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ABSTRACT: Pyrolysis of contaminated soils at 420 °C
converted recalcitrant heavy hydrocarbons into “char” (a
carbonaceous material similar to petroleum coke) and
enhanced soil fertility. Pyrolytic treatment reduced total
petroleum hydrocarbons (TPH) to below regulatory standards
(typically <1% by weight) within 3 h using only 40—60% of
the energy required for incineration at 600—1200 °C.
Formation of polycyclic aromatic hydrocarbons (PAHs) was
not observed, with post-pyrolysis levels well below applicable
standards. Plant growth studies showed a higher biomass
production of Arabidopsis thaliana and Lactuca sativa
(Simpson black-seeded lettuce) (80—900% heavier) in
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pyrolyzed soils than in contaminated or incinerated soils. Elemental analysis showed that pyrolyzed soils contained more
carbon than incinerated soils (1.4—3.2% versus 0.3—0.4%). The stark color differences between pyrolyzed and incinerated soils
suggest that the carbonaceous material produced via pyrolysis was dispersed in the form of a layer coating the soil particles.
Overall, these results suggest that soil pyrolysis could be a viable thermal treatment to quickly remediate soils impacted by
weathered oil while improving soil fertility, potentially enhancing revegetation.

B INTRODUCTION

Crude oil spills pose significant risks for environmental damage,
with over $10 billion spent in oil spill cleanup alone annually
worldwide.' ™ Although offshore oil rigs and tankers are
responsible for occasional large-volume spills, 98% of oil spills
occur on land, with an average of 70 spills per day (>25 000 per
year) reported to the U.S. EPA.*> Without adequate response,
the effects of major spills could last decades.’ Although
bioremediation (e.g., landfarming and windrowing) can
contribute to the cleanup of terrestrial oil spills, biodegradation
of the heavy hydrocarbons that prevail after the oil is weathered
is difficult to accomplish.”™'* These heavy hydrocarbons
represent an environmental hazard and a significant remedia-
tion challenge.

Thermal treatments of contaminated soils, such as ex situ
thermal desorption (low temperature with varying O, levels)'”
and incineration (high-temperature combustion), may be better
alternatives to landfill disposal because more of the
contaminants are destroyed rather than being simply
relocated."* Thermal technologies can be applied to a variety
of contaminants, including PCBs, PAHs, and petroleum
hydrocarbons.'*™>* Often done as a two-step sequential process
or separately, thermal desorption and incineration can quickly
remove over 99% of total petroleum hydrocarbons (TPH),
including recalcitrant high-molecular-weight hydrocar-
bons.'*'¥**72 The main drawbacks to these technologies are
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a high energy demand and decreased soil fertility due to the
destruction of soil organic carbon and other nutrients.””””
Energy costs to provide sufficiently high temperatures for
incineration (600—1200 °C) and thermal desorption (100—600
°C) can be high.'>**** Pyrolysis could be achieved with lower
temperatures (e.g., 350—500 °C for the conversion of
hydrocarbons to char)* '
times, could decrease the required heat input (and associated
energy costs) by approximately 40—60% relative to those of
incineration.

Although some studies have shown that hydrocarbon
removal by thermal desorption could aid in regreening efforts
after land spreading of treated soil,” increased genotoxicity to

and accordingly, for similar reaction

earthworms was also observed following thermal desorption of
PAHs at 500 °C at a coking plant, likely due to the increased
bioavailability of residual contaminants or byproducts.”
Therefore, technological innovation is needed for energy-
efficient and safer thermal treatment of contaminated soils in a
manner that also preserves soil quality. This study proposes
such a strategy based on integrating pyrolysis and thermal
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Table 1. Analysis of Selected Soil Agronomic Parameters”

TKN NO,N
soil C (%) (mg/kg) (mg/L)

A, untreated TPH 15 000 3.09 + 0.35 196.9 221

mg/kg

A, pyrolyzed (420 °C, 3h) TP 135+ 030 4409 021

H < 4 mg/kg

A, incinerated (650 °C,3h) TP 0.32 + 0.11 38.8 0.14

H < 4 mg/kg

B, Uncontaminated 0.53 + 0.04 759.3 23.21

B, untreated TPH 19 000 5.51 + 0.09 699.8 28.80

mg/kg

B, pyrolyzed (420 °C, 3 h) 3.18 + 0.41 411.4 0.24

TPH 290 mg/kg

B, incinerated (650 °C, 3 h) 0.46 + 0.11 59.6 0.16

TPH < 4 mg/kg

P water-holding capacity CEC
(mg/kg) hydrophobicity (g water/g soil) pH (meq/kg)
1724 dass 7: very 0.36 7.2 160.5

hydrophobic
65.82  class 0: very 0.33 8.4 191.0
hydrophilic
3.81  class 0: very 0.34 11.1 300.4
hydrophilic
323 class 0: very 0.26 7.4 231.8
hydrophilic
1.83  class S: strongly 0.29 7.7 300.4
hydrophobic
0.36  class 5: strongly 0.27 9.0 240.3
hydrophobic
0.37  class 0: very 0.30 11.9 2504
hydrophilic

“Analysis provided by UGA Agricultural and Environmental Services Laboratories in Atlanta, Georgia. "Performed on a CHN elemental analyzer

(Costech ECS 4010) at Rice University in Houston, Texas.

desorption techniques, producing a soil enriched in a material
with some of the chemical properties of charcoal.

Pyrolysis byproducts (e.g,, biochar) have drawn tremendous
interest due to their potential to enhance soil fertility, sequester
CO,, and manage organic waste.”*™*' By pyrolyzing soils
containing heavy hydrocarbons, we aim to create “char” out of
the residual hydrocarbons and soil organic matter, thus
generating a soil with some of the organic carbon that would
be lost by incineration. In this paper, we test the hypothesis that
pyrolysis can not only efficiently remove hydrocarbons while
offering significant energy savings over incineration but may
also enhance soil fertility relative to that of contaminated or
incinerated soils. We evaluated the efficacy of pyrolytic
treatment using microscopy and thermogravimetric and
elemental analysis and by measuring agriculturally relevant
soil parameters before and after treatment. This effort provided
mechanistic insight on thermal transformations of heavy
hydrocarbons and their effects on soil quality.

B MATERIALS AND METHODS

Contaminated Soil Samples. We selected two soils for
our study. Soil A was contaminated with heavy hydrocarbons
with a total petroleum hydrocarbons (TPH) content of 16 000
mg/kg of soil. The TPH in this soil was a result of a crude oil
spill at a wellhead and thus represents a complex mixture of
hydrocarbons. As determined by X-ray diffraction, soil A was
composed of 4% clays, 3% carbonates, 79% quartz, and 14%
other minerals. Uncontaminated background soil A was not
available from this site. Contaminated soil B had a TPH value
of 19 000 mg/kg of soil. This soil was created by spiking topsoil
from an arid region in Arizona with oily sludge from a crude oil
production site. This uncontaminated (“background”) soil B
was composed of 12% clays, 10% carbonates, 31% quartz, 20%
K-spar, 26% plagioclase, and 1% pyrite. An overview of the
major soil characteristics of contaminated and pyrolyzed soils is
included in Table 1.

Soil Pyrolysis and Incineration. Pyrolysis was performed
in a stainless-steel 0.5 L fixed-bed reactor heated by a split-
hinge tube furnace (Thermo Scientific Lindberg/Blue M)
under continuous N, flow (1 L/min). Thermocouples recorded
the temperatures on the outer surface of the reactor as well as
in the center of the soil chamber of the reactor to monitor the
temperature distribution and ensure the desired pyrolysis
temperatures were reached through the reactor.*”*’ Volatiles

2499

and moisture exited through the reactor outlet into a trap flask,
and gases were vented into a fume hood (Figure S1).

To compare soil pyrolysis to incineration, we also incinerated
soils A and B in air at 650 °C for 3 h using a mufile furnace
(Thermo Scientific Lindberg/Blue M). Soil incineration is
typically conducted at higher temperatures in the field (600—
1200 °C).”* Our relatively low incineration temperature was
chosen to compare pyrolysis with the least-destructive
incineration strategy. Pyrolysis and incineration experiments
were run in triplicate for each soil.

Weight Loss Analysis by Thermogravimetry. A
thermogravimetric analyzer (TGA) (QS00, TA Instruments)
was used to study soil weight losses occurring due to the
thermal desorption of hydrocarbons or pyrolysis reactions.
Samples of contaminated or treated soils were heated under N,
using either a constant heating rate program or a step-
isothermal technique developed to measure weight losses in
different temperature ranges. Each sample was first heated to
100 °C and held there until its weight stabilized. That weight
was considered to be the “dry weight” of the sample because
moisture and, perhaps, some light hydrocarbons are released in
this temperature range. The temperature was then raised to 150
°C and held there until again the sample weight did not change,
thus ensuring that all desorption (or reaction) processes
occurring in the 100—150 °C range had enough time for
completion. This process was repeated by raising the
temperature in 50—70 °C increments until reaching the final
temperature. The differences between the sample weights
measured at the end-point of each isothermal step provided the
total weight losses for the temperature ranges of 100—150 °C,
150—200 °C, and so on.

GC Analysis of Solvent-Extractable Hydrocarbons and
TPH Measurements. For both pyrolyzed and incinerated
soils, we measured the solvent-extractable hydrocarbons via
GC-FID (Agilent 7890A) based on EPA method 8015M.***
Briefly, S g soil samples were vortexed and centrifuged with 20
mL of solvent. Due to differences in the composition of crude
oils, different solvents were chosen for extraction (dichloro-
methane for soil A and carbon disulfide for soil B (Sigma-
Aldrich)). Specifically, soil B contained more nonpolar waxy
paraffins than soil A, making nonpolar carbon disulfide a more
effective solvent choice. Samples were filtered through 1 uL
syringe filters (Fisher Scientific) before gas chromatography—
flame ionization detector (GC—FID) analysis. For an overall
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assessment of hydrocarbon removal, we examined changes in
the area under the curve of the GC—FID chromatograms. A
total of two such tests were run for every pyrolysis and
incineration experiment (which were also done in triplicate).

TPH and PAH analysis was performed by Lancaster
Laboratories (Lancaster, PA).

Soil Fertility and Plant Studies. We grew Arabidopsis
thaliana and Lactuca sativa (Simpson black-seeded lettuce) in
controlled growth rooms kept at 21 °C with 16 h of simulated
sunlight provided by full-spectrum lamps at 140 uE m™> s™!
(where E = einstein, defined as 1 mol of photons).%’47 A total
of five replicates were used for every soil and plant type.
Arabidopsis was chosen as a standard in plant biology literature,
and lettuce has been identified as the ideal plant for
hydrocarbon-contaminated soil testing due to toxin sensitiv-
ity." Soils were mixed, moistened, and packed into 50 mL pots
with filter paper at the bottom to prevent soil loss. Half of the
treatments were amended with quarter-strength Hoagland’s
solution’”® to assess the benefits of nutrient addition to
pyrolyzed soil fertility. After the seeds were planted, the pots
were stored at 4 °C for 2 days to synchronize germination and
then placed in the growth room. Germination and seedling
death was monitored for 21 days. After being harvested, the
plants were then dried for 48 h at 65 °C and weighed. Standard
error was calculated on plant germination and weights when
possible. Arabidopsis seedlings were so small and delicate in
incinerated, untreated, and hydrocarbon-contaminated soils
that we were unable to weigh individual plants and thus unable
to accurately calculate error.

Additional Soil Characterization. Properties of contami-
nated, pyrolyzed, and incinerated soils were analyzed using
several methods common to biochar characterization. We
performed elemental analysis in triplicate using a CHN analyzer
(Cosctech ECS 4010), and determined water-holding capacity
gravimetrically using the method described by Kinney et al.>">*
Hydrophobicity was determined using a molarity of ethanol
droplet (MED) test.”"** A total of six replicates were used for
hydrophobicity and water-holding capacity experiments. Stand-
ard agronomic analyses were also made, as shown in Table 1
(measurements made at UGA Agricultural and Environmental
Services Laboratory, Atlanta, GA). We acquired images at Rice
University (Houston, TX) on an optical microscope equipped
with a digital camera at 10—20X magnification.

B RESULTS AND DISCUSSION

Soil Pyrolysis at 420 °C and Effective Removal of TPH
to below Regulatory Limits. Pyrolysis of crude oil and its
SARA fractions (saturates, aromatics, resins, and asphaltenes) is
characterized by a low-temperature stage (100—300 °C)
involving the volatilization (or distillation) of saturates and
aromatics and a high-temperature stage (350—500 °C), during
which resins and asophaltenes are pyrolyzed to produce
petroleum coke.””**~*’ The production of coke via the thermal
cracking of asphaltenes and resins involves a complex reaction
network that includes (a) the cracking of alkyl chains from
aromatic groups, (b) the dehydrogenation of naphthenes to
form aromatics, (c) the condensation of aromatics to higher
fused-ring aromatics, and (d) dimerization and oligomerization
reactions.””®'~® Asphaltenes are the main precursors of
petroleum coke.”>®® Their conversion to coke starts between
300 and 350 °C, proceeds rapidly in the 400—450 °C range,
and is usually complete before the temperature reaches 500
°C.3%* Aromatics, paraffins, olefins, and naphthenes can also
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Figure 1. Thermogravimetic analysis showing weight loss rates of two
hydrocarbon-contaminated soils. Samples were heated at a constant
rate of 5 °C/min under flowing nitrogen. The curves reflect the
devolatilization of light hydrocarbons for temperatures below 350 °C
and removal by pyrolysis between 350 and 500 °C. For both soils, the
pyrolysis reaction rates peaked in the 400—450 °C range.
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Figure 2. GC—FID analysis of soils A and B before and after pyrolysis
treatment. Both soils show extensive removal of hydrocarbons and
significant reduction in TPH.

contribute to coke formation via secondary reactions. However,
these reactions have both long induction periods and low rates
at the temperatures considered here.”°> More importantly, the
inert gases flowing through our pyrolysis reactor continuously
sweep the released volatiles and light hydrocarbons produced
by cracking reactions, thus greventing the formation of coke via
these secondary reactions.”>*

Although there are numerous publications on the homoge-
neous pyrolysis of hydrocarbons, very little is known about the
effects of soil on the pyrolysis of oil dispersed in a porous
medium.*>*’ Therefore, we carried out a series of thermogravi-
metric experiments to determine whether the well-established
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Table 2. Thermogravimetric Analysis of Two Soils Contaminated with Heavy Hydrocarbons before and after Pyrolytic

Treatment or Incineration”

sample tested % total weight loss (dry basis)

soil A, contaminated 246 + 0.63
soil A, pyrolyzed” 040 + 0.14
soil A, incinerated® 0.23 + 0.23
soil B, uncontaminated 0.52 + 0.23
soil B, contaminated 5.54 £ 1.03
soil B, pyrolyzed” 1.16 + 0.44
soil B, incinerated® 0.44 + 0.16

fractional loss in the 100—350 °C range

fractional loss in the 350—420 °C range

0.80 0.20
0.51 0.49
0.75 0.25
0.66 0.34
0.71 0.29
0.44 0.56
0.70 0.30

“The percent total weight loss represents averages from three runs (# one standard deviation). Uncontaminated soil samples (not available for soil
A) were run to discern the weight loss associated with hydrocarbon removal through volatilization or thermal degradation. berolytic treatment was
conducted at 420 °C for 3 h. “Incineration was conducted at 650 °C for 3 h.
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Figure 3. Mean plant dry weight after 21 days of growth. Pyrolyzed soils produce significantly more biomass than do contaminated and incinerated
soils. The letters above the bars indicate significant differences (p < 0.05) among treatments per the Tukey test. Error was not calculated for
Arabidopsis seedlings because the dried plants were too fragile to be handled and weighed individually, and these plants were weighed in bulk by

treatment type.

patterns of homogeneous oil pyrolysis are also observed for our
contaminated soils.

Over the range of the typical pyrolysis temperatures tested,
the weight loss rates peaked between 400 and 450 °C for both
contaminated soils (Figure 1). Therefore, a temperature of 420
°C was selected for further pyrolysis tests.

GC—FID analysis of soils A and B after pyrolysis under
nitrogen for 3h at 420 °C showed significant removal of
hydrocarbons (Figure 2). The area under the chromatogram of
pyrolyzed soil A (which is the measure of the amount of
solvent-extractable hydrocarbons) showed a 99.6% reduction
when compared to that of contaminated soil A. The
corresponding reduction for pyrolyzed soil B was 95.0%. Soil
B apparently contains some hydrocarbons that require
temperatures higher than 420 °C for complete removal (Figure
S2).

More importantly, the pyrolytic treatment reduced TPH in
soil A from 16 000 mg/kg to below the detection limit of 4 mg/
kg. Similarly, soil B experienced a significant reduction in TPH,
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from 19000 mg/kg to 290 mg/kg. These residual TPH
concentrations easily meet regulatory thresholds (commonly
1000—10 000 mg/kg for crude oil, depending on loca-
tion).®*~"* The removal of TPH was due both to (a) thermal
desorption of low-molecular-weight hydrocarbons at temper-
atures below 350 °C, and (b) thermal degradation of the
remaining hydrocarbons at higher temperatures to form char
(or coke). Because contaminated soil A contained more
saturated and aromatic hydrocarbons (Figure S2), TGA
shows that it exhibited higher weight losses than soil B
between 100 and 350 °C.”> About 80% of the total weight
losses of soil A occurred in this range, whereas the
corresponding fractional loss for soil B was 71% (Table 2).
Also, pyrolyzed soil B contained six times more C than the
uncontaminated soil and significantly less C than the
contaminated soil (Table 2), indicating that pyrolysis produced
a significant amount of “char” that was not solvent-extractable
and, thus, not detectable by GC—FID analysis.

DOI: 10.1021/acs.est.5b02620
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Figure 4. Optical microscopy of thermally treated soils. (a) Pyrolyzed soil A, (b) incinerated soil A, (c) pyrolyzed soil B, and (d) incinerated soil B.

Weight losses of uncontaminated soil B were less than 10%
of those experienced by the contaminated soil (Table 2). This
indicates that the majority of the dry-weight losses for
contaminated soil B were due to hydrocarbon volatilization
and degradation. Finally, weight losses measured after soils A
and B had been pyrolyzed (3 h at 420 °C) or incinerated (3 h
at 650 °C) were relatively small (Table 2), indicating that the
selected pyrolysis conditions were appropriate.

Plant Growth Enhancement by Pyrolysis of Contami-
nated Soil. Both Arabidopsis and lettuce showed significantly
higher germination and growth in pyrolyzed soils compared to
incinerated or heavy hydrocarbon-contaminated soils, suggest-
ing that soil pyrolysis may have a valuable niche in the soil
remediation of weathered oil. In most cases, both Arabidopsis
and lettuce seeds germinated sooner and in higher numbers in
pyrolyzed soil than in contaminated or incinerated soil (Figures
S3 and S4). In addition, both pyrolyzed soils allowed
significantly more biomass production compared to contami-
nated or incinerated soils (Figure 3). Fertilization did not
significantly affect germination or seedling mortality, but plants
grown in pyrolyzed fertilized soil A were heavier than those that
were not fertilized. Fertilization did not significantly improve
seedling weight for pyrolyzed soil B. Although pyrolysis
significantly enhanced soil fertility to facilitate regreening
efforts, it may not fully restore soil fertility compared to
(uncontaminated) soil. This is illustrated for uncontaminated
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soil B, which exhibited the highest germination and biomass
yields (Figures S3c,d and S4c,d and Table S1).

Soil Pyrolysis without Significant Production of
Polycyclic Aromatic Hydrocarbons. PAHs are potentially
carcinogenic compounds that could be formed by the
incomplete combustion of fossil fuels and biomass.”*
Preventing PAH formation and transport into groundwater is
therefore of utmost importance. We measured the concen-
trations of the 16 EPA-designated priority PAHs in pyrolyzed
soils and compared them to risk-based screening levels (RBSL)
for Texas soils and PAH levels prior to treatment (Table S2).
Most PAHs were below detection limits (0.003 mg/kg), with
chrysene and phenanthrene being only slightly detectable at
0.004 mg/kg in soil A. Soil B had slightly higher PAH content,
consistent with TGA and SARA results. Nevertheless, all PAHs
in soil B were well below both RBSLs and common background
level values for PAHs.” Results from the two soils analyzed
here suggest no risk associated with PAH formation in soil
pyrolysis.””*?

Pyrolysis without Considerable Effect on Agronom-
ically Relevant Soil Properties. We hypothesized that by
avoiding combustion, pyrolysis would be less destructive to soil
fertility in comparison to incineration. Pyrolysis increased soil
pH to a much lesser extent than incineration. Specifically, the
pH increased from 7.2 to 8.4 for soil A and from 7.7 to 9.2 for

DOI: 10.1021/acs.est.5b02620
Environ. Sci. Technol. 2016, 50, 2498—2506


http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b02620/suppl_file/es5b02620_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b02620/suppl_file/es5b02620_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b02620/suppl_file/es5b02620_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b02620/suppl_file/es5b02620_si_001.pdf
http://dx.doi.org/10.1021/acs.est.5b02620

Environmental Science & Technology

0.25 @
0.20
0.15
(8} N,
I §§ OSoil A
0.10 §s § =Soil B
. \ N\
0.00 § & & & &
Untreated 220 370 420 470
Temperature ("C)
0.12 1
0.10 - @
32 0.08
% D Soil A
E 0.06 1 " Soil B
< 0.04
0.02 -
0.00 - T T T :
Untreated 220 370 420 470

Temperature (°C)

Figure 5. Elemental analysis of thermally treated soils. (a) The H:C
ratio decreases with thermal treatment and increased pyrolysis
temperature, consistent with char and coke formation. (b) Total N
content varies for soil A but not for soil B with pyrolysis temperature.

soil B after pyrolysis (Table 1), whereas it increased to 11.1
(soil A) and 11.9 (soil B) following incineration.

Elemental analysis shows that the total soil-associated
nitrogen was higher in pyrolyzed than in incinerated soils,
with higher values corresponding to lower pyrolysis temper-
atures. Specifically, while NO;—N values decreased more than
90% for all thermally treated soils, total Kjeldahl nitrogen
(TKN) was retained to a greater extent in pyrolyzed soils
(410—440 mg/kg)”> compared to that in incinerated soils (40—
60 mg/kg). Nitrogen losses are also observed in biochar
production.”” Typical nitrogen emissions from the pyrolysis of
biomass (where nitrogen is primarily bound in proteins and low
concentrations of plant nitrates) occur as HCN, NH;, and
HNCO, as well as in low levels of NO,.”57%

By removing hydrocarbons, thermal treatment decreased
hydrophobicity for both soils (Table 1). The reduction of
hydrophobicity contributes to the restoration of soil health, as
hydrophobicity increases erosion and reduces infiltration rates,
seed germination, and plant growth.*’~** Although pyrolysis
and incineration both transformed soil A from Class 7 (very
hydrophobic) to Class S (very hydrophilic) material, pyrolysis
at 420 °C did not reduce the hydrophobicity of soil B below
Class S levels. Our results suggest that this soil contains
hydrocarbons that may require temperatures higher than 420
°C for the more complete degradation necessary to further
decrease hydrophobicity. Finally, changes in the water-holding
capacity after thermal treatment were not statistically significant
(0.36 + 0.02 versus 0.33 + 0.03 for soil A before and after
pyrolysis, respectively, and 0.29 + 0.05 and 0.27 + 0.04 for soil
B) (Table 1). Maintenance of water-holding capacity is critical
for healthy plant growth in the revegetation of remediated sites.
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Although additional testing of different soils is necessary for
the further substantiation of these trends, they suggest that soil
pyrolysis may be a less destructive thermal-treatment option
than incineration in regards to soil fertility.

Elemental Analysis and Microscopy Suggestion of
Pyrolyzed Organic Carbon Deposition as a Thin Film.
Elemental analysis (EA) of C and H content in soils before
pyrolytic treatment and incineration showed that pyrolyzed
soils retained organic carbon that is otherwise lost upon
incineration. Incinerated soils contained very little carbon (0.32
+ 0.11 and 0.46 + 0.11 wt %, respectively, for soil A and soil
B), representing less than 1/10th of the C detected in the
contaminated soils.** No hydrogen was detected in incinerated
soils. EA analysis of contaminated soils showed H:C ratios of
1.62 for soil A and 1.95 for soil B (Figure 4), which are typical
for heavy crudes.”® As pyrolysis temperature increased, H:C
decreased to less than 1, which is standard for petroleum
cokes.”” This decrease is due to the loss of hydrogen that
occurs during the pyrolysis reactions that form characteristic
clusters of aromatic rings.

Our data suggest that the char-like material coated the
surface of pyrolyzed soil particles. This material has a similar
composition to that of petroleum coke, based on the low H:C
ratios observed for soils pyrolyzed at temperatures higher than
420 °C and the stark color differences (dark gray versus light
brown) observed in images of pyrolyzed and incinerated soils
(Figure S). Note that in contrast to biochar production, the
deposition of this material as a thin film on pyrolyzed soil
particles should not change soil porosity or particle size.**"
Therefore, pyrolysis of hydrocarbon-contaminated soil is
unlikely to trigger significant changes in soil properties such
as water-holding capacity, plant-available water, and hydraulic
conductivity, as can occur in biochar-amended soils.”"**

In summary, thermal treatment of soils impacted by
weathered oil spills offers the ability to quickly remove
recalcitrant high-molecular-weight hydrocarbons. Pyrolysis
requires less energy and, for the two soils examined here,
achieved near-total TPH removal while preserving important
agronomic properties such as residual soil organic carbon and
pH. We also observed increased biomass yields compared to
those of plants grown in incinerated soils. Microscopy and
elemental analysis suggest that pyrolysis leads to the formation
of carbonaceous material (char) that coats the surface of soil
particles. This represents an advantage over incineration, which
burns not only contaminants but also natural organic matter
that could be important for soil health. Therefore, pyrolysis has
the potential to fill an important niche in the remediation of
weathered hydrocarbons while also restoring soil fertility and
enhancing revegetation.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.5b02620.

Figures showing the waste trap for the pyrolysis reactor,
SARA analysis results, percentages of surviving lettuce
and Arabidopsis seedlings. Tables showing the average
dry weights of lettuce and Arabidopsis and PAH analysis
results (PDF)

DOI: 10.1021/acs.est.5b02620
Environ. Sci. Technol. 2016, 50, 2498—2506


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.est.5b02620
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b02620/suppl_file/es5b02620_si_001.pdf
http://dx.doi.org/10.1021/acs.est.5b02620

Environmental Science & Technology

B AUTHOR INFORMATION

Corresponding Author
*Phone: (713)-348-5903. E-mail: alvarez@rice.edu.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by Chevron Corporation. Any results,
conclusions, and recommendations expressed in this research
are those of the authors and do not necessarily reflect the views
of Chevron Corporation. C.AM. also acknowledges the
support of NSF EAR 0949337. We thank Sara McMillen and
Gabriel Sabadell at Chevron for their guidance and expertise.
We also thank Janet Braam in the Department of Biosciences at
Rice University for her expertise on Arabidopsis growth and the
use of her plant growth facilities.

B REFERENCES

(1) Yang, C,; Kaipa, U; Mather, Q. Z.; Wang, X.; Nesterov, V,;
Venero, A. F.; Omary, M. A. Fluorous metal—organic frameworks with
superior adsorption and hydrophobic properties toward oil spill
cleanup and hydrocarbon storage. J. Am. Chem. Soc. 2011, 133 (45),
18094—18097.

(2) Kontovas, C. A.; Psaraftis, H. N.; Ventikos, N. P. An empirical
analysis of IOPCF oil spill cost data. Mar. Pollut. Bull. 2010, 60 (9),
1455—1466.

(3) Wiens, J. A;; Crist, T. O.; Day, R. H.; Murphy, S. M.; Hayward, G.
D. Effects of the Exxon Valdez oil spill on marine bird communities in
Prince William Sound, Alaska. Eco. Appl. 1996, 6 (3), 828—841.

(4) US. Environmental Protection Agency. Understanding oil spills
and oil spill response. EPA Office of Emergency and Remedial
Response: Washington, DC, 1999, 21.

(S) Etkin, D. S. Analysis of oil spill trends in the United States and
worldwide. Proc. Int. Oil Spill Conf. 2001, 1, pp 1291—1300.

(6) Li, H; Boufadel, M. C. Long-term persistence of oil from the
Exxon Valdez spill in two-layer beaches. Nat. Geosci. 2010, 3 (2), 96—
99.

(7) Leahy, J. G; Colwell, R. R. Microbial degradation of
hydrocarbons in the environment. Microbiol. Rev. 1990, 54 (3),
305-31S.

(8) Marchal, R;; Penet, S.; Solano-Serena, F.; Vandecasteele, J. P.
Gasoline and diesel oil biodegradation. Oil Gas Sci. Technol. 2003, 58
(4), 441—448.

(9) Prince, R. C.; Garrett, R. M.; Bare, R. E.; Grossman, M. J;
Townsend, T.; Suflita, J. M.; Lee, K; Owens, E. H; Sergy, G. A;
Braddock, J. F.; Lindstrom, J. E; Lessard, R. R. The roles of
photooxidation and biodegradation in long-term weathering of crude
and heavy fuel oils. Spill Sci. Technol. Bull. 2003, 8 (2), 145—156.

(10) Garrett, R. M.; Rothenburger, S. J.; Prince, R. C. Biodegradation
of fuel oil under laboratory and Arctic marine conditions. Spill Sci.
Technol. Bull. 2003, 8 (3), 297—302.

(11) Deeb, R. A; Sharp, J. O.; Stocking, A.; McDonald, S.; West, K.
A.; Laugier, M,; Alvarez, P. J.; Kavanaugh, M. C; Alvarez-Cohen, L.
Impact of ethanol on benzene plume lengths: microbial and modeling
studies. J. Environ. Eng. 2002, 128 (9), 868—875.

(12) Hoeppel, R; Hinchee, R; Arthur, M. Bioventing soils
contaminated with petroleum hydrocarbons. J. Ind. Microbiol. 1991,
8 (3), 141—146.

(13) Liw, J; Qi, Z; Li, X;; Chen, T.; Buekens, A; Yan, J.; Ni, M.
Effect of oxygen content on the thermal desorption of polychlorinated
biphenyl-contaminated soil. Env. Sci. Poll. 2015, 1-9.

(14) Oppelt, E. T. Hazardous waste destruction. Environ. Sci. Technol.
1986, 20 (4), 312—318.

(15) Troxler, W. L.; Cudahy, J. J.; Zink, R. P.; Yezzi, J. J.; Rosenthal,
S. 1. Treatment of nonhazardous petroleum-contaminated soils by
thermal desorption technologies. Air Waste 1993, 43 (11), 1512—
1528.

2504

(16) Keyes, B. R;; Silcox; Geoffrey, D. Fundamental study of the
thermal desorption of toluene from montmorillonite clay particles.
Environ. Sci. Technol. 1994, 28, 840—849.

(17) Uzgiris, E. E.; Edelstein; William, A.; Philipp; Herbert, R.; Iben,
T. I E. Complex thermal desorption of PCBs from soil. Chemosphere
1995, 30 (2), 377—387.

(18) Gilot, P.; Howard, J. B.; Peters, W. A. Evaporation phenomena
during thermal decontamination of soils. Environ. Sci. Technol. 1997,
31, 461—466.

(19) Risoul, V.; Renauld, V.; Trouve, G.; Gilot, P. A laboratory pilot
study of thermal decontamination of soils polluted by PCBs.
Comparison with thermogravimetric analysis. Waste Manage. 2002,
22, 61-72.

(20) Merino, J.; Bucala, V. Effect of temperature on the release of
hexadecane from soil by thermal treatment. J. Hazard. Mater. 2007,
143 (1-2), 455—61.

(21) Triplett Kingston, J. L.; Dahlen, P. R.; Johnson, P. C. State-of-
the-practice review of in situ thermal technologies. Groundwater Monit.
Rem. 2010, 30 (4), 64—72.

(22) Hinchee, R. E.; Smith, L. A. In situ thermal technologies for site
remediation; Lewis Publishers: Florence, KY, 1993.

(23) Appleton, T.; Colder, R;; Kingman, S.; Lowndes, I; Read, A.
Microwave technology for energy-efficient processing of waste. Appl.
Energy 2005, 81 (1), 85—113.

(24) Lighty, J. S.; Pershing, D. W,; Cundy, V. A; Linz, D. G.
Characterization of thermal desorption phenomena for the cleanup of
contaminated soil. Nucl. Chem. Waste Manage. 1988, 8 (3), 225—237.

(25) Saari, E.; Perimiki, P.; Jalonen, J. Measurement uncertainty in
the determination of total petroleum hydrocarbons (TPH) in soil by
GC-FID. Chemom. Intell. Lab. Syst. 2008, 92 (1), 3—12.

(26) Lighty, J. S;; Silcox, G. D.; Pershing, D. W.; Cundy, V. A.; Ling,
D. G. Fundamentals for the thermal remediation of contaminated soils.
particle and bed desorption models. Environ. Sci. Technol. 1990, 24,
750-757.

(27) Biache, C; Mansuy-Huault, L.; Faure, P.; Munier-Lamy, C.;
Leyval, C. Effects of thermal desorption on the composition of two
coking plant soils: Impact on solvent extractable organic compounds
and metal bioavailability. Environ. Pollut. 2008, 156 (3), 671—677.

(28) Falciglia, P. P,; Giustra, M. G; Vagliasindi, F. G. A. Low-
temperature thermal desorption of diesel polluted soil: Influence of
temperature and soil texture on contaminant removal kinetics. J.
Hazard. Mater. 2011, 185 (1), 392—400.

(29) Alvarez, E.; Marroquin, G.; Trejo, F.; Centeno, G.; Ancheyta, J.;
Diaz, J. A. L Pyrolysis kinetics of atmospheric residue and its SARA
fractions. Fuel 2011, 90 (12), 3602—3607.

(30) Yoshida, R;; Takeda, S.; Teramoto, S.; Matsushita, T.; Takeya,
G. Thermal-behavior of coal-derived asphaltenes. Fuel Process. Technol.
1984, 9 (3), 307—313.

(31) Delbianco, A.; Panariti, N.; Prandini, B.; Beltrame, P. L.; Carniti,
P. Thermal-cracking of petroleum residues 0.2. Hydrogen-donor
solvent addition. Fuel 1993, 72 (1), 81—85.

(32) Dazy, M; Férard, J.-F.; Masfaraud, J.-F. Use of a plant multiple-
species experiment for assessing the habitat function of a coke factory
soil before and after thermal desorption treatment. Eco. Engineering
2009, 35 (10), 1493—1500.

(33) Bonnard, M.; Devin, S.; Leyval, C.; Morel, J. L.; Vasseur, P. The
influence of thermal desorption on genotoxicity of multipolluted soil.
Ecotoxicol. Environ. Saf. 2010, 73 (5), 955—960.

(34) Zhang, X;; Wang, H.; He, L.; Lu, K; Sarmah, A; Lj, J.; Bolan,
N,; Pei, J; Huang, H. Using biochar for remediation of soils
contaminated with heavy metals and organic pollutants. Environ. Sci.
Pollut. Res. 2013, 20 (12), 8472—8483.

(35) Lehmann, J.; Gaunt, J.; Rondon, M. Bio-char sequestration in
terrestrial ecosystems — A review. Mit. and Adapt. Strat. Global Change
2006, 11 (2), 395—419.

(36) Singh, B. P.; Hatton, B. J.; Singh, B.; Cowie, A. L.; Kathuria, A.
Influence of biochars on nitrous oxide emission and nitrogen leaching
from two contrasting soils. J. Environ. Qual. 2010, 39 (4), 1224—1235.

DOI: 10.1021/acs.est.5b02620
Environ. Sci. Technol. 2016, 50, 2498—2506


mailto:alvarez@rice.edu
http://dx.doi.org/10.1021/acs.est.5b02620

Environmental Science & Technology

(37) Jeffery, S.; Verheijen, F.; Van Der Velde, M.; Bastos, A. A
quantitative review of the effects of biochar application to soils on crop
productivity using meta-analysis. Agric, Ecosyst. Environ. 2011, 144 (1),
175-187.

(38) Quilliam, R. S.; Marsden, K. A.; Gertler, C.; Rousk, J.; DeLuca,
T. H,; Jones, D. L. Nutrient dynamics, microbial growth and weed
emergence in biochar amended soil are influenced by time since
application and reapplication rate. Agric, Ecosyst. Environ. 2012, 158
(0), 192—199.

(39) Major, J; Rondon, M.; Molina, D; Riha, S. J.; Lehmann, ]J.
Maize yield and nutrition during 4 years after biochar application to a
Colombian savanna oxisol. Plant Soil 2010, 333 (1-2), 117—128.

(40) Spokas, K. A.; Cantrell, K. B; Novak, J. M.; Archer, D. W,;
Ippolito, J. A; Collins, H. P.; Boateng, A. A; Lima, I. M.; Lamb, M. C,;
McAloon, A. J.; Lentz, R. D.; Nichols, K. A. Biochar: A synthesis of its
agronomic impact beyond carbon sequestration. J. Env. Quality 2012,
41 (4), 973—989.

(41) Enders, A,; Hanley, K;; Whitman, T.; Joseph, S.; Lehmann, ]J.
Characterization of biochars to evaluate recalcitrance and agronomic
performance. Bioresour. Technol. 2012, 114, 644—653.

(42) Veranth, J. M; Silcox, G. D.; Pershing, D. W. Numerical
modeling of the temperature distribution in a commercial hazardous
waste slagging rotary kiln. Environ. Sci. Technol. 1997, 31, 2534.

(43) Veranth, J. M; Gao, D.; Silcox, G. D. Field investigation of the
temperature distribution in a commercial hazardous waste slagging
rotary kiln. Environ. Sci. Technol. 1996, 30, 3053.

(44) Bento, F. M.; Camargo, F. A. O.; Okeke, B. C.; Frankenberger,
W. T. Comparative bioremediation of soils contaminated with diesel
oil by natural attenuation, biostimulation and bioaugmentation.
Bioresour. Technol. 2005, 96 (9), 1049—1055.

(45) James, D. E.; et al. Interference of avian guano in analyses of
fuel-contaminated soils. J. Environ. Eng. 1996, 122 (1), 74—76.

(46) Zhu, X. F.; Wan, J. X;; Sun, Y.; Shi, Y. Z,; Braam, J.; Li, G. X;
Zheng, S. J. XTHI17 interacts with XTH31 to confer XET action and
affect aluminum sensitivity in Arabidopsis. Plant Physiol. 2014, 163,
1566.

(47) Goodspeed, D.; Chehab, E. W.,; Min-Venditti, A.; Braam, J;
Covington, M. F. Arabidopsis synchronizes jasmonate-mediated
defense with insect circadian behavior. Proc. Natl. Acad. Sci. U. S. A.
2012, 109 (12), 4674—4677.

(48) Banks, M. K; Schultz, K. E. Comparison of plants for
germination toxicity tests in petroleum-contaminated soils. Water, Air,
Soil Pollut. 2005, 167 (1—4), 211-219.

(49) Hoagland, D. R;; Arnon, D. . The water-culture method for
growing plants without soil, 2nd ed.; University of California College
of Agriculture: Berkeley, CA, Circ.- Calif. Agric. Exp. Stn.1950, 347.

(50) Wang, J.; Koo, Y.; Alexander, A.; Yang, Y.; Westerhof, S.; Zhang,
Q. Schnoor, J. L; Colvin, V. L; Braam, J.; Alvarez, P. J. J.
Phytostimulation of poplars and Arabidopsis exposed to silver
nanoparticles and Ag+ at sublethal concentrations. Environ. Sci.
Technol. 2013, 47 (10), 5442—5449.

(51) Kinney, T. J; Masiello, C. A;; Dugan, B.; Hockaday, W. C,;
Dean, M. R,; Zygourakis, K; Barnes, R. T. Hydrologic properties of
biochars produced at different temperatures. Biomass Bioenergy 2012,
41 (0), 34—43.

(52) Jenkinson, D.; Powlson, D. S. The effects of biocidal treatments
on metabolism in soil—V: a method for measuring soil biomass. Soil
Biol. Biochem. 1976, 8 (3), 209—213.

(53) Doerr, S. H. On standardizing the ‘water drop penetration
time’and the ‘molarity of an ethanol droplet’techniques to classify soil
hydrophobicity: a case study using medium textured soils. Earth Surf.
Processes Landforms 1998, 23 (7), 663—668.

(54) Ambalae, A; Mahinpey, N.; Freitag, N. Thermogravimetric
studies on pyrolysis and combustion behavior of a heavy oil and its
asphaltenes. Energy Fuels 2006, 20 (2), 560—565.

(55) Banerjee, D. K; Laidler, K. J; Nandi, B. N; Patmore, D. ]J.
Kinetic-studies of coke formation in hydrocarbon fractions of heavy
crudes. Fuel 1986, 65 (4), 480—484.

2505

(56) Ciajolo, A.; Barbella, R. Pyrolysis and oxidation of heavy fuel oils
and their fractions in a thermogravimetric apparatus. Fuel 1984, 63
(5), 657—661.

(57) Douda, J.; Alvarez, R.; Navarrete Bolafios, J. Characterization of
Maya asphaltene and maltene by means of pyrolysis application. Energy
Fuels 2008, 22 (4), 2619—2628.

(58) Karacan, O.; Kok, M. V. Pyrolysis analysis of crude oils and their
fractions. Energy Fuels 1997, 11 (2), 385—391.

(59) Kok, M. V. Characterization of medium and heavy crude oils
using thermal analysis techniques. Fuel Process. Technol. 2011, 92 (5),
1026—1031.

(60) Wiehe, I. A. A phase-separation kinetic-model for coke
formation. Ind. Eng. Chem. Res. 1993, 32 (11), 2447—2454.

(61) Guisnet, M.; Magnoux, P. Organic chemistry of coke formation.
Appl. Catal, A 2001, 212 (1-2), 83-96.

(62) Sullivan, R. F.; Boduszynski, M. M.; Fetzer, J. C. Molecular-
transformations in hydrotreating and hydrocracking. Energy Fuels
1989, 3 (5), 603—612.

(63) Yasar, M.; Trauth, D. M.; Klein, M. T. Asphaltene and resid
pyrolysis. 2. The effect of reaction environment on pathways and
selectivities. Energy Fuels 2001, 15 (3), S04—509.

(64) Delbianco, A.; Panariti, N.; Anelli, M.; Beltrame, P. L.; Carniti,
P. Thermal-cracking of petroleum residues 0.1. Kinetic-analysis of the
reaction. Fuel 1993, 72 (1), 75—80.

(65) Ranjbar, M.; Pusch, G. Pyrolysis and combustion kinetics of
crude oils, asphaltenes and resins in relation to thermal recovery
processes. J. Anal. Appl. Pyrolysis 1991, 20, 185—196.

(66) Ranjbar, M. Influence of reservoir rock composition on crude-oil
pyrolysis and combustion. J. Anal. Appl. Pyrolysis 1993, 27 (1), 87—95.

(67) Verkoczy, B. Factors affecting coking in heavy oil cores, oils and
sara fractions under thermal-stress. J. Can. Petrol Technol. 1993, 32 (7),
25-33.

(68) Pal, D.; Fann, S;; Wight, S. Application guide for thermal
desorption systems; DTIC Document: 1998.

(69) Michelsen, T. C.; Boyce, C. P. Cleanup standards for petroleum
hydrocarbons. Part 1. Review of methods and recent developments.
Soil Sediment Contam. 1993, 2 (2), 109—124.

(70) Blaisdell, R. A.; Smallwood, M. E. Evaluation of the total
petroleum hydrocarbon standard for cleanup of petroleum contaminated
sites; DTIC, 1993.

(71) Bell, C. E.; Kostecki, P. T.; Calabrese, E. J.Review of state
cleanup levels for hydrocarbon contaminated soils. In Hydrocarbon
contaminated soils and ground water; 1991, 1, pp. 7789

(72) McMillen, S;; Magaw, R; Kerr, J.; Sweeney, R; Nakles, D.;
Geiger, S. A new risk-based approach to establish cleanup levels for
total petroleum hydrocarbons. In The Proceedings of the 6th
International Petroleum Environmental Conference, Sublette, K.L., Ed,;
SCG, Inc,, Tulsa, OK, 2000; pp 438—459.

(73) Anderson, G. K,; McCarthy, J. E. Use of risk-based standards for
cleanup of petroleum contaminated soil; DTIC, 1994.

(74) Hale, S. E.; Lehmann, J.; Rutherford, D.; Zimmerman, A. R;;
Bachmann, R. T.; Shitumbanuma, V.; O’Toole, A.; Sundqvist, K. L.;
Arp, H. P. H,; Cornelissen, G. Quantifying the total and bioavailable
polycyclic aromatic hydrocarbons and dioxins in biochars. Environ. Sci.
Technol. 2012, 46 (5), 2830—2838.

(75) Ebrahimi, S.; Moghaddas, J. S.; Aghjeh, M. K. R. Study on
thermal cracking behavior of petroleum residue. Fuel 2008, 87 (8—9),
1623—-1627.

(76) Cardenas-Navarro, R; Adamowicz, S.; Robin, P. Nitrate
accumulation in plants: a role for water. J. Exp. Bot. 1999, S0 (334),
613—624.

(77) Pels, J. R.; Kapteijn, F.; Moulijn, J. A.; Zhu, Q.; Thomas, K. M.
Evolution of nitrogen functionalities in carbonaceous materials during
pyrolysis. Carbon 1995, 33 (11), 1641—1653.

(78) Ren, Q.; Zhao, C.; Chen, X.; Duan, L,; Li, Y.; Ma, C. NOx and
N20 precursors (NH3 and HCN) from biomass pyrolysis: Co-
pyrolysis of amino acids and cellulose, hemicellulose and lignin. Proc.
Combust. Inst. 2011, 33 (2), 1715—1722.

DOI: 10.1021/acs.est.5b02620
Environ. Sci. Technol. 2016, 50, 2498—2506


http://dx.doi.org/10.1021/acs.est.5b02620

Environmental Science & Technology

(79) Ren, Q.; Zhao, C. NOx and N2O precursors from biomass
pyrolysis: Nitrogen transformation from amino acid. Environ. Sci.
Technol. 2012, 46 (7), 4236—4240.

(80) Hansson, K.-M.,; Samuelsson, J; Tullin, C; Amand, L.-E.
Formation of HNCO, HCN, and NH3 from the pyrolysis of bark and
nitrogen-containing model compounds. Combust. Flame 2004, 137
(3), 265-277.

(81) Burch, G. J.; Moore, L. D.; Burns, J. Soil hydrophobic effects on
infiltration and catchment runoff. Hydrol. Processes 1989, 3 (3), 211—
222.

(82) Doerr, S. H.; Shakesby, R. A; Walsh, R. P. D. Soil water
repellency: its causes, characteristics and hydro-geomorphological
significance. Earth-Sci. Rev. 2000, S1 (1—4), 33—65.

(83) Shakesby, R. A; Doerr, S. H,; Walsh, R. P. D. The erosional
impact of soil hydrophobicity: current problems and future research
directions. J. Hydrol. 2000, 231—232 (0), 178—191.

(84) Plante, A. F.; Fernandez, ]. M.; Leifeld, J. Application of thermal
analysis techniques in soil science. Geoderma 2009, 153 (1-2), 110.

(85) Masiello, C. A., Dugan, B., Brewer, C. E., Spokas, K., Novak, J.
M, Liu, Z., Sorrenti, G. Biochar effects on soil hydrology. In Biochar
for Environmental Management, Lehmann, J., Ed; Earthscan: London,
2015.

(86) Amonette, J. E.; Joseph, S. Characteristics of biochar:
microchemical properties. In Biochar for environmental management:
science and technology; Routledge: London, 2009, 33.10.2172/1074309

2506

DOI: 10.1021/acs.est.5b02620
Environ. Sci. Technol. 2016, 50, 2498—2506


http://dx.doi.org/10.2172/1074309
http://dx.doi.org/10.1021/acs.est.5b02620

