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ABSTRACT: Pollution of water with heavy metals is a global environmental problem whose impact is especially 

severe in developing countries. Among water-purification methods, adsorption of heavy metals has proven to be 

simple, versatile and cost-effective. However, there is still a need to develop adsorbents with a capacity to remove 

multiple metal pollutants from the same water sample. Herein we report the complementary adsorption 

capacities of metal-organic frameworks (MOFs; here, UiO-66 and UiO-66(SH)2) and inorganic nanoparticles (iNPs; 

here, cerium-oxide NPs) into composite materials. These adsorbents, which are spherical microbeads generated 

in one step by continuous-flow spray-drying, efficiently and simultaneously remove multiple heavy metals from 

water, including As(III and V), Cd(II), Cr(III and VI), Cu(II), Pb(II) and Hg(II). We further show that these microbeads 

can be used as packing material in a prototype of a continuous-flow water treatment system, in which they retain 

their metal-removal capacities upon regeneration with a gentle acidic treatment. As proof-of-concept, we 

evaluated these adsorbents for purification of laboratory water samples prepared to independently recapitulate 

each of two strongly-polluted rivers: the Bone (Indonesia) and Buringanga (Bangladesh) rivers. In both cases, our 

microbeads reduced the levels of all the metal contaminants to below the corresponding permissible limits 

established by the World Health Organization (WHO). Moreover, we demonstrated the capacity of these 

microbeads to lower levels of Cr(VI) in a water sample collected from the Sarno River (Italy). Finally, to create 

adsorbents that could be magnetically recovered following their use in water purification, we extended our spray-

drying technique to simultaneously incorporate two types of iNPs (CeO2 and Fe3O4) into UiO-66(SH)2, obtaining 

CeO2/Fe3O4@UiO-66-(SH)2 microbeads that adsorb heavy metals and are magnetically responsive. 



 

INTRODUCTION 

Water pollution is a principal cause of health disorders worldwide.1–3 Increasing industrial activity, 

especially in developing countries, often involves contamination of water with soluble toxic metal-ion 

pollutants that readily accumulate in humans and animals.3,4 Exposure to heavy metals such as arsenic, 

cadmium, chromium, lead and mercury, even at trace levels, is especially pernicious to human 

health.5,6 Consequently, major efforts have been devoted to the development of water-treatment 

methods. Recently proposed strategies for wastewater purification include coagulation, filtration and 

chemical precipitation. However, these methods usually require complex instruments and large 

facilities, which in turn translate to high maintenance costs. Additionally, they have limited utility for 

removing pollutants at low concentrations and therefore, must often be combined with 

complementary methods.  

One promising approach for water treatment is adsorption, which has been lauded for its simplicity, 

versatility, cost efficiency and effectiveness.7–9 Common adsorbents such as activated carbon, zeolites, 

clay minerals and natural fibers have been studied for the adsorptive removal of heavy metal ions. 

However, these materials suffer from drawbacks such as limited regeneration, slow sorption kinetics, 

relatively low thermal or chemical stability, and limited selectivity.10,11 Adsorbents for water 

purification must be able to simultaneously remove co-existing pollutants. Accordingly, they should 

remove as many different harmful metal ions as possible.12 An interesting strategy to develop such 

adsorbents is to combine different adsorbent materials, each with its respective functionality, into a 

single composite that shows broad-spectrum activity. 

Metal-organic frameworks (MOFs), which are porous ordered structures exhibiting large specific 

surface areas, have recently garnered much attention as adsorbent materials, given their high 

adsorption capacity and chemical/structural tunability.13–18 An exemplary case of tunable MOFs is that 

of the water-stable, zirconium-based, UiO-66 family, which, at their inorganic nodes or organic linkers, 

can be functionalized with moieties that strongly bind heavy-metal ions. For example, bare UiO-66 has 

been reported to remove Cr(VI) and As(V) from water, demonstrating adsorption capacities of 86 mg/g 

and 303 mg/g, respectively.10,19 Moreover, once functionalized with thiourea groups, this MOF can 

adsorb various other metal ions, including As(V) (303 mg/g), Hg(II) (769 mg/g), Pb(II) (232 mg/g), Cr(III) 

(117 mg/g) and Cd(II) (49 mg/g).10,20 Similarly, functionalization of UiO-66 with thiol groups enhances 

uptake of Hg(II), even in strongly acidic aqueous solutions and vapors,21 up to 236 mg/g and increases 

adsorption of As(III) up to 40 mg/g.22  

Another class of material that has been widely studied as adsorbents is inorganic nanoparticles (iNPs), 

which exhibit high activity and specificity towards heavy-metal ions.23,24 For example, cerium oxide 

(CeO2) NPs have exhibited excellent adsorption capacities for the following metal ions in water: Pb(II) 

(128 mg/g), Cr(VI) (122 mg/g), Cd(II) (93 mg/g) and As(V) (17 mg/g).25–27 Importantly, some iNPs can 

be easily magnetically retrieved from solution, thus obviating impractical alternatives such as filtering. 

However, a drawback of iNPs is their tendency to aggregate, which significantly compromises their 

adsorption efficiency.  

One way to mitigate the iNP-aggregation problem is to incorporate iNPs into the porous matrices of 

other materials.28 Among porous materials, MOFs have surfaced as an attractive partner for iNPs, not 

only to prevent iNP-aggregation and to facilitate their recovery after adsorption process, but also for 

their remediation capabilities. To date, most MOF/iNP composites have been developed for 

catalysis.29 However, within the field of pollutant removal, iNPs have been combined with MOFs to 

yield MOF/iNP adsorbents with added functionalities such as magnetism30,31 or photocatalytic 

degradation.12,32,33  



 

Herein we report new composite microbeads (hereafter, iNP@MOF-Beads) for simultaneous removal 

of various metals from water, which we obtained by incorporating inorganic nanoparticles (iNPs) into 

MOFs via a one-step spray-drying process (Fig. 1). As iNPs, we used CeO2 and as MOFs, we used the 

water-stable Zr-MOFs UiO-66 or UiO-66-(SH)2. We tested the resultant composite microbeads 

(CeO2@UiO-66 and CeO2@UiO-66-(SH)2) for purification of synthetic river-water samples prepared as 

mimics of two polluted rivers, and of a real field sample from another polluted river. Furthermore, we 

evaluated our iNP@MOF-Beads as packing material in fixed-bed, continuous-adsorption columns. 

Finally, we developed magnetic CeO2/Fe3O4@UiO-66-(SH)2 microbeads by simultaneously 

incorporating CeO2 and Fe3O4 NPs into UiO-66-(SH)2. 

MATERIALS AND METHODS 

Zirconium (IV) propoxide solution (70% (w/w)) in 1-propanol; cerium (III) nitrate; sodium meta 

arsenite; sodium arsenate dibasic heptahydrate; cadmium (II) nitrate tetrahydrate; chromium (III) 

nitrate nonahydrate; chromium (VI) oxide; copper (II) nitrate hemi(pentahydrate); lead (II) nitrate; 

mercury (II) chloride; terephthalic acid; phosphoric acid; diethyl 2,5-dihydroxyterephthalate, 

polyvinylpyrrolidone (PVP, Mw ~ 10,000), 1,4-diazabicyclo[2.2.2]octane; dimethylthiocarbomoyl 

chloride and hexamethylenetetramine were purchased from Sigma Aldrich. N,N-dimethylformamide 

(DMF), methanol and acetone were purchased from Fisher Scientific. All the reagents were used 

without further purification. Deionized water, obtained with a Milli-Q® system (18.2 MΩ·cm), was 

used in all adsorption experiments. Fe3O4 nanoparticles (8-nm; 1 g/L) dispersed in an aqueous solution 

of PVP (1 mg/mL) was purchased from Applied Nanoparticles. 2,5-dimercaptoterephthalic acid was 

synthesized according to a reported procedure.34 X-ray powder diffraction (XRPD) patterns were 

collected on an X'Pert PRO MPDP analytical diffractometer (Panalytical) at 45 kV and 40 mA using 

CuKα radiation (λ = 1.5419 Å). Nitrogen adsorption and desorption measurements were performed at 

77 K using an Autosorb-IQ-AG analyzer (Quantachrome Instruments). Field-emission scanning electron 

microscopy (FE-SEM) images were collected on a Magellan 400 L scanning electron microscope (FEI) 

at an acceleration voltage of 5.0 KV and a Quanta 650F scanning electron microscope (FEI) at an 

acceleration voltage of 20.0 KV, using aluminum as support. Transmission Electron Microscopy (TEM) 

images and EDX composition profiles were collected on a Tecnai G2 F20 microscope (FEI) at 200 KV. 
1H NMR spectra were acquired in a Bruker Avance III 400SB NMR spectrometer. Inductively Coupled 

Plasma – Optical Emission Spectroscopy (ICP-OES) measurements were performed on an Optima 

4300DV (Perkin-Elmer) instrument.  

Synthesis of PVP-functionalized CeO2 nanoparticles 

Cerium-oxide nanoparticles were synthesized according to modified published procedures.35,36 In a 

typical experiment, equal volumes of aqueous Ce(NO3)3 (75 mL, 0.04 M) and aqueous 

hexamethylenetetramine (75 mL, 0.50 M) were mixed at room temperature and the resultant solution 

was left at 25 °C for 48 hours under mild stirring. CeO2 nanoparticles were formed by the controlled 

oxidation of Ce(III) to Ce(IV) under alkaline conditions, which subsequently precipitated in the form of 

insoluble CeO2 species. 4 g of PVP in 200 mL of water was added dropwise to a stirring solution of the 

iNP and the flask was left to rest overnight at room temperature. Then, 800 mL of acetone was added 

and the solution was left at room temperature for 24 hours without stirring, leading to precipitation 

of the NPs. The supernatant was removed by decanting and then, the iNPs were washed three times 

with DMF. Finally, they were redispersed in DMF to afford a colloidal solution of CeO2 NPs (1 mg/mL). 

The average size of the synthesized CeO2 NPs was 12 nm ± 2.5 nm. 

Synthesis of 2,5-dimercaptoterephthalic acid  



 

2,5-dimercaptoterephthalic acid was synthesized according to an adapted literature procedure34. 

Briefly, a solution of diethyl 2,5-dihydroxyterephthalate (0.08 mol, 20 g) in 300 mL of degassed DMF 

was introduced into a 500 mL three-neck round bottom flask under Ar atmosphere and cooled down 

to 0˚C. Then, 1,4-diazabicyclo[2.2.2]octane (0.31 mol, 35.2 g) was added under magnetic stirring and 

the solution was left stirring for 10 minutes. Dimethylthiocarbomoyl chloride (0.32 mol, 39 g) was then 

slowly added to the mixture, the suspension was allowed to warm to room temperature and then, 

stirred for 24 hours under Ar atmosphere. The product was precipitated out with 500 mL water, 

filtered and washed extensively with water (yield: 31 g, 95%). The diethyl 2,5-

bis[(dimethylcarbamothioyl)oxy]terephthalate obtained was dried and stored under Ar atmosphere. 

The obtained product (8 mmol, 3.25 g) was heated under Ar atmosphere at 215 ˚C for 1 hour. The 

resulting brown paste was cooled down to 70 ˚C and dissolved in 100 mL of EtOH. The solution was 

cooled down to room temperature, gradually affording fine brown crystals. The crystals were filtered 

off, yielding diethyl 2,5-bis(dimethylthiocarbamoylsulfanyl)terephthalate (2.75 g, yield 85%). A 

solution of the previously obtained product (6 mmol, 2.6 g) in a degassed 1.3 M solution of KOH in 

EtOH/H2O (1:1, 80 mL) was refluxed for 3 hours under Ar atmosphere. The reaction mixture was cooled 

down to 0 ˚ C and HCl (37% w/w, 30 mL) was added slowly. The precipitated 2,5-

dimercaptoterephthalic acid was collected by filtration, washed extensively with water, dried under 

dynamic vacuum and stored under Ar (1.29 g, yield 93%). 1H-NMR confirmed formation of the desired 

product (Fig. S1). 

Synthesis of UiO-66, CeO2@UiO-66, UiO-66-(SH)2 and CeO2@UiO-66-(SH)2 

All materials were synthesized by a slightly modified version of a previously reported spray-drying 

method37. Briefly, terephthalic acid (0.6 mmol, 100 mg), glacial acetic acid (3 mL), a solution of CeO2 

NPs in DMF (1 mg/mL; 8.5 mL) and a 70% (w/w) solution of zirconium (IV) propoxide (Zr(OPrn)4) in 1-

propanol (0.5 mmol, 280 µL) were sequentially added to a flask containing 40 mL of DMF. The resulting 

mixture was injected into a coil-flow reactor (inner diameter: 3 mm) at a feed rate of 2.4 mL/min at 

115 ˚C. The resulting pre-heated solution was then spray-dried at 180 ˚C, at a flow rate of 336 mL/min, 

using a B-290 Mini Spray-Dryer (BUCHI Labortechnik; spray cap hole diameter: 0.5 mm). The resulting 

solid was dispersed in DMF, washed twice with DMF and ethanol, and finally dried for 12 h at 85 °C 

under vaccum. Encapsulation efficiency was determined by ICP-OES and was found to be 4.0% w/w 

(93% encapsulation yield) for the CeO2@UiO-66 composite. The thiolated materials were synthetized 

following the same procedure, except that terephthalic acid was replaced with 2,5-

dimercaptoterephthalic acid (proportional molar ratio) and plain DMF instead of a CeO2 NP dispersion, 

when appropriate. For the CeO2@UiO-66-(SH)2 composite, the level of encapsulation of CeO2 iNPs was 

calculated to be 3.3% w/w (87% encapsulation yield).  

Synthesis of CeO2/Fe3O4@UiO-66-(SH)2 

This composite was synthesized following the above procedure with minor modifications. Briefly, 2,5-

dimercaptoterephthalic acid (0.6 mmol, 138 mg), glacial acetic acid (3 mL), a dispersion of CeO2 and 

Fe3O4 iNPs in DMF (1 mg/mL of CeO2 and 2 mg/mL of Fe3O4; 8.5 mL) and a 70% (w/w) solution of 

Zr(OPrn)4 in 1-propanol (0.5 mmol, 280 µL) were sequentially added to a flask containing 40 mL of DMF. 

The resulting mixture was spray-dried, and the resultant solid was washed and dried, as above. 

Encapsulation of the nanoparticles was monitored by TEM imaging and ICP-OES analysis. The 

encapsulation efficiencies were 3.0% w/w (79% encapsulation yield) for the CeO2 iNPs and 9.3% w/w 

(97% encapsulation yield) for the Fe3O4 iNPs. 

Metal-adsorption studies 



 

Single-metal adsorption 

1 mg of UiO-66, CeO2@UiO-66, UiO-66-(SH)2 or CeO2@UiO-66-(SH)2 was added to a 50 mL Falcon 

centrifugation tube containing 30 mL of a 100 ppb aqueous solution (pH 5) of one of the following 

metal ions: As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Pb(II) or Hg(II) (i.e. each tube corresponded to a 

single metal). The Falcon tubes were sonicated for 2 minutes to ensure homogeneous dispersion and 

then, agitated for 3 hours at 30 rpm in a rotary agitator at room temperature. Afterwards, the samples 

were centrifuged, and the supernatant was collected through a 200 µm syringe filter and finally, stored 

at 4 ˚C in the dark until ICP-OES analysis.  

Multi-metal adsorption 

1 mg of CeO2@UiO-66-(SH)2 was loaded into a 50 mL Falcon centrifugation tube containing 30 mL of 

a 100 ppb aqueous solution (pH 5) of all of the following metal ions: As(III), As(V), Cd(II), Cr(III), Cr(VI), 

Cu(II), Pb(II) and Hg(II) (i.e. the tube contained all the metals, each at 100 ppb). The rest of the 

procedure was the same as for the single-pollutant analysis (see above). 

Continuous-flow adsorption and regeneration 

The packed-powder column prototype was made by compacting 10 mg of CeO2@UiO-66-(SH)2 into a 

glass column and subsequently capping the column with cotton wool. Afterwards, 5 mL of Milli-Q 

water was passed through the column. For comparative adsorption, 30 mL of a solution containing 

100 ppb each of As(III and V), Cd(II), Cr(III and VI), Cu(II), Pb(II) and Hg(II) was passed through the 

column at a flow rate of 1.3 mL/min. The filtered metal solution was collected and analyzed by ICP-

OES. The adsorption-desorption cycling experiments comprised an adsorption step, whereby 30 mL of 

a solution (pH 5) containing 100 ppb each of As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Pb(II) and Hg(II) 

ions was filtered through the column; and a desorption step, in which 100 mL of a 250 mM solution of 

NaH2PO4
38 (pH 5) was passed through the column. The cycle was repeated ten times and all collected 

filtrates were analyzed by ICP-OES to follow Hg(II). The breakthrough curve experiment was performed 

using the same column setup described above. 2340 mL of a 100 ppb Cr(III) solution were passed 

through the column collecting aliquots at different time intervals, which were then analyzed by ICP-

OES. 

 

Synthetic river-water samples  

Water samples that recapitulated the Buringanga River and the Bone River were separately prepared 

based on reported values (ppb) of metal pollutants in each river.39,40 Briefly, Milli-Q water solutions 

containing the necessary metal ions was prepared at both pH 5 and at the natural pH of each river: pH 

6.6 (using HNO3) for the Buringanga River and pH 7.5 (using NaOH) for the Bone River. The solutions 

were stored at 4 ˚C in the dark until use. 

River-water metal adsorption 

Similarly to in the adsorption procedures described above, 1 mg of CeO2@UiO-66-(SH)2 was loaded 

into 50 mL Falcon centrifugation tubes containing 30 mL samples (Bone River, Buringanga River or 

Sarno River), either at pH 5 or at the corresponding natural pH. The rest of the procedure was the 

same as for the single-metal and multi-metal analyses (see above). The experiment was repeated with 

1 mg of CeO2@UiO-66, but only for the Bone River sample. The samples of the three rivers at their 

natural pH were also filtered through the packed-powder column prototype. The procedure was the 

same as for the multiple-pollutant analysis using the column prototype (see above). 



 

 

Insert figure 1 

 

Magnetically-functionalized adsorption 

0.3 mg of CeO2/Fe3O4@UiO-66-(SH)2 was added to an aqueous solution (10 mL, pH 5) containing 100 

ppb each of As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Pb(II) and Hg(II). The suspension was agitated for 

3 hours at 30 rpm in a rotary agitator at room temperature. The CeO2/Fe3O4@UiO-66-(SH)2 microbeads 

were then recovered with a neodymium magnet, and the supernatant was collected through a 200 

µm syringe filter and stored at 4 ˚C in the dark until ICP-OES analysis. 

Adsorption calculations 

In each of the adsorption tests, the maximum uptake capacity (LM) of the microbeads was calculated 

as: 

𝐿𝑀 =
𝐶0 × 𝑉

𝑀
 

where C0 is the initial concentration of the solution; V, the volume loaded into the Falcon tube; and 

M, the mass of MOF used for the adsorption.  

  

The pollutant-loading level (L) of the microbeads was calculated as: 

𝐿 =
(𝐶0 − 𝐶𝑓) × 𝑉

𝑀
 

, where Cf is the final measured concentration. 

 

And finally, the percentage of pollutant adsorbed from each sample was calculated as follows: 

%𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
𝐿

𝐿𝑀
× 100 

RESULTS AND DISCUSSION 

Synthesis and characterization 

The UiO-66 and CeO2@UiO-66 microbeads, and their corresponding thiol-functionalized derivatives 

UiO-66-(SH)2 and CeO2@UiO-66-(SH)2, were synthesized following a continuous-flow spray-drying 

methodology previously reported by our group (Fig. 1a).37,41 In a typical synthesis, a solution containing 

the corresponding MOF precursors and dispersed CeO2 NPs (for the composites) were injected into a 

coil-flow reactor and subsequently spray-dried, leading to the formation of dense microscale beads in 

the form of dry powders.  

FE-SEM of all four samples revealed the formation of spherical beads (average size: 1.5 µm ± 1.0 µm) 

formed by nanocrystals of UiO-66 and UiO-66-(SH)2 (Fig. 1b). X-ray powder diffraction (XRPD) on the 

beads revealed a pure, crystalline, UiO-66-type framework (Fig. S2). Moreover, high-angle annular 

dark-field scanning transmission electron microscopy (HAADF-STEM) on CeO2@UiO-66 and on 

CeO2@UiO-66-(SH)2 confirmed the encapsulation of disperse CeO2 NPs inside them (Fig. 1b). The 



 

samples were digested with 5% HF, and the supernatant was filtered, and then used for quantification 

of the CeO2 iNP content by ICP-OES. The iNP-content values found were 4.0% (w/w) for CeO2@UiO-

66 (encapsulation yield: 93%) and 3.3% (w/w) for CeO2@UiO-66-(SH)2 (encapsulation yield: 87%).  

The porosity of all four samples was confirmed by nitrogen adsorption analysis at 77 K, from which 

the following BET surface areas were found: 945 m2/g (UiO-66), 597 m2/g (UiO-66-(SH)2), 747 m2/g 

(CeO2@UiO-66) and 539 m2/g (CeO2@UiO-66-(SH)2) (Fig. S3). The values for the pristine MOFs are 

consistent with literature reports.42 The collected isotherms were found to be type IV (IUPAC 

classification) isotherms presenting hysteresis loops. This behavior is typical of MOF beads made by 

spray-drying and can be attributed to the presence of some mesoporosity derived from the 

nanocrystal assembly that forms the beads. 

Metal-adsorption capacity  

We evaluated the potential of our microbeads as adsorbents for the most prevalent heavy-metal 

pollutants in industrial wastewater: As(III and V), Cd(II), Cr(III and VI), Cu(II), Pb(II) and Hg(II). To this 

end, each sample (bead concentration: 0.03 mg/mL) was incubated in aqueous solutions (pH 5) of the 

different metal ions (100 ppb) for 3 hours under continuous stirring. Note that the pH of the aqueous 

solutions was fixed at 5 to prevent precipitation of the metal ions during the adsorption studies. The 

metal-ion concentration of 100 ppb was selected because it falls within the range of concentrations 

for metal ions found in contaminated waters (see, for example Table 1). After 3 hours, the beads were 

separated from the aqueous solutions and the amount of metal ions remaining in the supernatants 

was evaluated by ICP-OES. 

The adsorption capacity values for all metal ions are shown in Figure 2a and Table S1, revealing two 

clear trends. Firstly, the pendant thiol groups confer a functional benefit: in all cases, relative to UiO-

66, the UiO-66-(SH)2 demonstrated superior uptake of all the metal ions except As(V). The anomaly 

for As(V) uptake can be rationalized according to its distinct adsorption mechanism, in which the ions 

are adsorbed by the zirconium clusters through Zr-O-As coordination bonds,10,22 which are more easily 

accessible without the steric hindrance of the thiol groups. The second trend is that incorporation of 

CeO2 NPs into MOF microbeads enhances adsorption of both As(III) and Cr(IV), as expected from the 

previously reported activity and selectivity of these NPs towards these metal ions.25,43 This functional 

gain is important, as As(III) and Cr(IV) are highly toxic pollutants and, especially in the case of the latter, 

exhibit high mobility,4,44 making them a high priority for removal from industrial wastewater. 

Moreover, compared to the case of other metals, efficient removal of these two metal ions from water 

usually takes longer, suffers from lower uptakes and requires a previous chemical conversion.45  

 

Insert figure 2 

 

Altogether, our results prompted us to select CeO2@UiO-66-(SH)2 for a test of simultaneous 

adsorption of all the metals. To this end, CeO2@UiO-66-(SH)2microbeads were incubated in an 

aqueous mixture containing all the aforementioned metal ions at a concentration of 100 ppb each 

(Fig. 2b). The CeO2@UiO-66-(SH)2 microbeads removed 99 ppb Pb(II) (99%), 99 ppb Cu(II)  (99%), 98 

ppb Hg(II) (98%), 185 ppb Cr(III and VI) (93%), 87 ppb Cd(II) (87%), 111 ppb As(III and V) (56%). Thus, 

CeO2@UiO-66-(SH)2 simultaneously captured all the different metal ions while demonstrating the 

same adsorption capacity for each one as in the previous single-metal adsorption experiments. 



 

In addition to strongly adsorbing target pollutants from water, MOF-based adsorbents must also be 

stable and not release their component metal ions (in our case, Zr(IV) plus Ce(IV), to form the MOF 

and the iNP) into the water. Accordingly, we also investigated the presence of these metal ions in the 

aqueous solutions of the adsorption experiments. Zr(IV) and Ce(IV) were not detected in any of the 

samples, confirming the stability of the microbeads. Moreover, and further confirming the stability of 

the microbeads, XRPD after the metal-adsorption experiments indicated that all the microbeads had 

retained the crystallinity of the parent samples (Fig. S2). 

iNP@MOF -Beads as packing material in a column for continuous-flow removal of metals from water 

Once we had demonstrated that our microbeads effectively remove heavy metal ions from water, we 

next evaluated their performance as packing material in a purification column. To this end, 10 mg of 

CeO2@UiO-66-(SH)2 were packed into a 5 mm-diameter glass column (Fig. 3a), through which 30 mL 

of an aqueous solution (pH 5) of As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Pb(II) and Hg(II) (100 ppb 

each) was passed through at a flow rate of 1.3 mL/min. The filtrate was analyzed by ICP-OES, revealing 

the following removal rates for each metal: Pb(II) (99%); Hg(II) (99%); Cu(II) (99%); Cd(II) (85%); Cr(III 

and VI) (84%); As(III and V) (69%) (Fig. 3b). Thus, after purification by the microbeads, the final 

remaining concentration of each metal in the water sample was: Pb(II) and Hg(II) (less than 0.25 ppb); 

Cu(II) (0.3 ppb); Cd(II) (15 ppb); Cr(III and VI) (32 ppb); and As(III and V) (62 ppb). Remarkably, the 

concentration of all metals in the water sample could be reduced down to 0.25 ppb by passing this 

latter sample twice more through the column (Fig. 3b). In addition, using Cr(III) as a model metal ion, 

we performed a breakthrough curve with a 10 mg packed powder bed of CeO2@UiO-66-(SH)2, a feed 

solution with a Cr(III) concentration of 100 ppb, and a flow rate of 1.3 mL/min (Fig. S4). From the 

obtained data, we could determine a breakthrough time (10%C0) of 231 minutes (300.6 mL) and an 

exhaust time (90%C0) of 1239 minutes (1610.4 mL). The degree of saturation was calculated to be 

45%,46 and the maximum loading capacity of the column was 82.7 mg of Cr(III) per g of adsorbent. This 

capture capacity value compares favorably with other fixed bed adsorption studies found in the 

literature.47  

 

Insert figure 3 

 

An important aspect to be considered when using a new adsorbent in packed columns is its 

regeneration, which in our case, corresponds to metal-ion desorption from CeO2@UiO-66-(SH)2. To 

explore this property, we tested the CeO2@UiO-66-(SH)2-packed column over three 

adsorption/desorption cycles. The adsorption step comprised filtering 30 mL of an aqueous solution 

(pH 5) of all the studied metals (100 ppb each).The desorption (regeneration) step entailed passing 

100 mL of a 250 mM aqueous solution of H2PO4
- (pH 5) through the column at a flow rate of 1.3 

mL/min. ICP-OES analysis of the collected filtrate revealed almost complete desorption (>96%) and 

recovery of most the metal ions (As(III and V), Cd(II), Cr(III and VI, Cu(II) and Pb(II))) and high desorption 

(>91%) and recovery of Hg(II) (Fig. 4a,b). To further demonstrate the regeneration of CeO2@UiO-66-

(SH)2, this adsorption/desorption cycle was repeated ten times and all the collected filtrates were 

analyzed by ICP-OES to determine the desorption of Hg2+. Interestingly, the corresponding uptake 

rates were similar among the ten cycles, meaning that the regeneration process was sufficient to 

maintain the adsorption capacity of our microbeads (Fig. 4b).  
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Metal removal in synthetic and real river-water samples 

Having preliminarily demonstrated the metal-adsorption capacities of our microbeads, we next 

evaluated them in test cases corresponding to known cases of river pollution. Firstly, synthetic river-

water samples were prepared to independently recapitulate the Buringanga River39 (Bangladesh) and 

the Bone River40 (Indonesia), both of which contain metal ions at concentrations well-above the WHO 

standards (Table 1). Specifically, the Buringanga River is contaminated with Cd(II), Cr(III), Cu(II) and 

Pb(II), whereas the Bone River is contaminated with Hg(II), As(V) and Pb(II). Initially, CeO2@UiO-66-

(SH)2 microbeads (bead concentration: 0.03 mg/mL) were incubated in the synthetic samples for 3 

hours under continuous stirring. Then, the microbeads were separated from the water samples and 

the concentration of metal ions remaining in the treated water river samples was determined by ICP-

OES. Note that the adsorption was tested at the natural pH of each river (pH 6.6 for the Buringanga 

River and pH 7.5 for the Bone River) as well as at pH 5, for comparison. Table 1 shows the heavy-metal 

ion capture capacity of the CeO2@UiO-66-(SH)2 microbeads.  

 

Insert table 1 

 

For the Buringanga River sample at pH 6.6, the microbeads removed more than 98% of Cd(II), Cu(II) 

and Pb(II) ions and 69% of Cr(III) ions; thus, the microbeads had reduced the concentration of each 

metal to below the WHO limits (Table 1). At pH 5, the microbeads exhibited slightly different 

performance, adsorbing more than 98% of the Cr(III), Cu(II) and Pb(II) ions, while removing only 65% 

of the Cd(II) (Table 1). Consequently, the remaining concentration of Cd(II) in the supernatant (23 ppb) 

was above the corresponding WHO limit.  

For the Bone River sample at pH 5, the CeO2@UiO-66-(SH)2 microbeads captured more than 99% of 

Hg(II) and Pb(II), leaving behind only 2.5 ppb and 1.4 ppb, respectively both under the WHO limits. 

However, it could not efficiently capture As(V), leaving behind 109 ppb, which is well above the 

corresponding WHO limit. At Bone’s natural pH 7.5, the CeO2@UiO-66-(SH)2 microbeads adsorbed 

99% of Pb(II) and 31 % As(V), which is still above the WHO limit. Fortunately, UiO-66@CeO2 

microbeads adsorbed 62% of the As(V), leaving behind 46 ppb of the latter, which, while above the 

WHO limit, is below the water standards concentration for Indonesia (Table 1). Note that the 

adsorption of Hg(II) at pH 7.5 could not be analyzed, as Hg(II) begins to precipitate out at pH 6 and 

above. At such pH values, the Hg(II) precipitates are typically removed by filtration or flocculation 

systems.  

To evaluate our CeO2@UiO-66-(SH)2 microbeads for purification of real field samples from rivers, we 

also tested them for removal of metals from a sample collected from the Sarno River, in Italy (pH 7.2). 

Although the Sarno River currently meets the WHO standards for metal-ion levels in potable water, 

its Cr(VI) levels presently exceed those of other European rivers. The Sarno River sample contained 11 

ppb of Cr(VI) and minuscule amounts of As(III) (0.9 ppb) and Cu(II) (3.2 ppb), of which the CeO2@UiO-

66-(SH)2 microbeads captured 37%, 55% and 99%, respectively (Table 1). 



 

Next, we studied the continuous-flow removal of metals from the three river samples using the 

column containing packed CeO2@UiO-66-(SH)2 microbeads (10 mg). To this end, 30 mL of each river 

sample was passed through the column at a flow rate of 1.3 mL/min. For the Buringanga River sample, 

the column removed more than 99% of Cd(II), Cu(II) and Pb(II) ions and 90% of Cr(III) ions; and for the 

Bone River sample, it adsorbed 99% of the Pb(II) and 86% of the As(V). In both cases, purification 

through the column reduced the concentration of each metal to below the WHO limits (Table 1). In 

the case of the Sarno River sample, the column removed 99% of all Cr(VI), As(III) and Cu(II).  

Magnetically functionalized iNP@MOF-Beads 

Finally, having demonstrated that our microbeads can remove various heavy metals from water, we 

sought to explore the possibility of conferring them with magnetism, such they could be magnetically 

removed after water purification. To this end, we turned again to spray-drying, which can be exploited 

to incorporate multiple classes of nanoparticles into MOF microbeads. Thus, CeO2 and Fe3O4 NPs were 

simultaneously incorporated into UiO-66-(SH)2 to afford a magnetically responsive microbead, 

CeO2/Fe3O4@UiO-66-(SH)2 (Fig. 5a). FE-SEM and XRPD confirmed the formation of spherical 

microbeads built of UiO-66-(SH)2 nanocrystals (Fig. 5b and Fig. S5). Furthermore, HAADF-STEM, EDX 

and ICP-OES analyses revealed successful incorporation of both types of iNPs into the composite 

microbeads at the following content levels (w/w): 3.0% for CeO2 and 9.3% for Fe3O4 (Fig. 5b and Fig. 

S6).  
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We then tested the adsorption capacity of the CeO2/Fe3O4@UiO-66-(SH)2 microbeads by incubating 

(0.03 mg/mL) them in a water sample containing 100 ppb each of As(III), As(V), Cd(II), Cr(III), Cr(VI), 

Cu(II), Pb(II) and Hg(II), under continuous stirring. After 3 hours, the microbeads were separated out 

from the water sample by approaching a neodymium magnet to the water sample for 5 minutes (Fig. 

5c), and the amount of metal ions remaining in the treated water sample was evaluated by ICP-OES. 

Remarkably, the microbeads showed comparable metal-ion adsorption capacity to that of the original 

non-magnetic microbeads, CeO2@UiO-66-(SH)2 (Fig. 5d). 

CONCLUSIONS 

We have designed, developed and tested iNP@MOF composite microbeads as adsorbents for removal 

of heavy metal ions from water. The spherical microbeads are formed in one step by continuous-flow 

spray-drying. They efficiently and simultaneously remove various metal ions from water, including 

As(III and V), Cd(II), Cr(III and VI), Cu(II), Pb(II) and Hg(II), are stable during water purification, and can 

be regenerated by a gentle acidic treatment. We also successfully evaluated the best-performing of 

these microbeads, UiO-66-(SH)2@CeO2, as packing material in a continuous-flow column for water 

purification. We further confirmed the efficiency of CeO2@UiO-66-(SH)2 by testing it in synthetic and 

real river-water samples. For the samples that recapitulated the Bone River and the Buringanga River, 

treatment with our microbeads reduced the levels of most of the harmful metals to below the WHO 

limits; and for the Sarno River sample, it significantly reduced the relatively high content of Cr(VI). 

Finally, we explored the idea of conferring our microbeads with magnetism. Harnessing the versatility 

of spray-drying, we simultaneously incorporated two types of iNPs, CeO2 and Fe3O4, into UiO-66-(SH)2 

to obtain CeO2/Fe3O4@UiO-66-(SH)2. The resultant magnetic microbeads demonstrate similar metal-

adsorption capacity to the original non-magnetic microbeads and can easily be removed from treated 



 

water by a magnet. Given their ready formation and tunability, we are confident that such iNP@MOF-

Beads will prove utile in future water-purification applications.  
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Fig. 1. a) Schematic of the continuous-flow spray-drying synthesis of MOF microbeads and iNP@MOF-Beads. b) Schematic (top), FE-SEM images 

(medium) and HAADF-STEM images (bottom) of MOF microbeads and iNP@MOF-Beads. 

 

 

Fig. 2. a) Single-metal removal efficiency for UiO-66 (cyan), 

CeO2@UiO-66 (blue), UiO-66(SH)2 (yellow) and CeO2@UiO-66-

(SH)2 (orange). b) Multiple-metal removal efficiency for 

CeO2@UiO-66-(SH)2.  

 



 

 

 

Fig. 3. a) Photograph of the continuous-flow column setup. b) 

Multiple- metal removal efficiency for the column containing 

CeO2@UiO-66-(SH)2 as packing material. In this experiment, an 

aqueous solution (pH 5) of As(III), As(V), Cd(II), Cr(III), Cr(VI), 

Cu(II), Pb(II) and Hg(II) (100 ppb each) was passed through the 

column three times. 



 

 

 

Fig. 4. (a,b) Multiple-metal removal efficiency (a) and recovery 

(b, regeneration) for the column after three 

adsorption/desorption cycles. (c) Hg(II) removal efficiency and 

recovery (regeneration) for the column after ten cycles of 

sequential adsorption/desorption steps. The adsorption step 

comprised passing through the column, 10 mL of water 

containing each metal-ion pollutant (100 ppb). The desorption 

step comprised passing through the column, 100 mL of 250 mM 

aq. H2PO4
- (pH = 5).  

 

 



 

 

 

Fig. 5. a) Schematic of the synthesis of CeO2/Fe3O4@UiO-66-

(SH)2. b) FE-SEM images (left) and HAADF-STEM images 

(right) of CeO2/Fe3O4@UiO-66-(SH)2. c) Photograph of a 

dispersion of CeO2/Fe3O4 @UiO-66-(SH)2 microbeads before 

(left) and after (middle) approach of a neodymium magnet, and 

after complete magnetic recovery (5 minutes in contact with the 

magnet; right). d) Multiple-metal removal efficiency for 

magnetically-recovered CeO2/Fe3O4@UiO-66-(SH)2.  



 

 

Table 1. Results of metal-adsorption experiments (at pH = 5 and at the natural pH for each river), showing the maximum heavy-metal 

concentration permitted by WHO standards. The values marked with “*“ correspond to adsorption by CeO2@UiO-66. 

 Buringanga  

 
Adsorption pH = 5 Adsorption pH = 6,6 Continuous flow pH = 6,6  

Metal 

pollutant 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

WHO 

standards 

(ppb) 

Cd(II) 67 23 65% 66 1.3 98% 66 0.3 99% 3 

Cr(III) 114 1.1 99% 105 33 69% 105 11 90% 50 

Cu(II) 249 10 96% 243 2.1 99% 243 0.9 99% 2000 

Pb(II) 95 < 0.25 99% 98 < 0.25 99% 98 < 0.25  99% 10 

          
 

  Bone  
  Adsorption pH = 5 Adsorption pH = 7,5 Continuous-flow pH = 7,5 

 

Metal 

pollutant 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

WHO 

standards 

(ppb) 

As(V) 122 109 11% 122 
84   

46* 

31%               

62%* 
122 18 86% 10 

Hg(II) 178 2.5 99% - - - - - - 6 

Pb(II) 165 1.4 99% 157 1.6 99% 157 4.6 99% 10 

           

           

 
Sarno  

 
Adsorption pH = 5 Adsorption pH = 7,5 Continuous-flow pH = 7,2 

 

Metal 

pollutant 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

WHO 

standards 

(ppb) 

As(III) 0.9 0.5 45% 0.9 0.4 55% 0.9 < 0.25 99% 10 

Cr(VI) 11 7.7 30% 11 6.9 37% 11 < 0.25 99% 50 

Cu(II) 3.2 < 0.25 99% 3.2 < 0.25 99% 3.2 < 0.25 99% 2000 

 

 

 


