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Chapter 5 

Abstract 

It was tested whether there are physical-chemical differences between kinetically 

different sorbate fractions in sediment. These kinetically distinct pools are the rapidly 

(desorption rate constants - 10 1 h"1), slowly (-10'3 h 1) and very slowly desorbing 

fractions encountered in soils and sediments. Therefore, sediments with either rapidly 

or (slowly + very slowly) desorbing hexafluorobenzene (HFB) were subjected to solid-

state 19F-NMR measurements. In addition, NMR spectra were obtained for HFB in 

active carbon, glassy polystyrene and rubbery polyacetal, in order to find similarities 

between sediments and model sorbents. 

Rapidly desorbing HFB in sediment showed a resonance at +43.5 ppm relative to pure 

liquid HFB, whereas slowly desorbing HFB showed a resonance at +3.4 ppm. We did 

not observe an NMR signal for the very slowly desorbing fraction, probably because 

the very slowly desorbing amounts of HFB were too small. The observations indicate 

that the kinetically different fractions are probably present in different (physical-

chemical) environments in the sediment. The lines observed for both rapidly and 

slowly desorbing HFB were relatively narrow (387-412 and 801 Hz, respectively), 

indicating that the molecules in the rapidly as well as in the slowly desorbing fractions 

were sorbed in a fairly homogeneous way, and that they were reasonably mobile. 

However, the exact explanation of the chemical shifts and linewidths in terms of 

sorption mechanisms remains unclear. Like sediment, polystyrene and active carbon 

also showed two populations of sorbed HFB, whereas we observed only one 

population for polyacetal. The chemical shifts of the two polystyrene signals were 

comparable to the ones for sediment (+5.1 and +43.9 relative to pure HFB, 

respectively), whereas one signal of the active carbon deviated (-7.8 and +43.5, 

respectively). The chemical shift of HFB in polyacetal was +1.8 ppm. 

Introduction 

It is now well-known that the desorption of organic chemicals from soils and 

sediments is slow for part of the sorbed compound. In many studies, biphasic 

desorption behavior (a slowly and a rapidly desorbing solute fraction) has been 

reported [1-3]; in addition, we recently showed that triphasic desorption occurs in 

various sediments (chapters 4,6,8,9); then also a very slowly desorbing solute fraction 

is present. However, other researchers report that their data are well described by a 
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continuum of desorption rate constants [4,5], or by a radial diffusion model with one 

diffusion coefficient and sometimes an equilibrium sorption coefficient. 

The two- or three-compartment models have no mechanistic meaning, so it is 

uncertain whether the kinetically different solute fractions reflect physicochemically 

different sediment compartments. An indication that this is the case is our recent 

finding that rapidly desorbing solute shows linear sorption, whereas the slowly 

desorbing solute fraction shows Langmuir-type nonlinear sorption (chapters 8,9). 

So far, most sorption and desorption studies have been obtained by studies on a 

macroscopic scale, i.e. information on chemicals in sediments is indirectly obtained 

through their sorption and desorption behavior. In only a few cases, the characteristics 

of sorbed chemicals on a molecular scale were studied. Schulten [6] employed 

molecular mechanics to show that chemicals can become "trapped" in certain 

structures in the organic matter, and hypothesized that the energetically beneficial 

interactions between organic matter and solute molecule could cause kinetic 

limitations in the release of such a trapped molecule. Hatcher et al. [7] used NMR 

spectroscopy for sorbed compounds; with 13C-NMR spectroscopy, they found that 

2,4-dichlorophenol became covalently bound to soil organic matter. However, the 

sorption mechanism (chemical sorption) was different from the sorption mechanisms 

investigated in the present study. Aochi and Farmer [8] used infrared spectroscopy to 

show that there are at least two different sorbing regions for (inert) 1,2-

dichloroethane (1,2-DCA) in humic organic matter: during sorption, one region is 

rapidly accessed, whereas sorption in the other region emerges only after a few hours. 

During desorption, the rapidly formed peak disappears relatively soon, whereas the 

more slowly formed peak even increases in intensity during the first stages of 

desorption. Hinedi et al. [9] used liquid-state fluor NMR to study the bonding of 

fluorobenzene on aquatic humic acids (AHAs). They found that self-diffusion of AHA-

sorbed chemical was considerably smaller than self-diffusion of aquatic species, 

although chemical shift differences were relatively small (less than 1 ppm) between 

fluorobenzene in AHA-free solution and in solution containing relatively high AHA 

contents. Toscano et al. [10] employed solid-state fluor-NMR for hexafluorobenzene 

(HFB) sorbed into the glassy polymer polystyrene (PS) and the rubbery polymer butyl 

rubber (BR). This approach is similar to the one we followed for sediments in the 

present study. Toscano et al. observed two populations of sorbed HFB in glassy PS 

and one single population in rubbery BR. Covalent bonding between the inert HFB 

and PS could be ruled out, so the two populations were probably physically sorbed in 

a different way. This indicates that dual-mode sorption occurs in glassy polymers; 
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analogous, dual-mode sorption is hypothesized to occur in the more rigid regions of 
sediment organic matter [3,11]. 

In the present study, solid-state 19F-MAS NMR has been employed to study the 

characteristics of hexafluorobenzene (HFB) sorbed to two highly organic sediments 

(organic carbon, OC, content 35 and 46%, respectively). Sediments with almost 

exclusively rapidly desorbing compound were studied, as well as sediment from which 

the rapidly desorbing fraction had been removed (i.e. sediment containing only slowly 

desorbing hexafluorobenzene). Chemical shift and linewidth were determined; 

variation in these parameters between rapidly and slowly desorbing HFB are indicative 

for physicochemical differences between the kinetically different fractions. In addition, 

we studied HFB sorbed to active carbon, polyacetal and polystyrene, to find 

similarities in sorption characteristics between sediment and a very aromatic matrix 

(active carbon), a rubbery polymer matrix (polyacetal) and a glassy polymer matrix 

(polystyrene). Analogies in sorption behavior between glassy polymers and sediments 

have been reported [11]. 

In this way it is endeavored to give the nonmechanistic compartment sorption model 

more physicochemical meaning, and this is important to reveal the process that is 

responsible for resistant desorption of organic chemicals from soils and sediments. 

Methods 

Sediment/polymer loading and extraction. Two peaty sediments were used. These 

sediments are described in chapter 6 of this thesis; in the present study and in chapter 

6 they are termed B8 and G1, respectively. Their OC contents were 46% (B8) and 

35% (G1), respectively (so they probably consisted of -90 and -70% organic matter 

(OM), respectively), total nitrogen 1.08% (B8) and 0.70% (G1), oxygen in OM 

30.7% (B8) and 12.0% (G1), and OC aromatic contents 18% (B8) and 21 % (G1). 

Highly organic sediments were used to i) avoid the adverse effects of mineral iron on 

the NMR spectra, and ii) be able to sorb enough compound in order to obtain a signal 

with the (intrinsically nonsensitive) NMR technique. The sediments were dried at 70°C 

for 48 h, after which they were ground; the fraction < 500 urn was used. 

Polyacetal (PA), (CH2-0)n, and polystyrene (PS), (CH2-CHC6H5)n, were purchased 

from Aldrich (beads about 100 urn (PA) and 50 urn (PS)). At 20°C polyacetal is an 

elastomeric, rubbery polymer (glass transition temperature, Tg, -30°C). Polystyrene is 

glassy at this temperature (Tg = 100°C). Active carbon (active C) was also obtained 

from Aldrich. 
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Hexafluorobenzene (HFB; > 99%) was obtained from Sigma-Aldrich Chemical 

Company, and used as received. HFB was pipetted in milli-Q water at levels of 1000 

mg/L, and stirred until dissolved. Sorbent (1 g dry weight) was loaded with HFB 

through the aqueous phase (250 mL water), in a 250-mL Erlenmeyer flask with little 

headspace to avoid evaporation; 1 mg Hg2CI2 was added to avoid biodégradation of 

HFB. For the experiments with sediment containing rapidly desorbing HFB and with 

the polymers, respectively, the sorbent suspensions were shaken at 300 rpm for 1 

week (B8), 2 months (PA, PS, active C) or for 4 months (G1). After the loading 

period, the aqueous phase was discarded. The sorbents were dried by a gentle 

nitrogen stream. To create sediment with only slowly desorbing HFB, sediment was 

loaded as described above for 2 months. After loading and décantation, the sediment 

was brought in a 100-mL separation funnel. Milli-Q water (70 mL) was added, as well 

as 1.25 mg HgCI2 (biocide) and 2 g Tenax TA (Chrompack, The Netherlands). Tenax 

is very effective as an infinite sink for desorbing chemical, because of its high sorptive 

capacity and its very fast solute absorption from water (chapter 2). After 2 h, Tenax 

and sediment suspension were separated. The Tenax was extracted by shaking it with 

20 mL of acetonitrile. 20 mL of acetonitrile has been shown to extract 90 ± 2% of 

sorbed HFB from 2 g Tenax. The incomplete extraction efficiencies have been 

corrected for. The acetonitrile was subsequently analyzed by HPLC with UV detection 

at 202 nm. Fresh Tenax was added to the sediment suspension, after which it was 

shaken for another 48 h. This is sufficient to extract all rapidly desorbing fraction for 

lab-contaminated sediments (chapters 2 and 4). Again, Tenax and water were 

separated; the Tenax was analyzed. Sediment and water were separated by means of 

the separation funnel; a Pasteur pipette was used to remove most of the remaining 

water. The last remnant of water (< 1 mL) was evaporated under a gentle nitrogen 

stream. Within 24 h of preparation, all samples were subjected to solid-state NMR 

spectroscopy. 

NMR spectroscopy. The sediments with only rapidly desorbing and only slowly 

desorbing hexafluorobenzene, respectively, were subjected to FT-NMR spectroscopy. 

Also pure liquid HFB was measured. About 50 mg of contaminated sediment was 

brought into a 2.5 mm ZrO spinner (Bruker Spectrospin). A Bruker DMX 300 MHz 

NMR spectrometer tuned to 19F (282.3 MHz) was employed. Magic angle spinning 

(MAS) 19F NMR spectra were collected in a single-pulse mode (2.1 (is pulse). Spinning 

rates were 20-23 kHz. The number of acquisitions ranged from 4 (pure HFB) to 

65,000 (slowly desorbing HFB in B8 sediment). Relaxation delay time between pulses 

was generally 5-8 s; an additional measurement for sediment B8 and PS with a delay 
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time of 30 s revealed that there was no increase in signal intensity after a longer 

relaxation delay. The chemical shifts were determined, as well as the linewidths. All 

chemical shifts will be given relative to pure HFB. The common reference compound 

in 19F-NMR is CFCI3; pure HFB shows a chemical shift of -169 ppm relative to pure 

CFCI3. 

Results and discussion 

The HFB contents of the contaminated sediments were -15 g/kg OC. The slowly 

desorbing amount of HFB in the B8 sediment was less than 1 g/kg OC (slowly 

desorbing fraction < 6%). However, the latter amount could not be analyzed 

accurately because of HPLC detection limit problems. This small slowly desorbing 

fraction is in accordance with earlier observations that slowly desorbing fractions in 

lab-contaminated sediments decrease with decreasing sorbate hydrophobicity 

(chapters 2 and 6), HFB being a less hydrophobic compound (log K ,̂ - 2.1) than the 

least hydrophobic compound used in these studies, 1,2,3,4-tetrachlorobenzene (log 

K^ - 4.6). 

In Figure 1 is the NMR signal obtained for an empty spinner, after 800 scans with a 

delay time of 4 s. There is no background signal, as all fluor-containing elements in 

the probe head (mostly Teflon) had been replaced by PEEK parts. Furthermore, 

ceramic rotor caps (zirconia) were used instead of the commonly used Kel-F caps. 

Figure 1: MAS 19F NMR spectrum for an empty spinner (800 scans). 

140 100 80 0 -20 

(PPm) 
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Figure 2 shows the NMR spectrum for pure HFB. Its chemical shift was calibrated at 

0.0 ppm. Its linewidth was small (about 75 Hz), indicating that line broadening due to 

field heterogeneity was about 50-70 Hz. In Figure 3, the NMR spectrum for rapidly 

desorbing HFB in B8 sediment is presented (spectrum for rapidly desorbing HFB in G1 

sediment not shown). It is observed that both B8 and G1 sediments exhibit peaks at 

slightly more than +40 ppm relative to pure HFB (Table 2). There is no peak at 0 ppm, 

showing that the possible effect of condensation of pure HFB in sediment pores was 

negligible. The observation that the resonance peaks are at +40 ppm (significantly 

different from 0 ppm) means that noncovalent interactions between HFB and 

sediment OM can result in variation in NMR chemical shifts. The chemical shifts for 

HFB sorbed in the two sediments are only slightly different, implying that the rapid 

sorption of HFB in OM-rich sediments does not vary strongly among sediments. 

Figure 2: MAS 19F NMR spectrum for pure HFB (4 scans). 

2 0 15 10 5 0 -5 -10 -15 -20 -25 -30 -35 
(PPm) 
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Figure 3: MAS 19F NMR spectrum for rapidly desorbing HFB in B8 sediment (- 14,000 

scans). S 

tfyfrty^^^ T^fU^WWMn^ 

1 3 0 110 90 70 50 30 10 -10 -30 -50 -70 -90 
(PPm) 

In Figure 4 is the NMR spectrum for the slowly desorbing HFB in B8 sediment. The 

relatively large peak at 3.5 ppm can probably be attributed to slowly desorbing HFB; 

there is also a sign of a peak at 43 ppm: this may be a small remnant of rapidly 

desorbing HFB, or a small amount of HFB desorbed from the slow into the rapidly 

desorbing fraction during measurement (which lasted 4 days). 

The spectra in Figures 3 and 4 reveal that slowly desorbing HFB shows resonance at a 

frequency that is different from that shown by rapidly desorbing compound. This 

indicates that rapidly and slowly desorbing chemical are sorbed in sediment OM in a 

different way. Moreover, the peaks are all relatively narrow, for the rapidly as well as 

for the slowly desorbing amounts of HFB. Peak widths are around 400 Hz (~ 1.5 

ppm) for the rapidly desorbing fraction and 801 Hz (~ 3 ppm) for the slowly 

desorbing one (Table 2). These narrow peaks indicate that the rapidly and the slowly 

desorbing compound, respectively, are probably sorbed in a homogeneous way 

within their sediment compartment. Otherwise one would expect a broader line 

which would be the composition of many small signals with a range of chemical shifts. 

102 



Fluor-NMR on sorbed kinetic HFB fractions 

Figure 4: MAS 19F NMR spectrum for slowly desorbing HFB in B8 sediment (~ 65,000 
scans). 

100 20 0 -20 
(ppm) 

-120 -140 -100 

The sharpness of the lines also indicates that the organic matter of the used sediments 

is reasonably homogeneous, or that OM heterogeneity does not result in pronounced 

differences in chemical shift. In addition, the narrow lines indicate that all sorbed 

species are still reasonably mobile. The rapidly desorbing fraction may be more mobile 

than the slowly desorbing one because its line is twice as narrow. To further 

investigate solute mobility, measurements under static conditions and/or at reduced 

spinning rate will be carried out. 

The NMR spectra of active carbon, PA and PS are presented in Figures 5,6 and 7 (all 

loaded with HFB through the aqueous phase, like the sediments). From Figure 5, it 

appears that there are two HFB populations in active carbon. Neither of these 

represents the pure compound which resonates at 0.0 ppm. The signal at +43.5 ppm 

relative to pure HFB is tentatively attributed to a relatively rapidly desorbing fraction 

because of its similarity in chemical shift and linewidth (312 Hz) to the rapidly 

desorbing HFB in sediment. The other peak could represent a more 
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Figure 5: MAS 19F-NMR spectrum for HFB sorbed in active carbon (16 scans). 

_A_ 

strongly bound fraction of HFB; its upfield chemical shift of -7.8 ppm relative to pure 

HFB may be explained by ring currents in n-systems above and below the HFB 

aromatic ring, so this fraction may be present in a very aromatic environment. Still it is 

probably rather mobile (linewidth 648 Hz, and absence of spinning side bands). The 

intensity of the -7.8 ppm signal is about 50 times larger than the intensity of the 

+43.5 ppm signal. This implies that most of the HFB sorbed in active carbon is 

strongly bound (and probably slowly or very slowly desorbed). In order to test this, 

the measurement of desorption kinetics of HFB from active carbon would be 

informative. 

From Figures 6 and 7 it appears that HFB exhibits two signals in glassy PS, and one 

signal in rubbery PA. The latter signal is quite close to 0 ppm (+1.8 ppm), indicating 

that the chemical environment of the HFB in PA is probably similar to the 

environment in its own pure liquid, with respect to shielding by neighboring groups. 

The spectrum of the PS reveals two signals, indicating dual-mode sorption. The small 

signal (relative intensity 16%, chemical shift +43.9 ppm relative to pure HFB, 

linewidth 318 Hz) may represent a relatively mobile fraction of HFB (its chemical shift 

and linewidth are similar to those of rapidly desorbing HFB in sediments). The other 

signal (relative intensity 84%, shift +5.1 ppm relative to pure HFB, linewidth 988 Hz) 
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Figure 6: MAS 19F-NMR spectrum for HFB sorbed in rubbery polyacetal (128 scans). 

160 140 120 100 80 -80 -80 -100 -120 -140 -180 
(ppm) 

Figure 7: MAS 19F-NMR spectrum for HFB sorbed in glassy polystyrene (16 scans). 
The signals at - 90 ppm and ~ -80 ppm are spinning side bands (ssb). 

3 
I 

^wiMf/-'-"*.-"',--*-'—"^*-' 

160 140 120 100 80 60 40 20 0 - 2 0 - 4 0 - 8 0 - 8 0 -100 -120 -140 -160 
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then represents a relatively nonmobile fraction. The chemical shift and linewidth of 

the latter component are similar to those of slowly desorbing HFB in B8 sediment. The 

> 3-fold difference in linewidth between the HFB molecules represented by the 43.9 

ppm-peak and the ones represented by the 5.1 ppm-peak (318 vs. 988 Hz) implies 

that the latter ones are the least mobile. The immobility of the HFB molecules 

ressonating at 5.1 ppm is also indicated by the presence of spinning side bands 

(denoted ssb in Figure 7). If the 5.1-ppm signal represents a nonmobile, slow fraction, 

this fraction (84%) is larger than the slow fractions of - 20% reported for PS in 

chapter 7. This may be explained by the use of smaller PS particles in the present 

study (50 urn) than in chapter 7 (500 urn). 

In Table 2, all chemical shifts, number of scans, linewidths and relative signal 

intensities are presented, for HFB in all sorbents measured. 

Table 2: Number of scans (no. scans), chemical shifts (6, ppm), linewidths (Hz), and 
relative intensities for the samples measured. 

Measurement No. scans ô (ppm) Linewidth (Hz) Relative intensity** 
pure HFB 4 0.0 75 
rapid HFB in G1 10,000 42.9 387 
rapid HFB in B8 5,000 43.5 412 
slow HFB in B8 65,000 3.4* 801 
active carbon 16 -7.8 648 0.98 

43.5 312 0.02 
polyacetal 128 1.8 475 
polystyrene 16 5.1 988 0.91 

43.9 318 0.09 

*: small "peak" at 43.5 ppm. 
**: reported in cases where more than one signal was detected in one sample. 

The difference in chemical shifts between rapidly and slowly desorbing HFB is an 

indication that the kinetically different fractions of sorbed compound may reflect a 

physical-chemical reality, i.e. they may be sorbed in different parts of the OM, or in a 

different way. This result is in line with earlier observations that the rapidly and slowly 

desorbing fractions exhibit differences in sorption isotherms: the rapidly desorbing 

fraction shows linear isotherms whereas the slowly desorbing fraction shows nonlinear 

ones that can be described by either a Freundlich or a Langmuir equation (chapter 8). 

On the other hand, it is unclear how the observed differences in chemical shift should 

be "translated" into differences in physical-chemical surroundings. From the 

downfield chemical shifts of especially the rapidly desorbing fraction of HFB relative to 
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pure HFB, it can be said that rapidly desorbing HFB may be present in a more strongly 

deshielding region of the surrounding OM functional groups than slowly desorbing 

HFB. It appears that slowly desorbing HFB and the pure liquid are in similar chemical 

environments because of the only slight differences in their chemical shifts (3.4 and 

0.0 ppm, respectively), whereas the environment of rapidly desorbing HFB is different 

(43.5 ppm). This might be interpreted as follows: in the pure liquid, the HFB 

molecules are in a hydrophobic environment due to Van der Waals interactions with 

surrounding HFB molecules. The slowly desorbing HFB might also be in a hydrophobic 

environment, such as the interior of the OM, narrow hydrophobic pores, or 

entrapment "sites" in the OM. The rapidly desorbing HFB, however, could be present 

in less hydrophobic parts of the OM, like the OM-water interface or the more 

strongly hydrated (exterior) parts of the OM. The chemical shift of HFB when 

dissolved in water is downfield relative to the pure compound, although by only 4 

ppm (spectrum not shown). A difference in hydrophobicity of the physical-chemical 

environment between rapidly and slowly desorbing has previously been indicated by 

the observation that the ratio F ^ / F ^ increased with increasing solute 

hydrophobicity, at least for lab-contaminated compounds (chapters 2 and 6). 

In the present observations we see no third kinetic fraction (the very slowly desorbing 

one with rate constants of 10 5-104 h'1)f as previously mentioned in our studies 

(chapters 4,6,8). This might be due to two reasons. First, the very slowly desorbing 

fraction may have been so small that it could not be detected by relatively non-

sensitive NMR spectroscopy. This is not unlikely because the signal-to-noise ratio in 

NMR studies decreases with the square of the amount present. So, if the very slowly 

desorbing fraction would be 3 times less abundant than the slowly desorbing one, its 

signal-to-noise ratio would be 9 times smaller and the signal would fall below the 

detection limit. Second, the signal for the very slowly desorbing fraction might 

coincide with the signal for the slowly desorbing one. This would indicate that the 

slowly and very slowly desorbing fractions are kinetically different, but that this kinetic 

difference does not reflect an "NMR" physical-chemical difference. 

The present results can be compared to the ones obtained by Toscano et al. [10]. 

These authors reported three solid-state fluor NMR signals for a HFB-polystyrene (PS) 

system measured under static conditions. One narrow line was attributed to surface-

sorbed liquid HFB; the other lines (probably for sorbed HFB) were broader, and at 

chemical shifts of +8 and +52 ppm, respectively. The latter two lines were assigned to 

mobile and immobile HFB, respectively, the immobile HFB probably "entrapped" in 

the glassy polymer's free volume (voids). Under magic angle spinning conditions, only 
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two lines were observed for the HFB-PS system: one narrow line again was attributed 

to pure HFB, and the other line was assumed to represent both the mobile and 

immobile sorbed species, according to the authors at +9 and +10 ppm, respectively. 

For HFB in rubbery butyl rubber (BR, containing no free void volume) they found one 

population at +15 ppm relative to the liquid HFB, under both static and MAS 

conditions. Our results of two populations for sediment B8 and for PS are in 

accordance to the PS results by Toscano et al., in the sense that they also observed 

two sorbed species. The same is true for the single line observed for the rubbery 

polymers BR (Toscano) and PA (present study). However, the two sorbed species in 

the PS studied by Toscano show resonance at almost the same frequency under MAS 

conditions (+9 and +10 ppm relative to pure HFB). This is in contrast to the present 

study where two distinct frequencies are measured for the two populations observed 

under MAS conditions, for sediment and PS. Concludingly, it can tentatively be stated 

that there is a dual-mode sorption process in the sediment OM which is analogous to 

sorption processes in glassy PS. 

Our results indicating that there are two sorbate fractions that exhibit different 

spectroscopic signals, are in line with the results by Aochi and Farmer [8]. They found 

that there were two pools of sorbed compound, as indicated by two IR-spectroscopy 

signals for one compound. Moreover, the signals represented kinetically different 

pools because one of the signals emerged after a longer sorbent-sorbate contact time 

than the other one, and took much longer to disappear upon desorption. 

Concludingly, rapidly and slowly desorbing HFB exhibit differences in NMR resonance 

frequencies. This indicates that the kinetically different fractions are also sorbed in 

physicochemically different surroundings. This dual mode sorption is analogous to 

sorption behavior in polymers (for which we also observe two NMR signals). The 

observed lines are not broad (< 1000 Hz, i.e. less than 3 ppm) for all sorbents; this 

indicates that the rapidly and slowly desorbing fractions are both sorbed in a 

homogeneous way, and that they are reasonably mobile. 
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