
Iraqi Journal of Physics, 2026                                                                                                 Vol. 24, No.2, PP.39-49 

39 

 

Comparison Assessment of Synthesis and Characterization of Zr-MOFs 

Nanoscale Using Various Techniques 
 

*1and Samara J. Mohammad 1Huda J. Mohammed 

Physics, College of Science for Women, University of Baghdad, Baghdad, Iraqof Department 1 
 samaraj_phys@csw.uobaghdad.edu.iqCorresponding author: * 

 

Abstract Article Info. 

Metal-Organic Frameworks (MOFs) are essential in nanotechnology applications 

due to their unique properties. MOFs can be easily tailored for specific uses by 

altering the metals or organic linkers involved, such as zirconium-based metal-

organic frameworks (Zr-MOFs). Among the several methods used to create 

nanoscale Zr-MOFs are microwave-assisted synthesis, solvothermal, sonochemical, 

ionothermal, and mechanochemical procedures. The synthesis, structure, and 

characterization of Zr-MOFs were compared in this project between conventional 

solvothermal and microwave-assisted methods for nitrogen adsorption/desorption. 

Using X-ray diffraction (XRD) analysis, Fourier transform infrared spectroscopy 

(FTIR), and thermogravimetric analysis (TGA), the two processes for synthesizing 

Zr-MOFs were characterized. The outcomes demonstrate the crystalline structure of 

both MOFs. The key benefits of microwave-assisted synthesis over other methods 

are its quick nucleation rate, short reaction time, and improved Zr-MOF 

characteristics. Furthermore, the microwave-assisted method significantly 

accelerated the synthesis process, achieving complete reaction within 10 minutes at 

120 °C, whereas the conventional process typically takes 24 hrs. The results revealed 

that nitrogen adsorption/desorption by Zr-MOF microwave-assisted synthesis is 

more dominant than the conventional solvothermal synthesis technique.  
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1. Introduction  
As an emerging class of highly ordered crystalline porous materials, Metal-Organic 

Frameworks (MOFs) with various potential applications have become a new research hotspot in 

chemistry and materials science during the last few decades, which is mainly attributed to their 

exceptionally high surface area, tunable pores, as well as intriguing functionalities [1]. Many 

studies have demonstrated that MOFs perform excellently in  various applications compared to 

traditional porous solid materials, such as zeolites and carbon-based porous materials. Much effort 

has been devoted to constructing MOFs with  improved stability [2]. Zirconium-based metal-

organic frameworks (Zr-MOF) are among the most promising of the many MOFs because of their 

high stability, porosity, and distinctive de-hydroxylation activity, as widely reported in the 

literature [3, 4]. Because of the tight link between Zr-carboxylate and Zr-MOF, Zr-MOF has 

attracted a lot of interest for its extraordinarily high chemical and thermal stability [5]; this has 

made it possible to employ Zr-MOF in environmental applications in a new way. Additionally, 

Zr-MOF material can be synthesized using a microwave-assisted heating technique, which 

significantly reduces the synthesis time compared to other techniques [6]. 

      Nanoscale MOFs preserve the unique chemistry and porosity of MOFs while unlocking new 

capabilities due to their small size, including in biomedicine, catalysis, and advanced materials. 

This is largely due to the exceptional area of the surface for MOFs, adjustable pore sizes, and 

versatile chemical processes [7]. In contrast to conventional porous substances that are solid, such 

as bentonite made of carbon and zeolites nanopowder porous materials [8], MOFs have been 

shown in numerous studies to perform exceptionally well in a variety of applications, including 

energy storage, separation, catalysis, chemical sensing, and drug delivery [9]. The majority of 

these findings, nonetheless, are thought to be conceptual because the materials' applicability is not 

guaranteed by perfect performances or a lack of economic evaluation. Metal-organic frameworks 
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are created through the coordination bonding of metal ions and organic ligands, in contrast to 

many industrially used materials that have homogeneous covalent connections. In most research 

domains, due to the reversible nature of coordination bonds, MOFs' inadequate stability is the 

primary barrier to their practical usage   [10]. It is difficult for researchers to successfully 

synthesize MOFs since they must modify the synthesis conditions to produce amounts appropriate 

for practical uses. Thus far, solvothermal synthesis has been the predominant technique used to 

create MOFs, requiring a large energy input and a long reaction time   [11]. For this reason, the 

scientific community is very interested in developing more affordable and sustainable synthetic 

methods. 

        Microwave-assisted synthesis has gained popularity as an alternate technique for both 

organic and inorganic materials due to its ability to shorten the time needed to synthesise porous 

materials, like MOFs, from days to minutes [12]. Because of the microwave's quicker rate of 

nucleation, the crystallization process for the creation of porous materials is sped up. Using a 

microwave to help synthesis, it is possible to avoid using the various very toxic solvents needed 

for conventional MOF synthesis. Further evidence of the approach's significance for future 

endeavors comes from the considerable improvements in the properties and functionality of MOFs 

made via microwave synthesis   [13]. Instead of conducting heat to the media from outside heating 

sources, as with conventional heating, microwave synthesis generates heat internally within the 

reaction media by dielectric heating   [14]. Therefore, it is possible to start a consistent, high-

temperature heating process under microwave radiation, which will help with MOF synthesis by 

promoting crystal nucleation and growth [15]. The microwave-assisted synthesis has established 

itself as a key player in the synthesis of MOFs. The shortened reaction time, rapid nucleation rate, 

and altered MOF characteristics are the primary benefits of microwave-assisted synthesis. One of 

the main benefits of microwave irradiation is that it heats the sample uniformly throughout, 

eliminating the need for heat transmission within the mixture. The scaling-up process is less 

difficult since the reaction mixture's volume is not reliant on the heating process [16]. 

         In this study, Zr-MOFs were synthesized using two different approaches: conventional 

solvothermal and microwave-assisted methods. Then, the synthesis techniques were compared to 

evaluate their influence on nitrogen adsorption behavior in Zr-MOFs. X-ray diffraction (XRD) 

analysis, Fourier transformed infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), 

and Brunauer, Emmet, and Teller (BET) surface area analysis were used to characterize the 

produced MOFs. 

         The goal of the study is to compare two synthesis methods (solvothermal and microwave-

assisted) of Zr-MOFs at the nanoscale and determine which approach produces the best results. 

Comparing synthesis techniques makes it easier to find economical and ecologically friendly 

production paths that work well for large-scale operations. Furthermore, the purpose of this project 

is to assist sustainable development goals by examining low-energy or solvent-free synthesis 

approaches consistent with green chemistry principles. 

 

2. Materials and Methods 
   2.1 Raw Materials 

      The analytical-grade materials and reagents used in this experiment comprised zirconium 

oxychloride octahydrate (98% ZrOCl2.8H2O, Glentham Life Sciences, Germany), terephthalic 

acid (BDC, 97%, Sigma Aldrich USA), N, N-dimethylformamide (DMF, 99.9%, SDFCL GROUP 

India, methanol (99.9%, Sydney Solvents, Australia), 1,3,5-benzenetricarboxylic acid ( 98%, 

Sigma Aldrich USA), and deionized water. All compounds were utilized exactly as they were 

supplied without additional purification. Table 1 lists all the chemicals used in this research. 
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Table 1: List of chemicals used in this project. 

Name of chemicals Formula Company Name Purity 

zirconium oxychloride 

octahydrate 

Cl2OZr8H2O Glentham Life Sciences 

Germany 

98% 

Terephthalic acid 

(BDC) 

C8H6O4 Sigma Aldrich, USA 97% 

1,3,5-benzenetricarboxylic 

acid 

C9H6O6 Sigma Aldrich, USA 98% 

 

N, N-dimethylformamide 

(DMF) 

C3H7NO SDFCL GROUP, India 99.9% 

Deionized water  Aqua Science, USA Ultrapure 

Methanol CH3OH Sydney Solvents, Australia 99.9% 

 
   2.2. Synthesis Techniques 

      2.2.1. Conventional Solvothermal Synthesis 

         The MOFs employed in this method were typically created by heating them in an oven using 

a solvent different than water or by employing solvothermal methodology, as per previous studies   

[17]. The solvothermal approach was chosen with consideration for the starting material's 

solubility. Various solvothermal solvents, including methanol and dimethylformamide (DMF), 

are employed, contingent upon the central metal and linker utilized. The Zr-MOFs were made 

using the solvothermal oven heating technique. 75 mg of ZrOCl2 was dispersed in 5 mL of DMF 

and sonicated for 10 minutes. A simultaneous reaction involved dissolving 1.25 g of 1,3,5-

benzenetricarboxylic acid in 5 mL of DMF and sonicating it for 10 minutes. The two solutions 

were mixed in a glass vial and heated at 120 °C for 24 hrs to get Zr-MOFs. The Zr-MOF was 

centrifuged for 15 minutes. The resulting white precipitate was washed three times using methanol 

as a solvent.  

  To reduced structural defects and strain size For MOFs, the annealing process is essential 

to the synthesis of pure nanoparticles free of water molecules since the annealing temperature 

enhances crystal size and improves crystallinity   [18]. Therefore, the sample was annealed in a 

furnace (Model number: TA2-16-14TP, China) at an annealing temperature of 100 ℃ for 2 hrs, 

and this can remove or modify surface ligands or adsorbates, tailoring the surface for specific 

applications (e.g., sensors or drug delivery). 

 
      2.2.2. Microwave-Assisted Synthesis 

         The usage of microwave radiation has expanded greatly in recent years. This has to do with 

how environmentally friendly it is. In this case, the moving charge of the solvent interacts with 

the electromagnetic field. More specifically, the applied electric field is related to the constant 

dipole moment of the molecule, which causes the liquid mixture to heat up quickly [19]. This 

process transforms electromagnetic energy into thermal energy. The microwave-assisted synthesis 

is similar to the solvothermal synthesis (oven heating procedure), but with a few slight 

adjustments. 75 mg of ZrOCl2 was dispersed in 5 mL of DMF and sonicated for 10 minutes. A 

simultaneous reaction involved dissolving 1.25 g of 1,3,5-benzenetricarboxylic acid in 5 mL of 

DMF and sonicating it for 10 minutes. The two solutions were mixed in a glass vial and heated at 

power (228 W\s ~ 120 °C) for (10 min.) in the microwave; this resulted in a white precipitate, 

which was washed in DMF and methanol to exchange solvents and get rid of any remaining 

impurities and unreacted metals from the framework's pores. This was followed by centrifugation 

at 2000 rpm for 15 min. The Zr-MOF was produced as a solid substance.  
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3. Results and Discussion 
    3.1. Zr-MOF Characterization 

       3.1.1. XRD Characterization 

         A nondestructive analysis method used in solid-state chemistry is powder X-ray diffraction 

(XRD) to determine the structures of crystals and characterize them based on their unique 

diffraction patterns [20]. Fig. 1 shows diffraction patterns of the synthesised Zr-MOFs using the 

two synthesis methods. The data was collected using a powder X-ray diffractometer (XRD, Philips 

Analytical, PW1835) that is outfitted with a Cu anode radiation source (λ = 1.5406 Å) in a Bragg 

angle 2θ ranging from 5° to 60°. The scanning speed was set to 5 deg/min, with a step size of 

0.05°. It was used for both synthesis methods to ascertain the phase identity, crystallinity, and 

structural features of Zr-MOFs. 

         The XRD patterns indicated that the synthesised Zr-MOFs' most likely diffraction peaks 

were located below a scattering angle (2θ) of 10 degrees, indicating that the MOF agrees with 

previous studies [21, 22]. Intensive peaks appearing at small 2θ angles are characteristics of porous 

materials, which possess abundant pores or cavities, and this appeared clearly for the two Zr-MOF 

XRD patterns (the microwave-assisted synthesis and the solvothermal synthesis). The possible 

reason for this could be the inverse relationship between 2θ and the adsorbent's porosity. The 

major peaks observed with high intensity were at 2θ of 6.85 ͦ, 8.25 ͦ, 12.2 ͦ, 17.35 ͦ, 21.5 ͦ, 25.6 ͦ and 

35.15 ͦ indexed to the crystal planes 111, 002, 022, 004, 115, 224 and 046, respectively. This 

revealed the MOF crystal structure to be a symmetric cubic with strong crystallinity and the 

creation of massive crystals, which aligned with the distinctive diffraction pattern of the Zr MOF 

phase structure [23, 24]. 

    The average crystallite size of the Zr MOF for both syntheses was calculated according to the 

Debye Scherrer formula, using Eq. (1):  

 

D =
kλ

β cos θ
                                                                                                                                                     (𝟏)

                                                               

where D is the crystallite size, λ is the wavelength of the radiation, k is the geometric factor, β is 

the full width at half maximum (FWHM). 

The obtained results of the crystal size by the microwave-assisted synthesis produced Zr-

MOF nanoparticles only after 10 minutes of reaction time, whereas the conventional solvothermal 

synthesis required 24 hours to produce high-quality crystals, as shown in Table 2. However, it was 

noted from the results that both methods produced nanoparticles in similar small proportions.  

         The highest peak intensity, indexed to the (111) crystal plane at 6.85°, was selected for 

calculations because it appears clearly in the blue pattern corresponding to Zr-MOF synthesized 

via oven heating. A lower-intensity peak at the same angle (6.85°) with a FWHM of 0.198 was 

observed in the red pattern, representing Zr-MOF synthesized via microwave-assisted methods. 

This observation aligns well with previously reported XRD spectra for Zr-MOFs [21]. 
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Figure 1: XRD patterns of Zr-MOFs obtained with different synthesis methods. 

 

Table 2: Structural properties of the synthesised Zr-MOFs for both synthesis methods. 

Synthesis method Reaction 

time 

Morphology of        

Zr-MOF crystals 

FWHM d-spacing 

(nm) 

Crystal 

size (nm) 

solvothermal 24 h Octahedral 0.272 3.57 61.37 

Assisted-microwave 10 min. Cubic 0.198 4.38 87.63 

 

    3.1.2. FTIR Spectrum 

The functional groups on pore surfaces can be investigated using the FTIS [25], which is also 

useful for characterizing functionalized MOFs, assessing their potential uses, and assessing the 

activation process.   Fig. 2 illustrates the FTIR spectra of Zr-MOFs synthesised by the two methods, 

which can be used to identify the distinctive vibrational peaks that are symmetrical and 

asymmetrical. The MOF structure's O-H bond stretching is the reason for the peak at wavenumber 

3415cm-1. The ligand BDC possesses two carboxylate groups that are strongly coupled. These 

groups result in two distinct peaks: a symmetric C-O stretching band at 1396 cm-1 and an 

asymmetric C-O stretching band at 1618 cm-1. These peaks might possibly be indicative of the 

metal's coordination bonding to the organic portion of terephthalic acid   [26]. Moreover, the 

structure's ligand's C=C benzene ring could be the source of the tiny bands at 1504 cm-1   [27]. 

    It is possible to see various peaks with low intensities; the Zr–(OC) asymmetric stretch is 

represented by the band around 553 cm-1, and the μ3-O and μ3-OH stretches are represented by 

the bands around 640 and 775 cm-1, respectively   [28]. When Zr-MOF is synthesised using the 

microwave-assisted method, the OH peak at 3415 cm-1, and the C-O group at peaks 1618 and 

1396   cm-1 become more prominent, revealing the difference between the two spectra. Both Zr-

MOF synthesis approaches produced FTIR spectra that closely match those found in earlier 

research, confirming the successful formation of the expected functional groups [29-31]. 
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Figure 2: FTIR spectra of Zr-MOFs synthesised by the two methods (solvothermal and microwave-

assisted method). 

 

       3.1.3. ThermoGravimetric Analysis (TGA)  

    TGA involves adjusting the weighted mass based on the sample material's temperature. It 

can be utilized to ascertain a material's thermal stability and breakdown products since it offers a 

quantifiable measurement of the mass changes in a material connected to both material transitions 

and thermal deterioration [32]. This method was used to investigate the thermal stability of Zr-

MOF. 

    The TGA curves of the two methods for synthesised Zr-MOF samples are shown in Fig. 3. 

It is evident that Zr-MOF had three stages of weight loss, with a total mass decrease of -61.24%. 

The first weight loss of 9.32%, observed in the temperature range of 50–200 °C, is attributed to 

the evaporation of surface-adsorbed water in the Zr-MOF. The breakdown of DMF is responsible 

for the second weight loss of 12.76%, which occurred at a temperature between 220 and 350 °C. 

The third stage of weight loss was 18.06% in the range (350-600 °C), corresponding to Zr-MOF 

breaking down into ZrO2. By comparing the two curves for both methods, it is noted that the Zr-

MOF synthesis by the microwave-assisted method exhibited less weight loss than the Zr-MOF 

synthesis by oven heating, specifically in the initial and third phases. The last stage begins at 

around  and above 600 °C, which aligns with the terephthalic acid combustion and sample 

framework degradation reported for other MOF materials in the literature  [33]. The final product 

formed after heating Zr-MOF to 600 °C was ZrO2, as can be corroborated by the XRD data and 

prior research, and the residual weight at 800°C was 25%. These results agree with those of 

Makhanya et al. [34]. 

     Ultimately, the structural robustness and thermal stability of Zr-MOFs up to 600°C with a 

constant mass loss of 20% and 18% for solvothermal and the microwave-assisted methods, 

respectively, were validated based on the results of the TGA study. When microwaves are used, 

the shorter reaction times can result in fewer trapped solvents or unreacted precursors, leading to 

a more distinct initial mass loss. As a result, Zr-MOFs produced through microwave methods tend 

to have impressive thermal stability, typically breaking down around 500–600 °C, as indicated by 

TGA. This stability is quite comparable to that of their conventionally synthesized counterparts. 

However, the differences in the weight loss of the samples are caused by solvent molecules in the 

material's pore interior and pretreatment (both hydrated and dehydrated) [35, 36]. 
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Figure 3: TGA curves of the Zr-MOFs synthesised by the microwave-assisted and the solvothermal 

methods at 120 °C. 

 
      3.1.4. BET Surface Area Analysis 

    The Brunauer, Emmet and Teller (BET) method is utilised to determine the porosity of the 

adsorbent by measuring the nitrogen adsorption/desorption isotherm. To investigate the porous 

characteristics of the Zr-MOFs samples and assess their ability for the adsorption process, the N2 

adsorption isotherms were obtained at -195 °C. 

    Isotherms for the Zr-MOFs samples are shown in Fig. 4 for both synthesis methods, which 

were prepared at 120 °C. When adsorption occurred at the extremely low pressure of P/P0   (where 

P is the equilibrium pressure of adsorbate gas, and P0
 is the saturation pressure of the adsorbate 

gas(, all adsorption isotherms demonstrated a sharp uptake, which was followed by a plateau  [37]. 

The micropores that predominately existed in the Zr-MOFs samples were evident from these 

adsorption curves. Pores with a width of no more than two nanometers are called micropores. An 

N2 filling of Zr-MOFs was made possible by the improved adsorbent-adsorbate Zr-MOFs and N2 

interactions caused by such a small gap. The BET equation for determining surface area is shown 

in its simplest form in Eq. (2): 

 

St = Z (
1−P

P°
) Va                                                                                                                                             (𝟐)              

                                                                                                               

where St is the sample's total surface area, Z is the nitrogen constant, P/Po is the equilibrium to 

saturation pressure equal to 0.294 by 30% N2/70% He gas mixture, and Va is the absorption's N2 

volume. 

Table 3 contains the measurements of porous materials for particular locations. The results 

of surface area were obtained according to Eq. (2), where the as-synthesised Zr-MOFs samples 

had specific surface areas between 900 and 1200 m2/g. The Zr-MOF sample synthesized by 

microwave had a surface area of 1210 m2/g, and the Zr-MOF sample synthesized by the 

solvothermal method had a surface area of only about 945 m2/g. For this set of samples, the N2 

adsorption isotherms were used to compute the pore diameter and micropore volume in addition 

to the specific surface areas. Regarding these samples, the micropore volume corresponded to 

their surface areas. 
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Figure 4: N2 adsorption/desorption isotherms for both synthesis methods with pH=6. 

 

Table 3: Surface characterization results for Zr-MOFs with both synthesis (solvothermal and 

microwave-assisted methods). 

Surface area Synthesis by oven Synthesis by microwave 

Specific surface area (BET) 

(m2/g) 

945 1210 

Langmuir Surface Area (m2/g) 968.3 1346.2 

BJH Adsorption cumulative 

surface area of pores (m2/g) 

342.6 422.5 

BJH Desorption cumulative 

surface area of pores (m2/g) 

337.9 416.3 

Adsorption average pore width Å 64.1 77.3 

Desorption average pore width Å 70.4 79.2 

Adsorption pore volume (cm3/g) 0.535 0.572 

Desorption pore volume (cm3/g) 0.564 0.593 

Pore diameter (nm) 1.04 1.12 

             

As shown in the adsorption/desorption isotherm diagram, the calculated values for the Zr-

MOF samples align well with their microscopic features and specific surface area data measured 

at pH 6. As shown in Fig. 4, the formation of a hysteresis loop is visible. This narrow loop can 

indicate a narrow pore size distribution. Hysteresis loops are typically connected to mesopore 

filling and emptying, and they can be seen in the multilayer range of physisorption isotherms. For 

mesopore size analysis, the desorption branch was preferred for a long time, but this approach is 

currently deemed dubious since the desorption path might be influenced by network percolation 

effects  [38]. 

 

4. Conclusions 
In the current project, a successful synthesis of Zr-MOFs was achieved using two different 

methods: solvothermal and microwave-assisted. Zr-MOFs were characterized using XRD, FTIR, 

and TGA analysis. From characterization data, it is concluded that the synthesis method of MOFs 

using microwaves has faster kinetics and heating than the traditional synthesis approach. N₂ 
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adsorption/desorption on Zr-MOF by both syntheses was studied.  The adsorption of Zr-MOF via 

solvothermal and microwave-assisted methods was investigated, and the results from microwave 

synthesis were better than those from other methods. Finally, from the adsorption/desorption 

results of Zr-MOF for both methods, it was found that the microwave-assisted technique was 

better for environmental applications due to its speed, cleanliness, and safety from toxic materials. 
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 وتوصيف أطر الزركونيوم المعدنية النانوية باستخدام تقنيات مختلفة  لتخليققارنة متقييم  
 

  1سمارة جاسم محمدو  1هدى جعفر محمد
 قسم الفيزياء، كلية العلوم للبنات، جامعة بغداد، بغداد، العراق  1

 

 الخلاصة
ب العضوية  المعدنية  الأطر  تصميم  يمكن  الفريدة.  بسبب خصائصها  النانوية  التكنولوجيا  تطبيقات  في  العضوية ضرورية  المعدنية  الأطر  سهولة  تعتبر 

المستخدمة  لاستخدامات محددة عن طريق تغيير المعادن أو الروابط العضوية المعنية، مثل أطر الزركونيوم المعدنية العضوية. من بين الطرق العديدة  

لأيونات الحرارية،  لإنشاء أطر الزركونيوم المعدنية العضوية على نطاق النانو، التخليق بمساعدة الموجات الدقيقة، والذوبان الحراري، والسونوكيميائي، وا

ن الطرق التقليدية الحرارية والذوبان  والميكانيكا الكيميائية. تمت مقارنة تخليق وبنية وتوصيف أطر الزركونيوم المعدنية العضوية في هذا المشروع بي

، تم توصيف العمليتين لتخليق أطر الزركونيوم المعدنية  TGAو  FTIRو  XRDالحراري والموجات الدقيقة لامتصاص النيتروجين. باستخدام تحليل  

رنة بالطرق الأخرى  العضوية. توضح النتائج البنية البلورية لكلا الأطر المعدنية العضوية. تتمثل الفوائد الرئيسية للتخليق بمساعدة الموجات الدقيقة مقا

الزرك أطر  وخصائص  القصير،  التفاعل  ووقت  السريع،  التبلور  معدل  المحسنة.  في  العضوية  المعدنية  مساعدة  ونيوم  طريقة  فإن  ذلك،  على  علاوة 

، في حين تستغرق درجة مئوية  120دقائق عند    10غضون    الميكروويف تعمل على تسريع عملية التركيب بشكل كبير، حيث يتم تحقيق التفاعل الكامل في

هو  Zr-MOFساعة. من النتائج التأسيسية تم الكشف عن أن امتصاص النيتروجين عن طريق التخليق بمساعدة الميكروويف لـ  24العملية التقليدية عادةً 

 أكثر هيمنة من تقنية التخليق بالفرن التقليدية. 

 

 امتصاص النيتروجين. ، الحراري  المذيب التحضير  ، التخليق بمساعدة الميكروويف ، المواد المسامية  ، : إطار معدني عضويالكلمات المفتاحية 

https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1515/gps-2022-8127

