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ABSTRACT 

Although pentachlorophenol (PCP) has been widely employed as a biocide for over 60 years, its production and use are 
currently severely curtailed in many countries due to its extreme toxicity. In recent years, the contamination of both soil 
and surface waters by PCP has become a concern. In this study the permeation characteristics of PCP penetrating sili-
cone rubber membranes (SRM) were studied, in order to determine the feasibility of separation of PCP from water via 
the permeation and chemical desorption (PCD) method. It was found that efficient separation and recovery of PCP 
could be obtained using an acidic feed solution and an alkaline recovery solution. The permeation rate of PCP into the 
SRM was optimized when the feed solution was maintained at a pH of 4 or lower. The SRM thickness did not signifi-
cantly affect the permeation rate, indicating that the rate determining step for the process is the initial movement of the 
PCP into the SRM. The activation energy for the penetration process was determined to be quite high, and thus thermal 
controls will play an important role in the recovery of PCP by this method. The membrane distribution coefficient (mc) 
for PCP moving into SRM was large and showed a strong correlation to permeation rates reported previously, confirm-
ing that PCD is a suitable technique for the separation and recovery of PCP from aqueous solution. 
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Coefficient 

1. Introduction 

Pentachlorophenol (PCP), or its sodium salt, has been 
extensively used since the 1930’s as a herbicide, algae-
cide, germicide, fungicide, molluscicide, defoliant and 
wood preservative, due to its action as a potent biocide 
[1-3]. In addition to its innate toxicity, technical or com-
mercial grade PCP also contains approximately ten per-
cent impurities, consisting of several potentially hazard-
ous chlorinated aromatic compounds, primarily the more 
highly chlorinated dibenzo-p-dioxin and dibenzofuran 
congeners [4]. In the 1970s, the toxicity of PCP towards 
the liver and kidney was confirmed and its reproductive 
and developmental toxicities were also reported [5]. Fol-
lowing this, between 1978 and 1984, many countries 
either restricted or banned the production and use of PCP, 
due to its potential adverse effects on human health [6]. 
In the 1990s, the endocrine disrupting effects of PCP 
were also recognized [7,8]. Although it is now largely 
banned, PCP is still commonly found as a contaminant in 
air, water and soil worldwide, due to its widespread use 
in the past [6,9]. Remediation of contaminated sites is 
complicated by the fact that chlorinated phenols, such as  

PCP, are chemically stable. Although there have been 
attempts to remove PCP from soil by bioremediation, 
such treatment requires a very long duration and typi-
cally does not produce acceptably clean sites [10-12]. 
Thus the development of improved treatment technolo-
gies for the remediation of PCP-contaminated soil and 
water is of interest. 

We have previously investigated the permeation and 
chemical desorption (PCD) methodology for the separa-
tion and recovery of pollutants, using nonporous materi-
als such as silicone rubber membranes (SRM) [13,14]. In 
the PCD method, two solutions with different chemical 
properties are separated by a nonporous membrane. The 
compound to be recovered (in the so-called feed side 
solution) has significant affinity for the membrane mate-
rial and penetrates through the membrane. Upon exiting 
to the recovery side solution, this same compound is 
chemically modified such that it no longer has an affinity 
for the membrane and is thus trapped. To date, this tech-
nique has been demonstrated to be effective in the recov-
ery of various contaminants including iodine, phenols 
and anilines [13-18]. Both 4-substituted phenols and ani-
lines have been recovered from aqueous solutions using 
either NaOH or HCl, respectively, for neutralization [15]. *Corresponding author. 
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A comparison of the relative efficiencies of the PCD and 
pervaporation (PV) methods has been reported, using a 
tube-type apparatus. The removal rates of phenols by the 
PCD method were much greater than those by the PV 
method, demonstrating the efficient separation and re-
covery of compounds with low-volatility via PCD [15]. 
The rate at which phenols and anilines permeate into the 
SRM, the most important step in the PCD method, has 
been found to be well correlated to their concentration in 
the membrane [16]. Livingston et al. have also described 
a membrane aromatic recovery system (MARS) for re-
covering anilines and phenols using an SRM [17,18]. 
The MARS process operates on a very similar principle 
to that of the PCD method. Recently, the successful 
scale-up and operation of the MARS process following 
pilot-plant trials have been reported [19]. 

In this study the permeation characteristics of PCP 
through SRMs using the PCD method were investigated, 
as a first step in developing the technology to separate 
and remove PCP contamination in water and soil. 

2. Materials and Methods 

2.1. PCD Method 

Figure 1 illustrates the basic principles of the PCD 
method. A solution of PCP dissolved in an acidic solvent 
is placed in the feed cell, while the recovery cell is filled 
with an alkaline solution. Dissolved PCP molecules in 
the feed solution, being protonated at the hydroxyl group 
and thus uncharged, will tend to penetrate into the hy-
drophobic SRM. Once these PCP molecules permeate the 
membrane and emerge in the alkaline recovery solution, 
the hydroxyl group of the molecule is deprotonated to 
produce the charged phenolate anion (ROH → RO−). 
This charged phenolate species is poorly adsorbed by the 
SRM, thus does not tend to migrate back to the feed cell. 
As a consequence, PCP dissolved in an acidic solution in 
the feed cell, with an alkaline solution in the recovery 
cell, is eventually concentrated to the recovery cell. 

2.2. Experimental Procedure 

Figure 1 illustrates the flat membrane apparatus assem-
bled by us for this study. The SRM (A.S. One Co. Ltd., 
Osaka, Japan) was fixed between two cells made of glass  

(capacity of 250 ml) and held in place by a flange. The 
thickness of the SRM varied from 0.05 to 0.3 mm, and 
had an effective area of 1.7 × 10−3 m2. The membrane 
material used was confirmed to be polydimethylsiloxane 
with fumed silica filler by attenuated total reflectance 
Fourier transform infrared spectroscopy (ATR-FTIR). A 
0.04 mM solution of PCP (Wako Pure Chemicals Co. 
Ltd., Osaka, Japan) was prepared in distilled water. The 
pH of this PCP solution was adjusted to the desired value 
using either dilute HCl or NaOH (0.1 M) and 250 ml of 
this PCP solution was then transferred to the feed side 
cell. In a previous study [15], the permeation rate of 
phenols to the SRM was optimized when the recovery 
solution concentration of NaOH was at least 50 times 
greater than that of the feed solution of the phenols. For 
this reason, 250 ml of 20 mM NaOH was added to the 
recovery side cell, ensuring that the concentration of the 
deprotonating species is significantly greater than that of 
the target compound PCP. The solutions on both sides of 
the membranes are constantly stirred via magnetic stir 
bars. 

High performance liquid chromatography (HPLC) 
with UV detection was used to measure the PCP concen-
trations in the cells. Samples of 1 ml were withdrawn 
from both cells at regular intervals and their PCP con-
centrations were determined under the conditions listed 
in Table 1. All work was conducted with the experiment-  

 

Figure 1. The PCD apparatus. The apparatus was contained 
in a thermostatic chamber at ambient pressure. Legend: (1) 
Glass cell; (2) Silicone membrane; (3) Stir bar; (4) Stir plate. 

 
Table 1. HPLC measurement conditions. 

Detector UV spectrophotometric detector 875-UV (Jasco Co., Ltd.) 254 nm 

Column Inertsil ODS-3(GL Sciences Inc., Tokyo, Japan) 

Column temperature 40˚C 

Mobile phase Methanol/0.01 mol/L phosphate = 90/10 

Flow rate 1.0 ml/min 

Injection volume 10 μL 
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tal apparatus contained in a thermostatic chamber. 

2.3. Measurement of Membrane Distribution 
Coefficient mc 

A 3 cm square section of 0.05 mm thick SRM was im-
mersed for 24 h in a weighed bottle containing 10 ml of 
PCP solution of concentration ranging from 0.1 to 0.4 
mM. A duration of 24 h was used since previous work 
had demonstrated that transport equilibrium through the 
membrane was reached after this time period. The equi-
librium concentration of PCP (C1) was then determined 
by HPLC. The SRM was subsequently removed from the 
solution, drained well, and immersed for 24 h in 20 mM 
NaOH after which the concentration of PCP released 
from the SRM into the NaOH solution (C2) was deter-
mined by HPLC. The concentration of PCP in the SRM 
(C3) was estimated by: 

 3 2 2 1C C V V 

 

              (1) 

where V1 and V2 are the volumes of the SRM and NaOH 
solution, respectively. The membrane distribution coeffi-
cient, mc, was obtained by dividing C3 into C1. These 
distribution experiments were performed at 25˚C. 

3. Results and Discussion 

3.1. pH of the Feed Solution 

The permeation of PCP through the SRM, with a NaOH 
solution in the recovery cell, was investigated using dif-
ferent pH values of the PCP solution in the feed cell. 
Figure 2 shows the percent PCP recovery at different 
feed cell pH values after 6 h when using 20 mM NaOH 
as the recovery solution. The SRM thickness was 0.05  

mm, and a temperature of 25˚C was used. The recovery 
remained constant up to pH 4, with almost 90% of the 
PCP migrating to the recovery side after 6 h. The recov-
ery decreased with further increases in pH, and little 
permeation was observed at pH 10 or higher. 

As noted, when a phenol penetrates the SRM from the 
feed cell and enters the alkaline solution in the recovery 
cell, the phenol (R-OH) deprotonates to form the phe-
nolate anion (R-O−). The associated electrolytic dissocia-
tion constant, Ka, can be expressed as follows: 

a

RO H

ROH
K

       

U
PR

             (2) 

Using Equation (2), the molar ratio of non-ionized phe-
nol to the combined sum of non-ionized and ionized 
phenol ( ) can be calculated at any value of pH as 
follows: 

U
P pH

a

1

1+ 10
R

K 

UR

UR

             (3) 

According to the Hazardous Substances Data Bank 
[20], the value of pKa for PCP is 4.47. The values of P  
calculated based on Equation (3) are shown as a solid 
line in Figure 2. This line demonstrates that PCP is es-
sentially all in the non-ionized state below pH 4 and, 
conversely, is completely ionized above pH 8. The varia-
tion in percent recovery is closely correlated with that of 
the calculated values of . P

These results indicate that non-ionized PCP in the feed 
solution will dissolve and penetrate the SRM, whereas 
the ionized form (the phenolate) will not, since the nega-
tively charged phenolate is poorly adsorbed by the mem-  

 

 

Figure 2. The variation of overall mass transfer coefficient (KOL) and electrolytic dissociation of PCP ( RU
P  obtained from 

quation (4)) with pH (SRM thickness 0.05 mm, feed side cell pH 2, 25˚C). E    
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brane material. As a consequence, placing an acidic solu-
tion of PCP in the feed cell with an alkaline solution in 
the recovery cell creates an efficient system for the re-
covery of PCP. As noted, such a system spontaneously 
works to concentrate PCP on the recovery side, since 
phenolate in the recovery cell cannot return to the feed 
side through the SRM. The phenolate thus concentrated 
in the recovery cell can be subsequently collected by 
neutralization operation. 

3.2. pH of the Recovery Solution and Membrane 
Permeation of PCP 

Figure 3 shows typical changes in PCP concentration in 
the feed solution as a function of time. The PCP concen-
tration, as expressed by ln(C/C0), decreases linearly with 
time as the phenol penetrates through the membrane 
from the feed side to the recovery side. Assuming that 
the amount of deprotonating species on the recovery side 
(the NaOH) is in large excess compared to the target 
compound (PCP), and that the concentration of non-ion- 
ized PCP on the recovery side is zero, the PCP concen-
tration (C) on the feed side can be represented by [21, 
22]: 

OLd dA C t  V C K              (4) 

where A, V and KOL are the effective membrane area, 
liquid volume in the feed cell and overall mass transfer 
coefficient, respectively. Integrating Equation (4) under 
the initial conditions of t = 0 and C = C0, gives: 

OL
0

C A
ln K t

C V
                (5) 

This equation suggests that ln(C/C0) will be linearly 
proportional to t and Figure 3 in fact shows such a rela-  

 

Figure 3. The variation of feed side PCP concentration over 
time in the PCD apparatus (SRM thickness 0.05 mm, feed 
side cell pH 2, 25˚C). 

tionship. A similar tendency was observed under other 
conditions, allowing determination of KOL from the slopes 
of the fitted lines. 

3.3. Effect of SRM Thickness 

Figure 4 shows variations in the PCP transfer coefficient 
KOL as a function of the SRM thickness. The effect of 
increasing membrane thickness is moderate; even when 
the thickness of the SRM is multiplied six fold, the de-
crease in KOL is only about 15%. In practical applications 
of this method, where water used to wash PCP-con- 
taminated soil will produce the feed solution, the durabil-
ity of the membrane will become a very important factor. 
The apparent minimal impact of membrane thickness on 
the permeation rate will allow the design of the process 
so as to place a priority on the durability of the mem-
brane, which will be very advantageous in practice. 

3.4. Effect of Temperature 

The temperature dependence of the membrane perme-
ability (P) of rubbery polymers such as SRM above their 
glass transition temperature is described by the van’t 
Hoff-Arrhenius equation [23]: 

a
0 exp

E
P P

RT
   
 

             (5) 

where P0, Ea, R and T are the constant specific to the 
polymer, the activation energy for the permeation, the 
gas constant and temperature, respectively. Specific val-
ues of P for PCP permeation were obtained by employ-
ing the resistances-in-series model, which has been used 
to describe the transport of molecules through a mem-
brane with liquid films on either side. In this model, the 
term 1/KOL represents the overall mass transfer resistance  

 

Figure 4. SRM thickness effects on the overall PCP mass 
transfer coefficient (KOL) (feed side cell pH 2, 25˚C). 

Copyright © 2012 SciRes.                                                                                ACES 



J. SAWAI  ET  AL. 376 

and can be written as: 

OL L1

1 1

m c L2

1 1

K k k m k


) 

             (6) 

where kL1 and kL2 are the liquid boundary film mass 
transfer coefficients of the feed and recovery sides, re-
spectively, and km and mc are the mass transfer coeffi-
cient in the membrane and the membrane/aqueous solu-
tion distribution coefficient, respectively. When chemical 
absorption occurs as described for this method, the mass 
transfer resistance of the recovery side ( –1

L2k is negligible 
[21-23] and km relates to diffusivity, D, and film mem-
brane thickness, d, as shown in Equation (7). 

mk D d                 (7) 

Equation (6) can thus be re-written as: 

OL L1 c

1 1

L1

1d d

K k m
 

D k P
            (8) 

where P = mcD. Equation (8) describes a linear relation 
between d and 1/KOL. When values of 1/KOL are plotted 
against d, the value of P can therefore be obtained from 
the slope of the line. 

Figure 5 shows the manner in which calculated P 
values for PCP vary with temperature (the van’t Hoff- 
Arrhenius plot). The value of P increases with tempera-
ture, due to temperature-enhanced mobility of the poly-
mer chains which allows the PCP molecules to more 
readily diffuse into the membrane. A suitably linear rela-
tionship was obtained for the data (R2 = 0.93) with a cal-
culated value for activation energy (Ea) of 92 kJ/mol. 
Compared to the respective Ea values of 17 and 15.6 
kJ/mol reported previously for phenol and 4-chloroani- 
line [17,18], the Ea value determined for PCP appears 
very high. The penetration of PCP into SRM is thus quite  

 

Figure 5. Arrhenius plot for the permeation of PCP into 
SRM (SRM thickness 0.05 mm, feed side cell pH 2). 

temperature sensitive, indicating that temperature control 
will be a very important operational factor in this proc-
ess. 

3.5. Distribution Coefficient of PCP in the SRM 
mc 

Previously, it was determined that the permeation rate 
(KOL) for 4-substituted phenols and anilines correlated 
with the logarithm of the distribution coefficient (logmc) 
[16]. In this research, the mc value for PCP moving 
through SRM was determined experimentally. The value 
of logmc for PCP was found to be 2.6 at pH 2 and it was 
further determined that this value did not change when 
the initial PCP concentration in the feed solution was 
varied over a range of 0.01 to 0.04 mM. The value of 
logmc thus obtained for PCP was compared with those 
derived for phenols and anilines in the previous study [16] 
in order to determine if there was a correspondence. 

A good linear relationship between KOL and logmc is 
evident in Figure 6. The derived value of logmc for PCP 
fits well into the extrapolation of the straight line pro-
duced from previous data (R2 = 0.94). This indicates that 
the membrane distribution coefficient is a very important 
factor in regard to permeation of the SRM in this tech-
nique. The mc value of PCP is obviously relatively high, 
indicating that PCP moves readily into the SRM. As 
noted earlier, however, deprotonation of PCP in the re-
covery cell prevents reverse migration back through the 
SRM. 

Pervaporation has also been able to separate volatile 
compounds, such as alcohols, on a large scale by the ap-  

 

Figure 6. Variation of overall mass transfer coefficient (KOL) 
with membrane distribution coefficient (mc) for phenols (○), 

△anilines ( ) and PCP (■). (The values of KOL for phenols 
and anilines were obtained in a previous study [16]. The 
numbers 0 - 4 refer to the number of carbons in the alkyl 
chain of the 4-substituted phenol and aniline derivatives. 
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plication of vacuum to the recovery side of the process 
[24-27]. However, this method has not been widely ap-
plied for the industrial scale remediation of low volatile 
organic pollutants in water. Furthermore, results to date 
[15] have demonstrated that the recovery of phenols by 
the PCD method proceeds at a significantly greater rate 
as compared to removal by the PV method, suggesting 
that PCD is a superior technique for the separation and 
recovery of PCP. 

4. Conclusions 

After The permeation characteristics of PCP migrating 
into silicone rubber membranes were investigated in an 
attempt to better understand the utility of applying the 
PCD method to PCP remediation. The results of this 
work lead to the following conclusions: 

1) A system comprised an acidic PCP solution con-
tained in a feed cell, combined with an alkaline solution 
in the recovery cell, offers an efficient process for the 
recovery of PCP; 

2) The apparent minimal effect of membrane thickness 
on the permeation rate will allow process design incor-
porating a suitable degree of membrane durability which 
offers the advantage of a robust system; 

3) The penetration rate of PCP into the SRM is highly 
temperature sensitive, indicating that temperature control 
will be a very important operational factor in this proc-
ess; 

4) The mc value for PCP moving into the SRM is rela-
tively high, an indicator that PCD offers a suitable and 
efficient means for the separation and recovery of PCP. 

After PCP has been removed from aqueous solution by 
PCD, it may be collected by neutralization of the recov-
ery solution. This PCD process demonstrably allows the 
efficient recovery of PCP and is of significant interest 
and deserving of further study. Our group is pursuing 
further work in this field and has initiated a pilot study 
investigating the use of a silicone hollow-fiber membrane 
manufactured from the same silicone rubber used in this 
study. 
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