
Separation and Purification Technology 301 (2022) 122024

Available online 27 August 2022
1383-5866/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Synthesis of defective MOF-801 via an environmentally benign approach 
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A B S T R A C T   

Diclofenac is one of the most popular non-steroidal anti-inflammatory drugs (NSAIDs) which has been widely 
used worldwide. Despite its popularity, its accumulation in the environment poses danger to the aquatic lives and 
its removal from the environment is paramount important. Although some conventional adsorbents such as 
activated carbon can be readily used to address this issue, they usually suffer from low diclofenac adsorption 
capacity (around 200 mg g− 1), resulting in bulky adsorption systems. To overcome this problem, high perfor
mance materials such as metal organic frameworks (MOFs) can be employed. Here, we report that we syn
thesised defective MOF-801 for enhanced diclofenac adsorption via a simple and environmentally benign 
approach. Differing from a conventional MOF synthesis that usually requires the use of organic solvents at high 
temperature, the defective MOF-801 could be synthesised at room temperature and by changing the reaction 
medium from dimethylformamide to water. In addition, we have also successfully shown in this study that the 
defect concentration in MOF-801 can be rationally tuned by adjusting the modulator concentration (formic acid) 
in the synthesis solution. The resulting defective MOF-801 can then be used for environmental remediation, 
which we have shown here by employing them as an adsorbent for diclofenac removal from water streams. The 
enhanced adsorption of defective MOF-801 in comparison to its non-defective counterpart is due to the pore 
enlargement of the defective MOF-801 which provides a better pathway to access the adsorption sites. The 
maximum diclofenac adsorption capacity in a highly defective MOF-801 can reach as high as 680 mg g− 1, which 
is almost 4 times higher than its non-defective counterpart. This study then opens possibilities to engineer the 
MOF particles for environmental remediation.   

1. Introduction 

Diclofenac is one of the most popular non-steroidal anti-inflamma
tory drugs that has been used worldwide. Despite its popularity, pre
vention of its immediate release to the environment is crucial since its 
accumulation can be harmful to the surrounding ecosystem. For 
instance, the presence of excessive diclofenac in the environment could 
poison the aquatic lives [1]. A number of adsorbents such as biochar [2], 
activated carbon [3–5],organoclays [6], zeolite [7] and graphene oxide 
(GO) [8,9] have then been investigated as the potential materials to 
tackle the issue. However, the major problem of these materials lies in 
their low diclofenac adsorption capacity (i.e. 100–200 mg g− 1). There
fore, it is imperative to functionalise the adsorbents or to fabricate high 
performance materials to increase the diclofenac adsorption capacity 

[3,10–15]. 
During the last two decades, there has been a growing interest in the 

development of metal–organic frameworks (MOFs) as a promising class 
of porous materials that can be applied to address various environmental 
issues. Among the numerous types of MOFs, zirconium-based MOFs 
have demonstrated excellent performances for water-based applica
tions, particularly in maintaining their robust structures. This is because 
they are built by strong coordination bonding between the zirconium ion 
and the ligands. Therefore, they have been widely investigated for 
various purposes such as fluoride removal and desalination [16–18]. In 
addition, the efficacy of zirconium-based MOFs to eliminate various 
pharmaceutical products, including diclofenac, from water streams have 
also been studied recently [19]. 

MOF-801 is constructed by Zr6O4(OH)4 and fumarate as the metal 
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cluster and ligand, respectively. It has a similar topology compared with 
UiO-66 and was firstly reported in 2012 where both ZrCl4 and fumaric 
acid were reacted in a solvothermal condition with the presence of 
formic acid as the modulator [20]. Since then, the research interest in 
MOF-801 has significantly increased. This is particularly driven by its 
promising application as a water harvester which utilises the sur
rounding humidity to produce fresh water [21] and as an adsorbent for 
cooling system [22]. 

Because of the excellence of the MOF-801 framework stability in an 
aqueous environment, MOF-801 may also have its potential as an 
adsorbent for pollutants removal such as diclofenac. However, its 
adsorption capacity may not be high enough because of its similar 
structure with UiO-66, that has relatively low diclofenac uptake (around 
100–200 mg g− 1) [23,24]. Therefore, functionalisation of such MOFs is 
sometimes necessary to significantly improve its diclofenac uptake [25], 
which could render the whole MOF production more complex. 

To address the issue, we hypothesise that the diclofenac uptake of 
MOF-801 can actually be rationally improved by defect engineering. 
Introducing defects have been widely studied in various MOFs, such as 
in MOF-808 [26], MOF-74 [27], UiO-66 [28,29] and MOF-801 
[22,30,31] and can be considered as one of the effective strategies to 
broaden MOFs’ applicability [29,32]. In our case, this approach could be 
beneficial since it can enlarge the pore opening of the MOFs so the 
diclofenac molecule can easily access the adsorptive sites in the pores of 
the defective MOFs. This approach is also based on the fact that high 
diclofenac uptake could be achieved by employing MOFs with large pore 
aperture and surface area [19]. 

In this study, we then propose a new strategy to create defects in 
MOF-801 through a simple and environmentally benign approach. 
Differing from the conventional synthesis of MOF-801 that requires 
harmful DMF as the solvent at high temperature, the defective MOF-801 
could be synthesised using water as the solvent at room temperature. 
The concentration of defects in MOF-801 could also be fine-tuned by 
adjusting the amount of formic acid used during the synthesis. In this 
study, both the non-defective and defective MOF-801 were then fully 
characterised and their environmental remediation potential, which in 
this study is exemplified by studying its diclofenac removal capability, 
were also studied comprehensively, including isotherm, thermodynamic 
and the adsorption kinetics to demonstrate the superiority of intro
ducing defects in MOF-801 to enhance its capability in removal of 
diclofenac from water streams. 

2. Materials and methodology 

2.1. Chemicals 

Zirconia tetrachloride (ZrCl4), fumaric acid and diclofenac sodium 
salt were purchased from Merck, United Kingdom. Dimethylformamide 
(DMF) and formic acid were purchased from VWR, United Kingdom. 

2.2. Synthesis of MOF-801 nanoparticles 

There are two different methods used in this study to synthesise 
MOF-801 nanoparticlesTable 1.. The first method used 

dimethylformamide (DMF) as the solvent to synthesise the MOF-801 
that contains the least defects. The synthesis condition was adapted 
from the previous report on the synthesis of Zr-fumarate [20]. In a 
typical synthesis, 120 mg of ZrCl4 and 180 mg of fumaric acid were 
dissolved in 20 mL DMF. To this solution, 100 equivalent of formic acid 
was added as a modulator. The solution was then transferred into a 
Teflon-lined autoclave and the solvothermal reaction took place in a 
convective oven at 120 ◦C for 24 h. Once the reaction finished, the 
product was collected by filtration and then washed with DMF and 
methanol. Afterwards, the product was immersed in methanol for 3 days 
to remove the DMF from the MOF pores. During this period, the meth
anol was exchanged with a fresh methanol twice a day. The MOF-801 
was then dried at 100 ◦C before being used for adsorption studies. 

Meanwhile, the second method was employed to produce MOF-801 
with more defects. In this case, water was used instead of DMF as the 
solvent. In brief, 350 mg of ZrCl4 and 160 mg of fumaric acid were used 
as the starting materials. They were dissolved in 8 mL of deionised water 
and varying amount of formic acid. Afterwards the solution was soni
cated for 1 h and left at room temperature for 24 h. The products were 
collected by centrifugation (12000 RPM) and washed with DI water and 
ethanol. The defective-MOF-801 were then dried at 100 ◦C before being 
used for adsorption studies. 

For the sake of naming convenience, throughout this research, the 
sample that was synthesised using the first method is named MOF-801 to 
indicate that it contains the least defects. Meanwhile, the samples from 
the second method are named d-MOF-801(n). The ‘d’ indicates the 
samples contain more defects than the MOF-801 synthesised through the 
first method and the ‘n’ indicates the equivalent amount of formic acid 
added to the synthesis condition as described above. Therefore, for 
example, d-MOF-801(35) means that the defective-MOF-801 was syn
thesised using 350 mg of ZrCl4, 160 mg of fumaric acid, 8 mL of DI water 
and 35 equivalent of formic acid relative to the ZrCl4. A typical synthesis 
condition for both d-MOF-801(n) and MOF-801 is then given in 1. 

2.3. Characterisations 

2.3.1. Powder X-Ray diffraction (PXRD) 
Powder X-Ray Diffraction (PXRD) technique was employed to char

acterise the crystallinity of the samples. The nanopowder of both d- 
MOF-801(n) and MOF-801 was spread over the sample holder. PAN
anlytical XRD was then used as to obtain the PXRD spectra of the sam
ples. The voltage and the current of the instrument were set at 40 kV and 
40 mA, respectively, and the measurement took place at 2θ between 5 
and 40◦. 

2.3.2. Fourier transformed infrared (FTIR) 
Fourier Transformed Infrared (FTIR) spectra were collected using 

FTIR Cary Spectrometer to obtain the chemical bonding information in 
the samples. The measurement took place between the wavenumber 
4000–500 cm− 1 and the sampling technique used in this study is 
attenuated total reflectance (ATR). 

2.3.3. 1H Nuclear magnetic resonance (NMR) 
Nuclear magnetic resonance (NMR) was employed to obtain the 

Table 1 
Synthesis conditions of both d-MOF-801(n) and MOF-801 used in this study.  

MOF Mass of ZrCl4 

(mg) 
Mass of fumaric acid 
(mg) 

Solvent Solvent volume 
(mL) 

Amount of formic acid 
(mL) 

Synthesis method 

d-MOF-801 
(35) 

350 160 Water 8 2 Ultrasonication followed by overnight staying at room 
temperature 

d-MOF-801 
(50) 

350 160 Water 8 2.8 

d-MOF-801 
(70) 

350 160 Water 8 4 

MOF-801 120 180 DMF 20 2 Solvothermal for 24 h at 120 ◦C  
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information on the ratio between formate and fumarate in the samples. 
This information can then be used to approximate the extent of defects 
in the samples. About 1–2 mg of the samples were firstly digested in 
1 mL of 4% NaOD/D2O solution. The digested samples were then filtered 
through cotton to obtain a clear solution. The NMR spectra of the so
lution were then collected by using Jeol 400 MHz spectrometer. 

2.3.4. Thermogravimetric analysis (TGA) 
The thermal stability profile of the samples was evaluated by 

employing thermogravimetry analysis (TGA) technique. The TGA in
strument from Netzsch was also equipped with mass spectrometer to 
monitor the gas phase that comes out as the temperature in the sample 
chamber is ramped up. Around 2–4 mg of samples were used to obtain 
the TGA profile of both d-MOF-801(n) and MOF-801. 

2.3.5. Nitrogen physisorption 
Specific surface area of the materials was measured at 77 K using 

Quantachrome iQ3 instrument by using nitrogen as the adsorbate. The 
sample mass used for this characterization is between 50 and 60 mg. 
Before the measurement took place, all the samples were degassed under 
vacuum using the in-situ degassing instrument of the instrument. The 
degassing temperature was set at 110 ◦C and the degassing took place for 
at least 15 h. 

2.3.6. Scanning electron microscopy (SEM) 
The micrographs of the gold-coated samples were obtained by using 

scanning electron microscope (SEM) LEO Gemini 1525 FEGSEM. The 
accelerating voltage and working distance were set to be 5 kV and 
around 6 mm, respectively. 

2.3.7. UV–Vis spectroscopy 
During the diclofenac adsorption studies, the diclofenac concentra

tion was determined by taking the UV–Vis absorbance value at 276 nm. 
The absorbance of the samples was collected by using Thermo Fisher 
Scientific Nanodrop UV–Vis spectrophotometer. Around 10 µL of sam
ples were used to obtain the UV–Vis spectra. 

2.4. Diclofenac adsorption study 

The diclofenac adsorption study was conducted following the pro
cedure in our previous study [19]. The study of diclofenac adsorption 
isotherm was carried out by suspending 1 mg of MOF-801 or d-MOF-801 
(n) in a 2 mL diclofenac solution with various concentrations. The sus
pensions were then sonicated, put in a roller miller and left for 24 h to 
achieve equilibrium. Afterwards, the suspension was filtered using a 
0.22 µm syringe filter (Sartorius, cellulose acetate) and the UV–Vis 
absorbance of the filtrate was measured. 

To study the adsorption kinetic of the diclofenac, 5 mg of the MOF- 
801 or d-MOF-801(n) was dispersed in 10 mL of 500 mg L-1 diclofenac 
solution and sonicated to obtain a homogeneous suspension. The con
centration of the diclofenac in the suspension was then monitored at a 
certain period of time (5, 10, 20, 40, 60, 120, 240 and 360 min). This 
was accomplished by monitoring the UV–Vis absorbance of the filtrate 
that was collected by taking out around 1 mL of the suspension using a 
syringe which was followed by filtering the suspension using a 0.22 µm 
syringe filter (Sartorius, cellulose acetate). The temperature during the 
experiment were 298 K. 

Meanwhile, only two MOFs, namely MOF-801 and d-MOF-801(35), 
were involved to study the effect of temperature, pH and the presence of 
both cation and anion species on the diclofenac adsorption capacity 
since they represent the most contrasting features. In this case, about 
1 mg of MOF was used and suspended in a glass vial containing 2 mL of 
500 mg L-1 diclofenac solution. To study the effect of the temperature, 
the glass vial was either placed in controlled temperature room or inside 
an oil bath during the adsorption process. The effect of pH was studied 
by carefully adjusting the pH of the suspension using either 0.1 M HCl or 

0.1 M NaOH. Lastly, the effect of the presence of various salts on the 
adsorption process was also evaluated by adding the natrium or chloride 
salt into the solution. The concentration of the salts is adjusted to be 
1 mmol L-1 for NaCl, NaNO3 and KCl and 0.5 mmol L-1 for Na2SO4, 
Na2CO3, MgCl2 and Mg2SO4. 

Regeneration study was caried out by washing the d-MOF-801(35) 
with a mixture of methanol and acetic acid (9:1 v/v) overnight. After
wards the regenerated d-MOF-801(35) was collected and dried at 100 ◦C 
before undergoing the next cycle of diclofenac adsorption test. 

3. Results and discussions 

3.1. MOF-801 and d-MOF-801(n) nanoparticles characterisation 

As described in the previous section, two methods were used to 
synthesise the MOF-801: using either DMF or water as the solvent. The 
summary of both methods and the expected nanomaterials is then given 
in Fig. 1. We hypothesise that MOF-801 that is produced by aqueous 
synthesis method contains more defects than the one that is produced 
using solvothermal method. In respect to this, it should also be noted 
that our attempt to produce a perfect MOF-801 using a solvothermal 
method was unsuccessful despite our numerous trials to change the 
synthesis conditions. Based on the 1H NMR spectrum of the digested 
MOF-801 (Figure S4), it can be seen that the formate peak does still exist 
and thus indicating the presence of little defects in the MOF-801 
structure. 

However, it can also be observed from Figures S1-S4 and Table S1, 
that the presence of defects in MOF-801 is very minimal in comparison 
to the d-MOF-801(n). In this case, the defect concentration in MOF-801 
framework can be indicated by the presence of formate in the frame
work. It can then be seen that the presence of formate in MOF-801 is 
found to be around 8%. This is in a stark contrast with d-MOF-801(n). 
This value in both d-MOF-801(50) and d-MOF-801(35) could reach 
around 30%. Meanwhile, this value is found to be lower in d-MOF-801 
(70), where the percentage is found to be around 25%. This then also 
shows that the defects concentration could be rationally tuned by 
adjusting the amount of formic acid used during the aqueous synthesis of 
d-MOF-801(n). The higher the amount of formic acid used, a least 
defective d-MOF-801 could be obtained. Meanwhile, it does also seem 
that further lowering the amount of formic acid during the synthesis 
does not lead to produce a more defective d-MOF-801. As can be seen 
from the digested spectrum of d-MOF-801(n), the trend of formate/ 
fumarate ratio in d-MOF-801(n) is rather plateauing. This is probably 
because MOF-801 could not retain its framework where more defects are 
introduced within its framework. Meanwhile, our attempt to produce 
defective MOF-801 using water as the solvent with lesser defective sites 
was also unsuccessful since increasing the amount of formic acid in the 
synthesis condition beyond 70 equivalents resulted in a relatively stable 
solution and no products could be obtained. This also indicates that a 
modulator window exists to obtain a crystalline d-MOF-801(n). On one 
hand, the amount of formic acid should not be too low to maintain the 
robustness of the framework. On the other hand, it should not also be too 
high that could eventually prevent the crystallisation process to take 
place. 

Various techniques were then used to characterise both the MOF-801 
and d-MOF-801(n). Firstly, powder X-Ray diffraction (PXRD) was used 
to evaluate the crystallinity of the samples and the result is presented in 
Fig. 2(A). It can be seen from the result that both MOF-801 and d-MOF- 
801 have identical PXRD spectra that perfectly match with the calcu
lated pattern of MOF-801. This shows that regardless of the presence of 
defects in the structure, all of the samples crystallise as MOF-801. 
However, it can also be observed that the relative intensity of the 
PXRD spectra of d-MOF-801(n) is lower compared with the MOF-801. 
This is more pronounced with d-MOF-801(35), which was produced 
using the least amount of formic acid. This indicates that the d-MOF-801 
(n) are less crystalline than its MOF-801 counterpart. In addition, this 
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Fig. 1. Strategy to synthesise defective MOF-801 with enhanced diclofenac adsorption.  

Fig. 2. PXRD pattern (A) and FTIR spectra (B) of MOF-801 and d-MOF-801(n) and SEM pictures of d-MOF-801(35) (C), d-MOF-801(50) (D), d-MOF-801(70) (E) and 
MOF-801 (F). The scale bar for all SEM figures is 200 nm and given in (C). 
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also shows that, among the d-MOF-801(n), the higher the formic acid 
used during the synthesis condition, the higher the crystallinity of the 
product. This is also in accordance with the first report on Zr-fumarate 
MOF where higher modulator concentration produces MOF with bet
ter crystallinity [20]. 

Fourier transformed infrared spectroscopy (FTIR) was also employed 
to elucidate the fingerprint of both the MOF-801 and d-MOF-801(n) and 
the resultant spectra is presented in Fig. 2(B). From the result, it can be 
seen that the spectra of both MOF-801 and d-MOF-801(n) resembles 
each other and there is no significance difference between the two 
samples. This is probably because all samples still contain both fumaric 
and formic acid in their structure and thus do not yield any difference in 
their chemical fingerprint. From the spectra, it can be seen that the 
characteristic peaks at around 1390 cm− 1 and 1550 cm− 1 appear in all 
samples which are correlated with the carboxylate bonding from the 
ligand [33]. In addition, peaks at around 1200 cm− 1 and can also be 
observed which can be associated with the carboxylic acid group from 
the fumaric acid. 

The micrographs of both d-MOF-801(n) and MOF-801 are given in 
Fig. 2(C)–(F). From the figure, it can be seen that MOF-801 were formed 
in two different shapes, where a solvothermal method produces a perfect 
and well-defined octahedral shape (Fig. 2F). This is also in accordance 
with other findings when the MOF-801 was synthesised using DMF as 
the solvent [20]. Meanwhile, such a well-defined feature cannot be 
clearly observed for d-MOF-801(n), in particular in d-MOF-801(35). As 
can be seen in Fig. 2(C), d-MOF-801(35) crystallises rather as a sphere 
with particle size less than 200 nm. In addition, the particles are also 
heavily agglomerated. This is also in accordance with previous in
vestigations showing that water-based synthesis of MOF-801 results in a 
spherical particles rather than an octahedral one [34]. Meanwhile, when 
the amount of modulator in the synthesis medium is increased, d-MOF- 
801(n) particles with bigger particle size could be obtained (Fig. 2(D) 
and (E)). This then also highlights another advantage in the synthesis of 
d-MOF-801(n), namely the possibility to engineer the particle size. In 
addition, the d-MOF-801(50) and d-MOF-801(70) particles also appear 
to be less-agglomerated and have started to show a more well-defined 
shape, albeit still less well-defined when compared to the MOF-801 
that was synthesised using DMF as the solvent. 

The different particle shape obtained when MOF-801 was syn
thesised in water and DMF could then be associated with the presence of 
defective sites in the MOF. In an ideal condition, when the defective sites 
are minimal, as in the case of MOF-801, a well-defined octahedral MOF- 
801 with particle size up to around 500 nm could be obtained. In this 
case, the formate could effectively compete with the fumarate to coor
dinate with the metal cluster to slow down the reaction. As a result, the 
self-repair mechanism of the MOF could take place [35]. 

Meanwhile, a different situation might be encountered in the syn
thesis condition of d-MOF-801(n). In this case, the formate could not 
compete with the fumarate as effective as in the case of MOF-801 
because the relatively fast nucleation process in the synthesis of d- 
MOF-801(n). This might then be associated with the use of ultra
sonication process. In addition to aiding the dissolution process of the 
starting components in water, such a process could also fasten the 
nucleation and crystallisation process of d-MOF-801(n), which could be 
attributed to the generation of cavitation bubbles. This is also confirmed 
by our observation, where all the synthesis medium appeared to be very 
cloudy after 1 h of ultrasonication and thus indicating a fast reaction 
time. This could then impact the particle size and shape of d-MOF-801 
(n). As can be seen from the SEM images, d-MOF-801(n) particles are in 
general smaller and less well-defined than MOF-801. The fast nucleation 
rate might cause this phenomenon since there is no sufficient time for 
the d-MOF-801(n) to grow bigger. In addition, this could also affect the 
particle shape of d-MOF-801(n) particles, particularly d-MOF-801(35), 
which appear to be more spherical. This might be caused by the ten
dency of d-MOF-801(n) to minimise the free energy by lowering the 
surface contribution. Moreover, faster reaction time also produces a 

more defective MOF. This is because such a fast reaction time hinders 
the self-repair mechanism to occur. However, as in the case of MOF-801, 
the presence of formic acid in the synthesis medium could slow down the 
reaction since it is going to compete with the fumarate to coordinate 
with the metal cluster, although not as effective as in the case of MOF- 
801. Therefore, the most prominent effect was observed in d-MOF-801 
(70) since it had the highest formic acid concentration in the synthesis 
medium. As a result, self-repair process is much more favourable to take 
place in the synthesis medium of d-MOF-801(70) rather than in d-MOF- 
801(35) and d-MOF-801(50) and thus a crystal with less defective site 
could be obtained. In addition, this condition also delays the nucleation 
rate in the synthesis medium of d-MOF-801(70) and thus also resulting 
in a bigger and more well-defined particle than d-MOF-801(35) and d- 
MOF-801(50). This explanation is also confirmed from the PXRD pattern 
as shown in Fig. 2(A), showing that higher modulator in d-MOF-801(n) 
synthesis results in a sharper XRD pattern, indicating better particle 
crystallinity and bigger particle size. 

The thermal stability profile for all samples is given in Fig. 3(A). 
From the results, it can be seen that both MOF-801 and d-MOF-801(n) 
display two different stability trends. First, both MOF-801 and d-MOF- 
801(n), lose water when they are heated until 100 ◦C, as also confirmed 
by the appearance of a peak at m/z = 18 in the mass spectrum as can be 
seen in Fig. 3(B). Afterwards, both samples go in a different direction. 
MOF-801 has a more stabilised trend when heated up to 350 ◦C before 
the first step of the ligand decomposition occurs. However, the same 
trend is not observed in the d-MOF-801(n). As can be seen, all d-MOF- 
801(n) still experience a mass loss until they reach 350 ◦C where a more 
pronounce declining mass loss occurs. This indicates that the d-MOF- 
801(n) has poorer thermal stability than MOF-801, which also corrob
orates the previous observation in UiO-66 [36]. This continuous mass 
decline of the d-MOF-801(n) after the removal of surface water can then 
be associated to the decomposition of formate ligand. As can also be seen 
from the mass spectra, a slight hump at m/z = 18 can also be observed 
during this phase which can be associated to the release of H2O from the 
decomposition of hydrogen group in C-H bonds in formate ligand. The 
absence of such a continuous mass loss trend within this temperature 
range in MOF-801 then also indicates the absence or negligible presence 
of formate in MOF-801. Afterwards, the mass loss trajectory between d- 
MOF-801(n) and MOF-801 are quite similar where they experience a 
sharp declining trend where decomposition of fumarate ligand occurs. 
However, it can be seen that the declining trend in d-MOF-801(n) starts 
slightly earlier than in MOF-801. This might indicate the more labile 
framework structure in d-MOF-801(n) because of the presence of de
fects. Afterwards both MOF-801 and d-MOF-801(n) experience the 
second step of ligand decomposition that starts at around 600 ◦C. This 
step might be attributed to the removal of the remaining carbonate ions 
that are still strongly coordinated with the Zr4+ ions [37,20]. This is also 
confirmed from the mass spectra that only shows the peak at m/z = 44 
which corresponds to the release of CO2. 

The porosity of both MOF-801 and d-MOF-801(n) was then evalu
ated by analysing their surface area through nitrogen physisorption at 
77 K. The results for this study are presented in Table 2 and Fig. 4(A). As 
can be seen, in general, the nitrogen uptake of d-MOF-801(n) is higher 
compared to the MOF-801. In accordance with this trend, the specific 
surface area of d-MOF-801(35), d-MOF-801(50), d-MOF-801(70) and 
MOF-801 are found to be around 1070, 925, 725 and 811 m2 g− 1, 
respectively. This trend has also been previously observed in other 
defective MOFs such as UiO-66 where an introduction of defects into the 
pristine framework results in an increase in the nitrogen uptake during 
the physisorption. In this case, the defective MOFs have higher porosity 
than its pristine structure and thus also have higher specific surface area 
[29,38,36]. In addition to higher specific surface area, further analysis 
on the pore size distribution has also shown that, in general, d-MOF-801 
(n) has bigger pore width and volume than its MOF-801 counterpart. As 
can be seen from Fig. 4(B), the pore size distribution in MOF-801 is 
dominated within the region of 0.5 and 0.8 nm, in accordance with what 
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have been previously reported [20,34]. This pore size corresponds to the 
tetrahedral and octahedral cages, respectively, in MOF-801 [22]. 
Meanwhile, in d-MOF-801(n), the region at around 0.5 nm starts to 
disappear and is slightly shifted towards higher value (around 0.6 nm) 
with the decrease of the concentration of formic acid in the synthesis 
solution of d-MOF-801(n). This is then accompanied by the increasing 
domination in the pore size opening region of around 1.2 nm and the 
decreasing trend in the 0.8 nm pore size region. Therefore, it can also be 
seen that in the d-MOF-801(35) with the highest defects, the pore size at 
around 0.8 nm almost entirely disappears and is replaced by two 
dominant pore regions: 0.6 nm and 1.2 nm. This then clearly indicates 
that the presence of defects can enlarge the pore opening in the d-MOF- 
801(n). 

However, it should be noted that MOF-801, which was synthesised in 
this study, also displays a pore opening around 1.2 nm. As has been 
previously stated, this can be explained by the presence of a small 
number of defects in the MOF-801. As also corroborated by the 1H NMR 
spectrum of MOF-801, there is still a minimal presence of formate in 
MOF-801. They can then contribute in constructing a tiny defective site 
inside MOF-801 and thus enlarging the pore opening. Despite this, it can 

be seen that the pore opening in MOF-801 is not dominated from this 
particular region. This is in contrast with d-MOF-801(35) and d-MOF- 
801(50) where their pore width is dominated at the region around 
1.2 nm. The pore opening within this region could then be considered 
optimal for diclofenac adsorption because of the molecular size of 
diclofenac molecule (0.52 × 0.74 × 1.03 nm) [39]. 

3.2. Diclofenac adsorption performance of MOF-801 and d-MOF-801(n) 

3.2.1. Diclofenac adsorption kinetic and isotherm 
Having fully characterised the MOF-801 and d-MOF-801(n), we then 

continue to study their diclofenac adsorption performance. Diclofenac is 
chosen because it is one of the most popular NSAIDs that has been used 
worldwide. However, its immediate release to the environment should 
be avoided since its accumulation could harm the surrounding envi
ronment. With the aid of defect engineering in MOF-801, the adsorption 
performance of this particular MOF can be expected to be enhanced. 

First, the kinetic study of both d-MOF-801(n) and MOF-801 were 
conducted and the result is presented in Fig. 5 with the value of their 
parameters is shown in Table 3. It can be firstly observed that both d- 
MOF-801(n) and MOF-801 could reach the adsorption equilibrium in 
less than 1 h. This time to reach equilibrium is considerably fast, when it 
is compared with, for example, MIL-100 [39]. Although the maximum 
adsorption capacity of MIL-100 is higher than d-MOF-801(n), it requires 
more than 20 h for the adsorption to reach equilibrium. This could then 
be attributed to the pore opening around 1.2 nm that could avoid the 
diffusion resistance for the diclofenac to get adsorbed onto the active 
sites of d-MOF-801(n). 

Based on the further analysis, the kinetic model of both d-MOF-801 
(n) and MOF-801 suits better with the pseudo-second order (PSO) ki
netic model fits better in comparison to the pseudo-first order (PFO). 
Although the fitting is based on the linearised model, it can also be seen 
from Table S2 that an agreement can also be obtained when the data is 

Fig. 3. Thermogravimetric analysis (A) and their corresponding ion current at m/z = 18 and m/z = 44 (B) of MOF-801 and d-MOF-801(n).  

Table 2 
Physical properties of both d-MOF-801(n) and MOF-801 obtained from the ni
trogen sorption measurement.  

MOF Surface area (m2 

g¡1) 
Pore width 
(nm) 

Pore volume (cm3 

g¡1) 

d-MOF-801 
(35) 

1070  1.126  0.37 

d-MOF-801 
(50) 

925  1.126  0.32 

d-MOF-801 
(70) 

725  0.6  0.25 

MOF-801 811  0.524  0.28  

Fig. 4. The nitrogen adsorption at 77 K (A) and the pore width distribution and cumulative pore volume (B) of MOF-801 and d-MOF-801(n).  

N. Prasetya and K. Li                                                                                                                                                                                                                          



Separation and Purification Technology 301 (2022) 122024

7

fitted using non-linearised model, where PSO fits better than the PFO 
model to describe the kinetic process of diclofenac adsorption. Based on 
the PSO model, the equilibrium adsorption capacity for the MOF-801 is 
then found to be around 156 mg g− 1. This is in contrast with the equi
librium adsorption capacity found in d-MOF-801(n). In this case, the 
equilibrium capacity for d-MOF-801(35), d-MOF-801(50) and d-MOF- 
801(70) are found to be around 657, 588 and 454 mg g− 1, respectively. 

To gain further insight on the diclofenac adsorption phenomena in 
the MOF-801 and d-MOF-801(n), intraparticle diffusion (IPD) model is 
also used to analyse the kinetic data of the diclofenac adsorption. The 
result for the analysis is presented in Fig. 6(A) and Table S3. From the 
results it can be seen that there are two distinct trends, each is owned by 
MOF-801 and d-MOF-801(n). For MOF-801, the IPD model can be well 
fitted with a one-step linear trend. However, this one-step process 
cannot be applied for d-MOF-801(n). From the results, all d-MOF-801(n) 
shows two linear steps in the IPD model. During the adsorption process, 
three important diffusional steps could be involved: (i) the diffusion of 

the adsorbate from the film layer to the particle, (ii) adsorbate diffusion 
in the pores of the particles and (iii) surface diffusion of the adsorbate 
before being adsorbed [40]. One of these diffusional processes could 
then act as the rate limiting step during the adsorption process. In the 
presence of multilinearity, the whole adsorption mechanism in d-MOF- 
801(n) is probably not governed by the diffusion of the adsorbate in the 
pores of the MOF. In contrast, the linearity exhibited by the MOF-801 
might indicate that the adsorbate diffusion in the pores of MOF-801 
(pore diffusion) might be the limiting step during the adsorption pro
cess [41]. 

This is the further corroborated by analysing further the kinetic data 
using the Boyd model and the result is presented in Fig. 6(B) and 
Table S4. As in IPD model, it can also be seen from the Boyd model that 
there are two distinct trends, each is owned by MOF-801 and d-MOF-801 
(n). MOF-801 exhibits a linear trend while all d-MOF-801(n) shows a 
multilinear trend. In addition, it can also be observed that the linear 
trend of MOF-801 passes the origin. In Boyd model, when the linear 
trend does not pass the origin, it indicates that the kinetic of the 
adsorption process is not governed by intraparticle diffusion [42]. In the 
case of MOF-801, this then means that the diffusion from the film to the 
particles are fast and the adsorption process is governed by the diffusion 
of the adsorbate in the pores of the particles. This is actually under
standable since the continuous agitation during the experiment could 
eliminate the film diffusion [43] and thus the adsorption kinetic of 
diclofenac onto the MOF-801 is more governed by the adsorbate diffu
sion in the MOF-801 itself. 

In contrast, the multilinearity of d-MOF-801(n) might indicate that 
neither the adsorbate diffusion in the film to the particle nor the 
adsorbate diffusion in the pore of the MOFs governs the overall kinetic in 
the d-MOF-801(n). This could be expected since the pore enlargement in 
all d-MOF-801(n), which is induced by the presence of defects, might 
contribute in enhancing the diffusional process of the diclofenac during 
the adsorption process. As a result, this pore diffusion might no longer 
act as the rate-limiting step as observed in MOF-801. Therefore, in this 
case, it could be the case that the surface diffusion of diclofenac before 
adsorption on the surface of d-MOF-801(n) might govern the overall 
kinetic process. 

The diclofenac adsorption isotherm of MOF-801 and d-MOF-801(n) 
was also then studied and the result is presented in Fig. 7 with the values 
of their parameters based on the linearised Langmuir and Freundlich 
models are given in Table 4. As can be seen, the MOF-801 has the lowest 
diclofenac adsorption capacity compared with the d-MOF-801(n). Based 
on the Langmuir model, the maximum adsorption capacity of MOF-801 
is found to be around 173 mg g− 1, which agrees with the estimated 
equilibrium adsorption capacity from the kinetic study. The diclofenac 
maximum adsorption capacity of MOF-801 is also comparable with the 
diclofenac adsorption capacity in UiO-66, which falls around 
100 mg g− 1 [24]. This result is expected since both materials share the 
structural similarity. The slightly higher capacity observed in MOF-801 

Fig. 5. The diclofenac adsorption kinetics of d-MOF-801(n) and MOF-801. The 
PSO and PFO fitting are shown as solid and dotted line, respectively. 

Table 3 
The value of parameters in PFO and PSO model.  

Parameter d-MOF-801 
(35) 

d-MOF-801 
(50) 

d-MOF-801 
(70) 

MOF-801 

PFO 
qeq  106.5  157.4 33  94.8 
k1  0.0081  0.0169 0.0104  0.0064 
R2  0.74  0.94 0.27  0.95 
PSO 
qeq  657.9  588.2 454.5  156.3 
k2  0.000582  0.000672 0.001466  0.000246 
R2  0.999  0.998 0.999  0.985  

Fig. 6. The intraparticle diffusion (IPD) (A) and Boyd (B)model of d-MOF-801(n) and MOF-801 for diclofenac adsorption.  
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could then be associated with the presence of a little number of defects 
in this particular sample. As has been previously explained, our attempt 
to synthesise a perfect MOF-801 was proven unsuccessful since the 
formate group was always present. From the pore size distribution 
analysis of MOF-801, it can also be seen that the pore at around 1 nm do 

still exist, albeit it is not the dominant constituent. The presence of these 
little defects in the MOF-801 might then aid in enhancing its diclofenac 
adsorption compared with the UiO-66 since the size of the diclofenac 
molecule might fit well to go into the MOF-801. 

In contrast, all the d-MOF-801(n) show higher diclofenac adsorption 
capacity compared with its MOF-801 counterpart. From the Langmuir 
model, it can be predicted that the maximum adsorption capacity of the 
d-MOF-801(35), d-MOF-801(50) and d-MOF-801(70) are found to be 
around 680, 667 and 425 mg g− 1, respectively. This then agrees with the 
equilibrium adsorption capacity found during the kinetic study and also 
with the non-linearised Langmuir model (Table S5). Therefore, it could 
be concluded that the lower the formic acid used to synthesise d-MOF- 
801(n), the higher its maximum diclofenac adsorption capacity. This 
trend can then be associated with the increasing number of defects in the 
d-MOF-801(n) when it was synthesised with lower amount of formic 
acid. This result also corroborates previous characterisations that show 
that among the d-MOF-801 samples, d-MOF-801(35) has the highest 
surface area with pore opening dominated at around 1.2 nm and thus 
more effective in capturing diclofenac molecules. This then highlights 
the importance of having a more porous structure in d-MOF-801(n) in 
capturing diclofenac from water streams. 

3.2.2. The effects of temperature, pH and salts on the diclofenac adsorption 
performance 

The effect of temperature on the diclofenac adsorption on both MOF- 
801 and d-MOF-801(35) is also evaluated with the result is given in 
Fig. 8(A). From the result, it can be seen that the adsorption capacity of 
both MOF decreases with the increase of temperature. The change in 
enthalpy value as tabulated in Table S4 is found to be around − 5.7 and 
− 9.4 kJ mol− 1 for MOF-801 and d-MOF-801(35), respectively. This 
shows the exothermic nature of the diclofenac adsorption in both MOFs, 
which is also previously observed in other MOFs [44,19]. The diclofenac 
adsorption process is then more favourable to occur at lower tempera
ture. Higher temperature might increase the solubility of diclofenac in 
water and thus reducing its possibility to get adsorbed on the MOF 
surface. Further thermodynamic analysis is then carried out and the 
result is also tabulated in Table S4. From the result, it can be seen that 
both MOFs exhibit negative change in entropy (ΔS) during the adsorp
tion process. This indicates the reduction of randomness degree of the 

Fig. 7. The diclofenac adsorption isotherms of d-MOF-801(n) and MOF-801. 
The Langmuir and Freundlich fitting are shown as solid and dotted line, 
respectively. 

Table 4 
The value of parameters in Langmuir and Freundlich model.  

Parameter d-MOF-801 
(35) 

d-MOF-801 
(50) 

d-MOF-801 
(70) 

MOF- 
801 

Langmuir model 
qmax 680 667 485 173 
KL 0.154 0.082 0.265 0.052 
R2 0.999 0.991 0.988 0.99 
Freundlich model 
Kf 273.6 188.3 141.7 12.6 
n 0.163 0.217 0.217 0.408 
R2 0.914 0.883 0.895 0.732  

Fig. 8. The effect of temperature (A), pH (B) and the presence of various salts (C) on the diclofenac adsorption performance of d-MOF-801(35) and MOF-801.  
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diclofenac molecule as it is adsorbed on the surface of either MOF-801 or 
dMOF-801(35) [45]. As with the change in entropy, the change in Gibbs 
energy (ΔG) for d-MOF-801(35) is also negative and thus indicates the 
spontaneity of the diclofenac adsorption process on the surface of d- 
MOF-801(35). In contrast, the ΔG value in MOF-801 is always positive 
across the temperature used in this study. The trend is also increasing as 
the temperature is elevated. A similar behaviour was also previously 
observed in the adsorption of diclofenac on biochars [46]. This then 
indicates the existence of energy barrier between the diclofenac and 
MOF-801 that hinders the spontaneous adsorption process of diclofenac 
onto the active sites of MOF-801. Therefore, it could be safely concluded 
that the diclofenac adsorption process in d-MOF-801(35) occurs in a 
more spontaneous and favourable way than in MOF-801, which might 
be attributed to the presence of the defects in the d-MOF-801(35). 

The effect of pH on the adsorption capacity of both MOF-801 and d- 
MOF-801(35) was also evaluated. From the result in Fig. 8(B), it can be 
seen that change in pH between 6 and 10 does not significantly alter the 
adsorption capacity in d-MOF-801(35). The adsorption capacity for d- 
MOF-801(35) can still be maintained around 600 mg g− 1. In contrast, 
the adsorption capacity for MOF-801 is observed to be declining starting 
at around pH 8. At this pH, the adsorption capacity of MOF-801 is found 
to be around 64 mg g− 1, which is less than half of its maximum capacity. 
This capacity then further declines to be around 20 mg g− 1 when the pH 
is further increased to 11. Meanwhile, although also experiencing a 
decline, d-MOF-801(35) can still retain about 30% of its maximum 
adsorption capacity, which is around 187 mg g− 1, at pH 11. The influ
ence of high pH in diminishing the adsorbent capability to remove 
diclofenac has also been previously investigated [19,47,48]. The 
declining capacity of the diclofenac adsorption capacity in d-MOF-801 
(35) could then be explained by the competitive adsorption from the 
anion in the solution. In this case, diclofenac molecules have to compete 
with the OH– to get adsorbed on the surface of d-MOF-801(35). 

In addition to temperature and pH, the adsorption capacity of a 
porous material can also be affected by the presence of various salts. This 
was then also investigated with the result is presented in Fig. 8(C). As 
can be seen, in general, the presence of various salts in the solution does 
not significantly alter the adsorption capacity of both MOF-801 and d- 
MOF-801(35), in particular in the presence of various chloride salts 
(NaCl, KCl, MgCl2 and CaCl2). The adsorption capacity of both materials 
can still be maintained around 130 and 650 mg g− 1, respectively. 
Therefore, in these cases, the presence of cations and anions from the 
salts might not compete with the diclofenac anion to get adsorbed either 
on d-MOF-801(35) or MOF-801. In contrast, a decrease in adsorption 
capacity in the presence of various natrium salts such as NaNO3, Na2SO4 
and Na2CO3 could be observed. As can be seen, a decrease around 
10–20% from the maximum adsorption capacity can be observed for 
both MOF-801 and d-MOF-801(35) in the presence of these salts. This 
might then be attributed to the competitive adsorption between the 
anion species from the salt and diclofenac resulting in the lower 
adsorption capacity for the latter on the MOF [15]. Moreover, this effect 
could be more pronounced in the presence of divalent anion since they 
could establish stronger interaction with the MOF and thus inducing a 
more competitive environment for the adsorption of diclofenac mole
cule. In the case of Na2CO3, the salt is also responsible in increasing the 
pH of the solution and thus, as previously discussed, will also result in 
the reduction of diclofenac adsorption capacity. 

The excellent performance of d-MOF-801 for diclofenac removal in 
comparison with MOF-801 could then be attributed to several factors. 
Firstly, as has been explained, the presence of defects in the d-MOF-801 
could contribute in opening the pores in d-MOF-801 and thus resulting 
in better access of diclofenac to the adsorption sites on d-MOF-801. This 
is then corroborated by the significant reduction of the nitrogen uptake 
of d-MOF-801(35) after diclofenac adsorption (Figure S5). This then 
indicates that the majority of the surface area in d-MOF-801(35) has 
now been occupied by diclofenac molecule. When this defect does not 
exist or its presence is very minimal, as in the case in MOF-801, the 

existing pore window is not large enough to let diclofenac molecule to 
pass through the pore and access the adsorption active sites. This hy
pothesis is also backed by observing the FTIR spectra after diclofenac 
adsorption both on d-MOF-801(35) and MOF-801 as given in Figure S6. 
From the figure, it can be clearly seen that numerous peaks belonging to 
diclofenac appear in the d-MOF-801(35) after the adsorption process. In 
contrast, such peaks can be barely seen in MOF-801 and thus indicating 
the minimal presence of diclofenac in the pores of MOF-801. 

Secondly, this could also be attributed to the zeta potential of the d- 
MOF-801. In this case, the introduction of defective sites in MOF-801 
does seem to significantly alter the trend of zeta potential in the MOF. 
As can be seen in Figure S7, the zeta potential of d-MOF-801(35) is 
highly positive, even at a high pH. This is in contrast with the MOF-801, 
that has negative zeta potential at pH above 7. As a result, an electro
static attraction between the diclofenac anion and the surface of d-MOF- 
801(35) could be very well established. In contrast, the electrostatic 
repulsion between MOF-801 and diclofenac anion might be also 
responsible in establishing the energy barrier that hinders the sponta
neity of the adsorption process [46]. The highly positive zeta potential 
exhibited by d-MOF-801(35) could then also contribute in the estab
lishment of cation-π interaction between the d-MOF-801(35) and the 
electron-rich benzene ring of the diclofenac molecule, which could 
eventually enhance its adsorption performance. All of these factors 
might then play a significant role in enhancing the diclofenac adsorption 
capacity of the d-MOF-801. 

Fig. 9 then depicts the adsorption mechanism comparison between 
MOF-801 and d-MOF-801. As can be seen, the effective removal of 
diclofenac molecule from water in d-MOF-801(n) is mostly attributed to 
the presence of defective sites that allow the diclofenac molecule to go 
inside the pore of d-MOF-801. Once inside, various interactions such as 
electrostatic and cation-π interactions could then be established between 
the active sites of d-MOF-801(n) and diclofenac molecule. This is in 
contrast with MOF-801 where the diclofenac molecule does not have 
access to these adsorption sites and thus could only sit on the outer 
surface of the MOF. As a consequence, MOF-801 is highly ineffective to 
remove diclofenac from the water stream. 

3.2.3. Adsorbent regeneration and diclofenac adsorption performance 
comparison with other adsorbents 

As d-MOF-801(35) shows the most promising performance, the 
ability of the material to be regenerated was also evaluated to prove its 
efficacy to undergo multiple adsorption cycles. As can be seen in Fig. 10 
(A), after solvent washing, the diclofenac adsorption capacity of d-MOF- 
801(35) can be retained for at least 4 adsorption cycles. The slight in
crease of the adsorption capacity in the second and third cycle could 
then be attributed to various factors such as the elimination of some 
guest molecules inside the pores which had not been successfully 
removed before the first cycle took place. Overall, the adsorption ca
pacity of d-MOF-801(35) can be maintained at around 600 mg g− 1 

during the 4 cycles of adsorption test (3 regeneration cycles), although a 
slight decrease was observed in the last cycle which might be caused by 
various factors such as structural degradations or the adsorbents 
exhaustion. The satisfactory adsorption performance maintenance of d- 
MOF-801(35) is also confirmed through PXRD characterization. From 
Fig. 10(B), it can be seen that the crystallinity of the d-MOF-801(35) is 
also maintained after undergoing multiple adsorption cycles. This then 
indicates that, despite the high defect concentration in d-MOF-801(35), 
the inherent nature of robust structure owned in MOF-801 structure can 
still be well-retained in d-MOF-801(35) and thus contributing in excel
lent performance to be applied for multiple adsorption cycles. 

Lastly, to give a broader perspective regarding the performance of d- 
MOF-801(n) for diclofenac adsorption, Table 5 gives a comparison 
performance across various porous materials that have been studied for 
diclofenac removal. From the result, it can be seen that the performance 
of d-MOF-801(n) surpasses most of the porous materials that have been 
recently studied for diclofenac removal. In particular, d-MOF-801(n) can 
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outperform activated carbon, which is the most commercially available 
porous materials to date. Some of the reported MOFs exhibit higher 
diclofenac adsorption capacity in comparison with d-MOF-801, for 
example UiO-66-(COOFe)2 [25]. However, it should be noted that the 
high performance of this MOF could only be acquired after undergoing a 
post-synthetic modification process, which also complicates the whole 
process of adsorbent synthesis. Meanwhile, in the case of d-MOF-801, 
such a post-synthetic modification process is not required and could 
even be replaced with the use of benign synthesis condition and the 
possibility to control the particle size. Together with the adsorption 
reusability, it can then be expected that d-MOF-801(n) can take over 
activated carbon to be deployed for this particular application. 

4. Conclusions 

In this study, we have successfully shown that the defect engineering 
strategy can be used to enhance diclofenac adsorption capacity of MOF- 

801. The adsorption capacity of the defect engineered MOF-801 can be 
increased almost 4 times compared to its MOF-801 counterpart, reach
ing around 680 mg g− 1 of maximum diclofenac adsorption capacity. The 
enhancement of the diclofenac adsorption capacity is achieved by 
changing the synthesis condition and thus avoiding the complexity of 
post-synthesis modification, which is usually applied in various adsor
bents. The defect concentration in the MOF-801 can be tuned by 
adjusting the amount of the modulator added during the synthesis. In 
addition, the defective MOF-801 (i.e. d-MOF-801(35)) can be recycled 
(up to 4 times) with only a slight compromise on its diclofenac 
adsorption performance. Together with a relatively benign and simple 
synthesis condition, the developed defective MOF-801 has shown to be a 
promising adsorbent material for removal of diclofenac from water 
streams. 

Fig. 9. Comparison of diclofenac adsorption from water stream in MOF-801 and d-MOF-801(n).  

Fig. 10. The diclofenac adsorption performance of d-MOF-801(35) during adsorption–desorption cycling test (A) and its corresponding PXRD pattern (B).  
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