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Abstract

Treated effluents from a pharmaceutical industry were analysed using purge and trap
coupled with gas chromatography-mass spectrophotometry to determine the presence of
organic solvents. Solvents such as dichloromethane, chloroform, toluene, tetrahydrofuran
and chlorobenzene were detected. A health risk assessment study using both the determin-
istic method and a probabilistic approach by Monte Carlo simulations were then carried
out on children, adults and pregnant women considering oral ingestion, dermal contact and
fish intake as the exposure routes. Among the various categories of receptors considered,
the results obtained by both methods revealed that children are more sensitive followed
by pregnant women, since their total hazard index (HI,, ) e€Xceeded the safe exposure
limit for non-carcinogens. It is also evidenced that oral and dermal contact are the crucial
routes of exposure among children, adults and pregnant women. The fish intake had the
minimal impact on all receptors, which might be due to the lesser affinity of these solvents
to sorb onto fish tissues. Cancer risk because of dichloromethane and chloroform exposure
was found to be negligible (2.8x10® for children, 1.3x107 for adults, 3.9x107 for preg-
nant women) since the computed risk was well below the acceptable range (10 - 10%).
The total non-carcinogenic risk calculated from the probabilistic approach exceeded the
deterministic approach by 1.9 times, 1.02 times, 1.8 times for children, adults and pregnant
women, respectively. This might be due to incorporating lower values among the possible
range for the parameters involved during deterministic risk assessment.

Keywords Risk assessment - Monte Carlo simulation - Hazard Index - Solvents -
Pharmaceutical industry

Article highlights

e Carcinogenic and non-carcinogenic solvents were found in pharmaceutical effluent
o Health risk assessment on children, adults and pregnant women were studied

o Non-carcinogenic risks were likely to occur in all receptors as Hazard Index was >1
o Oral ingestion and dermal contact were found to be the critical exposure routes

o No health concerns due to carcinogenic solvents were observed
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1 Introduction

Solvents play a significant role in the manufacturing and synthesis operations of pharma-
ceutical industry to develop different medications such as tablets, syrups, and injectables.
As the quantity of solvents required for production is very high compared to other raw
materials, their risk to the ecosystem and human health is of great concern. Many reports
have pointed out the consequences caused either due to the ingestion, inhalation, or physi-
cal contact with solvents (Lee et al. 2002; Yang et al. 2007; Fan et al. 2009; Guyton et al.
2014). Solvents cause liver toxicity, asthma, genetic disorders, and skin irritations in
humans and also affect the cell membrane and lung capacity (Rees et al. 1993; Ukai et al.
1994; Vandenplas et al. 2013; Carder et al. 2019). The magnitude of these impacts varies
depending on their toxicity, persistency and bioaccumulative characteristics (Wong et al.
2012; Sorengard et al. 2019; Rudel et al. 2020). Researchers have concentrated their stud-
ies on the detection, quantification, removal and recovery of solvents from water or waste-
water (Agrawal et al. 2011; Ramirez et al. 2011; Modla and Lang 2012; Garcia et al. 2013;
Girish and Murty 2015; Pitiriciu and Tansel 2021).

Even though regulatory bodies have mandated the industries to treat their effluents
before discharge, various research studies have still identified the presence of these con-
taminants in the aquatic environment. This is mainly because most of the existing treat-
ment plants are unequipped to remove these toxic pollutants (LuoY et al. 2014; Blum et al.
2017; Gago-Ferrero et al. 2017; Noutsopoulos et al. 2020).

Though several studies have addressed the impacts of solvents, no significant research
work has focused on the possible adverse effects on health due to the exposure of solvents
to various receptors when present in trace amounts in water bodies. Also, maximum con-
taminant levels for most solvents are not defined in any drinking water standards. So, there
is an ambiguity among industries to define the limit of residual solvent concentration in
their treated effluents. Even though a trace amount of residual solvent concentration is pre-
sent in water bodies, the impact of these solvents on the receptors can be alarming.

Human health risk assessment plays a significant role in quantifying the risk from chem-
ical exposure, thereby defining permissible limits for contact and any remedial strategies
for the contaminated site. European Union Directive 92/32/EC and European Commission
Council Regulation 793/93 have mandated a risk assessment for new and existing chemi-
cals, respectively. Since 1970, the US EPA has practised risk assessment studies on pes-
ticides, organic solvents and other chemicals (Kanwar 2018). Two approaches are widely
used for health risk assessment: the deterministic approach and the probabilistic approach.
The probabilistic risk assessment approach is generally preferred over the deterministic
approach as the latter involves a high degree of variability since it considers constant val-
ues for the parameters of concern (Bruce et al. 2007; Kaur et al. 2020).

Till date, many researchers have carried out human health risk assessments in diversi-
fied fields such as heavy metals (Alidadi et al. 2019; Hu et al. 2019; Ghosh et al. 2020;
Guleria and Chakma 2021; Orosun 2021; Shokoohi et al. 2021), polyaromatic hydrocar-
bons (Bruce et al. 2007; Wu et al. 2011; Rajasekhar et al. 2018; Shi et al. 2020; Ofori
et al. 2021), fluorides and nitrates in groundwater (Narsimha and Sudarshan 2017; Kaur
et al. 2020; Rishi et al. 2020; Singh et al. 2020), occupational exposure to volatile organic
solvents (Akdeniz et al. 2013; Banton et al. 2019), groundwater quality (Raju and Singh
2017), inhalation risk in workers (Liao et al. 2010; Wang et al. 2013a) and pharmaceuti-
cals (Kumar et al. 2010; Srinivasan et al. 2021) considering infants, children and adults
as receptors. Also, many researchers have approached the risk assessment studies using
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uncertainty-based techniques (Bakhtavar et al. 2021; Karunathilake et al. 2020). But stud-
ies on the health risk of solvent exposure on pregnant women as potential receptors have
not been carried out.

Thus, the present study on human health risk assessment due to solvent exposure from
pharmaceutical industrial effluent is focused on: (1) determining the presence of vari-
ous organic solvents in the treated effluent from a pharmaceutical industry; (2) estimat-
ing human health risk due to residual solvent in water bodies by both the deterministic
approach and the probabilistic approach; (3) identifying the most sensitive receptors
among children, adult and pregnant women when exposed to a solvent contaminated sur-
face water; and (4) determining the critical exposure pathway among the various possible
exposure routes. The outcome shall provide a comprehensive outlook on the human health
risk due to the presence of solvents in water, which can help in adopting managerial deci-
sions for abating pollution.

2 Materials and Methods

In a risk assessment study, various stages are involved, namely, hazard identification, expo-
sure assessment, toxicity analysis and risk quantification (US EPA 2004). The hazard iden-
tification stage detects the contaminant of concern in the study area. Exposure assessment
identifies the mode of entry of contaminants into human body through: (a) oral intake of
contaminated drinking water; (b) through dermal absorption; (c) inhalation of volatile or
semi-volatile contaminant vapours; and (d) fish intake (US EPA 1989; IPCS 2010). Toxic-
ity assessment analyses the body’s response to either alter or retain or eliminate the frac-
tion of a contaminant entering the body. The response can either be acute, subchronic, or
chronic, depending on the exposure duration and contaminant concentration. Risk quan-
tification is the final stage in which carcinogenic and non-carcinogenic risks are calcu-
lated from all possible exposure pathways (US EPA 2004). Fig. 1 shows the framework of
human health risk assessment.

2.1 Sample Collection and Analysis

Samples of effluent from the outlet of the wastewater treatment plant of a pharmaceutical
industry in Vishakhapatnam city, Andhra Pradesh State, India were collected and analysed
to examine the presence of various volatile organic components. Effluent along with its
duplicate were collected in 1-L amber bottles up to their brim. The bottles were rinsed with
methanol and Milli-Q water prior to the sample collection. The collected samples were
stored at 4 °C till analysis. Purge and trap (PT) coupled with gas chromatography-mass
spectrophotometry (GCMS) operated in splitless injection mode with a column tempera-
ture of 250 °C and carrier helium gas flow rate of 1 mL min~' was used to detect the vola-
tile compounds present in the effluent. The samples were analysed as per US EPA method
5030C (US EPA 2003). The details of the operating conditions for estimating the samples
are listed in Table 1. The compounds were detected based on the retention time (RT in
min) and mass spectra obtained. PT purges the volatiles from the aqueous media to the gas-
eous phase, and then, they are trapped onto the adsorbent, usually Tenax, silica gel, acti-
vated charcoal, or carbon molecular sieve (Sparkman et al. 2011). The trap is then heated
to desorb the volatiles and then injected to GCMS for detailed analysis. This helps in ana-
lysing the compounds with a lower boiling point.
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Fig. 1 Framework of human health risk assessment

Table 1 Operating conditions

used in purge and trap analysis
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Non-carcinogenic risk
HQ>1
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Parameter Value
Sample volume 5SmL

Valve oven temperature 140 °C
Transfer line temperature 140 °C
Sample Mount temperature 90 °C
Sample vial temperature 20 °C
Standby flow 10 mL/min
Sweep sample time 0.25 min
Sweep sample flow 100 mL/min
Purge time 9 min

Purge flow 40 mL/min
Purge temperature 20 °C

Dry purge flow 100 mL/min
Desorb preheat temperature 245 °C
Desorb time 2 min
Desorb temperature 250 °C
Bake time 2 min

Bake flow 200 mL/min
Bake temperature 280 °C
Injection time 1 min
Injection temperature 180 °C
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2.2 Human Health Risk Assessment

The risk assessment due to solvent exposure is determined on the exposed population clas-
sified as children, adults and also on pregnant women, based on the models provided by
the US EPA (2000, 2001, 2004). Since the waste solvents enter the water bodies, the main
exposure routes are ingestion (drinking water, accidental intake during bathing), dermal
contact (bathing, swimming, fishing etc.) and fish intake. Though the concentration of sol-
vents present in water bodies is in trace amount, their impact on the receptors can be alarm-
ing, particularly in children and pregnant women. Till now, very few studies have addressed
pregnant women as potential receptors. In humans, the gestation period is 40 weeks or 280
days, which is considered as exposure frequency in pregnant women. Exposure duration
refers to the duration over which the exposure towards the contaminant is assessed, and in
case of pregnant women, it is examined for a duration of 10 months (0.83 years).

Table 2 provides the parametric values used in calculating the risk via the deterministic
approach. The equations that are used to calculate the dose due to various exposure routes
to receptors are briefly explained as follows: Daily intake (DI) due to ingestion is calcu-
lated based on the following equation (US EPA 2001):

C; xIR; X ED x EF x RBA
BW x AT

DIoral =

(D

where C; = solvent concentration (mg/L) in water, IR, = ingestion rate (L/day), ED =
exposure duration (years), EF = exposure frequency (days/year), BW = body weight (kg),
AT = averaging time (days), RBA= relative bioavailability.

Relative bioavailability refers to the fraction of chemical dose that finally reaches the
human body to trigger a response. It is an important parameter in risk assessment to iden-
tify the potential hazard (Orosun 2021). As per US EPA (1989), bioavailability can assume
the value of 1 in oral ingestion considering the bioavailability of solvent to be the same as
in water medium.

Daily intake can also occur through dermal contact either by skin absorption dur-
ing bathing or swimming. For organic compounds, the dermal risk is calculated by the

Table 2 Values of exposure parameters used in deterministic approach

Parameters Units Children Adults Pregnant women Reference
Body weight kg 15 70 70.4 Jimenez-Oyola et al. (2021);
Injection rate L/day 0.09 0053 1.1 Ershow et al. (1991);
Santacruz et al. (2010)
Fish intake g/day 0.200 0.100 127 Kortei et al. (2020) ;
Lando et al. (2012)
Exposure Frequency  days/year 350 350 280 US EPA (2001)
Jukic et al. (2013)
Exposure Duration Years 6 30 0.83 Jimenez-Oyola et al. (2021);
Skin surface area cm? 7280 23000 16200 Collier (2007)
Event frequency events/day 1 1 1 US EPA (2004)
Fraction of skin in - 1 1 1 US EPA (2004)
contact with water
Event duration h/event 0.33 0.25 0.25 US EPA (2011)
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following equations as given by the US EPA (2004) by taking into consideration the event
duration, lagtime per event and the fraction of water absorbed onto the skin:

DA X EV X ED X EF X SA

event

DIdermal = BW x AT (2)
where
6X7T Xt
DA yope = 2 X FAX K, X C; X 4/ (4) , SINCE toyen, < t * 3)
T
The time required to attain steady state is:
tx=2.4X% tevent 4)

where Kp = skin permeation coefficient (cm/h), FA = fraction of skin in contact with
water (unitless), SA = area of the exposed skin (cm?), EV = frequency of the event (events/
day),

Tovent = lagtime per event (h/event), t.., = event duration (h), t*= time to reach steady-
state (h). The chances are there for these solvents to sorb onto fish tissues which mainly
depend on the properties of the chemicals such as water solubility as well as the biocon-
centration factor. The daily intake due to fish consumption can be calculated as (US EPA
2000):

C, x BCF X IR, x ED x EF

DI, =
fish BW x AT

(&)

where BCF = bioconcentration factor (L/kg), IR, = fish intake rate (kg/day), AT = aver-
aging time (days), which in case of non-carcinogens, are averaged over its exposure dura-
tion (ED) and for carcinogens it is averaged over lifetime:

AT =ED x 365 (6)

non carcinogens

AT =70 years = 70 X 365 = 25550 days (7

carcinogens

The associated risk is calculated by multiplying the estimated daily intake with cancer
slope factor (CSF) for carcinogens, whereas for non-carcinogenic solvents, the reference
dose (RfD) is taken into account for computing the risk. The reference dosage and cancer
slope factor, which are contaminant and exposure path specific, are obtained from the US
EPA’s Integrated Risk Information System (IRIS 2019) and Risk Assessment Information
System (RAIS 2019) database.

The solvents for which the associated skin absorption reference dose is not available
from the database, it is derived from their oral reference dose based on the Eq. (8) as given
by Fallahzadeh et al. (2018):

RfDdermal = RfDoral X ABSgi (8)

where ABS,; = intestinal absorption factor.

Non-carcinogenic risk, referred to as hazard index (HI) and carcinogenic risk (CR) are
calculated using the following Egs. (9) and (10), respectively, for each exposure pathway
(US EPA 1989). HI estimates the total possible non-carcinogenic risk through different
exposure pathways due to multiple solvents. When HI is greater than 1, it indicates the
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possibility of non-carcinogenic risk, and when HI is less than 1, it shows no risk due to
chemicals on receptors (Pirsaheb et al. 2021; Guo et al. 2019; Guerra et al. 2012; US EPA
2000):

HI = DI/RfD 9)
CR = DI x CSF (10)
Total risk for receptors from all the exposure routes can be determined by:
HIT = HIoral + HIdermal + HIfish intake (1 1)
CRT = CRorz\l + CRdermal + CRfish intake (12)

where HI; and CRy refer to the total hazard index and total cancer risk, respectively, due
to solvent exposure.

The EPA guidelines have demarcated the acceptable range of CRy within 10 to 10
excess lifetime cancer risk and for non-carcinogens, the acceptable HI; should be below 1
(Guerra et al. 2012; US EPA 2000).

2.3 Uncertainty Analysis Using Probabilistic Approach

The point approach (deterministic method) involves uncertainty since constant values are
taken for the parameters during risk assessment which could be the higher values among
the possible range (Kaur et al. 2020). In the probabilistic approach of risk assessment, con-
sidering the variability involved in the parameters of interest, the parameters are analysed
using the best fit distribution, with all the possible values for the exposure parameters by
Monte Carlo simulations with 10000 iterations using MATLAB 2020. The input variables
vary during each iteration and a new value is assigned so as to find the risk in each subpop-
ulation, thus incorporating elements of randomness during the analysis (Clemens 1996).
The input variables used in the study are shown in Table 3. In pregnant women, the mini-
mum gestation period is taken from 29 weeks and five days to a maximum gestation period
of 40 weeks and four days (Jukic et al. 2013).

3 Results and Discussion
3.1 Solvent Detection from Wastewater

Solvents identified through purge and trap coupled with GCMS are the dichloromethane
(DCM), chloroform, toluene, tetrahydrofuran and chlorobenzene. Among these solvents,
dichloromethane and chloroform are classified as likely to be carcinogenic by the US EPA
(2005), while the other solvents are non-carcinogens as per the International Agency for
Research on Cancer (IARC). Permissible limits for these solvents, as reported by WHO
(2017) drinking water standards, are for dichloromethane 0.02 mg/L, for chloroform 0.3
mg/L, and for toluene 0.7 mg/L. However, maximum contaminant levels for tetrahydro-
furan and chlorobenzene are not provided in drinking water standards. The presence of
solvents in water bodies has also been reported by the Changing Markets Foundation
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Table 4 Concentration of

solvents in surface water Solvents COI}CCH_
tration
(ng/L)
Dichloromethane 874
Chloroform 324
Toluene 32300
Tetrahydrofuran 525
Chlorobenzene 1780

Source: Changing Markets Foundation report (2018)

(2018). Table 4 shows the concentration of solvents in water. The properties of the solvents
and their reference doses are listed in Table 5. Throughout this paper, the concentration
reported by the Changing Markets Foundation (2018) is taken for the risk assessment.

3.2 Hazard Identification

The risk assessment of both carcinogenic and non-carcinogenic solvents was examined
deterministically and probabilistically to study their health impacts when the solvents were
exposed through oral, dermal and fish uptake. These are discussed in later sessions with
their intake in mg/kg day.

3.2.1 Deterministic Approach

Carcinogenic as well as non-carcinogenic risk assessment due to solvent exposure on
human health was estimated by the deterministic method, and the risk associated with each
exposure pathway is shown in Table 6. The risk of developing non-carcinogenic impacts on
health in children for a period of 6 years due to ingestion of water was found to be 2.84 and
10.8 by dermal contact, whereas the risk is negligible due to fish intake. Both oral and der-
mal risk exceeds the threshold value of 1 for the hazard index defined by US EPA (2000).
Children have been found to be more susceptible to the risk, with the critical route of expo-
sure being oral ingestion and dermal contact. Oral ingestion is the crucial route of exposure
among pregnant women since their ingestion rate during pregnancy is higher to meet the
growing baby’s demand. The risk of developing cancer in children, adults and pregnant
women through all the exposure routes was found to be within the acceptable range of 10
to 10®, which indicated that carcinogenic solvents would not cause any significant health
impact.

3.2.2 Probabilistic Approach

The assessment was carried out for three population clusters: children, adults and pregnant
women taking into account all the demographic variability using Monte Carlo simulations.
Monte Carlo simulation is an iterative procedure where input variables vary during each
iteration. Here the input parameters were provided as distributions and the output was pre-
sented as distribution of risk. Probability distributions are a more accurate way of explain-
ing uncertainty in variables during a risk analysis (Maxwell et al. 2021; Orosun et al.
2020). The percentile values obtained through the probabilistic approach which pointed
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Table.6 Assessed values of risk Receptors Oralrisk  Dermal risk Risk due to  Total risk
on children, adults and pregnant fish intake

women due to solvent exposure
by deterministic approach

Hazard index for non-carcinogenic risk assessment

Children 2.84 10.8 0.06 13.7
Adult 0.36 6.4 6.8x10° 6.8
Pregnant women 5.91 3.57 0.68 10.16
Carcinogenic risk assessment

Children 581x10° 3.26x10°  1.9x107  9.3x10°
Adult 7.34x107  1.92x10°  2x10°® 2.7x10°®

Pregnant women 1.7x10°®  1.5x107 2.8x107  2.1x10°

1200 Non-carcinogenic oral risk in children 300 Non-carcinogenic dermal risk in children
Sth percentile = 1.1 -
1000 50th pereentile = 1.3 700 Sth percenlll_e =0.6 1
90th percentile = 8.1 50th percentile - 0.9
95th percentile =13 600 90th percentile = 8 1
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£ 800 =3
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S <
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g E]
= S 300
& 400 £
200 1
200 1
100 1
0 0
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30
Hazard Index Hazard Index
(a) Oral ingestion (b) Dermal contact
Non-carcinogenic risk in children due to fish intake Total non-carcinogenic risk in children
700 700
600 5Sth percentile = 0.002 600 5th percentile = 2.1
50th percentile = 0.004 50th percentile = 5.1
90th percentile = 0.06 90th percentile = 15.5
= 500 95th percentile = 0.1 . 500 95th percentile = 26.8
Z E
< 400 S 400
z
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H
~
200
100 100
0 alen 0 o
0.05 01 0.15 0.2 0.25 0 5 10 15 20 25 30 35 40 45 50
Hazard Index Hazard Index
(c) Fish intake (d) Total risk

Fig.2 Non-carcinogenic risk assessment in children due to a Oral ingestion, b dermal contact, ¢ Fish
intake, and d Total risk

from a minimum to an extreme range of scenarios where the 5™ percentile represents mini-
mum or least risk scenario and the 95™ percentile is the worst or extreme risk scenario.

Non-carcinogenic Risk Assessment The probability distribution of various exposure
routes for non-carcinogenic solvents is shown in Figs. 2, 3 and 4, along with their percen-
tile values (5™, 50, 90, 95™).,
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Non-carcinogenic oral risk in adults 250 Non-carcinogenic dermal risk in adults
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Fig. 3 Non-carcinogenic risk assessment in adults due to a Oral ingestion, b Dermal contact,
¢ Fish intake, and d Total risk

It was found out that the 95" percentile values for children and adults were 13 and 4.5
for oral ingestion, 13.4 and 2.4 through dermal contact and 0.1 and 0.008 due to fish intake.
In pregnant women, 95" percentile values were found to be 16.0, 2.5 and 0.009 due to oral
ingestion, dermal contact and fish intake, respectively. Also, the 5™ percentile values for
non-carcinogenic dermal risk in children and pregnant women were within the safe limit
(HI<1), which indicates that 5 percent of the population exposed would not develop any
risk from exposure to the solvents. 95" percentile value for total risk in children was found
to be 26.8. Total non-carcinogenic risk in children exceeded the total risk in adults by 3.8
times and in pregnant women by 1.5 times. Children were more at risk to these solvents,
which might be due to their higher metabolic rate and absorption capacities (Guo et al.
2019). The variation in their physical as well as metabolic features can influence the expo-
sure; for instance, a higher body surface to body weight ratio, higher breathing rate, moder-
ately higher intake of water and calories compared to adults. The Absorption, Distribution,
Metabolism and Excretion (ADME) features can also vary from adults to children due to
increased dermal permeability, higher digestive pH, gastric enzymes, immune response,
alterations in metabolizing enzymes and differences in toxicokinetics and toxicodynamics
(Bearer 1995; Chance and Harmsen 1998; Wolterink et al. 2002; Felter et al. 2015; Narciso
et al. 2017). Among the three exposure routes considered, dermal contact has a significant
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Fig. 4 Non-carcinogenic risk assessment in pregnant women due to a Oral ingestion, b Dermal contact, ¢
Fish intake, and d Total risk

effect on all receptors. Factors such as skin surface area, the fraction of skin exposed, and
duration of contact were taken into account during the assessment, which can either control
or permit absorption or penetration of the contaminants through the outer layer known as
the stratum corneum to the epidermis, dermis, and finally, into the bloodstream. Studies
have shown that organic solvents can alter the protein structure of the outer layer, thereby
enhancing the permeation through the skin (Trommer and Neubert 2006), which might be
the reason for the dermal exposure to be the critical pathway. In pregnant women, oral
ingestion is found to cause adverse impacts. This is because of the increased oral intake of
water for the foetal development and maternal health. Pregnant women have a different die-
tetic pattern due to which they tend to have higher water intake and food to meet the nutri-
tional requirement and avoid any adverse pregnancy consequences (Lundqvist et al. 2014;
Zhou et al. 2019). Higher water intake in pregnant women helps balance the amniotic fluid,
prevent dehydration, enhance milk production and foetal development (Ndikom et al. 2014;
Zhou et al. 2019). When compared to other modes of exposure, fish intake was found to
have no impact on population since the HI is within the safe limit (HI<1). This can be
explained by the least tendency of these solvents to sorb onto fish tissues, which is indi-
cated by the bioconcentration factor, which in turn is related to the solubility of a chemical
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and its water partition coefficient (K, ). The chemicals with higher K, are hydrophobic
and partition to lipids or fatty tissues from water, which means they tend to bioconcentrate
in aquatic tissues (Gestel et al. 1985; Mackay et al. 2015). Table 5 lists the K, and BCF
values for the solvents considered in this study. The solvents are more hydrophilic, which
is supported by the findings of Howard and Muir (2013), in which they discussed that the
bioaccumulative chemicals have their log K, values greater than 3. Also, since these sol-
vents are hydrophilic, the oral ingestion is found to have considerable health risks on all
receptors.

The observations from this study are in agreement with similar risk assessment studies.
Children are found to be more sensitive which is consistent with the studies by Jimenez-
Oyola et al. (2021), Kaur et al. (2020), Guissouma et al. (2017) and Zhang et al. (2017). In
the studies conducted by Rajasekhar et al. (2018), Guo et al. (2019) and Fallahzadeh et al.
(2018) oral ingestion and dermal contact were found to be the critical routes of exposure,
which is in accordance with the present study.

Carcinogenic Risk Assessment The probability distribution of various exposure routes

for carcinogenic solvents is shown in Figs. 5, 6 and 7 along with their percentile values
for children, adults and pregnant women, respectively. The 95" percentile values of all
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Fig.5 Carcinogenic risk assessment in children due to a Oral ingestion, b Dermal contact,
¢ Fish intake, and d Total risk
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Fig.6 Carcinogenic risk assessment in adults due to a Oral ingestion, b Dermal contact, ¢ Fish intake, and
d Total risk

exposure routes were found to be in the safe exposure limit (10* - 10°%), which means
the exposed population has no cancer risk through any of the media of exposure. Similar
results were obtained through the deterministic method for carcinogenic risk assessment.

4 Conclusions

The analysis of the treated effluent from the pharmaceutical industry showed the presence
of both carcinogenic and non-carcinogenic solvents. In this study, deterministic and proba-
bilistic risk assessment studies were carried out on children, adults, and pregnant women to
quantify the risk from different exposure pathways. The total non-carcinogenic risk deter-
mined through the probabilistic method exceeded the deterministic approach in all recep-
tors. This might be due to incorporating lower values among the possible range for the
parameters involved during deterministic risk assessment. Children were found to be the
most vulnerable to solvent exposure, followed by pregnant women and adults, which could
be due to the variation in their metabolic characteristics. The critical exposure routes in the
non-carcinogenic assessment were dermal contact and oral ingestion in children, adults and
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Fig. 7 Carcinogenic risk assessment in pregnant women due to a Oral ingestion, b Dermal contact, ¢ Fish
intake, d Total risk

pregnant women. Fish intake showed to have a negligible impact on human health. Cancer
risk due to solvent exposure was also found to be negligible. Bioavailability in exposure
routes helps making adjustments to the risk prediction by avoiding the chance of overesti-
mating or underestimating the hazard due to solvent exposure. Also, considering the bio-
availability during risk assessment through different modes of exposure will help the risk
evaluator to make appropriate decision in the abatement of hazard. Though both the deter-
ministic as well as probabilistic methods were found to be equally good in determining
the sensitive population and the critical exposure pathway, future studies should consider
actual demographic data in the study area. Also, the studies can further be extended to toxi-
cokinetic interaction modeling on risk estimation and uncertainty analysis. This study thus
provides an insight to researchers of possible solvent contamination and the associated risk
to human health.
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