
Industrial Process Design for the Production
of Aniline by Direct Amination

The objective is to design a plant from raw material to product for the production
of aniline by direct amination of benzene. The process design is started on a con-
ceptual level and ended on a basic engineering level as well as a techno-economi-
cal evaluation. The amination of benzene by hydroxylamine was used as basis. For
the production of hydroxylamine four routes are proposed. The most promising
route is the chemical reduction of nitric oxide with hydrogen. The process evalua-
tion shows that 27 % of the atomic nitrogen is lost. The atomic carbon efficiency
is close to unity. Furthermore, a significant amount of steam can be produced.
From an economical perspective, there is still room for improvement because the
return of investment is quite low and the payback period is quite high.
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1 Introduction

Aniline is a frequently used bulk chemical. At the moment, it is
used to produce methylenedianiline (MDA), which is a precur-
sor for generating methylene diphenyl di-isocyanate (MDI).
MDI accounts for 75 % (volume-based) of the global aniline
market. The demand for MDI in the coatings, adhesives, seal-
ants, and elastomers (CASE) industry and the polyurethane
industry boosted the aniline market. It is expected that this
trend will continue until 2020. The use of aniline as a corrosion
inhibitor in the microelectronics industry offers new opportu-
nities to market growth [1].

In industry, there are two main routes to produce aniline
from benzene. The first route is the catalytic hydrogenation of
nitrobenzene and the second one is the amination of phenol
with ammonia. Both routes employ a two-step process: firstly,
either nitrobenzene or phenol has to be produced from ben-
zene, and secondly, aniline has to be formed. The drawbacks of
these routes are the low atomic efficiencies and the expensive
reactants. The intention of this study is to design a one-step
process, i.e., via direct amination of benzene to aniline, to
reduce the number of reaction steps and to achieve a higher
atomic efficiency. It is expected that this design will reduce the
number of unit operations and with this the capital expendi-
ture (CAPEX), lower the cost on reactants, and decrease the
energy consumption. Therefore, it is supposed to be more eco-
nomically profitable [2].

A process is designed and evaluated for an aniline plant of
250 kton per year aniline by direct amination. This plant will
produce aniline as a feedstock to a MDI production plant,
which uses aniline in its protonated form. Therefore, this study
focuses on the production of aniline with a concentration of
75 wt % which is set by the MDI process that follows.

2 Design

2.1 Methodology

The methodology for this project has its base in Douglas’
theory for chemical process design [3]. In this theory, the crea-
tivity of the designer plays an important role. Douglas states
that the best way to come to a conceptual design is to open the
mind and think creatively. This way of thinking can be struc-
tured with a hierarchy of design decisions. In this way, a large
problem can be solved by creatively solving several smaller
problems. In Douglas’ theory, all design alternatives are kept
until there are sufficient arguments to reject a particular design
alternative. In this way, it is prevented that important design
options are neglected in an early stage. By using rules of thumb,
a lot of different alternatives can be evaluated in a limited
amount of time.

The conceptual design (Fig. 1) starts with the identification
of possible raw materials and corresponding chemical routes.
Based on simple black box mass balances for raw materials and
(side) products, it was assessed if a particular route could be
profitable. At the end of this phase the most promising chemi-
cal route was investigated. This route acts as starting point for
the next level of the process design.
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The second phase of the conceptual design is the
identification of the required reactor systems and
recycle flows which resulted in a number of con-
ceptual design alternatives. The separation is con-
sidered to be one process function. The third phase
of the process design is the design of the separation
system, again resulting in a number of conceptual
designs. Note that sequentially laws of conservation
for mass, heat, and momentum are considered.
Eventually, based on (a) the magnitude of the cal-
culated recycle flows, (b) the number of unit opera-
tions, and (c) the early removal of inerts and corro-
sive components, the most promising conceptual
design is selected and developed up to a basic engi-
neering level. This includes a process flow diagram
and corresponding mass and energy balances cal-
culated in UniSim Design.

2.2 Chemical Routes

A number of routes for the direct amination of aniline have
been investigated by a literature study. Tab. 1 shows the ben-
zene conversion and selectivity to aniline as reported. From
this table, it can be concluded that Route B and D have very
low benzene conversions. Therefore, these routes are consid-
ered to be non-viable. When comparing Route C with Route A,
it is obvious that both benzene conversion and selectivity are
reasonable and both routes can still be competitive. Route C
has already been investigated by means of a process design and
evaluation in a previous study. So, the focus of this study is the
amination of benzene by hydroxylamine [4].

Now that the choice for hydroxylamine has been made, one
has to think of ways to obtain hydroxylamine. Of course, one
can buy it on the market, but hydroxylamine is not a bulk
chemical and, thus, it is most likely cheaper to produce it
autonomously. Therefore, the production of hydroxylamine
will be in the scope of this process design. Hydroxylamine can
be produced in six ways which are depicted in Tab. 2.
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Figure 1. Schematic of the applied methodology.

Table 1. Routes for the direct amination of benzene.

Route Process Conversion
[%]

Selectivity
[%]

Ref.

A Amination of benzene
by hydroxylamine

42.5 > 99.99 [5]

B Amination of benzene
by ammonia with
oxygen

1.5 87 [6]

C Oxyamination of
benzene with ammonia
and hydrogen peroxide

18 96 [7]

D Amination of benzene
by ammonia with
carbon monoxide

3 50 [6]

Table 2. Routes for the production of hydroxylamine.

Route Process Conversion
[%]

Selectivity
[%]

Yield
[%]

Ref.

1 Raschig process – – 50–80 [8]

2 Direct conversion of
ammonia with hydrogen
and oxygen

– – 11 [9]

3 Electrochemical reduction
of nitric oxide

– – 80–90 [10, 11]

4 Chemical reduction of
nitric oxide

– – 48–77 [12, 13]

5 Electrochemical reduction
of nitric acid

– – 0.57 ·10–3–
1.9 ·10–3

[14]

6 Chemical reduction of
nitrates

60–70 80–85 [15]
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Route 1 is rejected because it introduces the element sulfur,
which is not consumed or produced in the reaction. Besides
data on yields, conversions, and selectivity, the amount of
information available for a proper process design is also an
important factor in this stage of process design. Therefore,
Route 2 is excluded because only one patent is available and
there is no evidence that this process is applied in industry. The
reduction of nitric acid in an electrochemical cell (Route 5) is
also disregarded because it has a low yield, high residence time,
and no evidence for industrial application exists. This means
that only Route 3, 4, and 6 are left. From these routes it was
concluded that Route 4, the chemical reduction of nitric oxide,
was the most promising process because it is used in industry
and has a high yield. Note that according to Douglas’ theory
Route 3 and 6 cannot be rejected because there are not enough
arguments. Nevertheless, the most promising route was se-
lected.

Nitric oxide will be used as feedstock for the production of
hydroxylamine. Nitric oxide is, however, not commercially
available on a bulk scale but it can be produced relatively easy
by oxidation of ammonia. This is an established technology in
the production of nitric acid, also known as the Ostwald pro-
cess. A challenge in this technology is to control the explosion
limits of ammonia in an oxygen environment.

2.3 Conceptual Design

To conclude, the proposed process for the production of aniline
by direct amination consists of three challenges: the production
of nitric oxide, the production of hydroxylamine, and the pro-
duction of aniline. This will be the boundary of the process
design.

2.3.1 Reactor Systems

At this level all possible configurations of reactor systems were
listed. An important consideration was the combination of the
production of hydroxylamine and the amination of benzene in
one reactor. The rules of thumb of Douglas’ theory that were
used to reject a conceptual reactor system were: (a) separated
streams should not be mixed again, (b) no circulation of plenti-
ful by-products, and (c) limit the amount of purges, i.e., pre-
vent material loss. Eventually, eleven conceptual reactor sys-
tems were listed and seven were rejected based on these rules
of thumb.

2.3.2 Separation System

Of each conceptual reactor system that is left, the conceptual
separation system was investigated according to Douglas’
theory. At this level it is important to not think of separation
technologies, like distillation, that could fulfill a particular sepa-
ration function. Again all possible configurations of the separa-
tion system were listed. Rules of thumb for rejecting a particu-
lar separation system include, but are not limited to: (a)
remove corrosive components as soon as possible, (b) remove
reactive components as soon as possible, (c) most plentiful sep-
arations first, (d) lightest separations first, and (e) difficult sep-
arations last. Eventually, ten conceptual separation systems
were listed and eight were rejected.

2.3.3 Preliminary Conclusion

At this stage, three conceptual designs are left. Of these three,
one conceptual design stood out because it produced protonat-
ed aniline. The remaining two produced aniline in its neutral
phase, which is undesirable for the consecutive MDI process.
The most promising conceptual design is given in Fig. 2.

2.4 Choice of Unit Operations

The conceptual design is translated in a detailed process
(Fig. 3). For each reaction or separation function a proper unit
operation was chosen. For R1, a reactor type similar to the re-
actor type of the Ostwald process (production of nitric acid)
was chosen: the gas phase is contacted to catalyst gauzes. The
reactor type for R2 is discussed in more detail in Sect. 2.6.1. R3
is considered to be a black box since too little information, e.g.,
kinetics, is available to make a sound choice.

The separation functions S1 and S2 are conventional flash
drums where the gas and liquid phase are separated. A pressure
swing adsorption (PSA) was chosen for S3. Please note that
PSA is not necessarily the most appropriate unit operation for
this separation. Alternatives include membrane units for gas-
phase separation and cryogenic distillation. A conventional
three-phase separator was chosen for S4 to separate the gas,
aqueous, and organic phase.

Chem. Eng. Technol. 2017, 40, No. 5, 838–846 ª 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cet-journal.com

Figure 2. The most promising conceptual design.
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Figure 3. Process flow diagram (PFD) of the proposed process. The PFD is divided in three subsequent sections.
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2.5 Detailed Process

In the first stage of design it was assumed that the process
could operate under atmospheric pressure. It was readily
observed that this leads to large volume flows of gas and this
would require large equipment. Therefore, it was decided to
increase the operating pressure to 10–12 bar as indicated in
Fig. 3.

The first reactor (R1) is fed with air and ammonia in which
ammonia is oxidized to produce nitric oxide. A platinum/
rhodium catalyst applied as fine mesh gauzes are used for
obtaining the highest yield of nitric oxide [16].

4NH3 þ 5O2 fi 4NOþ 6H2O (1)

Via a flash drum (S1), water is removed from the gas phase
and recycled to the first reactor for controlling the explosion
limits of ammonia (15.5 mol %, lower explosion limit, [16]).
The gas phase is fed to the second reactor in which hydroxyl-
amine is produced. Fresh hydrogen gas and hydrochloric acid
are added. The following main reaction takes place using a car-
bon-supported platinum catalyst [12]:

2NOþ 3H2 þ 2HCl fi 2NH3OHþ þ 2Cl� (2)

An excess of hydrogen is used (5 mol H2/mol NO) because
this would favor the reaction kinetics [12]. Hydroxylamine is
kept in its protonated form throughout the whole process to
enhance the chemical stability of this compound [17]. The
products are separated in a gas phase and a liquid phase. The
gas phase is purified via PSA and hydrogen gas is recycled to
the second reactor. The other gases are purged after the PSA.
For the PSA, various sorbents including activated carbon, mo-
lecular sieve 13X, and zeolite 5A were considered and the PSA
size for each sorbent was estimated [18–20]. Eventually, molec-
ular sieve 13X showed the smallest PSA and hence, this sorbent
was selected.

The liquid phase, containing protonated hydroxylamine, is
fed to the third reactor in which benzene is converted into ani-
line using a Mn-MCM-41(20) catalyst [21]. Fresh benzene is
added to the recycle stream containing benzene. The following
main reaction takes place:

C6H6 þ NH3OHþfi C6H5NHþ3 þH2O (3)

Via a three-phase separator, the gas phase, organic phase,
and aqueous phase are separated. Aniline remains in the aque-
ous phase because it is protonated due to the acidic environ-
ment. The organic phase containing a significant amount of
benzene is recycled to the third reactor.

This process has been modeled to obtain mass and energy
balances with UniSim R410. The non-random two-liquid mod-
el (NRTL) is applied as thermodynamic model, together with a
Peng-Robinson equation of state for the gas phase.

2.6 Equipment Design

To gain more information on the CAPEX, all equipment sizes
were estimated.

2.6.1 Reactors

The ammonia oxidation reactor (R1) was sized based on the
approach given by Temkin et al. [22]. The design of this reactor
is less challenging than R2 and R3 because this reactor is com-
monly used in industry.

The hydroxylamine reactor (R2) was selected based on the
approach published by Krishna and Sie [23]. The first level of
selection is the catalyst design. Using the reaction kinetics of
Polizzi et al., it was concluded that the reaction is very fast and,
therefore, very small catalyst particles (d < 10 mm) are used
[12]. The second level of selection is the reactant and the ener-
gy injection strategies. The adiabatic temperature rise of this
reaction is 140 �C because of the slightly exothermic nature of
the reaction. Therefore, external cooling is required. The third
level of selection is the hydrodynamic flow regimes and the
reactor type selection.

For this gas-liquid-solid system, basically there are two
options: a packed-bed reactor or a bubble slurry column.
Because of the very small catalyst particles, the pressure drop
in a packed-bed reactor would be too high, so a bubble slurry
column is chosen as reactor type. This reactor has been mod-
eled based on the model published by Van der Laan et al. [24].

The size of the amination reactor (R3) has been estimated by
a simple approach because the reaction kinetics is unknown.
Based on volume flow and required residence time, the reactor
has been sized.

2.6.2 Flash Drums and Three Phase Separators

The flash drums and three phase separators have been sized
based on the method published by Svrcek and Monnery
[25, 26].

2.6.3 Pressure Swing Adsorber

The size of one adsorption column is estimated based on a typ-
ical minimum and maximum sorbent loading, sorbent bulk
density, and a cycle time of 2.5 min. As in industry practice, it
is assumed that four adsorption columns are needed for a
sound operation [27].

2.6.4 Heat Exchangers

Fig. 3 does not show any heat exchange between process
streams because heat integration was separately investigated by
pinch analysis. All heat exchangers are assumed to be shell-
and tube-type heat exchangers. The size of the heat exchanger
was estimated using the approach of Sinnott and Towler [28].
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2.6.5 Pumps and Compressors

The size and type of all pumps and compressors was based on
the approach given by Towler and Sinnott [28].

3 Technical Evaluation

The process was evaluated based on a heat management study
and atomic balances for nitrogen, carbon, and hydrogen, which
are presented as Sankey diagrams.

3.1 Heat Management

Heat integration was separately investigated by pinch analysis.
The total heating and cooling duty without heat integration is
13 and 102 MW, respectively. Assuming a temperature ap-
proach of 10 �C in the heat exchanger, it was estimated that
13 MW can be saved by applying heat integration.

Because of the exothermic nature of all reactions, there is still
a huge amount (88 MW) of energy left. Especially R1 is very
exothermic. A part of this excess energy (48 MW) can be used
to produce high-quality steam that can be taken for other unit
operations at the same chemical manufacturing complex. The
total amount of steam that can be produced is calculated in
Tab. 3. From the results it can be concluded that this process
can deliver a significant amount of steam.

3.2 Nitrogen Balance

The Sankey diagram for the nitrogen atomic efficiency is given
in Fig. 4. Inert molecular nitrogen (N2) is excluded from the
efficiency calculations, because it is not involved in the reac-
tions. The results indicate that 72 % of the nitrogenous compo-
nents, which are present in the system, end up in the product
stream. Furthermore, obviously 27 % of the nitrogenous com-

ponents, mainly nitric oxide, is lost via the purge after the PSA
section (S3).

There are three options to prevent or lower the loss of nitric
oxide. The first option is to selectively separate hydrogen and
nitric oxide from the rest of the separator (S2) gas outlet. The
second possibility is to separate nitric oxide from the purge.
The last one is to improve the conversion in the hydroxylamine
reactor (R2), e.g., by choosing a better catalyst. In this way, the
process can be even improved further.

3.3 Carbon Balance

In Fig. 5, the Sankey diagram for the carbon atomic efficiency
is presented. It shows that the carbon, which does not end up
in the product stream, is negligible. Due to the large recycle of
carbon, benzene can be almost completely converted in aniline.
No improvements are required for the carbon system.

3.4 Hydrogen Balance

The hydrogen atomic efficiency is illustrated in Fig. 6. It shows
that 56 % of the hydrogenous components end up in the prod-
uct stream. In addition, 13 % of the hydrogenous components,
i.e., water for controlling the ammonia explosion limit in R1,
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Table 3. Estimated steam production.

DHvap

[MJ kg–1]
Q
[MW]

F
[kg s–1]

High pressure (40 bar, 250 �C) 1.72 40.4 25.5

Medium pressure (10 bar, 180 �C) 2.02 6.3 3.1

Low pressure (3.5 bar, 140 �C) 2.2 0.8 0.4

Total 47.5 29.0

Figure 4. Sankey diagram of atomic nitrogen.
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are lost after the first separation step. This stream consists
mainly of water and a small amount of ammonia. Furthermore,
a small amount of hydrogenous components (0.9 %) is lost via
the purge after the PSA section (S3). This purge stream also
consists of water and ammonia. Considering the overall reac-
tion of the process, i.e., by summing Eqs. (1), (2), and (3), one
can calculate that the maximum theoretical hydrogen atomic
efficiency is 62 %. The obtained hydrogen atomic efficiency of
56 % is very close to the maximum theoretical hydrogen atomic
efficiency of 62 %: the difference is only 10 %. All in all, at this
stage no enhancement is needed for the hydrogen system
because other improvements such as recovering nitric oxide
from the PSA purge would have stronger impact.

4 Economical Evaluation

The process was evaluated on an eco-
nomic basis by estimating the capital
expenditure (CAPEX) and operational
expenditure (OPEX).

4.1 Capital Expenditure
(CAPEX)

The bare module cost of each unit is
calculated from cost correlations and
multiplied with material cost factors,
pressure factors etc. Each equipment
cost is multiplied with the Hand factor
to account for the installation cost of
equipment, inflation factor (Chemical
Engineering Plant Cost index), and
location cost factor (Rotterdam, The

Netherlands). Furthermore, costs are added for other invest-
ment costs including but not limited to storage facilities, service
facilities, allocated costs for utility plants (OSBL), initial cata-
lyst charges, contingencies, and plant start-up [29]. The total
capital expenditure is estimated to be 460 M$. Note that the
error interval of this estimate is ± 30–50 %.

4.2 Operational Expenditure (OPEX)

The OPEX consists of the variable production costs (raw mate-
rial costs and utilities), fixed production costs (operating labor
and maintenance), taxes, depreciation, and general expenses.
The method of Seider et al. is applied to estimate all contribu-
tions to the operational expenditures [29]. These contributions
are depicted in Fig. 7 and Tab. 4. The main driver for these
costs is the benzene price; 77 % of the variable production cost
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Figure 5. Sankey diagram of atomic carbon.

Figure 6. Sankey diagram of hydrogen.
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is due to benzene cost. The profit margin of this process is 8 %
of the total sales, this includes both aniline and steam sales.

4.3 Cost Evaluation

From CAPEX and OPEX, the return on investment and the
payback period can be calculated. The return on investment
(ROI) is found to be 6 %, which is rather low compared to
industry standards. The payback period (PBP) is eight years.

The process can be made more economically attractive via a
few recommended options. The first recommendation is to
investigate if enriched air can be used instead of air. This would
reduce equipment sizes (i.e., CAPEX) because the transporta-
tion of inert nitrogen is avoided. The second recommendation
is to recover aniline from the organic purge by extraction,
adsorption, or membrane technology. And the third recom-
mendation, as mentioned in Sect. 3.2, is to lower the purge of
nitric oxide. The latter two would reduce the consumption of
feedstock. Most of these recommendations can be handled by
available technologies, so this would increase the potential of
this process.

5 Conclusions

A systematic approach was used to develop
a process to produce aniline from benzene
by direct amination. In this process design,
the route using hydroxylamine was investi-
gated in more detail. The proposed process
contains three major sections: nitric oxide
production, hydroxylamine production,
and benzene amination. The ROI of 6 % is
still rather low, but the relatively short pay-
back period is promising. Furthermore, it is
shown that the loss of atomic carbon is
nihil in contrast there is a loss of atomic
nitrogen. However, there are opportunities
to prevent this loss. The process can deliver
a significant amount of high-quality steam.
To conclude, the proposed process is eco-
nomically and technically feasible and there
are even options to improve this process.

The authors have declared no conflict of interest.
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[6] J. Becker, W. F. Hölderich, Catal. Lett. 1998, 54 (3), 125–128.
DOI: 10.1023/A:1019048526516

[7] T. Yu, R. Yang, S. Xia, G. Li, C. Hu, Catal. Sci. Technol. 2014,
4 (9), 3159–3167. DOI: 10.1039/C4CY00432A.

[8] B. Y. Waldo, L. Semon, J. Am. Chem. Soc. 1923, 45 (1),
188–190. DOI: 10.1021/ja01654a028.

[9] U. Müller, D. Heineke (BASF Aktiengesellschaft), US Patent
5 777 163, 1998.

[10] W. Lewdorowicz, W. Tokarz, P. Piela, P. K. Wrona, J. New
Mater. Electrochem. Syst. 2006, 9 (4), 339–343.

[11] S. H. Langer, Platinum Met. Rev. 1992, 36 (4), 202–213.
[12] S. Polizzi, A. Benedetti, G. Fagherazzi, C. Goatin, R. Strozzi,

G. Talamini, J. Catal. 1987, 106 (2), 494–499. DOI: 10.1016/
0021-9517(87)90262-4

[13] R. E. Benson, T. L. Cairns, G. M. Whitman, J. Am. Chem.
Soc. 1956, 78 (17), 4202–4205. DOI: 10.1021/ja01598a005

[14] M. Halmann, J. Tobin, K. Zuckerman, J. Electroanal. Chem.
Interfacial Electrochem. 1982, 209 (2), 249–253. DOI:
10.1016/0022-0728(86)80567-8

Chem. Eng. Technol. 2017, 40, No. 5, 838–846 ª 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cet-journal.com

Figure 7. Allocation of the estimated operational expenditure.

Table 4. Cost allocation.

Costs [M$ a–1]

Variable production costs 300

Fixed production costs 45

General expenses 23

Depreciation 16

Profit taxes 9

Sales 418

Profit 26

Research Article 845



[15] T. Hara, Y. Nakamura, J. Nishimura, Appl. Catal., A 2007,
320, 144–151. DOI: 10.1016/j.apcata.2007.01.028

[16] M. Thiemann, E. Scheibler, K. W. Wiegand, Nitric Acid,
Nitrous Acid, and Nitrogen Oxides, in Ullmann’s Encyclope-
dia of Industrial Chemistry, Wiley-VCH, Weinheim 2000.

[17] L. O. Cisneros, W. J. Rogers, M. S. Mannan, Thermochim.
Acta 2004, 414 (2), 177–183. DOI: 10.1016/j.tca.2003.09.023

[18] B. U. Choi, D. K. Choi, Y. W. Lee, B. K. Lee, S. H. Kim,
J. Chem. Eng. Data 2003, 48 (3), 603–607. DOI: 10.1021/
je020161d

[19] L. C. Yang, T. D. Vo, H. H. Burris, Cryogenics 1982, 22 (12),
625–634. DOI: 10.1016/0011-2275(82)90068-6

[20] M. Mofarahi, M. Seyyedi, J. Chem. Eng. Data 2009, 54 (3),
916–921. DOI: 10.1021/je8006919

[21] K. M. Parida, S. S. Dash, S. Singha, Appl. Catal., A 2008,
351 (1), 59–67. DOI: 10.1016/j.apcata.2008.08.027

[22] M. I. Temkin, in Advances in Catalysis (Eds: D. D. Eley,
H. Pines, P. B. Weisz), Vol. 28, Academic Press, New York
1979, 279–291.

[23] R. Krishna, S. T. Sie, Chem. Eng. Sci. 1994, 49 (24),
4029–4065. DOI: 10.1016/S0009-2509(05)80005-3

[24] G. P. van der Laan, A. A. C. M. Beenackers, R. Krishna,
Chem. Eng. Sci. 1999, 54 (21), 5013–5019. DOI: 10.1016/
S0009-2509(99)00225-0

[25] W. Y. Svrcek, W. D. Monnery, Chem. Eng. Prog. 1993, 89
(10), 53–60.

[26] W. D. Monnery, W. Y. Svrcek, Chem. Eng. Prog. 1994, 90 (9),
29–40.

[27] Hydrogen Recovery by Pressure Swing Adsorption (brochure),
Linde AG, Pullach 2010.

[28] R. K. Sinnott, G. Towler, Chemical Engineering Design, 5th
ed., Butterworth-Heinemann, Oxford 2008.

[29] W. D. Seider, J. D. Seader, D. R. Lewin, Product & Process
Design Principles, 2nd ed., John Wiley & Sons, New York
2003.

Chem. Eng. Technol. 2017, 40, No. 5, 838–846 ª 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cet-journal.com

Research Article 846


