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Abstract

The chemical industry in Indonesia continues to experience significant growth in both innovation and technology. One
of the significant areas of improvement is in supporting materials, exemplified by propylene glycol. The process of
producing propylene glycol from glycerol involves hydrogenolysis. The hydrogenolysis process of propylene glycol is the
reaction of glycerol with hydrogen gas under specific conditions. The effects of process innovation or modification with
the aim of enhancing mass efficiency and yield of propylene glycol. Methods to increase mass efficiency and yield using
the Aspen HYSYS V11 simulator tool and implemented effectively. From the process modifications that have been
implemented, it can be concluded that this design is quite effective as it mass and yields more efficiency, with one
notable improvement being mass efficiency of propylene glycol from 7304 ton/year to 10012 ton/year and the percentage
yield of propylene glycol in the final product increasing from 70% to 98%.
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1. Introduction Many studies have been conducted previously
to obtain a high conversion in the hydrogenolysis
process of glycerol into propylene glycol. Seretis &
Tsiakaras [3] reported experimental trials of
glycerol hydrogenolysis were carried out at
reaction temperatures of 200 °C, 220 °C, and 240
°C, along with autogenous pressures of 16, 23.5,
and 33.5 bar, respectively. The maximum glycerol
conversion observed in these assessments reached
73.5%.

Modifications to the production process of
propylene glycol, based on existing literature, are
being implemented to enable the direct synthesis
of propylene glycol from glycerol through a
hydrogenolysis process with an annual capacity of

Propylene glycol is an intermediate molecule
with wide applications in the chemical industry.
Its most successful renewable production
technology is based on hydrogenolysis of glycerol,
subproduct of the biodiesel industry, which has
been commercially produced since the early 2010s
[1]. Propylene glycol stands out with its superior
economic value and versatile uses, including its
incorporation as an additive in the polymer
industry, Propylene glycol is a promising chemical
with numerous applications including as an
antifreeze, cosmetics, moisturizers, solvents,
surfactants, and preservatives [2].

10.000 tons per year. The molar ratio of hydrogen
to glycerol setted by 5:1 [4]. An excess amount of
hydrogen is used to minimize side reactions, thus
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increasing the selectivity of the glycerol
introduced into the process and producing
propylene glycol with a high yield [5]. Operating
conditions of the conversion reactor inlet feed
used at an operating temperature of 490.75 K and
a pressure of 4000 kPa operating continuously.

In the previous study, the glycerol that came
out as the bottom result of the second separation
column was very high in purity, and no separate
glycerol recycling flow was carried out, as
additional glycerol with the reactor feed. thus
causing the mass flowrate and yield of propylene
glycol produced to be not maximized [6]. Glycerol
should not be wasted because it has a high market
value and its production process is difficult and
expensive. pure glycerol involves a complex and
costly process, so any wasted volume will be
economically detrimental. Therefore, glycerol that
still contains high purity should be reused to
reduce waste and maximize its economic potential
[71.

In previous studies, the specification of the
separation order in the distillation column has
been identified as a factor leading to convergence,
where in practice the separation order of the
distillation column significantly affects the
product yield of propylene glycol [8]. Similarly,
simulation success for some units can be
hampered by inconsistencies in the material
balance. For example, the distillation column
simulation in this journal may fail if the product
specifications are not consistently aligned with
the feed [9].

Based on these problems, the purpose of this
research is to innovate by changing the separation
sequence, namely separating glycerol in the first
separation column so that the remaining glycerol
can be recycled which still has high purity, and
adding valves and coolers to adjust the operating
conditions of recycled glycerol with feed glycerol.
The process design can significantly increase the
mass flowrate and yield of propylene glycol.

Aspen HYSYS used to simulate production of
propylene glycol. Aspen HYSYS can observe the
influence of operating parameters and provide a
good analysis of chemical and physical
phenomena in chemical industrial processes,
allowing the optimization process to take place
efficiently [10]. In this context, this work aims to
develop a preliminary conceptual design to assess
the potential of glycerol transformation to
propylene glycol with hydrogenolysis reaction
through process simulation, in order to obtain the
main process parameters, such as material and
energy balances [11]. Many studies have explored
the optimization of the propylene glycol
production process using HYSYS software.
Jiménez et al. [6] employed HYSYS to evaluate
production costs and assess the consumption of
raw materials and utilities in a propylene glycol

facility. Janoovsk et al. [12] applied HYSYS to
identify potential hazards in the plant caused by
variations in process parameters.

The purpose of this research is to enhancing
mass and yield efficiency as an innovative
perspective compared to previous research. In
addition, recycle was added to the glycerol and the
separation sequence in the distillation column
was adjusted.

2. Methods
2.1 Hydrogenolysis

The production of propylene glycol through
glycerol hydrogenolysis represents one of the most
promising technologies for chemicals [13].
According to Liu et al. [14], the main reactions of
glycerol hydrogenolysis to propylene glycol
defined as:

CsHsOsp+Hze —CsHsOzq+H20) AH? 595x = —80.5
kd/mol (1)

The hydrogenolysis reaction breaking the C-O
bonds in glycerol that leads to the glycols
formation such as propylene glycol [15].

Hydrogen, unreacted glycerol, propylene
glycol, and byproducts make up the majority of the
reactor effluent. In order to guarantee a 5:1 M
ratio of hydrogen to glycerol at the process inlet,
excess hydrogen is recovered in a tee valve,
recycled, and combined with pure hydrogen in the
mixing section [6]. Excess moles of hydrogen are
employed at the start of the process. Because of
the high material needs, production costs will rise
if hydrogen is not used at the end of the process
[16].

2.2 Methods to Increase Mass Efficiency of
Propylene Glycol

The production propylene glycol from
glycerol is modified, where valve, cooler, mixer to
recycle the glycerol. In addition, changes were also
made to the separation sequence by distillation to
obtain higher purity propylene glycol. We have
refined the production process for propylene
glycol by implementing modifications based on
established research [17]. The improvement
focuses on the increase mass flow of glycerol to
propylene glycol via hydrogenolysis, designed to
achieve an annual production capacity of 10.000
tons.

When the sequence of separation process
between propylene glycol is changed, the first
distillation column (COL-01) will produce
propylene glycol and water as the top product and
glycerol as the bottom product with high purity.
The bottom product will be recycle and the top
product will go to the second distillation column

Copyright © 2024, ISSN: 3032-7059



Journal of Chemical Engineering Research Progress, 1 (2), 2024, 212

(COL-02) to separate propylene glycol and water
to get high purity propylene glycol product. In the
previous research, the remaining unconverted
glycerol was not used and only became a side-
product. Therefore, in this study, glycerol is
reused through a recycle process to increase the
amount of reactants used. The side product of
glycerol will be reduced pressure through Valve-
01 [18] and then cooled using Cooler-01 [19] to
change the phase of glycerol from gas to liquid to
adjust the feed conditions of glycerol in Mix-04.
When the reactants increase in size, the amount
of product produced is also large. The increase in
the amount of product directly increases the
amount of yield produced [20].

2.3 Calculation Yield of Propylene Glycol

The process modification results indicate an
increase in propylene glycol yield by recycling the
output from the distillation column (COL-01). The
yield of propylene glycol can be determined using
Equation (2) [21]:

Yield of Propylene Glycol (%) =
Mol of propylene glycol x 100%

@)

mol of glycerol

3. Result and Discussion

3.1 Basic Process Flow Diagram of Propylene
Glycol Production

Basic (unmodified) process flow diagram of
propylene glycol is depicted in Figure 1 and Table
S1 for material balance and composition of
process before modification, while the Aspen
HYSYS V11 simulation of the basic process is
depicted in Figure 2. In the initial stage, glycerol
and hydrogen are fed into the mixer (Mix-02) with
a molar ratio of hydrogen to glycerol of 5:1. Excess
hydrogen is added to inhibit side reactions and
increase the selectivity of the conversion of

glycerol to propylene glycol. The output from the
mixer (Mix-02) is then fed into the conversion
reactor, which operates at a temperature of
490.75 K and a pressure of 4000 kPa, with the
hydrogenolysis process taking place under
controlled conditions to maximize efficiency.

The reactor output, which consists of two
phases, passes through a separator (Sep-01) to
separate excess hydrogen. Hydrogen for recycling
is removed and released as purge gas, which can
be used as fuel if it meets the standards [22]. The
bottom output from the separator is processed
through two distillation columns. The first
distillation column (COL-01) produces air as the
top product, while the bottom product containing
glycerol and propylene glycol is flowed to the
second distillation column (COL-02) to remove
propylene glycol as top product and glycerol as
bottom product.

3.2 Thermodynamic Review

For the determination of the nature of the
reaction (exothermic/endothermic) and the
direction of the reaction (reversible/ irreversible),
it is necessary to calculate the standard heat of
reaction (AH29sx) at 1 bar and 298 K based of
standard heat of formation of the reactants and
products [23].

Chemical reaction:

CsHsO30+H2ae) —CsHsO20+H2O (g

AHgeg = [(AHgpeg CsHsO2q) + AHfyog H2Ogp) -
(AH¢,95 C3HsO30) + AHgpog Ha()] J/mol

AHpyog = [(—421500 + (—241800)) — (—582800 + 0)]
J/mol

AHg,95 = —80500 J/mol

Pu-r;e
‘ Qs
Recycl ‘ C -01
ecycle ety Compre ‘ ng\
Tee-01 Tee-Out Compre-01
High 1
Press. = Top
Glycerol gﬁgg’e Result
Hyd_r;gen \.w'* ———- :]> [ Conversipn
1\ ! Feed + l !
" Mixer-0lf  Recycle Reactor  ( Reactor — — Sep-01
Mixer-02 Iniet, "} HE-01 Sep-01 ;
‘ Q02 = Mixer-03  Inlet HE-01  Inlet v =
; = Q08 _,
SET-1 - Q-04 L e H20
Liquid S°“°|T Out
Phase o8
L\ e— Y
Glycerol ‘Q‘Pump-m F o Q'P 07 - Q08 _,
In k| eed % Pump: High Propylene
- Glycerol T Bottom Glycol
Q-01 for L e coL-01 CoL-01 Ot
Reactor Q-03 4
T -
te® Q09
Glycerol
COL-02 out

Figure 1. Aspen HYSYS simulation of propylene glycol production before modification
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From the above calculations, the values of AHg,qq
are —80500 J/mol. Thus, it can be concluded that
the occurring reaction is exothermic.

Calculation of Gibbs Free Energy at operating
temperature (298 K):

AGgos = [(Gprog CsHsO2) +
(Ggpog CsHsO30) + Grog Ha()] J/mol
AGigyos = [(—304480 + (—228600)) — (—448490 + 0)]
J/mol

AGgygg = —84590 J/mol

Gfaog HZO(g))

Calculation of reaction equilibrium constant at
operating temperature (298 K):

AGigg = —R('}I‘ In Kygg
A
In Kygg == —R?I?S
—84590 J/mol
In K -
1 Boos (8.314- K) x 208K
K298 =6.7268 X 1014

Calculation of reaction equilibrium constant at
reactor temperature (490.75 K):

K490~75 =1.929 X 109

The obtained value of Kygg7s5xfor this side
reaction is 1.929 x 10°. Due the large equilibrium
constant value, the reaction irreversible.

3.2 Process Modification: Increase Mass Flow of
Propylene Glycol

Modified process and its Aspen HYSYS V11
simulation are depicted in Figure 3 and 4,
respectively, while Table S2 presents material
balance and composition of process after
modification. In order to increase mass flow (feed
amount) can be done by recycling the main raw
materials of propylene glycol production by
hydrogenolysis process, namely glycerol. Recycle
glycerol is obtained from the bottom product of
COL-01. These results are presented in Table 2.
Based on the Table 2, recycle of glycerol system
maximize the mass flow of propylene glycol
produced. With the same feed, there is increase
2708 ton/year of mass flow. This mean, it increase
1.3x than before. The feed amount of hydrogen
also increases due to the change in feed amount of

From the modification results, several
internal modifications were obtained in the
process, component have the same composition so
that pure glycerol is obtained for recycling, and it
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Figure 2. Process flow diagram of propylene glycol production before modification

Table 2. Mass flow of propylene glycol production before and after modification

Feed amount (ton/year)

Mass flow of propylene glycol

Treatment Hydrogen Glycerol (ton/year)
Before modification 14,050 12,500 7,304
After modification 15,470 15,310 10,012
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reduce costs production by reusing glycerol at the
end of the process [24].

3.3  Process Modification: Increase Yield of
Propylene Glycol

The results of the process modification show
an increase in propylene glycol yield by recycling
the Dbottom product from Sep-01 containing
glycerol back to the glycerol feed in mix-04. The
process modification applied to the propylene
glycol production simulation involves the addition
of one glycerol recycle flow and adjustment of the
distillation separation sequence from the basic
process flow diagram. The simulation results
using Aspen HYSYS V11, obtained the yield of
Propylene glycol production before and after
modification. These results are presented in Table
3 which illustrates that modifying the process for

propylene glycol production increases the yield
from 70% to 98%. One common modification to
achieve such improvements is the change in the
distillation sequence by separating glycerol in
COL-01 to separate high purity glycerol so that it
can be recycled back into the system as part of the
glycerol feed. The second distillation column
(COL-02) focuses on separating water from

Table 3. Yield of propylene glycol production before
and after modification

Propylene glycol yield

Process %)
Before modification 70
After modification 98
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Figure 3. Aspen HYSYS simulation of propylene glycol production after modification
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propylene glycol, ensuring a higher purity product
that meets industrial specifications. These
improvements demonstrate the importance of
integrating efficient separation processes and
recycling strategies to achieve higher yields,
greater resource efficiency, and more sustainable
chemical production [25].

4. Conclusions

The process of producing propylene glycol
from glycerol has been modified by incorporating
a recycle, valve, cooler, mixer and change the
sequence of distilation column. Recycling glycerol
can increase the mass flow rate production of
propylene glycol from 7304 ton/year to 10012
ton/year and the percentage yield of propylene
glycol in the final product increasing from 70% to
98% with the same feed amount. The
modifications applied to the production process of
propylene glycol through glycerol hydrogenolysis
have proven to be highly effective in optimizing
both yield and production capacity. By
implementing a glycerol recycle system and
change in the distillation sequence, the process
not only maximizes the utilization of raw
materials but also minimizes waste, making it
more cost-effective and sustainable. Such
advancements pave the way for more sustainable
and scalable operations in industrial applications,
making it crucial to conduct a comprehensive
techno-economic analysis to evaluate the
feasibility of large-scale implementation, identify
key cost drivers, and explore potential areas for
cost reduction

CRediT Author Statement

Author Contributions: D.W.A. Arifin:
Conceptualization, Methodology, Investigation,
Resources, Data Curation, Writing, Review and
Editing, Supervision; M.D. Huda:
Conceptualization, Methodology, Formal
Analysis, Data Curation, Writting Draft
Preparation, Visualization, Software, Project
Administration; M.L. Firdaus: Validation,
Writing, Review and Editing, Data Curation; M.S.
Abdat: Investigation, Resources, Writing, Review
and Editing; N.A. Indriani Investigation,
Resources, Writing, Review and Editing,
Validation. All authors have read and agreed to
the published version of the manuscript.

References

(1]

Marchesan, A., Oncken, M., Filho, RM., &

Maciel, M.R.W. (2019). Simulation-based
Analysis of Propylene Glycol Production from
Lactic Acid. Chemical Engineering
Transactions, 74, 733-738. DOI:

10.3303/cet1974123

Okolie, J.A. (2022). Insights on production
mechanism and industrial applications of
renewable propylene glycol. iScience, 25 (9),
104903. DOI: 10.1016/5.is¢i.2022.104903

Seretis, A., & Tsiakaras, P. (2015).
Hydrogenolysis of glycerol to propylene glycol by
in situ produced hydrogen from aqueous phase
reforming of glycerol over Si02-Al1203
supported nickel catalyst. Fuel Processing
Technology, 142, 135-146. DOLI:
10.1016/j.fuproc.2015.10.013

Okolie, J.A., Omoarukhe, F.O., Epelle, E.I,
Ogbaga, C.C., Adeleke, A.A., & Okoye, P.U.
(2023). Biomethane and propylene glycol
synthesis via a novel integrated -catalytic
transfer hydrogenolysis, carbon capture and
biomethanation process. Chemical Engineering
Journal  Advances, 16, 100523. DOI:
10.1016/j.ceja.2023.100523

Liu, Y., Wu, M., Rempel, G.L., & Ng, F.T. (2021).
Glycerol hydrogenolysis to produce 1, 2-
propanediol in absence of molecular hydrogen
using a Pd promoted Cu/MgO/Al1203 catalyst.
Catalysts, 11 (11), 1299. DOI:
10.3390/catal11111299

Jiménez, R.X., Young, A.F., & Fernandes, H.L.
S. (2020). Propylene glycol from glycerol: Process
evaluation and break-even price determination.
Renewable Energy, 158, 181-191. DOI:
10.1016/j.renene.2020.05.126

Kaur, J., Sarma, A K., Jha, M.K., & Gera, P.
(2020). Valorisation of crude glycerol to value-
added products: Perspectives of process
technology, economics and environmental
issues. Biotechnology Reports, 27, e00487. DOI:
10.1016/j.btre.2020.e00487

Zubira, M.A., Zahrana, M.F.I., Zaman, M.,
Shahruddina, K.A.I., & Abd Hamidb, M.K.
(2019). Economic, feasibility, and sustainability
analysis of energy efficient distillation based
separation processes. Chemical Engineering, 72.
DOI: 10.3303/CET1972019

Shukla, G. (2017). Study the Dynamic
Behaviour of Distillation Column with
Fundamental Modeling and Simulation by
MATLAB. Int. J. Eng. Res. Technol, 6, 800-807.
DOI: 10.17577/jertv6is040665

Kartal, F., Sezer, S., & Ozveren, U. (2022).
Investigation of steam and CO2 gasification for
biochar using a circulating fluidized bed gasifier
model in Aspen HYSYS. dJournal of COZ2
Utilization, 62, 102078. DOILI:
10.1016/j.jcou.2022.102078

Copyright © 2024, ISSN: 3032-7059


https://doi.org/10.3303/cet1974123
https://doi.org/10.1016/j.fuproc.2015.10.013
https://doi.org/10.1016/j.ceja.2023.100523
https://doi.org/10.1016/j.btre.2020.e00487
https://doi.org/10.1016/j.btre.2020.e00487

[11]

(12]

(13]

[14]

[15]

[16]

[17]

Journal of Chemical Engineering Research Progress, 1 (2), 2024, 216

Ariyanto, E., Yusmartini, E.S., Robiah, R., &
Ardianto, F. (2024). Simulation Study of
Propylene Glycol Formation from Propylene
Oxide and Water: Effect of Reactor Type,
Reactant Ratio, Temperature, and Reactor
Configuration. IJFAC (Indonesian Journal of
Fundamental and Applied Chemistry), 9(1), 26-
34. DOI: 10.24845/ijfac.v9.11.26

Janosovsky, J., Danko, M., Labovsky, J., &
Jelemensky, L. (2019). Development of a
Software Tool for Hazard Identification Based
on Process Simulation. CET Journal-Chemical
Engineering Transactions, 77. DOLI:
10.3303/CET1977059.

Sun, P., Zhang, W., Yu, X,, Zhang, J., Xu, N,
Zhang, Z., Liu, M., Zhang, D., Zhang, G., Liu, Z.,
Yang, C., Yan, W, & dJin, X. (2022).
Hydrogenolysis of Glycerol to Propylene Glycol:
Energy, Tech-Economic, and Environmental
Studies. Frontiers in Chemistry, 9. DOI:
10.3389/fchem.2021.778579

Liu, L., Cui, Y., Chen, S., & Fang, S. (2020).
Study on thermodynamics of glycerol
hydrogenolysis to high value-added diols. E3S
Web of Conferences, 165, 05003.
https://doi.org/10.1051/e3sconf/202016505003

Gatti, M.,N., Nichio, N.,N., & Pompeo, F. (2022).

Advances for biorefineries: glycerol
hydrogenolysis to  1,3-propylene  glycol.
Reactions, 3(3), 451-498. DOI:

10.3390/reactions3030032

Monteiro, M.R., Kugelmeier, C.L., Pinheiro,
R.S., Batalha, M.O., & Da Silva César, A. (2018).
Glycerol from biodiesel production:
Technological  paths  for  sustainability.
Renewable and Sustainable Energy Reviews, 88,
109-122. DOI: 10.1016/j.rser.2018.02.019

Zhang, F., Wang, Y., Shan, B, Cui, P.,, Wang, Y.,
Zhu, Z., & Xu, Q. (2024). Design and
optimization for the separation of xylene
isomers with a novel double extractants-based
extractive distillation. Journal of Industrial and
Engineering Chemistry. DOLI:
10.1016/j.jiec.2024.05.027

(18]

(21]

Stanbury, P.F., Whitaker, A., & Hall, S.J.
(2016). Design of a fermenter. In Elsevier eBooks
(pp. 401-485). DOI: 10.1016/b978-0-08-099953-
1.00007-7

Song, F., Zhang, N., Smith, R., Zeng, Y., L1,dJ., &
Xiao, X. (2018). Simultaneous Optimization for
Integrated Cooling Water System with
Chemical Processes. In  Computer-Aided
Chemical Engineering (pp. 477-482). DOI:
10.1016/b978-0-444-64235-6.50085-1

Taylor, C.J., Pomberger, A., Felton, K.C.,
Grainger, R., Barecka, M., Chamberlain,
T.W., & Lapkin, A.A. (2023). A Dbrief

introduction to chemical reaction optimization.
Chemical Reviews, 123(6), 3089-3126. DOI:
10.1021/acs.chemrev.2¢c00798

Isac-Garcia, J., Dobado, J.A., Calvo-Flores, F.
G., & Martinez-Garcia, H. (2015b). Lab
Notebook. In Elsevier eBooks. DOI:
10.1016/b978-0-12-803893-2.50002-4

Sinnott, R., & Towler, G. (2008). Chemical
Engineering Design. United States: Elsevier Inc.

Yaws, C.L. (1999). Chemical Properties
Handbook. p. 1-29, 185-211, 288-313. McGraw
Hill Company, Inc., New York.

Oliveira, M., Ramos, A., Monteiro, E., & Rouboa,
A. (2022). Improvement of the crude glycerol
purification process derived from biodiesel
production waste sources through
computational modeling. Sustainability, 14(3),
1747. DOI: 10.3390/su14031747

Margarida, B.R., & Luz, L.F., Jr. (2022).
Reutilization of Crude Glycerol in a Circular
Biodiesel = Production  Process.  Chemical
Engineering Transactions, 92, 445-450. DOI:
10.3303/CET2292075

Copyright © 2024, ISSN: 3032-7059


https://doi.org/10.1016/j.rser.2018.02.019
https://doi.org/10.1016/b978-0-444-64235-6.50085-1
https://doi.org/10.1016/b978-0-444-64235-6.50085-1
https://doi.org/10.3303/CET2292075
https://doi.org/10.3303/CET2292075

