
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Mechanism and consequences of slow desorption of organic compounds from
sediments

Cornelissen, G.

Publication date
1999

Link to publication

Citation for published version (APA):
Cornelissen, G. (1999). Mechanism and consequences of slow desorption of organic
compounds from sediments. [, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:23 May 2023

https://dare.uva.nl/personal/pure/en/publications/mechanism-and-consequences-of-slow-desorption-of-organic-compounds-from-sediments(e5c9a818-c743-4598-acb0-522f2f7f81d5).html


9 
Competition effects in the slow desorption of organic 

compounds from sediments 

co-authors: 

Michel van der Pal, Paul C M . van Noort and Harrie A.J. Govers 



Chapter 9 

Abstract 

It has recently been found that part of the sorption of organic compounds in soils and 

sediments occurs in a nonlinear, Langmuir-type way. In chapter 8 of this thesis it has 

been shown that the (slowly + very slowly) desorbing fractions show this Langmuir-

type sorption. This indicates that the number of slow sorption sites is limited, and that 

competition for these sites can be expected. Therefore experiments were carried out 

after competition effects in slow desorption. 

Excess lab-added 1,2,4-trichlorobenzene (TCB) decreased the slowly desorbing 

amounts of aged in situ PCBs and chlorobenzenes in KM sediment after 14 d of TCB-

sediment contact time (factor of 1.2-2.7). Another experiment showed that the 

presence of large quantities of in situ oil (15 g/kg) and PAHs (1.5 g/kg) strongly 

inhibited the formation of slowly desorbing amounts of lab-added penta-

chlorobenzene, PCB-30 and PCB-65. These results imply that (i) freshly sorbed 

contaminants can influence the desorption behavior of aged contaminants within 

weeks, and (ii) PAH, oil, PCBs and chlorobenzenes show competition for the same 

slow sorption sites in sediment. 

Introduction 

Part of sediment-sorbed organic compounds desorbs slow, or even very slow [7-6]. It 

has also been shown that sorption partly occurs in a nonlinear, Langmuir-type way, 

and partly in a linear way [7-12]. In chapter 8 of this thesis, it has been shown that 

the nonlinear solute fractions and the (slowly + very slowly) desorbing ones are 

probably the same. This nonlinear sorption has been hypothesized to occur at 

voids/holes in relatively rigid parts of the organic matter (OM)[S,70,77,73]. 

Nonlinear Langmuir-type sorption means that there is a maximum nonlinear (and thus 

slow) sorption capacity. This capacity is about 2-50 mmol/kg OC for slowly desorbing 

solute [chapter 8 and refs. 7,9-7 7,74,75], and about an order of magnitude lower in 

the case of very slow desorption (chapter 8). The occurrence of a limited slow 

sorption capacity implies that there is probably competition between different solutes 

for the limited number of slow sorption sites. In the present study, we have 

investigated these competition effects, in order to find indications on the 

characteristics of the slow sorption sites. 

Two experiments have been carried out. In the first one, the effect of large amounts 

of freshly added TCB on the desorption behavior of field-aged chemicals (in situ 

180 



Competition effects in slow desorption 

pentachlorobenzene, hexachlorobenzene and three PCBs) was investigated. This was 

done in order to find out whether freshly added compounds would be able to 

compete with aged ones. In the other experiment, the effect of large concentrations 

of in situ PAHs and mineral oil on the desorption behavior of lab-added chlorinated 

compounds was studied, to find out whether PAH/oil and chlorinated compounds 

would compete for the same slow sorption sites. In this way, the compound specificity 

of the slow sorption sites was investigated. In all experiments desorption kinetics were 

measured by means of Tenax extraction in separation funnels [2,3]. 

Methods 

Chemicals. 1,2,4-trichlorobenzene (TCB), pentachlorobenzene (QCB), 

hexachlorobenzene (HCB), 2,4,6-trichlorobiphenyl (PCB-30) and 2,3,5,6-

tetrachlorobiphenyl (PCB-65) were obtained from various commercial sources. Tenax 

TA (177-250 um), a porous polymer based on 2,6-diphenyl-p-phenylene oxide, was 

obtained from Chrompack, and washed as described in chapter 8. 

Sediments. For experiment I, samples were taken from Lake Ketelmeer (KM), The 

Netherlands, at depths of either 0-30 cm (KM 0-30 cm; OC 7.0% [3]) or 40-120 cm 

(KM 40-120 cm; OC 6.7%). KM sediment contains aged PCBs, chlorobenzenes, PAHs 

and mineral oil (Table 1). The sediment samples were passed through a 500 urn-sieve 

and used without further treatment. 

For experiment II, sediment from the Petroleum Harbor (PH), Amsterdam, The 

Netherlands, was used. This sediment contains high levels of aged PAH and mineral 

oil (Table 1). Sample depth was 0-50 cm; the fraction < 63 urn (OC 8.2%) was 

obtained by wet sieving and used in the experiments. 

Table 1: Approximate contents of total PAH (16 EPA), PCB, chlorobenzenes and 
mineral oil in the sediments studied (in mg/kg). 

Content (mg/kgOC) 

PH sediment 
PH sediment stripped 
KM sediment 0-30 cm 
KM sediment 40-120 cm 

PAH PCB chlorobenzenes mineral oil 
1,500 - 10 - 10 16,000 

25 -0 .4 -0 .4 250 
35 3 5 2,000 
35 3 5 2,500 
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Sediment extraction method. Sediment extractions were performed by 

acetone/hexane reflux, as described in chapter 8. PCBs and chlorobenzenes were 

measured by analysis of the hexane fraction on GC-ECD. Mineral oil was measured by 

analysis of the hexane fraction on GC-FID. For PAH analysis, the hexane was 

evaporated to 1 mL and then dissolved in 10 mL acetonitrile. The acetonitrile was 

subsequently evaporated to 1 mL and analyzed on HPLC with both fluorescence 

detector (FLD; HP 1046) and variable-wavelength UV detector (VWD). Data obtained 

by FLD and VWD detection were averaged; differences between FLD and VWD 

analysis were below 10%. 

Experiment I: Influence of excess lab-added TCB on the desorption of aged 
compounds. Wet KM sediment (3 g dry weight, dw) and HgCI2 (1.25 mg) were 

added to milli-Q water (250 mL) with or without TCB (8 mg/L; both in triplicates) and 

shaken for 14 days at 20°C. Subsequently, the suspensions were centrifuged at 2500 

rpm for 20 min; the water phase was pipetted off and analyzed. The aqueous 

concentrations of the in situ compounds were shown to be so low that desorption 

during the loading phase was negligible (< 1 %). After the 14 days of loading, the TCB 

contents in the sediments were about 5,000 mg/kg OC (27.5 mmol/kg OC). 

Desorption kinetics of the sediments with and without TCB were determined at 20°C 

as described below. For the KM 0-30 cm sediment, desorption of 2,4,4'-

trichlorobiphenyl (PCB-28), 2,2',3,4',5-pentachlorobiphenyl (PCB-90) and 2,2',4,4,,5-

pentachlorobiphenyl (PCB-99) was measured; for the KM 40-120 cm sediment the 

tested compounds were pentachlorobenzene (QCB), hexachlorobenzene (HCB) and 

2,4,4'-trichlorobiphenyl (PCB-28). 

De Jonge et al. [76] showed that mineral oil is present as NAPL (Non Aqueous Phase 

Liquid) above oil contents of approximately 4 g/kg dm, which is about 300 g/kg OC 

for the sediment they used. The mineral oil levels in the KM sediments used in 

experiment I (25 and 30 g/kg OC, respectively, for the 0-30 cm and the 40-120 cm 

layers) are well below this NAPL concentration, so NAPL mineral oil is not expected to 

influence the experimental data. In addition, no oil droplets were visible in the used 

sediment samples. 

Experiment II: The influence of aged PAH and oil contaminations on freshly added 
chlorinated aromatic compounds. Before the desorption experiments, the present oil 

and PAHs were "stripped" from PH sediment (1 g dry weight; five samples). This was 

done by desorbing the PAHs at 60°C for 14 days with about 1 g Tenax (desorption 

method: see below). NaN3 (160 mg) and HgCI2 (1.25 mg) were added to avoid 

biodégradation of PAHs and PCBs, respectively. The Tenax was refreshed 4 times. 
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After the stripping period, the sediment was passed through a 125-um metal sieve to 

remove Tenax possibly still present in the sediment suspension. Duplicate samples of 

the PAH/oil-stripped sediments were extracted (extraction method: see above) and 

analyzed for PAHs/oil still present; PAH-levels (16 EPA) in the stripped sediments 

were 25 mg/kg (Table 1); oil levels were 250 mg/kg. Also, triplicate samples of 1 g 

PH sediment were shaken in separation funnels at 60°C for 14 days without Tenax. 

All six PH sediment suspensions (triplicates both with and without PAHs/oil present) 

were spiked with 5 uL methanol containing the test compounds QCB, PCB-30 and 

PCB-65. Analysis of the in situ PH sediment had shown that it originally did not 

contain these compounds. The spiked suspensions were shaken for 14 days; resulting 

sediment contents of the spiked compounds were 5 mg/kg QCB, 1.5 mg/kg PCB-30 

and 1 mg/kg PCB-65, which is 0.05-0.3% of the PAH-content of the original 

sediment. With literature values for Koc [17] it can be calculated that less than 5% of 

the QCB, PCB-30 and PCB-65 in the sediment suspensions was present in the water 

phase after loading. After the loading phase, desorption experiments were carried out 

at 20°C as described below. 

Desorption technique. Desorption kinetics were determined by means of the Tenax 

solid-phase extraction method described in chapter 2. 

Desorption data interpretation. Desorption from the sediments was described by the 

following first-order two-compartment model [2,3,chapter 7] on the assumption that 

S' =F ekj-' + F, e'k—' (1) 
p rap slow y ' 

\ 

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

the experiment, respectively. Frap and F5)ow (-) are the rapidly and slowly desorbing 

fractions, respectively. kdrap and kdsJow (h 1) are the rate constants of rapid and slow 

desorption, respectively. The fitting procedure has been described in other chapters 

(e.g., chapter 8). 
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Results 

Experiment I. The desorption curves for the in situ chlorinated compounds in the 

presence and absence of TCB are shown in Figure 1 (QCB, HCB and PCB-28 in KM 

40-120 cm sediment), as are the curves for the added TCB. 

Figure 1: Desorption kinetics of KM 40-120 cm sediment in the presence (solid 
symbols) and absence (open symbols) of excess added TCB; plotted is ln(S,/So) vs. 
time. The solid line is obtained by exponential curve fitting to eq. 1; asterisks: TCB; 
diamonds: QCB; triangles: HCB; squares: PCB-28. 

KM sediment 40-120 cm 

In Table 2 the (slow + very slow) fractions as well as their corresponding rate 

constants are given, for the measured compounds in both KM 0-30 and 40-120 cm 

sediment. The very slow fractions have not been measured because no desorption 

experiment at 60°C was performed; the Fiimt values presented in this chapter therefore 

represent slow + very slow fractions. All (slowly + very slowly) desorbing fractions are 

significantly smaller in the presence of excess TCB (Student t-test; 95%), by a factor 

of 1.2-2.7. In addition, all rate constants of slow desorption, kdstow, are larger in the 

presence of TCB, by a factor of 1.2-4.1. The changes in kdsk)W are significant in all 

cases except for PCB-90 in KM 0-30 cm sediment (Student t-test; 95%). 
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Table 2a: Slowly + very slowly desorbing fractions (Fstow+Fvs) and rate constants of 
slow desorption (kd5low) for KM sediment [0-30 cm] in the presence and absence of 
27.5 mmol/kg OC TCB, which is about 3000 times the background concentration 
(Experiment II). 

KM 0-30 cm  
without TCB with TCB  

PCB-28 PCB-90 PCB-99 PCB-28 PCB-90 PCB-99 TCB 
f\lov« + Fvs (%) 84.8 66.9 78.4 31.6 49.3 48.4 17.4 

std 5.5 4.0 1.2 5.2 2.4 2.2 1.4 
kstow(103h1) 0.55 0.85 0.55 1.46 0.81 1.12 3.72 

std 0.11 0.12 0.16 0.50 0.33 0.21 0.23 

Table 2b: Slowly + very slowly desorbing fractions (F^+F^) and rate constants of 
slow desorption (kdslow) for KM sediment [40-120 cm] in the presence and absence of 
27.5 mmol/kg OC TCB, which is about 3000 times the background concentration 
(Experiment II). 

KM 40-120 cm 
without TCB with TCB 

QCB HCB PCB-28 QCB HCB PCB-28 TCB 
Ego», + F« (%) 96.5 89.6 74.1 72.0 74.5 46.2 14.2 

std 1.4 3.2 5.1 2.2 14.7 11.4 0.5 

k^do-V) 0.70 0.61 0.59 2.38 2.97 1.15 2.82 
std 0.21 0.12 0.23 0.33 0.78 0.2 0.38 

Experiment II. The desorption curves for the added PCB-30 in the presence and 

absence of in situ PAHs and mineral oil are given in Figure 2. The (slow + very slow) 

fractions and slow desorption rate constants are given in Table 3, for QCB, PCB-30 

and PCB-65. From the data it can be observed that the (slow + very slow) fractions 

are significantly lower in the presence of PAHs and mineral oil (Student t-test, 95%), 

by a factor of 9-14. Rate constants of slow desorption are significantly larger in the 

presence of PAHs and oil (Student t-test, 95%), by a factor of 1.5-2.4. 

185 



Chapter 9 

Figure 2: Desorption kinetics of freshly added PCB-30 from PH sediment with (solid 
squares) or without (open squares) in situ PAH/oil; plotted is ln(S,/So) vs. time. The 
solid line is obtained by exponential curve fitting to eq. 1. 

PCB-30 in PH sediment with and without PAH/oil 

Table 3: Slowly + very slowly desorbing fractions (F^+F«) and rate constants of slow 
desorption (kdiS|OW) for PH sediment in the presence and absence of 1,500 mg/kg (76 
mmol/kg OC) in situ PAH and 15,000 mg/kg mineral oil. 

PH sediment with PAHs stripped PH sediment 
QCB PCB-30 PCB-65 QCB PCB-30 PCB-65 

F$iow(%) 8.2 4.9 3.7 72.8 68.9 48.3 
std 1.6 1.0 0.7 2.9 2.5 1.2 

k^dO-V) 2.88 3.11 3.16 1.53 1.29 2.12 
std 0.05 0.05 0.70 0.01 0.05 0.08 

Discussion 

Experiment I. (Slow + very slow) fractions of field-aged chemicals are significantly 

reduced in the presence of large amounts of competing freshly added TCB (factor of 

1.2-2.7). This means that competition effects occur in the slow (and possibly very 

slow) sediment compartments, also between freshly added compound (TCB) and 

aged in situ contaminants. The (slow + very slow) concentrations of TCB are about 

3.9 mmol/kg OC (q,ot of 5,000 mg/kg OC and F^+F« of 14%), slightly below the 

Qmaxstow value observed for OVP sediment in chapter 8. 
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The observation that freshly added compounds can also influence the sorption of 

aged ones shows that several weeks of incubation are sufficient for solutes to reach 

slow sorption sites. This result is in accordance with the earlier observations that (i) 

significant slow and very slow fractions were formed after only 2 and 34 days of 

incubation [2,3], (ii) the time factor in the time-dependent Langmuir equation (eq. 7 

in chapter 8) was about 1 for slowly desorbing solute (chapter 8) (iii) significant 

irreversibly sorbing naphthalene fractions were formed after only 1 to 3 days of 

incubation [14,20] and (iv) Freundlich sorption coefficients n and KF reached an 

apparent equilibrium after 14 days of incubation [7]. However, the observation that 

such a large excess of TCB (about 50 times the in situ content of chlorinated 

compounds) does not replace almost all (slow + very slow) in situ compounds means 

that there are probably sites that are not accessible within several weeks. One 

explanation is that these are the sites from which desorption is very slow. Another 

explanation is that some kind of retarded diffusion (e.g. through the more rigid parts 

of the organic matrix, as postulated by Pignatello [73]) still plays a role in slow 

adsorption and desorption. 

In several studies, competition among chemicals sorbed in soils and sediments is 

apparent [10,11,21,23,24]. Xing and Pignatello [11] measured a factor 2 reduction in 

apparent soil-water partition coefficients of 1,2-dichlorobenzene due to the presence 

of 70 mg/L 1,3-dichlorobenzene. The same authors reported up to 30% reduction in 

sorbed atrazine concentration due to the presence of 120 mg/L prometon. 

Differences in competition behavior among different soils have been reported by 

McGinley et al. [23], who found that soils with the lowest n values for the Freundlich 

isotherms (i.e., the soils showing strongest nonlinear, Langmuir sorption) exhibited 

the largest degree of competition, an aqueous concentration of 5 mg/L TCB causing 

25-50% smaller whole-sediment KF values for tetrachloroethylene. Pignatello [21] 

reported a factor 3 decrease in slowly desorbing 1,2-dibromoethane in the presence 

of a trichloroethylene concentration of approximately 5,000 mg/kg OC (38 mmol/kg 

OC) for a 1.81 % OC soil. The concentration of trichloroethylene in the slow sediment 

compartment was not determined. The effects of 1,3-dichlorobenzene on overall K^ 

were about 4 times smaller than those of trichloroethylene. 

Experiment II. Large amounts of in situ PAHs and mineral oil can strongly reduce the 

values of Fsk)w (by a factor of 9-14) of freshly added chlorobenzenes and PCBs as well 

as increase their kd ̂  (factor of 1.5-2.4). The mineral oil contents of the presently 

used PH sediment are about 200 g/kg OC, so little or no mineral oil may be present 

as NAPL in the unstripped PH sediment (NAPL is probably formed above 300 g/kg 
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OC [76]). In addition, slowly desorbing fractions for PAHs up to 75% have been 

reported elsewhere for this sediment (termed PH-B in ref. [79]). If NAPL oil had 

influenced sorption, slow fractions would have been lower because PAHs in oil 

droplets are measured as rapidly desorbing because they are extracted rapidly by the 

Tenax, along with the oil droplets in which they are sorbed. However, it cannot be 

ruled out that the sediment matrix is significantly changed by the large amount of oil 

present, even if no NAPL is present. 

From the PAH contents and F ^ values in [79], values for Q ^ can be approximated 

for the presently used PH sediment. In this sediment, such large PAH contents are 

present that the slow Langmuir capacity is probably saturated. For the sum of the 16 

EPA PAHs measured, q ^ , , is 21 mmol/kg OC. This value is in the same order of 

magnitude as Qmax values in chapter 8 (5-20 mmol/kg OC). For the other PH 

sediment in [79], PH-A, a slightly larger value of 33 mmol/kg OC can be calculated. 

The present data indicate that there is competition for the Langmuir sites between 

different chemicals (oil and PAH influence the desorption of chlorobenzenes and 

PCBs). Pignatello [27], Xing et al. [70] and Chiou and Kile [24] observed that 

compounds belonging to the same class (e.g. two chlorobenzenes) influence each 

other more strongly than do compounds from different classes (e.g. 1,3-

dichlorobenzene vs. atrazine). There are probably larger differences in sorption 

behavior between atrazine and chlorobenzenes than there are between PAHs/oil and 

PCBs because pesticides, unlike PAH/PCB/oil, can show specific interactions with the 

organic matter. On the other hand, it could be that it is not competition between 

PAH/oil and PCB/chlorobenzenes, but another process that results in small F ^ values 

in the presence of oil and PAH. The amounts of oil may be so high that they disrupt 

the OM structure, resulting in the destruction of slow sorption sites. Then small F^ 

values result from a reduction in Qmax and not from competition effects. The high F ^ 

values after stripping PAH and oil from the sediment imply that the site destruction is 

then a reversible process. 

In both experiments it is observed that kds)ow is significantly increased in the presence 

of large amounts of cosolute (see Tables 2 and 3). This means that there is not one 

value for kd slow, but that the rate constants of the slowly desorbing fraction depend on 

the amount of chemical present in it. This is a drawback of the use of a first-order 

multicompartment model. Because the exact mechanism of slow desorption is not yet 

known, it is difficult to give an explanation for the observation that kdpSlow increases 

with test compound levels. 
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A consequence of the findings from experiment I (freshly added compounds compete 

with aged ones for slow sorption sites) is that sediments with long-aged contaminants 

should still be handled with caution: a new introduction of high levels of another 

chemical (oil, TCB) may decrease the Fslow of the aged contaminants and, 

consequently, increase their aqueous concentrations. 
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