO- is found from 1.70 x10~3 mol to 4.53 x10~2 mol for the S3 (see Fig. 9
(f) and S2 samples (see Fig. 9(d)), and 2.27 x10~2 to 5.67 x10~2 mol in the S1 sample (Fig. 9(b)). Also, there is a strong linear
correlation in the plot of fluorescence intensity against CO, concentration in which the R? values were 0.8759, 0.9692, and 0.9613, for
S1, S2 and S3 samples, respectively. The CO5 adsorption occurs in the MOFs due to the high electronegativity of the functional groups
[20]. Also, the open metal site displays a considerable interaction with CO5 as a result to an electrophile of CO, [43].

The limit of detection was calculated using the calibration curve shown in Fig. 9 (b), (c) and (f). The linear equation was obtained
by plotting the normalized fluorescence intensity (i.e. "}—0’1, where I and I, represent the fluorescence intensity with and without
exposure to the analyte, respectively [44]) versus the concentration of CO. Furthermore, LOD was obtained using equation (2) below:

3
Lop=22 @

where ¢ and s are the standard deviation of the baseline and the slope of the calibration curve (shown in Fig. 9 (b), (d) and (f)),
respectively [45]. The S2 ZIF-8 shows the lowest limit of detection (723.8 ppm at 25 °C) while the S1 ZIF-8 sample yields the highest
value of LOD (1780.6 ppm). This might be attributed to the use of a vacuum oven at room temperature for obtaining the resultant MOF
which caused high crystallinity of the material. This was also observed in the XRD patterns where the main peaks related to the
crystallinity of the material were higher for the S2 MOF and then, leading to an improvement in its CO, detection capability. The S3
MOF shows a good potential for CO5 detection given the obtained LOD value of 815.2 ppm, and hence, proves the validity of the ZIF-L
for CO, detection. In a previous study by Ref. [46], ZIF-8 was synthesized using the solvothermal technique and resulted in a LOD of
3130 ppm at room temperature and 774 ppm at 4.85 °C. The applications where our synthesized MOFs could be utilized are in indoor
buildings at room temperature in addition to the industrial processes. Buildings typically have indoor air with a CO, concentration
between 350 and 2500 ppm, according to ANSES [47]. Another study, dealing with benzene and CO detection at room temperature,
reported a sensor consisting of MOF films produced on-chip on Pt interdigitated electrodes using a solvothermal technique. The LOD of
the adjusted Mg-MOF-74 tested for CO; detection was found equal to 200 ppm [15]. A recent study by Lee et al. [45], revealed that
under optimal conditions, the LOD calculated for PVIm-NH, based chemosensor was 110 ppm.

Next, we examine the selectivity of the S3 MOF sample (ZIF-L) by inspecting the quenching of its fluorescence intensity when
exposed to different gases, including Ny, Ar, and air. The selectivity results under room temperature are shown in Fig. 10. The results
demonstrate that ZIF-L is more selective to CO2. The ratio I/I, where I is the intensity obtained after exposing the CO, with a con-
centration of 0.15 L/min to the MOF for 20 s and I, is the baseline intensity reaches 18.34 %. Larger values of the ratio I/ I, are obtained
for Ny, Ar, and air. Clearly, ZIF-L is much less sensitive to air. This is desired for applications where other competing gases exist. In the
study of Chocarro-Ruiz et al. [46], a high selectivity over Ny was obtained at low temperature. Since ZIF-L features a 9.4 °A x 7.0 °A x
5.3 °A cushion-shaped hollow between the layers that can accommodate CO, molecules. Similarly, the imidazole functional group on
ZIF-L particles can interact strongly with CO; [48]. In fact, this type of MOF has the desired selectivity performance, because of its
smaller pore size compared to S1 and S2 which is desirable for selective adsorption of COy [49].

The quenching-recovery cycles were performed to test the recyclability of the S3 MOF sample. The corresponding results in terms of
changes in the fluorescence intensity are shown in Fig. 11. After exposing it to CO, the fluorescence recovery is observed by bubbling
N and then the fluorescence quenching is observed again when exposing it again to CO5 in which the MOF is able to regenerate.
However, after the second cycle, the MOF lost its ability to regenerate most probably due to its degradation in water [49]. In Table 2,
we show a comparison of different MOFs used for CO, detection.

The noticeable change in brightness when exposing ZIF-8 or any of its variants to CO5 can be exploited to quantify the CO;
concentration using hardware and software tools. The fluorescence intensity of sensing materials can be increased, quenched, or
changed in color, and thus can be used for optical sensing devices. A high surface-volume ratio, which enables the detection of a low
levels of target analytes, is a factor contributing to the advantages of utilizing optical nanoparticles [40]. The visual fluorescence color
variation of the solution using UV light irradiation (365 nm), as shown in Fig. 12, clearly demonstrates the quenching phenomenon
when increasing the flow rates of CO; from 0.15 L/min (1.70 x10~3 mol) to 0.7 L/min (7.93 x10~3 mol). The last case also shows the
complete saturation of the MOF. It is also important to note that the change occurs immediately upon bubbling the CO,.

4. Conclusion

In this paper, we demonstrated the capability of the MOF ZIF-L synthesized by the ball milling technique to detect CO5 gas with an
LOD of 815.2 ppm at room temperature, exhibiting high selectivity of other gases. In addition, the performance analysis of the MOFs
obtained from other synthesis techniques were examined. The room temperature synthesized MOF showed an LOD of 723.8 ppm,
which is lower than the ZIF-L phase. While the microwave synthesized MOF had a higher LOD of 1780.6 ppm. XRD characterizations
showed the physisorption and chemisorption interactions with CO5, while FTIR, FE-SEM and EDS tests revealed the differences in
morphology and structure between the ZIF-8 and ZIF-L phase, before and after exposure to CO. The BET analysis showed the reduction
in the pore size of the MOFs upon CO; adsorption. The findings demonstrate the following two important points: (i) the enormous
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Table 2
MOFs synthesized by different procedures and their corresponding characteristics for CO, sensing.
MOFs Synthesis CO2 capacity CO2 selectivity Limit of Detection Reference
ZIF-8 - - High 5x1078M [71
Co(II)-MOF Solvothermal - High - [50]
ZrFSIX-2-Zn-i Solvothermal 4.56 mmol g~ ! High - [51]
Al-MIL-53 + conductive carbon Solvothermal - High (over CHy) - [52]
MIL-101(Cr, Mg) Solvothermal Reached 3.28 mmol/g at High over Ny, enhanced - [53]
298 K and 1 bar up to 86 at 100 kPa
dmen-Mg,(dobpdc) (dmen = N,N- Microwave At 25 °C and 0.15 bar, 1- High over N,. - [54]
dimethylethylenediamine) dmen takes up 3.77 mmol/g
of CO,
cd(In Solvothermal ~ CO, uptake is 27.5 cm® g~? High over CH,. - [55]
at 273 K and 1 bar
Cu-BTC Solvothermal - - 500 ppm [56]
MIL-101(Cr) Hydrothermal  3.16 mmol/g - [57]
ZIF-8 nanoparticles Solvothermal Greater at lower Greater over N; at 3130 ppm at room [46]
temperature lower temperatures temperature and 774 ppm
at 278 K.

potential of mechanochemistry to develop an efficient and solvent-free MOF synthesis; and (ii) the necessity of further research into
continuous, higher-scale mechanochemical processes, in order to increase the effectiveness and sustainability of the process. For future
work, the material will be integrated with a MEMS device that detects the changes in mass after gas adsorption. The majority of re-
ported CO» sensors require huge equipment to detect. As a result, we anticipate that more research will be conducted to evaluate the
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Fig. 12. MOFs’ turn-off in the water after being bubbled with CO, at two different concentrations and exposed to UV light.

MOFs potential for miniature sensors. Furthermore, this MOF could be investigated for the detection of other toxic gases such as CO
gas.
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