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Abstract

Micropollutants, including antibiotics, hormones, pharmaceuticals, and personal care products, are discharged
into the environment with liquid and solid effluent streams from water resource recovery facilities (WRRFs). The
objective of this research was to determine whether biosolids-derived biochar (BS-biochar) could be used as a
sorbent in continuous flow-through columns to remove micropollutants as a polishing step for wastewater
treatment. Triclosan (TCS) was selected as a representative micropollutant due to frequent detection in liquid
effluents, residual biosolids, and surface waters. Bench-scale column experiments were conducted to determine
the effect of flow rate and competition due to the presence of other organic micropollutants and inorganic
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nutrients on TCS adsorption to BS-biochar. TCS removal efficiency was compared in Milli-Q water and secondary
wastewater effluent by using two commercial adsorbents: a granular activated carbon and a wood-based
biochar. Increased removal of TCS was observed at lower flow rates (2.6 gpm/ft?) compared with higher flow
rates (10.3 gpm/ft?). Presence of inorganic nutrients (NHs* and PO,*") and organic micropollutants 17B-estradiol
and sulfamethoxazole decreased adsorption of TCS to BS-biochar. TCS was sorbed to BS-biochar in wastewater,
but percent removal decreased in wastewater relative to Milli-Q water. This study demonstrated that BS-biochar
can remove TCS from wastewater in continuous flow-through columns, although to a lesser extent than
activated carbon. An additional benefit of using BS-biochar is that WRRFs could re-activate biochar on-site by
using a pyrolysis reactor.

Introduction

Urbanization and other anthropogenic activities have significantly contributed to the discharge of a wide range
of organic micropollutants from water resource recovery facilities (WRRFs) into receiving waters (Kolpin et

al., 2002; Blair et al., 2013). The contamination of water supplies by organic micropollutants has drawn attention
due to associated negative ecological and public health impacts (Kidd et al., 2007; Pal et al., 2014; Reddy et

al., 2014). More stringent environmental regulations have helped to mitigate the discharge of traditional
contaminants into the environment, including priority pollutants (compounds with known health effects such as
herbicides, pesticides, and petroleum hydrocarbons), bacteria, nutrients, and heavy metals (Pitt et al., 1995;
Ellis, 2006; Barbosa et al., 2012; Gasperi et al., 2012; Zgheib et al., 2012). However, there is growing concern
related to the introduction of micropollutants into the natural environment and the potential adverse impacts
associated with exposure to these compounds, even at very low levels (Gasperi et al., 2012; Inyang and
Dickenson, 2015).

Micropollutants are found in many commercial products, such as flame retardants, surfactants, plasticizers,
industrial chemicals, and pharmaceuticals and personal care products (Bernhardt et al., 2012; Pal et al., 2014).
Micropollutants enter sewer conveyance systems after household use, whereby they are transported to WRRFs.
Many micropollutants are recalcitrant to conventional treatment technologies, and they are frequently detected
in liquid effluents and residual biosolids (Nowotny et al., 2007; Zerzghi et al., 2010; Manda et al., 2014; Ulrich et
al., 2015). Triclosan [TCS, 5-chloro-2-(2,4-dichlorophenoxy)-phenol] is a commonly detected antimicrobial
micropollutant of concern, and it has been detected in WRRF effluents from 0.02 to 20 pg/L (Foran et al., 2000;
Ying and Kookana, 2007). TCS has been linked to negative health effects in a wide variety of organisms
(McMurry et al., 1998; Lindstrom, 2002; Stasinakis et al., 2008). For example, TCS can impair swimming behavior
in fathead minnows (Fritsch et al., 2013), cause toxicity in aquatic organisms (particularly algae) (Orvos et

al., 2002), and select for antibiotic resistance (Carey and McNamara, 2015, 2016; Carey et al., 2016). Although
the recent U.S. Food and Drug Administration ban will eliminate TCS from hand soaps, it is still found in a wide
range of consumer products, including toothpaste, deodorant, lotion, and surgical scrubs (McMurry et al., 1998;
Singer et al., 2002; Heidler and Halden, 2007; Lozano et al., 2013; McNamara and Levy, 2016).

Several advanced tertiary treatment techniques have been investigated for the removal of micropollutants in
WRRFs. Treatment processes such as membrane filtration, reverse osmosis, UV treatment, and advanced
oxidation processes have proved to be effective for the removal of organic micropollutants, but they are often
associated with high infrastructure and operational costs (Kimura et al., 2003; Carballa et al., 2007; Nghiem and
Coleman, 2008; Manda et al., 2014). Carbon-based adsorbents (e.g., granular activated carbon [GAC], powdered
activated carbon [PAC]) are commonly used in water treatment applications, and previous research has
demonstrated TCS removal from agqueous solutions via adsorption to sorbent materials (Behera et al., 2010; Oh
and Seo, 2015; Tong et al., 2016). Commercially available activated carbon, commonly produced from
bituminous coal or coconut shells, can cost up to $1,500/ton (Ahmad et al., 2014), whereas the cost for
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nonactivated biochar is approximately $246/ton (Inyang and Dickenson, 2015). Thus, replacing or augmenting
traditional activated carbon adsorbents with biochar could greatly reduce treatment costs if additional costs for
activating biochar are reasonable (Ahmad et al., 2012; Inyang and Dickenson, 2015).

Biochar is a porous, carbon-rich product with a high surface area to volume ratio, and it is produced via pyrolysis
(thermochemical decomposition in the absence of oxygen) or the incomplete combustion of biomass

(Agrafioti et al., 2013; Tan et al., 2015; McNamara et al., 2016; Thompson et al., 2016). Biochar has been
growing in popularity in the past few decades as a soil amendment for agricultural improvements and carbon
sequestration, and it has also demonstrated great potential as an adsorbent to remove pollutants from aqueous
solutions (Kearns et al., 2014; Mohan et al., 2014; Qian et al., 2015; Rajapaksha et al., 2016). Biochar can be
produced from a variety of materials, including agricultural residues, animal litters, wood biomass, and sewage
sludge or biosolids (Mohan et al., 2014; Tan et al., 2015; Xie et al., 2015). The biosolids generated at WRRFs
represent a carbon-rich residual solid product that could be readily transformed into an adsorbent. Further,
biochar production from sewage sludge biosolids could reduce the volume of solids produced by WRRFs (and
thus the costs of handling) while also generating a value-added product, that is, an adsorbent to remove
contaminants from water (Yu and Zhong, 2006; Smith et al., 2009; Roberts et al., 2010; Oleszczuk et al., 2012;
Hadi et al., 2015).

Previous research employing batch experiments has demonstrated that biosolids-derived biochar (BS-biochar) is
a suitable sorbent for micropollutants (Otero et al., 2003; Smith et al., 2009; Yao et al., 2013; Tong et al., 2016).
Specifically, previous work demonstrated via batch sorption experiments that BS-biochar was an effective
sorbent for TCS removal from water and (Tong et al., 2016). Tong et al. (2016) revealed that BS-biochar was as
effective as activated carbon at removing TCS at environmentally relevant concentrations (20 ug/L). This
research also revealed, however, that organic matter impacted TCS removal, implying that limitations likely
apply to using BS-biochar at a WRRF. There is limited information regarding the application of BS-biochar in
systems for sorbing organic contaminants from drinking water, municipal wastewater, or potable applications at
scales beyond batch adsorption testing. Column studies performed with wood-derived biochars have
demonstrated removal of micropollutants such as bisphenol-A (BPA), atrazine, 17 a-ethinylestradiol,
sulfamethoxazole (SMX), and ibuprofen (Jung et al., 2013; Ulrich et al., 2015). In addition, previous column
studies have reported that Freundlich parameters differed from those based on batch-scale isotherm tests, and
that adsorption parameters obtained from column tests provided more realistic information for real-world
applications (Schindeman et al., 2012).

The objective of this study was to determine the efficacy of BS-biochar adsorption for TCS removal during
continuous-flow column experiments. Bench-scale column experiments were conducted to determine the effect
of flow rate, competition due to the presence of other organic micropollutants or inorganic nutrients, and
competition from a complex secondary wastewater matrix on TCS removal. TCS removal using BS-biochar was
also compared with two commercial adsorbents: a commercial GAC and a pine wood-derived biochar adsorbent.
Characterization of biochar and activated carbon adsorbents was performed to better understand the physical
and chemical interactions governing TCS adsorption.

Experimental Protocols
Adsorbents

Feedstock for the BS-biochar in this study was Milorganite®, a heat-dried blend of waste activated sludge and
anaerobically digested primary solids, produced by the Milwaukee Metropolitan Sewerage District (Milwaukee,
WI). The feedstock was pyrolyzed to produce biochar by placing ~50 g of Milorganite into a 250-mL flask,
purging with argon gas for 15 min, capping with aluminum foil, and heating in a muffle furnace for 60 min at
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600°C. This method of pyrolysis has been previously described in studies pyrolyzing Milorganite and other forms
of biomass to produce biochar (Cao and Harris, 2010; Ahmad et al., 2012; Agrafioti et al., 2013; Carey et

al., 2015; Hoffman et al., 2016; Ross et al., 2016; Tong et al., 2016). The biochar was cooled in a desiccator to
room temperature before conditioning for adsorption tests.

BS-biochar was washed with Milli-Q” (Billerica, MA) water to remove residual surface impurities and ash before
acid washing. The acid conditioning consisted of mixing 1 g biochar per 10 mL 1 N HCl in a sealed 1L flask on a
shaker table at 150 rpm for 24 h. The biochar slurry was filtered with Whatman® (Ann Arbor, MI) 0.7 um glass
fiber filters via vacuum filtration. The recovered biochar was rinsed three or more times with Milli-Q water to
remove ash and the remaining acid before being dried in a 103°C oven and stored in a desiccator for use in
adsorption experiments.

Adsorption experiments were also conducted with one pine wood-based biochar produced by Biochar Now in
Berthoud, CO (BN-biochar) and one GAC produced by Calgon Carbon, Pittsburgh, PA (Calgon Filtrasorb® 300)
(CF300-AC). The wood-based biochar and coal-based activated carbon were used to compare TCS adsorption
with that of the BS-biochar. The BN-biochar was subjected to the same acid washing protocol as the BS-biochar.
The CF300-AC was not modified before use in column adsorption experiments, but it was activated by the
manufacturer using steam activation.

Column adsorption tests

Column adsorption tests were conducted to determine the removal of TCS from Milli-Q water and wastewater
solutions by using BS-biochar and two commercial adsorbents under continuous flow conditions. All glassware
was silanized by using 5% by volume dichlorodimethylsilane (99.5%; Sigma Aldrich, St. Louis, MO) and 95% by
volume heptane (99%; Sigma Aldrich) solution to prevent chemicals from adsorbing onto the glass surface. TCS
(97%; Sigma Aldrich) was predissolved in high-performance liquid chromatography (HPLC)-grade methanol (99%;
Sigma Aldrich) and stored at 4°C for use as stock solution. The volumetric ratio of methanol/TCS stock to water
was <0.5% for all adsorption tests, which has no co-solvent effects (Schwarzenbach et al., 2003; Tong et

al., 2016).

Downflow fixed-bed column experiments were conducted by using 11 mm inner diameter, 60 cm long glass
columns (Ace Glass Incorporated, Vineland, NJ). Glass columns were packed with biochar or activated carbon
adsorbents (bed depth ~5” or 12.7 cm) between two supporting layers of glass wool and glass beads. The
adsorption columns were operated at room temperature and fed by using a peristaltic pump (Syringe Pump NE-
9000G; New Era Pump Systems, Inc., Farmingdale, NY) programmed at a constant volumetric flow rate. Column
influent and effluent samples were collected at different time intervals in 4 mL amber vials and analyzed for the
target constituents (i.e., TCS).

Reproducibility of column experiments

Initial TCS adsorption experiments were conducted in triplicate to determine reproducibility and variation
among identical column adsorption experiments. Breakthrough curves for each treatment group demonstrated
high reproducibility and demonstrated similar trends in TCS removal for the duration of the column studies
(Supplementary Fig. S1 and Supplementary Table S1). Due to the low variability among replicates, individual
column experiments were conducted for the adsorption experiments.

Effect of flow rate on TCS adsorption

Column adsorption experiments were conducted to determine the impact of flow rate on TCS adsorption to BS-
biochar. Volumetric flow rates were controlled by using a peristaltic pump, and ranged from 10 to 40 mL/min,
which is equivalent to a hydraulic loading rate of 2.6—10.3 gpm/ft? (106—420 Lpm/m?). Flow rate adsorption
experiments were conducted at pH 7, and TCS was added at a concentration of ~500 pg/L for flow rate
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experiments. TCS was added at much higher levels than environmental concentrations for improved
guantification of removal efficiency during adsorption experiments. It is noted that these higher experimental
concentrations could result in greater removal of TCS than observed in real wastewaters due to the stronger
driving force for sorption at higher concentrations. Results should be interpreted to determine relative
performance of different sorbents (i.e., BS-biochar vs. activated carbon vs. BN-biochar) and relative impact of
different water quality parameters (e.g., role of competition from micropollutants).

Effect of organic micropollutant competition

Micropollutant competition experiments were performed to assess the impact on TCS adsorption to BS-biochar
by spiking 17B-estradiol (E2) and SMX with TCS into Milli-Q water adjusted to pH 7. These micropollutants were
selected due to their frequent detection in surface waters and WRRF effluents (McAvoy et al., 2002; Hoffman et
al., 2016; Shimabuku et al., 2016; Tohidi and Cai, 2017). In addition, TCS has a pKa of 8.14 (Behera et al., 2010)
and exists in both the neutral and anionic forms in solutions near neutral pH. E2 has a pKa above 10 and was
added to provide competition for the neutral form. SMX has a pKa of 5.7 and is anionic in the pH range of most
natural aquatic systems (Shimabuku et al., 2016). Similar to TCS, E2 (98%; Sigma Aldrich) and SMX (Sigma
Aldrich) were predissolved in HPLC-grade methanol and stored at 4°C for use as stock solutions. E2, SMX, and
TCS were each added at a concentration of ~350 pg/L for the micropollutant competition experiments.

Effect of inorganic nutrient competition

Impact of the inorganic nutrients ammonium (NH4*) and phosphate (PO4%") on TCS adsorption to BS-biochar was
investigated. Nutrients are present in wastewater streams at much higher concentrations than micropollutants,
and these ionic species could potentially compete for adsorption sites on the biochar surface. In these
experiments, NH;* was added as NH4Cl (99.8%; Fisher Scientific, Pittsburgh, PA) at 50 mg/L as NHs-N and

PO, was added as K;HPO, (99.2%; Fisher Scientific) at 1 mg/L as PO4-P to Milli-Q water solutions. Nutrient
concentrations were chosen to simulate a wastewater with a high nutrient content that would also contain
micropollutants such as anaerobic membrane bioreactor effluent (Seib et al., 2016). Secondary effluent
wastewater would likely contain lower levels of nutrients and thus less competition for adsorption sites due to
nutrients in solution (Tan et al., 2015). TCS was added at a concentration of ~350 pg/L for the nutrient
competition experiments.

TCS removal in secondary wastewater effluent

To investigate TCS adsorption to BS-biochar in real-world wastewater matrices, municipal secondary-treated
wastewater effluent samples were obtained from Jones Island Water Reclamation Facility (Milwaukee, WI).
Milli-Q and wastewater adsorption experiments were conducted with BS-biochar, BN-biochar, and CF300-AC to
compare the removal of TCS by using a variety of carbonaceous adsorbents. Water quality parameters, including
pH, conductivity, chemical oxygen demand (COD), total organic carbon (TOC), NH3-N, PO4-P, and solids fractions
including total solids, volatile solids, fixed solids, total suspended solids, volatile suspended solids, fixed
suspended solids, total dissolved solids, volatile dissolved solids, and fixed dissolved solids, were quantified.
Conductivity and pH were measured with a Thermo Scientific Orion STAR probe, and they were measured over
the course of the adsorption experiments at time (t) = 0, 60, 300, 1,440, and 2,880 min of operation. COD, TOC,
NHs-N, POs-P, and solids fractions were measured according to Standard Methods for secondary wastewater
effluent characterization (American Public Health Association [APHA], 1975). Approximately 500 pg/L TCS stock
solution was added to the wastewater effluent. To investigate adhesion of TCS to solids in the wastewater
matrix (removal not attributed to biochar sorption), an adsorption column without biochar was used as a
control. The background TCS concentration in the secondary wastewater effluent was below detection limit

(<2 pg/L).
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Micropollutant analysis via liquid chromatography-mass spectrometry

At each sampling time, ~4 mL of column effluent were collected in a glass amber vial for subsequent
micropollutant analysis. Water samples were stored at 4°C for 1-2 days before being mixed with HPLC grade
methanol (50:50) and filtered through 0.45 um polytetrafluoro-ethylene filters into 2 mL amber liquid
chromatography-mass spectrometry (LC-MS) vials. Aqueous phase E2, TCS, and SMX were measured with LC-MS
(Shimadzu Corporation; LCMS-2020) as previously described (Tong et al., 2017).

Briefly, a binary gradient of Milli-Q water and 100% HPLC-grade methanol was used as the eluent for LC-MS
analysis. The gradient began at 80% methanol, raised to 100% methanol at 8 min, ramped down to 80%
methanol from 8 to 9 min, and remained at 80% methanol to 13 min to allow column re-equilibration. The
eluent flow rate was 0.4 mL/min. Sample injections of 20 uL were passed through a Phenomenex’(Torrance, CA)
Luna 3u C18 reverse-phase column (150 x 3 mm, 100 A pore size). TCS and E2 were detected via mass
spectrometry with negative electrospray ionization (ESI-), at mass-to-charge (m/z) ratios of 287 and 271,
respectively. SMX was detected via mass spectrometry with positive ESI (ESI+), at a (m/z) of 252. Identification of
target analytes was based on the presence of parent compounds eluting from the column at the same retention
time as standards. Quantification was based on the linear regression analysis of sample peak area to that of at
least a five-point standard curve developed for each compound. Quantification limits for TCS, E2, and SMX based
on a signal-to-noise ratio of 10:1 were 2, 7, and 10 ug/L, respectively.

Recovery of TCS from secondary wastewater effluent was verified through the addition of an internal standard
before LC-MS analysis. The internal standard used in this study was TCS (**C1,, 99%; Cambridge Isotope
Laboratories, Inc., Andover, MA). A known amount of TCS internal standard was added to every sample,
standard, and blank before analysis. A calibration curve was constructed for known concentrations of internal
standard versus the ratio of target analyte (TCS) response to the internal standard response for each sample.

Adsorption calculations and statistical analyses

Adsorption experiments were compared by the number of bed volumes treated before mass breakthrough,
defined as C. = 0.05C, (Schwarzenbach et al., 2003; American Society of Testing Materials [ASTM],

2013). C. denotes the concentration of TCS in the effluent, and C, denotes the influent concentration of TCS. The
mass of TCS removed after 2,000 bed volumes treated through each column was also quantified and used to
compare the adsorption experiments. This number of bed volumes was chosen for comparison due to observed
decreases in performance of columns after this time (reduced flow rates due to clogging) during experiments
using actual wastewater. Other column parameters determined for each column adsorption experiment
included empty bed contact time (EBCT) and carbon usage rate (CUR). EBCT is a measure of the time during
which the water flowing through the column was in contact with the treatment medium (i.e., BS-biochar), and
CUR is the rate at which the carbon was exhausted in the column during treatment.

GraphPad Prism 7.02 was used for statistical analysis, including nonlinear analysis of breakthrough curves.
Nonlinear regression of column adsorption data was fit by using saturation function models to obtain best-fit
model parameters, C./C, and Kc, for comparing experimental results. Ce/C, represents how close the effluent
concentration (Ce) is to initial concentration (C,). A Ce/C, value of 1 would mean that the column was fully
exhausted and none of the sorbate was being removed by the sorbent. C./C,max values did not reach 1 during
the course of the experiments, which indicates that the adsorbent did not reach exhaustion. Previous studies
have reported that exhaustion of GAC filters for trace organic contaminants is substantially longer than for
natural organic matter (NOM), and that methods appropriate for estimating GAC replacement frequency for
NOM removal are not directly applicable in regards to trace organic contaminant removal (Schindeman et

al., 2012). Similarly, several studies have reported that quantitative results obtained from rapid small-scale
column tests and pilot-scale studies for trace organic contaminants can significantly overestimate GAC service
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life (Crittenden et al., 1991; Knappe et al., 1997). Due to this, the mass of TCS removed after 2,000 bed volumes
treated through each column was quantified and used to compare the adsorption experiments. In addition, this
number of bed volumes was chosen for comparison due to observed decreases in performance of columns after
this time (reduced flow rates due to clogging) during laboratory wastewater adsorption experiments. Kc was
defined as the number of bed volumes passed through the column when the C./C, value equals half of the
observed C./C, max. Saturation models assume that a limited number of adsorption sites exist on an adsorbent
surface and that each site can hold at most one molecule of adsorbate.

Characterization of adsorbents

Surface area analysis

Biochar and activated carbon-specific surface areas were measured via N, gas adsorption at 77 K by using a
Brunauer—Emmett—Teller (BET) automated surface analysis instrument, Autosorb iQ2 (Quantachrome
Instruments, Boynton Beach, FL). MultiPoint BET surface area analysis results are reported in m2/g of adsorbent.
The average pore radius was determined and is reported in units of Angstroms (A). Total pore volume was
determined for each adsorbent, in addition to the total micropore volume as determined by the t-method
(Rozada et al., 2005; Zhu et al., 2014; Shimabuku et al., 2016). Pore volume data for adsorbents are reported in
cm?/g of adsorbent.

Fourier transform infrared spectroscopy analysis

Fourier transform infrared spectroscopy (FTIR) was used to analyze surface functional groups on the adsorbent
surfaces. A Shimadzu IR Tracer 100 (Shimadzu Corporation, MD) was used to investigate biochar and activated
carbon surface functional groups. FTIR spectral analyses can be used to help elucidate the role of functional
groups in the adsorption of molecules from aqueous solutions (Ahmad et al., 2014; Hadi et al., 2015). FTIR
spectra were recorded from 4,000 to 150 cm™ wavelengths and plotted versus percent transmittance.

Scanning electron microscopy imaging

Scanning electron microscopy (SEM) was used to compare surface morphology of the adsorbents. Granular
biochar and activated carbon were dried in a desiccator and adhered to an SEM specimen mount with carbon
tape. The surface morphology was observed via JEOL JSM-6510LV SEM (JEOL USA, Inc., MA) at an accelerating
voltage of 15 kV and magnifications ranging from 20 x to 1,000 x .

Results and Discussion

Impact of flow rate on TCS removal

TCS sorption to BS-biochar increased as flow rate decreased and EBCT increased (Fig. 1). Flow rates ranged from
10 to 40 mL/min (surface loading rate of 2.6—10.3 gpm/ft?). SLRs for GAC filters at municipal water treatment
plants typically range from 2 to 10 gpm/ft? (Environmental Protection Agency [EPA], 2017). At the lower range of
flow rates tested, an increase in bed volumes treated before reaching mass breakthrough, an increase in Kc
values, and a larger fraction of influent TCS removed after 2,000 bed volumes were observed (Table 1). In
addition, C./C, max values ranged from 0.72 to 0.80 for higher flow rate experiments, indicating decreased TCS
removal performance compared with low flow rate tests.
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FIG. 1. Impact of flow rate. Lower flow rate improved TCS removal during column experiments. Experiments
were conducted at pH 7, and TCS was added to Milli-Q water at ~500 ug/L. TCS, triclosan.

Table 1. Results from

Column Adsorption

Experiments

Experiment EBCT Mass TCS mass removed | Kc C./C.Max | R?

(minutes) | breakthrough bed | after 2,000 bed
volume volumes (ug/g)

Milli-Q (MQ)

experiments
2.6 gpm/ft? 1.2 1,371 1,310 3,583 | 0.72 0.99
5.2 gpm/ft? 0.6 1,013 896 519 0.76 0.99
10.3 gpm/ft? 0.3 450 700 240 0.80 0.97
Micropollutants 1.2 675 517 110 0.40 0.87
Nutrients 1.2 450 450 144 0.51 0.81
BS-biochar 1.2 780 1,330 3,711 | 0.74 0.99
BN-biochar 1.2 219 280 40 0.89 0.98
CF300-AC 1.2 1,404 1,400 112 0.12 0.92

Wastewater (WW)

experiments
BS-biochar 1.2 620 667 762 0.75 0.98
BN-biochar 1.2 250 520 69 0.70 0.99
CF300-AC 1.2 1,643 1,070 1,340 | 0.19 0.58

All experiments were operated at a flow rate of 2.6 gpm/ft? unless otherwise noted.

EBCT, empty bed contact time; TCS, triclosan; C, effluent concentration; C,, influent concentration; Kc, number
of bed volumes passed through column when C./C, equals half observed C./C, max; CF300-AC, activated carbon;
BS-biochar, biosolids-derived biochar; BN-biochar, pine wood-derived biochar.



At lower flowrates, longer contact time between adsorbent and adsorbate molecules resulted in increased
adsorption of TCS from solution. Increased time to reach breakthrough for lower flow rates reduced the CUR
(less BS-biochar mass exhausted per volume treated), which allowed for longer filter runs with higher removal
efficiency. The reduction in TCS removal for higher flow rates was likely due to a shorter EBCT, which reduced
the contact time between the TCS molecules and the biochar surface. The EBCT is a crucial design parameter
when sizing carbon filters for WRRF treatment, with longer EBCTs typically leading to improved retention of
adsorbates and higher contaminant removal efficiency (Crittenden et al., 1991; Schindeman et al., 2012;
Zietzschmann et al., 2014). However, maximizing EBCT for increased contaminant adsorption means increasing
the size of filter beds and/or retention time, which can limit operational flexibility where specific volumetric
flows must be treated.

Impact of competition from organic micropollutants on TCS removal

BS-biochar simultaneously removed all three micropollutants to varying degrees; however, removal of TCS
decreased in the presence of E2 and SMX in comparison to TCS removal without competition from other
micropollutants (Fig. 2). With competition from E2 and SMX, the mass of TCS removed decreased. Although TCS
adsorption was decreased considerably (i.e., 1,330 to 517 pg/g), similar total micropollutant removal

(1,320 pg/g) was observed after 2,000 bed volumes compared with single solute (TCS) experiments. Of the three
micropollutants studied, TCS had the greatest amount of sorption in terms of mass sorbed and moles sorbed
(517 pg/g for TCS vs. 300 and 500 pg/g for SMX and E2, respectively; 1786 umoles/g for TCS vs. 1,687 and

1,184 umoles/g for SMX and E2, respectively).
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FIG. 2. Impact of micropollutant competition. Competition from organic micropollutants decreased TCS
removal. Experiments were conducted at pH 7 at a loading rate of 2.6 gpm/ft%. Micropollutants (E2, TCS, SMX)
were added to Milli-Q water at ~350 pg/L each. E2, 17B-estradiol; SMX, sulfamethoxazole.

Breakthrough curves observed for the micropollutants in Fig. 2 suggest that TCS removal was decreased likely
due to direct competition for adsorption sites on the BS-biochar surface by E2 and SMX molecules. Adsorption
mechanisms such as hydrogen bonding and ri—mt interactions between aromatic rings on the adsorbent surface
and adsorbate m-electrons likely contributed to adsorption of all organic micropollutants in solution

(Monsalvo et al., 2011; Lei et al., 2013; Tong et al., 2016), thereby decreasing the fraction of TCS removed by BS-
biochar. Similarly, Jung et al. (2013) reported competitive adsorption effects between endocrine disrupting
compounds (including SMX and BPA) for adsorption sites on PAC and biochar derived from loblolly pine chips
(Jung et al., 2013).

Competition between micropollutants for limited adsorption sites available on adsorbent surfaces is also
influenced by factors such as octanol-water partitioning coefficients (Kow), bulk solution pH, and dissociation
constants (pKa) for each micropollutant (Nam et al., 2014; Tong et al., 2016). The similarity in the breakthrough
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curves for E2 and TCS suggests that BS-biochar has an increased affinity for these more hydrophobic
compounds. The log Kow values for the micropollutants tested are 4.01 for E2 (Blanquez and Guieysse, 2008)
and 4.76 for TCS (Behera et al., 2010), compared with 0.68 for SMX (Nam et al., 2014). The smaller log Kow of
SMX indicates the tendency of the compound to remain in the aqueous phase, which supports the result of less
removal of SMX compared with E2 and TCS. In addition, the pKa of SMX is 5.7 (Nam et al., 2014) compared with
8.14 for TCS (Behera et al., 2010), which indicates that a larger fraction of SMX molecules would be negatively
charged in solutions at neutral pH ranges. The net negative surface charge of BS-biochar in solutions with
neutral pH may also contribute to a reduced affinity for adsorption of anionic organic contaminants such as SMX
compared with TCS (Shimabuku et al., 2016; Thompson et al., 2016).

Impact of competition from inorganic nutrients on TCS removal

Presence of inorganic nutrients (ammonium and phosphate) decreased TCS removal (Fig. 3). Mass breakthrough
of TCS in column effluent was reduced by 330 bed volumes in the presence of inorganic nutrients, indicating
competition between nutrients and TCS for adsorption sites. Phosphate ions in solution likely played a larger
role in competitive adsorption due to being negatively charged (similar to TCS).
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FIG. 3. Impact of nutrient competition. Inorganic nutrient competition decreased TCS removal. Experiments
were conducted at pH 7 with a loading rate of 2.6 gpm/ft2. Nutrients were added to solution at concentrations
of ~1 mg/L as PO4-P and 50 mg/L as NHs-N. TCS was added to Milli-Q water at ~350 pg/L.

C./C, max and Kc values for TCS with inorganic nutrients decreased compared with TCS only (Table 1), which
indicates suppressed adsorptive capacity for TCS as inorganic nutrient ions interfered with TCS adsorption to BS-
biochar. The Kc value decreased by 96% with the co-presence of inorganic nutrients in solution, indicating
shorter column operation time to reach saturation of the BS-biochar filter bed. Although removal of TCS was
suppressed due to the co-presence of NH;* and PO,3 ions in solution, the BS-biochar did not exhibit a strong
affinity for adsorption of ionic nutrient compounds (Supplementary Fig. S2). The reduction in TCS adsorption
could be attributed to the physical blocking of surface adsorption sites by the nutrient ions (Yao et al., 2013).
Nutrients in solution were present at much higher concentrations compared with TCS, and they likely blocked
molecular interactions between TCS molecules and adsorption sites on the BS-biochar surface.

Previous research has demonstrated the ability of biochars from various feedstocks to sorb nutrients such as
phosphate and ammonium from water and wastewater solutions (Cao and Harris, 2010; Reddy et al., 2014;
Ulrich et al., 2015). In particular, recent research has demonstrated the ability of BS-biochar activated with KOH
to sorb up to 5.8 mg/g NHs-N from aqueous solutions (Carey et al., 2015). Similarly, biochar derived from
anaerobically digested sugar beet tailings has demonstrated removal of more than 73% of phosphate from
aqueous solutions containing phosphate from 15 to 640 mg/L (Yao et al., 2011). Although these studies
demonstrate potential for biochar to be used for nutrient sorption, biochar is extremely variable and can be
altered based on feedstock, pyrolysis temperature, and treatments. Deeper mechanistic studies that analyze
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functional groups and surface charge need to be conducted to elucidate why biochars sorb nutrients to different
extents.

Impact of secondary-treated wastewater matrix on TCS removal

The presence of organic matter and other constituents in the wastewater matrix decreased TCS removal (Fig. 4).
Mass breakthrough occurred more rapidly, and the TCS mass removed was reduced by 50% in wastewater
relative to Milli-Q (Table 1). Similarly, the Kc was reduced by 78% in wastewater compared with Milli-Q. The
larger Kc value for TCS removal from Milli-Q water suggests that more bed volumes could be treated before
reaching exhaustion of the BS-biochar filter bed, presumably due to the lack of competing organic matter and
other constituents compared with wastewater effluent.
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FIG. 4. Impact of secondary WW matrix on TCS removal. Experiments were conducted at pH 7 with a loading
rate of 2.6 gpm/ft? in either MQ water or WW. TCS stock solution was added at ~500 pg/L. WW, wastewater;
MQ, Milli-Q.

Presence of organic matter along with trace organic contaminants in water causes competitive adsorption
effects, including direct site competition and pore blockage, which can fluctuate with varying levels of organic
matter (Behera et al., 2010; Uchimiya et al., 2010; Tan et al., 2015). Direct site competition is considered the
strongest factor in organic matter competition because it reduces the equilibrium capacity of adsorption sites
for trace organic compounds (Yu et al., 2009; Oleszczuk et al., 2012; Schindeman et al., 2012). Direct
competition for adsorption sites is believed to occur primarily in small micropores of adsorbents where trace
organics preferentially adsorb and can be blocked by NOM molecules that are small enough to access these
adsorption sites (Chingombe et al., 2005; Agrafioti et al., 2013; Qian et al., 2015). Similarly, pore blockage, or
pore constriction, has been previously documented in studies where organic matter competition reduced the
intraparticle adsorption kinetic rates of micropollutants to biochar (Chen et al., 2007; Yu et al., 2009; Ahmad et
al., 2014; Oh and Seo, 2015; Ulrich et al., 2015; Shimabuku et al., 2016). This competition mechanism results
from larger organic particles that cannot directly access small micropore sites, but it can effectively block
internal adsorption pathways that aid in adsorption of smaller micropollutants (Kong et al., 2011; Jung et

al., 2013; Mohan et al., 2014).

The breakthrough curve of the wastewater control experiment indicates that a fraction of hydrophobic TCS
molecules can be removed from wastewater through surface adsorption to wastewater solids themselves, which
accumulated in the columns during operation (Supplementary Fig. S3). Adsorption to wastewater solids was
expected due to numerous studies that have reported adsorption of TCS to organic matter and subsequent
aqueous-phase removal in wastewater treatment processes such as activated sludge (McAvoy et al., 2002;
Singer et al., 2002; Bester, 2003; Heidler and Halden, 2007; Lozano et al., 2013). Water quality parameters and
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wastewater characteristics for secondary effluent wastewater used in adsorption experiments are shown
in Supplementary Tables $2-S5.

Comparison of BS-biochar to commercial adsorbents

Impact of adsorbent on TCS removal

TCS removal was highest with activated carbon (CF300-AC), followed by BS-biochar, and then BN-biochar in
Milli-Q water (Fig. 5). Corresponding C./C, max and Kc values (Table 1) indicate that the BN-biochar adsorbent
approached saturation more quickly compared with CF300-AC and BS-biochar. Mass breakthrough of TCS was
reached quickest for BN-biochar, and CF300-AC outperformed BS-biochar.
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FIG.5. Impact of adsorbent material (CF300-AC, BS-biochar, and BN-biochar) on TCS removal from Milli-Q
water (figure on left) and wastewater (figure on right). Experiments were conducted at pH 7 with a flow rate of
10 mL/min. TCS was added to Milli-Q water at ~500 pg/L. CF300-AC, activated carbon; BS-biochar, biosolids-
derived biochar; BN-biochar, pine wood-derived biochar.

Similar to Milli-Q experiments, TCS removal was highest with CF300-AC, and BS-biochar removed TCS more
efficiently compared with BN-biochar in secondary wastewater effluent (Fig. 5). TCS removal with BS-biochar
decreased by 50% in secondary effluent compared with removal from Milli-Q water, whereas TCS removal with
CF300-AC decreased by ~25%. Alternatively, TCS removal from wastewater with BN-biochar increased by 86%
compared with Milli-Q water, and it resulted in an increase in bed volumes treated before mass breakthrough in
column effluent. The increase in TCS removal for BN-biochar in wastewater compared with in Milli-Q water
could be attributed to the accumulation of wastewater solids in the filter bed that sorbed additional TCS
molecules.

Ce/Co max values for BS-biochar and BN-biochar were similar for wastewater experiments; however, the BS-
biochar demonstrated consistently higher removal rates and slower saturation of adsorption sites compared
with BN-biochar. The low C./C, max value and poor model fit for CF300-AC suggests that the TCS adsorptive
capacity was not approached. These findings are consistent with previous results from batch equilibrium
experiments where more than 250 mg/g TCS was sorbed to activated carbon (Oh and Seo, 2015). Similarly, the
Kc values indicate that more bed volumes can be treated with BS-biochar before reaching saturation compared
with BN-biochar. The CF300-AC yielded the highest observed Kc value (1,340 bed volumes, Table 1).

Characterization of BS-biochar and commercial adsorbents

TCS removal using BS-biochar produced in this study was compared with two commercial adsorbents made from
different feedstocks. The results of the surface area analysis, including total BET surface area (m?/g), total pore
volume (cm?/g), total micropore volume (cm3/g), and average pore radius (A), are included in Table

2 (characterization was conducted on one representative sample for BS-biochar, BN-biochar, and CF300-AC).
The CF300-AC had the highest overall surface area, total pore volume, and total micropore volume. The BS-
biochar produced in this study was pyrolyzed at 600°C in a muffle furnace, and the BN-biochar was commercially
produced by slow pyrolysis using a kiln-based approach that can achieve temperatures above 600°C. Differences
in feedstock and biochar production technique can alter biochar chemical and physical properties and carbon
stability, thus altering the potential for adsorption of micropollutants (Qian et al., 2015; Rajapaksha et al., 2016).
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Table 2. Physical

Characteristics of Adsorbents

Adsorbent BET surface Total pore Average pore Total micropore
area (m*/g) volume (cm®/g) | radius (A) volume (cm3/g)

BS-biochar 182 0.0874 2.83 0.0778

BN-biochar 44 0.0229 1.88 0.0184

CF300-AC 698 0.3217 4.64 0.3208

BET, Brunauer-Emmett-Teller.

Surface morphology for each adsorbent used in column adsorption experiments was visualized by using SEM
imaging (Fig. 6). The CF300-AC appeared to be more porous compared with the BS-biochar and BN-biochar. In
addition, the pore structure of the BS-biochar produced in this study appears to be more heterogeneous
compared with BN-biochar, but it lacks the larger pores visible on the CF300-AC. The large pores and highly
irregular surface morphology of the activated carbon are characteristic of coal-derived carbonaceous
adsorbents, which are typically produced through energy-intensive thermal activation processes, including high
temperatures and steam (Bhatnagar et al., 2013; Thompson et al., 2016). The increased number of irregular
surfaces and larger pores on the activated carbon surface increase the specific surface area, thus increasing the
adsorption capacity for organic micropollutants such as TCS. Moles of TCS sorbed normalized to surface area are
shown in Supplementary Table S6. Interestingly, BN—BC biochar had the highest amount of TCS sorbed per

m? sorbent. The surface area is so low on BN-BC biochar; however, that total sorption was the lowest. Even
though CF300-AC had a low ratio of TCS sorbed per area, the total surface area was so high that TCS sorption
was greatest corroborating that sorption capacity increases with increased total surface area.

FIG. 6. Scanning electron microscope images of adsorbents. (A) BS-biochar, (B) CF300-AC, and (C) BN-
biochar. (A) and (B) are at 1,000 x magnification, whereas (C) is shown at 450 x for clarity.

FTIR analysis was used to elucidate functional groups on the surface of the adsorbents used in this study
(Supplementary Fig. S4). BS-biochar produced in this study appeared to have a broad band present at

1,200 cm™?, which is associated with C—0 bonds, and could have contributed to increased TCS adsorption
compared with BN-biochar. Similarly, a study performed by Leng et al. (2015a) reported that biochars produced
from sewage sludge were abundant in surface functional groups such as carboxyl, lactonic, and phenolic groups
that aided in adsorption of an organic dye compound, Malachite green. In addition, studies have positively
correlated oxygen-containing functional group abundance with the uptake of cationic Malachite green from
solution (Leng et al., 2015a, 2015b). The BS-biochar and BN-biochar have broad bands present at 1,700 cm™,
which may be associated with C=0 groups in lactones and carboxylic anhydrides (Gasco et al., 2005). Previous
research has suggested that BS-biochar (similar to the BS-biochar produced in this study) contains C—O bonds on
the surface, such as those found in phenols, esters, and carboxylic functional groups (Gasco et al., 2005; Tong et
al., 2016). Polar oxygen-containing functional groups such as carboxyl and phenol groups likely interacted with
phenyl groups on TCS molecules via hydrogen bonding, and aromatic groups present on both the adsorbent and
adsorbate surface may have also contributed to n—mt stacking (Lei et al., 2013; Tong et al., 2016).
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Summary

During the past century, the quantity of sludge produced from municipal WRRFs has greatly increased due to
industrialization and urbanization (Smith et al., 2009; Lozano et al., 2012). Disposal of sludge and biosolids in
landfills is a common practice because of its ease and low cost, but it is not a sustainable method of disposal due
to concerns related to pollution and lack of material recovery (Hadi et al., 2015; McNamara et al., 2016). In
recent years, modification and reuse of biosolids as a valuable adsorbent for the removal of contaminants has
emerged as one of the most popular techniques for sludge processing for beneficial reuse (Agrafioti et al., 2013;
Inyang and Dickenson, 2015; Qian et al., 2015; Xie et al., 2015; Tong et al., 2016). Implementing biosolids reuse
practices, such as producing adsorbents, could provide multiple benefits to WRRFs through minimization of
biosolids sent to landfills for disposal and increased removal of contaminants before discharge to receiving
waters.

Results presented in this study demonstrated that BS-biochar effectively removed TCS from water and
wastewater solutions. TCS removal was reduced due to competitive adsorption effects from other organic
micropollutants (E2, SMX) and inorganic nutrients (NH4*, PO4"). In addition, BS-biochar effectively removed TCS
from secondary wastewater effluent, but removal was decreased relative to Milli-Q. CF300-AC exhibited the
highest TCS removal (1,400 pg/g), whereas BS-biochar sorbed up to 1,330 pg/g from Milli-Q. The TCS
concentrations used in this study are much higher than in actual WRRF effluents, and there could be physical,
practical, and economical limitations for wastewater applications wherein TCS concentrations are much lower.
These constraints must be evaluated for specific scenarios of interest; however, this study serves as a proof of
concept that BS-biochar could be implemented as a tertiary treatment to adsorb TCS, and potentially other
similar micropollutants such as E2 and SMX, in WRRF effluents. In addition, previous research has demonstrated
that spent BS-biochar adsorbents could be re-pyrolyzed to remove micropollutants including TCS, triclocarban,
and nonylphenol (Ross et al., 2016). Future studies should be conducted to determine the effect of using re-
pyrolyzed BS-biochar adsorbents on TCS and micropollutant adsorption from wastewater and to understand
practical limitations.

Implementation of biochar as a tertiary wastewater treatment process could help mitigate the amount of
organic micropollutants and other unregulated contaminants that are discharged to the environment from
WRREF effluents. Developing sustainable treatment technologies that enhance the removal of organic
micropollutants should be considered of high importance for WRRFs, especially in areas where receiving waters
are sensitive ecosystems or have large populations downstream that rely on the same sources of water for
potable water supplies. Recent life cycle assessment of BS-biochar production indicated that the energy input
required for biosolids drying is a major expense (Thompson et al., 2016); accordingly, biochar production from
biosolids would be more economically feasible for WRRFs with existing biosolids drying processes (McNamara et
al., 2016). Future research should be conducted while using BS-biochar adsorbents in pilot-scale contactors to
determine the feasibility of implementing BS-biochar filtration processes as a tertiary treatment technology for
WRRFs.
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