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Abstract: Hemodialysis (HD) has long been a cornerstone in the renal replacement
therapy for end-stage kidney disease (ESKD), primarily through conventional in-center HD.
Current HD systems in hospitals are bulky, water-demanding, and constrain the mobility
and quality of life of ESKD patients. Home HD (HHD) offers the chance of delivering more
frequent treatments close to the patient, reducing vascular stress and post-treatment
hangover and improving patients’ lifestyles. However, current HHD devices are analogous
to hospital machines, requiring significant space, costly renovations, and they are energy
and water intensive. Miniaturisation of HD systems depends on the reduction of water
consumption, requiring the introduction of a dialysate regeneration unit, that purifies the
spent dialysate of uremic toxins (UTs) and recirculates it, cutting down the amount of
dialysate needed. This represents a crucial step for the development of awearable artificial
kidney. However, regenerating dialysate poses significant technical challenges as it
involves separating a complex mixture under strict biomedical safety and stability
requirements. This paper provides an engineering perspective into current research on
using nanomaterials for adsorbing UTs from spent dialysate.

Keywords: hemodialysis; wearable artificial kidney; uremic toxins; nanomaterials;
adsorption

5.1 Introduction

5.1.1 Kidney functionality and uremic toxins

Kidney functionality is classified into four primary categories:
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– excretory, namely the elimination of waste products of protein metabolism (such as
urea, creatinine, and ammonia), drugs and their metabolites.

– regulatory, involving the control of body fluid volume and its composition, main-
taining electrolyte balance and acid-based balance.

– endocrine, related to the production of hormones including erythropoietin, renin
and prostaglandins to regulate various physiological processes.

– metabolic: the kidney converts inactive vitamin D (second hydroxylation of vitamin
D, calcidiol) into its active form (calcitriol or 1,25 di-hydroxycholecalciferol) which is
essential for calcium homeostasis [1].

A kidney receives one-quarter of the blood cardiac output every minute and approxi-
mately consists of one million of functional units, named nephrons. Each nephron
operates as an independent entity, consisting of the glomerulus (the actual filtration unit)
and the renal tubule. Bloodflows from the heart to the kidneys through the renal arteries,
and is filtered in the glomerulus, where an ultrafiltration process is propelled by hy-
drostatic pressure gradient of approximately 10 mmHg (1.33 kPa) so that small molecules,
water, and ions pass through thefiltration barrier and enter the Bowman’s capsule, while
larger molecules like blood proteins and cells are retained [2]. The permeate flows
through the renal tubule, where water, electrolytes, glucose, and amino acids are reab-
sorbed into the bloodstream, while waste products are secreted to form urine [3].

Factors such as diabetes mellitus, hypertension, inflammation of the glomeruli
(glomerulonephritis), urinary reflux and infections (pyelonephritis), and polycystic
kidney disease can cause the gradual loss of functioning nephrons over time, leading to
lowerfiltration activity. As a result, solutes accumulate and they are designated as uremic
toxins (UTs) when they disrupt normal biological functions causing the so-called uremic
syndrome [4, 5], which is of growing interest in the biological and clinical research. There
are three main categories of UTs associated with chronic kidney disease (CKD) [4, 6] as
reported below:
1) Small, free water-soluble UTs (<500 Da) such as uric acid, urea, creatinine, oxalate,

guanidine, hyaluronic acid.
2) Small molecular weight (<500 Da), protein-bound UTs (PBUTs): these UTs may bind

on proteins present in blood, therefore the lowUTs concentration in bloodmakes the
clearance challenging. Examples include indoxyl sulfate, and p-cresyl sulfate (p-CS).

3) Middle and large-size (>500 Da) such as cystatin C, leptin, β2-microglobulin.

UTs can be classified based on other parameters such as chemical similarities, metabolic
pathway, or toxicity as summarised in the minireview by Myjak et al. [4]. In the review
paper by Vandholder et al. [7] it is reported that the most toxic UTs, in descending order,
include: p-cresyl sulfate, beta-2 microglobulin, asymmetric dimethylarginine (ADMA),
kynurenines, carbamylated compounds, fibroblast growth factor-23 (FGF-23), interleukin-6
(IL-6), tumor necrosis factor-α (TNF-α), and symmetric dimethylarginine (SDMA).
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5.1.2 Chronic kidney disease and hemodialysis design

Chronic kidney disease is defined as the decline of the glomerularfiltration rate (GFR) to less
than 60mL/min per 1.73m2 of body surface, or by detection of albuminuria, haematuria
(>30mg g−1), or abnormalities in urine sediment for at least threemonths [1]. Annually, CKD
is responsible for approximately 1.2 million fatalities globally, underscoring its significant
impact on individual health and healthcare systems [8]. CKD is classified into five phases,
with the most severe stage referred to as end-stage kidney disease (ESKD) associated with
GFR less than 15mL/min per 1.73 m2, which requires a renal replacement therapy (RRT),
such as hemodialysis (HD) or transplantation [9, 10]. According to the European Renal
Registry [11], only 4 %of the patients in RRThad the chance to receive a transplant due to the
scarcity of kidneys. According to the Global Kidney Health Atlas published in 2019,
approximately 14.5 million people around the world will have developed ESKD by 2030 [12].
Therefore, developing and updating HD systems still remains a topic of research so that
individuals with ESKD can maintain a more stable health status, alleviate symptoms, and
prolong survival.

5.2 Basic equipment of conventional hemodialysis

HD involves the exchange of UTs, ions and excess fluids between the blood stream and a
fluid, called dialysate, through a semipermeable membrane embedded in a housing unit,
named dialyser [13]. Figure 5.1a and b demonstrate the equipment of the HD machine and
configuration of the dialyser, respectively. Figure 5.1a shows that the patient’s blood is
drawn from a vascular access and passes through a series of controls, including an arterial
pressure meter and a heparin pump to prevent clotting. The blood pump then propels the
bloodwith a rate between 200 and500mL/min through thedialyser. In thedialyzer, UTs and
excess fluids pass from the blood into the dialysate solution [14]. The dialyser is a module
formed by a bundle of hollow fiber membranes designed to mimic glomerular filtration,
namely retaining serum proteins, e.g., human serum albumin [15], and blood cells, but able
to maximize the clearance of UTs ranging from a few tens of Daltons to 11 kDa. The dialyzer
consists of approximately 10,000 to 20,000 thin fibers running longitudinally through the
device (as shown in Figure 5.1b), each with an inner dimension ranging from 150 to 250 μm,
and thickness between 7 μmand 50 μmanda length of 150mm. It employs a countercurrent
flow mechanism, where blood flows inside the fibres and dialysate flows on the outside
[14, 16]. Considering the pore size determining the hydraulic permeability (volume passing
through the membrane per unit surface area, time, and pressure), dialysers are classified
into low-flux (pore radius between 2 and 3 nm, permeability in the range of 10–
20mLm−2 h−1 mmHg−1) andhigh-flux (pore radiusbetween3.5 and 5.5 nmandpermeability
in the range of 200–400mLm−2 h−1 mmHg−1) membrane [17].
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Dialysate flows in the whole systemwith the rate of 600–800mLmin−1. Dialysate is the
solution that interacts across a membrane with a patient’s blood during dialysis, carrying
awaywaste products and excessfluids frombloodwithoutmixingwith it. It plays a dual role:
removing UTs while adding essential ions, such as calcium and bicarbonate, to maintain pH
balance and electrolyte levels. Tailored tomatch the patient’s required solute concentrations,
dialysate prevents unwanted fluid shifts by closely matching blood osmolality, and specific
concentrationgradientsdrive thediffusionof solutes across themembrane.Key components,
such as sodium and bicarbonate, may enter the blood, balancing the patient’s electrolyte
levels. Modern HD systems precisely regulate the dialysate’s composition, temperature, and
flow rate to optimise treatment and controlfluid removal. Table 5.1 shows the composition of
commercial dialysate.

The major components of the conventional dialysate circuit, shown in Figure 5.2,
include: 1) water treatment section, 2) heating and deaeration component to warm the

Figure 5.1: Conventional HD equipments. (a) The diagram of conventional HD, (b) the schematic of dialyser
having hollow fibres, (c) convective solute transport across a semipermeable membrane in a
hemodiafiltration process. Symbols are defined in the text.
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dialysate to body temperature and removing bubbles, 3) proportioning section tomix the
concentrate solutions (acid and bicarbonate) with ultrapure water to create the fresh
dialysate with the correct chemical composition to maintain the proper electrolyte bal-
ance, 4) monitoring system to check the composition, temperature, and flow rate of the
dialysate, 5) volumetric control component to adjust the transmembrane pressure to
ensure that the appropriate amount of fluid is extracted as ultrafiltrate (UF), the fluid
permeated through the membrane during the dialysis session [19]. Every session
approximately demands 120 L of the dialysate [20, 21].

Figure 5.2: Conventional dialysate circuit.

Table .: Dialysate commercial composition [].

Compound Concentration in dialysate

Sodium (Na+) –mM
Potassium (K+) –mM
Calcium (Ca+) .–.mM
Magnesium (Mg+) .–.mM
Acetate/Citrate –

Chloride (Cl−) –mM
Bicarbonate (HCO

−) –mM
Dextrose 

Glucose – gL-

PH .–.
PCO(mmHg) –
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Dialyser clearance, a parameter to evaluate the performance of dialyser, is defined

as the amount of blood cleared in aminute(K = QB, inCB, in−QB, outCB, out
CB, in

)whereQB refers to the

blood flow rate at the inlet QB,in and outlet QB,out of the dialyser and CB gives the corre-
sponding concentration [22]. Urea concentration decreases over time during the session
using the principle of exponential decay. The dimensionless parameter Kt/V, derived

from a single-compartment kinetic model (Ct = C0e
Kt/V ), is used as an index of HD ade-

quacy or dosing. K is the urea dialyser clearance, t is the time of the session, and V refers
to the distribution volume [23].

The movement of UTs across a semipermeable membrane is controlled by the
physiochemical properties of the molecule, the permeability of the membrane and the
operational conditions such as blood flow and dialysate flow rates [14].

Notably, increasing flow rates mainly enhances the clearance of small UTs by mini-
mising boundary layer effects, but it has little impact on larger solutes (e.g., myoglobin,
molecularmass 17 kDa),where themembrane is the primary resistance tomass transfer [16].

Standardmembrane dialysers with small pores, known as low-fluxmembranes, rely
mainly on diffusion-basedmass transfer and are limited in their ability to removemiddle
molecules due to their restricted pore size. To address this issue, high-flux dialysers are
used, which have higher membrane pore size that facilitate the removal of the larger
“middle” molecules such as the beta‐2 microglobulin which leads to the dialysis-related
amyloidosis.

In hemodiafiltration, a novel therapeutic strategy, concentration gradient-driven
diffusion is augmented by convection, as depicted in Figure 5.1c, that is driven by a net
pressure gradient (Δp-Δπ) where Δp and Δπ correspond to hydrostatic and osmotic
pressure difference across the membrane, respectively. The flow associated to this
mechanism (JF), called ultrafiltration rate, is equal to the net pressure difference multi-
plied by the hydraulic permeability Lp of the semipermeable membrane, that is related
to the membrane thickness, pore geometry and fluid properties [24].

Osmotic pressure Δπ depends on the concentration of impermeable solutes in blood
and dialysate. At a section of dialyser close to the blood inlet, due to the high concen-
tration of solutes in the blood, the osmotic pressure difference may balance the hydro-
static pressure difference, leading to a reversal of the pressure gradient across the
membrane, resulting in flow from dialysate to blood (back filtration) [16]. This may
cause re-entry of contaminants from the dialysate into the bloodstream [25–27].

According to stagnant film theory, the blood concentration of larger solutes close to
themembrane interface, in the so-called “boundary layer” δB becomes larger than in the
bulk, reaching a maximum close to the membrane interface (C*

B > CB). The phenomenon
is called concentration-polarisation and is exacerbated at high ultrafiltration rates. The
equilibrium partition coefficient (Φ) describes how substances distribute between the
membrane and surrounding fluids.
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A sieving coefficient SC = CF/CB
, representing the ratio of solute concentration in

the filtrate, CF, versus the same molecule concentration in the blood, CB, measures the
fraction of solute passing through the membrane, and depends on the relative size
between the molecule and the pore. Solutes like urea and creatinine, which are much
smaller than themembrane pores, have SC values near 1, indicating efficient permeation.
Larger solutes with sizes exceeding pore dimensions have SC values close to zero. For
solutes near the membrane’s molecular mass cut-off, SC values are typically below 0.1.
Manufacturers aim for SC values above 0.6 for β2-microglobulin and below 0.008 for
albumin (66.5 kDa) [28]. As depicted in Figure 5.1c, SC is affected by concentration
polarisation: indeed, the actual sieving coefficient (SCa = CF/C*

B
) which accounts for

middle-size solute accumulation near the membrane (C*
B > CB) becomes lower than the

nominal value especially at high ultrafiltration rates, reducing the membrane’s selective
filtering and increase useful protein (e.g. albumin) loss. Careful management of ultra-
filtration rates through tuning the membrane pore size, alongside blood flow rates, is
crucial in balancing toxin clearance and preventing albumin loss in HDF [16].

5.3 Developing dialysate regeneration techniques
for the wearable artificial kidney

Conventional HD is generally delivered in three sessions per week, requiring the patient
to be in hospital for three or 4 h per session. Moreover, commercial HD machines limit
patients’ mobility and daily activities, having a detrimental impact on the quality of life
[29]. Exploring alternatives to this traditional schedule could potentially enhance patient
survival, reduce treatment burden, and elevate overall well-being. Extended or more
frequent dialysis sessions have been shown to lessen cardiac stress, regulate blood
pressure, and boost metabolic health, underscoring the potential benefits of portable HD
devices in improving patient lifestyle [30].

The process of regenerating spent dialysate is critical for the development of portable
or wearable HD devices, as it enables the reduction of water use and the downsizing of
equipment, eliminating the need for a direct water supply. The primary task of a
regeneration unit is to keep uremic toxin concentrations low in the dialysate to ensure
effective dialysis. While small, water-soluble uremic toxins like urea are readily removed
duringHD,making them themost concentrated solutes in the dialysate, certain UTs prove
challenging to eliminate. Factors such as larger molecular size or strong protein binding
can hinder their removal; these toxins typically appear in lower concentrations in the
dialysate and aremore difficult to clear efficiently. Amino acids including proline, valine,
glycine, glutamate, alanine, leucine and other non-toxic compounds, such as glucose,
L-lactate, and glycerol, are also present and can affect the separation process. The details
on the amount of each solute removed during HD and their presence in spent dialysate
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are reported in a reviewpaper by Shao et al. [31]. Efficient dialysate regeneration requires
addressing these complexities to ensure effective UTs removal while maintaining
essential physiological compounds.

5.3.1 Regeneration of spent dialysate: technologies for uremic
toxins elimination

Urea, uric acid, and creatinine are small, water-soluble toxins are easily removed during
HD and, as a result, are present in higher concentrations in the spent dialysate. Therefore,
most researches focused on optimizing the removal of these molecules from spent dialy-
sate. It must be noticed, however, that other toxins, e.g. protein-bound uremic toxins,
present in smaller quantities in blood, are hard to eliminate with standard dialysers due to
their larger size but theymaybe evenmore toxic. Such substances are believed to cause the
uremic syndromewhich is observed only in HD patients and not in transplanted ones, due
to the incomplete removal of UTs of the HDmembrane compared to aworking kidney, and
are associated toworse health status and highermortality of HD patients. This requires for
an interdisciplinary effort where chemical engineers work in close cooperation with ne-
phrologists and biologists to identify and remove all harmful substances from the blood of
the patients and, consequently, from the regenerated dialysis fluid.

Enzymatic conversion of urea. Urease has been used to oxidize urea into ammo-
nium and carbon dioxide with high selectivity. The first portable HD device, the recir-
culating dialysis (REDY) sorbent systemmarketed from 1973 to 1993, performed dialysate
regeneration through a multi-cartridge technology and weighed 5 kg (including dialy-
sate) [20]. In the REDY system, in the first layer, non-urea organic compounds such as
heavy metals, oxidants, chloramines, and other organic molecules were adsorbed by
activated carbon. In the second layer, urea was enzymatically converted to ammonium
and carbonate ions by immobilized urease. Ammonium was then captured by a cation
exchanger of zirconiumphosphate, which also removed calcium,magnesium, potassium,
and other metal cations, releasing sodium and hydrogen. In the final layer, anions like
phosphates and fluoride were absorbed by zirconium oxide and zirconium carbonate,
through exchanging bicarbonate and acetate. The issue of leachate of aluminium used to
immobilize urease, that was deemed responsible for severe side effects, led to its removal
from the market. A similar device based on sorbent layers and immobilized urease
named WAK (Wearable Artificial Kidney) was fabricated by Gura et al. [32]: this device
underwent clinical trials but encountered issues with CO2 bubble formation, due to the
chemical decomposition of urea by urease, and flow control. Other prototypes similar to
the REDY devices have been summarized in the review paper by Gelder et al. [20].

Integration of HD with FO. Another technique proposed to purify part of the
dialysate and reduce the water demand of HD is forward osmosis (FO). Although strictly
not employed to produce wearable dialysis devices, such technique can be used to
regenerate dialysate and is thus included in the present review. Figure 5.3 shows the
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schematic of the integration of HD with spent dialysate recovery through FO process. In
such a process, water permeates through a semipermeable membrane to reach a draw
solution, at higher osmolarity.

Commercially available dialysate concentrates can be used as a draw solution to recover
cleanwater from the spent dialysate. Initial urea concentrations in spent dialysate and blood
are 5mM and 23mM, respectively. The performance of FO process for regeneration of spent
dialysate has two limiting cases: ideal conditions with complete urea rejection, or complete
water recovery and minimal urea rejection, which is undesirable since it indicates that
almost all urea remains in the dialysate [33]. FO membranes demonstrate a high rejection
rate for compounds found in significant concentrations in the dialysate, including ions,
glucose, and chargedmolecules. However, the rejection rate for urea remains comparatively
low and is heavily affected by its concentration [34].

Photo-electrocatalytic oxidation. Such a technique leverages light and catalytic
materials to facilitate chemical reactions, specifically for oxidizing urea into molecular
nitrogen and carbon dioxide. This approach offers the advantages of low power con-
sumption by using LED technology and disadvantages of by-products and low selectivity
of oxidation [35, 36].

Adsorbents. One of the most studied strategies uses adsorbents to capture UTs from
the dialysate. Porous materials, characterized by their elevated specific surface area,
represent an excellent option as sorbents, due to their ability to maximize adsorption
capacity, by presenting a high number of adsorption sites to the liquid phase. The
dimensions and configurations of the pores, as well as the surface functionalization, play

Figure 5.3: Diagram of the integration of HD with spent dialysate recovery through FO process.
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significant roles in influencing adsorption phenomena within the material, providing
diverse binding sites for adsorbates [37]. UTs accumulates onto the solid surface of
the adsorbent through dispersion forces, hydrogen bonding, electrostatic interactions,
polarization, and covalent bonding [38]. The efficacy of the process is given by the static
binding capacity, defined as the amount of adsorbate adsorbed per unit mass of adsor-
bent in equilibrium with a certain concentration of the solute in the liquid. Adsorbents
used for UTs adsorption include nanoporous materials and dense polymers (chitosan,
starch, and cellulose), as well asmixedmatrixmembranes composed of a polymermatrix
embedding adsorbent particles [39]. The review paper by Gelder et al. [40] provides a
summary of urea removal strategies for the regeneration of spent dialysate. Urea is the
most abundant toxin in spent dialysate, and the harder to abate with conventional
adsorbents: therefore, traditional adsorbent materials have too low binding capacity
towards urea to be used in awearable dialysis device. However, thanks to the advances in
nanotechnology, newmaterials to be employed as adsorbed have been synthesized, such
as metal organic frameworks and covalent organic frameworks, with great structural
tunability, that could potentially be designed to remove hard-to-abate molecules like
urea. A classification of different adsorbent nanoporous materials and their binding
capacity towards urea at the typical average concentration in the dialysate is reported in
the following section.

5.3.2 Adsorption materials for UT removal

Activated carbon (AC) is widely studied for its UTs adsorption capacity, but achieving the
adsorption of the daily production of urea requires a large quantity ofmaterial [36, 41]. As
a result, research has shifted towards exploringmaterials with controlled and/or ordered
porosity such as zeolites, mesoporous silica, metal-organic frameworks (MOFs), MXenes,
and molybdenum disulfide (MoS₂), which have shown potential for enhanced phys-
isorption of UTs. Additionally, these sorbents can be incorporated into mixed matrix
membranes (MMM), where they effectively adsorb UTs while allowing water to pass
through the membrane [42].

5.3.2.1 Experimental studies

Experimental investigation often targets the measurement of the static binding capacity
qeq, measured through the variation of the initial concentrations (C0) and the equilibrium
concentrations (Ce) of the adsorbate in the liquid, where the adsorbent is suspended. The
amount of uremic toxin adsorbed at equilibrium (qeq) is calculated as:

qeq = (C0 − Ce)V
W

(5.1)

where V refers to the volume of the solution, and W is the weight of the dry adsorbent.
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Considering experimental studies, UTs binding capacities of the aforementioned
nanoporous materials at equilibrium concentration for urea, creatinine, uric acid, and
hippuric acid (HA) were investigated. Figure 5.4 summarizes the obtained qeq at specific
Ce for adsorption of urea, creatinine, and uric acid on various nanoporous materials.

Considering the experimental studies of urea adsorption, Fabiani et al. [53] calculated
the static binding capacity of urea adsorption on nanoporous materials at Ceq = 5mM, a
typical concentration of urea expected in the spent dialysate. It was reported that the best
performing adsorbents are nanomaterials of HKUST-1 embedded in polydopamine/poly-
acrylonitrile (PAN/PD) composite [24], MoS2 with widened interlayer spacing [37], SBA-15
NH2 [19], SBA-15 [19], silicalite (MFI) [10], AC [3], MXene (Ti3C2Tx) [33], ZSM-5 (Si/Al ratio 400)
[6], mordenite (MOR) [10] showed the binding capacity of 320, 138.9, 50.5, 29.8, 19.6, 4.4, 3.5,
1.6, and 1.47mg g−1, respectively.

Figure 5.4: Experimentally measured UTs static binding capacity in several adsorbent materials. Urea for
ZSM-5 before dealumination [42], ZSM-5 [43], silicalite [44], mordenite [44], HUKST-1 [24], Ti3C2TxMXene [45],
widened interlayer spacing MoS2 nanosheets [46], (MoS2) nanosheets decorated cerium oxide (CeO2) ([47],
p. 2), SBA-15 NH2 [48], SBA-15 [48], Creatinine for silicalite [44], mordenite [44], 690-HOA [49], MIL-100(Fe)
[50], UiO-66-(COOH)2 [51], AC [41], Ti3C2Tx MXene [52], widened interlayer spacing MoS2 nanosheets [46],
(MoS2) nanosheets decorated cerium oxide (CeO2) ([47], p. 2), and Uric acid for stilbite [44], Ti3C2Tx MXene
[52], widened interlayer spacing MoS2 nanosheets [46], (MoS2) nanosheets decorated cerium oxide (CeO2)
([47], p. 2), at equilibrium concentration (Ceq), based on literature data.
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5.3.2.2 Computational modelling

In the study of UTs adsorption by nanoporous materials for dialysate regeneration,
computational modelling plays a crucial role in exploring underlying mechanisms and
optimizingmaterial performances. Inmolecular simulations atoms aremodelled as spheres
interacting according to a force field, dictating their relative movements and interactions.
The main methods used involve either MonteCarlo (MC), molecular dynamics (MD), or
density functional theory (DFT) methodologies. The detailed discussion and introduction of
these methodologies is out of the scope of the present review and we address the reader to
other reviews [54, 55].

The adsorption of urea, creatinine, uric acid, indoxyl sulfate, and p-cresol on nano-
materials has been investigated by several authors using molecular modelling. Table 5.2
summarises the computational researchesutilizing theMD,MC, andDFT calculations to study
the UTs adsorption by nanomaterials. Jokar et al. [56] explored the adsorption of urea on
various nanomaterials such as boron-carbon-nitride (BCN) nanolayers, BCN–nanotubes,
graphene, carbon nanotubes (CNTs), and zeolite nanoparticles, finding that BCN nano-
materials exhibited the highest urea adsorption due to strong van der Waals (VDW) and
electrostatic interactions with urea molecules, along with favorable Gibbs free energy. In a
study by Wernert et al. [57], silicalite zeolites demonstrated significant adsorption potential
for para-cresol, with 12molecules adsorbed per unit cell, amounting to 112.8mg g−1. Palabıyık
et al. [58] examinedbio-compatibleMOFsand identifiedOREZES, a carboxylate-basedMOF, as
highly selective for urea/water separation, while BEPPIX, an amino-based MOF, showed
strong selectivity for creatinine/water separation with an exceptionally high separation
factor. Yıldız et al. [59] further evaluated MOFs, identifying adenine-based bio-MOFs, spe-
cifically bio-MOF-11 (YUVSUE) and bio-MOF-12 (BEYSEF), and a dicyanamide-based MOF
(KEXDIB) as promising for both urea and creatinine separations due to their molecular
properties. Fabiani et al. [60] studied a broad range of 560 nanoporousmaterials,finding that
the excess chemical potential for urea adsorption increased markedly with fluorine content,
highlighting a potential design principle for improving urea adsorption in COFs. Li et al. [61]
demonstrated that MOFs with aromatic ligands and carboxylic acid groups exhibit excellent
adsorption capabilities for indoxyl sulfate, surpassing 2,100mg g−1. Investigating the
adsorption of urea on doped graphene, Karimi et al. [62] found that nitrogen-doped graphene
nanosheets (10% nitrogen) achieved the best adsorption performance based on total and
adsorption energy metrics. Meanwhile, Bergé-Lefranc et al. [63] observed a high adsorption
rate of both urea and indoxyl sulfate in silicalite zeolite under maximum site occupancy,
achieving 1.034mmol g−1. Jahromi et al. [64, 65] evaluated N- and P-doped fullerenes and
specific COFs, revealing that N-doped fullerenes (8% nitrogen) enhanced hydrogen bonding
and adsorption energy for urea, while the TPA-COF modified with–OH functional groups
exhibited improved urea adsorption. Skorane et al. [66] investigated azacalix [n]arenes
(ACAs)-COFs for uric acid and creatinine adsorption, reporting consistent performance even
in saline conditions, making it suitable for biofiltration applications. Lastly, Zandi et al. [67]
explored MXene nanosheets and found that Cd2C-based MXene exhibited the best stability
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and adsorption properties for urea, demonstrating potential for further exploration in
practical adsorption applications.

Machine Learning (ML) methods. The continuous expansion of databases for
nanoporous materials, particularly COFs and MOFs, has introduced challenges in
computational screening due to high computational costs and slower processing times.
ML offers a solution by significantly reducing calculation time, thus enhancing the effi-
ciency of large-scale screenings. Recent advancements in ML methods have accelerated
the discovery and rational design of new materials by predicting the behaviour of
adsorbate-nanoporous systems. By analysing large datasets of nanoporous materials
descriptors and computational results, ML can uncover relationships between material
composition, structure as features, and performance as target, ultimately helping iden-
tify the best-performing nanomaterials [68, 69]. Figure 5.5 represents a flowchart out-
lining the application of ML techniques to predict adsorption performance in
nanomaterials. A typical ML-based study on adsorption processes begins with obtaining
parameters defining the adsorption performance from simulations, which serve as tar-
gets for theMLmodel. Next, specific descriptors (features) related to nanomaterials, such

Table .: Summary of the computational researches on UTs adsorption by nanomaterials.

Method UTs Nanomaterial

Jokar et al. [] MD Urea Boron-carbon-nitride (BCN) nanolayer, BCN–nanotube,
graphene, carbon nanotube (CNT), zeolite Y, zeolite Z, and
zeolite ZSM nanoparticles having various surface areas.

Wernert et al. [] GCMC para-Cresol Silicalite zeolite
Palabıyık et al. [] GCMC

MD
Urea,
Creatinine

 bio-compatible MOFs

Yıldız et al. [] GCMC Urea,
Creatinine

 bio-MOFs

Fabiani et al. [] MC and
MD

Urea  nanoporous material comprising COFs, some siliceous
zeolites, MOFs and graphitic materials.

Li et al. [] GCMC Indoxyl sulfate Biocompatible MoFs
Karimi et al. [] MD Urea Nitrogen-doped and phosphorus-doped graphene
Bergé-lefranc []
et al.

GCMC Urea,
Indoxyl
Sulfate

Silicalite zeolite (MFI,Si/Al = )

Jahromi et al. [] MD Urea N- and P-doped fullerenes
Jahromi et al. [] MD

DFT
Urea TPA-COF, DAAQ-TFP, DAPHTFP, Tp-PaSOLi–COF, PHOS–

COF
Skorane et al. [] MD Uric acid,

creatinine
Azacalix [n]arenes (ACAs)-CoF

Zandi et al. [] MD Urea MXene nanosheets including MnC, CdC, CuC, TiC, WC,
TaC,
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as structural and chemical properties, are selected to form the dataset. The dataset is then
split into training and test sets, followed by applying a scaling technique to standardize
the data. The model is trained on the training set, with hyperparameters optimized to
improve performance. The accuracy of the model is evaluated using metrics like R2

(coefficient of determination) and RMSE (root mean square error). The values of R2 and
RMSE can be calculated using the equations shown below [70].

R2 = 1 −∑n
i=1 (yi − y*i )2

∑n
i=1 (yi − y)2 , (5.2)

RMSE =

̅̅̅̅̅̅̅̅̅̅
∑
n

i=1
(yi − y*i )2

n
,

√√
(5.3)

where y refers to themean value of the actual responses, and y*i , yi relate to predicted and
actual values of the ith sample response, respectively. The value of n corresponds to the
number of samples in the dataset.

Figure 5.5: Flow chart representing the steps involved in training machine learning models.
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Once the model is validated, it can be used to predict the adsorption performance of
new nanomaterials, facilitating faster discovery of optimal adsorbents.

Despite the lack of specific studies applying ML to the adsorption of UTs from water
solutions, there is a growing body of research on the use of ML in water treatment. For
instance, Malloum et al. [54] reviewed the computational research and ML approaches
targeting the adsorption process for water treatment. Lowe et al. [71] reviewed the
application of ML in adsorption-based water treatment. ML models, such as random
forest (RF), artificial neural networks (ANN), and support vector machines (SVM), have
been extensively trained to predict the adsorption efficiency of pollutants onto adsor-
bents like attapulgite clay [72], nickel (II) oxide nanocomposites [73], activated carbon
[74], and encapsulated nanoscale zero-valent iron [75], often achieving R2 values greater
than 0.9.

It is worth noting that, given the extensive data screening on the adsorption of UTs
using large databases of MOFs and covalent organic COFs, ML can be effectively com-
bined with simulation techniques to uncover correlations between material features
(descriptors of porous materials) and target properties (such as the calculated binding
capacity of adsorbents).

Our group developed for thefirst time amethod to assess, usingML, the urea removal
performance of a set of COFs based on a set of structural descriptors such as the largest
included sphere (LIS), available surface area (ASA), and probe-occupiable volume
accessible (POVA) alongwith chemical features like atomic composition percentages. The
excess chemical potential of adsorption for urea andwater molecules by COFs, estimated
by Fabiani et al. from atomistic simulations, was used as target [53].

RF regressor is an “ensemble learning”method that combines a large number of deci-
sion trees, effectively reducing variance when compared to using individual decision trees
[76]. RF algorithm constructs K regression trees and computes the average of their outputs.
Once K trees {T(x)}K1 are generated, the RF regression predictor is expressed as [77]:

f̂
K
RF(x) =

1
k
∑
K

k=1
T(x) (5.4)

The performance of the Random Forest model was assessed using R2 scores on both
training and testing datasets, indicating the model’s capacity to capture the relationships
between descriptors and target properties. Specifically, the training R2 scores were 0.88
for excess chemical potential of urea and 0.92 for excess chemical potential of water,
suggesting strong predictive performance on the training data. The testing R2 scores, at
0.58 excess chemical potential of urea and 0.650 for excess chemical potential of water,
indicate moderate generalizability on unseen data, with potential for further model
refinement to enhance predictive accuracy on new samples. Figure 5.6 shows the pre-
dicted performance versus the one obtained via atomistic simulations.
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5.4 Conclusions

The creation of a wearable hemodialysis device could significantly boost patient outcomes
and enhance their quality of life, while also easing pressures on healthcare facilities and
decreasing water consumption. However, a key technical obstacle is the necessity for
effective regeneration of spent dialysate, particularly achieving the complete removal of
urea and other harmful toxins.

Historically, the management of urea in wearable dialysis prototypes has utilised
chemical methods like oxidation and enzymatic conversion, key features in prototype
models. These techniques, however, have considerable limitations due to the creation of
toxic by-products such as ammonia and carbon dioxide. On the other hand, physical
methods like adsorption and forward osmosis-enhanced HD offer a safer alternative but
still do not achieve complete urea removal in a compact and efficient manner.

Recent advances in nanoporous materials and improved computational design tools
have reignited interest and made strides in sorbent technologies for dialysate purifica-
tion and in developing wearable kidney devices. Innovative experimental research has
revealed various promising new porous materials for cleansing spent dialysate, though
these initial findings require further verification through extended studies to confirm
reproducibility and effectiveness under clinically relevant conditions. Concurrently,

Figure 5.6: Simulated values of excess chemical potential versus predicted excess chemical potential
obtained from RF model training (this work).
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advancements in computational techniques, including molecular simulations and ma-
chine learning, have greatly extended the scope of material testing beyond standard lab
methods, accelerating the development and optimisation of materials for toxin elimi-
nation. Additionally, molecular techniques may enable the identification of sorbent
materials capable of selectively capturing not just standard uremic toxins like urea and
creatinine but also more harmful substances with less effort than traditional trial-and-
error methods. These techniques facilitate the screening of material families such as
covalent organic frameworks (COFs), known for their high tunability and water stability
and the absence of potentially harmful metals.

Machine learning, when properly trained with experimental or simulated data, can
screen broader arrays of nanoporous crystalline sorbents than atomistic simulations
alone, extending performance predictions to novel, yet-to-be-synthesized materials. This
opens avenues for efficient reverse material design and we have applied this method to
the screening of a family of COFs for the removal of urea from water.

Chemical engineers, with their comprehensive skills in computational modelling,
physics, chemistry, and process design, and their ability to collaborate across disciplines,
are ideally suited to lead these innovations. Such technological advances are propelling
us toward the realisation of wearable artificial kidneys – a significant leap forward that
promises to markedly improve patient health and stands as a groundbreaking field in
chemical engineering applied to medicine.

Acknowledgments: The authors would like to thank the editors David Bogle and Tomasz
Sosnowski for their guidance and review of this article before its publication.
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