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Abstract
[bookmark: _Hlk64707759][bookmark: _Hlk64708091][bookmark: _Hlk64618641]The popularity of diclofenac, one of the highly effective non-steroidal anti-inflammatory drugs (NSAIDs), has led to its excessive consumptions. Consequently, its presence in water bodies is continually increasing and poses serious threats to ecosystems. Adsorption processes have been employed to address this issue. However, most of the commercially available adsorbents such as activated carbon, zeolite, etc. suffer from relatively low diclofenac adsorption capacity (100-200 mg g-1) and slow kinetics. Herein, we explore the potential of MOF-808 as a superior adsorbent for diclofenac removal. Benefitting from its high specific surface area and large pore aperture, the maximum diclofenac adsorption capacity achieved in this study reaches 833 mg g-1 with almost 95% removal within first hour. This performance is one of the highest reported adsorbents for diclofenac removal so far and has led us to have further commercial exploitation by employing a yttria-stabilised zirconia (YSZ) hollow fibre support where the MOF-808 adsorbent is deposited on its outer surface. Such a configuration is beneficial from a practical point-of-view, as it eliminates the requirement of separation of powdered adsorbents from treated water once the adsorption process finishes. Also, the hollow fibre configuration not only substantially increases the surface-area-to-volume ratio of adsorption systems, but also reduces the maldistribution of flows commonly unavoidable in conventional packed bed adsorption columns. The high-efficiency of the MOF-808 hollow fibre adsorbent is exhibited by retainment of its equilibrium adsorption capacity of 796 mg g-1. More importantly, the MOF-808 hollow fibre adsorbent can withstand at least 4 adsorption-regeneration cycles without any significant reduction in the adsorption performances, indicating the potential for possible commercialisation of the MOF-808 adsorbent for diclofenac removal from water.
Keywords: MOF-808, diclofenac sodium, metal-organic framework, adsorption 



1. Introduction
The rising demand of pharmaceuticals and personal care products (PPCP) along with the continuous growing of global population has sparked the concern regarding their negative consequences to the environment. Non-steroidal anti-inflammatory drug (NSAID) is a typical example of highly consumed PPCP that is usually prescribed to reduce pain and inflammation. As an over-the-counter product in almost every pharmacy, NSAIDs are easily accessed and extensively consumed. As a consequence, their occurrence in the environment can no longer be neglected, particularly because of its possibility to contaminate drinking-water [1]. 
Diclofenac (2-[2,6-dichlorophenylamino]phenylethanoic acid) is one of the most popular NSAIDs, which can be orally or topically applied in a monosodium form [2]. Despite its efficacy as a painkiller, diclofenac poses an environmental risk for European surface waters and has also been identified as one of the NSAIDs with the highest acute toxicity [3,4]. This has been proven by a number of investigations reporting the negative consequences of the compound once it is released to the surrounding environment, in particular to the living organisms. In this case, its toxic effect has been reported for bacteria, algae, vulture population and freshwater fish through various mechanisms such as renal failure [5–8]. Moreover, such organic micropollutants does also have the potential to exacerbate the toxicity of a particle pollutant in a drinking water system, which can induce more health risks for human beings [9].
To address the above issue, diclofenac must be removed from water bodies before it becomes accumulated and poses a serious threat to human beings. Therefore, a number of treatment processes have been proposed to effectively remove diclofenac from the water such as adsorption [10,11], degradation by Fenton-like oxidation [12], ozonation [13,14] and photocatalysis [15,16]. Ideally, the pollutants should be completely removed by converting them into smaller molecules. However, this usually poses various challenges such as the requirement of highly-oxidizing agents, high cost and the presence of unfavourable or toxic by-products [17]. Therefore, among the widely-investigated strategies, adsorption process is considered as one of the most promising options, in particular for drinking water and wastewater treatment, because of various advantages such as high efficiency, process simplicity, low cost and applicability to be used at low pollutants concentration [18–20].
Up to now, various potential adsorbents have been studied for diclofenac removal from water including zeolite [21,22], activated carbon [23,24], graphene oxide [25,26], mesoporous silica [27,28] and metal-organic frameworks (MOF) [29–31]. Among the potential adsorbents, MOFs are considered as one of the most promising options because of their numerous advantages such as large surface area, pore size tunability and customisable pore functionalisation. Despite these positive aspects, the MOFs that are to be applied for diclofenac removal need to be carefully selected, especially their framework stability in an aqueous environment. This is because a number of MOFs are not stable in the aqueous environment resulting in the framework degradation and loss of crystallinity in the presence of moisture [32]. Such a drawback would hinder the efficacy of MOFs in adsorbing diclofenac from the aqueous streams. 
To overcome this deficiency, MOFs constructed from zirconium as the metal ion can be considered as a promising option. This is because the high valence of zirconium metal ion creates a robust MOF framework through a strong Lewis acid-base interaction. Benefitted from its excellent framework stability, a number of studies have been performed on the utilisation of the zirconium-based MOFs for various liquid separation such as desalination [33] and nanofiltration [34]. In addition, the efficacy of zirconium-based MOFs have also been investigated for adsorption of various contaminants from water bodies [29,35] including the removal of diclofenac [30]. However, there are two main drawbacks associated with the current use of zirconium-based MOF for diclofenac removal. Firstly, the total adsorption capacity of the currently investigated MOFs is not exceptional. For instance, the use of the well-known UiO-66 and PCN-208 only resulted in the maximum diclofenac adsorption around 100-200 mg g-1 [29,30,36], which is comparable with the performance of most activated carbon [37–39]. Addressing the challenge, MOF functionalization, such as through the introduction of sulfonic acid and amine groups, then needs to be carried out to improve the adsorption performance [29,30]. Secondly, they may also suffer from a relatively low kinetic adsorption process, resulting in a relatively long time to reach the adsorption equilibrium. This was observed, for example, in PCN-206 where only about 30% of diclofenac was adsorbed during the first hour and required at least 40 hour for the adsorption process to reach the equilibrium [36]. 
Therefore, in this study, we have explored the potential of using another zirconium-based MOF, called MOF-808. Since its first report in 2014 [40], the MOF-808 has gained increased interests because of its numerous positive properties such as excellent framework stability [41], adjustable properties through defect engineering [42] and potential for various post-modification processes [43,44]. The MOF-808 has been investigated for various applications such as for a proton-conducting materials [45], adsorbents [41], sensors [46] and catalysts [47]. Considering its high specific surface area and large pore aperture that suit well with the size of the diclofenac molecule, we thus selected it as a potential high-performance adsorbent for diclofenac removal. In addition to the fundamental thermodynamic and kinetic studies of MOF-808 for diclofenac removal, we have also developed the MOF-808 hollow fibre adsorbents for further commercial exploitation, as the hollow fibre configuration not only substantially increases the surface-area-to-volume ratio of the adsorption systems, but also reduces the maldistribution of flows commonly unavoidable in conventional packed bed adsorption columns [48,49]. 
2. Materials and methods
2.1 Chemicals
Zirconyl chloride octahydrate (ZrOCl2.8H2O), trimesic acid (H3BTC) and diclofenac sodium were purchased from Sigma Aldrich UK. Dimethylformamide (DMF), formic acid, N-methyl-2-pyrrolidone (NMP) were purchased from VWR UK. YSZ nanopowder was purchased from Inframat Advanced Materials, United States. Activated carbon was provided by Chemviron. 
2.2 Synthesis of MOF-808
MOF-808 was synthesized according to the published literatures with a slight modification [40,50]. In a typical synthesis, 0.257 gram of ZrOCl2.8H2O and 0.056 gram of trimesic acid was firstly dissolved in a 1:1 mixture of DMF and formic acid (24 mL) in a glass vial. The solution was ultrasonicated for approximately 15 minutes to completely dissolve all the MOF precursors. The solution was then put in a preheated convective oven at 120°C for 48 hours and cooled down to room temperature. The resultant white product at the bottom of the vial was collected and washed with DMF and methanol. The products were then immersed in methanol until further use. 
2.3 Fabrication of YSZ hollow fibre support and MOF-808 hollow fibre adsorbent
The YSZ hollow fibre support was prepared based on the previous publication with some adjustments [51]. Briefly, 150 grams of YSZ nanopowder was dispersed in 140 grams of NMP and 2 grams of dispersant. The suspension was then put in the planetary miller for 2 days. Afterwards, PMMA was added to the suspension (20 wt% against NMP) and the suspension was then transferred into roller miller to undergo further milling for two days to completely dissolve the polymer binder. Afterwards, the suspension was transferred into a beaker glass and was degassed for approximately 4 hours to remove air bubbles before the suspension was spun into hollow fibre precursors. During the spinning process, the suspension and bore flow rate were set to be 9 and 16 mL min-1, respectively, without air gap between the spinneret and the water bath. The spun precursor was then left in the water bath for 1 day followed by drying and straightening at ambient condition. After that, the precursor was sintered at 1135°C to obtain the final YSZ hollow fibre with dimensions of outer diameter (OD) and inner diameter (ID) at approximately 2 mm and 1.6 mm, respectively.
The MOF-808 hollow fibre adsorbent was then prepared by a solvothermal method. In this case, a polycrystalline layer of MOF-808 was grown on the outer surface of the YSZ hollow fibre support. The YSZ hollow fibre was firstly cleaned using acetone in ultrasonic bath and dried in an oven at 60°C. Afterwards, the hollow fibres with both ends sealed were immersed in the MOF-808 synthesis solution vertically using a Teflon holder. The composition of the MOF-808 synthesis solution and synthesis conditions were kept the same as those in the synthesis of MOF-808 powder. After the synthesis finished, the MOF-808 hollow fibre adsorbent was washed with DMF and methanol. The MOF-808 hollow fibre adsorbent was left dried at room temperature overnight which was then followed by drying in a convective oven at 100°C. 
2.4 Characterisations
Powder X-Ray Diffraction (PXRD) spectra was collected using PANanlytical XRD instrument. The voltage and current were set at 40 kV and 40 mA, respectively. Fourier Transformed Infrared (FTIR) spectra were collected using Benchtop FTIR Cary Spectrometer. Scanning electron microscopy (SEM) using LEO Gemini 1525 FEGSEM was employed to obtain the micrographs of the gold-coated samples. Specific surface area of the materials was measured at -196°C using Quantachrome iQ3 instrument by using nitrogen as the adsorbate. About 60 mg of samples were used during the measurement. Before the measurement took place, all the samples were in-situ degassed in the instrument at 110°C for 20 hours. 
For the adsorption studies, the concentration of diclofenac in the solution was determined by taking the UV-Vis absorbance value at 277 nm. The absorbance of the samples was collected by using Thermo Fisher Scientific Nanodrop UV-Vis spectrophotometer. 
2.5 Studies of diclofenac adsorption
[bookmark: OLE_LINK2]Before the adsorption process, the MOF was firstly dried at 100°C for overnight in a convective oven. During the adsorption study, a stock solution of 1 mg mL-1 diclofenac sodium in deionized water was prepared. For the adsorption isotherm study, the stock solution was diluted into various diclofenac solutions with different concentrations. The adsorbent dosage was maintained to be approximately 2 mg in 4 mL solution. After the introduction of the adsorbent into the solution, the suspensions were then ultrasonicated and put in a roller miller. The adsorption process was left undisturbed for 24 hours at 24°C and pH around 6. Afterwards, the liquid was filtered out using a Sartorius Minisart® 0.22 µm syringe filter and the concentration of diclofenac of the filtrate was determined by using UV-Vis spectrophotometer. It should be noted that, during the adsorption study, there is a possibility that a pollutant may adsorb onto the membrane material of the syringe filter. Therefore, a control experiment was performed to evaluate this possibility. From the Figure S1, it can be seen that, in the absence of adsorbent, only a negligible amount of diclofenac was adsorbed onto the syringe filter. Therefore, it can be safely assumed that the diclofenac adsorption contribution from the syringe filter can be neglected.
Meanwhile, for the kinetic study of diclofenac adsorption, the stock solution was firstly diluted to 0.6 mg mL-1. During this experiment, the adsorbent dosage was maintained at 10 mg in 20 mL solution. The adsorbent was then introduced into the solution and sonicated for 1 minute to enhance the dispersion. Afterwards, the suspension was put in a roller miller to maintain the homogeneity of the suspension. At a certain period of time (5, 10, 20, 40, 60, 120, 180, 240 and 300 minutes), around 1 mL of suspension was taken out and filtered using a Sartorius Minisart® 0.22 µm syringe filter to separate the adsorbent from the suspension. The concentration of diclofenac in the suspension was then determined by measuring the absorbance of the filtrate, which was obtained from the previous filtration, using UV-Vis spectrophotometer. As in the adsorption isotherm study, the kinetic experiment of diclofenac adsorption was also performed at ambient temperature (24°C) and pH around 6. 
To investigate the effect of temperature on the adsorption process, four different temperatures were used: 5°C, 24°C, 45°C, and 65°C. For adsorption process at 5°C, the glass vial containing MOF-808 was put inside a 5°C cold room storage. Meanwhile, for adsorption process at both 45°C and 65°C, the glass vial containing MOF-808 was immersed in a controlled-temperature oil bath. In addition to the temperature, the effect of pH was also investigated. In this case, the pH solution of the diclofenac solution was carefully adjusted using either 1M HCl or 1M NaOH. Lastly, the effect of coexisting cation and anion species were also studied by adjusting the concentration of each species to be 1 meq. The adsorption process was then proceeded for 24 hours to ensure the equilibrium condition was achieved.
To study the kinetic performance of MOF-808 hollow fibre adsorbents, the MOF-808 hollow fibre adsorbent was firstly put inside a glass vial containing 0.2 mg mL-1 of diclofenac solution. As in the study for the MOF-808 powder, the glass vial was then put in a roller miller and the concentration of the solution was periodically checked using UV-Vis spectrophotometer (10, 20, 40, 60, 120, 240, 360, 1560 mins). Meanwhile, to study the regenerability of the MOF-808 hollow fibre adsorbent, the hollow fibre adsorbent was vertically fixed using a Teflon holder and placed in a glass vial containing 0.05 mg mL-1 of diclofenac solution. The diclofenac adsorption process was then performed for 8 hours under continuous stirring. The diclofenac concentration before and after the adsorption process were then determined by using UV-Vis spectrophotometer.  After the adsorption process, the diclofenac solution was then replaced with a mixture of methanol and acetic acid (9:1 v/v) to wash the MOF-808 hollow fibre adsorbent for overnight and then dried at 100oC. Afterwards, the MOF-808 hollow fibre adsorbent was re-exposed to the same diclofenac solution to undergo another cycle of adsorption process. 
The amount of diclofenac adsorbed on the MOF-808 was calculated using the following equation:

where q is the adsorbent capacity or the adsorbed amount of the diclofenac (mg g-1), Co and Ct are the initial and final concentration of diclofenac in the solution (mg L-1), respectively, V is the volume of the solution (mL) and m is the amount of MOF-808 used during the adsorption study (g). 
3. Results and discussions
3.1 MOF-808 particles characterisations
In MOF-808, each zirconium secondary building unit (SBU) is connected to six trimesate linkers. The presence of formate anions is necessary to balance the charge in the framework. Two types of pores exist in MOF-808 as shown in Figure 1. The first one is formed by a tetrahedral cage with the diameter around 0.48 nm. Meanwhile, the second type is an adamantane pore with diameter around 1.84 nm. The presence of the latter adamantane pore is beneficial for diclofenac removal. This is because, considering the smaller molecular size of the diclofenac than the MOF-808 pore, the diclofenac can diffuse easily into the pore to reach the active adsorption sites. Therefore, a fast adsorption kinetic with high diclofenac adsorption capacity can be expected in MOF-808.
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[bookmark: _Ref57718423]Figure 1. The synthesis of MOF-808 depicting its inorganic building block and ligands. The tetrahedral and adamantane cage is shown at the top and bottom, respectively
The micrograph of the MOF-808 powder synthesised in this study is shown in Figure 2 (A) with a higher magnification micrograph is given in Figure S2 of the Supporting Information. It can be seen from the figure that MOF-808 is crystallised as a nano powder in an octahedral shape with the size ranging between 200-400 nm. PXRD pattern of the samples was collected to confirm the purity of the samples with the diffractogram as shown in Figure 2 (B). It can be seen that the pattern and the relative intensity of MOF-808 spectrum synthesized in this study matches well with the calculated pattern. The absence of unidentified peaks from the PXRD pattern indicates the high crystal purity of the samples.
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[bookmark: _Ref57549524]Figure 2. MOF-808 particle characterisations: (A) micrograph image of the MOF-808 (200 nm scalebar), (B) PXRD diffractograms of the MOF-808 and its simulated pattern, (C) nitrogen adsorption of MOF-808 and activated carbon at -196°C and (D) pore size distribution and pore volume of MOF-808 and activated carbon.
The porosity of the MOF-808 was analysed through the physisorption process employing nitrogen as adsorbate at 77 K and the results are given in Figure 2(C) together with a commercial activated carbon for comparison purpose. As shown, the MOF-808 exhibits type-1 isotherm indicating the presence of micropores within its structure. The calculated BET surface area of the sample is around 1517 m2 g-1, which is comparable to  other findings [46,47,52,53]. Compared with the surface area of the commercial activated carbon, which is around 981 m2 g-1, the surface area of MOF-808 is significantly higher. The high surface area of the MOF-808 is beneficial for adsorption process since it can provide more active adsorptive sites. Further analyses on the pore volume and the pore size distribution as shown in Figure 2 (D) also reveal the superiority of MOF-808 compared to that of the activated carbon. The pore volume of MOF-808 is found to be around 0.75 cm3 g-1 which is considerably higher than that of the activated carbon (0.63 cm3 g-1). MOF-808 also possesses a narrow pore size distribution peaking at around 1.6 nm while the activated carbon shows the pore aperture at around 1 nm. The relatively large pore volume and opening of the MOF-808 are beneficial for the adsorption kinetics because of the ease of access to the available adsorption sites. Through these various characterisations, it can be safely inferred that a high purity MOF-808 has been successfully synthesised.
3.2 Diclofenac adsorption studies on MOF-808
Following the successful synthesis of the MOF-808, diclofenac adsorption study on MOF-808 was performed. Firstly, the adsorption isotherm for both the MOF-808 and activated carbon were evaluated and the results are presented in Figure 3 (A) where it is clearly demonstrated that there is a stark difference in terms of maximum adsorption capacity for these two adsorbents. The saturation capacity of the activated carbon is found to be at around 170 mg g-1, which is comparable with literature values (100-200 mg g-1) performed for diclofenac removal using activated carbon [24,37–39], while  the saturation capacity of MOF-808 is found to be around 830 mg g-1, almost 5 times higher than the activated carbon. This result highlights the superiority of MOF-808 for the removal of diclofenac from water bodies compared with the activated carbon. As explained above, the superiority of diclofenac adsorption capacity of MOF-808 compared with the activated carbon may arise from the relatively large surface area of the former and thus providing more active sites for diclofenac adsorption.
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[bookmark: _Ref62740875]Figure 3. Diclofenac adsorption isotherm (A) and the Langmuir fitting of the isotherm (B) of the MOF-808 and activated carbon
The isotherms were then analysed based on the Langmuir, Freundlich, Hill and Dubinin-Radushkevich (D-R) models, and the results given in Table S1 are plotted in Figure 3 (B) and Figure S3-S5 of Supporting Information, respectively. As can be seen from Table S1, the R2 for both Langmuir and Freundlich models are significantly higher than the rest of the models. Furthermore, the Langmuir model does seem to fit better than the Freundlich model to describe diclofenac adsorption phenomenon in both MOF-808 and activated carbon (0.9903 and 0.9979 vs 0.9296 and 0.9392, respectively). Since Freundlich model describes multilayer adsorption on an energetically heterogeneous surface, it can thus be inferred that the diclofenac adsorption process occurs through the formation of diclofenac monolayer on the energetically homogeneous surfaces in both adsorbents. Furthermore, although both Hill and D-R models do not give a good correlation, both models may still give some insights on the nature of the adsorption. From the Hill mode, the adsorption process on both adsorbents may be considered as a non-cooperative phenomenon since both adsorbents have Hill constant around 1 [54]. Meanwhile, from the D-R model, it may be inferred that the diclofenac adsorption on both adsorbents mainly occurs through the physisorption process because the magnitude of the E parameter (mean free energy of adsorption) is less than 8 kJ mol-1 [55]. 
[bookmark: OLE_LINK1]Having studied the adsorption isotherm, the adsorption kinetics of both adsorbents were also evaluated and the results are given in Figure 4 (A) which depicts that both adsorbents can reach the equilibrium adsorption capacity within 5 hours. Although both adsorbents reach the saturation point at about the same time, a stark difference is observed regarding the time required to reach a certain capacity level. From the results, it can be seen that about 95% of the equilibrium diclofenac adsorption capacity can be obtained in MOF-808. Within the same timeframe, activated carbon can only achieve around 64% of its equilibrium adsorption capacity. This indicates the fast removal of diclofenac possessed by MOF-808. Considering the molecular size of diclofenac sodium (0.96 x 0.708 x 0.472 nm) [56], the fast removal of diclofenac can then be attributed to the relatively large pore aperture of MOF-808 (1.6 nm), which gives less diffusional resistances compared to that of activated carbon (1 nm).  
The diclofenac adsorption kinetic was further analysed based on pseudo-first-order and pseudo-second-order. The results for this analysis are given in Table S2 and also plotted in Figure S6 of Supporting Information and Figure 4 (B), respectively. Based on their R2 values given in Table S2, the pseudo-second order model gives better fit compared to the pseudo-first order for both adsorbents. The equilibrium capacity of MOF-808 and activated carbon is found to be at 833 mg g-1 and 196 mg g-1, respectively. This value fits well with the maximum adsorption capacity obtained through Langmuir model. Meanwhile, the kinetic rate constants for both MOF-808 and activated carbon were found to be at 3 x 10-4 and 1.1 x 10-4 g mg-1 min-1, respectively, thus revealing the faster diclofenac removal achieved by the former.  
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[bookmark: _Ref60149686]Figure 4. Diclofenac adsorption kinetic study (A) and pseudo-second order fitting (B) of the MOF-808 and activated carbon
Although a great diclofenac adsorption performance has been exhibited by the MOF-808, the adsorption capacity of an adsorbent can be influenced by various factors including adsorbent dosage and the adsorbate initial concentration [23,57]. Considering the relatively high concentration of diclofenac (600 mg L-1) and adsorbent dosage (10mg/20mL) used so far in this study, we further assessed the adsorption performance of MOF-808 at lower initial diclofenac concentration (50 mg L-1) and adsorbent dosage (1mg/25mL). This particular study is important to give an insight when employing MOF-808 in real settings considering the low concentration of diclofenac that is usually found in water bodies [58]. The kinetic results for this condition are also presented in Figure 4 (A). It can be seen that about 95% of the equilibrium adsorption capacity can be reached within 1 hour. This behaviour is similar with the investigation where higher initial diclofenac concentration and adsorbent dosage were used. However, the equilibrium adsorption capacity in this condition is found to be slightly lower at around 740 mg g-1. This may be attributed by several reasons including lower adsorbent-adsorbate interaction and lower driving force for diclofenac to be adsorbed on the MOF-808 pores [59,60]. Despite this, it can still be safely inferred that the adsorption performance of MOF-808 is not heavily impaired, as only around 10% decrease in the equilibrium adsorption capacity was observed. 
An analysis based on the intra-particle diffusion model is also performed in order to elucidate the diffusion process during the diclofenac adsorption. The results for this analysis for MOF-808 and activated carbon are then given in Figure 5 (A) and (B), respectively. From the result, it can be seen that a biphasic behaviour of intra-particle diffusion model does exist for MOF-808. This indicates that the adsorption process of diclofenac into the MOF-808 does occur through two main steps: diclofenac diffusion to the adsorbent surface for the fast initial adsorption rate (first stage) and then followed by the diffusion of the diclofenac into the micropore of the MOF-808 to reach the equilibrium [27,61]. In this case, an intermediate step, which is usually indicated by the presence of an additional linear step before the equilibrium phase, is not observed [62,63]. This then indicates the absence of gradual adsorption process within the pore of MOF-808 which may be attributed to the relatively large pore aperture of MOF-808 so the diclofenac transport within the inner adsorbent surface is not significantly inhibited resulting in the rapid establishment of the equilibrium adsorption condition. Meanwhile, the existence of multilinearity in the intra-particle diffusion analysis of the activated carbon is not obvious and thus can still be linearly fitted with the intraparticle diffusion model. In this case, the diclofenac adsorption process is then governed by the intra-particle diffusion [64].
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[bookmark: _Ref62740767]Figure 5. Intra-particle diffusion analysis of diclofenac adsorption on MOF-808 (A) and activated carbon (B)
The effects of pH on the diclofenac adsorption on MOF-808 were also studied and the results are shown in Figure 6 (A). Four different pH was used to elucidate the effect of pH on the adsorption capacity of MOF-808, i.e. 5.5, 6, 7.8 and 9.5. In this case, further reduction in pH was not feasible as the diclofenac started to precipitate. From the results, it can be seen that adjusting the pH at a slightly acidic condition would only give a minimal impact on the diclofenac adsorption capacity of the MOF-808. At pH 5.5, the diclofenac adsorption capacity of the MOF-808 was found to be at 800 mg g-1. When the pH is further increased, a more obvious trend can be observed with the reduction of diclofenac adsorption capacity. At pH 9.5, the diclofenac adsorption capacity of the MOF-808 was found to be at 760 mg g-1, which is about 10% lower than the MOF-808 without pH adjustment. 
This trend was also previously observed in the study of utilization of UiO-66-NH2 for diclofenac removal [30]. It was found that only a slight change was observed regarding the diclofenac adsorption capacity within the range of pH studied. In this case, a lower diclofenac adsorption capacity at higher pH can be ascribed to the negative surface charge of the MOF-808. From the zeta potential measurement, it was found that surface charge of MOF-808 at pH 6 was 16 mV. The positive charge of the MOF-808 may be responsible in building an electrostatic interaction between the MOF-808 and the diclofenac anion. Once the pH is further increased, the surface charge of the MOF-808 becomes more negative, thus resulting in repulsion between the MOF-808 surface and diclofenac anion, giving in the reduction of adsorption capacity.  
The effect of temperatures on the diclofenac adsorption capacity of the MOF-808 was also studied and the results are given in Figure 6 (B). As shown in the figure, resembling the trend with the change of pH, only a slight variation in the diclofenac adsorption capacity of MOF-808 is observed when the operating temperature is increased from 5°C to 65°C. At 65°C, the diclofenac adsorption capacity was found to be at 760 mg g-1, which is around 20% lower than the adsorption capacity at 5°C. This trend is different with the one that was previously observed in UiO-66 where an increase in diclofenac adsorption capacity was observed at higher temperature [30]. A further thermodynamic evaluation, as shown in Table S3, also reveals that the ∆H is found to be at -6.1 kJ mol-1. Therefore, since higher operating temperature leads to lower adsorption capacity, the diclofenac adsorption in MOF-808 is an exothermic process. This may be caused by the decreased MOF-808-diclofenac interaction as the temperature is elevated because of the increased interaction between diclofenac and the solvent [65]. As with ∆H, it can also be seen from Table S3 that the change in entropy (∆S) is also negative and is around -5.9 J mol-1 K-1. This suggests the reduction of randomness of the diclofenac upon adsorption on the MOF-808 surface. Across the temperatures studied, the ∆G value is always negative. Therefore, the diclofenac adsorption process on the MOF-808 surface occurs spontaneously. The increasing value of ∆G with increasing temperature indicates that lower temperature is favourable for the adsorption process. 
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[bookmark: _Ref62735816]Figure 6. The effect pH (A), temperature (B), cation species (C) and anion species (D) on the adsorption capacity of MOF-808
The impact of the presence of various cation and anion species on the adsorption process was also studied and the result is shown in Figure 6 (C) and (D), respectively. From the Figure 6 (C), it can be seen that the presence of monovalent and divalent cations can increase the adsorption capacity of MOF-808 with a varying degree. This may then be attributed to the enhancement of electrostatic effect. In contrast, as shown in Figure 6 (D), the presence of anion species is observed for being able to both increase and decrease the diclofenac adsorption capacity of MOF-808. In the presence of divalent anion species of CO32- and SO42-, it can be seen that lower diclofenac adsorption capacity is obtained than in the normal condition. This can then be attributed by the competitive adsorption phenomenon. During the adsorption process, the anion species may compete with the diclofenac anion to get adsorbed on the surface of the positively-charged MOF-808. Such a competition results in the reduction of the available adsorption sites for diclofenac anion and thus resulting in the decrease of the adsorption capacity.  However, this trend is not observed for monovalent anion, particularly in the presence of NO3- anion where the adsorption capacity of MOF-808 can be slightly increased. This may then be attributed from various aspects. First, compared with the monovalent anions, anion species with dual charge have a stronger adsorptive tendency and thus enabling them to more effectively disrupt the diclofenac adsorption process on MOF-808 and thus reducing the adsorption capacity [66]. Secondly, this may also come from an effective salting-out effect from the monovalent anion in this system that leads to the reduction of the interaction between water molecules and diclofenac [67]. This is because, upon the introduction of the salt ions, the diclofenac must now compete with the salt ions to interact with the water molecules. With the reduced interaction between the diclofenac and water molecules, the diclofenac can then have stronger interaction with the MOF-808 surface. As a result, the total adsorption capacity is increased.  
During the adsorption process, various mechanisms can occur on the MOF-808 surface which supports its relatively high adsorption capacity and kinetic. First, from Figure 7 (A), it can be seen that the diclofenac adsorption does not alter the crystalline structure of the MOF-808 as revealed by the PXRD pattern. There is also no change in the MOF-808 crystal shape after the adsorption process as observed through the micrograph of MOF-808 after adsorption process. 
A change, however, can be observed in the FTIR spectra of the MOF-808 after the adsorption process as shown in Figure 7 (B). From the spectra, it can be seen that some additional peaks belonging to the diclofenac compounds are present in the MOF-808 which clearly indicates the presence of diclofenac in the pore of MOF-808. For example, the peak pair coming at around 1500 cm-1 and 1557 cm-1 can be ascribed to the C=C aromatic bonding and δN-H of the adsorbed diclofenac within the MOF-808 pores, respectively [68,69]. Despite this clear evidence, it can also be seen that the peaks that come at around 1577 cm-1 and 1452 cm-1 for diclofenac experience a reduction in intensity after being adsorbed in MOF-808 as they only appear as a small shoulder from the neighbouring peaks. A similar observation regarding the intensity reduction was also previously observed during the diclofenac adsorption on the goethite [69]. As the peaks are associated to the asymmetric and symmetric stretching of the carboxylate group in the diclofenac [68], this can indicate the different environment experienced by the carboxylate group and their involvement in the diclofenac adsorption process. In this case, the carboxylate group from the diclofenac may then be involved to interact with the cationic sites in Zr cluster. As previously explained in other zirconium-based MOFs, there is a tendency in the formation of Zr-OH2+ structure in an incomplete-coordinated Zr cluster [70]. The carboxylate group from the diclofenac anion may then interact with the cationic clusters during the adsorption process.
In addition to the electrostatic interaction between the carboxylate group and the cationic Zr cluster, other adsorption mechanisms may also play a role. From the previous results, it can be seen that a reasonable amount of diclofenac can still be adsorbed in various pH condition and in the presence of coexisting anion species. This then indicates that the carboxylate-Zr cluster interaction is not the sole governing mechanism because if that were the case, the adsorption capacity would be significantly affected by the change of pH and the presence of anions since they can competitively adsorb on the cationic Zr sites. In this case, a π- π stacking interaction between the aromatic ring of diclofenac and the aromatic ring in the trimesate ligand may also contribute in rendering the MOF-808 with an exceptional adsorption capacity. Such an interaction has also been previously proposed in explaining the exceptional uptake of zirconium MOFs towards ibuprofen and furosemide [70]. Therefore, it can be inferred that both the π- π interaction and electrostatic interaction are the main mechanisms during the diclofenac adsorption process in MOF-808. 
[image: ]
[bookmark: _Ref62741058]Figure 7. PXRD pattern (A and FTIR spectra) of the MOF-808 before and after the diclofenac adsorption. Inset: micrograph of MOF-808 after the diclofenac adsorption
The performance comparison of MOF-808 for diclofenac removal against other MOFs is given in Table 1. From the table, it can be seen that MOF-808 can outperform most of the MOFs that have been investigated for diclofenac removal, which usually have maximum adsorption capacity between 200-500 mg g-1. In this case, the closest counterparts for MOF-808 are [Cu(BTTA)]n.2DMF and MIL-100(Fe) which show around 650 mg g-1 and 773 mg g-1 of diclofenac adsorption capacity, respectively [71,72]. This can then be ascribed to relatively large pore width owned by the MOFs. This feature is important to ensure that the diclofenac can easily access the available adsorption sites in the MOF pores. The relatively high adsorption capacity exhibited by MOF-808 and MIL-100(Fe) than [Cu(BTTA)]n.2DMF can also be related by the fact that both MOFs have a relatively large surface area (1517 and 1235 m2 g-1 for MOF-808 and MIL-100(Fe), respectively) and thus providing more abundance sites for the adsorption of diclofenac. This is also corroborated from the surface area analysis of MOF-808 after the adsorption process. From Figure S8 of the Supporting Information, it is found that the BET surface area of the MOF-808 after the diclofenac adsorption reduces to be around 27 m2 g-1. This then indicates that the diclofenac molecule can efficiently utilize almost all the available surface area of the MOF-808 that results in a high diclofenac adsorption capacity. In addition, the fact that the surface area of the former is slightly higher than the latter and the possibility of coordination bonding with the diclofenac may also explain the relatively higher adsorption capacity of MOF-808 than MIL-100(Fe). In addition to relatively higher adsorption capacity, from the kinetic point of view, MOF-808 can also offer a very efficient adsorption process. This is clearly shown by the ability of the MOF-808 to reach about 95% of its equilibrium adsorption capacity in about 1 hour compared with just about 45% adsorption capacity obtained in MIL-100(Fe) within the same time window. This highlights the potential to employ MOF-808 as a highly efficient adsorbent for diclofenac removal.
[bookmark: _Ref60149793]Table 1. Performance comparison of various MOFs for diclofenac removal by adsorption process
	Adsorbent
	qmax (mg g-1)a
	q1hour/qeq (%)b
	Ref

	
	
	
	

	{[Cu2(L).(H2O)2](1.x solvent)}
	490
	10
	[73]

	[Cu(BTTA)]n.2DMF
	650
	16
	[72]

	MIL-53(Al)
	422
	90
	[74]

	MIL-100 (Fe)
	773
	50
	[71]

	UiO-66-NH2
	555
	62.5
	[30]

	UiO-66
	189
	64
	[29]

	18%SO3H-UiO-66
	263
	65
	

	ZIF-8
	100
	32
	[31]

	CTAB-ZIF-67
	51
	100
	[75]

	PCN-206
	490
	30
	[36]

	MOF-808
	830
	95
	This study

	a=estimated from the adsorption isotherm study
b=estimated from the adsorption kinetic study


3.3 Diclofenac adsorption on MOF-808 hollow fibre adsorbent
To further exploit the commercial potential of MOF-808 for diclofenac removal, we further performed a study on immobilizing the MOF-808 on the outer surface of a hollow fibre support. This study is important because employment of nano-size powders as adsorbent may pose a significant challenge when they have to be separated from the water bodies for regeneration. Current commercial approach is to employ a binder to form the adsorbent into a certain geometry such as pellets or cylinders, which are then packed as a packed column for adsorption. Use of binders would inevitably reduce the accessible surface areas for the adsorbent. Our approach of using a YSZ hollow fibre support would not only solve the above issue, but also minimalize  the maldistribution of flows commonly unavoidable in conventional packed bed configurations [76]. In this case, growing a layer of MOF-808 on a hollow fibre support can be a feasible alternative to avoid the reduction of the adsorbent surface area as well as to minimise flow maldistribution of the adsorption column in order to maximise its adsorption capability. 
The MOF-808 layer can be simply grown on the outer surface of a YSZ hollow fibre support by a solvothermal method. As can be seen in Figure 8 (A), the polycrystalline MOF-808 was successfully grown on the hollow fibre outer surface. It covers largely the whole surface of the hollow fibre. The thickness of the MOF-808 layer is relatively thin and is around 3 µm as shown in Figure 8 (B). The benefit of having the thin layer is that it would not significantly hinder the diffusion process of diclofenac to reach the active sites of MOF-808 that is located at the bottom of the layer during the adsorption. Therefore, the efficiency of the adsorption can be well maintained. 
The adsorption kinetic of the MOF-808 hollow fibre adsorbent was studied by measuring the solution concentration at certain time intervals and the results are presented in Figure 8 (C). It can be seen that the equilibrium adsorption capacity of the MOF-808 hollow fibre adsorbent is around 796 mg g-1. This value is slightly lower than the equilibrium capacity in MOF-808 powder (833 mg g-1) as shown in Figure 4. This may be caused by the presence of inactive surface area in the MOF-808 hollow fibre adsorbent, which may be located at the boundary between MOF-808 and the YSZ hollow fibre, resulting in a slight decrease in the adsorption performance. Despite this, the MOF-808 hollow fibre adsorbent could still retain about 95% equilibrium adsorption capacity of the MOF-808 powder which suggests that the polycrystalline MOF-808 on the hollow fibre can still maintain its high efficiency in removing diclofenac from water bodies. Although both the MOF-808 powder and MOF-808 hollow fibre adsorbent has a comparable equilibrium adsorption capacity, it should be noted that the MOF-808 hollow fibre adsorbent has lower adsorption rate constant. This then indicates that the adsorption process in the MOF-808 hollow fibre adsorbent occurs more slowly than in the MOF-808 particles. 
The intra-particle diffusion model is then used to gain further insight on the lower adsorption rate constant of the MOF-808 hollow fibre adsorbent. The analysis result is then shown in Figure 8 (D). From the result, as also observed in MOF-808 particles, two linear regions can also be seen in the intra-particle diffusion model on MOF-808 hollow fibre adsorbent. This then also indicates that two steps are involved in the adsorption process: diclofenac diffusion from the bulk liquid to the surface of MOF-808 followed by the intra-particle diffusion process. Despite the similarity, it can also be observed that there is a stark difference on the K1 and K2 value for the MOF-808 and the MOF-808 hollow fibre adsorbent. The k1p and k2p value are found to be around 130.4 and 7.43 mg g-1 min-0.5, respectively, for MOF-808 particles. Meanwhile, both values decrease significantly to be around 3.84 and 1.85 mg g-1 min-0.5, respectively, for the MOF-808 hollow fibre adsorbent. This then shows that the diclofenac molecule diffuses at a slower pace in the MOF-808 hollow fibre adsorbent than in the MOF-808 particles. The most significant inhibition may then come from the first stage of the diffusion where the diclofenac diffuses from the bulk solution onto the surface of MOF-808 since the k1p value decreases almost 40 times in the MOF-808 hollow fibre adsorbent. This may then be attributed to the additional resistance from the polycrystalline layer of MOF-808 which hinders the diffusion process of diclofenac from the bulk solution to the active site of the MOF-808, particularly to the MOF-808 that is located at the bottom of the polycrystalline layer. Despite this, it can be safely inferred that the high efficiency of MOF-808 for diclofenac removal can still be well maintained in this form since its equilibrium adsorption capacity is still comparable with the MOF-808 particles.  
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[bookmark: _Ref57550723]Figure 8. The top surface (A), cross section (B), diclofenac adsorption kinetic (inset: pseudo-second-order kinetic analysis) (C), intra-particle diffusion model (D) and the performance study of diclofenac adsorption-regeneration (E) of the MOF-808 hollow fibre adsorbent. The scalebar is 2 µm and 10 µm for (A) and (B), respectively.
Finally, adsorption-regeneration cycles of the MOF-808 hollow fibre adsorbent was performed and the results are given in Figure 8 (D). As can be seen, the fresh adsorbent has the adsorption capacity of around 800 mg g-1. This value also confirms the predicted equilibrium adsorption capacity from the early kinetic study. After the first adsorption took place, the adsorbent was regenerated by washing with a mixture of methanol and acetic acid, followed by drying before undergoing another cycle of adsorption process. It can be seen that the adsorption capacity of the reused MOF-808 hollow fibre adsorbent was found to be in the range between 600-700 mg g-1. The slight decrease in the diclofenac adsorption capacity may be due to various factors such as the inadequate washing for removal of all the adsorbed diclofenac or some detachments of MOF-808 particles from the support. However, the reduction of the adsorption capacity can be considered small, as more than 80% of the initial adsorption capacity of the MOF-808 hollow fibre adsorbent is well maintained. It follows that the adsorbed diclofenac can be effectively removed from the MOF-808 pores during regeneration process. In addition to the effective regeneration, growing the MOF-808 as a polycrystalline layer on the YSZ hollow fibre support would eliminate the use of binders for making commercial adsorbents, increase the surface-area-to-volume ratio of adsorption systems as well as reduce the maldistribution of flows commonly unavoidable in conventional packed bed configurations. These advantages highlight the readiness for employing the MOF-808 hollow fibre adsorbent in real application for diclofenac removal. 
4. Conclusions
In this study, we have successfully shown the superiority of MOF-808 as an adsorbent for diclofenac removal. The high surface area and large pore aperture of the MOF-808 renders it to be one of the highest reported adsorbents to date with maximum adsorption capacity at 833 mg g-1 and a fast adsorption kinetic where about 95% diclofenac removal can be reached within 1 hour. This promising potential has also been further exploited successfully by fabricating a MOF-808 hollow fibre adsorbent. This approach has benefits for commercial exploitation, as the hollow fibre adsorbent retains its exceptional adsorption performance. Benefitting from the excellent MOF-808 framework stability, the MOF-808 hollow fibre adsorbent can withstand at least 4 adsorption-regeneration cycles without any significant compromise in its adsorption performances. This study highlights the MOF-808 as a promising adsorbent to address the issue of diclofenac pollution.  
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