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General Abstract: 

Increased demands on water supplies, especially from agriculture in response to 

an ever-increasing demand for food, have increased the need to use wastewater treatment 

plant (WWTP) effluent.  However, oftentimes, treated effluent contains emerging 

environmental pollutants including pharmaceuticals and personal care products. The fate 

of these pollutants is of great interest due to their persistence in the environment and 

accumulation in plants, and as a result, may pose a human health risk.  This study aimed 

to assess the plant uptake of compounds found in the Truckee Meadows Water 

Reclamation Facility (TMWRF) in greenhouse and field environments.  This study also 

assessed if biochar could be used as a soil amendment to reduce the leaching and plant 

uptake of compounds due to its sorption properties.  In a greenhouse environment, the 

plant productivity and compound uptake of alfalfa and green wheatgrass were tested by 

irrigating plants with tap water, tap water spiked with specific compounds and treated 

wastewater. In addition, biochar was used as a soil amendment in half of the pots.   In a 

field study, crops and lysimeters were tested for their uptake of compounds when grown 

with various biochar and nitrogen treatments.  Water source treatments did not affect 

plant uptake of compounds in most cases. In the cases where water source had an effect, 

surprisingly, plants grown in tap water showed the highest uptake despite compound 

concentrations generally being the lowest among treatments.   Soils show increased 

compound retention when irrigated with water spiked with higher compound 

concentrations, but this did not lead to greater plant uptake.  Biochar was somewhat 

effective at increasing plant productivity, possibly due to enhanced moisture retention, 

but had mixed results in soil and plant compound uptake.  Soil solution chemistry of soil 
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water collected in the lysimeters was not affected by the presence of biochar in the field 

study.  DEET was the most prevalent compound in all samples analyzed, possibly from 

soil being previously exposed to farmworkers.  Overall, most compounds translocate 

through water-soil-plant systems, but reclaimed wastewater did not pose a greater threat 

than other types of water and compound uptake in plants was well below provided health 

guidelines.  
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Introduction: 

Agricultural production, energy use, and ecological needs are rapidly diminishing 

water availability throughout the world. In addition, rising populations and associated 

higher food demands (particularly an increased demand for meat), warmer temperatures, 

and changing precipitation patterns will likely exacerbate this depletion in the very near 

future (Elliot et al., 2014). With agriculture accounting for 70% of global water use, using 

treated wastewater for irrigation on agricultural land has the potential to be a solution to 

meet the increased demands on water (Schlosser et al., 2014).    

The United Nations (UN) considers wastewater as an “untapped resource 

(UNESCO, 2017).” Worldwide adoption of wastewater recycling is a major component 

of the UN’s 2030 Agenda for Sustainable Development. The United States used 

approximately 8.5 million m3/day of reused wastewater in 2015 (Tran et al., 2017). 

Reclaimed wastewater use has more than doubled since 1995 and has coincided with an 

overall reduction in the United States’ water use per capita. With the increased 

constraints on water availability and the increased application of wastewater on 

agricultural lands, it is important to assess how contaminants in treated wastewater affect 

plants, soils, surface and groundwater, and the overall environment (Chang et al., 2002; 

Bixio et al., 2005; Faruqui et al., 2004).            

Emerging environmental pollutants, such as pharmaceuticals and personal care 

products, can persist in the treated wastewater effluent and surface water in 

concentrations of up to µg/L levels (Watkinson et al., 2007; Hirsch et al., 1999; Clara et 

al., 2005). The water quality guidelines for several commonly found compounds are 

presented in Table 1.  Due to the persistence of some of these compounds, there are 
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concerns about the application of recycled wastewater introducing contaminants into 

crops, as the uptake of these compounds could decrease plant productivity and 

unintentionally transport compounds into human or animal food chains. 

Previous studies have shown that anti-bacterial compounds have the greatest 

impact on roots, with the potential to alter root length, root elongation, and the number of 

lateral roots. These effects can result in reduced water uptake and, ultimately, reduced 

plant growth (Hillis et al., 2010; Minden et al., 2017; Michelini et al., 2012).  The effects 

of contaminants on plants are however dependent on a multitude of characteristics 

including plant species, contaminant type and concentration, and soil type.  

The chemical properties of pharmaceutical compounds play a large role in their 

transport into the roots. Lipophilicity and charge are important properties that affect the 

root uptake of compounds.  The octanol-water partition coefficient (Kow) is a reliable 

indicator of the ability of compounds to partition into the lipophilic cell structure of a 

plant (Goldsetin et al., 2014). The Kow is the ratio of a chemical’s concentration in 

octanol versus water in a two-phase octanol/water mixture. Lipophilic compounds have a 

high Kow, which may cause these compounds to more easily pass through cell membranes 

and enter plants. 

Charge also plays an important role because positively or negatively charged 

compounds are less likely to move once inside the plants. Even if an uncharged 

compound passes through the outer membrane of a plant, dissociation can occur due to 

the elevated pH inside the plants. As a result, anions will have trouble passing back 

through the lipophilic membrane and can accumulate within the cell. Molecules that have 

dissociated to form cations can accumulate on the negatively charged cell wall instead of 
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moving further into the plant.  Compounds that can remain undissociated throughout 

many parts of the plant tend to be more mobile inside the plant (Briggs et. al., 1987). 

The movement of pharmaceutical compounds from irrigation water to the plant is 

highly dependent on soil properties. The amount of soil organic matter and clay known to 

affect plant uptake of contaminants. Soils that have high organic matter and/or clay 

contents are more likely to adsorb pharmaceutical compounds and thus reduce their 

mobility and subsequent uptake in plants (Chefetz et al., 2008; Shenker et al., 2010). 

Several studies have shown that pharmaceuticals may be present in a concentration 

between 0.02 and-15 µg/kg in soil irrigated with reclaimed wastewater. The detection of 

subsurface pharmaceuticals at measurable concentrations suggests that pharmaceuticals 

can infiltrate at least through the top 30 cm of soil and, potentially, into deeper soil layers 

(Kinney et al., 2006). The effects of antibiotics on soil are not fully understood but the 

presence of these compounds likely affects soil biota. For instance, antibiotics have been 

demonstrated to inhibit soil phosphatase activity and soil respiration (Liu et al., 2009). 

Given the potential risks associated with the presence of emerging contaminants 

in soils, it is important to minimize exposure of plants to these compounds as the 

consumption of plants by humans may pose a potential health risk. Biochar is a soil 

amendment that can potentially remove or sequester antibiotics (Teixidoo et al., 2011). 

Biochar is a chemically active carbonaceous material formed from the pyrolysis of 

biomass. Most biochar is not toxic and has a high affinity for organic compounds due to 

its high surface area and the hydrophobicity of its poly-aromatic sheets (Ahmad et al., 

2012). Ye et al. (2016) demonstrated that biochar significantly dissipated and restricted 

the transport of sulfonamide into lettuce helping lead to greater biomass production of 
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lettuce in soil amended with biochar (Ye et al., 2016).  Biochar has the potential to 

improve soil fertility due to its ability to increase enzymatic activity (Awad et al., 2012) 

and biochar amendment to soils is part of a potential strategy to sequester carbon and 

reduce greenhouse gas emissions (Lehmann et al., 2006). Research has also shown that 

biochar can increase available water content in soil (Abel et al., 2013).  

To date, few studies have addressed the effects of contaminants on alfalfa 

(Medicago sativa) and green wheatgrass (Elymus hoffmannii), despite their importance as 

forage crops in (semi)arid environments. In 2013, alfalfa was the fourth largest crop in 

the United States in terms of production value, (Wechsler & Milkove, 2017). Green 

wheatgrass is a commonly used forage crop that has salt-tolerant properties (Steppuhn & 

Asay, 2005). 

Previous studies have shown that contaminants spiked in irrigation water can 

affect alfalfa. Kong et al. (2007) showed that oxytetracycline at a concentration of 920 

µg/L in irrigation water significantly decreased alfalfa root biomass. However, shoot 

growth was only reduced at higher concentrations, supporting evidence that roots are 

more sensitive to contaminants than shoots (Kong et al., 2007).  Christou et al. (2016) 

tested pharmaceutically active compounds (diclofenac, sulfamethoxazole, trimethoprim, 

and 17a-ethinylestradiol) spiked at 10 μg/L in irrigation water and observed that these 

compounds accumulated in alfalfa roots in higher amounts than in the rest of the plant. In 

addition, toxicity to plants increased when a mixture of pharmaceutically active 

compounds was administered together rather than individually (Christou et al., 2016). To 

our knowledge, there has been no research into the pharmaceutical uptake of green 

wheatgrass. 
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Table 1. Guideline for safe concentrations of various organic compounds in drinking 
water.  
 

Guidelines (µg/L) Source 
Atrazine 3 MDH1 
Caffeine NF2 

 

Carbamazepine 40 MDH 
Diphenhydramine NF 

 

DEET 200 MDH 
Fluoxetine 34 Bruce et al. (2010) 
Meprobamate 200 Crook et al. (2013) 
Primidone 10 Crook et al. (2013) 
Sulfamethoxazole 18,000 Bruce et al. (2010) 
Trimethoprim 6,700 Bruce et al. (2010) 
1Minnesota Department of Health  
2None found 

The objectives of this study were to assess the effects of using reclaimed 

wastewater on the growth of and uptake of contaminants by two agricultural crops. In 

addition, we assessed if the amendment of biochar has the potential to minimize the 

uptake of contaminants by crops. To address our objectives, we conducted a greenhouse 

and field study. The greenhouse experiment allowed us to control the amount and 

composition of irrigation the plants received. In this experiment, we varied the quality of 

irrigation water and employed amendment with biochar in pots grown with alfalfa and 

green wheatgrass. In the field study, we sampled plants and soil solution in plots with and 

without biochar and nitrogen (N) amendments planted with Tall fescue (Schedonorous 

arundinacea) and Kentucky bluegrass (Poa pratensis L.).  We hypothesized that neutral, 

hydrophobic compounds such as atrazine, carbamazepine, and DEET will have greater 

plant uptake.  Positively charged, hydrophobic compounds such as diphenhydramine and 

fluoxetine will more likely be adsorbed by soil and neutral or negatively charged, 
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hydrophilic compounds such as caffeine, meprobamate, and sulfamethoxazole; will more 

likely be leached into the soil solution instead of taken up by plants. We also predict that 

hydrophobic compounds, as those mentioned above, will more likely be adsorbed by 

biochar-amended soil resulting in reduced plant uptake  

 

Methods:        

Greenhouse Study  

We carried out a greenhouse study to assess the effects of water source on alfalfa 

and green wheatgrass productivity. We also determined if the addition of biochar would 

potentially limit the potential plant uptake of contaminants. Sixty plastic pots (7.6-liter 

volume) were each filled with 6 kg of soil collected from the UNR Main Station Farm. 

Soils belonged to the Truckee series (Fine-loamy, mixed, superactive, mesic 

Fluvaquentic Haploxerolls). The soil had a high organic matter content (5.2%), a neutral 

pH (7.4) and low salinity (<1dS m-1). Thirty pots had biochar as a soil amendment (3% 

v/v) and thirty pots were left without biochar. The biochar was created by the pyrolysis of 

Pinyon and Juniper wood in a kiln and sifted through a 1-cm sieve before amending.  

Biochar properties are included in the appendices.  The 3%v/v was based on realistic 

charcoal conditions from previous research (Carter et al., 2018).  Within each group of 

30, 15 pots were seeded with alfalfa and 15 with green wheatgrass.  Seeds were 

purchased from Great Basin Seed (Ephraim, Utah).  

The pots were irrigated with three types of water: 1) tap water, 2) tap water spiked 

with a high level of various contaminants (spiked tap water), and 3) reclaimed wastewater 

.  After analyzing reclaimed wastewater from the Truckee Meadows Water Reclamation 
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Facility (TMWRF), the following five contaminants with the highest concentrations were 

selected for the spiked solution: ibuprofen, primidone, sucralose, sulfamethoxazole, and 

trimethoprim. Based on the literature results for the prevalence of these selected 

compounds, we decided to spike the water with 10 times the average concentrations 

observed in the treated wastewater. The spiked concentrations allowed us to observe the 

effects of elevated amounts on uptake while also ensuring solubility of the various 

compounds in the mixture.  The resulting concentrations were 5 µg/L for ibuprofen, 5 

µg/L for primidone, 2.7 mg/L for sucralose, and 200 µg/L for sulfamethoxazole, 50 µg/L 

for trimethoprim. These concentrations were made in a solution of methanol that was 

added to 18-liter carboys of tap water.  

 

Table 2. Compound concentrations (ng L-1) in the different water sources used for the 

greenhouse irrigation treatments. Contaminant concentrations in spiked tap water were 

not measured directly but calculated.  Spiked tap water concentrations that were not 

directly measured are in bold.  Standard deviations of reclaimed wastewater 

concentrations are in parentheses.  

 
Tap Water 

(n=1) 
Spiked Tap Water 

(n=1) 
Reclaimed Wastewater 

(n=4) 
Atrazine 0.0062 0.0062 Not analyzed 
Caffeine 0.0148 0.0148 306.3(148.3) 
Carbamazepine 0 0 269.9(175.2) 
DEET 0.573 0.573 26.00(18.9) 
Diphenhydramine 0 0 218.5(127.8) 
Fluoxetine 
Ibuprofen 

0 
Not analyzed 

0 
5,000 

48.56(6.14) 
945.8(703.8) 

Meprobamate 0 0 124.5(77.1) 
Primidone 
Sucralose 

0 
Not analyzed 

5,000 
2,700,000 

468.8(215.2) 
6067(3816.8) 
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Sulfamethoxazole 0 200,000 716.9(204.1) 
Trimethoprim 0 50,000 2898(1612.9) 

 

Within each crop and biochar treatment, five pots were irrigated with tap water, 

five pots with spiked tap water, and five pots with reclaimed wastewater (collected from 

the UNR Main Station Farm). Pots were arranged in groups of four and rotated around 

the greenhouse every two weeks to account for possible variability in light levels inside 

the greenhouse. Each pot was given precisely the same amount of water 2-3 times a 

week. A total of about 18 liters of water per pot were given over the course of the study.  

After approximately 7 months, crops were harvested by treatment starting with tap water, 

followed by the reclaimed wastewater, and spiked tap water to minimize cross-

contamination. Crops were removed from their pots and roots and shoots were separated. 

Alfalfa shoots were separated into leaves and stems. We took a subsample of mixed soil 

(approximately 350 g) and measured fine root biomass in this subsample. Total root 

biomass was measured by the sum of the taproot and fine root biomass calculated based 

on the weight of the subsample scaled to the soil mass in the entire pot. All soils, roots, 

shoots, and leaves were oven-dried for two days at 60°C and measured for dry weight. In 

addition, subsamples of soils were weighed, oven-dried at 60°C for two days, and 

weighed again to measure moisture content. Biochar was included in soil analysis 

because it was not possible to effectively remove it from the soil due to its fine particle 

size.    
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Field Study 

To measure potential leaching of contaminants from soils, we measured soil 

solution chemistry in 16 experimental plots in an agricultural field at Main Station Field 

Laboratory (MSFL). The plots established at this site were planted with a mixture of Tall 

fescue and Kentucky bluegrass and were irrigated weekly for approximately 5 months 

with treated wastewater originating from TMWRF.  The field study was part of an 

ongoing study assessing the effects of biochar on nutrient dynamics in semi-arid 

agricultural systems. Individual suction lysimeters were installed in the center each 

randomly chosen plot at a depth of 30 cm. Each plot was 3 by 1.5 meters with a buffer of 

0.6 meters between plots. The study employed two biochar (+/-biochar) and two N (+/- 

N) treatments with each treatment combination having four replicates. Biochar was 

applied at 0.8% v/v (8.28 kg/plot) and N was applied at 120 kg/ha. The biochar 

application rate was based from the manufacturers’ guide and the amount to alter soil 

chemical properties (Laird et al., 2010) and economic feasibility (Dickinson et al., 2015).  

The biochar used in this field study was Blacklite Pure (Pacific Biochar, Santa Rosa, Ca) 

produced from softwood forestry residues.  Biochar properties are included in the 

appendices (Table A1 and A2).  The N was applied as urea fertilizer at a rate consistent 

with hay growers in Nevada.   

Lysimeters were sampled approximately every 2 weeks within 1-2 days of 

irrigation over the duration of two harvest cycles between May and September. 

Depending on the sampling date, some lysimeters did not collect water, most likely due 

to spatial variability in infiltration patterns, and thus soil moisture across 

plots.  Aboveground Tall fescue and Kentucky bluegrass biomass was harvested 
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approximately every 3 months. The biomass was dried and weighed as described above 

and analyzed for their uptake of contaminants. 

 

Extraction and Analysis 

Plant samples were finely ground using a Wiley Mill (Model 4, Thomas 

Scientific, Swedesboro, NJ) and sieved (250 µm mesh). The mill and sieve were vacuum 

cleaned in between samples.  Each sample was stored in 50 mL centrifuge tubes and 20 

mL of methyl tertiary-butyl ether (MTBE) spiked with isotopes at 5µg/L (25ng/g) was 

added to each tube. Samples were sonicated for 20 minutes followed by centrifugation at 

1000 Relative Centrifugal Force (RCF) for 20 minutes. The resulting supernatant was 

decanted into a new centrifuge tube. Sonication, centrifugation, and decantation were 

repeated on the original tube with 20 mL of acetonitrile (ACN). The combined decant 

was then evaporated to near dryness under a gentle ultra-high-purity (UHP) nitrogen gas 

stream in the TurboVap. The residue was re-dissolved with 20 mL of ultrapure water and 

1 mL of methanol and subsequently sonicated for 10 minutes. Samples were stored in a 

refrigerator overnight and then run on the SPE. The cartridges were conditioned with 5 

mL of methanol and ultrapure water before being loaded on solid phase extraction (SPE) 

at 3 mL/min. Cartridges were dried with UHP nitrogen gas for 60 minutes before being 

eluted with 5 mL of methanol. Samples were evaporated with UHP nitrogen gas in the 

TurboVap to near dryness, raised to 1 mL by methanol, pushed through 0.2 μm PTFE 

filters (Cole-Parmer, Illinois, USA), transferred into 2-mL amber vials, and placed in the 

freezer before liquid chromatography-tandem mass spectroscopy (LC/MS-MS) analysis. 



11 
 

 

For the soil extraction, we used the procedures described by Radjenović et al. 

(2009). Samples were extracted with an ASE 200 (Dionex, Sunnyvale CA) fit with 11 

mL stainless extraction cells. The soil was mixed with diatomaceous earth to act as a 

sample dispersant, extraction cell filler, and drying agent. The ASE 200 operating 

conditions were: preheat for- 5 minutes, static for- 5 minutes, pressure at- 1500 psi, 

temperature at- 100°C, for 3 extraction cycles with 100% solvent flush and 60 seconds 

nitrogen purge with extraction solvent (1:2 v/v methanol-water). The ASE extract (~43 

mL) was then diluted with ultrapure water to a final volume of 1000 mL and concentrated 

by SPE. The SPE instrument and HLB cartridges were used to concentrate soil samples 

using methanol and ultrapure water to obtain a final volume of 1 mL with a methanol-

water solution (25:75, v/v) along with 100 µg/L internal standards (isotopes). A final 1 

mL of each sample was transferred into 2 mL amber vials and stored in darkness at -20°C 

until analyzed by LC-MS/MS.  

The volume of the lysimeter water samples collected ranged from 100 to 400 

mL. All samples were filtered through previously combusted 47mm glass microfiber 

filters (GF/F, 0.7 µm pore size), stored in the dark at 4˚C, and extracted within 14 days of 

sampling. A solution of 15 isotopically labeled working standards at 100 µg/L (ppb) in 

water was prepared. After filtration, each sample was spiked with 1 mL of this working 

standard solution. All filtered water samples were then extracted using an AutoTrace 280 

automated Solid Phase Extraction (SPE) system (Dionex, Sunnyvale, CA) with Oasis 

Hydrophilic Lipophilic Balance (HLB) 6cc/200 mg cartridges (Waters Corporation, 

Massachusetts, USA). Samples were then loaded at 10 mL/min onto the HLB cartridges, 

rinsed with ultrapure water, and dried under nitrogen flow for 30 minutes. Analytes were 
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eluted with 5 mL of methanol followed by 5 mL of a 90/10 (v/v) MTBE/methanol 

solution. Approximately 10 mL of eluent was evaporated to less than 500 μL using gentle 

ultrahigh pure (UHP) nitrogen flow in TurboVap and the final volume was raised to 1 mL 

by the addition of methanol. Final extracts were transferred into 2-mL amber vials and 

stored in the dark at -20°C until analyzed by LC/MS-MS in electrospray ionization 

positive mode.   

The methodology from Anumol et al. (2013) was used to analyze pharmaceutical 

and personal care products (PPCPs).  Liquid chromatography was performed on sample 

extracts using a Thermo Fisher Scientific Ultimate 3000 UPHLC with a Zorbax C-18 

column (2.1×50 mm) with a packing size of 1.8 μm to separate analytes in the positive 

electrospray ionization (ESI+) mode. Samples were analyzed with an injection volume of 

10 μL.  

The column was maintained at a temperature of 30°C for the entire run in ESI 

positive mode. Ultrapure water with 0.1% formic acid (solvent A) and acetonitrile with 

0.1% formic acid (solvent B) were used as the mobile phase solvents. A constant flow 

rate of 400 μL/min was maintained. In ESI positive mode, solvent B was linearly 

increased from 5% to 20% at 3 min, 45% at 6 min, 65% at 8 min, 100% at 12.20 min, and 

held until 14.9 min. A post-run of 5 min was added to allow the column to re-equilibrate 

before the next analysis. This resulted in a total run-time of 20 min for an analysis of 10 

analytes. 

Mass spectrometry was performed on Thermo Scientific TSQ Vantage triple-

stage quadrupole mass spectrometer where pharmaceutical compounds were optimized 

by injecting each compound (1 mg/L) at a flow rate of 5 uL/min. Caffeine was used to 
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tune the mass spectrometer for gas temperature, nozzle voltage, flow rate, nebulizer, and 

capillary voltage. In the first quadrupole, the precursor ion (cation) of each compound is 

selected in the scan mode and then a high voltage is applied and compounds are run in 

product ion scan (PI scan) mode. The two most abundant product ions were selected out 

of eight potential fragment products.  

Ibuprofen was not analyzed because its acidic properties would have required a 

rerun of all samples in ESI negative mode that was not possible due to financial 

constraints. Sucralose was not analyzed due to poor recovery in the LC-MS/MS.  Data 

analysis was carried out with the Thermo Xcalibur QuanBrowser software. Calibration 

standards in the range of 1µg/L to 9000 µg/L were run on LC-MS/MS before running the 

samples. The limit of detection (LOD) and limit of quantification (LOQ) were calculated 

using the signal to noise ratio (SNR) generated by the analytical software was greater 

than 3 and 10 respectively. 

  

Analytical Materials 

All compounds for this study had an analytical grade of ≥98% purity. We 

purchased caffeine; N, N-Diethyl-meta-toluamide (DEET); diphenhydramine; fluoxetine; 

ibuprofen; meprobamate; and trimethoprim were purchased from Sigma-Aldrich 

(Missouri, USA). Atrazine and fluoxetine-d5 from Cayman Chemicals (Michigan, USA). 

Isotopically labeled standards i.e. DEET-d10, primidone-d5, sulfamethoxazole-d4, 

trimethoprim-d3 were purchased from Santa Cruz Biotechnology (Texas, USA); atrazine 

d5, caffeine-d3, carbamazepine-d10, diphenhydramine-d3, ibuprofen-d3, meprobamate-
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d3 were purchased from Sigma-Aldrich (Missouri, USA). All solvents used for this study 

were of the highest purity available and suitable for LC-MS analysis. Methanol (HPLC 

grade), methyl tertiary-butyl ether (MTBE) (HPLC grade), ultrapure water (HPLC 

grade), 0.1% formic acid (v/v) in Water (LC-MS grade) and 0.1% formic acid (v/v) in 

acetonitrile (LCMS grade) were obtained from Thermo Fisher Scientific (Pittsburgh, PA). 

Ammonium acetate (≥97% purity) was obtained from VWR (Visalia, CA).  

 

Table 3. Properties of selected contaminants. 

Compound & 

CAS Number 

Trade 

Name 

Classification Structure pKa log 

Kow 

Atrazine 

1912-24-9 

AAtrex® 

 

Basis 

Gold® 

 

Herbicide C8H14ClN5                               

215 g mol-1 

N

N

N

N
H

N
H

Cl

 

4.2, 

14.48 

15.84 

2.06 

Caffeine 

58-08-2 

 Stimulant  

C8H10N4O2                   

194 g mol-1 

 

 

 

-1.16 -0.79 



15 
 

 

Carbamazepine 

298-46-4 

Tegretol® Anticonvulsant  

C15H12N2O                   

236 g mol-1 

 

 

 

-3.75, 

15.96 

3.22 

DEET 

134-62-3 

 Topical Agent  

C12H17NO                     

191 g mol-1 

 

 

-0.95 2.34 

Diphenhydra-

mine 

58-73-1 

Benadryl® Antihistamine C17H21NO                     

255 g mol-1 

 

 

 

8.87 3.62 

Fluoxetine 

2-84-9 

Prozac® Antidepressant  

C17H18F3NO                 

309 g mol-1 

9.80 4.19 
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Meprobamate 

57-53-4 

Miltown® Tranquilizer  

C9H18N2O4                   

218 g mol-1 

 

 

 

15.17

15.63 

0.96 

Primidone 

125-33-7 

Mysoline® Anticonvulsant  

C12H14N2O2                  

218 g mol-1 

 

 

 

11.5, 

11.62 

1.49 

Sulfamethoxazole 

723-46-6 

Bactrim® Antibacterial  

C10H11N3O3S               

0.25, 

1.97, 

1.04 
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253 g mol-1 

 

 

 

6.16, 

 

Trimethoprim 

738-70-5 

Primsol®, 

Bactrim® 

Antibacterial  

C14H18N4O3                  

290 g mol-1 

 

 

 

0.1, 

7.16 

1.05 

Drawings, pKa, and log Kow values were obtained from chemaxon.com/Marvin 

 

Data Analysis 

Statistical analysis was performed in R (R Core Team, 2019). The greenhouse 

study contained five replicates for each crop (alfalfa and green wheatgrass), biochar (+/-), 

and water treatment (tap water, spiked tap water, and reclaimed wastewater). The 

greenhouse study was a factorial design with water treatments and biochar presence as 

the independent variables. The dependent variables included biomass weight and the 

pharmaceutical content in the soil, alfalfa roots, stems, and leaves, and the green 
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wheatgrass roots and shoots. Fifty-eight out of sixty plant samples successfully 

germinated and were harvested at the end of the study. For measuring the pharmaceutical 

uptake, we used three randomly picked instead of five replicates of plants and soil 

samples for each treatment because we were not able to analyze all replicates due to 

budget restrictions. Pharmaceutical uptake was calculated by multiplying the compound 

concentrations with the biomass. The data of the plant uptake of compounds were log-

transformed after adding ’1’ to each value and analyzed with two-way ANOVA’s using 

biochar and water treatment as main factors. The compound concentration data and 

ANOVA results for concentrations are given in Appendix Figure A1-A6 and Table A3-

A4).   

The soil solution compound concentration data from the field study was also log-

transformed after adding ‘1’ but the vegetation compound data from the field was just 

log-transformed without adding 1. Both datasets were analyzed by two-way ANOVA 

tests with biochar (+/-) and N (+/-) treatments as main factors. The dependent variables 

included the amount of uptake of contaminants in the soil solution collected from the 

lysimeters and the pharmaceutical uptake of the Tall fescue and Kentucky bluegrass that 

were grown in each plot. All lysimeters were checked for samples at least every two 

weeks for five months, and 58 samples were taken over the course of the experiment.  We 

were not able to conduct a repeated-measures ANOVA because we did not have a 

complete time series for each lysimeter. We did not include ‘time’ as an independent 

variable. While measurement time does not necessarily constitute an independent 

replicate, it allowed us to increase replication. Each treatment had four replicates. 
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Results 

Greenhouse  

Biomass 

Table 4. P-values of two-way ANOVA analysis of alfalfa and green wheatgrass biomass.  

The ANOVA included biochar (Bio) and water (Wat) treatment as main factors. 

Significant (p<0.05) effects are indicated in bold and p values between 0.05 and 0.10 are 

indicated in italics. 

  
Biochar Water Bio x Wat 

Alfalfa Roots 0.186 0.194 0.364  
Stems 0.128 0.973 0.838  
Leaves 0.093 0.101 0.133  
Leaf + Stem 0.082 0.435 0.396  
Total Weight 0.083 0.491 0.509 

     
Wheatgrass Roots  0.475 0.399 0.929 
  Shoots 0.018 0.101 0.701  

Total Weight 0.542 0.969 0.921 
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Figure 1. Alfalfa biomass as measured in the greenhouse study using three irrigation 

(TW=tap water; SW=spiked tap water; RW=reclaimed wastewater) and two biochar 

(+NB=no biochar; +B=biochar) treatments.   
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Figure 2. Green wheatgrass biomass as measured in the greenhouse study using three 

irrigation (TW=tap water; SW=spiked tap water; RW=reclaimed wastewater) and two 

biochar (+NB=no biochar; +B=biochar) treatments.   

  

The water source treatments did not affect alfalfa or green wheatgrass biomass 

weight. The presence of biochar in the soil tended to increase the leaf, leaf+stem, and 

total alfalfa weight (Figure 1, Table 4). The shoot biomass of green wheatgrass was 18% 

higher when grown in soil amended with biochar but root weight was not affected by the 

presence of biochar (Figure 2).  
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Plant Individual Compound Uptake 

Table 5. P-values of two-way ANOVA of compound content of alfalfa and green 

wheatgrass using biochar (Bio) and water (Wat) treatment as main factors. Significant 

(p<0.05) effects are indicated in bold and p values between 0.05 and 0.10 are indicated in 

italics.  

  Alfalfa Green Wheatgrass   
Roots Stems Leaves Roots Shoots 

Atrazine Bio 0.010 0.375 0.102 0.045 0.057  
Wat 0.714 0.674 0.472 0.859 0.734  
Bio x Wat 0.713 0.621 0.850 0.934 0.791 

Caffeine Bio NA1 NA NA 0.805 0.316  
Wat NA NA NA 0.528 0.291  
Bio x Wat NA NA NA 0.611 0.298 

Carbamazepine Bio 0.027 0.115 0.693 0.005 0.001  
Wat 0.001 0.002 0.001 <0.001 0.003  
Bio x Wat 0.014 0.120 0.707 0.006 0.007 

DEET Bio 0.311 0.922 0.451 0.161 0.986  
Wat 0.496 0.283 0.443 0.258 0.401  
Bio x Wat 0.796 0.416 0.285 0.268 0.795 

Diphenhydramine Bio 0.442 0.770 0.655 0.264 0.867  
Wat  0.517 0.114 0.093 0.219 0.926  
Bio x Wat 0.606 0.033 0.239 0.046 0.444 

Fluoxetine Bio 0.862 0.593 0.577 0.758 0.967  
Wat 0.292 0.233 0.792 0.842 0.213  
Bio x Wat 0.683 0.838 0.458 0.642 0.936 

Meprobamate Bio NA 0.381 0.354 0.298 NA  
Wat  NA 0.510 0.342 0.529 NA  
Bio x Wat NA 0.568 0.359 0.497 NA 

Primidone2 Bio 0.615 NA NA 0.455 0.304  
Wat 0.856 NA NA 0.415 0.242  
Bio x Wat 0.745 NA NA 1 0.908 

Sulfamethoxazole2 Bio 0.508 0.516 0.756 0.059 <0.001  
Wat <0.001 <0.001 <0.001 0.065 <0.001  
Bio x Wat 0.726 0.556 0.281 0.225 <0.001 

Trimethoprim2 Bio 0.707 0.171 0.915 0.336 0.595  
Wat  0.306 0.087 0.043 0.273 0.021  
Bio x Wat 0.324 0.753 0.838 0.414 0.941 

1 The ANOVA analysis could not be performed because most samples had a compound 
concentration below the detection limit. 
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2 Spiked compounds 

Table 6. P-values of two-way ANOVA analysis on compound content of soil using 

biochar (B), water treatment (W), and plant species (P) as main factors. Significant 

(p<0.05) effects are indicated in bold and p values between 0.05 and 0.10 are indicated in 

italics.  

 
Biochar Water Plant B x W  B x P W x P B x W x P 

Atrazine 0.007 0.562 0.063 0.776 0.677 0.301 0.581 
Caffeine 0.019 0.987 0.102 0.358 0.392 0.870 0.622 
Carbamazepine 0.734 0.783 0.474 0.407 0.548 0.318 0.455 
DEET 0.501 0.373 0.374 0.122 0.776 0.336 0.372 
Diphenhydramine 0.301 0.996 0.699 0.380 0.284 0.888 0.336 
Fluoxetine 0.757 0.329 0.933 0.135 0.119 0.733 0.106 
Meprobamate NA1 NA NA NA NA NA NA 
Primidone2 0.019 <0.001 0.086 0.159 0.325 0.292 0.853 
Sulfamethoxazole2 0.157 <0.001 0.886 0.572 0.108 0.827 0.516 
Trimethoprim2 0.804 0.048 0.905 0.307 0.717 0.865 0.538 
1 The ANOVA analysis could not be performed because most samples had a compound 
concentration below the detection limit. 
2 Spiked compounds 

 

Table 7. P-values from ANOVA analyses testing differences in the amounts of 

compounds between different parts in alfalfa and green wheatgrass.  Significant (p<0.05) 

effects are indicated in bold and p values between 0.05 and 0.10 are indicated in italics.  

 
Alfalfa 

  
Green 
Wheatgrass  

Stems:Roots Roots:Leaves Stems:Leaves Shoots:Roots 
Atrazine 0.990 NA1 0.995 0.993 
Caffeine NA NA NA 0.683 
Carbamazepine 0.992 0.998 NA 0.547 
DEET 0.315 NA 0.281 0.083 
Diphenhydramine 0.016 0.816 <0.001 0.490 
Fluoxetine NA NA NA 0.916 
Meprobamate 0.638 0.867 0.976 0.427 
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Primidone2 0.995 0.994 NA 0.752 
Sulfamethoxazole2 NA NA NA 0.947 
Trimethoprim2 0.999 0.987 0.968 0.822 
1 The ANOVA analysis could not be performed because most samples had a compound 
concentration below the detection limit. 
2 Spiked compounds 

 

 

Figure 3. Contaminant content of alfalfa roots using three irrigation (TW=tap water; 

SW=spiked tap water; RW=reclaimed wastewater) and two biochar (+NB=no biochar; 

+B=biochar) treatments.   

Co
nt

en
t (

ng
)

TW+NB

SW+NB

RW+NB

TW+B

SW+B

RW+B

1000

100

10

1



25 
 

 

 

Figure 4. Contaminant content of alfalfa stems using three irrigation (TW=tap water; 

SW=spiked tap water; RW=reclaimed wastewater) and two biochar (+NB=no biochar; 

+B=biochar) treatments.   
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Figure 5. Contaminant content of alfalfa leaves using three irrigation (TW=tap water; 

SW=spiked tap water; RW=reclaimed wastewater) and two biochar (+NB=no biochar; 

+B=biochar) treatments.   

 

Figure 6. Contaminant content of green wheatgrass roots using three irrigation (TW=tap 

water; SW=spiked tap water; RW=reclaimed wastewater) and two biochar (+NB=no 

biochar; +B=biochar) treatments.  
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Figure 7. Contaminant content of green wheatgrass shoots using three irrigation (TW=tap 

water; SW=spiked tap water; RW=reclaimed wastewater) and two biochar (+NB=no 

biochar; +B=biochar) treatments.   
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Figure 8. Contaminant content of soils using three irrigation (TW=tap water; SW=spiked 

tap water; RW=reclaimed wastewater) and two biochar (+NB=no biochar; +B=biochar) 

treatments.   
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Water source did not significantly affect atrazine content in alfalfa stems or leaves 

(Figure 3, Table 5), but atrazine content of roots was higher in alfalfa grown in soil that 

did not contain biochar (1.9 ng) than in biochar-amended soils (below detection). 
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significantly higher and tended to be higher in shoots in the soils that were not amended 

with biochar (Figure 6, Table 5).  

Water treatment did not affect soil atrazine content but the presence of biochar 

significantly reduced soil atrazine content (Figure 8, Table 6). In addition, the atrazine 

contents of soils planted with alfalfa tended to be higher than soils planted with 

wheatgrass. 

 

Caffeine 

 Most (>95%) alfalfa and wheatgrass samples did not contain caffeine in 

measurable quantities. As a result, neither water source nor biochar affected plant 

caffeine content (Figure 8, Table 5).  Soils amended with biochar, however, contained 

21% more caffeine than those without biochar.  

 

Carbamazepine           

 Approximately 25% of plant samples and 30% of soil samples contained 

measurable quantities of carbamazepine.  Roots, stems, and leaves of alfalfa irrigated 

with tap water contained significantly more carbamazepine than the two other water 

treatments (Table 5).  Irrigating with spiked tap water did not result in any uptake of 

carbamazepine in roots and the majority of the alfalfa plants irrigated with reclaimed 

wastewater did not contain carbamazepine in their roots, except for one reclaimed 

wastewater alfalfa root system containing only 0.032 ng of carbamazepine (Figure 3).  
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The carbamazepine contents of roots of alfalfa grown in soils without biochar was an 

order of magnitude (0.08 ng) lower than those grown in biochar-amended soils (0.98 ng). 

However, the biochar treatment did not affect the carbamazepine content of stems and 

leaves. We observed an interactive effect between the water and biochar treatments with 

carbamazepine contents of roots being the highest in the tap water - no-biochar treatment 

(Table 6).    

Green wheatgrass generally followed the same pattern of carbamazepine uptake 

as alfalfa. Roots of green wheatgrass irrigated with tap water contained on average 1.2 ng 

of carbamazepine compared to zero in the spiked tap water and reclaimed wastewater. 

The green wheatgrass shoots irrigated with tap water also had significantly higher 

carbamazepine content (4 ng) than reclaimed wastewater (1.8 ng) and spiked tap water (0 

ng) treatments (Figure 6 & 7, Table 5). Carbamazepine content of the roots and shoots of 

green wheatgrass was significantly higher when grown in soils without biochar (Table 5). 

Roots and shoots of plants grown in biochar-amended soils did not contain measurable 

quantities of carbamazepine. An interaction of water and biochar treatments caused the 

carbamazepine content to be highest in the green wheatgrass roots and shoots in the tap 

water, no-biochar treatment.  Carbamazepine content of alfalfa and wheatgrass soils was 

not significantly affected by the biochar or water treatments (Table 6).  

 

DEET 

 The average content of DEET in plant samples was almost an order of magnitude 

higher than the average content of all of the other compounds analyzed (Figures 3-7).  
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DEET was present in all alfalfa, green wheatgrass, and soil samples but its content was 

not significantly affected by any of the treatments.  The DEET content tended to be 

higher in the green wheatgrass shoots than the roots regardless of treatment (Table 7).   

 

Diphenhydramine  

           Most plant samples contained diphenhydramine in measurable quantities.  In 

alfalfa, stems contained more diphenhydramine than roots and leaves (Table 7). We did 

not find any significant main effect of the water source or biochar treatments but the 

diphenhydramine content in alfalfa leaves irrigated with reclaimed wastewater tended to 

be higher (almost double) than in those irrigated with tap water or spiked tap water 

(Figure 5, Table 5).  Alfalfa stems showed a significant interaction between biochar and 

water treatments with diphenhydramine content being highest in the biochar-amended, 

reclaimed wastewater-irrigated treatments. The interaction of unamended soil and tap 

water irrigation significantly increased the content of diphenhydramine in green 

wheatgrass roots.  In addition, the diphenhydramine contents of the soils were not 

affected by any of the treatments or vegetation types (Figure 8, Table 6).   

 

Fluoxetine 

 Fluoxetine was present in measurable, but low (< 2 ng) concentrations in more 

than a quarter of alfalfa or green wheatgrass samples.  Fluoxetine was present in about 

75% of soil samples, but its concentrations were generally lower than the amounts of 
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most other compounds analyzed.  Fluoxetine content of alfalfa and wheatgrass biomass 

and soil samples was not significantly affected by water source or biochar treatments 

(Table 5 & 6).  

 

Meprobamate 

 Meprobamate was found in only 3% of plant samples. Neither water source nor 

biochar treatment had a significant effect on plant or soil meprobamate content (Table 5 

& 6).   

 

Primidone 

 The spiked primidone isotope did not elute well in the chromatography analysis.  

As a result, approximately half of the plant samples could not be analyzed because of 

their corresponding spiked primidone isotope not appearing in the chromatography. Of 

the samples that were analyzed, 89% contained no measurable amounts of primidone. 

Overall, we did not find any significant effects of water source and biochar treatments on 

the primidone content of alfalfa or green wheatgrass plants (Table 5). Approximately 

41% of the soil samples did not contain primidone, but primidone contents were 3.8 and 

6.9 times higher in soils that were irrigated with spiked tap water compared to soils 

irrigated with tap water and reclaimed wastewater, respectively.  In addition, primidone 

content was 10% higher in soil amended with biochar than without.  Finally, soil 
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primidone content tended to be approximately 25% higher in green wheatgrass than in 

alfalfa soils (Figure 8). 

 

Sulfamethoxazole 

           Sulfamethoxazole content of alfalfa was significantly affected by water treatment 

(Table 5).  Sulfamethoxazole content was highest in roots and stems of alfalfa watered 

with tap water (1.6 and 24.7 ng respectively), followed by reclaimed wastewater (0.05 

and 0.02 ng respectively), and spiked tap water (below the detection limit for both roots 

and stems). Leaves of alfalfa irrigated with tap water averaged 16 ng total but alfalfa 

leaves irrigated with spiked tap water and reclaimed wastewater did not contain 

sulfamethoxazole (Figure 5).  The biochar treatments did not significantly affect alfalfa 

sulfamethoxazole content. 

           The water and biochar treatment effects on green wheatgrass roots were close to 

significant (Table 5). Similar to alfalfa, sulfamethoxazole in green wheatgrass was higher 

in tap water samples with roots averaging 14 ng compared to 7 ng in reclaimed 

wastewater and zero in spiked tap water.   Sulfamethoxazole content of roots without 

biochar was approximately 10 ng higher than of those with biochar (Figure 6).   Green 

wheatgrass shoots averaged 17.7 ng with tap water while spiked tap water and reclaimed 

wastewater samples did not contain any measurable amounts of sulfamethoxazole (Figure 

7). We observed significant effects of biochar and an interaction between biochar and 

water treatment on green wheatgrass shoots.  The green wheatgrass shoots that had no 

biochar added to the soil contained 9.8 ng of sulfamethoxazole while those with biochar 



34 
 

 

did not contain measurable amounts of sulfamethoxazole. The Sulfamethoxazole content 

was highest in the tap water, no-biochar treatment. 

 Soils that were irrigated with water spiked with sulfamethoxazole contained 

approximately 8600 ng while tap water and reclaimed wastewater-irrigated soils 

contained approximately 2000 and 775 ng, respectively.  The biochar treatments did not 

affect soil sulfamethoxazole content (Figure 6, Table 8).  

 

Trimethoprim 

           Trimethoprim was present in half of the plant samples. The trimethoprim content 

of alfalfa roots and stems were not significantly affected by the water treatments (Table 

5).  The trimethoprim content of alfalfa leaves was approximately 100 times higher in the 

tap water than in the spiked tap water and reclaimed wastewater treatments.  The biochar 

treatments did not affect plant trimethoprim contents.  

 Green wheatgrass root trimethoprim content was not significantly affected by 

water or biochar treatment.  The trimethoprim content of green wheatgrass shoots was 

highest in the tap water treatment (40 ng), followed by the reclaimed wastewater (14 ng) 

and spiked tap water (1 ng) treatments (Figures 6 & 7). Similar to alfalfa, wheatgrass 

trimethoprim contents were not affected by the biochar treatments.  

Soils irrigated with spiked tap water had significantly higher contents of 

trimethoprim (approximately double) than soils irrigated with tap water or reclaimed 

wastewater (Figure 8, Table 6). 
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Field Results  

Table 8. P-values of the two-way ANOVA analysis on the presence of compounds in the 

soil solution using biochar (Bio) and Nitrogen (N) as main effects. Significant (p<0.05) 

effects are indicated in bold and p values between 0.05 and 0.10 are indicated in italics. 

 Bio N Bio x N 
Atrazine 0.425 0.658 NA1 

Caffeine 0.888 0.073 0.938 
Carbamazepine 0.580 0.501 0.615 
DEET 0.879 0.677 0.683 
Diphenhydramine 0.787 0.121 0.197 
Fluoxetine 0.791 0.197 0.335 
Meprobamate 0.489 0.410 0.453 
Primidone 0.059 0.480 0.550 
Sulfamethoxazole 0.371 0.089 0.368 
Trimethoprim 0.784 NA NA 
1 The ANOVA analysis could not be performed because most samples had a compound 
concentration below the detection limit. 

 

 The biochar and nitrogen treatments did not have significant effects on the 

concentrations of most compounds in the soil solution.  However, a few treatments 

tended to show significant effects (Table 8). For instance, caffeine and sulfamethoxazole 

concentrations tended to be higher in soil solutions measured in plots that did not receive 

additional N fertilizer compared to fertilized plots.  In addition, soil solution primidone 

concentrations tended to be higher (17%) in plots amended with biochar than those 

without biochar amendments (Figure 9).   
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Table 9. P-values of two-way ANOVA tests on the uptake of compounds from Tall 

fescue and Kentucky bluegrass using biochar (Bio) and nitrogen addition (N) as main 

effects. Significant (p<0.05) effects are indicated in bold and p values between 0.05 and 

0.10 are indicated in italics. 

 
Bio N Bio x N 

Atrazine NA1 NA NA 
Caffeine NA NA NA 

Carbamazepine NA NA NA 
DEET 0.083 0.063 0.261 

Diphenhydramine 0.445 0.957 0.539 
Fluoxetine 0.353 0.740 0.464 

Meprobamate NA NA NA 
Primidone 0.539 0.513 0.621 

Sulfamethoxazole 0.194 0.670 0.313 
Trimethoprim 0.440 0.082 0.347 

1 The ANOVA analysis could not be performed because most samples had a compound 
concentration below the detection limit. 
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Figure 9. Compound concentrations in soil solution collected using suction lysimeters in 

plots having two biochar (0 B=no biochar; 0.8%B=with biochar) and two N treatments (0 

N=no N; 120 N=with N). Biochar amendments equaled 0.8% by volume and N 

treatments equaled 120 kg/ha N.  

 

Figure 10. Vegetation compound concentration in plots having two biochar (0 B=no 

biochar; 0.8%B=with biochar) and two N treatments (0 N=no N; 120 N=with N). Biochar 

amendments equaled 0.8% by volume and N treatments equaled 120 kg/ha N.  

 

The analysis of the uptake of individual compounds by Tall Fescue and Kentucky 

bluegrass showed that atrazine, caffeine, carbamazepine, meprobamate, and primidone 

were either present in quantities below the detection limit or taken up in minimal amounts 
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by the plants.  Less than 60% of the analyzed samples contained measurable quantities of 

fluoxetine, trimethoprim, and sulfamethoxazole.   

DEET was present in all samples and the amount was an order of magnitude 

higher than other compounds.  The DEET content of the vegetation samples grown in 

soils amended with biochar was 76% higher than those without biochar, and plants grown 

without N additions contained 60% more DEET than those with N addition, with both of 

these biochar and N effects being close to significant.  The content of trimethoprim 

tended to be higher in vegetation samples when N was added averaging 0.42 ng 

compared to 0.01 ng in plants frown without N additions, however, only about 30% of 

vegetation samples showed any measurable quantities of trimethoprim (Figure 10). 

 

Table 10. Results of two-way ANOVA of compound content of alfalfa and green 

wheatgrass using biochar (Bio) and water (TW, SW, and RW) treatment as main factors.  

(↑) Indicates presence of treatment created a significant positive effect on compound 

uptake (↓) Indicates presence of treatment created a significant negative effect on 

compound uptake. (–) Indicates presence of treatment created no significant effect. 

  Alfalfa Green Wheatgrass   
Roots Stems Leaves Roots Shoots 

Atrazine Bio ↓ - - ↓ - 
 

TW 
SW 
RW 

- 
- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

Caffeine Bio NA1 NA NA - -  
TW 
SW 
RW 

NA 
NA 
NA 

NA 
NA 
NA 

NA 
NA 
NA 

- 
- 
- 

- 
- 
- 
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Carbamazepine Bio ↓ - - ↓ ↓  
TW 
SW 
GW 

↑ 
- 
- 

↑ 
- 
- 

↑ 
- 
- 

↑ 
- 
-  

↑ 
- 
- 

DEET Bio - - - - -  
TW 
SW 
GW 

- 
- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

Diphenhydramine Bio - - - - -  
TW 
SW 
GW  

- 
- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

Fluoxetine Bio - - - - -  
TW 
SW 
GW 

- 
- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 
- 

Meprobamate Bio NA - - - NA  
TW 
SW 
RW 

NA 
NA 
NA 

- 
- 
- 

- 
- 
- 

- 
- 
- 

NA 
NA 
NA 

Primidone2 Bio - NA NA - -  
TW 
SW 
RW 

- 
- 
- 

NA 
NA 
NA 

NA 
NA 
NA 

- 
- 
- 

- 
- 
- 

Sulfamethoxazole2 Bio - - - - ↓  
TW 
SW 
RW 

↑ 
- 
- 

↑ 
- 
- 

↑ 
- 
- 

- 
- 
- 

↑ 
- 
- 

Trimethoprim2 Bio - - - - -  
TW 
SW 
RW  

- 
- 
- 

- 
- 
- 

↑ 
- 
- 

- 
- 
- 

↑ 
- 
- 

1 The ANOVA analysis could not be performed because most samples had a compound 
concentration below the detection limit. 
2 Spiked compounds 

Table 11. Results of two-way ANOVA analysis on compound content of soil using 

biochar (B), water treatments (TW, SW, and RW), and plant species (Alf and GW) as 

main factors. (↑) Indicates presence of treatment created a significant positive effect on 
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compound uptake (↓) Indicates presence of treatment created a significant negative effect 

on compound uptake. (–) Indicates presence of treatment created no significant effect. 

  

 
Biochar TW SW RW Alf GW 

Atrazine ↓ - - - - - 
Caffeine ↑ - - - - - 
Carbamazepine - - - - - - 
DEET - - - - - - 
Diphenhydramine - - - - - - 
Fluoxetine - - - - - - 
Meprobamate NA1 NA NA NA NA - 
Primidone2 ↑ - ↑  - - - 
Sulfamethoxazole2 - - ↑ - - - 
Trimethoprim2 - - ↑ - - - 
1 The ANOVA analysis could not be performed because most samples had a compound 
concentration below the detection limit. 
2 Spiked compounds 

 

 

Table 12. Results of the two-way ANOVA analysis on the presence of compounds in the 

soil solution using biochar (Bio) and Nitrogen (N) as main effects. (↑) Indicates presence 

of treatment created a significant positive effect on compound uptake (↓) Indicates 

presence of treatment created a significant negative effect on compound uptake. (–) 

Indicates presence of treatment created no significant effect. 

 Bio N 
Atrazine - - 
Caffeine - - 
Carbamazepine - - 
DEET - - 
Diphenhydramine - - 
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Fluoxetine - - 
Meprobamate - - 
Primidone - - 
Sulfamethoxazole - - 
Trimethoprim - NA1 

1 The ANOVA analysis could not be performed because most samples had a compound 
concentration below the detection limit. 

 

Table 13. P-values of two-way ANOVA tests on the uptake of compounds from Tall 

fescue and Kentucky bluegrass using biochar (Bio) and nitrogen addition (N) as main 

effects. (↑) Indicates presence of treatment created a significant positive effect on 

compound uptake (↓) Indicates presence of treatment created a significant negative effect 

on compound uptake. (–) Indicates presence of treatment created no significant effect. 

 
Bio N 

Atrazine NA1 NA 
Caffeine NA NA 

Carbamazepine NA NA 
DEET - - 

Diphenhydramine - - 
Fluoxetine - - 

Meprobamate NA NA 
Primidone - - 

Sulfamethoxazole - - 
Trimethoprim - - 

1 The ANOVA analysis could not be performed because most samples had a compound 
concentration below the detection limit. 

 

 

 

 



42 
 

 

Discussion 

This study was aimed at testing the effects of reclaimed wastewater irrigation on 

the contaminant content in agricultural crops.  A second objective was to determine if the 

application of biochar would minimize the uptake of compounds present in irrigation 

water. We addressed our objectives by growing plants in a greenhouse employing 

different water treatments and biochar amendments. Greenhouse plants and soil were 

analyzed for their uptake of compounds and their effect on the overall plant biomass 

production.  In addition, we conducted a separate field study to assess the leaching and 

plant uptake potential under real-world field conditions by measuring contaminant 

concentrations in soil solutions and plants employing different biochar and N 

amendments.  

In Table 10-13, we summarized the qualitative effects (positive, negative, no 

effect) of biochar and water source on measured parameters in the greenhouse and field 

study. Overall, the results from our greenhouse study showed that plant biomass was not 

affected by water treatments but was increased by additions of biochar.  In addition, for 

the majority of compounds, water treatment did not affect compound uptake and 

reclaimed wastewater irrigation only increased the uptake of one compound, 

diphenhydramine in alfalfa leaves (Table 5).  Somewhat surprisingly, most significant 

water treatment effects originated from tap water increasing the plant uptake of selected 

compounds.  Most of the contaminants spiked in the tap water were retained in the soil 

but these higher concentrations did not result in increased plant uptake compared to the 

other water treatments.  Presence of biochar had mixed results, increasing soil retention 
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of caffeine and primidone while decreasing retention of atrazine. Presence of biochar 

reduced plant uptake of atrazine, carbamazepine, and sulfamethoxazole. The results from 

our field study showed limited effects of biochar and N additions on compound leaching 

and plant uptake. Higher leaching of caffeine and sulfamethoxazole in soils that were not 

amended with biochar was not compensated for by lower uptake by plants.  The 

compound that was most ubiquitous in soils and plants in both greenhouse and field 

studies was DEET with high numbers both in soils, plants, and soil solutions.  

 

Effects of Water Source on Plant Biomass 

 In our study, the different water source treatments did not affect plant biomass 

production (Figures 1 & 2, Table 4).  Other studies have observed that the impact of 

antibiotics on plant growth is specific to plant species.  The growth of grass species was 

reduced by irrigation with water with antibiotics spiked at concentrations of 1, 5, and 10 

µg/L, but these antibiotics did not affect forb species (Minden et al., 2017).  Kong et al. 

(2007) showed that irrigation water with a concentration of 920 µg/L of the antibiotic 

oxytetracycline significantly decreased alfalfa root biomass; however, crops would not 

realistically be exposed to such a high concentration.  By comparison, in our study, 

compound concentrations ranged from 100 to 3000 ng/L in the reclaimed wastewater and 

were up to 200 µg/L in the spiked tap water (Table 2).   Migliore et al. (2002) observed a 

hermetic effect from enroflaxacin (an antibiotic drug) increasing plant growth below 

concentrations of 100 µg/L but decreasing growth at higher concentrations (Migliore et 
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al., 2002).  Our study has been consistent with other studies showing no effects on plant 

growth when reclaimed wastewater was used for irrigation (Carter et al., 2014). 

  

Plant Compound Uptake 

The tap water, spiked tap water, and reclaimed wastewater treatments in our 

greenhouse study resulted in a similar plant uptake for the majority of the compounds 

despite the differences in concentrations in irrigation water between water source 

treatments for several compounds.  Reclaimed wastewater irrigation led to greater plant 

uptake than the other water treatments on only one occasion, namely diphenhydramine 

content in alfalfa leaves (Figure 5, Table 5).  The concentration of diphenhydramine was 

higher in reclaimed wastewater than the spiked or non-spiked tap water (Table 2). All 

other reclaimed wastewater-irrigated plant samples had similar or lower uptake of 

compounds compared to the two other water treatments. Our results are similar to Finley 

et al. (2009) observing no significant differences in contaminant concentration between 

plants irrigated with tap water, untreated reclaimed wastewater, or treated reclaimed 

wastewater.   

Surprisingly, some plants irrigated with tap water contained higher amounts of 

carbamazepine, sulfamethoxazole, and trimethoprim than plants irrigated with spiked tap 

water or reclaimed wastewater (Figures 3-7). However, when we analyzed the tap water, 

we did not find any of these compounds. One potential reason for this apparent 

discrepancy is that the soil used in this study had been irrigated with treated wastewater 

for 50+ years and may have contained significant amounts of these compounds. Indeed, 
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soils in the tap water treatment showed that these compounds were present. The higher 

uptake in plants irrigated with tap water compared to the other water treatments may have 

been related to the desorption of these compounds from the soil given that, overall, 

compound concentrations were lowest in tap water. The absence of any desorption in the 

spiked tap water and reclaimed wastewater treatments may be due to interactions between 

compounds as total compound concentrations were highest in reclaimed wastewater and 

spiked tap water. Still, it is surprising that plants did not take up carbamazepine in the 

reclaimed wastewater or trimethoprim and sulfamethoxazole in the spiked tap water 

treatments despite solution concentrations of these compounds being highest in these 

treatments. 

One of the most important factors determining the potential uptake of a compound 

by plants is its log Kow value.  Typically, root uptake of a compound increases with 

increasing log Kow value; however, after take-up, the likelihood of a compound being 

transported within the plant increases with decreasing log Kow value.  Briggs et al. (1987) 

suggested that plant uptake of neutral compounds follows a Gaussian distribution (a bell-

shaped curve) with maximum translocation at log Kow ~1.78. At a higher log Kow 

compounds become too hydrophobic to be transported while at a low log Kow compounds 

become too hydrophilic for uptake.  Neutral compounds are also more likely to be taken 

up by plants and transported once inside because they will not become trapped to charged 

surfaces (Briggs et al., 1987).  

Carbamazepine showed the most significant differences in plant uptake in 

response to the water source treatments.  Carbamazepine is one of the most researched 
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compounds because previous studies have reported a high plant uptake. Carbamazepine is 

persistent in soil (half-life: 46-120 days) and has displayed a high uptake in plants due to 

its high log Kow value 3.22 (Riemenschneider et al., 2016; Wu et al., 2014).  In our study, 

carbamazepine was present as a neutral compound in the soil as calculated using 

MarvinSketch, given a soil pH of 7.4.  Due to these favorable physicochemical 

properties, we had hypothesized that plant uptake of carbamazepine would be high, but 

the results did not support this hypothesis. A possible explanation for the greater tap 

water plant uptake in our study was that, despite the spiked and non-spiked tap water and 

reclaimed wastewater containing no or little carbamazepine, carbamazepine may have 

been present in the soil and was translocated into the plants following desorption from the 

soil as described earlier 

Sulfamethoxazole, trimethoprim, and primidone had the highest concentrations of 

all compounds analyzed in the reclaimed wastewater (Table 2).  Consequently, we 

considered these compounds to be the biggest threat to harming the plants and chose 

these compounds to be spiked to further assess their effects on plants and soils. 

Sulfamethoxazole and trimethoprim also observed significant differences in plant uptake 

between water treatments.  The behavior of these compounds was somewhat inconsistent 

as plant content was either below the detection limit or among the highest of any 

compound.  Sulfamethoxazole was found in amounts above the detection limit in 

approximately 30% of plant samples; of those samples, 92% were irrigated with tap water 

despite the concentrations in the water being lowest in this treatment.  The 

sulfamethoxazole content averaged between 10-25 ng in plant parts, but plant content 

was extremely variable. Trimethoprim was present in approximately half of the plant 
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samples and 44% of those were irrigated with tap water, again, despite water 

concentrations being lowest in this treatment.  The trimethoprim content in the roots of 

alfalfa and green wheatgrass and the stems of alfalfa averaged <10 ng, but the alfalfa 

leaves and green wheatgrass shoots contained 200 and 45 ng, respectively.   

Sulfamethoxazole and trimethoprim have log Kow values around 1.0, which would 

suggest that these compounds are neither repelled nor actively taken up by a plant. 

However, at the observed soil pH, both compounds would have been partially charged 

which could have limited their uptake into the plant as 95% of sulfamethoxazole would 

have been negatively charged and 36% of trimethoprim would have been positively 

charged.  Plant uptake of primidone was not affected by water source (Table 5).  

Interestingly, primidone has a slightly higher log Kow value and would have been 99% 

neutral in the soil.   Its behavior was similar to sulfamethoxazole and trimethoprim; 

however, when it was taken up by plants, its content was usually high.   

Once taken up, the three compounds behaved differently. Trimethoprim followed 

the plant’s evapotranspiration stream and was concentrated in the green wheatgrass 

shoots and alfalfa leaves.  This behavior was expected based on its low log Kow value but 

other studies have found trimethoprim to accumulate in the roots, possibly due to its 

charge, even in environments with similar pH’s (Herklotz et al., 2010; Tanoue et al., 

2012). Primidone and sulfamethoxazole had a similar content in roots and shoots.  

Interestingly, Wu et al. (2013) found that primidone was more likely to translocate to the 

leaves rather than remain in roots, probably helped by its neutral state.  The behavior of 

sulfamethoxazole and trimethoprim was similar to the results of Wu et al. (2013); these 

compounds are more likely to disperse throughout the plant once taken up due to their 
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low log Kow values, despite the charges of sulfamethoxazole and trimethoprim when 

present in the soil. The rest of the compounds analyzed showed no statistically significant 

differences in plant uptake between water treatments. 

Caffeine and meprobamate did not accumulate in plants, most likely due to their 

log Kow values of -0.79 and 0.96 being too low (Table 3) as initially hypothesized.  Wu et 

al. (2014) found meprobamate to be frequently detected at low concentrations in 

vegetables irrigated with treated wastewater irrigation but they also found minimal 

caffeine uptake in 7 of the 8 vegetables examined indicating that uptake may be highly 

plant-specific.  

Diphenhydramine and fluoxetine were present in most plant samples in relatively 

small amounts.  Both compounds have a high log Kow, but they were not present in tap 

water and concentrations were relatively low in the reclaimed wastewater (Tables 2 & 3).  

In addition, almost 100% of both compounds would have been positively charged, 

making these compounds less susceptible to be taken up by plants.  Our results are 

similar to Wu et al. (2010), their study observed limited accumulation and translocation 

of diphenhydramine and fluoxetine from a 10 ug/L spiked irrigated solution.   

Plant uptake patterns of atrazine were similar to diphenhydramine when biochar 

was not present.  Atrazine has a relatively high log Kow and was almost 100% neutral in 

soil (Table 3), and a relatively high fraction of the amount present in the irrigation water 

was taken up by plants.  We hypothesized that atrazine would be among the compounds 

taken up in highest amounts by plants, but despite atrazine being taken up by many 

plants, the amount of uptake was moderate.  The lower than expected uptake may have 
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been due to the relatively small amounts of atrazine present in the irrigation water. The 

amount of atrazine in tap water was low and it was not analyzed in the reclaimed 

wastewater; however, reclaimed wastewater may have contained some atrazine. In 

addition, we cannot discount the possibility that atrazine desorbed from soils, similar to 

carbamazepine.  Atrazine was the compound with the lowest concentration to pose a 

public health hazard (Table 1).  Although its content was well below the level to pose a 

health threat, it can obviously be taken up by plants and may pose a risk when added to 

soils in higher concentrations.  

DEET plant content was consistently high regardless of water source treatment 

despite DEET concentrations being low in all water treatments (Figures 3-10).  DEET has 

a high log Kow and would have been 100% neutral in the soil. We hypothesized that 

DEET would be taken up highly by plants due to these traits and the results match our 

hypothesis.  The DEET content could also have been increased due to the soil having 

been farmed for 50+ years prior to the experiment began; workers could have been 

applying DEET as an insect repellant during that time. This may have caused DEET to 

accumulate in the soil.  Indeed, DEET concentrations in the soil were among the highest 

of all compounds considered in this study. Wu et al. (2014) also observed high 

concentrations of DEET in the treated wastewater and in the uptake of bell peppers and 

cucumbers relative to the other compounds analyzed indicating that this compound is 

very likely to accumulate in vegetation when present in large quantities.    
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Compound Accumulation in Soil 

The majority of soil samples showed no differences in compound concentrations 

between water treatments.  The only differences in soil concentrations were due to the 

three compounds spiked in the spiked tap water solution (primidone, sulfamethoxazole, 

and trimethoprim).  These compounds were all present in higher amounts in the soil in 

the spiked tap water compared to the tap water and reclaimed wastewater treatments.  As 

previously mentioned, the higher soil content did not translate into higher plant uptake.  

Despite the fact that many compounds were likely to be already present in the soil as a 

result of past farming operations, spiking of the tap water resulted in significantly higher 

soil contents of these compounds (Table 6).  

The retention of compounds in the soil following irrigation with treated 

wastewater has not been studied as thoroughly compared to plant uptake.  Chefetz et al. 

(2008) found the soil sorption and desorption of carbamazepine to be the same between 

tap water and reclaimed wastewater.  They also found that retention of diflonec and 

naproxen in soil was actually longer with tap water compared to reclaimed wastewater, 

although the tap water concentrations of diflonec and naproxen were not given.  This 

retention could be due to the complexation of compounds with dissolved organic matter 

(DOM) or suspended organic and inorganic particles more likely present in reclaimed 

wastewater than tap water that can make these compounds more mobile (Totsche & 

Kögel-Knabner, 2004).  Pharmaceutical compounds can also be immobilized by soil 

organic matter (Chefetz et al., 2008). The pH of the soil in relation to the pKa of the 

compounds is an important factor in determining plant uptake and soil retention.  The pH 
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and pKa determine whether a compound will be ionized.  Neutral compounds are more 

likely taken up by plants, while positively charged particles will be attracted to negatively 

charged soil (Li et al., 2011).  A negatively charged compound with a low log Kow will 

more likely be repelled by both the plant and soil and be found in the soil solution.  For 

instance, carbamazepine has a neutral charge, and as a result, typically shows a high 

plant-root uptake (Wu et al., 2010).   

Meprobamate was the only compound not retained in the soil but was also not 

taken up by the plants except for a few isolated samples.  This could be because of 

meprobamate’s hydrophilicity (low log Kow) and neutral charge (Table 3) making it more 

difficult to be adsorbed by the soil. It was also absent in tap water samples and had low 

concentrations in the reclaimed wastewater.  Still, the long-term irrigation of these soils 

with reclaimed wastewater did not cause an accumulation of this compound in the soil.   

In our field study, our hypothesis was meprobamate would have high concentrations in 

the soil solution, this hypothesis matched the results as meprobamate had one of the 

higher concentrations in the soil solution, indicating that it is susceptible to be leached 

from the soil (Figure 9).   

Atrazine and fluoxetine had the lowest contents of any compounds that were 

present at detectable levels in the soil (Figure 8).  Fluoxetine uptake has been reported to 

be substantial in hydroponic situations (Wu et al., 2013) and is relatively stable in the 

environment; however, Wu et al. (2014) postulates that due to fluoxetine’s 

hydrophobicity and cationic form it could be more readily adsorbed in the soil than taken 

up by the plant.   We had hypothesized high soil uptake of fluoxetine due to its 
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hydrophobicity and cationic form, but fluoxetine uptake was not high, most likely due to 

its low concentrations in the water treatments.  Fluoxetine’s concentration in the soil 

solution was low as well.  Atrazine had a neutral charge potentially explaining why it had 

low concentrations in the soil. Atrazine concentrations were very low in the soil solutions 

as well indicating that atrazine was a minor component in the reclaimed wastewater used 

for irrigation   

 Diphenhydramine was the next highest adsorbed compound in the soil (Figure 8).  

Diphenhydramine was not found in the tap water but was present in the reclaimed 

wastewater.  Its soil retention was the same regardless of water treatments possibly 

reflecting previous irrigation treatments employed at the farm.  We had hypothesized 

greater soil retention of diphenhydramine, due to its positive charge and high log Kow 

indicate (Table 3) attracting it to the soil.  Diphenhydramine’s concentration in the soil 

solution was low.    

 Caffeine, carbamazepine, and DEET were the compounds most consistently 

adsorbed by the soil in the greenhouse study.  Carbamazepine can be adsorbed in 

relatively large amounts and is also found to be stable in soil (Kinney et al., 2006; 

Walters et al., 2010).  Carbamazepine was not charged in the soil but had a high log Kow 

that could have aided in its sorption. DEET concentrations were low in reclaimed 

wastewater. DEET is hydrophobic and most likely entered the soil by farmworkers using 

mosquito repellants prior to the experiment, possibly explaining its high concentrations in 

the soil.  Carbamazepine and DEET concentrations were relatively high in the lysimeter 

samples as well indicating that, while these compounds are retained in the soil, they have 
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a significant leaching potential.  Interestingly, caffeine sorption was relatively high even 

though it is hydrophilic and neutral, which would make it less likely to sorb.  Caffeine 

concentrations in the soil solution were also smaller compared to carbamazepine and 

DEET, differing with our hypothesis of high caffeine concentrations in the soil solutions 

(Figure 9).  Caffeine is known to be an anthropogenic marker that could have shown the 

effects of the continued reclaimed wastewater irrigation on the field over the last 50+ 

years.  In addition, it can be biodegraded, which could explain how, despite its high soil 

content; it was not taken up by plants or leached from the soil (Buerge et al., 2003).  

 Primidone, sulfamethoxazole, and trimethoprim were all spiked in the spiked tap 

water solution and showed the highest soil values in these treatments. Approximately 

95% of sulfamethoxazole compounds would have been negatively charged based on its 

pKa, so its negative charge would have repelled it from the soil. As a result, it was 

surprising to find such high values of this compound in the soil.  Primidone had similar 

soil uptake to sulfamethoxazole despite being more hydrophobic and 99% neutral; 

surprisingly, its soil solution concentrations in the field were higher than 

sulfamethoxazole even though its reclaimed wastewater concentrations were lower 

(Figure 9).  We had hypothesized higher sulfamethoxazole concentrations in the soil 

solution due to its negative charge.  Trimethoprim had higher soil retention in the tap 

water and reclaimed wastewater solutions than primidone and sulfamethoxazole, 

probably due to its positively charged state attracting it to the soil.  This positive charge 

caused it to sorb to the soil and lowered the amount of leaching, similar to 

diphenhydramine.  Overall, the results suggest a combination of concentration in water, 

pKa, and log Kow are important factors in the uptake of compounds in soil, but these 
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properties do not entirely explain soil retention.  Possibly, soil retention depends on 

interactions between compounds as various compounds compete for a limited number of 

exchange or complexing sites.  

 

Effects of Biochar on Compound Behavior 

 Biochar significantly increased the biomass of green wheatgrass shoots and 

tended to increase aboveground alfalfa biomass (Figures 1 & 2, Table 4).  Even though 

we did not directly measure soil moisture, one potential benefit of biochar may be 

biochar’s ability to increase available water content in soil (Abel et al., 2013) and 

increase enzymatic activity to help soil fertility (Awad et al., 2012).  Concurrent research 

on the same plots as our field study found that nitrogen, but not biochar, increased total 

biomass (McLennon et al., 2020).    

However, the effect of biochar on compound uptake was not consistent. Biochar 

has a strong affinity for organic compounds due to its high surface area and the 

hydrophobicity of its poly-aromatic sheets (Ahmad et al., 2012).  As a result, the possible 

reasons for reduced plant uptake when biochar is present are adsorption of a compound to 

the biochar or the compound biodegrading from the increased enzymatic activity.  In our 

study, the effects of biochar appeared to be compound specific. The plant contents of 

atrazine, carbamazepine, and sulfamethoxazole were reduced in biochar-amended soil 

while caffeine and primidone soil contents increased in our greenhouse study (Table 5).   

Biochar did not affect any other compound.   



55 
 

 

Biochar significantly reduced atrazine content in the soil, alfalfa roots, and green 

wheatgrass roots and shoots (Figures 3, 6, & 8).  Atrazine has a relatively high log Kow, 

which would indicate a high attraction to biochar; however, atrazine content was lower in 

soil amended with biochar despite the biochar being included in the soil analysis. The 

absence of atrazine in the biochar-amended soil could have been due to increased 

biodegradation of atrazine in the presence of biochar. Biochar’s reduction of the plant 

content of hydrophobic compounds, such as atrazine, matched our hypothesis; however, 

we thought this would correspond with greater atrazine soil uptake, which we did not 

observe.  Carbamazepine and sulfamethoxazole content in soil was not affected by 

biochar. However, alfalfa roots contained less carbamazepine and green wheatgrass roots 

and shoots contained less carbamazepine and sulfamethoxazole with biochar, so the 

reduced plant uptake could not be ascribed to biochar adsorption, even though 

carbamazepine has a high log Kow. We did hypothesize that biochar would reduce 

carbamazepine plant content but expected it would coincide with greater soil uptake.  

Similar to atrazine, these compounds may have been biodegraded by increased enzymatic 

activity in the presence of biochar.  We had also hypothesized that biochar would restrict 

the uptake of hydrophobic compounds by plants, such as DEET, diphenhydramine, and 

fluoxetine, but biochar had no effects on their contents in soil or plants.  Our results are 

similar to Ye et al. (2016) for some of the compounds analyzed, including atrazine, 

carbamazepine, and sulfamethoxazole.  They observed that biochar significantly 

dissipated and restricted the transport of sulfonamide into lettuce, leading to the increased 

productivity of lettuce in soil amended with biochar in contaminated soils. When 

attempting to link plant uptake with soil content, it is important to note that in our study 
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the amount of compound in the soil was several orders of magnitude higher than in the 

plants. As a result, it may be challenging to detect small differences in soil contents in 

response to differences in plant uptake and vice versa. 

The contents of caffeine and primidone were higher in biochar-amended soil 

(Figure 8, Table 6).  Interestingly, caffeine has a low log Kow, which would indicate a 

reduced affinity to biochar compared to the other compounds.  Biochar was included in 

the soil analysis, so it is possible for biochar-amended soil to contain higher amounts of a 

compound in the analysis; however, it was surprising that this occurred with a 

hydrophilic compound that would be less attracted to the biochar.  The plant contents of 

caffeine and primidone were not affected by biochar.   All the compounds that had lower 

retention in biochar-amended soil uptake (atrazine, carbamazepine, and 

sulfamethoxazole) were less hydrophilic than caffeine, indicating that prior assumptions 

do not fully explain the effects of biochar.   

In the field study, biochar had little effect on the concentration of compounds in 

the soil solution or the content in plants (Tables 8 & 9), indicating that adding biochar to 

the soil in quantities that are commonly used in a variety of studies is not likely to have a 

large impact on contaminant leaching unless added in very large amounts.  Very few 

other field studies have looked at the effects of biochar and more research is needed to 

definitively make claims on the field effects of biochar (Gurwick et al 2013). It is also 

important to note that we used different types of biochar between the greenhouse and 

field study and it is unclear if and how this affected our observations.   
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General Conclusions 

In general, plant biomass was not affected by water treatments but was improved 

by the addition of biochar, possibly due to higher water retention.  The greenhouse study 

demonstrated that reclaimed wastewater did not affect plant uptake in the vast majority of 

cases compared to other water treatments.  When differences in water treatments 

emerged, they usually were due to tap water plant samples containing higher amounts of 

compounds like carbamazepine, sulfamethoxazole, and trimethoprim.  Most of the 

contaminants spiked in the tap water were retained in the soil but not taken up by plants 

at higher amounts.  We did not find evidence that consumption of plants irrigated with 

treated wastewater would pose a health hazard.   

 Plant and soil uptake were related to factors like log Kow and pKa, but no clear 

patterns emerged to fully explain the uptake of some compounds over others.  Soils 

contained compounds in higher amounts than plants.  The amount of plant uptake varied 

greatly depending on the sample, even when the soil contained high amounts. Differences 

in concentrations of compounds between irrigation water treatments did not always allow 

us to predict plant uptake and soil retention, indicating the complexities involved in 

predicting contaminant behavior in the environment.  In addition, there were many 

examples of compounds being highly adsorbed in some plant replicates and not appearing 

in others, even within the same treatments.  DEET showed the greatest and most 

consistent adsorption in plant and soil samples.  DEET had favorable physicochemical 

properties including a high log Kow value and neutral charge that would have helped its 

uptake, but it was also applied as an insect repellant by farmworkers, which could have 
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led to greater exposure than from the direct irrigation.  The log Kow and extent of 

ionization of compounds only partially explained their uptake and transport in plants.  It 

is important to note that our study probably reflects a worst-case scenario in terms of 

potential health risks as not only were compounds added in irrigation treatments but soils 

already most likely contained significant amounts of these compounds as they had been 

previously irrigated with the wastewater. As a result, many sorption sites would have 

already been occupied by these compounds, thereby increasing uptake and leaching 

potential. Still, many compounds appeared to be retained in the soil rather than taken up 

by plants. 

In the greenhouse study, biochar was helpful in increasing plant productivity but 

had mixed results in the plant uptake of compounds.  It did not affect plant uptake of 

compounds in the field study and increased the soil uptake of caffeine and primidone 

while decreasing atrazine, however, it did reduce the plant uptake of atrazine, 

carbamazepine, and sulfamethoxazole.  Biochar practically eliminated atrazine in 

samples, possibly due to biodegradation from increased microbial activity.   

The results of the greenhouse and field studies suggest that reclaimed wastewater 

does not pose a greater threat to public health nor affect the biomass growth of crops than 

other water treatments.  The plants, especially in the field study, showed limited uptake 

of compounds when irrigated with reclaimed wastewater.  DEET should be looked at as 

the greatest public health hazard due to its secondary exposure to crops through its 

application as an insect repellent. Biochar was somewhat helpful in improving plant 
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productivity but was limited at reducing the uptake of compounds, with greater effects 

possibly due to increased microbial activity than the adsorption to biochar itself.    

 

Recommendations for Future Research  

One of the more surprising results was that higher concentrations of certain 

compounds in irrigation water did not translate into higher plant uptake. Plant samples 

irrigated with tap water had more instances of greater uptake than any other water 

treatment, despite tap water having the lowest concentrations.  It may be possible that 

interactions between compounds and dissolved organic matter more likely found in 

reclaimed wastewater limited plants uptake, but more research is needed to say 

definitively.  Other studies have demonstrated minimal differences between tap water and 

reclaimed wastewater irrigation, our study represented the only study to our knowledge to 

have instances of higher plant uptake with tap water compared to reclaimed wastewater.  

Regardless, the amount of uptake was low for our study and many others and it may be 

beneficial to have more researched guidelines on public health implications given the 

plant contents of compounds we and others have observed.   

The implementation and expectation of biochar use will depend on many factors 

like biomass source, production temperature, amount, and particle size.  For the 

application of biochar to have greater effectiveness, an improved understanding of these 

individual factors and their interactions will be needed.   
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Appendices 

Table A1. The physicochemical characteristics of the biochar used in the greenhouse 

study 

Biochar Properties      Values 

 
Surface Area (m2/g)      50 

pH        9.3 

        mg/kg biochar 

P         21 

K         250 

Mg        39 

Ca        475 

N        0.43 

 

 

Table A2. The physicochemical characteristics of the biochar used in the field study 

Biochar Properties      Values 

 
Particle size (mm)      <6.4 

Bulk Density (g/cm3)      0.16 

Moisture Content (%)      40 

CEC (meq/100g)      21.5 

pH        9.7 

        g/kg biochar 

Ash        250 

N        1.8 

P        4 
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K        9.7 

Ca        54.7 

S        1.2 

Mg        6.8 

Na        0.9 

        mg/kg biochar 

Fe        3075 

B        56 

Mn        3283 

Zn        169 

Cu        24 

Al        4659 

 

 

 

Table A3. P-values of two-way ANOVA of compound concentrations of alfalfa and 

green wheatgrass using biochar (Bio) and water (Wat) treatment as main factors. 

Significant (p<0.05) effects are indicated in bold and p values between 0.05 and 0.10 are 

indicated in italics.  

  Alfalfa Green Wheatgrass   
Roots Stems Leaves Roots Shoots 

Atrazine Bio 0.010 0.099 0.158 0.376 0.380  
Wat 0.773 0.164 0.397 0.776 0.397  
Bio x Wat 0.771 0.253 0.772 0.776 0.961 

Caffeine Bio NA1 NA NA 0.867 0.244  
Wat NA NA NA 0.465 0.654  
Bio x Wat NA NA NA 0.526 0.603 

Carbamazepine Bio 0.007 0.093 0.851 0.127 0.442  
Wat 0.003 0.485 0.003 0.112 0.445  
Bio x Wat 0.001 0.464 0.878 0.245 0.448 

DEET Bio 0.015 0.468 0.935 0.285 0.930  
Wat 0.834 0.847 0.394 0.051 0.168 
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Bio x Wat 0.741 0.994 0.278 0.329 0.907 

Diphenhydramine Bio 0.403 0.605 0.781 0.111 0.362  
Wat  0.284 0.777 0.190 0.055 0.102  
Bio x Wat 0.225 0.077 0.272 0.345 0.092 

Fluoxetine Bio 0.932 0.277 0.467 0.626 0.412  
Wat 0.279 0.800 0.873 0.476 0.933  
Bio x Wat 0.688 0.922 0.565 0.826 0.287 

Meprobamate Bio NA 0.381 0.354 0.337 NA  
Wat  NA 0.510 0.342 0.522 NA  
Bio x Wat NA 0.568 0.359 0.576 NA 

Primidone2 Bio 0.651 0.481 NA 0.407 0.695  
Wat 0.786 0.413 NA 0.756 0.326  
Bio x Wat 0.896 0.495 NA 0.822 0.859 

Sulfamethoxazole2 Bio 0.422 0.598 0.505 0.254 0.136  
Wat 0.006 0.078 <0.001 0.195 0.481  
Bio x Wat 0.426 0.897 0.201 0.697 0.526 

Trimethoprim2 Bio 0.881 0.467 0.936 0.326 0.312  
Wat  0.421 0.710 0.070 0.847 0.197  
Bio x Wat 0.010 0.662 0.995 0.505 0.684 

1 The ANOVA analysis could not be performed because most samples had a compound 
concentration below the detection limit. 
2 Spiked compounds 

 

 

Table A4. P-values of two-way ANOVA analysis on compound concentrations of soil 

using biochar (B), water treatment (W), and plant species (P) as main factors. Significant 

(p<0.05) effects are indicated in bold and p values between 0.05 and 0.10 are indicated in 

italics.  

 
Biochar Water Plant B x W  B x P W x P B x W x P 

Atrazine 0.611 0.570 0.145 0.391 0.716 0.342 0.718 
Caffeine 0.030 0.878 0.034 0.052 0.666 0.605 0.260 
Carbamazepine 0.465 0.568 0.718 0.499 0.314 0.184 0.489 
DEET 0.761 0.046 0.557 0.704 0.929 0.718 0.737 
Diphenhydramine 0.225 0.443 0.243 0.351 0.200 0.340 0.352 
Fluoxetine 0.997 0.187 0.396 0.454 0.192 0.268 0.554 
Meprobamate NA1 NA NA NA NA NA NA 
Primidone2 0.253 <0.001 0.301 0.736 0.349 0.945 0.707 
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Sulfamethoxazole2 0.255 <0.001 0.715 0.320 0.264 0.521 0.584 
Trimethoprim2 0.957 <0.001 0.759 0.507 0.982 0.008 0.687 
1 The ANOVA analysis could not be performed because most samples had a compound 
concentration below the detection limit. 
2 Spiked compounds 

Figure A1: Contaminant concentration of alfalfa roots using three irrigation (TW=tap 

water; SW=spiked tap water; RW=reclaimed wastewater) and two biochar (+NB=no 

biochar; +B=biochar) treatments.   
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Figure A2: Contaminant concentration of alfalfa stems using three irrigation (TW=tap 

water; SW=spiked tap water; RW=reclaimed wastewater) and two biochar (+NB=no 

biochar; +B=biochar) treatments.   
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Figure A3: Contaminant concentration of alfalfa leaves using three irrigation (TW=tap 

water; SW=spiked tap water; RW=reclaimed wastewater) and two biochar (+NB=no 

biochar; +B=biochar) treatments.   
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Figure A4. Contaminant concentration of green wheatgrass roots using three irrigation 

(TW=tap water; SW=spiked tap water; RW=reclaimed wastewater) and two biochar 

(+NB=no biochar; +B=biochar) treatments.   
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Figure A5. Contaminant concentration of green wheatgrass shoots using three irrigation 

(TW=tap water; SW=spiked tap water; RW=reclaimed wastewater) and two biochar 

(+NB=no biochar; +B=biochar) treatments.   
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Figure A6. Contaminant concentration of soils using three irrigation (TW=tap water; 

SW=spiked tap water; RW=reclaimed wastewater) and two biochar (+NB=no biochar; 

+B=biochar) treatments.   
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