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Abstract

The COVID-19 pandemic has become a major worldwide crisis. Although respiratory symptoms
are a key feature of the disease, many people who are hospitalized with COVID-19 also suffer
acute kidney injury, a condition that exacerbates patient mortality and may have to be treated
through renal replacement therapy. Much of the focus on hospital capacity during the pandemic
has centered on the availability of ventilators. However, supplies for dialysis treatment, including
dialysate, have also run dangerously low in hospitals at the epicenter of the pandemic. Therefore,
there is an urgent need to develop materials that can efficiently and rapidly regenerate dialysate,
removing toxins and restoring electrolyte concentrations so that this vital resource remains readily
available. In this work, Ti3C,T ,, a two-dimensional transition metal carbide (MXene) that is
known to efficiently adsorb urea, was used to remove creatinine and uric acid from an aqueous
solution and dialysate, with a maximum adsorption capacity of 45.7 and 17.0 mg/g, respectively.
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We systematically analyzed and modelled the adsorption Kinetics, isotherms, and thermodynamics,
thus determining the rate-limiting step and adsorption mechanism. A fixed-bed column loaded
with Ti3C,T , was designed to further evaluate the adsorption performance under continuous fluid-
flow conditions, mirroring conditions of continuous renal replacement therapy modalities. The
maximum capacity and 50% breakthrough volume were calculated to further approach the
practical application of TizC,T , for removal of uremic toxins. Our findings suggest that TizC,T ,
has the potential to be used as an efficient sorbent for the regeneration of dialysate, allowing for
accelerated dialysate regeneration by removing filtered toxins and leading to more portable
dialysis devices.

Graphical Abstract
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Early studies of patients with COVID-19 have found a high frequency of kidney function
abnormalities.; A study of more than 700 patients in one of Wuhan’s hospitals showed that
43.9% of them had proteinuria and 26.7% had hematuria. The prevalence of elevated serum
creatinine, elevated blood urea nitrogen and estimated glomerular filtration were 14.4, 13.1
and 13.1%, respectively. Acute kidney injury was recorded in 5.1% patients in that study and
is related to in-hospital mortality., These studies show the high frequency of kidney disease
in admitted patients and the high rate of development of acute kidney injuries during
hospitalization in COVID-19 patients., Concerningly, dialysate, the balanced fluid that is
required to deliver life-saving dialysis treatments for patients with kidney failure, has been in
increasingly short supply in hospitals that have been hard-hit by the COVID-19 pandemic,
leading physicians to seek solutions including the rationing of dialysis care.

In a healthy state, human kidneys filter approximately 180 liters of blood every twenty-four
hours.3 This constant filtration of human blood is necessary to achieve homeostasis of fluids
and electrolytes in the human body, in addition to the removal of toxins. Every year, over
100,000 people in the United States experience kidney failure, and among these individuals,
facility-based hemodialysis is the most common treatment modality. Hemodialysis removes
uremic toxins, electrolytes, and excess water from the blood using the concentration gradient
across a semipermeable membrane to transfer these molecules into a balanced dialysate
fluid.4 Unlike physiologic kidney function, conventional hemodialysis treatment filters the
blood thrice-weekly in specialized facilities. Although life-saving, facility-based
hemodialysis treatments utilize large, cumbersome machines and require hundreds of liters
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of dialysates per treatment.s These requirements are likely to limit the ability to provide
hemodialysis treatments to large numbers of patients during a pandemic. The risk of
contracting COVID-19 is an additional barrier to providing care to patients who currently
rely on facility-based hemodialysis, who must have repeated close contact with medical staff
and other patients.g In light of these facts, being able to recycle dialysate instead of
discarding it is urgent. Technologies need to be developed to minimize the requirement to
deliver dialysis treatment under a variety of conditions, specifically home-based dialysis
treatments, such as the Wearable Artificial Kidney (WAK), thereby making out-center
treatment widely available.

An ideal dialysate regeneration unit should eliminate uremic toxins from the spent dialysis
solution to maintain an optimized concentration gradient to allow the dialyzer to filter
uremic toxins continuously.7 In this context, the main substances that need to be removed
from the dialysate include urea, creatinine, uric acid, p-cresol, phosphates, and potassium.g
The recent regeneration module, REDY (Recirculating DialYsis) system, combines sorbent
and enzyme technology, and is the basis for many contemporary WAK prototypes.g The
REDY regeneration unit consists of multiple sorbent layers: activated carbon, urease,
zirconium phosphate, and finally zirconium oxide and zirconium carbonate to remove
organic compounds (e. g., creatinine and uric acid), urea, cations (e. g., potassium,
ammonium), and phosphates, respectively.,o However, the drawbacks to this method include
the indiscriminate adsorption of activated carbon, the complexity of storage and preparation
of immobilized urease, as well as the high cost of zirconium phosphate.; Additionally, an
ongoing and major challenge is to make the dialysate regeneration system light enough and
compact enough to be portable. To address these problems, a sorbent is required with higher
adsorption capacity, in addition to a task-specific internal structure and controllable sorbent
surface chemistry. Thus, while wearable and portable dialysis technologies could be critical
to the care of COVID-19 patients, it is crucial to their function that efficient sorbents be
developed in order for them to properly remove uremic toxins from the patient.

MXenes are a large family of two-dimensional (2D) materials with the general structure
M1 X ;T 5, Where M is an early transition metal (such as Ti, V, Nb, Mo, efc.), X is C and/or
N, T represents the surface terminations, and 7=1-4.11_13 MXenes are usually produced via
selective etching of their parent M ,1AX,, (MAX phase) precursor, where, A is typically Al.
14 TigCyT ,was the first MXene reported in 2011 and is also the most studied member of the
MXene family.qs5 16 It is synthesized in a scalable manner through topochemical extraction
of aluminum from Ti3AIC, by fluoride-containing solutions,;7 resulting in particles of
several microns in lateral size made of stacked layers of 1-nm-thick 2D sheets (Figure 1a, b).
In a 2D sheet of Ti3C, T, three layers of Ti atoms are interleaved with two layers of carbon
atoms, and surface terminations, such as —OH, —O- and —F, are bonded to the outer Ti layers
(Figure 1c). Furthermore, Ti3C,T , and several other MXenes have been shown to be
biocompatible and have already been used in biosensors, bioimaging probes, photothermal
therapy and theranostics.1g 19

This structural uniqueness, hydrophilic nature and abundant active sites render MXenes a
potentially effective adsorbent. Much like other layered nanomaterials, MXenes can be
intercalated with water, organic molecules, or metal ions. Many molecules, such as
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hydrazine, urea, dimethyl sulfoxide, and a variety of cations including Li, Na,, K, and
NHg,.+ can readily and spontaneously intercalate between negatively charged TisCoT , layers
in aqueous solutions.q_p3 It is known that titanium (Ti) has a high sorption affinity toward
many molecular or ionic species.»s 25 The Ti=0, Ti-OH and Ti-F bonds formed on MXene
basal planes provide active sites for hydrogen bonding various adsorbates.,4 Furthermore,
the sorption performance can further be tuned by modification of the surface terminations,
enabling improved adsorption capacity, and selectivity toward specific uremic toxins.

Recently, we pioneered the efficient removal of urea from an aqueous solution and spent
dialysate using MXenes and ensured their safety for blood-contacting applications.og
However, since there are almost 90 solutes that have been identified as uremic toxins,»7 a
multi-sorbent cartridge is utilized to regenerate the spent dialysate in the current WAK
prototype.1g Therefore, it is imperative to investigate the affinity of TisC,T , towards a wider
range of uremic toxins in order to determine if it can replace current multiple-adsorbent
dialysate regeneration systems. In addition, to understand and optimize the dialysate
adsorption process with TigC, T, it is essential to investigate the fundamental kinetics and
thermodynamic mechanisms. More importantly, considering that dialyzers work in a
continuous condition, evaluating the adsorption performance under dynamic conditions is
crucial to designing an effective sorbent cartridge.

Herein, we present data on the removal of two important uremic solutes, creatinine
(C4H7N30) and uric acid (CsH4N403), using TisCoT , (Figure 1d and e). Using two HF
concentrations (10 and 30 wt.%) to produce Ti3C,T , with different surface terminations, the
effect of surface groups on their adsorption performance was studied. We calculated the
kinetic and thermodynamic parameters to elucidate the adsorption mechanism. Furthermore,
we tested the continuous adsorption performance in an aqueous solution and simulated
dialysate under dynamic conditions similar to a WAK, and used the Thomas and Yoon-
Nelson models to predict the breakthrough adsorption process. We expect that these studies
will lead to a sorbent enabling the regeneration of dialysate and WAK for use in the care of
COVID-19 patients with kidney failure.

RESULTS AND DISCUSSION

Creatinine batch adsorption.

The adsorbent dose, known as the solid-to-liquid ratio, is one of the most important variables
to determine the adsorbent capacity in a given adsorbate solution. The dose-dependent
experiments were firstly carried out to determine a reasonable adsorbent dose in the MXene-
creatinine system for further study. The effect of adsorbent dose on the removal of creatinine
is shown in Figure 2a. For TizC,T ,-10HF adsorbents, the removal efficiency of creatinine
increased significantly from 27.0% to 99.1% with an increasing dose from 20 to 100 mg;
after the critical dose (100 mg), further increasing the concentration had no apparent effect
on creatinine removal efficiency. In addition, the characteristic UV-Vis absorption peaks of
creatinine at 232 nm gradually decreased as the TisC,T ,~10HF adsorbent dose was
increased and was not observed when the adsorbent was over 100 mg (Figure 2b),
confirming that the creatinine has been removed. By contrast, the removal efficiency of
creatinine is lower when using Ti3C»T ,~30HF, which has a larger fluoride coverage on the
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surface, at the same adsorbent dose, with a removal efficiency ranging from 12.2% to 99.1%
by varying the adsorbent between 20 to 200 mg. These results indicate that the
Ti3CoT ,-10HF removes creatinine more efficiently than TizCoT ,-30HF.

It is hypothesized that the higher affinity of Ti3C,T ,-10HF to creatinine comes from the
surface terminations. MXenes etched by HF-containing solutions have mixed terminations
of ~OH, -O- and -F, with the general formula M 1 X0 (OH) F .. Previously, it was shown
that the surface terminations are highly dependent on the etching conditions. Generally,
lower HF concentrations produce more hydroxyl and oxy terminations, with
correspondingly less fluoride.q1 2g 29 For example, the proportion of functional groups was
determined to be Ti3Cy0q.13(0OH)1 04F0.g3 and TizCy0q 1(OH)q gF1 1 for samples
synthesized using 10 and 48 wt.% HF, respectively, following an atomic pair distribution
function analysis.3q To understand the interactions between creatinine and TizC,T , with
different terminations, the binding energies (&,) of creatinine absorption on purely - F
terminated (Ti3gC,F») and -OH terminated (Ti3Co(OH);) MXene were determined and
compared by first-principle calculations. The £ is defined as:

Eb = EMXene+creatinine - (EMXene + Ecreatinine) (1)

where Epixene+creatinine: EMXenes aNd Egreatinine 1S the total energy of MXene with a
creatinine molecule, MXene, and a creatinine molecule, respectively. The most stable
adsorption configurations for the parallel orientation and their respective binding energies
are shown in Figure 2c. The binding energy of adsorbing on TizC,(OH), (1.2 V) is much
lower than that on Ti3CyF5 (-0.71 eV) and Ti3C,0, (—0.98 eV), suggesting the most stable
adsorption state is on the —OH terminated surface. The higher stability of creatinine on the
Ti3zCo(OH), surface is also supported by the enhanced charge transfer between creatinine
and the Ti3C,(OH), surface (Figure 2c). Therefore, we conclude that Ti3C,T ,~-10HF with a
larger hydroxyl/oxy to fluoride ratio would have a stronger interaction with adsorbate
molecules compared with Ti3C, T ,~-30HF, thereby resulting in a higher adsorption capacity.
Based on this, the Ti3C,T ,-10HF was selected as the adsorbent in the following studies.

X-ray diffraction (XRD) provides further evidence of the adsorption process/mechanism
(Figure 2d). The XRD analysis of the pristine and creatinine-adsorbed Ti3C,T ,-10HF
showed very similar patterns at room temperature, with the (002) peaks located at 7.04° and
6.93°, respectively. MXenes typically have co-intercalated water between the layers,
therefore it is hard to observe other molecules with the water molecules present in the
interlayer spaces of MXenes. To determine if the creatinine has intercalated, the pristine and
creatinine-adsorbed samples were dried at 120 °C for 15 h in a vacuum oven to remove all
intercalated water. Afterwards, the (002) peak of pristine TisC,T ,-10HF shifts to higher 26
(8.61°), suggesting the intercalated water was removed. By contrast, the XRD pattern of
creatinine-adsorbed Ti3C,T ,-10HF did not change substantially (6.87°) after drying. This
suggests that the creatinine successfully intercalated between the layers.

We also performed thermal gravimetric (TG) analysis up to 1000 °C under He for pristine
and creatinine-adsorbed Ti3C, T ,~-10HF with the initial creatinine concentration of 500 mg/L
(Figure 2e). Two regions of the weight loss were observed for Ti3C,T ,-10HF, one at around
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100°C and the other above 800°C, which are related to thermal desorption of intercalated
water and thermal transition of TisC,T,-10HF.,g By contrast, the weight loss at 100°C of
creatinine-adsorbed Ti3CoT ,-10HF is lower than that of the pristine MXene, an indication
that water molecules between Ti3C, T, layers were replaced by creatinine molecules. There
is an additional weight loss between 250-500°C for the creatinine-adsorbed Ti3C, T ,-10HF,
which is related to the thermal decomposition of creatinine. The weight loss of 2.6 wt.% was
lower than the measured adsorption capacity (~45 mg/g), probably due to incomplete
decomposition of creatinine and the cyclization reactions forming carbon phase on the
surface of MXene.

Creatinine adsorption kinetics study.

Calculating the adsorption kinetics provides useful insight into the mass transfer mechanism
of the adsorption process and the any rate-limiting steps within it. At the beginning, pseudo-
first order and pseudo-second order adsorption reaction modelsz;_34 Were used to
approximate the adsorption kinetics of creatinine by a Ti3C,T , adsorbent, as shown in
Figure 3a. Both of them originate from chemical reaction kinetics, describing the reaction
orders of adsorption systems based on the concentration of the test solution and adsorbent
capacity. The values of kand Q., along with the correlation coefficient (/) values, were
calculated and listed in Table S1. The value of A, for the pseudo-second order model is
closest to 1, suggesting that it better describes the adsorption process of creatinine on
Ti3C,T 4 One can tell from the kinetic adsorption curves that the equilibrium can be reached
within 10 minutes, indicating a fast adsorption process (Figure 3a). The k constant is the
time-scaling factor evaluating how fast the sorption equilibrium can be reached. Thus, the
rate constant k extrapolated from the pseudo-second order model was used to evaluate the
adsorption rate. The results show that the & value for TisCoT ,~10HF is significantly greater
than that of TizC,T ,-30HF, suggesting that shorter time is required in this system to reach an
equilibrium. In addition, the higher calculated equilibrium capacity, Q. value, also implies
that TisC, T ,~-10HF is capable of adsorbing more adsorbate compared to TisCoT,~-30HF. This
observation emphasizes the role of the interactions between the TizC,T , surface
functionalities and creatinine molecules, despite the fact that TisCo T ,~30HF has a more open
structure compared to TisC,T ,-10HF (Figure 1b, c).

In general, the adsorption mass transfer Kinetics includes three steps: external diffusion (the
transport of adsorbate from the boundary layer toward the external surface of the adsorbent),
internal diffusion (the diffusion of the adsorbate from the exterior surface to the interior
structure of the adsorbent), and adsorption on active sites by chemical reaction. The third
step occurs rapidly and is not considered as rate-limiting. Our previous study of ions
adsorption has shown the presence of both “shallow” and “deep” adsorption sites in the
TigCoT , particles.35 The shallow-adsorption sites are near the edges of the multilayer
particles, which is corresponding to external diffusion process; and deep-adsorption sites are
narrow slits in the particle’s interior, requiring diffusion to reach them (see Figure 1b). Thus,
the adsorption of creatinine molecules on Ti3C, T, may be controlled by the shallow
(external) or deep (internal) adsorption.
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To gain insight into the adsorption mechanism and rate-controlling steps, the intra-particle
diffusion models 36 was applied to fit the kinetic experimental results. In this model, the
plot of @ versus & 5 will be linear if internal diffusion is involved in the adsorption process;
and the internal diffusion is the only controlling step if the lines passes through the origin.
Figure 3b shows the plots of @ versus i, 5 for creatinine adsorbed on Ti3C, T ,-10HF and
Ti3C,T,~-30HF, which consist of two linear portions with different slopes, and the intra-
particle diffusion constant kj can be determined from the slope (Table S1). The first portion
can be ascribed to the intra-particle diffusion, where the creatinine molecules intercalate
(adsorb) between TigC,T 4 layers. The second portion indicates the final equilibrium stage.
The portion related to external diffusion was not observed, hence it is considered to be a
rapid process and can be negligible due to the high affinity between creatinine and Ti3CoT .
Therefore, the intra-particle diffusion was involved in the adsorption process. The linear
portions did not pass through the origin for TisC,T ,-10HF, suggesting that intra-particle
diffusion was not the only rate-limiting step; and the value of the intercept indicated the
contribution of the initial surface sorption. By contrast, the plot for Ti3CoT ,-30HF is a
straight line passing through the origin, which indicates the adsorption on Ti3C,T ,-30HF
was controlled only by intra-particle diffusion. Additionally, the higher diffusion constant kj
of Ti3C,T ,-10HF compared to Ti3C, T ,-30HF indicates that the adsorbate diffusion in
TigC,T »-10HF is faster, which is consistent with the results from the pseudo-second order
model.

Creatinine adsorption isotherms and thermodynamic studies.

An adsorption isotherm describes the relationship between the amount of adsorbate (Qs)
taken up by the adsorbent and the adsorbate concentration (C,) remaining in the solution
when equilibrium is reached. The parameters determined by adsorption equilibrium models
give insight into the adsorption mechanism, surface properties of the adsorbent, and affinity
between adsorbent and adsorbate. The adsorption isotherms of creatinine at the temperatures
from 32 to 47 °C were constructed in order to determine the thermodynamic parameters.
Figure 3c shows the equilibrium creatinine adsorption isotherms at the body temperature (37
°C) on Ti3C, T ,-10HF and the associated fitting using Langmuir, Freundlich and Liu models.
3739 Based on the curve fittings, the adsorption capacity Qg along with the corresponding
adsorption constant K'and nwere calculated for each model (Table S2). The Langmuir
isotherm model was developed on the assumptions that adsorbates are adsorbed at a fixed
number of energetically equivalent sites and each site can hold only one adsorbate species.
Thus, a monolayer of the adsorbate is formed over the adsorbent surface when it gets
saturated and the maximum adsorption capacity is achieved. The Freundlich isotherm model
assumes that increasing amounts of adsorbate can be adsorbed on the adsorbent surface via
multiple layers as the adsorbate concentration increases, and it is widely used to describe
heterogeneous systems. Theoretically, an infinite amount of adsorption can occur following
this model. The Liu isotherm model predicts that the adsorbent active sites cannot have the
same energy and that adsorbate molecules prefer to occupy specific sites. It is a combination
of the Langmuir and Freundlich isotherm models, but the monolayer assumption of the
Langmuir model and the infinite adsorption assumption from the Freundlich model are ruled

out.37-39
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Because Ti3C,T 4 has different surface terminations, as shown above (Figure 2e, f), the
adsorbent active sites will not have the same binding energies, implying heterogeneous
adsorption of creatinine on Ti3C,T ,. By comparing the regression coefficient (/) values,
the Liu isotherm model fits the obtained data better than either Langmuir or Freundlich
model. In addition, Qy calculated at 37 °C using the Liu models turns out to be 48.1 mg/g,
which is similar to the measured adsorption capacity of creatinine by Ti3C,T ,-10HF (45.7
mg/g). The isotherm and curve fitting of Ti3C,T ,-30HF are shown in Figure S1. It is
noteworthy that the maximum amount of creatinine adsorbed on Ti3C,T ,~-10HF is higher
than that on Ti3C,T ,~-30HF (16.9 mg/g), which is consistent with the results of the kinetic
studies.

To gain more information about the thermodynamic parameters for the Ti3C,T ,Jadsorbate
system, creatinine adsorption experiments were also conducted at 32, 37, 42, and 47 °C from
aqueous solution. In the context of reaction thermodynamics, the Gibb’s free energy change
(AG, kd/mol) can be calculated by equation:

AG = — RTIn(Ky) ®

where Ris the universal gas constant (8.314 J/mol-K), Tis the absolute temperature (K), and
K, represents the equilibrium constant. As reported, 4 41 the adsorption equilibrium constant
K from the Liu isotherm model can be used to estimate the thermodynamic parameters
instead of the equilibrium constant Ke. In addition to Gibb’s free energy change, the reaction
enthalpy change (AH, kd/mol) and entropy change (AS, J/mol-K) can be determined by the
following equation:

AG = AH - TAS ®)

Combining of equations 2 and 3 gives:

In(K) = — - ——= @

Thus, AHand AS can be calculated from the slope and intercept of the linear plot of In(K)
versus 1IT. Figure 3d, e shows the creatinine adsorption isotherms and experimental data
fitting of the experimental data using Liu model at different temperatures for TizC,T ,-10HF
and Ti3C,T,-30HF. The corresponding adsorption capacity @y and adsorption constant K
were calculated (Table S3). AG was estimated based on the adsorption constant K at
different temperatures, and AH and AS were determined from plot of In(K) to 1/T (Figure
3f). All thermodynamic results are summarized in Table S3. AG was negative at all the
studied temperatures, indicating that adsorption is spontaneous due to being
thermodynamically favorable. The AH was estimated to be —49.7 and -22.0 kJ/mol for
TigCoT ,-10HF and Ti3C,T ,~30HF, and ASwas 81.7 and 15.6 J/K-mol, respectively. The
positive values of AS reflects the increased randomness at the adsorbent/adsorbate interface
during adsorption. The negative values of AH indicate that the adsorption is an exothermic
process, which in turn clarifies the reduced creatinine adsorption at higher temperature, as
shown in Figure 3d, e. To some extent, the magnitude of enthalpy change may reflect the
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type of interaction in an adsorption process. Physical adsorption, such as van der Waals
interactions and hydrogen bonding, is usually lower than 20 kJ/mol. Electrostatic
interactions range from 20-80 kJ/mol and are generally referred to as physisorption.
Chemisorption bond strengths generally fall into the range of 80-450 kl/mol.43 43 A AH of
-49.7 kJ/mol illustrates the strong interaction between creatinine and TizC,T ,-10HF, and
electrostatic interaction will be the dominant force in creatinine adsorption.

The open structure of Ti3C,T ,~10HF (Figure 1c) may contribute to surface adsorption and
lower AH. In addition, the acidic nature of MXene facilitates adsorption of positive
creatinine molecules.og The MXene surface is initially terminated by —OH and —O- groups,
and hydroxyl groups on the titanium surface easily ionize H, to form [Ti—-O]-H.. Thus,
positively charged creatinine (Cr;) molecules are attached to [Ti—O]- through electrostatic
interaction, and H. was released into solution system. The equation for H, exchange is
expressed as following:

Ti-OH+ < [Ti—-O]—- +H+
[Ti=O] - +Cr+ < [Ti—O]Cr

pH measurements of creatinine solutions before and after adsorption show that adsorbate
solutions were more acidic after adsorption (Table S4), confirming exchange of intercalated
H* by creatinine. Besides, hydrogen bonding also occurs between the —OH groups on the
titanium surface and -N of the creatinine/uric acid by forming —OH---N. In this context, with
the increase of —~OH group in Ti3C,T ,-10HF compared to TizC, T ,~-30HF, this adsorption
role is further strengthening. This is consistent with our experimental and DFT calculation
results (Figure 2c).

The pH value might affect the protonation degree of creatinine and the surface charge of
Ti3CoT ,-10HF. Figure S2 shows the effect of pH on creatinine adsorption by TizCoT ,-10HF
from 4-9 pH. The adsorption capacity increased sharply as the solution pH increased from 4
to 7 and then decreased slowly from pH 7 to 9. As discussed above, H,. exchange and
electrostatic interaction are responsible for the creatinine adsorption. With the pH
decreasing, the adsorption capacity decreased due to the weakness of electrostatic attraction.
In a basic solution, the adsorption amount decreased slightly because cations can intercalate
into TigC,T , layers and occupy some of adsorption sites. p_o3

To compare the adsorption performance of MXene with conventional activated carbon, we
conducted dose-dependent experiments and kinetics studies using wood- and coal-based
activated carbon under the same conditions. As shown in Figure S3a, b, the removal
efficiency and adsorption rate are significantly lower for activated carbon than for

Ti3C,T ,-10HF, even though activated carbon has a higher surface area and pore volume
(Figure S4 and Table S5). This might be due to the highly polar surface of Ti3CoT
terminated by —OH, —O- groups. Thermal gravimetric with mass spectrometry (TG-MS)
analysis (Figure S5) shows that terminations ~OH and —O- are more abundant for TizC,Ty
compared to coal-based activated carbon. In addition, the higher bulk density of Ti3C, T, (2—-
3 g/lcmg) compared to activated carbon (~0.5 g/cmg3) also decreases the required volume of
sorbent (Figure S3c). In sum, the differences we observed between TizC,T , and activated
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carbon suggest that the use of MXenes in dialysate adsorption might permit a lighter and
smaller WAK system.

Adsorption of uric acid.

To explore the applicability of the Ti3C,T , as an adsorbent for other type of uremic toxins,
we carried out experiments to study the adsorption of uric acid by TizC,T ,-10HF. At first,
the effect of adsorbent dose on removal efficiency was investigated by varying the adsorbent
amount from 5 to 100 mg. As shown in Figure 4a, the removal efficiency of uric acid varied
from 17.1 to 85.8% by increasing adsorbent doses from 5 to 20 mg, and 100% of the uric
acid was removed when the dose exceeded 50 mg. The kinetic studies were conducted by
adding Ti3C, T ,-10HF to uric acid solution with different shaking time (Figure 4b).

Similar to creatinine adsorption, the pseudo-second order model fits the data better than the
pseudo-first order model, from which the adsorption rate constant A and equilibrium
adsorption capacity @, were calculated (Table S1). Using the pseudo-second order model,
the adsorption capacity of uric acid was calculated to be 20.8 mg/g, which is close to the
measured adsorption capacity (17.0 mg/g). The uric acid removal can also be seen from the
decreased UV-Vis absorption peaks with an increase of the contact time between adsorbent/
adsorbate (Figure S6). Besides, the intra-particle diffusion model was used to evaluate the
adsorption process. The plots of @ versus fy sconsist of three linear portions with different
slopes (Figure 4c), indicating that the adsorption process involves at least three steps. The
fast adsorption occurs initially on the exposed surfaces of Ti3C,T ,-10HF sheets, which is
corresponding to the first linear portion. The second portion, with a lower kg value, was
ascribed to intra-particle diffusion into narrow subnanometer slits between Ti3C,T , sheets; it
was the rate-controlling step. The third stage is the establishment of equilibrium. This is
different from the creatinine situation (Figure 3b), where only the linear portion related to
intra-particle diffusion was observed. Because the TisC,T , flakes are negatively charged,1;
they favor the adsorption of basic molecules. Considering that the acidity (pK) of creatinine
and uric acid is 12.3 and 5.6, respectively, the electrostatic attraction between creatinine and
TigCoT , is supposed to be stronger. Thus, it is assumed that the creatinine adsorption on
external surface (shallow sites) is quite fast and instantaneous, thereby the portion
corresponding to external diffusion was not observed.

Then, equilibrium studies were conducted to yield the adsorption isotherms by adding
Ti3CoT,~-10HF to the uric acid aqueous solution with the different initial concentrations (20—
200 mg/L). The experimental data was fitted using Freundlich, Langmuir, and Liu models,
among which the Liu model presents the better fit in terms of higher regression coefficient
(Figure 4d). The adsorption capacity and the corresponding adsorption constant K values for
each model were calculated and listed in Table S2. Based on the fitting, the maximum
adsorption capacity of TisCoT ,-10HF for uric acid was determined to be 18.0 mg/g from Liu
model, which agrees with the experimental results (17.0 mg/g). It should be noted that the
thermodynamic and kinetic parameters for uric acid (adsorption capacity, @, adsorption
constant, K, and the rate constant, k) are lower than creatinine, indicating a weaker affinity
between uric acid and Ti3C, T, Uric acid is overall negatively charged, which results in a
weakness of electrostatic interaction. Thus, it can be deduced that hydrogen bonding (Ti
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—OH:---N) and van der Waals interactions might be the dominant force in the uric acid
adsorption process.

Adsorption of uremic toxins under dynamic conditions.

To further explore the potential use of TizC,T , for the removal of uremic toxins under
conditions similar to practical WAKs, we carried out a continuous adsorption study in a
fixed-bed column using a homemade device (Figure 5a).44 The performance of a fixed-bed
column is usually described by the breakthrough curve, which is expressed by G/ as a
function of time or volume of the effluent for a given adsorbent column.45 The curve shape
and volume for breakthrough are key characteristics for evaluating the operation and
dynamic response of an adsorption column. In addition, adsorption columns are designed
around their specific breakthrough point and the maximum/saturation adsorption capacity.
Various kinetic models have been proposed for this purpose.

In our case, the breakthrough curves for the adsorption of creatinine and uric acid were first
obtained, as illustrated in Figure 5b and 5c. It can be seen that the uric acid curve is steeper,
and its breakthrough volume is lower than creatinine, indicating a lower removal efficiency
for uric acid. This is because the affinity between TizCoT ,and uric acid molecules is weaker
and fewer adsorption sites are available for them, which is consistent with the batch
experiments described above. To describe the column adsorption process and predict the
concentration-volume profile, Thomas and Yoon-Nelson modelssg 47 Were applied to fit the
breakthrough curve.

The Thomas model is used to calculate the maximum adsorption capacity. It is one of the
most general and widely used methods in column performance theory because of its
reasonable accuracy and simplicity. It assumes that the rate driving force obeys second-order
reversible reaction kinetics, where adsorption is usually limited by chemical reaction
kinetics.46 47 This is consistent with the situation in our case (see section creatinine and uric
acid kinetics studies). The column data for both creatinine and uric acid were well fitted by
the Thomas model (Figure 5b), with rate constant K and adsorption capacity Q. (38.4 and
20.0 mg/g for creatinine and uric acid, respectively) listed in Table 1. It is noteworthy that
the calculated @, is coincident with the values in batch experiments (45.7 and 17.0 mg/g for
creatinine and uric acid, respectively), indicating that adsorption equilibrium has been
achieved in the given flow rate and column height. The Yoon-Nelson model is based on the
assumption that the rate of decrease in the probability of adsorption for each adsorbate
molecule is proportional to the probability of adsorbate adsorption and the probability of
adsorbate breakthrough on the adsorbent.4 47 Figure 5¢ illustrates that the experimental
breakthrough curve can be well fitted by the Yoon-Nelson model, with Ky (a rate constant)
and v (the volume required for 50% creatinine and uric acid breakthrough) as listed in Table
1. The value of vwas determined to be 384.3 and 359.6 mL for creatinine and uric acid,
respectively, similar to the experimental results. In agreement with the results of batch
experiments, the larger 50% breakthrough volume and higher rate constant value calculated
for creatinine indicate a higher adsorption capacity compared to uric acid, similar to static
tests. In view of a practical WAK, these breakthrough curves and corresponding
mathematical modelling can provide significant information for optimization of the
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adsorption cartridge for achieving maximum capacity at the required flow rate and
satisfactory removal efficiency in a large-scale treatment system.

Considering that clinical dialysis fluid contains multiple components, including electrolytes,
minerals, and bicarbonate ions, a further study under dynamic conditions was performed
using simulated dialysate with added creatinine and uric acid to assess the potential of
TigCoTin practical dialysate regeneration. The breakthrough curves are shown in Figure 5d
and e and the Thomas and Yoon-Nelson models were used to determine the theoretical
maximum adsorption capacity and breakthrough volume (Table 1). Compared to adsorption
from aqueous solution, uric acid has a sharper breakthrough curve and lower breakthrough
volume than creatinine. The simulated dialysate is a multi-adsorbate system, given the
presence of electrolyte cations (K, Cay+, Mgy4, etc.), which can also occupy the active sites
of Ti3CoT . Nevertheless, the experimental data can also be defined by Thomas and Yoon-
Nelson models. The adsorption capacity and 50% breakthrough volume calculated by these
mathematical models is, however, significantly decreased compared to the values in an
aqueous solution. This is probably related to the competitive adsorption of the cations from
the dialysate. It is worth noting that the excess K., Cay+, Mg+ and other cations should also
be removed from spent dialysate to maintain electrolyte balance. Therefore, further studies
are needed to optimize the adsorbent loading and understand the multi-component system to
eliminate the toxins from the influent fluid and maintain acid-base balance at the same time.

CONCLUSIONS

We employed 2D Ti3C,T , MXene to remove creatinine and uric acid from both aqueous
solution and simulated dialysate. The batch experiments show rapid adsorption rate with
higher adsorption capacity (45.7 and 17.0 mg/g for creatinine and uric acid, respectively)
compared to activated carbon, due to the open interlayer structure and hydrophilic surface
terminations of Ti3C,T ,, which allow the adsorbates to intercalate and adsorb between
MXene sheets. The higher sorbent density compared to activated carbon could decrease the
use of dialysate and size/weight of the WAK. The comparison of TizC,T , prepared through
two synthesis approaches shows that the TisC»T , etched in 10 wt.% HF, which has more
hydroxyl/oxy and less fluoride terminations, has a higher creatinine adsorption capacity and
consequently more negative binding energy, which was confirmed by first-principle
calculations. Thermodynamic analyses suggest that the adsorption process was exothermic
and spontaneous; additionally, the creatinine adsorption has AH value approaching 50
kJ/mol - at the upper limit for physisorption. To assess the practical use of TigC,T
adsorbent in a continuous dialysate regeneration system, a fixed-bed column loaded with
Ti3C, T, was dynamically tested with both, an aqueous solution and simulated dialysate. The
Thomas and Yoon-Nelson kinetic models were used to predict the breakthrough profile and
maximum adsorption capacity. This provide information for designing a larger adsorbent
cartridge (determine column height and adsorbent amount) for future animal studies and
clinical trials based on the desired flow rate and required removal efficiency. This study
provides a deeper understanding of toxin removal by Ti3C,T , and illustrates the potential of
this material to regenerate dialysate fluid. Considering the size and diversity of the MXene
family, further studies are warranted to understand how other surface chemistries, synthesis
approaches, and post-treatments will further improve adsorption capacity of MXenes.
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EXPERIMENTAL SECTION

Reagents.

Materials.

Creatinine and uric acid were purchased from Millipore-Sigma (>99.9 calculated on dry
substance) and corresponding assay kits from BioAssay Systems. The fresh dialysate (Part
A: acid concentrate SB-151; Part B: liquid bicarbonate concentrates MB-330-L) was
purchased from Medivators, Inc. Parts A and B were mixed thoroughly before using them
for adsorption. For every 45 volume parts of dialysate, 1 volume part of acid concentrate,
1.72 volume parts of properly mixed bicarbonate concentrate, and 42.28 volume parts of
purified water were mixed. Subsequently, creatinine and uric acid were added to simulate
spent dialysate.

Ti3Co T, samples were synthesized from their precursor TisAIC, (MRC, Ukraine, < 37 um
particle size). For TizC,T ,-10HF, 1.0 g of Ti3AIC, (< 37 um particle size) powder was
added into 20 mL of 10 wt.% hydrofluoric acid (50 wt.%, Acros Organics) over 5 min. The
etchant solution was stirred for 18 h at 35 °C. For Ti3C,T ,-30HF, 1.0 g TizAlC, was added
to 20 mL of 30 wt.% HF and stirred for 3 h at 35 °C. Following etching, the samples were
mixed with deionized water, then centrifuged at 3500 rpm for 5 min. This was repeated until
the supernatant pH reached ~6. After the final centrifugation, the sediment of each MXene
was collected via vacuum-assisted filtration, and the resulting MXene powders were kept
under vacuum at room temperature.

Adsorption of creatinine from aqueous solution.

The MXene creatinine adsorption was first tested from aqueous solutions at ambient
conditions. The initial concentration of creatinine in aqueous solution was 100 mg/L, which
is close to concentration in the discarded spent dialysate from dialysis machines. In the dose-
dependent experiments, different mass loadings of MXene (TizC,T ,-10HF and

TigCy T »-30HF) powder (20, 50, 100, and 200 mg adsorbent dosage) were added to 30 mL of
creatinine aqueous solution followed by hand shaking (10 sec) to mix them sufficiently.
Then, the vials containing MXene and creatinine aqueous solution were shaken (200 rpm)
for 1 h at 37 °C in an incubator (Barnstead Labline MaxQ Mini 4450). Afterwards, the
samples were centrifuged for 30 min at 3000 rpm, and the supernatant was collected and
centrifuged again (12000 rpm, 15 min) to remove small particles of adsorbent prior to
analysis.

For the kinetic studies, 20 mg of MXene (Ti3CoT,-10HF and Ti3C,T ,-30HF) was added to
30 mL creatinine aqueous solution with the initial concentration of 100 mg/L and the
samples were shaken (200 rpm) at 37 °C for different times, ranging from 1 to 120 min.
Then the samples were centrifuged and concentrations of creatinine after adsorption were
determined using BioAssay Systems assay kit method (Elisa Plate reader, Tecan Infinite
200; peak absorbance at 510 nm). The kinetics of adsorption was evaluated using the
following models:

1. The pseudo-first and pseudo-second order kinetic models
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0= 0,1 - ) ©
_ Qikot
0= Q.kyt + 1 ©

where @, is the adsorption capacity at equilibrium (mg/g), Q;is the amount of
adsorbate adsorbed at various times #(mg/g), k; and k> is the rate constant of the
pseudo-first and pseudo-second order adsorption rate equation (g/mg-min),
respectively.

2. Intra-particle diffusion model proposed by Weber and Morris
0; = kigt"” + C; ™

where kj is the intra-particle diffusion rate constant of stage /(mg/g-mings), C;
is the intercept of stage /giving an idea of the thickness of the boundary layer.

For the equilibrium studies, 20 mg of MXene (Ti3C,T ,-10HF and Ti3C, T ,-30HF) was
weighted and added to 30 mL creatinine solutions ranging in concentration from 30 to 200
mg/L. All the samples were shaken (200 rpm) for 2 h at different temperatures (32, 37, 42
and 47 °C). Subsequently, the samples were centrifuged, and supernatants were collected for
creatinine concentration analysis. The amount of adsorption at equilibrium, @, (mg/g), was
calculated as:

(Co—C)V
Qe="—"p—— ®)
where Cp and G are the creatinine concentrations (mg/L) in the initial solution and at
equilibrium, respectively; Vs the volume aliquot adsorbate (L), and 7 is the mass of
adsorbent (g).
The Langmuir, Freundlich, and Liu adsorption isotherm equations were employed to fit
experimental adsorption data using Equations 9, 10, and 11, respectively:
_ QOKCe
Q% =TyxC, ©
0, =KC} (10)
QO(KCe)n
= ——— (11)
1+ (KCe)

where @, is the amount of creatinine adsorbed per gram of adsorbent at equilibrium, Qy is
the maximum value of creatinine adsorption per gram of the adsorbent, K'is the Langmuir-
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type constant defined by the Van’t Hoff equation, and the exponential term 7 represents the
heterogeneity of the site energies.

For the pH-dependent adsorption, 20 mg of Ti3C,T ,-10HF was added to 30 mL creatinine
aqueous solution with the initial concentration of 100 mg/L. 0.1 M HCI and NaOH solution
were used to adjust the pH value of creatinine solution. The samples were shaken (200 rpm)
at 37 °C for 60 min. Then the samples were centrifuged and concentrations of creatinine was
determined using BioAssay Systems assay kit method (Elisa Plate reader, Tecan Infinite
200; peak absorbance at 510 nm).

Adsorption of uric acid from aqueous solution.

The uric acid adsorption batch experiments were similar to creatinine. The dosage-
dependent experiments were conducted by adding different mass loadings of TizC,T ,-10HF
powder (5, 10, 20, 50, and 100 mg) into 10 mL of uric acid aqueous solution (50 mg/L),
followed by shaking (200 rpm) in an incubator for 1 h at 37 °C. The kinetic studies were
performed by adding 10 mg Ti3Co,T,-10HF to 20 mL uric acid aqueous solution with the
initial concentration of 50 mg/L and different incubation time ranging from 1 to 180 min
while shaking at 200 rpm in an incubator at 37 °C. Then, equilibrium studies were
conducted to determine the adsorption isotherms by adding 10 mg Ti3C,T ,-10HF to 20 mL
uric acid agueous solution with different initial concentrations ranging from 2 to 50 mg/L,
and all samples were incubated for 2 h at 37 °C while shaking at 200 rpm. After adsorption,
all samples were centrifuged at 3000 rpm for 30 min and then 12000 rpm for 15 min, and the
supernatants were collected for concentration analysis. The final concentration of uric acid
after adsorption were determined using BioAssay Systems assay kit method (Elisa Plate
reader, Tecan Infinite 200; peak absorbance at 590 nm).

Adsorption of uremic toxins under dynamic conditions.

Continuous flow adsorption experiments were carried out in a column with an internal
diameter of 1 cm length (nonfluorous polypropylene, Sigma-Aldrich, 57608-U) using a
home-made setup. The filtration column was loaded with 1 gram of TizC,T ,-10HF
adsorbent kept in place by two layers of fiberglass pads (polyethylene frit, 20 um porosity)
to prevent leaching and clogging of the adsorbent into drainage. To avoid the erosion or
leakage of the material in the filtration column, a room temperature vacuum dried compact
TigC,T xwas gently broken up into small pieces of multilayer MXene. These “grains” were
then sieved by size between 0.25 mm and 0.5 mm to pack into filtration column. The
creatinine or uric acid solution were pumped through the filtration column by using a
peristaltic pump (Masterflex L/S Digital System with Easy-Load Il Pump heads). The initial
concentrations of creatinine and uric acid solutions were 100 and 50 mg/L, respectively, and
the adsorption process was run at 37 °C. Separately, 800 mL of a creatinine and uric acid
aqueous solution was pumped through the adsorption column at a rate of 4 mL/min, and 200
mL was used for simulated dialysate at a rate of 2.5 mL/min. This rate was chosen to avoid
liquid jet induced erosion of the MXene grains inside the column. The filtrate was collected
at certain time intervals in separate tubes prior analysis.
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Breakthrough curves are expressed as adsorbed solute normalized concentration (G/ G,
defined as the ratio of solute effluent concentration to inlet concentration) versus effluent
volume (V) for a given filtration column.

Thomas and Yoon-Nelson models were used to determine the fixed-bed column adsorption
process, which are expressed as following equations:

1. Thomas model

¢ 1

R exp(—K]I;H (QeX — C,,V)) )

where K7y is the Thomas rate constant (mL/mg-min), Q. is the maximum solid-
phase concentration of the solute (mg/g), X'is the amount of adsorbent in the
column (g), Vis the effluent volume (mL), and Fis the flow rate (mL/min). The
Kryand Q. can be determined from a plot of Ci/C, against volume for a given
flow rate using nonlinear regression analysis.

2. Yoon-Nelson model

C KynV — Kynv
t =exp( YN YN) 3

C,-C, F

where Kyy is the Yoon-Nelson rate constant, Vis the effluent volume (mL), and
vis the volume required for 50% adsorbate breakthrough.
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Figure 1.
Schematic representation of TisCoT ,, creatinine and uric acid and their adsorption process.

(2) Digital photograph of Ti3C, T ,-10HF MXene powder. (b) and (c) Scanning electron
microscopy image of multilayer TizCoT ,-10HF (b) and Ti3C,T ,-30HF (c) powder. (d)
Schematic of TigCoT (T x=-OH) structure. (¢) Schematic showing removal of uremic
toxins using Ti3C,T 4 as an adsorbent. (f) Molecular structures of the target uremic toxins.
(g) Schematic of TizC,T , sheets intercalated with creatinine and/or uric acid molecules.
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Figure 2.
Adsorption mechanism of creatinine by TisC,T, from an aqueous solution and creatinine-

TigC,T yx interaction computations. (a) Creatinine removal efficiency (%) from aqueous
solution with initial concentration 100 mg/L and volume 30 mL using different doses of
Ti3CoT,-10HF and Ti3C,T ,~-30HF. (b) Changes in absorbance of creatinine aqueous solution
(3 times dilution) after adsorption with different doses of TizC,T ,-10HF (initial
concentration 100 mg/L and volume 30 mL). (c) Binding energies and charge density for
parallel configurations of creatinine on Ti3C,T , surfaces with —OH, and —F terminations. (d)
XRD patterns of pristine Ti3C,T ,-10HF and creatinine-adsorbed Ti3C, T , vacuum-dried at
room temperature (RT) and 120 °C. (e) Thermal gravimetric (TG) curves with weight loss
derivative (DTG) for pristine TizC,T yand creatinine-adsorbed TizCoT y at initial creatinine
concentration of 500 mg/L.
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Adsorption of creatinine by TizC,T , from an aqueous solution. (a) Kinetic studies of
creatinine adsorption on Ti3C,T ,-10HF and Ti3C, T ,~-30HF, and their fitted curves by
pseudo-first (dotted line) and pseudo-second models (solid line). (b) Intra-particle diffusion
plot for adsorption of creatinine. (c) Creatinine adsorption isotherms from aqueous solution
by Ti3CsT,~-10HF at 37 °C and the curve fitted by Langmuir (dotted line), Freundlich
(dashed line), and Liu (solid line) models. (d) and (e) Creatinine adsorption isotherms by
Ti3CoT,-10HF (d) and Ti3C,T ,~-30HF at different temperatures and their fitted curves by Liu
model. (f) Linear plot of In(K) versus 1/T for adsorbent TizC»T ,-10HF and Ti3C, T ,~-30HF.
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Figure 4.
Adsorption of uric acid by TisCoT , from aqueous solution. (a) Uric acid removal efficiency

(%) from an aqueous solution with an initial concentration of 50 mg/L and volume 20 mL
using different doses of TizC,T ,-10HF. (b) Kinetic adsorption studies and the simulated
curves by pseudo-first order (dashed line) and pseudo-second order (solid line) models (10
mg Ti3C, T ,~-10HF adsorbent, concentration of uric acid aqueous solution 50 mg/L and
volume 20 mL). (c) Intra-particle diffusion plot for adsorption of uric acid. (d) Uric acid
adsorption isotherm from aqueous solution on Ti3C,T ,-10HF at 37 °C and the curve fits by
Langmuir (dotted line), Freundlich (dashed line), and Liu (solid line) models (10 mg
Ti3CyT ,-10HF adsorbent and 20 mL of uric acid aqueous solution).
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Adsorption of uremic toxin by TisC,T , from aqueous solution and dialysate under dynamic
conditions. (a) The in-house built flow system for removal of creatinine and uric acid from
aqueous solution and dialysate. The inserts are a 1 mL filtration column packed with 1.0 g of
sieved TizC,T ,-10HF grains to act as adsorbent. (b) and (c) Experimental and predicted
breakthrough curves for creatinine (b) and uric acid (c) on TizC, T ,-10HF from aqueous
solution according to Thomas and Yoon-Nelson models. (d) and (e) Experimental and
predicted breakthrough curves for creatinine (d) and uric acid (e) on TizC,T ,-10HF from
dialysate according to Thomas and Yoon-Nelson model. The composition of dialysate is

included in Table S6.
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Table 1.

Thomas and Yoon-Nelson model parameters for the fixed bed adsorption of creatinine and uric acid on
Ti3CoT,~-10HF from aqueous solution and simulated dialysatea

Page 25

Media Adsorbate

Co (mg/mL)

F (mL/min)

Thomas model

Yoon-Nelson model

Krn (mL/ / R Kyn (% 103) R

mg-min) Qe (mg/g) 2 (1/min) v (mL) )
Aqueous Creatinine 0.1 40 0.71 38.4 099 705 3843  0.996
solution Uricacid  0.05 4.0 0.67 18.0 0988 335 359.6  0.987
Simulated Creatinine 0.1 25 111 5.7 0969 124.0 555  0.970
dialysate Uricacid  0.05 25 5.77 14 0993 2884 282 0993

a. . A . . . . . . . .
Cpis the initial solution concentration, Fis the flow rate, K7/¢is the Thomas rate constant, Qe is the maximum solid-phase concentration of the

solute, KN is the Yoon-Nelson rate constant, vis the volume required for 50% adsorbate breakthrough, /2 is regression coefficient.

ACS Nano. Author manuscript; available in PMC 2021 September 22.



	Abstract
	Graphical Abstract
	RESULTS AND DISCUSSION
	Creatinine batch adsorption.
	Creatinine adsorption kinetics study.
	Creatinine adsorption isotherms and thermodynamic studies.
	Adsorption of uric acid.
	Adsorption of uremic toxins under dynamic conditions.

	CONCLUSIONS
	EXPERIMENTAL SECTION
	Reagents.
	Materials.
	Adsorption of creatinine from aqueous solution.
	Adsorption of uric acid from aqueous solution.
	Adsorption of uremic toxins under dynamic conditions.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.

