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PERVAPORATION-BASED HYBRID
PROCESSES IN TREATING PHENOLIC
WASTEWATER: TECHNICAL ASPECTS

AND COST ENGINEERING

F. Lipnizki* and R. W. Field

University of Bath, Claverton Down, BA2 7AY Bath, UK

ABSTRACT

In this study, the feasibility of combining pervaporation with ad-
sorption in a hybrid process to recover phenol from wastewater is
analyzed with the technical aspects and the cost of the processes
taken into account. The pervaporation unit in the hybrid process is
combined with a decanter on the permeate side and an adsorption
unit on the retentate side. Two modes of regeneration, steam and
heat, are considered for the adsorption unit. Through comparisons
of the stand-alone units with the hybrid processes, we found that
hybrid processes were feasible economic alternatives. In addition
to meeting the environmental standard, the hybrid processes also
recovered over 98% of the phenol at a concentration of 76% (wt).
Even though the cost data showed that the use of heat regeneration
for the adsorption unit is the cheaper option, the integration of
steam regeneration improves the phenol recovery rate to over 99%.
A sensitivity analysis of the economic boundaries of the hybrid
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processes revealed that the membrane life cycle and not the mem-
brane cost is the key cost parameter in the hybrid processes. The
advantages of the hybrid process are further increased when the
processes are scaled up. Overall, this study demonstrates that per-
vaporation-based hybrid processes that combine pervaporation,
adsorption, and a decanter could be used effectively to recover
phenol from industrial waste streams.

INTRODUCTION

Since the mid 1980s, hydrophilic pervaporation units have been success-
fully used on an industrial scale to dehydrate alcohols and to overcome chemical
equilibrium in the esterification process by removing the water by-product. In
both applications the successful implementation of pervaporation lies in the com-
bination of pervaporation with other processes units, i.e., distillation and chemi-
cal reactors, in a hybrid process. Worldwide several hundred hydrophilic perva-
poration units on various scales have been implemented (1). Despite the success
of hydrophilic pervaporation in industry, hydrophobic pervaporation applications
are developing at a slower pace; however, many potential applications are avail-
able for hydrophobic applications in biotechnology (2), food technology (3), and
wastewater treatment. Even though the first commercial unit was reported in 1997
(4), only a few units had been installed by 2000. The reasons for this trend can be
found in both membrane development and process integration. While for hy-
drophilic pervaporation 2 membrane types, polyvinylalcohol and polyacryloni-
trile (PVA and PAN) membranes, and more recently, zeolite membranes have es-
tablished themselves as successful membranes for water permeation, hydrophobic
pervaporation often requires case-specific modified membranes because the per-
meating component varies with the application. Furthermore, the success of hy-
drophilic pervaporation can be related to its integration in hybrid processes with
distillation and chemical reactors, while hydrophobic pervaporation units have
only been installed as stand-alone units (4). To increase the employment of the po-
tentially successful hydrophobic pervaporation process, improved membranes
and an integration strategy for hydrophobic pervaporation are required.

Our aim was to develop a rigid approach for the successful integration of hy-
drophobic pervaporation in hybrid processes for the treatment of phenolic
wastewater. We also considered the technical aspects and cost of the processes. In
this paper, after the concept of hybrid processes is presented within the framework
of wastewater treatment, the position of pervaporation in hybrid processes for
wastewater treatment is analyzed, and then previously published pervaporation-
based hybrid processes used to treat phenolic streams are reviewed. Based on this
review and our goals, a novel pervaporation-based hybrid process, in which
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cumene oxidation was used (Hock’s Process), for the treatment of a phenolic
waste stream is developed and analyzed.

DEFINITION OF PERVAPORATION-BASED HYBRID
PROCESSES FOR WASTEWATER TREATMENT

Generally, both conventional separation units and reactors can be combined
with pervaporation methods to form a hybrid process. In wastewater treatment,
pervaporation-based hybrid processes to date have been only studied in combina-
tion with separation units to remove organic compounds.1 Two concepts of hybrid
processes combining pervaporation with a separation unit can be distinguished
(Fig. 1):

Type S1 is an interlinked combination that achieves a binary split, and
Type S2: is a combination of consecutive separation processes that achieves

a split that could neither technically or economically be achieved in-
dependently.

The full integration of pervaporation in a hybrid process seems to be a cru-
cial aspect for the success of pervaporation-based hybrid processes. Furthermore,

TREATMENT OF PHENOLIC WASTEWATER 3313

1The closest to a pervaporation-(bio)reactor hybrid process for wastewater treatment is
found in the work of Livingston (5–7). The hybrid consisted of a combined bioreactor with
a selective permeation process through a dense membrane.

Figure 1. Hybrid process types and potential combinations.
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a previous study (8) on hydrophilic pervaporation revealed that all hybrid-pro-
cesses realized on an industrial scale are of Type S1. The importance of pervapo-
ration is further highlighted in cases in which wastewater treatment is considered
a part of clean production, which is a strategic undertaking in chemical-industry
production. While Type S1 achieves a clear separation of component A and B,
Type S2 requires a regeneration or disposal step that eliminates the portion of
component A that is retained in the second process. This need for further action
reduces the potential economic and ecological benefits of the process and is there-
fore the less favorable option.

POSITION OF PERVAPORATION IN HYBRID PROCESSES

Compared to other processes, such as decantation or distillation, pervapora-
tion is not restricted by thermodynamic limitations, such as chemical equilibrium,
and can therefore be used as both preconcentration and polishing steps in a hybrid
process. However, an analysis of hydrophilic pervaporation in hybrid processes
revealed that pervaporation was rarely used as a polishing step in industrial scale
operations because of the purity required in production and the driving force lim-
itation at low feed-side activity. This limitation of the transmembrane driving
force leads to an exponential increase in membrane area when low concentrations
are targeted, and pervaporation is considered a less favorable economic mecha-
nism. This finding has direct implications on the selection of processes suitable for
integration in pervaporation-based hybrid processes. On the retentate side, hy-
drophobic pervaporation must often be followed by a final polishing step.

Furthermore, while in hydrophilic pervaporation, zeolite membranes work-
ing as molecular sieves can achieve permeate streams with very low organic con-
centrations, the selectivity of polymeric membranes in hydrophobic pervaporation
is often limited and generates permeate streams that cannot be directly recycled
within the process. Consequently, pervaporation must be followed by another
concentration step on the permeate side. Based on this low selectivity, hydropho-
bic pervaporation is often seen as a preconcentration step in front of a polishing
step on the retentate side and a further concentration step on the permeate side in
a hybrid process (Fig. 2).

BACKGROUND

Phenol

Phenol represents a family of important chemicals and its synthesis com-
monly involves the production of a contaminated wastewater stream. Phenol is
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used in the production of phenol-formaldehyde resins, caprolactam, adipic acid,
bisphenol A, and aniline, which are required for the production of a wide range of
consumer goods and product materials. Table 1 gives an overview of potential
sources of phenol-contaminated effluents.

Phenol itself is acutely toxic, affecting the central nervous system, and the
main absorption route is through the skin. Beyond a temperature of 68.4°C, phe-
nol is totally miscible with water (9). Miscibility of phenol decreases with de-
creasing temperature, and at 20°C, approximately 7.5% (wt) phenol is present in
water. The discharge limit for phenol in the United States, as mandated by the En-
vironmental Protection Agency (EPA), is about 5 ppm.

Figure 2. Position of hydrophobic pervaporation in a hybrid process.

Table 1. Sources of Phenol Contaminated Effluents

Industry Production of Chemicals

Chemical industry Bisphenol A
Cumol-hyperoxide
Phenol-formaldehyde-resin
Phenol production

Coking plants Carbonization of brown coal and hard coal
Coking of brown coal and hard coal
Production of charcoal

Petrochemical industry Cracking installations
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Pervaporation-Based Hybrid Processes for the Recovery of Phenol

The recovery of phenol from wastewater was one of the first applications
proposed for hydrophobic pervaporation.

The simplest process design that has been suggested is the combination of
pervaporation with a decanter and a recycling loop. Böddeker (10) patented sev-
eral designs of pervaporation-decanter hybrid processes to separate phenol and wa-
ter. In a typical process, a pervaporation unit was combined with a decanter to form
a series process. Using high-selective hydrophobic sweep gas pervaporation, a phe-
nol-rich (approximately 70% phenol) permeate stream is separated from a feed
stream with less than 10% phenol. After condensation of the 2 immiscible perme-
ate phases, a phenol-rich phase with about 70% phenol and a water-rich phase with
10% phenol spontaneously develop. The water-rich phase is then either removed
from the process or recycled in front of a pervaporation unit. A further extension
of this process is possible through the combination of 2 pervaporation units with 2
phase separation units as shown in Fig. 3 (10,11). The use of pervaporation in the
recovery of phenol offers a simple, highly efficient, and inexpensive way (no ad-
ditives are required and low temperature waste heat can be used within chemical
plants) to remove phenol from contaminated water. The limitations of this hybrid
process are the solubility of phenol in water on the phenol-rich side, and flux and
selectivity of the pervaporation membrane, which along with the target concentra-
tion define the required membrane area, on the water-rich side.

Ray et al. (12,13) proposed a hybrid process combination of pervaporation
and reverse osmosis to reduce a 500-ppm phenol level of contaminated wastewa-
ter to less than a 14-ppm level. The proposed system can treat 3.785 � 105 kg
wastewater per day by combining a pervaporation unit with hydrophobic elas-
tomeric polymeric membranes and a reverse osmosis unit with hydrophilic FT-30
spiral wound membranes (Dow Liquid Separations/Filmtech, Minneapolis, MN,

Figure 3. Separation of phenol from wastewater: Simplified process layout of a perva-
poration-liquid-liquid separation hybrid process. Adapted from (11).
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USA) (Fig. 4). The initial process feed stream was mixed with the recycled stream
of the reverse osmosis unit to reduce the phenol concentration in the feed of the
pervaporation unit to 395 ppm. The pervaporation unit separated the feed into a
permeate stream enriched with phenol and a retentate stream with a low phenol
concentration. The retentate from the pervaporation unit was further processed in
the reverse osmosis unit. The permeate stream of the reverse osmosis unit con-
tained 14 ppm phenol and could be directly discharged without further treatment
(depending on the environmental regulations). The retentate stream containing
325 ppm phenol was recycled to the pervaporation unit. This layout allowed the
hybrid process to handle a large range of feed stream concentrations and flow
rates. A cost comparison revealed that for a low concentration feed the overall
costs of the hybrid process were 5.4 times lower than the costs of pervaporation
alone (13). The selectivity and the flux of the reverse osmosis and pervaporation
membranes set the limitations of this process. Even though the pervaporation unit
enriched the phenol by a factor of 60, the phenol concentration in the permeate of
2.3% (wt) was still too low for phase separation or recycling to occur and had to
be further concentrated.

Bemquerer Costa (15) analyzed 2 layouts of a hybrid process that combined
a reverse osmosis unit with a SU 700 membrane (ROPUR/Toray Industries,
Münchenstein, Switzerland) and a pervaporation unit with hydrophobic PEBA 55
membranes (GKSS Forschungszentrum, Geesthacht, Hamburg, Germany). The
process was set up to separate a feed stream of between 500 and 3500 ppm phe-
nol into a product of 91.5% (wt) phenol and a water stream with less than 100 ppm
phenol. In the first layout, shown in Fig. 5, the wastewater was initially treated by
the reverse osmosis unit. Permeate from the reverse osmosis unit was directly dis-
charged, and the phenol-rich retentate was further processed by the pervaporation
unit. The retentate stream of the pervaporation unit was recycled to the reverse os-
mosis unit, while permeate was further treated in an additional step of liquid-liq-
uid phase separation. The water-rich phase of the phase separation was recycled
to the pervaporation unit and the phenol-rich stream was further concentrated in
an evaporator to reach the final concentration.

Figure 4. Separation of phenol from wastewater: basic process layout of the pervapora-
tion–reverse osmosis hybrid process. Adapted from (14).

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

3318 LIPNIZKI  AND FIELD

In the second layout (Fig. 5), the latter steps of the process were similar to
those of the first layout. However, because a single reverse-osmosis unit may not
achieve the target of 100 ppm phenol in the water stream, a second reverse-osmo-
sis unit was integrated into the process. The retentate of the second reverse-os-
mosis unit was mixed with the initial process stream. A comparison of the 2 lay-
outs with systems in which pervaporation alone was used, shows that the hybrid
processes are more economical because they do not require as much membrane
area as do the stand-alone pervaporation units.

Klatt and Klatt and Rautenbach (16–18) proposed 2 layouts of a hybrid
process with reverse osmosis upstream of pervaporation. The pervaporation pro-
cess was equipped with hydrophobic polybutadiene-polyhydantoine composite
membranes to recover phenol from water. In this case, the processes were to
separate feed streams between 0.04 and 5% (wt) phenol to a final concentration
of 99.5% (wt) and to reduce the phenol concentration in the discharge water to
20 ppm. The energy-intensive posttreatment of the final product by phase sepa-
ration and evaporation to achieve the desired phenol purity in layouts by Bem-

Figure 5. Separation of phenol from wastewater: process layout by a pervaporation–re-
verse osmosis hybrid process. 1) Simplified and 2) extended layout. Modified from (15).
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querer Costa (15) was overcome by replacing the phase separation and evapora-
tion by a 2-stage condensation process. Also, the elimination of separation and
evaporation steps reduced the investment costs. The improved layout, using a
moderately selective membrane, reportedly achieves a high purity phenol in
which only 1 pervaporation stage is needed and with the flexibility of having fi-
nal phenol concentrations varied through a change in condenser temperature.
Replacing the 2-stage reverse osmosis by a 4-stage osmosis with ideal cascades
further extended the layout and all mixed streams had similar concentrations. In
a cost comparison of this final layout with liquid-liquid extraction and adsorp-
tion (which included recycling either the extract or the adsorbents), the extrac-
tion was found to be economically superior to the hybrid process. On average,
the costs of the hybrid process were 15% higher than they were for the liquid-
liquid extraction but 30% lower than they were for adsorption. In addition, the
costs of the hybrid process depended on phenol concentration of the feed, while
the costs of liquid-liquid extraction were nearly independent of the feed compo-
sition. However, even in the case of low phenol concentration (0.075% (wt)) the
hybrid process was not competitive with extraction. Even the use of membranes
with the same selectivity but higher fluxes did not put the hybrid process in a
more favorable position compared to liquid-liquid extraction. Overall, this pro-
cess layout was highly dependent on flux and selectivity of the reverse osmosis
and the pervaporation membranes. Furthermore, even though the process
achieved a highly concentrated phenol stream, the phenol concentration in the
water-rich output stream (under 100 ppm) was not justified by the complexity of
the process; liquid-liquid extraction can achieve a concentration of 20 ppm with
a process of lesser complexity.

We propose a new pervaporation-based hybrid process that overcomes the
limitation of previous processes regarding selectivity and flux of the membranes
and reduces the overall complexity of the process. In the analysis of the new hy-
brid process, we present both technical aspects and costs of the processes.

PROCESS DEVELOPMENT

On the basis of a preliminary screening, both adsorption and liquid-liquid
phase separation were selected as conventional processes to be combined with
pervaporation in a hybrid process (19). The initial stage of the process develop-
ment is the modeling of the process units involved. The different modeling ap-
proaches for the technical aspects and evaluations are introduced. In our study, we
aimed to reach the accuracy level of a study estimation as defined by the Ameri-
can Association of Costs Engineers 1958 (20). This parameter gives the study a
probable range of accuracy of between �20 to �30%.
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Modeling and Costs of Adsorption

The modeling and design of the adsorption unit was based on a short-cut
method. The size of the adsorber was based on industrial adsorption data. The ad-
sorption of the phenol from water onto powered activated carbon was described
by a Freundlich isotherm. The applicability of the isotherm ranged from 1 to
100 000 �g/kg and was defined by the 2 Freundlich constants: K was 44.442 mg/g
and the constant l/n was given as 0.3144 (21). The design approach used in this
study is based on a procedure suggested by Faust and Aly (22). The relevant equa-
tions have been combined in a design spreadsheet.

Typical residence times in adsorption during industrial water treatment are
between 20 to 120 minutes because mass transfer time is lower than that of gas
separation (21,23). Taking industrial experience and a comparison of different
carbons into account, we set the contact time to 120 minutes. In addition, we as-
sumed that the mass transfer zone covers less than 10% of the total bed. For the
regeneration of the carbon, both heat- and steam-regeneration modes were inves-
tigated. We assumed that during each regeneration cycle 20% of the carbon must
be replaced due to carbon and efficiency losses. Because design data for steam re-
generation in the literature is very limited, an industrial maxim was used to deter-
mine the steam requirement: 6 bed volumes of water as steam should be used for
the regeneration (24).

The cost calculations of the adsorption unit were based on data collection
sponsored by the EPA for the removal of volatile organic chemicals from potable
water (25). The costs cover

investment costs of the main apparatus, contactors, and backwash pump;
investment-related construction costs, e.g., charges and site costs, as 18% of

the investment costs of the main apparatus;
main operating and maintenance costs, i.e., carbon replacement and energy

costs;
investment-related operating and maintenance costs as 7% of the total in-

vestment costs; and
investment and operation costs of a multiple hearth furnace in case of heat

regeneration or off-site regeneration (carbon consumption is less than
910 kg/day) and operating costs in case of steam regeneration.

The costs were updated with the chemical engineering plant cost index (26).
The annual operating time is set to be 8000 h/a. To ensure a continuous process,
all adsorption units consisted of 2 sets of columns in which 1 was used for regen-
eration. For the cost comparison with other processes, the annual costs consisted
of a combination of annual operating costs and annuities based on a 5-year write-
off period and an interest rate of 8%.
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Model Design and Cost Calculations of 
Pervaporation and Decanter

The pervaporation unit was modeled using PVModel, a design tool devel-
oped at the University of Bath (27,28). This simulation program is based on the
resistance-in-series model and describes the mass transfer through the membrane
and concentration boundary layer. The simulation of the process includes the in-
fluence of the pressure gradient and the heat balance through a finite elements-in-
succession method. Using this simulation, pervaporation units can be sized and
optimized while the influence of process parameters are taken into account. Both
sizing and optimization was founded on the guidelines for applying hydrophobic
pervaporation (28).

After an initial screening, 3 membranes were selected for this study:

1. an unfunctionalized PDMS (polydimethylsiloxane) membrane
2. a functionalized PDMS membrane loaded to 20% with an acetate

group, and
3. a functionalized PDMS membrane loaded to 10% with a pyridyl group.

The thickness of the selective layer for all membranes was 0.025 mm. Their
base membrane parameters are given in Table 2.

The PDMS membrane functionalized with an acetate group can be de-
scribed as a high-flux low-selectivity membrane, while the PDMS membrane
functionalized with a pyridyl group is a low-flux high-selectivity membrane. The
unfunctionalized PDMS membrane is included in this study because it is the com-
monly used hydrophobic membrane.

For the process design of the pervaporation unit, vacuum pervaporation
with plate-and-frame modules was selected as the standard process design for in-
dustrial applications of hydrophilic pervaporation. For the cost calculations, we
assumed that the condenser on the permeate maintains the vacuum and the vac-
uum pump is only used for the start-up and the removal of inerts from the system.
Hence, we assumed that the vacuum pump only works for 2% of the total opera-

Table 2. Base Parameters of Membranes for the Recovery of Phenol (29)

Membrane Chemical Loading Pw* Po*
Type Structure (%) (kmol/m�s) (kmol/m�s) �o/w

Unfunctionalized PDMS n.a. 0 2.48 E�10 2.22 E�10 17.7
Acetate group MCH2CO2CH3 20 1.14 E�09 7.82 E�10 13.1
Pyridyl group MC5H4N 10 3.34 E�10 5.74 E�10 31.8

Temperature 	 343.15 K.
n.a. Not applicable.
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tion time. However, the sizing of the vacuum pump is based on the total permeate
stream needed to start up the system.

For this study, the original simulation program was modified to include a
decanter and a recycling loop (Fig. 6). For this design, the mass and concentration
balances of the overall systems were solved through an integration of an iteration
loop in the simulation with an resulting error equal to less than �1%.

The cost analysis was based on simulation results because no uniform
database on hydrophobic pervaporation was found, the different data sources are
combined in a datasheet for the cost calculations. This spreadsheet covers

investment costs of the main apparatus, feed and vacuum pumps (30), mem-
branes and modules (29), a vacuum vessel (32), re-heater (33), con-
denser (33), decanter, piping, and control (34);

investment-related construction costs, e.g., charges and site costs, as 18% of
the investment costs of the main apparatus;

main operating and maintenance costs, i.e., membrane replacement and en-
ergy costs; and

investment-related operating and maintenance costs as 7% of the total in-
vestment costs.

The pervaporation costs were updated in a way similar to the adsorption
costs. The calculations of the operating costs were based on 8000 hours per year
and included the replacement costs of the membranes after a life cycle of 2 years.
No refund for recovered phenol from the phenol-rich phase of the decanter was in-
cluded in the cost analysis. Based on these parameters, the annual costs for the per-
vaporation were calculated for comparison.

PROCESS DESIGN AND COST CALCULATIONS

The process design and cost calculations for all processes were based on a
feed stream of 1000 kg/h and a phenol concentration of 3% (wt), which represents
a typical concentration from phenol production through the use of cumene oxida-
tion (Hock process), the most common process for phenol production (9). At this

Figure 6. Simplified arrangements of pervaporation unit and decanter.
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concentration, phenol is completely miscible with water. The discharge limit in all
cases was set at 5 ppm.

Previous studies revealed that the required membrane area of pervaporation
increases with a decrease in retentate concentration (Fig. 7.1). This trend is inde-
pendent of the membrane and the organic compound selected, and can be related
to the diminishing feed-side driving force at low concentrations (27,28). However,
a decreasing feed concentration in the case of adsorption leads to lower carbon con-
sumption and longer cycle times. Hence, pervaporation was selected as the first unit
followed by adsorption as the polishing step on the retentate side. To reach high
phenol concentrations on the permeate side, the pervaporation unit was followed
by a decanter. The phenol-rich phase of the decanter concentrated the phenol in the
permeate by a factor of 3.5 (Fig. 7.2). This enrichment factor of the phenol-rich
phase in the decanter is independent of the permeate concentration as long as the
solubility limit of the phenol is reached in the permeate. Even though the water-
rich recycling stream from the decanter in front of the pervaporation unit was
slightly smaller in the case of the low-flux high-selectivity pyridyl functionalized
PDMS membrane, the overall membrane area required was over 40% larger than
that of the high-flow low-selectivity acetate functionalized PDMS membrane. Al-
though the acetate functionalized membrane has a smaller area, additional costs as-
sociated with the increased condensation (due a larger permeate stream) can be
found. However, these additional expenses, as defined for the cost data and related
assumptions, were lower than the additional costs of the pyridyl functionalized
PDMS membrane. Furthermore, in this arrangement, the type of membrane has lit-
tle affect on the size of the retentate stream. Consequently, the choice of membrane
does not affect the size of the secondary process, i.e., adsorption. The selectivity of
any candidate membrane must be sufficiently high to overcome the solubility limit,
while the final choice depends on the economic boundaries set by the study.

The different process parameters selected for the pervaporation unit were
based on the guidelines for applying hydrophobic pervaporation (28) and are sum-
marized in Table 3.

The change-over concentration between the processes was defined after the
process units were independently optimized through comparisons of total annual
costs of processes at different retentate concentrations, which are based on the per-
vaporation unit/feed concentrations of the adsorber. The optimum changeover
concentration was case specific for adsorption. With a multiple hearth furnace and
off-site regeneration, adsorption was 0.4% (wt), but it was 0.2% (wt) for steam re-
generation. The two optimum process layouts with flow rates and concentrations
shown are presented in Fig. 8.

The annual costs of all processes are summarized in Table 4. The most eco-
nomic options are the 2 hybrid processes combining pervaporation either with off-
site heat or steam regeneration. Both processes have different advantages. While the
hybrid process combined with off-site heat regeneration is the most economic option,
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the hybrid process combining pervaporation with steam regeneration is the most in-
tegrated process and has the maximum phenol recovery rate. In the steam-regenera-
tion hybrid, over 99% of phenol is recovered for recycling at a concentration of 76%
(wt) compared to a recovery rate of 98% in case of off-site heat regeneration.

The economic advantages of the heat-regeneration hybrid process are di-
rectly related to the regeneration step of the adsorbent. While the reduced opera-
tion costs of this process can be related to subcontracting the regeneration, the re-
duced investment costs can also be related to a reduced feed stream that goes to
the pervaporation unit because no steam must be recycled.

In Fig. 9 a detailed analysis of the annual costs is given. For both hybrid pro-
cesses the cost structure is relatively similar except for the operating costs for ad-

Table 3. Parameters for Simulation of Pervaporation Unit

Process Parameters

Process mode (–) Vacuum pervaporation
Feed stream (kg/h) 1000
Initial feed temperature (K) 343.15
Minimum module inlet temperature (K) 333.15
Permeate pressure (bar) 0.01
Flow pattern (–) Co-current flow

Module Geometrics

Module type (–) Plate-and-frame
Module length (mm) 500
Module width (mm) 500
Feed channel heights (mm) 1
Permeate channel heights (mm) 1

Table 4. Breakdown of Annual Costs

Investment Operating Annual
Costs Costs Annuity Costs

Process (£) (£/a) (£/a) (£/a)

Adsorption (heat regeneration) 2938 980 681 507 736086 1417 594
Pervaporation and decanter 557 506 171 259 139631 310 890

(including recycling loop)
Hybrid process pervaporation 404 326 93 525 101266 194 791

and adsorption
(heat regeneration)

Hybrid process pervaporation 457 419 100 323 114564 214 887
and adsorption
(steam regeneration)
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Figure 9. Cost analysis of hybrid processes: 1) pervaporation-adsorption with heat re-
generation and 2) pervaporation-adsorption with steam regeneration.
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sorption. The heat-regeneration costs are dominated by carbon costs (70.8 % of
operating costs), while in steam regeneration, the steam costs (48.5 % of operat-
ing costs) take up the greatest share. The greatest share of operating costs in the
case of pervaporation is related to the cooling requirement (34.0% and 31.6% of
operating costs per process) to liquefy the permeate and thereby maintain the vac-
uum.

Process design and economic conditions for both hybrid processes are su-
perior to the stand-alone units. Because both hybrid processes have either eco-
nomic or ecological advantages over each other, and the costs of the processes are
within the accuracy goals for this study ( �20 to �30 %), both process were stud-
ied further.

SENSITIVITY ANALYSIS

Based on the final designs of the hybrid processes, a sensitivity analysis was
conducted to determine the stability of the results toward changes in selected eco-
nomic boundaries. For the sensitivity analysis 2 key cost parameters were

1. membrane costs, and
2. membrane life cycle.

The annual costs were chosen for comparison because a change in membrane
costs will affect both initial investment and operating costs as functions of mem-
brane replacement costs.

Changing membrane costs have a relatively small effect on the annual cost
(Fig. 10). A 25% change in membrane costs leads to a change of less than 5% in
annual costs. This outcome may be the result of membrane costs accounting for
only about 10% of the total investment costs, while membrane replacement costs
account for less than 15% of the annual operating costs. The steam-regeneration
hybrid process is more affected by a change in membrane costs because it requires
a larger membrane area than does heat regeneration. The membrane life cycle is
more important to the cost analysis than is membrane area. Changes in the mem-
brane life cycle can lead to an exponential increase in annual costs (Fig. 10). Thus,
a membrane replacement period in excess of 1 year is important. The steam-re-
generation hybrid process is more affected by a change in membrane life cycle
than is the hybrid process with steam regeneration. The dependency of the steam-
regeneration hybrid on life cycle may be related to the relatively large required
membrane area.

Overall, the sensitivity analysis revealed that the membrane costs are cer-
tainly important but the key membrane parameter is the life cycle of the mem-
brane, which must be at least 1.5 years to reduce the impact upon annual costs by
less than 5%. Furthermore, an increase in membrane life cycle from 1 to 2 years
can justify an increase in membrane costs by up to 25%.
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SCALE-UP OF THE HYBRID PROCESSES

For the scale-up of the hybrid process, the following method to estimate
capital costs was used (20):



C
C1

2

 	 �


S
S

2

1

�k

(1)

For the scale-up of a standard plant, the six-tenths power rule (k 	 0.6) can be ap-
plied; it typically provides the investment costs with an accuracy of �30 % (32)
and is therefore within the accuracy range of this study. However, the literature on
the scale-up of membrane processes is very limited. For reverse osmosis (33) and
ultrafiltration (34), some have suggested that the nonmembrane plant items and
the membranes be scaled up independently.

Hence, due to their modular design, for nonmembrane plant items the fac-
tor n was set to 0.6 while the membrane costs were scaled-up with the factor n
equal to 1.0.

Using the simulation tools and the cost assessment, 2 different scales of per-
vaporation and adsorption units (1000 kg/h and 10 000 kg/h) are designed and
evaluated for different membranes and duties. This analysis revealed that for per-
vaporation the scale-up factor n 	 0.8. Furthermore, with the cost data collected
(25), a scale-up factor n 	 0.5 was determined for adsorption. Based on the an-
nual cost, different scales of the hybrid process were estimated (Fig. 11).

With an increasing capacity, the economic advantages of the hybrid processes
also increase over those of the stand-alone pervaporation processes. In particular
the heat-regeneration hybrid process has the increased advantage of higher capaci-
ties due to the lower scale-up factor of its adsorption unit. Overall, larger capacities
increase the economic advantages of hybrid processes over the stand-alone perva-
poration units, and therefore, the use of the higher-complexity units is justified.

CONCLUSIONS

This study, which compared stand-alone pervaporation and adsorption units
with hybrid processes combining both processes, shows that hybrid processes are
economically superior to the stand-alone units. Furthermore, the proposed hybrid
processes produce a water stream for direct discharge in accordance with environ-
mental standards. A decanter and a recycling loop in the process layout enable the
hybrid processes to produce a concentrated phenolic stream for recycling. Both
steam and heat regeneration are viable alternatives for housing adsorption units in
hybrid processes. While heat regeneration is the more attractive economical pro-
cess, steam regeneration seems to be more attractive on technical grounds because
it offers a higher phenol recovery rate. Because the results of cost analysis of the
regeneration alternatives are within the probable range of accuracy deemed appro-
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priate for this study, no final ranking of the processes is given. A sensitivity anal-
ysis of the final hybrid process layouts revealed that the membrane life cycle is a
very critical parameter for cost determinations of the processes, while the influence
of the membrane costs is a less significant factor. Furthermore, the advantages of
the hybrid processes increase with an increasing membrane capacity. Compared to
previously described hybrid processes (10–18) and liquid-liquid extraction
(16–18), the hybrid processes proposed in this study not only achieve a lower phe-
nol concentration in the water but are also expected to be cheaper.

Overall, one can conclude that pervaporation-based hybrid processes that
combine pervaporation, adsorption, and a decanter are potential alternatives to
stand-alone units for the recovery of phenol from industrial wastewater streams.

NOMENCLATURE

Symbol

C cost of unit/plant (£)
K Freundlich constant (mg/g)
k scale-up factor (–)
n Freundlich constant (–)
P* permeability (kmol/m�s)
S capacity of unit/plant (kmol/h), (kg/h)
x weight fraction in liquid phase (–)
y weight fraction in vapor phase (–)

Greek Letters

�o/w selectivity ��o/w 	 

y
x

o

o

x
y

w

w

 	 


y

x
o

o

(

(

1

1

�

�

x

y
o

o

)

)

�

Subscript

o organic compound (phenol)
w water
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