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ABSTRACT: Heavy-metal contamination of water is a global problem with an especially severe impact in 

countries with old or poorly-maintained infrastructure for potable water. An increasingly popular solution 

for ensuring clean and safe drinking water in homes is the use of adsorption-based water filters, given 

their affordability, efficacy and simplicity. Herein, we report the preparation and functional validation of 

a new adsorbent for home water-filters, based on our composite of the metal-organic framework (MOF) 

UiO-66 and cerium (IV) oxide (CeO2) nanoparticles. We began by preparing UiO-66@CeO2 microbeads, 

and then encapsulating them into porous polyethersulfone (PES) granules, to obtain millimeter-scale 

CeO2@UiO-66@PES granules. Next, we validated these granules as an adsorbent for removal of metals 

from water, by substituting them for the standard absorbent (ion-exchange resin spheres) inside a 

commercially available water pitcher from Brita®. We assessed their performance according to the 

American National Standards Institute (ANSI) guideline 53-2019, “Drinking Water Treatment Units - Health 

Effects Standard”. Remarkably, a pitcher loaded with a combination of our CeO2@UiO-66@PES granules 

and activated carbon at standard ratios met the target reduction thresholds set by NSF/ANSI 53-2019 for 

all the metals tested: As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Hg(II) and Pb(II). Throughout the test, the 

modified pitcher proved to be robust and stable. We are confident that our findings will bring MOF-based 

adsorbents one step closer to real-world use. 

1. INTRODUCTION 

According to the United Nations, millions of people die annually from diseases associated with inadequate 

water supply, sanitation and hygiene, with children being particularly affected.1 Much of this is due to 

drinking water contaminated with heavy metals, which, even at trace levels, pose considerable health 

risks.2–4 Accordingly, as part of its seventeen sustainable development goals, the United Nations has 

stipulated that “safe water and adequate sanitation are indispensable for healthy ecosystems, reducing 

poverty, and achieving inclusive growth, social well-being and sustainable livelihoods”.5 Therefore, there 

is a pressing need to develop strategies and products to provide clean water. Water-remediation 

processes are usually performed at the source, in industrial treatment plants that employ large-scale 

processes such as coagulation, filtration and chemical precipitation.6 However, these large-scale 

treatments have difficulties reducing pollutants at low concentrations and generate large quantities of 

sub-products like sludge,7 meaning that additional purification processes are usually required.  

Supplementary water-purification treatments can be performed directly by consumers at home by using 

water filters mounted in or on refrigerators, faucets, plumbing, squeeze bottles; or when traveling, by 

using portable units. Most current domestic water-remediation systems rely on either reverse-osmosis or 



adsorption. Although reverse-osmosis systems can remove nearly all the dissolved solids from a water 

stream, they tend to be slow, expensive and wasteful, making them less attractive for developing regions. 

Adsorption systems are usually cheaper; however, the common adsorbents (e.g. activated carbon, 

zeolites or natural fibers) exhibit low capacity, costly regeneration and poor selectivity, especially to 

harmful contaminants (e.g. arsenic) that are typically present in higher concentrations in developing 

regions than in more developed areas.8,9 Thus, most adsorption-based filters, including the well-known 

pour-through type pitcher products, employ a combination of several materials with complementary 

adsorption profiles. The most common combination is that of an ion-exchange resin, to remove dangerous 

heavy metals, with activated carbon, to remove organic substances that compromise the taste and odor 

of drinking water.10 

Researchers have endeavored to find alternative materials for water remediation that exhibit superior 

adsorption kinetics, capacity and/or regeneration compared to the state of the art. Amongst the most 

promising candidates are porous materials such as metal organic frameworks (MOFs) and covalent organic 

frameworks (COFs), which offer large surface areas and the possibility of being chemically tuned. In fact, 

MOFs and COFs have already demonstrated their efficacy at water remediation,11–19 even under 

continuous flow conditions.20-22 This is the case of MOFs such as the MIL, ZIF and UiO families, which excel 

at metal removal.23–30 Nonetheless, the widespread adoption of MOFs into real-world use still faces 

several hurdles.16,30,31 These include challenges in the processability of MOFs, in shaping them from nano- 

or micro-scale powders to macroscale objects, and in validating them in studies focused on development 

of an actual product. For example, there has been a lack of studies on MOF-based materials in the testing 

conditions stipulated in nationally recognized standards for evaluating and certifying water-purification 

systems. Thus, most of the literature on adsorption of pollutants from water by MOFs encompasses 

studies performed under the narrowly controlled conditions necessary for obtaining reliable experimental 

data, which in turn cannot always be directly extrapolated to real-life conditions.32 

Our group previously reported microbeads of the composite CeO2@UiO-66, comprising the metal-organic 

framework (MOF) UiO-66 and cerium (IV) oxide (CeO2) nanoparticles, for use in water purification.33 This 

composite offers a complementary adsorption profile that draws on the functionality of each component. 

Particularly, UiO-66 provides a high surface area, water stable substrate where different metals can bind. 

According to previous studies,34-36 the kinetics of metal ion adsorptions in UiO-66 frameworks is governed 

by a pseudo-second order model, implying chemisorption as the main driving force. The most probable 

binding sites are located at defects on the framework; as, for example, on the SBUs in which open metal 

sites of the zirconium clusters can interact with anionic oxyanions like Cr(VI) and As(V).36 Despite the non-

specific broad adsorption capabilities of UiO-66 for metals, its affinity for As(III) ions is however very low.33 

Thus, the incorporation of CeO2 nanoparticles into MOF microbeads enhances adsorption of As(III) (and 

also of Cr(VI)) thanks to their previously reported activity and selectivity towards both metals.37,38 

Importantly, the CeO2@UiO-66 microbeads can be synthetized through a scalable, continuous-flow spray-

drying methodology and can be regenerated. Here, we report on testing of this composite for removal of 

metals from water in a commercially available filter pitcher, which we assessed by replacing the standard 

adsorbent in the filter with our composite, under U.S. government guidelines. Adsorbents used in home 

water-filter pitchers are usually shaped at the macroscale to facilitate their handling and to avoid the 

toxicity associated with manipulating powders. Accordingly, we first shaped our CeO2@UiO-66 

microbeads by encapsulating them into porous, millimeter-sized polyethersulfone (PES) granules to 

create CeO2@UiO-66@PES granules. We chose PES because it is a commonly used polymer in water-



remediation filters such as ultrafiltration membranes and reverse-osmosis devices.39–41 Next, following 

the American National Standards Institute (ANSI) guideline 53-2019, “Drinking Water Treatment Units - 

Health Effects Standard”,42 we evaluated the performance of CeO2@UiO-66@PES granules at removing 

metals from water within a commercial water filter pitcher from Brita®. To this end, we replaced the 

adsorbent of the stock Brita® filter, ion-exchange resin spheres, with our CeO2@UiO-66@PES granules, 

either alone or in combination with the same activated carbon provided in stock default filter, which is 

used to adsorb organics that affect the taste and odor of water. We then compared our modified filters 

to the stock one for metal removal. Remarkably, we first demonstrated that MOF-based granules can 

meet the target reduction thresholds set by NSF/ANSI 53-2019 for all the metals tested: As(III), As(V), 

Cd(II), Cr(III), Cr(VI), Cu(II), Hg(II) and Pb(II). 

 

2. MATERIALS AND METHODS  

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

meta arsenite; sodium arsenate dibasic heptahydrate; cadmium (II) chloride; chromium (III) chloride 

hexahydrate; potassium dichromate; copper (II) sulfate; lead (II) nitrate; mercury (II) chloride; terephthalic 

acid; sodium metasilicate; sodium bicarbonate; magnesium sulfate; sodium nitrate; sodium fluoride; 

sodium dihydrogen phosphate; sodium hydroxide; calcium chloride; sodium hypochlorite and 

polyvinylpyrrolidone (PVP; Mw ~ 10,000) were purchased from Sigma Aldrich. N,N-dimethylformamide; 

methanol; hydrochloric acid 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. 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 collected at 77 K using an ASAP 2460 

(Micromeritics). Temperature for N2 isotherms measurement was controlled by using a liquid nitrogen 

bath.  FE-SEM images were collected on a Magellan 400 L scanning electron microscope (FEI) at an 

acceleration voltage of 5.0 KV. Transmission electron microscopy (TEM) images 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. ICP-MS were performed on an Agilent 7500. 

All Hg ions were analyzed on a Direct mercury analyzer DMA-80 (Milestone). 

2.2. Synthesis of PVP-functionalized CeO2 nanoparticles. The CeO2 nanoparticles were synthesized 

according to modified published procedures.43,44 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. A solution of 4 g of PVP in 200 mL of 

water was added dropwise to a stirring solution of the CeO2 nanoparticles, 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 nanoparticles. The supernatant 

was removed by decanting, and then the nanoparticles were washed three times with DMF. Finally, they 

were redispersed in DMF to afford a colloidal solution of CeO2 nanoparticles (1 mg mL-1). The average size 

of the synthesized CeO2 nanoparticles was 12 nm ± 2.5 nm. 



2.3. Synthesis of CeO2@UiO-66 microbeads. CeO2@UiO-66 microbeads were synthesized using our 

previously reported spray-drying method.33,45 Briefly, terephthalic acid (0.6 mmol, 100 mg), glacial acetic 

acid (3 mL), a solution of CeO2 nanoparticles in DMF (7 mg mL-1; 2 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-1 at 115 ˚C. The resulting pre-heated solution was then spray-dried at 

180 ˚C, at a flow rate of 336 mL min-1, 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 vacuum. The encapsulation efficiency of CeO2 nanoparticles was 

determined by ICP-OES and was found to be 4.3% w/w (93% encapsulation yield). 

2.4. Synthesis of CeO2@UiO-66@PES granules. The CeO2@UiO-66@PES granules were shaped via a 

modified phase-inversion synthesis adapted from the literature.46 Briefly, a homogeneous dispersion 

containing 4.5 g of CeO2@UiO-66 microbeads and 15 g of PES dissolved in 100 mL of DMF (30 % of 

microbeads (w/w) in relation to PES in the solution) was prepared. The mixture was left stirring at high 

rpm for 1 hour to assure homogeneous distribution of the microbeads throughout the PES solution. In 

parallel, 800 mL of a water/ethanol mixture (1:1) was prepared and cooled down to 0ºC in an ice bath. 

The CeO2@UiO-66 microbeads-PES dispersion was then added dropwise to the chilled water-ethanol 

solution under mild stirring. As the droplets of this dispersion enter in contact with the water/ethanol 

bath, the PES instantly precipitated forming the granules. The formed granules were left stirring for 1 hour 

in the same bath to slowly diffuse the DMF trapped inside, resulting in a hard, sponge-like granular 

structure. The water/ethanol bath was replaced with a fresh one a couple of times to properly clean the 

formed granules. Afterwards, they were left overnight stirring to evacuate all DMF that could still remain 

inside the porous structure. Finally, they were decanted out, left in the open air to dry and stored until 

use. The obtained material was characterized by XRPD (Figure 1e), FE-SEM (Figure 1d) and N2 sorption 

(Figure 1f). The synthesis was repeated with 7% or 60% CeO2@UiO-66 microbeads (w/w) relative to the 

PES in solution. The exact amount of microbeads inside the granules was measured by analyzing the 

contents of Zr(IV) and Ce(IV) ions of digested samples of the granules by ICP-MS. Loading values of 6.7%, 

26.1%, and 47.4% (w/w) of CeO2@UiO-66 microbeads were found, which translate to encapsulation 

efficiency values of 90%, 87% and 79% for the samples synthesized using 7%, 30% and 60% (w/w) 

CeO2@UiO-66 microbeads relative to the PES in solution, respectively. For the 0% loading granule sample, 

the granule synthesis experiment was repeated with a pristine 0.15 g mL-1 PES solution. 

2.5. Heavy metal contaminated water preparation. Water samples were prepared according to the 

specifications described in the NSF/ANSI 53-2019 standard. Briefly, artificial ¨hard¨ tap water was 

prepared by dissolving 279 mg of Na2SiO3, 750 mg NaHCO3, 344 mg MgSO4, 36 mg NaNO3, 6.6 mg NaF, 0.5 

mg NaH2PO4·H2O, 333 mg CaCl2 and 1.5 mg NaClO into 3 L mili-Q water. The pH of the water was corrected 

to 6.5 or 8.5 using HCl/NaOH, and the water was then stored in the dark until use. To prepare the metal 

pollutant solutions, 4.3 mg of NaAsO2, 6.9 mg of Na2HAsO4, 4.1 mg CdCl2, 12.8 mg CrCl3·6H2O, 14.3 mg 

Na2Cr2O7·2H2O, 9.8 mg CuSO4·5H2O and 4.3 mg Hg(NO3)2·H2O were dissolved into 250 mL mili-Q water 

acidified to pH 1 to produce solutions of each metal ion at 10 ppm. To avoid precipitation, the Pb solution 

was prepared by dissolving 3.6 mg of Pb(NO3) into 4 mL of a 1:1 mixture of mili-Q water and concentrated 

HNO3, resulting in a 563.4 ppm Pb solution. An initial sample of contaminated with heavy metal ions (100 

ppb each of As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Hg(II) and Pb(II)) was prepared by dissolving the stock 

metal solutions in 3 L synthetic “hard” water. Also, to meet the specified concentrations dictated by the 



NSF/ANSI 53-2019, eight contaminated water samples were prepared, each of which contained 50 ppb 

As(III); 50 ppb As(V); 30 ppb Cd(II); 300 ppb Cr(III); 300 ppb Cr(VI); 1200 ppb Cu(II); 6 ppb Hg(II); and 150 

ppb Pb(II). To this end, the prepared stock metal solutions were dissolved in 3 L synthetic “hard” water 

each. The pH of the as-prepared solutions was checked for excessive drifting and corrected with HCl/NaOH 

if necessary. The solutions were stored at 4 ˚C in the dark until use. 

2.6. Continuous-flow metal capture experiments. To determine the optimum loading of CeO2@UiO-66 

microbeads into the polymeric granules for effective metal capture, four samples of CeO2@UiO-66@PES 

granules containing 0%, 6.7%, 26.1% or 47.4% (w/w) of CeO2@UiO-66 microbeads were synthetized. 

Briefly, 0.3 g of each granule were loaded into an HPLC column (diameter = 1 cm) connected to a peristaltic 

pump (Figure S4). The water solution containing 100 ppb each of As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), 

Hg(II) and Pb(II) ions was filtered through the column at a flow-rate of 0.5 ml min-1, and the filtrate was 

collected, and then analyzed by ICP. 

2.7. Cartridge metal capture experiments. Metal capture experiments were performed using either a 

commercial Brita® cartridge or a modified cartridge filled with activated carbon (53 g) only, with 

CeO2@UiO-66@PES granules (18 gr) only, or with a mixture of activated carbon (35 g) and CeO2@UiO-

66@PES granules (18 g). For each pollutant, 1 L of heavy metal-contaminated water (at the concentrations 

specified in NSF/ANSI 53-2019) was filtered through the pitcher, and then collected for ICP analysis. For 

comparison purposes, all experiments were repeated with a modified cartridge containing only 

CeO2@UiO-66@PES granules and a pristine Brita® cartridge filter. 

 

3. RESULTS AND DISCUSSION 

3.1. Synthesis and characterization. First, we synthesized CeO2@UiO-66 microbeads by the continuous-

flow spray-drying methodology that our group previously reported.33,45 In a typical synthesis, a N,N-

dimethylformamide (DMF) solution of terephthalic acid (15 mM), acetic acid (1.3 M), zirconium propoxide 

solution in propanol (70%) (15 mM) and dispersed CeO2 nanoparticles (350 mg L-1) was injected into a coil-

flow reactor, and then spray-dried, leading to formation of spherical microbeads (average size: 2.5 µm ± 

2.0 µm) comprising nanocrystals of UiO-66 (average size: 20 nm) and CeO2 nanoparticles (4.5% in weight) 

homogeneously dispersed throughout (Figure 1a,b). N2-sorption analysis at 77 K revealed a BET surface 

area of 1017 m2 g-1 (Figure S1). As we expected for this type of microbead synthesized by spray-drying, we 

found the collected isotherm to be a type-IV (IUPAC classification) isotherm that features a hysteresis 

loop. We attributed this behavior to the presence of some mesoporosity resulting from the assembly of 

the UiO-66 nanocrystals in the microbeads.47 

- Figure 1 - 

Shaping of MOF-based powders is crucial for decreasing the health hazards related to the manipulation 

of fine powders as well as for facilitating their handling and their integration into devices. Thus, we shaped 

CeO2@UiO-66 microbeads at the macroscale by immobilizing them into millimeter-scale (size = 1.9 mm 

to 2.1 mm), porous polymeric PES granules (Figure 1c,d), to obtain CeO2@UiO-66@PES granule that 

ultimately resembled the ion-exchange resin spheres typically employed in home water filters. This 

process began with preparation of 100 mL of a solution containing PES in DMF (150 mg mL-1), into which 

the CeO2@UiO-66 microbeads were then dispersed (final microbeads concentration of 45 mg mL-1, 30% 



w/w with PES). The resultant dispersion was poured dropwise onto a 1:1 mixture of water/ethanol pre-

cooled to 0 ˚C. The PES instantly precipitated, forming a hard shell around the droplets, which were left 

stirring in the precipitation bath for 3 h to allow the DMF trapped inside to slowly diffuse, thereby enabling 

formation of the porous channels inside the droplets. The precipitation bath was renewed with fresh 

H2O/ethanol (1:1) and left stirring for additional 3 h. Next, the DMF-free granules were collected by 

decantation of the liquid, and then redispersed in pure ethanol overnight. Finally, the resultant clean 

granules were dried under dynamic vacuum at 85 ˚C and stored until use.  

Field-emission scanning electron microscopy (FE-SEM) of the cross-sections of CeO2@UiO-66@PES 

granules revealed their macroporous nature and that CeO2@UiO-66 microbeads were indeed dispersed 

throughout the inner surface of the granule (Figures 1e,f). In these granules, interaction between 

microbeads and PES is mainly attributed to “π-π” interactions between the phenylene groups of UiO-66 

and the polyethersulfone backbone.48 Moreover, X-ray powder diffraction (XRPD) analysis of the granules 

confirmed that the crystallinity of CeO2@UiO-66 microbeads had not been affected (Figure 2a). Samples 

of CeO2@UiO-66@PES granules were digested in 5% HF and 70% HNO3, and then analyzed for Zr and Ce 

ions by inductively-coupled plasma-mass spectrometry (ICP-MS) to confirm the loading of microbeads 

inside the granules, which was found to be 26.1%. N2-sorption analysis at 77 K revealed a BET surface area 

of 260 m2 g-1 (Figure 2b, Figure S2), which is close to the expected value (265 m2 g-1) according to the 

loading percentage of CeO2@UiO-66 within the granules. This result demonstrated that encapsulation of 

the CeO2@UiO-66 microbeads inside the PES granules does not compromise their sorption capacity. 

- Figure 2 - 

Shaping of MOF-based powders is crucial for decreasing the health hazards related to the manipulation 

of fine powders as well as for facilitating their handling and their integration into devices. Thus, we shaped 

CeO2@UiO-66 microbeads at the macroscale by immobilizing them into millimeter-scale (size = 1.9 mm 

to 2.1 mm), porous polymeric PES granules (Figure 1c,d), to obtain CeO2@UiO-66@PES granule that 

ultimately resembled the ion-exchange resin spheres typically employed in home water filters. This 

process began with preparation of 100 mL of a solution containing PES in DMF (150 mg mL-1), into which 

the CeO2@UiO-66 microbeads were then dispersed (final microbeads concentration of 45 mg mL-1, 30% 

w/w with PES). The resultant dispersion was poured dropwise onto a 1:1 mixture of water/ethanol pre-

cooled to 0 ˚C. The PES instantly precipitated, forming a hard shell around the droplets, which were left 

stirring in the precipitation bath for 3 h to allow the DMF trapped inside to slowly diffuse, thereby enabling 

formation of the porous channels inside the droplets. The precipitation bath was renewed with fresh 

H2O/ethanol (1:1) and left stirring for additional 3 h. Next, the DMF-free granules were collected by 

decantation of the liquid, and then redispersed in pure ethanol overnight. Finally, the resultant clean 

granules were dried under dynamic vacuum at 85 ˚C and stored until use.  

Field-emission scanning electron microscopy (FE-SEM) of the cross-sections of CeO2@UiO-66@PES 

granules revealed their macroporous nature and that CeO2@UiO-66 microbeads were indeed dispersed 

throughout the inner surface of the granule (Figures 1e,f). In these granules, interaction between 

microbeads and PES is mainly attributed to “π-π” interactions between the phenylene groups of UiO-66 

and the polyethersulfone backbone.48 Moreover, X-ray powder diffraction (XRPD) analysis of the granules 

confirmed that the crystallinity of CeO2@UiO-66 microbeads had not been affected (Figure 2a). Samples 

of CeO2@UiO-66@PES granules were digested in 5% HF and 70% HNO3, and then analyzed for Zr and Ce 

ions by inductively-coupled plasma-mass spectrometry (ICP-MS) to confirm the loading of microbeads 



inside the granules, which was found to be 26.1%. N2-sorption analysis at 77 K revealed a BET surface area 

of 260 m2 g-1 (Figure 2b, Figure S2), which is close to the expected value (265 m2 g-1) according to the 

loading percentage of CeO2@UiO-66 within the granules. This result demonstrated that encapsulation of 

the CeO2@UiO-66 microbeads inside the PES granules does not compromise their sorption capacity. 

- Figure 3 - 

3.3. CeO2@UiO-66@PES granules as a metal adsorbent in home water-filter pitchers. As our main 

objective was to evaluate a MOF-based adsorbent for home water-purification under real-world 

conditions, we assessed the performance of our CeO2@UiO-66@PES granules as a replacement adsorbent 

within a commercially available water-filter pitcher from Brita® (Figure 4a). Such pitchers are equipped 

with a filter cartridge that contains a mixture of activated carbon, to remove organics that affect the taste 

and odor of water, and ion-exchange resin spheres, to remove heavy metals. The stock cartridge provided 

with the Brita® model that we chose contains 35 g activated carbon and 18 g ion-exchange resin 

spheres.   

Beyond wanting to test our CeO2@UiO-66@PES granules inside the cartridge of a real filter pitcher under 

real-world conditions, we also wanted to assess the performance according to existing regulations on 

commercialization of products that are claimed to remove harmful substances. In the United States, this 

is covered by guideline NSF/ANSI 53-2019, “Drinking Water Treatment Units - Health Effects Standard”, 

of the American National Standards Institute (ANSI). This guideline establishes the minimum performance 

requirements for point-of-use and point-of-entry drinking water systems (e.g. refrigerator filters; 

plumbed-in systems; and non-plumbed, pour-through-type batch treatment systems such as filter 

pitchers), which are designed to reduce specific health-related contaminants from public or private water 

supplies.  

Accordingly, we assayed our CeO2@UiO-66@PES granules as a potential adsorbent of metal contaminants 

in modified cartridges within a Brita® pitcher, according to guideline NSF/ANSI 53-2019. To this end, we 

first emptied out the filter cartridge of its default adsorbents. Then, we refilled it with either CeO2@UiO-

66@PES granules (18 g) alone, or with a mixture of activated carbon (35 g) and CeO2@UiO-66@PES 

granules (18 g) (Figure 4b). The cartridge containing the CeO2@UiO-66@PES granules alone served to 

determine their performance at removing metal contaminants in the absence of a second adsorbent, 

whereas the cartridge containing the mixture (granules + activated carbon) served to mimic the 

composition of the stock cartridge. As controls, the standard Brita® cartridge, and a modified one 

containing only activated carbon (53 g), were also used. 

We then separately tested each of the four cartridges in the same Brita® (Figure 4a). As per the 

specifications of the NSF/ANSI 53-2019 standard, 1 L of each solution containing a metal pollutant [As(III), 

As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Hg(II) and Pb(II)] was then filtered through the pitcher, and an aliquot of 

the resulting filtrate for each solution was collected for analysis by ICP-MS. Note that the sixteen liters 

(each one corresponding to a different metal ion, at two different pH values) were consecutively filtered 

through each cartridge, without any change of the corresponding filler material. Each heavy-metal 

solution was prepared using synthetic hard water (pH 6.5 or pH 8.5) containing the following inorganic 

salts: 93 ppm Na2SiO3·9H2O; 250 ppm NaHCO3; 128 ppm MgSO4·7H2O; 12 ppm NaNO3; 2.2 ppm NaF; 0.18 

ppm NaH2PO4·H2O; 111 ppm CaCl2; and 1 ppm NaClO. Again, per the NSF/ANSI 53-2019 standard 



instructions, the concentration of metal ions in this solution was specified to be 50 ± 10 ppb As; 30 ± 7 

ppb Cd; 300 ± 75 ppb Cr; 3000 ± 750 ppb Cu; 6 ± 1 ppb Hg; and 150 ± 15 ppb Pb. 

- Figure 4 - 

Table 1 shows the target influent solution concentration, the measured influent solution concentration, 

the reduction target concentration (per NSF/ANSI 53-2019) and the effluent concentration, with the 

corresponding adsorption values (percentage) for each cartridge. As expected, the cartridge containing 

only activated carbon exhibited the worst performance overall (Table 1, Figure 4c), barely removing any 

of the metal ions, except for Cu(II) (86% to 88%) and Pb(II) (64% to 73%) at both pH 6.5 and pH 8.5. Thus, 

the effluent concentration only met the target reduction set by the NSF/ANSI 53-2019 standard for Cu(II) 

ions at both pH 6.5 and pH 8.5. Contrariwise, the pitcher loaded with the standard Brita® filter cartridge 

performed very well, meeting the requirements for all metal ions, except for As(III) and As(V), at both pH 

6.5 and pH 8.5. 

The cartridge loaded with CeO2@UiO-66@PES granules reduced the influent concentration of the metal 

pollutants to (values at pH 6.5 and at pH 8.5): 12 ppb and 10 ppb As(III); 10 ppb and 9 ppb As(V); 2 ppb 

and 3 ppb Cd(II); 73 ppb and 74 ppb Cr(III); 97 ppb and 91 ppb Cr(VI); 701 ppb and 652 ppb Cu(II); 1.4 ppb 

and 1.5 ppb Hg(II); and 5 ppb and 4 ppb Pb(II). Thus, at both pH values, it reduced the effluent 

concentration of each metal ion to below the requirement of the NSF/ANSI 53-2019, except for As(III) at 

pH 6.5. These results corroborate the efficacy of CeO2@UiO-66 microbeads at removing metal pollutants, 

even when they are immobilized within a polymeric matrix.  

The cartridge containing the mixture of CeO2@UiO-66@PES granules and activated carbon was even more 

effective, as it reduced the effluent concentration of each metal ion to below the requirement of the 

NSF/ANSI 53-2019 standard, to (values at pH 6.5 and at pH 8.5): 10 ppb and 9 ppb As(III); 9 ppb and 8 ppb 

As(V); 1 and 2 ppb Cd(II); 60 ppb and 41 ppb Cr(III); 75 ppb and 82 ppb Cr(VI); 151 ppb and 250 ppb Cu(II); 

1.0 ppb and 1.0 ppb Hg(II); and 1 ppb and 1 ppb Pb(II). This reduction confirms that, when the standard 

ion-exchange spheres of the filter cartridge are replaced with the same mass of CeO2@UiO-66@PES 

granules, the resultant cartridge fulfils the minimum performance requirements for removal of various 

metals from water, including As(III) and As(V), which were not efficiently adsorbed by the stock cartridge, 

in point-of-use or point-of-entry potable-water systems. Note that these results are even more 

remarkable if one considers that only 26.1% (4.7 g) of the 18 g of granules loaded into the cartridge 

corresponds to active CeO2@UiO-66 microbeads, corresponding to 4.5 g of UiO-66 and 0.2 g of CeO2 

nanoparticles. 

- Table 1 - 

Having demonstrated the efficacy of our CeO2@UiO-66@PES granules in single-use experiments, we next 

sought to ascertain their performance over repeated use. To this end, we tested the same cartridge 

containing our CeO2@UiO-66@PES granules and activated carbon that we used in the previous filtration 

experiments, for its capacity to remove As(III) from an additional 16 L of synthetic “hard” water containing 

50 ppb As(III), at pH 6.5. ICP-MS analysis of each liter of the filtered water revealed similar adsorption 

rates for each of the additional 16 L, thereby indicating that the CeO2@UiO-66@PES granules within the 

cartridge had fully retained their adsorption capacity (Figure 5). 



Finally, given that the adsorbents used in water purification must not pollute the water themselves, we 

sought the assess the stability of our CeO2@UiO-66@PES granules by confirming that they do not release 

their constituent metal ions of Zr(IV) and Ce(IV) into water. Accordingly, we also investigated the presence 

of these metal ions in the aqueous solutions in all the adsorption experiments done throughout this study. 

Importantly, we did not detect any Zr(IV) or Ce(IV) in any of the filtered water samples, thus confirming 

the stability of the microbeads. Also, N2-sorption analysis at 77 K of the granules after the filtration 

experiments and regenerated by washing with a 250 mM aqueous solution of H2PO4
- (pH 5)33 revealed a 

BET surface area of 240 m2 g-1 (Figure S7),49 which is very close to their initial value (260 m2 g-1). Moreover, 

XRPD performed on the granules and their general aspect and morphology after the filtration experiments 

suggest that they had not been affected at any point during testing (Figures S7, S8). 

- Figure 5 - 

4. CONCLUSION 

We have developed and validated a MOF-based composite for removal of metal pollutants from drinking 

water, which is amenable to use in the cartridges in home filter pitchers. We first prepared microbeads of 

the composite, which comprises the MOF UiO-66 and CeO2 nanoparticles, via one-step, continuous-flow 

spray-drying synthesis, and then encapsulated them into PES granules to obtain millimeter-size 

CeO2@UiO-66@PES granules. We next assayed these granules for adsorption of metals from water under 

real-world conditions, including as a replacement adsorbent in the cartridge of a commercially available 

pitcher, according to US government guidelines (NSF/ANSI 53-2019) for home water purification. A 

cartridge containing a combination of our CeO2@UiO-66@PES granules and activated carbon, in the same 

ratio as the ion-exchange resin and activated carbon used in the stock cartridge, met the NSF/ANSI 53-

2019 purification requirements for removal of As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Hg(II) and Pb(II) 

from water at two different pH levels. This result is especially impressive, given that the stock cartridge 

provided with the filter pitcher could not meet these requirements for As(III) or As(V). Moreover, after 

using our modified cartridge to filter an additional 16 L of a contaminated water sample, we did not 

observe any marked loss in performance for the removal of As(III). Finally, our CeO2@UiO-66@PES 

granules did not show signs of degradation: we did not detect any Zr(IV) or Ce(IV) in the filtered water 

samples in this study. Our findings demonstrate the unique functional advantages of CeO2@UiO-66@PES 

granules, and we are confident that they will help bring MOF-based adsorbents one step closer to the 

market. 
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Figure 1. a) FE-SEM micrograph of spray-dried CeO2@UiO-66 microbeads. b) HAADF-STEM micrograph of 

one CeO2@UiO-66 microbead; the denser spots correspond to the CeO2 nanoparticles. c) Schematic of 

the formation of CeO2@UiO-66@PES granules via phase-inversion. d) Photograph of the synthesized 

millimeter-scale CeO2@UiO-66@PES granules. e) Photograph of a cross-section of one granule. f) FE-SEM 

micrograph of the interior of one CeO2@UiO-66@PES granule, at 26.1% loading of CeO2@UiO-66 

microbeads (shown in blue). Scale bars: 5 µm (a), 500 nm (b), 10 mm (d), 600 µm (e), 20 m (f). 

  



 

Figure 2. a) XRPD of CeO2@UiO-66 microbeads (purple); CeO2@UiO-66@PES granules at different 

microbead loading values (6.7% [blue]; 26.1% [pink], and 47.4% [green]; w/w); and the simulated peaks 

for UiO-66 (black) and CeO2 nanoparticles (red). b) N2-sorption isotherm for CeO2@UiO-66@PES granules 

at a microbead loading of 26.1% (w/w). 

  



 

Figure 3. Adsorption performance of the PES granules loaded with CeO2@UiO-66 microbeads at different 

values (w/w). 

  



 

Figure 4. a) Photograph of the pitcher and cartridge used in the filtration experiments. b) Photograph of 

the cartridge together with the standard Brita® filter (left) and the CeO2@UiO-66@PES granules + 

activated carbon filter (right). c) Adsorption performance of each cartridge at pH = 6.5 or 8.5, after 

filtrating 1 L of metal pollutant solution. The dashed line represents the minimum adsorption requirement 

to meet the NSF/ANSI standard 53-2019. 

  



Table 1. Performance results for the four cartridges tested for removal of metals from 1 L influent 

solutions in a Brita® pitcher. 

pH = 6.5       

Metal 

Ion 

Target 

Influent 

Concentration 

Measured 

Influent 

Concentration 

NSF/ANSI 53-

2019 standard 

reduction target 

Activated 

Carbon 
Brita® Granules 

Granules + 

Activated 

Carbon 

(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) 

As(III) 50 ± 10 49 10 46 (6%) 46 (6%) 12 (76%) 10 (80%) 

As(V) 50 ± 10 51 10 44 (14%) 49 (4%) 10 (80%) 9 (82%) 

Cd(II) 30 ± 7 28 5 20 (29%) 2 (93%) 2 (93%) 1 (96%) 

Cr(III) 300 ± 75 293 100 233 (20%) 27 (91%) 73 (75%) 60 (80%) 

Cr(VI) 300 ± 75 302 100 275 (9%) 62 (79%) 97 (68%) 75 (75%) 

Cu(II) 3000 ± 750 2941 1300 412 (86%) 46 (98%) 701 (76%) 151 (95%) 

Hg(II) 6 ± 1 6.2 2 5.9 (5%) 1.1 (82%) 1.4 (77%) 1.0 (84%) 

Pb(II) 150 ± 15 146 5 39 (73%) 1 (99%) 5 (97%) 1 (99%) 

        

pH = 8.5       

Metal 

Ion 

Target 

Influent 

Concentration 

Measured 

Influent 

Concentration 

NSF/ANSI 53-

2019 standard 

reduction target 

Activated 

Carbon 
Brita® Granules 

Granules + 

Activated 

Carbon 

(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) 

As(III) 50 ± 10 49 10 47 (4%) 37 (24%) 10 (80%) 9 (82%) 

As(V) 50 ± 10 50 10 42 (16%) 45 (10%) 9 (82%) 8 (84%) 

Cd(II) 30 ± 7 28 5 20 (29%) 3 (89%) 3 (89%) 2 (93%) 

Cr(III) 300 ± 75 304 100 213 (30%) 34 (89%) 74 (76%) 41 (87%) 

Cr(VI) 300 ± 75 297 100 251 (15%) 99 (67%) 91 (69%) 82 (72%) 

Cu(II) 3000 ± 750 2975 1300 370 (88%) 18 (99%) 652 (78%) 250 (92%) 

Hg(II) 6 ± 1 5.9 2 5.2 (12%) 1.4 (76%) 1.5 (75%) 1.0 (83%) 

Pb(II) 150 ± 15 151 5 55 (64%) 1 (99%) 4 (97%) 1 (99%) 

 

Shown are the metal-ion concentration of the influent solution, the NSF/ANSI 53-2019 standard required maximum effluent 

concentration, and the post-filtration effluent concentration values obtained at pH 6.5 (top) or pH 8.5 (bottom). Metal-removal values 

are expressed as both ppb and percentage (in parentheses).  



 

Figure 5. Performance of the cartridge containing the mixture of CeO2@UiO-66@PES granules 

and activated carbon for adsorption of As(III) ions in 16 L of synthetic “hard” water containing 50 

ppb As, at pH 6.5. 


