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VOORWOORD 

Op deze  plaats  wil ik allen  hartelijk  danken die mijn  verblijf  op  'Chemische  Technologie'  tot 
een  tijd  hebben  gemaakt,  waarop ik nog  lang  met  veel  plezier  zal  terugkijken.  In de eerste  plaats  de 
directe  collega's die de afgelopen  (bijna)  vijf jaar een  bijzonder  prettig  werkklimaat  wisten  te 
creëren.  Daarnaast  echter  ook  de  mensen die achter  de  schermen  hebben  gewerkt  en  indirect  bij  het 
onderzoek  betrokken  zijn  geweest.  Met  name de hulp  van  de  mensen  uit  de  glasinstrumentmakerij 
en  het  apparatencentrum is vaak  onontbeerlijk  geweest 

Een  belangrijke  rol  bij  het  vergaren  van de experimentele  resultaten  was  weggelegd  voor  een 
aantal  assistenten,  stagiaires  en  afstudeerders.  Annemarie, Erik, Hjalmar, Rik en  Mike  en  de  vele 
2.3 praktikanten  hebben  allen  op  hun  eigen  wijze  bijgedragen  tot  de  totstandkoming  van dit 
proefschrift.  Ronny  Bosch  wil ik graag  met  name  noemen. In het  jaar  dat  hij  binnen  onze  groep 
werkzaam is geweest,  heeft  hij  voor  veel  nuttige  meetresultaten  gezorgd.  Zandrie  was er om  de 
laatste  experimentele  puntjes  op de i te  zetten. 

In  de  laatste  fase  van  het  onderzoek  heb ik veel  steun  gehad  van  mijn  kamergenoten  Geert- 
Henk,  Hyun  Chae  en  Petrus,  die  mij  telkens  weer  door  moeilijke  momenten  wisten  heen  te 
sleuren.  Dr. M.C.H. van  Drunen  heeft  een  belangrijke  bijdrage  geleverd  bij  het  tot  stand  komen 

. van de economische  evaluatie,  terwijl  Ingo  Blume  een  onuitputtelijke  bron  van  'pervapkennis' 
bleek te zijn  en  zijn  steen(tje)  heeft  bijgedragen  bij  de  eerste  correcties.  Marcel  Mulder  en  Kees 
Smolders  hebben  mij  in  wetenschappelijke  zin  gesteund om het  een  en  ander  op  een  nette  manier 
op  papier  te hijgen. Tevens  hebben  zij  ervoor  gezorgd,  dat ik bij  gelegenheid  de  resulaten  van  het 
verrichte  onderzoek  in  binnen-  en  buitenland  heb  mogen  presenteren. De steun die ik van  Marcel 
Mulder  tijdens  het  onderzoek  gehad  heb,  met  name in de  laatste  kritische  fase,  is  voor  mij  van  grote 
betekenis  geweest. 

27 september 1990 





CONTENTS 

Contents 

Chapter 1 Membranes  in  environmental applications 

1.1  Introduction 
1.2 Soil sanitation  technologies 
1.3 Ground  water  purification 
1.4 Membrane  processes 

1.4.1 Basic  aspects 
1.4.2 Some  actual  applications 

1.5 Pervaporation 
1.6 Structure  of this thesis 
1.7  References 

Chapter 2 Resistances in series: effect of membrane thickness 

SUmInary 
2.1  Introduction 

2.2  Theory 
2.2.1 General 

2.2.2 Boundary  layer  resistance 
2.2.3 Membrane  resistance 
2.2.4  Influence of  different  parameters  on  the  pervaporation  performance 

2.3 Experimental 
2.3.1 Materials 
2.3.2 Membrane  preparation 

2.3.3  Membrane  characterization 
2.3.4 Pervaporation  experiments 

2.4  Results and discussion 
2.4.1 Substructure  (possible  heat  effects  during  crosslinking) 
2.4.2  Toplayer  thickness 
2.4.3 Determination  of  the  overall  mass  transfer  coefficient 

2 

6 
12 
12 
15 
19 
21 

23 

25 
25 
27 
27 

29 
30 
32 
33 
33 
34 

35 
36 
38 
38 
40 
40 



2.4.4  Determination  of  mass  transfer  resistances 
2.5 Conclusions 
2.6  Eist  of symbols 
2.7  References 
2.8  Appendix 

Chapter 3 Resistances in series: boundary Payer effects 

smarv 
3.1  Introduction 
3.2 Theory 

3 2 .  l General 
3.2-2 Mass  transfer  correlations 

3.3  Experimental 
3.3 L l Materials 
3.3.2  Membrane  preparation and characterization 
3.3.3  Pervaporation  experiments 

3 -4 Results  and  discussion 
3 -4. l Cross-flow pervaporation 
3.4.2  Stirred  cell  pervaporation 
3.4-3  Considerations on module  design 

3.5 Conclusions 
3.6  List of symbols 
3.7  References 

Chapter 4 Permeabilities of elastomeric membranes 

S m a r v  
4.1  Introduction 
4.2  Properties  of  elastomers 

4-2.1 Chain mobility 
4-2.2 Gross-linking 

4-3 Theory 

44 

46 
47 
48 
49 

51 
51 
52 

52 
54 
57 
57 
58 
59 
60 

61 
63 
67 
69 
70 
71 

74 
74 
74 
76 
77 
81 



Contents 

4.3.1  Resistance-in-series  model 
4.3.2 The  solubility  parameter  approach 

4.4 Experimental 
4.4.1 Materials 
4.4.2  Membrane  preparation 
4.4.3  Sorption  experiments 
4.4.4  Pervaporation  experiments 

4.4.5 Tg-measurements 

4.5 Results and discussion 
4.5.1 Determination of the  vulcanization  time 
4.5.2  Pervaporation  performance  of  various  elastomers 

4.6  Conclusions 
4.7  List of symbols 
4.8  References 

Chapter 5 Selective sorption from aqueous solutions in elastorners 

S u m a r y  
5.1  Introduction 
5.2 Theory 

5.2.1 Solution-diffusion  model 

5.2.2  The  solubility  parameter  approach 
5.2.3 Flory-Huggins  thermodynamics 
5.2.4 Evaluation of the  binary  interaction parmeters 

5.3 Experimental 
5.3.1  Materials 
5.3.2  Preparation of polymeric fdms 
5.3.3 Sorption  experiments 

5.4 Results  and  discussion 
5.4. f The solubility  parameter  approach 
5.4.2 Flory-Huggins  thermodynamics 

5.5 Conclusions 

81 
82 
84 
84 
84 
86 
86 
87 

87 
87 
89 
99 
99 
101 

104 
104 
106 
107 
109 
110 
111 
112 
112 
112 
113 
114 
115 
118 
127 



5.6 List o€ symbls 
5.7 References 

Contents 

P28 
129 

Chapter 6 Technicall and economic evaluation 

s-arv 
6.1 h@oduc~on 
6.2 General  technical  background 
6.3 E q e ~ e n d  
6.4 Resdts with a semitechnical  installation 
6.5 Economic  evaluation 

6.4.1 Investment  and  total  operating  costs for activated  carbon  adsorption 

6.4.2 Investment  and  total  operating  costs €or air stripping  based  processes 
6.4.3 Investment and total operakg costs for pervaporation  based  processes 
6-4.4 Final  discussion 

6.6 Conclusions 
6.7 References 
6.8 Appendices 

ALiquid phase  activated  carbon  adsorption 
B .Air slripping 
C .Pervaporation 

s m a r v  
Samenvatting 
Samenvatting  voor de leek 
Levensloop 

132 
132 
134 

137 
139 
141 
144 
148 
151 
157 
159 
160 
162 
162 
163 
164 
146 
169 
172 
173 

&apter 2 is accepted in a revised  version for publication  in  Journal of Membrane  Science 
Chapter 6 was published  in a revised wrsion in the 'Publicatiereeks  MilieubeheerF (ISBN 90 346 
1682 7) 



Chapter I 

CHAPTER 1 

MEMBRANES IN ENVIRONMENTAL APPLICATIONS 

H.H. Nij huis 

1.1 INTRODUCTION 

Can  membranes  help  to solve the  environmental  problems,  which  have  been  caused by 
mankind ever since  the  beginning  of  the  industrial  revolution,  within  a  relatively  limited  period  of 
time?  This is the  major  question  to  be  answered in this  chapter.  When in 1980 the  pollution  at  the 
location  'Lekkerkerk' in the  western  part  of  the  Netherlands  came  to light, nobody  could  foresee 
the  extent  to  which  these  environmental  problems  ,would  increase.  The  national  institute for public 
health  and  environmental care (RIVM) indicated  already in 1985, that  at  the  end of  this  century 

1400 small and 60 large soil sanitation  projects  should be rounded  off.  This  involves 13 million m3 

of  contaminated  soil  of  which 5.5 rnillion m3 actually  must be cleaned [l]. The  Dutch  government 
has  earmarked 2.4 billion  guilders for soil sanitation  until 1997 [Z]. An estimated  amount  of 25 
billion  guilders will probably be required for complete  sanitation of all the  factory sites in  our 
country [3]. 

Although  an  environmental  market  as  such  does  not  really  exist,  several  partial  markets  can  be 
distinguished  as  indicated  in  table 1 [4]. From  this  table it may  be  concluded  that  the  market  for 
environmental  equipment is growing  more rapidly than  has  been  estimated  on  forehand.  This 
general  tendency of unpredictable, rapid growth  makes it very difficult to estimate  the  market 
situation in the  near  future,  but it seems  justified  to  conclude  that  at  least  the  prospects  are good. 

The  severe  pollution  cases  which  came  to  light  have  accelerated  new  developments  in  the  field 
of soil sanitation  technologies. Several Dutch  companies  have  built up a strong  position  in  this 
field.  The  government  supports  these  developments  financially  (the so called  Stimuleringsregeling 
Milieutechnologie; SMT), which  strengthens  the  good  position  of  our  national  environmental 
industry. Illustrated by the large number  of reports written, the governmental  policy  and  the 
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environmental  legislation,  the  necessity for sanitation and  prevention of further contamination of 
the soil is clear for everybody. h this chapter a short review of the soil sanitation  techniques will 
be  presented with special focus on membrane  processes in general  and  pervagoration in particular. 

Table 1: Bverview of the Dutch enviromentak market [4] 

water  purification 490  630  670  505 700 
air pollution 115  175  615  305  750 
soil sanitation 145  250 
non-chemical wastes 105  160 300 140  450 

1 chemical wastes . 15 25 30 60 150 
others 75 110 240 160 300 

TOTAL 880 1,100 2,000 1,170  2,600 

1.2 SOIL SANITATION TECHNOLOGIES 

The large multinationals are often directly connected  with  contaminated  sites.  There are, 
however,  several  other  branches of industry  that are suspect on forehand 

* paint  pruduction  and  usage 
galvanic  industry 

e pesticide  production 
chenraical  dry-cleaning 
printing  industry 
gas-works, 

As a result of irresponsible  handling,  whether  wittingly or not, chemical  substances,  either  raw 
materials,  products or chemical  wastes  have  vanished into the soil. These  chemical  substances  can 
be  inorganic  contaminants,  i.e.  heavy  metals,  (complexated)  cyanides  and ammonia, or organic 
substances.  The  main  organic  pollutants are (polycyclic)  aromatics,  phenols,  alifatics,  volatile  and * 
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Chapter I 

non  volatile  halogenated  hydrocarbons. In table 2 the  contaminated  sites  and  the  extent  of  pollution 
have  been  summarized  according  to  the kind of  major  pollutant [s]. 

Table 2: Survey of contaminated  sites  and  their  extents in the  Netherlands [5] 

CONTAMINANTS 
AIifatics and aromatics 
Polycyclic  aromatics 
Cyanides 
Volatile  chlorinated  hydrocarbons 
Non-volatile  chlorinated  hydrocarbons 
Heavy  metals 

TOTAL 

EXTENT [m31 
1,430,000 
220,000 
270,000 
340,000 
170,000 
970,000 

3,400,000 

[%l 
(42%) 
(6.5%) 
(8%) 
(10%) 
(5%) 

(28.5%) 
(loo %) 

Several  sanitation  technologies  are  available  to  treat  the  contaminated  soil:  They  can  be  divided 
into  four  categories: 

thermal  treatment 
extraction 
biological  treatment 
isolation 

The first three technologies can  actually  clean the soil, whereas isolation merely  aims  at 
preventing  further  contamination  of  the soil and  the  ground  water,  and  thus  reducing  the  effects on 

the public  health. In figure 1 a  complete  flow  scheme for soil and ground water  sanitation is 
schematically  presented. In the following  sections  the  principles  of  the four technologies  will  be 
summarized.  For  a  more extensive overview of soil sanitation  technologies  one is referred  to 
literature  sources [6,7]. 

Thermal treatment 
The  contaminants are removed  from  the soil by  a  heat  treatment.  After  the  ground  has  been 

excavated  this  can  be  established  off-site  in  a  process  unit,  which  is  heated  either by direct  contact 
with  hot air or indirectly  through  heat  exchangers. In the  case of cleaning  in  situ  heat is added  to 
the  ground either via steam or hot air [8]. The  pollutants are transferred  to  the  vapos  phase, rise to 
the surface where  they are collected and aftertreated if  necessary. In the Netherlands 11 
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installations are in operation,  which  can incinerate chemical  and  domestic  wastes  as  well as 

contaminated soil. Recent  developments ïn this field aim at removing the contaminants  in a less 
severe  way in order  to  reuse  the  cleaned gromd. 

clean 
residue wafer 

4 1  p r e w e  t possible 
post  treatment 

clean air 

Figure I : Systems for the sanitation of soil and ground water 

Extraction 
Extraction is a process in which a liquid is involved to 'wash'  the  ground.  The liquid will in 

most  cases  simply  be  water to which  generally  chemicals  (e-g.  detergents) are added  to  increase 
process  performance-  The  most  critical  steps in the  extraction  process are the thorough  mixing  and 
separation of ground  and liquids and the purification of the contaminated extraction fluid. 
Extraction is a well established large scale industrial  process, This implies that already  several 
types of apparatuses are commercially  available,  which  accelerated the development of this 
process. 

Biskogieal freamenf 
In biological  treatment  systems  contaminants are degraded  through  biologicid  activity. M e r  

excavation, the contaminated soil is cleaned off-site in either a so-called 'lmdfarming' or a 
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Chapter 1 

composting  process.  In the latter process a  higher  amount of organic material is involved. 
Biological  treatment in situ is possible  through  a  landfarming  process for contaminants  present 
upto  a  depth  of  one  meter. 

Micro  organisms,  which  adapted  themselves  over  the  years  to  a lot of media,  play  an  essential 
role in this  process. In principle  each  organic  substance  can  be  degraded  by  means of  enzymatic 
systems or by micro  organisms  containing  the  essential  enzymes.  These  enzymes âre produced  by 
a large  number  of small mutations,  only  when  the  micro  organisms  have  been in contact  with  the 
contaminants for a  sufficiently  long  time.  For  several  components in mineral oil these  mutations 

have  already  been  executed in situ, whereas  bacterial  enzymes  are  able  to  convert  chlorinated 
hydrocarbons, polycyclic aromatics and pesticides. It seems that there are no  fundamental 
problems to degrade  contaminating  substances via biological  means.  Low  conversion rates are 
observed for chlorinated  hydrocarbons,  PCB's,  HCH  and  polycyclic  aromatics  due  to: 

contact  limitations  of  micro  organisms  and  contaminants 
growth  limitations  of  micro  organisms  by  the  deficiency  of  nutrients 
growth  limitations  of  micro  organisms  through  toxic  substances 
conversion limitations through external factors, like humidity,  .temperature  and  the 
presence of other  organisms. 

Sumonarizing it can be stated  that  microbiological  sanitation  processes  are  able  to  actually  clean 
the soil [ S ] .  The  organic  substances  already  present are preserved in contrast  to  thermal  treatment, 
whereas  the  quantity  of  waste  products is minor  compared  to  extraction  processes.  On  economic 
grounds a biological sanitation procedure  should also be  preferred. A clear disadvantage of 
biological  treatment is the  often  low  efficiency  and  the  long  sanitation  time.  For  sanitation in situ it 
is therefore  essential  to  prevent.ernissions  to  the  surroundings,  by  isolating  the  contaminated  area. 

Isolation 
Isolation techniques  aim at preventing  migration  of the Contaminants to the  surroundings 

without  removing  the  source of the  pollution.  Isolation  techniques  can  be  divided  into  three  main 
groups: civil-technical  isolation,  where a barrier  is  placed  to  stop  the  emission 

geohydrological isolation, by  which  contaminated  ground  water is pumped  up 

via an  installed  ground  water  withdrawal  system 
physico-chemical  isolation, by  which  through  injection of chemicals  the  contaminants 
are immobilized. 
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In cid-techicd isolation horizontal and vertical methods c m  k &s&guished. HoS2ontal 
isolation IIX&Q~S include the coverage of the contaminated site as well as the imoduction of an 
impermeable layer mder the contaminated site. With respect to the high cost civil-technical 
isolation is often restricted to installation of vertical screens or to the inntroduc~on of an 
impermeable layer on top  of a site, when by nature m impermeable layer is already  present 
somewhere in the soil below the contaminants, 

Geohydrologicd isolation  has in principHe not the intention to treat the withdram gomd 
water. If, however, this technique is combined  with a water purification system it can be 
considered  as an in situ  sanitation  process. 

Application of physico-chemical  isolation is restricted to cases where with respect to the fume 
destination of the site and the  kind of pollutants, a definite  removal is not required.  Especially  in 
cases where an impermeable layer is present only at great depths, immobilization of the 
contaminants  can k a useful alternative. 

A ground  water  withdrawal  installation is a strict requirement in combination  with isslation to 
induce an inwards flow from the surmmdings into the contaminated area instead of a 

contaminating  ffow outwards, The waste  water  stream thus produced  has to be purEed in most 
cases before &ainag; to the sewer or to  the s d a c e  water.  Besides  the cost for purification of the 

waste  water, the operating  costs  (labour,  maintenance, repair and  replacement at the end of the 

lifetime of the system) should also be taken int0  account.  For  small  contaminated sites this will 

imply a decision  to  actually  clean  the soil instead of wrapping it up. For extremely  large  scale 
operations for which  no  suitable  treatment  technology is available  yet, the decision to isolate the 

contaminated area may  be justifíed. 

Because  of the high cost,  the  excavation  and  tteatment of the  contaminated soil off  site  should 
be limited as much as possible  especially for large operations.  Therefore in situ techniques, &e 
isolation in combination  with  ground  water  withdrawal  systems, are preferred, Such a system 
consists in principle of three  integrated sub systems as indicated in fi,g.n-e 2: 

* ground  water  withdrawal  system 
water  purification 
infiltration 

6 



Chapter I 

Depending on the quality of the purified water, infiltration can  take place to rinse out the 
contaminants. It is also possible  to  drain  the  treated  water  to  the  surface  water or to  the  sewer.  The 
advantage  of  infiltration are the  reduction  of  the  sewage  costs  and  a  limited  decrease  of  the  ground 
water  level. 

ground water 
withdrawal system 

J / 

0 AA infiltration  system 

/ urain 
posttreatment 
(incineration) 

Figure 2: Schematical  representation of a  ground  water  sanitation  system 

In addition to contaminated  ground  water, several other aqueous  waste streams can  be 
distinguished in soil sanitation  as  has  been  shown in previous  sections. In situ  thermal  treatment  of 
the contaminated site requires  steam to evaporate the pollutants.  The  steam  and  pollutants  are 
collected at the surface, where  they are condensed  and aftertreated by means  of  a  suitable 

. , technique.  In  the  extraction  process  a lot of extraction fluids are consumed,  which  have  to  be 

properly  purified  before  drainage. 
Besides  the  sanitation of ground  water,  possibly in combination  with soil sanitation  processes 

and the treatment of process  water  in  soil  sanitation,  water  purification  processes are also of 
importance in the  treatment  of  percolation  water  from  (temporary)  domestic  land  fills  and  industrial 
waste  water.  For  an effective purification of the contaminated  water, the application of one 
technique is seldom  very effective, because  of the large differences in composition  and 
concentration of the waste  streams. This means that a  combination of techniques (hybrid 
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processes)  will provide a more effective system. In table 3 a survey is presented of the 
conventional techniques and their applications in the treatment of contaminated  water 171- In -this 
table  tbe only membrane  process mentioned is reverse  osmosis. K a foxThmaning section the  role 
of  other membrane  processes in water  treatment systems will be discussed. 

.;a 

.Y 
M 

Chemical 
cIassification 

l. AImhoIes f++ D f f +  D 

2.Azifatcs , D D O D 

3. Amines D D 

4. Aromaiics D +f+ + f D 

5. Ethers f f  D 

6. Cyclic  hydrocarbons 

halogenated alifatics 0 ++f f f f  

7. Metak +O o f++ f++ + f f  + f f  - 

8. ficellaneous 

Ammonia +t - - +f  +f 

Cyanide +f ++t 

TDS ++f ++f - 

9. PCB's f++ 

10. Pesticides O +f+ +f+ f++ 

ll. Phenols f f  f f +  +f+  D 

12. Phtalics f f  +f+ +f 

13. Polycyclic aromatics O + + + +-t 

Symbols refer to the  applicability: +++very welI; ++ good; +fair; O poor; - not; D doubtfhl 
Insufficient results are availabIe to give a firm based statement on the appficability in the other cases 
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' Chapter I 

The  volatile  organic  hydrocarbons  are an important  source of pollution;  they  can  be  divided in 
two main  categories,  the  aromatic  hydrocarbons  like  benzene,  toluene,  styrene  and  xylene  and  the 
halogenated  hydrocarbons  like  chloroform,  dichloromethane  and  trichloroethylene.  Especially  the 
chlorinated  hydrocarbons &e a  continuous  threat  to  the  public  health [lol. Several  substances of 
this  class  appear  either on the  so-called  'black  list' or on the  'high-priority  list'.  Often  traditional 
purification  techniques  cannot  be  applied  to  remove  these  components fí-om  aqueous  solutions. 
Two techniques are applied  on a technical  scale [ 1 l] : 

adsorption  onto  activated  carbon 
air stripping. 

ACTIVATED 

purge  gas or steam 
I 

k?J ACTIVATED 

Figure 3: Schematicat  representation of the  carbon adsorption process 

Adsomtion onto activated  carbon is based on the  physico-chemical  interaction of the 
component  to  be  removed  and  the  surface of the  carbon  particles.  Because of the  extremely  high 
specific  surface  area of the  activated  carbon  a  high  loading  capacity is obtained.  After  the  complete 
internal  surface is occupied,  the  carbon  has to be  regenerated.  The  cost of the  regeneration 
procedure  can  be  very  high,  depending  on  the  kind of pollutant,  the  adsorption  system  and  the 
regeneration  technique. 
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It is also possible to use  a  less  expensive  nomegenerable  kind of activated cabon. Especially in 
cases where regeneration is a problem,  because of the large number of adsorbed substances, the 

use of less expensive  carbon types seems to be a profitable option, The loaded  carbon is 
incinerated or brought, often at high cost,  to a P a n c l f i l l .  In figwe 3 a schematic  representation is 
given of the activated carbon adsorption  process, 

Air stripping can also be applied to  remove volatile organic components  from  aqueous 
solutions. Air or steam is brought in contact with the  contaminated  water  to  remove the volatile 
pollutant. TO prevent a water  pollution  problem to be transferred to an air pollution  problem the 
off-gases have to be  post-treated.  Several  options axe available  to treat the stripped gases, of  which 
gas phase adsorption onto activated G Z ~ Q ~  and bio€ihation  seem to be the  most  promising C12, 

.13]. h figures 4 and 5 the two possible  process  configurations are schematically  represented. 

aipr stripping 
column 

blower 

r 

residue 
Water 
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contamin 
water 

treated water 
(discharge) 

, treatedair 

t 1 
purge  gas or steam 

I refrigerant 

Figure 5: Schematical  representation of the  air  stripping  process in combination  with  activated 
carbon adsorption 

Membrane  filtration  techniques  provide  useful  alternatives  for  solving  environmental  problems. 
In general  they  possess  the  following  specific  advantages  over  conventional  separation 
technologies: continuous  operation 

low  energy  consumption 
no  addition  of  chemicals 
integration  in  existing  industrial  processes  possible 

The  disadvantages are the  possibly  limited  lifeaime of the  membranes  and  membrane  fouling. 
EspecialIy  this  last  aspect  is of great  importance  with  respect  to  the  application of microfiltration 
and  ultrafiltration in environmental  problems.  Until  now  membrane  processes  have  been  applied  to 
a  limited  extent  in this field,  although  interesting  applications  are  possible,  which  will  be  shown  in 

the  next  section. 

11 



: A semipemeabk membrane is the  central part in all membrane processes. The membrme  acts 
as  a permsekctive banier, through  which  some  components  can pass more readily than others. 
T ~ ~ D S ~ Q I T  takes place as a result of an applied driving force that can be provided  by either a 
pressure,  a  concentration, a temperame CK auz electrical  potential  diEerence. The separating ability 
o€ &e membranes is determbed both  by  membrane structure and  membrane  material. h f i p e  6, 
different  separation mechanisms are given,  based on thee  dikrent types of stmctmes. 

First generation Second generation 

Microftration PervaporationEas separation 
Pc9rous Non-pmus 

(Sieving)  (Solution-diEusion) 

Figure 6: Separation prìnclgle and  membrane s m c w e  for three gemrations ofmembranes 

The first generation of membranes,  which are also the most commonly known, contain  pores 
(channels), which  determine  whether  a  substance  can pass the  membrane or not, It is not  the type 

‘of the membrane  material  that  determines the separation,  but  rather the pore size in relation  with the 

particle  size. Still the membrane  material  plays  an  important  role  with  respect  to  membrane fouling 

and  membrane  cleaning. The chemical  and &ermal stability o€ the polymeric membrane is therefore 
important. Porous membranes are applied in micro- and ultrafiltration processes to separate large 
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particles  like  bacteria  and  proteins from solvents  like  water.  These  porous  membranes are available 
in a  large  variety of  materials  and  configurations  and  from  numerous  suppliers. 

At  the  moment we  are  at  the  transition fÏ-om first  generation  membranes  to  second  generation 
membranes.  These  second  generation  membranes do not  contain  any  'visible'  pores,  but  have 
dense  structures;  they  are  used  for  the  separation  of  molecules  with  similar  sizes.  These  molecules 
can  either be permanent  gases,  like  nitrogen  or  oxygen  (gas  separation),  or  liquids,  like  ethanol  and 
water  (pervaporation).  The  separation is established  on  the  basis of differences  in  affinity  between 
membrane  material  and  the  separated  substances  as  well  as  by  differences in  transport  rates  through 
the membrane. Gas  separation is used  commercially  to  separate  hydrogen from other  gases  and 
pervaporation  is  applied  in  the  dewatering of organic  liquids.  However,  both  processes  are  still  in 
their  developing  stage  for  other  separations. 

The  third  generation are the  membranes  of  the  next  century,  the  liquid  membranes.  The 
membrane is no  longer  a  solid  material,  but  a  liquid.  This  liquid  which  may  contain a carrier,  is 
present  in  a  solid  porous  material.  The  porous  microfiltration  membrane  is just a  support  for  the 
liquid,  whereas  the canier molecules are responsible  for  the  actual  separation.  Depending on the 
specificity  of  the  carrier  molecule  extremely  high  selectivities  can be established.  These  types of 
membranes  show  already  a  strong  similarity  with  biological  cell  membranes. 

In table 4 the  characteristic  features  of  the  different  membrane  processes  have  been 
summarized.  With  respect  to  environmental  problems  several  membrane  processes  offer  interesting 
possibilitîes  as  indicated by several  authors [14-181. If we  take  a  closer  look  at  the  possibilities  for 
the  use  of  the  three  generations  of  membranes  with  respect  to  environmental  problems,  specific 
differences  can  be  distinguished.  Microfiltration,  ultrafiltration  and  hyperfiltration  (reverse 
osmosis)  are in principle  identical  processes  using  a  hydrostatic  pressure  difference  as  the  driving 
force  for  transport  through  the  membrane.  With  these  types  of  membranes the pollutant is retained, 
whereas  the  solvent  passes  the  membrane.  This  accounts  for  microfiltration  (precipitated  heavy 
metals), as well  as  for  ultrafiltration  (oil/water  emulsions)  and  hyperfiltration  (nitrates,  heavy 
metals  and  cyanides).  Concentration  of  the  pollutants  can  be  continued  until 20-30% solid  content 
and  a  second  purification  step  is  required  to  concentrate  the  solution  fuaher. 

Different  circumstances  are  created  using  second  and  third  generation  membranes.  The 
pollutants are not  concentrated  here,  but  selectively  removed.  This  concept  has  to  be  preferred, 
because  pollutants are always  present  in  rather  small  amounts  and  the  permeation of these  small 
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Microfiltration L+SL pmme diftiereme 
(industrial  scale) G+S/G (O. 1-505 Pa) in size 

precipitated  metais 
oil/water  emulsions 

Ultnfïltration L/L 
(industrial scale) 

presme dif€ërence 
(0.1-1 m a )  in size 

oil/water  emulsions 

Reverse  Osmosis L/L 
(industrial scale) 

P- solution/ 
(1-10 MPa) diffusion 

ions, heavy metals,  salts 
nitrates h m  goundwater 
percolation  water 

EleclI@dialysis L/L 
(pilot plant) 

electric differenace 
potential in  charge 

ions from  water 

Gas separation G/G 
(industrial scale) 

pressure solution/ 
(O. 1-10 m a )  diffusion 

S 0 2  from off-gases 
vapors fkom air 
acid comp.  from  natural gas 

Pervaporation L/G 
(pilot  plant) 

activity solution/ 
diffusion 

volatile  organic  components 
from water 

Membrane  LIG 
distillation L L  
(pilot plant) 

ions from water 

metals from water concentration  solubility 

chemical  potential solubility 
dif€erence 

metal  ions kom water 
acid gases from air 

* L = liquid, G = gaseous, S = solid 

14 



Chapter I 

Third  generation  membranes  have  also  good  prospects in solving  environmental  problems. 
Possible  applications  are  the  removal of heavy  metal  ions,  like  mercury,  cadmiurn  and  lead  as  well 
as  other  ions like cyanides  and  nitrates  from  ground  water. It seems also possible  to  use  liquid 
membranes for the  selective  removal of  toxic  gases (CO, H#, S02  and NO,) from  air.  Several  of 
these membrane  processes are already  applied  on  an  industrial  scale  and  some  of  them  even  in 
environmental  processes  as is shown  in  table 4. 

Electrodialysis is a  membrane  process  in  which  ions  are  removed from an  aqueous  solution. h 
this  process,  which is competitive  with  hyperfiltration,  an  electrical  potential  difference is the 
driving  force  over  the  ionic  membrane. 

Membrane  distillation is a  process  that is not  applied on a  technical  scale  yet.  Distillation  takes 
place  over  the non wetted  porous  membrane  with  a  temperature  difference as the  driving  force.  The 
membrane  itself  does  not  part;.cipate in the  actual  separation,  but  fixes the vapour  phase  between 
two  liquid  phases.  Membrane  distillation  can just like  hyperfiltration  and  electrodialysis  be  applied 
to concentrate salts from  water.  The  process  has  been  developed to a pilot-plant scale and 
commercialization  can be expected  within a few  years  time. 

In pertraction,  a  combination of penneation  and  extraction,  the  membrane just acts  as  a  porous 
inert  separating  barrier  between  a  solution or a  gas  mixture  and  an  extraction  liquid,  but  there  are 
also  applications  in  which  permselective  membranes  are  applied.  In  this last case  the  component 
permeates  selectively  through  the  membrane  after  which  the  extraction  fluid  further  increases  the 
selectivity. 

1.4.2 Some actual applications 

Ground  water  sanitation by microfiltration [l61 
A former  zinc  finishing  factory  had  legally  dumped  acid  etching  baths  after  neutralization  into 

the  soil.  At  a  depth  of 5 meters  zinc  concentrations  of 72 mg/l  have  been  determined in the  ground 
water.  The  total  amount  of  dissolved  zinc  was  estimated  to  be 6,000 kg. In the first instance it was 
decided  to  treat 15 m3h of  contaminated  water  by  an  alkaline  precipitation  process  combined  with 
microfiltration. 

The  membranes  applied in the  microfiltration  units  were of the  composite  type  and  consisted  of 
an  extremely  thin  polymeric layer (10-50 w) on  a  ceramic  support.  The  membranes  were  very 
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susceptible  to fouling and a large flux decline was Q ~ s ~ I - v ~ .  At first these €oding problems  were 
i01ved through a mechanical  cleaning  procedure. Tbsy however, turned out to be insufficient, 
hence  more powerful chemical cleaning techniques were applied. ecause of these fouling 

problems,  the flmes were  not  as high as expected Probably  the p ~ l p e r  toplayer  was  destroyed 
during the cheinical  cleaning  procedures, &us increasing the adsorption  on the c e d c  support and 
plugging of  pores. 

ground water sanitation hy reverse osmosis [Id] 
One Q€ the  most  contaminated  locations in the Netherlands  (Volgermeerpolder)  has  been 

selected to determine  the  technical  applicability o€ a reverse  osmosis  process in the treatment of 
bound water  severely  contaminated with a wide  range of toxic  substances, Both. batch  and 
confinucaus experiments  have been carried  out, The two-stage processes was  able t~ treat 100 l/h 
and  consisted  of two reverse  osmosis units. The  permeate  produced in stage 1 was fed to stzge 2 to 

dbtain purified water with concentrations of the pollutants  below the allowable  standards for 
drainage,  The  results  were  encouraging,  because  very  low hal effiuent  concentrations  have  been 
established. 

Reverse osmosis in the  treatment of percolation  water from domestic landfills 

lm NI 
Domestic  landfills  can  be a serious  threat for the  surroundings,  because in the past chemical 

wastes, like heavy  metals  and  halogenated  hydrocarbons,  have  been  dumped. First the landfill is 
isolated to prevent water flowing  to  the surroundings. The percolation water, heavily 
contaminated,  cannot  be  drained  directly  to the sewage  system.  Membrane  filtration is applied to 
keep  the  contaminants within the isolated  system [19,203. The  treatment of the  percolation  water 
by a hyperfïltration (reverse  osmosis)  process is schematically represented in figure 7. The 
percolation  water is collected in a reservoir  and  then fed to a hyperfiltration  installation.  The 
concentrate containing the larger part of the toxic substances is reconducted  to  the  landfill. 
Depending on the quality  and  the  standard  €or  drainage  the  permeate  can either be further  treated in 
a second  steg or directly be  drained, This process is now  applied  on a commercial  scale in which 
the Dutch  company  Stork-Friesland  (The  Netherlands)  has  supplied  the  membrane  installations 
summarized in table 5 [19]. The  concentrations in the contaminated  water  have  been  reduced  to a 
level  that  makes it possible  to drain the  purified  water  to  the  sewer.  Problems  occurred,  howevery 
because of bacte~al growth in the  process  water  and  membrane fouling through scaling  effects. 
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I concentrate I 

I Reverse  osmosis 

- - - - -  

~~ ~ ~~ 

Figure 7: Treatment  scheme of percolation  water  via  reverse  osmosis 

Table 5: Commercial  hypetfiltration  installations for the  treatment of percolation  water 

YEAR LOCATION  CAPACITY  [m3/h]  MEMBRANE  AREA  [m21 SYSTEM 

1984  Uttigen  (Switzerland) . 2 
l985 Bavel (NL) 1 
1986 Karlsuhe (BRD) 8 
1986  Wijster (NL) 23 
1987  Wieringermeer (NL) 6 

100 
100 
600 
1,500 
600 

1 stage 
1 stage 
1 stage 
2 stage 
2 stage 

Vapor recovery from air [2P] 
GKSS (Germany)  has installed a  plant for the  recovery  of  organic  vapors  from fuel storage 

tanks.  The  vapors  produced  during  filling  or  aeration  of  the  tanks  are  collected  and  conducted  to  a 
membrane  module  as  schematically  represented in figure 8. The  permeate  from the first membrane 
module is condensed  and treated afterwards in a smaller  second  membrane  module  to  further 
remove  the  remaining  organics.  The  installation is capable of treating 300 m3  of  contaminated air 
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per hour. The average  concentration of organics is about 37 vol%  and consists mainLy of butane 

(25 %) and pentane (6.3 %). The concemttratiorm in the effluent stream just before the catalyzed 

kcineration is 5 & d ,  w ~ c b  is high enough  to  keep &e operating  temperature of catalyst  at 
200 to 258 "C. Assuming the value of the recovered  vapors  to be Dfl l.-/kg3 the instalIation will 
have a payback  time of 3 years. 

5 fi 

6.  Membrane module 10, vacuum pump 
7. vacuum pump 

Removal of vola&  organics by pervaporation [22-28] 

. Several authors have  shown that rubber-like polymers possess the favorable selective 
properties for the removal of volatile organic  components  from  water. On a pilot plant scale, 
experiments  have  been  carried out by  an  American  company WIR (Membrane  Technology  and 
Research) [22,231 using composite  silicone  membranes,  which are also  applied in vapor  recovery. 
It was  shown that pervaporation  may  have  good  prospects in the environmental  field,  both with 
respect to  economic  and  with  respect  to  technical  considerations.  Schröder [27,28] showed  that a 
hybrid  process of pervaporation  combined  with  activated  carbon adsorption could operate in a 
more cost effective way than activated carbon  adsorption  alone.  The effluent concentration is 
strongly  reduced in comparison with either  one of the stand  alone  operations. 



Chapter 1 

Referring  now  to  the  beginning  of  this  chapter, it will be  obvious  that  the  question  has  been  put 
in a  too  broad  perspective.  Membranes are of  course  not  the  cure  for all environmental  diseases, 
but  they  have  the  ability  to  solve  a  lot of environmental  problems.  With  respect  to  the  removal of 
volatile  organic  components from water  pervaporation  offers good prospects.  The  principles of this 
process are briefly summarized in the  next  section. 

1.5 PEWVAPORATION 

Pervaporation is a  membrane  process,  in  which  a  liquid  mixture is brought  in  contact  with  a 
membrane at  the  upstream  side  and the permeate  is  removed  as  a  vapor  at  the  permeate  side. This is 
established  by  reducing  the  relative  vapor  pressure  at  the  downstream  side  by  either  the  use of an 
inert  carrier  gas or an  applied  vacuum.  The  vapor is obtained  as  a  liquid  in  the  condenser. A 
schematic  representation of the  process  is  given  in  figure 9. 

permeate 

condensed 
permeate 

carrier gas It 
CARRIER GAS 1 

Figure 9: Schematical  representation of pervaporation  processes 
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In pervaporation  a  phase  transition  takes  glace,  the feed is a liquid,  whereas the permeate is a 
vapor. This hpIies that at least the heat of evaporation has to be supplied.  Pervaporation is 
especially  suitable for removing  very small quantities ~ ~ Q I I I  a bulk liquid. h tbis case  only the heat 
of  evaporation for the small amount of liquid  separated  has  to  be  supplied. F d e m o r e ,  fluxes in 
pervaporation are relatively  small,  which  makes the process  get  more  profitable  when only a small 
momt  has  to  be  removed instead of the complete  bulk  liquid,  Important  condition is, however, 

that the  membrane  has to be very  selective  towards the component to be  removed  With  respect t~ 

environmental  problems this process  can  be  applied  to  remove  volatile organic components, like 

halogenated hyclroczbns and  aromatics ikom ground or surface  water. 

In the  pervagoration  process three steps  can k distinguished in the membrane: 
selective  uptake  of  one  of the components from the  feed  solution 

9 selective  transport  (diffusion)  through  the  membrane 
desorption  (evaporation)  at  the pemeate side. 

Tke first two steps are the most  important  and  determine  the transp~rt rates observed  in  the 

membrane. n e  term permeab~ty coefficient (p> is introduced  to  obtain a direct  relation  between 
the observed  component fluxes (Ji) in the  pervaporation  process, the tpliclkness  of t.he membrane 

(c) and the concentration  difference  over the membrane (AC). 

l’’ According to the solution-diffusion  model this permeabiIity  coefficient is the product  of  the 

diffusion coefficient in the membrane (a) and the partition coefficient &L). The latter 

expressing %he selective  uptake in the  polymer  membrane  fkom the liquid  phase. 

This lumped  parameter (p) is often advantageous  when  modelling the diffizsion  behaviour. 
With  respect  to this parameter two models are commonly  used.  Fick’s law of diffusion, being the 
more  fundamental one, makes  use  of  diffusion  coefficients,  whereas the second  one  involves a 
mass  transfer  coefficient, a proportionality  constant  between the observed  transport rate and  the 
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overall  applied  driving  force. 
Choosing  Fick’s  law one is led to  descriptions  common  to  physics,  physical  chemistry,  and 

biology.  The  original  diffusion  law  of  Fick  is  given  as: 

where  c  means  concentration  of  the  diffusing  solute. As can  be  seen  the  flux  of  a  component  is 

directly  proportional  to  its  concentration  gradient.  Modifications of this  law  have  been  proposed 
later  on  and  concern  the  use of a  fundamentally  more  correct  chemical  potential  gradient,  which  is 
replaced  by  an  activity  gradient  in  pervaporation. 

When  choosing  mass  transfer  coefficients  correlations  are  developed  used  explicitly  in  chemical 
engineering. In this  case  the  flux  is  described  in  the  following way: 

J = k * A C  

For  transport in the  membrane this equation  can be rewritten  as  follows: 

The  choice  between  these two models is a  compromise  between  obtaining  results  in  a  very 
convenient  way or obtaining  results  in  a  more  elaborate  way,  but of more  fundamental  value.  The 
diffusion  model  is  the  more  fundamental  one  and is appropriate  when  concentrations are measured 
or needed  versus  position  and  time.  The  mass  transfer  model  is  simpler  and  more  approximate  and 
is  especially  useful when only  average  concentrations are involved. It also  gives  much  easier 
insight in situations  where  transport  limitations are operative  outside  the  actual  membrane 
(concentration  polarization  effects). 

1.6 STRUCTURE OF THIS  THESIS 

The main  objectives  of  the  investigations  described in this thesis  are: 
the  development  of  highly  selective  pervaporation  membranes  for  the  removal of , 
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volatile  organic  components  fpom  water. 
0 description of the .tsarmsport behaviour. 
G the evaluation  of the prwess  economics in comp~son  with akernative  processes. 

The reader,  who is merely  interested in the commercial-economical  aspects  of  removing  trace 
organics &om waste  water is referred  to  chapter 6, For the reader  with an interest în mass  transfer 
limitations  chapters 2 and 3 we the  most  interesting  ones,  whereas  more fundmental aspects on 
kembrane  per€ormmce are given in chapters 4 and 5. 

VXhen it was decided h m  a literature study, that  elastomeric  membranes  would  probably  have 
the best potential in this field, the pervaporation behaviour of several (thick) elastomeric 
membranes  has  been studid. On the basis of these  results  and those obtained with a semi-technical 
pervaporation installation t.he economics  of the process have  been  evaluated. The necessity  to 
improve  the pervaporation performance o€ the relatively thick homogeneous  membranes  was 
evident, Two possible ways in which  this  can  be  established,  viz. the reduction of  the  effective 

membrane  thickness and the  improvement of the mass  transport at the feed side  of the membrane9 
have  successively  been  investigated.  Additionally a more  fundamental aspect of the membrane 
itself, the preferential  sorption  of  the liquid feed components in the membrane,  has been studied. 
All these  different  aspects  can  be  found  back in the  various  chapters  of this thesis. 

In chapter 2 a  resistance-in-series model is presented,  which  can describe the pervaporation 
performance of elastomeric  membranes in the  removal of trace  organics  fpom  water. The model is 
verified using both  composite  and  homogeneous  membranes  with  a  wide  range  of  thicknesses. 
Transport in the stagnant liquid boundary layer seems  to  be of predominant  importance in the 
pervaporation  performance. 

In chapter 3 the transport of the organic component in the liquid boundary layer at the 

membrane  interface has been  studied. Using the mode1  presented in chapter 2 boundary  layer  mass 
transfer  coefficients have been  obtained  from  experiments  with  different  pervaporation cells &d 

membranes.  Theoretical  mass  transfer  ccaeffïcients  can be obtained  with  reasonable  accuracy  from 
mass  transfer  correlations. 

In chapter 4 the pervaporation  behaviour of various  homogeneous  elastomeric  membranes in 
the removal  of volatik organic components €rom aqueous solutions has been’  described. True 
membrane permeability data have  been derived using the equations explored in the previous 
chapters. The  permeability data are qualitatively  explained in terms  of the solution-diffusion mode& 
whereas  more quantitatively the data are related to solubility parameters  and glass transition 
temperatures,  Large Merences in selectivities  have been observed,  which  can be attributed  almost 
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, 
completely  to  differences in the  water  transport  through  these  membranes. 
h chapter 5 the  sorption  behaviour of elastsmeric  membranes  in  dilute  aqueous  solutions of 

organics  has  been  investigated.  Flory-Huggins  thermodynamics  can  be  applied  to  predict  the 
sorption  behaviour of the  polymeric  films. 

In chapter 6 the  pervaporation  process  has  been  evaluated  both  with  respect  to  economic  as 
well as to technical considerations  and  has  been  compared  with  alternative  processes. 

Pervaporation is a  generally  applicable  and  economically  attractive  process  for  the  treatment of 
aqueous  waste  streams  contaminated  with  moderate  and  high  concentrations of volatile  organic 
components. 
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CHAPTER 2 

RESISTANCES IN SERIES: EFFECT OF MEMBRANE  THICKNESS 

H.H. Nijhuis, M.H.V. Mulder and C.A. Smolders 

SUMMARY 
L 

A resistance-in-series  model is used  to  describe  the pewaporation pegormance of elastomeric  membranes in the 
removal of volatile organic  components from water. Equations  are  derived  to  describe  the  organic componentflux as 
a function of feed concentration, Henry-type of partition coefficient, diffusion coeflìcient in the membrane, 
membrane thickness and boundaxy layer mass transfer coefficient. The model has been vervied using both 
homogeneous and  composite membranes of polydimethylsiloxane, ethylene propylene rubber and polyoctenamer. 
Membranes with a wide  range of thicknesses  have  been  prepared  and  the pewaporation behaviour for the  removal of 
toluene and trichloroethylene f’rom aqueous solutions has been studied. Mass tranger  coeflcients in the  liquid 
boundary layer and in the membrane respectively have been determined. The experiments show that the 
hydrodynamic boundary layer resistance is of great importance. For highly permeable polymers such as 
polydimethylsiloxane mass transfer in the  boundary layer is  rate  determining  and  should  be  considered  carefully in 
further development of this process. For less permeable polymers such as ethylene propylene rubber this effect 
becomes more  dominant with decreasing  membrane  thickness. 

The water fluxes are inversely proportional to the thickness of the  actual separating layer and they depend 
strongly on the type of elastomer used. A proper choice of the elastomeric material and  the thickness of  the 
separating  layer  will  determine  the  selectivity of the process. 

2.1 INTRODUCTION 

All over  the  world  including  the  Netherlands  a  large  number of locations  are known where  the 
soil is severely  contaminated.  Today  a  number of different  techniques  are  available  that  can be used 
to  reduce or solve this problem.  These  techniques  can  roughly  be  divided  into four categories: 

themal techniques; 
biological  treatment; 
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* extraction; 
0 isolation. 

The last technique is not a cleaning technique in itself, but prevents further emission to the 

smomdings, h cases where  the pollutant has little or no interaction with the S O ~ P  particles a 
combination of isolation,  ground  water withdrawal, water  purification  techniques  and -if possible- 
infiltration of the purified water is a feasible procedure to clean the soil, as schematically 
represented in figure 1. The advantages of this procedure are the low initial costs, the simplicity, 
the avoidance of soil excavation and the additional sanitation o€ the groundwater. A clear 

disadvantage is the long soil cleaning time (l0 - 25 years) inherent to this  method [l]. Because in 
most  cases the time for  treatment  of the soil is limited,  alternative  techniques are prefend. 

Finure l: Ground water  withdrawal in combination withpervaporation  and  activated  carbon 
adsorption to remove  volatile  organic components 

Membrane filtration offers  good  prospects to solve  environmental  problems. Until now  only 
traditional membrane filtration techniques like micro-, ultra- and hypefltration are being  used. 
These pressure driven processes have the disadvantage that the polluting compounds are 
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concentrated  and  not  selectively  removed  from  the  feed  solution.  For  environmental  applications 
were  often  very  small  quantities of  toxic  substances are present,  techniques  should  be  preferred, 
which  remove  selectively  the  polluting  compounds. 

R 

With respect  to  this,  pervaporation  offers  good  prospects in the  removal  of  trace  organics  from 
aqueous  solutions.  The  attractiveness of pervaporation, in contrast  to existing techniques, lies in . 

the fact that the pollutant is selectively  removed from the feed as an almost  pure  liquid.  In  a 
previous  stridy [2] extremely  high  selectivities are reported  for  relatively  thick  dense  homogeneous 
elastomeric  membranes. A decrease in membrane  thickness  should further improve  the  already 
reasonable  fluxes. 

Several  authors  pointed at the important role of a  hydrodynamic  boundary layer resistance  at 
the  feed side of  the  membrane [3,4], causing  a  strong  decrease  in  pervaporation  selectivity  using 
thinner membranes. This phenomenon  observed at the membrane interface is referred to  as 
concentration polarization. In contrast to large effects found for pressure driven  membrane 
filtration techniques it was generally assumed that for gas separation and pervaporation 
concentration  polarization  was  of minor importance,  because  of  the  low  transport  rates  observed in 
these  processes  combined  with  a  relatively  high  mass  transfer  coefficient in the  feed  mixture.  Only 
recently, however, data were published from  which it is evident that the phenomenon  of 
concentration  polarization  can  not  be  neglected  a  priori [5-101. 

In this  chapter  a  resistance-in-series  model  will  be  discussed,  similar  to  the  work  of  C&é  and 
Lipski [4]. The  effect of  membrane  thickness  on  the  performance  of  pervaporation  membranes in 
the  removal of volatile  organic  components  from  aqueous  solutions will be  described  and mass 
transfer  coefficients for the  boundary  layer  and  the  membrane  respectively will be determined. 

2.2 THEORY 

2.2.1 General 

Figure 2 gives  a  schematic  representation of the  concentration  profile  of  the  preferentially 
permeating  component in the pervaporation process. Three different volume  flows  can  be 
distinguished 

f 

1) Convective  flow  of  the  components  towards  the  membrane  denoted  by Jc. 
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This flow is a  result ofthe transport of components  from the feed towards the membrme. 

2) Difhsional flow of the components in the boundary layer, denoted by Jd. 
This flow is due  to the Concentration  gradients of the  components in the boundary  layer- 

3)  Permeation of the components through the membrane,  denoted  by JP. 

This flow is due to the concentration gadient of the components  inside the membrane- 

$! organic 
component 

X 4  

Figure 2: Concentscztionprofile of the  organic  component in the boundmy layer and in the 

membrane (@means volme flaction) 

In the stationary  state the volume  and the mass of a volume element,  between x = O and x = xl, 
must be constant. The volume  balances  over this volume  element  are: 

Component i: Jf-$-$=O (i = 1,2) (2) 

J!, JP and J! are the component  volume  flows due to convection, diffusion and permeation, 
respectively. The different  flows  of  component 1 can be calculated  as  follows: 
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permeation: J! = J P  . @y (4) 

The  component  flows  due  to  diffusion are described  by  Fick’s  Law: 

In the  equations  given  above Cpl(x) and ( ~ ~ ( x )  represent  the  volume  fraction  of  component 1 and 

2 respectively at a  distance  x  from  the  membrane wall and @Y the  volume  fraction of  component 1 
in the  condensed  permeate. 

The  well  known film theory  relationship [ 1 l] for the  preferentially  permeating  component 1 
given  below  can  now  be  derived,  taking into account  that in a  binary liquid mixture  only  one 

diffusion  coefficient,  the  mutual affusion coefficient (BL), exists ( S L  = B = 53,). 

In equation (6) the  total  permeate  flow JP is  given  as  a  function  of  the  diffusion  coefficient  of 

the organic  component in the  aqueous  solution (BL), the  thickness  of  the  liquid  boundary  layer (6) 
and  the  volume  fraction  of  the  preferentially  permeating  component 1 at the  membrane  interface, in 

the  permeate  and in the  bulk  feed  solution. 

2.2.2 Boundary  layer resistance 

The logarithmic function in equation (6) can  be  rewritten  and  rearranged as shown in the 
appendix,  thus f inay yielding  a  simple  equation  for  the  mass  transfer  dilute solUtions: 
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Combination  of  equations (4), (7) and  substitution  of di3 by the  mass  transfer  coefficient kL 
gives: 

J:=kL(+I-@d 
b w  

(8) 

Equation (8) has been  derived using the following assumptions: 
Transport due to density  or  temperature  gradients is neglect& 

0 Diffûsion  coefficients are constant in the  boundary  layer; 
0 Concentrations are low; 

The boundary layer mass transfer Coefficient is independent of the flux and 
the  concentration. 

Equation (8) can also be- derived, assuming that  the  convective flux is negligible as is shown  by 
Psaume  et. d. [3].  If the membrane resistance can be neglected and  the membrane wall 
concentration is small  compared  to the bulk  concentration an even  simpler  equation is derived 

2.2.3 Membrane resistance 

For a  large  number of materials  the  membrane  resistance  can not be  negIected 'a priori'. C M  
and Lipski [4] showed that at high  cross-ffow velocities the membrane resistance may  become 
important.  The  membrane wall concentration in equation (8) can no longer be assumed to be  zero 
and a  second  equation  has  to  be  derived in order to calculate this Concentration. 

Transport in the membrane  can  as  a first approximation  be descrikd by the volumetric  form of 
Pick's  law. 
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In the  case of a  low  relative  vapor  pressure at the  permeate  side of the  membrane  (zero 
concentration)  and  with  constant  diffusion  coefficients in the  membrane  (independent of 

concentration),  integration of equation (10) gives: 

The unknown  wall  concentration  in  the  membrane $y7w can  be  eliminated,  if  a  Henry-type of 
partition  coefficient  is  assumed 

Substitution  in  equation (1 1) gives: 

J: = 

If equations (13) and (8) are 
following  equations  are  obtained: 

rewritten  as  the  product of 

Substitution of $7 in  equation (14) by  equation (15) gives: 

(13) 

flux (J) and  resistance (l/k) the 

The  overall  mass  transfer  coefficient bv, can  simply  be  determined  from  measurements of 
feed  concentration  and  the  steady  state  permeate  component  flux  in  the  pervaporation  experiments. 
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b 
J; = b v  - $1 

The  reciprocal  overall  mass  transfer  coefficient (l/kov) can  be  considered  as  the sum of: 
a liquid bomdargr  layer  resistance (lkd and 

0 a membrane  resistance ( IkM = 

According  to  the  solution-diEusion  model  the  product  of  partition  coefficient  and diffusivity is 

equal to the  membrane pemeabity (3’ = 53 x S>. Therefore  the  over&  membrane  resistance  can 
be  written  as: 

2.2.4 Influence of different parameters on the  pervaporation 

From  equations (17) and (18) it can  be  seen  that  the  pervaporation  performance in the  removal 
of volatile  organic  components  from  water  is  inf€uenced  by  several  parameters: 

b - feed  concentration ($1 ); 

- boundary  layer  mass  transfer  coefficient (kd; 

- membrane  permeability (p?); 
- membrane  thickness (t) 

The  boundary  layer  resistance (lkd is strongly  influenced by the  flow  conditions  at  the  feed 
side of the  membrane  (Reynolds  number)  and  the codiguration of the  cell,  while  the  membrane 
resistance is related  to  parameters  like  membrane  thickness  and  permeability. With increasing flow 

velocity  the boundary layer resistance  decreases and the  membrane  resistance (IkM = / PF) 
becomes  more  important.  Especially  for  relatively  thick  homogeneous  membranes  with a low 
peeabiIity for the  organic  component,  the  membrane  resistance,  which is supposed  to  be  directly 
proportional  to the membrane  thickness,  will  be rate determining. If the overall  mass  transfer 
resistance is plotted  as a function of the  membrane  thickness a straight  Iine is obtained  €or  which 
the  intercept is equal  to  the  liquid  boundmy  layer  resistance  and  the  slope  is  equal  to  the  reciprocal 
value of the  membrane  permeability  (see  figure 3). 
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membrane  thickness [pm] 

Figure 3: Mass tran$er resistances as afinction of membrane  thickness 

2.3 EXPERIMENTAL 

2.3.1 Materials 

Polyvinylidenefluoride  (PVDF)  and  polysulfone (PS0 were  used  as  materials for the support 
for the  composite  membranes.  Polydimethylsiloxane (PDMS; RTV  615 A) and  crosslinking  agent 
(RTV  615  B)  were  purchased  from  General Electric and  used for the preparation of dense 
homogeneous  membranes  and for the  thin  toplayer in composite  membranes.  Ethylene  propylene 
rubber (EPDM) and  polyoctenamer  (OT)  were  kindly  supplied by Helvoet BV.; Hellevoetsluis; 
Netherlands. 

The solvents (analytical grade) for dissolving the polymers  and  the crosslinking agent 
dicumylperoxide  (DCP)  were obtained from Merck.  The  polymers  and  chemicals  were  used 
without  further  purification. 

For  homogenization of the  demixed  permeate,  ethanol  was  used of analytical  grade  and  dried 
on  molecular  sieves. 

Water  was  deionized  and  ultraflitrated  before  use. 
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Thee polymer materids have  been selected on the  basis of a previous study [21. Silicone 
rubber (PI"), already  used  by  several  authors in? the removal  of volatile organic  components 

. from  aqueous solutions, is selected,  because of the extremely  high  permeation  rates.  Ethylene 
propylene  rubber @PDM) and polyoctenamer (OT) have  been  ïnvestigated,  because  they  combine 
extremely  high selectivities towards the organic component, to reasonable organic component 

0th dense  homogeneous and composite  membranes with an  elastomeric  toplayer  have 
been  prepared  by a stmdard  casting  procedure. 

For the  preparation of homogeneous  EPDM  and OT membranes the polpers are dissolved in 
a suitable solvent and a certain amount of DCP is added, The polymer sohtions of EPDM are 
casted on  a clean glass plate and the solvent is evaporated  overnight. For the preparation  of OT 

membranes Teflon@ plates are used. The next day the elastomers are crosslinked during 45 
minutes at 155 "C, After cooling, the plates are placed in a water  bath  and after 24 hours the 

membranes are carefdIy removed  from the plates.  The  evaporation,  crosslinking  and  cooling  step 
are carried out in a nitrogen  atmosphere. In this way  membranes are obtained with thicknesses in 
the range  of 40 - 200 prt. 

For the preparation  of PDMS membranes a different  procedure is followed,  The  polymer  and 
crosslinking agent are purchased  from  General  Electric (RW 615 A f B). The two components  are 
mixed  and  when the solution is free of air bubbles the solution is casted on a Perspex@ 
(polymethylmethacrylate) plate. To reduce  the  time  of crosslinking the  silicone  rubber  membranes 
are cured on the plate at 70 "C overnight in a nitrogen  atmosphere.  The  thicknesses  of  the  PDMS 
.membranes  thus  obtained  was 30 - 240 pm. 

The flat composite  membranes  consist of three  layers  (see  figure 4): 

- non woven  fabric; 
- porous  support of PVDF or PSe 
- dense  elastomeric  toplayer. 

.The supports  of  PVDF or PSF  were  prepared  by casting of a polymer  solution upon the  non 
woven fabric followed  by  immersion  precipitation. In this way  membranes are obtained with 
ultrafiltration  characteristics. 

The  dense elastomeric toplayer has been  applied  upon the porous support by casting of a 
polymeric  solution  and  evaporation of the  solvent in a nitrogen atmosphere. DCP was  added to the 
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polymeric  solutions  of EPDM and  OT in order  to  crosslink  the  toplayers  in  a  nitrogen  atmosphere 
by  an U V  initiated crosslinking  reaction  at 70 "C [12, 131. PDMS  toplayers  already  consisted of 
two  components  (General  Electric  RTV 615 A+B) and are crosslinked at 70 'C in a  nitrogen 
atmosphere. 

I permselective  toplayer 

en or nonwoven 

Figure 4: Schematic  drawing of a composite  membrane 

2.3.3 Membrane characterization 

The  porous  substructure  was  characterized  by  measurement  of  the  pure  water flux at  a  pressure 
of 3 bar  with a standard  laboratory  ultrafiltration  set-up. 

The  thickness  of  the  silicone  toplayers  was  determined  by  measurement  of  oxygen  and  nitrogen 
permeability.  Provided that the gas  permeability  of  PDMS is known, the effective membrane 
thickness  can  be  calculated  from  this  value  assuming  an  inverse  proportionality.  Furthermore  the 

membrane  area  should  be  known,  whereas  the  pressure  difference  over  the  membrane  and  the  gas 
permeate  flow  should  be  determined. A permeability ratio for oxygen/nitrogen  of at least two 
indicates  that  the  membrane is defect  free.  The  permeation  rates for EPDM  and OT were  too small 
to be measured in our simple  gas  permeation  set-up  and  their  toplayer  thickness  was  determined in 
another  way as will be described below.  The  thickness  of  the actual separating layer for the 
composite  membranes  ranged  from 5 to 70 pm. 

Scanning  Electron  Raicroscopy  was  used  to  check  the  effective  membrane  thickness  determined 
in this  way. 
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The pervaporation  data are obtained  with the set-up  schematically  represented in figure 5. The 
apparatus  consists  of a thenno-regulated 5 liter storage  tank  with Vitona f e d  and recycle hes .  
The  concentration of the feed  solution in the glass tank is kept  constant by a continuous  supply of 
organic  component to the  liquid  feed,  The  aqueous  solution,  with a temperature of 25 O@ is 
circulated  through  three  pervaporation  cells in series. A centrifugal pump ~ Q W S  an average flow 
rate in this set-up  of 2 Vinin, which is large enough  to  prevent a concentration drop over the three 
cells. Syringe  sampling of the feed for GC analysis was done periodically through a silicone 
rubber  septum. 

The  pervaporalion  cell,  schematically  represented in figure 6, consists of an upstream  and a 
downstream  half  cell.  The  liquid feed flows through  the  upstream  side, bringing the  upper  side of 
the membrane in contact with the  liquid. 

2 

Figure 5: Schematic diagram of the qer imntal  set-up 
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10 

1. Thermocouple 
2. Feed  outlet 
3. Feedinlet 
4. Upstream halfcell 
5. Viton O-ring 
6. Metalring 
7. Membrane 
8. Porous metal  support and metal ring 
9. Downstream  halfcell 

I 10.  Clamping screws 
11. Permme outlet 

10 

Figure 6: Schematical  representation of the  pervaporation  cell 

The  permeate is collected  in  cold  traps,  cooled  with  liquid  nitrogen (- 196 "C). The  level  of  the 
liquid  nitrogen in the  dewars is controlled  by  a  level  control,  a  large  storage  tank (50 liter) and three 
low  temperature  resistant  electrical  valves.  The  downstream  side  of  the  set-up  offers  the  possibility 
of continuous operation by turning the glass valves, indicated by A and B in figure 5. For 
measuring  the  pressure  at  the  permeate  side  each cell is supplied  with  a  pressure  gauge  (Edwards 
type PRM 10) close to  the  permeate side of the  membrane.  The  pressure  can be read with  a 
pressure controller (Edwards; type 1101), which also operates  as  a  safety device shutting the 
system  down in case of a sudden  pressure  rise.  The  vacuum in the  system is maintained  by  means 
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of m Edwards twro stage vacuum pump. 

Steady state operating  conditions  were  achieved  after 3 - 4 days  of  pervaporation-  After the 

permeate  was collected, the component fluxes were  determined,  according to the f d l o ~ h g  
equation: 

Component flm: 

The  concentrations  of the liquid mixtures were in the  range of 100 - 500 pg/g which  allows  to 

assume a  concentration  independent  feed  density  of  approximately lQ80 kg/I113- 

2.4 RESULTS AND DISCUSSION 

2.4.1 Substructure (thermal stability during crosslinking by heat) 

ultrafiltration membranes  obtained  by  immersion  precipitation  have  been  used  as  support for 
the  elastomeric  toplayers. Crosslinking of the elastomen is necessary  to  prevent high swelling and 

loss of mechanical  strength  and  consequently loss of  pervaporation  performance..  Crosslinking 
times of 30 - 60 minutes are found  to be necessary at temperatures of 150 "C and higher fOr 

dicumylperoxide (DCP) [14]- The  thermal  stability of the PVDF  and  PSf  supports  against  a  heat 
treatment for one  hour at 155 OC is poor,  while  solvents  to be used  during casting had  only  a small 
influence on the characteristics  of the substructure. As an  example ultrafiltration pure  water flux 
data  for PVDF are given in table 1. 

1: ULtqi'Ztrationpure waterfluxes of the porous  substructure (PVDF) under various 
conditions 

pretreahent type CC14 IHexane 155 "C UV 

pure water flux  [kg/nn2.ha] 

before  pretreatment 46 38 44 41 

after pretreatment 34 33 14 38 
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Because of the  poor  thermal  stability of the support  a  different  method of crosslinking  was 
used.  Dense  homogeneous  elastomeric  films  containing DCP were W-irradiated at 70 "C in  a 
nitrogen  atmosphere.  The  films  obtained in this way  showed  good  mechanical  strength  and  limited 
swelling  even  after  one  week of immersion in the  polymer  solvent. As shown  in  table 1 the  UF 
pure  water  flux for the  porous  support is not  altered  due  to this irradiation  process. 

Scanning  Electron  Microscopy  showed no visib1.e  changes of the  porous  support  due  to  either  a 
heat  treatment,  UV-irradiation or a  treatment  with  the  elastomer  solvent. 

O 100 200 300 400 500 
feed  concentration [pg/g] 

Figure 7: Influence of the  porous  support on pervaporation  per$onnance 

After  evaluating  the  influence of several parmeters in the  preparation  of  composite  membranes 
on the porous  support, it  is also of interest to determine  the influence of the support  on  the 
pervaporation  per€orrnance.  Figure 7 shows  the  flux  of  the  organic  component  as  a  function  of  the 
feed concentration for a  homogeneous  OT-membrane.  The s m e  membrane is used  again,  now 
upon  a  porous  PSf  support.  In  a  third  experiment  the  same  homogeneous  membrane  was  installed 
on  a  PSf support that had  been  heat treated for one  hour  at 155 'C. The influence of the 
substructure, that had  not  been  pretreated,  seems  to  be  negligible,  at least for the  relatively  thick 
OT-membrane  used for this purpose.  The heat treated support showed a somewhat  higher 
resistance  against  mass  transfer of  the  organic  component.  The  differences in organic  fluxes  are, 
however,  only  small, in contrast  with  the large drop in pure  water flux of the  thermally  treated 
support,  showing  the  minor  influence of the porous  support on pervaporation  performance  in 
comparison  with  other  resistances  present. 
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The thickness Q€ the actual separating layer of the silicone composite  membranes  was 
determined  by  oxygen/Ditroggn  permeability  measurements. An alternative  method for determining 
the toplayer  thickness,  however,  was  developed for cases of  too low gas fluxes. The water fluxes, 
which are independent of the  concentration of organics in the  aqueous  solution [15-17], appear  to 
be  inversely  proportional  to the effective  thickness of the  membrane as shown in figure 8. On the 
horizontal axis both the effective membrane thickness of composites, determined  by  gas 
permeability and the thickness of the homogeneous  membranes,  determined  with a digital 

micrometer, are given. The mean  pervaporation  water fluxes are given on the vertical axis.  For 
comparison the water  fluxes for EPDM membranes are also  given in this  figure;  they are roughly 
100 times  smaller at comparable  thicknesses. 

membrane  thickness [p] 
40 20 10 5 

0.00 0.05 0.10 0.15 0.20 
reciprocal membrane  thickness [p.mal 

13 

membrane thickness [p] 

200 100 50 33 

Material: EFDM (hom) 
Feed toluenelwatep 

0.00 0.01 0.02 O 
reciprocal  membrane thickness 

Figure 8: Waterfluxes obtainedfrom liquid feed mljcturex as afinction of reciprocal 
membrane  thickness for PDMS (l@) and EPDM (right) membranes. 

2.4.3 Determination of the overall mass transfer coefficient 

The overall mass transfer coefficient @QV) can  be  determined  from a plot of the organic 

component flux (Joc) over the feed concentration ($1). A linear regression fitting procedure is 
followed  to  obtain this bv value  fiom  the  slope,  while  the  intercept is smaller  than 0.2. 

b 
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In this way  overall  mass  transfer  coefficients  have  been  determined  for  EPDM,  .OT  and  PDMS 
membranes. 

Ethylene propylene  rubber 
Two  homogeneous  EPDM  membranes  have  been  prepared  with  thicknesses  of 50 and  140  pm 

respectively.  The  pervaporation  results  as  a  function  of  the  trichloroethylene  concentration  are 
given in figure 9. The  overall mass  transfer  coefficients  calculated  from  the  slopes  of  the  lines  are 
1.3 * 10-5 m/s  for  the  thinner  and 0.90 * 10-5 m/s for  the  thicker  membrane.  Although  a  higher 
slope for the  thinner  membrane  is  observed,  the  overall  mass  transfer  coefficients  differ  only  by a 

factor  of 1.4, while  the  reciprocal  ratio of the  thicknesses is 2.8. This  indicates  that  an  inverse 
proportionality  between  the  organic  component  flux  and  the  membrane  thickness  could  not  be 
established,  hence  a  liquid  boundary  layer  resistance  does  exist  even for these  relatively  thick 
membranes. 

O 200 400 600 800 1000, l200 
feed concentration [yglg] 

Figure 9: Trichloroethylene component fluxes for homogeneous EPDM membranes as a 
function of the feed concentration 

The  possible  effect of different  supports  has  been  checked  again in the  following  way. Thin 
permselective  toplayers of EPDM  were  applied  on  PVDF  and  PSf  supports  to  reduce  the  toplayer 
resistance  to  extremely  low  (negligible)  values.  The  pervaporation  performance  was  determined  for 
an  aqueous  solution  of  toluene  with  a  concentration  of 200 pg/g. The  pervaporation  water  fluxes 
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indicated that very  thin  toplayer thichesses had  been  obtained. The effective thicknesses of the 
investigated membranes were  different, but both for the PWF as fop- the PSf  support less than 1 
pm. This was  confirmed  by SEM. From the organic  component fluxes (19.5 and 18.4 g/(m2.h) 
respec~vely) the  overall  mass  transfer  coefficients  were  calculated as 2.7*10-5 m/s and 2.6*10-5 
m/s for the two supports. From this experiment it is clear that both porous  supports  do not 
contribute  to the overall mass  transfer of the organic  component.  PSf  supports  already  proved  to 
have a negligible resistance, in comparison  with other resistances present, and therefore 
experiments  performed  with  the  different  supports, can be compared with each other. 

Pol’goctenamer 
Extremely high selectivities  made OT a very  promising  material for the extrastion of volatile 

organic  components  from  water.  Two  composite  membranes  have  been  prepared  consisting of a 
PVDF support  and  an  OT  toplayer.  The  pure  pervaporation  water  fluxes  have  been  determined  and 
were 23 and 1.0 g/(m2.k)  respectively, €?om which  toplayer  thicknesses of 5 and  150 pm were 
calculated and confirmed  by  SEM-photographs. 

Feed: Mwater 

O 100 200 300 400 500 600 
feed concentration [p,g/gl 

Figure 10: Trichloroethylene  componentfluxes for OT-composite  membranes as afinction of 
feed concentration 

h figure 10 the results for the two composite  membranes are summarized.  From  the  slopes of 

these curves overall.  mass  transfer  coefficients  can  be  calculated  as 1.7 * 10-5 m/s and 1.1 * 10-5 
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m/s  respectively. It  is clear from  these  results that the  membrane resistance has  practically  no 

influence  even  for  a  30-fold  reduction  in  toplayer  thickness. 

Pslydimethyksiloxane 
The  presence of the  membrane  resistance  shows  up least of all with  composite  membranes . 

consisting of  a PDMS toplayer on  a PSf-support. Results for aqueous solutions of 
tichloroethylene and  toluene  are  summarized in figure 11. The  solid  lines  in  these  figures  represent 

the fit obtained  when all experimental  values  are  considered in a  linear  regression  fitting  procedure, 
irrespective of  the effective membrane  thickness. It  is remarkable  to see that for the  organic 
component  fluxes  only  minor  deviations  from  the  straight  line  are  observed,  although  composite 
membranes  were  used  with  toplayers of various thicknesses.  Obviously the resistance of the 
membrane contibutes only  to  a  minor  extent  to  overall  resistance  towards  mass  transfer of the 
organic  component. 

n 

100 200 300 400 
feed  concentration [pg/g] 

toplayer thickness 
O 9.3 l.lm l a I 

" o  100 200 300 400 
feed  concentration [pg/g] 

Figure l l : Trichloroethylene fluxes (left) and toluene fluxes (right) for PDMS-composite 
membranes as  afinction of the feed concentration of the  organic  component in water 

From  the  experiments  described  above  the  permeability  coefficients  of  the  organic  component 
in PDMS membranes  could not be  determined in a  very  accurate  way.  However,  more  accurate 
data may  be  obtained  from  experiments  with  dense  homogeneous  membranes.  The  thicknesses of 
these  membranes  should  then  vary  over  a  wide  range.  This is described in the  next  section. 
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2-4.4 Determination of mass transfer resistances 

The overall mass  transfer  coefficient (bv), can be calculated fiorn a plot of the organic 
component flux vs. the concentration  (see figure 9). Because  straight lines are obtained, an 
alternative less time consuming  way of determining  the  overaIl  resistance  (l/kov) plas been used. 
The ratio of the organic  component flux and its bulk concentratïon at one k e d  composition of the 

feed mixture gives the desired value for the overall mass transfer coefficient.  For  dense, 
homogeneous  membranes of PDMS and EPDM, the  boundary  layer  and the membrane  resistance 
have been determined in this way from experiments with toluene as the  organic  component. 

The component fluxes  for dense homogeneous  membranes of PDMS and EPDM  with 
thicknesses in the  range of 30 to 240 pm are  given in figure 12.  Organic  component  fluxes of 13 to 
20 g/m2.hr at a concentration of 250  pg/g are obtained for PDMS membranes,  while  the  water 
fluxes ranged from 6 to 51 g/m2.hr. For EPDM  membranes toluene fluxes at a constant 

concentration of250 pg/g  could  be  calculated of 3.5 to 8.5 dm2.hr, while the water fluxes ranged 

fsom 0.17 to 0.89 dm2.hr- 

membrane thickness [p] 

Feed concentration: 250 pdg 

c 
u 
O s 
8 

membrane thickness [jun] 

l00 50 33 

4 

2 :j / / 
Temperatme: 25 OC 
Feed concentration: 250 pEfg 

O ~ 0:Ol O102 0.03 0.04 
. - .  V .  -~ r --. 

O 0.0 1 0.02 0.03 
reciprwd membrane thickness [pm-~] reciprocal  membrane thickness @mn-I] 

Figure 12: Organic componentfluxes as afinction of reciprocal  membrane thickness for 
PDMS (lefi) and EPDM (right) metvbranes 

Figure 13 gives the calculated overall resistance (l/kov) as a fimction of the membrane 
thickness for PDMS and EPDM membranes in the  separation of toluene/water  mixtures.  For 
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comparison the results  with  trichloroethylene/water  mixtures for both  homogeneous  and  composite 
PDMS  membranes  as  well  as  homogeneous  EPDM  membranes  are also presented  in  these  figures. 
The data clearly  indicate  that  the  permeabilities,  obtained  from  the  reciprocal  slopes of  the  lines 
after  linear  regression  are  higher in PDMS  than in EPDM,  especially for toluene.  The  determination 
of the trichloroethylene  permeability in PDMS is difficult,  due  to the small  variations  in  organic 
component fluxes and  the  relatively  small  range of  thicknesses  investigated.  The  regression  curve 
in figure 13 is drawn  on  the  basis of the  results  with  composite  membranes  and  one  homogeneous 

membrane.  The  overall  resistance  determined for the  17.5 pm membrane  was  almost  identical  to 
the values  obtained for the 72 pm composite  and  the 80 pm  homogeneous  membrane.  Therefore 

this value  was left out of  the  fitting  procedure. 

Material: PDMS 

homogeneous  (tol/water) 

Y 

0 0  
O 50 100 150 200 250 

membrane  thickness  [pm] 

O I . I ' I " I *  

O 50 100 150 200  250 

membrane  thickness [pm] 

Fìpure 13: Mass  transfer  resistances as afinction of membrane  thickness for PDMS (lej?) and 
EPDM (right) membranes 

Table 2 sumarizes the results obtained for the investigated  homogeneous  and  composite 
elastomeric  membranes.  Boundary  layer  and  membrane  mass  transfer  coefficients  have  also  been 
calculated for the  system trichloroethylene/water/OT on  the  basis  of two membrane  thicknesses. 

,The intercepts of the curves, expressing  the liquid boundary layer resistances (l/kL), give 

values of the  mass  transfer  coefficient in the range of 1.4 - 2.5 * 10-5 m/s. In principle  the  liquid 
boundary layer resistances should  be  independent of the type  of  polymer  used.  The  observed 
deviations  are  probably  due  to  the  extrapolation  procedure  used.  An  average  liquid  boundary  layer 

mass  transfer  coefficient of (2.0 k 0.5) * 10-5 m/s can  be  calculated  from  the  values  listed  in  table 
2, which is a  pretty high, but  not  an  unrealistic  value in practical  applications. 
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material organic mass transfer  coefficient [mis] 
component boundary layer membrane (10 p) 

PDMS mom) toluene 2.5 Q 10-5 8.2 * 10-4 
PDMS (Comp) trïchlomethylene 2.2 Q 10-5 5.4 * 10-4 
EPDM (Hom) toluene 1.4 Q 10-5 1.1 Q 10-4 
EPDM (Hom) trichloHaethylene 1.7 Q 10-5 2.8 Q 10-4 

0T (Comp) trichlomethylene 1.7 Q 10-5 2.8 * 10-4 

The  membrane  mass  transfer  coefficient is dependent of the membrane  thickness,  but for a 10 

pm PDMS membrane this coefficient (kM) takes  a  value of 8.2 * 10-4 m/s for toluene. This 
indicates  that for such a membrane  the  organic  component flux is determined  predominantIy  by  the 
liquid boundary layer resistance  and not by the choice of the  elastomeric  material.  Especially for 
PDMS  the  contribution of the  membrane  resistance  can  almost  be  neglected. h the  case  of  the  more 
selective EPDM membranes  the  membrane  resistance  might  become  more  important. 

In this work  the  attention  was  focussed on the  determination of mass transfer  coefficients in the 
liquid boundary layer and in the  membrane  respectively  from  thickness  dependent  pervaporation 
measurements. The results Q€ experiments  with  the  boundary  layer  mass transfer coefficient as the 
most  important  variable  and the selection of elastomeic membranes  through  determination of true 
membrane  permeabilities are the  subjects of forthcoming  papers [H, 191. 

2.5 CONCLUSIONS 

A resistance-in-series  model  can  be  used to determine the mass transfer coefficients in the 
removal of volatile  organic  components fiom water  by a pervaporation  process. 

Under the conditions  applied,  the  resistance of the porous  supports  used for the  preparation 
of composite  membranes  was  negligible,  although no optimization  was  ged'omed. Hn this study 
it is shown that the resistance of the l i q ~ d  boundary  layer  can  not be neglected in the  removal o€ 
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trace organics from aqueous solutions. The flux of the organic component  through  the 
membrane is mainly  determined by  the  liquid  boundary  layer  resistance  against  mass  transfer 
and only to  a  minor  extent  by  the  choice of the  elastomeric  material.  For  elastomers  with  a  lower 
permeability,  such  as EPDM, the  membrane  resistance  may  become  more  important.  The  water 

r flux  appears  to  be  inversely  proportional  to  the  thickness of the  separating  layer  and it depends 
strongly on the type of elastomer  used.  Choosing  the  elastomer  with the highest  selectivity 
seems  obvious. 

2.6 LIST OF SYMBOLS 

A 

s 
J 

Ji 
k 
e 
m 
P 
S 
t 
W 

X 

Greek  svmbols 
6 
4, 

P 

Subscriuts 
1 
2 
i 
L 
M 
OV 

membrane area 
diffusion  coefficient 

total pervaporation flux 
pervaporation flux of  component i 
mass  transfer  coefficient 
membrane  thickness 
weight of collected  permeate 
permeability 
membranefliquid  solubility  coefficient 
permeation  time 
weight  fraction 
distance  from  the  membrane wall 

= thickness of the  liquid  boundary  layer 
= volume  fraction 
= liquid  density 

= preferentially  permeating  component 
= less  permeable  component 
= component i 
= liquid boundary layer 
= membrane 
= overall 
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suuerscriuts 
b 
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d 
f 
m 
m,w 
P 
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APPENDIX 

The  logarithmic  function in the  film  theory  relationship: 

can be rewritten  and  rearranged as two separate  logarithmic  functions. 

Because -1 < - oT < 1 and -1 < 1 < 1 , this  equation  can  be  written as a  Taylor  series: ' ob 
4: 4: 
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and since $7 - << 1 and 1 c< l, powers of two and  higher can be neglected  and  the logarithmic function given in 

equation (Al) is converted to: 

$b 

(e ?Y 

Combination of equations (6) and (M)  gives a simple e q d o n  for the mass transfer in dilute solutions: 

Combination of equations (4), (A.3) and  substitution of L/s by  the  generally used mass thansfer  coefficient kL 
gives: 
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CHAPTER 3 

RESISTANCES IN SERIES: BQUNDARY LAYER EFFECTS 

H.H. Nijhuis, M.H.V.  Mulder and C.A.  Smolders 

SUMMARY 

The influence of the hydrodynamic resistance on the removal of toluene and trichloroethylene from binary 
aqueous solutions by pervaporation has been studied. A resistance-in-series model  and mass transfer correlations 
have been used to describe the observed concentration polarization phenomena. To vary the resistance of the 
membrane, various elastomeric membranes have been used with different effective thicknesses. Mass transfer 
coefficients have  been  determined for Iaminar flow in aflat channel  cell as well as laminar and turbulent flow  in a 
stirred cell. The "simple liquid film model" in which the  resistance of the  membrane  to mass transfer is neglected 
appears to  be inadequate  to  describe  the  overall  transport. In order to calculate  the  membrane resistance, membrane 
permeabilities are used, determined from actual pervaporation measurements. Liquid boundary  layer  mass  transfer 
coefficients upto values of 6.10-5 mts follow  from Sherwood relations. Reasonable accurate predictions of the 
overall mass transfer coefficient in the pervaporation process are observed in the  stirred  cell configuration and for 
Iaminarfaow conditions in  theflat channel  cell. 

3.1 INTRODUCTION 

Much research and  development efforts in membrane  processes are directed primarily  to 

improving  membrane  performance,  both in terns of selectivity  and  flux.  With  respect  to  this  the 
development  of  thin film composite  membranes [l J with  improved  performance  can  be  considered 
as ,a break-through. S tarting  point  for  commercialization  of  membrane  processes  is  the  availability 
of high perfomance membranes.  After  development  of  these  high fluxhigh selectivity  membrabes 
the process  conditions  should  be  considered  more  carefully in order  to  describe  concentration 
polarization  phenomena  and  membrane  fouling.  Concentration  polarization  phenomena  are  inherent 
to membrane  separation  processes.  However,  the  extent of this  phenomenon  may  vary  drastically 
depending  on  the  membrane  process  and  the  application.  Although  these  phenomena are already 
very  well  known  from traditional membrane filtration processes like micro-, ultra- and 
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hyper€iltration, until recently  only little attention  has been paid  to  boundary layer effects in gas 
separation,  vapor  separation  and  pervaporation [2-91. 

The  development of  physical  models  describing  the transport in  the  boundary layer is therefore 
essential.  Most of the work  concerning  boundary  layer  effects  has  been  carried out in the  field of 
ultrafiltration.  Most  models  require  knowledge of  the  boundary layer mass  transfer  coefficient. 
Although  alternative relations have  been  suggested, a combination  of  the  liquid fi4m model  and 
mass  transfer  correlations  has proven  to be most  successful '% describing  the  transport  rates at the 
membrane inter€ace [lol. Goldsmith [l l] used three different ultrafihration systems  with 

increasing membrane area to  examine the parameters that determine ultrafiltration rate md 
selectivity.  Boundary layer mass transfer coefficients  were calculated for a stirred cell, a flat 
channel cross-flow cell and a tubular membrane  module and these values were compared 
qualitatively with mass transfer  correlations  from  literature. Strathmam [l23 derived a theoretical 
equation for the  concentration  increase at the  membrane  interface for turbulent  and laminar flow  in 
a rectangular cell and  laminar  flow in a stirred cell on the basis of a simple  rejection  equation,  the 
liquid film model  and  heat  transfer  analogies. The concentration  increase  at  the  membrane  interface 
cbuld be predicted with  reasonable  accuracy.  Other  interesting  papers  on  mass  transfer  correlations 

are that of Wiley  'and  coworkers [13], who carried out a theoretical  study on the optimization of 
membrane  module  design,  of  Nakao  and Kimura [14], who  compared  experimental  values fiom 
the  velocity  variation  method  with  theoretical  values  folIowing  Sherwood  correlations and o€ Porter 

who  correlated  ultrafiltration fluxes with  recirculation  rates. 
The aim of the present  work is to  investigate the effect  of the boundary layer resistance on 

pervaporation per€omance. Data for laminar flow in a flat cross-flow  stainless steel cell  and for 
laminar  and  turbulent  flow in a stirred cell will be presented. A theoretical  model will be  described 
and  experimentally  determined  overall  mass  transfer  coefficients will be  compared  with  model 
predictions. 

In membrane  filtration  processes the membrane is in  direct  contact with a feed  mixture. As a 
result of an applied driving force one or more  components  permeate selectively though the 
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membrane.  As  a  result  of  this  permeate flux mass  transfer  of  the  components in the  feed  mixture 

will  occur as a  convective flux. Furthermore  a  diffusion  process is generated.  After  some  time  a 
steady state will be established with  a  constant  concentration profile (see figure 1). The less 
permeable  components diffuse back  into  the  feed  mixture,  whereas  the  preferentially  permeating 
components difhse from  the  bulk  feed  solution  to  the  membrane interface. 

feed boundary  membrane  permeate 

Figure I : Concentration  profile for the  preferentially  permeating  component 

Previously [l61 it  was  shown  how  an  overall  mass  transfer  equation  based on the film theory 
relationship for the  preferentially  permeating  organic  component  can  be  derived.  The  permeability 
of a component  through  the  membrane  can either be  expressed in terms of a  combination of 
solubility  coefficient  and  diffusion  or in terms  of  a  mass  transfer  coefficient.  Although the use  of 

diffusion  coefficients  presents  a  way  to  describe  the  concentration  profile  in  the  subsequent  layers, 
here  transport  rates  have  been  described  in  terms of  mass  transfer  coefficients.  The  mass  transfer 
coefficient  k [m/s] represents  the  proportionality  factor  between  the flux and  the  driving  force. In 

this case a  concentration  difference  and it is equal  to  the ratio of  diffusion  coefficient (3) and 

diffusion  length (e). The  two  basic  equations  in  the so called  mass  transfer  resistance-in-series 
model  are  given  below. 

In the  case  of  zero  concentration  at  the  permeate  side  of  the  membrane  an  overall  equation  for 
the  flux  of  component 1 can  be  given: 
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The  overall mass transfer  coefficient bv, can  simply  be  determined h m  measurements  of  the  feed 
concentration  and the steady  state  permeate  component flux in the pervaporation  experiments. 
According to a resistance  model  the  overall mass transfer  coefficient k V )  is related to the  mass 
transfer cmEcients in the  membrane  and  the  boundary  layer  respectively  by: 

This equation was  used  previously [la to detennine the  permeability coefficient (p). 
Therefore  the  overaII mass transfer  resistance (l/kov) in steady  state  pervaporation  experiments  at 

identical  flow  conditions  was  determined  as a function of the membrane thïchess (c). As can be 

seen from equation (2) a plot of l/kov vs. e gives  the  intercept lkL and the slope l/P. In the 
present  work  the  contribution  of  the  boundary  layer  resistance ( lkd has  been  investigated  further. 

3.2.2 Mass trmsfer correIations 

The  overall  resistance is composed  of  a  boundary layer resistance (l/kL) and a  membrane 
resistance (lkM) in series. As was  shown  above kL can  be  determined i f b v  and kM are known. 
The  mass transfer coefficient (kL) in the liquid boundary layer can also be obtained from 
semiempirical  correlations.  These S herwood  relations in general  represented  as: 

S h = u = p , R e q . S c r . ( - )  dh s a L 
(3) 

give  the mass transfer  coefficient (kd as a  function of the  dimensions of the mod&, the R e p ~ l d ~  
rmumber (Re)  and  the  Schmidt  number  (Sc): 
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rl Sc=- 
P . 3  

Mass  transfer  coefficients  are  separately  described  for  laminar  and  turbulent flow conditions.  In 
literature  many  different  values for p, q, r and s can  be  found  depending  on  operating  conditions. 
For  laminar  flow  conditions in straight  channels  (Re < 2000) the  Graetz-Leveque  equation is the 
most  commonly  known. 

The  Graetz-Leveque  equation  has  a  sound  theoretical  basis  and  should  therefore  be  preferred for 
calculating  boundary  layer  mass  transfer  coefficients. 

In  a  stirred  pervaporation cell the  circumstances  deviate  strongly  from  those  in  a flat channel 
cell or a  tube.  Several  authors in the  field  of  membrane  filtration [l 1 , 12, 181 referred  to  the  work 
of  Smith  et. al. [l91 in  which  a  comprehensive  description of the  mass  transfer in stirred cells 
using  Sherwood  correlations is given.  The  Reynolds  number  is  related  to  the  stirring  speed  of  the 

impeller (o) by: 

p . o . b 2  
q 

Re = (7) 

For  larninar  and  turbulent  flow  respectively in a stirred cell  the  following  equations  have  been 
determined  experimentally  by  these  authors: 

turbulent  regirne  (Re > 32,000)  Sh = = 0.044 . . Sc0-33 a 
In equations (8) and (9) b represents  the  radius of the  cell.  For  other cell geometries  correction 
factors  have  to be used.  Boundary  layer  mass  transfer  coefficients  decrease  as  the  distance  between 
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impeller  and  membrane  interface is increased or impeller  size  and  cell  size  deviate  strongly. 

Ml the independent  parameters in the  above  equations (6, 8,9> can be  measured (dh, L) or 

easiIy  obtained fiom handbooks (q, p>t The  value for the  diffusion  coefficient,  however, is more 
difficult to obtain. In literature [ZO] several  equations  have been proposed to relate the mutual 
diffusion  coefficient to composition,  e.g. the Darken  equation [21], 

where Bi* and a? are  tracer  diffusion  coefficients  at  the  mole  fractions xi and xj. The  correction 
term €or the  activity of the  components in the  mixture is evaluated at the same  concentrations.  The 
unavailability of tracer diffusion coefficients in most  instances  has led  to the  development of 
alternative  equations,  e-g.  the  Vignes  relation [22]: 

This equation is often easier to use because  diffusion  coefficients €or infinite  dilution  may  be 
estimated  by  several  techniques  and  models, e.g. the  Wilke-Chang  equation. 

The high dilution and  poor  solubility of the organic  componeni in water  makes a drastic 
simplification of the composition  dependent  diffusion  equations  valid,  Activity  coefficients  can  be 
estimated on the  basis of mutual  solubility data [20]. For the  calculation of activity  Coefficients  over 
the entire range of composition in the  homogeneous regions it  is necessary to choose some 
thermodynamically consistent analytical expression  which relates these two  parameters, In 
literature  many  different  models  are C Q ~ ~ O ~ Y  used, e.g.  the  van Laar, the  Wilson,  the NhzTH, and 

the UNIQUAC modeI,  Using  either  one of these  equations  will  show  that the activity  coefficients 
in this range of solubility are practically  independent of the  composition.  There€ore  the  mutual 

diffusion  coefficient Bij equds the -Sion coefficient  at  infinite dilution (B ij = B !j ). 

The value of the diffusion  coefficient at infinite dilution  can be obtained  with  reasonable 
accuracy fi-om the  WiIke-Chang  equation [23], given  below: 

In this  equation y represents the so called  association  parameter [-l, which is 2.4 in the  case of 
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water, Mj is the  molecular  weight  of  component j [dmole]  and  Vi  the  molar  volume  of  component i 
at the  boiling  point  [cm3/mole].  In  the  original  Wilke-Chang  equation  the  dynamic  viscosity  was 
given in centiPoise  [CP],  whereas  the  dimension for the diffusion  coefficient  was  [cm2/s].  The 
original equation has been  modified  to units used in this work yielding equation.  (12).  The 
subscripts i and j refer  to  the  organic  component  and  water  respectively.  Values  for  Vi  can  either be 
obtained  from  extensive  tabulations or can be  estimated  from  group  contribution  methods [20]. A 

value of  95.2  cm3/mole  was  calculated for trichloroethylene,  whereas for toluene  a  value  of  118.7 

cm3/mole is obtained.  For  aqueous  solutions  of  respectively  toluene  and  trichloroethylene  binary 

liquid diffusion  coefficients at infinite dilution  of 9.6 * 10-lo m2/s and 1.1 * 10-9  m2/s  can  be 
calculated  from  equation  (12). 

With  the set of  equations (1,2,6,  8,9) the  transport in the  boundary  layer  can  be  described, 
provided  that  the  essential  physical  properties  (viscosity,  density,  diffusion  coefficient)  of  the  feed 
mixture are known. In combination  with  an  appropriate  model  and  permeability data for the 

transport in the  membrane, flux and  selectivity for the  overall  membrane  separation  process  can be 
predicted for these  highly  selective  separations  of  aqueous  solutions  by  pervaporation  in  a  stirred 
cell or in a  straight  channel. . 

3.3 EXPERIMENTAL 

3.3.1 Materials 

Polysulfone  (PSF;  Udel P1700) has  been  used for the  preparation of the porous  support in 
composite  membranes.  Polydimethylsiloxane  (PDMS;,  RTV  615 A) and  crosslinking  agent  (RTV 
615 B) are purchased  from  General  Electric  and  have  been  used for the preparation of dense 
homogeneous  membranes  and for the toplayer in composite  membranes.  Ethylene  Propylene 
Rubber  (EPDM,  Keltan 578, DSM)  and  polyoctenamer (OT, Vestenamer  8012,  Hiils)  have  been 
used for the  preparation  of  dense  homogeneous  membranes. 

The solvents (analytical grade) and the crosslinking agent dicumylperoxide  (DCP) are 
purchased from Merck. The  chemicals  were used without  further  purification. 

Water for the pervaporation  experiments is deionized  and  ultraf&ated  before use. In order  to 
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homogenize, the demiwed permeate we used ethanol of analytical grade  which  was dried on 
molecular  sieves. 

Figure 2: Schematic  representation of the eqerimental set-up forpewaporanbn 

3-32 Membrane  preparation and characterization 

Three different polymer  materials  have  been  selected on the basis  of a previous  study [24]. 
Silicone rubber  (PDMS) is selected because of the extremely  high  permeation rates for several 
penetrants,  Ethylene  propylene  rubber  (EPDM) and polyoctenamer (OT) have  been  investigated, 
because a n  extremely  high selectivity towards the organic component is combined with a 
reasonable  organic  component firn. Both dense  homogeneous  and  composite  membranes  with  an 
elastomeric  permselective  toplayer  have  been  prepared as described  previously [la. 

The  pörous  support, the composite  membranes  and  the  dense  homogeneous  peroxide  cured 
Igiembranes were characterized by standard procedures [16]. The effective thicknesses Q€ the 

membranes  ranged  fiom 5 pm for a  composite FDMS membrane  to 200 pm for a homogeneous 
OT membrane. 
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3.3.3 Pervaporation experiments 

Pervaporation experiments at 25 "C have  been carried out with  a standard laboratory 
pervaporation  set-up  as  schematically  represented in figure 2. Compared  to  previous  studies [16], 
in which  a  more detailed description of the experimental apparatus is given,  two other cell 
configurations  were  used  in  the  present  work.  Schematic  drawings of a rectangular  cross-flow  cell, 
used at Reynolds  numbers  smaller  than 1000, and  a stirred pervaporation cell for Reynolds 
numbers  upto 80,000 are  given  in  figure 3 and 4 respectively. 

I Porous metal supports 

6 I 5.6 cm Outlet 

25 cm 

Figure 3: Schematic drawing of the flat channel  pervaporation  cell 

The  cross-flow  pervaporation cell has  the  possibility of withdrawing  the  permeate  both  from 
the center and  from  the sides of the cell.  In this way  the  occurrence of side-effects could be 
determined.  Such effects, however,  have  not  been  observed  and  the collected permeates  were 
treated  separately  to  obtain  duplo flux values,  detemnined  according  to  the  following  equation: 

The  pervaporation  experiments  were  performed in such  a  way that the  feed  concentrations 
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remain constant. As a standard procedure toluene/water mixtures  have  been  used  with a 
concentration of 250 pg&. The effect of lower  concentrations on the pervaporation  performance 
has been  studied using trichloroethylene/water  mixtupes with concentrations of 2 and 4 pdg 

L feed outkt 

septum 

Figure 4: Schematic drawing of the stirredpewaporation cell 

3,4 RESULTS N D  DISCUSSION 

The problem of concentration  polarization in the removal of trace organics from water is 
already known from  literature.  Psaume  and  coworkers [2] performed  experiments with a Silastic@ 
medical  grade  tubings  module  and  described the concentration  difference at module  entrance  and 
exit in very  dilute  aqueous solutions of trichloroethylene (50 - 250 pd). According  to the authors 
thc theoretical  model,  based on the liquid film theory and the Graetz-Leveque  equation,  predicts 
with reasonable  accuracy  the  performance of the pervaporation  module. C M  and Lipski [3] used a 
similar pervaporation module  and studied the separation of aqueous solutions of  carbon 
tetrachloride,  teichloroethylene  and  phenol (30 ppm) at higher  Reynolds  numbers,  though  stiI1 in 
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the  laminar  region.  These  authors  extended  the  "simule  film  model"  developed by  Psaume  et.  al., 
in which  the  membrane  resistance  is  neglected,  to  a  'lresistance-in-series  model". A contribution  of 
the membrane to the overall resistance could be  shown at higher  cross-flow velocities on  a 
theoretical basis.  Such  a clear contribution of the membrane to the overall resistance could 
experimentally  not be shown in their  experiments  due  to  the  low  Reynolds  numbers  established. 

In this section  first  the  results  of  experiments  with  the  rectangular  cross-flow  pervaporation  cell 
operating at low  Reynolds  numbers  will  be  given.  Experimentally  determined  overall  mass  transfer 
coefficients will be  compared  to  values  obtained  fiom  the  Graetz-Leveque  equation.  In  addition  the 
results of the  experiments  with  a  stirred  cell  configuration  will  be  discussed. In comparison  with 
the flat channel  cell  higher  boundary  layer  mass  transfer  coefficients  could be established. 

Table I :  Characteristic  data  and  values  used in the  calculation of theoretical mass tramsfeer 
coeficients for the flat channel  cell 

Feed solution 
Diffusion  coefficient  (toluene/water) 

Diffusion  coefficient  (tri/water) 

Dynamic  viscosity 

Density 

9.6 *10-lo m2/s 

1.1 *10-9  m2/s 

0.89 *lOP3 kg/m.s 

997  kg/m 

Flat  channel  cell 

Hydraulic  diameter 0.017 m 

Length 0.15 m 

Membrane  (PDMS) 

Toluene  permeability 

125 pm Membrane  thickness 

8.2 *lO-' m2/s 

3.4.1 Cross-flow pervaporation 

The  results  obtained  with  the flat channel  pervaporation  cell for the  separation  of  toluene/water 
mixtures  with  a PDMS membrane for low  laminar  flow  conditions  (Re 1000) are  given in figure 
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5, The Graetz-kveque equation,  represented by the dotted  line,  predicts  already  with  reasonable 
accuracy the experimental  overall  mass  transfer  coefficients,  represented  by  the  closed  circles.  At 
these  low  cross-flow  velocities  the  resistance  of  the  membrane  to  mass  transfer can be  neglected  as 
indicated by the  small  difference  between  the  dotted line and the solid line, the Iatter  representing 
the model  prediction including membrane  resistance.  Characteristic data used  to  calculate the 

theoretical  mass  transfer  coefficients  are  given Ín table 1. 

6.OOe-6 1 
4.00e-6 

Z.me-6 

RepoIds number I-] 

Figure 5: Eqerfmental overall mass transfer coeficients and model predictions for aflat 
channelpewclporation  cell in the laminar regime 

hportant criterium with respect  to  the  applicability of certain  mass  transfer  correlations is the 
inlet length of the module.  The  dimensions  of the flat channel cell were  such as to  prevent a 
concentration  drop  over  the  length  of  the  cell.  Therefore a relatively  short  cell with a  relatively  large 
slit  height was used in our investigations.  With  increasing  Reynolds number the inlet  length will k 
of increasing  importance [ZSJ and the observed  and  theoretical  mass transfer coefficients will 
deviate. me stirred cell has a  configuration in which  high liquid  boundary layer mass  transfer 
coefficients can be established,  whereas  a  constant  concentration in the  bulk  feed  solution  above 
the membrane is maintained.  P&vaporation  experiments  performed with a continuous  stirred  cell 
a& discussed below. 

w 
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3.4.2 Stirred cell pervaporation 

Mass  transfer  correlations for stirred cells are already  known  since  the  1930's,  when  Chilton 
and  Colburn  [26]  made  use of the  analogy  between heat and  mass  transfer.  However, a large 
number of these  serni-empirical  correlations  are  found in literature  with  different  dependencies  on 
both stirring speed  and  diffusion  coefficients.  The  most  commonly  used  value of the power 
dependence for the  Schmidt  number is 0.33,  although  also  other  values  have  been  reported,  which 
were  criticized  later  [27].  The  determination  of  the  power  dependence for the  Reynolds  number  and 
the  value for the  proportionality  factor  p  has  been  discussed  in  several  papers [l 1,12, 18,281. 

Smith  and  coworkers  studied  the role of cell geometry  on  the  dissolution rate from a rigid 
interface  of  benzoic  acid  [19]. The  liquid  boundary  layer  mass  transfer  coefficient  determined  from 
these experiments  was  used  to describe the transport  behaviour in a dialysis cell. Their cell 

dimensions agree very  well  with  the  dimensions of the pervaporation cell used  by  the  present 
authors  as  indicated in table  2,  which  allows  the  use  of  their  correlations  without  fúrther  geometry 
corrections. 

Table 2: Comparison of stirred  cell  dimensions 

Cell  geometry Dialysis Pervaporation 
cell cell [l91 

Four blade  impeller:  Diameter  blades  [cm] 5.68 5.8 

Height  blades  [cm] 0.71 

0.31 0.23 ' Gap widths:  Distance  membrane - impeller  [cm] 

6.30 6.2 Upstream  cell:  Vessel  diameter  [cm] 

0.64 

Distance  impeIIer - vessel wall  [cm] 0.3 0.32 

The  dependence of flux on stirring rate was determined, using different membranes  and 
different  fixed  concentrations of the  liquid  mixture.  The  correlations  given  in  the  theoretical part, 

equations (8) and  (9), will be  used  to  calculate  theoretical liquid boundary layer mass  transfer 
coefficients.  The  relevant  physical  properties  of  the  feed  solution  and  their  values  are  summarized 
in table 1, whereas  the  characteristic  data for the membranes  used, are given in table 3. In  figure 6 
the  overall  mass  transfer  coefficient in the  separation  of  toluene/water  mixtures  with  a  composite 
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silicone rubber membrane is given as a function of the Reynolds number. 

Table 3: Pemeability coejjkients and  thicknesses of the  investigated  membranes 

PDMS (comuosite) 

Permeability  coefficient  (toluene) 

Effective  membrane thickness 

EPDM (komopeneous) 

Permeability  coeEcient  (toluene) 

Membrane thickness EPDM 1 
EPDM2 

OT cplomogeneous) 

Pemeability  coefficient  (trichloroethylene) 

Membrane  thickness: OT 1 
OT2 

C E  

B 

8.OOe-5 

6.QOe-5 

4.OOe-5 

2.OOe-5 

O.OOe+O 

- overau 

O 20000  40800 60000 maoo 
ReynsIds number [-I 
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The  theoretical  (solid) line predicts  with  reasonable  accuracy the experimental  overall  mass 
transfer  coefficients  given as the  open  circles  in  figure 6. From  the  very  small  difference  between 
the solid line and  the  dotted  line,  which  represents  the  theoretical  boundary  layer  mass  transfer 
coefficient it is clear that  the  resistance  to  mass  transfer  of  the  membrane  can  be  neglected in this 
case.  Furthermore the influence of the porous  support  on  the overall mass  transfer  resistance 
towards  the  organic  component is small  as  can  be  derived  from  the  small  difference  between 
experimental  and  theoretical  values. 

In figure 7 similar results are given for ethylene propylene  rubber  (EPDM).  The  high 
selectivities in the  removal  of  trace  organics  from  water  makes  EPDM  a  very  interesting  membrane 
material [24]. The  lower pemeabilities (in  comparison  with PDMS) increases  the  contribution of 
the  membrane  to  the  overall  resistance  against  mass  transfer.  Two  dense  homogeneous  membranes 
with  almost identical thicknesses  have  been  investigated.  The overall mass  transfer  coefficients 
determined  from  steady state pervaporation  experiments are given in figure 7 as  the  closed  and 
open  triangles for the  two  membranes  investigated.  The  solid line represents  the  model fit for the 
overall  mass  transfer  coefficient,  whereas  the  dotted line represents  the  contribution of the  liquid 
boundary  layer  alone. 

overall (k,) 
exp.(k, EPDM2) 

A exp. (kav EPDM1) 
6.00e-5 

4.00e-5 l 
2.00e-5 

O.OOe+O 
O 20000 40000  60000 80000 

Reynolds number 1-3 

Fipure 7: Overall  mass transfer coefficients in a stirred pervaporation cell using 
homogeneous EPDM membranes (40 p) for toluenelwater  mixtures (250 pglg) 
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The  accuracy  of  the  model fit appears  to be even  better  than in the  previous  investigated  system 
(see  Egure 6). A plateau  value  seems  to  have  been  reached,  indicating  that the resistance of the 
membrane to mass  transfer  becomes  dominant  and  the firn of the  organic  component  cannot be 
improved  any hrther by  increasing  the  stirring speed. As can  be  seen fiom figure 7, m increase of 
the  boundary  layer  mass  transfer  coefficient (kd to  values  above 2 * 10-5 d s  will not  improve  the 
flux of the  organic  component. In this case an organic  component flux increase  can  only be 
established by decreasing  the  effective  membrane  thickness.  Due to the  poor  mechanical  strength  of 
homogeneous  elastomeric  membranes  with  thicknesses  smaller  than 40 pm,  composite  membranes 
are  preferred. 

' The  validity  of the resistance-in-series  model  was  also  verified in the  low  ppm-range. In this 
case  dense  homogeneous  polyoctenamer (OT) membranes  were  investigated  with  thicknesses  of 50 
and 200 pm,  whereas the concentrations in the liquid feed mixtures  were 2 and 4 pg/g 
rkspectively. Again the  solid  line  and  the  dotted line are  the  model  predictions  with  respect  to  the 
overall  and  the  boundary  layer  mass  transfer  coefficient  respectively.  The  closed  squares  and open 
squares  represent  the  experimental  overall mass  transfer  coefficients  for the two membranes with 
different  thicknesses. 

O 20000 40000 60000  80000 
ReynoIds number C-] 

Figure 8: Overall  mass  transfer  coeficients  in  a  stirred  pervaporation cell using 
homogeneous OT membranes (50 and 200 ym) in the separation of ~-~hloroetikyleneiwate~ 
mixtures (2 and 4 pgig) 
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Again  the  combination of a  resistance-in-series  model  and  mass  transfer  correlations  gives  a 
good  prediction of  the  experimentally  determined  mass  transfer  coefficients  in  the  lower  ppm- 
range. It is obvious  that for the  thick  OT  membrane  a  plateau  value  is  already  reached  at  a  Reynolds 
number  of 20,000, indicating  that  the  resistance of  the  relatively  thick OT membranes  dominates 
the  transport  of  the  organic  component in the  pervaporation  process.  For  the  thinner OT membrane 
the  boundary  layer  resistance  will  become  increasingly  important,  but still the  membrane  resistance 
plays  an  important  role in the  range  of  Reynolds  numbers  investigated. 

From figures 6 to 8 it can  be  concluded  that the stirred cell appears  to  be  an  appropriate 
configuration to study  boundary  layer  effects in the  pervaporation  of  trace  organics  from  water, 
provided  that  a  proper  mass  transfer  correlation is available.  In  combination  with  the  resistance-in- 

series  model  suggested  by  C&é  and  Lipski [3] and  the  permeabilities  obtained fÍ-om earlier  work 
1161 overall mass transfer coefficients and organic component fluxes can  be  predicted  quite 
accurately. 

3.4.3 Considerations on module design 

In the  previous  section  experimental  and  theoretical  overall  mass  transfer  coefficients  have  been 
determined  and  compared  with  each  other.  To  indicate  the  strong  effect  of  the  liquid  boundary  layer 
mass  transfer  coefficient on the  overall  transport,  the  model is used  to  predict  organic  component 
fluxes for EPDM  and  PDMS  membranes  with  thicknesses  of  respectively 2, 10,20 and 40 pm in 
the  separation  of  toluene/water  mixtures. 

The  increasing  importance of the  boundary  layer  mass  transfer  coefficient  with  decreasing 
membrane  thickness is clearly  shown in figure 9. For 2 pm membranes  in  both  cases  an  almost 
linear increase with  the  boundary  layer  mass  transfer  coefficient is observed.  At  values  of  the 

boundary layer mass transfer coefficient above 2.10-5 m/s the  resistance  of  a 40 pm EPDM 
membrane is of predominant  importance  with respect to the mass transfer of  the organic 
component.  This is in direct  contrast  with PDMS membranes for which  a  strong  improvement  of 
organic component fluxes is observed  over the entire range  shown.  Furthermore it can  be 
concluded  that  with  respect  to  the  organic  component  flux for PDMS  membranes the thickness  of 
the  membrane is of  minor  importance.  Only  small  differences in toluene  fluxes  are  observed for 
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these  membranes in contrast  to  EPDM  membranes for which  the  toluene  fluxes  can  differ  by a 
factor of 2 to 3 at high  boundary  layer  mass  transfer  coefficients. 
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Figure 9: Theoretical organic  component fluxes vs. the boundary Layer mass transfer 
coeficient for EPDM (lep) and PDMS (right) membranes of various  membrane  thicknesses 

The  model  can also be  very  useful  to  estimate  the  factors  that are important in relation to  the 
optimization  of  the  pervaporation  module performance. Such  an  optimization  procedure is a very 
elaborate task in which a large  number of parameters  should  be  considered  and  carefully  evaluated. 

Some  of  these  parameters  are  the  required  membrane  area,  the fictional pressure  drop  both at the 
upstream  side  and  on  the  downstream  side of the  membrane,  the  tendency of €ouIing and  possible 
heating of the  feed  mixture (to increase  diffusion  coefficients  and  reduce  the  viscosity of the feed 
mixture). &thermore several  cost  factors  have  to  be  taken into account: e,g, the  condensation 
costs,  the  membrane  costs  and  the  module  costs. 

Due  to  the  low  fluxes  established  reheating  of  the  feed  mixture is not a strict  necessity,  whereas 
pressure  losses at the  permeate  side will probably  be  of minor importance  when  the  module is 
careklly designed with respect  to this factor.  Pervaporation is an activity  driven  process, which 
implies  that  pressure  losses  are only important with respect  to  the  feed  energy  costs.  The  total  costs 
to  operate  the  process  are  affected only to a limited  extent  by this cost  factor. 

In this particular  case, in which  the  membrane mass transfer  coefficient is quite  large,  and  other 
process  parameters  are  of  minor  importance,  the  basic  approach is that  the rnass transfer Coefficient 
(kL) should  be  increased at minimum  costs. From the  general  equation (3) the  parameters  can  be 
evaluated  which  are the most  important  with  respect t~ diffusion limitations in the  feed mixture, 
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The  strongest  dependency is shown  on  the  hydraulic  diameter.  For  laminar  flow  the  boundary 
layer mass  transfer  coefficient is inversely  proportional  to  this  parameter.  In  the  turbulent  region  a 
stronger  dependency  on  the  hydraulic  diameter is observed. 

However, the boundary layer mass  transfer  coefficient  cannot  be  increased  to  extremely  high 
values,  because this would also involve a very  strong  increase in energy  consumption.  This  energy 
consumption is related  to  the  product  of  feed  flow  rate  and  the  pressure  drop in the  channel,  which 
is on its turn related  to  the  length of  the  module  as  given  in  the  following  equation. 

2 . f . p . L . v 2  Frictional  pressure  drop: Pf = 
dh 

With  respect  to  the  energy  consumption  short  modules  are  advantageous  with  large  channel 
diameters.  At  this  point  an  optimization  procedure  will  be  essential  to  determine  the  optimal fiber 
diameter.  Because the liquid  feed  pump  energy  costs in pervaporation  processes  are  often of only 
minor  importance in comparison  with  module  and  membrane  costs  [29]  short  fibers  with  a  small 
diameter  should  be  preferred. 

The  reflections  given  above  merely  aim  to  present  qualitative  indications of the parameters 
which  affect  the liquid boundary  layer  mass  transfer  coefficient. A careful  evaluation of all the 
parameters  involved  and  subsequent  optimization of  the  pervaporation  performance falls beyond 
the  scope  of  this  work.  Some of these  aspects,  however,  are  considered in a  forthcoming  paper 

l291 - 

3.5 CONCLUSIONS 

Experimental results for cross-flow in the laminar  regime  (Re < 1000) in a rectangular 
pervaporation cell with  large  slit  height  show  that  the  resistance  contribution of a  homogeneous 
PDMS membrane  (125 pm) to the  overall  resistance in pervaporation  can  be  neglected. 

For the stirred cell configuration  large  liquid  boundary  layer  mass  transfer  coefficients  could be 
established.  For  the  homogeneous  membranes  used in the investigations  the  membrane  resistance 
is of increasing importance  with respect to  the overall mass transfer resistance. From  the 
resistance-in-series  model using membrane  permeability  values  in  combination  with  mass  transfer 
correlations,  predictions for the  overall  mass  transfer  coefficient of the  organic  component  can  be 
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obtained  with  reasonable  accuracy. The model  clearly  indicates  the  increasing  contribution of the 

less  permeable (but highly  selective) EPDM membranes to the overall mass transfer  resistance with 
increasing boundary layer mass  transfer  coefficient in comparison with the PDMS membranes. 

For optimization of the  pervaporation  performance  various  parameters  have  to  be carehlly 
evaluated.  With  respect to the liquid boundary  layer  mass  transfer  coefficient, in general  small 
diameters of the fibers,  tubes  or  channels  should  be favourd. In the  laminar  regime  the length o€ 

the module also  plays an important  role.  However, with respect  to  the  energy  consumption  short 
modules  are  advantageous with large  channel  diameters. 

3.6 LIST OF SYrnBLS 

membranearea 
activity 
radius of the stirred cell 
hydraulic diameter 
diffusion coefficient 

m e r  dii%sion Coefficient 

diffusion  coefficient for infinite  dilution 
Farming fiction factor 
volume  pervaporation flux of  component i 
mass transfer  coefficient 
module  length 
membrane  thickness 
molecular  weight 
weight  of  collected  permeate 
number of fibers 
pressure loss 

permeability 
Sherwood comlation constant 
flow rate 
Sherwood  correlation  constant 
Reynolds  number 
Sherwood condation constant 
Schmidt  number 
Sherwood  number 
Sherwood conelation  constant 
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= temperature 
= permeation  time 
= molar  volume at the  boiling  point 
= flow velocity 
= weight  fraction 
= mole  fraction 

Greek  svmbols 

4) = volume  fraction 

q = dynamic  viscosity 
V = kinematic  viscosity 

P = density 
o = impeller  rotational  velocity 

w = association  parameter  for  the  solvent 

Subscripts 
i = component i 

j = component j 
1 = preferentially  permeating  component 
L = liquid  boundary  layer 
M = membrane 
OV = overall 

Superscripts 
b = bulk  feed  solution 

P = permeate 
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PEWMEABILITIES OF ELASTOMERIC MEMBRANES 

H.H. Nijhuis, M.H.V. Mulder and C.A. SmoIdess 

. A wide range of homogeneous  elastomePic  membranes has been prepared  using  dicumylperoxide as a  general 
crosslinking  agent.  The meppzbranes were  used in the removal of volatile  organic  components from aqueous 
solutions by pervaporation.  Pervaporation  experiments  have  been  perjormed  under  identical hydrodynamic 
conditions ìn order  to fix the  boundary  layer mass transfer  coeficient  at a constant and known  value. For 
comparison of the  permeabilities of dgerent pervaporation membrane materials  this is of utmost  importance. A 
wide  range of selectivity  factors upto  a  value of 100,000 is obtained,  whereas usually the pernabilities for the 
organic  component are in the  range of 1O-Io - l O-9 &Is and l O-I4 - m21s for water. 

The permeability data obtained for the various elastomrs have  been  related  to the chemical and physical  nature 
of the  elastomers through the solubility  parameter  and the  glass transition  temperature  respectively. Both diffusìonal 
and sor-ptiops efects seem to be important, determining the. water tramport behaviour in the  edastomeric  membranes. 
Differences  in the pernabilities of the  organic  component can  primarily be  ascribed to structural parameters in the 
membrane mate~al,  like  degree of maturatfon andpresence of steric  side  groups. 

For the specific  removal of volatile low  molecular  weight  organics  from  aqueous  solutions, 
pervaporation  offers  excellent  possibilities to compete  with  alternative  techniques &e  adsorption 
onto activated  carbon, air stripping  and  biological  treatment. 

Biological treatment has generally the disadvantage of being  a  slow and not  always  very 
effective process. Air stripping  and  adsorption are proven  processes, but have  the  disadvantage 
that the pollutant is transferred  to a second  phase,  where a similar separation  problem,  on  a  smaller 
scale,  remains.  The  attractiveness of pervaporation  lies in the fact that the polluting  compounds  are 
selectively removed from the feed  as an  almost  pure liquid. Possible appIications for the 
pervaporation  process can be  found for example in surface or ground  water  treatment.  Furthermore 
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this  membrane  process  can  be integrated in existing industrial  processes, like the  treatment of 
aqueous  waste  streams in the  petrochemical  off-shore  industry. 

Probably the first publication  describing  the  extraction  of  contaminants  from  dilute  aqueous 
solutions by pervaporation came  from  Cole  and Genetelli [l]. They studied the removal of 
ammonia  using  polypropylene,  dacron  (polyacrylonitrile)  and  nylon  (polyamide)  hollow fiber 
modules  and stated that although very large surface areas are required for this particular 
application,  pervaporation  is  very  promising in the  treatment  of  industrial  wastes  containing  volatile 
organic components. This statement  was  confirmed  a  few  years later, when silicone rubber 
membranes  proved  to  be  very  helpful for analytical applications in enriching dilute aqueous 
solutions  and air contaminated  with  volatile  organic  impurities [2-31. Since  then  several  studies 
have  been  performed, in which  the  pervaporation  behaviour  of  different  polymers in the  removal  of 
volatile organics from water  has  been  investigated [3-71. Elastomers  seem  to  have  the  greatest 
potential in this field. The  reason for this fact can  be  explained  already qualitatively with  the 
solution-diffusion model [8-9]. The relatively simple  manufacture  of the silicone rubber 
membranes  and  the  high  permeability for the  organic  component  resulted in an  increase  of  research 
in vapour  recovery  and  treatment of  aqueous  solutions  using  this  elastomer.  There  are,  however, 
indications  that  other  elastomers  could  have  a  betterpotential  in  this field [lO-1 l]. 

Fluxes  as  measured  with  relatively  thick  homogeneous  membranes in gas/vapor  separation  and 
pervaporation  can  generally  be  improved by  the  use  of  composite  membranes  consisting  of  a  thin 
selective toplayer on a porous  support [ 12-14]. In pervaporation  of volatile organics  several 
investigators  indicated  the  existence of a  liquid  boundary  layer [15-171, causing  a strong decrease 

in  pervaporation  selectivity. 

From  these  considerations it can  be  concluded,  that  three  layers in series can be  defined,  which 
may contribute to  the  performance  of  pervaporation  processes  using  composite  pervaporation 
membranes. 

A porous  support  with  a finite but  low resistance towards the permeating  organic 
component 
A permselective  toplayer,  which  performs  the  actual  separation 
A liquid  boundary  layer,  which  inherently  exists  in  mass  transfer  operations. 

Membrane  development is important  to  reduce  resistances of the  porous  sublayer  and  of  the 
toplayer,  whereas  the  resistance of the liquid  boundary  layer is deterrnined  by  hydrodynamics.  In 
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previous  papers the influence of this latter important  parameter in the pervaporation  process  has 
been discussed [18-19]. In this paper the results are discussed  concerning the development of a 
thin selective  toplayer. For the preparation  of  homogeneous  membranes different elastomers are 
used in this chapter and their pervaporation  behaviour  has  been  determined.  Two  model  solutes 
have  been  used  here,  triehloroethylene  as  an  example for chlorinated  compounds and toluene  as  a 
model  solute for aromatic  compounds. 

k.2 PROPERTIES OF ELASTOMERS 

4.2.1 Chain mobility 

Difhsion rates of  penetrants in polymers  generally  depend on the mobility  of the segments in 

polymer  chains.  The  chain  flexibility in elastomers is determined  by the presence of steric  groups, 
chain  interactions  and  the  polymer  back-bone  structure. 

&,,*]3fe &2 
For the back-bone StrucNe  important  eEects  may  stem  from: 

type of atoms 
degree of saturation 
presence  of  aromatic or heterocyclic  groups 
cis/trans  configurations 

C-WC, C-O-C and Si-O bonds are welI known for their  high  flexibility,  whereas  aromatic or 
heterocyclic  groups in the chain and  unsaturated  bonds with trans  configurations  diminish  chain 
mobility.  When  double  bonds are present in the  polymer  back-bone  two  opposing effects are 
observed  with respect to chain mobility.  Rotation  around the C=C bond is excluded,  whereas 
nkighboring C-C bonds  have  a larger space  available  compared to fully  substituted  chains.  The  net 
result,  however, is a somewhat  higher chain mobility [20,21,22], 

--&&Q..&?;.& :i 

Side  groups  determine  to  a large extent chain  interactions  and afTect the rotation of the main 
chain. In almost  every  polymer  hydrogen  atoms are found  as  the  main  substituent.  Because of the 
small  dimensions of the  hydrogen  atom,  chains of unbranched  hydrocarbons  have  a  relatively  high 
mobility and  high  packing  density, A too regular structure,  however,  enhances  crystallinity,  thus 
decreasing the flexibiIity  of  the  chains,  Both  chain  mobility  and  chain  interactions are altere&  when 
H-atoms are substituted  by  other  atoms or groups.  Chain stiffri”ess is enhanced as a  result of steric 
&drame which  diminishes  the  rotation of chain segments.  Although  introduction of large side 
groups will also lead to  an increase in chain distance the net result will be an increase of chain 

it=; \z Y 9 C&$ 

76 



Chapter 4 

stiffness,  except in the case of flexible  side  groups  (e.g.  alkyl  groups),  when  the  chain  distance 
will  have  a  dominating  effect. 

i Physical chain intkractions can  be  subdivided into dipole forces, dispersion forces and 

1 
i 
j hydrogen  bonding  forces.  Dispersion  forces are relatively  small  interactions  which are always 

present  between  macromolecular  chains.  Polar  interactions  (dipole  forces)  are  stronger  and  can  be 
,;- found in elastomers  such  as  chloroprene  rubber.  The  strongest  interactions are hydrogen  bonds. 

These interactions, however, are still relatively small compared  to the chemical  bonding of 

individual  chains in macromolecules  by  a  cross-linking  reaction. 

4.2.2 Cross-linking 

The  terms  cross-linking or vulcanization  are  both  used  synonymously for chemically  tying 
independent  chain  molecules into a  molecular  network. As a  result of this  vulcanization  process  a 
rubber is obtained with  improved  mechanical  and  chemical properties. The cross-links in 
elastomeric  networks  can  have  a  different  nature  depending  on  the  vulcanization  process  chosen. In 

general cross-linking can be  brought  about  by  using  the following vulcanizing agents [23]: 
sulfur 
peroxides 
polyvalent  organic  compounds  (phenolic  resins,  quinone  derivatives or maleimides) 
met  oxides. 

Furthemore c Oss-linking also  occurs  with  other  techniques,  like  gamma-  and  X-ray  irradiation  or 
a  thermal  trea l ent. As a result the  junctions  may  be  single  sulfur  atoms,  chains of sulfur  atoms, 
carbon - carbon  bonds,  polyvalent  organic  segments  or  polyvalent  metal  ions. 

Traditional  vulcanization of diene-like elastomers 
Traditionally sulfur is used in the cross-linking of elastomers.  Vulcanization  of  the first 

commercial  rubber  was  accomplished  by  mixing 8 parts of sulfur  per 100 parts of rubber  and  took 

typically 5 hours  of  heat  treatment  at 140 'C. The  addition of activators;like  zinc  oxide,  and  the use 
of  accelerators  reduced  the  vulcanization  time  to  asJittle as 2 to 5 minutes. 

In the case of  accelerated s u l k  vulcanization  of  elastomers, the sulfur attacks  the  rubber 
hydrocarbon  almost  exclusively at allylic  positions.  Therefore  allylic  hydrogen  atoms  have  to  be 
present in the  elastomeric  molecule.  Double  bonds are broken  and  a sulfur bridge  between two 
polymer  chains is formed  (see  fig. 1). The  attacking  species  from  the  vulcanization  system  (cross- 
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Iinking agent  and  accelerator)  must  contain sites for proton  acceptance  and  electron  acceptance in 

proper  steric  relationship  to  permit  rearrangements in the molecules as shown €or accelerated sulfur 
vidcanization. 

Several polyvalent organic compounds  have  such sites too and are used  with  unsaturated 
&ene-like elastomers in the manufacture of specially rubbers (see fig. l). Vulcanization by 
phenolic  resins for example is extensively  used  with  butyl rubber in high  temperafme  applications. 

Chloroprene  rubbers (CR) are generally  cross-linked by the action of metal oxides.  The 
primary cross-lhking agent is zinc  oxide,  which is used  along  with  magnesium  oxide  (see  fig. 1). 

I 
-Qc-?, S-R 

/ 

accelerated sulfur 
-R 

phenolic  resin 

metal oxides 

Figure I :  Schemes for some  cross-linking  procedures of diene-like  elastomers 

Vulcanization of saturated elustorners 
Many  newly  developed  basic  elastomeric  materials are fully saturated. The absence of  allylic 

hydrogens is often  compensated for by  copolymerization  with  an msaturated diene-like  monomer. 
Alternatively, however, specific cross-linking reactions are developed for fully saturated 
elastomers. 

Silicone  rubber  can  be cross-linked by a Room Temperature  Vulcanization @TV) reaction. In 
this system cross-linking occurs either through a catalyzed  hydroxy  condensation [24] or a hydro 
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silylation  reaction [25] as  indicated in figure 2. 
In the condensation reaction a  hydroxyl  end-blocked polysiloxane is mixed  with  a 

polyfunctional  organo-silicate  which  acts as a  cross-linking  agent,  and  with  a  catalyst  to  promote 
condensation.  This  reaction  takes  place  already at room  temperature. In this  system,  the  cross- 
linking agent  becomes  a  part of the  network,  but,  because it  is also  a  silicone, the heat  stability is 

altered. not h RW-systems  the  condensation  reaction is commonly  applied. 

t 

Condensation  reaction 

Hydrosilylation  reaction 

Figure 2: Silicone  rubber  Room  Temperature  Vulcanizing ( R W )  systems 

Peroxides 
An alternative  way  of  silicone  rubber  vulcanization is brought  about  by  a free radical - initiated 

reaction. Peroxides decompose  thermally into two  oxy-radicals,  which are very  reactive  and 
abstract  hydrogen  atoms  from  polymer  chains.  Two  polymer radicals then  combine  to form a 
cross-link. The peroxides do not incorporate into the polymer  network in contrast to  the 
condensation  and  hydro  silylation  reaction  described  above,  or  the  way  rubbers  are  cross-linked  by 
sulfur. This is important in the cross-linking of silicone rubber,  because the heat stability is 
reduced  when  carbon  atoms  are  introduced  between  molecules. 

Peroxide  vulcanization is also  useful in the  cross-linking  of  saturated  elastomeric  molecules, 
where  a sulfur vulcanization is impossible,  because of the absence  of reactive double  bonds. 
Ostromysslenski  discovered  already  in 1914 [26] the  possibility of cross-linking  natural  rubber 
with  benzoyl  peroxide.  However,  benzoyl  peroxide  vulcanizates  have  lower  strength  and  poorer 
heat  resistance  than  sulfur  vulcanizates.  With  the  development of  other  peroxides  in  the 1950’s and 
the  development of the  fully  saturated  ethylene-propylene  copolymers,  peroxides  became  more  and 
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more  of  interest.  The  basic  reactions in a  peroxide  initiated  cross-linking  reaction  are summarized 
in figure 3, 

Figure 3: Peroxide vulcanization system 

Dicumylperoxide has a  broad  utilization  capability  as  cross-linking  agent,  because it combines 
efficiency and good  cross-linking  properties  with  IOW  cost.  The  decomposition  characteristics  are 
such  as  to  yield  a  rapid  cure at 150 OC, whereas  the  decomposition  products  are  relatively  hamiless. 
The non volatility of the  cross-linking  agent  prevents  loss  during mixing. 

~ Decomposition  rates in vulcanization  processes  are  usually  given in tenns of  haIf-lives.  The 
half-life curves  for DCP are given in a  Hercules data bulletin [27] and range from 6 to 
approximately 12 minutes at 155 OC for the  elastomers  described in this paper. It can be calculated 
that after 7 to 10 half-lives in any  peroxide  system  a  plateau is reached.  However, it is not 
nkcessary  to  cross-link  such  a  long  time.  After 3 to 4 half-lives  mechanical  properties,  like  tensile 
strength,  modulus and compression  set,  have  attained  about 90 % of their  ultimate  value, Short 
curing  cycles are often preferred,  because of a resulting  lower  degree of polymer  degradation 
which  follows from smdl amounts of degradation  initiating  compounds  which  are  always  present. 

Wdsumé 
For the preparation  of  elastomeric  pervaporation  membranes  dicumylperoxide is chosen  as  the 

general cross-bking agent. The advantages  over  other  cross-linking  systems are: 
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easy  to  handle 
broadly  applicable 
no  incorporation  of  "foreign"  molecules  into  the  network 
low  volatility 
acceptable cross-linking temperatures. 

4.3 THEORY 

4.3.1 Resistance-in-series model 

A mass  transfer  resistance-in-series  model  was  explored  elsewhere  [18, 191 to  describe the 
mass  transfer of the  organic  component in the  pervaporation  process.  The  transport  behaviour  of 
the  membrane  was  determined from thickness  dependent  pervaporation  experiments,  yielding  a 
membrane  mass  transfer  coefficient,  which  equals  the  ratio  of  the  permeability  coefficient  and  the 
thickness for the investigated  homogeneous  membranes. A similar  approach  was  followed for 
composite  membranes,  only  now  an effective membrane  thickness  obtained  from  permeation 
measurements  was  used.  Furthermore,  the  boundary  layer  mass  transfer  coefficient at one  fixed 
cross-flow  velocity  could be obtained  from  these  measurements.  The  basic  equations  to  determine 
the  effect of  the  liquid  boundary  layer in the  pervaporation  process  are  given  below. 

b 
JOC = kov ooc 

The  overall  mass  transfer  coefficient  kov [&s], can  simply  be  determined  from  measurements 
of  bulk feed concentration and  steady state permeate  component flux in the pervaporation 
experiments.  The reciprocal overall mass  transfer  coefficient (l/kov), which  actually  can be 
considered  as  an  overall  mass  transfer  resistance,  consists  of two terms: 

1)  the  boundary  layer  resistance (l/kL) and 

2) the  membrane  resistance (I = A). 
kM p o ,  

The overall mass transfer coefficient  (kov) is obtained  from  pervaporation  measurements, 
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whereas  the  thickness of the  investigated  membrane  can  be  measured  using a digital micrometer. Hf 

the cross-flow velocity (and therefore UkL) is now  €ixed for  all experiments, the membrane 
permeability  can  be  obtained  from  equations (I) and (2) as will be described  below  (section 4.5.2). 

The  water flux is not  altered  because  of  concentration  polarization  phenomena [18],  which 
makes it poisible to calculate  the  water  permeability  according  to  equation (3). 

Pt is now  also  possible  to  calculate  the so called  "intrinsic  pervaporation  selectivity",  which is 
the  membrane  selectivity in the  hypothetical  case  that  boundary  layer  effects  could be excluded. 

4.3.2 The solubility parameter  approach 

A semiquantitative way  to describe the interactions between polymer and solutes is the 
solubility parameter theory [B]. This theory  was initially developed to explain the mixing 
behaviour of liquids,  but it is also very  useful in predicting the compatibility of polymers and 

solvents. 
"he process of dissolving a polymer in a sokent is determined  by  the free energy of mixing: 

Since  the  swelling of a polymer in a solvent is connected  with a relatively  small  increase in 
entropy,  the  magnitude of the enthalpy  term AHm is an  important factor in determining the sign of 
the free energy change: AH, should be as  low as possible.  Hildebrand  and Scott [29]  proposed 
that 

The  expression (Mimi> is the  energy of vaporization per cubic  centimeter,  which  has been 
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often  described  as  the  "internal  pressure" or the  "cohesive  energy  density"  and it  is related  to  the 
solubility  parameter: 

The  total  energy of vaporization  can  be  considered  as  the sum of energies  required  to  overcome 
dispersion  forces (A E&  polar  interactions (A EP) and  breaking  of  hydrogen  bonds (A Eh) [30]. 

Combining  equations (7) and (8) gives: 

The  heat of  mixing is related  to  the  solubility  factor  and it depends on the  value of (61 - If 
this value  approaches  zero  the  heat of mixing  will  be  minimal  and  the two substances  will  mix,  due 
to the TASm  term. For  macromolecules  the  same  conditions  hold.  The  polymer  and  a  single 

penetrant  will  show  good  interaction if 61 approaches 62. 

Due  to  mutual  interactions  between  the  components  of the liquid feed  mixture  the  solubility 
parameter  approach is usually  less  succesfull for polymer  samples in binary  liquid  mixtures. Still 
for certain  binary  mixtures  good  correlations  have  been  observed [3 1,321. In the  present  paper  we 
restrict  ourselves  to  the  chemical  nature of the  elastomer.  With  respect  to  this,  solubility  parameters 
give  an  indication  of  the  polarity/hydrophilicity of the  membrane  material  through  the  combined 

solubility  parameter  for  polar  and  hydrogen  bonding  contributions ($h). 

Although  extensive  tabulations of &parameters  for  liquids are available,  #data on polymers  are 
limited.  Several  authors  determined  solubility  parameters on the  basis of group contributions [33- 
351. Van Krevelen [33] gives  the  most  extensive  tabulations  and  subdivides  the  overall  solubility 
parameter in contributions due to dispersion, polar and  hydrogen  bonding forces. A clear 
advantage of determining  the  three  dimensional  parameters  in  this  way is that all values are 
calculated  in  the  same  way  and  thus  errors  caused by  the  use  of  different  experimental  methods  are 
excluded. 
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4 4  EXPERIMENTAL 

The  polymers  used in this study  are listed in table l and  were kindly supplied  by  Helvoet BV,, 
Hellevoetsluis,  Netherlands. 

The solvents (analytical grade) for dissolving the  polymers and the cross-linking agent 
dicumylperoxide @@P) were  purchased  from  Merck  and are used  without M e r  purification. 

For  homogenization  of  the  demixed  two-phase  permeate  we  used  ethanol  of  analytical  grade 
which  was dried on molecular  sieves. 

Water  was  deionïzed  and  ultratiltrated  before  use. 

4-42 Membrane  Preparation 

The  polymers  are  dissolved in a suitable  solvent  and a certain  arnount of DCP is added. For  the 
preparation  of  homogeneous  membranes the  polymer solutions are  casted on a clean  glass  plate and 

the  solvent is evaporated  overnight.  Polyoctenamer  and  polybutadiene  membranes  were  casted 

l 

&pon  Teflon@  plates.  The  next  day the elastomers  are  crosslinked  during 45 minutes at 155 "C. 
After cooling, the plates are placed in a water  bath  and  after 24 hours  the  membranes  are  carefully 
removed from the plates.  The  evaporation, cross-linking and cooling step are carried out in a 
nitrogen  atmosphere.  The  homogeneous  membranes  obtained in this way  have  usually a thickness 
of 80 - 150 pm. 

For the preparation of silicone rubber membranes a different procedure is followed.  The 

polymer  and cross-lhking agent  are  purchased  from  General  Electric ( R W  615 A + B). The two 
components are mixed  and  when the solution is free of air-bubbles the solution is casted on a 

Perspex@ (polymethylmethacrylate) plate. To reduce  the  time of cross-linking the silicone  rubber 
membranes are cured on the plate  at 70 "C overnight in a nitrogen  atmosphere. The thickness  of  the 
silicone  membranes  was  usually 60 - 80 pm. 
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Table I : List of elastomers  studied 

Elastomer 
I (product  name) 

Polybutadiene 

(Finaprene  250) 

Polychloroprene 

(Neoprene Tw) 

Ethene - Propene  terpolymer 

(Keltan  578) 

Ruorocarbon  elastomer 

(Viton'GF) 

Polynorbornene 
(Norsorex) 

Polyoctenamer 

(vestenamer') 

Nitrile  Butadiene  Rubber 
(18,28,33  en 38% AN) 

(Perbunan  1807 - 3807) 

Epichlorohydrin  terpolymer 

(Hydrin  400) 

Polyurethane 

(Urepan  640) 

PoIydimethykiloxane 

(General Electric RTV 615) 

Polyacrylate  rubber 

(Hycar@  4051 EP) 

Abbreviation 

BR 

CR 

EPDM 

FKM 

PNR 

OT 

NBR 

ETERA 

AU 

PDMS 

ACM 

Membrane 
thickness  used 

[PI 

50 - 150 

50 

40 - 200 

100 

120 

140 

120 - 160 

180 

170 

60 - 240 

140 

Molecular  structure 

H 

H' C H 7  

-HzC H 
'c=c( 
a' cH2- 

L L  L 

-HzC, H 

H' (=c( CH- L! !A 
-cq-cH-o- 

I 

(polyepichlorohydrin) 
CHzCl 

HO-P~-C-C-NH-R-NH-C-O-P~-OH s 'd 

h ,  
-CH  CH- 

C-OR 

'd 
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Films of polybutadiene,  copolymerized  with  38 % of acrylonitrile @BR (38))  were  prepared 
by pouring  ut a  dicumylperoxide @CP) containing  polymer  solution in a petpi dish. After  the 
solvent  has  been  evaporated the films were  cross-linked  at B55 "C. The vulcankation times were in 

@e  range of 10 - 60 minutes.  The petri dishes  were  cooled  and filled with water. After a  night of 
submersion free films with  a  thickness of approximately  300 pm were  obtained. 

Before  per€oming sorption experiments strips of NBR(38)  were  immersed in pure  solvent. 
Depending  on the pure liquid used in the sorption experiment, ethanol OP toluene  was  used to 
rkmove  low  molecular  weight  fractions  from the polymer. After one  day of submersion  the  strips 
were  dried in vacuo until no  significant  weight  decrease  was  observed  mymore. 

~ For  the  sorption  experiments  strips of NBR(38),  with  a dry weight of approximately 0.15 g, 

were  immersed in conical  flasks  containing  either  ethanol or toluene. After 24 hours of solption at 
room temperature, the strips  were  removed  from  the  liquid,  carefully  blotted  between  tissue  paper9 
p$lt in a closed p e i  dish  and  weighed. 

The sorption of pure solvents is expressed as the solvent weight fraction in'the swollen 

polymer (wsOlv), which equals the ratio of the solvent uptake (msolv) and thd weight  of the 

polymer  sample after submersion (mbt): 

, 

44.4 Pervaposation  experiments 

The  pervaporation  experiments  have  been  per€omed with a  laboratory  pervaporation  set-up, as 
discribed previously [l$]. A 5 liter thermo-regulated  storage  tank (25 "C!) with Vitona feed  and 
re&de liples is connected  to a centrifugal  pump  that  allows  an  average flow rate of approximately 2 
l/min. This is large  enough  to prevent a concentration  drop  over the four pervaporation  cells  in 
series.  The feed concentration in the feed tank is kept constant by a continuous  supply of the, 
organic  componenta The pressure at the permeate  side was kept  below 3 mbar  by a vacuum  pump. 

Steady  state  conditions  were  achieved  &ter 3 - 4 days of pervaporation.  After  the  permeate was 
collected in cold Baps (cooled  by  liquid  nitrogen) flwc and  selectivity  were  determined,  according 
to the following equation: 
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Component  flux: 

The  concentrations  of  the  aqueous  solutions of  toluene  and  ttichloroethylene  respectively  were 
250 and 500 pg/g which allows to assume  a concentration independent feed density of 

approximately 1000 kg/m3. 

The  actual  selectivity  observed in the  pervaporation  experiments  can  be  deduced  from  the 
compositions in the permeate  and  the feed solution respectively 

4.4.5 Tg-measurements 

For determination of the glass transition temperatures of the elastomeric membranes 
investigated,  caloriritetric  experiments  were  performed on a  Perkin  Elrner DSC 4. First  the  samples 
(mass - 20 mg) were  cooled  at  maximum  speed  to -130 OC. After  equilibrium  was  reached  the  heat 
effects  during  a  controlled  heating  run at a  scanning  rate  of 10 "C/min were  measured. 

4.5 RESULTS  AND  DISCUSSION 

4.5.1 Determination of the cross-link time 

The influence of the  vulcanization  time on the  sorption  characteristics  was  determined  with 
NBR(38) films in pure  liquids  at  room  temperature.  Figures 4 and 5 show  the  weight  fraction  of 
solvent in the  swollen  film,  as a function  of  the  vulcanization  time &d the  weight  fraction of DCP. 
Two  liquids are used in these  experiments;  toluene  as  a strongly swelling  agent  and  ethanol  as  a 
moderately swelling agent.  The figure for toluene  uptake  shows  that already after 10 minutes 
(about  one  half  life)  of  vulcanization,  with 0.5 wt%  of DCP or more,  solvation  of  the  polymer is 
prevented. For 0.25 wt% DCP prolongation of the cross-link time  to 30 minutes is necessary. 
Longer curing times  slightly  diminish the degree  of  swelling,  whereas up till 2.0 wt%  of DCP the 
swelling vdues do  decrease  with  increasing amount of  cross-linking  agent. 
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Figure 5: Solption of ethanol  as afinction ofvulcanization time and  DCP-content for 
NBR(38) 

Ethanol is a nonsolvent for NBR(38)-rubber  and  consequently  lower  degrees of swelling are 
observed.  Figure 5 shows that at a  vulcanization  time of 10 minutes, higher amounts of added 
DCP lead to diminished  swelling. After 30 minutes of vulcanization or longer, only minor 
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differences in swelling  behaviour are observed  and  a  mean  solvent  weight fraction of 0.169 k 
0.006 g/g is obtained. 

Arbitrarily a  vulcanization  time  of 45 minutes (4 half lives) for all elastomers used in the 
pervaporation  experiments  has  been  chosen.  After  this  time,  the  swelling of films in  moderately 
swelling  agents, like ethanol,  has  become  independent of the  vulcanization  time or added  amount 
of DCP. 

Increasing the vulcanization  time  with  one  half life, from 45 to 60 minutes,  can  reduce  the 
degree of swelling in toluene  by  another 4 wt%, but short cross-linking times  are  preferred,  to 
W i s h  polymer  degradation. 

4.5.2 Pervaporation performance of various elastomers 

The pervaporation experiments  have all been  performed at a  temperature of 25 "C. The 
thickness of the membranes varied from 40 - 200 pm (see  table 1) and the feed compositions 
chosen  were  about  half of  the  maximum  solubility  of  the  components  in  water: 

trichloroethylene/water: 500 pg/g (max.  solubility: 1100 pg/g [3q); 
toluene/water: 250 pg/g (max. solubility: 500 pg/g [37]). 

The  permeabilities  have been calculated  according  to  equations (1) - (3). The  liquid  boundary 
layer mass  transfer  coefficient  required to solve  equations (1) and (2) is obtained  from a previous 
research  study El81 in which  experiments  were  performed at identical  cross-flow  conditions  and 
with  identical  pervaporation  cells. In this  study  composite  and  homogeneous  membranes  of PDMS 
with a  very  low  membrane  resistance  towards the organic  component  had  been  used.  From  a  linear 
regression fitting procedure  boundary layer mass transfer coefficients of 2310-5 rn/s and 
2.3*10-5 m/s were obtained for binary  aqueous solutions of toluene and  trichloroethylene 
respectively. 

NBR membranes 
The  pervaporation  performance of NBR membranes  has  been  determined to investigate  the 

influence of polar and  slightly  hydrophilic  groups in the  membrane  material.  Figure 6 shows the 
permeability  coefficients for nitrile  copolymers  of  polybutadiene  with  acrylonitrile  contents  in  the 
range  of O - 38 %. 

A higher nitrile content decreases the permeability of the organic component.  The  water 
permeability,  however,  seems  to  be  almost  independent of the acrylonitrile content.  This  last 
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observation is in agreement  with the work  of  Salame [38], who  studied the transport  progerfies of 

gases  and  water  vapour in nitrile polymers.  The  water permeability appeared  to  be  almost 
independent o€ the nitrile ratio, unless  the ratio exceeded a value o€ 0.6. The  author  stated, that an 
explanation codd be  found in terms of the solution-diffusion  model.  The  increase in solubility  of 
'water due to the introduction of nitrile groups  was  obviously  opposed  by a decrease in diffusion. 
At higher  nitrile  contents  diffusion  reduction  became  dominant  and  the  water  permeability dropped. 

'As far as sorption  was  concerned this explanation  was  endorsed  by the work  of  Edwards [39], 
"who  studied  water  absorption  phenomena in peroxide cured  elastomers  and  actually  reported  a 
relatively  higher  weight  increase for copolymers  of  polybutadiene  and  acrylonitrile  than for the 
homopolymer  polybutadiene. In the case of the organic  component,  both factors (diffusion and 
sorption)  were  expected to act in the same  direction  and  a decrease in permeability and selectivity 
was obtained with increasing  acrylonitrile content 
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Figure 6: Permeabilities of water, toluene and trichloroethylene in WBR membranes for the 
pewagoration of binary aqueous solutions 

NBW membranes and other copolymers of polybutadiene have also proven  to  be  excellent 
model  polymers in the  separation of organic  mixtures [40-421. The  permeation  rates  of  the  different 
components  from  butadiene/isobutene and benzene/n-heptane  mixtures  decreased  with  increasing 
content of acrylonitrile in  the rubber.  This  was  caused  by  a decrease in swelling as  well as a 
decrease of the diffusion rate. Introduction of non-polar  groups e.g. in polybutadiene-based 
copolymers  with styrene (SBR) showed, that compared to NBR membranes the sorption 
behaviour  of  benzene/n-heptane mixtures was  not  altered  very  much  going  from  a  low  to a high 
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content of styrene in the copolymer.  Pervaporation  experiments  with  the  same  mixture,  however, 
showed  a clear dependence on the  styrene  ratio.  From  this,  one  can  deduce that diffusion  rates of 
permeants in polybutadiene  based  membranes  were  reduced  due  to  the  introduction of styrene 
groups.  These observations indicate, that NBR membranes are interesting model  elastomers, 
because  the  polarity of the  membrane  can  be  changed in a  very  accurate  way, so that  both  the 
diffusion as well as the  sorption in the membrane  and  thus the pervaporation  behaviour  are 

. affected. 

Other elastomers 
The  experiments  with NBR membranes  presented  above  gave  the first quantitative  information 

about  the  pervaporation  performance of elastomeric  membranes  in  the  removal  of  volatile  organic 
components  from  aqueous  solutions.  In order to obtain more information about  the factors 
determining  the  transport  of  water  and  organics  through  elastomeric  membranes  the  pervaporation 
performance of a wide  range  of elastomers has  been  studied. In figures 7 and 8 the actual 
membrane  permeabilities  observed in the  separation of  toluene/water and  trichloroethylene/water 
mixtures are given.  From the different scales  of  the  two figures it  is apparent that  the  organic 
component is transferred much  more  readily  than  water.  Furthermore the water  permeabilities 
appear  to  vary  over a much  wider  range. 
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Figure 7: Actual  water  petmeabilities in the  pervaporation of binary aqueous  solutions 
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Figure 8.- Actual permeabilities for the organic  component in the pervaporation of aqueous 
solutions 1 

Interactions of water  with  polymers in general and with  elastomers in particular  have been 
described  and  reviewed  extensiveIy in literature. Cornyn [43]  gives  the  water vapour  permeabilities 
for several  elastomers.  The  values for EPDM, Viton,  Neoprene,  nitrile  rubber  and  silicone  rubber 

are 0.33 : 0.40 : 0.61 : 4-0.; 14.0  &&day, respectively.  This is  in reasonably  good  agreement 
with our pervaporation  data,  where  the  water  permeabilities,  schematically  represented in figure 7, 
are 0.92 : 1.1 : 2.5 : 13 : 33 * 10-14 m2/s  respectively. 

r 

The  structural  characteristics of elastomers  as  discussed in a previous  section, are often  used  to 
predict  and  explain  permeabilities of elastomers,  Iyengar [U] tried  to  correlate  quantitatively  the 
water  vapor  permeability  of  non-polar  elastomers  to  the  presence  of steric side  groups  and  degree 
cif unsaturation.  The  presence of steric  groups in butyl  rubber and  ethylene-propylene  rubbers  are 
in this sense  responsible for the  low  water  permeabilities  mentioned  above,  whereas a high degree 
of  unsaturation  as in polybutadiene  enhances  water  permeability.  These  statements are confirmed, 
if the  water  permeabilities of poIybutadiene @R) and  polyoctenamer (OT) are compared.  These 
two elastomers  have  an  almost similar structure.  The  higher  degree of unsaturation in BR would in 
this sense  account for the  higher  water  permeability  coefficient. 

In general there is an analogy  between  the  diffusion  rates of water  and  the organic molecdes in 
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the  rubber  matrix: if the  diffusion  coefficient for water  in  a  certain  membrane is large,  the  diffusion 

coefiGient of  the  organic  component  will  be large too.  For  membranes that exhibit a  comparable 
sorption behaviour for the organic component, the organic component fluxes will be  directly 
related to the diffusion rates in the  membrane.  The  molecular  structures  of  polybutadiene  and 
polyoctenamer  seem to be the most favorable ones to allow  high diffusion rates, because  they 
possess unsaturated  carbon-carbon  bonds,  they lack any steric groups,  while  polar  groups  are 
absent.  Figure 8 shows  that good toluene  and  trichloroethylene  permeabilities are indeed  observed 

for these  elastomers. ' 

Again the  excellent  permeability of  polydimethylsiloxane for the  organic  component is striking 
and  comparable in value with those for completely  non-polar  hydrophobic  elastomers. As stated 
above in the  case  of  the  water  permeability,  these  high  permeabilities  of PDMS can be ascribed  to 
the extremely  high chain mobility in this  rubber, resulting in high  diffusion  rates.  Reduction in 
chain  mobility  and  perhaps  lower  affinity for the organic  component are probably  responsible  for 
the  low  organic  component  fluxes  observed for the  other  relatively  polar/hydrophilic  elastomers. 

Correlation  with  structural  parameters . 

The  kinds  of  considerations  given  above  are,  however,  very  dangerous  and  highly  speculative. 
Differences in the, penneation  behaviour of the apolar membranes for example tend to  be 
completely  ascribed  to  differences in the transport rates (chain  mobility),  whereas  sorption  effects 
are  neglected. As a first attempt  to  relate  the  pervaporation  performance  to  structural  parameters of 
the membrane  material in a  more  quantitative  way,  the  permeabilities are correlated  to  solubility 
pararneters  (sorption)  as  well as to  glass  transition  temperatures  (mobility). 

The  Tg-values  determined  according  to  the  standard  procedure are given in table 2. The  high 
mobility of the  silicone  rubber  chains is expressed  by  the  extremely  low  Tg-value of -123 'C. Low 
Tg-values are also  obtained for the  elastomers  without b u w  substituents  and  with  a  certain  degree 
of unsaturation,  e.g.  polybutadiene  and  polyoctenamer.  The effect of the rate of  unsaturation is 
clearly  shown  by the latter two  elastomers,  which  have  an  almost  sirrnilar  structure  (see  table 1). 
The only structural  difference is the presence of one  double  bond on eight carbon  atoms  in OT, 
whereas BR contains one  double  bonds after every fourth carbon  atom. . I n  the  range of NBR 
membranes the position of the glass transition point shifts to higher  temperatures  when  the 
acrylonitrile  content is increased. 

In figure 9 the  permeabilities  of the components  of  the  binary liquid mixture are given  as  a 
function  of the glass  transition  temperature.  Where so many  other  factors are often  believed  to  be 
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of importance with respect  to  permeability  coefficients, it is rather surprising to see the dominant 
effect of the Tg-value on the permeability of the organic  component in figure 9, The permeability 
for the organic  component  drastically  increases with decreasing  glass transition temperature.  An 
important observation with respect to the good correlation found for the glass-transition 
temperature and the permeability  coefficient of the organic  component,  which has been  discussed 
previously [l$], is the non-coupled transport of water and the organic component in the 
elastomeric  pervaporation  membranes. This observation should be kept in mind for all the data 
presented in figures 9 and 10. 

Table 2: Glass transition temperawes for 
the  elastomeric  membranes  studied 
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Figure 9: Dependence of the pernabilities for the organic  component (l&) and for 
water (rìght) on glms transition  temperature ' 
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The  water permeabilities only .increase with decreasing glass transition temperature for 

elastomers  with a Tg  smaller  than -60 'C (PDMS, BR, OT). At  higher  Tg's  no  clear  information 
can  be  obtained  due  to  a lot of  scattering,  but in several  cases veryhigh water  fluxes are observed. 
The  strong  hydrogen  bonding  ability in relatively  polar  and  hydrophilic  elastomers (AU, ETER A, 
ACM) is probably  responsible for these  observed  high  water  fluxes. 

The polarity/hydrogen  bonding  capacity  of  the  elastomers is expressed  through  the  combined 

solubility  parameter for polar  and  hydrogen  bonding  contributions ($h). This parameter is used 
to  correlate  qualitatively  membrane  permeabilities  with  the  chemical  nature of the  elastomer.  The 
contributions  to  the  three  dimensional  solubility  parameters of the  elastomers are given in table 3 
both  calculated  from  group  contribugons [33] and  taken  from  literature CZS, 30,451. 

Table 3: Solubility  parameters of various  elastomers and penetrants 

I 

no 

l 

2 

3 

4 

5 

6 

7 

8 

9 

10 

l1 

12 

I 

I 

ELASTOMER 

Polybutadiene 

Nitrile-Butadiene  Rubber (18 % AN) 

Nitrile-Butadiene  Rubber (28 % AN) 

Nitrile-Butadiene  Rubber (38 % AN) 

Polychloroprene 

Epichlorohydrin  terpolymer 

Acrylate rubber 

Polyoctenamer 

Ethene-propene  terpolymer 

Polydimethyl  siloxane 

Polyurethane 

Fluorinated  elastomer 

PERMEANT 

toluene 

trichloroethylene 

water 

P 
g/C& - 
0.89 

0.93 

0.95 

0.97 

1.21 

1.33 

1.15 

0.87 

0.85 

0.97 

1.15 

1.69 - 
- 
0.87 

1.46 

1 .o0 - 

CalC 

15.5 

15.7 

15.5 

16.0 

16.0 

16.8 

16.5 

16.0 

16.0 

- 

16.9 

14.0 - 

d 
lit. 

17.5 

18.3 

18.7 

19.1 

19.4 

18.6 

- 

18.0 

16.0 

17.4 

15.3 - 

18.0 

18.0 

19.5 - 

CalC 

O 

4.3 

6.9 

9.7 

7.7 

9.8 

' 5.7 

O 

O 

- 

5.6 

7.8 - 
I 

? 
lit 

2.3 

5.6 

7.4 

9.2 

3.1 

8.2 

- 

0.8 

0.1 

5.1 

7.2 - 
- 
1.4 

3.1 

17.8 

CalC 

O 

2.8 

3 .5 

4.2 

2.4 

7.0 

9 .o 
O 

O 

- 

9 .o 
O - 
- 

lit. 
3.4 

3.7 

3.9 

4.1 

2.7 

7.2 

- 

2.1 

4.7 

10.2 

5.3 - 
- 
2.0 

5 3 

17.6 - 

- 
6 

CalC 

O 

5.1 

7.7 

10.6 

8.1 

12.0 

10.7 

O 

O 

- 

10.6 

7.8 - 
- 

- 
l 
lit. 

4.1 

6.7 

8.4 

10.1 

4.1 

10.9 

- 

2.2 

4.7 

11.4 

8.9 - 
- 

In the case of polyurethane,  poly  acrylate  rubber  and  .the  fluorocarbon  elastomer  the exact 

chemical structure of the polymer is unknown.  For  polyurethane in table 3 the  parameters for 
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@Aytetramethylene glycol adipate, are taken as representative.  The  solubifity  parameters for the 
acrylate  rubber ape based on values  for  polyethylacrylate. A 70[30 copolymer of 
polpinylidenefluoride and polyhexafluoro~ropylene  is used in the calculation of the solubility 
garameters for the fluorinated rubber. The calculated values are compared  to data found in 
literame. h general there is a good  agreement  between literature and calculated values. The 
calculated  value for the "polar  solubility  parameter'l of polychloroprene,  however, is probably  too 
high [2819 whereas in fiterature deviating values have been  reported for the "hydrogen  bonding 
parameter" of fluorinated  elastomers [ZS] . 

The role of polar  interactions  and  the  hydrogen bonding ability ($/h) om the  water  permeability 
imi pervaporation is illustrated in figure 18. The  highest  water  permeabilities are indeed observed € m  

the relatively polar/hydrophilic  membranes,  whereas  extremely  low  water  permeabilities are 
observed for the completely  apolar/hydrophobic  membranes. h the  intermediate range no clear 
idomtion can be obtained  from  the  solubility parameter approach  due  to scattering results. 

G 6.0j s a I 
4.01 

Figure 10: Pemeabilitìes of water (l&) andofthe organic  component (right) for several 
elastomers in pentaporation wing binary queokls solutions vs. the combipzed solubility 
parameter for polar arad hydrogen boding connibutions 

5 

The golarity/hydrophilicity of the  membrane  seems to be'of only limited importance with 
respect  to  the  permeability  coefficient of the organic  component  as illustrated in figure 18. The 
highest  permeabilities are observed for PDMS with a value for the  cornbinad  solubility  parameter 
of 4.6. It can only be concluded  that  at  relatively  high  values of the  combined  solubi&y  parameter 

. the  permeabilities of the elastomeric membra&es for the organic compnents investigated are low. 
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-For completely  apolar/hydrophobic  membranes  high  permeabilities  .may  be  observed,  but  the $h- 
parameter is not an unequivocal  predictor for this  variable. 

The highest toluene and trichloroethylene permeabilities are observed for non-polar 
hydrophobic  elastomers  with  a  low  amount  of steric groups  and  some  degree of  unsaturation. 
However, the water  permeabilities for these  apolarhydrophobic  membranes also increase  with 
decreasing  glass  transition  temperature.  For  elastomers  with a relatively high 
polarity/hydrophilicity the reduced  chain  mobility is opposed  by  a  dominating  sorption  effect. 
Although  some  of  these  observations are confiied by literature  data,  especially  with  respect  to 
water penneabilities, more  fundamental  research is required to  do  a  firm-based  statement on the 
importance  of  the two most  important  factors in the  pervaporation  process.  Therefore  the  solubility 
of binary  aqueous  solutions  of  trichloroethylene  and  toluene in elastomeric  membranes  has  been 

investigated  by us [46]. 

Selection of membrane material 
For the development of a  thin film composite  membrane  a  proper choice of the  elastomeric 

toplayer is essential. Of course  fluxes for the  organic  component  are  important;  however,  they  can 
be  improved  by  decreasing  the  thickness of the  actual  separating  layer.  Effective  thicknesses  as  thin 
as - 1pm can easily be reached. A second  and  more  important  criterium for the  selection of a 
suitable  polymeric  material is selectivity.  The  intrinsic  membrane  selectivities,  based on the  ratio of 
the  pure  component  permeabilities,  for  the  elastomers  investigated  are shown in  figure 11. 

Figure I I : Intrinsic selectivities of elastomeric  membranes in the pervaporation of aqueous 
solutions of toluene and trichloroethylene 
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In some  cases  extremely highselectivities are  established.  This is not  caused  by an increase in 
permeability  of the organic  component,  but  rather  by a very low water permeabilityr, E water fluxes 
for 100 pm thick membranes are calculated  from  the  permeability  data,  values of 12 g/rn2-hr for 

PDMS membranes  and 4 - 7 gm2-h for the  NBR-membranes are obtained,  whereas fir EPDM- 

membranes the  water flux is about 0.3 g/m2-hr. As a result  the  differences in selectivities  between 
these  elastomers  become  very  large  (over two orders  of  magnitude),  because  the  permeabilities  of 
the  organic  component  differ to a minor  extent  compared t~ the  water  permeabilities  (see figure 7 
&d 8). 

"he  role of  boundary layer effects is illustrated in figure 12 in which the  actual  selectivities 
observed in the  pervaporation  process are given vs. the  intrinsic  membrane  selectivities  cdcuIated 
according  to  equation (4). 

From figure 12 it becomes  clear  that for low  values  of  the  selectivity the  intrinsic  and the actual 
pervaporation  selectivities  differ  only  marginally.  At  higher  selectivity  values the actual  selectivity 
in the  pervaporation  process starts to deviate from the intrinsic values, due to boundary layer 
effects. The largest deviation,  however, is still smaller than a factor of 5. This illustrates that 
although  organic  component fluxes are  strongly  affected  by  boundary layer effects,  selectivities 
remain  rather  una€fected due to the  large  effect  of  the  water  permeability  on  the  intrinsic  selectivity. 

10 L 10 10 ' 
intrinsie pervaporatiom seIectivity 
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4.6 CONCLUSIONS 

Actual  membrane  permeabilities are obtained  from  pervaporation  measurements on aqueous 
solutions with small concentrations of volatile organic components. To ensure the correct 
calculation  procedure for the  permeabilities  the  hydrodynamic  conditions are taken  identical  while 
pervaporation cells with  a  known  value for the  liquid  boundary  layer  mass  transfer  coefficient  are 
used. A wide  range of selectivities is obtained for the  large  variety of elastomers  investigated.  For 
this particular  application  extremely  high  selectivities  (upto 100,OOO) are  established. 

The data for the  membrane  permeabilities  can  qualitatively be explained in terms  of  the  solution 
diffusion model.  Differences in the  permeability  of  the  organic  component  can  be  attributed  mainly 

to  the  physical  parameters  of the polymer  chains. The lower  the glass transition  temperature  (and 
the  higher  the  chain  flexibility)  the larger is the  transport  rate.  For  the  strictly  hydrophobic/apolar 
membranes  the  same  holds for the  water  permeabilities.  The  expected  high  water  solubility,  when 
hydrophilic/polar groups are present, can explain the high  water permeabilities for these 
elastomers,  although chain mobility  due  to  polar  and  hydrogen  bonding  interactions  between  the 
polymer  chains  will  be  reduced. 

For the selection  of  a suitable membrane  material,  choosing the elastomer  with  the  highest 
permeability for the organic component is not obvious,  because  organic  component fluxes are 
strongly  affected  by  boundary layer effects  while  water  fluxes are not.  Choosing  the  membrane 
material with  a  high  selectivity  and still a  good permeability for the organic component will 
therefore  be  more  profitable. 

4.7 EIST OF SYMBOLS 

A 
E 
Gm 
*m 
J 
k 
e 
m 

= membrane area 
= energy of vaporization 
= free energy of mixing 
= free  enthalpy of mixing 

= pervaporation flux 
= mass  transfer coefficient 
= membrane  thickness 
= weight of permeate 
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Greek svmbols 
a 
6 
@ 
P 

Subscripts 
a 
h 
i 

j 
L 
M 
mixt 
oc 
OV 
P 
solv 
W 

tot 
1 
2 

Superscripts 
b 
f 
1 

P 

= mass 
= permeability 
= free entropy of mixing 

=prna t ion  time 
=tempture 
= molar  volume 
= weight hction 
=weight hction 

= selectivity 
= solubility parameter 
= volume k t i o n  
= liquid density 

= dispersion 
= hydrogen bonding 
= component i 
= component j 
= liquid 
= membrane 
=mixme 
= organic  component 
= overall 
=polar 
= solvent 
= water 
= total 
= component l 
= component 2 

= b u k  
=feed 
= intrinsic 
=pernate 

100 



Chapter 4 

4.8 REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

C.A. Cole and E.J. Genetelli,  Pervaporation of volatile  pollutants from water  using  selective  hollow.  fibers, 
Journal of the Water  Pollution  Control  Federation 42 (1970)  290-298. 
L.B.  Westover,  J.C.  Tou and J.H.  Mark,  Novel  mass spectrometric  device - Hollow  fiber  probe,  Anal.  Chem. 
46(4) (1974)  568-571. 
H. Eustache and G. Histi,  Separation of aqueous  organic  mixtures by pervaporation  and  analysis by  mass 
spectrometry or a coupled  gas  chromatograph - mass spectrometer,  J.  Membr.  Sci. 8 (1981)  105-114. 
Y.M. Lee, D.  Bourgeois and G. Belfort,  Selection of  polymer  membrane materials for pervaporation, Proc. of 
the 2d Int.  Conf. on Pervaporation  Processes in the  Chem. Industry, Bakish  Materials  Corporation,  Englewood, 
USA, 1987, pg.  249. 
T.Q. Nguyen and K.  Nobe, Extraction  of  organic  contaminants in aqueous  solutions  by  pervaporation,  J. 
Membr.  Sci. 30 (1987)  11-22. 
C.L. Zhu, C.W.  Yuang,  J.R. Fried and D.B. Greenberg,  Pervaporation  membranes - A  novel  separation 
technique  for  trace  organics,  Environ.  Prog. 2 (1983)  132-143. 
K.W. Böddeker,  Pervaporation  durch  Membranen  und ihre Anwendung  zur  Trennung  von  Hiissiggemischen, 
VD1  Verlag  GmbH,  Diisseldorf,  West-Germany,  1986. 
C.M. Bell,  Untersuchungen mm Permeationsverhalten  von'  Lösungsmitteln  und  deren  Gemische in Membranen 
aus  elastischen  und  glasartigen  Polymeren,  PhD  Thesis,  Stuttgart,  West  Germany,  1987. 
H. Strathmann, C.M. Bell, W. Gudernatsch  and K. Kimmerle,  Die  Entwicklung  von  lösungsmittelselektiven 
Membranen  und ihre Anwendung in der Gastrennung  und  Pervaporation,  Chem.  Ing.  Tech. 60 (8) (1988)  590- 
603. 
J.P.  Brun,  C. Larchet, G. Bulvestre  and B.  Auclair, Sorption  and  pervaporation of dilute  aqueous  solutions of 
organic  compounds  through  polymer  membranes,  J.  Membr.  Sci. 25 (1985)  35-100. 
R.W. Baker, N. Yoshioka, J.M. Mohr, A.J.  Khan, Separation of organic  vapors  from air, J.  Membr.  Sci. 
31(1987)  259-271. 
I. Blume  and R.W. Baker,  Separation  and  concentration of organic  solvents  from  water  using  pervaporation, 
Proc. of the .Ld Int.  Conf. on Pervaporation  Processes in the Chem. Industry,  Bakish  Materials  Corporation, 
Englewood,  USA,  1987,  pg. 111. 
K. Kimmerle, C.M. Bell, W. Gudernatsch  and H. Chmiel,  Solvent  recovery  from air, J.  Membr. Sci. 36 (1988) 
477-488. 
H. Paul, C.  Phillipsen, F.J. Gerner  and H. Strathmann,  Removal of organic  vapors  from air by selective 
membrane  permeation,  J.  Membr. Sci 36 (1988)  363-372. 
P. Caté and C. Lipski, Mass transfer  limitations in pervaporation for water  and  waste  water  treatment,  Proc. of 
the 3d Int.  Conf. on Perv.  Processes  in  the  Chem.  Industry;  Nancy  (France),  Bakish  Materials  Corporation, 
Englewood,  USA,  1988,  pg.  449. 
R. Psaume,  Application de la pervaporation au traitement de l'eau  potable:  élimination de dérivés  halogénés à 
l'état de traces,  PhD  Thesis,  Toulouse,  France,  1986. 
J.W.F. Spitzen,  Pervaporation  (membranes  and  models  for  the  dehydration  of  ethanol),  PhD  Thesis,  Chapter  6, 
University of Twente,  Enschede,  The  Netherlands,  1988. 
H.H. Nijhuis,  Removal of trace  organics  from  water  by  pervaporation, PhD Thesis,  Chapter  2,  University of 
Twente,  Enschede,  The  Netherlands,  1990. 

101 



19. RH. Nijhuis,  Removal of trace  organics from water by pervaporation, PhD Thesis,  Chapter  3,  University of 
Twente,  Enschede,  The  Netherlands,  1990. 

20. JA. Brydson, Rubbery  materials  and  their  compounds,  Elsevier  Applied  Science,  London,  1988. 
21.  A.E.  Schouten and A.K. van der Vegt,  Plastics,  Delta Ress, Overberg, The Netherlands,  1987. 
22. €€S. Mä&, N.G. Gaylord  and N.M. Bikales (editors),  Encyclopedia of polymer  science  and tPmo10gy @lastics, 

Resins, Rubbers,  Fibers)  Volume 5, John  Wiley Sons, Inc.,  1966. 
23. A.Y. Corm, Vulcanization,  Chapter 7 in Science  and  technology of rubber, F.R. Eirich (ed.),  Academic  Press, 

New  York,  1978. 
24. $.G, Bork  and C.W. Roush, The vuIcanization of silicone  rubber,  Chapter 11 in Vdcanization of elastomers, 

Reinhold  Publishing  Corporation, New  York,  1964. 
25.  K.E. Polmanteer, Silicone rubber, its development and techological progress,  Rubber Chem. Techn. 61(3) 

(1988) 470 - 502. 
26. LI. Ostromysslenski, Shurnal Fisitschesskoi  Chimii 47 (1915) 1887, 
27 I Hercules  Bulletin  ORC-10  1B , Technical data of Di-cup  and Vul-cup peroxides. 
28. A.F.M. Barton, Handbook of solubility  parameters and cohesion  parameters, Boca Katon, Florida, 1983. 
29. J. Eldebrand and R. Scott, The  solubility of non-electrolytes,  third  edition,  Reinhold  Fublishing  Company, 

New York, 1949. 
30. C.M. Kansen, The thee dimensional  solubility  parameter  and  solvent  diffusion  coefficient,  Danish  Technical 

Press,  Copenhagen,  1967. 
31. P.E. Froehhg, D.M. Koenhen, A. Bantjes  and C.A. Smolders,  Swelling of linear polymers in mixed  swelling 

32. R.A. Sferrazza  and C.H. Gooding, Prediction of sorption  selectivity in pervaporation  membranes,  Proc.  3d Inct. 
Conf. on Perv.  Processes in the Chem.  Ind,;  Nancy  (France),  Bakish Materials  Corporation,  Englewood, USA, 

agents;  Predictability  by means of solubility  parameters,  Polymer 87 (1976)  835-36, 

I 1988,54-60. 
33. D.W. van  Krevelen  and P.J. Hoftijzer, Roperties of polymers,  Their  estimation and correlation  with  chemical 

structure,  Elsevier,  Amsterdam,  1976, 
34. D.M. Koenhen  and C.A.  Smolders, The determination of solubility parameters of solvents  and  polymers  by 

means of  correlations with other  physical  quantities, J. Appl.  Polym.  Sci. 19 (1975)  1163-1179. 

membrane  materials from liquid  chromatographic data, J.  Appl.  Polym.  Sci.  20  (1976)  1515-1531. 
35.  T. Mätsuura, P. Blak and S. Sourirajan, Polar and nonpolar  parameters for polymeric reverse osmosis 

36. J.M. Sorensen  and  W.Arlt,  Liquid-Liquid  equilibrium data collection (Binary systems),  Chemistry  data  series, 
Vol. 5, Part l ,  Editors D, Behrens  and R. Eckermann,  Dechema, 

37. P.A. Krieger  (ed.), Solvent  guide  (2nd  edition),  Burdick & Jackson  laboratories  Inc.,  1984. 
38. M. Salame, Transport properties of nitrile rubbers, J. Polymer Sci.:  Symposium 4 1  (1973) 1 - 15. 
39. D.G. Edwards,  Water  absorption  phenomena in elasbomers,  Elastomerics  (October  1985) 25 - 30. 
40. JP. Brun, 6. Bulvestre, A. Kergreis and M. Guillou, Hydrocarbons  Separation with polymer  membranes: 1. 

Butadiene - isobutene  separation  with nitde rubber  membranes, J, Appl. Polym,  Sci. l$ (1974)  1463 - 1683. 
41. C. Larchet, J.$. B m  and M. Guillou, Separation of benzene - n-heptane  mixtures  by  pervaporation with 

elastomeric membranes: 1. Performance of membranes, J. Membr.  Sci. 15 (1983) 81 - 96. 
42. G, Larchet, JP. Brun and M. Guillou, Separation of benzene - n-heptane  mixtures by pervaporation with 

elastomeric  membranes: 2. Contribution of sorption to the  separation  mechanism, J. Membr. &i. 89 (1984) 
263 - 274. 

43. J. Comyn,  The  interaction of water  with  plastics and rubbers,  Progress in Rubber  and  Plastics Technology l@) 

102 



Chapter 4 

(1985) 1 - 13. 
44. Y .  Iyengar,  Relation of water  vapor  permeability of elastomers to molecular  structure,  Polymer  Letters 3 (1965) 

663 - 669. 
45. R.H. Baney, C.E. Voigt  and J.W. Mentele,  Partial  solubility  parameters of some polyalkylmethylsiloxanes, in 

Structure-solubility  relationships in polymers, F.W. Harris and R.B. Seymour  (editors),  Academic  Press,  New 
York, 1977. 

46. H.H. Nijhuis,  Removal of trace  organics from water  by  pervaporation, PhD Thesis,  Chapter 5, University of 
Twente,  Enschede,  The  Netherlands, 1990. 

103 



I3.K Nijhuis, M.H.V. Mulder  and C.A. Smoltders 

The sorption beha~our  of elastomeric  membranes in aqueous  solutions of toluene and  trichloroethylene is 
studied. Tdae sorption and selective  transport of water and  organic  component  are  related to the cdaemical nuture of the 
membrane by the solubility  parameter approach. A satisfactory  correlation for the sorption of water with the 
solubility g a r a ~ t e r  for polar and hydrogen bonding  contributions (iìplh) is obtained. T k  solubility of the  organic 

component  appears to be ìndependent of this combined solubili~ parameter. 
Flow-Huggins thermodynamics is applied  to describe and predict the sorption behaviour of pervaporation 

membranes in a more quanrita~ve way.  Polymerlsiquid interaction  parameters and the molecular weight  between 
cross-links are obtainedfrorn swelling  experiments in pure liquids, whereas she liquidliquid intermbion  prnameter is 
calculated from the simple binary Flory-Huggins  equations and the solubility of the organic component in water. 
The characteristic data thus obtained are used in ternary  Flory-Huggins  equations  to  describe with reasonable good 
accuracy the sorption b e W o w  of the aqueous  solutions. 

Experimental sorptiopb isotherm for acrylonitrile  containing  copolymers of polybutadiene, as well as for 
polydimethylsiloxane and  a terpolymer of ethylene-propyle&  rubber, show that a "Henry-tyae" of sorption 
behaviour of the organic component may be  assumed in the low concentration range. This dìrect  proportionality 
between the volume frcction of the  organic  component in the swollen film and the feed concentration is also 
predicted by the  ternary  Flopy-Huggins  equations. 

In the last thee decades  much  research  has  been  performed  to  understand the solubility  and 
diffusivity of permeants in polymer  membranes. The most  commonly  used  model to describe  the 
transport through  dense  homogeneous  membranes, is the solution-diffusion model [l]. The 
per€ormance of dense homogeneous  membranes is strongly affected by the solubility of the 
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permeating  components in the  polymer  matrix.  Prediction  of  solubility  requires  a  reliable  theoretical 

equation, for which  Hory-Huggins  thermodynamics [2,3] can  be  applied. 
The  simple  Flory-Huggins  equation  holds  only for amorphous  polymers. In semi-crystalline  or 

crosslinked network structures the  solvent  up-take is restricted by  the resulting strain in the 
amorphous  polymer  chains.  Flory  and  Rehner [4-61 introduced an entropy term for elastic 
deformation of the  polymer  chains  in  a  network  structure. 

The  main  parameters in the  Flory-Huggins  and the Flory-Rehner  equations  that  have  to  be 

determined  experimentally  are  the  binary  interaction  parameter x and  the  average  molecular  weight 
between  crosslinks  MC.  Different  procedures  have  been  followed to obtain  these  parameters  for 
elastomers. 

- Doty and  Zable  [7]  determined  MC for a crosslinked  polymer  from its swelling  volume in a 

solvent for which the value of x was  determined from osmotic  pressure  measurements  with  the 

non-crosslinked  form. 
- Polymer-solvent interaction parameters  have  been related to solubility parameters by 

respectively Scott and  Magat [8] and  Fedors [g].  The  value  of x is obtained  from  a  relation in 
which the solubility  parameter  difference is included,  whereas the crosslink  density is obtained 
using  the  original  Flory-Rehner  equation [SJ. 

- Mullins [l01 obtained a  value for the molecular  weight of  a unit from  stress-strain 
measurements  and  used it to  determine  the  interaction  parameter of n-decane in natural  rubber.  The 
degree  of  crosslinking  was  determined  chemically by  an  infrared  spectrometric  “method  by  Moore 
and  Watson [ll]. The  thus obtained value was  compared  with  a  value obtained from  swelling 
experiments  using  a  previously [ 101 detemhed interaction  parameter. A large  divergence  between 
the  two  methods  has  been  observed,  which  was  attributed  to  a  relatively  high  degree of  physical 
crosslinking. 

- Values  of the Flory-Huggins  solvent-polymer  interaction  parameter  have  been  evaluated  by 
Bhatnagar [12, 131. Assuming  an  inverse  proportionality  of  the  added  amount of the  crosslinking 
agent  dicumylperoxide  (DCP)  and the molecular  weight  between crosslinks, the  experimental 

parameters x and  MC  could be evaluated. 
- Frensdorff [l41 investigated the vapour  sorption  behaviour  of  non-crosslinked  ethylene- 

propylene  elastomers  and  used  a  simplified  Flory-Huggins  equation  to  estimate  the  interaction 
parameters from activity  (vapour  pressure)  dependent  measurements. 

Interaction  parameters  determined in either  one of the  ways  given  above,  can  now in principle 
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be  used to determine the degree  of crosslinking in a  test  sample o€ the same elastomer from a 
swelling  experiment using the same  solvent.  By  substitution  of  the  average  molecular  weight 
between  crosslinks in the  Flory-Rehner  equation  the  polymer-solvent  interaction  Parameter  can  be 
obtained for pure  solvents  when  swelling  experiments are carried out with the same  elastomer. For 

prediction of swelling  values in binary  aqueous  mixtures  both  parameters (x and  MC)  have  to  be 
known. 

~ The  objective o€ this paper is to explore  the  solubility  part in the  transport  of  pemeants  through 
membranes.  The  pre€erential  sorption  behaviour of  various  investigated  membranes is qualitatively 
described  through  the  solubility  parameter  approach.  Another  approach,  based on Flory-Huggins 
thermodynamics is presented that describes  the  solubility  of  the  organic  component  and  water in 
the  membrane in a quantitative  way.  Binary Flory-Huggins parameters for solute-water,  solute- 
polymer  and  water-polymer  interactions will be evaluated using literature  values.  The  molecular 
weight  between  crosslinks (NE) can  be.  determined  then  íÌom  one  single  sorption  experiment in the 
pure  solvent. When such data are not available,  interaction  parameters  have  been  determined fiom 
swelling  experiments using elastomeric films with  different  crosslink  densities. Hn our opinion this 
is the most reliable method,  because  the  degree  of crosslinking and the interaction parameters 
needed  to describe the preferential sorption from aqueous  solutions, are then  determined  from 
actual  sorption  experiments. 

l 

Sorption experiments at room  temperature  have  been  performed for aqueous  solutions of 
toluene  and  trichloroethylene  respectively.  The  experimentally  determined  sorption  isotherms wiIl 

be  compared  with  calculated  curves  using  binary  interaction  parameters in ternary  Hory-Huggins 

A mass transfer resistance-in-series  model  to  determine the permeabilities of the organic 
component in the membrane has been  described  and  used  elsewhere [U, la. According  to  the 

solution-diffusion  model  the  permeability part (p) can be split into  contributions  due  to  solubility 

(i) and diffusivity (a) in the  membrane. In the following  section it will be  shown  how  these three 
parameters are related, With respect to the solubility of the  components in the  membrane  the 
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solubility  parameter  theory  can  give  a first estimation.  Flory-Huggins  thermodynamics  describes 
the relation between the activity in the  membrane  and  the  composition of the swollen film in 
quantitative  terms. 

Both  the  solubility  parameter  approach  and  the  more  quantitative  theory  of Flory and Huggins 
will be  discussed  briefly  now. 

5.2.1 The solution-diffusion model 

The  transport  through  membranes is in first approximation  very  conveniently  described by 
Fick's  law. In 1885  Fick  already  stated,  that  in  isotropic  systems  the rate of  transfer  of  diffusing 

matter  through  a  unit  area  of  a  section  is  proportional  (through  a  Fickian  diffusion  coefficient)  with 
the  concentration  gradient  (dCi/dx)  measured normal to  that  section: 

According to the original solution-difksion model [ 1,17,1 S], however, the flux of  a 
component i through  a  membrane is proportional  (through a thermodynamic  diffusion  coefficient) 
with  the  gradient in chemical  potential (dpi / dx). In pervaporation  in  which  the  pressure  difference 
over  the  membrane  is  usually  relatively  small  the flux for component i can  be  described  as  follows: 

From  equation (2) it becomes  clear  that  the  transport  rates  are  determined  by two factors: 

1) the  thermodynamic  diffusion  coefficient  of  a  component in a  membrane; 
2) the  activity  (concentration)  of  the  permeants in the membrane  as a function of 

the distance from the  membranekquid  interface. 

Fick's  law  now  can  be  considered  as  a  special  case  of  equation (2). By  substituting ai = yi. $i 

and for constant  activity  coefficients (dyi / dx = O) equation (2) converts into the  volumetric  form 
of  Fick's  Law: 
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The concentrations of the organic component in  the feed and in 
inembrane/feed  interface  are  related  by a dimensiodess  partition  coefficient: 

SML 

Substitution Q€ equation (4) into (3) yields  equation (5): 

the membrane at the 

Usually a direct  conversion  from  activities  to  volume  fractions (or mole  fractions) is only  valid 

€or ídeal mixtures in which y - 1. The  high  dilution of the binary liquid feed mixtures  used  in 
studies  on  the  removal  of  trace  organics from water  by  pervaporation justifies a similar conversion 
over  the entire solubility range [19, 201. This can easily be seen from equations  which are 

commonly  applied  to  describe  the  concentration  dependence of activity  coefficients, e.g.  the  van 
Laar  equation or the Margules  equations.  These  equations show furthennore that the  activity 
coefficient, as a first rough  approximation,  can be taken  to  be  equal  to  the  reciprocal  value of the 
sokbility. If no  adequate  experimental data are available this approximation is often  very  useful  to 
obtain a value €or  this parameter. 

- 1  
= = - 

@ F  

The  product of diffusivity (a) and  solubility (S) is called  the  permeability (p): 

Substitution of this new  parameter in equation (6) yields a very  convenient  equation for the 
transport in the  membrane: 
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The steady state component flux Ji can  be  determined  from  pervaporation  measurements, 
whereas the concentration in the  feed  solution is often a known  variable  provided  that  boundary 
layer effects are excluded,  However, if concentration  polarization  phenomena are of  importance, 
additional  equations are required  to  describe  the  transport in the  boundary  layer. 

It is evident  from  equation (8) that the  permeability  coefficient is a  lump  parameter,  which  can 
be very  convenient for describing the transport in the membrane.  For  a  more  fundamental 
understanding of the  permeation  process  knowledge is required  of  the  diffusion  coefficient  and  the 
solubility of the components in the membrane.  When the permeabilities are known  from 
pervaporation  measurements,  such  information  can in principle  be obtained by  determining  the 
values of either  the  partition  coefficient or the  diffusion  coefficient  in  the  membrane. h our  case  the 
partition coefficient has  been determined, whereas data on diffusion coefficients have  been 
obtained  fkom  the  ratio  of  experimental  permeability  and  partition  coefficients. . 

5.2.2 The solubility parameter  approach 

A semiquantitative way to describe the interactions between  polymer  and  solutes is the 
solubility  parameter  theory [21-231. A brief  outline  of  this  theory is given in a  previous  paper, In 
which  experimental  permeability  coefficients  were  related  to  solubility  parameters [16]. The  basic 

idea is that  a'polymer  and a single  penetrant will show  favourable  interaction  if (6r.-82)2 is minimal. 
The  solubility  parameter 6i contains  contributions  from  dispersion,  polar  and  hydrogen  bonding 
character, as given  by: 

Although  initially  developed  to  explain  the  mixing'behaviour  of  liquids,  the  solubility  parameter 
approach  appears  to  be  very  useful also in predicting  the  compatibility of  polymers  and  solvents. 

Extensive tabulations of &parameters for liquids are available.  However, literature data for 
polymers are scarce.  Several  authors  determined  contributions  of  molecular  groups  to  the  solubility 
parameter on the basis of experimental data [24-26J Van  Krevelen [24] gives  the  most  extensive 
tabulations  and  subdivides  the  overall  group  contribution in contributions  due  to  dispersion,  polar 
and  hydrogen  bonding  forces. A clear  advantage of determining the three  dimensional  parameters 
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in this way, is that all values are calculated in a  similar way and  thus  errors  caused  by  the  use of 
different  experimental  methods are excluded. Again it should  be  emphasized that the solubility 
parameter  theory  can  only  predict  polymer-penetrant  interactions  very  qualitatively,  The soqtion 
behaviour of homogeneous  elastomeric  membranes can be described in a more fundamental and 
quantitative  way  by Flory-Huggins thermodynamics. 

5.2.3 FIwy-Huggins thermodynamics 

Mulder et al. [27] showed that Flory-Huggins thermodynamics is very  helpful in predicting 
qoncentration  profiles  and  describing  the  sorption  selectivity of cellulose  acetate membranes in the 

separation of ethanoVwater  mixtures,  Bitter [28] developed  a  modified Flory-Huggins equation  for 
describing the sorption  behaviour of  polyethylene,  polypropylene and  natural  rubber. 

For a binary  system  the  activities  are  given  by 1291: 

x- - is a  binary  interaction  parameter €or components 1 and 2 and is called  the Flory-Huggins 
interaction  parameter.  Equations (10) and (1 1) can  only be applied for liquid mixtures  or non 
cross-linked high molecular weight polymeric systems. For cross-linked polymers a term 
describing  the  energy  change due to  elastic-strain  has to be  added  to  equation (11) and  at  swelling 
equilibrium  the foIlowing equation is obtained 

4 

where MC is the  molecular  weight per cross-linked unit and M is the molecular  weight  before 
cross-linking. The  factor (1 r 2 %/M) expresses the correction  €or networkimperfections  resulting 
gom chain ends. For a perfect  network (M = w) it reduces  to unity. The  subscripts i and j refer to 
the  penetrant  and  the  polymer  respectively. 
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For  ternary  systems,  a  polymer  and  a  binary liquid mixture,  the  activities  as  given  by  Flory 
[29] of the organic  component  (1)  and  water (2) in the  polymer  (3)  can easily be  extended  with  a 
cross-linking  term  as  given in the  equations (13) and  (14). 

In principle  these  equations  can  be  substituted in equation (2) giving  a  general  equation for the 
transport of  permeants in  the membrane. In this particular application, however,  some 
simplifications  can  be  made. First the  molar  volume  of the polymer is much  larger  than  the  molar 
volumes  of  the  penetrants.  Therefore the fourth  term on the  right  hand  side of equations  (13)  and 
(14)  may be neglected.  The last term on the right hand  side  of  these  equations,  which  accounts for 
the  effects of crosslinking,  has only a  second  order effect in the  systems  investigated in which  the 

swelling is low  and  can  therefore  probably be neglected. In the  case  of  pure  liquid  sorption ($14 

or $2=0) equations  (13)  and  (14)  reduce  to  the  Flory-Huggins  equations for binary  systems. 

5.2.4 Evaluation of the  binary interaction parameters 

h first approximation the three interaction parameters xij  in equations  (13)  and  (14)  are 

considered  to  be  concentration  independent.  The  polymer  interaction  parameters  x13  and  x23  can 
be  obtained  from  swelling data of  the  polymer in the pure  liquids  using  equation  (12) for cross- 
linked polymers.  The  liquid/liquid  interaction  parameter  can  be  obtained  from  equation  (10). To 
solve  this  equation a value is required for the  activity  coefficient of the  organic  component  in  the 
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,aqueous  solution. I€ experimental data are not available a first rough  estimation  of the activity 

coefficient,  used  to  calculate ~ 1 2 ,  may be obtained  from  equation  (6)  (al = yI * = @ l / @ ~ ~ ,  for 
which one nee&  solubility  data. 

Once the binary interaction parameters are determined, an iteration procedure is used to 

determine  the  volume fractions ($142 and $3) in the swollen  polymer f?lm as  a  function  of  the 
concentration in the  binary liquid mixture.  The  activity of water is assumed  to  be unity. The  value 
€or  the  activity  coefficient  of  the  organic  component in the  ternary  system in equilibrium,  as  a first 

rough  approximation  was  obtained  from  equation  (6).  Actual  ternary sorption experiments,  using  a 
polymer test sample  with  known binary interaction parameters and molecular  weight,  should 
provide  a  more  accurate  value,  which is used in all the model  calculations. 

5.3 EXPERIMENTAL 

5.3.1 Materials 

A list of polymers  used in the sorption experiments, their tradenames  and  molecular  structures 

is given  elsewhere [16]. Two  elastomers  have  been selected €or extensive ïnvesdgations on the 
basis  of their pervaporation  behaviour [30], whereas a group  of  copolymers  has  been  selected  to 
vary the  polarity  and  hydrophobicity  of  the  membrane.  Polydímethylsiloxane (PDMS; RTV 615 A) 
and  crosslinking  agent (RW 615 B), ethylene  propylene  rubber  (EPDM),  polybutadiene (BR) and 
copolymers of polybutadiene containing 18,28 and 38% of acrylonitrile  (NBR(18), NBR(28), 
mR(38)) respectively  have  been  used for the preparation of polymer films. 

The  solvents  (analytical  grade) in the  sorption  experiments  and for dissolving the polymers  as 
well as the crosslinking agent dicumylperoxïde  (DCP) are purchased from Merck. The above 
polymers  and  chemicals  were used without  further  purification. 

Water for the sorption experiments is deionkeil and  ultrafiltrated  before  use. 

5-32 Preparation of polymeric films - 

Relatively  thick  homogeneous  polymeric fiIms with  thicknesses  over 300 p were  prepared  by 

112 



Chapter 5 

filing a petri dish with  a  solution  of  the  elastomer  and  a  certain  amount  of  the  cross-linking  agent 
DCP. After complete  evaporation of the solvent  the  polymer is cross-linked for 45 minutes at 
155 "C in a nitrogen  atmosphere. After cooling, the petri dishes  were  placed in a water  bath  and 
after 24 hours the free  films  could be removed. 

PDMS films have  been  prepared  by  mixing  the two components  thoroughly  without.adding 
any  solvent,  then  pouring  the  viscous  solution in a petri  dish,  degassing,  and  cross-linking at 70 "C 
overnight in a nitrogen  atmosphere. 

5.3.3 Sorption  experiments 

Preferential  sorption 
Dried strips of  the  elastomers  (about 0.2 g )  were  immersed in conical flasks containing  an 

aqueous  solution  of  toluene or trichloroethylene. As a  standard  procedure  the films were  removed 
after 24 hours  of  submersion at room  temperature,  carefully blotted between  tissue  paper,  put in a 
closed flask and  weighed.  From  this  the  total  mass  uptake  can  be  calculated.  The  absorbed  liquid 
was distilled out of  the  membrane  by  a  method  described  by  Mulder et al [31] and  subsequently 
collected in a  cold  trap  cooled  with  liquid  nitrogen. A relatively  large  amount  of  water  was  added  to 
the  small  amount of, the still fkozen,  distilled  liquid  to  prevent  losses  by  evaporation  and  to  obtain  a 
homogeneous solution. The  composition  of this mixture  can  now  be  determined by  GC-analysis. 
If the added  amount of water  to dilute the distillate is known,  the total amount  of  organic 
component in the  analysed  diluted  solution  can  be  calculated.  This  amount  should  be  equal  to  the 
absorbed  amount of this  component in the  membrane.  Because  also  the total mass  uptake in the 
polymer film was  determined,  the  composition  of  the  absorbed  liquid in the film can  be  calculated 
according  to  the  equations  given  below. 

k n '%Ipi n=2 (3) for binary  (ternary)  systems 
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Ssrption in pure ïiquids 
For the  determination of the  crosslinking degree and  the  binary Flory-Huggins interaction 

parameters,  sorption  experiments  were also perfomed  in the  pure  organic liquids using a similar 
procedure  as  described  above. From the mass increase of the  polymer  sample the composition of 
the  swollen  polymer  sample  can be determined  according  to  equation (15). 

5.4 RESULTS AND DISCUSSION 

h this  section  the results of equilibrium sorption experiments will be presented. First the 
dominant role of the sorption step on the  selectivity in the  pervaporation of trace  organics fiom 
aqueous solutions will be  shown. 

sorption seIectivity 

FiauP-e 1: Correlation  between  intrinsic  pervaporation  selectivity  and sorption selectivity 

From  previous  work [lflperrneability data are obtained.-The intrinsic sdectivities given in 

this paper  were  defined  as: 
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in which PW represents  the  product  of  observed  water flux [m3/m2-s] and  membrane  thickness 
[m]. The  correlation  between this selectivity  factor  bnd  the  selectivity  factor for sorption  defined  by 
equation  (17) is presented in figure 1. 

The data are plotted on a double  logarithmic  scale,  because  the  selectivities differ over  more 
than three orders of magnitude for the elastomeric materials chosen.  Obviously  a  strong 
dependence of pervaporation selectivity on the sorption  behaviour  of the polymer  exists.  The 
observed pervaporation selectivities. are roughly  a factor of 10 smaller than  the sorption 
selectivities, indicating that diffusion rates are in favour  of  water. For two elastomers, 
epichlorohydrin  terpolymer (ETER A) and  neoprene (CR), the  pervaporation  selectivity is higher 
than the sorption  selectivity,  which is surprising,  but  has  not  been fuaher investigated. 

5.4.1 The solubility parameter approach 

The three dimensional solubility parameters  of the elastomers are given in table 1 both 
calculated from group  contributions  [24]  and  taken  from literature [21,  23,  321. In the  case of 
polyurethane,  poly  acrylate  rubber  and  the  fluorocarbon  elastomer  the exact chemical  structure  of 
the  polymer is unknown.  For  polyurethane  the  parameters for polytetramethylene  glycol  adipate  are 
given.  The  solubility  parameters for the  acrylate  rubber  are  based  on  values for polyethylacrylate. 
A 70/30  copolymer of polyvinylidenefluoride and  polyhexafluoropropylene is used in the 
calculation of the solubility parameters for the fluorinated rubber.  The calculated values are 
compared  to data found in literature. In general  there is a  good  agreement  between  experimental 
and  calculated  values.  The  calculated  value for the  'polar  solubility  parameter'  of  polychloroprene, 

however, is probably  too  high  [21],  whereas in literature  deviating  values  have  been  reported for 
the "hydrogen  bonding  parameter"  of  fluorinated  elastomers [Zl]. 

The  important role of polar  interactions  and  the  hydrogen  bonding  ability ($h) on  the  water 
permeability in pervaporation  has  been  shown  elsewhere [16]. In contrast to this the 
polarityhydrophilicity of the membrane  was  shown  to  be of only  limited  importance  with  respect 
to the permeability  of the organic component.  In figure 2 the contribution  of  polar/hydrogen 
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bonding groups in the polymer to the sorption of water  and thus to the permeability in the 
elastomeric  membranes is shown. 

Tábke I :  Solubili@ parameters of various elmtomers and  penetrants 
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Figure 2 shows  a satisfactory correlation for the sorption of water with the 'combined 
solubïIity  parameter'.  The  sorption of water is enhanced,  when the polar/hydrophilic character, 

indicated by 8p,h, increases. On a similar scale as above data for the sorpdon of the  organic 
component  ikom  aqueous  solutions are plotted in figure 3. The  solubility of the organic  component 
appears to be almost independent of the solubility parameter €or polar  interactions  and  hydrogen 

bonding 
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Figure 2: Water sorption for several  elastomers  as afinction of the  combined  solubility 

parameter for polar and  hydrogen  bonding  contributions;  %,h 
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Figure 3: Sorption of the organic component for several elastomers in binary  aqueous 
solutions as  afinction of the combined  solubility  parameter for polar and  hydrogen  bonding 

contributions; %,h 
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From the two figures shown above  a tentative conclusion  can  be  drawn. With respect  to the 
sorption behaviour  of elastomeric membranes in binary  aqueous solutions of toluene or 
tricichloroethylene a strong  dependence  of the water  sorption on the  chosen  elastomeric  membrane 
material is observed.  The  sorption  of the organic  component in the membranes  gives  an  almost 

constant  sorption  value  independent  of  ljp,h,  which  implies  that  other  factors (-Sion) determine 
the  differences in permeability  observed for this component [ISJ. 

Determination  of  &€€úSion  coefficients in the  membrane falls beyond  the  scope  of  this  work. If 
solubility data are used,  however, in combination  with  permeability data obtained  previously [la 
an indication  of this transport parameter  may be obatined using p=a .S. A satisfactory  correlation 
(not  shown in this paper)  with the glass transition  temperature is obtained,  which  confirms the 
previously  drawn  conclusion that the transport rate of the organic  component is governed  by  the 
diffusion  rate  of this component in the  membrane. 

The  transport rate of  water,  on the other  hand, will be minimal in hydrophobic  membranes,  due 
to the extremely low sorption values. Hence  very small water fluxes and  extremely  high 
selectivities will be  observed. It is concluded that high  selectivities are not  based  on  high  organic 

component  fluxes but rather  on  very  low  water  fluxes. 

5.4.2 FHory-Huggins thermodynamics 

Equations (13) and (14) have  been  used  to calculate the preferential  sorption in elastomeric 

pervaporation  membranes.  The  interaction  parameters x13 and x23 are calculated  from  the sorption 
of the pure  components in the elastomer  (from  equations (10) and (12), see below).  The  physical 
properties  of the components  from the liquid binary mixtures  used for the calculation of the 
liquidhqpid binary  interaction  parameters are summarized in table 2 (column 2-4). 

Determination of the liquid/liquid interaction parameter ( ~ 1 2 )  
For  the determination of  binary liquidbiquid interaction parameters in aqueous  solutions 

equation (10) can be used.  This equation can  be solved with the solubilities of toluene and 
trichloroethylene in water  given - in the fifth column of table 2 and  an  activity  of 1 per definition at 
the  soIubility limit for systems  with  a  poor  mutual  solubility.  The  binary  liquid/Gquid  interaction 
parameters  thus  calculated  are  given in the  last  column of table 2. 
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Table 2: Physical  properties of liquids  used 

Determination of the  polymerlwater  interaction  parameter ( ~ 2 3 )  
The value  of  the  polymer/water  interaction  parameter  can  easily  be  evaluated  from  equilibrium 

sorption  experiments. A problem,  however, is the continuous mass uptake in NBR-membranes. 
Even  after  more  than 1000 hours of sorption,  equilibrium is not  reached as illustrated in figure 4. 

10 

O 10 20 30 40 50 60 
dt [hr1I2] 

2 
Figure 4: Water  uptake as afinction of the  square  root of time  in  NBR-membranes 

Several  authors  already  observed  these  phenomena in elastomers  and  attributed  this  to  oicidative 
breakdown  of  primary  bonds [S]. Brun et al. [33], however,  pointed at the  possibility of  water 
clusters  being  formed. Plotting the  relative  mass  uptake  as  a  function of the  square  root of time, 
after an initial stage a direct proportionality is shown,  which  could  indicate  that an extremely  slow 
diffusion  process is going on. Arbitrarily the absorbed  amount of water in NBR  membranes  was 
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determined from a plot of the volume  €raction of liquid in the  swollen fiEm as a  function of the 
concentration  of  organics in the  aqueous  solution  (fast  swelling  processes).  The  intercept with the 

Y-axis gives  the  absorbed  amount  of  pure  water (@z). With  the data thus  obtained,  srrmm&ed in 
the  second  column of table 3, the  polymer/nonsolvent  interaction  parameters as given in the third 

column of table 3 can  be  calculated  using  equation (10). 

Table 3: Volunae $-actions of water in various  elastomers  and the calculated binary 
interaction p a t e r s  ( ~ 2 3 )  

PDMS 0.0014  5.6 

EBDM 6.3 0.00067 

Determination of the  polymerlsolvent  interaction  parameter ( ~ 1 3 )  
Binary  polymer/solvent  interaction  parameters  were  obtained b m  literature in cases  where 

such data were  available (see table 4). A swelling  experiment in a solvent  (lit.solvent;  column 3) 

with  a  known value for the binary interaction parameter (x(1it);  column 2) is  performed The 
molecular  weight  between cross-links (Mc; column 5) can be  calcuIated from the experimental 

polymer  volume fractions obtained (q @t-solv., column 4) according to equation (12). Binary 
interaction  parameters for other pure  solvents  can now  be  determined from swelling  experiments 
(column 6-10) using this MC-value. Essential in this case is that the measurements are performed 
using membranes  which  have  been  cross-linked at identical  conditions. This procedure has been 
followed for PDMS with a  literature  given  interaction  parameter for toluene of 0,465 [34,35]. At 

lower  degrees of swelling the interaction  parameter  increases  upto  a value of 64-72 at a  solvent 
volume fraction of 0.20 [35]. Literature  interaction  parameters  were  also  obtained for benzeneBR 
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[l31 and  hexane/EPDM [ 141. For  the latter poíymers no interaction  parameters  were  found for 
toluene or trichloroethylene.  For  toluene/BR  an  interaction  parameter  has  been  calculated  using data 
given in the  pertinent  paper. An interaction  parameter for trichloroethylene/BR  has  been  calculated 
following  the  procedure  given  above.  For  the  terpolymer  of  ethylene  and  propylene a concentration 
independent  interaction  parameter has  been  found for n-hexane.  This  interaction  parameter  has 
been  used to calculate an  average  molecular  weight  between crosslinks and-the interaction 
parameters for toluene  and  trichloroethylene.  The  physical  properties  of  the  elastomeric  materials 
involved  are  given in table 5. 

Table 4: Literature  values for interaction  parameters,  experimental  polymer  volume pactions, 

calculated  molecular  weights (Mc) and  calculated  interaction  parameters 0113) 

1000 
~ 

800 

Table 5: Physical  properties of the  elastomers  involved 

0.398 0.30 0.291 . 0.04 

density Mol. weight (M,) before I I [g/crn3] I crosslinking  [g/mole] I 
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In the absence of interaction parameter data for the NBR-membranes,  values  have  been 
obtained  by a procedure  proposed  by  Bhatnagar [12, 131. Polymer films containing different 
Founts of the  cross-linking  agent  dicnmylperoxide (DCP)  have  been  heat  treated  to  produce a 
,cross-linked  polymer  network. I€ the  cross-link efEiciency is independent of the  concentration of 
DCP,  the molecdar weight  between  crosslinks will be  inversely  proportional  to  the  added  amount 
of DCP.  Equation (12) can  be  solved  by  an  iteration  procedure. In table 4 first the  polymer  volume 
Factions €or two crosslinked  elastomers in pure  toluene are given,  whereas in the €ourth and fifth 
column  the  results of an iteration  procedure are given with respect  to  the  molecular  weight  between 
crosslinks  and  the  binary  interaction  parameter  respectively.  The  pure  solvent  swelling data'with 
respect to trichloroethylene are given  next, from which a polymer/trichloroethylene interaction 
parameter  can be calculated using the calcdated molecular  weight (NE) of column 4. 

Table 6: Pure  liquid solption data, calculated  binary interaction parameters and molecular 
weights (M,) for NBR membranes 

Concentration  dependent  equilibrium sorption experiments 
Equilibrium  sorption  experiments  have  been  carried out for the  highly  apolar/hydrophobic 

EPDM and PDMS elastomeric membranes, as well as for a range of copolymers of butadiene  and 
acrylonitrile  with varying polarity  and  hydrophilicity. As an  example of these  experiments a 
sorption isotherm is presented in figure 5 in which the closed  circles  represent  the  experimentally 
determined sorption values of the  organic  component It is evident from this figure tbat  the partition 
coefficient  can be assumed  to  be of the  "Henry-type" only at low concentrations, This means  that 
in this concentration  range the solubility of the  organic  component in the  membrane is directly 
proportional with its concenaation in the binary liquid mixture.  Calculated paaition coeffkients 
obtained by a linear  regression fitting procedure h the low concentration range are  tabulated in 
table 7. 
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Figure 5: Volume  @actions of liquid in a NBR(I8) membrane  as afinction of the 
composition of aqueous  mixtures of trichloroethylene 

Table 7.- Solubility  coejjìcients (SM,L) for the  organic  component 

solubility coefficient 

NBR (28) 

172 200 PDMS 

209 359 NBR (38) 

237 408 

176 394 EPDM 
I l I I 

Quite remarkable in table 7 is the  sorption  behaviour of the organic components  in NBR- 
copolymers, for which  only little dependence  on  the  polarity or hydrophilicity of the  polymer is 
found. The PDMS membranes surprisingly exhibit lower interactions with the organic 
components,  especially for toluene,  compared  to  the  butadiene-acrylonitrile  copolymers  which is 
evidenced  from  the  larger  calculated  partition  coefficients for the NBR copolymers in table 7. 
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C~mparisopo of calculated  and  experimental sorptiisn isotherms 
The  experimental sorption data as  presented  above  have  been  compared with theoretical  values 

obtained from equations (13) and (14). A rough estimation of the  activity  coefficient was  obtained 

before,  from solubility data (l/Qsat giving B587 and 1333 for toluene and trichloroethylene 
respectively).  The  activity  coefficient for the  organic  component will now be  calculated more 
accurately h m  actual sorption experiments in aqueous solutions, using equation (13). A 
concentration  independent  activity  coefficient  for  toluene  and  tricldomethylene in water  is obtained 
&om the ternary Flory-Huggins model.  The  activity  coefficients from the  experixnental  swelling 
data for NBR(38) membranes in liquid  binary  rolxtures  of  toluene (250 p&) and  trichloroethykne 
(500 pg&) are 1024 and 854 respectively.  These  activity  coefficient  values  have  been  used in all 
model  calculations for different  elastomers. The binary  liquid/lïquid  interaction  parameters ( ~ 1 2 )  
can  now be  recalculated on the  basis  of  the  new  values for the  activity  coefficient.  The  binary 
interaction  parameter for toluene/water and tricHoroethylene/water are re-estimated  to 11.9. 
(previously 12.2) and 10-8 (previously 11.2) respectively.  These  small  modiffcations did not  aiTect 
the  calculations to obtain the  theoretical  swelling  values. As can  be  seen from the  figures 6 and 7 
the  theoretical  sorption  values from the  ternary Hory-Huggins equations are in good  agreement 
with the experimentaI  values for NBR(28) membranes. 

0.30 

0.20 

0.10 

0.00 

- model (toluene) 

O 100 200 300 400 

feed volume fraction [1ö6cm3/cm3 I 

Figure 6: Volume fractions of liquid in a NBR(28) membrane as a function of the 
composition of aqueous solutions of toluene 
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Figure 7: Volume  fractions of liquid in a NBR(28) membrane  as a function of the 
composition of aqueous solutions of trichloroethylene 

, I n  table 8 the  calculated  and  experimental  total  sorption  values are summarized for one  specific 

concentration  range of toluene/water  (365 - 401 * 10-6 cm3/  cm3)  and  trichloroethylene/water 

(510 - 585 *10-6 cm3/ cm3) mixtures. In these concentration ranges extensive sorption 
experiments  have  been  performed,  in  order to obtain  very  accurate  sorption  values. In general only 

small  deviations  between  experimental  and  theoretical  values are observed.  Deviations  must be due 
to  concentration  dependence  of  the  binary  interaction  parameters. 

For  PDMS  a  concentration  dependence of the  binary  interaction  parameter for toluene  has  been 
reported  [35]. If the  higher  value  from  literature  for the toluene/PDMS  interaction  parameter  is  used 
in the theoretical  equations,  a  considerable  improvement  of  the  model  prediction  of  sorption  values 
is established (see  table 8). A comparison  of  theoretical  and  experimental  values in the  case of 

trichloroethylene  sorption  from  aqueous  solutions in EPDM  was not carried  out.  The  very  low 
interaction  parameter  obtained  from  pure  liquid  swelling  experiments  (see  table 4) gives  unrealistic 
high  sorption  values. A possible  explanation for this fact is given  by  Frensdorff  [14].  He  showed 
that  the  interaction  parameter of an  aromatic  compound  (benzene) is only  affected  to  a  minor  extent 
by  the  adsorbed  amount  of  liquid,  whereas  the  interaction  parameter for chlorinated  hydrocarbons 
(methylchloride)  depends  strongly on the  solvent  concentration (< 30%)  in the swollen  sample. 
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Resuming it  is concluded  that as a first approximation  the  use of literature  values for x13 cm 
provide a rough  estimation of the sorption behaviour of elastomeric  membrmes.  For  more  exact 
estimations the Rory-Huggins interaction parameters should be determined for the actual 
elastomers,  whereas  their  concentration  dependence has to be carehlly evaluated in some  cases. 

Table 8: Calculated and experimental values for the total liquid sorption f p ~ m  aqueous 
~~l~t iol4a~ in several elmtomem 

The  molecular  weight  between  crosslinks of the  elastomeric  network is very  important  in  the 
case of ssrption of pure liquids. The degree of cross-linking,  however, is of only minor 
importance for the sorption of organic  components from aqueous  solutions (in the  concentration 
range of interest), as becomes  clear  from figure 8. The  two  curves  represent  the  calculated sorption 
behaviour in a non-crosswed and a crosslinked  elastomer  with a molecular  weight of the 
crosslinked unit of 1900 g/mole  respectively.  For  comparison of experimental and theoretical 
values the  observed  total  liquid  up-take is given in figure 8 too.  Again a satisfactory  correlation of 
experiment and theory is observed. 

In most practical applications the extent of swelling is quite low and  equations (13) and (14) 

126 



Chapter 5 

can be simplified  by  neglecting  the  crosslinking  term in the right  hand  side ofthe equation.  These 
simplified  equations  can  now  be  used  to  determine  the  volume  fractions  of  the  permeants in the 
membrane as a function of the liquid feed concentration at the membrane  interface.  With the 
equations  presented in a  previous  paper [3q the  concentration at the  membrane  interface  can  be 
determined as a  function  of  cross-flow  velocity.  Therefore  experiments  should b e '  performed  in 
pervaporation cells with  well defined dimensions,  which  allows  an accurate estimation of the 
Reynolds  number  and other dimensionless  hydrodynamic  quantities.  The  concentration at the 
membrane interface will often be  a factor of 10 lower  than in the bulk feed solution  due  to 
concentration polarization phenomena. A .'Henry-type'  of partition coefficient can  therefore 
properly be assumed.  This  assumption  was  already  made  implicitly in the mass  transfer  resistance- 
in-series  model [15], which  provides  the  basic  equations for describing  the  transport of the  organic 
component in the  pervaporation  process. 

8 0.30 
II e, 
O a 
a 

.a h' = 0.20 

0.00 
O 200 400 . 600 

feed  volume  fraction [ 10'6 cm3/cm3 ] 

Figure 8: Effect of crosslinking on the total sorption in'NBR(18) membranes from aqueous 
mixtures of trichloroethylene 

5.5 CONCLUSIONS 

The  investigated  membranes  show  a  wide  range  of  sorption  selectivities  (three  decades). In all 
cases the preferentially permeating organic component is also sorbed preferentially. The 
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determining  steg in &e  selective  transport is the  preferential  uptake of the organic  component. 
Solubility gapmeters for elastomeric  pervaporation  membranes can be calculated by mems.~€ 

additive group contributions  provided  that  the  molecular  structure is h o m .  A rough  indication  of 

the solubility  of  aqueous  solutions in elastomers  can  be  obtained on the  basis of calculated 2jPb - 
values. Sorption of water is almost  completeIy  excluded in elastomers with a low abiIity for polar 

interactions  and  hydrogen bonding (low vdue for 8pb). Sorgtion of the organic component is 
relatively  independent of this combined  solubility  parameter. 

The soption behaviour of elastomeric  membranes with aqueous  solutions of volatile organics 
is properly  assumed  to be of the 'Meq-type' h the  low  concentration  range. With Flory-Huggi.ns 
themodpamics a good  description is given of this sorgtion behaviour. Vohne &actions in the 
swollen polymer film in binary aqueous sdutions have been calculated using experimental 
interaction  parameters  and  ternary flory-Huggins equations, The agreement between experiment 
and theory is quite  satisfactory,  when  binary  interaction  parameters are dete&& h m  sonption 
experiments of pure liquids in actual systems. For different NBR copolymers, the interaction 
parameters  and  the  molecular  weight  between cross-links (M,) have  been  detesmined  for  different 
degrees  of  cross-linking.  The cross-link term is very  important at the high swelling  values obtained 

with gure liquids.  However, €or sorption  experiments  with  reIatively  low  concentrations of the 

organic  component in water this elastic  term is of minor importance and can  be  neglected 

activity 
diffirsion coefficient 
pervapration flux of component i 
moIecular  weight 
absorbedamount 

permability 
solubility  coefficient 
molar  volume 
distance in the  membrane 
compositi~n of the binary liquid mixture 

composition of the absorbed liquid 
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Greek  symbols 
a = selectivity 

x = Flory-Huggins  interaction  parameter 
6 = solubility  parameter 

0 = volume  fraction 
Y = activity  coefficient 
P = density 

Subscripts 
C = crosslinked  unit 
d = dispersion 
h = hydrogen  bonding 
i = component i 

j = component j 
1 = preferential  permeating  component  (solute) 
2 
3 
L 
M 
oc 
P 
W 

m 

PV 
S 
sat 
W 

less  permeable  component  (solvent) 
polymer 
liquid 
membrane 
organic  component 
Pok 
water 
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At present, volatile  organic  components are remvedfiom ground water, su$ace water or aqueous  waste smarm 
though activated carbon adsorption or air stripping. Pervaporation, a relatively new membrane filtration. process, 
removes the volmYe  organics  very selectively. On the basis of a scale-up study, described in this paper using 
parameters pona laboratory q e r i m n t s ,  this process has shown good prospects in thiseld. 

From an accounting viewpoint the difierent  processes have been compared on the basis of mo potential 
applications. In the first case a small-scale process is considered, typical for ground water sanitation. The second 
case is dealing with a large-scale  waste water pwification system, typical for iadustrial waste water treatment. The 
evaluation kaas been c m ë d  out for single processes as well as for hybrid system. 

Besides the attractiveness from a technical point of v i m ,  the pervaporation process shows also good prospects 
fPom ara ecommic  point of view . The costs for this  process vary from Dj7 0.83 to Dj7 1 .$d per d of wafer treated, 
depending on prodact recovery a d  module type chosen.  Depending on the feedflow rate, the concentration and kid 
of the contaminants the costs for alternative processes are Djl0.34 to f 5.30 per d of water treated. 

][n an alternative  choice  problem some alternative'  courses df action are specified and many 
times a choice is made on a strictly  judgmental  basis.  More  fundamental  based  decisions are 
restricted o€tm to  economic  considerations  (finding the cheapest  alternative),  because this is in 
most  cases the only variable that can be  evaluated on a quantitative basis.  Cost  calculations, 
however, are  very  rough, whereas €uture developments  are  hard to foresee. 

*. Department of Chemical Technology 
# Department of Business Administration 
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Often  other  nonquantitative  considerations  play a very  important  role  in  reaching a decision on the 
alternative  to  be  chosen.  Therefore  the  analysis of alternative  choice  problems  should  involve  the 
following  steps [l]: 

l. Define  the  problem. 
.2. Select  possible  alternative  solutions. 
IS. Measure  and  weigh  those  consequences  of  each  selected  alternative  that  can be expressed in 

quantitative  terms. 
4. Identify  those  consequences  that  cannot be  expressed in quantitative  terms  and  weigh  them 

against  each  other  and  against  the  measured  consequences. 
5. Make a decision. 

Problem  definition  and  alternative  solutions 
In the Netherlands  and  many  other  countries all around  the  world  ground  water  supplies  are 

severely  polluted  with  volatile  organic  compounds  (VOC's),  which  can  be  divided into two main 
categories: aromatic  hydrocarbons:  benzene,  toluene,  styrene  and  xylene 

chlorinated hydrocarbons: chloroform, tetrachloromethane, trichloroethylene, 
perchloroethylene. 

VOC  contamination  of  ground  water is typically  caused by  leakage  of  underground  storage tanks, 
poor  disposal  practices  or  accidental  spills. This variety  of  causes,  coupled  to  the  small  quantity  of 
VOC's  required  to  already  cause  significant  contamination,  makes  preventive  action  very  difficult. 
Removal of such  organic  traces, of  which several  appear on either  the  so-called  'black  list'  or  the 

'high-priority  list', from waste  water is essential  because  they are a continuous  threat  to  the  public 
health.  Today  two  processes are available,  being activated  carbon  adsorption and air stripping, 
whereas pervaporation is a rapidly  developing  process,  which  is  available on a pilot  plant  scale. 

Approach 
The introduction of new  techniques  always  should  involve a solid analysis of costs  and 

profitability. The profits of installing a ground  water or waste  water  purification  system are 
difficult  to  determine,  because  they  can  only be expressed in what is called  'opportunity  costs'. 
Anthony [l] gives  the following definition of this concept: 

"Opportunity  cost  measures  the  value of the  opportunity  which is lost when  the  choice 
of one  course of action  requires that an  alternative  course of action  be  given q". 
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In this case the main ~pportunity costs are the costs for public  health  care. This aspect will be of 
major  importance for a 'go/no-go  decision'. It may  be  suspected  that the public  health  costs will be 
e r d i n a r y  high.  Therefore  a  go-decision for purification  should  always k made.  The  next step 
will then  be to decide which particular purikation system will be insmed. Besides  economic 
considerations sever. more  teChniCd  aspects d play an important rok in deciding for the most 
suitable  process. 

The aim of the present work is to evaluate, both fkom an  economic and from a 
technical point of view, the feasibility of different processes, in removing volatile 
OPgQnk COmJ9OneBtSfiOl?Z QqWOUS Sbd.?l&QKY. 

Therefore the technical background of the different processes wipl be summarized briefly in order 
to get  an  impression of the most  important  process  parameters.  Because  limited p c t i c d  experience 
Qn a technical scale is available concerning the removal  of trace organics from water by 
gesvaporation,  experiments  have  been per€omed on a semitechnical scale to detemhe the 
problems  occurring during scale-up. The pervaporation unit used  and the results  obtained are also 
described in this paper. 

6.2 GENERAL TECHNICAL BACKGROUND 

IR the  previous  section  the  problem has already  been  defined. VOCs in ground  water or waste 
water create an  environmental  problem  which  has  to  be  solved  by  applying a process  capable  of 
removing  these  toxic  substances.  Two  basic  techniques are nowadays  available, viz.: 

adsorption onto  activated carbsn 
a air stripping. 

From an  environmental point of view the process  of air stripiing has  to  be  combined with an 
additional  process  to  treat  the  stripper  off-gases. In principle three possibilities are available: 

gas  phase  activated  carbon  adsorption 
biofikration 

membrane fltration (vapour  permeation). 
Finally the  rapidly  developing  process  of  pervaporation  can be mentioned for the direct  removal 

of volatile organics €rom water.  The state of the ar t  of  this relatively new  membrme filtration 
process is at the  threshold of commercialization. 
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In this  section  a  general  technical  description  will  be  given  of  the  different  processes.  The  aim 
is to get an  understanding  of  the  most  important  process  parameters  which  should  be  considered 
and  carefully  evaluated in order  to  decide  on  the  most  effective  alternative solution. 

Liquid  phase  activated  carbon  adsorption 
Activated  carbon  adsorption  processes  have  already  proven  to be successful  in  several  cases 

[2-51. The  technique is based  on  the  adsorption  of  the  component  to  be  removed at the  internal 
surface of the carbon  particles.  After the complete surface is occupied, the carbon  has  to  be 
regenerated. 

The costs of this process depend on the kind of pollutant, adsorption systeni  and 
regeneration  technique. 

It  is also  possible  to  use a less expensive  non-regenerable  kind  of  activated  carbon.  Especially in 
cases  where  regeneration is a  problem,  because  of the large  variety  of  adsorbed  substances,  the  use 
of  less  expensive  carbon  types  seems  to  be  a  profitable  option.  The  loaded  carbon  (containing  upto 
10% of VOC) may  be burnt'or brought, often against high costs, to a landfill. From  an 
environmental  point  of  view  the  latter  option is not a very  adequate  solution. 

Air stripping 
Air stripping can also be applied to  remove volatile organic components  from  aqueous 

solutions. Air or steam is brought in contact with  the  contaminated  water  to  remove  the  volatile 
pollutant. 

I t  is a  relatively  cheap  technique of which  the  efSiciency is determined  by  the  air  current, 
the length of the  stripper  column and  the  volatility of the  organic  component. To prevent 
that a water  pollution  problem is transferred to an  air  pollution  problem  the  off-gases  have 
to  be  treated @envarh. 

Several options are available to treat the stripped gases of which  gas-phase  adsorption  onto 
activated carbon [6-81 and  biofiltration  have  proven  to  be the most  promising [g-131. Vapour 
permeation,  a  relatively  new  membrane  process,  could  also  be  an  attractive  alternative,  but  has  not 
been  applied in combination  with air stripping on a  technical  scale  yet.  Therefore.  this  alternative 
solution will be  considered  only  briefly in the  evaluation. 
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pìgure 1: Schematic of ground water withdrawal ìn combination with pervaporalion and 
infiltration of the pw@d water 
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Figure 1 gives an example  of an in-situ  process for the  removal of volatile  organic  components 
&om  water.  Pervaporation is combined with a  ground  water  withdrawal  system.  Depending  on  the 
composition  of the water, traditional' ground  water treatment techniques like fiocculation, 
sedimentation  and  fïitration  can be very  useful  to  remove  relatively  large  sized  particles.  Suspended 
and  colloidal  materials  can  also  be  removed  by  a  microfiltration  process. In most  cases,  however, 
simple  sand filtration will be  a sufficient pretreatment  before the aqueous  mixture  enters  the 
pervaporation  module.  By  infiltration of the purified  water  (retentate)  the  sanitation  efficiency is 
increased,  because  the  ground  water level remains constant and  the  sewage costs are reduced. 
Similar  set-ups will be used in the treatment of aqueous  waste  streams by other processes  like air 
stripping or liquid phase  activated  carbon  adsorption. 

In the next two sections  the  process of pervaporation  will  be  evaluated on a  semitechnical  scale. 
Extensive  laboratory  based  pervaporation  experiments  have  been  performed in order to select  a 
suitable membrane  material  and  measure  the effects of  several  parameters on the  pervaporation 
performance [16-191. Only scarce experience is available in large scale applications for this 
process,  however, in contrast to activated  carbon  adsorption or air stripping based  purification 
systems. 

6.3 EXPERIMENTAL 

The  membrane  material  used in this study is polydimethylsiloxane  (silicone  rubber;  PDMS). 
The membranes  were  prepared on a polymethylmethacrylate  (PERSPEX@)  plate in a  casting 
machine.  After cross-linking overnight at 70 "C the  average  membrane  thickness  was .l 10 p. 

The membranes  were  stacked  successively in a plate-and-frame  module  with a total  membrane 

area of 1.7 m2, which  was  then  installed in a standard SETEC installation,  normally  used  in  the 
separation  of  ethanol/water  mixtures.  For  the  removal  of  volatile  organic  components  from  water 
the system  was  modified  as  schematically  represented in figure 2. 

A large storage tank containing 250 liters of liquid feed mixture is connected  to a packed 
column, in which  two layers can  be  distinguished. In the present  study the lower  phase is the 
organic phase  (trichloroethylene  has a higher  density than water),  whereas the aqueous  phase is 
found in the  upper part of the column.  Depending on flow rate and height of the  organic  phase 
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c o l m  any  desired  concentration cm be 0btak.I afIer steady  state  operating  conditions have been 
reached.  Before the feed  enters the membrane  stack the concentrati~n (iduent concentration) is 
determined.  Furthermore the feed flow rate and the outlet  concentration (effluent concentration) of 
the  membrane  stack are measured. 

Downstream  a low pressure is provided  by  a  vacuum pump. M e r  the permeants have left tbis 
vacuum pump condensation  takes  place at atmospheric pressures. a n i s  circumvents the problems 
associated with low pressure condensation. The condensation part of the system  consists o€ two 
condensers. In the fist  condenser most of the permeate is collected using tap wam with a 
tkmperature of approximately 10 OC. Because of demixing two layers wiU be present, a 

trichhroethylene-rich  phase  and a water-rich phase, which  can  easily be separated &om each  other* 
A part of the permeated  trichloroethylene will not be obtained  in the first condenser and a second 
dondenser  operating  at a much lower  temperature is connected in series. 

Because the system codd not be operated at explosion-proof  conditions, security measures 
were taken. The storage tank is flushed with a nitrogen flow  and  the oxygen eoncentration is 
registered  csntinuonsly. 

l 

trichlomethylene 
packed column 
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The membrane  properties are characterized by two important  parameters, the flux and  the 
selectivity.  The flux is defined  as  the  amount of liquid  permeating  through  the  membrane  per  unit 

of time  and  per unit of active  surface  area Bg/m2-h].  The  selectivity  of  the  membrane for a feed 
mixture is defined  according  to  the  equation  below: 

in which YA and YB represent  the  concentrations  of  components A and B in the  permeate,  whereas 
XA and XB represent  the  concentrations  in  the  feed  mixture. 

6.4 RESULTS WITH A  SEMITECHNICAL  INSTALLATION 

The  installation  has  been  in  operation  for two months  separating  'synthetic' 

trichloroethylene/water  mixtures of varying  compositions.  The  system  was  operated  at a €eed  flow 
rate of 22.8 l/hr, which  appeared  to  be the maximal  value. As a result of pressure  build-up  at  the 
feed  side  the  system  started  to  leak  at  higher  feed  flow  rates. 

The  results  obtained  with  the  installation  are  presented in the  figures  below. In figure 3 the  flux 
of trichloroethylene and in figure 4 the  composition of the permeate  are  given  as a function of  the 
liquid  feed  (influent)  concentration  at a temperature  of 25 'C. 

In comparison  with our laboratory  results  obtained  for  similar  silicone  rubber  membranes  [16], 
both the flux and  the  selectivity are reduced in this semitechnical  set-up.  The  total  permeate  fluxes 

are in the range of 7.5-31 g/m2-hrY  whereas  an  overall  module  selectivity  factor  of 500 can  be 
calculated on the  basis  of data  presented  in  figures 3 and 4. In this calculation a concentration  drop 
over  the  membrane  stack is taken into account. An intrinsic value of 20,000 for the  selectivity 
factor  obtained from laboratory  experiments  indicates  that  scale-up  problems are definitely  present. 
Compared  to  laboratory  experiments  the  semitechnical  pervaporation  set-up  operates at higher 
pressures at the permeate  side, which  can  have a drastic  effect  on  the  pervaporation  performance 
[20]. Another  important  deviation  from our laboratory  test  conditions  are  the  cross-flow  velocities 
at  the  membranefiquid  interface. 
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The  influence of flow Conditions  on the  performance of the pervaporation  process is already 
extensively  discussed  elsewhere  [17,  21, 221. A rough  estimation  shows that the  value of  the 

overall  mass  transfer  coefficient is 3 * 10-6 m/s under  the  conditions  applied in this  study.  This is a 
low  but  not  an  unrealistic  value for simple plate and  frame  modules.  In  the  treatment  of  aqueous 
solutions of VOC's also  other  module  types  have been  applied. For a spiral-wound  system (0.3 

m2) and a small  hollow fiber module (0.0035 m2), the  average  overall mass transfer  coefficient  can 

be estimated  to 2.10-5 m/s and  5.10-5 m/s respectively [22,23]. 
This suggests already that  other module types might operate more effectively in the 
removal of VOC'S from water. 

The  observations  given  above,  the  effect of membrane  thickness  as  well  the  extremely  important 

effects of hydrodynamic  conditions  and  permeate  pressure, are taken into account  in  the  next 
section,  where  the  total  operating  costs  for all alternative  processes will be determined. 

6.5 ECONOMIC  EVALUATION 

The  different  processes  including  pervaporation, will now  be  evaluated  from  an  economic  point 
of view  on the basis  of two possible  separation  problems: 

case I: ground  water  sanitation 
case E. off  shore  waste  water  treatment. 

Both cases are fictive, but  based on actual facts. For case I, typical for ground  water 
sanitations, a relatively  moderate  concentration  and a relatively  low  feed  flow  rate  are  considered, 

whereas for case 11, typical for industrial  waste  waters, high concentrations and  high  feed  flow 
rates have been  evaluated.  First  the outlines of the two cases are presented,  ,followed by  the 
assumptions in the  evaluation.  The  total  operating  costs  have  been  determined  on  an  annual  basis 

and per m3  of water  handled for the  different  processes  and  the  two  cases. If possible,  relations 
have  been  made  between  the  costs  and  the  most  important  process  parameters  to  predict  effects  of 
changing  process  conditions on  the  total  operating  costs. As a result of  the  evaluation in the 
forthcoming  sections the cheapest  process  can  be  selected. 

Outlìne of case I 
The  first  location  described  here  was  selected  on  the  basis of detailed  information  available on 

the relation of sanitation costs and efficiency of several sanitation alternatives (in  which 
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pervaporation  had not been  included) L25-2gI. The soil at  the  contaminated sitey where liqsds fix 
the degreasing o€ metal parts were regenerated, appeared to be severely contaminated with 
chlorinated  hydrocarbons of which  tetrachloroethylene  was  found in the Eghest concentrations (20 

g/m3)- At five points in the  most  contaminated area 10 m3/h of groundwater shodd k withdraw 
and purified through a liquid phase activated carbon process. h table 1 the  fixed process 
parameters €or this case  are  salmmarizd. 

utline of Case n 
"his case  describes the waste  water  treatment 611 oil platComs. h contrast to case I relatively 

little is known about this location of contamination. Until IIQW the waste  water,  which is h o s t  

completely  saturated with low  and  high  molecular  weight  hydrocarbons, is drained into the sea. It 
is expected  that  very soon international  regulations will be  proclaimed to restrict the  drainage of 
these highly polluted waste  waters. The off-shore  treatment  of  waste  water &om drilling platforms, 
however, requires  special  conditions. Thermal incineration s€ the pollutants on-site is excluded, 
because of the  explosion  danger. Furthemore the purification  unit  has to be as small as  possible, 
both in  weight  and volme, because Q€ space  restrictions  on  the  platforms.  Table 1 lists the specific 
@ocess  parameters  and h e k  values used in the  analysis. 

Table P :  System desigrapmmeters and values 

, CASE I [25,26] r271 
Average  influent  concenttation: 10 d m 3  500 dm3 
How rate: 10 m3b  500 m3/h 
Recovery 99 % 99 % 
Sanitation hours per year 8,000 8,000 

General cnssaemp~oaas for the cost evulaution 
The ìnvesment am! total operating costs of the processes  have been evaluated. h determining 

the total  investment costs, the  costs  with  regards to production of gr~rnd water withdrawal  points, 
connections from the pump station  to the units and from the units to the  sewer or to the  infiltration 
point will not  be takm into account. For  ground  water  smitations  these  latter  installation  costs will 
increase the total investment  costs  with  approximately Dfl10,800,- [2:28], 

The total investment CQS~S have  been estimated with the help of data from experiments 
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described in literature for similar scale  problems. If such data were  absent  a  commonly  used 
relation as given  by  Peters  and  Tirnmerhaus  has  been  applied [29]. 

costs  of  equipment A - capacity  equipment A 
costs  of  equipment B - (capacity  equipment B 1" 

A value for n of 0.6 should  be  used for activated  carbon  adsorption  processes [30], whereas  the 
same  value  has k e n  used to  estimate the investment  costs for biofiltration [g, 101. 

The  total  operating  costs  have  been  subdivided  in  three  main  categories: 
depreciation  and  interest 

. labour  and  maintenance 
energy 

Furthermore for activated  carbon  processes  costs 
carbon  have  been  taken into account,  whereas in 
considered. 

Table 2: Standard costs in the cost evaluation. 

for replacement  or  regeneration of the  activated 
pervaporation  membrane  replacement  has  been 

Depreciation 15 % of the  investment  costs 
Labour Dfl40.-/hr 
Electricity Dfl020/kWh 
Refrigeration  (cryo-unit) Dfl O.O5/kg  condensed 
Regenerable  carbon Dfl8.-/kg  carbon 
Nonregenerable  carbon Dfl6.-/kg  carbon 
Regeneration  on-site Dfl0.5O-kg  carbon 

The annual liquid  feed  pump  energy  costs  are  estimated  at  Dfl2,OOO.- for a  feed  flow rate of 10 

m3/h,  whereas  they are assumed  to  increase linearly with increasing feed flow rate. In the air 
stripping  process  the  liquid  feed  energy  costs  were  assumed  to  be  higher  than in the  liquid  phase 
carbon  adsorption  process  due  to  the  height  of  the  stripper  column  to  which  the  water  has  to be 
pumped. An increase  by  a  factor  of 2 has  been  assumed. In the  case of a hybrid  process  additional 
energy is required for conduction  of  either  the  liquid  or  the  gas  to  the  second  unit. 

Labour  and  maintenance  costs for the  small  scale  process  were  assumed  to  reflect  to 1 person 
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€or 2 hours  per  day,  whereas it has been assumed that for hybrid  processes  additionally 1 hour o€ 

labour  and  maintenance will be required. Due to the complexity of the biofihtion process 
probably 2 hours per day will be  required to operate  this  process. For the large scale  process, 
labour  and  maintenance  costs are based on 2 persons at 8 hours per day. Furthemore it  is assumed 
that additionally 1 person at 8 hours per day is required in hybrid operations, whereas in 
bio€íltration  systems  probably 2 persons at 8 hous per  day will be  required. The standard  costs in 
the calculations  are  snmman'zed in table 2, 

651 Investment and total operating costs for activated carbon adsorption 

IE1 this section the costs are presented to operate a liquid phase  activated  carbon  adsorption 
. process, The effects of the carbon  loading Capacity and  the  costs  for  regeneration will be included 

in the cost  evaluation, Technicall details on regeneration,  loading  capacity md system  design are 

given in appendix A. 
The  data €or cdcdathg the costs of the  small-scale  activated  carbon adsorption process  have 

been obtained fiom the company,  which  installed the purification  units for cleaning the ground 
water for case I [2:281. The investment  costs of a unit containing 1,600 kg of activated cmbron  were 
estimated at Dfl60,0630. -, which  seems in reasonable  good  agreement wi& the investment  costs 
for a somewhat larger  installation [31]. For the large scale  process 14) adsorbers are requireds each 
containing 9,(400 kg carbon, which would bring the investment  costs to an average  value of Dfl 
1,700,000.- [2, 321, 

CASE 
Invatment costs 

I 
60,000 

Depreciation and interest 9,000.- 
Labor and maintenance  26,400.- 
Liquid pump energy  2,000.- 
Carbon replacement  120,000.-  (10 time~/year> 
Regeneration  on-site @ff 0.50/kg) 

I1 
1,700,000.- 

255,000.- 
21 1,200.- 
100,OOQ.- 
720,000.- (I tirnelyear) 
20,080,000  (444*10*9000 kdyear) 

Dfl21,286,2W.- 
Dfl 5.32 
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h table 3 the investment  costs  and total operating  costs for the two cases  are  summ&aed.  It is 
obvious  that in this Concentration range  and for the  assumed  loading  capacity  of 5% the largest 
contribution  comes  from the replacement  or  regeneration  of  the  carbon. 

On the  basis  of literature data [2, 281 the costs for removal,  transportation,  discharge of  the 
loaded  carbon, refilling and  starting  up  can  be  estimated at about  Dfl  12,000.- for the  small  scale 
process.  Although  the largest contribution  comes  from  the  costs of the  activated  carbon (Dfl6.- 
/ k g ) ,  labour costs also contribute  to  a large extent in the  carbon  replacement  costs.  The  loading 
capacity of  the  activated  carbon is in this sense an important  process  parameter; the higher  the 
loading  capacity  the  lower  the  annual  replacement  costs. 
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Figure 5: Total  annual  costs of liquid  phase (10 m3fh) activated  carbon adropion as a 
function of loading  capacity  and  influent  concentration 

Effect of loading  capacity 
The  importance of the loading  capacity of the  activated  carbon is illustrated in figure 5 for a 

system  treating 10 m3h. In this figure the costs  per m3  of treated  ground  water are presented  as  a 
function  of  the  influent  concentration  and the loading  capacity  of  the  activated  carbon. A value  of 
Dfl12,OOO.- for carbon  replacement  has  been  used  in  the  calculations. 

It is evident from this figure that  the  costs  of  the  process are strongly  related  to  the  'loading 
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ckqacity of the carbon,  especially at high infiuent concentrations. For low influent  concentrations 
the total operating costs are independent  of the carbon loading capacity and reflect the costs due to 
depreciation, labour and energy. h this range the t o d  operating costs c m  be estimated at DB 
0.34/m3 water. h cases where the carbon has t~ be replaced frequently7 regeneration of the 
activated  carbon is often a profitab1e  option. me effects of regeneration  costs  on the total operating 

costs are discussed below- 

Effect of regenera&n costs 

Regeneration can be  accomplished either on-site or carried out o€f-site  by specialized 
companies. ][n literature a large variety of  regeneration  prices can be found ranging from about Dfl 
S.Sl/kg carbon for s tem regeneration on-site in gas  phase  activated  carbon  adsorption,  when  only 

stem and condensation costs are  taken into account [32-341, to D€l2,-/kg carbon for regeneration 
off-site [35-3@. Pn figure 6 the tot&  operating  costs  are  presented as a function of &e influent €eed 
concentration and the price for regeneration for a system  treating 500 m3/h* As the upper limit of 
the carbon operating costs the  price of non-regenerable carbon has  been  taken. 
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Figure 6 clearly  indicates the drastic effect of the  regeneration costs on the totd operating costs. 
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h table 3 the regeneration costs have  been fixed at Dfl OSO/kg carbon,  which  seems  to  be an 
adequate  value [q. 

Résumé and  comparison  with literature data 
It  is important  to  emphasize  that in literature  on-site  regeneration is not  described for liquid 

phase  carbon  adsorption  processes. 
Therefore  the  technical  feasibility of a liquid  phase  carbon  adsorption  process for large 
scale  operations may be  questioned  (see  appendix A). 

Calculations  have  been  performed  and  overall  operating  costs of Dfl1.89 and  Dfl5.30/m3  have 
been obtained for the  small  scale  and  the  large  scale  process  respectively. 

Typical  values for the  costs of a  liquid  phase  carbon  adsorption  process  are  given  by  Nyer [s]. 
The  operating  costs for treating  ground  water  contaminants at levels of milligrams  per m3 range 

fkom $0.21 - $0.55/1000 gal  (Df10.12 - O.Wm3).  The  operating  costs  at  contaminant  levels of 

several grams per m3 on the  other  hand  increase  substantially  and  range  from $0.48 - $2.52/1000 

gal (Dfl 0.25 - 1.32/m3). Estimations are also given  by  others.  Schröder  [35-361  compared 

pervaporation  and  activated  carbon  adsorption at influent  concentrations  of 50 g/m3  and  estimated 

that  activated  carbon  adsorption  would cost Dfl7.83/m3.  Such  relatively  high  operating  costs  are 

also given by  Grontmij  [37]  (Dfl5.-/m3). 
Stenzel and  Merz [2] reported on an  actual  case,  in  which  ground  water  containing  aromatic 

substances was treated with  a total influent concentration of  8.7  g/m3.  The feed flow rate, 

however,  was 4-5 times  higher  than  that for the  small-scale  adsorption  unit.  The  price  per m3 of. 
contaminated  ground  water  treated  was fixed at Dfl 1.30,  which is in reasonable  agreement  with 
our own results. 

The  results  obtained  above  concerning  liquid  phase  activated  carbon  adsorption  indicate  that  the 
total  operating  costs  can  vary  over  a  wide  range  depending on the  concentration  range  involved,  the 
loading capacity of the carbon  and  the  possibility  and  the  costs  of  regeneration  (either  on-site or 
off-site). In literature only  systems are described in which the total carbon  mass is removed  after 

bed  break  through is observed.  Regeneration  on-site  has  been reported in several cases for  gas 
phase  activated  carbon  adsorption.  This  process  may  be  applied in combination  with air stripping 
as is shown in the  next  section. 
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h this section the totd investment  and  operating  costs for air stripping processes are presented, 
For the posmeatment of  the  exhaust gases biofikration  and gas phase  activated carbon adsorption 
are considered. The application of gas phase carbon adsorption after air stripping seems  an 
unnecessarily  elaborate  way  to  remove  trace  organics  from  water,  because direct adsorption f i ~ m  

the liquid phase is  SO possible.  However, due to the improved selectivities (only the volatile 
Brganics will adsorb) and the improved ~ ~ ~ ~ Q I T E X I C ~  (diffusion rates in the gas phase are  higher 
than in the liquid  phase) this alternative  solution m e d  out to be an effective  and  profitable  option. 
It seems  possible to increase the loading capacity  upto  values  of 10% for relatively 'dry' vapours 
[6., 321. For more  technical degails on the processes  considered one is referred  to appendix B. 

The  investment and total operating costs axe determined  mainly  by the recovery rate and the 
quantity of  water that will be  treated  per unit of  time  and are rather  independent of other  parameters 
[a. The example  given  below is therefore  representative for the costs  involved in the air stripping 
process. 
h table 4 the costs €or a treatment  by means of a combination o€ ais stripping  and  ac&vated 

carbon adsorption or biofiltration axe presented. Techical (smaPLscale) data were mainly obtained 

fiom an actual case [I3l9 in which an air stripping process was applied to treat ground water 
contaminated with trichloroethylene and tetrachloroethylenea  For  large-scale air stripping  processes 
technical and cost data were  obtained k m  difikrent sources.  Fang and Rhor [g have  written  a 
comprebensive  paper on the reduction of volatile organic compounds in aqueous sg~htiows through 

air stripping and gas-phase carbon  adsorption. h their paper the dimensions and ks tded  column 
costs are given for various contaminating  compounds. Furthermore the authors reported the 
installed  costs  and  power  requirements of air stripping  support  facilities as weU as on the spec%ed 
total  costs of a k  stripping The energy  costs are relatively high, because o€ t.he high air flow rates 
required The power  of the air blowers is assumed to be 7.5 kW and 3 * 30 kW respectively for 
the two cases surveyed in table 4. For the eEects of  carbon loading capacity and regeneration or 
replacement  one is referred to the previous  section.  Although figures 5 and 6 we~e  presented for 
liquid carbon  adsorption  processes,  they  can also give indications of the costs in rehion with the 
process  conditions for gas phase  carbon  adsorption. 
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Table 4: Costs of air strbping in combination  with  activated  carbon  adsorption or 
biofiltration 

CASE 
AIRSTRIPPING 
Investment  costs 

I 

150,000.- 

I1 

2,400,000.- 

Depreciation  and  interest 22,500.-  360,000.- 
Lahr  and  maintenance 26,400.-  211,200.- 
Energy  costs: air 12,000.-  100,000.- 

s =water 4,000.-  200,000.- 
TOTAL mNUAL COSTS FOR THE STRIPPING PROCESS 

, Dj764Q00.- Dj7 871,200.- 

Depreciation  and  interest 9,000.- 76,500.- 
Labor  and  maintenance  13,200.-  105,600.- 
Pump  energy  costs  6,000.- 50,000.- 
Carbon  replacement 60,000.- (5 timesbear)) 45,000.-  (each  five years) 
Regeneration  on-site  (Dfl OSO/kg)  10,000,000.- 
TOTAL ANNUAL COSTS FOR GAS-PHASE CARBON ADSORPTION 

Dj7 88,200.- Dj7 10,277,100.- 

TOTAL MAL COSTS Dfl  153,100.- Dfl 11,148,300.- 
Costs per m3 of treated water Dfl  1.91 Dfl 2.79 

Depreciation  and  interest  45,000.-  3,000,000.- 
Labor  and  maintenance  26,400.-  21 1200.- 
Pump  energy  costs  6,000.-  320,000.- 
TOTAL ANNUAL COSTS FOR BIOFILTRATION 

Dj7 77,400.- DfZ3,531,200.- 

TOTAL,  ANNUAL  COSTS Dfl  142,300.- Dfl4,402,400.- 
Costs per m3 of treated water Dfl  1.78 Dfl  1.10 
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Biofiltration has been  developed  only recently and data about this process are scarce. The 
estimated small-scale investment costs are Dfl 300,006).-, including biofilter materials and 
compost.  These costs were calculated on the basis  of  estimations  given by Nobel for systems 
operating in the same  low  concentration  range [lol. From  a  more recent research study [g] a 
relation  between the annual  quantity  of  contaminants  treated  and the investment costs at higher 
concentrations  was  derived. On the basis of this relation, the investment costs for large-scale 
applications  can be estimated to be about Dí3 20 million. 

Bisurn&' and coqaaariissn with literature data 
With  respect  to the total  operating  costs in small-scale  operations,  the  processes of biofïltration9 

gas-phase  activated  carbon  adsorption  and  direct  adsorption  from the liquid  phase are competitive 

(%>fl 1.78 - Dí3 1.97/m3). For large scale  ouerations a hybrid  urocess of air stri~sing and  gas  phase 
activated  carbon  adsorption  appears  to  be  a  profitable  option CDfl2.79 compared  to Dfl5.32Lm3)- 

due to the increased loading capacity of the carbon (10% vs. 5% in liquid phase  carbon 
adsorption). In literature,  technical data are available  which  show that in this process  the  carbon 
can  be  regenerated on site, 

The  technìcal feasìbìki3-y of gas  phase  activated  carbon adso~ption therefore seem to be 
better than for kiquìdphe carbon  aakoptiion, 

h the high  concentration  range  biofiltration  seems  to be even  more  profitable @fl Ll0/m3)  from 
an economic  viewpoint. Tkis latter process  has,  however, the disadvantage of very  large  space 
requirements (see appendix B). 

Literature cost values based on actual ground water or waste  water  purification  systems are 
difficult  to  obtain,  because until recently  only ai r  stripping  without  aftertreatment has been applied 
Typical cost values found in literature for the 'stand-alone'  process  of air stripping are $0.04 - $ 

Q. 17/1OOO gal @fl 0.02 - 0.09/m3). From an environmental  point of view m additional  technique 
to  treat the stripper  off-gases is essential.  Such a combination will increase the total  operating  costs 
substandally. 

Byers [7] showed that on a technical scale a  combination  of air stripping and  gas  phase 
activated  carbon  adsorption  could  reduce  the  annual  operating  costs  by  a  factor of  two compared  to 
direct adsorption from the liquid phase. Tbis observation gives further confirmation of the 

feasibility of this hybrid  prmess. 
In the recovery of  oxganic  vapours Íkom air, vapour  permeation using membranes  has  shown 
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to be competitive  with  gas  phase  activated  carbon  adsorption from an economic  viewpoint. This 
membrane filtration process  has  proven its feasibility on a  pilot  plant  scale.  The f is t  estimations 
give  values  ranging  from Dfi 0.47 - 0.64kg VOC [38-391. It should be emphasized  that  these  are 
only  preliminary  values  obtained for relatively 'dry' vapours.  More  research  should be carried out 
to determine the economic  and technical feasibility of this membrane filtration process  in 

combination  with air stripping. 
The  presence of water in the air current is not  detrimental in biofiltration  processes.  Water on 

the biofilter  materials is even  a  strict  condition for an  effective  degrading  process. At present  only 
preliminary  costs for large scale VOC degrading  by  biofiltration are available.  For large scale 

processes the first estimations  give  values  of  Dfl2.50/m3  of  treated  water. 

6.5.3 Investment and total operating costs  for pervaporation based processes 

In this  section total investment  and operating costs for pervaporation  processes are given. A 
stand alone system is considered as well as a profitable hybrid  system  with  activated  carbon 

adsorption  to  establish  higher  rates of purification.  Technical  details on the  pervaporation  process 
which  mainly refer to  the  composite  membranes used and the  space  requirements are given in 
appendix C. 

Table 5: Investment  costs of a 400 m2 pervaporation-unit (numbers in brackets for a  spiral 
wound module) 

Container 
Pumps 
16 membrane stacks @ Dfll,OOO.-/m2 @fl 2OO.-/m2) 
4 vacuum  vessels / condensers 
Sand filter / candle filter 
Panel 
Piping etc. 

~~ 

Sub to  tal 

Membrane  costs @fl lOO.-/m2) h 

~ 

10,000.- 
20,000.- 
400,000.- (SO,OOO.-) 
65,000.- 
15,000.- 
10,000.- 
10,000.- 

~~~~ ~~ ~ 

Dfl 530,000.- 

Dfl40,OOO.- 

Total  investment  costs Dfl 570,000.- (250,000.-) 
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The costs for pervaporation  have  been detemined QII the basis of data provided  by SETEC. 

ms company  supplies  mobile  pervaporation units with a  total  effective membme area of 400 m2. 
As prelreatment techniques a sand  filter and a  candle  filter are used h table 5 the investment  costs 

of a 400 m2  pervaporation unit are specified. To give an indication of the effect of the module type 

on the  investment COS~S both the price of a stainless steel module @fl l,OOO.-/m2) as well as  a 

cheap  spiral  wound  module @fl 2cM).-/m2; membmes excluded) 1231 are taken into account. 

TFhe cost cdcdations op1 the pervaporation  system  were  performed  with  computer software 
developed by Blume [40]. These calculations are based on cross-flow  equations by WelIer  and 
Steiner [41] and Pan and Habgood [42]. In this cross-€low  model the feed flows parallel to the 
membrane  surface,  whereas  the  permeate is removed  perpendicular  to the membrane. It has  been 
assumed that modules  as  described in this paper  operate  under  these  conditions. h this model  a 
flux factor is defined  which in general can express  improvement of pervaporation perEomance due 
to the reduction of the  membrane thickness, the use of other  module types, increasing  cross-flow 
rates  and  reduction of the downstream pressure. 
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concentration. A flux  factor  of 1 indicates  that  fluxes  were  taken  as  obtained  in the results  section 
for 110 pm membranes in plate and frame  modules. 

A flux factor of 10 indicates  that fluxes are  improved  by a  factor of 10. As was  shown 
previously [l61 for PDMS membranes a reduction of membrane  thickness  will  have  only a 
minor eflect on the flux of the  organic  component. The component fluxes as they  are 
presented  in  the  results  section  can  therefore  only be  improved  by  optimization of the  three 
processparameters: 

module  type 
cross-flow velocity 
downstream  pressure. 

, This flux improvement factor has  a considerable effect on the costs of  the  pervaporation 
process. In the following cost calculations  a flux factor of 10 has  been  assumed on the  basis of 
higher fluxes obtained  with other modules [22, 231. However, for some applications of 
pervaporation,  especially in the  low  concentration  range,  this  assumption may be  to  optimistic,  due 
to  strongly  diminished  driving  forces. 

Table 6: Costs for pervaporation  (numbers  in  brackets for a spiral  wound  module) 

CASE 

Investment  costs 

Depreciation and  interest 
Labor and maintenance 
Membrane  replacement (three years) 
Energy costs: 

liquid feed pump 
vacuum  pump 
condensation 

TOTAL. ANNUAL, COSTS 
Costs per m3 of treated water 

I . H I  

570,000.-  (250,000.-)  28,500,000.-  (12,500,000.-) 

85,500.-  (37,500.-)  4,275,000.-  (1,875,000.-) 
26,400.-  211,200.- 
13,300.-  670,000.- 

2,000.- 
5,000.- 
480.- 

100,000.- 
250,000.- 
80,000.- 

The  annual costs for pervaporation are determined  predominantly  by the relatively high 
investment  costs. The other most  important  operating costs are labour (2 hours per day)  and  the 
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replacement of membrmes  each  three years. The energy costs h pervaporation are determined  by: 
f e d p m p  

0 vacuumpmp 
e condensation Q€ the  permeate 

The contributions to tlhe energy costs Q€ the vacuum  pump m d  feed recycle pump  can be 
determined  easily from their power  requiremenS. cooling down to a temperame of - 20 "c wodd 
require a special cryo-unit. The refrigeration costs were  assumed at DflO.05 per kg of condensed 
permeate. For the silicone rubber membmes used ia tbis study  the total pemeate flux (mainly 

water) through 10 pm membranes can be  estimated at 130 g/m2-h [la at 99 5% recovery. This 
would imply that QIP m annual basis using 20,000 m2 of membrane area &e costs for the  energy 
required t~ condensate the permeate are Dn 1,040,000.-. Applying the highly  selective EPDM 
kembranes  investigated  previously [l81 instead  of the less selective FDMS membranes, the flux of 

&e organic  component is not altered  very  much,  whereas the water flux decreases  substantially. 
For composite  membranes  with a 18 pm permselective layer of EPDM (ethylene propylene 

terpolper) the water €l& is reduced  to 3 dm%. It can be calculated now that the annual cooling 
costs are reduced  by over one order  of  magnitude to Dfl80,OOQ.- for this type of membranes. 

The  cost calculations show that pervaporation is an attractive alternative to the 
conventional processesjkm an economic poìnt of view. The total annual operatina 
costs are in the  range of QflO.80 - Qfl1.66fm3, depending on the  scale of the process 
and applieclmduk  gpe. 

For small scale installations the total annual costs can be reduced  by a factor of 1.5-2.8 in 
comparison  with  alternative  processes,  For  large  scale  operations an even  more  profitable  situation 
exists. The process can  compete  with biofiltration fÏom  an economic point of view, but in 
comparison with liquid phase  carbon adsorption and gas phase  carbon  adsorption the total annual 
operating costs can be reduced  considerably, from 13,s MDfl in gas phase adsorption to 3 

pervaporation, 
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If the downstream pressure deviates flom zero, required  membrane  areas  will  increase 
drastically in order to establish a dictated  recovery  rate in the low influent  concentration 
range. 

Furthemore often  very  low  effluent  concentrations  are  required. A flux improvement  factor  of 10 
may  be rather optimistic in such cases. As a result the total operating costs will increase 
substantially. 

In such  cases  pervaporation  alone  seems  to  be  a less attractive  option.  With  respect  to  this,  a 
combination of pervaporation  and  activated  carbon  adsorption  seems  to  have  good  prospects. 
Pervaporation  can  remove  the  bulk  of  the  contaminants,  thus  increasing  the  life-time  of  the  carbon 
bed. This combined  set-up  will  ensure,  that  very  low  effluent  concentrations  are  established.  The 
hybrid process, which  can operate considerably  more effectively and  sometimes  more 
economically, is schematically  represented ín figure 8. 

In table 7 the costs for the hybrid  process  are  specified for a flux factor  of 10 and  an  overall 
product  recovery  of 99.9 %, whereas  the  pervaporation  now is assumed  to  operate at 98 % product 
recovery.  This implies that only  half  of  the  membrane area is required compared to the cost 
calculation in table 6, thus  reducing  the  investment  costs  by  approximately  the s-e factor. 

Figure 8: Schematic  representation of the  combined  system  set-up  using  pervaporation  and 
liquidphase  carbon  adsorption 

The  data  clearly  indicate,  that  combination of  pervaporation  and  liquid-phase  carbon  adsorption 
offers  very  interesting  perspectives. A ten  fold  reduction of the concentrations  in  the  effluent  waste 
water  can  be  established  against  a  negligible  increase in total operating  costs for the  small  scale 
operations.  For  the large scale  purifications  the  costs  increase  with  a factor 1.5 compared  to 99% 
recovery rate established  with  pervaporation  only.  However, the total operating  costs  are still 
smaller  than in liquid  phase  carbon  adsorption  alone or air stripping/gas  phase  carbon  adsorption 
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processes. Hp1 cases  where  even  higher  recovery rates are  dictated  a  pervaporation wit operating at 

90 % product E ~ C O V ~ ~  and two carbon adsorbers in series with dimernsions as given  above capa irm 
pkciple reduce &e ~ u e n t  concentration f i ~ r r n  500 d m 3  to 0.005 d m 3  in fie ernuent. 

CASE 
Investment costs 

P 
Dfl285,OOO.-  (125,000.-) 

DeprecMon and interest 42,750,-  (18,750.-) 
Labor and  maintenance 26,400.- 
Membrane  replacement (three years) 6,650.- 
Energy  costs: 0 liquid feedpump 2,000.- 

vacuum pump 2,500.- 
condensation  240.- 

TOTAL ANNïX4.L COSTS FUR PERVAPORATION 
Dfl80,540.- @fl 56,540.-) 

Deprecialion and interest  9,000.- 
Lahr and  maintenance  13,200.- 
Energy CQS~S 1,000.- 
Regeneration on-site 
Carbon replacement  12,000.- 

n 
14,250,000.-  (4,250,00.-) 

2,137,500.-  (937,500.-) 
21 13200.- 
335,000.- 
l O O , O ~ . -  
125,000.- 
40,oao.- 

Dfl2,948,700.- @fl 1,748,700.-) 

255,000.- 
105,600.- 
50,000.- 
2,000,000.- 
720,000.- 

TOTAL ANNUAL COSTS Dn 115,740.- @fl 91,740.-) Dfl6,079,300.- @€l 4,879,300.-) 
Co5b per m3  of treated water Dfl 1-45 (DW 1.15) DfI 9.52 (Dn 122)  

C5mparissn with literature d ~ t a  
Actual data on the removal of volatile organic components from waste  water by penrapombion 

oh a technicd scale are not  available yet. Pilot-plant studies  have  been gedormed by several 
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investigators.  Blume et al [23]  determined  the  pervaporation  performance  of  spiral-wound  modules 
and carried out an  ,economic evaluation of the process. For a  system treating 16 m3/h of 
contaminated  water  they  came  up  with  a value for the annual operating  costs of  $2.36/1,000  gal 

(Dfl 1.24/m3) at a  recovery of 90%.  C&é  and  Lipski  [24]  developed  a  micro  computer  program 
and investigated systematically the  role of several parameters on the economics of the 
pervaporation  process.  The  optimal  operating  conditions for respectively a module  consisting of 
small and large hollow fibres as well  as  a  spiral-wound  module  have  been  determined.  For  a 

system  treating 10 m3/h  of  contaminated  water at an influent concentration  of 10 glan3, a  spiral- 

wound  module  should  be  preferred  and  removes 99 % of  the  contaminants at a  price of $0.79/m3 

(Dfl 1.58/m3), Rautmbach  and  coworkers [43] proposed' a  different  system for the  recovery of 
solvent  mixtures  from  aqueous  solutions. A hybrid  system  consisting of a reverse  osmosis  unit,  a 
water  selective  pervaporation  process  and two phase  separators is applied  to  treat  the  stripper  gases 

produced in regenerating a carbon  bed.  The  costs for the  treatment  of 1 m3  of desorbate  water  is 
DM 17.- (Dfl 19.301, including recycling of  the  recovered  solvent.  This  indicates  that  a  single 
phase separator and  a  pervaporation process using organophilic membranes will remove the 
volatile  organic  components  from  the  desorbate  water at considerably  lower  costs. 

6.5.4 Final  discussion 

The  economic  and  technical  feasibility of different  techniques for removing  volatile  organic 

components  from  aqueous  solutions  has  been  evaluated. In the  sections  above  and with the help  of 
the technical data summarized in the appendices the quantitative as well as  some  of  the  non 
quantitative  'consequences'  of  choosing  the  best  alternative  solution  have  been  presented.  In  the 

tables  below  the  final  results are summarized. 
The  results  of  the  economic  evaluation  are  given in table 8. Again it should be emphasized  that 

the cost considerations  presented in the  previous  sections  merely  aim  to  give  rough  indications 
rather than exact estimates.  However,  the  economic evaluation shows that in the  very  low 

concentration  range (< 10 g/m3; considered in case I) the  liquid  phase  carbon  adsorption  process 
seems  to  be  the  cheapest  option  available.  For  similar  product  recovery  rates  pervaporation is far 
more  expensive,  whereas air stripping  from  an  environmental  point  of  view  can  only be applied in 
combination  with  either  a  gas  phase  carbon  adsorption  process or biofiltration,  which  increases  the 
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capital costs o€ the process considerably. h this concentration  range  the  totat  operating costs are 
mainly  determined by the  depreciation  and  the labour costs.  At  higher  influent  concentrations  the 
costs  for  replacement  md/or  regeneration will k of increasing  importance. The liquid  phase  carbon 
adsorption  process will than show out to  be a less  attractive  option from aq economic  point of 

view. 

Table 8: Total operating costs (in Dfl/m3) for the processes considered  (numbers ia brackets 
indicate  spiral W Q W ~  modules) 

CASE I jcIl RECOVERY 

liquid phase carbon  adsorption 1.97 5.32 99% 

air StrippinpJgas phase adsorption 1.91 2.79 99% 

air strippinghiofihation 1.78 1.10 99% 

pervaporation 1.66 (1.06) 1.40 (0.80) 99% 

' pervaporation/Jiquidphasecarbon adsorption 1.45 (1.15)  1.52  (1.22)  99.9% 

pemapmtion/liquidplnase carbon adsorption 1.78 (1.49) 1.86  (1.56) 99.999% 

For moderate  concentrations  the  three  processes  are  competitive.  The  lowest  total  operating 
costs are obtained € ~ r  an hybrid process of pervaporation  and liquid phase  activated  carbon 
adsorption  operating  at 99.9% product  recovery. 
h high  concentration  operations  pervaporation  seems to supply a suitable  process.  Activated 

carbon  adsorption  processes  are  expensive  due  to  the  high  costs for regeneration,  whereas for 
biofiltration  processes  extremely  large mounts of biofilter  materials are required.  This  latter 
important  process  parameter  (space  requirements) and its values for the  different  processes we 
given in table 9. 

This  table  shows  that with respect  to  space  requirements a pervaporation  process will be 

preferred. This condition is especially  împortant with respect to case Hl[. A possible application of 
pkwaporation  would  reduce  the  space  required with a factor of 6 to H2 compared  to  activated 
carbon processes. A biomtration  system is practically  excluded  due to extremely  large momt  
biofilter  materials  needed. ][n order  to  increase  the  product  recoveries in case I[H m increase in 
dembrane area will probably be prefenred  above  the  installation o€ a carbon adsarpion unit. 
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Table 9: Estimated  total  space  requirements of the different processes  (m3) 

CASE I I1 RECOVERY 

liquid  phase carbon adsorption 3.5 250 99% 

air sb5pping/gas  phase  adsorption 7 600 99% 

air stripping/biofiitration 10 20,000 99% 

pervaporation 0.8 40 99% 

pervaporation/liquid  phase  carbon  adsorption 4.1 290 99.9% 

pervaporation/liquid  phase  carbon  adsorption 7.8 540 99.999% 

Besides  the  considerations  summarized in table 8 and 9 several  other  aspects  will  play a role in 
the  decision  about  the  most  suitable  process, like the  kind  of  contaminants  that  can be removed,  the 

quality of the  effluent, the purity of  the  residue  (recovered VOC), the  ability  of  handling  higher. 
influent concentrations,  the  simplicity of the  process, the support  facilities  required  and  the safety 
of the  process.  For  the  small  scale  project no clear  distinction  between  the  different  processes  could 
be made.  For large scale operations, however, one  is intended to use pervaporation,  mainly 
because this process can  handle  higher influent concentrations quite easily.  The VOC's are 
obtained as an  almost  pure  liquid,  the  process is simple,  whereas  only  minor  support  facilities  are 
required. 

6.6 CONCLUSIONS 

. Cost calculations are given for various  processes for which  several  basic  assumptions  and 
conditions  have  been  evaluated.  The  most  important  ones are the  carbon  loading  capacity  and  the 
carbon  regeneration  costs for the activated  carbon  adsorption  and  the flux improvement  factor for 
the  pervaporation  process. 

Assuming a flux improvement  factor  of 10, it is concluded that in the moderate (?d higher) 
concentration  range,  pervaporation  is the best  technique,  both  from  an  economic as well  as from a 
technical  point of view.  For  low  concentrations  activated  carbon  processes are the  best  choice. 
When non toxic,  non volatile organic  components are present  an air stripping  process.  has  good 
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prospects to remave small mounts of solutes. To prevent  that a water pollupion  problem is 
transferred to m air p ~ l l ~ t i ~ n  problem, a second  technique  should be used to  treat the stripper ~ f f -  
gases. Both gas phase activated  carbon  adsorption and biofihation show intereshg possibili~es- 

n e  biofihation process is not very efficient fss treating very large quantitks of po&&ing 
substances,  because of t.he rapidly increasing momt of biofilter  materidis r e q ~ e d ,  With respect to 

the space  requirements, the pervaporation prmess is by far the best  option  available. 
Special attention should be  paid to a combination of pervaporatiom and activated carbon 

adsorption. Penraporation removes the largest quantity of VOCs present, whereas activated 
carbon c m  reduce the effluent concentrations to very low values. Therefore a hybrid  process is 
very attractive,  because  several  organic  substances will be  removed and high product  recoveries 
can be  established at relatively  low cost 
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APPENDIX A: LIQUID PHASE ACTIVATED CARBON ADSORPTION 

In this appendix the technical  details are given,  which  have  been used to estimate the investment  costs md the 
total operating  costs ofthe liquid  phase  carbon  adsorption pmess, These details can be divided in two categories: 

systems  design 
regeneration. 

system design 
The  most important factor in dimensioning the carbon  adsorber is the  contact  time of the con-ated water  and 

?e carbon grandate. For a 3.5 m3 adsorber the filtration velocity  was  1.4 mm/§, implicating a contact  time of 
approximately 18 minutes, which  seems to k an adequate value [2]. On the  basis of this contact  time, a system  can 
be  designed  to treat 500 m3/h of waste  water. Literature data are  available on adsorbens with a diameter  ~f 3 m and a 
bed  height  of  2.5 m. A contact  time of  20  minutes  would in this case  indicate a filtration  velacity of 2 mm/.. This 
would require  10  adsorbers with a total volume  of  250  m3  and a load of 90,000 kg. 

Regeneration 
Regeneration  costs  were a very  uncertain  factor in determining the total operating COS@. The most simple  case 

is a  feed with a very  low amount of polluting  organic  substances. The total operating  costs can be calculated 
provided  that  the  loading  capacity of the  activated carbon is ho-. After bed break through is observed the flter 
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material  is  replaced  and  the  process  can be restarted.  This  seems  to be the best option  available as long as the  loading 
period is at least one month [2J. 

For large scalehigh concentration  applications  regeneration  off-site  has  not  been  considered,  because  very 
unrealistic  circumstances  have to be dealt with.  Each  year 40 million kg carbon (5,000 kghour) at a  price of Dfl2.- 
/kg carbon @fl 20.-/1,000  m3  water  treated)  has  to be regenerated.  This  implies  that  adsorbers  have  to  be  cleared  out 
and  refilled  continuously,  which  is  not  a  very  practical  situation. 

The  applicability of regeneration in liquid  phase  activated  carbon  adsorption in general  and in this  case (11) in 
particular can also be questioned,  because  not  only  toxic  compounds  will  be  present  in  the  waste  water, but also 
substances  which  in  principle  can  be  drained  directly.  Furthermore  compounds of  high  molecular  weight  will  be 
adsorbed,  which  will not desorb  readily from the  carbon  surface at temperatures  slightly  higher  than 100 "C. This 
poor  selectivity of the activated  carbon  diminishes  the  efficiency  of  the  adsorption  process  to  a  considerable  extent. It 
should be emphasized  that this a  very  important point which is demmental to liquid phase activated  carbon 
adsorption and therefore  often  other  processes  will be prefened. Still, calculations  have  been  performed,  although 
field experience  concerning  the  on-site  regeneration  of  liquid  phase  adsorbed  carbon is not  available  in  the  literature 
and  the  exact  composition of the  waste  water is not known. 

APPENDIX B: AIR STRIPPING 

With respect to  environmental  considerations air stripping is not  very attractive, because the pollution  is 
transferred  from the aqueous  phase  to  the  vapour  phase. A combination  with  a  second  technique in series is therefore 
essential to treat  shipper off-gases.  This  aftertreatment  can be performed in two different  ways: 

activated  carbon  adsorption 
biofiltration. 

In this  appendix the specific  problems of  combining  airstripping  with  an  emission control  unit and  the  details  in 
the  design  of  the  hybrid  processes  will  be  presented. 

Emission control 
Activated  carbon  adsorption is only effective when  the  off-gases are  not  saturated  with  water.  In  the  latter  case 

water will condense on the  carbon.  For  practical  applications  the  temperature of  the air stream  from  the air stripper 
has  to  be  raised a few  degrees  to  decrease  the  relative  humidity  to  values  less than 50% [6,71.  The  advantage  over 
liquid  phase  activated  carbon  adsorption is the  increased  loading  capacity.  Furthermore  poisoning of the carbon-bed 
by nonvolatile  high  molecular  weight  components  is  prevented.  The air shipping  process,  therefore,  earns  itself  back 
by  reducing  the  number  of  regenerations  and  by  increasing  the  carbon  life  time. 

For the posttreatment  of  the shipped off-gases a biofiltration  process  seems  to be more  adequate.  The  humidity 
of the filter is  an  essential  condition  and  therefore  the  off-gases  do  not  have to be heated.  Degrading  of the organic 
components  takes  place in a  stagnant  aqueous  liquid  film,  built upon the  compost  particles.  Problems,  however, 
occur in the  degradation of chlorinated  hydrocarbons.  Free  chlorine  molecules,  created  in  the  degrading  process, 
poison  very  slowly the biofilter.  Future  developments  aim to, keep  the  biomass in good  condition by rinsing  out 
chlorine  atoms by means  of a  hickling  process [l 1 J. This  means  further  rise of  treatment costs  whereas  the  question 
arises if it will be allowed  to drain the  chlorinated  trickling  water  without  further  treatment. 
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system assign 
The number of  adsorbens is determined on the basis of the required  filtration  velocity, wigh 0.25 m/s being a 

good  average  value [6, 7,8]. For large scale  applications  three  strippers  are in operation, producing totally  10,000 
in3 off-gases per hom. Using the carbon  adsorbers with dimensions as described above this would  imply  that 3 
adsorbers in parallel  are  required of which two are  in  operation,  whereas  the  third one plas to be regenerated. To reduce 
the influent  concentration to values  below 5 g/m3 the dimensions of the three  stripper  columns are given  below  (the 
dimensions of the small strjppr column are given in brackets): 

a diameter: 3 (0.75) meter 
0 height: 26 (8)  meter 

The total  volume of this large-scale  installation is 600 m3. 
The  feed flow rate in the  small-scale  stripper  was  about 8.3 m 3 h  and  the air current 2,800 m 3 ~ .  A small-scde 

carbon  adsorber  unit is used as described in the  previous  appendix.  Under  these  circumstances the concentrations in 
the influent are reduced fcom 5,000 - 18,000 p@ to less than 3 pg/l in the effluent. The space  required for this 
insmation is 7 m3. 

Emission conEO1 by biofiltration  processes requires a lot more space compared  to alternative processes. 
Assuming a degrading  velocity  of 15 gjm3-h the biofilter in the small-scale  installation  would be 10 m3 in  size  and 
for the large-scale process 20,000  m3 are required. This wilI practically  exclude  biofiltration  processes for large 
scale/bigh concentration  appSications. 

APPENDIX C: PERVAPORATION 

Membranes  are  very  well known for their  space  saving  properties. To what  extent this is the case in the  removal 
of volatile  organic  components ikom water is discussed in this appendix.  Furthermore  attention  will be paid to the 
resistance-in-series  model  which  was  explored  elsewhere to determine  the  effects  of  membrane  thîckness  and of fiow 
conditions OIL the  pervaporation pe&mance. 

Resistance-in-series model 
The membranes used in our scale-up  experiments  were of the dense homogeneous type and had an average 

effective  thickness of approximately 110 prn. For practical  applications a selective  layer is deposited on a support 
material.  The mpport is in most instances a porous  micro- or ultrafiltration  membrane. The structure of these thin 
film composite  membranes is shown in  the  figure below. Tn principle the permselective tophyer material  can be any 
of  the  elastomers  studied  previously [18]. In the economic  evaluation it will be this type of composite membranes 
that  will be taken for accounting pupgoses. The thickness of the actual separating layer has to be optimized  both 
with  respect to the  organic  component flux and  to the selectivity in t.he pervapration process. 

From the resistance-in-series  model [la the effective  membrane  thickness of the membrane with the highest 
selectivity observed C181 can k estimated. On the  basis of literature data [23-241 aliquid bornday layer mass transfer 
coefficient of 3.10-5  m/s plas been  assumed. The membrane  should  now  be  adapted to that  kE-vdue. When the 
overall  resistance is determined  exclusively  by  the liquid boundary layer  resistance  the organic component flux (Jo$ 

will be 27 g/m2-h for a 250 dm3 toluene  concentration.  Suppose that a 18% flux decrease (24g/m2-h) due to a 
finite  membrane  resistance is still acceptable,  With  the  resistance-in-series model the effective  membrane  thickness 
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of an EPDM  membrane  (having  the  highest  selectivity factor) can  now  be  calculated. 

J, = b v  * concentration 

The  permeability  coefficient (P) for  toluene in EPDM  membranes is l.l*lO-’ m2/s.  From  the  given  equations 
the required  effective  membrane  thickness  can be estimated at - 8 pm. So the  basic  approach  is  not  the  reduction of 
the  effective  membrane  thickness,  but  rather  adaption  of  the  effective  membrane  thickness to an  established  boundary 
layer  mass  transfer  coefficient. 

permselective  toplayer 

en or nonwoven 

Figure 8: Schematic structure of a thin-film composite membrane 

Process design 
With respect to the space  limitations on oil platforms  pervaporation  seems  to be the  best  option  available. For 

the plate-and-frame  module  used  in our experiments  a  value of  250  m2/m3 for  the ratio of  membrane  area  and 
required  space can be  calculated.  Typical  values for spiral-wound  and  hollow  fiber  modules  are 500 and l o o 0  m2/m3 
respectively.  Taking an average  value of 500 m2/m3  the space  required for small  scale  operations is 0.8 m3 and  for 
the  large  scale  process 40 m3. This gives a reduction  with  a  factor 5 - 10 in  comparison to alternative  processes. 
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Volatile  organic  hydrocarbons in ground  water,  surface  water or waste  water are a  continuous 

threat to the public  health.  Often  traditional  purification  techniques  cannot  be  applied  to  remove 
these  components fiom aqueous  solutions. h this thesis  the  technical  and  econonnic  feasibility of 
gemaporation, a rapidly  developing  membrane filtration technique, will be  investigated for the 

removd  of  trace  organics from water. 
At  present two basic  techniques are available, viz.: 

adsorption  onto  activated  carbon 
0 air stripping. 

Activated  carbon  adsorption  processes  have  already  proven  to  be  successful in several  cases. 
The  technique is based  on the interaction  of the component  to  be  removed  and  the  surface  of  the 
carbon  particles.  After  the  complete surface is occupied,' the carbon  has to be  regenerated. The 
costs of  this process depend on the kind of pollutant, adsorption system and regeneration 
technique. 

Air stripping  processes are based  on the volatility  of the hydrocarbons. Air or steam  is  brought 
in contact wih the  contaminated  water to remove the volatile pollutant. TO prevent that a water 
pollution  problem is transferred to an air pollution problem  the  off-gases  have to be  treated 
afterwards.  For  this  purpose several options are available  of  which  gas-phase  adsorption  onto . 

activated  carbon  and biofiltration have  proven  to be the  most  promising. 
: h pervaporation a liquid  mixture is brought in contact with a membrane at the  upstream  side, 
whereas the permeate is removed as a vapour at the downstream  side. This is established by 
reducing  the  relative  vapour  pressure at the  permeate  side  through either the use of  an  inert  carrier 
gas or an applied vacuum,  The  permeate is successively obtained in a condenser. In the 
pervaporaticm of trace  organics  from  water  the  pollutants are obtained as an  almost  pure liquid, 

whereas  no  additional  substances  (like  activated  carbon or micro-organisms) are required. j 

h this particular  application  of  pervaporation  diffusion  limirations  of the organic  component in 
the feed  solution  play an essential  role.  "herefore  a  resistance-in-series  model is used in chapter 2 
to  describe the pervaporation perfomance of elastomenc  membranes in the removal of volatile 
organic  components fiom water,  Membranes with a wide  range of  thicknesses  have  been  prepared 
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Summary 

and  the  pervaporation  behaviour for the  removal  of  toluene  and  trichloroethylene  from  aqueous 
solutions has been  studied.  Mass  transfer coefficients in the liquid boundary layer and in the 
membrane respectively have  been  determined.  The  experiments  show that the  hydrodynamic 
boundary layer resistance is of  great  importance. In chapter 3 the influence of the  hydrodynamic 

resistance on the removal of toluene and trichloroethylene from  binary  aqueous  solutions by 

pervaporation  has  been  studied  more  extensively.  Mass  transfer  coefficients  have  been  determined 
€or  laminar  flow  in  a  flat  channel  cell  as  well  as  laminar  and  turbulent  flow in a  stirred  cell.  Liquid 
boundary  layer  mass  transfer  coefficients  follow  from  Sherwood  relations.  Reasonable  accurate 
predictions of  the  overall  mass  transfer  Coefficient in the pervaporation  process  were  observed. 

In chapter 4 more  fundamental  aspects of the  pervaporation  process  have  been  studied. A wide 
range  of  homogeneous  elastomeric  membranes  have  been  prepared  using  dicumylperoxide BS a 
general crosslinking agent. Pervaporation experiments  have  been  performed  under identical 
hydrodynamic  conditions in order  to fix the  boundary  layer  mass  transfer  coefficient  at  a  constant 
and known value.  For  comparison of the permeabilities of different pervaporation  membrane 
materials  this is of  utmost  importance. A wide  range  of  selectivity  factors is obtained. 

The  permeability  data  obtained  for  the  various  elastomers  have  been  related  to  the  chemical  and 
physical  nature of  the  elastomers  through  the  solubility  parameter  approach  and  the  glass  transition 
temperature  respectively.  Both  diffusional  and  sorption  effects  seem  to  be  important,  determining 
the  water  transport  behaviour  in  the  elastomeric  membranes.  Differences in the  permeabilities  of  the 
organic  component  can  primarily  be  ascribed  to  structural  parameters, like degree of  unsaturation 
and  presence  of  steric  side  groups. 

Preferential  sorption in elastomeric  membranes is generally  considered  as  the  most  essential 
step in the  pervaporation  process.  Therefore  the  sorption  behaviour  of  elastomeric  membranes for 
the removal of volatile organic components  from  water in aqueous solutions of  toluene  and 
trichloroethylene is studied in'chapter 5. Flory-Huggins  thermodynamics  are  applied  to  describe 
and predict the sorption behaviour  of  pervaporation  membranes  in a more quantitative way. 
Polymer/liquid interaction parameters are obtained from swelling experiments,  whereas  the 
liquiaiquid interaction  parameter is calculated  from  the  simple  binary  Flory-Huggins  equations 
and the solubility of the organic component in water.  The  thus obtained binary  interaction 
parameters  are used in ternary  Flory-Huggins  equations  to  describe  with  reasonable  good  accuracy 
the sorption behaviour  of  the  aqueous solutions. A "Henry-type"  of  sorption  behaviour of the 
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organic  component may be assumed in the low  concentration  range. 

h chapter 6 the different  processes  have  been  compared h m  an accounting  point of view  on 
the basis of two potential  applications. In the first case a small-scale  process is considered,  typical 
for ground  water sanitation. The second case is dealing with a large-scale  waste  water  purification 
system,  typical €or industrial waste  water  treatment. The evaluation  has  been  carried out for single 
processes as well as for hybrid  systems. 

' Besides  the  attractiveness from a  technical  point of view, the pervaporation  process shows also 
g o d  prospects  from an economic  point Q€ view. 

168 



Samenvatting 

SAMENVATTING 

Vluchtige  organische  koolwaterstoffen in grondwater,  oppervlaktewater  of  afvalwater  zijn  een 
continue  bedreiging  voor de volksgezondheid.  Vaak  kunnen  traditionele  technieken niet worden 

toegepast om deze  stoffen  uit  waterige oplossingen te verwijderen. In dit proefschrift  zal  de 
technische en economische haalbaarheid van pervaporatie, een zich snel ontwikkelende 
membraanfiltratietechniek, worden onderzocht  voor de verwijdering van  organische 
microverontreinigingen  uit  water.  Op dit moment  zijn  twee  basistechnieken  beschikbaar,  te  weten: 

adsorptie  op  actieve  kool 
luchtstrippen. 

In verschillende gevallen  zijn  actief  kool  adsorptieprocessen al met  succes  toegepast.  Het 
principe van  deze techniek berust op de affiniteit van de te  verwijderen  component  met  het 
oppervlak  van de kooldeeltjes. Op het  moment  dat  het  volledige  oppervlak  bezet  is,  dient de kool  te 
worden gereactiveerd of  vervangen. De kosten voor  het regeneratieproces kunnen  hoog  zijn, 
afhankelijk van de soort geadsorbeerde verontreinigingen, het adsorptiesysteem  en de 
regeneratietechniek. 

Luchtstripprocessen zijn gebaseerd  op de vluchtigheid  van de koolwaterstoffen.  Lucht  of 
stoom  wordt in contact gebracht met het verontreinigde  water  om  de vluchige component  te 
verwijderen. Om te voorkomen dat het  verontreingingsprobleem  zich  verplaatst  van  de  waterfase 
naar de luchtfase  zullen  de  afgassen  moeten  worden  nabehandeld.  Hiervoor  bestaan  verschillende 
mogelijkheden,  waarvan  adsorptie  op actieve kool  vanuit de gasfase  en  biofiltratie  het  meest 
veelbelovend  lijken te zijn. 

Bij pervaporatie  wordt  een  vloeistofmengsel in contact  gebracht  met het membraan  aan  de 
voedingszijde, terwijl het perrneaat als damp  aan de permeaatzijde  wordt  afgevoerd.  Dit  wordt 
bewerkstelligd  door  de  relatieve  dampspanning  aan  de  perrneaatzijde  te  verlagen  door  het  gebruik 
van  een  een  inert  dragergas  of  het  aanbrengen  van  een  vacuüm.  Het  permeaat  wordt  vervolgens  als 
vloeistof in een  condensor  opgevangen.  Op  deze  manier  worden,  bij  pervaporatie  van  organische 
microverontreinigingen  uit  water,  de  koolwaterstoffen als bijna  zuivere  vloeistof  verkregen,  terwijl 
geen  additionele  stoffen (zoals actief  kool,  micro-organismen  of  compost)  nodig  zijn. 

Bij deze  toepassing  van  pervaporatie  spelen  diffusielimiteringen  van  de  organische  component 
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in de voedingstroom  een grote rol,  Daarom  wordt in hoofdstuk 2 een  weerstanden-in-serie  model 

gebruikt om het  pervaporatiegedrag  van  elastomere  membranen bij de verwijdering  van  vluchtige 
organische  stoffen uit water te beschrijven.  Membranen  met  verschillende  diktes  werden  bereid  en 
het pervaporatiegedrag voor de verwijdering van trichlooretheen en tolueen uit waterige 
oplossingen  werd  bestudeerd. Stofoverhirachtscoefficienten in  de grenslaag en in het membraan 
werden  bepaald. De experimenten  tonen aan dat de hydrodynamische  grenslaagweerstand  van 
groot  belang  is. In hoofdstuk 3 wordt de invloed van de hydrodynamische  weerstand  op de 

verwijdering  van  tolueen  en  trichlooretheen  uit  binaire  waterige  oplossingen  met  behulp  van  een 
pervaporatieproces  verder  onderzocht. S tofoverdrachtscoefficienten werden  bepaald  voor  zowel 
laminaire  stroming in een  vlakke  cel,  als  voor  laminaire  en  turbulente stroming in een  geroerde  cel. 
Sherwood conelaties werden  gebruiact  om grenslaag-stofoverdrachtscoefficienten te  berekenen.  De 
totale s t o f o v e r ~ c ~ t s c o e f i e n t  in het pervaporatieproces  kon  met  voldoende  zekerheid  worden 
voorspeld. 

In hoofdstuk 4 komen  meer  fundamentele  aspecten  van het pervaporatieproces  aan de orde- 
Een groot aantal homogene elastomere membranen  werd  bereid.  Pervaporatie-experimenten 
werden  uitgevoerd, bij identieke  hydrodynamische  stromingscondities om zodoende de grenslaag- 
stofoverdrachtscoefficient op  een vaste en  constante  waarde te fixeren.  Voor  een  vergelijking  van 
de permeabiliteiten van verschillende pervaporatiemembranen is dit van groot belang.  De 
ielectiviteit  van de membranen  bleek  onderling  sterk  te  verschillen. 

De  penneabiliteiten die werden  verkregen  voor de verschillende  elastomeren  werden  gerelateerd 

aan de fysische  en chemische  eigenschappen van de elastomeren door middel  van  de 
oplosbaarheidsgarametertheorie en  de glasovergangstemperatuur. Zowel  diffusie-  als 
oplosbaarheidseffecten  lijken  belangrijk te zijn bij het  watertransport in elastomere  membranen. 
Verschillen in permeabiliteit van de organische  component  kunnen voornamelijk worden 
toegeschreven aan structuurkenmerken,  zoals de mate v m  onverzadigdbeid  en de aanwezigheid 
van  sterische  zijgroepen. 

Preferentiële sorptie in elastomere membranen  wordt in het algemeen  gezien als de meest 
essentiële  stap in het pervaporatieproces.  Daarom is het soptiegedrag van  elastomere  membranen 
bij de verwijdering v m  vluchtige  organische  componenten uit binaire waterige  oplossingen  van 
tolueen en trichlooretheen bestudeerd in hoofdstuk 5. Flory-Huggins  thermodynamica  werd 
toegepast  om het sorptiegedrag  van  pervaporatiemembranen te beschrijven  en te voorspellen op een 
kwantitatieve manier. Polyrneer/vloeistof interactieparameters  werden  verkregen  uit 

l 
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zwelexperimenten,  terwijl  de  vloeistof/vloeistof  interactieparameter  werd  berekend  uit  eenvoudige 
binaire  Flory-Huggins  vergelijkingen  en  de  oplosbaarheid  van  de  organische  component  in  water. 
De aldus verkregen binaire interactieparameters zijn gebruikt in ternaire Flory-Huggins 
vergelijkingen  om  redelijk  succesvol  het  sorptiegedrag in waterige  oplossingen  te  beschrijven.  Een 
"Henry-achtig" sorptiegedrag van de  organische component  mag alleen in het lage 
concentratiegebied  worden  aangenomen. 

In hoofdstuk 6 worden de verschillende. processen  voor het verwijderen  van vluchtige 
organische stoffen uit  water  met elkaar vergeleken vanuit kostenoogpunt  voor  twee  potentiele 

toepassingen. In het eerste geval  wordt  een  kleinschalig  proces  bestudeerd, dat representatief is 
voor  grondwatersaneringen. In het  tweede  geval  wordt  gekeken  naar  een  grootschalig  afvalwater- 
zuiveringssysteem,  representatief  voor  de  behandeling  van industrieel afvalwater.  De  evaluatie 
werd  uitgevoerd  voor  zowel  enkelvoudige  systemen  als  hybride  processen. 

Naast de aantrekkelijkheid  vanuit  technisch  oogpunt blijkt het  pervaporatieproces  ook  door 
economische  redenenen  goede  perspectieven  te  bieden. 

171 



]In Nederland  zijn tal van  plaatsen  bekend  waar de bodem  sterk  verontreinigd is. Membranen 

lijken in het algemeen  interessante  mogelijkheden te bieden bij het oplossen  van  milieuproblemen. 
Voor de  verwijdering  van  aromatische  (tolueen,  benzeen) o€ gehalogeneerde  koolwaterstoffen 
(trichlmretheen, tetrxhlooretheen) uit waterige  oplossingen zijkt pervaporatie  goede  perspectieven 
te bieden. Het  doel  van dit onderzoek is de ontwikkehg van  een  pervaporatiemembraan V O Q ~  de 
verwijdering van vluchtige  organische  stoffen  uit  grondwater,  oppervlaktewater of industrieel 
afvalwater. 

Pervaporatie is een  zich snel  ontwikkelende,  relatie€  nieuwe membraan€iltratietechniek. Bij het 

pervaporatieproces  wordt  het  'vervuilde'  water  aan de voedingszijde in contact  gebracht  met  het 
membraan, terwijl aan de  andere  kant  -de  permeaatzijde-  een  vacuüm  wordt  aangelegd.  Hierdoor 
ontstaat  een  concenthatieverschil,  met als gevolg dat met  name de organische  deeltjes  zich  van  de 
voedingszijde  naar de penneaatzijde bewegen. De  membranen die bi. deze techniek  gebruikt 
worden zijn  niet  poreus, in tegenstelling  tot  traditionele membranen.  De scheiding  vindt  dan ook 
niet plaats op basis van verschillen in deeltjesgrootte, maar op basis van verschillen in 
oplosbaarheid en beweeglijkheid van de te scheiden  deeltjes in het membraan. Voor commerciële 
doeleinden  moeten de membranen  dunner  zijn  dan  é&tiende  millimeter. h veel  gevallen  worden 
echter  nog  kleinere  diktes  gewenst. In principe h e n  deze  membranen  gemaakt  worden,  maar  ze 
hebben vaak  een  geringe  mechanische  sterkte.  Dit is  de reden  waarom  gebruik  wordt  gemaakt  van 
zogenaamde  composiet  membranen.  Een  dunne  niet-poreuze  toplaag  wordt  aangebracht  op  een 
poreuze  onderlaag. De toplaag is  de selectieve laag die verantwoordelijk is voor de scheidende 
eigenschappen.  De  poreuze laag dient  slechts ter ondersteuning  van de dunne  selectieve  toplaag  en 
heeft  zelf een te verwaarlozen  effect  op de scheiding. 

Belangrijke  procesparameters bij de beschrijving van  het  pervaporatieproces  zijn de dikte van 
het  membraan (de selectieve toplaag) en de langstroomsnelheid aan het vloeistof/membraan 
grensvkk.  Deze  twee  parameters  zijn  systematisch  bestudeerd.  Met  betreldcing  tot Plet transport in 
het  membraan is de oplosbaarheid  van  de  deeltjes in het  membraan  onderzocht. 

Tot  slot is de toepasbaarheid  van  deze  nieuwe  waterzuiveringstechniek  vanuit  zowel  technisch 
als vanuit  economisch  oogpunt  vergeleken  met ákernatieve technieken, zoals actief  koo1filtratie, 
luchtstnigpen  en bioatratie. 
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