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Abstract

Taylor-Smith, Aana. Master of Environmental Assessment. Pharmaceutical compounds in land-applied
sludge and plant uptake: A review.

In the fields of environmental science and wastewater treatment, pharmaceutical products are
gaining recognition as potential contaminants of concern. Pharmaceuticals have been found to pass
through conventional wastewater treatment facilities and enter surface waters, which has spurred
research into ecotoxicological effects in surface waters. Less is known about pharmaceuticals in sludge
from wastewater treatment. Pharmaceuticals and pharmaceutical residues present in sludge could have
significant consequences due to land application of sludge on agricultural fields, where chemicals may
partition into soils and be taken up by plants. The effects of uptake by plants are not yet fully
understood, but some pharmaceutical compounds have been detected in plant tissues.

The objective of this study is to review what is currently known about pharmaceuticals, their
transport through conventional wastewater treatment facilities, their detection in sludge, their
pathways through soils and plants, and the consequences of pharmaceuticals in sludge to human and
ecological health. Current efforts and strategies to prevent the release of pharmaceuticals to the
environment are also reviewed. These topics were researched in a review of recent scientific literature

from 79 peer-reviewed journals and government documents, 47 of which are cited in this review.
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Introduction

An emerging concern in environmental science is the presence of pharmaceutical residues in
waste streams such as wastewater and sewage sludge. These chemicals are released as a result of
improper disposal, incomplete metabolism and release into municipal wastewater, industrial waste, and
veterinary practices. Most of these sources are directed to wastewater treatment plants (WWTPs) for
treatment. In the past, when attempting to control chemicals that affect water quality, regulators
focused on pollutants like volatile organic chemicals (VOCs) and metals. They are controlled in the
United States through a list of 126 Priority Pollutants established by the United States Environmental
Protection Agency (USEPA) for which standards and analytical methods have been developed (USEPA
2014). However, none of these priority pollutants are pharmaceuticals.

Fortunately, over the past few years, improved analytical methods and techniques were
developed to detect pharmaceuticals and pharmaceutical residues at the parts per billion (ppb) to parts
per trillion (ppt) level (Jeli¢ et al. 2011). Pharmaceuticals have been detected in environmental media as
a result of discharge from WWTPs, industrial facilities, landfill leachate, and veterinary operations,
among other sources. The main source of pharmaceuticals in the environment is WWTPs that treat
municipal wastewater and discharge to surface waters (Fent et al. 2006); the primary contributors of
pharmaceuticals in the waste stream are human use and excretion (Jasim et al. 2006). In most WWTP
systems, pharmaceuticals can either degrade, adsorb to sludge, or be passed through in treated effluent
to surface waters (Fent et al. 2006). This paper will focus on the portion of pharmaceuticals that adsorbs
to sludge that is often removed and applied to land as a soil conditioner.

A wide range of drugs has been detected in wastewater influent, representing various classes of
pharmaceuticals. The United States’ per capita usage of pharmaceuticals in 2011 was 136.6 standard
units (SU, defined as a single dosage unit) in both institutional and home environments (IMS 2012).

Pharmaceutical classes detected in wastewater influent and effluent include analgesics, antibiotics,
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anticonvulsants, antidepressants, anti-diabetics, beta-blockers, diuretics, histamine antagonists, lipid-
regulating agents, and others (Jeli¢ et al. 2011). This paper will focus on the presence of antibiotics,
anticonvulsants, and non-steroidal anti-inflammatory drugs (NSAIDS) due to their ubiquitous use,
differing chemical properties, and the attention given to those groups by scientific literature.

Almost all conventional WWTPs treat influent with an activated sludge system (Drillia et al.
2005). Many pharmaceutical compounds have a tendency to adsorb to sludge particles and biomass,
removing them from effluent but making them a concern when that sludge is applied to land. After
sludge is applied to land, compounds can adsorb to soil particles, run off in stormwater to surface water,
or leach through soils to contaminate groundwater. A pharmaceutical’s environmental fate is highly
dependent on its physicochemical properties. Soil properties also play a major role in determining
chemical fate in environmental media (Drillia et al. 2005).

Pharmaceuticals can be taken up from land applied sludge, manure, or soil into plants.
Pharmaceutical compounds have been shown to be absorbed through plant roots from sediment or
water and accumulate in leaves, stems, and fruits of edible plants like peas and cucumbers (Tanoue et
al. 2012). Grain plants such as wheat, barley, and fescue have also been studied, as well as root
vegetables like carrots (Eggen et al. 2011). Plant uptake is generally thought to be dependent on the
properties of the pharmaceutical compound, the plant’s physical characteristics, and soil properties
(Tanoue et al. 2012).

Concerns have arisen with regards to the application of biosolids containing pharmaceutical
compounds. The presence of pharmaceutical compounds in soils is in itself potentially hazardous. For
example, antibiotic drugs could lead to antibiotic resistance in soil microbes or cause shifts in soil
microbial activity (Clarke and Smith 2011). When pharmaceuticals are leached into groundwater or run

off into surface water, they can present a danger to aquatic environments or affect drinking water
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supplies. Finally, pharmaceuticals in the soil can be taken up into food crops and other plants. The
potential effects of pharmaceutical compounds are wide-ranging and as yet poorly understood.

Many new techniques have focused on removing pharmaceutical compounds from the waste
stream as a pre-treatment method at WWTPs. Membrane distillation with carbon nanotubules and
ozonation have proven effective at pharmaceutical removal (Gethard et al. 2012, Rizzo et al. 2015, Jasim
et al. 2006). Treatment of sewage sludge with fungi has also been tested. In one study, removal of
pharmaceutical compounds with fungi also reduced toxicity of the sewage (Rodriguez-Rodriguez et al.
2011). This has important consequences for the land application of sludge and reduction of potential

ecotoxicological effects.
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Methods

Between November 2014 and March 2015, scientific literature regarding pharmaceutical
compounds in wastewater, sludge, soil, and plants was reviewed. The review focused on
pharmaceuticals detected in WWTPs and sludge, fate and transport of pharmaceuticals in the
environment, presence of pharmaceuticals in soils after application of sludge, presence of
pharmaceuticals in crops grown in soils with biosolids, effects and consequences of those compounds
entering the environment, and potential methods of remediation.

Keyword searches were conducted through the North Carolina State University library webpage
(http://www.lib.ncsu.edu) and Google Scholar (http://scholar.google.com). Keywords included, but
were not limited to, the following: adsorption, agriculture, antibiotic, anticonvulsant, antiepileptic, anti-
inflammatory, biosolids, detection, effluent, environmental impact, land application, NSAID, pass
through, pharmaceuticals, plant uptake, removal, sludge, soil, wastewater treatment, and WWTP.
Additional literature sources were found by reviewing reference lists of selected peer-reviewed studies.

Publications used in this review included peer-reviewed scientific studies, review articles,
government publications, and materials from non-governmental research organizations. Most
documents were found online and have been referenced as such in the References section of this paper.
In total, this study identified 79 publications relevant to the topics discussed; 47 were cited in the
literature review. Scientific literature was selected without regard to international origin and no
emphasis was placed on literature from a particular country or region. Selection criteria involved
identifying whether studies contained information regarding the primary topics, whether the

pharmaceutical groups of interest were discussed, and whether new information was presented.
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Results & Discussion

Pharmaceuticals in the waste stream

Pharmaceuticals make their way into the domestic waste stream primarily through human use
and excretion. These compounds can be excreted either as the unchanged original compound or as
metabolites or conjugate acids — generally glucuronic or sulfuric acid (Gros et al. 2010). Conventional
wastewater treatment practices, such as settling, aeration, coagulation, flocculation, filtration, and
chlorination, have proven to be ineffective at removing pharmaceuticals and pharmaceutical residues
from incoming wastewater (Uslu et al. 2011). The ability of WWTPs to remove pharmaceuticals is
variable and depends largely on the type of wastewater treatment and type of pharmaceutical. One
study found that removal rates of 73 pharmaceuticals ranged from 40-99% at seven Spanish WWTPs
(Gros et al. 2010).

Data suggest that without advanced treatment methods beyond those present at conventional
WWTPs, pharmaceutical compounds can be detected in all effluent discharge regardless of geographical
location (Daughton 2003). Indeed, one study performed by the United States Geological Survey (USGS)
found at least 1 of 95 pharmaceuticals and personal care products in 80% of 139 streams surveyed over
30 states between 1999 and 2000. Seventy-five percent of streams sampled contained more than one
such chemical (Kolpin et al. 2002). That study provided a demonstrative overview of the ubiquitous
nature of pharmaceutical compounds and their ability to bypass wastewater treatment.

This review focused on results for three major groups of pharmaceuticals: antibiotics,
anticonvulsants, and NSAIDs. These major groups are ubiquitous in use and are frequently found in
wastewater across the world. See Table 1, below, for more information on each group, as well as a list of

studies included in this review with information on each group:
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Table 1. Groups of pharmaceuticals in this review. Note that lists of examples are not all-inclusive.

Group Use Examples References
Aminoglycosides: Gentamicin, neomycin,
streptomycin, etc. Car.valho et aI.,2014, Clarke and
Cephalosporins: Cefadroxil, cefaclor, Smith 2011, Diaz-Cruz et al. 2009,
- . . . . Drillia et al. 2005, Eggen et al. 2011,
Antimicrobial agents ceftriaxone, cefepime, ceftobiprole, etc. o
. K . Gros et al. 2010, Horsing et al. 2011,
used to treat or Glycopeptides: Telavancin, vancomycin, etc. Jasim et al. 2006. Jeli¢ et al. 2011
prevent bacterial Lincosamides: Clindamycin, etc. Jones et al. 2014, Jones-Lepp and
infections orally, Macrolides: Clarithromycin, erythromycin, etc.  stevens 2007, Kang et al. 2013,
topically, or Nitrofurans: Furazolidone, nitrofurantoin, etc.  Kinney et al. 2006, Kolpin et al.
Antibiotics intravenously. Can Penicillins: Amoxicillin, azlocillin, etc. 2002, Martin et al. 2015, Nieto et

Anticonvulsants,
anti-epileptics

NSAIDs

also be used as an
anti-fungal in some
cases. Used in human
and veterinary
medicine.

Agents used in the
treatment of
seizures. Increasingly
used to treat
psychological or
mood disorders like
bipolar disorder and
to treat neuropathic
pain.

Nonsteroidal anti-
inflammatory drugs.
Used for analgesic,
anti-inflammatory,
and fever reducing
effects.

Polypeptides: Bacitracin, polymyxin B, etc.
Quinolones/fluoroquinolones: Ciprofloxacin,
ofloxacin, temafloxacin, etc.
Sulfonamides: Sulfamethazine,
Sulfamethoxazole, TMP-SMX, etc.
Tetracyclines: Doxycycline, tetracycline, etc.
Others: Chloramphenicol, clofazimine,
rifampin, streptomycin, trimethoprim, etc.

Benzodiazepines: Clonazepam, lorazepam,
midazolam, etc.

Carboxamides: Carbamazepine,
oxcarbazepine, etc.

Oxazolidinediones: Ethadione, etc.

Sulfonamides: Acetazolamide, methazolamide,
zonisamide, etc.

Triazines: Lamotrigine

Others: Parampanel, valnoctamide, etc.

Acetic acids: Diclofenac, indomethacin, etc.

Anthranilic acids: Mefenamic acid, etc.

Enolic acids: Meloxicam, piroxicam, etc.

Propionic acids: Fenoprofen, ibuprofen,
ketoprofen, naproxen, etc.

Salicylates: Acetylsalicylic acid (aspirin),
diflunisal, salicylic acid, etc.

Others: Clonixin, firocoxib

10

al. 2010, Pala-Ozkok et al. 2014,
Rodriguez-Rodriguez et al. 2011,
Rodriguez-Rodriguez et al. 2012,
Sabourin et al. 2012, Tanoue et al.
2012, Thiele-Bruhn 2003, Topp et al.
2008, Uslu et al. 2011, Walters et al.
2010, C. Wu et al. 2012, X. Wu et al.
2012

Carvalho et al. 2014, Chefetz et al.
2008, Clarke and Smith 2011, Diaz-
Cruz et al. 2009, Drillia et al. 2005,
Fent et al. 2006, Gielen et al. 2009,
Gros et al. 2010, Horsing et al. 2011,
Jasim et al. 2006, Jeli¢ et al. 2011,
Jones-Lepp and Stevens 2007,
Kinney et al. 2006, Kolpin et al.
2002, Martin et al. 2015, Nieto et al.
2007, Nieto et al. 2010, Prosser et
al. 2014, Rizzo et al. 2015,
Rodriguez-Rodriguez et al. 2011,
Rodriguez-Rodriguez et al. 2012,
Sabourin et al. 2012, Tanoue et al.
2012 Ternes 1998, Topp et al. 2008,
Uslu et al. 2011, Walters et al. 2010,
C.Wuetal. 2012, X. Wu et al. 2012,
Yu and Wu 2012

Carvalho et al. 2014, Chefetz et al.
2008, Clarke and Smith 2011, Diaz-
Cruz et al. 2009, Fent et al. 2006,
Gros et al. 2010, Gielen et al. 2009,
Horsing et al. 2011, Jasim et al.
2006, Jeli¢ et al. 2011, Jones et al.
2006, Jones et al. 2014, Jones-Lepp
and Stevens 2007, Kolpin et al.
2002, Martin et al. 2015, Nieto et al.
2007, Nieto et al. 2010, Rizzo et al.
2015, Rodriguez-Rodriguez et al.
2011, Rodriguez-Rodriguez et al.
2012, Sabourin et al. 2012, Tanoue
et al. 2012, Ternes 1998, Topp et al.
2008, Uslu et al. 2011, Walters et al.
2010, X. Wu et al. 2012, Xu et al.
2009, Yu and Wu 2012
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Pharmaceuticals in sewage sludge

As previously stated, most WWTPs use activated sludge technology to treat wastewater (Drillia
et al. 2005). In this process, solid matter is first separated from the waste stream during preliminary
treatment, then additional heavier particles are allowed to settle out by gravity in a sedimentation
process referred to as primary treatment. Material removed at this phase is primary sludge and
generally undergoes further treatment before being used as biosolids (UNEP DTIE 2002). Next, organic
compounds are removed via microbial activity in secondary treatment, after which particles are allowed
to settle out again to form secondary sludge. During secondary treatment, activated sludge removed
from secondary sedimentation may be added back into the waste stream to allow for microorganisms
used in secondary treatment to thrive (UNEP DTIE 2002). See Figure 1 for a depiction of the typical
wastewater treatment process and generation of biosolids.

The amount of sludge removed at a WWTP can be estimated through calculations as
demonstrated by Henze et al. (2002). For a WWTP with about two hours of settling time, 210 grams (g)
of primary sludge per cubic meter (m?3) of treated wastewater is removed, and 110-165 g/m3 of
secondary sludge is removed, depending on wastewater load at the WWTP (Horsing et al. 2011). It has
also been estimated that the average WWTP produces about 240 kilograms (kg) of dry solid material per
million liters (I) of wastewater treated (Kinney et al. 2006). Sludge must be further treated before it is

suitable for land application, as seen in Figure 1.

11
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Fig. 1. Depiction of a typical WWTP process and biosolids generation. Adapted from UNEP DTIE 2002.
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While various methodologies have been developed to analyze water for over 100
pharmaceutical compounds, the analysis of sewage sludge for pharmaceuticals has not advanced as
quickly (Diaz-Cruz et al. 2009). Sewage sludge is a difficult matrix to analyze due to its complexity.
Composition of sludge can vary based on inputs to the WWTP, and the sludge matrix often lacks
uniformity. Furthermore, some components of sludge, such as surfactants or colloids added during the
treatment process, can interfere with analytical methods (Diaz-Cruz et al. 2009). Commonly used
methods for extracting pharmaceutical compounds from sewage sludge have included accelerated
solvent extraction (ASE), microwave-assisted extraction (MAE), pressurized liquid extraction (PLE), solid
phase extraction (SPE), and ultrasonic extraction (USE) (Diaz-Cruz et al. 2009, Jeli¢ et al. 2011, Nieto et
al. 2009, Yu and Wu 2012). One study found that the most effective method of extraction was SPE (Diaz-
Cruz et al. 2009), but other methods are routinely used. For separation and detection, common methods
include gas chromatography-mass spectrometry (GC-MS) and liquid chromatography-mass spectrometry
(LC-MS), with tandem mass spectrometry (MS-MS) methods generally preferred for their increased
analytical sensitivity (Diaz-Cruz et al. 2009). USEPA Method 1694 uses SPE with high performance liquid
chromatography (HPLC) and MS-MS to detect pharmaceuticals in liquid and solid matrices (USEPA
2007).

Primary and secondary sludges have different consistencies, with primary sludge being
described as similar to “wadding” in its appearance and secondary sludge like “instant coffee,” (Horsing
et al. 2011). The differences in process used to generate primary and secondary sludge, as well as
physical differences, have led researchers to test and compare both types for the presence of
pharmaceutical compounds. In a 2014 study, researchers found that the type of sludge did not have a
significant effect on the concentration of trace pharmaceutical compounds detected, with the exception
of the NSAID ibuprofen and the antibiotic erythromycin. Both of these pharmaceuticals were detected in

higher concentrations in primary and mixed sludge. This difference was attributed to biodegradation

13
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processes in the sludge rather than physicochemical properties such as Kow (Jones et al. 2014). A 2011
study of 75 pharmaceutical compounds in sludge found that most compounds exhibited similar behavior
towards primary and secondary sludge, but that ibuprofen again had a higher affinity for primary sludge
(Horsing et al. 2011). Finally, a study published in 2015 showed that NSAIDs and the anticonvulsant
carbamazepine were found in higher concentrations in primary sludge, while antibiotics tended to be
found more in secondary sludge (Martin et al. 2015). Differences in pH and temperature of sludge may
also play a role in the concentration of pharmaceutical compounds (Horsing et al. 2011).
Concentrations of pharmaceutical compounds found in sewage sludge vary, but some
compounds have been detected in some amount in the majority of studies reviewed. Some of the most
frequently studied antibiotics include ciprofloxacin, clarithromycin, erythromycin, ofloxacin,
sulfamethazine, sulfamethoxazole, and trimethoprim. The most commonly studied anticonvulsant/anti-
epileptic is carbamazepine, but some studies also focus on other anticonvulsants, particularly the
benzodiazepines. Commonly studied NSAIDs include diclofenac, ibuprofen, ketoprofen, and naproxen.
Table 2 provides ranges of the above-listed compounds found in sewage sludge in the studies reviewed

for this paper.
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Table 2. Ranges of pharmaceutical concentrations detected in sewage sludge.

Grou Pharmaceutical
P Compound

Range Detected in
Sewage Sludge (ng/kg)

References

Antibiotics

Anticonvulsants, anti-
epileptics

NSAIDs

Ciprofloxacin

Clarithromycin

Erythromycin

Ofloxacin

Sulfamethazine

Sulfamethoxazole

Trimethoprim

Carbamazepine

Diclofenac

Ibuprofen

Ketoprofen

Naproxen

15

0.9-40,800

0.3-67,000

30-111

0.1-58,100

0.13-0.8

0.6-68,000

0.6-133

4.7-1,200

1.09-424.7

6.34-548

1.3-211

0.9-242

Clarke and Smith 2011, Diaz-
Cruz et al. 2009, Jones-Lepp and
Stevens 2007, Martin et al.
2015, Nieto et al. 2010
Diaz-Cruz et al. 2009, Jeli¢ et al.
2011, Jones-Lepp and Stevens
2007, Nieto et al. 2010
Jones et al. 2014, Jones-Lepp
and Stevens 2007, Nieto et al.
2010
Clarke and Smith 2011, Diaz-
Cruz et al. 2009, Jones et al.
2014, Martin et al. 2015, Nieto
et al. 2010
Diaz-Cruz et al. 2009, Jeli¢ et al.
2011, Nieto et al. 2010
Diaz-Cruz et al. 2009, Jones-

Lepp and Stevens 2007, Martin
et al. 2015, Nieto et al. 2010
Diaz-Cruz et al. 2009, Jeli¢ et al.
2011, Martin et al. 2015

Clarke and Smith 2011, Diaz-
Cruz et al. 2009, Jones-Lepp and
Stevens 2007, Kinney et al.
2006, Nieto et al. 2007, Nieto et
al. 2010, Yu and Wu 2012

Diaz-Cruz et al. 2009, Jeli¢ et al.
2011, Jones et al. 2014, Martin
et al. 2015, Nieto et al. 2007,
Nieto et al. 2010, Yu and Wu
2012
Jeli¢ et al. 2011, Jones et al.
2014, Martin et al. 2015, Nieto
et al. 2007, Nieto et al. 2010, Yu
and Wu 2012
Jeli¢ et al. 2011, Martin et al.
2015, Nieto et al. 2010, Yu and
Wu 2012
Jeli¢ et al. 2011, Martin et al.
2015, Nieto et al. 2007, Nieto et
al. 2010, Yu and Wu 2012
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Environmental fate of pharmaceuticals in land applied sludge

Around 50% of sewage sludge in the United States is applied to soils as a conditioning agent
each year (Kinney et al. 2006). Similar percentages can be seen around the world, with around 53% of
sewage sludge being land applied in the European Union (Martin et al. 2015), 40% in Canada (Topp et al.
2008), and around 14% in Japan (Tanoue et al. 2012). This number is likely to grow as demand for food
production increases and phosphorus supplies decrease (Martin et al. 2015). Prior to being applied to
soil as a soil conditioner, sewage sludge is treated through means such as thickening, stabilization,
conditioning, and de-watering. The aim of these treatments is to reduce pollutants of concern and
pathogens while optimizing the sludge’s fertilizing and conditioning properties (Jones-Lepp and Stevens
2007). However, these practices do not eliminate all pharmaceuticals, and many compounds are present
after sludge is applied to soils.

In 1993, the USEPA conducted a risk assessment for compounds found in sewage sludge,
primarily metals and other priority pollutants, which demonstrated possible pathways for contaminants
from sewage sludge to the environment (Jones-Lepp 2007). Figure 2 demonstrates that compounds
contained in sewage sludge can adsorb to soil particles, leach into groundwater, run off in stormwater
to contaminate surface waters, or volatilize into the air. Currently, no evidence suggests that

pharmaceuticals partition into the air in significant amounts.
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Fig. 2: Potential environmental fates of compounds in sewage sludge (Jones-Lepp 2007, p. 1180).
Volafiizaion =

(e Volatizaton

Nmtosu
A general model for the behavior of pharmaceutical compounds in soils is difficult to
conceptualize due to the wide variations in pharmaceutical compounds in sludge, physicochemical
differences in pharmaceuticals, differences in soil types and organic content, and climactic differences.
However, Drillia et al. (2005) found that a pharmaceutical’s tendency to move through soil is correlated
with its tendency to sorb to soil particles. The propensity to sorb to soil particles is dependent on a
compound’s physicochemical properties. For example, in one study, the antibiotic ofloxacin sorbed most
strongly to soil particles, while diclofenac, carbamazepine, and sulfamethoxazole showed weaker
sorption, respectively. This indicates that ofloxacin is more likely to remain tightly bound to soil particles

and is less bioavailable, while the opposite is true for sulfamethoxazole, which is more likely to leach off
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into ground water or surface water (Drillia et al. 2005). Table 3 shows the physicochemical properties of
these compounds.

The difference in sorption patterns of the fluorquinolone ofloxacin and the sulfonamide
sulfamethoxazole demonstrates the importance of a compound’s individual properties to the analysis of
its behavior in environmental matrices. Although both of these compounds belong to the same
therapeutic group, antibiotics, they have different physicochemical properties, such as log Kow and pKa
values. The log Kow, or log of the octanol-water partitioning coefficient, represents a compound’s
propensity to partition into either non-polar or polar mediums. Compounds with a high log Kow are
typically hydrophobic, with a low water solubility, while those with a low or negative log Kow are
typically hydrophilic with a higher water solubility. The pK,, or acid dissociation constant, represents a
compound’s ionization state. This is important because chemicals with a pK, lower than neutral, such as
NSAIDs like ibuprofen, diclofenac, and ketoprofen, will most likely be ions in the environment, making
them more likely to dissolve into water than adsorb to solids (Fent et al. 2006).

Fluorquinolones typically have a much higher soil-organic content partitioning coefficient (Koc)
(Thiele-Bruhn 2003), which is calculated from the Kow and represents a compound’s likelihood to bind to
soil. Depending on the Koc, which is often expressed as log Koc, a compound may preferentially bind to
organic matter or soil particles, and a higher log Koc generally indicates lower water solubility. Organic
content varies widely between soil types, ranging from 99-390 mg/g in one study alone (Kinney et al.
2006). To further complicate matters, a compound’s tendency to bind to soil also depends on clay
content, pH, and ionization state. The log Koc varies between soil types (Drillia et al. 2009); however, log
Koc remains a useful indicator when determining a compound’s behavior in the environment. It is
important to note that the log Kow has a linear relationship with log Koc, and can therefore be used to
predict a compound’s behavior similarly to the log Koc when experimental data are unavailable for the

log Koc (USEPA 1996).
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Another factor in the environmental fate of pharmaceutical compounds is regional climate
patterns. High intensity rain events cause a greater amount of desorption of pharmaceutical compounds
from soil particles, leading to more pharmaceuticals recovered in leachate (Drillia et al. 2009). This
suggests that in areas with large amounts of rainfall, pharmaceuticals may be found more in the
aqueous phase, whether in groundwater or surface water, rather than adsorbed to soils.

Degradation of pharmaceutical compounds is an important method of removal from the
environment. Anaerobic processes, such as photodegradation and hydrolysis often break
pharmaceuticals down into their component parts (Thiele-Bruhn 2003). Microbial biodegradation can
also occur, in which pharmaceutical compounds are metabolized or broken down by soil microbes and
removed from the environment. NSAIDs such as ibuprofen and naproxen have been shown to be more
readily biodegraded than other pharmaceuticals. Carbamazepine, in particular, was most resistant to
microbial biodegradation and thus was detected more frequently in leachate from soils (Gielen et al.
2009). However, a higher initial concentration of pharmaceutical compounds has shown to decrease
microbial degradation (Xu et al. 2009).

Despite the aforementioned difficulties in predicting a pharmaceutical compound’s
environmental fate, some general trends can be seen in scientific literature. Several types of antibiotics,
especially fluoroquinolones, sulfonamides, and tetracyclines, may be removed through biodegradation
as well as photodegradation (Thiele-Bruhn 2003). However, quinolone antibiotics have been shown to
have half-lives in soils of 1,000 days or more due to their sorption to organic materials in soil.
Tetracyclines also have longer half-lives than might be predicted, sometimes around 500 days (Walters
et al. 2010). This could be attributable to other components in land applied sludge that may inhibit or
interfere with microbial activity. Additionally, some biodegradation reactions may be reversible, and are

often inhibited by the compound’s binding to soil particles. Altogether, antibiotics have been found to
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remain in soils longer than other types of pharmaceutical compounds, though this depends on the soil
type (Thiele-Bruhn 2003).

The anticonvulsant carbamazepine is relatively resistant to biodegradation and is very
commonly found in sewage sludge, making it more likely to accumulate in soils as it is reintroduced with
each application (Kinney et al. 2006). One study found that carbamazepine’s half-life in soils was around
495 days, which was significantly higher than the predicted 75 days (Walters et al. 2010). This may be
due to the compound’s tendency to sorb more strongly to soil particles with high organic content, which
was described by Gielen et al. (2009). Interestingly, in some studies, carbamazepine was detected in
greater quantities in soils than in the sludge applied to those soils. It has been hypothesized that
carbamazepine conjugates that form in the human body are cleaved in aerobic soils, releasing more of
the parent compound (Gielen et al. 2009). This factor may also contribute to the concentration of
carbamazepine being higher than expected in soils. Despite its apparent abundance in soils, one study
found that carbamazepine was found in greater quantities in surface and groundwater than
sulfamethoxazole or diclofenac. Carbamazepine has an average tendency to bind to soils compared to
other pharmaceuticals and is found both in the soil and aqueous matrices (Drillia et al. 2005).

Some NSAIDs, like ketoprofen, have been shown to adsorb more strongly to soils containing
higher amounts of organic material, but not those with lower organic content. Others, like diclofenac
and ibuprofen, have been shown to adsorb weakly to soil particles in general, making them more likely
to leach out of soils and into groundwater (Xu et al. 2009). Runoff into surface water is a significant fate
for NSAIDs, with ibuprofen and naproxen shown to partition rapidly into stormwater runoff after land
application of biosolids (Topp et al. 2008). Another study found that ibuprofen and naproxen were not
found in high concentrations in leachate from soils because they were likely degraded by microbial
activity in the soil (Gielen et al. 2009). Indeed, ibuprofen, naproxen, and diclofenac were shown to have

soil half-lives of around 6, 17, and 20 days, respectively (Xu et al. 2009), far lower than the half-lives for
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antibiotics and anticonvulsants studied by Walters et al. (2010). With allowances made for differences in

chemical structure, NSAIDs seem less likely to concentrate in soils than antibiotics or anticonvulsants,

making them more of a concern in groundwater and surface water. Table 3 provides an overview of

typical environmental fates of pharmaceuticals.

Table 3. Physicochemical characteristics of selected pharmaceuticals and their environmental fates and likely
accumulation in plant tissues. Note that log Koc is not given due to its variability between soil types. Data from
Carvalho et al. 2014, Drillia et al. 2005, Jones et al. 2006, Kang et al. 2013, Tanoue et al. 2012, Thiele-Bruhn 2003,
Walters et al. 2010, and X. Wu et al. 2012.

Mw Accumulation in
Pharmaceutical (g/mol) pKa log Kow Half Life (d)  Environmental Fate Plants
Erythromycin 734 8.8 3.06 30 Soil -
Ofloxacin 361 5.97-8.28 0.35 360-1386 Soil -
Tetracycline 444 3.3 -1.3 55-578 Soil Leaves
Oxytetracycline 460 3.27 -0.9 44 Soil Roots
Chlortetracycline 479 33 -0.53 17-46 Soil Leaves
Sulfamethoxazole 253 1.83,5.6 0.48 - Ground water, surface Roots
water
. Ground water, surface
Sulfamonomethoxine 280 2,6 0.2 - Cotyledons, roots
water
Sulfadimethoxine 310 213,608 117 - Ground water, surface o o
water
Sulfadiazine 250 6.36 -0.09 1.6 Ground water, surface o o
water
. Ground water, surface
Sulfamethazine 278 7.59 0.89 74-462 Roots
water
Trimethoprim 290 3.23,6.76 0.73 22-41 Surface water Cotyledons, roots
Carbamazepine 236 7 2.45 75-495 Soil and water Leaves
Diclofenac 296 418 4.06 20 Ground water, surface  No 5|gn|f|c‘:ant
water accumulation
Indomethacin 357 45 423 i Ground water, surface No S|gn|f|c?nt
water accumulation
lbuprofen 206 431 372 6 Ground water, surface  No signifinmt
water accumulation
Ketoprofen 254 4.45 3 i Ground water, surface No S|gn|f|c§nt
water accumulation
Naproxen 230 4.15 3.18 17 Ground water, surface | .o
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Pharmaceutical uptake into plant tissue

Pharmaceutical compounds have been detected in the roots, stems, leaves, and seeds of plants
grown in soil treated with biosolids (Prosser et al. 2014). In a recent study, 8 out of 141 pharmaceuticals
and personal care products studied were detected in plant tissue from vegetables grown in agricultural
fields (Sabourin et al. 2012). The degree of plant uptake varies among pharmaceutical compounds.
Membrane permeability plays a large role in the ability of a plant to take up a compound and store it in
its tissue. More lipophilic compounds have a greater ability to pass through phospholipid membranes,
but studies have shown that compounds that are somewhere between lipophilic and hydrophilic have a
greater ability to partition into plant tissues (Tanoue et al. 2012). Soil conditions also have an effect on
the ability of a plant to take up pharmaceutical compounds. For example, a soil’s pH can affect the
ionization state of compounds it contains, which can lead to those compounds becoming more or less
able to cross biological membranes. Tanoue et al. (2012) found that pharmaceuticals are readily taken
up when they are near their neutral ionization states. Additionally, higher organic matter can lead to
compounds binding more tightly to soil and resisting uptake (Table 3).

Antibiotics, particularly sulfonamides and trimethoprim, have been shown to be readily taken
up into plants, where they are found in highest concentrations in the roots (see Figure 3). This has been
demonstrated in recent laboratory and greenhouse studies on cucumber, millet, pea, corn, and cabbage
(Tanoue et al. 2012). However, studies conducted in the field generally find lower concentrations of
antibiotics in plant tissue. For example, the concentrations of 5 antibiotics in 11 vegetable crops treated
with pharmaceutical-containing manure were found to be less than 10 ug/kg. This could be due to
pharmaceuticals binding to organic matter in soils as well as a greater availability of uncontaminated
subsurface area into which roots can extend (Kang et al. 2013).

|”

The anticonvulsant carbamazepine was described as having an “optimal” pH-independent Kow

for partitioning into plant stems and leaves, where it was found in relatively large quantities (Tanoue et
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al. 2012). This was also predicted by two plant uptake models in a study by Prosser et al. (2014). The
Dynamic Plant Uptake (DPU) Model consisted of a water and soil transport model coupled with a cell
model to calculate partition coefficients and estimate transport of pharmaceuticals to plant tissues. The
Biosolids-Amended Soil Level IV (BASL4) Model was a fugacity model that assessed the environmental
fate of chemicals from land-applied sludge in soils and the relative concentrations of those chemicals in
receptor tissue. Both the DPU and BASL4 models used standard parameters such as precipitation,
temperature, soil properties, and plant tissue characteristics, and both models predicted that
carbamazepine would be found in plant tissues, particularly leaves (Prosser et al. 2014). These
predictions were confirmed by other studies (Carvalho et al. 2014, C. Wu et al. 2012). For example,
carbamazepine was detected in stems and leaves at concentrations up to about 1,300 pg/kg in peppers,
800 pg/kg in collards, and 600 pg/kg in lettuce (C. Wu et al. 2012), confirming model predictions. As
previously mentioned, carbamazepine is a ubiquitous compound in wastewater and sewage sludge and
is frequently detected in soils rather than in the aqueous phase. This common distribution, as well as the
pharmaceutical’s physicochemical components, leads to a relatively large uptake potential for the
anticonvulsant.

Compared to antibiotics and the anticonvulsant carbamazepine, NSAIDs have a relatively low
detection rate in plant tissues. In one study, neither ibuprofen nor diclofenac were detected in the
leaves of lettuce or spinach, while naproxen was only detected in the leaves of spinach at the relatively
low concentration of 0.04 pg/kg. For comparison, in the same study carbamazepine was detected at
28.7 ug/kg in lettuce and 2.9 pg/kg in spinach leaves (X. Wu et al. 2012). Ibuprofen and naproxen have
been shown to be taken up into alfalfa tissue, but only in small amounts (Carvalho 2014). One study
detected neither diclofenac nor indomethacin in the stems or leaves of pea plants, and those
compounds were found only at very low levels in roots. Ketoprofen was found in roots and shoots at

comparatively low levels (Tanoue et al. 2012). The low detection of NSAIDs could be attributable to their
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lower concentration in soils, biodegradation, and ionization states. See Figure 3 for a comparison of the
concentration of pharmaceutical groups in plant tissue.

Fig. 3. Pharmaceutical concentrations in roots and shoots. Trimethoprim (TMP), sulffamonomethoxine (SMMX),
sulfamethoxazole (SMXZ), and sulfadimethoxine (SDMX) are antibiotics; carbamazepine (CBZ) is an anticonvulsant;
and ketoprofen (KP), diclofenac (DF), and indomethacin (IND) are NSAIDs. See Table 3 for the physicochemical
properties of these compounds. Adapted from Tanoue et al. 2012.
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Potential effects of pharmaceuticals in land applied sludge

Pharmaceuticals in land applied sludge can affect water quality, soil microbial activity, and plant
growth. Potential human and ecological health effects may exist, but these are not fully understood. As
previously discussed, pharmaceuticals contained in land applied sludge can run off in stormwater to
contaminate surface waters, leach into groundwater to contaminate aquifers, accumulate in soils,
and/or be taken up into plant tissues.

In surface waters, many pharmaceuticals may undergo hydrolysis, photodegradation, or
biodegradation, but constant re-introduction of these compounds can lead to significant exposure of
aquatic organisms (Daughton 2003). Aquatic organisms are exposed to pharmaceutical compounds over
their life cycles, meaning that they could be susceptible to both acute and chronic toxic effects. Studies
have shown that pharmaceutical compounds can be acutely toxic to algae, microorganisms, and fish.

However, because pharmaceuticals are generally detected in surface waters at the range of 103-10’
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times lower than known LCso and ECso values, acute toxicity of pharmaceuticals in surface waters is not a
major concern at this time (Fent et al. 2006).

Less is known about the chronic effects of repeated exposure to low levels of pharmaceutical
compounds in surface waters (Daughton 2003). When comparing the concentrations of pharmaceuticals
typically found in surface waters with the available chronic toxicity data for Daphnia and other standard
laboratory tests, environmental levels do not appear to pose a chronic toxicity threat (Fent et al. 2006).
Some studies have shown that certain pharmaceutical compounds may interfere with hormonal
pathways in aquatic organisms (Topp et al. 2008). Additionally, bioaccumulation of diclofenac in animal
tissue has been shown in some studies, which indicates that it has the potential to travel through
trophic levels (Fent et al. 2006). If such is the case, bioaccumulation could lead to exposure of more
organisms than those found only in aquatic environments.

Groundwater contamination with pharmaceutical compounds could be of concern to human
health for those who retrieve drinking water from groundwater wells. Although water filtration plants
have shown relatively effective removal of some pharmaceuticals, many compounds still pass through
treatment, and those who live in rural areas may get drinking water from wells without treatment (Fent
et al. 2006). This could lead to human exposure to trace amounts of pharmaceutical compounds at
levels which are not thought to be acutely toxic, but more research is needed on the potential for
chronic toxicity and repeat exposure (Daughton 2003).

Antibiotics in soils have gained the attention of the scientific community because of their
interference with the activity of naturally-occurring soil microbes. Pala-Ozkok et al. showed that
erythromycin obstructed substrate binding sites for microbes, inhibiting their activity (2013). The toxic
dose of antibiotics for microorganisms is far lower than that for higher organisms, meaning that the
potential for pharmaceutical toxicity is higher (Thiele-Bruhn 2003). This is significant because soil

microbes are often responsible for breaking down xenobiotics, such as other pharmaceutical
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compounds. Without this microbial activity, pharmaceuticals may accumulate in greater amounts.
Furthermore, fluoroquinolones have been shown to bioaccumulate in soil microbes (Thiele-Bruhn 2003).
Another major concern regarding antibiotics in soil matrices is the potential for antibiotic resistance.
Many antibiotics, especially ciprofloxacin, have been shown to increase antibiotic resistance of soil
bacteria. This antibiotic resistance proved to be short-lived and only lasted until the source was
removed, but areas where antibiotics are continually re-introduced through the application of biosolids
are a potential concern (Clarke and Smith 2011). Bacterial antibiotic resistance is a concern for human
health because it can decrease the effectiveness of antibiotics as a treatment for infections (Carvalho et
al. 2014).

Interference with soil microbes may also lead to problems with plant growth. It has been
postulated that reduced soil microbe activity may lead to slower decomposition, nitrification, and
nutrient cycling. This impairment of soil function could interfere with plant growth (Carvalho et al.
2014). Pharmaceuticals, especially antibiotics, have shown some phytotoxicity through biomass
reduction (Carvalho et al. 2014, Eggen et al. 2011). However, it must be noted that the phytotoxicity and
reductions in plant growth seen in some studies may not represent the probable effects of
pharmaceuticals in land applied sludge in actual agricultural fields. Some field studies have indicated
that the negative effects seen in laboratory studies were not as pronounced in vivo because laboratory
studies use large concentrations of pharmaceuticals unlikely to be found in actual biosolids (Sabourin et
al. 2012, Thiele-Bruhn 2003).

Although it has been demonstrated that pharmaceutical compounds can be taken up into crop
plants and vegetables, current research shows that the likelihood of concentrations of pharmaceuticals
in edible plants posing a significant human health risk is minimal (Carvalho et al. 2014, Clarke and Smith
2011, Sabourin et al. 2012, Thiele-Bruhn 2003). Antibiotic resistance in microbes found in surface water,

groundwater, and soils is of more concern because of the potential for reduced effectiveness of human
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drugs against dangerous pathogens (Thiele-Bruhn 2003). Because pharmaceutical compounds’ potential
for chronic toxicity at low, repeated doses is unknown, chronic human health effects cannot be fully
assessed at this time (Daughton 2003). Even though human health risks are not fully understood,
methods of removing pharmaceuticals from the waste stream have been investigated as a precautionary
measure.

Treatment and removal of pharmaceuticals: New methods

In recent years, a great number of studies have been conducted on the removal of emerging
compounds, like pharmaceuticals, from effluent at WWTPs. For example, graphene adsorption reactor
technology removed carbamazepine, diclofenac, and ibuprofen by 96% compared to the 62% removal
rate of ultraviolet filtration (Rizzo et al. 2015). Membrane filtration enhanced with carbon nanotubules
produced effluent with less than 10% of pharmaceutical compounds detected (Gethard et al. 2012).
These new technologies can also reduce toxicity of effluent by a significant degree (Rizzo et al. 2015).
Fewer studies have focused on removing pharmaceutical compounds from sludge destined for land
application.

An interesting new technology focusing on fungi as an alternative to physical or chemical
treatment has shown promise. White rot fungi, or Trametes versicolor, break down lignin in wood
through an enzymatic process involving laccases and peroxidases. T. versicolor has a cytochrome P450
system similar to that of mammals that allows it to break down ingested compounds as well (Rodriguez-
Rodriguez et al. 2011). These properties have led to the study of T. versicolor as a method of
biodegradation and toxicity reduction of pharmaceutical compounds in sewage sludge.

In a recent study, pharmaceutical-spiked sterile sewage sludge was inoculated with T. versicolor
in a solid-phase bioreactor to evaluate potential for degradation and toxicity reduction. Out of 14
pharmaceuticals tested, 7 were completely removed, including the antibiotics clarithromycin and

sulfamethoxazole. The anticonvulsants diazepam and carbamazepine were both removed by 43%, while
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the NSAIDs ibuprofen, diclofenac, and mefenamic acid were removed by 75%, 64%, and 72%,
respectively (Rodriguez-Rodriguez et al. 2011). This method proved to be far more effective for
antibiotics than previous studies on anaerobic digestion and natural attenuation, where sulfamethazine
was removed by 0-43% (Rodriguez-Rodriguez et al. 2011). Toxicity was also reduced by 56% in standard
Daphnia magna tests, and completely eliminated in Vibrio fischeri tests (Rodriguez-Rodriguez et al.
2011).

Rodriguez-Rodriguez et al. (2012) conducted a second study with T. versicolor focusing on non-
sterile sewage sludge in which removal rates of up to 85% for clarithromycin, up to 9% for
carbamazepine, up to 60% for diclofenac, and up to 61% for ibuprofen were observed. While T.
versicolor survived well in the sewage sludge, it is likely that the naturally-occurring microbiota may
have interfered with its ability to remove pharmaceutical compounds from sludge (Rodriguez-Rodriguez
et al. 2012). This suggests that a preliminary sanitization step might be useful in the implementation of
T. versicolor biodegradation treatment. Research into treatment with fungi is ongoing and may lead to

more effective removal of a greater amount of compounds with further refinement.
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Conclusions

Pharmaceutical compounds are a pollutant of concern which merit scientific research and
regulatory review due to their ubiquitous nature, ability to bypass treatment, and potential for human
and ecological health impacts. Currently, although research into these compounds has accelerated in
recent years, the behavior and effects of pharmaceuticals in the environment is not well understood.
Without fail, all of the research papers reviewed in this study recommended further investigation into
the environmental fate and impacts of pharmaceutical compounds.

When pharmaceuticals pass through WWTPs and are land applied in sludge, a large number of
diverse and poorly understood factors affect their ability to reach human and ecological populations,
and these factors should be studied further. The potential for health effects of pharmaceuticals at
repeated, low doses should also be investigated, including long-term multigenerational effects.
Antibiotic resistance should be of particular concern, as it is a phenomenon that can occur in any of the
environmental matrices discussed in this paper and may have significant effects on our ability to fight
disease (Thiele-Bruhn 2003).

As the use of pharmaceutical compounds increases, research into their removal from the waste
stream, effluent, and sludge should be emphasized. New technologies have shown promise, but may be
cost-prohibitive on a large scale (Rizzo et al. 2015). In addition to WWTP upgrades and sludge treatment,
methods of public outreach may have beneficial results. Preventing pharmaceuticals from entering the
waste stream via improper disposal could prove helpful. For example, in 2013, 324 tons of drugs were
turned in during the “National Prescription Take-Back Day” sponsored by the Drug Enforcement Agency
(DEA) (Wick 2014). Public education may not remove improper disposal as a source of pharmaceuticals,
but it is at least a start. Further research into all areas of pharmaceutical pass through will increase our
understanding, regulation, and treatment of these emerging pollutants of concern, which is a necessary

step in the right direction.
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