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Chapter 11 

Abstract 

The desorption kinetics of in situ hexachlorobenzene (HCB), 1,3-dichlorobenzene 

(1,3-DCB) and 1,4-dichlorobenzene (1,4-DCB) from a sediment were determined by a 

method in which the aqueous phase was kept solute-free with Tenax TA beads. 

Slowly desorbing fractions were 47-98% for HCB, 58-76% for 1,3-DCB and 36-63% 

for 1,4-DCB. Also, in situ partition coefficients (Koc
ins'tu) were measured; they were 

0.24-1.4 log-unit higher than literature Koc-values measured using short-term 

laboratory incubations. Koc values for the rapid fractions (Koc
rap), calculated with 

Koc
in$l,u and the rapidly desorbing fraction, were similar to literature Koc values. From 

this, it is concluded that the slowly desorbing contaminant fractions and the fractions 

not available for rapid equilibrium partitioning are the same. 

Introduction 

For sediment-sorbed organic compounds, it is often reported that a fraction of 

contaminant only slowly desorbs into the water column [e.g. 1-5]. This "slow" or 

"resistant" fraction increases with increasing contact time between chemical and 

sediment or soil [1,2,6]. The slow fraction can be measured in desorption experiments 

in which the aqueous phase is kept solute-free by means of purging with gas [3-5] or 

by extraction with solid particles [2,7]. 

For field-contaminated sediments and soils, in situ partition coefficients (Koc
insitu) are 

often markedly higher (and porewater concentrations lower) than expected on the 

basis of equilibrium partitioning [1,8-11]. These high values of Koc
insitu have been 

hypothesized to be caused by the presence of contaminant fractions that are not 

available for rapid equilibrium partitioning [8-11]. 

To our knowledge, directly-measured slow fractions and slowly exchanging fractions 

obtained via Koc
m si,u-values have been compared only once, by McGroddy et al. [9]. 

They found that porewater PAH contents could be much better predicted on the basis 

of desorption experiments than on the basis of equilibrium partitioning. McGroddy et 

al. did not employ an "infinite-sink" desorption technique in their experiments; 

instead, they suspended the sediment at approximately 1 g/L and measured the 

aqueous concentrations after 1, 2 and 14 days, respectively. Because the aqueous 

phase was not kept solute-free, they did not really measure desorption kinetics and 

slowly desorbing fractions. 

208 



Porewater concentrations and slow fractions 

In the present experiments, a comparison is made between i) the magnitude of slow 

fractions determined using solute-free solution maintained by solid Tenax beads and 

ii) Koc'
ns,,u-values obtained by analyzing porewater and sediments. The sediments used 

were from the Harbour of Delfzijl, The Netherlands. Contamination with 

hexachlorobenzene (HCB) and dichlorobenzene (DCB) poses large environmental 

problems at this site. In the present study, we considered HCB, 1,3-DCB, and 1,4-

DCB. 

Methods 

Chemicals. We used 1,3-DCB, 1,4-DCB and HCB (purity > 98%) from Aldrich as 

analytical standards; hexane and acetone (Nanograde) were obtained from 

Promochem. Tenax TA (177-250 um), a porous polymer based on 2,6-diphenyl-p-

phenylene oxide, was purchased from Chrompack. Before use, the Tenax TA beads 

were rinsed with acetone, hexane and water (all 3 times 10 mL/g Tenax) and dried 

overnight at 75°C. 

Sediment. The sediment used was from the Harbour of Delfzijl, The Netherlands. This 

sediment has been dredged in 1994; since then it has been stored in a landfill. In 

june1996, superficial (S; 0-60 cm.) and deeper (D; 60-120 cm.) sediment was 

sampled from three locations in the landfill (locations 1, 7 and 8). The measures of the 

landfill were approximately 100 by 100 m. Sample point 1 was at one side of the 

landfill; sample points 7 and 8 were on the other side, the latter two locations being 

about 50 meters apart. 

Sediment extractions and organic carbon contents. Sediment was extracted by 

refluxing wet sediment (1-3 g) with a mixture of water (50 m!_), hexane (50 mL) and 

acetone (20 mL) for 6 h. The hexane was analyzed with GC-ECD (Hewlett Packard 

5890 with 63Ni ECD and HP 7673A autosampler; column: Chrompack, fused silica CP-

Sil-8cb, length 50 m, diameter 0.25 mm, film thickness 0.25 urn; carrier gas: He 

(Groenband high-purity), 1 mL/min; make-up gas: N2 (Groenband high-purity), 60 

mL/min). It has been shown that refluxing with a mixture of hexane, acetone and 

water gives good extract yields of 80-100%, also for slowly desorbing fractions of 

chemicals [12]. No clean-up of the samples needed be carried out because the 

chromatographic output on GC-ECD was of a quality sufficient for quantitative 

interpretation. Chlorobenzene contents of the sediment samples ranged from 0.6-28 

mg/kg dry matter (dm) for HCB, 1.5-5.4 mg/kg dm for 1,3-DCB and 2.5-6.0 mg/kg 

dm for 1,4-DCB. Other chlorinated benzenes could not be detected in the sediment 
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(detection limits ranging from 0.1 mg/kg dm for 1,4-DCB to 0.01 mg/kg dm for 

pentachlorobenzene). Organic carbon percentages of the sediments were 2.0-4.2%, 

as determined using a Carlo-Elba elemental analyser by combustion at 1100°C after 

removal of inorganic carbonate with 0.1 M HCl. 

Desorption technique. The desorption kinetics of the sediments were determined at 

20°C by means of the Tenax solid-phase extraction method described in a previous 

paper [2]. Extraction with Tenax TA has been proved to be very useful for desorption 

kinetics experiments because of the high sorptive capacity [2,13] and the very fast 

solute absorption from water to Tenax [2]. A mixture of Tenax TA (0.5 g), sediment 

(1 g dry weight) and milli-Q water (70 mL) was constantly shaken in a 100 ml_-

separation funnel. HgCI2 (1 mg) was added as a biocide. The Tenax was refreshed at 

set time intervals. Tenax was extracted with hexane; hexane was analyzed as 

described above. 

After termination of desorption (after about 330 h) the remaining sediment and 

supernatant water were refluxed with a mixture of hexane (50 mL) and acetone (20 

mL) for 6 h to extract and analyze the chlorobenzenes still present in the sediment. 

The experiments were carried out in triplicate. The sum of the total mass of solute 

desorbed and solute present after desorption was 70-130% of the initial mass of 

solute (mass balances 70-130%). 

Desorption data interpretation. Desorption from sediment can be described by the 

following first-order expression [2,3,14] on the assumption that k ^ « krap 

' = F ek* + F, éfw (1) 
r r rap slow x ' 
' 0 

in which S, and S0 (g) are the sediment-sorbed amounts at time t (h) and at the start 

of the experiment, respectively; F,ap and Fslow are the fractions of contaminant present 

in the rapidly and slowly desorbing sediment compartment, respectively; krap and k ^ 

(h 1) are the rate constants of rapid and slow desorption, respectively. 

Values of Frap, F ^ , krap and k ^ were determined by minimizing the cumulative 

squared residuals between experimental and calculated values of ln(S,/So) in eq. 1. 

In situ partition coefficients. Triplicate determinations were carried out. Wet sediment 

(400 g) was centrifuged (2500 rpm; 20 min). The supernatant porewater 

(approximately 50 mL) was pipetted off. Contaminant losses during centrifugation, 

probably due to evaporation, were quantified by analyzing separate spiked solutions 
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of the test compounds before and after centrifugation. These losses proved to be well 

reproducible (about 30% loss) and have been corrected for by multiplication of all 

measured pore water concentrations by 100%/70%. Porewater (10 ml) was 

extracted with isooctane (3 ml). After separation from the porewater, this isooctane 

was partly evaporated through a very gentle nitrogen stream to avoid DCB 

evaporation. As checked with separate aqueous DCB solutions, evaporation losses 

were negligible during this stage. The isooctane was analyzed on GC-ECD as 

described above. The dissolved organic carbon (DOC) content of the porewater was 

determined using a Beekman 914B TOC Analyser. The organic carbon-normalized in 

situ partition coefficients KQC*"5"" (L/kg) were calculated with 

c 
Knr - - — (2) oc 

* oc 

in which cs is the concentration of HCB or DCB in the sediment (mg/kg), c« is the 

concentration in the porewater (mg/L) and foc is the organic carbon fraction. For 

HCB, a correction is required for the amount of HCB analyzed along with the water 

phase but sorbed to the DOC present in the porewater. For the DCBs no such 

correction is necessary because less than 1 % of the porewater content is expected to 

be associated with DOC. The HCB-correction for DOC-sorption was done by 

assuming that KMC (the partition coefficient between dissolved organic carbon and 

water) is equal to (0.2 ± 0.1) x Koc'"; this value for K ^ is the average of 4 literature 

values [2,4,15,16]. Corrected Koc-values are obtained with [17,18] 

A ^ = &OC •{L + Ö.2-K^ • VUL) (3) 

where DOC is the DOC content of the porewater (kg/L). These DOC contents were 

approximately 6x105 kg/L for all porewaters. K^11' (literature value for K^ 

determined in short-term laboratory incubation) and not Koc
in *"•nonco" is used for the 

correction (eq. 3). This is because Koc
noncor"ns,,u is a value for "aged" sediment (with 

fractions not available for rapid equilibrium partitioning) whereas sorption to DOC 

probably shows no significant aging, i.e. all HCB sorbed to DOC is probably available 

for rapid equilibrium partitioning. 
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Koe'*", the Koc of the rapid fraction, is calculated from F ^ measured in the desorption 

experiments and koc'
nsi,u co" with eq. 4. For the DCBs, Koc'

ns"uco" is equal to Koc'
nsmj 

because sorption to DOC is negligible. 

KZ = K';r°rr-V-FlJ (4) 

Results 

Desorption kinetics. Typical examples of In S,/S0 vs. time plots are given in Figure 1 

(next page), for sample points 1 S and 7 D (1,7 and S,D refer to sample point and 

depth, respectively, as explained before). Table 1 gives the slow fractions and the rate 

constants of slow desorption for 1,3-DCB, 1,4-DCB and HCB, as well as their 

standard deviations. 

The slowly desorbing fractions are almost 100% for HCB at sites 7 and 8. At site 1, 

the slowly desorbing fraction for HCB is much smaller (47%). Slowly desorbing 

fractions of the two DCBs are much lower than for HCB. The rate constants of slow 

desorption are in the order of 103 h"1. They are slightly larger for HCB than for 1,3-

DCB and 1,4-DCB; this difference is significant for sample points 1 and 7 but not for 8 

(Student t-test; 95%). 

Table 1: Slowly desorbing fractions, F ^ (%), and their corresponding desorption rate 
constants k5low (103 h 1) for 1,3-DCB, 1,4-DCB and HCB in the 5 samples (triplicates). 

1,3-DCB 1,4-DCB HCB 

F slow (%) k^dO-'h'1) Fslow (%) k*w(10' !h-') Fslow (%) kawOO-'h-1) 

1 s 76 ± 4 1.9 ±0.2 36 ± 4 2.4 ± 0.4 47 ± 5 4.7 ± 0.3 

7S 70 ±3 1.9 ±0.1 53 ± 4 2.8 ±0.2 98 ± 1 3.4 ±0.4 

7 D 74 ± 1 1.7 ±0.2 63 ± 1 2.7 ±0.1 91 ± 4 5.4 ± 0.7 

8S 58 ± 2 3.1 ±0.3 49 ± 2 5.0 ±0.2 98 ± 1 3.3 ±1.3 

8D 67 ± 7 2.3 ±0.4 63 ± 7 3.9 ±0.5 97 ±3 4.6 ±0.6 
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Figure 1: In S,/S0 vs. time for samples 1 S and 7 D for HCB (triangles;*), 1,4-DCB 
(squares;«) and 1,3-DCB (diamonds;»). 

Sample 1 S 
time (h) 

50 100 150 200 250 300 350 

In S,/S0 

Sample 7 D 
time (h) 

250 300 350 
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In situ partition coefficients. The Koc'
ns,,u-values are presented in Table 2, for the two 

DCBs and HCB. In addition, values for Koc
,ap are calculated from Kc and Fd 

with eq. (4). Also, literature values are given for the Koc-values (averaged for the 

references cited). For HCB we used only literature Koc-values that had been corrected 

for sorption by DOC. 

The standard deviations in the Koc
in5itu-values are small for the DCBs; for HCB these 

standard deviations are larger because the porewater concentrations of HCB 

(approximately 1-10 ng/L) approached the detection limits. The values for Koc'"5*" for 

HCB are reasonably similar for sample points 7 and 8. For sample 1 S a lower value is 

obtained for Koc
insmj, although the difference with samples 7 and 8 is not significant 

because of the substantial standard deviations (Student t-test, 95%). 

From Table 2, it is clear that the Koc
in5i,u-values are significantly larger than the 

laboratory-measured literature Koc-values for all three compounds. The difference 

decreases in the order HCB > 1,3-DCB > 1,4-DCB. Koc
rap is similar to literature K^ 

values. These points will be elaborated on in the discussion section. 

Table 2: Log K^1"'""-values (triplicates) for 1,3-DCB, 1,4-DCB and HCB (noncorrected 
and corrected for sorption by DOC), along with literature values and values of log 
Koc

,ap calculated with the slowly desorbing fractions via eq. (4). The averages are for 

Sample log KQC for 1,3-DCB log Koc for 1,4-DCB log KQC for HCB 

in situ rapid in situ rapid in situ; 
measured 

in situ; 
DOC-corr. 

Rapid 

1 S 3.56 ± 0.04 2.94 3.32 ±0.06 3.13 5.6 ± 0.4 6.2 ± 0.5 5.9 

7S 3.52 ±0.06 3.00 3.34 ±0.06 3.01 6.15 ±0.07 6.75 ± 0.22 5.1 

7 D 3.35" 2.76 3.26' 2.83 6.16' 6.76 5.7 

8S 3.19 ±0.03 2.81 3.04 ±0.03 2.75 6.1 ±0.3 6.7 ±0.5 5.0 

8D 3.34 ±0.01 2.86 3.18 ±0.01 2.75 6.0 ±0.5 6.6 ± 0.6 5.1 

average 2.87 ±0.10 2.89 ±0.17 5.4 ±0.4 

lit. 2.7 [19,20"] 2.8 [19,20"] 5.4 [2,4,5] 

only one measurement; " Koc-values for 1,2-DCB (averaged for 36 different sediments). 
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Discussion and conclusion 

The values for the rate constants of slow desorption are in the same order of 

magnitude (about 0.001 -0.005 h'1) as the ones previously measured with the same 

method for laboratory-contaminated and field-contaminated sediment [2,21]. The 

slowly desorbing fractions are 36-76% for the DCBs. For the desorption of HCB from 

field-contaminated sediments, slow fractions up to 85% have been reported [21]. The 

slow fractions measured for HCB in the present study (47% for site 1 S and 91-98% 

for the other sites) are thus in the same order of magnitude as these previous field 

data. 

The Koc'
ns,,u-values in the sediment landfill are much larger than K^-values measured 

in short-term laboratory experiments (by a factor of 1.7-25). The reason for the Koc 

difference between long-term and short-term contaminations is that a much lower 

fraction of chemicals is present for partitioning with the aqueous phase as slow 

fractions increase. This is substantiated by the agreement of Koc
rap with literature data 

(Table 2). Slowly exchanging fractions increase with contact time because of slow 

penetration into more remote sediment parts [1]. The mechanism of this slow 

penetration is hypothesized to be either slow diffusion through and along the walls of 

narrow micropores [1,6] or slow diffusion through the organic matter matrix 

[1,14,22]. An alternative explanation is the occurrence of some kind of entrapment in 

microvoids that are hypothesized to be present within the organic matter matrix 

[23,24]. 

The observation that Koc^""' is larger than laboratory-measured short-term K^-values 

is in accordance with observations by Ten Hulscher et al. [10], McGroddy and 

Farrington [8,9] and Maruya et al. [11]. Ten Hulscher et al. observed that KQC"5*1 for 

several dichlorobenzenes and trichlorobenzenes were 10-150 times higher than short-

term laboratory ones. In the present experiments, the differences between Koe1"5*" and 

literature Koc-values were less extreme for the dichlorobenzenes (factor of 2-12). The 

difference between the present measurements and the measurements by Ten 

Hulscher et al. may be the origin of the contaminations: the samples used by Ten 

Hulscher et al. were highly aged sediments from deep layers whereas the 

dichlorobenzene contaminations in the present study were probably much more 

recently formed because they probably result from the microbiological degradation of 

the HCB. This hypothesis seems reasonable because it is known that HCB has been 

emitted to the Delfzijl Harbour whereas explicit DCB-emission is not documented. 

McGroddy and Farrington observed porewater concentrations for PAHs that were 
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2.5-100 times lower than expected on the basis of equilibrium partitioning. However, 

the high Koc
ins"u-values they observed were not accounted for by long chemical-

sediment contact times but rather by the occurrence of so-called "pyrogenic" PAHs. 

Such PAHs have probably been formed and immediately sequestered during the 

formation of soot particles in combustion processes. Maruya et al. observed that 

Ko(_insitu_va|ues 0 f 1 2 P A H s w e r e a D 0 U t equal t 0 values expected on the basis of 

equilibrium partitioning at one time, whereas 4 months later they were about 10 

times higher. The discrepancy was explained by the occurrence of dry and wet 

seasons; during wet seasons, there is higher surface-runoff of aromatic soot particles 

in which the present PAHs are very tightly bound and not available for rapid 

equilibrium partitioning (pyrogenic PAHs). 

Koc'
ap can be compared to literature K^-values assuming that the rapid fraction is 

100% during the short-term laboratory Koc-measurements [1,8-10]. This assumption 

is not completely correct because slow fractions are significant even after short 

incubations [1,2,25]. However, it seems reasonable in the present case because slow 

fractions after 2 days of incubation are only 25.9% for HCB [2] and probably below 

10% for the DCBs (the latter percentage deduced from trends in slow fractions as a 

function of hydrophobicity in [2]). It has to be noted that the data in [2] are for 

another sediment. The values of K ^ calculated from K^1"*" and F ^ (eq. 4) are 

rather similar to the literature Koc values. This implies that measurements of Koc'
nsltu 

yield information that is consistent with the information obtained via the 

measurement of desorption kinetics. It has to be kept in mind, however, that the 

literature Koc-values have been measured for different sediments; variation in organic 

matter composition may result in variations in K^ ranging from a factor of 2 [20] to 

an order of magnitude for the sorption of one compound in different sediments [26-

28]. Xing et al. [29] improved their Koc predictions using an organic matter polarity 

index, thus showing that not only the organic matter content but also its 

characteristics are of importance. Also the value of KD0C (which is assumed to be (0.2 

± 0.1) x Koc) is the average of values measured for other sediments. Further, 

variations in Koc can also be explained by concentration differences due to nonlinear 

isotherms [1,23,24]. Therefore care should be taken in the interpretation of one-point 

Kocs. In the present study, however, the high values of Koc
insi,u probably cannot be 

explained by concentration differences because chemical concentrations in our field-

contaminated samples were reasonably high (5-40 mg/kg dm for the sum of HCB and 

DCB) and Koc values decrease with increasing concentrations when nonlinear sorption 

occurs. 
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The two most important trends that can be observed from the desorption 

measurements are that i) slow fractions increase in the order 1,4-DCB < 1,3-DCB < 

HCB and ii) sample 1 S possesses a significantly lower F^,, for HCB than the samples 

from sites 7 and 8. These same trends are observed from the Koc'
nsitu measurements: i) 

the discrepancy between Koc
,nsitu and literature Kocs increases in the order 1,4-DCB < 

1,3-DCB < HCB and ii) Koc
Én$itu(HCB) is lower for sample 1 than for samples 7 and 8. 

The consistency of the information obtained from desorption and «oc'"5"" 

measurements is illustrated by the Koc"
p values: these are i) consistent with literature 

Kocs and ii) reasonably similar for samples 1,7 and 8 in the case of HCB. So, the 

occurrence of slowly exchanging fractions can account for the observation that 

Koc
insitu is larger than literature K^ values. Then, the slowly desorbing fraction 

measured in desorption experiments is also the fraction that is not available for rapid 

equilibrium partitioning, which is a validation of the assumption implicitly made by 

Pignatello and Xing [1], Ten Hulscher et al. [10] and McGroddy et al. [8,9]. Two 

reasons can be given for the observation that slowly and very slowly desorbing 

fractions are not available for equilibrium partitioning. First, the exchange between 

the slow and very slow sediment compartments can be so slow that equilibrium is not 

achieved. This is not really likely because rate constants of slow desorption (several 

times 103 h"1) are still so large that desorption half-lives are in the order of weeks-

months. This is much shorter than usual time frames in the field (years to decades). 

Therefore, a second reason may be true: the sediment-water partition coefficients are 

larger for the slow/very slow fractions than for the rapid ones. Then the slow fractions 

do not significantly contribute to aqueous concentrations, so the latter are determined 

by rapidly desorbing chemical. 
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