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Chapter 8 

Abstract 

Desorption kinetics were determined for 1,2,4-trichlorobenzene (TCB), 1,3-

dichlorobenzene (DCB) and trichloroethylene (TCE) in Lake OVP sediment, at various 

concentrations. The desorption data were interpreted with a first-order three-site 

model. In this way, separate sorption isotherms could be constructed for rapid, slow 

and very slow solute, respectively. Slowly desorbing (rate constant k around 103 h'1) 

and very slowly desorbing (k=104-105 h 1) solute exhibited nonlinear Langmuir-type 

sorption, with capacities in the order of 4.6-19 and 0.54-1.5 mmol/kg OC and affinity 

constants of 0.18-41 and 32-272 L/mmol, respectively. The affinity constants 

increased about proportionally with increasing solute hydrophobicity. Rapidly 

desorbing (k=101 h1) solute showed linear sorption isotherms, with log OC-water 

partition coefficients of 1.59 ± 0.12 (TCE), 2.03 ± 0.13 (DCB) and 3.13 ± 0.03 (TCB), 

respectively. These results confirm the hypothesis that desorption is rapid from linearly 

sorbing organic matter, whereas it is slow from nonlinearly sorbing sites. 

Introduction 

The desorption of organic compounds from soils and sediments occurs in several 

stages: a rapid desorption phase (hours to days) and a slow one (weeks to months) 

[1-6]; in several cases also a very slow one has been observed (months to years) [5,6]. 

Sorption isotherms have been shown to consist of at least two components: a 

Langmuir one and a linear one [7-9]. In addition, Huang et al. [7] have proposed a 

"Treble Reactive Domain Model" with one linearly sorbing component and two 

Langmuir ones. Langmuir sorption represents sorption at a finite number of localized 

sites with homogeneous site-energy; it has been hypothesized to occur in either 

"microcrystalline", rigid organic matter [7,10,11] or in nanoscale "voids" in the 

organic regions, in analogy to glassy polymers [8,9,12]. Linear sorption has been 

hypothesized to occur in "amorphous", more flexible organic matter [7,11]. 

Observations of Freundlich isotherm n-values (describing nonlinearity) significantly 

below unity [7-73] and the occurrence of competition effects in organic matter 

sorption [8,9,13] both indicate the presence of Langmuir sorption. The Langmuir 

component probably shows slower sorption than the linear component because 

sorption isotherm nonlinearity has been observed to increase as a function of time 

[77,72]. 
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Slow and very slow fractions: nonlinear isotherms 

It is not clear whether the Langmuir component observed in the adsorption studies 

[7-73] is similar to the slowly desorbing component often observed in desorption 

studies [7-6]. In the present study, we have tested whether the slowly and very slowly 

desorbing fractions in sediments have a limited capacity and show Langmuir-like 

behavior, and whether the rapidly desorbing fraction shows linear sorption. This was 

done by measuring the rapidly, slowly and very slowly desorbing fractions at various 

concentrations of 1,2,4-trichlorobenzene (TCB), 1,3-dichlorobenzene (DCB) and 

trichloroethylene (TCE) in a sediment. In all experiments desorption kinetics were 

measured by means of Tenax extraction in separation funnels [4,5]. 

Experimental methods 

Chemicals. 1,2,4-trichlorobenzene (TCB), 1,3-dichlorobenzene (DCB) and 

trichloroethylene (TCE) 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. Before use, the Tenax TA beads were rinsed with hexane, 

acetone and water (each 3 times 10 mL/g Tenax) and dried overnight at 75°C. 

Sediments. Sediment with no detectable contamination (< 1 ng/g) was sampled from 

Lake Oostvaardersplassen (OVP), The Netherlands [4,5], dried at 150°C for 5 days, 

ground in a mortar and sieved. The 125-250 urn size fraction of this sediment was 

used. The organic carbon content (OC) of this fraction was determined at 3.2% by 

chromatographic element analysis (Carlo Elba NA 1500, Milan, Italy) after heating the 

sediments to 1100°C and after removal of carbonates with 0.1 M phosphoric acid. 

Sediment extraction method. Sediment extractions were performed in triplicate by 

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

acetone (20 mL) for 6 h. This extraction method has been shown to recover 85-100% 

of contaminants from aged sediment reference materials [74-76]. The compounds 

were measured by analysis of the hexane fraction on GC-ECD. 

Slow and very slow sorption capacities. OVP sediment (0.5 g dry weight, dw), 

bactericide HgCI2 (1.25 mg) and solute (various amounts) in milli-Q water (250 mL) 

were shaken in Erlenmeyer flasks at 250 rpm for 32 days at 20°C. Then the sediment 

was allowed to settle for 2 days, after which the supernatant was decanted; less than 

3 mL of supernatant water was left with the sediment. Solute concentrations in water 

were determined by extraction with iso-octane and analysis on GC-ECD; the 

concentrations ranged from 0.02 to 27.6 mg/L (TCB), 1-110 mg/L (DCB) and 39-640 

mg/L (TCE). The total organic carbon (TOC) content of the supernatant water was 
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Chapter 8 

determined in separate sediment suspensions without methanol or test compounds, 

using a Beekman 914B total organic carbon (TOO analyzer. TOC contents were 13 ± 

1 mg/L, so it was assumed that association of TCB, DCB and TCE (log Koc = 1.6-3.1, 

see further) with colloidal organic matter in the supernatant water was negligible (< 

1 %). Desorption kinetics of TCB, DCB and TCE from the contaminated sediments 

were measured at 20 and 60°C as described below. 

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

solid-phase extraction method described in previous papers [4,5]. Extraction with 

Tenax TA has been proved to be a very useful way of carrying out desorption kinetics 

experiments because of its high sorptive capacity [4,18] and its very fast solute 

absorption from water [4]. For desorption experiments, a mixture of Tenax TA (0.2 g), 

sediment (0.5 g dry weight), HgCI2 (bactericide, 1.25 mg) and milli-Q water (70 ml) 

was constantly shaken in a 100 ml separation funnel (triplicates). The Tenax was 

refreshed at set time intervals and extracted with hexane; this hexane was analyzed as 

described above. After termination of desorption (after about 300 h), the sediments 

were extracted as described above in order to analyze all organic compounds still 

present in the materials. The very slow fractions of TCB, DCB and TCE were measured 

as described in ref. [5]: during the first 72 h, desorption was carried out at 20°C, after 

which temperature was increased to 60°C. Desorption is much faster at elevated 

temperature, resulting in depletion of the slow fraction after about 30 h at 60°C. After 

depletion of the slow fraction, the very slow fraction can be measured. 

All desorption experiments were carried out in triplicate. The total mass of solute 

desorbed plus solute present on sediments after desorption was usually 70-130% of 

the initial mass of solute. 

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

following first-order two-compartment model [4-6,19,20] on the assumption that 

^d.slow" *d.rap 

_ƒ = Frnne~kdrap' + F<ln„e~kdslow' (1) 
0 

c - rape "*"rslow 

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

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

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

desorption, respectively. 
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Slow and very slow fractions: nonlinear isotherms 

Values of Frap, Fslow, kdrap and kdskw were determined by minimizing the sum of squared 

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

slow desorption, the same approach (and eq. 1) is used with slow and very slow 

instead of rapid and slow desorption; the part of the curve after 72 h (i.e. the part 

measured at 60°C) is used for fitting slow and very slow desorption. After 72 h, the 

rapid fraction has been completely depleted. It has to be noted that the kinetically 

different rapid, slow and very slow fractions do not necessarily correspond to a 

physical-chemical reality. However, recent solid-state NMR measurements have 

indicated that there is probably a difference in chemical environment between rapid 

and slow (chapter 5 of this thesis). However, the physical-chemical distinction 

between slow and very slow is still unclear. 

Results 

Figure 1a shows the 20°C desorption curves of TCB from OVP sediment at various 

concentrations of TCB. The In of the fraction remaining, ln(S,/So), is plotted against 

time (h). The rapid fraction is depleted after about 24-40 h of desorption. From the 

curves it appears that the fractions desorbed at a certain time increase (and the slowly 

desorbing fractions decrease) with increasing initial TCB concentration. F ^ was 28% 

at the low TCB concentrations (0.017 mg/L; 0.09 umol/L) and gradually decreased to 

2.7% at the highest TCB concentration (24.9 mg/L; 137 umol/L). Figure 1 b shows 

the 60°C desorption curves from which the very slowly desorbing fraction F„ and the 

corresponding rate constants kdV5 are determined; the initial 72 h of desorption at 

20°C are not plotted in this curve. 

From Figure 1b it appears that the slow fraction is depleted after about 30 h at 60°C. 

Very slow fractions decrease with increasing TCB concentration. F« was 1.8% for the 

lowest concentration (0.038 mg/L; 0.21 umol/L) and 0.6% for the highest (27.8 

mg/L; 153 umol/L). Trends similar to those observed for TCB were found for the 

other two solutes. Average values for kd rap, kd sk)W and kdvs are presented in Table 1. 
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Chapter 8 

Figure 1: Desorption curves of TCB from spiked OVP sediment at different TCB 
concentrations; plotted is ln(S,/S0) vs. time. The solid line is obtained by exponential 
curve fitting to eq. 1. (a) experiment at 20°C (b) experiment at 60°C (time at 60°C is 
time after the initial 72 h of desorption at 20°C, see text). 

Desorption at 20 C 

4.4 mg/L 

5 1 mg/L 
9.1 mg/L 
11.3 mg/L 

15.5 mg/L 

24.9 mg/L 

-6 J-

Desorption at 60 C 
time at 60 C (h) 

250 300 
4 1 

0 038 mg/L 

0.038 mg/L 
6 2 mg/L 
10.0 mg/L 
13.6 mg/L 

18.7 mg/L 
24.9 mg/L 
27 6 mg/L 

166 



Slow and very slow fractions: nonlinear isotherms 

Table 1: Rate constants of rapid (kdrap), slow (kdslow) and very slow (kdvs) desorption. 
Average values for all concentrations are given, with standard deviations. 

kdraD(h1) kHdow(103h1) kdvs 20°C(10 4 hT kH„ 60°C (103 h 1) 
TCE 0.67 ±0.18 5.4 ±1.0 2.2 8.5 ±1.9 
DCB 0.46 ±0.18 8.1 ±2.6 2.8 6.4 ± 2.0 
TCB 0.18 ±0.09 5.4 ±0.5 093 7.6 ± 0.6 

' extrapolated from the values at 60°C by assuming that kdvs has the same temperature dependence as 

Concentrations of solute desorbing rapidly, slowly and very slowly are calculated with 

(li=<itotFi (2) 

in which % is solute concentration (mmol/kg OC) in a certain fraction i 

(rapid/slow/very slow) and qtot is the total solute concentration in the sediment 

(mmol/kg OC). 

The solute concentration in the slow or very slow sediment compartment, q„ can be 

related to the aqueous concentration c^ by the Langmuir equation 

q. = y - ' - — (3) 

in which Q ^ , is the capacity of the slowly or very slowly sorbing sediment 

compartment (mmol/kg OC) and b, is the affinity constant for slow or very slow 

desorption (L/mmol). For data fitting we have used a time-dependent Langmuir 

equation because it is not certain whether equilibrium has been achieved after the 

incubation time of 34 d. The differential equation describing time-dependent 

Langmuir sorption is (t is incubation time) 

J/ = Vwomax,,0- - - )-*</,,<?, (4) 
trmax,/ 
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the adsorption rate being determined by the adsorption rate constant ka, aqueous 

concentration c,,, the number of sites Qmax, and the fraction of unoccupied sites, 1 -

q/QmaXil. The rate of desorption is determined by the desorption rate constant kdi 

(measured in the desorption studies) and the sorbed concentration q:. Integration of 

eq. 4 under the conditions that dc^/dt = 0 (valid because less than 10% of the 

aqueous solute becomes sorbed during the loading phase) and that qi = 0 at t = 0 

yields 

<7/ , kacw _\/\-e~
k<iA]+bicw)\ (5) 

Qmax,/ kacw + kd,i 

From eq. 3 and 5 it follows that at infinite time 

?i 

ismax,/ 

^•acw \ ^ic 

( - * ) r = 0 0 =( 7 - a - -V-)=7- JV-- <6> kacw+kd,i 1 + V 

Substitution of eq. 6 into eq. 5 gives 

_ biQmaxJcw „ _ -kdJt(\+bjCw)* 

1 + ô,.cw 

bj and Qmax -t for the slow and very slow desorption data have been obtained by 

minimizing the squares of the differences between fitted and measured values of qi as 

a function of ĉ  (eq. 7) at adsorption time t (34 d). 

The linear equation used to model qrap as a function of c„ is 

trap = *&<w <» 

in which Koc
lin (L/kg OC) is the distribution coefficient for the linearly sorbing rapid 

compartment, normalized to OC content. 

In Figure 2a, qraphas been plotted versus c„ for TCB. The solid line is the fit to eq. 8. In 

Figure 2b, qskw and qvshave been plotted vs. c .̂ The quantities have been plotted in 
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Slow and very slow fractions: nonlinear isotherms 

Figure 2:(a) qrap (mmol/kg OC) vs. aqueous concentration c,, (umol/L), solid line: fit to 
the linear sorption isotherm (eq. 8); (b) q ^ and q„ (mmol/kg OC) vs. aqueous 
concentration (umol/L), solid line: fit to the Langmuir sorption isotherm (eq. 7); 
squares: slow + very slow desorption (measured), diamonds: very slow desorption 
(measured); dotted line: slow without very slow fraction (fitted). 

TCB; rapid desorption 

150 
c w (umol/L) 

TCB; slow (dotted) and very slow (lower) desorption 

100 150 200 

c w (umol/L) 
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molar units because with site sorption these units allow a better comparison among 

various solutes (see below). The solid lines have been obtained by fitting to eq. 7. The 

dotted line is the (fitted) slow sediment concentration q ^ , which is obtained by 

subtraction of fitted qvs values (measured at 60°C) from fitted qsk)w+vs values (20°C). 

Values for log Koc
lin, bslow, bv5, Qm„,skjw and Qmaxv5 are presented in Table 2. 

Linear fitting yielded significantly lower correlation coefficients (0.5-0.7) than 

nonlinear Langmuir fitting for the slow and very slow fractions. For slowly desorbing 

solute, fitting to the time-independent Langmuir equation (eq. 3) yielded the same 

results (within 0.1 %) as fitting to eq. 7 so it can be concluded that equilibrium has 

been achieved for the slow fraction after 34 days of incubation. 

For the very slow fractions, the exponential time-dependent factor in the fitting 

Langmuir equation (7) was 8-96% dependent on solute concentrations, so 8-96% of 

equilibrium has been achieved for the very slowly desorbing component after 34 d of 

incubation. Fitting with a linear equation yielded r2=0.3-0.8 for the very slowly 

desorbing component q„. 

For comparison, a Freundlich isotherm approach has also been used for the slowly 

desorbing solutes. The basic equation of this approach is 

q = KF(cw)n (9) 

with n = Freundlich exponent, and KF the Freundlich sorption coefficient. 

Rewritten 

\n(q) = ln(KF) + nln(cw) (10) 

So, a regression of ln(qslow) vs. In(c,„) should give a straight line with slope n and 

intercept ln(Kf). Values of n below unity indicate sorption nonlinearity. 

It should be noted that the Langmuir model assumes constant site sorption energies, 

whereas the Freundlich model assumes a continuous distribution of site sorption 

energies. The parameters of the Langmuir isotherm (affinity b, capacity Qmax) have a 

more direct meaning than those of the Freundlich one (coefficient KF, exponent n). 

The results of the fits to the Freundlich model are also given in Table 2. 

For the slow fractions, fitting to the Freundlich equation yielded reasonable results 

(1^=0.65-0.96), although they were not as good as the ones obtained with the 
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Chapter 8 

Langmuir equation (^=0.95-0.99). The Freundlich exponents n were significantly 

below unity for DCB <0.67 ± 0.07) and TCB (0.31 ± 0.06; student t-test) but not for 

TCE (0.85 ± 0.32). So, significant isotherm nonlinearity was observed for slow DCB 

and TCB. The variation in n among the three solutes, however, was remarkably large. 

The Langmuir sorption capacities Qmax were about an order of magnitude lower for 

the very slow compartments than for the slow ones, while the affinities b were higher, 

by about one order of magnitude. However, the values of bv5 may be relatively 

inaccurate because of the following. The value of kd vs at 20°C used in eq. 7 was 

calculated from the kd V5 data determined at 60°C by assuming the same temperature 

dependence for kd5lovv and kdvs (see above). This assumption results in an inaccuracy in 

bvs (bV5 varying a factor of 2 with a factor of 2 variation in kdvs) but not in Qmaxvs 

because the latter is relatively insensitive to changes in kdvs, Qmaxvs varying 1.5% with 

a factor of 2 variation in kd vs. The inaccuracy of bvs is reflected in the large standard 

deviations in the values; these standard deviations were even larger than the values 

themselves for TCE and DCB (Table 2). 

The values of log Kjn increase with increasing log Kow of the solutes. Qmaxslovv 

decreases with increasing molecular volume, MV and increasing molecular weight, 

MW. bsiom increases with increasing log Kow. The trends in the Langmuir parameters of 

very slowly desorbing solute, bvs and Q™,«, are roughly similar to the ones of the 

slowly desorbing solute. However, they are less pronounced. 

Discussion 

The rapidly desorbing fraction (about 101 h"1) is observed to show linear sorption 

behavior, whereas the slowly (10"3 h"1) and very slowly (10"5-104 h'1) desorbing 

fractions show nonlinear (site-)sorption behavior. The isotherms for the slow fractions 

are slightly better described by a Langmuir-type nonlinear isotherm (r2 0.95-0.99) 

than by a Freundlich-type one (r2 0.65-0.96). This indicates that the sorption sites 

might have a constant sorption energy, as predicated by the Langmuir model; 

however, this cannot be concluded with certainty on the basis of the present (small) 

data set. In the discussion that follows, the focus will be on the Langmuir 

interpretation, not only because of the better correlations-of-fit but also because the 

Langmuir parameters can be translated into a physical-chemical reality in an easier 

way than the Freundlich ones. 

The observation that log Kj 'n increases approximately proportionally with increasing 

log K0(V implies that the linearly sorbing rapid fraction shows a "conventional" 
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Slow and very slow fractions: nonlinear isotherms 

partitioning process where the solute can freely move through the organic matter 

(OM). The slow sorption capacities Qmail,Siovv decrease by about a factor of 5 between 

TCE and TCB. This observation indicates that there are more sites accessible to small 

TCE molecules than to relatively large TCB molecules. However, the MV difference 

between the compounds (TCE: 114 À3; TCB: 167 Â3) seems a bit small to account for 

the factor 5 difference in slow sorption capacities. The Langmuir solute affinities for 

the slow sorption sites, bsk)v„ increase by about 2 orders of magnitude between TCE 

and TCB. The Kow values of the compounds also increase by about two orders of 

magnitude, indicating that hydrophobicity plays an important role in slow site 

sorption. As said, the trends observed for the very slowly desorbing fractions are less 

pronounced, and therefore we do not draw any conclusions from those. 

The observation that both the slow and very slow sediment compartments show 

nonlinear (Langmuir-type) sorption behavior confirms the postulate by Huang et al. 

[7] of the existence of two distinct Langmuir domains and one linear one (Treble 

Reactive Domain Model). Their postulation was based on an adsorption isotherm 

summing all different soil compartments, the experimental fit being slightly better 

with three (r2 = 1.000) than with two (r2 = 0.997) distinct domains (improvement 

mainly at the lower end of the isotherm). We have separately studied the isotherms 

for rapid, slow and very slow desorption and demonstrated that the sites showing 

rapid and slow sorption are probably the same as the sites showing linear and 

nonlinear sorption, respectively. In spite of the large uncertainty in the value for the 

affinity bv5 of the very slow fraction, it is clear that bvs is about one order of magnitude 

higher than bsk)w. The very slow capacities Qmaxvs for TCB, DCB and TCE in OVP 

sediment are 7-19 times smaller than the slow capacity QmaXi!)mi- The affinities b 

between slow and very slow differed by a factor of 6-177. With the Treble Reactive 

Domain Model, we calculated from the isotherm data for phenanthrene in Houghton 

muck obtained by Huang et al. [7] a linear component with Koc = 9.5 ± 1.2 L/g OC 

and Langmuir components with Qma„ of 6.9 ± 1.8 and 0.82 ± 0.11 mmol/kg OC and 

b-values of (1.25 ± 0.41 )-103 and (61 ± 16)-103 L/mmol, respectively. Thus, from their 

data it also follows that the Langmuir compartment with the larger capacity (by a 

factor of 8) shows the lower affinity (factor of 49). With this calculation it should be 

noted that equilibrium may not have been achieved for both Langmuir fractions after 

the incubation times employed (14-28 d). 

Literature values for the capacity of the Langmuir/slow compartment, Qmax (mmol/kg 

OC) and the affinity constant, b (L/mmol), are given in Table 3, along with the values 

found in the present study. The data by Huang et al. [7] and Xing and Pignatello [8,9] 
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were obtained by fitting with a time-independent equation including one Langmuir 

component and one linear one. The values for Koc
lin are also given in Table 3. 

Standard deviations in the fitted parameters (Table 3) were only given in the study by 

Huang et al. [7]. At infinite dilution, eq. 3 for the amount sorbed in the Langmuir 

compartment simplifies to 

Islow = Qm&xbcw (11> 

so the ratio between the amounts in the slow Langmuir compartment and in the rapid 

linear compartment is given by (eq. 7 and 8) 

( • ; - - ) c w - > o - ,,„ <12> 
Hrap &OC 

The fraction of solute in the Langmuir/slow compartment at infinite dilution, 
Ft.angmuir/slow' l s then 

r Langmuir/slow Un \ , s ' 
K-OC + * t W 

This Langmuir/slow fraction (%) is also given in Table 3. 

From Table 3 it appears that the presently found sums of slow + very slow capacities 

(Qmaxsiow+Qm««) of 5-20 mmol/kg OC are in the same order of magnitude as the 

literature values, where Langmuir capacities range from about 2 to 50 mmol/kg OC. 

Only some values obtained by Kan et al. [21,22], e.g. for PCB-52, are lower than the 

other values. Carroll et al. [3] measured slowly desorbing fractions for size fractions of 

3 in situ PCB-contaminated sediments (totaling 8 sediments) and found that the 

slowly desorbing fraction decreased with increasing PCB content. 

PCB contents ranged from 9 to 42 mmol/kg OC; with the F ^ values reported, fairly 

constant q ^ values (3-7 mmol/kg OC) could be calculated for the different PCB 

contents, suggesting a Qmax of 5.2 ±1.3 mmol/kg OC. Pignatello [18] determined 

F ^ (solute not released to Tenax in 5 days) for three different soil trichloroethylene 
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Chapter 8 

(TCE) contents (100, 1,000, and 10,000 mg/kg) and observed a nonlinear increase of 

qslovv with increasing TCE content. From his data, a Qmax of ±1,100 mg/kg OC (8.4 

mmol/kg OC) can be derived. 

The affinity constants b are less comparable among different studies than Qmax. This is 

because b shows variation among test compounds: test compound affinity for the 

Langmuir sorption sites in hydrophobic organic matter probably with increasing test 

compound hydrophobicity. This is reflected by the observation that both b and K^"" 

are higher for hydrophobic phenanthrene than for the other solutes. As is apparent 

from the data of Huang et al. [7], b can also vary significantly for one solute among 

different soils and sediments, up to a factor of 30. The difference in the presently 

observed b ^ for DCB (obtained from separate slow sorption isotherms) and the 

bLangmuir reported by Xing and Pignatello [9] (obtained from whole-isotherm fitting) is 

about a factor of 6. 

From the FUngmuir values calculated from the literature data (50 to 69%) it appears that 

the linear and Langmuir contributions to total sorption are in the same order of 

magnitude. In the present study slightly smaller values of 8-20% and 10-47% have 

been found for slow and very slow desorption, respectively, indicating that linear 

sorption was 2-5 times more important than Langmuir sorption in the sediment we 

studied. However, it should be noted that for other compounds in sediments 

(including the OVP one), (slowly + very slowly) desorbing fractions up to 50-99% 

have been found [4-6,23]. 

In the past, in many studies linearity of sorption isotherms was claimed. Most of these 

studies, however, used only short solute-sediment contact times. Therefore, slow and 

very slow fractions have probably been low, and the existence of nonlinearly sorbing 

fractions may have been masked by relatively large linearly sorbing fractions. In the 

present study, for example, overall sorption isotherms (total amount sorbed vs. 

aqueous concentration) were linear for TCB (r2 as high as 0.997) in spite of the 

presence of strongly nonlinearly sorbing fractions. 

In conclusion, we have found that rapidly desorbing solutes exhibit linear sorption, 

whereas slowly and very slowly desorbing solutes exhibit nonlinear sorption. The 

latter process is best described by a Langmuir equation. Previous studies had deduced 

the existence of such a Langmuir fraction from nonlinear total sorption isotherms for 

all sorbed solute, whereas we have measured separate sorption isotherms for rapid, 

slow and very slow solute. 
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