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Impact of biochar on plant growth and uptake of ciprofloxacin, triclocarban
and triclosan from biosolids

Daniel A. Baira,b, Carolyn G. Andersona , Young Chunga, Kate M. Scowa , Roberta Brancher Francoa , and
Sanjai J. Parikha

aDepartment of Land, Air, and Water Resources, University of California, Davis, California, USA; bDepartment of Agro-environmental Sciences,
University of Puerto Rico, Mayag€uez, Puerto Rico, USA

ABSTRACT
Application of municipal biosolids in agriculture present a concern with potential uptake and bio-
accumulation of pharmaceutical compounds from biosolids into agronomic plants. We evaluated
the efficacy of biochar as a soil amendment to minimize uptake of antimicrobial agents (cipro-
floxacin, triclocarban, and triclosan) in lettuce (Lactuca sativa) and carrot (Daucus carota) plants.
Biochar reduced the concentration of ciprofloxacin and triclocarban in lettuce leaves and resulted
in a 67% reduction of triclosan in carrot roots. There was no substantial difference in pharmaceut-
ical concentrations in carrot and lettuce plant matter at low (2.0 g kg�1 soil) and high (20.4 g kg�1

soil) rates of applied biochar. The co-amendment of biochar and biosolids increased soil pH and
nutrient content which were positively correlated with an increase in lettuce shoot biomass. Our
results demonstrate the potential efficacy of using walnut shell biochar as a sorbent for pharma-
ceutical contaminants in soil without negatively affecting plant growth.

Abbreviation: HPLC: high pressure liquid chromatography; LC/MS: Liquid Chromatography Mass
Spectrometry
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Introduction

Antibiotics and other pharmaceuticals are used intensively
in human medicine for the prevention and treatment of
numerous diseases and ailments. Although prescription
doses are based on amounts needed to treat specific medical
conditions, a significant portion of the chemical is not
metabolized by the body and ends up excreted in human
waste, in some cases up to 90% of the administered dose.[1]

Consequently, many pharmaceuticals have been detected in
treated wastewater and biosolids from wastewater treatment
facilities.[2–4] With increasing interest in the agricultural
application of biosolids as a soil amendment, concerns have
arisen regarding the potential environmental and ecological
effects of high concentration biosolid-associated pharma-
ceuticals in both their original or partially degraded, yet still
highly active, forms. Environmental exposure and contamin-
ation could adversely affect wildlife, disrupt processes of soil
microbial communities, produce detrimental human health
effects from long-term exposure to trace levels of pharma-
ceuticals, and cause the proliferation of antibiotic resist-
ant bacteria.[5,6]

Biosolids use in agriculture has many benefits. Fertilization
with biosolids can be an economically viable way to provide
essential nutrients to crops, reducing fossil fuel based fertil-
izers, while adding value to a waste material. Demonstrated
benefits to soils and crops include improvement of soil

structure, water-holding capacity, nutrient holding capacity,
aeration, carbon for microbial communities, and provision of
nutrients for plant growth.[7] Concerns raised regarding the
use of biosolids as a soil amendment include the presence of
inorganic and organic contaminants and pathogens in add-
ition to the attraction of disease vectors. While wastewater
treatment facilities use various technologies to process bio-
solids, and United States (US) federal regulations require test-
ing for specific metals, contaminants, and pathogens prior to
agricultural use or disposal, there are no US regulations cur-
rently in place for acceptable pharmaceutical inclusion level
thresholds.[8] Thus, the presence of high levels of pharma-
ceuticals could reduce the agricultural benefits associated with
biosolids amendment.

To mitigate potential risks associated with pharmaceuticals
in biosolids, it would be beneficial to co-amend biosolids
with a highly sorbing material that would preferentially
bind the pharmaceutical contaminants, decreasing their bio-
availability to soil microbes and limiting subsurface leaching
and groundwater exposure. Biochar, a co-product of biofuel
production, has the potential to stabilize biosolid carbon (C),
nitrogen (N), and phosphorus (P) in soil, increase soil fer-
tility and crop yield, reduce greenhouse gas emissions, and
attenuate agrochemicals.[9–11] Although biochars vary based
on feedstock and production methods,[12] similarities in
their chemical composition, high degree of aromaticity,
and hydrophobic nature make many biochars favorable
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sorbents for a variety of natural and synthetic organic
chemicals. The addition of biochar to soil has shown to
increase the sorption of a range of heavy metals, pesticides,
herbicides and pharmaceuticals.[13–15]

The feedstock used for biochar production has a substan-
tial impact on the physiochemical properties of the biochar.
Multiple studies have demonstrated that differences and
similarities between biochars can be identified on the basis
of knowledge of the feedstock from which it is made.[12,16]

Biochars produced from woody biomass (trees, and other
woody materials) tend to exhibit greater aromaticity, surface
area and C/N ratio, with lower ash contents than biochars
from non-woody biomass (agricultural crops and residues,
animal waste, urban and industrial solid wastes, etc.).[12,17]

Selection of feedstock/biochar can enhance the effectiveness
of the intended purpose or function for biochar application.

In addition to mitigating the concentration of pharma-
ceuticals in the soil, the addition of biochar could reduce
the potential for pharmaceutical bioaccumulation and tox-
icity in plants. Previous studies have shown uptake and
accumulation of pharmaceutical compounds from soils into
agronomic plants.[18–22] For example, chlortetracycline was
detected in green onions, cabbage, and corn grown in spiked
soils or in soils treated with spiked pig manure.[23]

Triclosan, triclocarban, and carbamazepine were found in
aboveground tissues, and diphenhydramine and fluoxetine
in root tissues, in soybean plants grown in soils treated with
reclaimed water and biosolids.[20] Pharmaceuticals can also
affect plant growth and development. A significant decrease
in plant development, root and leaf length, and number of
leaves was demonstrated in lettuce, bean, cucumber and
radishes grown in soil spiked with enrofloxacin (5mg
L�1).[24] These and other studies have shown that the poten-
tial for and rate of plant uptake is affected by the concentra-
tion and chemical composition, primarily log Kow, chemical
charge, and half-life, of each compound.[21,25,26]

Ciprofloxacin, triclocarban, and triclosan have been clas-
sified as “contaminants of emerging concern” by the US
Environmental Protection Agency (EPA), a designation for
substances present in concentrations that are very low but
with potentially detrimental ecotoxicological effects.[27]

Ciprofloxacin, an antibiotic in the fluoroquinolone family, is
used extensively for a wide range of infections of the
respiratory, urinary and gastrointestinal tracts, as well as for
skin and soft tissue infections.[28] The World Health
Organization (WHO) has defined ciprofloxacin as a critically
important antibacterial class for human medicine.[29] With
an octanol-water partition coefficient (log Kow) of 0.28,

ciprofloxacin also demonstrates high sorption to soil.[30,31]

Triclocarban and triclosan are bacteriostatic agents that are
added to many commonly-used household cleaning products
and personal care products such as bar soap, toothpaste,
liquid soap, and cosmetics. Triclocarban and triclosan are
hydrophobic, with log Kow values of 4.9 and 4.8,[32] respect-
ively, and therefore have a high tendency to sorb to organic
matter and particles in sludge.[33–35] In a survey of 84 waste-
water treatment facilities in the US, ciprofloxacin, and triclo-
carban were found in treated sewage sludge (biosolids) of all
sites tested with maximum concentrations of 47.5mg kg�1

and 441mg kg�1, respectively.[36] In the same study, triclo-
san was detected in 92.4% of sites tested with a maximum
concentration of 133mg kg�1. The elevated concentrations
and high levels of occurrence of these antimicrobials in
treated biosolids warrant the investigation of mitigating their
uptake into agronomic plants.

Our objectives were to examine the potential for biochar
co-amendments added to biosolids-amended soil to minim-
ize plant uptake of three antimicrobial agents (ciprofloxacin,
triclocarban, and triclosan) commonly detected in municipal
biosolids. We hypothesized that biochar would preferentially
bind the pharmaceutical contaminants and reduce their bio-
availability and uptake. Thus we, expected to observe lower
concentrations of ciprofloxacin, triclocarban, and triclosan
in plants grown in soil amended with biochar. Lettuce and
carrot growth and vigor in response to biochar, biosolid and
antimicrobial treatments to soil were also determined.

Materials and methods

Chemicals

Analytical grade ciprofloxacin, triclocarban, and triclosan
were purchased from Sigma-Aldrich (St. Louis, Missouri
(MO), USA). Selected chemical and physical properties of
the pharmaceuticals are listed in Table 1. Enrofloxacin
(Sigma-Aldrich) and labeled forms of triclocarban (TCC-d7)
and triclosan (TCC-13C6) (Cambridge Isotope Laboratories,
Inc, Andover, Massachusetts (MA), USA) were used as recov-
ery surrogates in the chemical analyses. Optima grade metha-
nol, methyl-tert butyl ether (MTBE), and acetonitrile were
purchased from Fisher Scientific (Waltham, MA, USA).

Soil, biosolids, and biochar

The surface horizon (0–15 cm) of a loamy sand soil was col-
lected from the United States Department of Agriculture-

Table 1. Chemical structures and selected properties of antibiotics used in the study.[5,27,31,40]

Pharmaceutical Ciprofloxacin Triclocarban Triclosan

Chemical Structure

pKa 6.18, 8.76 12.7 7.90
Log Kow 0.28 4.90 4.76
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Natural Resources Conservation Service (USDA-NRCS)
Lockeford Plant Materials Center (Lockeford, California
(CA), USA). The soil is classified as an Aquic Xerofluvent
according to the USDA Soil Taxonomy Classification sys-
tem.[37] The soil was air-dried and sieved to ensure uniform-
ity (<2mm). Biosolids produced using anaerobic digestion
followed by extended storage in stabilization basins were
provided by the Woodland Wastewater Treatment Plant
(Woodland, CA, USA). The biosolids were sun-dried, mech-
anically ground and subsequently passed through a 2mm
sieve. Biochar was obtained from Dixon Ridge Farms
(Winters, CA, USA). The biochar was made from walnut
shells (Juglans californica) using a Biomax 50 downdraft gas-
ifier at 900 �C. Previous experiments with walnut shell bio-
char have demonstrated its efficacy in binding a range of
contaminants, including ciprofloxacin, triclocarban and tri-
closan.[13] Selected properties of the soil, biosolids, and bio-
char are given in Table 2. A full chemical and physical
characterization of the walnut shell biochar can be found in
Mukome et al.[12]

Experimental setup

The experiment was carried out at the Hoagland Hall
Greenhouse Facility at the University of California, Davis.
The greenhouse was maintained at 25/14 �C day/night tem-
perature and 16-h photoperiod. A leaf crop (lettuce, Lactuca
sativa L.) and root crop (carrot, Daucus carota) were planted
from seed in one-gallon plastic pots. The treatments consisted
of a factorial design of 3 levels of biochar (0, 2.0, 20.4 g kg�1

soil, equivalent to 10 and 100 t ha�1 soil to a depth of 12 in)
combined with 2 biosolid rates (0, 63.1 g kg�1 soil). The
application rate of biosolids was based on plant demand for
nitrogen, calculated on total N content in biosolids.[38] The
equation and explanation for determining the biosolids appli-
cation rate can be found in the Appendix. The treatments
were labeled as No BCþBS, Low BCþBS, High BCþBS,
No BC -BS, Low BC -BS, High BC -BS, according to the pres-
ence and concentration of biochar and biosolids, and with a C
or L before each treatment name designating carrot or lettuce
crop. Each treatment contained 5 replicates. The soil treat-
ments were premixed in five-gallon buckets.

The nonbiosolids-amended treatments received 44.6mg
N kg-1 soil in mineral fertilizer. Based on the 16-16-16 fer-
tilizer (Lilly Miller Brands, Walnut Creek, CA, USA) used,
19.5mg kg�1 phosphorus, 37.0mg kg�1 potassium and

13.9mg kg�1 sulfur were also applied. The pharmaceuticals
were spiked into the air-dried biosolids in methanol (with
0.1% formic acid) at concentrations of 100mg kg�1 cipro-
floxacin, 500mg kg�1 triclocarban and 200mg kg�1 triclo-
san. The spike concentrations for ciprofloxacin, triclocarban,
and triclosan are 52.5, 11.8 and 33.5% greater, respectively,
than the maximum concentrations that were detected for
these pharmaceuticals in a survey of contaminants in bio-
solids from wastewater treatment plants in the United
States.[36] The methanol from the pharmaceutical spikes was
allowed to evaporate before the biosolids were mixed into
the soil treatments. Soil moisture content was maintained
throughout the experiment at 60–70% water-holding cap-
acity with deionized water. To prevent the potential loss of
pharmaceuticals through leaching, saucer drip trays were
placed under each pot to collect leachate. If any leaching
occurred, all leachate was reapplied to the soil. Five seeds of
lettuce or carrots were sown in each pot, and the germinated
plants were later thinned to one plant per pot by selecting
the largest seedling.

After nine weeks of growth, the above and belowground
biomass of the lettuce and carrot plants were harvested,
thoroughly rinsed twice with deionized water, and lyophi-
lized. The aboveground biomass and below ground biomass
are identified as shoots and roots, respectively. The dry mat-
ter yield was recorded and the dried samples were ground to
powder using a coffee grinder with stainless steel blades and
grinding chamber (KitchenAid, St. Joseph, Michigan (MI),
USA) and subsequently stored at �80 �C until extraction.

Pharmaceutical analysis

The antibiotics were extracted from the plant material using
methyl-tert butyl ether (MTBE) and acetonitrile following a
multi-residue sonication extraction procedure.[39] Due to the
small size of some of the plants, the ground samples of all
five replicates from each treatment were combined and div-
ided into three subsets for analysis. First, 0.2 grams of plant
material was added into 50mL Pyrex centrifuge tubes with
Teflon-lined septum caps. Recovery surrogates were spiked
(25 lL, 10mg L�1 methanol) into the plant material fol-
lowed by adding 20mL of MTBE. The centrifuge tubes were
vortexed for 30 sec at 2300 rpm and then ultrasonicated for
20min using a Bransonic 12 ultrasonic cleaner (Branson
Ultrasonic cleaner, Shelton, Connecticut (CT), USA). The
tubes were then centrifuged for 20min at 1000 RCF. The
supernatant was decanted into 60mL amber vials and the
residue was extracted one more time with 20mL acetonitrile.
The combined extracts were evaporated just to dryness using
a nitrogen evaporator (Meyer N-evap analytical evaporator,
Organomation Association, South Berlin, MA, USA) at
40 �C. The dried extracts were reconstituted in 1mL of
0.001% formic acid in methanol (v/v) and diluted with
20mL ultrapure water. The aqueous sample solutions were
loaded onto 3mL solid phase extraction cartridges (Oasis
HLB), set on a Supelco Visiprep vacuum manifold, which
were preconditioned with 6mL 0.001% formic acid in
methanol followed by 6mL of ultrapure water. The

Table 2. Selected properties of the soil, biosolids, and biochar used in
the study.

Property Soil Biosolids
Walnut shell
biochar

pH (1:5H2O) (1:1) 5.32 7.70 9.86
Electrical conductivity (1:5H2O), dS m�1 (1:1) 0.58 3.44 31.8
Sand, % 82.5 – –
Silt, % 1.5 – –
Clay, % 6 – –
Total nitrogen, % 0.06 1.01 0.47
NH4-N, mg kg�1 2.54 500.4 –
NO3-N, mg kg�1 0.48 6.84 –
Extractable phosphorus, mg kg�1 7.9 176 –
Extractable potassium, mg kg�1 66 612 –
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cartridges were left to dry and subsequently eluted under
gravity with 7mL 0.001% formic acid in methanol (v/v).
The eluates were dried under nitrogen, reconstituted in
0.5mL 0.001% formic acid in methanol (v/v), and filtered
through a PTFE 13mm syringe filter (0.2 mm) (Fisherbrand,
Fisher Scientific, Waltham, MA, USA). The filtered sample
was injected into a HPLC MS/MS for detection. The spike
recoveries for ciprofloxacin, triclocarban and triclosan were
72.4 (±11%, n¼ 3), 76.1 (±9%, n¼ 3) and 79.8 (±13%,
n¼ 3), respectively.

Chemical analysis

High-pressure liquid chromatography tandem mass spectrom-
etry (HPLC MS/MS) analysis was performed using an Agilent
series 1200 HPLC and 6320 Ion Trap mass spectrometer
detector (Agilent Technologies, Palo Alto, CA, USA).
Chromatographic separation was carried out on the reverse-
phase Agilent Zorbax Eclipse Plus C18 (100� 2.1mm,
3.5mm) analytical column, with a guard column with the
same stationary phase (12.5� 4.6mm, 5mm) (Agilent
Technologies, Palo Alto, CA, USA). The column temperature
was 40 �C and the autosampler temperature was 4 �C. The
mobile phase consisted of 0.001% formic acid in water (v/v,
solvent A), and 0.001% formic acid in methanol (v/v, solvent
B). The flow rate was 0.5mL min�1. The following gradient
program (with respect to mobile phase B) was used: 0–2min
20%, 2–5min 20–95%, 5–7min held at 95%. Calibration
curve standards (0.005–0.5) of the pharmaceuticals were
freshly prepared in 0.001% formic acid in methanol (v/v) for
each run. The MS used positive electro-spray ionization (ESI)
MS/MS mode for ciprofloxacin, negative ESI MS/MS mode
for triclocarban and negative ESI MS mode for triclosan.
Nebulizer temperature was 350 �C, nebulizer pressure was
50psi, and the drying gas flow rate was 10.0 L min�1.
Compounds were quantified using m/z 287 for triclosan, the
transition m/z 332! m/z 288 for ciprofloxacin and the tran-
sition m/z 313! m/z 160 for triclocarban.

Soil analysis

Two grams of 2mm-sieved air-dried soil were measured in
50mL glass centrifuge tubes with Teflon-lined caps. The soil
was extracted with 30mL water in an ultrasonicating bath
for 30min and centrifuged in the same tubes at 1000 RCF
for 20min using a Beckman GS-6R centrifuge. The super-
natant was filtered in Buchner funnels using Whatman GF/
F, 70mm, glass fiber filters into 55mL borosilicate glass cul-
ture tubes (VWR, Radnor, Pennsylvania (PA), USA), and
the filtrate was acidified to pH 2 using HCl (1mol L�1).
The sample was concentrated using solid phase extraction
(Waters Oasis HLB 6mL cartridges) following the method
protocol in Guidice and Young.[40] Each cartridge was con-
ditioned with 5mL 75:25 ethyl acetate:acetone. Eluates were
evaporated to dryness in glass vials with nitrogen using a
TurboVap at ambient temperature and a pressure of 10 psi.

Data analysis

Data analysis was performed using R (v. 3.2.1; R Core
Team, 2014). Overall effect of treatment was obtained based
on an F test (a¼ 0.05) using Dunnet’s test and applying the
glht function from the multcomp package.[41] Each treat-
ment was compared to the control, No BC -BS (no applica-
tion of biochar or biosolids), with the exception of root,
shoot and soil ciprofloxacin (CIP), triclocarban (TCC) and
triclosan (TCS), for which the control is No BCþBS. Data
analysis on the effect of each treatment containing biosolids
and its composition (with or without biochar) was also con-
ducted using Tukey’s HSD test (a¼ 0.05) to observe signifi-
cant differences across biosolids containing treatments (glht
function from the multcomp package[41]).

Results and discussion

Pharmaceuticals in soil and plant material

A water extraction method was used to measure plant-avail-
able pharmaceutical concentrations in soil at the end of the
experiment. Ciprofloxacin and triclosan were not detectable
in the soils in the biosolids treatments in both the lettuce

Table 3. Concentrations of triclocarban (TCC), ciprofloxacin (CIP) and triclosan
(TCS) in biosolids-amended soil and lettuce roots and shoots with varying
biochar treatments.1

Treatments

Item L No BCþ BS L Low BCþ BS L High BCþ BS

Root TCC (mg kg�1) 3.95 (0.192) 3.43 (0.044)�� 2.10 (0.070)���
Shoot TCC (mg kg�1) 1.37 (0.119) 0.91 (0.071)�� 0.76 (0.186)��
Soil TCC (mg kg�1) 0.80 (0.198) 0.96 (0.318) 0.68
Root CIP (mg kg�1) 0.77 (0.164) 0.75 (0.098) 0.79 (0.058)
Shoot CIP (mg kg�1) 0.75 (0.114) 0.54 (0.170) 0.19 (0.022)��
Soil CIP (mg kg�1) <0.09 <0.09 <0.09
Root TCS (mg kg�1) <0.04 <0.04 <0.04
Shoot TCS (mg kg�1) <0.04 <0.04 <0.04
Soil TCS (mg kg�1) <0.04 <0.04 <0.04
1Values in parenthesis represent the standard deviation of its respective treat-
ment (n¼ 3 for root and shoot concentrations and n¼ 5 for soil concentra-
tions of TCC, CIP and TCS). Statistical significance is based on comparisons
of each group to the control (Dunnet’s test): †P< 0.10, �P< 0.05,��P< 0.01, ���P< 0.001.

Table 4. Concentrations of triclocarban (TCC), ciprofloxacin (CIP) and triclosan
(TCS) in biosolids-amended soil and carrot roots and shoots with varying
biochar treatments.1

Treatments

Item C No BCþ BS C Low BCþ BS C High BCþ BS

Root TCC (mg kg�1) 2.79 (0.547) 3.01 (0.229) 2.29 (0.059)
Shoot TCC (mg kg�1) 0.951 (0.137) 0.716 (0.212) 0.437 (0.109)�
Soil TCC (mg kg�1) 1.04 (0.225) 0.77 (0.176) 0.73
Root CIP (mg kg�1) 0.163 (0.033) 0.137 (0.062) 0.115 (0.016)
Shoot CIP (mg kg�1) 0.570 (0.152) 0.295 (0.035) 0.444 (0.101)
Soil CIP (mg kg�1) <0.09 <0.09 <0.09
Root TCS (mg kg�1) 2.07 (0.498) 0.690 (0.265)�� 0.509 (0.400)��
Shoot TCS (mg kg�1) 8.63 (0.59) 14.70 (3.21)� 9.14 (1.22)
Soil TCS (mg kg�1) <0.04 <0.04 <0.04
1Values in parenthesis represent the standard deviation of its respective treat-
ment (n¼ 3 for root and shoot concentrations and n¼ 5 for soil concentra-
tions of TCC, CIP and TCS). Statistical significance is based on comparisons
of each group to the control (Dunnet’s test): †P< 0.10, �P< 0.05,��P< 0.01, ���P< 0.001.
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and carrot trials following water extraction (Tables 3 and 4).
Triclocarban was detected in the soil at 1.04mg kg�1 in the
carrot biosolids only treatment (C No BCþBS) and at 0.77
and 0.73mg kg�1 in the mixed treatments of low biochar/
biosolids (C Low BCþBS) and high biochar/biosolids (C
High BCþBS), respectively. Although there was a trend of
decreasing triclocarban concentrations in soil with increas-
ing walnut shell biochar content (P< 0.1) in the carrot treat-
ments, neither concentration was significantly different from
the biosolids only treatment (C No BCþBS) (Fig. 1c,d).
The water-extracted pharmaceutical concentrations detected
in the soil were low in comparison to the initial spiked con-
centrations, likely due to a combination of strong sorption
to soil and biological degradation. Triclocarban and triclosan
with a log Kow of 4.90 and 4.76, respectively, have a strong
affinity to soil. Although ciprofloxacin has a low Kow (0.22)
it has been shown to bind favorably to soils over a wide pH
range due to its zwitterionic nature.[42] Wu et al. estimated
the half-life of triclosan and triclocarban under aerobic soil
conditions from 20 to 58 days for triclosan and from 87 to
231 days for triclocarban,[43] while 40–75% of ciprofloxacin
degraded in a china cambisol within 40 days.[44]

Ciprofloxacin
The solvent extracted concentrations of ciprofloxacin in car-
rot roots ranged from 0.12 to 0.16mg kg�1 dry mass (Table
4). No significant difference was observed among the bio-
char treatments. Ciprofloxacin concentrations in carrot
shoots were more than two times the root concentrations,
suggesting translocation of the compound within the carrot
plant (Fig. 1a,b). Nonvolatile contaminants with low Kow

values have shown to accumulate in the leaves of plants.
These contaminants, taken up by plants with soil pore water,
are more easily translocated to the leaves, but accumulate in

the leaves due to their low volatility as the plant tran-
spires.[45] The concentration of ciprofloxacin in the carrot
shoots of the C Low BCþBS treatment was significantly
different (P< 0.05) than the biosolids only treatment (C No
BCþBS). At the higher rate of application of biochar with
biosolids (C High BCþBS) there was a reduction in cipro-
floxacin concentration, although this difference was not
significant.

Addition of biochar did not significantly change cipro-
floxacin concentrations in lettuce roots (Fig. 2a,b). There
was also no difference in the concentrations in the lettuce
roots and shoots of the biosolids only treatment (L No
BCþBS). The biochar treatments showed a decreasing trend
in ciprofloxacin concentrations with increasing biochar
application, but only the high biochar application (L High
BCþBS) was significantly different (P< 0.01) from the bio-
solids only treatment (L No BCþBS) (Table 3). Biochar
may only indirectly affect the movement of ciprofloxacin in
lettuce given that the concentrations in the roots are similar,
whereas the shoot concentrations decrease with increasing
biochar content. The L High BCþBS treatment had a sig-
nificant increase in shoot biomass, which may have contrib-
uted to an increase in the translocation of ciprofloxacin.

Triclocarban
There was no significant difference between the concentra-
tions of triclocarban in carrot roots among biochar treatments
with biosolids (Fig. 1c,d). The maximum concentration of tri-
clocarban detected was 3.01mg kg�1dry mass (Table 4).
Concentrations of triclocarban were greater in roots than
shoots by a factor � 2.9. A trend of decreasing triclocarban
with increasing biochar content was seen in carrot shoots
(Table 4; Fig. 1c,d). The higher rate of biochar application
with biosolids (C High BCþBS) was significantly different

Figure 1. Uptake of ciprofloxacin, triclocarban, and triclosan into carrot shoots (top) and roots (bottom) after plants were grown from seed in pharmaceutically
spiked biosolids amended to soil (63.1 g kg�1). Average concentrations (dry weight) provided with error bars representing the standard error (n¼ 3). Differing let-
ters designate significant differences between treatments, P< 0.01.
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(P< 0.05) from the biosolids only treatment (C No BCþBS).
Addition of biochar had a significant impact on uptake of tri-
clocarban into lettuce as evidenced by decreasing concentra-
tions of triclocarban in the roots and shoots with increasing
biochar applications (Fig. 2c,d). The maximum concentration
of triclocarban in lettuce roots was detected in the biosolids
only treatment at 3.95mg kg�1 (Table 3). The triclocarban
concentrations decreased significantly with the Low BCþBS
and the High BCþBS treatments with concentrations of
3.43mg kg�1 (P< 0.01) and 2.10mg kg�1 (P< 0.001). The
concentrations of triclocarban were greater in the roots than
in the shoots by a factor of �2.8. Concentrations in the
shoots decreased from 1.37mg kg�1 in the biosolids only
treatment (No BCþBS) to 0.91 and 0.76mg kg�1 in the 2.0
and 20.4 g kg�1 biochar treatments, respectively. Both biochar
treatments were significantly (P< 0.01) different from the
biosolids only treatment.

Triclocarban was found in higher concentrations in the
roots than in the shoots in both lettuce and carrots. This
follows contaminant uptake models of roots and root crops
where contaminants with high log Kow values are found in
higher concentrations in the roots than in aboveground bio-
mass.[45] The movement of triclocarban (Kow 4.90) in the
plant is limited due to its hydrophobicity.

Triclosan
The concentrations of triclosan in carrot roots ranged from
0.51 to 2.07mg kg�1 (Table 4). The concentrations
decreased significantly (P< 0.01) with biochar addition. At
2.0 g kg�1 soil, there was a 67% reduction of triclosan in the
carrot root. Although there was a decreasing trend, there
was no significant difference between the high (C High
BCþBS) and low (C Low BCþBS) biochar applications
(Fig. 1e,f). There were considerably higher concentrations of

triclosan in the carrot shoots than the roots, by a factor �
4.2. The higher concentrations of triclosan in the carrot
shoots contrasted with results for triclocarban, where higher
concentrations were found in roots. There was no significant
difference between the C High BCþBS treatment and the
biosolids only treatment (C No BCþBS). Triclosan concen-
trations in the C Low BCþBS treatment were significantly
higher than the other treatments.

Prosser et al.[46] investigated the concentration of triclo-
san in tissues of radish, carrot and soybeans grown in potted
soil amended with biosolids. Triclosan was found in greater
concentrations in the leaves of radish plants than in the
roots demonstrating the ability for plants to uptake and bio-
concentrate triclosan in aboveground biomass. For carrots,
the concentration of triclosan was greater in the shoots than
the roots during the growing season. However, by the end
of the growing period the shoots and roots had equal con-
centrations of triclosan.[46] The higher concentrations of tri-
closan in carrot shoots than roots and the contrasting
results for triclocarban in this study can be the result of
continual accumulation of triclosan in the carrot shoots
throughout the growing season and the metabolism of tri-
closan in the carrot root. Macherius et al.[47] demonstrated
the ability for carrot root cells to metabolize triclosan after
uptake. They also indicated that in contrast to triclosan, tri-
clocarban was not metabolized in the carrot root cells due
to the lack of a phenolic group for direct conjuga-
tion reactions.

Effect of biochar
Concerns have been raised about the potential human
exposure to pharmaceuticals due to agricultural application
of biosolids as a soil amendment. Prior results from hydro-
ponic and greenhouse studies concluded there is significant

Figure 2. Uptake of ciprofloxacin, triclocarban, and triclosan into lettuce shoots (top) and roots (bottom) after plants were grown from seed in pharmaceutically
spiked biosolids amended to soil (63.1 g kg�1). Average concentrations (dry weight) provided with error bars representing the standard error (n¼ 3). Differing let-
ters designate significant differences between treatments, P< 0.01.
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potential for uptake of pharmaceutical compounds into
plants,[2,23,48] though other studies have demonstrated the
potential for exposure would be very low.[46,49,50] Acceptable
daily intake (ADI) values for ciprofloxacin, triclocarban, and
triclosan are much greater than exposure estimates based on
concentrations detected in the lettuce and carrot plant bio-
mass in our study. For example, to exceed the ADI for tri-
closan, one would have to consume 22 kg of lettuce per day
based on the concentrations found in the lettuce shoots.
Although not directly toxic, these pharmaceuticals may pre-
sent other concerns such as possible endocrine disruption,
antibiotic resistance or adverse health effects from long-term
low-dose exposure, and thus research on this topic must
continue.[50,51]

The concentrations of the pharmaceuticals detected in
plants grown in soils amended with biosolids, but lacking
biochar, were consistent with previous studies on uptake of
antimicrobials by agronomic plants.[46,48,49,52,53] The add-
ition of biochar as a co-amendment reduced the concentra-
tion of triclocarban in both the roots and shoots of lettuce
and ciprofloxacin in the lettuce shoots. Walnut shell biochar
addition also reduced the concentration of triclosan in car-
rot roots as seen when comparing the low and high applica-
tion rates of biochar; however, the relationship was not
linear. The higher biochar application rate of 20.4 g kg�1

would not be expected to be economically feasible in a typ-
ical agricultural setting, but was selected to represent an
upper bound for contaminant sorption and reduction in
plant uptake. Surprisingly, though, there was little difference
in the impact on lettuce of the high and low doses of bio-
char (Fig. 2). Therefore, the agronomically feasible applica-
tion of 2.0 g kg�1 walnut shell biochar may be sufficient to
mitigate the uptake of these pharmaceuticals in carrots and
lettuce when biosolids are used as a soil amendment.

Plant growth

Lettuce and carrot biomass
Higher lettuce dry shoot biomass was observed in all bio-
char and biosolids treatments than in unamended soils, with
significant differences among all biochar (with and without
biosolids) treatments (P� 0.05) (Table 5). The addition of
biochar to biosolids treatments did not increase the biomass
of the lettuce and carrots compared to the biosolids only
treatment. Lettuce root and shoot biomass was not signifi-
cantly different between the biosolids only treatment (L No
BCþBS) and the control but the total plant biomass was on
average 0.6 grams higher (P< 0.1). An increase in lettuce
root biomass, although not significant (P< 0.1), was

measured in the L High BC -BS biochar treatment. There
were no significant differences, however, in root or shoot
carrot biomass between the biosolids and biochar treatments
and the control, though a trend of increased carrot shoot
biomass (P< 0.1) was evident in the combined biosolids and
biochar applications (C Low BCþBS and C High BCþBS)
and carrot root biomass in the C Low BCþBS treatment.
Lettuce shoot biomass was significantly higher in all treat-
ments indicating that biochar and biosolids enhanced lettuce
leaf growth. Previous studies have shown that the physical
and chemical properties of biochar and biosolids (e.g. higher
porosity, surface area, charge density, cation exchange cap-
acity, plant available nutrient content and pH) can improve
soil fertility.[54–57] These beneficial properties could have
increased the productivity of the nutrient-limited sandy soil
used in our study. Carrot shoot biomass was not signifi-
cantly different between the control and any of the treat-
ments (Table 6), though this may have been a result of
insufficient growth time or small pot size, which could have
limited carrot growth across all treatments.

The addition of biochar has been shown to promote root
growth in a variety of agronomic crops.[58,59] Prendergast-
Miller et al.[59] demonstrated that roots in sandy soil will
grow preferentially toward biochar fragments or particles
due to greater nutrient and water availability in the biochar.
This preferential growth likely extended the rhizosphere in
the biochar amended soil, resulting in increased root bio-
mass. The addition of biochar to soil in our study also dem-
onstrated increased lettuce root biomass. The increased
biomass we observed in the biochar treatments could have
resulted from increased lettuce root growth in search of
nutrients bound to biochar as biochars produced at higher
temperatures (>600 �C) have been shown to sorb nutrients
in soil solution.[60–62] This phenomenon was not observed
in the carrot root biomass of the biochar only treatments.

Visual differences (plant vigor, color, brightness) in bio-
solids vs. non-biosolids treatments were evident (Fig. 3a–c).
Measurement of crop nutritional value was not within the
scope of our study; however, because these visual differences
may reflect differences in plant nutrition, this is worthy of
further research.

The biosolids treatments demonstrated a highly signifi-
cant (P< 0.001) increase in the number of leaves in the let-
tuce plants, with an average of five more leaves per plant in
biosolids treatments than in the control (Table 5). The bio-
char only treatment (L No BCþBS), although not signifi-
cantly different from the control (P< 0.1), also showed an
increase of three more leaves compared to the control. The
leaf color of the biosolids treatments was considerably
darker than in all other treatments. The plants of the

Table 5. Effects of biochar and biosolids treatments on romaine lettuce biomass and number of leaves.1

Treatments

Item L No BC -BS L No BCþ BS L Low BC -BS L Low BCþ BS L High BC -BS L High BCþ BS

Shoot biomass (g) 15.1 (0.339) 15.7† (0.949) 16.1�� (0.331) 15.8� (0.252) 15.9� (0.384) 16.2��� (0.559)
Root biomass (g) 12.6 (0.233) 12.6 (0.068) 13.2� (0.108) 12.7 (0.239) 13.2† (0.225) 12.9�� (0.232)
Number of leaves 15.6 (1.14) 21.0��� (2.00) 18.6† (1.67) 21.2��� (2.04) 18.6† (2.07) 21.6��� (2.07)
1Values in parenthesis represent the standard deviation of its respective treatment (n¼ 5). Statistical significance is based on comparisons of each group to the
control: †P< 0.10, �P< 0.05, ��P< 0.01, ���P< 0.001.
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Table 6. Carrot root and shoot biomass with different application rates of biochar and biosolids to soil.1

Treatments

Item C No BC -BS C No BCþ BS C Low BC -BS C Low BCþ BS C High BC -BS C High BCþ BS

Shoot biomass (g) 12.9 (0.421) 13.1 (0.302) 13.1 (0.213) 13.3† (0.202) 13.1 (0.195) 13.3† (0.220)
Root biomass (g) 12.4 (0.365) 12.8 (0.502) 12.7 (0.448) 13.2† (0.702) 12.8 (0.481) 12.9 (0.229)
1Values in parenthesis represent the standard deviation of its respective treatment (n¼ 5). Statistical significance is based on comparisons of each group to the
control: †P< 0.10, �P< 0.05, ��P< 0.01, ���P< 0.001.

Figure 3. Photographs of carrot and lettuce plants at time of harvest: a. carrot plants from C No BCþ BS (left) and control (right) treatments, b. lettuce plants from
C No BCþ BS (left) and control (right) treatments, c. and d. lettuce plants from L Low BCþ BS (left) and L Low BC -BS (right) treatments, e. lettuce showing leaf
necrosis on lower leaves (L No BCþ BS).
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biochar only treatments, on the other hand, were visually
chlorotic (Fig. 3d), though quantitative color measurements
were not taken.

The significant increase in the number of lettuce leaves
was not always consistent with an increase in leaf shoot bio-
mass. This was especially apparent in the biosolids treat-
ments where the average weight per leaf was 0.75 g leaf�1

compared to the control of 1.03 g leaf�1. Increased nitrogen
fertilizer levels significantly affect numbers[63] and dry
weight of leaves in romaine lettuce, though the increase was
minimal during the first stages of growth or stem elong-
ation.[64] The lower average weight per lettuce leaf in the
biosolids treatments could be attributed to the lettuce plants
not having reached full growth. Boroujerdnia and Ansari[63]

harvested their lettuce plants after 156 days, in contrast to
the harvest date of 90 days in our study. Also, although the
non-biosolids treatments did receive an equivalent amount
of total nitrogen as mineral fertilizer, the availability of the
nitrogen likely differed between the two nutrient sources.

Soil pH
The addition of both biochar and biosolids significantly
affected soil pH (P< 0.001) (Table 7). The low biochar treat-
ment, Low BC -BS, slightly increased the pH by 0.3 units
while the high biochar treatment increased the pH by more
than two units. Biosolids alone also increased soil pH by
about two units. The Low BCþBS treatment had a pH of
7.30 and was largely unaffected by the biochar. The mixture
of soil, biosolids, and biochar appeared to buffer the pH at
7.6 as the presence of biosolids made little difference in the
high biochar treatments.

Soil electrical conductivity
Soil electrical conductivity (EC) was significantly higher in
all treatments compared to the soil control, except for the
low application rate of biochar, Low BC -BS (Table 7).
Treatments with biosolids had highly significant effects
(P< 0.001), with the EC levels around 2 dS m�1 compared
to the control, 0.58 dS m�1. The elevated levels were likely
responsible for the leaf burn (necrosis) that was visible on
the edges of the older leaves of the lettuce plants in the bio-
solids treatments and especially noticeable in the biosolids
only treatment (No BCþBS) (Fig. 3e). The EC levels of the
Low BC -BS treatments were similar to the control, though
the EC levels of the high application of biochar (High BC
-BS) did increase significantly (P< 0.05). Application of bio-
solids was the greatest contributor to higher EC levels in the
treatments and could be a cause for concern when used as a
fertilizer. Careful consideration is needed in determining

biosolids application rates that balance plant nutrient needs
without excessively increasing the EC level of the soil. EC
levels were only elevated with the high biochar application
rate (High BC -BS); however, given that this application rate
is not agronomically feasible there is little risk of this being
a problem.

Conclusions

Both carrot and lettuce plants can uptake and translocate
the antibiotic ciprofloxacin and the antimicrobial agents tri-
clocarban and triclosan from biosolid amended soil. The
addition of walnut shell biochar (900 �C) as a co-amend-
ment reduced the concentration of triclocarban and cipro-
floxacin in lettuce leaves and reduced uptake of triclosan in
carrot roots slightly. There was no substantial difference in
pharmaceutical concentrations in carrot and lettuce plant
matter between the low and high application rates of bio-
char, therefore 2.0 g kg�1 biochar may be sufficient to
reduce the uptake of these pharmaceuticals with the applica-
tion of biosolids. The co-amendment of biochar and bio-
solids improved soil fertility by increasing soil pH and
nutrient content, which were correlated with an increase in
lettuce shoot biomass; however, the high EC resulting from
biosolids application likely caused necrosis of the outer
edges on the older leaves of the lettuce plants. Our results
suggest that this walnut shell biochar has the potential to be
used as a co-amendment to mitigate uptake of pharmaceut-
ical contaminants from biosolids without negatively affecting
plant growth.

Appendix

Determination of biosolids application rate

Biosolids were provided by the Woodland Wastewater
Treatment Plant (Woodland, CA), and nutrient data were
determined by the combustion method for total N (AOAC
Official Method 972.43) and a KCl extraction for NO3-N
and NH4-N

[65] (Table 2). The application rate of biosolids
used was calculated based on plant demand for nitrogen, at
a rate of 200 kg N ha�1. This was calculated by determining
the plant available nitrogen (PAN) in the biosolids[38]:

PAN ¼ NO3 �N þ Kvol NH4
þ � Nð Þ þ Kmin Org� Nð Þ,

where PAN is lbs. of plant-available N per dry ton biosolids;
NO3-N, NH4-N, and Org-N are pounds nitrate, ammo-
nium, and organic nitrogen per dry ton biosolids, respect-
ively; Kvol is the volatilization factor, or plant-available
fraction of NH4-N; and Kmin is the mineralization factor, or

Table 7. Soil pH and electrical conductivity (EC) with different application rates of biochar and biosolids.1

Treatments

Item No BC -BS No BCþ BS Low BC -BS Low BCþ BS High BC -BS High BCþ BS

Soil pH 5.32 (0.016) 7.29��� (0.037) 5.63��� (0.053) 7.30��� (0.026) 7.60 ��� (0.113) 7.60��� (0.016)
Soil EC (dS m�1) 0.58 (0.051) 2.00��� (0.204) 0.54 (0.038) 1.93��� (0.141) 0.86� (0.136) 2.09��� (0.128)
1Values in parenthesis represent the standard deviation of its respective treatment (n¼ 4). Statistical significance is based on comparisons of each group to the
control: †P< 0.10, �P< 0.05, ��P< 0.01, ���P< 0.001.
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plant-available fraction of organic nitrogen. Using the N
data from the biosolids (Table 2), and assuming Kvol ¼
100% and Kmin ¼ 0.42, the PAN was calculated to be
707mg N kg�1 biosolids, which corresponded to an applica-
tion rate of 63.1 g biosolids kg�1 soil.
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