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The sorption of organic contaminants in soil is mainly attributed to the soil organic matter (SOM) content.
However, recent studies have highlighted the fact that it is not the total carbon content of the organic
matter, but its chemical structure which have a profound effect on the sorption of organic contami-
nants. In the present study sorption of two nitroaromatic contaminants viz. trinitrotoluene (TNT) and
2,4-dinitrotoluene (2,4-DNT) was studied in different SOM fractions viz. a commercial humic acid, com-
mercial lignin and humic acid and humin extracted from a compost. >*C-DP/MAS NMR studies indicated
that the structural composition of the organic carbon in different SOM fractions was different. The order
of sorption of the nitroaromatics in the different sorbents was: humic acid-commercial > humic acid-
compost > humin ~ lignin. Among the aliphatic and aromatic carbon fractions (representing bulk of SOM
matrix), adsorption parameter K¢(1/n) for nitroaromatics sorption correlated well with the aliphatic car-
bon (r=0.791 for TNT and 0.829 for 2,4-DNT) than the aromatic carbon (r=0.634 for TNT and r=0.616 for
2,4-DNT). However, among carbon containing functional groups, carbonyl carbon showed strong positive
correlation with sorption of TNT (r=0.991) and 2,4-DNT (r=0.967) while O-alkyl carbon showed negative
correlation (r=0.832 for TNT and r=0.828 for 2,4-DNT). The study indicates that aliphatic domains in the
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SOM significantly affect the non-specific sorption of both the nitroaromatic contaminants.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The contaminant’s interactions with the soil organic matter
(SOM) are central to understanding the fate and transport of chem-
icals in the soil environment. It has been well demonstrated by
several researchers that the retention capacity of soil/sediment
for an organic contaminant is dominantly controlled by its total
organic matter content [1-3]. This association between the con-
taminant and the SOM limits its bioavailability to soil biota and
causes the contaminant stability and prolonged persistence in the
environment. Therefore, understanding the fundamental sorption
mechanism of contaminant in SOM is of utmost importance for
optimizing the efficiency of remediation techniques and improv-
ing the accuracy of risk assessment models. The comprehension
of the sorption mechanism has progressed from setting the sim-
ple correlation of sorption with the SOM content to considerations
taking into account the specific structural and chemical proper-
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ties of SOM. Studies indicate that SOM characteristics like polarity,
molecular weight, aromaticity and aliphaticity can be correlated
to, and account for the difference in the sorption behaviour for a
contaminant [4-7].

Recent reports have shown that the SOM is a heterogeneous
substance consisting of two types of domains: expanded and con-
densed. Spectroscopic studies have shown that the expanded and
condensed domains are mainly attributed to aliphatic and aromatic
moieties [8,9]. Some reports suggest that aromatic components
of SOM contribute to contaminant sorption [10-12]. Few other
sorption studies are not in agreement with such a conclusion and
suggested that aliphatic component of SOM contribute much to
contaminant sorption [7,13-15]. However, Gunasekara and Xing
[16] highlighted the importance of both aliphatic and aromatic
moieties for contaminant’s sorption in SOM. Thus, the capacity
and affinity of SOM to retain organic contaminants significantly
varies among samples of different origin. This may in be the reason
why commercially available Aldrich humic acid is not preferred for
studying the sorption of an organic contaminant as it will not give
the realistic results [6].

The contamination of soil and groundwater by nitroaromatic
munitions residues like 2,4,6-trinitrotoluene (TNT) and other
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aminonitrotoluenes have drawn public attention due to their toxic
and mutagenic effects on organisms, including humans. Therefore,
substantial efforts have been put into the remediation programmes
of contaminated sites. Most of the TNT contaminated sites are
bound to the areas used for incineration and dumping and those
adjacent to the manufacturing units, where large volumes of pro-
cessed water containing explosives are released. TNT has been
reported in groundwater after leaching from disposal sites [17,18],
thus, threatening drinking water resources.

Different types of binding mechanisms are responsible for the
binding of TNT and its degradation products to SOM. Both phys-
ical partitioning and chemical/electrostatic interactions between
contaminant and organic matter results in contaminant sorp-
tion. The hydrophobic partitioning reaction occurs mainly between
non-polar organic contaminants and non-polar moieties of SOM
and gives linear adsorption isotherms. Electrostatic interac-
tions/covalent bond formation reactions occur between functional
groups in the organic contaminant and SOM. These reactions are
very specific unlike hydrophobic partitioning, which is non-specific
in nature. Adsorption isotherms obtained due to specific interaction
leads to non-linear isotherms. SOM has very complex structure and
have both hydrophobic backbone having plenty of different types
of reactive functional groups. Thus, both specific and non-specific
adsorption mechanism are possible in TNT/metabolite and SOM.
Achtnich et al. [19], Bruns-Nagel et al. [20] and Thorn et al. [21],
studied binding of TNT in SOM using '°N-labeled compound using
nuclear magnetic resonance spectroscopy. Results suggested that
reduced degradation products of TNT (diaminonitrotoluene and tri-
aminotolunes) undergo 1,2-nucleophilic addition reactions with
carbonyl groups or quinones, resulting in a covalent bonding to
SOM [22].

The retention of TNT and its degradation products in soil is
highly dependent on the SOM content of soil [23]. The sorption of
nitroaromatics in soils is non-linear and concentration dependent,
thus, a simple partition model does not adequately address their
sorption mechanism [24,25]. However, little information is avail-
able on the role of SOM nature (aliphatic and aromatic domains) on
the binding of nitroaromatic compounds. Therefore, in the present
study we report the sorption of TNT and 2,4-DNT in four SOM frac-
tions and the sorption is correlated to the structural composition
of the organic carbon.

2. Materials and methods
2.1. Compounds

Analytical grade (97%) TNT was obtained from “Wehrwis-
senschaftliches Institut fiir Werk-, Explosiv- und Betriebsstoffe”,
Swisstal, Germany. 2,4-DNT was obtained from Sigma-Aldrich
Seelze, Germany. Humic acid and lignin were purchased from
Sigma-Aldrich. HPLC grade solvents used were locally purchased.

2.2. SOM fractions

Four sorbents were used in the present study. Commercially
available humic acid and lignin (a main precursor of soil humic sub-
stances) were purchased from Sigma-Aldrich Chemicals and were
used without any pre-treatment. Two other sorbents, humic acid
and humin were extracted from commercially available compost.
Briefly, 5 g of compost was extracted with 50 ml 0.1N NaOH under
nitrogen for 24 h. After equilibration the tubes were centrifuged at
3000 rpm for 30 min and the supernatant was transferred into a
separate bottle. Fresh sodium hydroxide solution was added and
the procedure was repeated until the supernatant became clear in
color. After ten alkali extractions the solid mass left behind was
defined as humin. The humin fraction was de-ashed with a mix-

ture of HF and HCIl, washed using deionised water till free of halide
ions and dried at 70°C.

To separate humic acid from fulvic acid, the supernatant was
acidified to pH 2 using H,SO4 to precipitate humic acid. Humic acid
was separated by centrifugation, de-ashed, washed with deionised
water and freeze dried. The percent organic carbon content of HA-
commercial, lignin, HA-compost and humin was 54.6, 64.9, 52.6,
and 41.5% by weight, respectively.

2.3. DP/MAS '3C NMR Experiments

AVarian INOVA™ unity equipped with a 6 mm wide bore probe
and operating at 75.475 MHz for 13C was used to acquire the spec-
tra. The samples were placed in zirconia rotors with boron nitride
bottom and top spacers and Vespel® drive tips. The rotor spin rate
was setat 7500 + 1 Hz, so that spinning side bands occur at 100 ppm
of the respective central band. The spectrum of the compost humic
acid was recorded at a spin rate of 7000 Hz with spinning side
bands at 93 ppm. Direct polarization (DP) spectra were acquired
to allow for a quantitative evaluation of the spectra. The measure-
ments were performed with a repetition time of 180, to allow for
complete relaxation of the carbon nuclei, and a two-pulse phase
modulation (TPPM) decoupling sequence which was optimized for
the phase-shift angle (@) and pulse length (T ). During each exper-
iment 1024 transients were acquired. The free induction decays
(FID) were acquired with VNMR] software (Version 1.1 RevisionD,
Varian Inc., Palo Alto, CA, USA) and the spectra elaboration was
done with Mestre-C software (Version 4.9.9.9; Mestrelab Research,
Santiago de Compostela, Spain). All the FIDs were transformed by
applying a 4k zero filling, an exponential filter function with a
line broadening (LB) of 50 Hz and a second order polynomial with
Bernstein algorithm for baseline correction [26]. The spectra were
divided in five spectral regions [27]. Spinning side bands (SSB)
were accounted for and the spectra were corrected (see Table A
as electronic supporting material). This correction of the spectra
has already been reported to be effective in improving the assess-
ment of 13C-CPMAS NMR spectra of humic substances [28], even
though the SSB shapes may not be symmetrical in respect to the
central band [29].

2.4. Sorption-desorption studies

The sorption of TNT and 2,4-DNT in SOM fractions was studied
using batch method. The SOM samples (10 mg for humic acids or
lignin and 20 mg for humin so as to get sorption in the range of
30-75%) in 10 ml borosilicate stoppered glass tubes were supple-
mented with 5ml of aqueous solution of TNT/2,4-DNT (solutions
were fortified with 0.01 M HgCl, to prevent microbially mediated
degradation of nitroaromatics). The sorption of TNT and 2,4-DNT
was studied at six different concentrations ranging between 2.5
and 15 pg/ml and each concentration was replicated three times.
Similarly maintained SOM samples, but without TNT or 2,4-DNT,
served as controls. The samples were equilibrated at 20+ 1°C for
24 h, as preliminary studies indicated that equilibrium was attained
after 24 h equilibration (results not given here). After equilibrium
was attained, the samples were centrifuged at 6000 rpm for 30 min
and the concentrations of TNT and 2,4-DNT in the supernatant were
quantified using high performance liquid chromatography (HPLC).
The amount of contaminant sorbed was calculated from the dif-
ference between the initial and the final solution concentrations.
The mass balance calculations indicated that the TNT and 2,4-DNT
were stable during the 24 h of equilibration period and there was
no sorption of TNT or 2,4-DNT on the glass surface.

The desorption of TNT and 2,4-DNT was studied in the same
samples as used for adsorption. After adsorption, the supernatant
was decanted and was replaced with 5ml of fresh distilled water
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(fortified with 0.01 M HgCl,). The suspension was again shaken
on an end-over-end shaker for 24h and then centrifuged. TNT
and 2,4-DNT were analyzed in the supernatant by HPLC. Amounts
of TNT or 2,4-DNT desorbed were calculated by subtracting the
amount of TNT or 2,4-DNT in the entrapped solution after adsorp-
tion experiment from the solution concentration measured after
the desorption experiment. Only one desorption was performed
for each sample.

2.5. Analysis

TNT and 2,4-DNT in aqueous samples were quantified by
HPLC (Dionex Summit HPLC analytical system) equipped with a
Dionex UVD 340S UV-detector and a Raytest Ramona Star radio
flow detector, connected in series. The column used was RP-
18 Licrosphere 100 PR 18, 250 mm x 4 mm (MZ-Analysentechnik,
Germany). The wavelength for UV detection was set to 230 nm.
20l samples were injected into the HPLC system equipped
with an automatic injection system. The following HPLC condi-
tions were used: temperature—40°C; flow—0.4 ml/min; solvent
system—methanol (A) and 0.02 TBA (tetrabutyl ammoniumbisul-
fate) (B); gradient—0-35 min 80% B to 10% B, 35-39 min 10% B to
80% B, 39-49 min 80% B.

3. Results and discussion
3.1. Carbon chemistry of SOM

Fig. 1 shows the DP/MAS 3C NMR spectra of the SOM
materials under analysis. The NMR spectra were divided by chem-
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Fig. 1. 1*C-DP/MAS NMR spectra of the SOM fractions (A, humic acid-compost; B,
humin; C, lignin; D, humic acid-commercial. Asterisk (*), spinning side band).

Table 1

Relative structural carbon percent (RSCP) of SOM fractions.
Substrate Alkyl 0O-Alkyl Aryl Carbonyl
Humic acid-commercial 37.1 0.4 43.9 13.1
Lignin 17.8 24.0 41.1 1.8
Humic acid-compost 15.2 18.8 38.9 11.1
Humin 9.4 52.1 26.1 2.2

ical shifts (ppm) into five regions: —(10) to 43 ppm=alkyl C
(paraffinic); 43-90 ppm = O-alkyl, N-alkyl C; 90-108 = di-O-alkyl C;
108-160 =aryl and O-aryl C; 160-185 = carbonyl and amide C and
were corrected for the spinning side bands (see Table A as electronic
supporting material). The relative structural carbon percentage
(RSCP) of the different SOM fractions is mentioned in Table 1. It
was interesting to note that the humic acid isolated from compost
was quite different from the commercially available humic acid.
The commercial humic acid was rich in alkyl carbon content (37.1%)
while the compost humic acid had low alkyl C content (15.2%). Chin
and Weber [30] suggested that commercial and natural humic acids
are quite different in their properties. Among all the SOM fractions,
lignin had highest aryl carbon fraction (41.1%). Humin was the sub-
strate with the highest proportion of O-alkyl carbon followed by the
lignin (24%). Generally, carbonyl carbon contributed to the smallest
proportion of the SOM carbon content.

3.2. Sorption experiment

The sorption data were fitted to the logarithmic form of the
Freundlich equation:

X 1
log m= log Kf+ n log C

where, x is the amount of nitroaromatics sorbed (ug), m is the
mass of the sorbent (g), C is the equilibrium concentration of the
nitroaromatics (pug/ml) and Kf and 1/n are the Freundlich con-
stants and are represented by the intercept and the slope of the
isotherm, respectively. Freundlich adsorption isotherms and con-
stants are presented in Fig. 2 and Table 2, respectively. K¢, which
represents the amount of nitroaromatics adsorbed at an equilib-
rium concentration of 1 g/ml, gives an estimate of the extent of
adsorption at this concentration, while 1/n represents the variation
in the adsorption with varying concentrations of nitroaromatics. All
the sorbents exhibited non-linear isotherms for TNT and 2,4-DNT
sorption with TNT isotherms showing more non-linearity as slope
values for TNT were much lower than unity. The 1/n values for TNT
and 2,4-DNT were less than one, indicating the L-type of adsorption
isotherms [31]. The L-type adsorption isotherms are characterized
by the strong interaction between the adsorbent and the adsorbate
and adsorption decreases as the aqueous phase concentration of
the nitroaromatics increases.

To ensure a meaningful comparison of K¢ values of TNT and 2,4-
DNT in different SOM samples, the 1/n (slope) values should be

Table 2
Parameters for TNT and 2,4-DNT adsorption in different SOM fractions.

Substrate clpgMgml"]  1nggs 17 Kq (pg/g)  Koc
TNT

HA-commercial 358.6 0.79 0.974 259.7 381.9
Lignin 195.5 0.69 0.979 121.7 1214
HA-compost 282.5 0.83 0.995 217.0 306.6
Humin 159.8 0.85 0.985 131.5 266.2
2,4-DNT

HA-commercial  476.1 0.93 0.997 465.1 749.7
Lignin 132.1 0.98 0.974 1309 205.9
HA-compost 387.7 0.79 0.994 295.4 406.1
Humin 142.2 0.98 0.975 154.7 335.7
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Fig. 2. Adsorption isotherms for TNT (a) and 2,4-DNT (b) in SOM fractions.

statistically equivalent. Thus, K¢(1/n), i.e., the product of the Fre-
undlich adsorption constant (K¢) and the isotherm slope (1/n), was
chosen as the parameter for comparison [32]

The K¢(1/n) values for TNT sorption in HA-commercial, lignin,
HA-compost and humin were 283.3,134.9,234.5 and 135.8, respec-
tively, suggesting that both humic acid samples have high affinity
for TNT. Similarly, K¢(1/n) values for 2,4-DNT sorption in different
substrates were 442.8, 129.5, 306.3 and 139.4, respectively. Both
humic acid samples exhibited higher sorption of 2,4-DNT than the
TNT, while no difference in TNT/2,4-DNT sorption was observed in
the lignin and humin samples. Generally, the sorption of organic
compounds is correlated with their aqueous solubilities [30] and
octanol-water partition (Kow) coefficients [33]. Literature values
for aqueous solubility of TNT and 2,4-DNT are 100-200 pg/ml and
270-273 pg/ml, respectively, while respective log Koy values are
1.60 and 1.98. The aqueous solubility data do not explain the higher
sorption of 2,4-DNT in humic acid samples as sorption is inversely
related to the aqueous solubility. On the contrary, log Kow values
explained the higher sorption of 2,4-DNT in humic acid samples
as higher the octanol-water partition coefficient higher will be the
sorption.

The K,c (normalizing the partition coefficient (Ky) to organic
carbon of substrate; Ky values were calculated using single point
adsorption value of 4 g/ml) values showed same degree of vari-
ation as the Freundlich constant K; or the partition coefficient
Ky, suggesting that it not the total organic carbon content of the
substrates that affects the sorption of both the nitroaromatic com-
pounds in SOM fractions. Probably, the nature or chemistry of the
organic carbon has some important role in determining the sorp-
tion of these nitroaromatics.

Table 3
Correlation coefficients (r) between the parameter K (1/n) and the RSCP of sorbents
for TNT and 2,4-DNT sorption.

Compound Alkyl 0-Alkyl Aryl Carbonyl
TNT 0.791" —0.832° 0.634 0.991"
2,4-DNT 0.829° —0.828" 0.616 0.967"

" Significant at p<0.05
™ Significant at p<0.01.

To get more insight on the role of chemistry of organic carbon
of various SOM fractions on the sorption of TNT and 2,4-DNT the
RSCP data of the substrates (Table 1) was correlated with the K¢(1/n)
parameter of TNT and 2,4-DNT sorption. Due to the problem of
overlap between aromatic and anomeric resonances in region III
(108-90 ppm) [34,35], this region was not considered in the cor-
relation with the sorption data. The results (Table 3) suggested
that the sorption of TNT and 2,4-DNT in different substrates was
positively correlated with the paraffinic C, aryl C and carbonyl C
fractions of SOM while negatively correlated with the O/N-alkyl C
content. Among alkyl and aryl C (representing bulk of SOM matrix),
it was the alkyl C which better contributed for the non-specific
sorption of nitroaromatics with correlation coefficient (r) values of
0.791 and 0.828 for TNT and 2,4-DNT, respectively. This indicates
that 61% of variability in the sorption of TNT in SOM fractions can be
attributed to the paraffinic carbon. Similarly, for 2,4-DNT sorption
69% variability in the sorption was accounted for by the paraffinic
carbon. On the contrary, aryl C contributed nearly 40% of variability
in the sorption of both the nitroaromatics. Carbonyl carbon content
of SOM showed very high positive correlation with TNT (r=0.991)
and /[DNT (r=0.967) sorption. The carbonyl C content of SOM was
responsible for 98% variation in TNT sorption while correspond-
ing figure for DNT was 93%. A probable explanation for very high
correlation in carbonyl carbon content and nitroaromatics sorption
could be that carbonyl carbon which has positive charge, is electro-
statistically associated with the negatively charged nitro groups of
TNT/DNT. The study suggests that aliphatic component of SOM has
an edge as far as affinity for nitrotoluenes is concerned, but we
cannot rule out the contribution of aromatic carbon in their bind-
ing. Earlier reports [13,14] have highlighted the importance of the
aliphatic components of SOM in the sorption of phenanthrene.

3.3. Desorption experiment

The desorption parameters and isotherms for TNT and 2,4-DNT
are shown in Table 4 and Fig. 3, respectively. The results indicate
that 48-67% of sorbed TNT was released from various SOM fractions
during desorption. The corresponding figures for the 2,4-DNT des-
orption varied between 37 and 56%, suggesting that 2,4-DNT was
more retained by the SOM fractions. It was interesting to note that
the lignin desorbed least amounts of TNT and 2,4-DNT. This result
is opposite of the TNT and 2,4-DNT sorption behaviour in lignin

Table 4

Parameters for TNT and 2,4-DNT desorption in different SOM fractions.
Substrate % Desorption Ky 1/Nges T2 (1/nges)[(1/naqs)
TNT
HA-commercial 67.1 2747 0.86 0.989 1.09
Lignin 47.9 4737 096 0.974 1.39
HA-compost 62.1 283.6 1.00 0.994 1.20
Humin 57.7 1575 1.12 0.979 1.32
2,4-DNT
HA-commercial  39.3 730.0 1.01 0.984 1.09
Lignin 373 7659 1.14 0.976 1.16
HA-compost 56.3 418.7 0.74 0.995 0.94
Humin 55.1 1889 095 0.931 0.97
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Fig. 3. Desorption isotherms for TNT (a) and 2,4-DNT (b) in SOM fractions.

where compared to other sorbents lignin adsorbed least amounts
of these two nitroaromatics.

The slope of the Freundlich desorption isotherm (1/nges) takes
into account the non-linearity in the desorption isotherm and is
the index of the intensity of desorption. The 1/n4es values indicate
that the desorptionisotherms were nearly linear (except for the 2,4~
DNT desorption isotherm in HA-compost, which appears to be non-
linear (L-type)). In general, the 1/nqes values were higher than the
1/n.4s values and desorption of nitroaromatics showed hysteresis.
The hysteresis (H) was quantified using the (1/nges)/(1/n,4s) ratio.
The hysteresis is negative when the (1/nges)/(1/n,4s) ratio is greater
than one, while, it is positive when the (1/nges)/(1/n,4s) ratio is less
than one. Generally, the desorption for TNT and 2,4-DNT showed a
negative hysteresis except for 2,4-DNT in HA-compost and humin.
The K; values for TNT and 2,4-DNT desorption were higher than the
corresponding sorption values in all the SOM fractions. This further
indicates that the sorption of both the nitroaromatic is irreversible
and a considerable amount of sorbed nitroaromatic was retained
in the matrix.

The study indicates that different SOM fractions have different
structural composition for carbon and these SOM fractions with
varying RSCP of organic carbon have varying affinity for nitroaro-
matic contaminants. Therefore, the structural chemistry of SOM
plays an important role in the sorption of nitroaromatic com-
pounds. The non-specific sorption of both TNT and 2,4-DNT in SOM
fractions was mainly controlled by the aliphatic (mainly alkyl) frac-
tion of SOM constituting.
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