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Chapter 12 

Abstract 

In the present study, the desorption kinetics of 15 PAHs (2 to 6 rings) from sediments 

were determined before and after bioremediation in a bioreactor or landfarm. 

Desorption kinetics were measured with a method in which the water phase was kept 

PAH-free by Tenax TA beads. For almost all degraded PAHs, rapidly desorbing 

fractions (desorption rate constants > 0.1 h 1) were much smaller after bioremediation 

than before treatment whereas the slowly desorbing amounts remained unchanged. 

Thus, mainly the rapidly desorbing PAHs are degraded during bioremediation. The 

extent of possible PAH degradation could be roughly predicted from the initial rapidly 

desorbing fraction. 

For nondegraded PAHs, the rapidly desorbing fractions were substantial (up to 55%) 

and remained unchanged by remediation. The magnitude of the rapidly desorbing 

fractions of the nondegraded PAHs suggests their persistence is due to microbial 

factors, not bioavailability. 

Introduction 

Bioremediation of soils and sediments contaminated with organic compounds often 

results in residual concentrations of chemical resistant to microbial degradation [7-7]. 

Biphasic degradation profiles are often observed: an initial phase of rapid degradation, 

followed by a phase of much slower transformation. Also, freshly added chemicals 

appear to be much more available to degrading organisms than "aged" contaminants 

that have been in the soil or sediment for extended time periods [3,4,7-10]. 

The desorption of organic substances often exhibits a biphasic behavior similar to that 

observed for biodégradation: an initial phase of rapid desorption followed by a phase 

of much slower release [e.g. 9,11-15]. Increasing contact time between chemicals and 

soil/sediment reduces the magnitude of the rapidly desorbing fraction just as it 

reduces biodégradation [1,3,4,9,11,14,16-22]. 

Because microorganisms can probably only degrade dissolved PAHs [23,24], slow 

desorption of the organic compounds from the soil or sediment particles to interstitial 

water is frequently cited as the cause of limited biodégradation [7-6,7,25,26]. If slow 

desorption results in limited biodégradation, microbial factors may be rate-limiting 

during the initial rapid phase of degradation, whereas desorption is probably rate-

limiting during the second, slow phase of transformation. In fact, this has been shown 

mathematically by modeling desorption and degradation [27]. 
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Rapid fractions predict bioremediation results 

There are a number of studies in which biodégradation has been compared to 

desorption [4,6,7,25,26], although only Beurskens et al. [7] compared it to desorption 

to infinite dilution (by purging with gas). They studied HCB in historically 

contaminated as well as in lab-spiked sediment (both sediments from the same 

origin). Desorption and degradation were much more rapid for the freshly added HCB 

than for the aged chemical. Desorption was 4 times faster than biodégradation; this 

was most likely because purging with gas kept the water phase solute-free more 

efficiently than biodegrading microorganisms. White and Alexander [6] observed 

lower degradation of phenanthrene and naphthalene for the PAH-fraction resistant to 

desorption in a continuous-flow column than for freshly amended PAHs, and 

suggested that more information is needed on the biodégradation of fractions 

resistant to desorption. 

In the other studies [4,25,26], desorption was measured by dilution with water. As a 

result, rapid and slow fractions could not be measured because the water phase was 

not kept solute-free. Carmichael et al. [26] found that desorption rates of freshly 

added PAHs were much larger than biodégradation rates. For PAHs from field sites, 

however, the desorption rates were equal to or smaller than those for biodégradation. 

With these experiments, they confirmed the hypothesis that slow desorption is 

involved in limiting the biodégradation of aged contaminants. Fu et al. [4] compared 

column leaching and degradation of styrene in two soils; these soils showed 

differences with respect to mineralization rates, whereas the extents of leaching were 

not significantly different. This is inconsistent with the hypothesis that differences in 

desorption behavior cause differences in biodégradation, and remains unexplained. 

Rijnaarts et al. [25] found that biodégradation rates slightly exceeded desorption rates 

into water that was not refreshed. The reason suggested was that the activity of 

microorganisms will steepen the concentration gradient between sediment and water 

and therefore accelerate desorption. 

In the present study, we make a comparison between rapidly desorbing and readily 

degraded PAH-fractions. Desorption kinetics of several PAHs from contaminated 

sediments are measured before and after bioremediation (in a bioreactor or landfarm). 

Desorption kinetics are measured by extraction with Tenax TA in separation funnels 

[74]. The objectives of the study are: i) to test the hypothesis that slow desorption is 

the cause of limited biodégradation, and if this is the case, ii) to investigate to what 

extent the feasibility of bioremediation of a specific sediment or soil can be predicted 

from the measurement of desorption kinetics. Information on the extent to which 

PAHs can be readily biodegraded is of vital importance for the decision whether or 
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not to bioremediate a contaminated site. 

Methods 

Chemicals. The desorption kinetics of fifteen PAHs (possessing 2 to 6 aromatic rings) 

were determined in the untreated and bioremediated sediments. We tested 

naphthalene (NAP2), acenaphthene (ACE3), fluorene (FLU3), phenanthrene (PHE3), 

anthracene (ANT3), fluoranthene (FLU4), pyrene (PYR4), benz(a)anthracene (BAA4), 

chrysene (CHR4), benzo(b)fluoranthene (BBF5), benzo(k)fluoranthene (BKF5), 

benz(a)pyrene (BAP5), dibenz(ah)anthracene (DBA5), benzo(ghi)perylene (BGP6) and 

indenoO ,2,3-cd)pyrene (ICP6); the numbers in the abbreviations notify the number 

of rings in the PAHs. 

Tenax TA (60-80 mesh; 177-250 \im), a porous polymer based on 2,6-diphenyl-p-

phenylene oxide, was purchased from Chrompack, The Netherlands. Before use, the 

Tenax TA beads were rinsed with water, acetone and hexane (each 3 times 10 mL/g 

Tenax) and dried overnight at 75°C. 

Sediments. Two PAH-contaminated sediments were sampled from different spots in 

the Petrol Harbor (PH; Amsterdam, The Netherlands; sample names PH-A and PH-B). 

Two companies carried out the remediations, in bioreactors of 4 m3 (PH-A) and 30 m3 

(PH-B), respectively. In these bioreactors, conditions were kept optimal for microbial 

degradation of PAHs (continuous mechanical stirring, temperatures approximately 

20°C, continuous aeration by bubbling air (10.8 and 72 m3/h for PH-A and PH-B, 

respectively)). To test PAH volatilization during bioremediation, the air purged 

through the bioreactors was analyzed by trapping part of it on hydrophobic filter-

foam combinations. It was observed that only 0.08% of the 2 and 3-ring PAHs 

(mainly NAP2) had been air-stripped during bioremediation. For the other PAHs, no 

detectable levels of PAH were present in the air (detection limit about 0.001 % of the 

PAHs present). Therefore, volatilization is considered not to be a factor of importance 

during the bioremediations. No bacteria or substrates were added to the bioreactors. 

The sediments were remediated for 4 months; at this time there was no more 

detectable degradation (less than 5% degradation in the last 1,5 months, which is not 

significant regarding the PAH analysis errors of 10-15%): this showed that the phase 

of resistant biodégradation had been reached. In bioreactor A, the total sediment was 

treated; this was only the particle size fraction < 63 urn in bioreactor B. 15 kg-samples 

were taken from the homogeneous bioreactors and used for the experiments. Before 

experimental samples were taken from these 15 kg-batches, the latter were 

224 



Rapid fractions predict bioremediation results 

vigorously stirred using a mechanical mixer. The total PAH-contents of the untreated 

PH-sediments were approx. 1000 mg/kg dry matter (dm)(see "Results"). 

Sediment from Wemeldinge (WD), The Netherlands, was treated for 2 years in a 

landfarm. After dredging, the sediment was spread over land in a 25 cm-layer and 

kept oxic by monthly ploughing. There was no detectable PAH degradation in the last 

9 months of landfarming (< 5% degradation with sample heterogeneity and analysis 

error both 10-20%; see further), so 2 years were long enough to complete the rapid, 

initial phase of biodégradation. The total PAH-content of the untreated WD sediment 

was approx. 40 mg/kg dm (see "Results"). In order to obtain representative samples 

of the landfarmed sediment, 25 samples of 1 kg were taken from different locations in 

the landfarm. These samples were thoroughly mixed mechanically in a large vessel, 

after which 1 kg was taken from the vessel and used for the experiments. Analysis of 

5 samples taken from this 1 kg showed that the PAH concentration heterogeneity 

within this sample was about 10-20%. 

Organic carbon (OC) and total nitrogen (total-N) contents of the sediments were 

determined in triplicate, by heating the sediments to 1100°C after removal of 

carbonates with 0.1 M phosphoric acid, followed by chromatographic element 

analysis (Carlo Elba NA 1500, Milan, Italy). The OC and total-N contents are given in 

Table 1, as well as the C/N ratios. 

Table 1: Organic carbon (OC;%) and total nitrogen (N;%) contents of the sediments 
before and after bioremediation, as well as the C/N ratios. Standard deviations are for 
triplicate measurements. 

untreated treated 

OC(%) N(%) C/N OC(%) N(%) C/N 

PH-A 5.4 ±0.5 0.28 ±0.04 19 ± 4 3.0 ± 0.4 0.20 ± 0.03 15 ± 4 

PH-B 8.2 ±0.7 0.43 ±0.03 19 ± 3 8.8 ± 0.4 0.63 ± 0.04 14 ± 2 

WD 2.3 ±0.5 0.14 ±0.04 17 ± 8 2.5 ± 0.3 0.13 ±0.02 19 ± 5 

Sediment extractions. Sediment extractions were carried out before and after 

bioremediation. They 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 [28]. The hexane was evaporated to 1 mL and then 

dissolved in 10 mL acetonitrile. The acetonitrile was subsequently evaporated to 1 mL. 
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Analysis was carried out by HPLC (Hewlett Packard 1050 with both fluorescence 

detector (FLD; HP 1046) and variable-wavelength UV detector (VWD); column: 

reversed phase C18, Vydac 201TP54; gradient elution with acetonitrile and water). 

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

and VWD analysis were usually below 10%. 

Desorption technique. PAH desorption kinetics were determined at 20°C by means of 

a Tenax solid-phase extraction method described in a previous paper [14]. Extraction 

with Tenax TA has been shown to be effective in conducting desorption kinetics 

experiments due to its high sorptive capacity [14,29] and its rapid solute absorption 

from water [14]. During desorption, a mixture of Tenax TA (0.6 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 [30]. The Tenax was refreshed at 

periodic intervals and extracted with hexane (15 mL). The hexane was analyzed as 

described previously. After termination of desorption the remaining sediment and 

supernatant water were refluxed with hexane (50 mL) and acetone (20 mL) for 6 h to 

extract and analyze all residual PAHs. 

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

desorbed plus the amount not desorbed was generally 70-130% of the initial mass of 

the chemical. These mass balances can be considered reasonable regarding the 

measurement errors in the initial and (desorbed plus not desorbed) masses of 

chemical (both 10-15%). Measurements with mass balances outside this interval were 

considered unreliable; for ACE3 and NAP2, unreliable mass balances were found in 

some cases (see "Results"). 

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

following first-order two-compartment model [14,15,31,32] on the assumption that 

e 
-L = F ekdW + F, e**** d) 
ci rap slow x ' 

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

experiment, respectively. Frap and F5low (-) are the rapidly and slowly desorbing 

fractions, respectively. The rate constants of rapid and slow desorption are designated 

krap and kslow (h 1), respectively. 

Values of Frap, F5low, k,ap and k ^ were determined by minimizing the cumulative 

squared residuals between experimental and calculated values of ln(S,/So) in eq. 1. It 
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should be noted that this first-order two-compartment model does not necessarily 

have a mechanistic meaning, i.e. it is uncertain whether the slow and rapid sediment 

compartment correspond to a physical-chemical reality. 

Results 

PAH contents. The PAH contents (with standard deviations) of the untreated and 

treated sediments (PH-A, PH-B and WD) are presented in Figure 1. The PAHs are 

ranked in order of increasing hydrophobicity. PAH contents before and after 

treatment may sometimes be difficult to compare because of potential heterogeneities 

in the PAH contents of the sediments. This is especially expected for the landfarmed 

sediments because unlike the bioreactors these sites are not stirred. A Student t-test 

(95% confidence level) showed that all PAHs had been significantly degraded in the 

PH-A bioreactor, all PAHs up to FLU4 in the PH-B bioreactor and all PAHs up to BBF5 

in the WD landfarm. 

Rapidly desorbing fractions. In Figure 2, example desorption curves (plotted as In 

St/S0 vs. time) are given for untreated and treated sediments (degraded FLU4 in PH-A 

and nondegraded BGP6 in PH-B). From the location of the bend in the curves it can 

be observed that the rapid fraction has been depleted after about 20-50 h; the shift 

from rapid to slow desorption has been discussed in more detail in one of our 

previous studies [74]. The curves indicate that the rapidly desorbing fraction of 

degraded FLU4 in PH-A is significantly smaller after bioremediation than before 

(Student t-test, 99.9% confidence level, on the rapidly desorbing fractions in Table 2); 

for nondegraded BGP6 in PH-B the rapidly desorbing fraction remains unchanged 

(Student t-test, 95%, on the data in Table 2). In Table 2, values for Frap are given for 

the untreated as well as the bioremediated sediments. The standard deviations are 

cumulatives of the standard deviations in the individual curve fitting parameters and 

in the triplicates (the latter being substantially larger). Rapid fractions for the 

untreated WD sediment are significantly smaller than those for the untreated PH 

sediments, for all PAHs except BGP6 and ICP6 in PH-A sediment (Student t-test; 

95%). 

Desorption rate constants. The rate constants of rapid and slow desorption, krap and 

ksw respectively, are given in Table 3. They are presented as average values for 

degraded PAHs and nondegraded PAHs, respectively, with standard deviations 

among the different PAHs. The values for krap may not be very accurate because of 

the low number of sample points during the first few hours of desorption. However, it 
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is clear that krap-values are in the order of 0.05-3 h \ which is 100-3000 times larger 

than kstow. This means that a clear distinction between krap and k ^ can be made. This 

is required when comparing rapidly desorbing fractions with degraded fractions (see 

discussion), as well as for the validity of eq. 1. 

Figure 1: PAH contents in the sediments (with standard deviations) before and after 
bioremediation (PH-A and PH-B: bioreactor; WD: landfarm). All contents in mg/kg 
dm. 
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Figure 2: Desorption of degraded FLU4 from PH-A sediment and of nondegraded 
BGP6 from PH-B sediment before (triangles;A) and after (squares;«) bioremediation; 
plotted is In St/S0 vs. time (h). Solid lines represent the result of exponential curve 
fitting. 
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It is observed that k5low is significantly increased by bioremediation for the 

nondegraded PAHs in PH-A and WD sediment; the increase observed for PH-B is not 

significant (Student t-test, 95%). For the degraded PAHs, bioremediation significantly 

decreases k ^ in PH-B sediment; the decrease in k ^ for PH-A and WD sediments is 

not significant (Student t-test; 95%). 

Discussion 

Rapid and slow fractions. From Table 2 it appears that the rapidly desorbing fractions 

of the degraded PAHs are significantly reduced by bioremediation, except for BBF5, 

DBA5, BGP6 and ICP6 in PH-A and BBF5 in WD sediment. Thus, it appears that 

rapidly desorbing PAH is preferentially degraded, probably because the slowly 

desorbing material is unavailable for the degrading microorganisms. This confirms the 

hypothesis that slow desorption limits biodégradation. 

However, this is only true for the degraded PAHs (mainly 2,3,4-ring compounds). The 

rapidly desorbing fractions are substantial for the nondegraded PAHs (mainly 5 and 6-

ring compounds) before as well as after bioremediation (up to 55%; Table 2). The 

magnitude of the rapidly desorbing fractions (which is the bioavailable part; see 

above) means that bioavailability is not the cause for persistence of these compounds: 

instead, persistence is probably caused by microbial factors. Poor degradation of 5 

and 6-ring PAHs due to microbial factors has previously been reported by others [e.g. 

33]. 

In Figure 3 we show the degradation percentages of each individual significantly 

degraded PAH versus the rapidly desorbing fractions in the untreated sediment. The 

PAHs which were significantly degraded but did not show a significant decrease in Fiap 

upon remediation (BBF5, DBA5, BGP6 and ICP6 in PH-A and BBF5 in WD sediment) 

have been omitted from Figure 3. The solid line represents equal percentages of 

degradation and rapidly desorbing mass. Generally, it is observed that the extent of 

degradation can be roughly predicted from the rapidly desorbing mass in the 

untreated sediments: the ratio (PAH degradation)/(Rapidly desorbing fraction) is 1.4 ± 

0.5. For most PAHs the percentage of degradation is slightly larger than the 

percentage rapidly desorbing. This is especially true for the WD sediment, and the 

reason might be that a minor part of the slowly desorbing fraction has also been 

degraded during bioremediation, a process which is more likely for the landfarmed 

WD sediment than for the PH sediments because of its longer remediation time. 

The data in Figure 3 suggest that the extent to which PAH can be degraded without 
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desorptional limitations could be predicted from rapidly desorbing masses, provided 

that the compounds can be degraded by the micro-organisms present in the 

sediment. These rapidly desorbing masses are estimated through the application of a 

two-site first-order model to desorption data; "rapid" is defined as desorbing with a 

rate constant above 0.01-0.1 h"\ So, although the physical-chemical behavior of the 

PAHs in the sediment is probably more complex than the simple biphasic model 

suggests, Tenax experiments and first-order two-compartment modelling seem to 

provide a reasonably good tool to estimate the amount of biodégradation that can be 

achieved in commercial bioreactors. The Tenax extraction method used to determine 

the rapidly desorbing fractions is also theoretically sound as a predictor of extents of 

biodegradability because the Tenax beads are similar to degrading micro-organisms in 

the sense that both Tenax and micro-organisms increase the sediment-water PAH 

concentration gradient. The Tenax experiments offer a rapid indication for 

biodegradability because the sediment-water concentration gradient during these 

experiments is so much larger than during biodégradation. 

Figure 3: Percentages degraded vs. percentages rapidly desorbing for PH-A 
(squares;«), PH-B (triangles;A) and WD sediments (diamonds». Each point 
represent s an individual PAH. The solid line represents percentages of degradation 
equal to the percentages rapidly desorbing. 
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Similarly, Kelsey et al. [34] tried to find techniques to characterize contaminated soils 

with respect to their extent of biodegradability, by means of mild chemical 

extractions. They found that extraction with n-butanol at 21 °C under agitation 

yielded the best prediction of phenanthrene mineralization after three different soil-

chemical contact times. Of concern, however, is what changes these chemical 

extractions provoke in the soils or sediments. For example, it has recently been shown 

by Xing and Pignatello [55] that sorption isotherms become more linear in the 

presence of 20% methanol or DMSO as compared to water. 

Comparison between rate constants of desorption and degradation. For the initial, 

rapid phase of bioremediation, it is expected that microbial factors and not desorption 

rates limit biodégradation rates. For the last, slow phase the reverse is expected. 

Therefore it is informative to compare rate constants of biodégradation and 

desorption during these two phases. From the literature it turns out that degradation 

rate constants for lab-contaminated sediments (in which the contaminants are mostly 

bioavailable) are about 10 M O3 h1 ; this is an average value obtained from 10 studies 

[6,7,26,36-42]. The presently found rate constants of rapid desorption (0.05-3 h 1; 

Table 3) are much larger than that, suggesting that microbial factors are probably 

rate-limiting during the first phase of bioremediation. When comparing these values, 

it has to be noted that the experiments were carried out with various chemicals, 

various microorganisms and various sediments. 

Rate constants of slow desorption were about 103 h 1 in the present study (Table 3). 

This is slightly lower than rate constants of degradation during the rapid phase of 

biodégradation (approximately 10 2-103 h 1), suggesting that slow desorption limits 

biodégradation during the second, slow phase of bioremediation. 

For remediation purposes it is also important to know the rate at which the last, slow 

phase of biodégradation will proceed. On the basis of the current experiments, 

however, the translation from slow desorption rate constants into slow degradation 

rate constants cannot be carried out. This is due to the imprecise measurement of 

biodégradation rates during the last, slow phase of degradation. For similar 

experiments in the future, it is recommended to try and measure more precisely the 

rates of degradation during the last, slow phase. 
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