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ABSTRACT

Soluble substrates (electron donors) have been commonly injected into chlorinated solvent contaminated
plume to stimulate reductive dechlorination. Recently, different types of organic mulches with economic
advantages and sustainable benefits have received much attention as new supporting materials that
can provide long term sources of electron donors for chlorinated solvent bioremediation in engineered
biowall systems. However, sorption capacities of organic mulches for chlorinated solvents have not been
studied yet. In this study, the physiochemical properties of organic mulches (pine, hardwood and cypress
mulches) were measured and their adsorption capacity as a potential media was elucidated. Single,
binary and quaternary isotherm tests were conducted with trichloroethylene (TCE), tetrachloroethylene
(PCE), trans-dichloroethylene (trans-DCE) and cis-dichloroethylene (cis-DCE). Among the three tested
mulches, pine mulch showed the highest sorption capacity for the majority of the tested chemicals in
single isotherm test. In binary or quaternary isotherm tests, competition among chemicals appears to
diminish the differences in Q. for tested mulches. However, pine mulch also showed higher adsorption
capacity for most chemicals when compared to hardwood and cypress mulches in the two isotherm tests.
Based upon physicochemical properties of the three mulches, higher sorption capacity of pine mulch over
hardwood and cypress mulches appears to be attributed to a higher organic carbon content and the lower

polarity.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since trichloroethylene (TCE) was first detected in late 1970s,
it has been identified as one of the most common contaminants in
U.S. Superfund sites [1]. The agency for the Toxic Substances and
Disease Registry has reported that TCE was present in 852 of 1430
National Priority List sites in 1997 [2]. The EPA has set 5 ppb* for the
maximum level contamination (MCL) of TCE. TCE contamination
has been a great concern because of its high solubility in water
(1100mgL-! at 25°C) and resistance to biological degradation. A
small amount of TCE can contaminate a large amount of ground
water for a long time [3].

For TCE contaminated soil and groundwater remediation, biotic
and abiotic methods have been employed. The biotic removal of TCE
utilizes microorganisms to dechlorinate tetrachloroethylene (PCE)
and TCE into less chlorinated by-products such as dichloroethylene
(DCE) and vinyl chloride (VC) in aerobic or anaerobic environments.
The abiotic removal methods for TCE include the chemical oxida-
tion/reduction of TCE [4] or the physical adsorption using various
adsorbents. Among those methods, the adsorption process is one of
the most commonly used techniques for the purification of TCE con-

* Corresponding author. Tel.: +1 419 530 8131; fax: +1 419 530 8116.
E-mail address: youngwoo.seo@utoledo.edu (Y. Seo).

0304-3894/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2010.04.109

taminated groundwater. Particularly, various adsorbents have been
employed to mitigate the migration of TCE in subsurface aquifers.
The most popular media for TCE adsorption has been activated car-
bon in both granular and powered forms. However, even though
the activated carbon shows the highest sorption capacity for TCE,
it has been reported that the activated carbon cannot enhance the
decomposing of adsorbed TCE into harmless substances [5,6]. Many
researchers reported that the strong sorption of organic chemicals
by the activated carbon decreased their bioavailability [7]. Also, the
activated carbon cannot provide an alternative carbon source for
microorganisms to degrade TCE even if it has high organic carbon
content [5,8]. It is also expensive for field application.

Other available adsorbents for TCE are soils, peat moss [8,9],
organo-clays [10,11], polymeric adsorbent [12,13], zeolites [14,15]
and other carbon materials [16,17]. Among them, wood materials
have recently received much attention. Since organic mulches are
plentiful, inexpensive and readily available, the use of mulch for the
removal of organic pollutants is gaining much attention as a sim-
ple, effective and economical means of treatment at Superfund sites
[18]. Typically, mulch or peat moss has been installed in trenches
as biowall [19,20], or biological filter media for volatile organic
compounds [21]. Previous field studies also demonstrated that the
application of mulches in permeable reactive barrier enhanced
anaerobic bioremediation of chlorinated solvents in groundwater
[22].
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Wood mulches are composed of many biopolymers, and their
biological properties are mainly determined by the chemical com-
position of the cell wall. Wood cell walls are mainly composed of
three polymeric components: cellulose, hemicelluloses and lignin
[23]. Among biopolymers, lignin is known to have a high affinity
and sorption capacity for nonionic organic compounds [24]. More-
over, mulch is rich in carbon and can provide an alternative carbon
source for microorganisms to degrade chlorinated solvents anaero-
bically [25]. However, while organic mulch has shown its potential
for anaerobic bioremediation of chlorinated solvents, the adsorp-
tion capacity of mulch for chlorinated solvents has not been studied
yet.

This study aimed to explore the adsorption capacity of organic
mulches (hardwood, pine and cypress mulches) for TCE removal.
These mulches are by-products of wood and lumber industries and
are the most common mulches in the United States. These mulches
were selected as potential supporting materials for the biowall
where anaerobic reductive dechlorination takes place. Sorption
capacities of mulches were tested with four chemicals: TCE, PCE,
trans-DCE and cis-DCE. First, single isotherm tests for each type
of mulch were conducted to obtain its adsorption capacity. Then
binary and quaternary isotherm experiments were conducted and
results were compared to those from the single isotherm test.

2. Experimental
2.1. Sorbents and sorbates

The pine, hardwood and cypress mulches were purchased from
Ohio Mulch (Cincinnati, OH, USA). To obtain homogenized mulches,
the mulches were first washed several times with deionized water.
Sand, fine debris and easily leachable materials were removed
with the rinsing. The rinsed mulches were autoclaved two times
to remove any existing bacterial and fungal spores and then dried
at 60 °C. Completely dried mulches were grounded using a mechan-
ical blender and then sieved with #10 mesh (2mm) and #16
mesh (1.18 mm) sieves. Finally, the sieved mulches were auto-
claved again and then were used to characterize physicochemical
properties and for isotherm testing.

The carbon, hydrogen and nitrogen contents were determined
with an Elemental Analyzer equipped with an inductive furnace
analyzer (PerkinElmer 2400). Structural characteristics of the three
mulches, including the Brunaeur, Emmett and Teller (BET) sur-
face area, porosity, and pore size distribution, were measured
using nitrogen adsorption and desorption isotherms. A Tristar 3000
(Micromeritics, GA, USA) pore size analyzer was used, and all
samples were purged with nitrogen gas for 2h at 150°C using
a Flow Prep 060 (Micromeritics, GA, USA) before analyses. Sur-
face area was measured with the multi-point BET method. Total
pore volume was measure at P/P,=0.95 and meso-pore volume
was calculated as the difference between total pore volume and
micro-pore volume [26]. The pH, water content (WC), and bio-
material content (BC) of the mulches were determined according
to APHA [27]. Cation exchange capacity (CEC) was measured by
the ammonium acetate method [28]. Considering their coexis-
tence in contaminated soil and groundwater, four chemicals (TCE,
PCE, trans-DCE and cis-DCE; Sigma-Aldrich Co.) were selected for
adsorption tests.

2.2. Single solute adsorption isotherm test

Batch isotherm tests were conducted with Teflon-lined screw
cap bottles to evaluate the adsorption capacity of organic mulches
for all four tested chemicals. To minimize volatilization loss of
tested chemicals, all bottles were filled up to remove head space

Table 1

GC/MS analysis methods.
Chemical TCE PCE trans-DCE  cis-DCE
Initial temperature (°C) 80 130 40 50
Hold time at the beginning (min) 5.5 5.5 5.5 4.5
Ramp (°C min—') 20 20 40 40
End temperature (°C) 190 190 190 190
Hold time in the end (min) 2.0 20 2.0 2.0
Solvent delay time (min) 3.5 3.2 475 49
Carry gas (helium) flow rate (mLmin~") 0.4 0.4 0.4 0.4

Note: In cis-DCE program, detector is off during 4-8 min.

and three to six blank samples were also added at each sampling
point.

To obtain an adsorption equilibrium time for each chemical on
the mulches, preliminary isotherm tests were conducted with each
chemical. Sample bottles were placed in a rotary tumbler at 12 rpm.
Then samples were harvested at days 1, 2, 3, 5, 7, and 10 and liquid
phase concentrations of the tested chemicals were monitored.

For the single isotherm tests for each chemical (PCE, TCE, cis-
DCE and trans-DCE), samples with varied amounts of mulch mass
were prepared. All chemical solutions were prepared with deion-
ized water (18.2 M) and the initial concentration was 50mgL~1,
Allisotherm tests were conducted under room temperature (20 °C).
After samples reached adsorption equilibrium time, liquid phase
chemical concentrations were monitored and the adsorbed amount
of chemicals on different mulches was calculated.

2.3. Binary and quaternary solutes adsorption isotherm test

In TCE contaminated groundwater or soil, chemicals from the
anaerobic reductive dechlorination pathway coexist with TCE and
the mixed condition may have competitive adsorption on adsor-
bents. Therefore, after obtaining single solute isotherm results, both
binary isotherm tests (combination of TCE and PCE; TCE and cis-
DCE) and quaternary isotherm tests were conducted with three
different mulches. Test conditions were identical to those of the
single isotherm test.

2.4. Analytical methods

A Hewlett-Packard model 6890 gas chromatograph equipped
with a mass selective detector (MSD) was used to measure
the concentration of TCE, PCE, cis-DCE and trans-DCE solu-
tions. The HP-624 column for volatile organic compounds
(30.0m x 250 pm x 0.25 wm nominal; Restek RTX-5) was used. The
total flow was 6.7 mLmin~'.The set point temperature of the heater
was 260 °Cand pressure was 2.82 psi. Detector and injector temper-
atures were held at 250 and 220 °C, respectively. To monitor liquid
phase chemical concentration, 2 ml of samples were collected from
each bottle and chemicals were extracted by methylene chloride for
GC analysis. GC/MS analysis methods are shown in Table 1.

2.5. Adsorption models

The mass balance expression used to determine the amount of
adsorbates retained by adsorbents was calculated using aqueous-
phase concentration of adsorbates.

4
Qe = 1:(Co— Ce) (1)

where Q. is the equilibrium adsorbent-phase concentration of
adsorbate, mgg~!; C. is the aqueous-phase concentration of
adsorbate at equilibrium, mgL~!; C, is the initial adsorbate con-
centration, mgL~1; V is the volume of aqueous-phase adsorbate
solution, L; and M is the mass of adsorbent, g.
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Table 2
Physicochemical properties of the organic mulches used in this study.

Elements Type of mulch

Pine Hardwood Cypress
Carbon (%) 51.62 4323 19.05
Hydrogen (%) 4.99 5.44 1.98
Nitrogen (%) 0.68 0.31 0.36
Oxygen (%) 43.09 50.65 78.60
Atomic ratio [(N+0)/C] 0.84 1.19 414
Atomic ratio [O/C] 0.83 1.17 412
BET surface area (m2g~1) 0.6195 1.0972 1.3725
Total pore volume (cm?g~') 0.0012 0.0078 0.0121
Micro-pore volume (cm? g=1) 0.00006 0.00016 0.00008
Meso-pore volume (cm3g~1) 0.001119 0.007581 0.011801
Water content (%) 494 + 9.5 55.9 + 6 36.9 + 4.6
Biomaterial content (%) 11.2 £ 0.8 147 £ 04 53+04
Cation exchange capacity (mequiv.(100g)-") 10.8 £ 2.5 423 +34 20.5 +£ 2.5
Conductivity (mScm~1), at 25°C 0.17 + 0.06 0.36 + 0.01 0.25 + 0.01
pH 4.26 + 0.08 7.43 + 0.28 5.15 + 0.06

In order to quantify the adsorption capacity of the mulches,
obtained experimental data were fitted according to the Freundlich
and Langmuir isotherm equations.

Freundlich isotherm : Qe = K;C2/™ 2)
iri m - _ SmKiCe
Langmuir isotherm : Qe = TLK.C. (3)

where Ks is the Freundlich constant indicative of adsorptive capac-
ity, (mgkg1)(mgL1)" """ ns is the Freundlich constant related
to adsorption intensity; K; (mg~!) is the Langmuir isotherm con-
stant related to the equilibrium constant or binding energy; and
Sm (mgg~1) is the amount of sorption corresponding to complete
surface coverage.

3. Results and discussions
3.1. Physicochemical properties of the experimental mulches

Physicochemical properties of the three types of organic
mulches (cypress, hardwood, and pine mulches) were examined.
Based on BET surface area measurements, these three mulches
showed surface areas between 0.62 and 1.37m?g~!, which are
slightly higher than the previous study with aspen wood bark
(0.62m2g-1 [26]). Among the three mulches, cypress mulch
showed the relatively highest surface area(1.37 m? g—1). This might
be related to the fibrous character of the experimental cypress
mulch, which gives more surface area under the same unit mass.
After cypress mulch, hardwood mulch showed a higher surface area
than pine mulch.

Among the three mulches, pine mulch had the highest car-
bon content. After pine mulch, hardwood mulch showed a higher
carbon content than that of cypress mulch. Based on the results
of elemental composition analysis, atomic ratios [(N+0)/C, (0/C)]
were calculated in order to measure the polarity of the three
mulches [29]. It has been reported that polarity was one of the
most important compositional parameters governing sorption of
hydrophobic organic compounds in soil [26,30,31]. In their study
with chemically treated wood, Xing et al. reported that the low-
est polarity [(O+N)/C or (O/C)] represented the highest Kyc (the
soil-water partition coefficient, determining the mobility of organic
chemicals in soil) values as well as the highest sorption capacity
with chemically treated wood [26]. The mass atomic ratio revealed
that pine mulch showed the lowest polarity [(N +0)/C, (O/C)] while
cypress mulch showed the highest polarity. For cation exchange
capacity of mulch, the hardwood mulch showed the highest CEC
among the three mulches. The physicochemical properties of the

mulches used in this study were measured and are summarized in
Table 2.

3.2. Single adsorption isotherm

For all selected chemicals (PCE, TCE, trans-DCE and cis-DCE),
preliminary isotherm tests were conducted with different mulches
to elucidate equilibrium time. Based on the preliminary adsorption
results (data not shown), approximately all the equilibriums were
reached after 1 day for all tested chemicals with all three mulches.
However, a 2 day equilibrium time was selected to ensure enough
equilibrium time for all isotherm tests.

To assess the adsorption capacity of different mulches, a single
solute adsorption isotherm experiment was conducted with varied
mulch dosages from 0.2 g per vial to 5g per bottle. The collected
data were correlated to the linearized Freundlich and Langmuir
isotherm models to obtain adsorption kinetics. The rearranged
equations are shown as follows.

Linearized Freundlich isotherm : log(Qe) = log(Ks)

+n1flog(ce) (4)

C 1 Ce
Q% KiSm ' Sm

Fig. 1 shows the linear relation between Q. and C. with lin-
earized Freundlich isotherm model and compares the adsorption
capacity of different mulches. Among the three mulches, overall,
pine mulch showed higher adsorption capacity than hardwood
and cypress mulches. Table 3 shows the Freundlich and Lang-
muir isotherm coefficients of single solute adsorption on different
mulches. Both models adequately described the adsorption data
(over 0.9 regression coefficients) and also showed pine mulch had
better adsorption capacity. A detailed analysis of both Freundlich
and Langmuir isotherm coefficients suggested that PCE and TCE had
a higher affinity to all three mulches than trans-DCE and cis-DCE.
Among the four tested chemicals, trans-DCE was the most difficult
to be adsorbed by all three mulches. Table 4 shows Q. and removal
efficiency for different mulches. In single isotherm test, pine
mulch showed the highest Q. (2181.52 wgg~1) followed by cypress
mulch (1511.4ugg!) and hardwood mulch (1300.6 pgg!) for
PCE; for TCE, the Q. decreases in the following order: pine
mulch (1076.0 ngg™1), cypress mulch (942.7 wgg!), and hard-
wood mulch (540.9 pgg~1); for trans-DCE, the Q. decreases in the
following order: hardwood mulch (510.4 wgg~1), cypress mulch
(4513 ngg '), and pine mulch (369.1 wgg~'); and for cis-DCE, the
Q. decreases in the following order: pine mulch (696.3 pgg-1),

Linearized Langmuir isotherm :

(5)



150 Z. Wei, Y. Seo / Journal of Hazardous Materials 181 (2010) 147-153

Fig. 1. log-log single chemical adsorption isotherm for different mulches (®—pine; O—hardwood; v—cypress).

hardwood mulch (574.3 wgg!), and cypress mulch (337.4 pgg1).
Under the same initial conditions, pine mulch adsorbed the largest
amount of PCE, TCE and cis-DCE according to the above results.
Zytner [8] reported that there is a corresponding increase in
the adsorption capacity of adsorbent as its organic carbon content,
CEC and surface area increase. Among three mulches, pine mulch
has the highest organic carbon content (51.62%), while hardwood
mulch and cypress mulch had 43.23% and 19.05% of organic carbon
content, respectively [8]. All three mulches showed small surface
areas (between 0.62 and 1.37 m2 g~!) that would not make a sig-
nificant difference in adsorption capacity. Furthermore, CEC, which
is important for metal ion adsorption, appears not to be important.
Therefore, the high organic carbon content of pine mulch affected
the adsorption capacity for chlorinated solvents. Polarity [(O + N)/C
or (0O/C)] has also been considered an influencing parameter on the
adsorption of organic chemicals. It was reported that lower polar-
ity presented the higher sorption capacity with chemically treated
wood [26]. Among three mulches, pine mulch showed the low-

Table 3

est polarity (0.84 or 0.83) followed by hardwood mulch (1.19 or
1.17) and cypress mulch (4.14 or 4.12). Higher sorption capacity
of pine mulch over hardwood mulch and cypress mulch appears
to be attributed to a higher organic carbon content and the lowest
polarity.

3.3. Binary and quaternary solutes adsorption isotherm

Figs. 2 and 3 show the binary and quaternary tests of adsorp-
tion under linearized Freundlich isotherm model, respectively. In
the binary isotherm tests, similar to the isotherm results of single
solute isotherm tests, pine mulch had higher adsorption capacity
for most chemicals than those of hardwood and cypress mulches.
Fig. 2 shows that the amount of adsorbed chemicals on mulches
is in direct proportion to the y axis intersection. According to the
results, PCE is most likely to be adsorbed by all three mulches fol-
lowed by TCE. trans-DCE and cis-DCE showed little affinity to the
tested mulches.

Langmuir and Freundlich isotherm constants and correction coefficients (1? values) for single solute adsorption on different mulches (a: Freundlich isotherm coefficients; b:

Langmuir isotherm coefficients).

Chemical Pine Hardwood Cypress
K 1/n¢ r? K¢ 1/n¢ 12 K¢ 1/ng 2

(a)
PCE 14.93 0.518 0.943 2.1x107° 1.813 0.934 5.9x 1073 1.697 0.924
TCE 0.292 0.793 0.907 8.453 0.417 0.900 0.189 0.811 0.944
trans-DCE 0.013 0.956 0.963 3.4x10°8 2.195 0.984 1.6x 102! 5.046 0.889
cis-DCE 0.339 0.647 0.913 0.003 1.098 0.947 0.089 0.692 0911
Chemical Pine Hardwood Cypress

Sm Ky 2 Sm Ky r St K r?
(b)
PCE 1.931 7.8 x10° 0.979 0.552 —-0.00013 0.911 0.589 —0.000141 0.971
TCE 1.261 0.00012 0914 2.398 3.6x107° 0914 1.233 —0.000701 0.959
trans-DCE 1.046 0.0006 0.967 0.456 —5.4x107> 0.985 0.198 —-29x107° 0.899
cis-DCE 1.546 9.8 x 107 0.930 0.911 —-0.000163 0.946 1.445 0.000146 0.957
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Table 4
Comparison of Q. and removal efficiency for different mulches in single, binary and quaternary experiment.
Adsorbates Mixture type Pine Hardwood Cypress
Q- (ngg™) RE (%) Q- (pgg™) RE (%) Q- (ngg™) RE (%)
TCE Single 1076.0 49.3 540.9 325 942.7 393
Binary? 999.3 48.5 1104.3 374 930.0 435
Binary® 1053.3 54.0 974.0 39.1 830.1 41.1
Binary¢ 768.0 43.6 606.6 33.7 401.2 254
Quaternary 1394.8 51.3 13145 344 1407.1 435
PCE Single 2181.5 741 1300.6 67.7 1511.4 74.5
Binary? 2104.2 73.5 22925 60.0 1577.0 70.6
Quaternary 3879.1 70.9 3295.0 58.0 3215.2 67.7
cis-DCE Single 696.3 26.2 574.3 21.2 3374 19.3
Binary® 599.3 304 555.0 22.6 688.1 18.0
Quaternary 916.2 29.0 553.9 17.4 972.0 24.9
trans-DCE Single 369.1 16.3 510.4 221 451.3 28.6
Binary® 571.9 30.7 330.2 16.82 298.1 19.0
Quaternary 533.5 22.4 516.4 209 516.4 23.6

Mulch weight is 1.0 g; initial concentration is 50 mgL~"; RE stands for removal efficiency, calculated using equation: RE = (C, — Ce)/C, x 100%.
2 Binary of TCE and PCE.
b Binary of TCE and cis-DCE.
¢ Binary of TCE and trans-DCE.

Fig. 2. log-log binary adsorption isotherm for different mulches (®@—pine; O—hardwood; v—cypress).
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Fig. 3. log-log quaternary adsorption isotherm for different mulches (®—pine; O—hardwood; v—cypress).

The removal efficiencies, percent mass of chemicals removed by
mulch, are shown in Table 4. Among the tested mulches, pine mulch
had the highest removal efficiency for most tested chemicals in all
isotherm tests, followed by hardwood mulch and cypress mulch.
The removal efficiencies of tested chemicals in binary and quater-
nary isothermresults were lower than those of single isotherm tests
for all mulches. The slight decrease in removal efficiencies of binary
and quaternary isotherm tests suggests that there was adsorp-
tion competition among adsorbates onto adsorbent surfaces. The
multi-components adsorption is complicated process because of
the solute-surface interactions. Mixture of adsorbates has to com-
pete to be adsorbed onto media in the binary or quaternary system,
while a single component can reach saturation in the same solu-
tion. However, compared to the single solute isotherm test results,
there was not significant difference in both the adsorption capac-
ity of three mulches and the chemical removal efficiency in binary
and quaternary isotherm tests. All tested chemicals did not show
any significant mixture effects on adsorption capacity and affinity
changes. Affinity of each chemical to the tested mulches showed the
same trend with that of single solute isotherm tests. Larger molec-
ular weight chemicals (PCE and TCE) appear to be more adsorbed
on mulch surfaces compared to trans-DCE or cis-DCE which have
smaller molecular weights.

3.4. Comparison of sorption capacity of mulches to other
adsorbents

For its high efficiency to remove various organic contaminants,
activated carbon has been widely used. Zytner [8] tested granu-
lar activated carbon (GAC), peat moss, organic top soil, and sandy
loam soil for TCE adsorption. The results reported that GAC had the
highest sorption capacity followed by peat moss, organic top soil
and sandy loam soil [8]. The organic carbon content of GAC was
reported to be much higher (74.1%) than those of organic mulches
(pine, 51.6%; hardwood, 43.2%; cypress, 19.1%). GACis also reported
to possess a much higher surface area, 1300 m2 g~1, than that of the

tested mulches in this study (between 0.62 and 1.37m? g~ 1). The
Freundlich adsorption coefficients K; is 81076 for GAC while the
adsorption coefficients for tested mulches are below 10 as shown
in Table 3. However, activated carbon can only physically adsorb
chlorinated solvents from liquid or gas phase into solid phase. The
high content of organic carbon cannot provide an electron donor
for microorganisms to anaerobically degrade TCE [5]. In addition,
many researchers reported that strong adsorption of organic com-
pounds on adsorbents significantly decreases biological availability
of adsorbed compounds [7]. Therefore, the adsorption capacity of
GAC implemented to biowall systems may not be regenerated by
enhanced biological activity and exhausted activated carbon would
need to be replenished.

A slight difference in adsorption capacity was reported for peat
moss as compared to tested mulches. The K; of both tested mulches
and peat moss was less than 0.5% of that of GAC. The physiochemical
properties of peat moss (organic carbon content 49.4% and surface
area 0.4m?2 g~1 [8]) were similar to those of tested mulches in this
study.

Aggarwal et al. [3] demonstrated clay minerals and especially
smectites as potential sorbents of organic compounds because they
are abundant in soils and aquifer materials and have large sur-
face areas. Zhao and Vance [11] illustrated that organo-clays had
roughly 20% organic carbon content, and 15-87m?2g-! surface
areas. Based on the properties of clays and adsorbed phase TCE on
it, mulches have a higher capacity of adsorption than clays [11].

As a cost-effective substrate, mulches only cost from $0-0.55/kg,
while the price of GAC is $2.0-4.0/kg [25,32]. Being both plenti-
ful and inexpensive, mulches showed a high potential to provide
adsorption and sequential degradation of TCE from contaminated
soil and groundwater.

4. Conclusions

Adsorption capacity of pine, hardwood and cypress mulches
for PCE, TCE, trans-DCE, and cis-DCE was monitored with single,
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binary and quaternary isotherm tests. According to the isotherm
experiment results, PCE showed the highest affinity to all tested
mulches, followed by TCE and cis-DCE/trans-DCE. Among the three
mulches, pine mulch showed better adsorption capacity for most
tested chemicals than hardwood mulch and cypress mulch in sin-
gle solute isotherm tests. High organic carbon content and low
polarity of pine mulch may explain its higher effectiveness for chlo-
rinated solvents adsorption over other two tested mulches. Other
physicochemical properties of the three tested mulches, such as
surface area and total pore volume, were similar and appear to
have little effect on the adsorption capacity. In binary and qua-
ternary isotherm tests, adsorption capacity of all tested mulches
showed slight differences from single solute tests due to adsorption
competition among adsorbates onto adsorbent surfaces. Both Fre-
undlich and Langmuir isotherm models fit all adsorption isotherm
data well. Overall, compared to other adsorbents for the removal
of chlorinated solvents, organic mulches show promising adsorp-
tion capacity, economic advantages, and sustainable benefits for
TCE bioremediation.
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