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Abstract: The present work aimed to design a separation process for 2-phenylethanol (2-PEA)
produced by whey fermentation and to evaluate its economic potential. The separation sequence
consisted of a liquid-liquid extraction column followed by two distillation columns for 2-PEA
purification and solvent recovery. In addition, the use of ethyl acetate as a solvent for the extraction
process was analyzed. The results, aided by the Aspen Plus v.10 process simulator, showed that 2-PEA
can be separated with a purity of 96% by weight. The operating cost of the process, estimated at
USD 22.70 per kilogram, shows that the separation alternative developed in this work has a high
economic potential. The use of ethyl acetate as a solvent was found to efficiently remove 2-PEA from
the fermentation mixture. From a process safety analysis point of view, the use of a bioprocess safety
index developed in this work identified the separation process sections that could require special
attention as part of the safety engineering stage of the process implementation.

Keywords: natural 2-phenylethanol; whey fermentation; separation process design; safety assessment;
bioprocess stream index

1. Introduction

Chemical compounds such as flavors have long been used in everyday life, whether provided
from natural sources or artificially produced. The odors present in everyday life produce feelings of
comfort, satisfaction, and security. This is why it is important to produce different compounds with
special odor characteristics. The chemical 2-phenylethanol (2-PEA), characterized by its rose smell, is in
high demand in the food, cosmetic, and pharmaceutical industries because of its use in perfumes, soaps,
detergents, deodorant formulations, and even as a food additive [1]. The consumer preference for
natural products has increased the use of natural 2-PEA within these industries [2]. The largest natural
production of 2-PEA comes from the extraction of rose petals, which has an estimated price of USD
1000 per kilogram [3]. However, the demand for natural 2-PEA is not being sufficiently met; therefore,
other production alternatives have been considered, one of those being fermentation [4]. Several works
have reported the production of 2-PEA experimentally from various substrates [3-7]. An alternative
raw material for fermentation is whey, which is an abundant waste product from the cheese industry,
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rich in lactose and other nutrients [8]. In several countries, including Mexico, a significant amount
of the whey produced is not used. For example, in the Tulancingo Valley of Mexico, which is an
important cheese producer, an estimated 164.25 MM liters of whey are produced annually, of which
80,000 L per day are dumped into farmland and water bodies without any treatment [9], causing serious
environmental problems. It has been estimated that whey leads to chemical oxygen demand (COD)
values of 60-80 g L~! and biochemical oxygen demand (BOD) values of 30-50 g L1, which exceed the
limits established by environmental regulations [10]. The production of a rose aroma from different
types of whey (acidic and sweet) has been demonstrated experimentally by Conde-Béez et al. [5,6] as
part of efforts to revalue this waste stream from the cheese industry. The difficulty for producing 2-PEA
by this route is that 2-PEA is very diluted in water. According to experimental data, the concentration
at the end of fermentation of 2-PEA can vary in a range from 0.7 to 5.6 g L™! [3,5].

Another relevant aspect in the design of a 2-PEA purification process is that related to safety.
This aspect has become a priority for governments and companies, since safe designs bring many
benefits, such as savings in insurance payments, fewer unplanned shutdowns, continuity of production,
compensation, and fines, among others [11]. For the fermentation processes such as the one considered
in this work, the challenge lies in the correct assessment of the streams with low concentrations of
hazardous substances, which may be considered as safe. However, it has been shown that diluted
flammable substances still represent a hazard, even at concentrations lower than 2% (mole basis) [12,13].
Therefore, it is necessary to develop methods for the risk evaluation of these types of emerging processes.

No design has been reported for the purification of 2-PEA from a fermentation source. Therefore,
the objective of this work was to design a separation process for 2-PEA produced by whey fermentation.
Synthesis of a separation flowchart was developed, followed by process simulations with outcomes
that included economic and safety aspects. This work contributes to the development of a sustainable
process for the production of 2-PEA, since it allows the revaluation of a waste from the cheese industry,
preventing polluting emissions and yielding benefits to the agricultural sector of developing countries.

2. Methodology

2.1. Safety Assessment

A major part of this work was the safety assessment of the bioprocess, for which a modification of
the process stream index (PSI) proposed by Shariff et al. [14] was developed. This index is used to
identify the most hazardous streams in chemical processes and is calculated from four parameters,
namely, density, pressure, heat energy, and explosiveness of the mixture. Its application allows rapid
identification of the streams with the highest risk of explosion. However, bioprocesses have different
characteristics to chemical processes. Their main difference lies in the type of raw material and in
the presence of many aqueous streams. For these cases, an adjustment is proposed herein for two
parameters of the PSI index. Heat energy is substituted by combustion heat, and the explosiveness is
substituted by mixture combustibility. The justification is as follows. The heat energy is related to the
amount of heat of a stream, and heat as such is not associated with the hazardous nature of a given
mixture. It is possible to have streams with high thermal energy that are not hazardous, and there
may be streams with low thermal energy that are hazardous. In contrast, the heat of combustion
directly represents the amount of energy released when a substance burns, which is why explosion
and fire consequence models use this value. For this proposed change, the heat of combustion value of
mixtures in process streams is approximated by Equation (1).

AHcmi = Y xiAH;, (1)

where:
AHcpix is the heat of combustion of the process streams, AHg; is the heat of combustion of pure
flammable components, and xi is the mass fraction of each component of the stream.
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The second parameter to be substituted is the process stream explosiveness, which for the PSI
is estimated by the difference of the stream flammability limits. However, this parameter cannot
be calculated for dilute streams or for streams with combustible substances, e.g., vegetable oils.
Flammability limits are only reported for highly flammable substances, and they cannot be calculated
for the case of aqueous mixtures. Therefore, the modification used in this work consists of replacing
the explosion factor by a flammability factor, which is based on the flash point, a property reported
for all flammable and combustible substances. This property is a measure of the ease of burning of
substances, which means that the probability of burning or explosion is inversely proportional to this
value, i.e., at low values of flash point (Fp), there is a high risk of explosions and fires. To include this
parameter into the calculation of the index, a classification of the hazard of mixtures is used, as reported
by the NFPA-30 standard (see Table 1).

Table 1. Score of flash point indicator based on NFPA-30.

Condition Flammable Nature Flash Point Score
Fp<23°C Extremely flammable 5
23°C<Fp<38°C Very flammable 4
38°C<Fp<60°C Easy flammable 3
60°C <Fp<93°C Flammable liquid 2
Fp>93°C Combustible 1
Flash point not defined Non-flammable 0

Adapted from [15].

Through these substitutions to the PSI, a bioprocess stream index (BPSI) was developed, with
which one can evaluate the hazard of bioprocess streams according to Equation (2).

BPSI=Ip-I, i Ipp, )

where:

Ip is the pressure indicator, I, is the density indicator, Ify. is the combustion energy indicator,
and Ip;, is the combustibility indicator.

For the calculation of the combustibility indicator, the flash point values of pure substances are
needed. To approximate the flash point in flammable mixtures, a simple mixing rule was used.

Fpmix:ZXi'Fpi/ 3)

where:

Fpmix is the flash point of the mixture, Fp; is the flash point of the pure components, and x; is the
mass fraction of each component in the exit stream.

Once the Fp value of all of the process streams has been estimated, their hazard level is assigned
using the flash point score given in Table 1, and the average of this parameter is calculated considering
all streams. Finally, the combustibility indicator (Igp) is calculated using Equation (4). The other
indicators are estimated in a similar way using Equations (5)—(7). With this strategy, the most hazardous
process flows can be identified, and potential accidents can be assessed. Figure 1 shows schematically
the steps for the calculation of the BPSI index.

Ip = flash point score of individual stream/average flash point score of all streams, 4)
Ip = pressure value of individual stream/average pressure of all streams, )
I, = density value of individual stream/average density of all streams, (6)

Iyic = heat of combustion of individual stream/average heat of combustion of all streams.  (7)
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Figure 1. Methodology to assess the bioprocess stream index (BPSI).

The streams with higher BPSI values are the most hazardous; the greater the number of streams
with high index values, the less safe the process is. The index makes it possible to identify the most
unsafe streams in the process, especially when the project is in the early design stages.

2.2. Design of the Separation Process

The mixture considered in this work was obtained from a sweet whey fermentation process,
whose composition was taken as 0.08% of the weight of 2-PEA and 2.27% of the weight of ethanol in
an aqueous solution, based on the reports by Conde-Baez et al. [16]. Feed conditions were 30 °C and
1 atm. Given the low concentration of 2-PEA in the mixture, liquid-liquid extraction was selected as
the initial stage for the design of the separation process. A review was made of the experimental work
about solvents for 2-PEA extraction, taking into account that the solvent should not modify the natural
characteristics of 2-PEA. The results found in the literature were that ethyl acetate [4] and oleic acid [17]
provide suitable choices. We selected the use of ethyl acetate and evaluated aspects such as its 2-PEA
removal efficiency, the recovery fraction for recirculation to the extraction stage, and the impact on the
process safety. The extraction column was operated at 30 °C and 1 atm. After extraction, a distillation
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column, operating at an atmospheric pressure, was required to process the extract stream and separate
2-PEA from the solvent. Some solvent came out in the raffinate stream, for which a second distillation
column was used to recover this additional amount of ethyl acetate.

The components present in the process (i.e., 2-PEA, ethanol, water, and ethyl acetate) formed
a non-ideal quaternary mixture, for which no experimental data for liquid-liquid equilibrium are
available. However, there are experimental data reported for the ternary mixture ethanol-ethyl
acetate—water [18]. Aided by these data, a thermodynamic model was explored, and it was found that
the universal quasichemical (UNIQUAC) model reproduced these experimental data satisfactorily;
therefore, this the type of model was selected to be used for the quaternary mixture.

For the design of the extraction column, the minimum solvent flowrate was obtained through a
sensitivity analysis by varying the solvent mass flow to identify the minimum value that provided
99% recovery of 2-PEA. The Fenske-Underwood-Gilliland shortcut method was used to obtain initial
designs for the distillation columns [19], which were then validated with the Aspen Plus process
simulator using the Radfrac model assuming 70% stage efficiency and a reflux ratio of 1.2 times the
minimum value. Each distillation column was designed aiming to minimize the energy consumption.
The purity and recovery values for the 2-PEA and ethyl acetate components were set as design
specifications in both columns.

To evaluate the economic potential of the process, the separation cost per kilogram of 2-PEA was
calculated by relating the annual operating cost required for separation to the annual mass flow of
2-PEA, as shown in Equation (8). Utility costs were taken from the database of the Aspen Plus v.10.
process simulator, while for ethyl acetate, the reported cost up-to-date of USD 4.29 kg~! was used [20].

Unit cost of 2-PEA = operating cost (USD year_l)/annual flow rate (kg year_l) (8)

3. Results and Discussion

The flowsheet of the separation and purification process of 2-PEA, as implemented in the Aspen
Plus process simulator, is shown in Figure 2. The feed (S-1) to the extraction column (LLEC) comes
from the fermentation of whey [16]. The extract (5-3), containing mostly ethyl acetate and 2-PEA,
is obtained, after which a pump is used to increase its inlet pressure to the distillation column.

Figure 2. Flowsheet for the 2-phenylethanol (2-PEA) separation process.

In the first distillation tower (DC1), 2-PEA is obtained as a bottom product (S-6) with a purity of
96% by weight, while the raffinate stream (S-7) is fed to the second distillation tower (DC2) to recover
the ethyl acetate solvent from water. The streams S-5 and S-9 contain mostly ethyl acetate, and they
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are mixed. A heat exchanger is used to adjust the temperature to 30 °C. The cooled stream (5-14) is
mixed with a fresh solvent stream (S-15), and the resulting stream (S-2) is fed to the extraction process.
The process stream properties are shown in Table 2.

Table 2. Properties of the process streams.

Stream S-1 S-2 S-3 S-4 S-5 S-6 S-7 S-8
Temperature (°C) 30.0 29.9 31.2 31.2 72.1 201.6 31.2 31.3
Pressure (atm) 1.0 1.0 1.0 1.5 1.0 1.5 1.0 1.5
Mass flow (kg h™1) 2908.9 1065.6  807.9 807.9 805.4 2.5 3166.5 3166.5
Density (kg m~3) 985.0 904.2 899.3 899.2 845.3 842.3 978.0 930.8
Heat of combustion (cal mol™) 6176 464,356 474,140 474,140 472,548 982,445 44,508 40,960

Flash point (°C) 98.4 1.2 -0.2 -0.2 -0.5 98.7 7.0 12.0
Component Mass percent (%)
Water 98.11 5.35 3.69 3.69 3.69 0.04 90.98 90.98
2-PEA 0.08 0.00 0.30 0.30 0.00 96.89 0.00 0.00
Ethanol 1.81 0.81 0.76 0.76 0.77 0.00 1.74 1.74
Ethyl acetate 0.00 93.85 95.25 95.25 95.54 3.05 7.28 7.28
Stream S-9 S-10 S-11 S-12 S-13 S-14 S-15
Temperature (°C) 70.9 106.6 71.2 25 29.8 30.0 30.0
Pressure (atm) 1.0 1.5 1.0 1.0 1.0 1.0 1.0
Mass flow (kg h™1) 248.6 29179 10539 37786 3778.6 1053.9 11.6
Density (kg m™~3) 859.7 906.0 850.2 993.9 989.3 904.2 890.8
Heat of combustion (cal mol™!) 436,504 7265 464,047 0.0 0.00 464,047 492,261
Flash point (°C) 7.1 85.0 1.3 0.0 0.00 1.3 -45
Component Mass percent (%)
Water 10.94 97.80 5.41 100.00  100.00 5.41 0.00
2-PEA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ethanol 0.97 1.80 0.81 0.00 0.00 0.81 0.00
Ethyl acetate 88.09 0.39 93.78 0.00 0.00 93.78 100.0

The design variables for the process equipment units are given in Table 3. For the liquid-liquid
extraction column (LLEC), 35 stages and 1000 kg h™! of solvent were required to carry out the removal
of 99.90% of the 2-PEA from the aqueous mixture. For DC1, eight stages and a reflux ratio of 1.08
were required to obtain 2-PEA with a purity of 96.90% and a recovery of 99.99%. For DC2, 19 stages
with a reflux ratio of 4.80 were required to separate the solvent with a recovery of 95.00% and a purity

of 88.09%.

Table 3. Design variables for equipment units.

Removal [%]/

Overhead Pressure Number of Minimum Solvent Flow
Column /Pressure Drop [atm] Stages [kg h—1]/Refl ti Feed Stage Recovery
P 8 8 eflux ratio [%]-Purity [%]
LLEC 1/0 35 1000 - 99.90
DC1 1/0.5 8 1.08 7 99.99—96.89

DC2 1/0.5 19 4.80 5 95.00—88.09
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From the simulation results, a production rate of 2-PEA of 21.43 tons/year~! was obtained, with an
operating cost of USD 486,449 year~!. Conde-Baez et al. [16] presented an analysis of the economic
potential of 2-PEA production from a whey fermentation plant (not including separation); their reported
production cost amounts to USD 121.76 kg™!. With this result and the cost obtained in this study for
the separation stage, an estimation of the total production cost of 2-PEA from whey yields a value
of USD 144.46 per kilogram. Since the reported market price of 2-PEA from natural sources is USD
1000 kg~!, a promising economic potential for this process could be expected.

The European Food Safety Authority (EFSA) reported a list of required specifications for flavoring
substances, and in particular, the minimum purity of 2-phenyethanol was specified as 95% (weight
basis) [21]. The separation process designed in this work achieves 96.90% weight purity, which complies
with the established regulation.

As for the use of ethyl acetate as a solvent, it was found that it efficiently removes 2-PEA from
the fermentation mixture, reaching a 99.90% removal by weight. However, an amount equivalent to
23.05% by weight of the feed to the extraction column exits in the raffinate stream, which consists of a
highly nonideal ethyl acetate—ethanol-water mixture. Figure 3 shows a residue curve diagram for this
system at 1 atm. Given the DC2 feed composition, the column would operate on the left-side region of
the diagram. After the design was carried out, a mass composition of ethyl acetate in the distillate
of 0.8809 (0.6141 mole) was obtained. After the recirculation of the distillate streams of the DC1 and
DC2 columns, the fresh ethyl acetate feed represents only 1.16% by weight of the solvent needed in
the extraction column. Therefore, the proposed design of the distillation columns shows an efficient
solvent recovery.

Residue curves for Acetate/Ethanol/Water

0.1 09
0.2 08
03 0.7
& Z
$ %
X 04 06 =
%
$ o5 05 "{%
< o
06 04
07 03
08 0.2
09 0.1

01 02 03 04 05 06 07 08 09
Molefrac Ethyl Acetate

Figure 3. Residue curve map for the ethyl acetate—ethanol-water ternary system.

For the safety analysis, it should be taken into account that the feed comes from a fermentation
process. Therefore, some streams contain dilute flammable substances, such as ethanol, in molar
concentration from 0.71% to 1.26%. In addition, the solvent (ethyl acetate) is slightly miscible in water,
reaching volumetric concentrations in aqueous streams between 0.45% and 7.81%. Apparently, these low
concentrations would not be considered as hazardous. However, as reported by Martinez et al. [12]
and Astbury et al. [13], these mixtures remain flammable. Table 4 shows the flash point variations of
ethanol-water and methyl acetate-water mixtures with respect to the solvent concentration. It should
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be mentioned that no experimental data were found for ethyl acetate, the solvent for this process;

however, given the similarity of chemical structure with methyl acetate, the data for this chemical were
used as a suitable approximation.

Table 4. Flash point values for ethanol and methyl acetate dilute mixtures.

Ethanol !

Flash point (°C) 845 640 515 395 320 258 320 198 190 158 125
Mole fraction 0.010 0.020 0.0305 0.06 0.091 0.1986 0.3541 0.4987 0.6478 0.7991 1

Methyl Acetate 2
Flash point (°C) NF 63 46 30 22 16 13 11 7 -18
% vfv 0.4 0.5 1.0 2.0 3.0 4.0 5.0 6.0 8.0 100

1 Adapted from [12]. 2 Adapted from [13].

With the process information reported in Table 2 and the additional information of Table 4,
the methodology described in Figure 1 was applied to obtain the BPSI value of each stream. The results
are reported in Table 5. It can be seen that 8 out of the 15 streams have a BPSI value higher than 2.
Figure 4 highlights the streams identified as less safe. The properties that contribute the most to the
hazard nature of these streams are the heat of combustion and the flash point (note the values of the
indicators and the flash point score). Such streams contain ethyl acetate (the solvent), which has a flash
point of —4.5 °C; therefore, the most likely accidents associated with these streams, in case of leakage,

are explosion or fire. This suggests that particular attention, as part of the safety engineering stage of
the process, should be centered in these sections.

MIX2

MIX1

A

Figure 4. Hazard process streams identified with the BPSI.
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Table 5. Indicators to calculate BPSI in the 2-PEA separation process.

Stream Fp Score I, Ip Txc Irp BPSI Stream Fp Score I, Ip I Irp BPSI

5-1 0 1.1 1.01 0.0 0.0 0.0 S-9 5 09 1.01 1.5 1.6 2.0
S-2 5 1.0 1.01 1.6 1.6 2.2 5-10 2 1.0 152 0.0 0.6 0.0
S-3 5 1.0 1.01 1.6 1.6 2.2 S-11 5 09 1.01 1.6 1.6 21
S-4 5 1.0 1.50 1.6 1.6 3.3 S-12 0 1.1 1.01 0.0 0.0 0.0
S-5 5 09 1.01 1.6 1.6 2.1 S-13 0 1.1 1.01 0.0 0.0 0.0
S-6 1 09 152 34 0.3 1.3 S-14 5 09 1.01 1.6 1.6 2.1
S-7 5 1.1 1.01 0.2 1.6 0.2 S-15 5 1.0 1.01 1.7 1.6 2.3
S-8 5 1.0 1.50 0.1 1.6 0.3

4. Conclusions

A design was developed for a separation process of 2-PEA contained as part of the outlet of a whey
fermentation process. The development of this process would provide two important contributions,
namely, a positive impact on the value chain of the dairy industry, and a reduction of the environmental
impact due to the disposal of whey waste. It has been shown that the designed separation scheme
can provide a purity of 2-PEA of 96%, with a recovery equivalent to 99.98%. An economic estimation
for a complete 2-PEA production process showed the promising economic potential for this process.
As far as the safety analysis, a new inherent safety index was developed, and its application detected
the parts of the separation process that could require special protection layers to prevent incidents
associated with potential leaking accidents.
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