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S U M M A R Y  
Pervaporat ion of acetic ac id /water  m ix tu re  was inves t iga ted  through 

uncrossl inked and crossl inked polybutadiene membranes.  Cross l i nked  
polybutadiene membrane permeated acetic acid in preference to water indicating 
that polybutadiene must be a candidate for a permselective membrane material for 
acetic acid separation from its aqueous solution. 

I N T R O D U C T I O N  
Pervaporation has been recognized as a promising membrane separation 

process, which might lead to energy saving and the effective separation of liquid 
mixtures. 1 It may emerge in chemical industries as stand-alone and hybrid system 
with distillation in the near future. Especially, both selective separation of water 
from aqueous watermiscible organic l iquid solutions and that of ethanol from 
e thano l /water  mix tures have been intensively invest igated by using the 
pervaporation technique.2, 3 Acetic acid is one of the most important organic 
in te rmed ia tes  in the chemical  industry 4 and one of the top f i f ty chemicals 
produced. 5 Separation of acetic acid/water mixtures is one of tlhe systems for 
prime energy-saving candidates. 6 Dehydration of acetic acid/water mixtures by 
pervaporation has been studied since 1985. 7-17 On the other hand, preferential 
pervaporation of acetic acid can be also found. 18 

The authors investigated new membrane materials for selective pervaporation of 
acetic acid from its aqueous mixtures in continuation of our studies on the 
development of novel organic permeable membranes from common polymer 
materials.19-23 In order to obtain acetic acid permselective membrane materials, 
following two strategies were deduced from the previous paper 17 : (1) Introduction 
of a fixed carrier, which shows high affinity towards acetic acid molecules, into the 
membrane. (2) Adoption o famore  hydrophobicmembrane matrix. The former 
leads to an increase in solubility selectivity towards acetic acid. The latter causes a 
decrease in water solubility for the membrane, that is, such a membrane material 
can repel water molecules. The present paper deals with development of 
pervaporation membrane materials for the selective separation of acetic acid 
following the strategy (2): polybutadiene was chosen as a membrane material 
because of the hydrophobic character of polybutadiene, and their membrane 
performance was investigated. 
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EXPERIMENTAL 
Materials 

Polybutadiene (cis) (PB) was purchased from Aldrich Chemical Company, 
Inc. and used without further purification. Bis(1-methyl- l-phenylethyl)peroxide 
(DCP)wasrec rys ta l l i zed f romethano l ;mp43.5 -45 .0~  Acetic acid, distilled 
water, toluene, and benzene were used without purification. 

Preparation of Membranes 
PB membranes were prepared as follows: 30cm 3 of a toluene solution, which 

concentration was 66.7gdm -3, was poured into a flat laboratory dish (12.6cm 
diameter) and the solvent was allowed to evaporate at 45~ for 24h. The thickness 
of the membrane was ca. 150pm. CrosslinkedPB membranes were prepared as 
follows: first a PB membrane containing DCP, which consisted of 100 parts of P B 
and 1 part of DCP, was prepared from toluene solution in the same way as for the 
preparation of PB membranes. Then the formed membrane was heated at150~ 
for lh  so that crosslinks were introduced into the membrane. Thecrossl inking 
density was determined to be 0.57mol dm -3 using the Flory-Rehner equation. 24,25 
Benzene was used as a solvent for the evaluation of the crosslinking density. For 
the PB/benzene system, the Flory solvent-polymer interaction parameter X1 is 
given to be 0.314. 26 

Pervaporation 
Pervaporation of aqueous acetic acid mixtures was carried out through the 

present  membranes as descr ibed prev ious ly  22 at the constant operat ing 
temperature of 25~ The membrane area in contact with liquid was 9.9cm 2. The 
downstream pressure was in the range of 380 to 450Pa (2.9 - 3.4mmHg). 

The separat ion analysis was carr ied out on a Sh imadzu  GC-8A gas 
chromatograph with a 2.0 m-long column packed with Polyethylene glycol 20M on 
Chromosorb W(AW-DMCS). 

The separation factor c~ is defined as 

O~ = (Yacetic acid / Vwater)/(Xacetic acid /Xwater) (1) 

where Xi's and Yi's are the weight fractions of the component i in the feed and in the 
permeate, respectively. 

Measurement of Degree of Swelling 
After being dried to constant weight a membrane sample was immersed in acetic 

acid/water mixture at25~ When thesorption equilibrium was reached, the 
sample was weighed rapidly after blotted free adhering liquid on its surface. The 
degree of swelling of membranes was defined by 

Degree of Swelling (%) = 100 x (Ws - Wd) / Wd (2) 

where Wd and Ws denote the weight of the sample in both dry and swollen state, 
respectively. After the measurement of swelling, the sample was dried again to 
determine the weight of the dry sample so that the weight loss of the sample was 
scarcely observed before and after the swelling study. 
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Evaluation of Solubil ity Selectivity 
A membrane sample, prepared in the same way as described in the preceding 

paragraph of the measurement of degree of swelling, was used for the evaluation of 
solubility selectivity. The composition of liquid mixture sorbed in 'the membrane 
was determined as described previously. 17 

The solubility selectivity, SS, is defined as 

SS = (Zacetic acid / Zwater)/(Xacetic acid / Xwater) (3) 

where Xi's and Zi's are the weight fractions in the solution and in the membrane, 
respectively. 

RESULTS AND D ISCUSSION 
Figure 1 shows the results of the 

pervaporation experiments for acetic 
ac id /wate r  mix tu res  through both  
uncrossl inked and crossl inked P B 
membranes, where weight fractions of 
acetic acid in permeate and total f lux 
values, J, are plotted against weight 
fractions of acetic acid in feed. The 
vapor-liquid equilibrium curve for acetic 
acid/water system at 2 5 ~  27 is also 
depicted in Figure 1. Observed data 
points for PB membrane locate along 
the diagonal l ine in the whole feed 
f r a c t i o n  range ,  wh i l e  those  f o r  
polystyrene (PST)  membranes were 
below this line the weight fraction of 
acetic acid in feed being higher than 
0.7.17 This means that PB may bea 
candidate for membrane mater ia l ,  
which shows permselectivi ty towards 
acetic acid, rather than P S T .  This 
tendency can be explained in terms of 
the solubility parameters as reported 
previously. 17 The space distance of 
solubi l i ty parameter between acet ic 
acid and membrane ( D A M )  and that 
between water and membrane (DWM) 
can be estimated by eqs. (4) and (5) 17 
with the fo l l ow ing  va lues :  5d ,A  = 
14 .5J1 /2cm -3/2, 8p,A = 7 .98J1/2cm -3/2, 

and 8h,A = 13 .5J1 /2cm -3/2 for acet ic  
acid28,29: and 8d,W = 19.5J1/2cm -3/2, 
5p,W = 17.8J1/2cm -3/2,and 5h,W = 
1 7.6J1/2cm -3/2 for water. 30 
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Figure 1 Effect of feed composition on the separation of 
acetic acid/water mixtures and flux through 
uncrossIinked and crosslinked PB membranes. 
(Operating temp., 25~ downstream pressure, 
380-450Pa (2.9-3.4mmHg); O, uncrosslinked 
PB membrane; O, crosslinked PB membrane; 
--.--, vapor-liquid equilibrium curve.) 
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DAM = [(6d - (~d,A) 2 + (•p- •p,A) 2 + (ah - 8h,A)2] 1/2 (4) 

DWM = [(Sd - 5d,W) 2 + (Sp- ~}p,W) 2 + (ah - 6h,W)2] 1/2 (5) 

Estimated DAM and DWM for PB are summarized in Table 1 together with those 
for P ST. From Table 1, the permselectivity can be explained by DW M rather than 
by D A M  like the separat ion of aqueous acet ic  acid mix tu res  with P S T  
membrane.  17 In other words, the larger the space distance of the solubility 
parameters between water and membrane became, the more the water molecule 
was repelled from the membrane material. 

Table 1 Solubility parameter 
5sp DAM DWM 

j 1/20m-3/2 j 1/2om-3/2 j 1/20m-3/2 

PB 16.2 15.8 25.3 
PST 18.2 15.6 24.3 

In the previous study 23, it was made clear that the introduction of crosslinks into 
the PB membrane improved its permselectivity towards alcohols and made it an 
alcohol permselective membrane. Therefore, we tried to modify PB using the 
crosslinking technique with DCP. As we expected, weight fractions of acetic acid 
in permeate for crosslinked PB membrane were exceeding both diagonal line and 
vapor-liquid equilibrium curve. Thecrossl inkedPB membrane gave, strange to 
say, ah igher f luxva luethanuncross l inkedPB membranes. Similar results were 
observed in the separation of aqueous alcohol mixtures through uncrosslinked and 

crosslinked PB membranes. 23 We would like to discuss this later. 
The relationship between the composition of the liquid mixture sorbed in the 

membrane and the feed composition for uncrosslinked PB membrane is shown in 
Figure 2 and that for crosslinked PB membrane in Figure 3. Weight fractions of 
acetic acid in uncrosslinked PB membrane were slightly lower than the diagonal 
line and also locate below those in permeate of pervaporation. In the crosslinked 
P B membrane system, weight fractions of acetic acid in membrane were apparently 
higher than the diagonal line, though those were lower than weight fractions of 
acetic acid in permeate ofpervaporat ion. Introduction of crossl inksinto P B  
membrane led to an increase in affinity of membrane towards acetic acid and to the 
suppression of swelling by feed solutions. From swell ing behavior shown in 
Figures 2 and 3, and flux values in Figure 1, high flux value for crosslinked P B 
membrane might be due to the drastic increase in diffusivity for both permeants by 
the modif ication of membranes. The increase in d i f fus iv i tycaused by the 
introduction o fc ross l inks  was opposed to our expectation. 31 From this, we 
speculated that the nature itself of PB in modified membrane was changed from 
that of unmodi f iedPB membrane. Asaresu l t ,  diffusivities of permeant in the 
modif ied PB membrane became higher than those in the unmodif ied P B 
membrane. 

Using pervaporation and sorption data, solubility selectivity (Ss) and diffusivity 
selectivity (SD) can be evaluated. Diffusivity selectivity is given by 17 

SD = ot./Ss (= Dacetic acid/Dwater) (6) 
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where Dacetic acid and Dwater are the diffusivity coefficients of acetic acid and water, 
respectively. Separation factor, solubility selectivity, and diffusivity selectivity for 
the uncrosslinked and crosslinked PB membranes are shown in Figure 4 as a 
function of weight fraction of acetic acid in feed. In general, thehydrophobic 
membrane material showed high affinity towards organics, but diffusivity of those 
were low compared with that of water. 17,32-34 Hydrophobic  po lymer ic  
membranes, as a result, tended to give permselectivity towards water, e v e n  though 
they consisted of hydrophobic polymers. 17, 32-34 
in the present study, introduction of 
crosslinks into PB membrane brought 
about the increase in both solubi l i ty 
select iv i ty  and di f fusiv i ty se lec t i v i t y  
t o w a r d s  a c e t i c  ac id  m o l e c u l e s .  
Therefore, crosslinked PB membrane 
showed permselectivity towards acetic 
acid. As further extensions of this kind 
of study, it is necessary to explain the 
effect of the introduction of crosslinks on 
membrane performance in molecular 
level. 

a 
03 

03 

C O N C L U S I O N S  
Crossl inked polybutadiene mem- 

branes permeated acetic acid f rom 
aqueous its solutions by pervaporation. 
It was made clear that permselectivity 
towards acetic acid was caused by both 
the increase in solubility and diffusivity 
selectivit ies, which were originated in 
the in t roduct ion  of c ross l inks  into 
po i ybu tad iene  membranes .  The 
ob ta ined  resu l t s  s u g g e s t e d  tha t  
crosslinked polybutadiene can be used 
as a pervaporation membrane material 
for selective separation of acetic acid 
from aqueous its mixtures. 
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Figure 4 Effect of acetic acid feed concentration on 
separation factor (c~), solubility selectivity (Ss), 
and diffusivity selectivity (So) of uncrosslinked (a) 
and crosslinked (b) PB membranes. 
(Operating temp., 25~ downstream pressure, 
380-450Pa (2.9-3.4mmHg); 0, c~; qD, Ss; ~, So.) 
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