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Abstract 
 
In this work a new membrane with novel characteristics was studied for a possible future 

use in the treatment of patients with end-stage renal disease. These particular membranes are 
dual layer hollow fibers with activated carbon particles incorporated inside the exterior layer 
membrane.  

Some simulations were performed in COMSOL to compare the performance of the dual 
layer hollow fiber mixed matrix membrane with a thinner membrane without any sorbent. It 
was demonstrated that the removal rate in the mixed matrix membranes is highly dependent on 
the saturation level of the activated carbon and on its capacity of adsorption. It was also 
concluded that is possible to improve the removal of uremic toxins with the adsorption reaction. 

Keywords: mixed matrix membrane, activated carbon, creatinine, adsorption. 
 

 

 
1. Introduction 

 
 

Kidney failure can be due to a trauma, 
poisoning or caused by a degenerative 
process instigated by diabetes, high blood 
pressure or other diseases [1].  

After kidney failure there is a progressive 
retention of molecules in the blood that 
interact negatively with normal biological 
functions. These molecules are called uremic 
toxins and can be classified in three groups. 
Uremic toxins with a molecular weight (MW) 
inferior to 500 Da are classified as small 
water-soluble molecules, while molecules 
with MW from 500 Da to approximately 
15000 Da are called middle molecules. 
Independently of the MW, if a uremic toxin is 
capable of binding to a protein it belongs to 
the category of protein-bound toxins [1] and 
[3].  

Small water-soluble molecules are the 
most common uremic toxins and in higher 
concentrations [4]. These molecules are 
removed easily by diffusion [1], since they 
pass without difficulties the membrane pores 
and smaller molecules have higher diffusive 

coefficients. The most known small water-
soluble molecules are urea (MW = 60 Da) and 
creatinine (MW = 113 Da).  

Middle molecules are essentially 
peptides or cytokines [4]. The removal of 
these molecules is more difficult, since the 
clearance by diffusion decreases with the 
increase of the molecular weight. This way, 
their removal should be enhanced by 
convection, using high-flux membranes and 
applying transmembrane pressure (TMP) [1]. 

Protein-bound toxins associate with 
blood proteins like albumin, which molecular 
weight is 66 kDa. Since blood proteins should 
be retained during any treatment, the 
removal of protein-bound toxins is very 
difficult and limited to the free fraction of 
those toxins [1] and [5]. However, the binding 
reaction of albumin is reversible, thus existing 
an equilibrium between the free and 
bounded toxin concentrations.  

There are several treatments for end-
stage renal disease which allow extending the 
life of the patients, being the best one the 
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kidney transplant [2]. However, this option is 
limited to the number of kidney available and 
the compatibility with the donor. This way, 
other treatments have to be done, where the 
function of the kidneys is mimicked 
artificially.  

Hemoperfusion combined with other 
treatments like hemodialysis increases the 
removal of middle molecules and protein-
bound toxins, improving the patient’s 
conditions and reducing the weekly 
treatment time [7] and [8]. However, 
hemodialysis-hemoperfusion treatment is 
more expensive and complex [7]. 

Based on the advantages of the 
hemodialysis-hemoperfusion treatment, 
came the idea of using mixed matrix 
membranes, in an attempt of combining 
diffusion/convection and adsorption of 
uremic toxins in only one step [2]. This way 
the removal of toxins in the hemodialysis 
treatment could be improved and some 
limitations in the conventional 
hemoperfusion like inhomogeneous blood 
flow distribution, stagnation phenomena 
within the column or high pressure drop 
could be overcome [7].  

Meyer et all demonstrated in 2007 that 
having an adsorbent in suspension in the 
dialysate increases the clearance of protein-
bound toxins [6]. This way is expectable that 
having an adsorbent incorporated in the 
membrane may have a similar effect, 
continuing to have a simple treatment.  

The hollow fiber mixed matrix 
membranes should be composed by two 
layers: a macro-porous membrane layer with 
adsorptive particles incorporated and an 
extra particle-free inner membrane layer on 
the blood-contacting side [2].  

 The particle-free inner membrane layer 
is very important to prevent particle release 
into the blood and to improve membrane 
hemocompatibility, since that the blood 
should not be in direct contact with the AC 
[2].  

 
2. Experimental 
 
2.1 COMSOL modeling 

 

For this work a dual layer hollow fiber 
mixed matrix membrane with the dimensions 
presented on table 1 and a length of 25 cm 
was modeled inside a tube with 8 mm 
diameter. 

 
Table 1 – Average dimensions and AC loading in 

the dual layer hollow fiber mixed matrix membranes 
with the respective standard deviation. 

 

Outer diameter (μm) 984  11 

Inner diameter (μm) 669  9 

Inner layer thickness (μm) 49  5 

Mixed matrix layer thickness (μm) 111  4 

 
In the lumen of the hollow fiber was 

simulated the passage of a toxin dissolved in 
water (blood solution), while outside the 
hollow fiber circulates only water (dialysate). 

In figure 1 is described the different 
components of the model.  

Due to the symmetry in the r axis of the 
hollow fiber module, it is possible to describe 
it using a 2D model in COMSOL for only half 
of the entire module, as it is shown by the 
light grey region in figure 2. This means that 
this model is composed by 4 domains: blood, 
inner membrane, mixed matrix membrane 
layer and dialysate.  
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Figure 1 - Diagram of the hollow fiber module. The 
harrows represent the velocity profile of the blood and 

dialysate and the gray region shows the model domains. 
R1 is the inner radius, R2 is the inner radius plus the 

inner layer thickness, R3 is the outer radius and R4 is the 
inner radius of the tube that contains the hollow fiber. 
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This model should be able to predict the 
total flux of a toxin inside each domain and 
this way, predict the removal from the blood 
solution. In equation 1 is shown the 
differential equation for the total flux. 

 
    (           )    Equation 1 

 
Here   is the differential operator in the 

coordinates that define this system, J is the 
flux (mol m-2 s-1), D is the diffusion coefficient 
of the toxin (m2 s-1), ct is the concentration of 
the toxin (mol m-3) and v is the velocity of the 
fluid (m s-1).   

The total flux has a convective and a 
diffusive component. The convective 
component (    ) will only take place at the 
blood’s and dialysate’s domain. On the other 
hand, the diffusive component (      ) 
will be calculated in all domains, but with a 
different value for the diffusion coefficient 
inside the membranes.  

Besides the equation for the total flux is 
also necessary an equation to define the flux 
in the boundaries between different 
domains. For this purpose was used an 
empirical equation (equation 2). 

 

    (       )   Equation 2 

 
In which ci and cj are the concentrations 

at different domains (mol m-3), K is the 
partition coefficient, which should be only 
multiplied by the concentration at the blood’s 
and dialysate’s domain and M is a 
nonphysical velocity (m s-1) that defines how 
fast the equilibrium in the boundary is reach. 
The value of M should be high enough to 
ensure this equilibrium and a continuous flux 
across the interfaces. The chosen value was 
10000 m s-1. The partition coefficient was 
admitted to be equal to 1, because tests 
performed with clean water showed that 
these membranes have high clean-water 
permeance, which means that creatinine is 
very small compared with the pore size of 
these membranes [2]. 

To avoid an excessive amount of 
calculations this model was scaled in the z-
coordinate. So in order to do that, this 
coordinate was divided by a scale factor of 
250. This affected the length of the 

membrane module, the velocity of the blood 
and dialysate and also the diffusion in the z 
axis. 

 
2.1.1 Blood domain 

 
      For the convective component of the 

total flux is necessary to define an equation 
for the blood’s velocity inside the hollow 
fiber. Based on the flow rates admitted and 
the inner radius of the hollow fiber, it was 
possible to calculate the Reynod’s number 
and verify that the blood solution is in 
laminar flow regime. This way, for a fully 
developed laminar flow, de equation 
obtained for the blood’s velocity (vblood) in the 
z-coordinate was: 

 

      ( )  
          (  (

 
  
)
 
)

            
 

Equation 3 
 

In which R1 is the inner radius, r is the 
distance from the center of the hollow fiber 
and vmaxblood is the maximum velocity of the 
blood obtained for r=0. The vmaxblood 
parameter was 380 mm s-1, which was 
calculated based on a flow rate of 6,667E-8 
m3 s-1. Due to the scale done the expression 
for the velocity must be divided by the scale 
factor of 250. 

For the diffusion component it was 
introduced the diffusion coefficient of the 
toxin presented. However this coefficient 
cannot be isotropic, because the z axis was 
scaled. Since in equation 12 the 
concentration is differentiated twice in the 
diffusion term, the diffusion coefficient in the 
z-coordinate must be divided by the square 
of the scale factor. 

 
2.1.2 Dialysate domain 

 
In this domain was also necessary to 

calculate an equation for the dialysate’s 
velocity between the hollow fiber and the 
tube. The equation obtained in the z-
coordinate for the stationary state and 
laminar flow is presented on equation 4. 
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Equation 4 
 

In this equation R3 is the outer radius, 
R4 is the radius of the tube that contains the 
hollow fiber, r is the distance from the center 
of the hollow fiber and vmaxdialysate is the 
maximum velocity of the dialysate obtained 

for r = 
     

 
. The vmaxdialysate calculated was 

16 mm s-1, corresponding to a flow rate of 
5,333E-7 m3 s-1 and is multiplied by a minus 
signal, because the dialysate flows in the 
opposite direction of the blood.  

The expression of the dialysate’s velocity 
was also divided by the scale factor and the 
diffusion coefficient was the same as for the 
blood, being the diffusion coefficient in the z-
coordinate divided by the square of the scale 
factor as well. 

 
2.1.3 Inner membrane layer domain 

 
In this layer there is only diffusion of 

toxins. This way was defined a diffusion 
coefficient for the toxin inside the 
membrane, which was divided by the square 
of the scale factor for the z-coordinate. 

 
2.1.4 Mixed matrix membrane layer 

domain 
 

In this domain there is an adsorption 
reaction. Equations 5 and 6 were used to 
calculate the concentration of the free and 
bound toxin. 

 
  

  
       (         )          

Equation 5 
 

     
  

      (         )          

Equation 6 
 

In these equations c is the concentration 
of free toxin (mol m-3), ka is the specific 
adsorption rate (m3 mol-1 s-1), kd is the specific 

desorption rate (s-1), cmax is the maximum 
adsorption capacity per volume of mixed 
matrix membrane (mol m-3) and cads is the 
concentration of adsorbed toxin (mol m-3). 

Only the free toxin can diffuse and its 
diffusion coefficient was the same as for the 
inner membrane layer. 
 

2.2 COMSOL simulations 
 

After defining the model and all the 
relevant parameter, two simulations were 
performed for each type of uremic toxins.  
One simulation was done with the four 
domains previously described, while the 
other simulation was performed without the 
mixed matrix membrane domain. 

For both blood and dialysate was 
simulated a single pass. This means that the 
concentration of toxins in the inlet of both 
domains is constant.  

To compare the removal obtained in 
each pair of simulations, it was calculated the 
clearance of toxins from the blood. Equation 
7 demonstrates how the clearance was 
calculated. 

 

          
[   ]    [   ]    

[   ]   
    

Equation 7 
 

In which [tox]bin is the concentration of 
toxins at the entrance of the blood domain, 
[tox]bout is the concentration that leaves the 
blood domain and FB is the blood’s flow rate.  

 
2.2.1 Small water-soluble molecules 

simulations 
 

The diffusion coefficient inside the 
membrane and the kinetic parameters of 
adsorption were calculated for the creatinine 
in some experiments performed. The value of 
the diffusion coefficient admitted inside the 
membrane was 3,14E-10 m2 s-1 and the 
values of ka, kd and cmax calculated in these 
hollow fiber membranes were 9,87E-3 m3 
mol-1 s-1, 0 s-1 and 101 mol m-3, respectively. 

The diffusion coefficient of creatinine in 
the solutions was 9,8E-10 m2 s-1 [19]. 

The concentration of creatinine 
admitted in the blood’s inlet was 0,1 mg mL-1, 
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which is equivalent to 0,884 mol m-3. The 
concentration at the dialysate’s inlet was 
equal to 0 mol m-3 in all simulations. 

 
2.2.2 Middle molecules simulations 

 
The initial concentrations were the same 

as for the small water-soluble molecules 
(0,884 mol m-3). However, since these 
molecules have a higher molecular weight 
their partition and diffusive coefficient should 
be smaller. It was not possible to calculate 
those coefficients for a middle molecule, so it 
was admitted some values. The partition 
coefficient used was 0,7 and the diffusion 
coefficient in the solutions and in the 
membrane was calculated based on the 
values for the creatinine, admitting a 
molecular weight of 1000 Da for the toxin 
and knowing that the diffusion coefficient  is 
proportional to the inverse of the molecular 
weight elevated to one third [9]. In equation 
8 is shown how the diffusion coefficient was 
calculated. 

 
                     

                           

 (
            
       

)

 
 ⁄

 

Equation 8 
 
Besides the diffusion and partition 

coefficient, also the maximum capacity of 
adsorption was decreased to half the 
maximum capacity of adsorption of the 
creatinine. The remainder kinetic parameters 
of the adsorption reaction used were the 
same as for the creatinine. 

 
2.2.3 Protein-bound toxins 

simulations 
 

For these simulations a new reaction 
was implemented in the blood domain, 
where the toxin could bind to albumin. That 
reaction is shown in the next equation.  

 
                                              
 
  Equation 9 
 

In the last equation k1 is the constant 
rate for the complex formation and k-1 is the 
constant rate of the dissociation of the 
complex. 

Based on equation 9, it was calculated 
the differential equations for the variation of 
the concentration of the free and bound 
toxin in time. 

 
          

  
               (        

           )     
            
Equation 10 

 
           

  
              (        

           )     
            
Equation 11 

 
In both equations Albumin0 is the total 

albumin concentration in the blood solution.  
The rate of complex formation divided 

by the rate of complex dissociation gives the 
equilibrium constant. To simulate a toxin with 
a considerable binding affinity it was used an 
equilibrium constant equal to 1000 m3 mol-1. 
The values for k1 and k-1 were valued based 
on the equilibrium constant and with the aim 
of making the reaction represented in 
equation 9 fast, in order to reach the 
equilibrium quickly. This way the value for k1 
was 10000 m3 mol-1 s-1 and the value for k-1 
was 10 s-1. 

The concentration of the free and bound 
fraction at the inlet of the blood was 
calculated admitting that at the entrance of 
the blood the concentrations are at 
equilibrium. The value obtained for the 
concentration of the free fraction was 0,031 
mol m-3, while the concentration for the 
bound fraction was 0,969 mol m-3.  

Once that most of the protein-bound 
toxins have a molecular weight smaller than 
500 Da, the values for the diffusion 
coefficients and for the partition coefficient 
used for the free fraction were the same as 
for the creatinine (9,8E-10 m2 s-1) [4] and [11]. 
On the other hand, the value admitted for 
the diffusion coefficient of the bound fraction 
was calculated with equation 8 using a 

k-1  

k1  
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molecular weight of 66 kDa, which is the 
molecular weight of the albumin [10]. The 
kinetic parameters of the adsorption reaction 
used were the same as for the creatinine. 
Besides that, only the free fraction could 
diffuse through the membrane.    

 
3. Results and discussion 
 
3.1 Small water-soluble molecules 

simulation 
 

The results obtained for the creatinine 
are presented in figures 2 and 3.  

 

 
 

Figure 2 – Simulation values for the creatinine 
clearance obtained over time for the studied mixed 
matrix membrane hollow fiber (red line) and for a 
thinner membrane without sorbents (blue line).  

 

 
 

Figure 3 - Saturation level over time of the activated 
carbon in the mixed matrix membrane simulation 

for the creatinine. 

 
For some toxins the partition coefficient 

in the membrane may be smaller than one 
and it is also expectable that the diffusion 
coefficient decreases inside the membrane. 
This means that the membrane has an 
associated resistance to the flux of toxins 
from the blood to the dialysate and the 
bigger is the membrane thickness, the bigger 
will be that resistance. In order for the 
membrane to adsorb toxins, it is necessary an 

extra layer with the sorbent mixed within the 
membrane. This implies that the membrane 
thickness has to be higher than the thickness 
of the conventional membranes already used 
in treatments like hemodialysis. These 
simulations were performed in COMSOL in 
order to understand the effect of having a 
membrane with a larger thickness and the 
capacity of adsorbing toxins. 

Since the membrane polarization and 
fouling were not taken in account in all 
simulations, the clearance correspondent to 
the thinner membrane is constant during all 
simulation time. On the other hand, the 
clearance in the mixed matrix membrane 
hollow fiber is highly dependent on the 
saturation level of the activated carbon, 
varying in time until it gets totally saturated. 
This also shows that the clearance will be 
reliant on the adsorption capacity of the 
activated carbon to the toxins, meaning that 
if a toxin is not adsorbed then the clearance 
will be most likely worse with the mixed 
matrix membrane during all treatment time.  

At the beginning of the simulation there 
is an improvement in the removal of 
creatinine in almost 50% for the mixed matrix 
membrane hollow fiber, but as the saturation 
level of the activated carbon increases, the 
clearance decreases, until that it turns worse 
at almost 70% saturation of the activated 
carbon. When the activated carbon gets more 
saturated, the adsorption reaction turns 
slower and the creatinine has to diffuse more 
through the membrane to get adsorbed. 
Because of that, the effect of having a 
membrane with a higher thickness turns 
more pronounced and the clearance 
decreases.  

 
3.2 Middle molecules simulation 

 
The same comparison was done for the 

middle molecules using reasonable 
parameters for this class of uremic toxins.  

The simulation results are presented in 
figures 4 and 5. 
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Figure 4 –Simulation results for the clearance of a 
middle molecule toxin obtained over time for the 
studied mixed matrix membrane hollow fiber (red 
line) and for a thinner membrane without sorbents 

(blue line).  

 

 
 

Figure 5 - Saturation level over time of the activated 
carbon in the mixed matrix membrane simulation 

for the middle molecules. 

At the first instants of the simulation 
there is also an improvement of almost 30% 
in the clearance of toxins, but at 
approximately 30% saturation of the 
activated carbon, nearly after one hour, the 
clearance in the “conventional” membrane 
turns better. Since middle molecules are 
bigger than the small water-soluble 
molecules their sieving and diffusive 
coefficients are smaller and besides that, the 
maximum capacity of adsorption may be 
smaller too. Due to all that, the enhancement 
in the removal caused by the adsorption 
reaction in the mixed matrix membrane is 
less significant than for the smaller toxins. 
With this in mind, a good suggestion may be 
to enhance the removal of middle molecules 
by convection.  

 
3.3 Protein-bound toxins simulations 
 
The simulations results for the protein-

bound toxins are shown in figures 6 and 7.  
 

 
 

 
 

Due to the initial concentrations of 
protein-bound toxins, albumin and the 
binding equilibrium constant assumed, the 
free fraction in the blood solution is only 3% 
of the total toxin concentration. This is the 
reason why the clearance is so low in both 
simulations.   

Comparing this two simulations, the 
clearance in the membrane with activated 
carbon starts to be almost 60% higher than 
the clearance in the ‘’conventional’’ 
membrane, but as the activated carbon gets 
more saturated the removal decreases. At 
the end of the 6 hours only 20% of the 
activated carbon is saturated. The amount of 
protein-bound toxins being removed is low 
and that is why at the end of the simulation 
the quantity of adsorbed toxin that turns the 
clearance in the mixed matrix membrane 
hollow fiber worse was not reached. 

During the simulation some images were 
generated to visualize how the free protein-
bound toxin concentration varies along the 
hollow fiber module. Those images are shown 
in figures 8 and 9. 
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Figure 6 - Protein-bound toxins clearance values 
obtained over time for the studied mixed matrix 

membrane hollow fiber and for a thinner membrane 
without adsorbents (‘’conventional’’ membrane). 
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Figure 7 - Saturation level over time of the activated 
carbon in the mixed matrix membrane simulation for 

the protein-bound toxins. 
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As a result of the fast adsorption 
reaction, when the toxins reach the mixed 
matrix membrane layer they are quickly 
adsorbed, being the concentration at this 
domain close to zero while there is plenty 
adsorption capacity, as is possible to visualize 
in figure 8. On the other hand, when the 
toxins diffuse to the dialysate, they take more 
time to diffuse away from the membrane.   

Jonh Patzer explained that close to the 
blood outlet/dialysate inlet some free 
protein-bound toxins are able to cross the 
membrane. However, this flux elevates the 
toxin concentration in the dialysate to values 
close to the concentration of the free fraction 
in the blood, reducing the driving force for 
the removal over much of the membrane [5]. 
This means that only a small fraction of the 
membrane has a good performance in the 
conventional membranes. Yet in the mixed 
matrix membrane hollow fibers, the quick 
adsorption reaction maximizes the driving 
force across the entire membrane, while the 
activated carbon is not saturated.  

As was shown in the simulation, if the 
toxin is adsorbed by the activated carbon is 
possible to improve its removal. However is 
important to keep in mind that after the 
activated carbon gets saturated the removal 

gets worse.  To avoid this, the treatments 
using mixed matrix membrane hollow fibers 
should be done with an excess of hollow 
fibers to make sure that during the treatment 
time the activated carbon never gets 
saturated enough to turn the clearance 
worse. 

 
4. Conclusions 
 
As an attempt to improve the removal of 

protein-bound toxins, yet keeping a simple 
process, came the idea of using dual layer 
hollow fiber mixed matrix membranes 
combining the removal by 
diffusion/convection and adsorption in only 
one step.  

A model was created in COMSOLb in 
order to compare the removal of toxins in the 
mixed matrix membrane hollow fibers with 
thinner membranes without sorbents. With 
the simulations performed in COMSOL it was 
concluded that the clearance is highly 
depended on the adsorption capacity of the 
activated carbon and on its saturation level, 
decreasing as the activated carbon gets more 
saturated. If the toxin can be adsorbed, the 
adsorption reaction can overcomes the extra 
resistance promoted by the larger thickness 
of the mixed matrix membrane, but after the 
activated carbon gets more saturated the 
clearance gets worse. On the other hand, if a 
toxin is not adsorbed the removal will be 
worse with the mixed matrix membrane 
during all treatment time. The same extra 
resistance also affects more molecules with 
higher molecular weight, which means that 
the mixed matrix membrane may have a 
better effect for small toxins then for the 
middle molecules. For the protein-bound 
toxins, the adsorption reaction increases the 
efficiency of the membrane, maximizing the 
driving force for the removal across the 
entire membrane, improving the removal of 
these toxins. 

In conclusion, the dual layer hollow fiber 
mixed matrix membrane may be a promising 
way to improve the removal of uremic toxin. 

 
 
 
 

Figure 8 - Free protein-bound toxin 
concentration profile in the simulation with 
the mixed matrix membrane hollow fiber at 

time 1800 seconds.   
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Figure 9 - Free protein-bound toxin 
concentration profile in the simulation with the 
´´conventional’’ membrane hollow fiber at time 

1800 seconds.   
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