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Supplementary Materials 

Details of experimental determination of membrane properties, e.g., molecular weight cut off, 

hydraulic permeability, contact angle, porosity and pore density are described below. 

Hollow fiber cartridge preparation and experimental set up 

The spun fibers were potted in a commercial HDPE pipe (3/4” internal diameter). 

Two holes were drilled on the lateral surface for the dialysate side fluid inlet and outlet, 

respectively. 300 fibers were potted using adhesives, to seal the interstitial spaces, and the 

cartridge was then fitted into the experimental set up illustrated in Figure S1. The fluid from 

the feed tank was pumped by the peristaltic pump and it was fed into the cartridge through 

the rotameter. The directional arrows in the figure indicate the flow of feed and dialysate 

fluid. 

The experiments were conducted in diffusion governed mode with zero 

transmembrane pressure (TMP).  The feed and dialysate flow rate for all the experiments 

were maintained at 10 ml/min and 20 ml/min, respectively for all the experiments. For 

investigation on effect of feed and dialysate flow rates, two dialysate flow rates, 10 ml/min 

and 20 ml/min were used. The samples were collected from the feed and dialysate tanks for 

analysis. For the clearance experiments, the samples were collected at the outlet of the 

cartridge, before being recycled back to the tank. 

Membrane permeability 

The membrane permeability was measured using distilled water at various TMP
1
.  

The permeate flux was calculated at various TMP using the following equation:  
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where, vw is pure water flux; Q is volumetric flow rate of permeating water; A is effective 

filtration area and  ΔT is  sampling time. 

A plot of vw with TMP (200, 40, 60 and 80 mm Hg) resulted in a straight line passing 

through the origin, the slope of which gave the hydraulic permeability. 

Tensile strength 

Tensile strength of the hollow fiber membranes were measured with a universal 

testing machine, procured from M/s, Tinius Olsen, Redhill, England of model H50KS. All the 

measurements were carried out at room temperature, with a load cell of 1 kN, strain rate of    

1 mm/min. 

Porosity and pore density distribution 

The loss of weight between wet and dry membrane gives an idea about the porosity of 

the membrane. 10 fibers of 30 cm length were cut and soaked in distilled water. After drying 

off the superficial water, weight of the fibers was measured (w0). The membranes were then 

placed in an air-circulating oven at 60 
0
C for 24 hours and were further dried in vacuum oven

before measuring the dry weight (wi), until a constant weight was obtained. The porosity was 

calculated as
2
:
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where, ε is membrane porosity; mv  is the membrane volume and ρw is water density. The 

membrane porosity was measured three times and average values were reported. 
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The pore size distribution was calculated as reported in the literature
3
. The pore size

distribution function is given as: 
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where, r is the pore radius in nm,  and m are standard deviation and mean of distribution, 

respectively. 

From the various experimental values of obsR ,, corresponding to solutes of different radii (r), 

the parameter Ur  in Eq. (3) can be calculated using Eq. (4) numerically. 
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For every solute of radius r, Ur is calculated as described above and  the parameters  and m 

are estimated from a linear fitting of Ur and ln(r). 

        rUmr )ln( (5) 

Once  and m are estimated, )(rPDD is plotted according to Eq. (3). 

Contact angle 

As the hollow fiber membranes do not offer appreciable surface  area, the sessile 

bubble drop method was applied for measuring contact using, flat sheet membranes with 

identical composition. Contact angle was measured using a Goniometer (New Jersey, USA, 

Rame'-Hart, model No 200-F4). 
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Transport and Clinical Parameters 

Diffusive permeability 

Diffusive permeability (PD) values were also calculated in diffusion governed mode, 

as described in previous section on experimental set up. The samples were collected from the 

tanks at an interval of 15 min and measurements were made. PD was calculated as
4
:
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where, DP is the diffusive permeability;  1 1C t is concentration difference between feed and

dialysate tanks at time  1t ;  2 2C t is concentration difference between feed and dialysate

tanks at time  2t ; A is the area of membrane; aV  is volume of feed; bV  is volume of 

dialysate. aV  and bV  are constant for the experiment. 

The diffusive permeability was calculated for four components and compared with the 

available literature. These components were, urea, creatinine, vitamin B-12, sucrose and 

bovine serum albumin (BSA). The feed tank, as described in the previous section was filled 

with urea (600 mg/l), creatinine (20 mg/l), sucrose (50,000 mg/l), vitamin B-12 (0.015 mg/l) 

and BSA (50 g/l) separately. Samples were collected from both tanks, in an interval of 10 

minutes. The urea concentration was determined by Ehrlich’s reagent method
5
 and creatinine

was measured using a standard creatinine kit. Vitamin B-12 and BSA were measured using 

the UV-VIS spectrophotometer (supplied by Perkin Elmer, Connecticut, USA) at 361 nm and 
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280 nm, respectively, against a blank of distilled water and sucrose was measured by 

refractometer. 

Urea and creatinine clearances 

Clearance is an indicator of the performance capabilities of a given hollow fiber 

dialysis membrane. It is the removal rate of any solute in blood
 
and is defined as

6
:
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where,
iBC and 

0BC  are the inlet solute concentrations. BQ  is the blood flow rate. The 

measurement were repeated three times and subsequently analyzed. 

k0A values 

k0A is the overall mass transfer coefficient for a dialyzer and is defined as
7
: 
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where, 0k  is the mass transfer coefficient, A  is the area of the membrane, DQ  is the dialysate 

flow rate and LC  is the clearance of the solute as defined in the preceding section. k0A is 

often used as an indicator, classifying the type of dialyzers, viz, high efficiency and high 

performance. Efficiency is associated with passage of urea and creatinine, “performance” or 

“flux” is associated with convective transport of water and/or middle molecular weight 
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solutes viz, β2-micrglobulin (molecular weight 11,800 Da)
8
. Various dialyzers in terms of k0A 

values are available in literature
8
.

Adequacy of dialysis and Kt/V values 

Dialysis is a prolonged treatment procedure, and adequacy of dialysis becomes a 

pivotal point while administering it.  Adequacy refers to whether the patient’s dialysis session 

has been sufficient to bring down the uremic toxin concentration to the desired levels. To 

account for water content of the body, the removal rate of urea and the time of administration, 

the term Kt/V was coined. Kt/V is a dimensionless term where, K is the clearance in ml/min, t 

is the time of dialysis in minutes and V is the volume of water in patient’s body, in liters. As a 

thumb rule, Kt/V ratio of 1.2 is taken as a guideline for dialysis adequacy
9
.

Effect of Feed and Dialysate flow rates 

The transient behavior and the removal efficacy of uremic toxins of the membranes 

were studied by varying the relative flow rates of the feed and dialysate. The feed tank 

contained urea (600 mg/l) and subsequently creatinine (20 mg/l) dissolved in distilled water. 

The dialysate tank was filled with distilled water. The feed and dialysate flow rates were 

maintained at ratios of 1:1 and 1:2
10, 11

 , at a scaled down flow rate for the available area in

lab prepared cartridge. The performance of the developed cartridge has been scaled up to a 

real one and the scaling procedure is outlined in detail in supplementary section. 

Results and discussions 

Permeability and contact angle 
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Increase in MWCO implies that the permeability of the membranes increases with 

addition of PVP as described in Figure S2. As PVP concentration increases from 0 to 3 wt%, 

the permeability increases by 160% (from 101.6 10 to 104 10 m
3
/m

2
.s.Pa). The 

hydrophilicity induced in membranes is also evident in the same figure. Addition of PVP 

decreases the contact angle from 75
0
 to 64

0
 and alters the permeability behaviour of

membranes. More hydrophilic membranes have higher permeability. Hydrophilicity is 

important in dialysis as it results in lower protein adsorption, minimize fouling and less 

chances of complement activation. 

Breaking stress, porosity and pore size distribution 

The tensile strength and porosity are presented in Figure S3. 6, 12 and 16 kDa 

membranes have porosity 21%, 28% and 31%, respectively. This porous structure decreases 

the mechanical strength of the membranes, consequently decreasing the breaking stress. 

Thus, as PVP concentration is increased from 0 to 3 wt%, the breaking stress is reduced from 

13.7 to 8.7 MPa. The pore size distribution (Figure 6c) follows the same pattern. As the PVP 

concentration is increased from 0 to 2 wt%, membranes become more porous and the mean 

pore radius increases from 1 nm to 2.5 nm. 

Diffusive permeability and clearances 

Diffusive permeability is an entirely diffusion based measurable parameter, whereas, 

clearance is convection-diffusion governed parameter. However, in this work, clearances are 

reported due to diffusion alone. The diffusive permeability values are illustrated in Table S1 

and are compared to the reported ones1
2
. Table 2 indicates the nature of diffusion of various

solutes across the membranes. As the molecular size of the solutes increases, their diffusion 

coefficient decreases. Urea has a molecular weight of 60 Da and it has a diffusive 
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permeability of 14.1 410  cm/s for 6 kDa membrane, 15.4 410  cm/s for the 12 kDa and 16 

410 cm/s for the 16 kDa membrane. Creatinine has a molecular weight of 113 Da and its 

diffusive permeability is 7.4 410 cm/s for the 6 kDa membrane, 8.5 410 cm/s for the 12 

kDa membrane and 9.1 410 cm/s for 16 kDa membrane. Thus, doubling the molecular 

weight reduces the diffusive permeability by about 42%. In contrast, sucrose has a molecular 

weight of 342 Da, and its diffusive permeability is 1.9 410 cm/s for the 6 kDa membrane, 

2.3 410 cm/s for the 12 kDa and 2.5 410 cm/s for the 16 kDa membrane. Thus, an increase 

in molecular weight, with respect to urea, by almost 6 folds results in decrease of PD value by 

90%. Similarly, vitamin B-12 has a molecular weight of 1355 Da and hence has a diffusive 

permeability varying from 0.22 410 to 0.25 410 cm/s, which is an 98% decrease with 

respect to urea. This trend is expected as larger sized molecules would diffuse slowly through 

the membrane. Interestingly, there is marginal increase of vitamin B-12 diffusion for increase 

in membrane MWCO from 6 to 16 kDa. Bovine serum albumin has a molecular weight of 66 

kDa and expectedly, has a diffusive permeability of zero due to size exclusion. 

k0A and Kt/V 

Figure S4 presents the effect of feed flow rate on k0A of the membrane. The overall 

mass transfer coefficient of the membrane increases with feed flow rate. Within the normal 

operating condition range (feed flow rate between 250-300 ml/min) and with reference to 

Table 2, it is observed 6 kDa membrane lies in the low flux low efficiency range. However, 

the k0A values for the 12 and 16 kDa membranes are far higher, i.e., around 450-475 ml/min. 

This places them in high flux, low efficiency category
8
. However, since the clearance values

in this paper are solely due to diffusion, obtained values are underestimated. As discussed 

earlier, 12 and 16 kDa membranes have the potential to serve as HPM. k0A for real dialyzers 
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increases linearly with blood flow rate till a particular limit
13

. It then attains a limiting value, 

such that increasing blood flow rate does not affect the k0A of the dialyzer
13

. This occurs 

primarily beyond 300 ml/min of blood flow rate
13

 and hence, in this manuscript, the feed 

(blood side) flow rate has been investigated only till 300 ml/min (scaled up value). Moreover, 

the working fluid in present work is water and not blood. 

Kt/V of the membranes is presented in Figure S5. A patient weighing 70 kg requires 

approximately 350 minutes to reduce the urea level below 400 mg/l with 6 kDa membrane, 

300 minutes using the 12 kDa and 280 minutes using the 16 kDa. The trend is similar for all 

the subsequent body weights of 60, 50 and 40 kgs. Apparently, it seems that the time required 

is slightly on the higher side, but again this is due to the fact that the clearances are computed 

considering diffusion only. 

Notations 

A Membrane surface area, m
2
.

iBC Inlet solute concentration, mg/l. 

0BC Outlet solute concentration, mg/l. 

F
C

Feed solute concentration, kg/m3. 

LC Solute clearance, ml/min. 

P
C

Permeate solute concentration, kg/m3. 

BQ Blood side fluid flow rate, ml/min. 

DQ Dialysate side fluid flow rate, ml/min. 

r Pore radius, nm. 

t Time, s. 
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Ur Parameter in Eq.(5) 

Va Volume of feed, ml. 

Vb Volume of dialysate, ml. 

mv Volume of membrane, m
3
.

wv Water flux m
3
/m

2
.s.

iw Initial weight, kg. 

0w Final weight, kg. 

Greek symbols 

  Porosity. 

ρw Density of water, kg/m
3 

σ Standard deviation of pore size, m. 

 1 1C t  Concentration difference between feed and dialysate tanks at time t1, mg/l.

 2 2C t Concentration difference between feed and dialysate tanks at time t2, mg/l. 

T Sampling time interval, s. 
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Fig. S1 

Fig. S2 
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Fig. S3 
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Fig. S4 



16 

Fig. S5 : 
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Table S1: Diffusive permeabilties  of the membranes. 

Components Reported 

Values
23

(x10
4
) , cm/s 

6 kDa 

(x10
4
) , cm/s

12 kDa 

(x10
4
) , cm/s

16 kDa 

(x10
4
) , cm/s

Urea 15.2 14.1±1.1 15.4±1.2 16±1.2 

Creatinine 8.8 7.4±0.6 8.5±0.07 9.1±0.07 

Sucrose 2.4 1.9±0.01 2.3±0.11 2.5±0.11 

Vitamin B12 0.25 0.22±0.001 0.25±0.001 0.25±0.001 

BSA 0 0 0 0 


