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SUMMARY: 
For the purpose of application to artificial kidneys the ultrafiltration, hydrolysis, and 

adsorption characteristics of semipermeable cellulose nitrate membranes containing ur- 
ease, stylite, and activated charcoal, which were prepared by the use of mixed solvents of n- 
propyl alcohol and N,N-dimethyl formamide, were investigated under various conditions. 
The optimum composition of casting solution was found to be the ratio of cellulose nitrate: 
n-propyl alcohol: N,N-dimethyl formamide as 13.00: 21.75 : 65.25 (wt.-%), containing 3 g 
ofurease, 1.5 g of stylite, and 5 g of activated charcoal per 100 g of above casting solution. It 
was found that the ultrafiltration rate, the hydrolysis, and the adsorption characteristics us- 
ing aqueous solutions of urea and disodiurn phenoltetrabromophthalein sulfonate (BSP) 
as feed solution were influenced significantly by the solvent composition in the casting so- 
lution, the evaporation period, the additional amount of activated charcoal, and the oper- 
ating temperature and pressure. When a mixture solution of albumin, sodium chloride, 
urea, creatinine, BSP, and vitamin B,, was used as blood model, the ultrafiltration rate was 
high (2.5 x lo-’ g/cm2. s), urea, creatinine, BSP, and vitamin B,, were removed, and also 
albumin was rejected completely. 

ZUSAMMENFASSUNG: 
Zum Zwecke der Anwendung in kiinstlichen Nieren wurde das Ultrafiltrationsverhal- 

ten sowie das Hydrolyse- und Adsorptionsverhalten von semipermeablen Membranen, 
die aus dem System Cellulosenitrat / n-Propylalkohol / Dimethylformamid / Urease / 
Stylit / Aktivkohle hergestellt wurden, unter verschiedenen Bedingungen untersucht. Das 
optimale Zusammensetzungsverhaltnis der GuBlosung fur die Membranen betrug Cellu- 
losenitrat : n-Propylalkohol : Dimethylformamid = 13,OO : 21,75 : 65,25 (Gew.-%); auDer- 
dem waren enthalten Urease (3 g), Stylit (1,5 g) und Aktivkohle (5 g) pro 1OOg GuRIosung. 

* Present address: Fuso Pharmaceutical Industries Ltd., Morinomiya, Jyoto-ku, Osaka, 
Japan. 
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Es wurde festgestellt, dafi die Ultrafiltrationsgeschwindigkeit, das Hydrolyse- und Ad- 
sorptionsverhalten gegenuber Harnstoff- und Dinatrium-phenoltetrabromphthalein-sul- 
fonat-(BSP)-Losungen von der Zusammensetzung der Gufilosung, der Verdampfungs- 
zeit, dem Gehalt an Aktivkohle und dem Arbeitsdruck deutlich beeinflufit wird. Bei Ver- 
wendung von Losungen aus Albumin, Natriumchlorid, Harnstoff, Kreatinin, BSP und 
Vitamin B,, als Model1 fur Blut, ergab sich eine hohe Ultrafiltrationsgeschwindigkeit 
(2,s x g/cm2. s); Harnstoff, Kreatinin, BSP, Vitamin B,, und auch Albumin wurden 
vollkommen ausgeschieden. 

Introduction 

The hemodialysis and hemoperfusion are typical methods of the blood treat- 
ment with artificial kidney. In the hemodialysis the dialysis period is long, the re- 
moval of middle molecules as metabolic waste is difficult, and a large quantity of 
the dialysate is needed. Improving of these defects is very important for the artifi- 
cial kidney. In order to remove the harmful substances in uremic toxin such as 
urea, uric acid, creatinine, and vitamin B,* etc. the column technique' is em- 
ployed. However, in present days this technique is only a cleaning method of the 
dialysate. The hemoperfusion using microcapsule* removes the metabolic waste 
substances but cannot remove water in blood. Recently the ultrafiltration is 
noted as another method for the artificial kidney. Henderson3 has reported the 
fundamental experiments and clinical tests on blood treatment with the ultrafil- 
tration. We have reported the ultrafiltration characteristics of cellulose nitrate 
membranes by the use of cow blood4, the hydrolysis and removal characteristics 
of urea in aqueous solution by cellulose nitrate / urease / stylite membrane?, 
and the adsorption characteristics of creatinine, disodium phenoltetrabromo- 
phthalein sulfonate, vitamin B,, , and albumin by membranes from cellulose ni- 
trate and activated charcoal6. 

In this paper, for the purpose of removing by ultrafiltration water and the me- 
tabolic waste substances at the same time, and returning useful substances (elec- 
trolytes, glucose, and essential amino acids, etc.) into blood, the ultrafiltration, 
hydrolysis, and adsorption characteristics of cellulose nitrate membranes con- 
taining immobilized urease, stylite, and activated charcoal are studied in some 
details using blood model solutions. 

Experimental 

Materials 
Daicel Co. best grade cellulose nitrate (CN) which was dried under reduced pressure, 

having degree of nitration of 11.5%, was employed throughout this study. Commercial n- 
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propyl alcohol (n-PrOH) and N,N-dimethyl formamide (DMF) were the solvents for cast- 
ing solution. Urease produced by Nakarai Chemical Industries Ltd. was employed as the 
hydrolysis enzyme for urea. Stylite HS-2 (partial esterified compound of styrene-maleic 
anhydride alternating copolymer) produced by Daido Chemical Industries Ltd. was em- 
ployed. The powdery activated charcoal (Shirasagi P) produced by Takeda Chemical In- 
dustries Ltd. was employed as the adsorbent. Sodium chloride, urea, creatinine, glucose, 
disodium phenoltetrabromophthalein sulfonate (BSP), vitamin B I Z  , and albumin ob- 
tained from egg used as the feed solute were pure commercial reagents. The pH of feed so- 
lution was adjusted with buffer solution. 

Preparation of Membranes 

Desired amounts of urease, stylite, and activated charcoal were added to desired por- 
tions of mixtures containing cellulose nitrate, n-propyl alcohol, and N,N-dimethyl form- 
amide. These casting solutions were kept overnight at the casting temperature (6-7 "C). 
The membranes were made by pouring the casting solutions onto an applicator for thin 
layer chromatography, drawing the blade across a glass plate, allowing the solvent to evap- 
orate at 6-7 "C for a desired period, and immersing the glass plate together with the solu- 
tion into cold water (6-7 "C). After standing for 24 h in cold water, the membranes were re- 
moved from the glass plate. 

Apparatus and Measurements 

The apparatus was an ultrafiltration cell consisting of two detachable parts made of a 
stainless ~teel~.~.'.'. The effective membrane area in the cell was 11.5 cm2. The permeating 
liquid was determined by weighing the filtrate. The compositions of feed and filtrate for 
urea' (535 nm), creatinine'(520 nm), BSP" (565 nm), vitamin B,," (630 nm) and albumin 
(360 nm)" were analyzed by colorimetric methods. The contents of glucose were deter- 
mined by means of a precision refractometer, and of sodium chloride by means of an 
atomic absorption spectrophotometer. Unless otherwise stated the experiments were of 
short run type. The hydrolysis of urea, the adsorption ofcreatinine, BSP, glucose, and vita- 
min B I Z ,  the rejection of albumin, and the ion exchange of sodium ion, are defined as: 

Hydrolysis, Exchange, Adsorption or Rejection (%) = (1 - C,/C,). 100 

where C, is the starting feed concentration and C, is the filtrate concentration after t 
hours. 

Results and Discussion 

Effect of Casting Solution Composition 

The effect of mixing ratio of n-propyi alcohol and N,N-dimethyl formamide 
on the ultrafiltration rate, the hydrolysis, and the adsorption fraction is shown in 
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Fig. 1, where the concentration of cellulose nitrate is kept constant at 13.00 wt.-%. 
The ultrafiltration rate has a minimum value at the ratio, n-PrOH/DMF = 1/1. 
This result may be attributed to differences in membrane structure. That is, 
structural changes of the resulting membranes depend upon differences of the 
form of cellulose nitrate molecules dissolved in the casting solution, of the degree 
of polymer aggregation occuring simultaneously with the evaporation of the 
casting solvents, and of the rate of migration of the casting solvents into water 
during the gelation process, etc. These factors all concern the ultrafiltration 
rates. 
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loo I Fig. 1. Effect of solvent composition 
~ - in casting solution on the characteris- 

cellulose nitrate / urease / stylite / ac- 
tivated charcoal. Cellulose nitrate: 
13.00 wt.-%; evaporation period: 7 
min; additional amount of urease, sty- 
lite, and activated charcoal: 3 g, 1.5 g, 
and 5 g / 100 g casting solution; oper- 
ating conditions: 40 "C, 0.5 kg/cm2; 
feed mixture: 6 urea 60 mg/dl, P 
BSP 10 mg/dl, pH 7.2; d :  Adsorption 

- - tics ofthe membrane from the system: 

The hydrolysis fraction of urea increases with n-propyl alcohol content in the 
casting solution, independently of the ultrafiltration rate. The following reasons 
could be given to this result. When only the urease is treated with n-propyl alco- 
hol or N,N-dimethyl formamide in absence of cellulose nitrate, its activity is su- 
perior in n-propyl alcohol than in N,N-dimethyl formamide. Therefore, the in- 
crease in concentration of n-propyl alcohol in the casting solution may result in a 
greater urease activity. And also, the structures of the resulting membranes are 
changed by the casting solvent composition and consequently the contacting 
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probabilities of urea molecules with the urease in the membranes may increase 
with an increase in n-propyl alcohol content. Urea molecules are hydrolyzed by 
urease in the membranes, and ammonia and carbon dioxide are produced, and 
so ammonium hydroxide is formed. Ammonium ions are adsorbed by ion ex- 
change with stylite. 

The adsorption fraction is dependent on the structure of the resulting mem- 
branes which affect the ultrafiltration rate and the contacting probabilities of 
BSP molecules with the activated charcoal. The casting solvent composition of n- 
PrOH/DMF ratio of 1/3 is applied for all latter works. 

Effect of Additional Amount of Activated Charcoal 

The effect of additional amount of activated charcoal in the casting solution 
on the membrane characteristics is shown in Fig. 2. The ultrafiltration rate has a 
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Fig. 2. Effect of additional amount of activated charcoal on the characteristics of the 
membrane from the system: Cellulose nitrate / urease / stylite / activated charcoal. Casting 
solution: CN / n-PrOH / DMF = 13.00 / 27.92 / 69.08 (wt.-96); additional amount of ur- 
ease and stylite: 3 g and 1.5 g / 100 g casting solution; evaporation period: 7 min; operating 
conditions: 40 "C, 0.5 kg/cm2; feed mixture: urea 60 mg/dl, ? BSP 10 mg/dl, pH 7.2; d : 
Adsorption fraction of ammonium ion. 
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minimum value at 5 g per 1OOg of casting solution. This phenomenon may be ex- 
plained as follows. The addition of activated charcoal into the casting solution 
increases the viscosity by an interaction between cellulose nitrate molecules and 
activated charcoal. Therefore, the form of cellulose nitrate molecules dissolved 
in the casting solution and the degree of aggregation of cellulose nitrate mole- 
cules during evaporation and gelation process are changed by the amount of acti- 
vated charcoal. Up to 5 g of activated charcoal there is a decrease in the ultrafil- 
tration rate. This phenomenon is attributed to the fact that the resulting mem- 
branes become denser with an increase in additional amount of activated char- 
coal particles. On the other hand, when the casting solution contains more than 
5g of activated charcoal per 1OOg solution, the ultrafiltration rate begins to in- 
crease. This increase is caused by a phase separation between domains of cellu- 
lose nitrate molecules and domains of activated charcoal particles, and conse- 
quently the formation of rough membranes. 

The hydrolysis of urea and the adsorption fraction of BSP have maxima at 6g 
of activated charcoal per 1OOg of the casting solution. These, hydrolysis and ad- 
sorption fraction, relate to the ultrafiltration rate which is influenced by the mi- 
croporous structure of the resulting membrane. Therefore, the hydrolysis of urea 
and the adsorption fraction of BSP are governed by the staying period in the 
membrane of these molecules, i. e., contacting probabilities of these molecules 
with urease or activated charcoal particles in the membrane. Ammonium ions 
which are products of hydrolyzed urea are adsorbed completely regardless of the 
additional amount of activated charcoal. This result suggests that the content of 
stylite in the membrane is reasonable for the adsorption of ammonium ions. The 
membrane obtained from a casting solution containing 6 g of activated charcoal 
per 1OOg of mixture solution consisting of cellulose nitrate, n-propyl alcohol, 
N,N-dimethyl formamide, urease, and stylite is used for the following test. 

Effect of Evaporation Period 

The effect of the evaporation period on the membrane characteristics is 
shown in Fig. 3. There is a continual decrease in the ultrafiltration rate up to 7 
min, but over 7 min there is an increase. These phenomena may be explained as 
follows. The decrease of ultrafiltration rate up to 7 min is mainly dependent on 
the permeation resistance based on an increase of thickness of the microporous 
surface layer which is formed during the evaporation of solvent. On the other 
hand, since the membranes are prepared under relative low temperature (6- 
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Fig. 3. Effect of evaporation 
period on the characteristics of 
the membrane from the sys- 
tem: cellulose nitrate / urease / 
stylite / activated charcoal. 
Casting solution: CN / n- 
PrOH/DMF = 13.00/27.92/ 
69.08 (wt.-%); additional 
amount of urease, stylite, and 
activated charcoal: 3 g, 1.5 g, 
and 6 g / 100 g casting solution; 
operating conditions: 40 "C, 
0.5 kg/cm2; feed mixture: 6 
urea 60 mg/dl, P BSP 10 mg/ 
dl, pH 7.2; d: Adsorption frac- 
tion of ammonium ion. I I I I I I 
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7 "C) and high humidity (SO-90%) during evaporation process, when the evapo- 
ration period is longer than 7 min, water molecules in atmosphere are sorbed into 
the concentrated matrix solution layer, which is produced by evaporation of n- 
propyl alcohol. Therefore, the phase separation between the droplets of coacer- 
vated water molecules and the concentrated matrix solution occured more re- 
markably with longer evaporation period and consequently the pore size on the 
surface layer of the membrane becomes larger and larger. This factor brings 
about the increase of ultrafiltration rate. The hydrolysis of urea and adsorption 
fraction of BSP have their maximum at 7 min. These results are attributed to the 
contacting probabilities of urea and BSP molecules with urease and activated 
charcoal particles. Membranes with 7 min of evaporation period are used in the 
following. 

Effect of Operating Temperature 

Fig. 4 shows the effect of operating temperature on the ultrafiltration rate, 
the hydrolysis of urea, and the adsorption fraction of ammonium ions and BSP. 
The ultrafiltration rate increases, and the hydrolysis of urea and the adsorption 
fraction of BSP decrease as the operating temperature increases. The increase of 
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ultrafiltration rate depends on the fact that the feed viscosity at higher tempera- 
ture becomes smaller. On the other hand, the decrease of hydrolysis of urea and 
adsorption fraction of BSP is attributed to the fact that the staying period in the 
membrane of aqueous solution of urea and BSP is shorter because the ultrafiltra- 
tion rate is higher. Moreover these characteristics may be influenced somewhat 
by a change of the membrane structure with operating temperature. 

/ n-PrOH / DMF = 13.00 / 
27.92 / 69.08 (wt.-%); addition- 
al amount of urease, stylite, 
and activated charcoal: 3 g, 1.5 
g, and 6 g / 100 g casting solu- 
tion; evaporation period: 7 
min; operating pressure: 0.5 
kg/cm*; feed mixture: b urea 
60 rng/dl, ? BSP 10 mg/dl, pH 
7.2; d: Adsorption fraction of 
ammonium ion. I I I I I 

-J 

Effect of Operating Pressure 

It is shown in Fig. 5 that the membrane characteristics are influenced by the 
operating pressure. The ultrafiltration rate increases linearly in proportion to the 
operating pressure. The permeation mechanism of solvent and solute in the feed 
is advocated by many workers. In general, the mechanisms are divided into two 
cla~ses '~.  One of them is the diffusion flow mechanism and another the volume 
flow mechanism. The former predominates in the case of high solute separation 
membrane. The permeation in the present membranes is considered rather the 
volume flow passing through the pores in the membrane. Consequently, the in- 
crease of ultrafiltration rate concerns mainly an increase of volume flow with an 
increase in operating pressure as shown in Fig. 5. These phenomena result in the 
decrease of contacting probabilities of urea and BSP molecules with urease and 
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Fig. 5. Effect of operating 
pressure on the characteristics 
of the membrane from the sys- 
tem: cellulose nitrate / urease / 
stylite / activated charcoal. 
Membrane: same as in Fig. 4; 
operating temperature: 40 "C; 
feed mixture: d urea 60 mg/dl, 
P BSP 10 mg/dl, pH 7.2; d :  
Adsorption fraction ofammon- 
ium ion. 
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activated charcoal, because the staying period of urea and BSP molecules in the 
membrane becomes shorter as the operating pressure increases. 

Effect of Feed Solute 

Tab. 1 shows the effect of feed solute such as urea, creatinine, glucose, BSP, 
vitamin B, ,  , and albumin on the membrane characteristics. The ultrafiltration 
rates except for glucose and albumin are equal approximately. The hydrolysis 
fraction of urea is 69.5%, and the produced ammonium ions are removed com- 
pletely. The adsorption fraction is 78.4% forcreatinine, 90.1% for BSP, and 81.3% 
for vitamin B,, , respectively. However, glucose is quietly not adsorbed and albu- 
min is completely rejected. The permeation resistance, in general, is affected by 
the size of molecules of solute, the viscosity of feed solution, and the interactions 
between the membrane substrate and the feed solute. The reason why the ultra- 
filtration rates of aqueous solutions of urea, creatinine, BSP, and vitamin B,, are 
not changed widely is as follows: the viscosities of these feed solutions are ap- 
proximately equal as shown in Tab. 1, and large portions of these solutes are ad- 
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Tab. 1. Effect of solute in feed solution on the membrane characteristics of the system 
from: cellulose nitrate / urease / stylite / activated charcoal. 

Substance MW Feed viscosity Ultrafiltration rate Adsorption (%) 
relative to water (g/cm2. s). i04 

Pure water 18 1.000 4.56 
Urea 60 1.002 2.87 
Creatinine 113 1.002 3.58 
Glucose 180 1.004 1.80 
BSP 845 1.001 3.98 
Vitamin Bl2 1357 1.001 2.85 
Albumin 58000 - 0.43 

69.5", 100b 
78.4 
0 

90.1 
81.3 

100' 

Membrane: same as in Fig. 4; feed concentration: urea 60 mg/dl, creatinine, glucose, BSP, 
and vitamin B I 2  10 mg/dl, albumin 1 g/dl; operating conditions: 40"C, 0.5 kg/cm2, pH 
7.2. 
a Hydrolysis, NH: Removal, Rejection. 

sorbed to the activated charcoal or stylite in the membrane, therefore the ultrafil- 
tration rates of these solutions approach apparently to the permeability of pure 
water. The lowest ultrafiltration rate, of albumin, could depend upon a concen- 
tration polarization of albumin molecules on the membrane surface. 

Effect of Ultrafiltration Period using Blood Model 

The further experiment on the membrane characteristics has been tested, 
using the mixture solution of albumin, sodium chloride, urea, creatinine, BSP, 
and vitamin B,, as a blood model. Fig. 6 shows the effect of ultrafiltration period 
on the ultrafiltration rate, the hydrolysis of urea, the ion exchange ability, the ad- 
sorption, and the rejection fraction. As shown in Fig. 6, the ultrafiltration rate de- 
creases. This result is attributed to combined factors of the blocking of pores in 
the membrane, namely, the compaction of membrane, and the concentration po- 
larization of albumin molecules. The hydrolysis fraction of urea is always 100% 
throughout this ultrafiltration period. The fraction of the adsorbed sodium ion 
eventually approaches to a constant value, and the albumin is perfectly re- 
jected. 
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50 Fig. 6. Effect of filtration pe- 
riod on the characteristics of 
the membrane from the sys- 
tem: cellulose nitrate / urease / 
stylite / activated charcoal. 
Membrane: same as in Fig. 4; 

0.5 kg/cm2, pH 7.2; feed mix- 
ture: d sodium chloride 900 
mg/dl, ? urea 60 mg/dl, c- 
creatinine 10 mg/dl, b BSP 10 
mg/dl, 6 vitaminB,,IO mg/dl, . 
P albumin 1 g/dl, 9 :Adsorp- 
tion fraction of ammonium 
ion. 

operating conditions: 40 "C, 9 
?. 50 

I 
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From these results we are hopeful that this method, in which ultrafiltration, 
hydrolysis, and removal by adsorption of metabolic waste substances (urea, am- 
monium ion, creatinine, middle molecules) are undertaken at the same time, will 
simplify artificial kidneys. 
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