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Abstract Black carbons (BC) which result from the
incomplete combustion of farm waste [man-made (burned)
BC] are highly absorbent. In Taiwan, the burning of farm
waste known as slash and burn is common. The BCs from
the burning may present an environmental challenge. Little
is known about the effect of BCs on the transport of
hydrophobic organic contaminants (HOC). This study
investigates the sorption of anthracene and naphthalene to
BCs in soil and efficiency of the surfactants Tween 80 and
Triton X-100 in their removal. Both surfactants demon-
strated 2—6 times increased solubility in the soils with the
addiction of BC. Column experiments were performed to
imitate the transportation of these contaminants in
groundwater through soils before and after adding BC
produced by burning farm waste in the lab. We found
significantly increased sorption of anthracene in soil added
with BCs produced in the lab, suggesting that fraction of
organic carbon (f,.) can contribute to sorption of such
HOCs. Sorption of naphthalene was increased but not
significantly. Comparing the concentrations of contami-
nants, we found the soil containing BC from burned farm
waste absorbed HOC more efficiently than the organic BC
(naturally-occurring) in the original soil. Therefore, sorp-
tion capacity and influence on the transport of HOC cannot
be estimated simply by the f,. of the soil because the two
BCs differ greatly in their sorption ability. BC from farm
waste absorbs more contaminants than naturally occurring
BC in the soil.
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Polycyclic aromatic hydrocarbons (PAHs) pose a serious
threat to human health and the environment. PAHs are
hydrophobic organic compounds (HOCs) that are not easily
biodigested. PAHs generated by natural and anthropogenic
processes during the incomplete combustion of organic
matter are often emitted to ambient in gaseous form or
sorbed to particles. Atmospheric PAHs are deposited on
land surfaces and tend to accumulate in soil over long
periods of time. It is also known that PAHs released from
industrial wastewater and soil runoff may heavily pollute
sediment (Wang et al. 2009).

Black carbon (BC), commonly found in soil, has a high
specific surface area, so its influence on sorption and the
distribution of nutrients as well as HOCs, including pesti-
cides and PAHs, cannot be ignored (Ghosh et al. 2000).
There is a high affinity between BCs and PAHs, increasing
the likelihood of high concentration of PAH in the soil
from farm waste combustion. Intensely cultivated farm-
lands become increasing deficient of organic matter espe-
cially when only chemical fertilizers are used. As the
naturally occurring carbon is depleted, the effect of BC
resulting from the combustion of farm waste will grow in
importance as it accumulates in the soil and exerts a greater
effect on the sorption of HOC. Soil remediation is depen-
dent on how contaminants react with the soil (Chi et al.
2011). Although the interaction of natural organic matter
with pollutants (Chi and Amy 2004) has been studied, little
is known about the influence of man-made carbon, such as
that produced by farmers who seasonally use slash and
burn farming techniques in Taiwan, on the sorption and
transport of HOCs.
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Surfactants, which compete with soil organic matter for
hydrophobic compounds, have been successfully applied in
the remediation of HOC contaminated soils (Bernardez
et al. 2009). The nonionic surfactant TX-100 can increase
the apparent solubility of PAHs, as it has been found that
increasing the concentration of TX-100 in the flushing
solution can enhance the flushing efficiency of the solution
(Chi 2011). TX-100 is reported to have a better effect on
the remediation of PAHs, PCE, and heavy metals in soils
than ionic surfactants. Another nonionic surfactant, Tween
80 (T80) has been found able to remove 4,4’-dichlorobi-
phenyl effectively by the formation of micelle in solution,
which results in the increased solubility and mobility of the
contaminants (Damrongsiri et al. 2010).

This study performed column experiments to investigate
the sorption and transport of two pollutants, anthracene and
naphthalene, in soils with naturally occurring BC and
manmade BC. The efficacy of the surfactants Tween 80
and Triton X-100 in the removal of these pollutes was also
evaluated.

The effect of adsorbents on the transport of naphthalene
(Na) and anthracene (An) was studied using different
amounts of adsorbent as the dependent variable. Like many
other PAHs, anthracene is a carcinogenic substance listed
by the occupational safety and health administration and
naphthalene is listed as possibly carcinogenic to humans
and animals (Group 2B) by the International Agency for
Research on Cancer. PAHs with three benzene rings are
often found in the surface water and in sediment, and those
with less than three are often found in the vapor phase or
sorbed in the colloids. We used naphthalene (2 benzene
rings) and anthracene (3 benzene rings) as model PAH
compounds for this study.

Materials and Methods

Soils samples obtained from the campus of Kun Shan
University (KS) and from its vicinity around Yu-Non road
(YN) were wind dried and sieved through mesh #140
(0.1 mm) and #200 (0.074 mm). The method of measuring
PAH concentrations in solution was adopted from Chi and
Amy (2004) using fluorescence detector (Jasco FP 6200).
The dissolved organic carbon in solution and in soils was
measured by spectrophotometer (Skalar TOC Analyzer).
The characteristics of soils, PAHs, surfactants, and the
conditions of fluorescence spectroscopy used in this study
are listed in Table 1. Sodium nitrate was used to measure
the pore volume of soil in the column experiment. In order
to mimic the groundwater, we used calcium chloride to
adjust the ionic strength (0.015 M) in the solutions in our
experiments. The excitation and emission wavelengths
(nm) selected for the measurement of anthracene were 251

and 403, and 264 and 335 for naphthalene, respectively.
Two or three replicates were done in most of the experi-
ments. After being packed, the soil columns stood over-
night before the experiment.

Both the batch and column experiments were conducted
to understand the optimal conditions of equilibrium and
kinetics. In batch experiments, PAHs were added directly
to the soils to prepare synthetic contaminated soils for the
investigation of the desorption efficiency. The burned BC
was added and mixed thoroughly with soil in the weight
percentage of 0.1 %, 0.5 % and 1.0 % accordingly. Then,
flushing solution was added into 20 g of 500 mg/kg of
PAH contaminated soils in a flask (W:V = 1:10) and
shaken for 24 h. The supernatant was centrifuged in
4,500 rpm for five minutes and measured using fluores-
cence spectroscopy.

A column 5 cm long and 1.9 c¢m in diameter was packed
with soils for continuous flow column experiments. Stain-
less steel frits (pore size 2 micron at the ends of the col-
umn) were used to spread flow evenly across the diameter
of the column. A Darcy velocity 5.1 m/day controlled by a
HPLC pump used to simulate the high flow rate of ground
water. Different flushing solutions were introduced during
the sorption and desorption experiments. The operational
conditions in column experiments were: pH of 6.0, ionic
strength of 0.015 M, room temperature. The pore volume
(pv) was estimated from the breakthrough curve of sodium
nitrate in the column (Chi and Amy 2004). The pore vol-
umes of the two soils in packed columns are 7.5 and
6.0 mL for KS and YN soils, respectively. We experi-
mented with three different flushing solutions—calcium
chloride (0.005 M), Tween 80, and Triton X-100 at con-
centrations 0.1 % (v/v) to test the desorption efficiencies.
BC was prepared by burning the crop waste collected from
the field in Tainan (cultivar Tainan 11) for 30 s, covering it
to stop the combustion and collecting the residual BC. The
BET surface area of the burned BC is 24 m2/g).

An extraction method used by Johnson (2000) was used
to measure PAH concentrations in solutions. After discrete
PAH solution samples were collected from the soil column,
hexane was used to extract the PAHs. A mixture of hexane
to sample (1:1 by volume) was shaken vigorously for 2 min
with a vibrator. The hexane layer was removed, and PAH
concentrations were measured by fluorescence intensity
using a spectrofluorometer, according to Gauthier et al.
(1986). Linear relationships exist between fluorescence
intensity and the PAH concentrations used in this study.

Results and Discussion

The sorption of naphthalene onto the soils was low due to its
low hydrophobicity. It took less than 26 pore volumes to
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Table 1 The characteristics of soils and surfactants

Soils Surfactants
YN soil (%) KS soil (%) Triton X-100 (TX-100) Tween 80 (T80)
Sand 50 52 CAS number 9002-93-1 9005-65-6
Silt 38 42 Molecular formula C14H220(C2H4O)n(n=9710) C64H124026
Clay 12 6 Molar mass (g/mol) 602-646 1310
Density (g/cm3) 1.07 1.0-1.09
HLB 134 15.0
Soc 0.10 0.32 CMC 0.2-0.9 0.012
BET surface area (m?/g)® 4.23 7.39 Aggregation number 100-155 60

HLB: A value based on a sliding scale indicating whether a substance is water soluble (high HLB) or oil soluble (low HLB)

CMC critical micelle conc. (mM)
 Identified by X-ray diffraction
" Measured by BET N, adsorption

Fig. 1 Sorption of naphthalene
(Na) and anthracene (An) in KS
and YL soils with different
fraction of black carbon (BC)

L] +*

===Nain YL with 0% BC
. =% =Nain YL with 0.5% BC
=#=Nain YL with 1.0% BC
—*—Na in KS with 0% BC
—*—Nain KS with 0.5% BC
* =#=Na in KS with 1.0% BC
Anin YL with 0% BC
Anin YL with 0.1% BC
®  Anin KS with 0% BC
. . : * An in KS with 0.1% BC

breakthrough the soil with 1 % of burned BC compared to
the anthracene of 260 pore volumes in only 0.1 % of burned
BC. The organic content (f,.) and clay content of KS soil was
higher than that of YN soil. Therefore, when the same ratio of
adsorbent was added, naphthalene showed a higher adsorp-
tion capacity onto KS than to YN. During the experiments
using different concentrations of adsorbent in samples with
no addition of BC, it took 7.5 pore volumes to breakthrough
YN soil and 14 pore volumes to breakthrough KS soil. When
PAHs solution infiltrated the packed soil column, the solu-
tion traveled through the pore space from inlet to outlet. The
breakthrough curve is a plot of the concentration measured at
the outlet versus time. In samples made up of 0.5 % BC it
required 14.1 and 23.8 pore volumes of naphthalene to break
through YN and KS soil, and in those made up of 1.0 % BC it
took 16 and 26.3 pore volumes, respectively (Fig. 1). For
both soils, the increase from 0.5 % to 1.0 % only increased
breakthrough by two pore volumes. Sorption is influenced by
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the characteristics of solid phase and chemicals. In this case,
low sorption was caused by the low hydrophobicity of
naphthalene.

Because anthracene has a higher hydrophobicity than
naphthalene, it has greater affinity to soils. In the untreated
soils, it took 146 and 180 pore volumes of anthracene to
breakthrough in the YN and KS soils, respectively (Fig. 1).
However, when 0.1 % of the BC was added, it took 219
and 259 pore volumes breakthrough in YN and KS soils,
respectively. The adsorption of anthracene in the soils with
the addition of only 0.1 % of BC increased 1.5 times
compared to its adsorption in soil without the added BC.
The high adsorption capacity of the BC can be attributed to
its high surface area. The soil with a higher concentration
of the BC was found to have a higher adsorbed anthracene.
Anthracene took about 10 times longer than naphthalene to
breakthrough in both soils, suggesting a higher affinity
between the soil and anthracene than that of naphthalene.
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Fig. 2 Desorption of 1.4
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The organic carbon contents (f,) of the original untreated
of YN and KS soils were 0.10 % and 0.32 % respectively.
The f,. in the adsorbent (BC) from burned farm waste was
7.13 %. The f,. of YN and KS soils increased to 0.11 % and
0.33 %, respectively, when the adsorbent was added to a
ratio of 0.1 %. This suggested that even a small amount of the
BC added had a strong impact on f,.

For our desorption experiments, we tested three solu-
tions, CaCl, solution 0.05 mol, Tween 80 solution 0.1 %,
and Triton X-100 solution 0.1 %. The result showed fol-
lowing the broke through of naphthalene in YN soil and
then eluted the soil with 10 pore volumes of CaCl, solu-
tion, most of the adsorbed naphthalene (98 %) had been
desorbed (Fig. 2). When Tween 80 solution was used, there
was no difference on desorption efficiency compared to
that of CaCl,. When Triton X-100 solution was used, there
were peaks shown at 4-7 pore volumes, indicating a high
solubility of naphthalene and a shorter desorption time
needed for remediation. When 0.5 % and 1.0 % of adsor-
bent was added in YN soil (Fig. 2), the desorption effi-
ciency conducted by CaCl, solution reached 90 % after 20
pore volumes, which was twice the time needed in soil with
no added adsorbent. Desorption efficiency was also
decreased. Tween 80 did not increase the desorption effi-
ciency. Triton X-100 increased desorption 1.6 and 1.1
times in 0.5 % and 1 % adsorbent added soils, respectively,
compared to CaCl, solution. In the KS soil, after naph-
thalene had broken through the packed KS soils in the
column, three flushing solutions were eluted to study their
desorption efficiency in the soils containing 0 %—1 %
adsorbents (figure not shown). We found no obvious dif-
ference in the desorption efficiencies between Tween 80
and CaCl, solution. Tween 80 solution had desorption
efficiencies that were 1.0 and 1.6 times in 0.5 % and 1 %
BC-added soils, respectively, compared to CaCl,. Triton

X-100 had desorption efficiencies 1.6 and 1.8 times higher
in the same BC added soils, respectively.

After anthracene had broken through in the column
packed with the untreated YN soil, the results showed that
90 % of the sorbed anthracene was removed after 100 pore
volumes of CaCl, solution moved through the column
(figure not shown); however, once 0.1 % of adsorbent was
added to the soil, only 75 % of sorbed anthracene was
desorbed with the use of 150 pore volumes of CaCl,
solution. Tween 80, on the other hand, increased solubility
by 5 and 6.8 times of higher apparent solubilities in the
presence 0 % and 0.1 % adsorbent, respectively. Triton
X-100 increased solubilities by 2.8 and 4 times, compared
to CaCl, solutions.

After anthracene broke through KS soils, desorption of
anthracene by 150 pore volumes of CaCl, was found to be
87 % in samples untreated with burned BC and 65 % in
samples with 0.1 % burned BC (Fig. 3). When Tween 80
solution was used, the desorption efficiencies were 2.0 and
1.7 times higher than that achieved by CaCl, in the two
soils, respectively. When Triton X-100 solution was used,
the desorption efficiencies increased 1.9 and 1.7 times than
that achieve by the CaCl, in the two soils, respectively. The
concentrations of Tween 80 solution and Triton X-100
solution were 68 CMC and 10 CMC, respectively. Tween
80 was expected to have a higher desorption ability than
that of Triton X-100 due to its lower HLB and higher CMC
values. However, no significant difference was found. In
YN soil, Tween 80 did show a higher desorption capacity
than did Triton X-100. However, in this study of anthra-
cene desorbed from KS soil, the surfactant concentration
investigated was only 0.1 % in both surfactants, the dif-
ferences in HLB and CMC did not show a significant
difference between the two surfactants. It needs more
investigation in the future.
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Fig. 3 Desorption of 4.5
anthracene (An) from KS soils . ]
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Table 2 Partition coefficient of Na and An in soils

Soils Sorption conc.  f,. (%) Kpm Kpt
(mg/kg)

Naphthalene

0 % Black carbon in YN 12.5 0.10 0.5 1.6
0.5 % Black carbon in YN 21.8 0.14 0.9 2.2
1 % Black carbon in YN 27.2 0.17 1.1 2.7
0 % Black carbon in KS 26.1 0.32 1.0 5.1
0.5 % Black carbon in KS  41.6 0.35 1.7 55
1 % Black carbon in KS 51.6 0.39 2.1 6.2
Anthracene

0 % Black carbon in YN 0.4 0.10 8.7 15.8
0.1 % Black carbon in YN 0.8 0.11 16.0 174
0 % Black carbon in KS 0.8 0.32 16.6  50.6
0.1 % Black carbon in KS 1.3 0.33 264 522

When the concentrations of sorbed anthracene and
naphthalene in the two soils were measured, the partition
coefficients (Kpy,) could be calculated by the concentration
in solid phase (mg/kg) divided by the concentration in
solution (mg/L) (Table 2). The theoretical partition coef-
ficient (K, could be derived by multiplying the partition
coefficient in organic carbon (K,.) times the fraction of
organic carbon in soil (f,.). For naphthalene, the ratio of
Ky to Kym was less than 3 in YN soil and less than 5.5 in
KS soil. For anthracene, they were less than 1.8 in YN soil
and less than 3.1 in KS soil. This theoretical value can be
used predict the sorption of hydrophobic organic com-
pound in soils. We found the higher the hydrophobicity of
the compounds, the smaller the ratio of K, to K. Based
on the weight of the organic carbons in soil, we found that
the original naturally occurring organic carbons in the soil
had lower sorption capacity than that of the added organic
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burned carbons. The organic BCs produced by combustion
of crop residuals have higher sorption capacity for HOCs.

In summary, the BC produced by burning farm waste
has much higher sorption capacity for PAHs than original
soil organic carbon. Calculating PAHs sorption capacity
simply by the f,. of the soil might lead to underestimates of
the soil’s sorption capacity. The surfactants, Tween 80 and
Triton X-100, show higher desorption efficiencies of PAHs
from KS and YN soils, especially with the higher hydro-
phobic anthracene. Additionally, the theoretical partition
coefficient is close to the real partition coefficient in the
field especially at high hydrophobic compounds. It can
provide useful estimation on the sorption of PAHs in soils.
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