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Solvent extraction is a method implemented with the purpose to recover the remaining oil in spent bleaching
earth. n-hexane is the most commonly used solvent in solvent extraction due to its advantages such as able to
easily extract the oil and can be separated easily with low chances to form emulsions during the extraction
process. Although n-hexane is a good solvent for extraction, n-hexane can easily vaporise to the surroundings
due to its volatility making it a threat to human health and environment due to its high toxicity and high
flammability characteristics. N-hexane should be replaced with greener solvents in term of safety and
environmental impacts. This paper aims to evaluate the inherent safety of the solvents designed by the
previous work involving three new solvents which are cyclohexane, 2-pentanone and isopropyl acetate and
compare it with the existing solvent which is n-hexane. The inherent safety assessment of these solvent were
done using the Numerical Descriptive Inherent Safety (NuDIST) technique. In this technique, scores are
assigned to each solvent according to their inherent safety level in term of three parameters. The parameters
involved are flammability, explosiveness and toxicity. In NuDIST, higher scores indicate higher hazard and is
not preferable compared to lower scores. According to the assessment done, cyclohexane is the least
hazardous solvent with CSTS of 191.53 while n-hexane is evaluated as the most hazardous solvent with
CSTS of 198.32. Inherent safety assessment done between cyclohexane and n-hexane using the NuDIST
method indicates cyclohexane as the inherently safer choice than n-hexane. This further supports the result
produced by the previous work which indicates cyclohexane as having more promising properties as a solvent
in order to extract palm oil in spent bleaching earth compared to n-hexane.

1. Introduction

Inherent safety can be defined as the concept of preventing hazards during the design stage of a process.
There are four inherent safety principles that can be used in order to achieve hazard reduction or elimination
in plant design (Crowl and Louvar, 2011). The first principle is intensification or also known as minimisation
through usage of substance in smaller quantities in operating the plants which also reduces the inventory of
hazardous materials. For example, intensification can be done through the use of small continuous reactor
instead of large batch reactor or inventory reduction of hazardous raw material. The second principle is
substitution. Substitution can be done by replacing hazardous materials to safer materials for hazard reduction
for example to use less hazardous solvents instead of hazardous solvents. The third principle is attenuation
which refers to hazardous materials operated under less hazardous materials for example to reduce operating
temperature and pressure or to reduce boiling point through the use of vacuum. The fourth principle is
simplification. Simplification can be done by designing equipment with the target to minimise failures. Noted
examples that can be done in simplification is to design easy to use control panels, to design plants with easy
and safer maintenance or to choose equipment with low failure rates.

The focus of this paper is to further discuss one inherent safety principle which is substitution of hazardous
materials to safer materials. Typical examples of materials substitution are to use solvents that are less toxic,
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to use water as a heat transfer fluid instead of hot oil as well as to use chemicals with higher flash points,
boiling points, and other less hazardous properties.

Material design can be done through two methods which are experimental and computational methods (Klein
et al., 1992). Experimental method is costly and time-consuming while computational method is much more
preferable due to its ability to quickly design the needed material and only the promising solvents need further
verification experimentally.

One notable means of substitution is material design using the Computer-aided Molecular Design (CAMD).
CAMD is used to determine the identity of molecule or molecular structure formed according to the defined set
of target properties and chemical building blocks (Ten et al., 2017). CAMD is suitable to be used in designing
safer chemicals with suitable target properties to the intended process that will not reduce the quality of the
product.

Karunanithi et al. (2006) presented a CAMD framework to design and choose solvents for crystallisation
solution. The chosen solvent was then verified using the experimental verification work (Karunanithi et al.,
2007). Ten et al. (2017) applied CAMD approach in designing molecules with specified target properties and
advantageous safety and health characteristics. New alternative solvents to replace the commonly used
solvents in the post combustion carbon capture process in power plants were also designed using the CAMD
(Ahmad et al., 2018). Potential solvents designed were then evaluated for their performance in term of energy
required for solvent regeneration. Khor et al. (2017) used CAMD in identifying replacement solvents with the
most suitable attributes in recovering residual oil from palm pressed fibre in the palm oil mill industry. CAMD
was used in designing solvents with environmental impact consideration during the extraction and recovery
process (Ooi et al., 2018). This work formulates CAMD with the inclusion of molecular properties that will
affect the quantitative assessment of the environmental impact of a process. Solvents produced using this
approach has the ability to improve overall environmental characteristic of a process with better performance
balance for a set of predefined properties.

Yunus et al. (2018) designed new solvent in order to substitute n-hexane in extracting oil from spent bleaching
earth using Computer-Aided Molecular Design (CAMD). Various efforts were conducted in order to recover the
remaining oil in spent bleaching earth including solvent extraction. n-hexane is the most commonly used
solvent in solvent extraction. According to Yunus et al. (2018), n-hexane is able to easily extract the oil due to
the polarity of the oil molecule making the oil to be easily attracted to the solvent. N-hexane can be separated
easily with low chances to form emulsions during the extraction process. Although n-hexane is a good solvent
for extraction, it is highly flammable as well as very toxic for human and the environment. Besides, n-hexane
can easily vaporise to the surroundings due to its volatility. N-hexane should be replaced with greener
solvents in term of safety and environmental impacts.

Yunus et al. (2018) found that cyclohexane has promising properties to replace n-hexane as a solvent in
extracting palm oil in spent bleaching earth. Cyclohexane has less impact on human health and the
environment compared to n-hexane. In addition, cyclohexane was also found to be more attractive in term of
economic aspect compared to n-hexane.

This paper is an extension to the previous work done by Yunus et al. (2018) with the aim to perform inherent
safety assessment to the solvent alternatives for palm oil recovery designed by Yunus et al. (2018). Inherent
safety assessment on the solvent alternatives is important in order to identify the hazard level posed by the
solvents in term of fire, explosion and toxic release accidents. The inherent safety assessment of solvent
alternatives was done using the Numerical Descriptive Inherent Safety (NuDIST) technique (Ahmad et al.,
2014) in order to observe their inherent safety level. This technique was also applied in designing chemical
processes (Ahmad et al., 2013) as well as in the production of biodiesel (Ahmad et al., 2016) indicating its
suitability and flexibility to be used for various types of process including solvent assessment.

2. Application of the NuDIST for inherent safety assessment of solvent
2.1 Solvent chosen for assessment

There are three solvents designed by Yunus et al. (2018) taken for inherent safety assessment which are
cyclohexane, 2-pentanone and isopropyl acetate. These solvents were compared to n-hexane in term of
inherent safety parameters.

2.2 Inherent safety parameters involved

There are three parameters involved in evaluating the inherent safety of the solvents using the NuDIST
technique which are flammability (FL), explosiveness (EXP) and toxicity (TOX).

The flash point value of a chemical is used to determine the flammability hazards of a chemical in most
inherent safety assessment technique. The flash point of a liquid is defined as the lowest temperature at which
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it emits enough vapor to form an ignitable mixture with air (Crowl and Louvar, 2011). Thus, liquids with lower
flash points are more hazardous than liquids with higher flash points.

As for the explosiveness parameter, the tendency of chemicals to form an explosive mixture in air (also known
as explosiveness) depends on the range between explosion limits (Heikkila, 1999). Below the Lower
Explosion Limit (LEL), the mixture is too lean to burn while the mixture is too rich for combustion above the
Upper Explosion Limit (UEL) (Crowl and Louvar, 2011). Thus, wider range between LEL and UEL indicates a
higher tendency for an explosion.

One indicator that can be used in determining the toxicity of a chemical established by the American
Conference of Governmental Industrial Hygienists (ACGIH) is called threshold limit values (TLVs). In this
method, threshold limit values for short-term exposure limit (TLV-STEL) are used, which is more significant for
an acute toxicity type of event. A lower TLV-STEL value for a chemical indicates a larger toxicity hazard
compared to a chemical with a higher TLV-STEL value. In this method, a higher score represents higher
hazard imposed by the chemicals as a chemical with a lower TLV-STEL value is more hazardous than a
chemical with a higher TLV-STEL value.

2.3 Methodology

Figure 1 shows the methodology flowchart of this work. This work begins with data collection of data needed
for inherent safety evaluation for example the flash point, upper and lower explosion limits and the TLV-STEL
value for toxicity. The next step is to apply the gathered values into the logistic equations in order to produce
flammability, explosiveness and toxicity score. Then, flammability, explosiveness and toxicity scores are
added together to produce a single Chemical Safety Total Score (CSTS) representing each solvent. Lastly, an
analysis of the scores is done in order to conclude the assessment.
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Figure 1: Methodology Flowchart
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2.3.1 Data collection

There are three values that need to be gathered for each solvent in order to complete the inherent safety
assessment which are flash point, upper and lower explosiveness levels and TLV-STEL values. Table 1
shows the values collected from the literatures for each solvent.

Table 1: Parameter values of each solvent

Solvent Flash Point Upper Explosion Limit Lower Explosion Limit TLV-STEL
S (UEL) (%) (LEL) (%) (ppm)
Cyclohexane -18.15 8 13 300
2-pentanone 7.22 8.2 15 250
Isopropyl acetate 4.44 7.2 1.8 200
n-hexane -21.65 7.5 1.2 150

2.3.2 Scoring of each parameter value

Parameter values tabulated in Table 1 were applied to the logistic equation of NuDIST scoring as shown in
Table 2. Flash point and TLV-STEL values were simply inserted into Eq(1) and Eq(3). However, the UEL
values need to be subtracted with the LEL values producing UEL-LEL values. The UEL-LEL values were then
inserted into Eq(2). Detailed explanation can be found in the published works by Ahmad et al. (2014). The
score produced for each parameter values are shown in Table 3.

Table 2: Logistic equation of NuDIST scoring

Parameter Parameter Values Needed Logistic Function Eguatlon
Flammability L B 1

) Flash Point (°C) SeL = 100 x (1— (71 — 036_0.02)()) (1)
Explosiveness Lower and Upper Explosion oo = 100 x( 1 ) 2
(SEXP) Limit (%UEL-%LEL) EXP = 17 1096.630-01%

Toxicity 1

(STOX) TLV-STEL (ppm) Stox = 100 x (1~ (1 + 403.4288e—0-012X)) 3)

2.3.3 Calculation of total score

The scores produced for all three parameters are then added together to produce one unique score
representing each solvent called the Chemical Safety Total Score (CSTS) as shown in Eq(4) where Sk, Sexp
and Stox are the scores for flammability, explosiveness and toxicity parameters.

CSTS = SrL+ Sexp + Stox 4)

3. Results and discussion

Table 3 shows the scores produced for each parameter values. As mentioned previously, higher score
indicates higher level of hazard. In term of flammability parameter, isopropyl acetate as the most hazardous
solvent in term of flammability with SFL of 99.73 followed by 2-pentanone, cyclohexane and n-hexane with
SFL of 99.71, 99.62 and 99.58. This indicates that, cyclohexane and n-hexane as safer in term of flammability
compared to isopropyl acetate and 2-pentanone.

Isopropyl acetate is regarded as safer compared to n-hexane, cyclohexane and 2-pentanone with SEXP of
0.19, 0.22, 0.23 and 0.23. This indicates n-hexane, cyclohexane and 2-pentanone as more hazardous in term
of explosiveness compared to isopropyl acetate.

As for toxicity parameter, n-hexane is the most hazardous solvent with STOX of 98.52 followed by isopropyl
acetate and 2-pentanone with STOX of 97.34 and 95.26 while cyclohexane is the least hazardous with STOX
of 91.68. This indicates n-hexane, isopropy! acetate and 2-pentanone as more hazardous in term of toxicity
parameter.

Results tabulated in Table 3 illustrate the level of hazard posed by each solvent if either fire, explosion or toxic
release accidents occur as a standalone accident. In term of standalone accidents, cyclohexane is deemed to
be the least hazardous choice in toxic release hazard reduction while n-hexane and isopropyl acetate is
deemed as the least hazardous in term of fire and explosion accidents.
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Table 3: Scores produced for each parameter value

colvent Flash Point SFL _ UEL _ LEL  UEL.LEL SEXP TLV-STEL _ STOX
(°C) (%) (%) (%) (ppm)

Cyclohexane -18.15 9962 8 13 67 023 300 91.68

2-pentanone  7.22 9971 82 15 6.7 0.23 250 95.26

Isopropyl 4.44 9973 72 18 54 0.19 200 97.34

acetate

n-hexane  -21.65 9958 75 12 63 0.22 150 98.52

However, Gupta and Edwards (2003) pointed out that any fire and explosion accidents occur are usually
followed by toxic release, due to leakage as the accidents happen. The CSTS was calculated for each solvent
to illustrate the combination of fire, explosion and toxic release accidents. Table 4 shows the CSTS produced
for each solvent.

Table 4: CSTS score produced for each solvent

FL EXP TOX CSTS Rank
Solvent

Score  Score Score
Cyclohexane 99.62 0.23 91.68 191.53 1
2-pentanone 99.71 0.23 95.26 195.20 2
Isopropyl 99.73 0.19 97.34 197.26 3
acetate
n-hexane 99.58 0.22 98.52 198.32 4

Rank 1 - Least Hazardous, Rank 4 - Most Hazardous

According to Table 4, cyclohexane is the least hazardous solvent with CSTS of 191.53 followed by 2-
pentanone and isopropyl acetate with CSTS of 195.20 and 197.26 while n-hexane is evaluated as the most
hazardous solvent with CSTS of 198.32. If a combination of fire, explosion and toxic release occur,
cyclohexane is deemed as the least hazardous solvent compared to the other solvents. This further supports
the results produced by Yunus et al. (2018) which indicate cyclohexane as having more promising properties
as a solvent in order to extract palm oil in spent bleaching earth compared to n-hexane.

There is one limitation of this work that can be identified. This work only focused on assessing the solvents in
terms of inherent safety parameters. Inherent safety assessment evaluates the solvents in term of maximum
hazards inflicted by the solvents to the workers. Furthermore, inherent safety assessment mostly focused on
identifying hazards that can cause accidents. As an example, flammability parameter is used to evaluate the
potential of the solvents to cause fire accident while explosiveness and toxicity parameters focused in
identifying the solvents’ potential to cause explosion and toxic release accidents. However, it is not
comprehensive in order to illustrate the risk of the solvents in term of health and environment. Thus, it is
recommended for future study for the alternative solvents as well as n-hexane to be assessed in term of
inherent health and environmental parameters. Inherent health assessment includes parameters such as
occupational exposure limit in its evaluation. This assessment focuses on assessing the solvents in term of
the riskiest situation for the workers to get maximum exposure to hazardous substances. Meanwhile,
environmental assessment is also crucial in order to determine the solvents’ potential in term of the largest
impact to the environment if any leakage of the solvents occur especially if any of the accidents mentioned
previously occur. Thus, additional assessment on health and environment impact need to be done on n-
hexane and the alternative solvents for comprehensive insights on the hazard, health risk as well as
environmental impacts of the solvents.

4. Conclusions

In conclusion, an inherent safety assessment was done on n-hexane and three new solvents designed in the
previous work which are cyclohexane, 2-pentanone and isopropyl acetate. The inherent safety assessment
was done using the Numerical Descriptive Inherent Safety (NuDIST) technique focusing on three parameters.
The parameters involved are flammability, explosiveness and toxicity. According to the assessment done,
cyclohexane is the least hazardous solvent with CSTS of 191.53 while n-hexane is evaluated as the most
hazardous solvent with CSTS of 198.32. The inherent safety assessment done using the NuDIST further
supports the argument made by the previous work which indicates cyclohexane as having more promising
properties as a solvent in order to extract palm oil in spent bleaching earth compared to n-hexane. Inherent
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safety assessment as done in this work evaluates the solvents in term of maximum hazards inflicted by the
solvents to the workers. Thus, it is recommended for future study for the alternative solvents as well as n-
hexane to be assessed in term of inherent health and environmental impacts. Inclusion of inherent health
assessment and environmental impact assessment with inherent safety assessment in deciding the best
solvents to recover the remaining oil in spent bleaching earth will provides more insights on the maximum
hazard as well as maximum exposure and environmental impacts brought by the solvents towards the
workers, nearby residents as well as the environment.
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