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Abstract: The remediation of contaminated groundwater is a critical component of environmental
management. In situ bioremediation (ISB) is a technique used to treat contaminated groundwater
by promoting the activity of microorganisms, which transform harmful substances into less toxic or
non-toxic forms. The present study investigates social issues regarding the sustainability approach
applied to the remediation of contaminated sites by analyzing occupational health and safety (OH&S)
impacts on workers involved in the remediation process. Occupational chemical risk is analyzed by
comparing two techniques for the remediation of groundwater contaminated by chlorinated aliphatic
hydrocarbons (CAHs): the pump-and-treat system and biological barriers. A contaminated Italian
site, located near an industrial waste disposal site, was analyzed, applying a quantitative approach
for chemical risk assessment. This approach is based on the use of a validated algorithm (SNPA
software) and environmental measurement campaigns of chemical agents. This study (as far as the
authors know) is the first research carried out in this field and shows that the adoption of bio-barriers
for remediation is intrinsically safer in terms of OH&S impacts on workers.

Keywords: groundwater; chlorinated aliphatic hydrocarbons; pump-and-treat system; biological
barriers; health; chemical risk

1. Introduction

Sustainability encompasses the concept of the three Ps: profit, planet and people.
However, the majority of organizations and researchers is mainly concerned with the
first two topics: economic- (i.e., life cycle cost assessment, cost-benefit analysis, etc.) and
energy-related matters (such as energy consumption, emissions reductions, etc.) [1,2].
In this context, researchers have recently focused their efforts on the third concept, as it
is connected with social development. In particular, the main goal of social development
is based on ensuring the health and safety (H&S) of human beings, because a human’s
quality of life strongly depends on reducing accidents related to H&S. Considering this
aspect, Nawaz et al. [1] proved that there was a connection between people’s safety and
sustainable development, as shown via examining different case studies.

The issue of social development can be a very important matter in reference to the
remediation of contaminated sites. Chlorinated aliphatic hydrocarbons (CAHs) contami-
nate soils and groundwater via leaching from industrial sites and landfills and improper
disposal. It is estimated that there are 650,000 contaminated sites in Europe, which re-
quire remediation. There are 2600 of these sites in Italy [3]. In particular, chlorinated
organic compounds are present in 10% of contaminated water and 8% of contaminated
soil [4]. The specific European directives for water indicate that perchloroethylene (PCE)
and trichlorethylene (TCE) are the main contaminants [5].
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Several techniques can be used to remediate sites contaminated by CAHs. Chlori-
nated solvents are compounds that are resistant to traditional treatments, but they can be
effectively transformed by microorganisms. Chloroethenes (CE) can be biodegraded via
reductive dechlorination under anaerobic conditions as well as via oxidation under aerobic
conditions [6]. The strategy of stimulating natural biological activity is based on the injec-
tion of essential nutrients and electron donors in order to maximize the metabolism of the
microbiome [7]. Chloroethenes’ tendency to undergo reductive dechlorination decreases
with a decreasing number of chlorine substituents. On the other hand, in the presence of
fewer chlorine substituents, chloroethenes more readily undergo oxidative degradation.
In fact, less-chlorinated aliphatic hydrocarbons (CAHs), produced by the degradation of
highly CAHs, are usually recalcitrant under anaerobic conditions and more easily biode-
graded under aerobic conditions. This is the case of vinyl chloride (VC), which is more
toxic than the more-chlorinated compounds and classified by the International Agency for
Research on Cancer (IARC) as a cancerogenic compound [8]. Sequential anaerobic/aerobic
biodegradation can compensate for the disadvantages of reductive dechlorination and
leads to the complete mineralization of the chlorinated pollutants.

The pump-and-treat (P&T) system is a method for cleaning up contaminated ground-
water containing chemicals such as industrial solvents, metals and fuel oil. Groundwater
is pumped from wells or trenches to the treatment plant, which removes the contami-
nants. This pumping prevents contaminants from reaching drinking-water wells, wetlands,
streams and other natural resources.

P&T plants usually consist of one or more wells designed to extract contaminated
groundwater. Groundwater is pumped from the “extraction wells” into a treatment system,
which may involve several different cleaning methods [9]. The pumped water is treated
through a sequential combination of filtering and precipitation, air stripping, catalytic
oxidation and activated carbon adsorption. Therefore, P&T systems involve the use of
different chemicals, which could pose OH&S risks. An example of a P&T system is depicted
in Figure 1.
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Figure 1. A pump-and-treat system with two extraction wells (reproduced from [9]).

P&T plants have been in operation at several sites for many years. It has to be
highlighted that data collected from these sites reveal that although P&T systems can
be promising during the initial stages of implementation, their performance suddenly
decreases in later stages. As a result, a significant quantity of contamination can remain
unaffected by the treatment [10].

In situ bioremediation (ISB) offers several advantages from a sustainability perspective:

Energy efficiency;

Reduced environmental impact, particularly with regard to the surrounding ecosystem;
Cost-effectiveness due to the absence of extensive infrastructure and energy consump-
tion associated with P&T systems;
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e Long-term effectiveness.

In this framework, INAIL (National Institute for Insurance against Accidents at Work)
funded a research project through the call INAIL-BRIC 2019 (project ID: 52). The studied
system was aimed at remediating a solute plume, which contained CAHs in an Italian
alluvial aquifer.

The sustainability integration into site remediation studies requires a comprehensive
approach, which considers not only environmental aspects but also the H&S of workers
involved in the remediation process.

The goal of this study is to assess the occupational chemical risk, comparing two
techniques for the remediation of groundwater contaminated by CAHs: the P&T system
and biological barriers.

2. The Case Study

The site (170,000 m?) is located in Italy, near an industrial waste disposal site (160,000 m
and the total waste mass is about 1,700,000 tons).

The zone lies three meters below the sea level. The site is bounded to the south by
a lagoon and to the north by the agricultural land reclamation canal, which is an artificial
drainage system built to allow agricultural activities [11]. In Figure 2, a site map is reported.
Since 1995, the aquifer has been secured by a hydraulic barrier operating with a P&T system.

2

~ A'
J i

Lagoon
LEGEND
® Water pump «p Groundwater
& + P&T system flow direction
A |Cross section 3 Landfill area
N 2 Field test areas 3 Plume area
Aerobic
0 100 Anaerobic

Figure 2. The site map.

The groundwater below the landfill is affected by several contaminants (chlorinated
compounds, petroleum hydrocarbons and BTEX, arsenic and heavy metals). Background
information, related to the plume source and the aquifer configuration, is reported in
Casiraghi et al. [11]. The P&T system was used for the hydraulic control of the contaminated
plume in the aquifer. In order to assess in situ aerobic and anaerobic bioremediation
processes, two pilot bio-barriers were installed and monitored.

2.1. The Groundwater Treatment Plant (P&T Process)

In the examined site, the hydraulic confinement system of the groundwater contamina-
tion plume consists of a hydraulic barrier, which is composed of 13 wells and 2 piezometers.
The treatment plant is located in a shed, and it is composed of the following units:

e  Oxidation and metal filtration section: Sodium hyplochlorite (NaClO) and hydroxide
(NaOH) are injected in the spilled groundwater. The first compound favors the arsenic
precipitation, whereas NaOH generates suitable conditions for precipitation.
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e  Desorption (stripping) section: The previously treated groundwater undergoes acid-
ification based on the hydrochloric acid dosage, and it is successively fed to the
desorption section. In particular, two strippers are used, and the air flow allows to
remove the volatile substances. From the second stripper bottom, the water is moved
to the sand filter, and it is successively moved to charcoal canisters.

e  Section of final water treatment by adsorption: Contaminants and micro-pollutants,
contained in the water, are trapped by an adsorption system, which uses charcoal canisters.

e  Unit of gaseous effluents treatment: It is composed of the oxidation section and
scrubber. In the first component, hydrocarbon and chlorine-based compounds are
oxidized to hydrochloric acid, carbon dioxide and water vapor. The scrubber removes
the chemicals produced via oxidation from the gaseous stream.

e Air treatment section (charcoal canisters): In the case of an oxidation section failure,
the air, exiting from the desorption unit, is automatically moved to two couples of
charcoal canisters. The air flow is released in the atmosphere by a stack.

e  Section of the treated water reinjection: The treated water is stored in a tank, and a
part of its quantity is used to create a physical barrier near the channel.

2.2. The Bioremediation System

The bioremediation system consists of two bio-barriers arranged in sequence and
perpendicular to the direction of the groundwater flow:

e A barrier under anaerobic conditions designed to promote the degradation of more-
chlorinated compounds [12];

e A barrier under aerobic conditions aimed at promoting the degradation of less-
chlorinated compounds (mainly VC) produced by the anaerobic bio-barrier.

The first bio-barrier is anaerobic and placed immediately downstream from the landfill,
which runs along the north-eastern side (its length is about 390 m). The bio-barrier consists
of 39 wells, which allow for the addition of a reducing substrate, consisting of soluble
condensed molasse, to stimulate anaerobic microbial activity (Figure 3).
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Figure 3. Anaerobic bio-barrier layout.

The recirculation water flow for each injection well is 0.05-0.07 m?/h. The volume of
the substrate injected into the aquifer varies between 1.8 and 2.8 L/day. In the full-scale
application, the substrate quantity to be injected is about 14,000 kg/year.

The feeding of the reducing substrate through recirculation wells allows for homo-
geneous substrate diffusion via a groundwater recirculation system. Furthermore, the
substrate can be continuously dosed. The substrate dosage takes place using three indepen-
dent dosing units, each of which controls approximately 39 wells (19 for water extraction
and 20 for water/substrate injection).

The second barrier is aerobic and aimed at promoting the biodegradation of VC and
BTEX [13]. It is located downstream from the first and parallel to the drainage channel with
a length of 400 m. In Figure 4, the aerobic barrier layout is reported.
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Figure 4. Aerobic bio-barrier layout.
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The bio-barrier consists of 39 wells (19 for water extraction and 20 for its reinjection
after dosing with nitrogen- and phosphorus-based compounds. The average recirculation
rate is about 0.93 m3/h per well. Downstream from the aerobic bio-barrier and parallel to
it, there is a P&T system, which treats the water, coming from the bio-barriers, to eliminate
residual contaminants from the sequential treatment before returning the water to the
drainage channel.

To stimulate the process of aerobic biodegradation, it is necessary to supply the aquifer
with oxygen and nutrients (urea and ammonium phosphate), which release nitrogen and
phosphorus. The nutrients fed into the aquifer occur through recirculation wells. The water
recirculation and nutrient addition occur via electric pumps. During full-scale application,
the nutrient quantity, which is fed, is approximately 3000 kg/year (phosphorus/nitrogen
ratio = approximately 1:3). Oxygen is supplied to the aquifer by blowing atmospheric air
into injection wells. The amount of air blown in each well is about 0.6-1.5 m3/h.

3. Materials and Methods
3.1. Methodological Approaches of Chemical Risk Assessment

The site taken into account by the project offered the chance of studying the use of
bio-barriers compared to the adoption of P&T plant, as the two processes have been active
since 2005 (P&T) and 2016 (bio-barriers), allowing them to treat contaminated groundwater.

Analysis of the professional chemical risk was based on European occupational health
and safety directives but also taking into account European product regulations (Regulation
EC No 1272/2008) on classification, labeling and packaging of chemicals [14] and Technical
Standard (EN 689) on assessment of exposure to chemical agents in the workplace [15].

In accordance with Directive 98/24/EC (art. 4), the occupational chemical risk has
to consider several factors, including the following: hazardous substance properties; in-
formation on safety and health that shall be provided by the supplier (e.g., the relevant
Safety Data Sheet); the level, type and duration of exposure; the circumstances of work
involving such agents (their quantity); occupational exposure limit values or biological
limit values established by law; the effect of prevention measures taken or to be taken; and,
where available, the conclusions derived from the health surveillance.

According to the same directive, the assessment of professional risk from dangerous
substances presupposes the acquisition of information on the following:

Production cycle and process layout;

Chemical agents, i.e., substances and mixtures, which are present in the production
cycle: raw materials, pollutants in the groundwater, products and intermediates of
chemical reactions between raw materials and pollutants, by-products, waste;

e Job description of staff potentially exposed to risk. Each task should be defined in
terms of type and sequence of operations carried out and worker exposure times.
This also allows us to define the Similar Exposure Group (SEG) referred to in the EN
689 standard [15].
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A SEG is a group of workers, who have common risks and similar exposure pro-
files [15]. SEGs are created on knowledge of employee activities, hypothesizing that similar
tasks with similar regularity will result in similar exposures (qualitative approach), or
based on exposure measurements (quantitative).

In the framework of the occupational chemical risk assessment, for each SEG and for
each individual substance, health risks will be distinguished from the safety ones.

There are different methodological approaches for the assessment: qualitative, semi-
quantitative and quantitative.

The quantitative approach is based on the use of validated algorithms or environ-
mental measurement campaigns of chemical agents to verify the compliance with the
occupational exposure limit values (OELVs).

3.2. Validated Algorithms

The chemical risk analysis can be performed applying special tools, which are able to
help the employer to carry out the assessment and set preventive measures.

In this study, risk assessment was performed applying a guideline provided by Ital-
ian National System for Environmental Protection (SNPA) for the protection of operators
from risks deriving from chemical agents [16]. The guideline meets the requirements of
Community legislation and the updates introduced by EC Regulations 1907 /2006 (REACH
Regulation) [17] and 1272 /2008 (CLP Regulation). They provide a methodology for chem-
ical risk assessment, distinguishing between risks for safety, related to reactivity and
chemical-physical properties of substances, and risks for health, which could be caused
by the toxicological properties of chemical agents. This guideline was developed for risk
assessment in research and didactic laboratories of SNPA [18], but it has been applied to
P&T systems because of the exiguous quantity of chemicals handled during the week.

In the following paragraph, the SNPA tool is described.

3.2.1. Risk for Health

The risk assessment for health includes three steps: hazard assessment, exposure
assessment and risk characterization [18].

The first point requires the collection and evaluation of any available information on
substances and their properties in order to identify danger, potential effects on workers’
health and occupational limit value.

The assessment of dangerous substances and mixtures requires estimating and/or
measuring the concentration to which workers are or may be exposed.

The risk characterization (exposure level), lastly, depends on exposure limit values
and protective measures taken to decrease them. This characterization can be carried out
using the calculation model shown below. The calculation model compares the risk factors
with all preventive and protective measures used to reduce the risk. The methodology
used for the assessment of risks for health is focused on identification of the workers’
exposure level to hazardous chemical agents. It adopts the assessment criteria defined by
the REACH-compatible ECETOC TRA (Targeted Risk Assessment) tool [18].

The first step of the assessment procedure is the collection of information [18]:

1.  Chemical agents contained in the workplace;
Analysis of tasks, activities and workplaces;
3. Prevention and protection measures already adopted in the working environment.

N

The procedure has to be applied to each worker or SEG of workers. An algorithm has
been employed for the calculation of risk index or exposure level L, based on all parameters
reported in Directive 98/24/EC (art. 4):

= Hi-Ti-5-Ei-Q; Ui Dy-A

L= 1
i; K;-VL; M

where:

e L:worker exposure level to the n dangerous chemical agents;
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e  H;: sum of the factors of danger characterizing risky properties H of the i-th dangerous
chemical agent (H phrases under CLP Regulation);

T;: sum of exposure factors T characterizing the route of exposure (dermal and/or by inhalation);
S;: physical state factor corresponding to the physical substance state;

E;: exposure length of time factor corresponding to the duration of exposure in a
reference week;

Q;: amount factor corresponding to the chemical agent amount used in a reference week;
U;: condition of use factor taking into account the possibility of release into the air of
the substance;

e D;: stored quantity factor corresponding to the chemical agent amount in the work-
place (excluding the amount contained in safety cabinets and in specific storage areas)
in a reference week;

e A;: work factor depending on the work activity (usual work, maintenance, cleaning,
waste management);

e  K;: worker prevention and protection factor corresponding to all the measures (fume
hood and extraction systems, collective and personal protection devices, written
procedures, specific training of workers, etc.) taken to decrease the risks;

e  VL;: threshold limit value (ppm), if any, set by European Directives for the i-th substance [18].

For each i-th hazardous substance handled by an operator, the IT tool calculates a
L; value; all L; values are summed for calculating the overall L exposure for the worker
according to Equation (1). The relationship is based on the conservative assumption that all
chemical agents used in a week are handled in a single day. If, according to the parameters
employed in the calculation of risk index, the overall exposure level (L) for an operator or a
SEG is lower than 1, it can be deduced that preventive and protective measures are able
to contain the risks for health or that the risks are decreased to an acceptable level. In this
case, there is no obligation to carry out a deeper risk assessment in order to apply specific
protective and preventive measures, arrangements to deal with accidents and emergencies,
health surveillance and exposure records, as required by legislation. Higher L and L; values
clearly signify higher-risk situations, as shown in Tables 1 and 2 [18].

Table 1. L values.

Overall Exposure Levels L for Individual Worker
L>1 Not slight risk to the health of workers
L<1 Slight risk to the health of workers

Table 2. L; values.

Exposure Levels per Substance L; and per Individual Worker

L;>1 Very high risk to health
01<L;<1 High risk to health
001<L;<01 Medium risk to health

0.001 <L;<0.01 Low risk to health

3.2.2. Risks for Safety

The assessment of risk for safety was based on qualitative remarks on chemical-
physical properties of the compounds used by the workers and on workplace characteristics.
The assessment has to be carried out whenever dangerous chemical agents characterized
by hazard statements (phrases H2XX) and by supplemental hazard information on fire,
explosion and corrosion danger (phrases EUHXXX) are handled in a workspace [18].
In particular, the risk assessment includes the following:

e  Firerisk;
e  Explosion risk (formation of potentially explosive atmospheres);
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e  Risk from incompatibility among chemicals.

The explosion risk can derive from accidental releases of flammable gases/vapors, which
could generate potentially explosive atmospheres. According to the ATEX (ATmosphere
EXplosive—ATEX) Directive 99/92/EC, the explosion risk has to be assessed, and the work-
place zones, where potentially explosive mixtures could occur, have to be classified and
identified by a warning sign [19], reported in Annex III of the mentioned directive.

Risk from incompatibility among chemicals depends on their reactivity. It is well
known that the outcomes of an unintentional mixing of different compounds could result
in a fast chemical reaction or an explosion, the production of unwanted by-products,
flammable or toxic gases and the generation of hazardous substances in case of contact
with the skin.

In order to assess these dangerous scenarios, the software uses two-dimension matrix,
analyzing the interactions of chemicals with other compounds in the workplace, other than
air and water.

3.3. Environmental Measurement Campaigns of Chemical Agents

In addition to the output of a validated algorithm, the present study takes into consid-
eration the results of environmental measurement campaigns of chemical agents carried
out in the case study site. The European Standard EN 689 specifies a strategy aimed at
performing representative measurements of exposure by the inhalation of chemical agents
in order to verify the compliance with OELVs.

The standard application is assigned to the figure of the appraiser, who is sufficiently
trained and experienced in occupational hygiene principles, working and measurement techniques,
to conduct the part of the assessment they are performing according to the state of the art.

In accordance with the standard, the occupational exposure assessment involves a
basic characterization, which consists of three steps:

e  Identification of chemical agents and other information (raw materials, primary products,
intermediates, final products, reaction and process products or by-products, identifi-
cations of chemicals by EC or CAS numbers, hazardous properties, classification and
labelling, appropriate OELVs, whether dermal and oral exposure of the chemical agents
is relevant, used amount, vapor pressure, temperature, dustiness, etc.);

e  Review of workplace factors (work organization, processes and techniques, workplace
layout and configuration, ventilation system and other engineering control measures,
emission sources, work load, worker behaviour, etc.);

e  Estimation of exposure (potential information sources include: previous measurements
results in the same workplace, measurements results from similar installations or
processes, calculations based on relevant quantitative information, etc.).

All the information collected during the basic characterization shall be used to:

Decide whether measurements are necessary or not;
Generate the different SEGs.

If measurements are necessary, the appraiser has to develop a sampling strategy
consisting of:

e  Constitution of SEGs on the basis of information on the profile of exposure and
duration of the tasks performed in the work shifts throughout the year.

e  Choice of sampling and measuring procedure in order to obtain valid and repre-
sentative measurements of the operators’ exposure in comparison with the OELVs.
The EN 482 standard [20] dictates the performance requirements of procedures for
the chemical agent measurements. Among the other performance characteristics of
a measurement procedure, special attention should be paid to sampling duration to
represent the exposure for the task/activity (Annex D of EN 689).

Once the measurements have been carried out, it is necessary to analyze the validity
of each measurement and to validate the constitution of each SEG.
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The comparison of results with OELVs may be performed applying a preliminary test
(Section 5.5.2 of the standard), which requires from three to five valid exposure measure-
ments on workers, belonging to a SEG or, alternatively, a statistical test (Section 5.5.3) to
check whether the SEG exposure complies with the OELV. The test should measure, with at
least 70% confidence, whether less than 5% of exposures in the SEG exceed the OELV.

It is worth noting that, according to Italian legislation, it is not mandatory to carry out
the measurement of hazardous chemical agents for the purpose of occupational risk assess-
ment. Instead, the measurement is always mandatory in case of exposure to carcinogenic
and/or mutagenic chemical agents.

4. Results
4.1. P&T Plant
4.1.1. Chemical Agents

Table 3 shows the list of hazardous substances and mixtures used in the operation of the
P&T plant. The substances’ hazard characteristics are reported in Appendix A (Table A1).

Table 3. P&T plant: hazardous substances.

Chemical Agent CAS No.
Hydrochloric acid solution 33% 7647-01-0
Sodium hypochlorite, aqueous solution containing active chlorine 14-15% 7681-52-9
Sodium hydroxide 30% 1310-73-2
Hydrogen * 1333-74-0
Propane * 74-98-6

* Pressure fluids for which there is a hazard of release to the ambient air due to impact or integrity lack.

The following contaminants (Table 4) in groundwater should be added to the chemical
agents listed above:

e  Chlorinated solvents (PCE, TCE, cis 1,2 DCE and VC);
e  Aromatic and aliphatic hydrocarbons (total petroleum hydrocarbons).

The substances’ characteristics are reported in Appendix A (Table A2).

Table 4. Contaminants.

Chemical Agent/Acronym CAS No.
Tetrachloroethylene (Perchloroethylene)/PCE 127-18-4
Trichloroethylene/TCE 79-01-6
cis-1,2-Dichloroethylene (cis-1,2-Dichloroethene)/cis 1,2 DCE 156-59-2
Vinyl chloride (Chloroethene)/VC 75-01-4

4.1.2. Management and Operating of the Groundwater Treatment Plant

The operating parameters of the groundwater treatment plant are continuously moni-
tored: highly skilled workers ensure that the plant is operating correctly daily. Indeed, they
verify the absence of leakages from pipelines and pumps and the non-activation of alarms,
and, furthermore, they report the main parameters of machine operations. The main activi-
ties of management and operating of the groundwater treatment plant are as follows [21]:

The visual inspection of the correct plant operating;

The check of leakages from the pipeline;

The alarms’ absence check in the instruments panel;

The check of water, hydrochloric acid and sodium hydroxide levels in the tanks;
Water (once every fifteen days) and gas sampling (this last sampling is required when
the air flow is filtered by the charcoal canisters);

AR
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6. The weekly measurement of the main physical and chemical parameters of the
treated groundwater;
7. The charcoal canister substitution (air and final water treatment sections);

®

The management of the reagents (hydrochloric acid, sodium hydroxide, etc.) supply chain;

9.  Operational maintenance of the plant components (pumps, valves, flanges, pipeline,
sand filter, scrubber and stripping columns, etc.).

The activities, referred to as points 2, 5, 7, 8 and 9, can generate a potential risk of
exposure to dangerous substances.

4.1.3. Tasks and Exposure Profiles

Table 5 shows an overview of the activities carried out by the personnel assigned to
run the P&T plant and the characterization of the chemical exposure profiles.

Table 5. P&T plant: Activities carried out by the workers.

. Hazardous . . .
Component Action Substances Exposure Routes Action Frequency Action Duration
X . valves maintenance and . . . . .
filter (pyrolusite) hypochlorite addition pyrolusite inhalation/skin contact six months 2-3h
HCl, NaOH and NaClO  periodic inspections and HCI, NaOH and NaClO inhalation/skin contact every day 30 min
storage tanks maintenance
NaOH and HCl
HCI, NaOH and NaC10 addition, water supply HCI, NaOH and NaClO inhalation/skin contact once every twenty days 1h
storage tanks .
for washing
T . 10 min
NaClO periodic 1'nspect1ons and NaClO inhalation/skin contact one day a week (inspection)/one hour
dosage pumps maintenance (pump substitution)
I . 10 min
NaOH periodic {nspectlons and NaOH inhalation/skin contact one day a week (inspection)/one hour
dosage pumps maintenance (pump substitution)
riodic in; tions and 10 min
HCl dosage pumps perio mcalinisscrﬁ:)e s HC1 inhalation/skin contact one day a week (inspection)/one hour
a (pump substitution)
propane tank and periodic inspections and Ih
ropane inhalation one day a month ropane supply)/4 h
burner propane supply PP Y El;erili)dic insl:;pec)?ions)
H, bottles H; bottles subst1t'ut1on H, inhalation one day a month 20 min
and valves adjustment
groundwater treatment maintenance and chlorinated aliphatic inhalation/skin contact four days a week 6haday

plant

samplings

hydrocarbons

These are plant maintenance operations, to which two skilled workers are dedicated

for 8 h/day and 4 days/week.

4.1.4. Risk Assessment

The SNPA tool was applied, making the following assumptions:

A single SEG corresponding to the operator of the P&T maintenance working group
has been identified in the workplace;

The assessment of risk for health investigates the following dangerous chemical agents:
HCl 330/0, NaOH 300/0, NaClO 150/0, C2C14, CszClz,‘

Operating temperature (maximum value in summer) equal to 35 °C has been assumed;
The exposure duration to HCl, NaOH and NaClO can be inferred from Table 5, while
for groundwater pollutants, an exposure of 24 h/week was assumed (4 days/week
for 6 h/day) corresponding to 1440 min/week;

In order to calculate the highest quantity of each handled chemical agent to which
the worker can be exposed on weekly basis, the annual feedstock amounts provided
for HCI, NaOH and NaClO were assumed; with reference to chlorinated solvents,
the values of the maximum concentrations (ug/L) measured in October 2021 were
considered valid;
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e In reference to the use condition, it has been assumed that the system is closed (chemi-
cals are used and/or stored in watertight reactors or containers and transferred from
one container to another through watertight piping).

It has been assumed that the following risk prevention and protection measures are
applied to the plant:

e  Natural ventilation, guaranteed by the opening of the shed doors, is efficient to dilute
the airborne pollutants, and there is a forced ventilation system;

e  Special written procedures regulate the execution of operations with the highest
exposure risk;

e  PPE (Personal Protective Equipment) for protection of the body, eyes, hands and
airways is provided and correctly used;

e  Workers have been provided with training on the specific risk associated with the
dangerous substances they are handling;

e  Substances, which are incompatible with each other, are adequately managed.

With reference to each substance and the assumptions listed above, the software
returned the L; values shown in Table 6.

Table 6. Results: L; values.

Chemical Agent L;
HCl 33% 0.028
NaOH 30% 0.056
NaClO 15% 0.368
C,Cly 1.1-107%
C,H,Cly 6.7-107°

In the case study, the chemicals used to treat the groundwater mainly cause potential
risks to health. On the other hand, the hydrogen and propane use can generate a risk
(fire or explosion) to safety. In the area of the groundwater treatment plant, there is an
above-ground tank (its volume is about 12,500 L) of propane storage and a hydrogen bottle
(its volume is 8 Nm? and the gas pressure is about 200 bar). The propane storage tank
is about 30 m from the shed, which includes the above-mentioned plant. The bottle is
located in a building near the shed. Because of the presence of the mentioned hazardous
compounds, according to Atex Directive 99/92/EC, the employer is obliged to classify the
areas where potentially explosive atmospheres could occur. This classification procedure
is based on technical Standard IEC EN 60079-10-1 and detects the hazardous zones (zone
0, zone 1 or zone 2), which could be generated by the potential sources (flanges, valves,
compressors, etc.) of hydrogen and propane release. Furthermore, the hazardous area
extent (expressed in meters) has to be estimated.

In the examined site, there are no incompatibilities among the chemicals.

Finally, this study, using the software focused on the groundwater treatment process,
assigned a non-low value to a risk to safety.

The following analyte (grouped by families) concentrations were measured in the
workplace air:

Aliphatic, saturated and unsaturated, chlorinated and brominated organic compounds;
Light hydrocarbons (C5 + C8 and C9 + C12 fractions);

Heavy hydrocarbons (C13 = C18 fractions);

Mineral acids (hydrochloric acid).

The measurements were carried out (April 2023) with reference to the representative
GOE of the personnel, running the P&T plant on three different days. In reference to
quantitative analysis, three analytical methods were adopted:
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e NIOSH 7907: 2014 (volatile acids via ion chromatography: hydrogen chloride, hydro-

gen bromide, nitric acid) for hydrochloric acid;

NIOSH 1550:1997 (Naphthas) for heavy hydrocarbons (C13 + C18 fractions);
ISO 16200-1:2001 (workplace air quality—sampling and analysis of volatile organic
compounds via solvent desorption/gas chromatography—Part 1: pumped sampling

method) for all the other analytes.
Table 7 shows the measurement results.

Table 7. Measurement results.

Chemical Agent ( LO/Q3 OELV; Ei. Ei. E.i
mg/m°) (mg/m>) 27 April 2023 13 April 2023 20 April 2023

bromodichloromethane 0.035 - 0.0175 0.0175 0.0175
bromoform 0.18 - 0.090 0.090 0.090
cis-1,2-dichloroethylene 0.035 793 0.0175 0.0175 0.0175
chloroform 0.021 10 0.0105 0.0105 0.0105
chloromethane 0.35 - 0.175 0.175 0.175

vinyl chloride 0.06 - 0.03 0.03 0.03
tetrachloroethylene 0.035 170 0.0175 0.0175 0.0175
trans-1,2-dichloroethylene 0.035 793 0.0175 0.0175 0.0175
trichloroethylene 0.035 53.7 0.0175 0.0175 0.0175
1,1-dichloroethane 0.035 405 0.0175 0.0175 0.0175
1,1-dichloroethylene 0.035 793 0.0175 0.0175 0.0175
1,1,2-trichloroethane 0.035 54.6 0.0175 0.0175 0.0175
1,1,2,2-tetrachloroethane 0.035 6.87 0.0175 0.0175 0.0175
1,2-dibromoethane 0.035 - 0.0175 0.0175 0.0175
1,2-dichloroethane 0.035 40.5 0.0175 0.0175 0.0175
1,2-dichloropropane 0.035 46.2 0.0175 0.0175 0.0175
1,2,3-trichloropropane 0.035 0.03 0.0175 0.0175 0.0175

light hydrocarbons (C5 < C8) 0.24 - 0.12 0.12 0.12

light hydrocarbons (C9 =+ C12) 0.24 - 0.12 0.12 0.12
heavy hydrocarbons (C13 <+ C18) 0.05 - 0.025 0.025 0.025
hydrochloric acid 0.006 8 0.403 0.142 0.0157

Legenda: Ei: measured concentrations; LoQ: Limit of Quantification; Concentrations <LOQ are reported according

to the LOQ/2 criterion.

Applying the preliminary test of EN 689 (Section 5.5.2 of the standard) to the measured
concentration values, all analyte compliance with the OELVs was verified.

4.2. Bio-Barriers
4.2.1. Chemical Agents

An organic anaerobic barrier substrate, which consists of soluble condensed molasses,
is used as a raw material for the process. The substance, known by several trade names,
is classified as UVCB (unknown or variable composition, complex reaction products or
biological materials). Based on the classifications provided in the registration dossiers
to ECHA (there are currently 27 active registrations under REACH), the substance is

recognized to be responsible for severe eye irritation (H319).

Urea phosphate and monoammonium phosphate (MAP) are also used (Table 8) during

the aerobic barrier operation.

Table 8. Aerobic barrier: chemical agents.

Chemical Agent/Acronym CAS No.
Urea phosphate 4861-19-2
Ammonium dihydrogen phosphate (monoammonium phosphate)/ MAP 7722-76-1




Safety 2024, 10, 83

13 of 18

The substances” hazardous characteristics are reported in Appendix A (Table A3).

4.2.2. Management and Operation of Bio-Barriers

Bio-barrier inspection and maintenance are carried out by trained technicians (four days/week).
The main operating parameters, which have to be checked, are as follows:

Recirculated flow rates;
Nutrient quantities;
Air flow rates;
Well-head pressures.

Furthermore, injection well backwashing is carried out, especially with regard to the
anaerobic barrier, in order to limit any biomass accumulation inside the well and drainage
as much as possible, which would cause losses in the wells’ operation efficiency. Finally,
measurements of the main chemical-physical parameters are carried out.

4.2.3. Tasks and Exposure Profiles

Table 9 reports the bio-barrier management activities, which are associated with a poten-
tial chemical risk with the exclusion of the operations of supplying the products to the dosing
units. In addition to the chemical agents reported in Table 3, the dangerous substances to
which workers are exposed, are chlorinated solvents contained in the groundwater.

Table 9. Bio-barrier management activities.

Plant Function Tasks Carried out by Hazardous Exposure Routes Task Exposure Time
Components Maintenance Worker Chemicals P Frequency P
Chlorinated
Checking a'eroblc Checking the r}ght plants so'lven.ts Inhalation/skin Three days a week 2h
and anaerobic plants operating contained in the contact
groundwater
. . Chlorinated
Periodic inspections Routine plants maintenance solvents Inhalation/skin
Dosage unit . and possible substitution of . . Three days a week 2h
and maintenance contained in the contact
worn components
groundwater
Periodic maintenance,
cleaning by air and water for Chlorinated
s . well washing and drainage, . .
A Periodic inspections N solvents Inhalation/skin .
Injection wells . water extraction by pump, . . Six days a month 8h
and maintenance : contained in the contact
water movement to little roundwater
tanks and its following &
treatment or disposal
: Organic substrate loading
Dosage unit Reagents supply (anaerobic plants) Every month 4h
Dosage unit Reagents supply Feeding substances loading Every two weeks 4h

(aerobic plants)

The main routes of exposure for workers are as follows:

Inhalation, although for short exposure times;
Dermal and ingestion (rarely): the risk may arise during sample collection due to
accidental contact.

With regard to accidental events, it must be highlighted that product splashes/jets
could occur during the sampling and well purging phases.

This study also entailed a detailed analysis of the activities carried out by personnel
involved in the operation and periodic and extraordinary maintenance of bio-barriers,
highlighting the tasks that could result in increased exposure to hazardous substances.

4.2.4. Risk Assessment

The products fed into the production cycle (urea phosphate, monoammonium phos-
phate and soluble condensed molasses) are added in solid and liquid forms, which severely
limit the potential for aerodispersion at bio-barrier management stations.

The low volatility of the raw materials and the only knowledge of the levels of tetra-
chloroethylene and dichloroethylene concentration made the SNPA software (https://www.
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snpambiente.it/snpa/manuale-per-la-valutazione-del-rischio-da-esposizione-ad-agenti-chimici-
pericolosi-e-ad-agenti-cancerogeni-e-mutageni/ accessed on 10 March 2024) application imprac-
tical and, in any case, not very meaningful. Similarly to the P&T system, measurements of
airborne pollutant concentrations were carried out with reference to the representative GOE of
the bio-barrier personnel. Three days in April 2023 were chosen to carry out the measurements.
With reference to quantitative measurements, the same analytical methods applied to the P&T
plant were used. Table 10 shows the measurement results.

Table 10. Measurement results.

Chemical Agent ( LO/Q3 OEL\; E.i E.i E.i
mg/m?>) (mg/m>) 18 April 2023 26 April 2023 11 April 2023

bromodichloromethane 0.035 - 0.0175 0.0175 0.0175
bromoform 0.18 - 0.090 0.090 0.090
cis-1,2-dichloroethylene 0.035 793 0.0175 0.0175 0.0175
chloroform 0.021 10 0.0105 0.0105 0.0105
chloromethane 0.35 - 0.175 0.175 0.175

vinyl chloride 0.06 - 0.03 0.03 0.03
tetrachloroethylene 0.035 170 0.0175 0.0175 0.0175
trans-1,2-dichloroethylene 0.035 793 0.0175 0.0175 0.0175
trichloroethylene 0.035 53.7 0.0175 0.0175 0.0175
1,1-dichloroethane 0.035 405 0.0175 0.0175 0.0175
1,1-dichloroethylene 0.035 793 0.0175 0.0175 0.0175
1,1,2-trichloroethane 0.035 54.6 0.0175 0.0175 0.0175
1,1,2,2-tetrachloroethane 0.035 6.87 0.0175 0.0175 0.0175
1,2-dibromoethane 0.035 - 0.0175 0.0175 0.0175
1,2-dichloroethane 0.035 40.5 0.0175 0.0175 0.0175
1,2-dichloropropane 0.035 46.2 0.0175 0.0175 0.0175
1,2,3-trichloropropane 0.035 0.03 0.0175 0.0175 0.0175

light hydrocarbons (C5 + C8) 0.24 - 0.12 0.12 0.12

light hydrocarbons (C9 =+ C12) 0.24 - 0.12 0.12 0.12
heavy hydrocarbons (C13 + C18) 0.05 - 0.025 0.025 0.025
hydrochloric acid 0.006 8 0.003 0.0145 0.003

Legenda: Ei: measured concentrations; LoQ: Limit of Quantification; Concentrations <LOQ are reported according
to the LOQ/2 criterion.

The preliminary test of EN 689 (Section 5.5.2) was applied to the measured concentra-
tion values, and analyte compliance with the OELVs was verified.

A comparison between Tables 7 and 10 shows that the airborne pollutant concen-
trations were always lower than the LOQs of the analysis methods for both remediation
techniques and only differed in the case of hydrochloric acid.

4.3. Comparison between P&T System and Bio-Barriers

With regard to the P&T plant, the software application returned the values shown in
Table 6. With reference to the criteria given in Tables 1 and 2, it follows that there is a slight
risk to the health for chlorinated solvents, medium risk for hydrochloric acid and sodium
hydroxide and, finally, a high risk for sodium hypochlorite.

Furthermore, as the overall exposure level L per individual worker (obtained by sum
of the L; associated with each chemical agent) is <1, the conclusions reached by the software
certify that the risk is slight for health, although it is still necessary to take specific prevention
and protection measures for substances characterized by medium or high risk levels.

With reference to the P&T plant, a comparison of the two risk assessment approaches
shows the following;:

e  The two methods cannot be directly compared, because the environmental monitoring
did not examine NaClO and NaOH.


https://www.snpambiente.it/snpa/manuale-per-la-valutazione-del-rischio-da-esposizione-ad-agenti-chimici-pericolosi-e-ad-agenti-cancerogeni-e-mutageni/
https://www.snpambiente.it/snpa/manuale-per-la-valutazione-del-rischio-da-esposizione-ad-agenti-chimici-pericolosi-e-ad-agenti-cancerogeni-e-mutageni/
https://www.snpambiente.it/snpa/manuale-per-la-valutazione-del-rischio-da-esposizione-ad-agenti-chimici-pericolosi-e-ad-agenti-cancerogeni-e-mutageni/
https://www.snpambiente.it/snpa/manuale-per-la-valutazione-del-rischio-da-esposizione-ad-agenti-chimici-pericolosi-e-ad-agenti-cancerogeni-e-mutageni/
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e In reference to HCI, the software indicates a medium risk (L; = 0.064), whereas the
environmental monitoring highlights a higher risk level associated with the SEG
operator of the P&T maintenance.

A comparison between the P&T and bio-barrier processes shows the following:

e  Both processes can expose operators to halogenated hydrocarbons included in ground-
water: the concentrations of these pollutants in a liquid matrix and the duration and
frequency of “risk operations” carried out by personnel engaged in the two processes
do not pose an inhalation exposure risk, as attested by the results of the environmental
investigations carried out according to the technical standards (EN 689 and EN 482).

e  The SNPA software application for the P&T process shows a slight risk for the opera-
tors” health. However, the intrinsic danger of hydrochloric acid, sodium hydroxide
and sodium hypochlorite requires the application of careful work procedures. There is
also a significant safety risk associated with the use of hydrogen and propane.

Bio-barrier management involves exposure to soluble condensed molasses, urea phos-
phate and mono-ammonium phosphate, but the intrinsic danger (corrosiveness and pos-
sible eye damage) is easily manageable. Indeed, these substances are solid and liquid,
and, therefore, the operators could be exposed essentially via the dermal route. However,
the PPE (protective glasses, Tyvek overalls and gloves for chemical protection) used by
staff during these activities guarantees, if appropriately worn and correctly maintained, a
sufficient level of protection.

Therefore, with regard to the impacts on worker health, regardless of the risk assessment,
the hazard source examination already makes the bio-barrier adoption intrinsically safer.

Similar considerations are also applied to impacts on safety. Indeed, while the open
area, where the wells and piezometers are located, is considered to be at low fire risk, the
P&T system area can be classified as medium risk.

Furthermore, the classification of areas of the groundwater treatment plant, where
potentially explosive atmospheres (explosion risk) could occur, detected Atex zones, gener-
ated by the potential emission sources of propane and hydrogen.

5. Discussion

P&T plants are characterized by long remediation times as well as high operational
and management costs [9,22].

Bioremediation techniques are cheaper if compared to physicochemical treatments [7],
and they have low impacts on the environment as well as on worker health. Indeed, most
of the bioremediation treatments are carried out in situ, avoiding direct contact between
the operators and the contaminated matrix [22]. The ISB can contribute to the sustainability
of the groundwater remediation efforts and can promote natural processes, decrease the
energy consumption and minimize the environmental impact.

In the case study, the P&T technology was useful for the hydraulic confinement of
the site, but it was not efficient for its cleaning. Therefore, the effectiveness of the per-
meable reactive bio-barriers in the biological remediation of aquifers contaminated by
chlorinated solvents and the sustainability of the biological process in terms of environmen-
tal safety were preliminary evaluated. The feasibility of ISB technology based on a microbial
organohalide respiration process was tested at the laboratory and pilot scales [11-13].

In Casiraghi et al., the results, derived from a combination of multi-scale analyses, were
reported, and they were propaedeutic for the creation of Italy’s largest in situ sequential
bioremediation system. Monitored experiments, which included microcosms and in situ
pilot-scale bio-barriers, suggested that natural biodegradation and a single anaerobic bio-
barrier were not sufficient to achieve CAH degradation [11]. Sequential anaerobic-aerobic
bioremediation barriers and bio-stimulation improved the effectiveness of the bioremediation
products, as key contaminant concentrations were lower than the Maximum Contaminant
Level (MCL) set by Italian law. This included the less-chlorinated products (e.g., VC), which
derived from the degradation of highly chlorinated compounds (e.g., PCE).
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The hazard characteristics and physical state of all substances, examined in the work
environments, influence the choice of strategies, criteria and methods of risk assessment,
making P x D matrix analysis generally preferable to the application of specific software
or measurements as part of environmental monitoring.

The software used to assess the professional chemical risk, while ensuring adherence
to regulations, represents extremely conservative approaches, and, like all methodologies
for calculating risk levels, the provided results are not absolute but essentially comparative.
Therefore, with reference to the risk assessment, they can be used as an initial approach
aimed at identifying chemical agents, for which action is required as a priority, thereby
generating deep investigations.

When a substance’s OELV is available, environmental monitoring is always preferable
(possibly of personal type), and it has to be repeated according to criteria and periodicity
indicated by the EN 689 standard.

6. Conclusions

A fundamental component of the social sustainability of a remediation process is the
assessment of the OH&S of the adopted technologies in order to protect workers and local
communities. In the opinion of the authors, the coming research on this issue should be
aimed at considering, in an increasingly systematic way, the remediation technique’s sus-
tainability from the point of view of the social development of human beings. In particular,
the coming studies’ goal has to consider the best choice of remediation technique, taking
into account the potential outcomes on workers” health and safety.
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Appendix A. Contaminants’ Hazard Characteristics According to CLP Regulation

Table Al. P&T plant: raw material.

Chemical Agent Formula CAS No. Hazard Classification
Corrosive to metals, Category 1; H290
Skin corrosion, Category 1B; H314
Hydrochloric acid solution 33% HCl 7647-01-0 Serious eye damage, Category 1; H318

Specific Target Organ Toxicity (single exposure),
Category 3; H335

Sodium hypochlorite, aqueous solution
containing active chlorine 14-15%

Corrosive to metals, Category 1; H290
Skin corrosion, Category 1B; H314
Serious eye damage, Category 1; H318
Specific Target Organ Toxicity (single exposure),
NaClIO 7681-52-9 Category 3; H335
Hazardous to the aquatic environment, Acute
Category 1; H400
Hazardous to the aquatic environment, Chronic
Category 1; H410
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Table Al. Cont.

Chemical Agent Formula CAS No. Hazard Classification

Corrosive to metals, Category 1; H290

Sodium hydroxide 30% NaOH 1310-73-2 Skin corrosion, Category 1A; H314
o Flammable gases, Category 1; H220

Hydrogen H, 1333-74-0 Gases under pressure, compressed gas; H280
Propane CsHg 74-98-6 Flammable gases, Category 1; H220

Gases under pressure, liquefied gas; H280

Table A2. Groundwater: contaminants.

Chemical Agent/ Formula CAS No. Hazard Classification
Acronym
Skin irritation, Category 2; H315
Skin sensitisation, Category 1; H317
Eye irritation, Category 2; H319
Tetrachloroethylene Specific Target Organ Toxicity (single exposure),

(Perchloroethylene) /PCE CCly 127-18-4 Category 3; H336
Carcinogenicity, Category 2; H351
Hazardous to the aquatic environment, Chronic

Category 2; H411

Skin irritation, Category 2; H315
Skin sensitisation, Category 1; H317
Eye irritation, Category 2; H319
Specific Target Organ Toxicity (single exposure),
Trichloroethylene/TCE CoHCl;3 79-01-6 Category 3; H336
Germ cell mutagenicity, Category 2; H341
Carcinogenicity, Category 1B; H350
Hazardous to the aquatic environment, Chronic
Category 3; H412

Flammable liquids, Category 2; H225 Acute
toxicity, Category 4, oral; H302 Acute toxicity,
Category 4, inhalation; H332
Skin irritation, Category 2; H315
Hazardous to the aquatic environment, Chronic
Category 3; H412

cis-1,2-Dichloroethylene

(cis-1,2-Dichloroethene)/cis 1,2 DCE CoHzCl 156-59-2

Flammable gases, Category 1; H220
Vinyl chloride (Chloroethene)/VC CyH3Cl 75-01-4 Gases under pressure, liquefied gas; H280
Carcinogenicity, Category 1A; H350

Table A3. Aerobic barrier: raw material.

Chemical Agent/ Formula CAS No. Hazard Classification
Acronym
CH;N,05P/ 1o, . . .
Urea phosphate CH,N,O - H5PO, 4861-19-2 Skin corrosion, Category 1B; H314
Ammonium dihydrogen phosphate HeNO4P/ 7799-76-1 II\JOt 2 dar}gerous sukf)stlzlmce acc?rdmg to GI;IIS'
(monoammonium phosphate)/MAP (NH4)H,PO, -76- egistration entry of the manufacturer on the
ECHA website
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