Downloaded viaUS DEPT AGRCLT NATL AGRCLTL LBRY on August 26, 2020 at 13:57:20 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

J OURNAL O

AGRICULTURAL AND

FOOD CHEMISTRY

pubs.acs.org/JAFC

Metolachlor Sorption and Degradation in Soil Amended with Fresh

and Aged Biochars

Carmen Trigo,*’_{_ Kurt A. Spokas,_“t Kathleen E. Hall," Lucia Cox,® and William C. Koskinen'

TDepartment of Soil, Water & Climate, University of Minnesota, 1991 Upper Buford Circle, St. Paul, Minnesota 55108, United States
iAgricultural Research Service, U.S. Department of Agriculture, Room 439, 1991 Upper Buford Circle, St. Paul, Minnesota 55108,

United States
SInstituto de Recursos Naturales y Agrobiologia de Sevilla (IRNASE-CSIC), Sevilla, Spain

ABSTRACT: Addition of organic amendments such as biochar to soils can influence pesticide sorption—desorption processes
and, in turn, the amount of pesticide readily availability for transport and biodegradation. Sorption—desorption processes are
affected by both the physical and chemical properties of soils and pesticides, as well as soil—pesticide contact time, or aging.
Changes in sorption—desorption of metolachlor with aging in soil amended with three macadamia nut shell biochars aged 0
(BCpacfr), 1 year (BC,-1yr), and 2 years (BC,,,-2yr) and two wood biochars aged 0 (BC,oqft) and S years (BC,,404-Sy1)
were determined. Apparent sorption coefficient (Kd_app) values increased with incubation time to a greater extent in amended soil
as compared to unamended soils; Kg.,,, increased by 1.2-fold for the unamended soil, 2.0-fold for BC,,,o4-fr, 1.4-fold for BC,,q04-
Syr, 2.4-fold for BC,,,ft, 2.5-fold for BC,,,,-1yr, and 1.9-fold for BC,,,-4yr. The increase in calculated Ky, value was the result
of a 15% decrease in the metolachlor solution concentration extractable with CaCl, solution with incubation time in soil as
compared to a 50% decrease in amended soil with very little change in the sorbed concentration. Differences could possibly be
due to diffusion to less accessible or stronger binding sites with time, a faster rate of degradation (in solution and on labile sites)
than desorption, or a combination of the two in the amended soils. These data show that transport models would overpredict the

depth of movement of metolachlor in soil if effects of aging or biochar amendments are not considered.
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B INTRODUCTION

To protect ground and surface waters from contamination,
knowledge of pesticide degradation and sorption—desorption
processes is required. Sorption controls the amount of chemical
that is available for pest control as well as the amount of
chemical available for leaching and runoff. Additionally,
sorption governs pesticide bioavailability; for a pesticide to be
available for plant uptake and microbial degradation, it must be
present in solution (i.e., not sorbed). Therefore, research on the
mechanisms affecting pesticide bioavailability in soil and
sediments' has focused on sorption—desorption processes
and bound residue formation.

Sorption—desorption reactions are affected by both the
physical and chemical properties of soils and pesticides, as well
as soil—pesticide contact time, or aging. Using a variety of
methods, sorption of multiple classes of pesticides has been
observed to increase with aging in soils.””” Slow diffusion
within small pores of soil aggregates, hydrophobic partitioning
into solid humic materials,” entrapment in hydrophobic
surface nanopores,'’ and sorption to nondesorbable sites of
soil organic matter'” have all been proposed as possible
mechanisms involved in the aging process. An increase in
sorption with aging in soils would decrease the amount of
available pesticide, thereby limiting its activity and biodegrada-
tion over time.

The addition of organic amendments, such as biochar, can
influence the availability and, in turn, biodegradation of
pesticides in soils. Biochar, the carbon-rich product of biomass
pyrolysis, possesses a high sorption capacity for various
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pesticides. For instance, sorption of diuron'® and pyrimetha-
nil'* in soil was observed to increase following the addition of
wood biochar. Numerous other combinations of pesticides and
biochars have been studied with similar results.'”'® Decreases
in pesticide degradation in biochar-amended soils have also
been reported. This reduced degradation is often attributed to
increased pesticide sorption and, in turn, decreased pesticide
bioavailability. For instance, Spokas et al.'” observed an increase
in atrazine sorption and decreased dissipation when a sandy
loam soil was amended with 5% (w/w) of sawdust biochar.
Similarly, atrazine mineralization decreased in soil amended
with 1% (w/w) wheat char as a result of increased sorption."®
Comparable trends were also observed with acetochlor'” in
biochar-amended soils, as well as diuron after a 10 week
incubation study.'

As previously mentioned, biodegradation depends in part on
the availability of the pesticide; however, biodegradation is also
contingent on the presence and activity of pesticide-degrading
microorganisms. In addition to its direct effect on sorption of
pesticides, biochar may also affect the numbers and activity of
soil microorganisms, although its effects are variable. Biochar
amendments to soils have been shown to stimulate soil C
mineralization in some studies,””?' whereas others found
inhibitory effects.'”**~>* The stimulatory effect of biochar on
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carbon mineralization may be a result of the biochar itself
acting as a mineralizable C source.””° Alternatively, biochar
may sequester soil organic matter within its pore network,
protecting it from degradation and inhibiting mineraliza-
tion."”?”** With regard to pesticide degradation, Mukherjee””
observed an increase in atrazine degradation in a sandy loam
soil with organic amendments, which could be explained by
general microbial stimulation. In contrast, other studies have
shown no effect of biochar on pesticide degradation.*’

The effects of biochar amendments are most often evaluated
using biochars that are freshly applied to soils; however,
biochars undergo physical and chemical changes with time in
soils. Physically, incorporation into soil can modify the pore
structure and particle size of biochar,”' influencing its
recalcitrance and ability to act as a habitat for micro-
organisms.”” It has been shown that weathered biochar particles
were heterogeneous, covered with a wide variety of mineral and
organic matter, and were very different from the surfaces of the
fresh biochars.>> With time, dissolution and leaching of soluble
salts and organic compounds present in the biochar also
occur,” which can modify the pH surrounding biochar
particles. Biochar aged in soil becomes oxidized as it mainly
functions as a reducing agent.”” In addition to its surface redox
activity, biochars can initially have acidic or basic properties
based on the presence of different surface functional
groups.”* ™ Changes to such surface chemistries over time
influence a variety of biochar properties, including wettability,
reactivity,'> and retention of ions through electrostatic
interactions.”” Although the physicochemical changes to
biochar have been documented, the implications of these
changes are not well understood. Further research is required to
evaluate the effects on pesticide accumulation and efficacy in
biochar-amended soils.

Metolachlor is a chloroacetonilide, its persistence and
solubility make it a contaminant of concern in surface and
ground waters. Metolachlor is soluble in water (488 mg L™ at
20 °C) and is moderately sorbed by most soils (sorption range
=99-307 mL mg™'),” with the greatest sorption occurring on
soils with high organic matter and clay contents. Reported half-
life values for metolachlor range from 15 to 70 days in different
soils.”®*” In water, the herbicide is highly persistent over a wide
range of pH values, with reported half-life values of >200 and
97 days in highly acid and basic conditions, respectively.””
Metolachlor dissipation in soil mainly occurs via biological
degradation, rather than chemical processes.”’™ The degra-
dation of metolachlor in soils has been proposed to occur via
cometabolic processes that are affected by soil texture,
microbial activity, and bioavailability."* In the top few
centimeters of soil photodegradation is thought to contribute
to dissipation losses; however, metolachlor is relatively stable
under natural sunlight, with only ~6.6% degrading in 30 days.”
On the basis of its sorption—desorption and degradation
behavior, metolachlor has the potential for offsite transport,
particularly in soils with low organic carbon content. Leaching
of metolachlor in soil has been reported to occur,” making
groundwater contamination a concern. Increased sorption and/
or degradation from biochar soil amendments may help to
reduce the risk of metolachlor contamination.

The objective of this study was to evaluate the
biogeochemical transformation of biochar with field aging
using various characterization techniques and subsequently
determine the effects of both fresh and aged biochars on the
availability of metolachlor residues in soils. This was done by
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monitoring metolachlor degradation and sorption over time in
unamended and biochar-amended soils. Data from this study
aid in understanding how biochar changes in soil over time and
the ramifications for pesticide behavior in soil.

B MATERIALS AND METHODS

Soil and Chemical. The soil used for the laboratory studies was
collected from the University of Minnesota’s Research and Outreach
Station in Rosemount, MN, USA (44°4S’ N, 93°04’ W). Soil at the
site is a Waukegan silt loam (Mollisol-Typic Hapludolls) (USDA
classification), containing approximately 22% sand, $5% silt, and 23%
clay, pH 6.0, and organic carbon (OC) 2.52%. Surface soil (0—15 cm)
was collected, sieved to <2 mm, and homogenized for the study.
Average annual temperature at the site is 6.9 °C with 887 mm of
annual precipitation (102 cm snowfall).*

Metolachlor (99% chemical purity) and uniformly ring-labeled
["*C] metolachlor (specific activity 54.6 uCi mg™', 99.2%
radiochemical purity) were graciously supplied by Syngenta Crop
Protection, Greensboro, NC, USA (Figure 1). Unlabeled metolachlor
was mixed with "*C-metolachlor to give a final solution concentration

of 37800 kBq mL™".
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Figure 1. Chemical structure of metolachlor.

Biochar. Biochars used in this study were prepared from
macadamia nut shells and hardwood chips at 850 °C (fast pyrolysis)
and 550 °C (slow pyrolysis), respectively. In addition to the freshly
prepared biochars for each feedstock, macadamia nut biochars aged in
soil for 1 and 4 years and wood chip biochar aged for 5 years were
studied (Table 1). Both biochars were aged in a Waukegan silt loam
containing approximately 22% sand, 55% silt, and 23% clay with a pH
(1:1 H,0) of 6.3—6.6 and 2.6% OC. After each aging period, biochar
particles were manually separated from the soil. Brunauer—Emmet—
Teller (BET) surface area was measured by quantifying the sorption of
nitrogen gas at 77 K (NOVA 4200e, Quantachrome Instruments,
Boynton Beach, FL, USA). Before analysis, samples were degassed at
200 °C for 2 h because we wanted to achieve a specific surface area
(SSA) representative of actual conditions (versus a “cleaned” surface at
300 °C for 16 h).

Surface morphologies of the various biochars were determined
using a JEOL 6500 scanning electron microscope. Surface functional
groups of the biochars were determined using a Nicolet Series II
Magna-IR System 750 FTIR spectrometer, recording the spectrum
region from 4000 to 400 cm ™" with a resolution of 2 cm™" (University
of Minnesota Characterization Facility) with an attenuated total
reflection (ATR) interface. This technique permitted the direct
examination of the surface without the confounding impacts of
grinding particles and pelletizing [because you do not know if what
you were viewing in the pellet indeed was the original surface].
Dissolved organic carbon (DOC) was extracted from biochar by
shaking 0.5 g of biochar with 10 mL of 0.01 M CaCl, for 15 min. The
suspensions were centrifuged at 10000 rpm for 20 min and filtered
through a 0.45 um pore nylon filter. Solutions were analyzed using a
total carbon analyzer (Shimadzu TOC-V). In addition, total nitrogen
and organic carbon of biochars were analyzed. Biochar pH was
measured in a 1:5 (w/v) biochar/deionized water mixture.

Metolachlor Sorption in Aged Unamended and Amended
Soils. Duplicate 10 g samples of soil were spread in a thin layer and
spiked dropwise with 500 L of methanolic '*C-metolachlor solution
at 20 mg L™". The final concentration of chemical in soil was 1.0 mg
kg™, After the methanol evaporated, the biochar was added at a rate of
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Table 1. Biochar Physicochemical Properties

biochar approx particle production field time SSA DOC total total OC  total N
feedstock size ch) temp (°C) (years) label pH (m’g") (mgL™) inorgC (%) (%) (%) C/N
macadamia nut S 850 0 BC,.fr 7.74 0.16 21.5 0.8 76.8 0.7 1103
shells 4 1 BCpolyr 855 001 53.5 1.0 83.6 03 2654
0.5 4 BC,,,-4yr 6.77 0.63 6.7 0.2 79.1 0.4 192.0
hardwood 10 550 0 BCyp0q-fr 721 0.42 15.6 0.7 78.1 0.7 113.2
0.5 s BCyouSyr  7.56 231 83 1.0 77.7 02 3364
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Figure 2. Attenuated total reflectance (ATR) infrared spectra of (a) macadamia nut shell biochars (BC

hardwood biochars (BC,,e.q-fr and BC,,504-Syr).

-fr, BC,,-1yr, and BC,,-4yr) and (b)

‘mac

10% (w/w) to the soil and thoroughly mixed; soil and soil+biochar
moisture contents were adjusted to 10% (w/w). Samples were then
transferred to 30 mL glass centrifuge tubes, which were incubated at
25 °C within stoppered 250 mL glass Erlenmeyer flasks for 0, 2, 4, 6,
and 8 weeks. A glass vial containing 3 mL of 0.5 M NaOH was placed
inside the flask by attachment to the inside of stoppers.

To determine the metolachlor mineralization rate, NaOH solutions
were replaced and analyzed for '*CO, weekly, thereby also aerating the
flask. One milliliter aliquots of NaOH solutions were added to S mL of
EcoLite(+) cocktail (MP Biomedicals) and **C-radioactivity analyzed
by liquid scintillation counting (LSC) for 10 min, using a Tri-Carb
1500 Packard instrument (Packard Instrument Co., Downers Grove,
IL, USA). Solutions were kept in the dark over 48 h prior to
measurement (no chemiluminescence was observed).

At time O (immediately after the moisture of the soil and soil
+biochar was adjusted) and after each incubation period, duplicate soil
and soil+biochar samples were first extracted with 20 mL of 0.005 M
CaCl, by shaking on a horizontal shaker for 24 h. The soil slurries
were then centrifuged at 1500 rpm for 30 min, and 10 mL of
supernatant was removed. For 'C analysis, 1 mL aliquots of the
supernatants were added to 5 mL of scintillation cocktail and analyzed
by LSC, as previously described. The removed supernatant was
replaced with 10 mL of methanol and the extraction conducted as
described above. This was repeated for a second and third extraction
with 10 mL of methanol.

Extracted soil from random samples during the incubation was air-
dried, and 0.3 g subsamples were mixed with an equal volume of
cellulose powder and then oxidized in a Packard Tri-Carb model 307
sample oxidizer (Packard Instrument Co., Downers Grove, IL, USA)
to determine nonextractable (bound) residues. Released CO, was
trapped in Carbo-sorb (Packard Instrument Co., Meriden, CT, USA),
mixed with toluene-based scintillation cocktail, and the *C counted.
Instrument oxidation and recovery efliciency was >98% based on
recovery of freshly spiked '*C standards.

The aqueous and methanolic extracts were analyzed for parent
metolachlor by high-performance liquid chromatography (HPLC)
using a Waters 600E chromatograph coupled to a Waters 2996 diode
array detector (Waters Corp., Milford, MA, USA). The following
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chromatographic conditions were used: Phenomenex Cg column (150
mm length X 4.6 mm i.d.), acetonitrile/water (50:50) eluent mixture
at a flow of 1 mL min~", 100 L injection volume, and UV detector of
214 nm. Metolachlor fractions were collected from 0 to 5 min and
then each minute up to 10 min. One milliliter aliquots of each
collected fraction were counted via LSC to enable calculation of the
percentage of parent metolachlor in the extracted '*C.

To calculate apparent sorption coefficients, Ky, after different
aging periods, it was assumed that aqueous-extractable metolachlor
represented the solution phase concentration (C,.) and that the
methanol-extractable metolachlor represented the sorbed phase
concentration (C,). Ki.opp Was calculated as follows: Ky, = C;/C..

B RESULTS AND DISCUSSION

Biochar Characterization. FTIR spectra of the fresh
(unaged) macadamia nut shell (BC,,,fr) and wood biochars
(BC,00q-fr) and of macadamia nut shell biochars aged for 1 year
(BC\pae-1yr) and 4 years (BC,,,4yr), and of wood biochar aged
for 5 years (BC,,o0q-Syr) are shown in Figure 2. The spectra of
BC,,fr and BC,,,-1yr were determined in a previous study."’
The appearance of new peaks in the infrared spectra of the aged
macadamia nut shell biochars compared to those present in the
spectra of the fresh biochar provides evidence for soil mineral
incorporation onto the surface of the biochars. Additional
bands at 3695 and 1003 cm™' for BC,,-1yr and BC,,-4yr,
corresponding to the O—H stretching and Si—O vibrations of
clay minerals, could be due to soil mineral incorporation onto
the surface of the biochars’>*® being more pronounced for
BC,,4yr. The band at 2660 cm™" was assigned to O—H
stretching vibration of carboxylic groups from the film layer that
coats the surface of the fresh biochar. The band close to 1700
cm™! corresponds to C=0 stretching vibration mode, and the
group of bands between 1030 and 1090 cm™ can be assigned
to C—O stretching vibrations corresponding to the carboxylic
acid group. The decrease of the intensity of the band at 1700
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Figure 3. (a, d) SEM image showing the layer of sorbed organics on the surface of the fresh macadamia nut shells and hardwood biochars; (b, e) soil
particles on the surface of BC,,-1yr and BC,,,,4-Syr; (c) surface covered with soil particles for biochar aged 4 years (BC,,,-4yr).

Table 2. Extractable *C and *C-Metolachlor as a Function of Incubation Time

% of applied”

sorbent analyte 0 weeks
soil total *C 845 + 14
14C -metolachlor 79.6 + 2.5
soil + BC,ooq-fr total *C 84.0 + 3.2
4C -metolachlor 785 + 3.3
soil + BC,o0q.5yT total *C 81.7 + 1§
4C -metolachlor 78.1 + 2.4
soil + BC,fr total *C 899 + 1.1
14C -metolachlor 851 +12
soil + BC,-lyr total *C 994 + 7.6
4C -metolachlor 94.7 + 7.6
soil + BC,,-4yr total *C 873 + 6.1
4C -metolachlor 82.6 + 5.0

2 weeks 4 weeks 6 weeks 8 weeks
85.7 + 0.5 79.9 + 0.4 74.5 + 0.4 68.9 + 1.2
812 + 0.9 74.6 + 0.9 682 + 0.1 61.8 + 0.9
794 + 0.8 79.9 + 1.8 747 + 1.8 68.8 + 1.1
750 + 1.1 72.7 + 2.1 69.6 + 0.5 579 + 0.2
849 + 0.9 80.8 + 2.9 74.7 + 1.6 67.6 + 1.7
80.7 + 0.1 75.0 + 2.7 67.0 + 1.6 57.1 + 23
81.0 + 6.3 74.8 + 0.4 73.2 + 0.6 69.7 + 0.6
767 + 7.6 65.5 + 1.0 61.8 + 0.4 553 + 0.2
88.5 + 3.6 75.0 + 4.1 76.8 + 5.3 749 + 0.4
81.0 + 5.9 64.3 + 4.0 64.2 + 4.9 59.8 + 1.4
89.5 + 0.3 87.7 + 8.1 715 + 0.5 70.5 + 3.5
854 + 0.8 78.1 + 10.0 559+ 13 §3.7 + 0.9

“+ standard deviation; bold values are statistically different from the time 0 sample within each treatment (unpaired ¢ test; P < 0.0S).

cm™" and the increase of the band at 1400 cm™ correspond to
the C—H bending and the carboxylate anion stretching® for
the aged biochars and, in comparison with the BC_, -fr, reveal a
partial elimination of the acidic groups in the film with the
aging process and a partial interaction of the carboxylate anion.
In addition, BC,,,-4yr spectra show bands at 3400 and 1600
cm™', which correspond to water hydration.

FTIR of BC,q-Syr shows bands at 3690 and 1100 cm™*
assigned to the O—H stretching and Si—O vibrations of clay
minerals as was shown for BC,,.. The bands at 2630, 1720, and
1075 cm™' corresponded to the OH, C=O, and C—O
stretching vibrations of the carboxylic acid group, respectively.
The bands at 3075 and 1660 cm™ were correlated with the
aromatic structure of the biochar. The decrease of the intensity
of the band at 1720 cm™" and the increase of the band at ~1470
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cm™" correspond to the C—H bending and the carboxylate
anion stretching® for the aged biochars in comparison with the
BC,0q-f1, revealing a possible increase of carboxylic groups due
to oxidative process during the aging.

Figure 3 shows the SEM images of the fresh and aged
macadamia nut shell biochars (Figure 3a—c) and the fresh and
aged wood biochars (Figure 3d,e). SEM images of fresh
macadamia nut shell biochar show a film covering and blocking
the micropores as well as any physical surface features (Figure
3a). In contrast, the surface of the BC,,-1yr shows a highly
porous surface, with only some of the pores being blocked by
soil particles or a coating (Figure 3b). The SEM image of the
macadamia nut shell biochar aged for 4 years shows that most
of the pores were filled after the fourth year in the soil (Figure
3c). SEM images of fresh wood biochar show organic oils
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Figure 4. Metolachlor collected by HPLC expressed as a percentage of the total '*C detected by LSC. Error bars indicate standard deviation.

coating the surface, as was observed for fresh macadamia nut
shell biochar. The BC,,,4-Syr image has evidence of cracking
and fracturing of the biochar surface.”’

The specific surface area (SSA) of macadamia nut shell
biochar increased from 0.16 m* g™ for fresh biochar to 0.63 m*
g~ for biochar aged for 4 years (BC,,,-4yr) (Table 1). SSA for
fresh wood biochar (0.42 m* g™') increased with time after soil
application by a factor of 5, to 2.31 m* g for the wood biochar
aged for S years. The increase of biochar SSA with time after
soil application, except for BC,,-lyr, is assumed to be due to
the elimination of the organic film from the BC-fr surface
exposing the underlying micropores, as was shown in FTIR
studies (Figure 2). However, as the organic film from the fresh
biochar surface is eliminated, some pores will be filled with
organic and mineral matter, resulting in a small net increase in
SSA. DOC was inversely related with the SSA (Table 2) and
could be due to the elimination in soil of the organic covering
on the fresh biochar (Figure 3).

Metolachlor Residue Distribution in Aged Soil. Total
extractable *C and *C-metolachlor from soil and biochar-
amended soils is shown in Table 2. The average amount of total
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extractable *C (CaCl, + methanol) from soil and biochar-
amended soil decreased with incubation time from 88 to 70%
after 8 weeks. The '*C not accounted for in the extracts was
presumed to be due to irreversible binding. Little '*CO, was
detected (<0.1%) during the incubation period in unamended
and amended soils, presumably due to a lack of microorganisms
capable of mineralizing the ring of metolachlor. After
combustion of randomly selected soil samples after extraction
throughout the incubation, the mass balance of recovered '*C
was on average >93%.

During the 8 week of incubation, the average extractable Hc-
metolachlor in soil and the five biochar-amended soils (Table
2) decreased from 83 to 58%, presumably due to microbial
degradation and/or irreversible binding. Differences between
the percentages of '*C and '*C-metolachlor recovered (% of
applied) can be explained by "*C corresponding to unidentified
14C-labeled degradates. In unamended soil, 17.8% was degraded
and/or irreversibly bound during the 8 week incubation. In
comparison, in soil amended with fresh or aged woodchip
biochar, an average of 20.8% of the metolachlor was degraded
and/or irreversibly bound during the 8 weeks. The change in
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Figure 5. Percentage of recovered "*C-metolachlor in CaCl, and MeOH extracts. Error bars indicate standard deviation.

extractable metolachlor in the fresh and aged macademia nut
amended soil, an average of 31.5%, was signicantly greater than
for soil or woodchip-amended soil. If the increased metolachlor
loss is via degradation in biochar-amended soil as opposed to
irreversible binding, it could be attributed to increases in
numbers and activities of microbial biomass previously reported
in soil amended with biochars,*>* although biomass was not
quantified in this study.

On the basis of the amounts of extractable **C-metolachlor
over time, degradation was shown to be taking place by the
aqueous extract concentrations. Almost all of the methanol-
extracted '*C during the incubation period was determined to
be metolachlor (Figure 4). In contrast, of the total extractable
C in the CaCl, solution, the percentage of '*C-metolachlor
decreased in all cases at the end of the 8 weeks (from 93 to 78%
for the unamended soil; from 90 to 45% for BC,,, 4-fr; from 88
to 51% for BC,,o4-Syr; from 90 to 34% for BC,,-fr; from 91 to
41% for BC,,-lyr; from 94 to 43% for BC,,-4yr). This
reduction was higher for the soils amended with biochar than
for the unamended soil (15%) and more pronounced for the
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soil amended with BC,. than for BC,.4. The reduction in the
fraction of *C-metolachlor in the total extractable **C was less
pronounced with the aged biochars.

The amount of *C-metolachlor recovered in CaCl, extracts
(of the amount applied) decreased during the 8 week
incubation period for both the unamended and amended
soils (Figure 5). The observed decrease was more pronounced
in the biochar-amended soils and was greater with BC_,. than
BC,,0q (from 16 to 11% in unamended soil, from 8 to 3% in
BC, 0q-fr, from 7 to 2% in BC,, ,4-Syr, from 15 to 4% for in
BC,.fr, from 17 to 5% from BC,,-1yr, and from 16 to 6% in
BC,.-4yr). Differences between fresh and aged biochar on
CaCl,-extractable metolachlor over time were not observed.
The sum of **C-metolachlor in the three methanol extracts also
tended to decrease with incubation time (Figure S), from 63 to
50% in unamended soil, from 70 to 54% in BC,,,.4-fr, from 71
to 53% in BC,,.q-Syr, from 70 to 50% in BC_,fr, from 78 to
55% in BC,,-1lyr, and from 67 to 49% in BC,,,4yr. These
results could indicate that the formation of nonextractable *C-
bound residues significantly increased with incubation time.
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Table 3. Aging Effects on Metolachlor Sorption Coefficients

Kd-appa (L kg_l)

aging time (weeks) soil BC,fr BC, .- lyr BC,.4yr BC,ooq-ft BC,00q-SyT
0 0.71 + 0.02 0.84 + 0.12 0.81 + 0.01 0.75 + 0.04 1.54 + 0.22 1.85 + 0.16
2 1.08 + 0.02 1.44 + 0.42 0.73 + 0.02 1.21 + 0.08 222 + 0.10 2.30 + 0.42
4 0.91 + 0.08 2.00 + 0.02 1.19 + 0.02 1.27 + 0.23 2.31 + 0.07 1.97 + 0.06
6 0.88 + 0.06 2.29 + 020 1.57 + 0.05 137 + 0.12 2.14 + 025 2.05 + 0.22
8 0.83 + 0.08 2.00 + 0.39 2.06 + 0.16 1.45 + 0.04 3.07 + 1.07 2.55 + 0.53

“+ standard deviation; bold values are statistically different from the time 0 sample within each treatment (unpaired f test; P < 0.05).

Differences between macadamia nut and hardwood biochar
properties may in part explain the observed differences in
metolachlor extractable fractions (Figure S; Table 1).
Macadamia nut biochar has lower SSA than hardwood biochar
and higher DOC. Both SSA and DOC affect sorption, which
influences the extractable fractions of metolachlor. The higher
DOC content may block biochar sorption sites, as suggested by
the organic film in the SEM images, thereby reducing
metolachlor sorption and leaving it more readily available to
degrade.”

Metolachlor Sorption in Aged Unamended and
Amended Soils. Metolachlor sorption in unamended and
amended soils was determined from the distribution *C-
metolachlor between methanol-extractable fractions (sorbed
phase concentrations) and CaCl,-extractable fractions (solution
phase concentrations). Metolachlor apparent sorption coef-
ficients were calculated at time 0 and again after 2, 4, 6, and 8
weeks of incubation (Table 3). At time 0, metolachlor sorption
was greater in biochar-amended soil as compared to
unamended soil, consistent with observations for other
pesticides.13_16 Apparent sorption values were greater in soil
amended with wood biochar as compared to soil amended with
macadamia nut shell biochar, possibly as the result of the higher
SSA of the wood biochar (Table 1). Differences in organic
compositions of the biochars (carbonized organic matter or
noncarbonized organic matter) may affect the sorption
metolachlor’*>*

Calculated metolachlor apparent sorption coefficients in-
creased after aging to a greater extent in biochar-amended soils
as compared to unamended soil. Ky, values increased with
incubation time by a factor of 1.2-fold for the unamended soil,
as compared to factors of 2.4-fold for BC_,fr, 2.5-fold for
BC,.-1yr, 1.9-fold for BC, -4yr, 2.0-fold for BC, 4-fr, and
1.4-fold for BC,,,4-Syr. Similar trends were seen by Cox et al.,”
who found imidacloprid Ky, values increased with aging in
soil by an average of 2.8-fold during the incubation period.
Likewise, Regitano et al*® and Regitano and Koskinen®’
reported that simazine sorption to soil increased by a factor of
2—3-fold after 7 days and that nicosulfuron Kj_,,, values in soil
increased after 27 days. The amended soil results are in
agreement with previous research that showed greater increases
in aged K., values in soils with low sorption capacity.

Our results suggest an increased sorption capacity following
soil exposure, which is in direct conflict with prior hypotheses
of a soil particle pore-clogging model leading to decreased
biochar sorption.”® Both of these observations could be correct
as it depends on the initial state of the biochar (pore sizes and if
soil minerals fit) and what postproduction treatments have
occurred. For the biochars used here, the original biochar was
coated with a film that could have prevented metolachlor from
entering the interior biochar pores. In addition, even storage of
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biochar at ambient conditions can result in significant
alterations of biochar’s surface chemistry.>”

In summary, data from this study show that biochar has the
potential to decrease metolachlor availability and transport
through increased sorption and/or degradation. Sorption in
amended soils was affected by the physical and chemical
properties of the biochar, differing among feedstock materials
and aging times. Metolachlor sorption, as characterized by
Kypp values, increased with time in unamended and biochar-
amended soils; however, the magnitude of the increase was
greater in the biochar-amended soils. The exact mechanism that
caused the increased sorption is not clear. The increasing
sorption coefficients can be attributed to degradation in
solution, which leaves sorbed metolachlor, which may have
diffused into less accessible or stronger sorption sites. The
addition of biochar to soil may have also increased metolachlor
biodegradation as a result of the microbial stimulation by the
amendments or a physical entrapment due to the exposure of
the coated pore structure in the fresh biochar. Regardless of the
mechanism, these results indicate that transport models would
likely overpredict the depth of metolachlor movement in soil if
the effects of aging and biochar amendments are not
considered.

B AUTHOR INFORMATION

Corresponding Author

*(C.T.) E-mail: carmentrigol@gmail.com.

Funding

We acknowledge the postdoctoral fellowship MINECO/
FECYT for C.T. and the funding project AGL2013-48446-
C3-1-R. C.T. thanks MINECO/FECYT for a postdoctoral
tellowship.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Parts of this work were carried out at the University of
Minnesota Characterization Facility, which receives partial
support from NSF through the MRSEC program.

B ABBREVIATIONS USED

USDA, United States Department of Agriculture; DOC,
dissolved organic carbon; LSC, liquid scintillation counting;
HPLC, high-performance liquid chromatography; FTIR, Four-
ier transform infrared; SEM, scanning electron microscope;
SSA, specific surface area; ATR, attenuated total reflectance

B REFERENCES

(1) Whitacre, D. M. Bioavailability of xenobiotics in the soil
environment. Rev. Environ. Contam. Toxicol. 2010, 203, 1—84.

DOI: 10.1021/acs jafc.6b00246
J. Agric. Food Chem. 2016, 64, 3141—-3149


mailto:carmentrigo1@gmail.com
http://dx.doi.org/10.1021/acs.jafc.6b00246

Journal of Agricultural and Food Chemistry

(2) McCall, P. J; Agin, G. L. Desorption kinetics of picloram as
affected by residence time in the soil. Environ. Toxicol. Chem. 1985, 4,
37—44.

(3) Shelton, D. R.; Parkin, T. B. Effect of moisture on sorption and
biodegradation of carbofuran in soil. J. Agric. Food Chem. 1991, 39,
2063—2068.

(4) Blair, A. M.; Martin, T. D.; Walker, A.; Welch, S. J. Measurement
and prediction of isoproturon movement and persistence in three soils.
Crop Prot. 1990, 9, 289—294.

(S) Park, J. H; Feng, Y. C; Cho, S. Y; Voice, T. C; Boyd, S. A.
Sorbed atrazine shifts into non-desorbable sites of soil organic matter
during aging. Water Res. 2004, 38, 3881—3892.

(6) Pignatello, J. J.; Huang, L. Q. Sorptive reversibility of atrazine and
metolachlor residues in field soil samples. J. Environ. Qual. 1991, 20,
222-228.

(7) Koskinen, W. C.; Cox, L; Yen, P. Y. Changes in sorption/
bioavailability of imidacloprid metabolites in soil with incubation time.
Biol. Fertil. Soils 2001, 33, 546—550.

(8) Koskinen, W. C.; Rice, P. J; Anhalt, J. A; Sakaliene, O.;
Moorman, T. B Arthur, E. L. Sorption-desorption of “aged”
sulfonylaminocarbonyltriazolinone herbicide in soil. J. Agric. Food
Chem. 2002, 50, 5368—5372.

(9) Barriuso, E.; Koskinen, W. C.; Sadowsky, M. J. Solvent extraction
characterization of bioavailability of atrazine residues in soils. J. Agric.
Food Chem. 2004, 52, 6552—6556.

(10) Brusseau, M. L.; Jessup, R. E; Rao, P. S. C. Nonequilibrium
sorption of organic chemicals: elucidation of rate-limiting processes.
Environ. Sci. Technol. 1991, 25, 134—142.

(11) Brusseau, M. L.; Larsen, T.; Christensen, T. H. Rate-limited
sorption and non-equilibrium transport of organic chemicals in low
organic carbon aquifer materials. Water Resour. Res. 1991, 27, 1137—
114S.

(12) Nam, K; Alexander, M. Role of nanoporosity and hydro-
phobicity in sequestration and bioavailability: tests with model solids.
Environ. Sci. Technol. 1998, 32, 71—74.

(13) Yu, X. Y;; Ying, G. G.; Kookana, R. S. Sorption and desorption
behaviors of diuron in soils amended with charcoal. J. Agric. Food
Chem. 2006, 54, 8545—8550.

(14) Yu, X. Y; Pan, L. G.; Ying, G. G.; Kookana, R. S. Enhanced and
irreversible sorption of pesticide pyrimethanil by soil amended with
biochars. J. Environ. Sci. 2010, 22, 615—620.

(15) Kookana, R. The role of biochar in modifying the environmental
fate, bioavailability, and efficacy of pesticides in soils: a review. Aust. J.
Soil Res. 2010, 48, 627—637.

(16) Cabrera-Mesa, A.; Spokas, K. Impacts of biochar (black carbon)
additions on the sorption and efficacy of herbicides. In Herbicides and
Environment; Kortekamp, A., Ed.; InTech: Rijeka, Croatia, 2011, Vol. I,
pp 315—340.

(17) Spokas, K; Koskinen, W. C.; Baker, J. M; Reicosky, D. C.
Impacts of woodchips biochar additions on greenhouse gas production
and sorption/desorption of two herbicides in a Minnesota soil.
Chemosphere 2009, 77, 574—581.

(18) Loganathan, V. A; Feng, Y.; Sheng, G. D.; Clement, T. P. Crop-
residues derived char influences sorption, desorption and bioavail-
ability of atrazine in soil. Soil Sci. Soc. Am. J. 2009, 73, 967—974.

(19) Yang, Y.; Sheng, G.; Huang, M. S. Bioavailability of diuron in
soil containing wheat-straw-derived char. Sci. Total Environ. 2006, 354,
170-178.

(20) Luo, Y.; Durenkamp, M.; De Noboli, M.; Lin, Q.; Brookes, P. C.
Short term priming effects and the mineralization of biochar following
its incorporation into soils of different pH. Soil Biol. Biochem. 2011, 43,
2304—2314.

(21) Steinbeiss, S.; Gleixner, G.; Antonietti, M. Effect of biochar
amendment on soil carbon balance and soil microbial activity. Soil Biol.
Biochem. 2009, 41, 1301—1310.

(22) Kuzyakov, Y.; Subbotina, I; Chen, H. Q.; Bogomolova, I; Xu,
X. L. Black carbon decomposition and incorporation into soil
microbial biomass estimated by C-14 labelling. Soil Biol. Biochem.
2009, 41, 210-219.

3148

(23) Liang, B. Q;; Lehmann, J,; Sohi, S. P.; Thies, J. E.; O'Neill, B;
Trujillo, L; Gaunt, J; Solomon, D.; Grossman, J.; Neves, E. G;
Luizao, F. J. Black carbon affects the cycling of non-black carbon in
soil. Org. Geochem. 2010, 41, 206—213.

(24) Cross, A.; Sohi, S. P. The priming potential of biochar products
in relation to labile carbon contents of soil organic matter status. Soil
Biol. Biochem. 2011, 43, 2127—34.

(25) Farrell, M.; Kuhn, T.; Macdonald, L.; Maddern, T.; Murphy, D.;
Hall, P,; Singh, B,; Baumann, K; Krull, E,; Baldock, J. Microbial
utilization of biochar-derived carbon. Sci. Total Environ. 2013, 465,
288—-297.

(26) Domene, X.; Mattana, S.; Hanley, K; Enders, A,; Lehmann, J.
Medium-term effects of corn biochar addition on soil biota activities
and functions in a temperate soil cropped to corn. Soil Biol. Biochem.
2014, 72, 152—162.

(27) Cao, X. D.; Ma, L. N.; Gao, B.; Harris, W. Dairy-manure derived
biochar effectively sorbs lead and atrazine. Environ. Sci. Technol. 2009,
43, 3285—3291.

(28) Kasozi, G. N.; Zimmerman, A. R,; Nkedi-Kizza, P.; Gao, B.
Catechol and humic acid sorption onto a range of laboratory produced
black carbons (biochar). Environ. Sci. Technol. 2010, 44, 6189—6195.

(29) Mukherjee, 1. Effect of organic amendments on degradation of
atrazine. Bull. Environ. Contam. Toxicol. 2009, 83, 832—83S5.

(30) Sopeia, F.; Bending, G. D. Impacts of biochar on bioavailability
of the fungicide azoxystrobin: a comparison of the effect on
biodegradation rate and toxicology to the fungal community.
Chemosphere 2013, 91, 1525—1533.

(31) Nocentini, C.; Guenet, B.; Di Mattia, E.; Certini, G.; Bardoux,
G.; Rumpel, C. Charcoal mineralization potential of microbial inocula
from burned and unburned forest soil with and without substrate
addition. Soil Biol. Biochem. 2010, 42, 1472—1478.

(32) Joseph, S. D.; Camps-Arbestain, M.; Lin, Y.; Munroe, P.; Chia,
C. H,; Hook, J.; van Zwieten, L.; Kimber, S.; Cowie, A,; Singh, B. P.;
Lehmann, J.; Foidl, N.; Smernik, R. J.; Amonette, ]. E. An investigation
into the reactions of biochar in soil. Aust. J. Soil Res. 2010, 48, 501—
S1S.

(33) Major, J; Steiner, C.; Downie, A.; Lehmann, J. Biochar effects
on nutrient leaching. In Biochar for Environmental Management. Science
and Technology; Lehmann, J., Joseph, S., Eds.; Earthscan: London, UK,
2008; pp 271—288.

(34) Cheng, C. H.; Lehmann, J.; Engelhard, M. H. Natural oxidation
of black carbon in soils: changes in molecular form and surface charge
along a climosequence. Geochim. Cosmochim. Acta 2008, 72, 1598—
1610.

(35) Amonette, J. E.; Joseph, S. Physical properties of biochar. In
Biochar for Environmental Management. Science and Technology;
Lehmann, L., Joseph, S., Eds; Earthscan: London, UK, 2009; pp
33-S3.

(36) Chen, Z.; Xiao, X.; Chen, B.; Zhu, L. Quantification of chemical
states, dissociation constants and contents of oxygen-containing
groups on the surface of biochars produced at different temperatures.
Environ. Sci. Technol. 2015, 49 (1), 309—317.

(37) Boehm, H. P. Carbon surface chemistry. In Graphite and
Precursors; Delhaes, P., Ed;; Gordon and Breach: Amsterdam, The
Netherlands, 2001; pp 141-178.

(38) Weed Science Society of America Herbicide Handbook, 7th ed.;
WSSA: Champaign, IL, USA, 1994.

(39) U.S. EPA. Pesticide Fact Sheet 106: Metolachlor; Office of
Pesticides and Toxic Substances: Washington, DC, USA, 1987.

(40) Accinelli, C.; Dinelli, G.; Vicari, A.; Catizone, P. Atrazine and
metolachlor degradation in subsoils. Biol. Fertil. Soils 2001, 33, 495—
500.

(41) Baran, N,; Gourcy, L. Sorption and mineralization of S-
metolachlor and its ionic metabolites in soils and vadose zone solids:
consequences on groundwater quality in an alluvial aquifer (Ain Plain,
France). J. Contam. Hydrol. 2013, 154, 20—28.

(42) Liu, S; Zheng, Z; Zhang, R; Bollag, J. M. Sorption and
metabolism of metolachlor by a bacterial community. Appl. Environ.
Microbial. 1989, 55, 733—740.

DOI: 10.1021/acs jafc.6b00246
J. Agric. Food Chem. 2016, 64, 3141—-3149


http://dx.doi.org/10.1021/acs.jafc.6b00246

Journal of Agricultural and Food Chemistry

(43) Miller, J. L.; Wollum, A. G.; Weber, J. B. Degradation of carbon-
14-atrazine and carbon-14-metolachlor in soil from four depths. J.
Environ. Qual. 1997, 26, 633—638.

(44) Ma, Y; Liu, W. P.; Wen, Y. Z. Enantioselective degradation of
Rac-metolachlor and S-metolachlor in soil. Pedosphere 2006, 16, 489—
494.

(45) U.S. EPA. Health Advisory Draft Report: Metolachlor; Office of
Drinking Water: Washington, DC, USA, 1987.

(46) US. Climate Data, 2014, http://www.usclimatedata.com/
climate/rosemount/minnesota/united-states/usmn0642/2014/1 (ac-
cessed July 7, 2014).

(47) Trigo, C.; Spokas, K,; Cox, L.; Koskinen, W. Influence of soil
biochar aging on sorption of the herbicide MCPA, nicosulfuron,
terbuthylazine, indaziflam, and fluoroethyldiaminotriazine. J. Agric.
Food Chem. 2014, 62, 10855—10860.

(48) Xiao, X.; Chen, B.,; Zhu, L. Transformation, morphology and
dissolution of silicon and carbon in rice straw derived biochars under
different pyrolytic temperatures. Environ. Sci. Technol. 2014, 48 (6),
3411—-3419.

(49) Bellamy, L. J. The Infrared Spectra of Complex Molecules, 3rd ed.;
Chapman and Hall: London, UK, 1975; Vol. L

(50) Spokas, K. A;; Novak, J. M.; Masiello, C. A; Johnson, M. G;
Colosky, E. C,; Ippolito, J. A,; Trigo, C. Physical disintegration of
biochar: an overlooked process. Environ. Sci. Technol. Lett. 2014, 1,
326—332.

(51) Purakayastha, T. J; Kumari, S.; Pathak, H. Characterisation,
stability, and microbial effects of four biochars produced from crop
residues. Geoderma 20185, 239-240, 293—303.

(52) Yang, Y.; Sheng, G. Pesticide adsorptivity of aged particulate
matter arising from crop residue burns. J. Agric. Food Chem. 2003, S1,
5047—-50S1.

(53) Chen, B,; Zhou, D.; Zhu, L. Transitional adsorption and
partition of nonpolar and polar aromatic contaminants by biochars of
pine needles with different pyrolytic temperatures. Environ. Sci.
Technol. 2008, 42 (14), 5137—5143.

(54) Chen, B.; Chen, Z. Sorption of naphthalene and 1-naphthol by
biochars of orange peels with different pyrolytic temperatures.
Chemosphere 2009, 76, 127—133.

(S5) Cox, L,; Koskinen, W.; Yong; Yen, P. Changes in sorption of
imidacloprid with incubation time. Soil Sci. Soc. Am. . 1998, 62, 342—
347.

(56) Regitano, J.; Koskinen, W.; Sadowsky, M. Influence of soil aging
and bioavailability of simazine. J. Agric. Food Chem. 2006, 54, 1373—
1379.

(57) Regitano, J.; Koskinen, W. Characterization of nicosulfuron
availability in aged soils. J. Agric. Food Chem. 2008, 56, 5801—5805.

(58) Martin, S. M.; Kookana, R. S.; Van Zwieten, L.; Krull, E. Marked
changes in herbicide sorption—desorption upon ageing of biochars in
soil. J. Hazard. Mater. 2012, 231—-232, 70—78.

(59) Puri, B. R; Lakhanpal, M.; Verma, B. Acidoid behavior of
charcoal in relation to soil properties. Soil Sci. 1953, 75 (3), 209—218.

3149

DOI: 10.1021/acs jafc.6b00246
J. Agric. Food Chem. 2016, 64, 3141—-3149


http://www.usclimatedata.com/climate/rosemount/minnesota/united-states/usmn0642/2014/1
http://www.usclimatedata.com/climate/rosemount/minnesota/united-states/usmn0642/2014/1
http://dx.doi.org/10.1021/acs.jafc.6b00246

