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This work is focused on the optimization of a reverse osmosis network proposed for the ultrapurification of chemicals, from
technical grade to semiconductor grades demanded in electronic applications that require the use of high-purity wet
chemicals in the semiconductor manufacturing, as it is the case of hydrogen peroxide that is commonly used in the wafer
cleaning and surface conditioning processes. An industrial installation able to produce simultaneously the five different
Semiconductor Equipment and Materials International Grades of hydrogen peroxide is represented by a simplified
superstructure configuration formulated as a nonlinear programming problem. The network integrates reverse osmosis
membrane modules, mixers, and split functions, defined by the equations of mass balances and the Kedem–Katchalsky
transport model for the description of the permeate flux and the metal rejection coefficients at each membrane stage. The
objective of the design is to maximize the daily profit obtained from the sale of the electronic grades of hydrogen peroxide
produced by the ultrapurification system. VVC 2012 American Institute of Chemical Engineers AIChE J, 58: 3718–3730, 2012
Keywords: reverse osmosis, membrane cascades, hydrogen peroxide, ultrapurification

Introduction

Semiconductor manufacturing involves a highly complex
and delicate process, and a great variety of high-purity
chemicals are required. As a typical silicon wafer might
spend the equivalent of 2 days immersed in various liquids
(specifically called wet chemicals) during the manufacturing
process, the importance of extremely low levels of impurities
in these wet chemicals becomes critical.1 Ionic impurities in
the wet chemicals cause problems resulting in the device
failures.2

Aqueous hydrogen peroxide is among the most commonly
used wet chemicals in semiconductor manufacturing.3 The
traditional approach of wafer cleaning and surface condition-
ing is based on aqueous chemical processes that typically
use hydrogen peroxide mixtures.4 The hydrogen peroxide
demand in electronic applications along the last two decades
and near-future forecast are depicted in Figure 1.5 The same
graph also shows the percentage of total wet chemicals
demand corresponding to hydrogen peroxide. The demand of
hydrogen peroxide continues growing despite the static im-
portance of this chemical among the wet chemicals. The
likely decrease of relative contribution of hydrogen peroxide
is due to alternatives technologies.6 Environmental health
and safety issues are promoting the substitution of the strong
chemicals used by this industrial sector, including hydrogen
peroxide.7,8 However, hydrogen peroxide has also found
new chances in this green revolution of the semiconductor
industry.9–13

Semiconductor Equipment and Materials International
(SEMI) is the global industry association serving the manu-
facturing supply chains for the microelectronic, display, and
photovoltaic industries. This association develops the world-
wide most respected technical standards in this field. Among
all the topics regulated, SEMI Document C30-1110 standard-
izes requirements for hydrogen peroxide used in the semi-
conductor industry.14 The requirements for hydrogen perox-
ide listed in Table 1 define five different electronic grades
(Grades 1–5). Although typically commercialized grades of
hydrogen peroxide have been treated by traditional purifica-
tion techniques (L–L extraction, adsorption, membrane tech-
nologies, distillation, etc.) for reducing impurity levels, the
very low content of contaminants demanded by the semicon-
ductor industry requires of further ultrapurification treat-
ment.15 While the least strict electronic grade (Grade 1) can
be achieved by expert selection from technical grade and lit-
tle additional treatment (filtration), the more exigent elec-
tronic grades require employment of further ultrapurification
technologies.16

When the patents published over the last 20 years about
ultrapurification of hydrogen peroxide for electronic purposes
are reviewed,17 ion exchange emerges as the most frequently
mentioned technology; but distillation is also widely used,
especially for organic contamination reduction. Despite the
wide number of different adsorbents that have been tested
for hydrogen peroxide ultrapurification, this technology has
become obsolete because of its low maximum efficiency
when compared to other alternative options. All these refer-
enced separation techniques could be replaced by mem-
branes with lower operating expenses due to energy and
chemicals.18 Some patents based on reverse osmosis can be
found, but reverse osmosis is still not a dominant
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ultrapurification technology, as membranes are used in com-
bination with other separation techniques (mainly ion
exchange) in hybrid processes. However, this research group
has demonstrated recently the technical and economic viabil-
ity of a reverse osmosis process without auxiliary techniques
for production of electronic grade hydrogen peroxide.17,19

Reverse osmosis membrane systems are mainly used for
seawater and brackish water desalination, as this applica-
tion has become the main source for supplying fresh water
in the regions suffering from scarcity of natural fresh water
resources.20 The typical installation consists of a network
of modules designed to fulfill technical, economic, and
environmental requirements.21–24 The complete optimiza-
tion of a reverse osmosis network has to include the opti-
mal design of both individual modules and the network
configuration. The performance of individual reverse osmo-
sis modules in terms of particular module geometry and
design and operational conditions has been widely ana-
lyzed,25–30 so suitable transport equations to describe the
behavior of membrane modules are available to be applied
to module optimization. The optimal configuration of
reverse osmosis networks themselves had been less investi-
gated,31 but recently, several research groups have focused
their efforts on the research of optimum design of reverse
osmosis systems based on the previous pioneer works.32–44

The configuration of reverse osmosis networks can be
described by the use of stream distribution and matching
boxes, designed to represent all possible combinations of
stream splitting, mixing, bypass, and recycle.45 By this for-
mulation, all possible structure arrangements are consid-
ered, and the resulting mathematical optimization model
can be solved as a mixed integer nonlinear programming
(MINLP) problem. However, this network model can be
simplified if the splitting boxes are considered as junc-
tions.46 In this case, the model can be formulated as a NLP
problem by consideration of variable split ratios.

This study investigates the optimization of a reverse osmo-
sis network used for ultrapurification of hydrogen peroxide
from technical grade to semiconductor grades. An industrial
installation able to produce the five different SEMI Grades is
represented by a simplified superstructure formulated as a
NLP problem. A membrane transport model adequate to
describe the permeation of aqueous hydrogen peroxide solu-
tions through reverse osmosis membranes is presented. The
model is useful for the optimum selection of design (recovery
rates) and operation (applied pressures) conditions and the
configuration of the entire network.

Transport Model for Reverse Osmosis

The ion exclusion model has been used to describe the
permeation of hydrogen peroxide through reverse osmosis
membranes. This model had been previously applied for esti-
mation of the permeation of weakly dissociated compounds
in purification and ultrapurification processes by membranes
technologies.47,48

The derivation of the ion exclusion model is based on the
following assumptions (Figure 2):
• All ions are excluded by the membrane (double layer

effect).
• All species in molecular form permeate the membrane

completely.
• Perfect mixing conditions prevail on the retentate and

permeate sides of the membrane.
• Concentration polarization is ignored.
The final equation for estimating the permeate concentra-

tion (xP) from the feed concentration (xF) is presented as Eq.
1 (the complete derivation of the ion exclusion model equa-
tion was published by Kulkarni et al.48). The only required
parameter in Eq. 1 is the dissociation constant of the mole-
cule to permeate.

xP ¼ xF �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
KA� xF

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KAðxF �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
KA� xF

p
Þ

q
(1)

For the particular case of hydrogen peroxide, it can be
considered as weakly acidic in aqueous solution, having a pKA

Figure 1. Evolution of hydrogen peroxide demand in
electronic applications and contribution to
total wet chemicals demand (based on Ref. 5).

Table 1. Requirements for Electronic Grade Hydrogen
Peroxide According to SEMI Standard

SEMI
Electronic
Grade

Assay
(H2O2, %)

Total Oxidizable
Carbon (TOC)
Limit (ppm)

Anion Limit
Range

Cation Limit
Range

1 30–32 20 2–5 ppm 10–1000 ppb
2 30–32 20 200–400 ppb 5–10 ppb
3 30–32 20 200–400 ppb 1 ppb
4 30–32 10 30 ppb 100 ppt
5 30–32 10 30 ppb 10 ppt

Figure 2. Schematic diagram of mass transfer through
a reverse osmosis membrane for hydrogen
peroxide aqueous solutions.
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of 11.75 (KA ¼ 1.78 � 10�12 M) at 20�C.15 The dissociation
of the second proton is insignificant.49 When the model was
applied to feed concentrations limited by the minimum and
maximum values of allowed SEMI Standard, namely, 30–32%
(equivalent to xF values in the range 8.8–9.4 M), the resultant
permeate concentrations (xP) predicted by the model reached
values upper than 99.999% of their corresponding feed
concentrations. These results imply no theoretical dilution of
aqueous hydrogen peroxide solutions when forced to permeate
through reverse osmosis membranes. Experimental determina-
tion of hydrogen peroxide concentration in both feed and
permeated streams of a lab-scale reverse osmosis installation
confirmed the performance predicted by the ion exclusion
model.17

Once the validity of reverse osmosis for aqueous hydrogen
peroxide solutions without practical dilution or concentration
effects was asserted, the technical grade hydrogen peroxide
could be considered as a unique solvent matrix (aqueous
hydrogen peroxide solution) with several solutes (metallic
impurities). Numerous transport models for reverse osmosis
membrane separations can be found in bibliographic sour-
ces.50 Some of the most common models were tested for the
representation of the performance of the technical grade
hydrogen peroxide ultrapurification process by means of a
lab-scale experimental installation working with a polyamide
flat-sheet reverse osmosis membrane.17 The Kedem–Katchal-
sky model was considered the most suitable for representing
the performance of the reverse osmosis process, when used
in the ultrapurification of aqueous hydrogen peroxide solu-
tions.51 The Kedem–Katchalsky model has been widely used
for predicting the behavior and performance of reverse os-
mosis systems52–54 and other membrane separations as nano-
fliltration and ultrafiltration.55–57

The Kedem–Katchalsky model is based on three parame-
ters: the solvent permeability of the membrane (LP), the
coefficient of solute mobility (x), and the reflection coeffi-
cient (r). According to the model, the solvent and solute
fluxes (JV and JS respectively) are given as follows

JV ¼ LP ðDP � rDPÞ (2)

JS ¼ xDPþ ð1� rÞ JVðCSÞln (3)

where DP is the applied pressure, DP is the osmotic pressure
difference across the membrane, and (CS)ln logarithmic
average solute concentration across the membrane. For the
particular case of ultrapurification applications, the osmotic
pressure difference can be neglected (DP � 0), as confirmed
by the agreement between the values of the solvent fluxes for
ultrapure water and water doped with metallic ions in the low
ppm level.17 Hence, Eq. 2 can be simplified by elimination of
the osmotic pressure term

JV ¼ LP DP (4)

showing a proportional relationship between solvent flux and
applied pressure (the solvent permeability LP behaves as

proportionality coefficient between both variables). The solute
flux JS is not a practical variable, when tackling the
management of reverse osmosis systems and the solute
rejection coefficient appears as a more practical variable.
The rejection coefficient (R) is defines as

R ¼ CF � CP

CF

(5)

where CF and CP represent the solute concentration on the feed
and permeate streams, respectively. The rejection coefficient R
can be expressed in terms of the Kedem–Katchalsky
parameters by Pusch’s approach58,59

R ¼ r JV
JV þ x0 (6)

where x0 is the modified coefficient of solute mobility
obtained by application of the Morse equation (Eq. 7) for
conversion of the osmotic pressure difference to concentration
difference

P ¼ m i<T (7)

x0 ¼ xm<T (8)

where R is the gas constant, T the temperature, i the van ’t
Hoff factor, m the solute molar concentration, and m a
stoichiometric coefficient based on van ’t Hoff factor.

The equations of the reverse osmosis model have been
incorporated to the optimization programming with the cor-
responding parameters derived from experimental results.
The estimation of the Kedem–Katchalsky parameters for
hydrogen peroxide ultrapurification by reverse osmosis mem-
brane had been previously carried out by this research group
according to experimentally obtained values of permeate flux
and rejection coefficients for varying applied pressures.17

The obtained parameters are listed in Table 2.

Superstructure Configuration

The typical module arrangements for reverse osmosis net-
works can be categorized as straight-through, tapered, or cas-
cade designs.31 The straight-through and tapered arrangements
are multistage systems with several modules in parallel in
each stage. In the straight-through scheme, the number and
size of the modules are identical for every stage, whereas in
the tapered scheme, the number or the size of the modules
decreases over successive stages. Both arrangements can be
modified by addition of recycle and bypass streams or inclu-
sion of retentate or permeate reprocessing. On the other hand,
cascade design of reverse osmosis systems follows the princi-
ples for multistage fractionation columns: multipass permeate
configuration is applied to purify the permeate, when the tar-
get solute rejection cannot be accomplished in a single stage,
and reflux is reproduced by stream recycling for each stage.

As a previous work of this research group,60 the applic-
ability of reverse osmosis membrane cascade configuration

Table 2. Kedem–Katchalsky Model Parameters for Reverse Osmosis Membrane in Hydrogen Peroxide Solution Medium

B Na Al Ti Cr Mn Fe Ni Cu Zn

x0metal (m/d) 0.482 0.023 0.029 0.044 0.062 0.216 0.121 0.035 0.101 0.132
rmetal 1.000 0.926 0.920 0.917 0.925 1.000 0.928 0.920 1.000 0.964
LP (m/s bar) 4.92 � 10�7
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to hydrogen peroxide ultrapurification was investigated. The
number of stages required for obtaining each electronic
grade was determined by means of simulation, based on the
cation limit range (Table 3), and the results show viable
installations from two to seven stages (corresponding to
SEMI Grade 1 and 5, respectively). Based on these results,
the superstructure shown in Figure 3 was designed. It repre-
sents a seven-stage countercurrent cascade system able to
produce simultaneously all the different SEMI Grades. The
network integrates reverse osmosis membrane modules,
mixers, and split junctions. The complete mathematical
model that describes the superstructure was formulated as
follows by the appropriate equations based on mass balances
and the Kedem–Katchalsky transport model.

Mixers:

QðiÞmixin1 þ QðiÞmixin2 ¼ QðiÞmixout (9)

QðiÞmixin1CðiÞmetal
mixin1 þ QðiÞmixin2CðiÞmetal

mixin2 ¼ QðiÞmixoutCðiÞ
metal
mixout

(10)

where Q(i)mixin1, Q(i)mixin2 and C(i)metal
mixin1, C(i)metal

mixin2 denote,
respectively, the flows of the streams entering the i mixer and
the corresponding concentrations of each metal in the same
streams, and Q(i)mixout and C(i)metal

mixout denote the flow of the
stream leaving the i mixer and the respective metal
concentration, respectively.

Split junctions:

QðjÞsplitin ¼ QðjÞsplitout1 þ QðjÞsplitout2 (11)

QðjÞsplitinXðjÞsplit ¼ QðjÞsplitout1 (12)

CðjÞmetal
splitin ¼ CðjÞmetal

splitout1 ¼ CðjÞmetal
splitout2 (13)

where Q(j)splitin and C(j)metal
splitin denote the flow of the stream

entering the j split junction and the corresponding concentra-
tion of each metal in the same stream and Q(j)splitout1,
Q(j)splitout2 and C(j)metal

splitout1, C(j)metal
splitout2 denote the flows of the

streams leaving the j split junction and their respective metal
concentrations, respectively. The performance of each split
junction is defined by a variable, X(j)split, defined as
continuous in the [0,1] interval.

Reverse osmosis membrane modules:

QðkÞmemb ¼ QðkÞperm þ QðkÞret (14)

QðkÞmembCðkÞmetal
memb ¼ QðkÞpermCðkÞmetal

perm þ QðkÞretCðkÞ
metal
ret

(15)

Table 3. Feeding Conditions (Concentrations of Metals and
Flow of the Feed Stream F)

Concentration (ppb)
B 8
Na 25000
Al 1300
Ti 80
Cr 55
Mn 5
Fe 200
Ni 30
Cu 3
Zn 15

Flow (m3/d) 24.19

where Q(k)memb and C(k)metal
memb denote the flow of the stream

entering the k reverse osmosis membrane module and the
corresponding concentration of each metal in the same stream,
respectively, Q(k)perm and C(k)metal

perm denote the flow of the
permeate stream leaving the k membrane module and its
respective metal concentrations, respectively, and Q(k)ret and
C(k)metal

ret denote the flow of the retentate stream leaving the
same membrane module and its respective metal concentra-
tions, respectively.

The characteristic variables that describe the performance
of each k reverse osmosis stage, namely, the specific perme-
ate flux J(k) and the rejection coefficient of each metal
R(k)metal, can be formulated by direct application of the
Kedem–Katchalsky equations

JðkÞ ¼ LP DPðkÞ (16)

RðkÞmetal ¼ rmetalJðkÞ
JðkÞ þ x0metal

(17)

where the applied pressure in the k stage is symbolized by
DP(k).

Once the membrane transport is defined, the characteris-
tics of the permeate streams (flow and metal concentrations)
can be calculated taking into account the membrane area of
the corresponding k stage, A(k)

QðkÞperm ¼ 86; 400AðkÞJðkÞ (18)

CðkÞmetal
perm ¼ ð1� RðkÞmetalÞCðkÞmetal

memb (19)

Finally, the recovery ratio of each module, Rec(k) can be
defined

RecðkÞ ¼
QðkÞperm
QðkÞmemb

(20)

Optimization Procedure

The main objective of the design was to maximize the
daily economic profit of the process obtained from the sale
of electronic grade hydrogen peroxide produced by the

Figure 3. Superstructure configuration.
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ultrapurification system. A straightforward economic model
based on revenues and costs was proposed. The main optimi-
zation parameters required are listed in Table 4.

The daily profit (Z) can be expressed as the difference
between the total daily revenues of the process (Rev) and
the total costs (TC)

Z ¼ Rev� TC (21)

On the one hand, the five different electronic grades of
hydrogen peroxide obtainable through the reverse osmosis
network contribute to the total revenues of the process, but
other output stream of the system, the retentate of the first
stage, can also be considered valuable, as it could be
commercialized as a by-product useful for hydrogen peroxide
applications where metallic content is not a limiting factor.
According to this approach, six different terms have to be
incorporated to take into account all the contributions implied
to assess the total daily revenues

Rev ¼ RTYby þ
X5
n ¼1

EGðnÞYEGðnÞ (22)

where RT denotes the flow of the first stage retentate stream
and Yby, the corresponding price assigned to this by-product
stream, EG(n) denotes the flow of the corresponding n SEMI
Grade product stream, and YEG(n), the price of each SEMI
Grade hydrogen peroxide.

On the other hand, the total daily costs of the system were
calculated by the addition of the capital costs (CC) and the
operation costs (OC). The CC attributable to membranes
(CCmemb) or to the rest of the installation (CCinst) were dif-
ferentiated, while the OC were itemized into raw materials
(OCraw), energy (OCen), labor (OClab), and maintenance
costs (OCm)

TC ¼ CCþ OC (23)

CC ¼ CCmemb þ CCinst (24)

OC ¼ OCraw þ OCen þ OClab þ OCm (25)

The CC of the membranes modules considering straight-line
depreciation along their lifetime (LTmemb) were expressed as
function of the total membrane area of the installation

CCmemb ¼
Ymemb

LTmemb

X
k

AðkÞ (26)

where the price of the reverse osmosis membrane elements is
symbolized by Ymemb.

Once the membranes costs were defined, the CC corre-
sponding to the rest of the installation were related to them
by mean of an empirical coefficient (Kmemb) that expressed
the contribution of the investment in membranes to the total
CC. The percentage of the total investment attributable to
the membranes typically range between 12 and 30%,61,62 so
a value of Kmemb equal to 0.12 was chosen with the intention
of representing the most exigent scenario (an ultrapurifica-
tion system requires very high-quality and -purity materials)

CCins ¼ CCmemb

ð1� KmembÞ
Kmemb

LTmemb

LTinst

þ CCclean (27)

where LTinst denotes the installation lifetime and CCclean, the
CC attributable to the cleanroom. As ultrapurification
processes require contamination control, the entire installation
need to be included in a cleanroom to provide the necessary
controlled atmosphere. The CC attributable to the cleanroom
were calculated according to a formula based on the model
proposed by Yang and Eng Gan63

CCclean ¼�1645051þ 5156:6CAþ 68:8MAV

þ 34EAVþ 2996627AFCþ AN ð28Þ

where CA refers to the cleanroom area, MAV refers to the

make-up air volume, EAV refers to the exhaust air volume,

and AFC refers to the average filter coverage ratio. The

parameters required by the formulated model for the cost of

the cleanroom (Eq. 28) were chosen according to the design of

a Class 100 (200 air changes per hour) space of 200 m2 with

raised floor and fan filter unit (FFU) type air ventilation.64 The

term AN, that did not appear in the originally formulated

model, was added to include the costs related to analysis and

quality control. Its value was assessed according to the

research group experience in analytical equipment manage-

ment, mainly inductively coupled plasma mass spectrometry

and ion chromatography.
The OC are essentially based on the consumption of the

corresponding resource, except for the case of maintenance
costs, which are function of the total CC.65 The only
required raw material was the technical grade hydrogen per-
oxide used as feed, and the installation was designed to be
totally managed by a single worker

OCraw ¼ FYraw (29)

OClab ¼ 24Ylab (30)

OCen ¼
Yelec

36 g

X
k

ðQðkÞmemb DPðkÞÞ (31)

OCm ¼ 0:05CC (32)

where F denotes the flow of the feed stream, Yraw, the price of
the technical grade hydrogen peroxide used as feed raw
material, Ylab, the salary assigned to the employee, Yelec, the
electricity price, and g, the pump efficiency.

The objective function depends on a large number of
quantities that can be separated into variables with respect to

Table 4. Model Parameters for Calculation

Parameter Unit Value

LTmemb d 3
LTinst d 1825
Kmemb 0.12
Yraw $/m3 790
YEG1 $/m3 2592
YEG2 $/m3 3537
YEG3 $/m3 3780
YEG4 $/m3 8721
YEG5 $/m3 11826
Ymemb $/m2 50
Yby $/m3 600
Ylab $/h 7
Yelec $/(kWh) 0.08
g 0.70
CCclean $/d 2590
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which the function is maximized and parameters that can be
considered as constants during the optimization procedure.

For each reverse osmosis stage, the applied pressure and
the recovery ratio were chosen as variables. The investigated
ranges of each variable were

DPmin ¼ 10bar � DPðkÞ � 40bar ¼ DPmax (33)

Recmin ¼ 0:3 � RecðkÞ � 0:9 ¼ Recmax (34)

The configuration of the network is characterized by the split
decision variables of each split junctions. The split decision
variables are defined in the continuous [0,1] interval (the
variable equals to 0, when all the entering flow is derived to
the stream leaving the system, and it equals to 1, when the
flow is derived to the stream feeding the next stage, whereas
intermediate values of the variable imply division of the flow
between both streams)

Xsplit min ¼ 0 � XðjÞsplit � 1 ¼ Xsplit max (35)

Quality constraints concerning the maximum allowable
metallic content in each of the different electronic grade
hydrogen peroxide product streams must be taken into account

Cmetal
EGðnÞ � Cmetal

SEMIðnÞ (36)

where Cmetal
EGðnÞ denotes the concentration of each metal in the n

SEMI Grade product stream and Cmetal
SEMIðnÞ denotes the

maximum allowed concentration for each metal in the
corresponding n SEMI Grade.

In mathematical terms the optimization model can be
expressed as follows

max Z ¼ f ðxÞ
s:t :hðxÞ ¼ 0

wðxÞ � 0

x 2 <n

xL\ x\ xU
being Z the daily profit, x the vector of continuous variables
(DP(k), Rec(k), and X(j)split), h the vector of equality constraint
functions (mass balance and membrane transport equations),
and w the vector of inequality constraint functions (product
requirements based on the concentration limit for each
metallic cation).

Results and Discussion

The installation scale was defined assuming the coupling
of the ultrapurification installation to a manufacturing plant
with a target annual production aimed to electronic grade

purposes of 9000 tons of technical grade hydrogen peroxide.
When 330 operating days per year are considered, the corre-
sponding feed flow is above 24 m3/d. The characterization
of the feed stream is based on typical metallic impurities
content of technical grade hydrogen peroxide. The feeding
conditions (flow and metals concentrations of the feed
stream F) are shown in Table 3.

The lifetime of the reverse osmosis membrane in hydro-
gen peroxide medium (based on the experimental results
with BE polyamide membrane from Woongjin Chemical) is
notoriously shorter (few days)19 than the relative one to the
most classical applications with seawater or brackish water
(some years),66,67 and the cost of replacement was taken into
account in the costs function.

The resulting NLP problem was solved using CONOPT3
solver within the software GAMS. Several starting points
were proved to demonstrate the robustness of the solution.
In general, a typical run to solve the mathematic program-
ming problem has taken 0.17 central processing unit (CPU)
time (s), equivalent to 77 iterations to finish.

Generalized findings

The optimum values that maximize the target function
(daily profit Z) of the ultrapurification process were identi-
fied by run of the corresponding NLP problem within
GAMS software. The results of the optimized configuration
are compiled in Table 5.

It was found that the optimum applied pressures for all
the stages were 40 bar, which is the upper boundary restric-
tion for these variables. In a similar way, the optimum re-
covery rates were limited by the upper limit of the defined
range (0.9). The optimum system configuration (Figure 4)
corresponded to the one that only produce SEMI Grade 5
product stream (all the split junction variables equal to 1
which implies no output of intermediate Grades). Under
these conditions, the daily profit could attains 232,170 $/d,
equivalent to an annual profit of 76.6 mill$.

The main cost of the system was the acquisition the raw
material that represented more than 80% of the TC (Figure
5). The rest of the operational costs became insignificant

Table 5. Optimization Results

Membrane Stages
Split

Junctions Product Streams

K
DP(k)
(bar) Rec(k)

A(k)
(m2) j X(j)split n QEG(n) (m

3/d)

1 40 0.9 14.0 1 1 1 0
2 40 0.9 14.0 2 1 2 0
3 40 0.9 14.0 3 1 3 0
4 40 0.9 14.0 4 1 4 0
5 40 0.9 14.0 5 21.5
6 40 0.9 13.8
7 40 0.9 12.4

Figure 4. Optimal process configuration.
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when compared to the cost corresponding to feed hydrogen
peroxide as none of them attained individually the 1% (they
contribute jointly only by 1.7%). On the other hand, when
focusing on the CC, the investment on membranes contrib-
utes by no more than 7% to the TC despite the high replace-
ment rate consequence of the short membrane lifetime in
such an oxidant medium.

Previous results, corresponding to optimization of ultra-
purification cascade systems with increasing number of
stages (from two to seven stages), had demonstrated that
production of the most exigent electronic grades was more
profitable despite the higher number of stages than the least
strict grades.60 This fact can be explained by the great influ-
ence of the market prices of the different Grades: SEMI
Grade 5 is much more valuable than SEMI Grade 1 (four
times more expensive as seen in Table 4), but the TC of the
installation required to produce Grade 5 (seven stages) is
only less than 6% higher than the corresponding to Grade 1
manufacturing (two stages). So the optimum results of the
superstructure configuration confirm the trend to promote the
production of higher quality hydrogen peroxide.

The characteristics of the product stream (impurities con-
tent) for the optimally configured system are listed in Table
6. As expected, all the metallic concentrations felt below the
limit of 10 ppt. The limiting solute is the Na, because its
concentration (0.747 ppt) is the highest among all the impur-
ities but still quite lower than the bound fixed by SEMI. To
quantify in an easier way the product quality when compared
to the requirements, a safety factor (SF) was defined accord-
ing to Eq. 37

SFn ¼
Cmetal
SEMIðnÞ

Cmetal
EGðnÞ

¼ Failure concentration

Design concentration
(37)

where the SF is represented as the ratio between the failure and
design concentrations (in this case the maximum allowed
concentration divided by the product concentration). Now, it
can be said that Na is the limiting impurity in terms of SFs, as
it has the lowest value. Anyway, a value equal to 13 for the SF
is a common figure when compared to commercially available
electronic grade hydrogen peroxides.

Effect of market restrictions

As aforementioned, the process economy invited to stimu-
late the production of the strictest grade hydrogen peroxide,
but market restrictions may represent the counterpoint to this
situation. It seems more reasonable to expect that the
demand of the most exigent Grade 5 would be limited, not
allowing the commercialization of all the output obtained

under a ‘‘produce the highest quality Grade as much as pos-
sible’’ strategy. This proposed realistic framework would
include also some commitments acquired with the corre-
sponding clients to serve them with products others than the
strictest Grade 5 (only required for very exigent tasks during
the manufacturing of semiconductor materials and microelec-
tronic devices and replaceable by lower quality product for
the rest of productive steps).

Therefore, three different scenarios (Scenarios 1–3) were
initially projected to represent more realistic commercial sit-
uations to investigate the influence of market restrictions
over the configuration of the ultrapurification process. The
scenarios were defined by a minimum and a maximum flow
for each of the grades (Table 7).

The Scenario 1 represents the market baseline: production
limitations are just imposed by both low and upper bounds.
On the one hand, at least a minimum production of each
grade has to be obtained to fulfill obligations acquired with
consumers. On the other hand, there is a maximum produc-
tion for each grade that can be absorbed by the demand. The
Scenarios 2 and 3 consider the high- and low-demand cir-
cumstances respectively. In each situation, both minimum
and maximum restrictions are increased or decreased if com-
pared with the baseline Scenario 1.

The optimization results of the different basic scenarios
are given in Table 8. Again, all the optimum values of the
design and operation variables coincided with the defined
upper bounds (0.9 for the recovery rates and 40 bar for the
applied pressures, respectively) whichever scenario is
observed. The profits of the three proposed scenarios were
severely reduced when compared with the ideal situation
without market restrictions: the highest drop corresponded to
the low-demand Scenario 3 (61%) and the lowest discount to
the baseline Scenario 1 (40%), remaining the high-demand
Scenario 2 in an intermediate situation with 54% reduction.
The main reason of the reduced profit was the lower reve-
nues of the system related with commercialization of less
valuable products, because the TC of the restricted scenarios
were also reduced (but not in a relevant way, as the highest
decrease corresponding to Scenario 3 is only 2%, not compa-
rable with the 55% cut in the revenues of the same sce-
nario).

When paying attention to the system configuration, Sce-
nario 1 was characterized by just achievement of the mini-
mum demands for the least exigent Grades 1–3; Grade 5
stream equal to its maximum allowed bound; and the rest of
the production leaving the system as Grade 4 hydrogen per-
oxide. The high-demand Scenario 2 could be expected to be
more profitable that the baseline demand scenario (higher
total demand). But the results showed that the Scenario 1

Figure 5. Costs breakdown for the optimum configura-
tion.

Table 6. Impurities Content of the Product Stream for the
Optimum Configuration

CEG5 (ppt) SF5

B 0.353 28
Na 0.747 13
Al 0.085 118
Ti 0.012 864
Cr 0.009 1152
Mn 0.001 9566
Fe 0.164 61
Ni 0.002 4088
Cu \0.001 [10000
Zn 0.002 5085
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was more satisfactory in economic terms. The Scenario 2
was defined by minimum productions of every Grades but
Grade 5. Under these conditions, the main part of the raw
material had to be used to fulfill the requirements of the
least profitable grades, remaining few resources to be
assigned to the most valuable grades. The Scenario 3 is just
the opposite case: the low-demand restrictions implied that
all the grades except Grade 1 were produced in their maxi-
mum amounts. Anyway, as these limits are quite lower than
the ones corresponding to the baseline situation, the profit of
the system fell down (in this case because the low demand
of the high-valuable Grades forced to spend most of the raw
material in the least profitable Grade 1).

In light of the results obtained for the basic market restric-
tions, two new scenarios were proposed for consideration:
the Scenarios 4 and 5 corresponded to mixed demand situa-
tions. The Scenario 4 included the high-demand conditions
for Grades 1–3 (as in Scenario 2) and the low-demand con-
ditions for Grades 4 and 5 (as in Scenario 3). In a reverse
way, the Scenario 5 covered the low-demand limits for
Grades 1–3 (corresponding to Scenario 3) and the high-
demand values for Grades 4 and 5 (as in Scenario 2).

The optimization results of the different mixed demand
scenarios are shown in Table 9. Once again, all the optimum

values of the design and operation variables coincided with
the defined upper bound for both scenarios. The economic
aspects of the different scenarios are compiled in Table 10.
As expected, the Scenario 4 was the least profitable one,
because it joined two undesirable factors: high demand of
less valuable grades and low demand of the preferred high-
quality grades. This combination implied an unbalanced dis-
tribution of the resources between both types of grades, con-
verting the low-quality ones into the predominant products.
On the other hand, Scenario 5 represented also out of bal-
ance market conditions, but in this case as the more valuable
Grades became dominant, the economic profit of the corre-
sponding system configuration reached a value better than
the baseline Scenario 1 (23% of extra profit). The main
results of the optimization of the different scenarios re-
stricted by market conditions are depicted in Figure 6.

By way of guidance, the quality characteristics of the dif-
ferent grades obtained under the Scenario 1 conditions are
listed in Table 11. It can be observed that Na is the limiting
impurity whichever considered grade as the corresponding
SFs are the lowest ones. However, all the SFs are higher
than 5, so no problems could be expected, even under some
uncertainty conditions about the metallic content of the raw
material or the performance of the membrane modules. After
comparison of the dated included in Table 11 with those of
the Table 6 (corresponding to the ideal situation without
market restriction), it can be concluded that the ideal situa-
tion obtained a higher quality SEMI Grade 5 hydrogen per-
oxide. This result can be explained by the assignment of ma-
terial out of the system to the production of intermediate

Table 7. Flow Restrictions of Each Product Stream Under the Different Marketing Scenarios

Scenario

Flow Restrictions to Product Streams (m3/d)

SEMI Grade 1 SEMI Grade 2 SEMI Grade 3 SEMI Grade 4 SEMI Grade 5

QEG1min QEG1max QEG2min QEG2max QEG3min QEG3max QEG4min QEG4max QEG5min QEG5max

1 2 30 1 3 5 30 2 10 1 5
2 4 40 2.5 9 7 38 3.7 18 1.9 8
3 1 14 0.6 1.3 2 12 0.8 3.6 0.6 2.1
4 4 40 2.5 9 7 38 0.8 3.6 0.6 2.1
5 1 14 0.6 1.3 2 12 3.7 18 1.9 8

Table 8. Optimization Results for the Basic Marketing
Scenarios

Membrane Stages
Split Junc-

tions Product Streams

k
DP(k)
(bar) Rec(k)

A(k)
(m2) j X(j)split n QEG(n) (m

3/d)

Scenario 1
1 40 0.9 14.0 1 0.916 1 2.0
2 40 0.9 13.9 2 0.954 2 1.0
3 40 0.9 12.7 3 0.751 3 5.0
4 40 0.9 12.6 4 0.395 4 8.5
5 40 0.9 11.6 5 5.0
6 40 0.9 8.1
7 40 0.9 2.9
Scenario 2
1 40 0.9 14.0 1 0.831 1 4.0
2 40 0.9 13.7 2 0.870 2 2.5
3 40 0.9 11.4 3 0.561 3 7.0
4 40 0.9 11.1 4 0.564 4 3.7
5 40 0.9 9.2 5 4.3
6 40 0.9 4.9
7 40 0.9 2.5
Scenario 3
1 40 0.9 14.0 1 0.895 1 2.5
2 40 0.9 13.8 2 0.938 2 1.3
3 40 0.9 12.3 3 0.346 3 12.0
4 40 0.9 12.2 4 0.393 4 3.6
5 40 0.9 10.6 5 2.1
6 40 0.9 3.4
7 40 0.9 1.2

Table 9. Optimization Results for the Mixed Demand
Marketing Scenarios

Membrane stages
Split

junctions
Product
streams

k
DP(k)
(bar) Rec(k)

A(k)
(m2) j X(j)split n

QEG(n)

(m3/d)

Scenario 4
1 40 0.9 14.0 1 0.831 1 4.0
2 40 0.9 13.7 2 0.870 2 2.5
3 40 0.9 11.4 3 0.406 3 9.3
4 40 0.9 11.1 4 0.393 4 3.6
5 40 0.9 9.1 5 2.1
6 40 0.9 3.4
7 40 0.9 1.2
Scenario 5
1 40 0.9 14.0 1 0.958 1 1.0
2 40 0.9 13.9 2 0.974 2 0.6
3 40 0.9 13.3 3 0.909 3 2.0
4 40 0.9 13.3 4 0.473 4 9.9
5 40 0.9 12.7 5 8.0
6 40 0.9 10.9
7 40 0.9 4.6

AIChE Journal December 2012 Vol. 58, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 3725



grades instead of allowing it to be recirculated to previous
stages, improving the quality of the streams leaving the
mixers because of the input of higher fluxes of recirculated
streams with lower metallic content.

A second optimization problem was also formulated and
solved to investigate the effects of the different market
restrictions. In this case, the objective was the minimization
of the TC of the system corresponding with the situations
where all the demand of each scenario can be satisfied (Sce-
narios 1–3 Full). In order to be able to assure the total
demand, the feed stream of the system was not previously
fixed, and it was set as another variable of the system.

In mathematical terms this new optimization problem can
be expressed as follows

min TC ¼ f ðxÞ
s:t:hðxÞ ¼ 0

wðxÞ � 0

x 2 <n

xL\ x\ xU
being x the vector of continuous variables (F, DP(k), Rec(k),
and X(j)split), h the vector of equality constraint functions
(mass balance and membrane transport equations), and w the
vector of inequality constraint functions (product require-
ments).

Once again, the optimum applied pressures resulted 40 bar
for all the stages (upper boundary restriction). In a similar

way, the optimum recovery rates were limited by the upper
limit of the defined range (0.9). These results showed that
minimization of TC and maximization of economic profit
led to the same optimum solutions.

The optimization results of the different fully satisfied sce-
narios are listed in Table 12, and the corresponding eco-
nomic breakdown can be observed in Table 13. Under these
conditions, the raw material required by the system is much
greater than the original baseline: the high-demand Scenario
2 Full consumed more than five times the baseline feed flow
(127.1 m3/d vs. 24.2 m3/d). On the other hand, the higher
consumption of technical grade hydrogen peroxide was com-
pensated with greater profits. As an example, the Scenario 1
Full is approximately twice more profitable than the Scenario
1. Another result worth mentioning is the comparison of the
three fully satisfied Scenarios. The Scenario 2 Full, related
with high-demand patterns, is more profitable than the Sce-
nario 1 Full (corresponding with baseline demand). When
the feed stream flow was limited, the Scenario 1 was more
favorable than the Scenario 2 as the high demand of low-
price grades limited the production of Grades 4 and 5. With-
out feed restrictions, the limitations disappeared, and the
Scenario 2 Full became the most lucrative. Anyway, the Sce-
nario 3 Full appeared again as the least beneficial one
because of its low-demand framework.

Effect of unit costs

All the previous optimization results demonstrated a very
robust performance of the system, as the variables had
acquired the maximum allowed value in the corresponding
range in every case. A simple sensitivity analysis was carried
out to advance in the investigation of the influence of the pa-
rameters governing the costs associated with the main design
and operation variables: the electricity unit price influences
the energy costs attributable to the pressurization of the

Table 10. Economic Breakdown of the Different Scenarios

Economic
Terms (mill$/y)

No Market
Restrictions

Market
Scenario 1

Market
Scenario 2

Market
Scenario 3

Market
Scenario 4

Market
Scenario 5

Z 76.616 45.928 35.407 30.057 29.399 56.555
Rev 84.445 53.636 43.062 37.717 37.037 64.305
TC 7.829 7.708 7.655 7.660 7.638 7.750
CC 1.390 1.276 1.227 1.231 1.210 1.315
CCmemb 0.529 0.417 0.368 0.372 0.351 0.455
CCinst 0.861 0.860 0.859 0.859 0.859 0.860
OC 6.439 6.432 6.428 6.429 6.427 6.434
OCraw 6.306 6.306 6.306 6.306 6.306 6.306
OClab 0.055 0.055 0.055 0.055 0.055 0.055
OCen 0.008 0.006 0.005 0.005 0.005 0.007
OCm 0.070 0.064 0.061 0.062 0.061 0.066

Figure 6. Main results of the optimization of the differ-
ent scenarios under market restrictions.

Table 11. Impurities Contents of the Product Streams for
the Optimum Configuration Under Scenario 1 Conditions

SF1 SF2 SF3 SF4 SF5

B 213 370 167 100 32
Na 6 8 10 11 13
Al 87 99 100 111 116
Ti 338 1000 1000 910 859
Cr 80 1429 1314 1228 1147
Mn 806 [10000 [10000 [10000 9566
Fe 27 149 111 100 62
Ni 177 3333 3870 3957 4031
Cu 6250 [10000 [10000 [10000 [10000
Zn 617 5000 5504 5276 5049
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streams entering the reverse osmosis modules, and the mem-
brane unit price controls the membrane costs related to the
total membrane area of each stage. In each case, the avail-
able membrane area defines the quantity of permeate
obtained by each stage and, consequently, the recovery ratio
of them. Besides, the membrane costs are used as the basis

to calculate the rest of the CC and even the maintenance
costs are related with the total CC.

The sensitivity analysis results (Table 14) showed that the
total profit of the system under Scenario 1 conditions is very
insensitive to changes in electricity, membrane, and raw ma-
terial unit prices. The optimum values of the variables
resulted again at the upper bounds (0.9 and 40 bar). The var-
iations in the profit were located in the range �1% even for
changes in an order of magnitude in the price of the electric-
ity or when the membrane price was doubled. As the raw
material is the main cost of the system, the influence of its
unitary cost is higher than those of the other costs, but the
revenues are so dominant that a decrease or increase of 20%
in the price of the feed only affect in the range �3% to the
economic profit of the process.

To confirm the robustness of the optimum values for the
design and operation variables, a search of such conditions
that would modify the optimal solution was planned out. For
the case of applied pressures, the electricity unit price of 6
$/kW h would move the optimum value for the applied pres-
sures from the upper bound to 39.4 bar for every stages
under Scenario 1 conditions. Such a high-expensive electric-
ity situation seems very improbable, because it would
require a nearly 100-fold increase in the price of the energy.
A quite similar result was obtained after exploration of con-
ditions for different optimal recovery rates: very expensive
reverse osmosis membranes (6000 $/m2) would move the
optimal recovery rate of the first stage to 0.647 (but none of
the rest of stages). Again, an approximately 100-fold raise in
membranes prices cannot be considered as a logic panorama;
and in the case it could happen, the process would not be
longer economically viable.

Conclusions

The proposed superstructure represents a seven-stage
countercurrent cascade system able to produce simultane-
ously all the different SEMI grades, from two stages corre-
sponding to SEMI Grade 1, to seven stages that are required
for SEMI Grade 5, the strictest grade related to the metal
impurities.

The objective of the design was to maximize the daily
profit obtained from the sale of the electronic grades of
hydrogen peroxide produced by the ultrapurification system,
calculated as the difference between the total daily revenues
and the TC (capital and operation).

The obtained results allow to conclude with the viability of
the ultrapurification process based on the reverse osmosis mod-
ules, with the optimum system configuration that only produce
SEMI Grade 5 hydrogen peroxide (the strictest grade, high-
value product) as the best option in economic terms when there
are no market restrictions: 232,170 $/day, equivalent to an

Table 12. Optimization Results (Minimum TC) for the Full
Satisfied Marketing Scenarios

Membrane
Stages

Split
Junctions

Product
Streams Feed Stream

K
A(k)
(m2) j X(j)split N

QEG(n)

(m3/d)
F

(m3/d)

Scenario 1 Full
1 50.5 1 0.643 1 30.0 87.7
2 48.6 2 0.944 2 3.0
3 31.2 3 0.358 3 30.0
4 30.8 4 0.357 4 10.0
5 27.0 5 5.0
6 9.0
7 2.9
Scenario 2 Full
1 73.2 1 0.672 1 40.0 127.1
2 70.7 2 0.888 2 9.0
3 47.4 3 0.433 3 38.0
4 46.6 4 0.331 4 18.0
5 38.8 5 8.0
6 15.6
7 4.6
Scenario 3 Full
1 21.4 1 0.604 1 14.0 37.1
2 20.5 2 0.938 2 1.3
3 12.3 3 0.346 3 12.0
4 12.2 4 0.393 4 3.6
5 10.6 5 2.1
6 3.4
7 1.2

Table 13. Economic Breakdown of the Different Full
Satisfied Scenarios

Economic
Terms (mill$/y)

Market
Scenario 1

Full

Market
Scenario 2

Full

Market
Scenario 3

Full

TC 25.003 35.837 11.109
CC 1.968 2.507 1.309
CCmemb 1.100 1.633 0.449
CCinst 0.868 0.874 0.860
OC 23.034 33.330 9.800
OCraw 22.864 33.125 9.673
OClab 0.055 0.055 0.055
OCen 0.016 0.024 0.007
OCm 0.098 0.125 0.065
Rev 116.798 177.928 47.830
Z 91.795 142.091 36.720

Table 14. Sensitivity Analysis for Electricity, Membrane, and Technical Grade Hydrogen Peroxide Unit Prices

Electricity price ($/(kW h)) Membrane price ($/m2)
Technical grade hydrogen peroxide

price ($/m3)

Economic terms (mill$/y) 0.02 0.08 0.80 10 50 100 632 790 948
CCmemb 0.083 0.417 0.833
CCinst 0.856 0.860 0.865
OCm 0.047 0.064 0.085
OCen 0.002 0.006 0.061
OCraw 5.045 6.306 7.568
Z 45.933 45.928 45.873 46.282 45.928 45.486 47.189 45.928 44.667
Z variation (%) þ0.01 �0.12 0.77 �0.96 þ2.75 �2.75
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annual profit of 76.6 mill$ (for a plant capacity of 9000 tons/
year of technical grade hydrogen peroxide).

The main cost of the system was the raw material that
represents more than 80% of the TC. The investment on
membranes contributes by no more than 7% to the CC, de-
spite the high replacement rate due to the membrane lifetime
in such and oxidant medium.

The influence of market restrictions was studied under dif-
ferent scenarios, given in terms of production of each SEMI
Grade hydrogen peroxide, taking into account that the strict-
est Grade 5 may be only required for very exigent tasks dur-
ing the manufacturing of semiconductor materials. The eco-
nomic profit of the system configuration reached a value bet-
ter than the baseline scenario in the scenario that represents
the dominance of the more valuable Grades 4 and 5, with
23% of extra profit mainly given by the high market price of
these demanded electronic grades.

The effect of unit costs was analyzed in terms of electric-
ity, membrane, and raw material unit prices showing that the
total profit of the system is very insensitive to changes,
being remarked the key factor of the market prices of the
electronic grades of hydrogen peroxide.
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Notation

A(k) ¼ membrane area of the k stage, m2

AFC ¼ average filter coverage ratio
AN ¼ capital costs attributable to analysis and quality control, $
CA ¼ cleanroom area, m2

CC ¼ capital costs, $/d
CCclean ¼ capital costs attributable to cleanroom, $/d
CCinst ¼ capital costs attributable to installation, $/d

CCmemb ¼ capital costs attributable to membranes, $/d
CF ¼ solute feed concentration, mol/m3

C(i)metal
mixin1 ¼ metal concentration of the first stream entering the i

mixer, ppb
C(i)metal

mixin2 ¼ metal concentration of the second stream entering the i
mixer, ppb

C(i)metal
mixout ¼ metal concentration of the output stream leaving the i

mixer, ppb
C(j)metal

splitin ¼ metal concentration of the stream entering the j split
junction, ppb

C(j)metal
splitout1 ¼ metal concentration of the stream leaving the j split

junction to the next stage, ppb
C(j)metal

splitout2 ¼ metal concentration of the stream leaving the j split
junction out of the system, ppb

C(k)metal
memb ¼ metal concentration of the stream entering the k

membrane stage, ppb
C(k)metal

perm ¼ metal concentration of the permeate stream leaving the k
membrane stage, ppb

C(k)metal
ret ¼ metal concentration of the retentate stream leaving the k

membrane stage, ppb
CP ¼ solute permeate concentration, mol/m3

(CS)ln ¼ logarithmic average solute concentration across the
membrane, mol/m3

EAV ¼ exhaust air volume, m3/h
EG(n) ¼ flow of the corresponding n SEMI Grade product stream,

m3/d
i ¼ van ’t Hoff factor

J(k) ¼ permeate flux of the k membrane stage, m/s
JS ¼ solute flux, mol/m2 s
JV ¼ solvent flux, m/s
KA ¼ dissociation constant, M

Kmemb ¼ ratio membrane capital costs to total capital costs
LP ¼ solvent permeability coefficient, m/s bar

LTmemb ¼ membrane lifetime, d
LTinst ¼ installation lifetime, d

m ¼ solute molar concentration, (mol/m3

MAV ¼ make-up air volume, m3/h
OC ¼ operation costs, $/d

OCen ¼ energy costs, $/d
OClab ¼ labor costs, $/d
OCm ¼ maintenance costs, $/d

OCraw ¼ raw material costs, $/d
Q(i)mixin1 ¼ flow of the first stream entering the i mixer, m3/d
Q(i)mixin2 ¼ flow of the second stream entering the i mixer, m3/d
Q(i)mixout ¼ flow of the output stream leaving the i mixer, m3/d
Q(j)splitin ¼ flow of the stream entering the j split junction, m3/d

Q(j)splitout1 ¼ flow of the stream leaving the j split junction to the next
stage, m3/d

Q(j)splitout2 ¼ flow of the stream leaving the j split junction out of the
system, m3/d

Q(k)memb ¼ flow of the stream entering the k membrane stage, m3/d
Q(k)perm ¼ flow of the permeate stream leaving the k membrane

stage, m3/d
Q(k)ret ¼ flow of the retentate stream leaving the k membrane stage,

m3/d
R ¼ rejection coefficient
R ¼ gas constant, bar m3/K mol

R(k)metal ¼ rejection coefficient of the corresponding metal in the k
stage

Rec(k) ¼ recovery rate of the k stage
Rev ¼ daily revenues, $/d
RT ¼ flow of the first stage retentate stream, m3/d

T ¼ temperature, K
TC ¼ total costs, $/d
xF ¼ feed hydrogen peroxide concentration, M
xP ¼ permeate hydrogen peroxide concentration, M

X(j)split ¼ decision variable of the j split junction
Yby ¼ price of by-product hydrogen peroxide from first stage

retentate, $/m3

YEG(n) ¼ price of n SEMI Grade hydrogen peroxide, $/m3

Yelec ¼ electricity price, $/(kW h)
Ylab ¼ salary, $/h

Ymemb ¼ price of reverse osmosis membranes, $/m2

Yraw ¼ price of technical grade hydrogen peroxide, $/m3

Z ¼ daily profit, $/d

Greek letters

DP ¼ pressure difference across the membrane, bar
DP(k) ¼ applied pressure difference in the k membrane stage, bar
DP ¼ osmotic pressure difference across the membrane, bar
g ¼ pump efficiency
m ¼ stoichiometric coefficient based on van ’t Hoff factor
P ¼ osmotic pressure, bar
r ¼ reflection coefficient

rmetal ¼ reflection coefficient of the corresponding metal
x ¼ coefficient of solute mobility, mol/(m2 s bar)
x0 ¼ modified coefficient of solute mobility, m/s

x0metal ¼ modified coefficient of solute mobility of the
corresponding metal, m/d

Indexes

i ¼ number of mixers
j ¼ number of split junctions
k ¼ number of membrane stages
n ¼ number of SEMI Grades
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56. Kovács Z, Discacciati M, Samhaber W. Modeling of amino acid
nanofiltration by irreversible thermodynamics. J Membr Sci.
2009;332:38–49.

57. Prabhavathy C, De S. Estimation of transport parameters during
ultrafiltration of pickling effluent from a tannery. Sep Sci Technol.
2010;45:11–20.

58. Pusch W. Determination of transport parameters of synthetic mem-
branes by hyperfiltration experiments, Part I: Derivation of transport
relationship from linear relations of thermodynamics of irreversible
processes. Ber Bunsen Phys Chem. 1977;81:269–276.

59. Pusch W. Determination of transport parameters of synthetic mem-
branes by hiperfiltration experiments, Part II: Membrane transport
parameters independent of pressure and/or pressure difference. Ber
Bunsen Phys Chem. 1977;81:854–864.

AIChE Journal December 2012 Vol. 58, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 3729



60. Abejón R, Garea A, Irabien A. Membrane process optimization for
hydrogen peroxide ultrapurification. Comput Aided Chem Eng.
2011;29:678–682.
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