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Abstract: The present study describes guidance intended to assist pharmaceutical manufacturers in assessing, mitigating, and managing
the potential environmental impacts of active pharmaceutical ingredients (APIs) in wastewater frommanufacturing operations, including
those from external suppliers. The tools are not a substitute for compliance with local regulatory requirements but rather are intended to
helpmanufacturers achieve the general standard of “no discharge of APIs in toxic amounts.”The approaches detailed in the present study
identify practices for assessing potential environmental risks from APIs in manufacturing effluent and outline measures that can be used
to reduce the risk, including selective application of available treatment technologies. These measures either are commonly employed
within the industry or have been implemented to a more limited extent based on local circumstances. Much of the material is based
on company experience and case studies discussed at an industry workshop held on this topic. Environ Toxicol Chem 2015;9999:1–10.
# 2015 The Authors. Published by Wiley Periodicals, Inc. on behalf of SETAC.

Keywords: Active pharmaceutical ingredient Wastewater effluent Maturity path

INTRODUCTION

The presence of active pharmaceutical ingredients (APIs) in
the environment has received wide attention over the past 2
decades as increasingly sensitive analytical methods have shown
the widespread presence of these compounds throughout aquatic
ecosystems at low, nanograms per liter concentrations [1]. There
are 3 main pathways by which APIs can reach the environment.
The primary pathway is through normal patient use and excretion
of medicines or their metabolites into sewer and wastewater
treatment systems [2]. The vast majority of pharmaceutical
compounds found in water systems are a result of this pathway,
and potential exposure via this pathway has been the focus of the
majority of risk assessments on APIs in the environment to date.
A second, lesser pathway is through improper disposal of unused
or expired medicines by consumers flushing them to wastewater

[3]. In contrast, the environmentally preferred methods for
disposal of unused or expired medicines are through household
trash or medicine “take-back” programs, and it should be noted
that these disposal methods do not contribute appreciably to the
total amount of medicines discharged to the environment [2–4].
The third pathway through which medicines can reach the
environment is from the facilities where the products are
manufactured, formulated, or packaged, either directly by the
facility after on-site treatment or indirectly through a municipal
wastewater treatment system, or a combination of both. This third
pathway is the main focus of the present study.

Pharmaceuticals in the environment

Globally and regionally, the contribution of pharmaceutical
manufacturing activities to the total amount of pharmaceuticals
released into the environment is low when compared with the
amount excreted by patients [3]. At the local level, however, it is
recognized that manufacturing discharges can cause localized
“hot spots” unless these are adequately assessed and controlled
by manufacturers. Reports of APIs in water from pharmaceuti-
cal manufacturing in the European Union [5,6], the United
States [7], India, and elsewhere [8,9] indicate that concen-
trations have reached milligrams per liter levels when
wastewater discharges are not sufficiently controlled at
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facilities, highlighting the importance of effective control of
API emissions from manufacturing, both in production of the
API itself and in its formulation into drug products for patient
use. Manufacturers should ensure that environmental control is
an essential criterion used in awarding work to either
subsidiaries or third-party organizations, no matter where in
the world they may be located.

It is likely that APIs are present in the wastewater of virtually
all locations where the occupants are using medicines, and
options to prevent pharmaceuticals from entering domestic
sewage are not well understood. Similarly, public wastewater
treatment plants (WWTPs) may reduce, but not completely
eliminate, API residues from domestic wastewater. Practically
all chemical compounds used in households are expected to be
present either unchanged or as degradation products at trace
levels in the effluent discharged from WWTPs [10]; additional
information onwastewater and sludge treatment associated with
removal of pharmaceuticals is available at the Water Environ-
ment Research Foundation website [11].

An increasing number of reports of the occurrence of
pharmaceuticals in the environment, accompanied by commen-
tary on the potential significance of this in terms of both
environmental impact and human health, have resulted in major
research projects and regulatory initiatives. A widely reported
European review of the issue, the Knowledge and Need
Assessment on Pharmaceutical Products in Environmental
Waters (KNAPPE) report of 2008 [12], was produced under
the European Commission Research Framework Programme 6
funding process. This was followed by 2 Framework Programme
7 projects, PHARMAS [13] and CYTOTHREAT [14], which
were completed in 2013. Most recently, the pharmaceutical
industry and the European Commission awarded a 4-yr jointly
funded EcoRiskPrediction project, Intelligence-led Assessment
of Pharmaceuticals in the Environment, under the Innovative
Medicines Initiative, which began in 2015 [15].

In the United States, a single pharmaceutical (nitroglycerin)
appeared for the first time on the draft US Environmental
ProtectionAgency’s (USEPA’s)ContaminantCandidateList 3 in
2008 [16]. However, while the final Contaminant Candidate List
3 included 10 pharmaceuticals—1 antibiotic (erythromycin) and
9 hormones (17-a-estradiol, 17-b-estradiol, equilenin, equilin,
estriol, estrone, ethinyl estradiol, mestranol, and norethindrone)
[17]—the third unregulated contaminant monitoring regulation
retained only 5 of the final Contaminant Candidate List 3
hormones (17b-estradiol, equilin, estriol, estrone, and ethinyl
estradiol) and added 2 others (testosterone and 4-androstene-
3,17-dione) [18]. The USEPA-proposed Contaminant Candidate
List 4 [19], issued in early 2015, includes the 10 APIs from the
final Contaminant Candidate List 3 that are associated with
human and animal health products. Because complete reporting
and analysis of the unregulated contaminant monitoring
regulation 3 data are not due until 2016, it is unclear whether
any pharmaceuticals will be proposed for rulemaking due to their
low detection frequencies and low measured concentrations.
Three pharmaceuticals (estradiol, ethinyl estradiol, and diclofe-
nac) were nominated as priority substances under the European
Union’s Water Framework Directive in 2012 and placed on a
watch list for analyticalmonitoring starting in 2013 [20]. In 2011,
theWorld Health Organization published a report that concluded
that “discernible risks to health arising from trace levels of
pharmaceuticals in drinking-water are extremely unlikely” [21].

Notwithstanding the above considerations, the pharmaceuti-
cal industry acknowledges that all stakeholders have a legitimate
interest in understanding the potential for human health and

environmental effects resulting from trace amounts ofAPIs in the
environment, and we support further scientific study to better
understand the implications of trace amounts of these compounds
on the environment. Pharmaceuticals are just one subset of
multiple emerging environmental pollutants. However, given the
demonstrated presence of pharmaceuticals in the environment,
coupledwith thehighpublic awareness ofmedicines, it is perhaps
not surprising that they have attracted a great amount of attention.
Although a substantial body of peer-reviewed research studies
suggests that impacts to people are unlikely [3,21] and that
impacts to aquatic organisms occur only under limited circum-
stances,we acknowledge the concern that these trace levelsmight
present a risk to the health of aquatic organisms.

EcoPharmacoStewardship

Across our industry, we make a vast and diverse portfolio of
products, each of which can have environmental impacts. Good
stewardship includes understanding the potential environmental
and social implications and employing life-cycle thinking and
tools to minimize any potential environmental risks—from the
early stages of product design to formulation and manufacturing
to the product’s impacts during use and final disposal of residual
product.

The pharmaceutical industry has developed an EcoPharma-
coStewardship framework that applies the widely accepted
principles of product stewardship. The 3 pillars of the framework
are extended environmental risk assessment, extension of the
scientific knowledge base (Intelligence-led Assessment of
Pharmaceuticals in the Environment), and control of effluent
emissions from manufacturing, which is the focus of the present
article.

Specific activities to control effluent emissions include
evaluation of risk based on substance properties and environ-
mental exposure, development of technical guidance on
appropriate treatment technologies, and benchmarking internal
and external manufacturers to identify best practices to reduce
emissions. Different practices exist among pharmaceutical
manufacturing companies (even within facilities of the same
company) and external supplier facilities. Many of these
differences are the result of the type of API being produced and
its inherent hazards, the physical location of the facility and the
receiving water body, the type of wastewater treatment facilities
available, and other factors that may affect the final concentra-
tion of API that reaches the surface water.

One approach to managing these many variables and to
ensuring that appropriate attention is given to this activity is
through the useof a “maturity ladder.”Conceptually, thematurity
ladder is a stepwise approach of increasing capability, whereby
sites progress from implementing the minimum requirements to
legally operate the facility and advance to assessing and
managing risk to the supply chain from potential API discharges
from the facility. Further progress to mature facilities should be
made by ongoing effort to identify and evaluate potential
improvements in manufacturing and reductions in emissions,
which can be aided by benchmarking practices with peers. A
representative 6-step maturity ladder for companies and external
suppliers to ensure that wastewater is appropriately managed is
shown in Figure 1. It should be emphasized that the detail of this
figurewill vary from site to site, since clearly not all sites have the
same facilities and may operate differently.

As a site progresses up the maturity ladder and implements
these activities, the amount of the pharmaceuticals in
manufacturing emissions and their potential environmental
impact will be reduced (Figure 1).
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Further study on manufacturing effluents is warranted

Most API manufacturing locations worldwide have second-
ary (biologic) treatment for their wastewater either on site or off
site in a municipal WWTP. Under the right growth conditions
(e.g., pH, temperature, nutrient, absence of inhibitory or toxic
compounds), diverse microorganism populations can biode-
grade or cometabolize APIs. Under aerobic conditions, the
microorganisms liberate the carbon, nitrogen, oxygen, and other
components of the API to produce cell matter and carbon
dioxide, water, nitrates/nitrites, and so forth, thereby either
breaking down the API or altering the pharmacologic activity of
the API. Under anaerobic conditions, the microorganisms use
the carbon and other components of the API to produce cell
matter and methane, water, and so forth. Not all APIs will be
(completely) degraded by biological treatment, and some will
not degrade at all [1,22]. Active pharmaceutical ingredients can
also adhere or adsorb to the microbial flocks (biosolids) and be
removed from the wastewater by sedimentation.

Manufacturing regulations pertaining to wastewater, such as
the EuropeanUnion’s IndustrialEmissionsDirective [23] and the
USNational Pollutant Discharge Elimination System regulations
[24], generally apply to pharmaceutical production. However,
many socially and environmentally responsible companies go
beyond compliance with the basic regulatory requirements for
chemical manufacturers (e.g., control of pH, biological oxygen
demand, chemical oxygen demand) and establish environmental
protection goals to evaluate potential environmental risk from
production of their product. To that end, these leaders in the
industry are committed to minimizing the risk from APIs
discharged in the wastewater from pharmaceutical

manufacturing sites. They assess pharmaceutical manufacturing
wastewaters for the concentration ofAPI and/or potential toxicity
to aquatic species and, where no specific regulatory limits exist,
establish company exposure limits for API concentrations and/or
wastewater toxicity. A significant part of the development of
processes for the production of new medicines now includes
optimization of the manufacturing process to minimize the
environmental impact.

RISK ASSESSMENT OF API EMISSIONS

Conducting an environmental risk assessment for an API
present in manufacturing effluent involves determining the
predicted no-effect concentration (PNEC) and the predicted
environmental concentration (PEC) and comparing these values.
Generally, a PEC/PNEC ratio� 1 indicates concern that the
ambient exposures may be creating a risk for environmental
species, and further action is necessary, beginning with
refinement of the risk assessment. If river water receiving an
effluent discharge is used to supply drinking water, then the
potential for human exposure should be considered. In other
situations (e.g., discharge into the marine environment),
protecting the local environment is more likely to be the primary
concern.Regulatoryguidance for assessing these situations exists
and should be followed [25,26]. Key to deciding if action is
needed is the establishment of company water quality emissions
limits, or PNECs, for the APIs that a company manufactures.

Effects assessment—Calculation of PNECs

Ecotoxicological data and professional judgment are
required to identify risks to species potentially exposed to

Figure 1. Wastewater maturity ladder. BAT¼ best available techniques; BOD¼ biochemical oxygen demand; COD¼ chemical oxygen demand;
WWT¼wastewater treatment; WWTP¼wastewater treatment plant.
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APIs released from manufacturing facilities and to derive
protective PNECs for aquatic organisms in surface waters.
Other considerations include potential for effects in humans that
have surface water as their source of drinking water and
terrestrial organisms that could come in contact with API
residues in water and solids from wastewater treatment
facilities. This document is not intended to elaborate on the
development of PNEC data; however, a brief overview is
provided. Detailed examples of how to derive water quality
limits for APIs and chemicals discharged to surface waters for
Europe are provided in the European Community regulatory
guidance documents and various other publications [26–30].
The US regulatory guidance for deriving water quality limits
[25,31] can differ from that used in Europe [26].

Briefly, PNEC values for aquatic organisms are derived
from toxicity studies in reference species that are considered
representative of a wide range of environmental organisms.
Assessment factors are typically applied to account for
uncertainties associated with the test species and measured
end points. Environmentally relevant, well-designed studies
conducted using standard methods (e.g., Organisation for
Economic Co-operation and Development [32], USEPA [33],
or US Food and Drug Administration [34] guidelines) to
assess interpretable end points relevant to population effects
and employing good laboratory practices [35] are the gold
standard for data quality and integrity. Research studies from
the published literature may also be used; however, care must
be taken to ensure that the methods and results are reliable
and relevant to the ecosystem in question. The data should
give a good indication of the potential impact of the API on
population-level effects of survival, growth, and reproduction
in aquatic species. Studies considering genomic, cellular,
and/or organ effects are supportive of other data on
population-relevant end points but are not normally used as
the basis for PNEC derivation [26]. Once the available data
have been gathered, the generally accepted approach is to use
the most conservative result (i.e., lowest lethal/effect
concentration for 50% mortality from acute studies or the
lowest no-observed-effect concentration from chronic/repro-
ductive studies), combined with an appropriate assessment
factor, to determine the PNEC [27,28]. The European Public
Assessment Report [36] for new centralized pharmaceutical
market authorizations contains a summary of the data used in
the environmental risk assessment. This information is
publicly available on the European Medicines Agency
website.

Exposure assessment: Calculation of PECs

An estimate of the PECs of APIs discharged in a site’s
wastewater is required to determine if an API will be below
the established PNEC in the environment. The first step in
calculating a PEC is to develop a comprehensive mass balance
for the API along the production process(es). These mass
balances are an inventory of waste streams (solid, liquid, or
gaseous) that may contain the API and estimates of the
concentrations of API in each waste stream. Information about
waste streams can be found in process descriptions, batch
records, and other documentation. Initially, concentration
estimates can be calculated from the masses of API and
volumes involved (e.g., mass in lot/batch, number of batches/
year) using known chemical, physical, and biological
properties of the compound and information on API losses,
for example, from cleaning operations. Predicted environ-
mental concentration estimations can further be confirmed

analytically, in which case they are measured environmental
concentrations.

Pharmaceuticals are comparatively large and chemically
complex molecules. Because of their heteroatom content and
multifunctional composition, they can be polar, ionizable
molecules; and these properties depend on and are influenced
by solution pH and ionic strength. Key characteristics regulating
the distribution of APIs in waste streams and their fate and
transport in aqueous environments are their physical and
chemical properties and the properties that describe their
depletion in WWTPs and the environment. Physical and
chemical properties describe the forms of the compounds and
their partitioning into various environmental compartments.
The major physical and chemical properties affecting environ-
mental fate and transport are water solubility, dissociation
constant, the pH-dependent octanol–water distribution coeffi-
cient, biosolids–water distribution coefficient, Henry’s law
constant, and the sediment–water or soil–water distribution
coefficient. The key processes that characterize the rate of
transformation of organic contaminants in WWTPs and the
environment are hydrolysis rate; biotransformation rate in
water, biosolids, soil, and sediment; oxidation rate (via a
specific oxidant); reduction rate (via a specific reductant); and
photolysis rate. Most of these data are available or can be
estimated from the product registration package, the safety data
sheet, or information available from the manufacturer. The drug
registration process requires a detailed characterization of the
API during product development, including its physicochemical
properties and drug stability profiles.

For a typical APImanufacturing facility, calculation of PECs
from various discharge scenarios is required to identify
strategies for mitigation and management of API-containing
wastewater prior to discharge. When measuring API concen-
trations in effluent, the analytical method should have an
appropriate level of sensitivity to be able to detect the
anticipated concentrations.

A word on whole effluent toxicity testing

“Whole effluent toxicity” is a term used to describe the
adverse effects or toxicity to a population of aquatic organisms
caused by exposure to an effluent, which is typically a mixture
of many different substances. Survival, growth, or reproduction
toxicity can be experimentally determined in the laboratory by
exposing sensitive organisms (usually surrogate organisms
representative of those found in the environment) to the whole
effluent sample using standardized bioassays (see USEPA [37],
European Commission [38,39], and OSPAR Commission [40]).
Whole effluent toxicity testing is used to assess the combined
effects of all constituents of a complex effluent rather than
assessing the toxicity of single chemicals or constituents and can
be a good predictor of acute and chronic toxicity potential of
effluents. The advantage of whole effluent toxicity testing is its
holistic assessment of the toxicity of the effluent as it exists in
reality, in all its complexity in combination with other
compounds. The disadvantage is the fact that effluent
constituents will vary depending on manufacturing schedules,
and the cause of any identified toxicity is often not easily
determined exactly because of the complex matrix. In cases
where there is day-to-day difference in the “batch process” of
API production, whole effluent toxicity testing may be
impractical to implement.

Assessment using the PEC/PNEC ratio for specific APIs and
whole effluent toxicity testing are 2 distinct approaches, each of
which has its value. Use of one does not exclude the other.
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RISK MITIGATION AND MANAGEMENT

What to do if PEC/PNEC > 1

After the PEC/PNEC ratio is determined, the risk assessment
can be refined if necessary. Figure 2 shows a typical decision
tree that provides guidance on the actions to be taken in case the
risk ratio (PEC/PNEC) is> 1.

Once a potential risk has been identified, mitigation
measures outlined in Figure 2 can be evaluated. Determination
of downstream dilution or removal factors can refine the impact
assessment of API discharges by reducing the PEC. For effluent
discharges to water bodies, appropriate dilution factors for acute
and long-term exposure limits may be defined by the local
environmental regulations. Typically, a representative river
flow rate (m3/d) is assumed for the PEC assessment. Seasonal
variations in river flow rates may significantly change the
overall risk, so the lowest seasonal river flow rate is often used
as the worst case.

The following points may be considered when estimating or
measuring potential API losses in the process aqueouswaste and
calculating the PEC:

� Estimate or measure the mass of API lost during a typical
batch.

� Determine the total mass of API lost during all manufacturing
campaigns in 1 yr.

� Determine number of days of manufacturing activities in 1 yr,
and calculate an average PEC during the manufacturing period
that can be compared with the PNEC.

� Factor in API removal from installed treatment technology,
where there is evidence on the performance of such systems that
are available on site.

� Measure the amount of API released during a typical
manufacturing campaign. If possible, collect samples after any
on-site effluent treatment.

� Ensure the limit of quantification for the chosen analytical
method is sensitive enough to measure effluent concentrations
that may be lower than the PNEC.

� Use the highest detected concentration from the sampling period
for the risk assessment.

There are a number of important decisions that need to be
made before an appropriate risk mitigation strategy can be
developed. If the API is a high hazard compound, such as certain
carcinogens, mutagens, cytotoxics, and some endocrine actives,
a high level of containment is often required. In some cases,
wastes may need to be segregated from other plant wastes and
disposed of separately if the compound cannot be treated.

Another case is where the API is included in organic wastes
following solvent recovery. Such residual organic wastes are
usually incinerated.

A third example is where the API is processed solely in
aqueous media, which will typically undergo some form of
treatment (either on-site or municipal) before discharge to
surface water. Consideration of the fate of the compound during
such treatment is important. During wastewater treatment, a
drug may be degraded via hydrolysis, oxidation, or biodegra-
dation or may adsorb to solids during treatment and be isolated
in the WWTP. Therefore, the final measured environmental
concentration or PECmay be determined in the receiving stream
after mixing with the effluent, in the solids generated by
wastewater treatment, or in the terrestrial environment if the
solids from wastewater are land-applied and could impact
terrestrial organisms.

Another important exposure consideration is the nature of
batch manufacturing, where the time frame of any resulting
emissions will influence the PEC. Batch production may be
short term, resulting in transient peak concentrations in the
environment, or may be a longer campaign where continuous
discharge can occur over a longer time period. Depending on the
situation, either or both of these scenarios may need to be
evaluated and the PEC derivation adapted accordingly.

At source control: Segregation and selective pretreatment of
wastewater streams

Understanding potential emissions of APIs at their point of
generation allows for better decisions to be made about
segregating and controlling waste streams, which could have
an adverse environmental effect if released. Analyses need to be
conducted to determine whether any residuals could pose a risk
either to a subsequentWWTP (i.e., inhibition or interference) or

Figure 2. A decision tree providing guidance on the actions to be taken in case the risk assessment PNEC/PEC> 1. API¼ active pharmaceutical ingredient;
MEC¼measured environmental concentration; PEC¼ predicted environmental concentration; PNEC¼ predicted no-effect concentration.
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to a receiving environment (i.e., lake, river, or ocean) after
discharge. The following should be considered in the analysis:

� Knowledge of the waste streams: To avoid high loads of APIs
entering a site’s wastewater influent, a good understanding of the
content of APIs in waste streams is important. Waste stream
analysis can allow manufacturers to potentially optimize and
implement the most effective pollution prevention and control
measures.

� Equipment cleaning: Cleaning procedures can be optimized to
reduce the API loading and to lower disposal costs by performing
a thorough initial dry cleaning and by reducing the volume of
high-strength rinses being generated. An additional separate
cleaning step (prerinsing) can remove large portions of APIs
from large-volume wash waters. The high-load prerinse streams
can be separated and addressed subsequently by a selective
technology or incineration/thermal oxidation.

� Spill control: Make sure that spills are contained and cleaned up
appropriately.

� Low process yields: Modernization of the process could be an
option to prevent or minimize upstream the API load of a
wastewater stream. However, this may not be an alternative
because of good manufacturing practice requirements.

Within the manufacture of a single API product the
destination of wastewater streams may change frequently,
and even more so taking into account different API production
campaigns. Automated management of wastewater streams can
be helpful in this regard. Waste stream analysis can allow
manufacturers to optimize and implement the most effective
pollution prevention and control measures. As a model practice,
waste stream analysis can initially be based on flowcharts,
illustrating the operations, inputs, and waste streams, along with
the relevant data for each waste stream.

The importance of understanding sources of API coming
from the process cannot be stressed enough. It is far better to
look for process efficiency improvements that reduce the
amount of APIs reaching wastewater than to look for ways to
remove them once they are there.

Selection of API treatment technologies to manage wastewater
streams

Many facilities in API production and final dosage
production in the pharmaceutical industry rely on the use of
neutralization, equalization, and biological (primarily activated
sludge) treatment technologies for their wastewater treatment.
Although conventional wastewater treatment technology can
effectively reduce the concentrations of many APIs, more
advanced technologies have been applied at manufacturing sites
to remove specific compounds for which conventional treatment
approaches do not work [41,42]. For refractory organic
compounds (that “pass through” a biological WWTP), which
potentially can cause toxicity to the WWTP or the receiving
water, an evaluation of pretreatment control prior to biological
treatment should be considered. End-of-pipe treatment can also
be considered as an alternative, although this option is not
preferred because of higher volumes, mixing with other
chemicals, and lower concentrations of the compound to be
treated. Active pharmaceutical ingredient removal is com-
pound-specific and should be addressed on a case-by-case basis.
Removal efficiencies of different treatments vary with different
APIs, depending on the suitability of the treatment for the API
and on the specific wastewater composition in each case (e.g.,
salinity, turbidity, organic load).

Advanced treatment technologies for the treatment of APIs
include advanced oxidation processes, mass transfer processes,
membrane processes, thermal processes, and advanced biologi-
cal processes. It is important to include the environmental costs,
such as energy requirements, waste production, and emissions
to air, when considering deployment of advanced treatment
technologies [43]. This is why we firmly believe that a risk-
based approach to managing manufacturing effluent is impor-
tant in order to avoid placing burdens on the environment that
are worse than those we are trying to mitigate.

Advanced oxidation processes

In short, advanced oxidation processes oxidize the chemicals
in the waste through chemical oxidation. Chlorine or Fenton’s
reagent reacts with electron-rich bonds of organic chemicals.
Many APIs with reactive functional groups can be oxidized by
free chlorine; however, in view of the formation of chlorinated
by-products, it is not the most effective treatment for
pharmaceutical manufacturing facilities.

Ozone is one of the most powerful chemical oxidants
available. An ozone generator is located near the source to
produce high ozone doses, and the dose can be rapidly changed
to accommodate changing API concentrations. If treating a
wastewater containing other organics, it is necessary to have
biologic or other pretreatment to reduce the levels of non-API
organics that scavenge the ozone. Also, residual ozone
concentrations must be abated—for example, through sand
bed filtration units—before discharge. Process safety and
materials of construction are important considerations in the
use of ozone. A combination of ozone with hydrogen peroxide
will increase the quantity of hydroxyl (•OH) radicals in solution.
A catalyst may be used to enhance the reaction.

Ultraviolet (UV) light oxidizes pharmaceuticals by direct
photolysis and reacts with water to create •OH. The effective-
ness of UV oxidation is highly dependent on the contaminant
and water matrix and can be enhanced by adding hydrogen
peroxide, Fenton’s reagent, or ozone, which increase the
quantity of OH radicals in solution.

A photocatalytic/fixed catalyst system with UV activation
uses a catalyst (palladium, titanium dioxide) and hydrogen gas
to oxidize APIs.

Supercritical oxidation has been employed at a few
manufacturing facilities producing APIs amenable to this
advanced treatment.

If the formation of toxic degradation products is suspected,
then this must always be considered when deciding if an
oxidation process should be employed.

Mass transfer processes (trapping the API)

These processes remove APIs from solution into the solid
phase and thereby concentrate the volume of waste for
treatment.

Carbon adsorption involves use of granular activated
carbon or powdered activated carbon to remove organic
compounds via hydrophobic interaction with the activated
carbon surface. Carbon is effective for removal of some APIs
(depending on log octanol–water partition coefficient) but can
be depleted by other competing organics. Further, the carbon
requires replacement or regeneration once the active sites are
saturated with organics.

Chemical precipitation, or flocculation followed by precipi-
tation, involves coprecipitation and surface adsorption as the
primary removal mechanisms. These methods usually result in
low removal rates (i.e., <20%) for most API components.
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Ion exchange resins use exchange materials, which can be
customized for API compound selectivity. This method can be
cost-effective when specific API compounds can be targeted.
However, resin regeneration must be evaluated to ensure that
the option is economically viable.

Clay adsorption uses bentonite clay modified with quaterna-
ry amines. The clay surface is coated with amines and becomes
hydrophobic and organophilic, thus concentrating APIs.

Cyclodextrin is converted to an insoluble polymer, which is
chemically fixed on silica (sand) or other support. There are
several mechanisms whereby cyclodextrin removes APIs from
water: they are best known for their host–guest interactions to
trap molecules by offering a cavity in which the API molecule
can enter and get trapped; there is also chemisorption caused by
functional groups, and there may be some physical sorption as
well on the cyclodextrin polymer.

Membrane separation

Membrane processes can be effective for large molecule
separation. They generate a concentrated liquid waste for
disposal or further treatment and can be effective when
installed near the source to reduce the amounts of APIs going
to treatment processes downstream. Membranes used for
ultrafiltration and microfiltration have 0.01mm to 1.2mm pore
sizes, those for nano-filtration have 0.004mm to 0.01mm
pore sizes, and reverse osmosis membranes are <0.004mm
pore size.

Thermal processes

These processes concentrate API waste by evaporating the
water (by heat or vacuum), generating either concentrated
liquids (for incineration) or solids. Crystallization reduces the
API concentration in effluent, resulting in solid material for
disposal by incineration or landfill.

Liquid thermal oxidizers, which operate at 988 8C (1810 8F)
or higher, are designed to remove organic materials from both
primary wastes (mainly spent solvents) and secondary wastes
(mainly water). These refractory-lined vessels feature a vortex
burner section, where primary wastes are introduced, followed
by a main oxidation chamber, where secondary wastes are
introduced. Thermal oxidizer gas-cleaning systems include a
quench tank, separator, and scrubbers to control oxidizer
exhaust gas system.

Incineration is the thermal destruction of API waste fluids or
concentrated API slurries. Although this kind of disposal
assures complete destruction of APIs, it is a high-cost waste
disposal technology and can potentially generate greenhouse
gas emissions.

Sonolysis (ultrasound) produces thermal reactions in the
liquid waste (inside the collapsing cavitation bubble). This
technique is highly effective for low-volume/high-concentra-
tion applications for certain APIs.

Advanced biological processes

Membrane bioreactors use a microfiltration membrane to
separate the solids from the liquid instead of using gravity
settling to separate the biomass from the supernatant.
Membrane bioreactors operate at high biomass concentrations
and longer sludge ages than processes that use gravity settling.
There are advantages with membrane bioreactors for degrading
organic compounds that require a long contact time and
acclimation period. Membrane bioreactor technology is also
experimentally investigated for anaerobic treatment of pharma-
ceutical production wastewaters.

Advanced fluidized composting is an emerging technology
that uses a thermophilic high-rate biologic process at 35 8C to
50 8C. Advanced fluidized composting operates at high biomass
concentrations and an extremely long sludge age. The biosolids
mineralize, and there is very little biosolid wasting and disposal.

Wastewater treatment in the pharmaceutical industry

The Pharmaceutical Research and Manufacturers of Amer-
ica initiated research in 1999 to evaluate the fate and pathways
of APIs in surface water. A major component of this effort was
the development of a comprehensive database that included
treatment performance references. Other organizations have
also developed treatment databases for pharmaceuticals
[12,23,41,42]. There are relatively few publications on in-plant
controls/treatment at pharmaceutical manufacturing facilities in
the peer-reviewed literature, but the reviews by Deegan et al.
[43] and Martz [44] and the report jointly published by KWR
Nieuwegein and STOWA [45] discuss considerations for
treatment of API-containing wastewater.

Survey information collected by the USEPA [46] and the
European Commission [38,47] indicates large portions of the
bulk API production and final dosage production in the
pharmaceutical industry rely on the use of neutralization,
equalization, and biological (primarily activated sludge)
treatment technologies as the basis of control within the
pharmaceutical sector. In some cases, in-plant treatments, such
as granular activated carbon, acid/alkaline hydrolysis, and
ozonation, have been utilized to treat specific APIs to meet
either local regulations or specific water quality objectives/
targets identified by environmental risk assessments.

Whether or not a particular wastewater stream can be
discharged directly to a biological WWTP is an important
production issue for any site. To properly reach this decision, a
discharger must evaluate whether a wastewater has the potential
to cause a toxic effect in an activated sludge system at the
concentrations expected to be present (with a presumed safety
factor) and then assess the biodegradation/removability of the
API.

In general, refractory organic loads of a wastewater stream
that simply “pass through” a biological WWTP more or less
unchanged should trigger an evaluation of pretreatment control
prior to biological treatment. To assess the removability of the
individual API, consideration should be given to an appropriate
test method [48], or equivalent, to characterize the total effect of
all elimination mechanisms in a biological treatment plant.
Therefore, 2 main strategies are usually available for pretreat-
ment: elimination of refractory loadings (generally collection at
the source followed by treatment) or enhancing the biodegrad-
ability of loadings.

Although municipal WWTPs may not be specifically
designed to remove APIs, the treatment process units used at
these plants (secondary biological treatment units using
activated sludge) do remove certain APIs to some extent
[49–54].

Consideration of external suppliers

Most companies have created complex global supply chains
to manage production and distribution of their products. It is the
responsibility of each individual supplier to ensure that API
losses and environmental impacts from their operations are
assessed in accordance with legal and regulatory requirements
and are managed appropriately. To that end, it is prudent for
companies to provide available data and information related to
environment, health, and safety to all members of the supply
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chain so that systems are in place to address potential
environmental impacts in a responsible manner. One resource
for managing the supply chain in general is the Pharmaceutical
Supply Chain Initiative developed by a group of major
pharmaceutical companies for all those involved in the
pharmaceutical supply chain. For more information, see the
Pharmaceutical Supply Chain Initiative website [55].

The fundamental approach to risk assessment for outsourced
APIs is the same as that for internal API manufacturing
facilities. The process for defining PECs and PNECs is the same
in either case, although a key determinant of the reliability of the
risk assessment lies in the technical expertise of the parties
performing the assessment.

There are 3 main types of external supplier relationships.
In the first type, the supplier is carrying out a process solely for
the contracting company using a process developed by that
company. In this situation, available mass balance information
as well as key PEC parameters, such as batch yield, losses to
solid versus liquid, and aqueous versus organic streams, should
be provided to the supplier. Treatability parameters, such as
WWTP removability, may also be provided if known.
Additionally, appropriate PNECs should be determined and
communicated to the supplier. This leaves only site-specific
factors (i.e., flow/dilution volumes, treatment type, local
ecosystem/species) to be determined by the supplier. In the
second type of relationship, the supplier is manufacturing an
API using a process developed by the supplier. In this case,
much of the process-related information needed for the risk
assessment will be available from the supplier, and only API
compound–specific data need to be provided to the supplier by
the contracting company. The third type of relationship is one
where the API is treated as a commodity, freely available on the
open market. In this case, the API supplier is like any other
commodity supplier. Some form of capability assessment and
possibly subsequent education may be warranted. This can take
the form of a guidance document or presentation describing the
steps and techniques necessary to complete an environmental
risk assessment. The supplier should be referred to other
available guidance resources.

An additional consideration for the supplier is whether to
assess the environmental risk holistically for the entire operation
or to isolate the production done for the contracting company
alone. For example, if several APIs are produced by a supplier,
the assessment could be for the specific API and quantity
supplied to the requesting company only. Alternatively, an
understanding of the overall risk to the environment from the
whole operation might be desired. Where a facility manufac-
tures multiple APIs, which may be discharged simultaneously,
or where there are several different manufacturers potentially
discharging APIs to the same receiving environment, some
consideration should be given to the local facility impact
assessment. As previously noted, the Pharmaceutical Supply
Chain Initiative website [55] offers some guidance in this area.
The maturity ladder (Figure 1) is another resource to assist a
manufacturing facility to assess and manage the risk from APIs
discharged in wastewater. A clear action plan with agreed-upon
timelines ensures that both the supplier and the company
understand how to move forward and meet expectations.
Building capability at suppliers might be necessary to increase
awareness on how to use data provided, how to conduct an
environmental risk assessment, or techniques for reducing API
losses. Of course, these methods require the consent, participa-
tion, and transparency of the supplier. It also takes time to
develop relationships and mutual understanding of the

protection goals, as well as to develop any new treatment steps
or other mitigation measures to achieve them.

A risk-based prioritization is often useful to help target
resources appropriately. Such prioritization may consider the
regional application of the program. When considering
application of the program by region, a company should
consider the types of facilities that will be expected to
implement the program, such as all manufacturing facilities;
only those engaged in bulk manufacturing of APIs, formulation
activities, or packaging; pilot plants; and research facilities.
Expectations for implementation of programs to control the
discharge of APIs at facilities that are owned by external
suppliers in the supply chain also need to be defined.

TRANSPARENCY

A key document available at manufacturing facilities that
communicates information related to the environmental fate and
effects of APIs is the safety data sheet. The safety data sheet
should provide a minimum data set of chemical, physical,
biological, and toxicological data available on the API. In
addition to the safety data sheet, environmental data should be
accessible to those who need the data. This could include
providing such information on a company website, presenting
the material at scientific conferences, and publishing the data
and assessments in the scientific literature. These latter
initiatives contribute to the overall efforts of the scientific
community to better understand the environmental impacts
of APIs and to devise more effective methodologies and
technologies to assess, minimize and manage them.

CONCLUSION

Successful management of manufacturing effluent supports
the pharmaceutical industry’s overall EcoPharmacoSteward-
ship framework to minimize the risk from exposure to
pharmaceuticals in the environment.

The first step is to understand the protection goals for a site
such that humans and/or the environment are not harmed.
Widely accepted risk-assessment principles can be easily
adapted for this purpose; however, specific considerations of
intermittent discharges from batch processing and character-
istics of the local receiving environment are generally key for
undertaking environmental risk assessment in a manufacturing
context. Where several compounds are likely to be released
simultaneously, consideration of mixture toxicity may be
required; however, apart from possibly using whole effluent
toxicity methods (which have their strengths and limitations),
this is currently extremely difficult to do in practice and is an
area for future research. Additional areas of research relevant to
treatment of manufacturing effluents can be found in Boxall
et al. [56] and Rudd et al. [57].

Development and implementation of a program to manage
the discharge of APIs in manufacturing effluent are key to
managing these risks. This requires a company to commit to
providing adequate resources and expertise to position itself
on the appropriate step of the maturity ladder for the specific
facility and APIs being produced, including external
suppliers.

Furthermore, the responsibility for overall managementmust
be assigned to an accountable individual with the authority for
its implementation and the ability to integrate program elements
into ongoing activities throughout the company. The maturity
ladder is a resource for pharmaceutical companies and can be
used with external suppliers.
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