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ABSTRACT

Composite membranes incorporated with high-performance adsorbents are promising for uranium removal. The
impact of speciation and ionic strength on uranium adsorption by zeolites was investigated in both static
adsorption and composite membrane filtration. Zeolites with high Si/Al ratios exhibited the highest uranium
adsorption capacity. Iron-modified zeolite, BEA-Fe30 completely removed uranium at a concentration of 0.6 g/L
in static adsorption, with uranium uptake ranging from 125 to 130 pg/g at pH values between 6 and 12. At lower
pH values, uptake decreased, dropping to 3 pg/g at pH 2. The increased uranium uptake between pH 6 and 12 is
attributed to the formation of a ternary complex involving U(VI), carbonate, and Fe oxide surface (hydr)oxo sites.
High ionic strength did not impact the adsorption of uranium. Additionally, PHREEQC modeling was employed
to simulate uranium speciation and adsorption behavior under varying pH and ionic strength conditions, further
validating experimental findings. Zeolite-loaded microfiltration/ultrafiltration (MF/UF) membranes achieved
the WHO guideline of 30 pg/L uranium in the permeate, using less zeolite compared to static adsorption. With
0.25 g of zeolite, the MF/UF process achieved a uranium uptake of 699 ug/g, significantly higher than the 256
ng/g observed in static adsorption. However, uranium removal decreased with increased flow rates, suggesting
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mass transfer limitations during filtration. The study highlights the potential of composite membranes with high-
performance zeolites for efficient uranium removal, contributing to advancements in water purification tech-
nologies and addressing environmental contamination.

1. Introduction

Uranium is a naturally occurring radioactive element in varied
drinking water concentrations (Smedley and Kinniburgh, 2023; Abolli
et al., 2024). Drinking water is estimated to account for 57-84% of the
daily uranium intake in a typical human diet (Haneklaus et al., 2021).
Despite reports of a low global average of uranium in fresh water, such
as 0.3 pg/L for surface water (Mangini et al., 1979), there have been
regular occurrences of uranium concentrations above the current WHO
provisional guideline limit of 30 pg/L (WHO, 2017) in certain drinking
waters (Smedley and Kinniburgh, 2023). The US Environmental Pro-
tection Agency (EPA) has set a regulatory standard of 30 pg/L, whereas
some countries have recommended even more stringent guideline limits,
for example Japan (2 pg/L) (MHLW, 2015), Germany (10 pg/L)
(Bundesgesetzblatt, 2023), and Canada (20 pg/L) (Health Canada,
2019). The presence of uranium in drinking water poses considerable
health hazards due to the chemical toxicity of uranium, which can result
in chronic kidney disease (WHO, 2017).

Removing uranium from polluted water sources is crucial due to its
radioactivity and chemical toxicity. Several methods, such as adsorption
(Jiménez-Reyes et al., 2021; Jun et al., 2021; Ighalo et al., 2024; Mittal
et al., 2024), ion exchange (Li et al., 2022a), co-precipitation (Luo et al.,
2009), bioremediation (Ighalo et al., 2024), and membrane filtration
(Raff and Wilken, 1999; Shen and Schafer, 2014; Xing et al., 2023;
Ighalo et al., 2024), can remove uranium from water based on the
charge, affinity, and size of uranium species. Adsorption is the most
researched technique, mainly using clay minerals (Akash et al., 2022;
Gandhi et al., 2022), carbon-based adsorbents (Mittal et al., 2024),
metal-organic frameworks (Rani et al., 2023), layered double hydrox-
ides (He et al., 2023), and biosorbents (Akash et al., 2022). Among these,
clay minerals (aluminosilicates) stand out due to their abundance, low
cost, high ionic exchange capacity, water stability, and large surface
area (Uddin, 2017).

Despite the high removal efficiency and relatively low costs of
adsorption, certain challenges remain, such as limited capacity, non-
selective adsorption, regeneration, and leaching of contaminants (Li
et al., 2022a; Ighalo et al., 2024). Membrane filtration, which separates
contaminants based on size or charge, offers a relatively small footprint
and technical maturity (Qasem et al., 2021). Combining adsorption with
membrane filtration may enhance selective separation and mitigate
limitations like fouling, leaching, and kinetic issues (Davoodbeygi et al.,
2023). However, hybrid processes may face challenges with uranium
removal due to its complex chemical speciation, which affects in-
teractions with solutes and surfaces. Uranium’s speciation in water
varies with pH, alkalinity, and complexing agents, influencing reactivity
and treatment effectiveness. Therefore, understanding uranium specia-
tion is key to assessing its solubility, toxicity, and removal efficiency
(Smedley and Kinniburgh, 2023; Abolli et al., 2024).

The oxidation state of uranium is the key factor determining its
environmental mobility. It is regulated by the pH, ionic strength,
exchangeable cation composition, and dissolved CO; at varied temper-
atures and pressures (Maher et al., 2013; Nekhunguni et al., 2017).
Uranium exists in various natural oxidation states such as +3, +4, +5,
and +6, among which the tetravalent (U(IV)) and hexavalent (U(VI))
oxidation states predominate at common surface water and ground-
water redox conditions (Maher et al., 2013; Gandhi et al., 2022). UIV)
forms immobile UO; near neutral pH due to low solubility, while U(VI)
is soluble, mobile, and toxic as stable aqueous complexes of the uranyl
ion UO%+ (Maher et al., 2013; Gandhi et al., 2022). The uranyl ion forms
covalent bonds linearly with two oxygen atoms with an axial bond

length of 1.77 A (Kalintsev et al., 2023). At pH greater than 4, UO%+
forms polynuclear species like dimers (e.g., (U02)2(OH)%+) and trimers
(e.g., (UO2)3(OH)Z) due to hydrolysis (Choppin and Jensen, 2006). It
also forms complexes with ligands such as carbonate, phosphate, and
sulfate (Maher et al., 2013). At neutral-alkaline pH, the carbonate
complexes UOg(COg)%’ and UOZ(C03)§’ are the predominant species.
Uranyl carbonate complexes have a lower diffusion coefficient (5.6 x
1071% m?s71) than that of hydrated uranyl ions (7.6 x 10719 m%™hH
(Grenthe et al., 1992) and an equatorial U-O bond length that is
marginally longer (2.43 A) than that of hydrated uranyl ions (2.41 A)
(Kalintsev et al., 2023). In the tricarbonate uranium complex, the U-C
(carbonate) bond length is approximately 2.90 f\, and the U-C-O (distal
carbonate oxygen) is around 4.15 A. The formation of carbonate com-
plexes has a considerable impact on the adsorption of uranium on
mineral surfaces in natural processes (Maher et al., 2013; Gandhi et al.,
2022), as well as on adsorbents used for uranium removal or capture in
water treatment processes.

Under groundwater redox conditions, uranium complexes adsorb to
mineral surfaces through covalent or hydrogen bonding and hydro-
phobic interactions, while reversible adsorption occurs via van der
Waals forces and electrostatic interactions (Silva and Nitsche, 1995).
The specific interactions during U(VI) adsorption involve outer-sphere
surface complexation of U(VI) with N- and O-based functional groups
(weak electrostatic interaction of the hydrated ion with the surface)
(Zou et al., 2017), inner-sphere surface complexation of U(VI) with
oxygen-containing functional groups (strong direct bonding with the
surface upon partial dehydration) (Zong et al., 2013b), chelation with
hydroxyl, carboxylic, or amino groups (Bayramoglu and Arica, 2016),
ion exchange with various cations (Wang et al., 2018), electrostatic in-
teractions with various charged groups (Kong et al., 2016; Zou et al.,
2017; Wang et al., 2018), cation-n interaction between U(VI) and hy-
droxyl and carboxyl groups (Wang et al., 2022), and precipitation or
reduction to sparsely soluble U(IV) (Kong et al., 2016; Zou et al., 2017).
A cation exchange mechanism is significant at acidic to circumneutral
pH and low ionic strength (<10 mM), whereas inner-sphere surface
complexation prevails at neutral to alkaline pH and high ionic strength
(>1 M) (Khan et al., 2021).

In the presence of cations and carbonate, the uranyl ion can form a
series of neutral, anionic, and polynuclear species that influence ura-
nium adsorption on mineral surfaces (Maher et al., 2013), such as zeo-
lites (Davis and Randall, 2001; Nekhunguni et al., 2017). Carbonate
species of uranium play an important role in the adsorption of U(VI) on
adsorbents. When UOZ(C03)§_ and UOz(CO3)§_ dominate in solution,
the uranium adsorption on iron oxide adsorbent is decreased (Ching-kuo
Daniel and Langmuir, 1985; Nekhunguni et al., 2017).

Selective removal of U(VI) from water can be achieved through
nanofiltration (NF) membranes, which retain over 95% of UOZ(CO3)%’
and UOz(C03)§_ (Raff and Wilken, 1999). Multiple mechanisms,
including solution-diffusion, size exclusion, charge interaction, and
adsorption, contribute to uranium removal via NF membranes (Shen and
Schafer, 2014). However, NF can be limited by solute diffusion due to
concentration polarization at high pressures (Shen and Schafer, 2014).
Composite membranes with superior uranium adsorption can be pre-
pared by integrating adsorbent materials. Rapid adsorption rates are
necessary to maintain high flow rates and reduce processing times (Hao
et al., 2021). Such membranes should maintain high adsorption effi-
ciency over multiple cycles of use and regeneration. Integrating adsor-
bent materials like aluminosilicates into the membrane may enhance
uranium retention at lower pressures. Zeolites, with their unique prop-
erties, offer significant potential for use in composite membrane
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applications.

Zeolites are natural or synthetic hydrated aluminosilicates composed
of (Si04)* and (Al04)° tetrahedra, forming a negatively charged porous
network with pore sizes ranging from 3 and 8 A (Baerlocher et al., 2007).
Their distinct features—such as pore size, shape, topology,
extra-framework cations, and Si/Al ratio—give zeolites unique ion
removal and adsorption properties (Xie et al., 2019; Vasconcelos et al.,
2023). With high cation exchange capacity, large surface area, micro-
pore volume, and low cost, zeolites are widely used in separation and
purification due to their size-sieving, diffusion-controlled, and adsorp-
tive properties (Li et al., 2022b; Mahdavi Far et al., 2022; Yue et al.,
2022). Various types of zeolites exhibit high uranium removal capacity,
as summarized in Table 1.

Based on pore aperture diameters, zeolites can be classified into four
types (Nazir et al., 2020): (i) small-pore zeolite with a pore diameter of
around 4 A such as Zeolite A (LTA) and chabazite (CHA), (i)
medium-pore zeolite frameworks with 5-6 A pore sizes such as ZSM-5
(MFI) and ferrierite (FER), (iii) large-pore zeolites with 7 A pore size
such as Beta (BEA) and Faujasite (FAU), and (iv) extra-large-pore zeo-
lites with pores over 7 A such as CIT-5 (CFI) and ITQ-33 zeolites. Zeolites
with large cavities and channels are ideal for uranium removal because
relatively large cations, such as uranyl ions, can be accommodated
(Fatima et al., 2013; Li et al., 2020b). The large-pore zeolites FAU and
BEA further have a large surface area (800-1050 m?/g), pore-free vol-
ume (370-2800 A3/unit cell), and porosity (9-18%) (Ektefa et al.,
2022), which makes this type interesting candidates for adsorbing metal
ions, such as uranium.

Changing the Si/Al ratio of the zeolite generally affects the amount
and distribution of Si-O-Al groups in the crystal structure of zeolites (Su
et al., 2012) and various properties (Li et al., 2023). The Si/Al ratio can
be manipulated by desilication or the dealumination of zeolite (Graca
et al., 2018; Li et al., 2023) to vary the nature of uranium binding. The
tetrahedrally coordinated Al atoms create negative charges in the
framework balanced by extra-framework cationic species. A zeolite with
a low Si/Al ratio (high Al content and more negative charges) is ex-
pected to exhibit higher metal uptake due to increased electrostatic
attraction and the abundance of ion exchange sites. Nevertheless, if
chemisorption prevails over the ion exchange process, the Si/Al ratio
becomes less significant in the case of some zeolites (Krol et al., 2016).
Additionally, water chemistry factors such as pH and competing ions
also influence uranium removal efficiency (Camacho et al., 2010; Zou
et al., 2011; Fatima et al., 2013).

The negatively charged sites of the porous network of zeolite are
usually balanced by alkaline or alkaline earth metal cations, which can
be replaced by other metals to enhance adsorption properties
(Jiménez-Reyes et al., 2021). Transition metals like Cu, Fe, and Ni, as
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well as noble metals such as Pt and Pd, have been introduced into zeo-
lites to improve adsorption and catalytic functions (Zhang et al., 2023).
In particular, zeolites coated with iron oxides have been used to remove
metallic contaminants from water, as they have a large surface area and
affinity for metal ions (Nah et al., 2006; Han et al., 2009; Nekhunguni
et al., 2017). Particularly, the uranium ion is known to have a high af-
finity for Fe oxides (Ching-kuo Daniel and Langmuir, 1985), which may
assist uranium adsorption.

Fe incorporation into zeolites produces various Fe species, such as
binuclear Fe-O-Fe cations, Fe,Oy clusters, oxide particles, and isolated
Fe ions (Maier et al., 2012). Fe-Beta Polymorph A zeolite contains iso-
lated or binuclear Fe ions at exchange positions, small FeyOy clusters,
and large Fe,O3 particles on the surface that can enhance uranium
adsorption. (Iwasaki et al., 2008; Maier et al., 2012). At pH < 5.5, uranyl
ions directly bond to the hydrous ferric oxide surface as mononuclear
bidentate inner sphere complexes (Waite et al., 1994). The predominant
structure for U(VI)-carbonate ternary complexes formed on iron oxide is
Fe-O-U(VI)-(CO3)x, where U(VI) bonds directly to the Fe oxide surface
(hydr)oxo sites, while the carbonate ligands point away from the oxide
surface (Davis and Randall, 2001; Nekhunguni et al., 2017).

Due to the intricate nature of zeolite-uranium interactions, identi-
fying potential adsorption complex formations through geochemical
modeling can improve the understanding of uranium removal mecha-
nisms. Geochemical models like MINTEQA2, HYDRA/MEDUSA, EQ3/6,
and SOLMINEQ.88 can predict speciation and sorption processes when
adsorbent properties are not well characterized or data is limited
(Damiania et al., 2015). PHREEQC, a geochemical modeling software,
can estimate speciation, sorption, and species transport by adjusting
variables like surface area and dosage, which might be costly or
time-consuming to test experimentally (Parkhurst and Appelo, 2013).
For instance, PHREEQC can model uranium reactions with AI(OH), and
Si(OH), sites in zeolites with varying Si/Al ratios and Fe oxide (hydr)oxo
sites using known or optimized equilibrium constants (log k).

While the use of iron oxide-modified zeolite has been reported for
uranium adsorption (Nekhunguni et al., 2017), its application in filtra-
tion through zeolite-loaded membranes remains unexplored. Incorpo-
rating adsorbents into membranes enhances uranium contact and mass
transfer for improved adsorption. This study explores iron-modified
zeolite and composite membranes, combining the advantages of
adsorption and filtration for better uranium removal. Microporous
membranes with a nominal pore size of 0.45 pm were used to load
zeolite particles, which were slightly smaller than the membrane’s pore.
Ultrafiltration membranes placed beneath the MF membrane were used
to prevent zeolite leaching into the permeate in the event of desorption
from the MF membrane. PHREEQC modeling offers preliminary insight
into uranium speciation and its response to chemical conditions,

Table 1
Various types of zeolites reported for uranium removal.
Zeolite type Frame-work ( Channel Si/Al Extra- Surface Micropore Uranium Uranium Ref.
Baerlocher et al., diameter ratio framework area (m?%/ volume (cm3/ adsorption initial conc.
2007) (A°) cation g) g) capacity (mg/g) (mg/L)
Zeolite Y FAU 8 2.6 Na 362 0.118 14-16 10-100 (Fatima et al., 2013; Li
et al., 2020b)
Clinoptilolite HEU - 5.0 - 18-165 0.027 5-11 5-90 (Kilincarslan and Akyil,
2005; Camacho et al.,
2010; Zou et al., 2011)
MnO, coated - - - — 24-28 — 13-18 50-120 Zou et al. (2009)
clinoptilolite
Zn0O - - 5.69 70 0.005 5.8 8.3 Aghadavoud et al.
clinoptilolite (2016)
Zeolite A LTA 5 - Na 342 0.123 1.0-6.5 10-100 Nibou et al. (2011)
Zeolite X - - - - - - 252 11.8 Olgui;n et al. (1999)
CuO modified - - - - — — 9 200 Abdi et al. (2014)
zeolite X
4A zeolite LTA 4.1 - - - 0.16 8.5-32 5-100 Barkat et al. (2015)
P1 zeolite GIS 3.1 - - - 0.17 8.3-100 5-100 Barkat et al. (2015)
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enabling a more tailored approach to water treatment processes. The
following research questions are investigated for uranium adsorption
with zeolite; i) How uranium uptake by zeolite changes with speciation
(pH) and competing ions (ionic strength), ii) Whether removal is limited
by zeolite loading and hydraulic residence time in the zeolite/MF/UF
composite, and iii) If zeolite-loaded membranes improve mass transfer
over static adsorption.

2. Materials and methods
2.1. Zeolites types and properties

Commercial zeolites of the frameworks Faujasite (FAU) and Beta
polymorph A (BEA) with different metals and Si/Al ratios were used for
the uranium removal studies. FAU-type zeolites used were NaY (Alfa
Aesar, Germany), HY CBV 720, HY CBV 780 (Zeolyst International, The
Netherlands) and LiCZF2 (Clariant Produkte GmbH, Germany). BEA-
type zeolites used were HCZB 30, HCZB150, and FeCZB30 (Clariant
Produkte GmbH, Germany). The different types of zeolites used in this
study and their characteristics are listed in Table 2.

FeCZB30 used for the adsorption and filtration studies possessed a
BET surface area of 627 mz/g, Al wt% 0.68, SiO, wt% 20.88 and Fe,O3
wt% 3.23 as reported by the manufacturer. In addition to the zeolite
listed in Table 2, modified NaY was used in addition for preliminary
adsorption experiments. The NaY zeolite was modified for desilication
and dealumination to manipulate the Si/Al ratio, following published
procedures (Tarach et al., 2017; Graca et al., 2018). For desilication, 8 g
of NaY zeolite was heated in 250 mL of 0.8 M NaOH at 60 °C for 2h in a
conical flask on a hot plate (VMS-C7, VWR, Germany). For deal-
umination, 6 g was heated in 150 mL of 0.2 M HNOj3 at 60 °C. In the
second step, the suspension was cooled in an ice bath at 0—5 °C (Alpha
RA24, Lauda, Germany) for 10 min and filtered with a 0.2 pm filter
(GVPP PVDF, Millipore, USA). The cake deposit on the filter was washed
with MilliQ water until a neutral pH was obtained and subsequently
dried in a Petri dish in a hot air oven (FD 53, RS 422 interface, Binder,
Germany) at 100 °C for at least 16 h. The dried, desilicated, or deal-
uminated zeolite obtained in hydrogen form was ground into fine par-
ticles in a mortar. The procedure was repeated to convert the modified
samples into sodium form by heating the modified zeolite in 1 M NaNOg
in a conical flask on a hot plate. All the steps from cooling to grinding in
the mortar were followed as given above to obtain the sodium form of
desilicated and dealuminated zeolites. The samples modified from
zeolite NaY (FAU-Nal) were abbreviated as follows: desilicated
(hydrogen form) (FAU-HO), desilicated and dealuminated (hydrogen
form) (FAU-H1), desilicated (sodium form) (FAU-Na0), and desilicated
and dealuminated (sodium form) (FAU-Na2).

Table 2
Properties of the zeolite types.
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2.2. Preparation of a zeolite-loaded composite membrane and filtration
protocol

A microfiltration membrane (MF, 0.45 pm, nitrate cellulose, Sarto-
rius, India) was used for zeolite incorporation. The pore size of these
membranes were similar to the zeolite size and offered both the surface
area and pore volume for zeolite loading. These zeolite-loaded MF
membranes were then placed onto an ultrafiltration (UF, MWCO 300
kDa, PBMK BioMax, Millipore, USA) membrane to prevent the zeolite
from leaching into the permeate in case of desorption from the MF
membrane.

The selected MF and UF membranes were demonstrated to have
lower uranium adsorption than the MF membranes GVPP PVDF 0.2 pm
(Millipore, USA) and the UF membrane PLHHK 100 kDa (Millipore,
USA) used in the control experiments without zeolite, as shown in
Fig. S7.

Zeolite loading was carried out in a stainless steel (SS) stirred cell of
900 mL with a filtration area of 38.5 cm? at 400 rpm and 20 + 3 °C. The
filtration protocol was adapted from previous reports (Imbrogno and
Schafer, 2019; Boussouga et al., 2023). The MF/UF stack was first
wetted by filtering with MilliQ water, followed by a pure water
permeability measurement. Suspensions with varying weights of zeolite
(0.1-1.0 g) were then filtered through the MF/UF stack at a 1 L/h flow
rate for surface and pore loading of zeolite.

2.3. Uranium properties and solution chemistry

Uranium stock solution was prepared from hydrated uranyl chloride
(UO2Cl2.3H0, purity 99.9%, IBILABS, USA). The multi-element stan-
dard solution (Certipur, ICP multi-element standard solution VI) used
for calibration of ICP-MS was purchased from Merck, Germany.

A background solution containing 10 mM NaCl and 1 mM NaHCO3
(VWR chemicals, Germany, 99.9% purity) was prepared for all experi-
ments. The pH was adjusted using 1-3 M solutions prepared from HCl
(36%, VWR) and NaOH pellets (AnalaR, purity 99.9%, Merck). 65%
HNO3; (Merck, purity 99.9%) was used to acidify samples for ICP-MS
analysis. All solutions were prepared in Milli-Q water (MilliQ A+ sys-
tem, Millipore, Germany).

2.4. Static adsorption experiments

Varying amounts of zeolite according to the desired concentrations
(0.1-2.0 g/L) were measured using an analytical balance (AC 210P,
Sartorius, Germany) and transferred into 250 mL conical flasks con-
taining 250 mL of 10 mM NaCl and 1 mM NaHCOs background elec-
trolyte solution. The zeolite suspension was shaken for an hour in a
shaker (Innova 43 R, New Brunswick Scientific, USA) at 260 rpm at

Types of zeolite Code Framework (Baerlocher Crystal chemical data (Baerlocher Channel diameter ~ Si/Al Surface area Particle size
used et al., 2007) et al., 2007) A)* ratio” (m?/g)* (nm)”
Zeolite NaY FAU- FAU [Nasg (H20)240] [AlsgSi1340384] 7.4 1.3 934 350 + 170
Nal
Zeolite Y, Hydrogen FAU- FAU [Nasg (H20)240] [AlsgSi1340384] 7.0 30 - 462 + 290
(CBV 720) H30
Zeolite Y, Hydrogen FAU- FAU [Nasg (H20)240] [AlsgSiz340384] 7.0 80 - 582 + 410
(CBV 780) H80
LiCZF2 FAU-Li2  FAU [Nasg (H20)240] [AlsgSi1340384] 8.0 2 >600 576 + 330
HCZB 30 BEA- BEA Nay [Al,Sis;O125] 7.0 30 >500 341 + 101
H30
HCZB 150 BEA- BEA Nay [Al;Sis70128] 7.0 150 >500 314 + 90
H150
FeCZB30 BEA- BEA Nay [Al;Sis70128] 7.0 30 627 420 + 80
Fe30

@ As reported by the manufacturer.
> From DLS measurements.
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20 °C to ensure good mixing. The pH of the suspension was measured
and adjusted with 1 M HCl or NaOH. A 1 g/L uranium solution was then
added to this zeolite suspension to attain a uranium concentration of
250 pg/L and shaken for 26 h.

The pH of uranium solutions was varied from 2 to 12 to investigate
the role of speciation, and the ionic strength was varied from 0.6 to 20.0
g/L NaCl (corresponding to a wide salinity distribution of brackish
groundwater (Li et al., 2020a)) to investigate the contribution of salinity
to uranium removal. A 6-mL sample was drawn with a micropipette into
centrifuging tubes at different intervals (0, 15, and 30 min and 1, 2, 4, 6,
22, 24, and 26 h) for immediate centrifugation at 4000 rpm (Sigma
3-16L, Sigma Laborzentrifugen GmbH, Germany) for 20 min. The
centrifugation time was optimized, details are provided in Fig. S2.

2.5. Filtration of uranium through a zeolite-embedded MF/UF stacked
membrane

Uranium filtration through the zeolite-embedded composite mem-
branes was performed in a dead-end filtration cell following a protocol
adapted from a previous report (Boussouga et al., 2022) (see Fig. S1).
250 pg/L uranium in 10 mM NaCl and 1 mM NaHCO3 background
electrolyte solution was filtered through the zeolite-loaded MF/UF
membrane (Fig. 1), and permeate samples were collected at different
permeate volumes (20, 40, 60, 80, 100, 200, 300, 400, 500, 600, 700,
and 800 mL).

2.6. Uranium removal efficiency and adsorption kinetics

The percentage of U(VI) removal by zeolite at specific times
throughout the experiment was calculated with Equation (1);
Co—Ct

Ri=——-100 (€8]
Co

where ¢y is the initial uranium concentration (pg/L) before adsorption
and c; is the concentration (ug/L) of the centrifugate or supernatant at
time t. The uranium uptake q; (j1g/g) on zeolite by static adsorption at a
specific time was calculated using Equation (2).

Co — C
m

v (2

t

where m is the mass of zeolite (g) at a time (t) and V is the volume of
supernatant (L).

The uranium uptake q; (pg/g) on zeolite by filtration at a specific
time was calculated using Equation (3).

Feed

Magnetic |
stirrer

B — -
—V Permeate

Stirred cell

Uranyl ion (UO,?") j.”
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_ Cf,Vf - Cp.Vp - Cc-Vc
B m

3)

Gt

where cf, ¢p, and c. is the concentrations (ug/L) of feed, permeate, and
concentrate, and Vy, Vp, and V. the corresponding volume (L) of feed,
permeate, and concentrate at time (t), m is zeolite mass (g).

The kinetics of adsorption determined in static adsorption were
compared using the pseudo first-order (PFO), pseudo second-order
(PSO), and Elovich kinetic models (Largitte and Pasquier, 2016).
These kinetic models offer unique perspectives on adsorption kinetics.
The PFO model postulates that the rate of adsorption is directly linked to
the number of available sites, making it suitable for liquid-phase
adsorption scenarios. In contrast, the pseudo second-order model, sug-
gests that the rate is related to the square of the number of unoccupied
sites, hinting at a chemisorption process. The Elovich model, which is
often used for chemisorption on heterogeneous surfaces, describes a
scenario where the adsorption rate decreases exponentially as the
amount of adsorbate increases. Based on the heterogeneous nature of
zeolite surfaces, and the empirical fit of these models to the experi-
mental data, PFO and Elovich kinetic models were chosen for discussion.
A thorough explanation of the assumptions and implications of both the
PFO and Elovich models is included in the Supporting Information. The
PFO model is provided in equation (4);

g=q.(1—e™*) Q)

where k; is the rate constant in h™%, q¢ is the uptake at t, and g is the
equilibrium uptake in pg/g. The Elovich model (Largitte and Pasquier,
2016) is given by equation (5);

qt:%ln(aoﬁ-t-&-l) (5)

where « is the initial sorption rate in pg.g”l.min~! and p is constant
related to the extent of surface coverage and activation energy for
chemisorption in g.pg’l.

The estimation of absolute and relative errors for uranium removal,
uptake, and membrane permeability is described in Table S3, based on
the method adapted from Imbrogno et al. (2024).

2.7. Water quality analysis

Solution pH and electrical conductivity were measured using a multi-
parameter portable meter (pH/Cond 3320, WTW, Germany) with pH
(SenTix® 41, WTW, Germany) and conductivity (WTW TetraCon 325,
Germany) sensors.

Inductively coupled plasma mass spectrometry (ICP-MS) (Agilent,

Microfilter (MF)

— Az

| 7 0.45 um

/ Uttrafiltration
---»(UF) membrane
300 kDa

Zeolite -

Fig. 1. Schematic of a zeolite-embedded microfilter (MF)/ultrafiltration (UF) stacked membrane within a stirred cell.
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model J8403A 7900 ICP-MS, Japan) was used to measure the uranium
concentration of samples. The uranium concentration of stock solutions
was verified with the ICP multi-element standard (ICP standard solution
VI 30 elements, 9.9 + 0.5 mgU/L, Certipur®, Germany). Concentration
calibration was performed using standard solutions of serial concen-
trations in the range of 0.25-1000 pgU/L prepared from a 2 mgU/L stock
solution. Before analysis, the samples and standard solutions were
acidified in 2% (w/w) HNO3 (Merck, Suprapur 65%, Germany). Cali-
brations and the limit of detection (LoD) are included in Fig. S4. The
interference on ICPMS signal of uranium by high salt concentration was
corrected in the calibration (Fig. S5).

2.8. PHREEQC modeling

The PHREEQC interactive geochemical modeling code version 3.7.3-
15968 (USGS, 2021) was used to identify the speciation of uranium
upon its adsorption to AI(OH),, Si(OH),, and Fe(OH), sites in zeolite
aqueous solutions at different conditions. The Wateq4f.dat inbuilt
database was used to simulate the PHREEQC input scripts (Mosai et al.,
2021), which helps to identify changes in uranium interaction at low or
high pH. Surface simulations were based on the diffuse double-layer
surface-complexation (DDL) model by Dzombak and Morel (1990)
(Dzombak and Morel, 1990). The surface reactions of the major uranium
species and the active surface sites with their equilibrium constants (log
k) used for PHREEQC simulation are listed in Table 3.

The assumptions adopted for modeling surface interaction in
PHREEQC are listed in the supporting information, including model
parameters used to calculate the total binding sites of the adsorbent
(Table S8), the calculated number of sites for the different Si/Al ratios
(Table S9), PHREEQC input parameters (Table S10), the definition and
keywords used for PHREEQC simulation (Table S11), and the equilib-
rium constants for different minerals of SiOH and AIOH and uranium
species (Table S12).

2.9. Membrane and zeolite nanoparticle characterization

The surface morphology of pristine zeolite particles, as well as the

Table 3
Surface reactions of the major uranium species and the active surface sites used
for PHREEQC simulation.

No.  Surface reactions Log k Reference

constants

Zachara and
McKinley (1993)
Zachara and
McKinley (1993)
Guo et al. (2009)

1 Surf alOH + H' = Surf alOH3 12.30
2 Surf alOH = Surf al0~ + H" —13.16

3 Surf alOH + UO3" = Surf alOUO3 + H"  1.40

4 Surf alOH + 2U03" + CO3™ + 3H,0 =  0.99 Guimaraes et al.
Surf alO(U0,)?CO3(0H)3~ + 4H+ (2016)
5 Surf siOH + H' = Surf siOH3 —-0.95 Turner et al.
(1996)
6 Surf siOH = Surf si0O~ + H" —6.90 Osthols (1995)
7 Surf siOH + UO%" = Surf siOUO3 + H* 0.99 Korichi and

Bensmaili (2009)

8 Surf siOH + UO,0H" = 1.00 Bachmaf and
Surf siOUO,0OH + H* Merkel (2011)
9 Surf siOH + UO5(CO3)3~ = 8.00 Bachmaf and
Surf_siOHUO,(CO3)3" Merkel (2011)
10 Surf siOH + UO,(OH)3 = 6.90 Bachmaf and
Surf siOHUO2(OH)3 Merkel (2011)
11 Surf feOH + H' = Surf feOH3 7.47 Lovgren et al.
(1990)
12 Surf_feOH = Surf feO~ + H" —9.51 Lovgren et al.
(1990)
13 Surf_feOH + UO3" = Surf feOUO3 + H  5.20 Mahoney et al.
(2009)
14 Surf feOH + UO3" 4+ CO3 = 7.55 Wazne et al.
Surf_ feOUO,CO3 + H" (2003)
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surface and cross-sectional morphology of zeolite-loaded composite
membranes, were examined using a scanning electron microscope (SEM,
Supra 60VP equipped with SE-1l detector, Zeiss, Germany). A suspension
of pristine zeolite particles was drop-cast using a method adapted from a
previous report (Boussouga et al., 2023). A 800 mg/L suspension of
pristine zeolite was prepared by shaking 4 mg of each zeolite sample in
5 mL of Milli-Q water in Eppendorf tubes, followed by 3 h of sonication.
50 pL drops of the prepared solution was placed onto the SEM support
(flat o 12.5 mm, G301D, Plano-em, Germany), covered with
double-sided carbon tape (12 mm - 5 m roll, G3349C, Plano-em, Ger-
many). The drops were then dried at room temperature (20 + 1 °C).

Zeolite-loaded and pristine membranes were cut into small sections
for surface and cross-sectional SEM imaging. 1-1 cm sections were cut
from membrane coupons using a sharp sterile stainless-steel blade
(05XX, Swann-Morton, England) for the top view imaging. The cross-
section membrane samples for SEM evaluation were prepared using a
Cryomicrotome (CM-1860UV, Leica, Germany). Before sectioning, the
membrane sample was frozen in a tissue freezing medium (Leica) at
—30 °C. The sample was then cut with a low-profile microtome blade
(DB80LX, Leica, Germany), the cross-section samples were then washed
and soaked in Milli-Q water for about 15 min to remove the freezing gel
and dried at 20 & 1 °C for 24 h. Prior to the SEM imaging, the pristine
zeolite particles and membrane samples were coated with a thin layer of
gold (25 nm) using a sputter coating system (SCD 005, BAL-TEC, Ger-
many) to enhance the conductivity of the samples.

The crystal structure of the pristine zeolites framework (FAU and
BEA) was analyzed by X-ray diffraction (XRD) (Fig. S13). For XRD
analysis, the powdered zeolite samples were filled into the circular
sample XRD holder and loaded into the XRD machine (XRD, D2 Phaser,
Bruker AXS GmbH, Germany) equipped with CuKa (I = 1.54184 A) ra-
diation operated at a voltage of 30 kV and a current of 10 mA.

3. Results and discussion

Static adsorption of uranium on zeolite was performed at varying
conditions for different zeolite types, amounts, and solution chemistry
conditions. Before implementing zeolite-loaded MF/UF membranes for
uranium filtration, the Kkinetics and isotherms of zeolite-uranium
adsorption were examined to understand the adsorption processes. In
the first instance, a static adsorption experiment was conducted to
determine which zeolites exhibited the greatest capacity for uranium
adsorption.

3.1. Uranium adsorption by zeolites

The interaction of uranium with zeolite depends on the nature and
type of zeolite. Several commercial zeolites of FAU and BEA types with
various metal substitutions (H, Na, Li, and Fe forms) and variable Si/Al
ratios in the range 5-150 (see Table 2) were utilized to determine
appropriate zeolites for uranium removal from aqueous solution. Prior
research on U(VI) sorption has demonstrated that the pH of the solution
is a critical factor that influences the sorption process (Nekhunguni
et al., 2017; Boussouga et al., 2024). PHREEQC simulation was carried
out at the adsorption experimental conditions of 250 pg U/L, 10 mM
NaCl and 1 mM NaHCO3 background electrolyte concentration, and
20 °C to understand the uranyl aqueous speciation with pH (see Fig. 6D
for speciation). The free uranyl UO3" ion was found to be the dominant
species in the acidic pH range up to pH 5, which is in agreement with
previously reported results (Arnold et al., 2001; Bachmaf and Merkel,
2011; Nekhunguni et al., 2017; Boussouga et al., 2024).

Consequently, uranium adsorption experiments were carried out at
pH 4 to investigate the role of various zeolites on uranyl ion removal
(Fig. 2). As anticipated, uranium concentration in the adsorbate solution
changed with the zeolite type used. Zeolites with a high Si/Al ratio
typically exhibit the highest uranium removal at pH 4. All the BEA-type
zeolites (BEA-H30, BEA-H150, and BEA-Fe30) and some FAU types
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(FAU-H30 and FAU-H80) showed the lowest uranium concentration in
the solution. WHO guideline (30 pg/L U) was met within 60 min of
adsorption (32.5 pg/L U) when using Fe-incorporated BEA zeolite (BEA-
Fe30).

A high Si/Al ratio (high silica) condition is commonly regarded as
unfavorable for uranium adsorption by ion exchange mechanisms (Krol
et al., 2016). In the case of BEA zeolite, a high-silica condition typically
denotes Si/Al ratios exceeding 10, in contrast, in the case of FAU, it
indicates Si/Al ratios exceeding 3 (Li et al., 2023). Since all zeolites with
high uranium removal in the adsorption experiment have a high silica
content and therefore fewer cation exchange sites, it can be inferred that
ion exchange is likely not the major factor contributing to uranyl ion
adsorption presented in Fig. 2. Zeolites with higher Si/Al ratios possess
more uniform and well-defined stable pore structures with large surface
areas, which facilitate the diffusion and uptake of uranium ions more
effectively. The increased hydrothermal stability of these zeolites en-
sures they retain their structural integrity, allowing for more reliable
and sustained adsorption performance, even under aggressive environ-
mental conditions (Aytas et al., 2004). It has been observed that zeolites
with a high Si/Al ratio, such as pentasils, can adsorb metals by forming
stable inner-sphere complexes via the chemisorption process. Chemi-
sorption occurs as the functional groups of aluminosilicate networks,
especially OH groups, form strong chemical bonds with metal ions
without a hydration layer (Krol et al., 2016).

A PHREEQC simulation was used to study the effect of varying Si/Al
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ratios on uranium removal at different pHs (Fig. 3). The PHREEQC re-
sults demonstrated that the removal of uranium increased as the Si/Al
ratio increased from 1 to 300 in the alkaline solution. The adsorption of
uranium was strongly dependent on solution pH. High removal is
observed at pH between 4 and 9 while there was a clear decrease in
uptake as pH increased from 10 to 12. There is no appreciable difference
in uranium removal when the Si/Al ratio >300. Based on the PHREEQC
simulation, an Si/Al ratio of 30 and a pH of 8 were chosen for further
adsorption experiments. Fe-incorporated zeolite of Si/Al ratio 30
exhibited one of the most significant uranium removals, and zeolites
containing Fe exhibit diverse interactions with metal ions, including
uranium (Ching-kuo Daniel and Langmuir, 1985). As a consequence,
BEA-Fe30 was chosen for further uranium adsorption investigation.

3.2. Quantity of Fe-zeolite required for uranium removal

Static adsorption experiments were performed on 250 pg/L uranium
at different concentrations (0.1-2.0 g/L) of BEA-Fe30 to estimate the
minimum amount of zeolite required for removing uranium from the
solution (Fig. 4).

Nearly complete removal of uranium is observed at zeolite concen-
trations of 0.6 g/L and above. This indicates that BEA-Fe30 has a high
surface area, offering a large number of adsorption sites. At dosages
higher than 0.6 g/L, the additional zeolite does not further remove
uranium because the excess adsorption sites remain unoccupied,
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Fig. 2. (A) Uranium concentration in adsorbate solution (C) uranium removal (E) adsorptive capacity as a function of time; (B) Uranium equilibrium concentration
(D) Equilibrium removal and (F) Equilibrium adsorptive capacity with a 2.0 g/L suspension of different zeolites. Initial uranium concentration: 250 pg/L, pH: 4.0 &
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tion, (B) uranium removal and (C) uranium uptake as a function of pH at
various Si/Al ratio. Zeolite dosage 2 g/L, initial uranium concentration 250 pg/
L, 1 mM NaHCO3, 10 mM NaCl and 20 °C, modelled with the wateq4f database.

showing an excess of available sites relative to the amount of uranium.
The WHO guideline concentration is achieved with 0.6 g/L Fe-zeolite
within 1 h. The lower the zeolite concentration, the more time is
required to achieve the WHO guideline concentration.

The uranium uptake decreased exponentially with zeolite concen-
tration. Similar observations of a reduction in uranyl uptake with zeolite
concentration have been reported for NKF-6 zeolite with a Si/Al ratio of
29 (Zong et al., 2013a). It could also be possible that an increased zeolite
dosage enhances the likelihood of collisions between zeolite particles,
potentially inducing particle agglomeration, which could reduce the
overall surface area (Zong et al., 2013a). Although this factor might
contribute to a decline in the adsorption capacity of uranium, this has
not been observed from the adsorption data with zeolite concentrations
0.1-2 g/L in Fig. 4. However, DLS measurements indicate that the
zeolite particles may indeed undergo agglomeration at high dosages
(Fig. S12).

Studying the adsorption kinetics of uranium on zeolite at different
loadings will help to understand how varying amounts of zeolite influ-
ence the rate and efficiency of uranium removal from water.

3.3. Adsorption kinetics in static adsorption

To elucidate the potential rate-determining steps and mechanisms of
reaction, kinetic models were applied to the experimental data of batch
adsorption. The PFO (Lagergren, 1898) and Elovich models were fitted
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to the kinetic data (Fig. 5). PFO (Sahoo and Prelot, 2020) is based on the
assumption that the rate of adsorption is directly proportional to the
number of unoccupied sites on the adsorbent surface. In contrast, the
Elovich model (Largitte and Pasquier, 2016) implies that adsorption is
not directly proportional to the number of unoccupied sites, and the
energy of adsorption increases linearly with the surface coverage
(Aharoni and Tompkins, 1970; Chien and Clayton, 1980). The Elovich
model assumes that the adsorbent surface is heterogeneous, with
adsorption sites of different energy levels. A detailed description of the
model assumptions and the implications of both PFO and Elovich models
are given in the Supporting Information (Section 6).

At lower zeolite loading (concentration <0.6 g/L), the uranium
adsorption data fitted well for the Elovich model compared to the PFO
model. The plausible explanation for the poor fitting at lower zeolite
loading could be due to several reasons, such as surface heterogeneity
(non-linear dependence on the number of low energy adsorption sites),
and varying interactions of uranium with particular zeolite adsorption
sites (Rudzinski and Plazinski, 2006; Sen Gupta and Bhattacharyya,
2011). The number of available sites for adsorption (indicated by f the
Elovich model) increases exponentially with the zeolite concentration
(Table S6). The low uptake, q; (ng/g), and high surface availability,
(g/pg), at at high zeolite concentrations suggest that the uranium is
completely adsorbed. At high zeolite loading (concentration at 0.6 g/L
and above), both Elovich and PFO models fitted well (R? > 0.98 at and
above 0.6 g/L zeolite) for the uranium adsorption. This is attributed to
the fact that the number of available adsorption sites is much greater,
potentially leading to more uniform adsorption behavior. When there
are abundant adsorption sites relative to the uranium concentration, the
system approaches a more uniform adsorption process. Both the Elovich
and PFO models can describe such impact on the overall adsorption
kinetics when abundant adsorption sites are available. Given the low
concentration of uranium in the water, this appears plausible.

Understanding the adsorption kinetics of uranium on zeolite,
particularly at different loadings, provided valuable insights into the
mechanism of the uranium removal process, which is further influenced
by the speciation of uranium under varying environmental conditions.

3.4. Speciation (pH) dependence of uranium adsorption

Uranium exists as positively charged uranyl ions below pH 5.
PHREEQC simulations indicate that with increasing pH, U(VI) specia-
tion is dominated by U hydrolysis products (UO20H" and UO2(OH)3)
and carbonate species (UO2COs, U0,(CO5)3~, and UO2(CO3)27), which
is in agreement with previously reported results (Bachmaf and Merkel,
2011; Coutelot et al., 2018). Static adsorption was carried out between
PH 2 to 12 to understand the relationship between uranium speciation
and zeolite adsorption behavior (Fig. 6).

Neutral and alkaline pH values show higher uranium removal, due to
the changes in uranium speciation. WHO recommended concentration
of uranium was achieved in the adsorbate (supernatant) solution only
above pH 6. The fastest kinetics of uranium adsorption at pH 6 and 8 is
indicated by the sharp decline of uranium concentration in the adsorbate
solution. The uranium speciation (Fig. 6 D) estimated in PHREEQC using
wateq4f database shows that uranyl cation (UO3") is the dominant
species in the acidic pH range up to pH 5 which is in agreement with
previous reports (Arnold et al., 2001; Bachmaf and Merkel, 2011). With
increasing pH, U(VI) speciation is dominated by uranium hydrolysis
products (UO,0H™ and UO,(OH)3) as well as carbonate complexes
(UO5CO3, UO2(CO3)3~ and UO,(CO3)3") which is consistent with liter-
ature (Bachmaf and Merkel, 2011; Coutelot et al., 2018). Negatively
charged uranium species dominate above pH 6. At pH 7, U05(CO3)% is
the dominant species, while between pH 8 and 10 U05(CO3)4~ becomes
the major species. At pH values greater than 11, UO2(OH)3 is most
abundant.

Very high uranium uptake of 125-130 pg/g is observed at pH 6-12 at
equilibrium, decreasing to 111 pg/g at pH 4 and 3 pg/g at pH 2. The high
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uranium uptake observed at pH 6-12 is likely due to the formation of a U
(VD-carbonate ternary complex, as previously suggested by Davis and
Randall (2001) and confirmed by Ulrich et al. (2006). In this mecha-
nism, U(VI) binds directly to Fe oxide (hydr)oxo sites, with the car-
bonate ligands extending away from the oxide surface, facilitating
increased uranium binding (Fig. 7).

uranyl ions may form FeOUO3 which is one of the major complexes
according to PHREEQC simulation. It is worth noting that the current
PHREEQC model omits cation exchange at active sites, which may be
critical for accurately characterizing low pH conditions. Low pH envi-
ronments are not well represented by surface complexation alone,
making cation exchange an important factor to consider.

In addition to the ternary complexes formed between Fe and U, Higher ionic strength is expected to reduce repulsive forces and
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Fig. 7. Schematic representation of major iron-uranium complexes formed by UO3* at acidic pHs and UO,(COs)3™ at alkaline pHs at the interface of Fe-zeolite.
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enhance adsorption through electrostatic shielding and compression of
the electrical double layer, while also affecting the chemical forms of
uranium present in the solution. In consequence, the role of ionic
strength in influencing wuranium-zeolite interactions is further
investigated.

3.5. Charge screening by ionic strength in uranium adsorption

The uranium uptake on zeolite could be due to interactions with the
Fe on the surface by forming complexes (Ching-kuo Daniel and Lang-
muir, 1985; Davis and Randall, 2001), ion exchange interactions with
the charged sites in the zeolite framework, or a combination of both.
Ionic interaction of uranium can be suppressed by ionic strength. To
differentiate mechanisms, adsorption experiments were performed at
NaCl concentrations of 0.6-20.0 g/L. A reduction of uranium uptake
with ionic strength would confirm charge interactions (Fig. 8).

Uranium uptake appears marginally higher at higher NaCl concen-
trations, with the difference between the experimental results and the
theoretical model at different ionic strengths being more pronounced
during the early stages of the experiment (0-6 h). While higher ionic
strength typically reduces uranium adsorption due to ion competition,
particularly at low pH (Nekhunguni et al., 2017; Khan et al., 2021), no
such reduction was observed at elevated NaCl concentrations, at pH 8
(Fig. 8). During experimental conditions at equilibrium, there is no
significant increase in uranium uptake beyond a critical salt concen-
tration of 2.5 g/L, suggesting minimal competitive adsorption between
uranium-carbonate complexes and salt ions under these conditions. The
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strong uranium uptake at ionic strengths below 2.5 g/L may be attrib-
uted to enhanced inner-sphere complexation, which facilitates the
transport of uranium ions to the zeolite surface (Hayes and Leckie, 1987;
Khan et al., 2021; Gandhi et al., 2022). At ionic strengths of 2.5 g/L or
greater, the model and experimental data align, suggesting that despite
changes in the electrical double layer thickness, the number of available
surface sites and uranium-carbonate species remain constant in the
system, resulting in no significant effect on uranium adsorption.

PHREEQC simulation at pH 8 (Fig. 8) does not reflect the variation in
uranium uptake and removal observed in the experiment as the ionic
strength increased from 0.6 to 2.5 g/L NaCl. In contrast, at an acidic pH
of 2, the PHREEQC simulation (Fig. S15) shows that uranium removal
and uptake increased from 5% to 22% as salinity increased from 0.1 to
20 g/L, likely due to the formation of chlorocomplexes such as UO2Cl".
The high uranium uptake at pH 8 and ionic strengths of 2.5 g/L or
greater, observed in both the experiment and PHREEQC simulation,
suggest that charge shielding by salt ions is less significant than inner-
sphere surface complexation (Hayes and Leckie, 1987).

Static adsorption studies reveal the fundamental mechanisms and
optimal conditions for uranium uptake, while filtration tests with
zeolite-loaded membranes assess performance, including the effects of
flow rates and zeolite loading. Such a thorough comparison will help
optimizing uranium removal processes for practical applications.

3.6. Uranium removal by zeolite-loaded MF/UF with variable loading

Uranium filtration through zeolite-loaded MF/UF membranes
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enhances mass transfer compared to static adsorption due to the
reduction of boundary layers in the membrane pores. When pollutant
concentrations are low, such boundary layers limit diffusion and hence
adsorption kinetics. A uniform distribution of zeolite within the mem-
brane is crucial to maximize surface area contact and facilitate efficient
mass transfer. To verify the distribution of zeolite nanoparticles across
the surface and within the pores of the MF membrane, SEM imaging was
performed. The morphology of pristine zeolite nanoparticles and the
zeolite-loaded composite membrane were analyzed as presented in
Fig. 9.

SEM imaging reveals that zeolite BEA exhibits a well-defined
spherical shape and a larger pore size, which enhance its adsorption
capacity compared to zeolite Y (Figure S 14). The top-view SEM image of
the zeolite-loaded composite membrane (Fig. 9D) confirms the distri-
bution of zeolite particles on the surface and within the pores of the MF
membrane.

The filtration at different zeolite loadings was performed to identify
the minimum zeolite loading required for complete uranium removal
(Fig. 10). Uranium permeate concentration and uptake on the zeolite
increase with permeate volume. Zeolite loading resulted in a decreasing
permeate uranium concentration, while removal improved. Uranium
uptake approaches equilibrium at permeate volume 800 mL for a zeolite
loading of 0.7 mg/cm? indicating that the adsorption sites become
saturated, reaching a maximum capacity. This suggests that most of the
available adsorption sites are occupied, and no further adsorption can

Chemosphere 368 (2024) 143711

occur at low zeolite loading. Uranium uptake increases linearly with the
permeate volume for zeolite loadings greater than 1.3 mg/cm?, sug-
gesting that adsorption sites remain available and unsaturated
throughout the process. Uranium uptake at the permeate volume 800
mL reduced by 66%, from 2080 to 699 pg/g, when the zeolite loading
was increased by 89%, from 0.7 to 6.5 mg/cm?.

While zeolite agglomeration, attributed to van der Waals forces, was
evident at higher zeolite loadings (Fig. S12), no corresponding reduction
in uranium uptake due to agglomeration was observed (Fig. 10).
Although previous reports indicate that high concentration and surface
energy can lead to significant agglomeration on the membrane, resulting
in larger particles, potentially poor zeolite dispersion, and limited active
surface area (Mahdavi Far et al., 2022), its effects on uranium uptake are
not evident in this case. The incorporation of zeolite into the mem-
brane’s porous structure and surface appears to have mitigated
agglomeration, ensuring better dispersion and accessibility. Therefore,
the severity of agglomeration may be less pronounced here, contributing
to minimal impact on uranium uptake compared to what is typically
observed with zeolite in solution.

Membrane filtration with the MF/UF composite and static adsorp-
tion conditions cannot be directly compared for uranium removal. This
is because static adsorption represents equilibrium conditions with
longer hydraulic residence times and freely dispersed particles, while
filtration involves forced flow, inevitably much shorter hydraulic resi-
dence times, and potentially reduced surface area due to zeolite loaded

Fig. 9. SEM images of (A), (B) pristine zeolite BEA-Fe30; (C), (E) pristine MF (cellulose nitrate, 0.45 pm) and (D), (F) 6.5 mg/cm2 zeolite BEA-Fe30 loaded MF/UF
(PMBK 300 kDa) stacked membrane. (C) and (D) are top-view; (E) and (F) are cross-section view. Scale bars inside all images represent 3 pm.
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NaCl, 20 + 0.1 °C, pH: 8.0 + 0.1, flow rate: 1.0 L/h.

in membranes. Mass transfer limitations affect both methods differently,
with static adsorption facing slower diffusion limited rates, where con-
tact in membrane filtration is determined by flow rate and membrane
properties. Uranium adsorption is presented as a function of zeolite
loading in Fig. S9 in order to give a basic comparative understanding of
uranium removal under static adsorption (at 26 h of contact time) and
membrane filtration conditions (at permeate volume 800 mL and 1 L/h
flow rate, equivalent to 0.8 h of contact time).

At very low zeolite mass <0.05 g, both static adsorption and MF/UF
filtration show comparable uranium uptake. As zeolite mass increases
beyond 0.1 g, the disparity between the two methods becomes more
pronounced. At a zeolite mass of 0.25 g, static adsorption results in a
uranium uptake of 256 pg/g of zeolite, whereas MF/UF results in a
significantly higher uptake of 699 pg/g. This indicates that mass transfer
limitations can be overcome by immobilizing the zeolites in a
membrane.

Increasing the hydraulic residence time in zeolize-loaded MF/UF
filtration condition is expected to further enhance uranium uptake.
Contributing factors are more time for adsorption interactions,
improving diffusion to internal sites, reducing flow rates, ensuring fuller
saturation of the adsorbent, delayed breakthrough, and approaching
equilibrium conditions.
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3.7. Uranium removal by zeolite-loaded MF/UF with variable hydraulic
residence time

Different flow rates were applied to analyze the variation in uranium
uptake with hydraulic residence time (Fig. 11).

As expected, lower hydraulic residence time at increased flow rate
results in higher uranium concentrations in the permeate and lower
uranium removal. The uranium uptake is reduced by the flow rate, at a
permeate volume of 800 mL uptake is reduced by 33%, from 1178 to
786 pg/g as the flow rate increased by 80%, from 0.2 to 1.0 L/h. The
decrease in uranium uptake with flow rate suggests that the hydraulic
residence time affects removal. It appears that uranium removal during
ME/UF filtration is limited by mass transfer processes such as micropore
diffusion (Mahdavi Far et al., 2022) and adsorption onto the zeolite. The
sorption kinetics of the uranium onto zeolite are relatively fast, allowing
for effective removal at a low (0.1 L/h) to moderate (0.6 L/h) flow rates.
However, at higher flow rates, the diffusion of uranium ions from the
bulk solution to the surface of the zeolite particles becomes less effective
and ultimately limiting. In other words, the ions lack the time to diffuse
into the pores of the zeolite, where most adsorption sites are located.
While an increasing flow rate can lead to a thinner boundary layer
around the zeolite particles, such a boundary layer is minimal in a
membrane pore and not limiting.

Uranium filtration through zeolite-loaded MF/UF membranes re-
veals better mass transfer compared to static adsorption, while adequate
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hydraulic residence time is critical to enhance adsorption. The hydraulic
residence time of 0.2-10 s used in this work is 1-2 orders of magnitude
lower than the hydraulic residence times typically used in nanofiltration
(Imbrogno and Schafer, 2021). Increasing the zeolite loading decreases
uranium concentration in the permeate, enhancing removal, while up-
take remains stable. Higher flow rates decrease removal efficiency due
to the reduced hydraulic residence and thus contact time, suggesting
mass transfer limitations.

4. Conclusions

This study highlights the potential of zeolites and zeolite composite
membranes, specifically iron-modified zeolites, for efficient uranium
removal from water. Both static adsorption and membrane filtration
were employed, focusing on the effects of zeolite loading, hydraulic
residence time, and mass transfer in zeolite-MF/UF composite mem-
branes. Initial tests on different zeolites showed that those with high Si/
Al ratios exhibited the highest uranium adsorption capacity. PHREEQC
simulations confirmed that uranium removal increased with higher Si/
Al ratios, particularly in neutral to alkaline pH conditions.

Detailed studies using Fe-incorporated zeolite BEA-Fe30 demon-
strated complete uranium removal at a zeolite loading of 0.6 g/L, with
uranium uptake ranging from 125 to 130 pg/g at pH 6-12, decreasing to
111 pg/g at pH 4 and 3 pg/g at pH 2. The formation of U(VI)-carbonate
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ternary complex, where U(VI) binds to Fe oxide surface (hydr)oxo sites,
likely contributes to the higher uranium adsorption at neutral to alkaline
pH. Increased ionic strength (0.6-2.5 g/L NaCl) enhanced uranium
adsorption, as observed in static adsorption experiments. However, a
further increase in ionic strength at pH 8 showed no additional effect, as
confirmed by PHREEQC modeling, indicating that inner-sphere surface
complexation is likely the dominant mechanism at alkaline pH. Filtra-
tion through zeolite-loaded MF/UF membranes resulted in faster and
more effective uranium removal by reducing boundary layer limitations.
At a zeolite mass above 0.1 g, the difference between static adsorption
and membrane filtration became evident, with static adsorption
achieving a uranium uptake of 256 pg/g and MF/UF reaching 699 ng/g
at 0.25 g zeolite. MF/UF membrane uranium adsorption was flow rate-
dependent, indicating that uranium removal during filtration may be
limited by mass transfer processes such as micropore diffusion and
adsorption onto the zeolite.

Zeolite composite membranes offer a promising, scalable solution for
uranium and heavy metal removal from water. Further research on
membrane stability, selective adsorption, and regeneration techniques
by desorption is essential to fully optimize their potential. Adopting a
circular economy approach, the regeneration and reusability of the
zeolite composite membranes will enhance sustainability by minimizing
waste and recovering valuable uranium for reuse. The use of diverse
zeolites and adsorbents presents significant potential for developing
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sustainable composite materials, particularly in regions where local
materials can be utilized, supporting both environmental and economic
sustainability.
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