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Abstract

Polybrominated diphenyl ethers (PBDEs) have been used for decades as flame retardants in
polymeric materials. Products containing lower brominated congeners have been banned
because of concerns about their toxicity to neurological, reproductive and endocrinal
systems. Restrictions on the use of the deca-BDE mixture, which contains 97% of the fully
brominated congener BDE-209, have been initially delayed. Nowadays the addition of BDE-
209 to the Stockholm Convention on Persistent Organic Pollutants is under evaluation. BDE-
209 fate in soil, as for other hydrophobic organic compounds, is strongly related to soil
organic fraction. This thesis investigates BDE-209 sorption kinetics and identifies other
factors important for evaluating BDE-209 mobility, degradation and bioavailability in soil.
Additionally it moves the first steps in the development of a novel bioaugmentation

technique through fungi.

For this purpose, HPLC analytical methods and extraction techniques commonly used for
hydrophobic organic compounds (HOC) have been tested for analysis of BDE-209 in water
and soil samples. The best recoveries values were obtained by evaporation and substitution

of water (WES) and by pressurised liquid extraction (PLE) of soil.

Regarding BDE-209 sorption in soil, the sorption kinetic profiles for two soil matrixes
belonging to the mineral domain (kaolin) and organic matter domain (peat) were studied
separately. Sorption on kaolin was much faster than in peat (4 hours compared to more
than 10 days). This approach made it possible to identify other important factors
influencing BDE-209 sorption and partitioning processes: clay minerals and dissolvable

organic matter.

In relation to the biodegradation aspect, this thesis investigated the tolerance of
P.ostreatus (a specie of white rot fungus with documented mycoremediation ability) to
BDE-209. The fungus mycelium in co-existence with a soil bacterium demonstrated the
ability to colonised straw contaminated with BDE-209 up to 1 mg/kg. The results encourage

further investigation on P. ostreatus ability to degrade BDE-209.



CONTENTS

LIST OF FIGURES

LIST OF TABLES

LIST OF ABBREVIATIONS

1 INTRODUCTION

1.1 History and use of PBDEs as flame retardant
1.1.1 PBDEs
1.1.2 Flame retardancy mechanism
1.1.3 Controversy on the use of flame retardants
1.1.4 The California Furniture Flammability Standard (TB117) case
1.1.5 Environmental contamination and human exposure
1.1.6 PBDE bans and delays in restriction on BDE-209

1.1.7 BDE-209 physical and chemical properties

1.2 Aim and objectives

2 BDE-209 IN SOIL

2.1 Sorption and mobility

2.2 BDE-209 biodegradation
2.2.1 Bacteria biodegradation
2.2.2 Biodegradation in the soil —plant system
2.2.3 White rot fungi

2.3 Summary and key findings

3 EQUILIBRIUM PARTITIONING AND SORPTION MODELS

3.1 Equilibrium partitioning
3.1.1 Partitioning coefficient K4 and sorption isotherms

3.1.2 Parametric description of K4 and Ky,

Xl

XVi

Xvill

O N D AN e

13

15

16

16

19
20
21
21

25

26

26
26
27

\



3.1.3 The linear free energy relationship for K,, estimate

3.1.4 Thermodynamic interpretation of ky: the fugacity concept

3.2 Models describing sorption mechanism in soil particles
3.2.1 Distributed reaction model (DRM)
3.2.2 Sorption Related Pore Diffusion model (SRPD)

3.2.3 Thermodynamic Potential Theory

3.3 Summary and key findings

4 INSTRUMENTAL TECHNIQUES

4.1 High pressure liquid chromatography (HPLC)

4.2 Pressurised Liquid Extraction (PLE)

4.3 Microwave assisted extraction (MAE)

4.4 Sample concentration and solvent substitution

4.5 TOC combustion analyser

4.6 Laser diffraction particle size detector

4.7 Centrifugation

5 BDE-209 ANALYSIS IN AQUEOUS SAMPLES

5.1 Introduction

5.2 Extraction methods
5.2.1 Liquid-liquid extraction (LLE)
5.2.2 Dispersive liquid-liquid micro extraction (DLLME)
5.2.3 Solid phase extraction (SPE)

5.2.4 Water evaporation and substitution (WES)

5.3 Experimental procedures
5.3.1 Materials
5.3.2 LLE
5.3.3 DLLME

28
29

31
31
34
37

40

42

44

49

51

52

54

55

56

58

58

58
58
59
60
60

60
60
61
61

VI



5.3.4 SPE 61

5.3.5 WES 62
5.4 Results 63
5.4.1LLE 63
5.4.2 DLLME 64
5.4.3 SPE 65
5.4.4 WES 66
5.5 Comparison of the techniques 67
5.6 WES tested for extraction from more complex matrix using Chrysene as internal standard 68
5.6.1 Procedure 68
5.6.2 Results 68
5.7 Conclusion 70
6 BDE-209 ANALYSIS IN SOIL SAMPLES 71
6.1 Introduction 71
6.1.1 Microwave assisted extraction (MAE) 71
6.1.2 Pressurised liquid extraction (PLE) 73
6.2 Experimental procedure 75
6.2.1 Sample preparation 75
6.2.2 MAE 75
6.2.3 PLE 76
6.3 Results and discussion 77
6.3.1 Interference from peat extraction 77
6.3.2 Quantification of the interference peak in terms of apparent BDE-209 concentration 81
6.3.3 Recovery values 84
6.3.4 Measurement uncertainty and limit of detection 85
6.4 Conclusions 86
7 BDE-209 SORPTION ON PEAT AND KAOLIN 88
7.1 Introduction 88

Vil



7.2 Methodology

7.2.1 Materials

7.2.2 Solid matrix Characterisation

7.2.3 Experimental setup
7.2.3.1 General procedures
7.2.3.2 Sorption kinetics of BDE-209 on peat and kaolin
7.2.3.3 BDE-209 sorption isotherms on peat
7.2.3.4 BDE-209 sorption and desorption from kaolin in non-equilibrium conditions

7.2.3.5 Influence of DOM on BDE-209 sorption on kaolin

7.3 Results and discussion
7.3.1 Sorption kinetics of BDE-209 on peat
7.3.2 BDE-209 sorption isotherm on peat
7.3.3 BDE-209 sorption kinetic on clay
7.3.4 Comparison of the two kinetics
7.3.5 BDE-209 sorption and desorption from kaolin in non-equilibrium conditions

7.3.6 Influence of dissolved organic matter (DOM) on BDE-209 sorption on kaolin

7.4 Conclusions

8 PLEUROTUS OSTREATUS TOLERANCE TO BDE-209

8.1 Introduction

8.2 Materials and method
8.2.1 Pleurotus Ostreatus spawn cultivation on straw: parameter optimisation
8.2.2 Pleurotus ostreatus BDE-209 tolerance test on straw
8.2.3 Pleurotus ostreatus isolation and cultivation on petri disks

8.2.4 Growing on soil

8.3 Results and Discussion
8.3.1 Pleurotus Ostreatus spawn cultivation on straw: parameters optimisation
8.3.2 Pleurotus ostreatus BDE-209 tolerance test on straw
8.3.3 Pleurotus ostreatus isolation and cultivation on petri disks

8.3.4 Growing on soil

8.4 Conclusions

88
88
89
91
91
94
95
95
9%

97

97
101
102
105
107
109

111

113

113

113
113
114
115
115

116
116
117
118
124

126



9 CONCLUSION AND FUTURE WORK 127

9.1 Key findings 127
9.1.1 BDE-209 sorption on mineral and organic matter matrices 127
9.1.2 Measure of BDE-209 from environmental samples and experimental limitations 128
9.1.3 BDE-209 biodegradation 129

9.2 Future research opportunities 129

REFERENCES 132

APPENDIX A 154

APPENDIX B 156

APPENDIX C 162



List of Figures

FIGUre 1.1: PBDES STIUCTUIE. ..cciiiiiiiiiiiiiieeee ettt e e e e ettt et e e e e s et e e e e e s e s asrnaeeeeeesesannnnnes 1
Figure 1.2: Chemical structures of the most widely used halogenated flame retardant along
with PBDEs (Figure 1.1) (Eljarrat and Barceld, 2004; Laoutid et al., 2009)........cccceeevvreercveenns 3
Figure 1.3: Sources of PBDEs and their by-products in the environment and human
exposure. Solid arrows indicate releases of PBDEs and movement in the environment.
Dashed arrows indicate possible human exposure to PBDEs. Dotted arrows indicate the
production of and possible human exposure to brominated dioxins and furans. .................. 9
Figure 2.1: Possible aerobic BDE-209 biodegradation pathway by P. Lindtneri JN45. Dotted
arrows indicate involvement of more than one step. Adapted from (Xu and Wang, 2014). 23
Figure 2.2: Proposed pathway for phenanthrene degradation by P. ostreatus. Adapted from
(Bezalel & HAdar 1997). ...occ ettt ettt ettt e e cttee e e et e e e ettt e e e e eaaaeeeensaeeesnsaeeesnnanaaaan 24
Figure 3.1: Panel (a): the three domains (inorganic mineral, condensed SOM and
amorphous SOM) identified in soil particles by the three domains DRM model. Panel (b):
variation in time of the Freundlich isotherm parameters, sorption capacity (K;) and
Freundlich coefficient (n) reflects the variation of the predominant domain responsible for
ThE SOIPLION PrOCESS. ..vviiiiiiiiie ettt e et e e s et e e e sbte e e e sbeeeeesbeeeesssteeeesanes 33
Figure 3.2: Schematic representation of a soil particle as modelled in the chemisorption
model. Adapted from (Wu and GSChwend, 1986). ......cccueieeerreeeeiirreeeeiireeeeereeeeecrreeeesrreee e 36

Figure 3.3: : Schematic representation the D-A model based on the thermodynamic

sorption potential concept. Adapted from (Pan and Zhang, 2014)........ccccceeeevveviieeecreeennnenn. 40
Figure 4.1: Schematic overview of instruments used and their applications..........cccc........ 43
Figure 4.2: HPLC Thermo Scientific Dionex Ultimate 3000..........ccccceeeeiiieeeeciiieeeeiiieeeecvieeens 44

Figure 4.3: Schematic diagram showing HPLC components and the mobile phase flow

(adapted from Chromaccademy.COM).....ccccciiiieeiiiee e et et e e e e e erre e e e eaba e e e esaaaeeeens 45
Figure 4.4: Sample solvent carrier effect on sample particles distribution and peak tail. .... 46
Figure 4.5: 6 points calibration curve for BDE-209 analysis on HPLC. .........ccccceeeiiieeeeinnennnn. 48

Figure 4.6: Graphical evaluation of calibration curve linearity: residual distribution through

The Calibration rANEE. ....ui i et e e e ete e e e st te e e e sbeeeeeearaeeeaanes 49
Figure 4.7: ASE 350 Thermo Scientific accelerator solvent extractor..........ccccceeevciveeeeinnennn. 50
Figure 4.8: ASE EXtraction ProCess STEPS. ..uuuuuuuuuuururiiiieiuiuieruieiiueeeraeeeeeeeereneneeenneneneneeaeaa.. 51

Xl



Figure 4.9: CEM MarsXpress Microwave Accelerated Reaction System and sample tubes.. 52
Figure 4.10: BUCHI Syncore Polyvap and its COMpoNents. ........cccececvvieeeeeeeecccciiieeeee e e e 53
Figure 4.11: Schematic diagram showing BUCHI Syncore Polyvap components and the
cooling water flow (adapted from BUCHI manual).......c.ccccveeeiieriiireniee e cee e 53
Figure 4.12: TECHNE DB-3D Dry BlIOCK .....cciicuiiiiiciiiieiiciiieeeciieesssitee e sseee e esvve e e s sreee e ssaneeaeens 54
Figure 4.13: TOC Combustion Analyzer Apollo 9000 connected with 183 TOC Boat Sampler.

Figure 4.14: Calibration curve for TOC/TC measurement in solid sample. .......cc.cccvveevernee. 55

Figure 4.15: Laser diffraction particle size detector Mastersizer 2000 and the disperser unit

CONLIOl HYdArO 2000SM. .....ooiiiiiiieeeiiee e ettt et e e e stre e e e tte e e e s bae e e e saabaeesenabaeeeentaeesennteeeesnnsenas 56
Figure 4.16: Centrifuge Eppendorf 5804R. ......ccoccuiiieiiiiiieeccieee et e e eaaee e 56
Figure 5.1: Vacuum operational profile. BUCHI vacuum pump V-700 ........ccccceeeerveeeecrnnenn. 63

Figure 5.2: Comparison of BDE-209 recovery from deionised water using liquid-liquid
extraction (LLE), dispersive liquid-liquid micro extraction (DLLME), solid phase extraction
(SPE) and water evaporation plus substitution with acetonitrile (WES). .....cccceeeevvvereennnenenn. 67
Figure 5.3: (a) WES recovery from peat-water matrix sample for BDE-209 (5.3 pg/L) and
chrysene (550 pg/L.) (b) Average recovery and standard deviation for BDE-209 and
(ol YV T o [l T oo V=T Y APPSR 69
Figure 6.1: Packing of the PLE extraction Cell. ......c..oovviiiiiiciiieeieecccee e 76
Figure 6.2: Chromatograms from clean peat sample (blue colour) and standard BDE-209
solution in acetonitrile 1.4 mg/L (black colour) extracted by MAE. ........cccooeeevreeiveeecreeennen. 78
Figure 6.3: Chromatograms from clean peat sample (blue colour) and standard BDE-209
solution in acetonitrile 1.4 mg/L (black colour) extracted by PLE method ASE1. ................. 78
Figure 6.4: Zoomed chromatograms of BDE-209 acetonitrile standard solution 1.4 mg/L
(brown line); spiked peat samples extracted with method ASE1 of PLE, concentrations 5
ug/g (pink line) 9.5 pg/g (blue line); clean peat sample extracted with method ASE1 PLE
(o] = ol T 0 1= USSP 79
Figure 6.5: BDE-209 recovery from peat spiked at two concentrations 5 and 9.5 pg/g using
different methods (a) ASE1 (b) MAE (c) ASE2 (n= number of repetition). Light grey columns
indicate values calculated using the BDE-209 concentration measured as it is, values

indicated by the dark grey columns are calculated after the subtraction of the interference.

Xl



Figure 6.6: Matrix interference extracted from peat with the four methods tested expressed
in apparent BDE-209 concentration (n=number of repetitions). ........ccccceeeeivereeiiiereeccneenn. 83
Figure 6.7: Correlation between the interference expressed in apparent mass of BDE-209
and the mass of peat analysed. Peat extracted with ASE 3method. ......cccccceeeieeiiinieennnnnnn. 84
Figure 6.8: Plot of the residual error between experimental data and the linear
interpolation for the apparent BDE-209 peak measured from peat extracted using ASE3
(00114 To Yo F TSP PTOUPTUPPTO 84
Figure 6.9: BDE-209 recovery form peat sample spiked at 5 pg/g (dark grey columns) and
interference influence (light grey column) for microwave assisted extraction (MAE) and
different pressurised liquid extraction methods (ASE1, ASE2, ASE3). In sample ASE3 DE
diatomaceous earth was spiked and ASE3 filter diatomaceous earth plus the glass fibre filter
(N=nUMDbeEr Of FEPELILIONS). . .uviiiieiieie e e e e e e rr e e e e saaa e e e eearaeeaean 85
Figure 7.1: water mixed with peat after 0.3 um filtration; TOC 857mg/L (left) compared with
[ YUY Y =T o [T ={ o SR 90
Figure 7.2: Total Organic Carbon (TOC) measured in water (200mL) after 5 days of contact
With 0, 0.04, 0.2, 0.4 8 Of PEAL. .uuutiiiieee ettt er e e e e e e eseararaee e e e e e sarraaaeeeas 91
Figure 7.3: Schematic representation of samples processing step in kinetics experiments. 95
Figure 7.4: Schematic representation of samples processing steps in kaolin desorption
XD MBS, ceiiiiiiiiirttee et e ettt e e e e e sttt e e e e s s s tbrteeeeeesasaaabbbaeaeeeesasasnbabaaeeeeseasnnbraaaaeeseaans 96
Figure 7.5: Schematic representation of samples processing steps in experiments for DOM
influence 0N Kaolin SOMPLION. .....cccuiiiiieee e e e e et e e eearaeeaeas 97
Figure 7.6: Panel (a): BDE-209 measured in water (my) from samples (S) containing peat
(full points) and water control samples (empty points). The initial mass dissolved in water is
reported (dashed line). Dotted lines are the fitting profiles described in Equation 6.4 and 6.5
respectively, statistic correlation factor is reported in graph (R?). Panel (b): BDE-209 mass
measured in water control samples plotted with the natural logarithm of time fitting the
linear profile, (R?) statistic correlation reported. Panel (c): Natural logarithm of BDE-209
(my) divided by the initial mass added in the system plotted in time fitting the linear profile,
(R) statistiC COMTelation rEPOITEU. .......c.vvvveieieceeeeieeeeeee ettt es s eeeseseseneneas 99
Figure 7.7: Kinetic profile obtained by plotting BDE-209 mass dissolved in water with time
under the two scenarios considered: uncorrected profile (full points), profile corrected by

subtraction of the mass sorbed on container surfaces in control samples (empty points).

Xl



The dotted lines represent the fitting profiles; equations and statistic correlation (R?) are
=T o Yo T (=T FOUS SRR 100
Figure 7.8: BDE-209 sorption isotherm for samples with initial concentration in water of 1.2,
2.3, 3.6, 6.9, 8.5 and 10.7 pg/L. Cy and Cs are BDE-209 concentration in water and peat
after 5 days coNtact tIME. ..o 102
Figure 7.9: Panel (a): BDE-209 mass measured in water (my), sorbed by container surfaces
(ms) and the calculated sum in water control samples. Initial BDE-209 mass in water 0.36
pg. Panel (b): BDE-209 mass measured in water (my), sorbed on kaolin (ms) and the

calculated sum in samples containing 0.1 g of kaolin. Initial BDE-209 mass in water 0.36 ug.

Figure 7.10: BDE-209 molecule conformation when adsorbed on graphene surface
modelled through density functional theory (DFT) and molecular dynamic (MD). Adapted
from (DiNg €t al., 2004). oottt et e e et e e e et e e et e e e e ar e e e earae e e e naaaaeean 105
Figure 7.11: Sorption profile for peat (points) and kaolin (triangle) derived from the kinetic
experiments discussed in Figure 6.6 and 6.9 respectively. Data are here normalised to the
mass of sorbent. Dotted and dashed lines indicate the initial BDE-209 mass dissolved in
water normalised to the mass of sorbent respectively for peat and kaolin............c........... 106
Figure 7.12: BDE-209 mass dissolved in water after 2 minutes contact time with kaolin for
decreasing kaolin/water ratio (n=number of repetitions).........cccccceeereeveeveenienieceecreenen 108
Figure 7.13: BDE-209 mass measured in water (my) and in kaolin (mg) expressed as
percentage of the total mass added (m;) after two minutes contact time. BDE-209 desorbed
from kaolin in fresh deionised water after a second period of 2 minutes contact time (md)
for increasing Kaolin/Water ratio. .......covuieeceiieiec ettt e eaee e 109
Figure 7.14: BDE-209 dissolved in water (m,,), adsorbed on kaolin (m,) and adsorbed on
glass surface (mg) expressed as percentage of the total mass added (ms) from both
experiments run with (a) DOM enriched water and (b) pure water for increasing
Lo Y T aY AT 1 =T G =1 £ o F TP 111
Figure 8.1: Examples for the three categories defined for evaluating the mycelia
deVEIOPMENT ON SEFAW. c..viiiiiiiee et e e et e e e e bee e e s sabae e e enaneeas 117
Figure 8.2: Fruits growing on straw in laboratory conditions..........ccccecvveeivcieeinciiee e, 117
Figure 8.3: P. ostreatus mycelia developed on straw containing 1000 pg/kg of BDE-209 after

8 MoNths from iINOCUIATION. «..ccooiiiiiiiiii 118

XV



Figure 8.4: Filamentous microorganism developed from P. ostreatus spawn inoculated on
N-agar enriched with antibiotic (left) or antimycotic. ........ccccceveeeciiieicciiic e, 119
Figure 8.5: Picture of Bacillus mycoides isolated from soil. Adapted from (Di Franco et al.,
0107 TSR 119
Figure 8.6: Soil bacterium development on N-agar after 4 days: slices labelled with “X” are
the part in which N-agar contains BDE-209; unlabelled slices are the ones containing only
METNANOL. . ettt ettt et e e st e e bt e e st e e s be e e sab e e sabeesbeeesreeeane 120

Figure 8.7: P. ostreatus mycelia developed on MEYA culture after 1 month from inoculation.

Figure 8.8: Fungus and bacterium colonies growing on MEYA culture enriched with
antibiotic or antimycotic inoculated with a portion of P. ostreatus mycelia collected from
STFAW. ittt e s e e st e e s ee e e s sree e e s eanee 121
Figure 8.9: Colony mutants derived from SIN96 B. mycoides strain on agar medium.
Adapted from (Di Franco et al., 2002). ....cccuviieeciiieeecieee ettt e et aaee e 122
Figure 8.10: P.ostreatus mycelium developing after being transferred on MEYA disk
sprinkled with different organic solvents (acetonitrile, methanol or acetone). ................. 123
Figure 8.11: P.ostreatus mycelium developing after being transferred on MEYA disk
sprinkled with methanol after 3 MoNths. ........cceeiiciii e 124

Figure 8.12: P. ostreatus mycelia development from spawns into the two soil tested. ..... 125

XV



List of Tables

Table 1.1: PBDEs 209 congeners grouped by number of bromine atoms..........ccccceevveeenneen. 1

Table 1.2: Composition of commercial brominated biphenyl ethers (Chen et al., 2012; WHO,

Table 1.3: BDE-209 chemical and physical properties.......cccccevvcveeeieciieeincieee e eeieee e 14
Table 4.1: Retention time (RT) and peak area (mAU*min) using methanol and acetonitrile as
sample solvents and mobile phase for BDE-209 concentration of 10 pug/ml. ........cccceveennne 46
Table 4.2: Calibration points for BDE-209 measurement by HPLC. Each calibration point has

been measured three times and the peak area reported is the average of the three

MEASUNEIMENTS. 1ttt ba e e s s aba e e e sabae e e saraeee e 48
Table 5.1: Procedure of extraction with Oasis HBL cartridge. .......cccecouveeeecieeeeecieee e 62
Table 5.2: Vacuum steps. BUCHI vacuum pump V-700 ........cccoeciiieieiiieeeeciieeeeeireeeeeveee e 63
Table 5.3: Operational parameters for BUCHI rack and cooling system. ........ccccceeeeciieennns 63

Table 5.4: Recovery value for LLE extraction of BDE-209 from deionised water. Sample
volume 10 mL, SOIVENT VOIUME 1 ML, cooviiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeee ettt e e e e e e e e e e eeeeeeeees 64
Table 5.5: BDE-209 recovery value for solvent substitution from hexane to acetonitrile.
Hexane volume 25 mL, acetonitrile volume 1.5 ML. ...ccocciiiiieiiiiiiieeee e 64
Table 5.6: Recovery value for LLE extraction of BDE-209 from deionised water. Sample
volume 25 mL, toluene VOIUME 2 ML....ccoooiiiiieeec et rrree e e e e araeee e 64
Table 5.7: Recovery value for DLLME extraction of BDE-209 from deionised water. Different
extraction solvents tested using 1.5 mL of acetonitrile as dispersive solvent. ..........c......... 65
Table 5.8: Recovery values for SPE extraction of BDE-209 from deionised water with Oasis
[ 1= I oF T g o =R UURRRNt 65
Table 5.9: Recovery value for WES extraction of BDE-209 from deionised water (200 mL),
BDE-209 cONCENLIAtiON 5.4 UG/ L. .eeeeveeeeieee ettt et ettt e e e et e eeteeeeveeeeteeeeareeeteseeanas 66
Table 5.10: Chrysene and BDE-209 spiking concentration and correspondent recovery
values (%). Chrysene/BDE-209recovery ratio is calculated. Average value and standard
(o LAV - Tu o o =T £l =T o To L =T SRR 69
Table 6.1: Literature review on application of MAE on extraction of PBDEs form solid
L= 0] o] L= PSP 72
Table 6.2: Literature review on PLE applied on PBDEs extraction form sediments and soil

L= 0] o] L= PSP 74

XVI



Table 6.3: Extraction solvent used for PLE in the three methods tested on Dionex ASE350
extractor. All other parameters are the same: 100 °C, 1500 psi and 5 minutes static time, 3
cycles 100 % flush PErCENTAGE. ...covcuviii ittt e e s e e s e e e e sareeas 77
Table 7.1: Peat and kaolin characterisation............cceceeeriieiiiieniiieeceee e 90
Table 8.1: Properties of soil tsted for P. ostreatus mycelia colonisaotion. Measure repeted
in triplicate, average value reported * standard deviation. ........ccccceevvcieeriniiee e, 116
Table 8.2: P. ostreatus mycelia development after 20 days on straw for the different
CONAITION TESLEA. ..ttt sttt be e sae e s eaee s 116
Table 8.3: P. ostreatus mycelia development on contaminated straw. (X) indicates mould

L1 8 0 F= 14 o o RPN 118

XV



List of abbreviations

BSEF: Bromine Science Environmental Forum
DCM: Dichloromethane

DE: Diatomaceous Earth

DOC: Dissolved organic carbon

DOM: Dissolved organic matter

DLLME: Dispersive Liquid-Liquid Micro Extraction
DRM: Distributed Reactive Model

HBCD: Hexabromocyclododecane

HFRs: Halogenated Flame Retardants

HOCs: Hydrophobic Organic Compounds
HPLC: High pressure Liquid Chromatography
LLE: Liquid-Liquid Extraction

LOD: Limit of Detection

LOQ: Limit of Quantification

MAE: Microwave Assisted Extraction

MEYA: Malt Extract Yeast Agar

PAHSs: Polycyclic Aliphatic Hydrocarbons
PBB: Polybrominated Biphenyls

PBDEs: Polybrominatediphenyl Ethers

PCBs: Polybrominated Diphenyl Ethers

PLE: Pressurised Liquid Extraction

POPs: Persistent Organic Pollutants

PTFE: Polytetrafluoroethylene

RoHS: Restriction of Hazardous Substances
SRPD: Sorption Related Pore Diffusion model
TB117: California Furniture Flammability Standard
TBBPA: Tetrabromobisphenol A

TBPA: Tetrabromophthalic anhydride

THF: Tetrahydrophuran

TOC: Total Organic Carbon

TC: Total Carbon

VECAP: Voluntary Emissions Control Action Programme

WES: Water Evaporation and Substitution method

XVl



1 Introduction

1.1 History and use of PBDEs as flame retardant

1.1.1 PBDEs

Polybrominated biphenyl ethers (PBDEs) refer to a group of 209 compounds that differ in
number and/or position of bromine atoms around the two aromatic rings (Figure 1.1). The
single congener is identified by a specific number (from 1 to 209) and they are grouped in
families (from mono-BDE to deca-BDE) according to the number of bromine atoms (Table

1.1).

Figure 1.1: PBDEs structure.

Table 1.1: PBDEs 209 congeners grouped by number of bromine atoms

Group Number of Congeners Name Molecular Mass (Da)
mono-BDE 3 BDE-1 to BDE-3 249.11

bi-BDE 12 BDE-4 to BDE-15 328.00

tri-BDE 24 BDE-16 to BDE-39 406.90
tetra-BDE 42 BDE-40 to BDE-81 485.79
penta-BDE 46 BDE-82 to BDE-127 564.69
hexa-BDE 42 BDE-128 to BDE-169 643.59
hepta-BDE 24 BDE-170 to BDE-193 722.48
octa-BDE 12 BDE-194 to BDE-205 801.38
nona-BDE 3 BDE-206 to BDE-208 880.27
deca-BDE 1 BDE-209 959.17

PBDEs have been introduced on the market in four commercial mixtures: tetra-BDE, penta-
BDE, octa-BDE and deca-BDE. Each mixture is produced by the bromination of biphenyl

ether and contains a mixture of tri- tetra- penta- hexa- hepta- octa- nona- and deca-



brominated congeners in various percentage (Table 1.2) (Siddigi et al., 2003). Apart from
the tetra-BDE mixture, which ceased production in 1994, the other formulations have been
used for 40 years as flame retardant in paints, plastics, foam, textiles, plastics in electronic
equipment, furniture, building materials, airplanes and automobiles. In some of these

products, PBDE content reaches 5 to 30% by weight (BSEF, 2016; Siddigi et al., 2003).

Table 1.2: Composition of commercial brominated biphenyl ethers (Chen et al., 2012; WHO, 1994)

Commerecial Components content (%)
Product bi- tri- tetra- penta- hexa- hepta- octa- nona- deca-
Tetra BDE 8 41-42 44-45 6-7
Penta BDE 0-1 24-38 50-62 4-8
Octa BDE 10-12 43-44 31-35 9-11 0-1
Deca BDE 0-3 97-98

1.1.2 Flame retardancy mechanism

Depending on their nature, flame retardants can interfere with various processes involved
in polymer combustion (heating, pyrolysis, ignition, propagation of thermal degradation) by
either physical (e.g. cooling, formation of a protective layer, or fuel dilution) or chemical
(e.g. reacting in the condensed or gas phase) action (Laoutid et al., 2009). PBDEs belong to
the family of halogenated flame retardants (HFR), which can slow down the combustion of
polymers by the release of halogen radicals (X:) in the gas phase. Radicals (X:) react with
highly reactive species like H- or OH- to form less reactive molecules, stopping the chain
breaking mechanism and consequently the combustion of the polymer. As a first step, the
flame retardant breaks down, forming a free radical (Eq 1.1). The halogen radical reacts to
form a hydrogen halide (Eq 1.2), which interferes with the chain branching reactions (Eq 1.3
and 1.4). In this way very highly reactive radicals H- and OH- are removed from the
combustion environment and replaced with lower energy bromine radicals- (Laoutid et al.,

2009).

RX > R:+ X Eq.1.1
X-+RH - R: + HX Eqg.1.2
HX+H- > H, + X Eg. 1.3

HX + OH- - H,0 + X Eq.1.4



For this purpose, it is essential that bromine radicals are released at the most favourable
point of the combustion process. Brominated compounds are the most effective between
halogenated flame retardants. Other halogenated chemicals, such as fluorinated
compounds, result in more thermally stable polymers, so they do not release active
halogen radicals in the proper temperature range. Conversely, iodinated compounds are
less stable than common polymers and release radicals during the polymer processing.
Chlorinated and brominated compounds present the right bonding energy between the
halogen atoms and the carbon structure, so they are able to interfere in the combustion
process at a more favourable point. However, brominated compounds produce the
hydrogen halide in a more narrow temperature range than chlorinated compounds, which
allows brominated compounds to reach higher concentrations of hydrogen halides and
makes them more efficient (Laoutid et al., 2009). Finally, aromatic compounds are more
temperature resistant than aliphatic compounds (Levchik, 2006). As a consequence, PBDEs
and a few other aromatic or cyclic aliphatic compounds have found large success in the fire

retardant marketplace. Figure 1.2 shows the structures of common fire retardant

compounds.
Br

Br- Br. Br Br o

Br-

= Br
x+y=1-10 Br B Br Br g 6]

Br
Polybrominated biphenyls Hexabromocyclododecane Tetrabromobisphenol A Tetrabromophthalic
(PBBs) (HBCD) (TBBPA) anhydride (TBPA)

Figure 1.2: Chemical structures of the most widely used halogenated flame retardant along with PBDEs (Figure
1.1) (Eljarrat and Barceld, 2004; Laoutid et al., 2009).

PBDEs, tetrabromophthalic anhydride (TBPA), and tetrabromobisphenol A (TBBPA) are
additive flame retardants. They are mixed in the polymer and not chemically bonded to the
structure as it is for reactive flame retardants. For producers, the advantage is that no
additional steps in polymer synthesis are required for their incorporation. On the other
hand, simple mixing into the polymer makes them susceptible to migration to the material
surface and release into the environment. Moreover, higher concentration are required to

obtain the same product in comparison to reactive flame retardants (Laoutid et al., 2009).



1.1.3 Controversy on the use of flame retardants

The aim of incorporation of flame retardants in polymeric materials was to decrease the
number of domestic fires and, in case of fire, reduce the number of casualties by extending
the escape time. Nevertheless, it seems that at the moment of PBDEs introduction in the
market, only the potential benefits of their usage have been considered and the drawbacks
have been ignored (Babrauskas et al., 2011). For instance, in the United States only
chemicals in foods, drugs and pesticides are regulated before their introduction in the
marketplace. No health data or risk assessment are required to regulate other chemicals
(Babrauskas et al., 2011). When a number of halogenated flame retardants received
detailed study, they showed to have adverse effects in animals and humans, including
endocrine disruption, immunotoxicity, reproductive toxicity, and diabetes, effects on
foetal/child development, thyroid, neurologic function and cancer (Shaw et al., 2010). In
consequence, they have been gradually phased out. Polybrominated biphenyls (PBBs)
historically used in electronic equipment have been gradually phased out of market and,
since 2009, banned worldwide (Stockholm Convention, 2009). Hexabromocyclododecane
(HBCD) underwent severe restrictions on production and use because of evidence of its
toxicity, persistency and tendency to bioaccumulate through the food chain (Babrauskas et
al. 2012, Stockholm Convention 2013). TBBPA, the most widely used halogenated flame
retardant, is allowed in printed circuit boards, but restrictions on its use and disposal are

applied in Europe (BSEF, 2016).

The story of PBDEs is not different. After being used for 40 years, PBDEs have been found
responsible for health problems such as thyroid homeostasis disruption,
neurodevelopmental deficits, reproductive changes, and even cancer in animals (Abbasi et
al., 2015; Chen et al., 2012; Gascon et al., 2012; Guo et al., 2015; Linares et al., 2015; Shaw
et al., 2010). The production of penta- and octa-BDE commercial mixtures is now banned in
all the states subscribing to the Stockholm Convention (UNEP, 2009a, 2009b) and deca-BDE
annexation to the list of Persistent Organic Pollutants (POPs) is under evaluation (UNEP,

2013).

1.1.4 The California Furniture Flammability Standard (TB117) case



The PBDE market boom was closely related to the California Furniture Flammability
Standard (TB117). The legitimacy of this statute has been subject of intense debate. TB117
introduction is an exemplar case of the role science findings and economic interests can
play when important political decisions have to be taken. It is here reported to underline

the importance of a fair and honest scientific debate.

TB117 required polyurethane foam in juvenile products and upholstered furniture to resist
exposure to small open flame for 12 seconds (Babrauskas et al., 2011). Since its adoption,
to comply with the fire safety standard in California, all products were required to contain
3-5 % by mass of flame retardant. Although California was the only state with such a
standard, compliance was mandatory for all products sold in California despite their origin.
Thus, for maintaining a single inventory, many national manufacturers started using flame
retardants in all furniture sold across North America. Since 1975, hundreds of millions of
kilograms of penta-BDE have been used to meet California TB117. In 1999, 98% of the
global demand for penta-BDE was used in North America (Hale et al., 2001; Renner, 2000;
Siddiqi et al., 2003). Thereafter, in 1988, a fire safety standard was introduced also in UK for
all fabrics and polyurethane foams used in construction, furniture and mattress filling

(Emsley et al., 2005).

While the use of flame retardants was growing to comply with the TB117 standard,
experiments run by Babrauskas and Talley (Babrauskas, 1983; Babrauskas et al., 1988;
Talley, 1995) investigated if material compiling TB117 standard were actually suitable for
achieving either one of the two main purposes of the standard: to reduce the severity of
fire and to prevent ignition from small flame sources (Babrauskas et al., 2011). In the
experiments run by Babrauskas, severity of fire was evaluated by measuring the peak heat
release rate (HRR). Comparing the HRR produced by furniture complying with TB117 and an
identical-constructed one without fire retardant, Babrauskas concluded that: “Polyurethane
foams with retardants added to meet California State requirements did not show any
reduction in HRR compared to ordinary polyurethane foams” and no delay in the HRR peak
was observed. The second purpose, the prevention of fire ignition, was evaluated exposing
foam and foam covered with fabric to small burner flame. Results again underlined the
usefulness of TB117 standard to reach the purpose. Indeed foam containing fire retardant

demonstrated resistance to small open flame, but as soon the foam was covered with fabric



“TB117 foam made no significant/consistent difference in either ignition or flam spread”
(Talley, 1995). Indeed, once the fabric is burning, the foam is exposed to a much greater
flame than the cigarette lighter flame the foam is designed to resist. According to
Babrauskas et al., (2011), these results were ignored and instead evidence in support of
TB117 was obtained by “distortedly and improperly citing” results from a second
experiment run in 1988 on an advanced foam. This advanced foam demonstrated a peak
HRR 42 % lower than for TB117 foam and 96 % lower than for foam free from fire
retardant. The study concluded that “The average available escape time was more than 15-
fold greater for the fire retarded products”. The advanced foam tested is a costly material
characterised by higher density and higher levels of fire retardant than required by TB117.
It was not used in residential furniture and was investigated for research purposes to

illustrate performance that may be achievable by state of the art technology.

Meanwhile, further concerns about safety of smoke produced by polymers containing
PBDEs arose. Production of polybrominated dibenzofurans (PBDFs) and dioxins (PBDDs) was
observed during combustion and smouldering of pure PBDEs mixture and flame retarded
polymers (Buser, 1986; Dumler et al., 1990, 1989a, 1989b; Hutzinger et al., 1989; Sakai et
al., 2001; Soderstrom and Marklund, 2002; Thoma et al., 1987; Thoma and Hutzinger,
1989).

In light of these considerations, queries arose about interests that led to the introduction of
the TB117 standards. According to a seven part series by the Chicago Tribune in 2012, the
introduction on the TB117 was solicited by major lobbies of tobacco and producers of FRs
chemicals (Callahan and Hawthorne, 2012; Callahan and Roe, 2012a, 2012b, Hawthorne,
2012a, 2012b; Roe, 2012; Roe and Callahan, 2012). For fire retardant producers, the
introduction of the TB117 would have meant a consistent growth of the flame retardant
market. For the tobacco industry, it represented an easy escape from the pressure of
producing auto-extinguishing cigarettes after cigarettes have been recognised to be one of

the most frequent causes of domestic fire (Callahan and Roe, 2012c).

The scientific community in 2010 finally evaluated whether the health and environmental
risk of halogenated flame retardant are justified by fire safety benefit (Shaw et al., 2010).

The conclusions resulting from comprehensive literature review signed by 200 scientists



from 22 countries are here summarised. Most fire deaths and most fire injuries result from
inhaling carbon monoxide, irritant gases or soot; the incorporation of HFRs can increase the
yield of these toxic by-products during combustion. The current options for end-of-life
disposal for products containing HFRs are problematic; therefore, the hazards deriving from
the use of HFR chemicals are potentially greater than the fire risk they are supposed to
prevent. Alternative policy solutions preventing fires without the potential adverse effects
of HFRs are recommended. These solutions include the introduction of fire-safe cigarettes,
fire-safe candles, child-resistant lighters, sprinklers, and smoke detectors along with the use

of less flammable materials, safer chemicals or design changes.

1.1.5 Environmental contamination and human exposure

The production of flame retarded materials is in end of itself a source of PBDEs
contamination for the environment. Allchin at al. (1999) analysed sediments from four
rivers receiving effluents from the UK main producers and/or users of penta and octa-BDE
commercial mixtures. The study showed that at least in three of the four cases, the
concentrations of BDE-47 (tetra-BDE) BDE-85, BDE-99 (penta-BDE) in the main river were
higher after the discharge points of treatment plants than before. Release after wastewater
treatment is not the only route of contaminant release; other factors may contribute to
PBDE emissions during the production of flame retarded polymers. For example, dust may
escape during opening and empting of PBDEs bags, reaching the environment during floor
sweeping and through objects contaminated by PBDEs not being treated properly. Other
potential emissions may occur during the disposal of dust filters and empty packaging

materials (Chen et al., 2012).

Automobiles, homes and offices may be significant source of PBDEs to the environment and
human exposure. Since PBDEs are additive flame retardants, they might be released not
only during the manufacturing and polymer processing operations, but also throughout the
product service life. Several studies detected PBDEs in the urban atmosphere and indoor
dust (Hale et al., 2001). For example, in a study conducted on PBDEs atmospheric pollution
in the urban area of downtown Paris, PBDEs have been found in gaseous phase and air
particulate. BDE-209 proved to be the most abundant congener in ambient air (gaseous
phase plus particulate) (5-175 pg/m?). Considering the gaseous phase alone instead,

pollution was dominated by BDE-47; BDE-99 and BDE-209 concentration decrease to values



between 2-25 pg/m? (Tlili et al., 2012). Focusing on PBDEs contamination in urban micro-
environments like residences, offices and automobiles, Fromme et al. (2009) found that
exposure to PBDEs was higher in offices and automobiles compared to residences. Again

BDE-209 proved to be the dominant congener in all of the environments considered.

Wastewater treatment plants represent a point of accumulation of PBDEs. In particular,
BDE-209 has been found dominating the congeners profiles in sludge, while lower
brominated congeners, more water soluble, are mainly found in effluent (Vonderheide et
al.,, 2008; Cincinelli et al., 2012). If waste sludge is then applied as fertiliser, that may

increase PBDE concentrations in agricultural soil (Hale et al., 2003; Sellstrém et al., 2005).

Furthermore, PBDEs may be released during manipulation for articles disposal at the end of
the article service life. For example, PBDE contamination has been reported in proximity of
electronic waste landfill and recycling site (Allchin et al., 1999; Covaci et al., 2007; Leung et

al., 2007; Li et al., 2015).

Finally, human exposure to toxic substances is enhanced by the possible release of harmful
by-products during combustion processes. Production of polybrominated dibenzofurans
(PBDFs) and dioxins (PBDDs) has been observed after combustion and smouldering of pure
PBDE mixtures and flame retarded polymers containing PBDEs (Buser, 1986; Thoma et al.,
1987; Dumler et al., 1989a, 1989b; Hutzinger et al., 1989; Dumler et al., 1990; Sakai et al.,
2001; Séderstrom and Marklund, 2002).

As presented here, once PBDEs are incorporated in common articles as flame retardants,
they are released into the environment and tend to remain in circulation long after their
production and the end of articles’ service lives. The presence of PBDEs in biotic and abiotic
environments contributes to human exposure. Dietary intake and dust inhalation are
identified as primary sources of human exposure along with occupational exposure
(Vonderheide et al., 2008). Similarly to what is proposed for HBCD (Babrauskas et al., 2012),
Figure 1.3 illustrates the numerous routes through which PBDEs, PBDDs, and PBDFs may

contribute to human exposure to PBDEs.
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Figure 1.3: Sources of PBDEs and their by-products in the environment and human exposure. Solid arrows
indicate releases of PBDEs and movement in the environment. Dashed arrows indicate possible human
exposure to PBDEs. Dotted arrows indicate the production of and possible human exposure to brominated
dioxins and furans.

1.1.6 PBDE bans and delays in restriction on BDE-209

Following increasing awareness about potential adverse effects of PBDEs on human health,
the first restrictions on production and use of PBDEs arrived in Europe. Initially, only penta
and octa-BDE mixtures were affected. In 2003 the European Risk Assessment Report of
penta-BDE and octa-BDE mixtures ratified in the Directive 76/769/EEC a restriction on their
marketing and use (PBDEs content in commercial product fixed to be < 0.1 %) (European
commision, 2001, 2003). In 2006, a Restriction of Hazardous Substances (RoHS) Directive
banned their use in electrical and electronic applications (BSEF, 2016; Kemmlein et al.,
2009). Following that, several jurisdictions around the world spontaneously classified the
components of penta- and octa-BDE mixtures as contaminants of concern or placed them

on priority substances lists (BSEF, 2006; Environment Canada, 2006; European Commission,



2001, 2003; Gandhi et al., 2011; Abbasi et al., 2015). In the meanwhile, intense debate
about the classification of PBDEs as Persistent Organic Pollutants in the Stockholm
Convention is based on the following screening criteria: long-range transport,
environmental persistence, bioaccumulation and toxicity. The distribution of PBDEs (other
than BDE-209) observed in air particulates across Europe (Jaward et al., 2003) shows that at
the moment of the ban there was still a large gradient between samples collected in source
and remote regions. Concentrations in sample from the United Kingdom, a major producer
and user of PBDEs in Europe, are about 700 times higher than lowest sample collected in
Europe. However, PBDEs have been detected in abiotic samples from deep remote regions,
such as Arctic and Antarctic environments; in sediments of high mountain lakes (Bartrons
et al., 2011; de Wit et al., 2010; Yogui et al., 2011); and in biota from terrestrial, freshwater
and marine ecosystems (de Wit, 2002). Passage of contaminants through the food chain
has been observed for tri, tetra, penta and hexa-BDEs and biomagnification of PBDEs is
hypothesised. Concentrations seem to increase more than one order of magnitude from
gadoid fish to marine mammals in the North Sea food web (Boon et al., 2002). Several
studies showed an increase in PBDEs concentration in human biological samples. PBDEs
were found in human breast milk, adipose tissue, blood serum, placenta and plasma (de
Wit 2002). The sum of seven tri- to hexa- brominated congeners measured in human breast
milk showed an exponential increase from 1972 to 1997 in a study conducted on Swedish
population (Norén and Meironyte, 1998, 2000 cited by de Wit 2002). In Germany,
concentrations of PBDEs (median sum of the same lower brominated congeners) increased
from 3.1 ng/g lipid weight in 1981 to 4.7 ng/g lipid weight in 1999 (Schroter-Kermani et al.,
2000 cited by de Wit 2002). In 2009, PBDEs congeners contained in penta- and octa-BDE
commercial mixtures were classified as POPs and listed among amendments to the

Stockholm Convention (Kemmlein et al., 2009; UNEP, 2009a, 2009b).

Strict monitoring of the production seemed to start bringing positive results: PBDE levels in
serum in Californian population declined 39% from 2008-2009 to 2011-2012. Also, declines
were observed in communities in Australia, European and Asian countries. Decreases in
concentration of PBDEs in women breast milk have been also observed in California
between 2003-2005 and 2009-2012, suggesting the efficacy of environmental policy
changes (Guo et al., 2015).
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Legislation related to deca-BDE commercial mixture followed a different path. A
combination of factors contributed to delays in restrictions on deca-BDE production and
use. Due to difficulties with the analytical method for BDE-209 (the main congener
contained in deca-BDE mixture) and generally for detection of higher brominated
congeners (from octa- to nona-BDE), they have been rarely measured in the first period of
interest on PBDEs (Stapleton, 2006). In consequence the majority of studies on PBDEs
environmental contamination, transportation, bioaccumulation and toxicity done in the
first decade of 2000 concentrated on PBDEs other than BDE-209 (de Wit, 2002; Siddiqi et
al., 2003; Mueller et al., 2006; Drori et al., 2008; Liu et al., 2010, 2011; Olshansky et al.,
2011; W. Wang et al., 2011; S. Wang et al.,, 2011b; Chen et al., 2012). Fewer data are
available on BDE-209 in comparison to lower brominated PBDEs congeners. That made the
debate on the addition of BDE-209 in the POPs list even more complex than the one for the
lower brominated congeners. BDE-209 is considered less susceptible to long range
transportation and bioaccumulation and has a relatively low toxicity (Gandhi et al., 2011).
In 2004, industry successfully argued that a restriction on BDE-209 was not appropriate or
necessary (Vonderheide et al., 2008). As result, after the completion of the 10-year Risk
Assessment Report, the EU concluded that no further restrictions BDE-209 use were
required and deca-BDE mixture was exempted from the RoHS formed in 2006 (Kemmlein et

al., 2009).

As analytical capabilities improve, reports of BDE-209 in environmental systems seem to be
increasing. BDE-209 has been found in samples collected in remote areas like Canadian lake
sediments, arctic regions, Himalayan plateau, and high Alps lake sediments (Bartrons et al.,
2011; Moller et al., 2011; Wang et al., 2012; Yuan et al., 2012; Kirchgeorg et al., 2013).
Furthermore, the tendency of BDE-209 to debromination under the effect of UV radiation
has been observed (Watanabe and Tatsukawa, 1987; Soderstréom et al., 2003; Ahn et al.,,
2005; Ghanem and Delmani, 2012; Leal et al.,, 2013; Wei et al., 2013). As a result,
restrictions on deca-BDE use and production have been re-considered. In 2008, the
European Court of Justice annulled the European Commission decision exempting deca-BDE
from the RoHS and ruled that deca-BDE can no longer be used in electronics and electrical
applications in the EU market.

Meanwhile, independent initiatives for banning deca-BDE have been taken by single states

like Norway and the US. Deca-BDE production started to be monitored by the Voluntary
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Emission Control Action Programme (VECAP) (Kemmlein et al., 2009). In the US, the
Environmental Protection Agency (USEPA) started a phase-out initiative for deca-BDE
according to which the major producing and importing US companies (Chemtura and
Albemarle) have committed to end production, importation, and sales of deca-BDE for most
uses in the United States by December 2012, and to end all uses by the end of 2013 (Hess,
2009 cited by Covaci et al., 2011; SEC, 2014; USEPA, 2016).

Because of delays in restriction on the deca-BDE commercial mixture, deca-BDE production
did not follow a drop as happened for lower brominated compounds (Shih and Wang,
2009). In 1999, the total market demand of deca-BDE was 54,800 tons/year worldwide
(Arias, 2001 cited by Covaci et al.,, 2011) and grew to 56,400 tons/year in t 2003, when
lower brominated congeners were banned (BSEF, 2006 cited by de Wit et al.,, 2010).
According to a survey carried out in 2014 by VECAP based on 84% of volume sold in Europe
by European Flame Retardant Association (EFRA), member companies during the period
2008-2014, production showed a constant trend (5000-7500 tons/year) with an increase in
2011 (7500-10000 tons/year) and drops in 2012 (2500-5000 tons/year) and 2014 (1000-
2500 tons/year) ( VECAP, 2014).

In 2013, BDE-209 (main component of deca-BDE commercial mixture) became a candidate
for the Stockholm Convention POPs list (UNEP, 2013). The POPs review committee of the
Stockholm Convention called for new research studies filling the gaps still existing on BDE-
209 bioavailability and fate in the environment, hence the interest of this thesis in studying
BDE-209 behaviour in soil. This interest that is even more justified considering that the peak
of BDE-209 emission in the environment is delayed with respect to the peak in use.
According to an estimate from the US market considering only existing products, BDE-209
emissions are expected to increase until 2020 (Abbasi et al., 2015). Moreover, the stock of
existing products containing BDE-209 provides an on-going source of BDE-209 emissions to
the environment (Abbasi et al., 2015). Furthermore, there are countries that still continue
to use PBDEs as flame retardants. For example, environmental regulations and directives on
PBDEs in China are still inadequate (Chen et al., 2012) and BDE-209 makes up 75 % of all
PBDEs used (Chou et al., 2013). Most countries do not have regulations on PBDE content for

imported finished products. Therefore, even in nations were bans and restrictions are
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adopted, sources of PBDEs could come from products imported from countries where

legislation is less restrictive (Abbasi et al., 2015).

1.1.7 BDE-209 physical and chemical properties

Due to the large number of bromine atoms and the symmetric structure of the molecule,
BDE-209 is a heavy, non-polar hydrophobic molecule. The apparent similarity between
chemical structures of PBDEs and polychlorinated biphenyls (PCBs) had led to presumptions
that these families of compounds share similar properties. However, BDE-209
physical/chemical properties are more extreme in comparison to PCB-209, the homologous
fully chlorinated congener of the PCB family. For instance PCB-209 molecular weight (498.7
g/mol) is comparable with the one of a tetra or penta brominated PBDE congener (485.8
and 564.7, respectively). Instead, BDE-209 molecular weight is more than double (959.2
g/mol). The high weight and low volatility of BDE-209 made the detection through GC-MS
or LC-MS challenging rising the instrumental detection limits or forcing to use less sensitive
instrument like HPLC. At the same time, BDE-209 low polarity and water solubility force to
work at extremely low concentrations (in the order of few pg/L). Consequently the window
of available BDE-209 working concentration for experiments is narrow. Therefore
sometimes values are estimated through chemical models based on BDE-209 molecular
structure or elemental properties. Studies applying quantitative structure-properties or
structure-activity relationship models on PBDEs are here reported: Hu et al., 2005a, 2005b;

Yue and Li, 2013.

Even if there are no doubts BDE-209 is classified as an extremely hydrophobic and heavy
compound, it is not easy to identify a univocal value for some of BDE-209 properties like
water solubility and octanol-water partitioning coefficient. Estimates for these parameters
obtained both experimentally or by modelling, vary by several orders of magnitude. Table

1.3 summarises values that have been found in literature.
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Table 1.3: BDE-209 chemical and physical properties

ID BDE-209
Name decabromodiphenyl ether
Molecular mass 959.2 g/mol
Melting point temperature
Twin °C Reference
(Watanabe and Tatsukawa,
302.5 1987)
Cited by (Wania and Dugani,
290-306, 300-305 2003) Original source not available
290-306 (INCHEM, 1994)
Fugacity Ratio F calculated from T, 0.00179
Vapour pressure
P.at 25 °Cin Pa Reference Comments
Cited by (Wania and Dugani, Extrapolated from other PBDEs
2.95E-09 2003) data (Wong et al., 2001)
4.60E-06 (Palm et al., 2002) Technical deca-BDE mixture
4.63E-06 (Stenzel and Markley, 1997) Value at 20 °C
4.63E-06 (Hardy, 2002) Value at 20 °C
Cited by (Wania and Dugani, Estimated through EPIWIN
2.68E-07 2003) software
Water solubility
Ss at 25 °C in mol/m? Reference Comments

2.92E-14 (Hardy, 2002)

Cited by (Wania and Dugani,
2.96E-14 2003)
< 1.04E-07 (Stenzel and Markley, 1997)

2.09E-05 - 3.13E-05 (INCHEM, 1994)
Cited by (Wania and Dugani,
2003)

(Yue and Li, 2013)

4.17E-09
3.58E-09

Octanol-Water partition coefficient

Estimated through EPIWIN
software

Original source not available
calculated from S, using F value
above reported Ss=S,‘F

Log Kow Reference Comments
5.24-9.97 (INCHEM, 1994)
6.265 (Hardy, 2002)
6.265 (MacGregor and Nixon, 1997)  Generator column method
9.16-9.97 (Yue and Li, 2013)

(Watanabe and Tatsukawa,
9.97 1987) Estimated using HPLC method
9.9 (Kelly et al., 2007)
12.8 (Langford et al., 2005)

Octanol-Air partition coefficient

Log Kpaat 25 °C Reference

Comments

13.1 (Kelly et al., 2007)
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1.2 Aim and objectives

The aim of this thesis is to give a contribution in the understanding of the processes
characterising BDE-209 behaviour in soil. In particular the research goal is to establish some
underlying understanding on factors influencing BDE-209 sorption on soil particles to allow
development of methods to improve fate-predictions, bioavailability and potentially
bioremediation. To achieve this aim, the following objectives have been pursued:

1) Testing available methods to measure BDE-209 in soil samples and develop a novel one
for BDE-209 analysis in water samples .

2) Evaluate the sorption kinetics of BDE-209 in mineral and organic matter compartments

3) Investigate the role of dissolved organic matter (DOM) in sorption processes of BDE-209
4) Establish the tolerance of P. ostreatus to BDE-209, a species of white rot fungus with

documented mycoremediation ability on others persistent organic pollutants in soil;

Chapters 2 and 3 introduce the reader to the topic of BDE-209 behaviour in soil. In Chapter
2, literature about BDE-209 mobility and biodegradation in soil is reviewed. In Chapter 3,
models describing the partitioning of pollutants in soil and the sorption mechanisms of
hydrophobic organic pollutants on soil particles are explored. The complex interaction
between peat, water and BDE-209 required the development of specialist analytical
techniques and method that are detailed in Chapter 4, 5 and 6. Sorption kinetics of BDE-209
and the role of DOM in the process are examined in depth in Chapter 7. Scoping work with

P. ostreatus is presented in Chapter 8.
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2 BDE-209 in soil

As previously described, restrictions on the production of BDE-209 are active in some
countries and the addition of BDE-209 to the Stockholm convention list is now under
evaluation. Although these restrictions may prevent additional production of BDE-209, a
large reservoir of BDE-209 currently exists in the environment (Gandhi et al.,, 2011). In
accordance with BDE-209 physical and chemical properties, fate models predict that soil
and sediments are the main environmental reservoir for BDE-209 (Vonderheide et al. 2008).
In a survey of European soils, PBDEs concentrations between 65 and 12 000 ngkg™ dry
weight were observed in UK and Norwegian soils (Huang et al., 2009). The wide range
reflects the gap between background contamination, in remote region far form
contamination sources, and concentrations measured in correspondence of topic
contaminated sites, like PBDEs production factories, landfills or recycling plants. Unless soil
has been identified as the main reservoir for PBDEs, a toxic level for BDE-209 in soil has not
be established yet. In confirmation of importance of soil in the environmental fate of
PBDEs, two studies using the Level Ill fugacity model indicate that when PBDEs are emitted
simultaneously to the three media (air, water and soil), much of the substance would be
expected to partition in sediment and soils; percentages in sediment and soil are 59% and
40% for penta-BDE (Environmetn Canada, 2006), 58.6% and 39.7% for BDE-47 (tetra-BDE)
and 57.0 % and 41.8 % for BDE-209 (Palm, Cousins et al. 2002).

Despite the importance of soil in the environmental fate of BDE-209, soil is the least studied
compartment in PBDEs environmental studies (Vonderheide et al., 2008). Additionally
higher brominate congeners (from octa to deca-BDE) were not included in the
environmental measurement of PBDEs for long time due to difficulties with analytical
methods (Stapleton, 2006). The combination of these factors results in a gap of knowledge
in BDE-209 distribution and behaviour in soil. Two main topics of interest have been
identified: sorption and mobility of BDE-209 in soil and its biodegradation under the action
of microorganism living in soil. Hereafter literature concerning these two hotspots is

summarised.

2.1 Sorption and mobility
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BDE-209 is a strongly hydrophobic organic compound (HOC) characterised by high logK,,
values (6-12) and low solubility in water (<0.001-20 pg/L) (detailed references are provided
in Table 1.3). Due to its properties, BDE-209 is expected to be sorbed by soil and sediment
particles rather than remain dissolved in water. Nevertheless, there are cases in which BDE-
209 showed unexpected mobility. During an experiment run over 4 years in an outdoor
field lysimeter in China, consistent vertical migration of BDE-209 in the soil column was
observed with an average migration rate of 1.54 mg-m2yr® (Du et al., 2013). Unexpected
vertical migration of PBDEs was observed also in two soil cores collected from an electronic
waste polluted area in South China (Yang et al., 2010). In both cases authors inferred that
the high migration rate was mainly caused by leaching with suspended particles or
dissolvable organic matter eluting with rain or irrigation. Finally, in Canada, 37 PBDEs
congeners were detected in groundwater samples and BDE-209 was the most commonly
detected congener (Levison et al., 2012). PBDEs concentrations registered were one order
of magnitude higher than typically observed in lakes or estuaries. It was hypothesised that
migration happened through fractures of the rock aquifer directly connected with ground
surface (classified as silty sand with minor gravel and clay-loam). How PBDE molecules
could be transported to such depth (20-30 m) is not completely understood. No direct
evidence of facilitated colloidal transport was collected by authors; nevertheless, it is
identified as a clear area of interest for further investigation (Levison et al., 2012). More
research is required to understand sorption phenomena of BDE-209 and generally PBDEs in
soil (Ahn et al., 2005; Du et al., 2013; Gao et al., 2011; Levison et al., 2012) as it has major

impact on their bioavailability, degradation and transport.

So far only four studies investigated PBDEs sorption and desorption kinetics and isotherms
(Liu et al., 2010,2011; Olshansky et al., 2011; Liu et al., 2012). Liu and co-workers studied
the sorption and desorption kinetics and equilibrium isotherms for BDE-28 and BDE-47 (tri-
and tetra- brominated congeners respectively) in five soil samples (TOC 0.38 0.70 2.86 4.42
7.90 %). Kinetic profiles were fitted by a two compartments first order kinetic model of

equation (Liu et al., 2010):

% — fl(l _ e—klt) + fz(l — e_th) Eq 21
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Where k; and k; are the rate constant of fast and slow sorption compartments and f, and f,
represent the contribution fraction of the two sorption compartments to the total sorption
capacity respectively, and f;+f, =1. The fast compartment has been found to account for
80% of the total sorption with the first 5 hours. Authors embraced the distributed reaction
model (DRM, detailed in section 3.2.1) as justification of the two compartment model,
postulating the presence of different fraction of SOM with different sorption
characteristics. Surprisingly, they observed an inverse correlation between the TOC content

and organic carbon normalised PBDE sorbed amount at sorption equilibrium.

Sorption isotherms were well fitted by both Freundlich curves and linear distribution model
(Liu et al., 2011). The narrow concentration range imposed by the analyte’s low solubility in
water impeded the ability to distinguish which of the two profiles better represented the
sorption data. In contrast with what was observed for the equilibrium concentration
reached in the kinetic experiments (Liu et al., 2010), a positive correlation between the soil
organic content and the Freundlich coefficient was observed, confirming SOM was the main

factor governing PBDEs sorption in natural soil.

Results from desorption experiments revealed that desorption kinetic profiles are well
fitted by a two compartment first order kinetic model, again in accordance with the DRM
(Liu et al., 2012). Nevertheless in desorption profiles the slow compartment dominates the
process accounting for 80-100 % of the total sorption capacity. Desorption isotherms were
again equally fitted by Freundlich equation and linear distribution profile. Comparing
isotherms obtained for sorption (Liu et al., 2011) and desorption (Liu et al., 2012), samples
with higher TOC showed Freundlich coefficient in sorption higher than in desorption while
in samples with lower TOC content, the magnitude of the model coefficient were
comparable. The comparison between the isotherm slopes in sorption and desorption is
then used to give rough evaluation of the desorption hysteresis. The analysis showed that

soil samples with lower TOC content have slightly higher propensity for hysteresis.

Olshansky and co-workers (Olshansky et al.,, 2011) studied sorption and desorption
isotherm of BDE-15 (di-brominated congener) in three natural soil samples (TOC 0.09 0.67
1.07 %) and in a humin sample isolated from natural soil through basic and acidic washing

(TOC 0.55 %). Experimental data were fitted with Freundlich equation closely matching a
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linear distribution (Freundlich linearity coefficient in the range 0.9-1.1). Humin appears to
be the major sorption domain for BDE-15 in soil. The humin Freundlich coefficient (864
ng/kg (ug/L)™") was higher compared to the one of natural soils (334 352 and 33 pg/kg
(ng/L)™, data reported for soil in decreasing TOC order). When results were normalised to
the organic fraction content, isotherms were well homogenised for natural soil sample,
whereas humin instead maintained a distinct profile. Moreover, desorption hysteresis of
BDE-15 from humin was not pronounced as it was for natural soil samples. That led authors
at the conclusion that the structure and chemistry of SOM are the dominant factors
influencing BDE-15 sorption and desorption in soil and the accumulation of BDE-15 in soil is

mainly regulated by SOM fraction other than humin.

One of the main differences between natural soil samples and humin samples is the
absence or presence of the soluble fraction of SOM. Indeed humin has been obtained from
natural soil eliminating calcium carbonate and SOM soluble fractions (i.e. humic and fulvic
acids) through basic and acidic washing. The influence of the dissolvable fraction of soil
organic matter in the sorption and desorption process is an aspect not considered by
authors and might be worthy to be investigated. Dissolved phases such as humic acids,
proteins, and surfactants have been found to contribute significantly to the mass transfer of
PCBs (from bi- to octa- chlorinated congeners) and PBDEs (from penta- to hepta-
brominated congeners) from polymer phase to aqueous medium (Ter Laak et al., 2009). In
the experiment conducted by Ter Laak and co-workers, fused silica fibres coated with
polydimethylsiloxane were loaded with PCBs and PBDEs and then exposed to water
solution with increasing dissolved organic carbon content (DOC) (0 2.4 11.8 47.1 and 118
mg/L). The depletion of chemicals in these five DOC solutions over two months was directly
proportional to the amount of DOC in water. Additionally, Badea and co-workers (Badea et
al., 2014) found that leachability of PCBs form soils samples increased with increasing pH

and correlated with increases in TOC content in leachates.

2.2 BDE-209 biodegradation

Despite the growing number of environmental studies on PBDEs, much is still unknown
about their reactivity (Ghanem and Delmani 2012). Information on biotransformation of

BDE-209 in soil and sediment are still limited at present (Shi et al., 2013). One of the major
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concerns is the formation of lower brominated compounds which are more toxic,
persistent, bioavailable and susceptible to long range transport (Gandhi et al.,, 2011;
Uhnakova et al., 2009). A study on contaminated sludge incubated under aerobic and
anaerobic conditions reported no significant BDE-209 degradation over 160 and 200 days
respectively (Nyholm et al., 2010). This is consistent with the half-life of BDE-209 in
anaerobic sludge calculated as about 700 days (Gerecke et al., 2006) and the persistence
(20 years) of BDE-209 in soil amended with contaminated sewage sludge (Sellstrom et al.,
2005). On the other hand, results produced by experimental studies designed for exploring
the possibility to use biological treatment for soil remediation show that biological activity

in soil might be potentially responsible for BDE-209 debromination and degradation.
2.2.1 Bacteria biodegradation

Studying degradation processes under optimised laboratory conditions (controlled
temperature, nutrient addition, and constant media homogenisation.) allowed for the
identification of several bacteria species able to debrominate highly brominated PBDE
congeners in both aerobic and anaerobic conditions (Deng et al., 2011; Gerecke et al., 2005;
He et al., 2006; Lee and He, 2010; Qiu et al., 2011; Rayne et al., 2003; Robrock et al., 2008;
Shi et al., 2013; Tokarz et al., 2008; Yen et al., 2009). The complete mineralisation of BDE-
209 involves the scission of the aromatic ring and the ether bond, both of which are
considered difficult to be degraded by bacterial enzymatic reactions (White et al., 1996).
Only a few studies reported proper mineralisation of BDE-209 through bacteria
biodegradation. Bacteria populations isolated from environmental samples (sediments or
waste treatment plant sludge) inoculated on montmorillonite produced degradation to
smaller aromatic compounds when BDE-209 was the sole carbon source (Chou et al., 2013);
Complete mineralisation of BDE-209 was observed in liquid culture containing Bacillus
cereus JP12. Interestingly, the mineralisation efficiency results were sensitive to BDE-209
initial concentration. 38 % of BDE-209 was mineralised when starting from a concentration
of 1 mg/L while only 13 % of BDE-209 was mineralised when starting from a concentration
of 20 mg/L. The difference was possibly due to the formation of toxic intermediate by-
products (Lu et al., 2013). Finally Sphingomonas sp. PH-07 isolated from activated sludge of
a wastewater treatment plant was found able to open and completely mineralise 1g/L of

diphenyl ether in liquid cultures within 6 days (Kim et al., 2007).

20



2.2.2 Biodegradation in the soil —plant system

Interest is growing in the study of BDE-209 behaviour in the soil-plant system. Six different
plant species proved to have effects on debromination and hydroxylation of BDE-209 in soil
and an accumulation of deca-BDE and its degradation by-products in roots and shoots was
observed (Huang et al., 2009). A comparative study on maize plant uptake, translocation
and metabolism of PBDEs and PCBs showed that PBDEs had higher accumulation in roots
and were more susceptible to be metabolised compared to PCBs (Wang et al., 2011b). BDE-
209 debromination was observed in rhizobox experiment with ryegrass. Twelve and
twenty-four lower brominated PBDEs were detected in soil and plant samples, respectively.
Colonisation of ryegrass roots with an arbuscular mycorrhizal fungus increased the levels of

lower brominated PBDEs taken up by ryegrass (S. Wang et al., 2011a).

2.2.3 White rot fungi

Biological treatments are attracting more and more attention due to their low cost and
environmentally benign nature (Shi et al., 2013). Beside the use of bacteria, a serious
interest in using fungi for bioremediation purposes started to develop in the last 20 years.
This interest is justified by one peculiar characteristic of fungi: they release extracellular
enzyme and use them as a strategy to degrade nutrients before their uptake and detoxify
their growing environment from pollutants. Therefore recalcitrant contaminants in soil can
be degraded even in case they are not used as carbon sources forming secondary

metabolites (Barr and Aust, 1994).

Particular attention has been given to wood-decay fungi, which have such a strong
degradation capacity that enables them to digest wood. They may be divided in three
categories: Brown-rot fungi, Soft-rot fungi (which only decompose cellulose), and White-rot
fungi (which are able to decompose also the complex molecule of lignin). (Tortella et al.,
2005). The process of lignin degradation of white rot fungi is not totally understood. As it is
currently known, the extracellular enzymes involved in lignin degradation are: laccase,
lignine peroxidase (LiPs, “ligninase”), manganese peroxidase (MnPs, “Mn-dependent
peroxidases”) and versatile peroxidases (VPs) (Esser 2010). Thanks to action of these
enzymes, some white rot fungi species like Phanerochaete chrysosporium, Trametes

versicolor, Pleurotus ostreatus, Coriolopsis polyzona, Pleurotus pulmonarius have
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demonstrated the ability to degrade or oxidize a variety of recalcitrant pollutants like
munitions waste (2,4,6 trinitrotoluene and several dinitrotoluenes), organochlorine
pesticides (DDT, PCBs), Polycyclic aromatic hydrocarbons, synthetic polymers (PVC, PVA,
nylon, wood preservatives (creosote and pentachlorophenol (Bumpust and Austt, 2008;
Durdn and Esposito, 2000; Field et al., 1992; Machado et al., 2005; Pallerla and Chambers,
1998; Pointing, 2001; Stahl and Aust, 1995; Vitali et al., 2006).

The few studies investigating the feasibility of BDE-209 degradation through white rot fungi
are here reported. A fungus belonging to the white rot fungi family, species no better
specified, has been tested in liquid culture. The effects of two solubilising agents (Tweed 80
and b-cyclodextrine) on mycelia growth and BDE-209 transformation were investigated. In
absence of solubilising agents, the amount of BDE-209 decreased by 42%, passing from 1.6
mg/L to 0.92 mg/L in 10 days. In the presence of Tweed 80, the degradation increased to 96
% and no traces of BDE-209 were found after 12 days. B-cyclodextrine enhancing capability
on BDE-209 degradation was less then Tweed 80, but, differently from Tweed 80, it
promoted mycelia growth (Zhou et al., 2007). More recently, Phlebia lindtneri degradation
of BDE-209 was investigated under the influence of glucose and heavy metals (Cd, Cu or Pb)
that are potent inhibitors of enzyme reactions. The fungus degraded BDE-209 in liquid
cultures through debromination, hydroxylation and ring-opening reaction following the
biodegradation pathway suggested in Figure 2.1. In the absence of heavy metals, 77.3%

BDE-209 was degraded within 30 days from a starting concentration of 20 mg/L BDE-209.
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Figure 2.1: Possible aerobic BDE-209 biodegradation pathway by P. Lindtneri JN45. Dotted arrows indicate
involvement of more than one step. Adapted from (Xu and Wang, 2014).

The main enzyme involved in BDE-209 degradation is laccase, a nonspecific polyphenol
oxidase able to oxidise a variety of substrates including polyphenols, methoxy-substitued
phenols and diamines (Baldrian & Gabriel 2002). The influence of heavy metals on
biological activity is important considering that PBDE contamination in e-waste recycling
regions is usually accompanied by the presence of high concentrations of heavy metals (Xu
and Wang, 2014). The presence of Cd and Pb did not inhibit the extracellular laccase activity
at concentration below 2 mg/L; Cu concentration below 5 mg/L increased laccase activity
and no adverse effects were noticed up to 10 mg/L. With the addition of glucose, a 2.2-fold

increase in laccase activity was noticed.

Within the family of white rot fungi, Pleurotus ostreatus is commercially cultivated and its
fruiting bodies are grown and sold as oyster mushrooms for human consumption (Hestbjerg
et al., 2003). From this production, a large amount of refuse substrate colonised by fungus
mycelia known as SMC (spent mushroom compost) is available (Hestbjerg et al., 2003). In
the mushroom industry, about 5 kg of refuse SMC is generated for the production of 1 kg of
mushroom (Lau et al., 2003). The use of P. ostreatus SMC for bioaugmentation purposes in
contaminated soil showed promising potential. After nine weeks, concentrations of 3-, 4-,
5-, 6-ring PAHs in soil were reduced by 78, 41 and 4 %, respectively, in coal tar-

contaminated soil amended with SMC in field conditions (Hestbjerg et al., 2003). Creosote
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contaminated soil mixed with SMC and fish oil incubated for 7 weeks at ambient
temperature resulted in the following PAH removal: 89% 3- rings PAHs, 87% 4- rings PAHs,
48% 5-rings PAHs (Eggen, 1999). A study comparing the degradation ability of different
white rot fungi (Phanerochaete chrysosporium, Trametes versicolor and Pleurotus
ostreatus) found that only P. ostreatus was able to degrade low chlorinated polychlorinated
biphenyl (commercial mixture Delor 103) in soil. In two months, about 40 % of Delor 103
was removed (Kubatova et al., 2001). Moreover, P. ostreatus has been successfully tested
in field-scale studies for the remediation of soil contaminated by pentachlorophenol (99.9
% degradation), 2,4,6 trinitrotoluene (98% degradation), polychlorinated dibenzodioxins

and dibenzofurans (69% reduction in the toxic equivalent) (Steffen and Tuomela, 2010).

There are no studies investigating P. ostreatus degradation of BDE-209 either in liquid
cultures or field test. Nevertheless P. ostreatus lignin degradation mechanism relies on the
action of laccase the same enzyme responsible for BDE-209 degradation by Phlebia lindtneri
(Bezalel et al.,, 1996) and the enzymatic mechanism involved in phenanthrene
mineralisation by P. ostreatus (Figure 2.2). BDE-209 degradation by Phlebia lindtneri

present strong similarities (Figure 2.1).
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FIG. 4. Proposed pathway for phenanthrene degradation by P. ostreatus.

Figure 2.2: Proposed pathway for phenanthrene degradation by P. ostreatus. Adapted from (Bezalel & Hadar
1997).
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2.3 Summary and key findings

So far no experimental data have been produced for studying BDE-209 sorption and
desorption processes in soil. Literature available for lower brominated PBDEs shows that
SOM is the main factor influencing sorption processes. Changing of SOM structure and
properties results in different PBDE sorption kinetics and desorption hysteresis. A possible
reason is the different diffusion rates that PBDEs might undergo in soil organic matter with
different densities. Recently the presence of dissolved organic carbon in water started to be
considered as another important factor affecting partitioning and sorption processes of
hydrophobic organic compounds. Investigating these aspects with respect to BDE-209
sorption processes would help in gaining a better understanding of environmental fate of

BDE-209, its mobility and bioavailability.

According to the literature on BDE-209 here reported, BDE-209 might be affected by the
biological activity in soil. Bacteria as well fungi are potentially able to debrominate and in
some cases degrade and mineralise BDE-209. Deeper knowledge of BDE-biodegradation is
essential for evaluating BDE-209 fate in soil and the possible secondary emission of lower
brominated PBDEs. An important application regarding the implementation of
bioaugmentation techniques for remediation of PBDE polluted soil. From this perspective,
P. ostreatus is particularly interesting and the large amount of spent mushroom compost
produced for commercial cultivation of P. ostreatus would provide a cheap substrate to be

employed in bioaugmentation.
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3 Equilibrium partitioning and sorption models

Adsorption and absorption of chemicals on soil particles are complex phenomena which
include diffusion (e.g. in the bulk water, pore water and soil organic matter) and
partitioning (e.g. between solid surfaces and the surrounding water). In this chapter
concepts behind the partitioning and sorption mechanisms and models developed for
describing sorption of chemicals in soil particles are resumed. The aim is to provide the
necessary background for better understanding discussion on BDE-209 sorption in soil

addressed in chapter 2 and 7.

3.1 Equilibrium partitioning

3.1.1 Partitioning coefficient K4 and sorption isotherms

In the soil-water bi-phase system, the ratio of a chemical’s concentrations in soil and water

phase at equilibrium is defined as partitioning coefficient Ky:

K;=2 Eq. 3.1

Ce

where g. is the total sorbate concentration in soil (mol-kg™) and ¢, is the total chemical
concentration in water (mol-L™). Fixed soil type and chemical, Ky still depends on several
system parameters (e.g. temperature, water salinity etc.). When all these parameters are
constant, Ky might still vary with the overall chemical concentration in the system. The
relationship between concentration in soil and water is therefore generally described by a
curve which is referred to as sorption isotherm (Schwarzenbach, 1993). Experimentally

isotherm curves are commonly fitted with Freundlich isotherm equation:
qe = Kpc? Eqg.3.2

where K is the Freundlich constant or sorption capacity and n is the Freundlich linearity

coefficient. Inserting Ky Equation 3.1 in Equation 3.2 it yields to a new Kqexpression

Ky = Kpcl?t Eq.3.3
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Kq is constant when Freundlich isotherms present a linear profile (n=1 in Eq. 3.3) or when
the relative concentration variation dc./c. is so small that the relative Ky variation dKy/Ky is

also small (Eq. 3.4).

dKg _ %
K_d = (n 1) py Eq.3.4

An alternative model used to fit sorption isotherms is the Langmuir isotherm.

_ Qrbce
e = 1+Qc, Eq. 3.5

where Q, and b are the monolayer adsorption capacity and equilibrium constant,
respectively. Langmuir isotherm is a constant energy limited surface model initially
developed for gas phase sorption based on the assumption of monolayer coverage of the
adsorption surface and equivalence and independence of sorption sites. Coherently with

these hypotheses, linear isotherms are not contemplated in the Langmuir model.

3.1.2 Parametric description of K4 and Ko,

The parametric description of Ky better capture the heterogeneous nature of soil and
therefore the complex nature of Ky that is generically described as the combined
contribution of different factors representing different soil matrixes and different analyte
forms:

Com fom+Cmin'A+Cie'0ie"A

K, = Eq. 3.6

CwneuttCw,ion

where C,, is the concentration of sorbate associated with the natural organic matter
(mol-kg™), fom is the weight fraction of solid which is natural organic matter (kg om-kg™
solid) , Cin is the concentration of sorbate associated with the mineral surface (mol-m?), A
is the area of mineral surface per mass of solid (mz-kg'l), C.. is the concentration of ionised
sorbate drawn toward positions of opposite charge on solid surface (mol-mol™), & is the
net concentration of suitably charged sites on the solid surface (mol surface cherges-m?),
Cu,neut is the concentration of uncharged chemical in solution (mol-L") and Cu,ion 1S the

concentration of the charged chemical in solution (mol-L"!). Depending on analyte and soil
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composition, it is possible that some terms deserve further subdivisions (e.g. several
mineral surfaces can be involved) and other terms might not be relevant (e.g. ionised term
for not ionisable compounds). In regards to HOC, they tend to interact much more easily
with soil organic matter that provides a relatively non polar environment rather than with
the polar mineral particles. Therefore, as long as f,, is “significant”, the partitioning

coefficient composite formulation can be approximated with Equation 3.7.

K, = fomfom Eq. 3.7

Ce

Defining the organic matter-water partitioning coefficient (K,,) as the ration between the

sorbate concentration in the SOM (C,,,) and water (C,)

K, = m Eq.3.8

Ce
A new expression for the soil-water distribution ratio is obtained
Ka = fom " Kom Eq.3.9

It is difficult to quantify which is the “significant” value for f,,, at which the contribution of
the soil matrixes other than organic matter is negligible and this approximation is sensible.
Indeed it depends on both analyte and soil properties. Nevertheless normalising K4 to the
organic matter content in soil is particularly useful for comparing Ky measured for the same

analyte in soil with different f,,

3.1.3 The linear free energy relationship for K., estimate

To relate the partitioning constants for the same chemical in different systems,
considerably efforts have been done for estimating partition constants from the chemical
structure and property of the analyte (structure-property relationship). These relationships
are known under the name of Linear Free Energy Relationships (LFERs). In first
approximation, simple LFERs depending on few well known analyte properties might be
considered. In particular, under the assumption that for HOC variations in chemical activity

in water (y,) are much greater than in the organic matter (y,m), variations in K., from
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chemical to chemical, principally arise from differences in chemical activity in water (y,,)
which is directly related to chemical solubility. Therefore water solubility seems to be a
useful property for estimation of K, for HOC. The LFER derived for various set of chemicals

has this form (Schwarzenbach et al., 1993a)

logKym = —a-log(csqt) + b Eqg.3.10

Where C., is saturation concentration, a and b are constants. Since a correlation has been
found between K., and C,,, then any other chemical property which is related to Cs,; could
be related directly to K,,. For example K, (octanol-water partitioning coefficient), which
also is inversely related to C, (Equation 3.11), is directly related to K., as shown in

Equation 3.12.

logK,yw = —a-log(csqt) +b Eq.3.11
logK,,, = c-logK,, +d Eq. 3.12

Where ¢ and d are constants. That provided a useful tool for K,,, estimation from more
standardised chemical properties like water solubility of octanol-water partitioning
coefficient. In the last 20 years, the LFERs theory evolved and recently, more complex and
accurate formulations for LFERs are considered. For example a polyparameters linear free
relationships (pp-LFERs), which capture much better the complexity of the sorption
phenomenon, have been used to predict octanol-water partitioning coefficient (K,,,) for 40
flame retardant chemicals. The pp-LFERs proposed considers instead of the single water
solubility the following sorbent and sorbate parameters: hexane/air partitioning coefficient,
polarizability, H-bond donor properties, H-bond acceptor properties and molar volume

(Stenzel et al., 2013).

3.1.4 Thermodynamic interpretation of ky: the fugacity concept

In single phase systems, mass diffuses according to the gradient concentration. The
equilibrium condition is reached when the entropy of the system is maximised which
corresponds to a homogeneous distribution of analyte in the system. The mass flow
generated to reach the equilibrium condition (J,) is usually expressed by Fick’s law, which in

one dimension has the following formulation
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Jx=—=— Eg.3.13

In multiphase systems at equilibrium analyte concentration in different phases are different
and the partitioning coefficient previously discussed is nothing else than a measure of the
concentrations when equilibrium is reached. The transfer of mass from different phases is
ruled by the same thermodynamic principle of maximisation of entropy. That corresponds
to the equalisation of the chemical potential, which in a real multiphase system is reached
when fugacity values in all the phases are equalised. Therefore the mass flow will be guided

by fugacity gradient rather than by differences in chemical concentration (Mackay, 1979).

The fugacity of a chemical (f, in units of Pascal) for a given phase is related linearly to its
molar concentration (C in mol-m™) by the fugacity capacity (Z, mol-m™-Pa™) of the phase in

which the chemical is solubilised.

f=C/Z Eq.3.14

In a multiphase system at equilibrium, since fugacity values in all phases are the same, the
concentration in each phase will be inversely proportional to the fugacity capacity for the
sorbate for each phase. Therefore, knowing the fugacity capacity of sorbate in each phase,
it is possible to predict the sorbate concentration in each phase at equilibrium (Mackay,
1979). In ideal conditions, following from ideal gas law, the fugacity capacity in air for all
compounds is equal to

Zy=—=—=— Eq.3.15
where n is mol, V is volume in m>, P is pressure in Pa, R is the gas constant and T is
temperature in Kelvin (Mackay, 1979). In water, fugacity capacity (Zw) is inversely

proportional to the chemical’s Henry’s law constant

Zy = C/f = C/HC = 1/H Eq.3.16

where H is the Henry’s law constant in Pa-m*mol™ (Mackay, 1979). For a sorbed phase, the

fugacity capacity (Zs) is calculated as a product of sorption partitioning coefficient Kqand Zy
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ZS = 10_6 'Kd . pS 'ZW = 10_6 'Kd . ps/H Eq317

where Ky is the partitioning coefficient in (g-Mg™)-(g'm>)™ and ps is the sorbent density in

g-m~) (Mackay, 1979).

3.2 Models describing sorption mechanism in soil particles

Many models have been developed to represent sorption of HOC to suspended sediment
and soil particles. While some of them are mainly empirical, some others are based on
physical/chemical processes. The most general of models rely on thermodynamic
description of the system. Here are summarised three of the most used ones explaining the

principles behind them.

3.2.1 Distributed reaction model (DRM)

The simplest model of HOC sorption in soil is the one box model that considers sorbent
particles as a homogenous box characterised by a single kinetic profile driving the sorption
reaction and resulting in a single equilibrium partitioning coefficient (Ky). (Wu and
Gschwend, 1986). The Distributed Reaction Model (DRM) developed by Weber, Pignatello,
Young, Xing and LeBeouf and co-workers (Huang et al., 1996; McGinley et al., 1993; Weber
et al., 1992) can be considered a sort of multi-box model. Its principal assumption is that
soil consists of areas with different sorption reactivity and therefore, soil particles can be
represented as a multi-compartment sorbent. The overall sorption reaction is a
combination of the single sorption phenomena in the different compartments. The model is

formulated as a series of linear and nonlinear adsorption reactions (Equation 3.18).
er = Z?:l(Qe,L)i + Zﬁl(qe,NL)i = Zi’c=1 x,iKp, Ce + Xi%1 Xn1i KFiCeni Eq.3.18

where g, 1, qe 1, and g,y refer to the total, linear contribution and nonlinear contribution
solid-phase concentrations respectively; k is the number of distinguishable linear
components; x;; is the mass fraction of the ith linearly sorbing component; m is the
number of distinguishable nonlinear components (typically be only 1 or 2); xp;; is the mass

fraction of the ith nonlinearly sorbing component; K, is the partitioning coefficient for
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reaction i expressed per mass of component i; K, and n; are the Freundlich capacity factor
and the Freundlich exponent for the ith component, respectively; and C, is the residual

solution-phase concentration of solute at equilibrium.

For describing the nonlinear reactions Freundlich model has been used for two reasons: (1)
because of the heterogeneous characteristic of soil, Langmuir behaviour is rarely observed
even in the most homogenous of soils and (2) a linear combination of Langmuir isotherms
yields a composite Freundlich isotherm. Therefore, when multiple Langmuir reactions
happen simultaneously, even if individually distinguishable, they globally result in a

Freundlich like isotherm (Weber et al., 1992).

The DRM model demonstrates to be a valid alternative to Freundlich isotherms in fitting
experimental HOC sorption isotherms (Weber et al.,, 1992); Using the DRM approach in
combination with Ideal Adsorption Solution Theory (IAST), mixed-solutes competitive
effects have been predicted from single-solute sorption isotherms (McGinley et al., 1993).
Additionally as prove of the multi-compartmental character of the sorption phenomena, it
has been found that expanded and condensed organic matter (corresponding to different
degree of diagenetic alteration) shows different sorption isotherms profiles. This proves
that organic matter composition varies and does not have the same capacity and affinity for
a particular HOC, thus the sorption energy for the same compound can change regarding
the SOM structure and the solid-phase loading level. That represents a possible explanation
even for the variations registered in the normalized organic carbon partition coefficient,
which is not justifiable by single compartment models (Young and Weber, 1995). Finally
they extended the DRM to non-equilibrium conditions, studying phenanthrene sorption
isotherms at different reaction time (from 1 minute to 14 days). They observed that
Freundlich parameters show dependence on time: after a short initiation stage, the
Freundlich capacity factor increase with a logarithmic profile and similarly the Freundlich
coefficient decreases (Figure 3.1b). This dependence of the sorption parameters on time
suggested changes in dominant sorption mechanisms over time, confirming the multi-
compartmental approach of DRM.

Based on geochemistry and soil science observation along with previous finds about
variation of SOM affinity to HOC with SOM structure and diagenetic degradation, the

authors finally simplified the general multi-compartment DRM model postulating a three-
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domain model composed by the exposed inorganic mineral surface (domain 1), the

amorphous SOM (domain IlI) and a condensed SOM (domain Ill) (Figure 3.1). Sorbate

molecules migrating through the amorphous SOM phase penetrate faster following Fick’s

law presenting a diffusion coefficient (D) concentration-independent and a mass transfer

symmetrical with respect to forward and direct direction (no hysteresis in sorption-

desorption cycles). Whereas when sorbate molecules meet the glassy phase slower

nonlinear isotherms, concentration dependent-D and sorption-desorption hysteresis are

expected (Pignatello and Xing, 1995).
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Figure 3.1: Panel (a): the three domains (inorganic mineral, condensed SOM and amorphous SOM) identified in

soil particles by the three domains DRM model. Panel (b): variation in time of the Freundlich isotherm
parameters, sorption capacity (K¢) and Freundlich coefficient (n) reflects the variation of the predominant

domain responsible for the sorption process.
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The ultimate argument in support of the DRM model is the existence of a glass transition
temperature (T,) for SOM constituents. For polymers the T, is defined as the temperature
region where the polymer transitions from a hard, glassy material to a soft, rubbery
material. The existence of T, for SOM justifies the existence of two SOM fractions: one
condensed characterised by slow sorption and one amorphous with soft-rubbery
characteristics and faster sorption profiles. That create an important analogy between the
organic matter and polymer; analogy which is well reflected in the similarity between the
DRM model and the model proposed by polymer scientists (Equation 3.19) for describing
the combined rubbery and glassy sorption behaviour of chemically homogenous polymers

(LeBoeuf and Weber, 1997).

QabCe

v Eq.3.19

der = et T qent = KpcCe +

where g, 1, qe 1, and q. y;, refer to the total, linear contribution and nonlinear contribution
solid-phase concentrations respectively; K, - is the distribution coefficient of the linear
component; QF is the saturation concentration of the adsorbed phase of a homogenous
site-limited sorption domain; b is a coefficient related to the enthalpy of sorption in that

domain; and C, is the residual solution-phase concentration of solute at equilibrium.

The polymer model features two simplifications of the more general DRM. Firstly, the
mineral domain is assumed negligible so that a single partitioning reaction for the rubbery
domain accounts for all of the linear components. Secondly, the nonlinear sorption reaction
by glassy SOM domain is assumed to be a single Langmuir type partitioning with site-limited
and relatively constant energy processes. In contrast, the DRM represents both mineral and
rubbery SOM domains as linear components as well as multiple reactions involving
different sites at different energies with Freundlich profiles that result from sums of series
of Langmuir profiles. Under this perspective, the polymer model in Equation 3.19 suits the
description of soil and sediment particles when only domain Il and Il are considered. This
simplified version of the DRM has been named Dual Reactive Domain Model (DRDM)
(LeBoeuf and Weber, 1997).

3.2.2 Sorption Related Pore Diffusion model (SRPD)
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The diffusion model approaches the sorption kinetics of HOC into soil particles from a
different perspective. The Sorption Related Pore diffusion (SRPD) model described the
sorption phenomena by a radial diffusive penetration model modified by a retardation
factor that reflects micro-scale partitioning of sorbate between intra-aggregate pore fluids
and the solids making of the aggregate grains (Wu and Gschwend, 1986). Similarly to DRM,
the sorption reactions are considered a mass transfer limited process rather than a
chemisorption process (Schwarzenbach et al., 1993b). In contrast to DRM, which has an
empirical origin, the diffusion model describes the sorption phenomena based on known
physical and chemical processes (Wu and Gschwend, 1986). The model identifies the
molecular diffusion into pore water, retarded by a chromatographic-like local sorption on

pore walls as the main limiting factor.

The time required for a molecule to reach the sorptive sites can be conceptualised as a
sequence of three steps: (i) the time (t;) required for the sorbate particles to diffuse
through the thin layer of stagnant solution surrounding the soil aggregate or lose particles,
(i) the time (1) required for migration into the open pores within the soil aggregate (inter
particles pores), and (iii) the time (t3) required to penetrate the intra particles pores (e.g.
inter-layer space of clay minerals, dead-end pores of mineral particles or SOM. T, is usually
in the order of seconds. For instance, considering a layer thickness (L) of 200 um, BDE-209
molecular volume (V) of 427.5 cm*mol™® (Yue and Li, 2013), the time T, can be calculated
with Equation 3.20, where D,, is the molecular diffusion coefficient in water calculated with

Equation 3.21 (Schwarzenbach et al., 1993b)

12
T= E Eq. 3.20
2.3:107*
Dy == 57 Eq.3.21

The resulting t; for BDE-209 particles therefore is equal to 64 seconds, which is negligible
considering the time required for approaching the sorption equilibrium for BDE-209 into
clay or peat is in the order of magnitude of hours or days. Time T, is important when
unperturbed soil is considered and soil structure is maintained intact, but it becomes
irrelevant under conditions of batch tests where soil particles and aggregates are

suspended in the water solution. Therefore, time t; (related to the time required for
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sorbate molecules to penetrate in soil aggregate and reach the active sorptive site) plays
the major role in the overall process. The physical model is developed to describe the
retarded diffusion into intra-particle pore water assuming that the entire surface area is
available for mass flux and the pore length of diffusive transfer is equal to the particle
radius v and soil particle is schematised as shown in Figure 3.2. Under these initial
assumption the physical model as the form shown in equation 3.22 (Schwarzenbach et al.

1993, Wu & Gschwend 1986).

S(r) is the local total volumetric
concentration of sorbate in the porous
sorbent

C'(r) is the sorbate local concentration free
in pore fluid

S’(r) is the local sorbate concentration in
immobile bound state

Cis the sorbate concentration in the

solution phase

Figure 3.2: Schematic representation of a soil particle as modelled in the chemisorption model. Adapted from
(Wu and Gschwend, 1986).

as(r) _
at

Eac’(r)
r or

a%c'(r)
Dynf [+ Eq. 3.22
where S(r) is the local total volumetric concentration of sorbate in the porous sorbent, C’(r)
is the sorbate local concentration free in pore fluid, r is particles radius, n is the particle
porosity, D,, is analyte molecular diffusivity in water and f is a tortuosity factor. Indeed
diffusion of analyte particles in the pore water will result delayed in reason of the

irregularity of pores obstructing analyte diffusion.

When local equilibrium is reached, S’(r) can be expressed in function of C’'(r) through the

equilibrium partitioning coefficient Kj:
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S'() = K,C'(7) Eq. 3.23

By definition, S(r) is a combination of the sorbate bound to the immobile state and sorbate
in solution:

S@) =1 —n)psS'(r) +nC'(r) Eq. 3.24

where n and p; are the porosity and specific gravity of the sorbent. Substituting Equation
2.23 into Equation 3.24, the variation of S(r) in function of the sorbent properties and C'(r)
is obtained:

S(r) = C’(r)[(l —n)psK, + n] Eq. 3.25

Incorporating Equation 3.25 in Equation 3.22, intra-particle diffusion kinetics can be

expressed in function of S only:

os(r) _ Dynf 22s(r) | 29s(r)
at  (1-n)psKp+nl or? r or ] Eqg.3.26
= Dwnf
Derr = Gmporrm Eq. 3.27

Where D is the effective intra-particle diffusivity (cm?/s) that, when K, is large (true for

hydrophobic compounds) can be approximated as:

Dynf

e a— Eq. 3.2
(1-n)psKp a.3.28

Depr =
Knowing the compound properties (diffusivity in solution and hydrophobicity) and those of
the natural sorbents (organic content, particle size, density and porosity), the model has
been found suitable for predicting sorption kinetic for various chemical and/or site of

interest (Wu and Gschwend, 1986).

3.2.3 Thermodynamic Potential Theory

Another approach used to describe sorption of chemicals into soil recalls the
thermodynamic potential theory. The concept of adsorption potential (€, cal/mol)

developed by Polanyi (1914) is defined as the work done by the adsorption forces in the
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transference of an adsorbate molecule from the bulk gas to a point in the surface phase.
Since the forces of attraction decrease with distance from the surface, it is possible to
construct equipotential surfaces around a solid (Aveyard and Haydon, 1973). Each
equipotential surface together with the solid surface encloses a volume v(e). Plotting v(e)
against € will form a sorbate characteristic adsorption curve, which are temperature
independent and determined by the structure of the adsorbent, if non-specifically

interacting sorbate are considered.

Initially Polanyi gave a formulation for the adsorption potential for sorbate in gas phase and
hypnotised that adsorption from liquid-phase would be analogous to gas-phase one with
precipitation solid taking the place of liquefaction of gas near the adsorption surface. Under
this hypothesis Polanyi expressed the adsorption potential for liquids (€;) in the same form
used for gases substituting the vapour pressure and the pressure at equilibrium with

saturated (Cy) and equilibrium concentration (C,) respectively (Manes and Hofer, 1969)
Cw
€g = RTIn (C_) Eq. 3.29

where Cy and C, are the solubility and equilibrium concentrations of the solute at
temperature T (K), respectively, and R is the ideal gas constant. Nevertheless there is a
critical difference between adsorption phenomena in vapour and liquid phases: in the case
of the aqueous solution, the adsorbate has to replace en equal volume of water to be
adsorbed on the solid surface (Manes and Hofer, 1969). The effective adsorption potential

(€sw) of solutes therefore is expressed by the Polanyi-Manes model (PMM):

RTIn (Z—W) —e =e —e,(V,V,) Eq 3.30

sw

where Vs and V,, are the molar volumes of solute and water (cm®/mol), and €; and €, are

the adsorption potentials (cal/mol) of solute and water.
Polanyi theory included no equation linking the adsorbed volume to the equilibrium

adsorption potential. Subsequently, Dubinin (1960) observed that plotting the adsorbed

volume against equilibrium adsorption potential density (adsorption potential normalised

38



to the sorbate molar volume) yields to single “correlation curve”, temperature independent
and specific for each adsorbate-adsorbent system. This concept was applied to describe
adsorption on activated carbons (Crittenden et al., 1999) and an empirical formulation for

the correlation curve was proposed:

log(qe) = log(Qy) + a (esy/ V)P Eq. 3.31

where g. is the adsorbed solute volume per unit mass of sorbent (cm3/kg), Qq is the
adsorption volume capacity at saturation (cm>/kg), and a and b are fitting parameters.

Xia and Ball (1999) included the adsorption equation derived from the Polanyi-Manes
model (Eg.3.31) in an overall adsorption-partitioning model (Equation 3.32) successfully
tested for describing adsorption of nonpolar organic compounds (e.g. polycyclic aromatic
hydrocarbons and chlorinated benzenes) on natural geosorbents in both single solute and

competitive systems (Xia and Ball, 1999, 2000).

qe — Q() X 10¢ (Esw/Vs)b X p + KpCe Eq 3.32

where p is the sorbate molecular density (g/cm?) and K, is the partitioning coefficient.

So far only nonspecific interaction forces were taken into account in the adsorption,
limiting the application of the model to physisorption phenomena. Interaction forces were
approximated by the molecular polarizability which is proportional to the molecular molar
volume (V) in the liquid form (Dubinin, 1960). Pan and Zhang (Pan and Zhang, 2012, 2014)
observed that when specific interactions are also responsible for adsorption (e.g.
chemisorption), molar volume (V) is not sufficient to represent all adsorption forces.
Therefore they proposed an enhanced version of the PMM model able to consider other
interaction types which could participate in the adsorption process, like hydrophobic
interactions or H-bonding. The normalising factor introduced instead of the molar volume it
has been proposed again by Dubinin and Astakhov (1971): the adsorption energy E,, which
for a given solute takes into account all the interaction forces involved in adsorption. The

new Dubinin- Astakhov (D-A) model to describe adsorption isotherms is

lOg(Qe) = log(Qo) - (So/Eo)b Eq 3.33
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where g. and Q, are the equilibrium and maximum adsorption capacity, respectively E,, is
the characteristic energy, &, is the equilibrium adsorption potential, b is the D-A model
heterogeneity parameter. The new formulation was then extended for describing isotherms
adsorption in different phases: gas-phase water-phase and n-hexadecane-phase. Figure 2.3

illustrates a schematic representation of the general formulation for the D-A model.

Bulk phase

Condensed
adsorbate

Figure 3.3: : Schematic representation the D-A model based on the thermodynamic sorption potential concept.
Adapted from (Pan and Zhang, 2014).

where (Z) is the adsorption potential value that varies with the distance from the adsorbent
surface. At any point within the adsorption volume, Z should be greater than or equal to
equilibrium adsorption potential (€) representing the energy required condensing the
molecule from the bulk phase (e.g., agueous phase, HD phase, or gas phase). The excess of
energy (Z - €) then varies with location in the adsorption volume. The characteristic energy
(E) is defined as the average value of all (Z - €) over the adsorption space and it varies with

equilibrium concentration.

3.3 Summary and key findings

All the models here presented for description of the sorption mechanism from the most
descriptive to the most mechanistic one all include water solubility as a variable. Water
solubility appears implicitly (Equation 3.18, 3.23) or explicitly (Equation 3.29) in their
formulations. Indeed the first two models relay on the concept of partitioning (ky) and the
third one on the chemical potential, all variables which have been shown to be strongly

related to analyte activity in water or its solubility. That means that any variation in the
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liquid phase properties that changes the analyte solubility or the fugacity capacity of the
liquid phase, it could potentially affect the overall partitioning and the sorption process.
DOM released by SOM in water is one of the factors that could change the liquid phase
properties resulting in an apparent enhancement of HOC solubility. Few results on the
influence of DOM in the calculation of the partitioning coefficient of HOC confirm this
hypothesis (Lee et al., 2003; Wang et al., 2011). Nevertheless, so far consequences of DOM
on kinetic profiles has not been considered in the interpretation of slow kinetic profiles

measured for HOC sorption on organic matter.
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4 Instrumental techniques

As anticipated in previous chapters, the main goal of this study is to investigate BDE-209
sorption kinetic on different soil matrixes, with the scope of filling part of the gap existing
on knowledge of BDE-209 fate in the environment. Usually, measurement in batch
experiment are taken in the liquid phase, and the fraction sorbed by soil is calculated using
the mass balance equation. The high hydrophobicity of BDE-209 and its consequent
adsorption on containers surfaces make the application of the mass balance equation not
univocally applicable. Therefore is preferable to measure BDE-209 mass also in the soil
phase using the mass balance equation as double check. The experimental evaluation of
available methods for extracting BDE-209 from water and soil samples is described
separately in chapter 5 and 6. In this chapter the instruments used for samples preparation
and analysis are described along with the operation principles and procedures followed. A
schematic overview of these instruments and their applications in experiments steps is

provided in Figure 4.1.
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Figure 4.1: Schematic overview of instruments used and their applications.
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4.1 High pressure liquid chromatography (HPLC)

The high-pressure liquid chromatography (HPLC) instrument used in this study is the

Thermo Scientific Dionex UltiMate 3000 Series composed as shown in Figure 4.2.

Mobile phase solvent rack with
integrated vacuum degassing

Pumps comparment

WPS-3000 Autosampler with
integrated column
compartment

VWD-3400RS Variable
Wavelength detector

Figure 4.2: HPLC Thermo Scientific Dionex Ultimate 3000.

The diagram in Figure 4.3 reproduces schematically the HPLC components and mobile
phase flow line. A reservoir holds solvents used as mobile phase and for the washing cycle.
Proper degassing and filtration of all solvents is essential in order to avoid the introduction
of particles into the system that can plug tubes and creation of air bubbles that cause
problems in the pumping system and increase baseline noise in the chromatogram. It is
possible to use sonication for degassing the mobile phase. It has the advantage that it helps
in dissolution of buffer salts if present; however, it is the least effective method of
degassing and it quickly heats up the mobile phase causing a drift in the baseline if solvent
enters in the system before cooling down. Instead, vacuum filtration optimally degasses

and filters solvents in a single step.
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Figure 4.3: Schematic diagram showing HPLC components and the mobile phase flow (adapted from
Chromaccademy.com).

High-pressure pumps generate and meter a specified flow rate of mobile phase, typically
millilitres per minute. Most of the systems, like the one used in this study, are equipped
with an integrated degasser and two pumps that work in series in order to minimise
pressure fluctuations in the systems due to the aspiration-delivery cycles. An injector
introduces the sample into the continuously flowing mobile phase stream that carries the
sample into the HPLC column. The column contains the chromatographic packing material
(stationary phase) and, passing through the column, the different analytes contained in the
sample get separated. The separation process results from the combined effects of
rejection of analyte molecules by the solvent, and attraction of the analyte molecules by
the stationary phase (Solvophobic theory, (Heron and Tchapla, 1991)). Therefore in order to
achieve satisfying separation, it is crucial to select the appropriate column, mobile phase
and sample solvent carrier. For the analysis of BDE-209, a hydrophobic compound, a
Reversed Phase Chromatography (RPC) set up was selected. Sample analyte elution from

the column is retarded according to their affinity to hydrophobic support.

Based on studies found in literature (Ahn et al., 2005; Ghanem and Delmani, 2012), the RPC
column selected for BDE-209 analysis is a ZORBAX Eclipse XDB-C18 Column; length: 150
mm, dimetre: 4.6 mm, pore size: 5 pm (Agylent Technologies, CA-USA). For mobile phase
and sample solvent carrier, methanol and acetonitrile have been tested looking for the best

combination in term of amplitude of the signal and short retantion time (RT). Peak areas
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and retention times obtained for the four combinations tested are reported In Table 4.1.

The best combination is methanol as mobile phase and acetonitrile as sample solvent.

Table 4.1: Retention time (RT) and peak area (mAU*min) using methanol and acetonitrile as sample solvents
and mobile phase for BDE-209 concentration of 10 pg/ml.

Mobile phase Sample solvent carrier
RT (min) Methanol Acetonitrile
Methanol
(12.45) 6.76 16.78
Acetonitrile No peak detected in the 794
(14.83) detection range )

During the extraction method development, dispersive liquid liquid micro extraction
(DLLME) was considered as extraction technique for water samples and the extraction
solvent tetrachloroethane (C,H,Cl;) was tested as sample solvent using methanol as mobile
phase. The retention time (12.29 min) and the peak area (16.98 mAU*min) were
comparable with the one obtained for acetonitrile, but the peak shape was presenting long
front tail (see chromatogram in Appendix A). That could possibly happen because sample
diluent retains the analyte so well to initially compete with the stationary phase of the
column as explained in Figure 4.4. DLLME was discarded as extraction technique to avoid
the use of dangerous and toxic compounds and because such concentrated samples (200
ul) was pointless due to the minimum injection volume required by the auto sampler of the
instrument (500 ml). Therefore the combination methanol as mobile phase and acetonitrile

as sample carrier solvent was adopted as the best option.

Analyte molecules (red spheres) dissolved in the mobile phase

o®® °
L . : L] (blue) get adsorbed on the stationary phase. The sample
o_®% 0
e % ¢ L carrier elutes faster (green) without interfering with analyte
® °
adsorption.

e®® PY Analyte molecules (red spheres) affine to the sample carrier
*g %0 ¢ °

) ® o solvent (orange) are partially dragged before get adsorbed on
° :. ® ® ®

the stationary phase, resulting in tailing peak.

Figure 4.4: Sample solvent carrier effect on sample particles distribution and peak tail.

As the separated compound bands elute from the HPLC column, they enter the detector
that is used to quantify the amount of analyte present in the bands. Different kinds of

detectors can be connected to the liquid chromatography equipment, including
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fluorescence detector, UV-vis spectroscopy detector and mass spectrometer detector (LC-
MS). The HPLC instrument used for this study is equipped with a UV detector. LC-MS havs
the advantage to be more accurate and sensitive, nevertheless the vaporisation necessary
for passing form the LC to the MS system present limitations. Three possible vaporisation
processes have been developed: ESI (electro spry ionisation) APPI (atmospheric pressure
photo ionisation) and APCI (Atmospheric pressure chemical ionisation). ESI and APCI
processes are the most common, but are suitable only for charged compounds. APCl is the
only one working for BDE-209 (Debrauwer et al., 2005). Unfortunately LC-MS instrument
equipped with APCl system are not common and it has not been possible to find an
available instrument. For what concern fluorescence no information has been found in
literature of any method using fluorescence detector for PBDEs, therefore it is not sure the
PBDEs are reacting with fluorescence. UV detector in contra is suitable, available and a solid
detector.

In the UV detector used, the light source is a deuterium lamp able to produce light in the
ultra violet wavelengths (190 nm - 670 nm). The light beam produced by the lamp is
diffracted into the component wavelengths through a series of mirrors. A final mirror
directs part of the light beam to the reference detector. The remaining light travels through
the flow cell to the detector where the absorbance of the analyte is measured and
processed. The degree of absorption depends on the sample molecule, its concentration,
the light's path length in the sample, and the measurement wavelength as described by the

definition of absorbance given by Lambert-Beer's Law Eq. 4.1.
A=¢gcl =log (i—r) —log (;r—") Eq. 4.1

Absorbance is dimensionless, where: ¢is the molar excitation coefficient of the analyte (L
mol™cm™); cis the concentration (mol/L); /is the cell path length (cm); I, is the reference
beam intensity; I is the sample beam intensity; I, is the reference beam intensity with

autozero and I, is the sample beam intensity with autozero.

The wavelengths suggested by the literature for analysing BDE-209 are in the range of 220-
400 nm (Ahn et al., 2005; Ghanem and Delmani, 2012; Guan et al., 2010). Different tests
have been done in order to select the optimal wavelength on this particular instrument,

and 226 nm has been found as the best wavelength in term of signal intensity.
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As a final step, the HPLC detector connected to a computer reports for each peak in the
chromatogram the absorbance as area of the peak. In order to transform that data in BDE-
209 concentrations a calibration curve is required. The calibration curve has been
calculated using 5 calibration points in the range 0.3-1.5 pg/ml plus the blank, and for each
point, three measurements have been done. In Figure 4.5 and Table 4.2 are reported the
calibration curve, the standard solutions concentration, the signal amplitude in term of

average peak area and its standard deviation.

Table 4.2: Calibration points for BDE-209 measurement by HPLC. Each calibration point has been measured
three times and the peak area reported is the average of the three measurements.

Standard solution concentration (ug/ml) 0.00 0.29 0.65 0.87 1.19 1.42
Peak area (mAU*min) 0.00 0.66 1.50 2.03 2.79 3.31
Peak standard deviation (n=3) 0.000 0.003 0.004 0.009 0.007 0.003
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Figure 4.5: 6 points calibration curve for BDE-209 analysis on HPLC.

Frequently, the linearity of calibration curve is evaluated graphically by visually inspecting
the plot of signal peak area as a function of analyte concentration. Because deviations from
linearity are sometimes difficult to detect, an additional graphical procedure is here used.
The deviation of the signal obtained for each calibration point from the regression line
(residuals) is plotted versus the calibration concentration. For linear ranges, the residuals

should be distributed between positive and negative values equally for all the different
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concentrations. The less they differ from zero, the more the calibration is accurate. Figure
4.6 shows the graphical evaluation. The calibration curve results are linear in all the range

tested.
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Figure 4.6: Graphical evaluation of calibration curve linearity: residual distribution through the calibration range.

The limit of detection (LOD) and limit of quantification (LOQ) of the instrument have been

calculated using Equation 4.2 and 4.3.

Ydl —Yb Yql —Yb
LOD = ——— LOQ = ———
m
Ydl =Yb +3s Yql =Yb + 10s
= 3 __10s
Lob = — Eq. 4.2 L0Q = — Eq. 4.3

Where: Ydl is the average of the signal detection limit, Yb is the average of the signal for
blanks, m is the slope of the calibration curve for the corrected by the blank signal (Y
sample — Y blank) and s is the standard deviation for n=3 repetition of the first calibration
point (0.29 pg/ml). The instrument detection and quantification limits are respectively: 4
ug/l and 14 pg/l. Values have been verified graphically observing the peak area produced at

limit concentrations.

4.2 Pressurised Liquid Extraction (PLE)

Pressurised liquid extraction allows for liquid extraction of solid samples at high
temperature by confining samples in cells capable to sustain high pressure to maintain the

solvent liquids at temperatures above their boiling points (Richter et al., 1996). ASE 350
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accelerated solvent extractor (Thermo Scientific, MA-USA) has been used to execute the

extraction (Figure 4.7).

Solvent reservoir tray

Cell tray

Collection vessels tray

Figure 4.7: ASE 350 Thermo Scientific accelerator solvent extractor.

The cell design and associated fluid apparatus allow for operation of the extractions at
elevated pressures (500 to 1500 psi) and repetition of several extraction cycles without
removing samples from the extraction cells. A schematic representation of the extraction

process is shown (Figure 4.8).

Through the selection of solvent extraction volume, number of static cycles, and
temperature, it is possible to optimise the extraction process according to the samples
characteristics and the target analyte. The rinse volume set up by the user is divided by the
number of static cycles so that fresh solvent is present at the beginning of each static cycle.
For a successful extraction, cell filling is crucial and specific adjustments may be required
according to sample texture and humidity to avoid cell blockage. Cell filling procedures and

the optimisation of the instrument set up for peat samples are described in Section 6.2.3.
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4.3 Microwave assisted extraction (MAE)

Figure 4.8: ASE Extraction process steps.

CEM MarsXpress Microwave Accelerated Reaction System (CEM Corporation, NC-USA) used

in this study is shown in Figure 4.9. Solvent extraction efficiency is enhanced by increasing

the temperature using microwave energy (0 - 1200 watts +15%). Differently from PLE,

solvents are not automatically introduced into the extraction tubes (Figure 4.8). They need

to be manually transferred in the testing tubes and separated from samples after

extraction. Multiple samples (up to 40) can be processed simultaneously.
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Figure 4.9: CEM MarsXpress Microwave Accelerated Reaction System and sample tubes.

4.4 Sample concentration and solvent substitution

For sample concentration, BUCHI Syncore Polyvap (BUCHI, Flawil Switzerland) has been
used. It allows concentrating samples by reducing analyte lost due to volatilisation and
adherence to glass vials surfaces. The instrument is composed of a cooling system that
keeps the bottoms of the vials cold to avoid total evaporation of solvent. At the same time,
it cools the top part of the vial to create convective cell within it. On the external part of
vials, solvent is cooled down and re-condensed on the glass surface bringing back part of
analyte that could have remained on the glass when sample level was higher. In the centre
of vials, a warmer passageway allows solvents to evaporate and to get sucked to the
condenser. Working at low pressure (up to 1 mbar), the BUCHI Polyvap System is able to
reach solvent boiling points at lower temperatures. In this way, losses and degradation of
analytes are minimised and the solvent evaporation process is accelerated. All the
components of the system are shown in Figure 4.10, and a schematic diagram showing
components set-up and the cooling water loop is reported in Figure 4.11. Samples of
different size can be processed. In this study, a 4 position rack for 250 ml samples and 12

position rack for 100 ml samples have been used.
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(adapted from BUCHI manual).

Pre-concentrated samples were evaporated under gentle nitrogen flow through TECHNE

DB-3D Dry Block (Bibby Scientific, Staffordshire UK). Caution in the nitrogen flow set up is

required to avoid turbulence in the sample that could facilitate analyte volatilisation.

Sample vials are positioned in the instrument rack and nitrogen is delivered through steel

needles (Figure 4.12).
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Figure 4.12: TECHNE DB-3D Dry Block

4.5 TOC combustion analyser

Analysis of Total Organic Carbon (TOC) was executed using a TOC Combustion Analyzer
Apollo 9000 (Tekmar-Teledyne instrument, AZ USA) connected with 183 TOC Boat Sampler
(Tekmar-Teledyne instrument, AZ USA) for solid sample analysis (Figure 4.13). Each sample
is initially weighed into a platinum boat. The boat is introduced through the sample insert
gate and manually advanced into the furnace by the magnet moving in the race tube. In the
furnace, the sample is combusted at 800-1000 °C in a stream of oxygen. In that
environment, all carbon within the sample is rapidly oxidized to CO,. Interfering reaction
products (including sulphur oxides, halides, water and nitrous oxides) are removed by the

post-combustion scrubbers.

CO, analyser Boat sampler

Combustionchamber

Magnet for moving the boat
in the race tube

Sampleinsert gate

Figure 4.13: TOC Combustion Analyzer Apollo 9000 connected with 183 TOC Boat Sampler.

The CO, produced is then swept into the Apollo 9000 non dispersive (single beam) infrared

detector, which uses infrared energy to measure the carbon dioxide flow. The instrument
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returns that output signal as a voltage and a calibration curve is required for relating the
signal to sample carbon content. Figure 4.14 shows the calibration curve built using five
solutions of potassium hydrogen phthalate in diatomaceous earth. Three measurements

have been repeated and data are reported as average + standard deviation.
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Figure 4.14: Calibration curve for TOC/TC measurement in solid sample.

4.6 Laser diffraction particle size detector

Samples were analysed through Mastersizer 2000 equipped with disperser unit control
Hydro 2000SM (Malvern, Worcestershire UK). As shown in Figure 4.15, it is composed of
the optical bench that contains the laser source, the measurement chamber, the detectors,
and an external dispenser unit with a stirring speed controller. Sample particles get
dispersed in the dispenser unit in degassed Millipore water and pass through the
measurement chamber. Here, the laser beam collides with particles producing diffracted
beams that are detected on the other side of the optical bench. The detectors capture the
scattering pattern produced by the field of particles. Using Mie theory, Mastersizer
software predicts the size as equivalent spherical diameters of particles that created the

pattern.
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Figure 4.15: Laser diffraction particle size detector Mastersizer 2000 and the disperser unit control Hydro
2000SM.

4.7 Centrifugation

Centrifugation is a traditional technique for separating solid samples from water or other
liquid solvents. It takes advantage of the centrifugal force generated by spinning samples to
accelerate the sedimentation process. The centrifuge used in this study is a 5804R
Eppendorf centrifuge (Figure 4.16). The sedimentation process at environmental conditions
follows Stoke’s Law reported in Equation 4.4. In centrifuge systems, gravity acceleration is
artificially increased by a factor proportional to centrifugal force and therefore to the

spinning speed.

Centrifuge 5804 R

Figure 4.16: Centrifuge Eppendorf 5804R.

_2 (Pp=Pm) 12
V= rR— gR Eq. 4.4
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Where: V is the setting velocity (m/s), p,, is the particle density (Kg /m?), p,, is the fluid
density (Kg /m’) u is water dynamic viscosity (kg /ms), g is the gravitational acceleration
(m/s?), and R is the radius of particles (m). Implementing these factors in Equation 4.4 and
resolving it for t, the time of sedimentation, it is obtained the equation suggested in ASTM
standard (ASTM, 2001) for the calculation of the sedimentation time in seconds (Equation

4.5).

t=2]— ” i ]ln(Rb/Rt) Eq. 4.5

T2 42 (rpm)? rﬁ(pp—pm)

Where: p,, is the particle density (g/cm?), p,, is water density (1 g/cm®) u is water dynamic
viscosity (0.01 g / cms), g is the gravity acceleration (980 cm/s®), rpm is the spinning speed
(revolutions per minutes), 7, is the particle radius (cm), R, is the distance from centre
centrifuge rotor to bottom of centrifuge tube (11.5 cm), and R; is the distance from centre

centrifuge rotor to top of centrifuge tube (3.5 cm).

Fixing the spinning speed at 2000 rpm, the time required for clay particles sedimentation is
calculated. Considering the smallest particle diameter of 0.00003 cm and particle density of
2.65 g:cm™ in Eqg. 4.5, the sedimentation time for the finest clay particle is about 14
minutes. Dissolved BDE-209 molecule by definition should not be affected by
centrifugation. To be certain that the centrifugation process does not affect BDE-209
molecules, the sedimentation calculation is done considering BDE-209 molecules behaving
like suspended particles of density 3.35 g-cm™ and radius 1.86-10° (Hu et al., 2005b). The
sedimentation time is about 6500 days. Therefore, even in the case that we consider BDE-
209 molecules behave like suspended particles, the centrifugation time used for settling

clay particles (20 minutes) is not enough long to affect BDE-209 molecules in suspension.
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5 BDE-209 analysis in aqueous samples

5.1 Introduction

For monitoring the behaviour of BDE-209 in the environment it is fundamental to be able to
measure it in two of the most important environmental compartments: water and soil. In
relation to this study, analysis of water and soil samples are investigated for measuring
BDE-209 mass in both phases involved in sorption and desorption experiments. The aim of
this chapter is to select the most suitable technique to analyse BDE-209 in water samples.
Different extraction methods have been tested on pure water, and the method with best
recovery was optimised for extracting BDE-209 from the most complex matrix considered in
this study: water after contact with peat. To contextualise the results obtained and justify
the experimental set up selected, a summary of the operating principles and a review of its
use for PBDE analysis in water samples is reported for each technique. The four techniques
tested were liquid-liquid extraction (LLE), dispersive liquid-liquid micro extraction (DLLME),

solid phase extraction (SPE), water evaporation and solvent substitution (WES).

5.2 Extraction methods

5.2.1 Liquid-liquid extraction (LLE)

Liquid-Liquid Extraction (LLE) is a traditional technique for extraction and clean-up of liquid
samples, and it is used in several standardised methods for analysis of organic pollutants in
water (USEPA, 1996; BSI, 1997, 2005) It consists of selective transfer of chemicals from the
aqueous sample to an extraction solvent that is temporary mixed with it. In order to obtain
an efficient and selective extraction, the extraction solvent should have the following
characteristics. It must have a favourable distribution coefficient for the analyte of interest
and an unfavourable distribution coefficient for other compounds dissolved in the sample.
The solvent must be immiscible with the sample and have sufficient density difference with
the sample matrix to ensure complete formation of two layers while avoiding the formation
of emulsions. Finally, it must not chemically react with the analyte. LLE has been adopted
for extracting BDE-28 and BDE-47 (tri- and tetra-BDE) in water samples using 2 mL of n-
hexane per 10 mL of background solution. Recovery ranged between 94-115 % (Liu et al.

2010; Liu et al. 2011). A recovery of 96 + 6% was achieved for extraction of BDE-15 adding
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200 pl of trichloroethylene for 10 mL of water (Olshansky et al., 2011). No studies involving
BDE-209 could be found in literature. In light of the consideration reported for lower
brominated PBDEs, LLE was tested for the extraction of BDE-209 using dichloromethane,

toluene, and n-hexane.

5.2.2 Dispersive liquid-liquid micro extraction (DLLME)

Dispersive liquid-liquid micro extraction (DLLME) is a variation of the more traditional
liquid-liquid extraction. The principle is the same as LLE. A solvent with chemical affinity to
the target analyte is mixed with the sample and then separated leaving in solution all the
interference compounds more soluble in the sample matrix than in the solvent. Differently
from LLE, DLLME works at micro-volume size. A dispersive solvent soluble in both the
aqueous sample and extracting solvent is used to enhance the transfer of analyte from
sample to the extracting solvent. Once dispersive and extracting solvents are injected in the
water sample, a cloudy mixture is formed due to the tiny droplets of immiscible extracting
solvent in the aqueous environment. Due to the high surface area of these extracting
solvent droplets, analyte extraction is efficient and rapid. DLLME was introduced in 2006
(Rezaee et al., 2006) for simultaneous extraction and pre-concentration of organic analytes
in agueous matrices. Since then, new applications have been explored for the analysis of
both organic and inorganic analytes. Reviews on the use and development of DLLME in
analysis of organic analytes have been published by Herrera-Herrera et al. (2010), Saraji &
Boroujeni (2013) and Zgofa-Grzeskowiak & Grzeskowiak (2011). So far, only two
laboratories tested DLLME for BDE-209 analysis in water. A number of disperser and
extracting solvents have been compared. Li et al. (2008) compared the recovery obtained
with acetonitrile, acetone, methanol, and tetrahydrofuran as disperser solvents and
dichloroethane, carbon disulphide, carbon tetrachloride and tetrachloroethane as
extraction solvents; they concluded that the combination of acetonitrile (1ml) and
tetrachloroethane (20 pl) gave the best recovery for BDE-209 in 5 ml spiked nanopure
water (87%). Zhang et al. (2013) selected acetone (1 ml) and tetrachloroethylene (10 pl) as
the best solvent combination and coupled DLLME with ultrasonic bath (2 minutes) to
accelerate the formation of the cloudy solution. In these conditions, the recovery obtained
for BDE-209 from a 5 ml water sample was about 75%. In this set of experiments, extraction
tests were run trying to replicate the cited results using acetonitrile as disperser solvent and

either tetrachloroethane or dichloromethane (DCM) as extracting solvent.
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5.2.3 Solid phase extraction (SPE)

Solid phase extraction (SPE) is a traditional technique often used as an alternative to LLE.
There are two approaches for SPE. In one, the analyte of interest is retained by the solid
phase and matrix interferences are washed through. In the other, the analyte of interest is
washed through and matrix interferences are retained. The first approach is referred to as
reverse phase and it is the most common for extraction of hydrophobic compounds like
PBDEs. In literature, few references are available for PBDE extraction by SPE and they are
mainly for human and animal serum samples (Covaci & Voorspoels 2005; Keller et al. 2009;
Lin et al. 2013; Thomsen et al. 2007; Zhang & Rhind 2011). Just one study has been
published for PBDEs extraction from water, but it considers only up to hexa- brominated
congeners (Barco-Bonilla et al., 2014). The selection of the cartridge is a crucial step in SPE
extraction. In the cited studies, a number of approaches has been taken. Lin et al. (2013)
used cartridge C18; Keller et al. (2009) and Thomsen et al. (2007) used Oasis HLB; and
Zhang & Rhind (2011) used Strata-X. In the only study involving BDE-209, Covaci &
Voorspoels (2005) suggested that Oasis HLB yielded a higher recovery in *C-BDE-209
extraction (64 +17 %) than other three SPE cartridges (C18, Isolute Phenyl and Isolute
Env+). In light of these considerations the cartridges adopted for this study was 200 mg/6
mL Oasis® HLB cartridge (Waters, Milford, MA, USA).

5.2.4 Water evaporation and substitution (WES)

Water evaporation and substitution (WES) is not strictly an extraction technique. WES
consists of complete evaporation of the aqueous sample and re-dissolution into solvent.
The method is particularly appropriate for BDE-209 analysis because it takes advantage of
the low volatility of BDE-209 and minimises the loss of analyte caused by sample handling.
Explicit references have not been found in literature to such a simple approach for BDE-209

analysis in water samples.

5.3 Experimental procedures

5.3.1 Materials

Decabromodiphenyl ether standard (98% purity) was purchased from Sigma-Aldrich (St.

Louis, MO, USA). Working standard solutions of BDE-209 were prepared daily by dilution of
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stock solution (10 mg/L BDE-209 in acetonitrile) using deionised water. All of the reagents
used in these experiments (dichloromethane, toluene and hexane) were of analytical HPLC
grade obtained from Fisher. Water was collected from the laboratory reverse osmosis

deionizing system (RO180 El-lon® twin-stage, SG)

5.3.2 LLE

Water solution (10 mL) containing 10 pg/L of BDE-209 was placed into a 25 mL screw-cap
glass vial with PTFE cap septum. Extraction solvent (1 ml) was added by automatic pipette
(Ergonomic high performance pipettor, VWR, Lutterworth-UK). Samples were agitated end-
over-end at 300 rpm for two minutes and rested for five minutes. This step was repeated
three times. The extraction solvent was removed with a glass Pasteur pipette and
transferred to an HPLC vial where it was evaporated to dryness under nitrogen flow
(TECHNE DB-3, Bibby Scientific Limited, Stone, UK) and reconstituted with acetonitrile (1
mL). Samples were analysed with HPLC following the procedure described in Section 3.1.2.
In the first tests, complete recovery of the extraction solvent was not possible. because a
thin layer of solvent remained on the meniscus at the interface with water. Thus, the
second series of experiments was run using larger volumes of sample (25 mL) and solvent
(2mL). In this way, a partial but known amount of the extraction solvent (1.5mL) was

recovered for analysis.

5.3.3 DLLME

For DLLME, 250 mL of deionised water containing 5 pug/L of BDE-209 was pre-concentrated
to a volume of 5 mL and placed into a 5 mL screw-PTFE cap glass test tube with conical
bottom. The mixture of acetonitrile (1.5 mL) and tetrachloroethane or DCM (30 ul) was
rapidly injected into the aqueous sample with a 1 mL glass syringe. The milky cloudy
mixture (water/acetonitrile/tetrachloroethane or DCM) was centrifuged for 5 minutes at
3000 rpm. The sediment phase (tetrachloroethane or DCM) was removed using a micro-
syringe and transferred to HPLC vial containing 1.5 mL of acetonitrile for analysis. 2

replicates were run for each combination of disperser and extracting solvents.

5.3.4 SPE

For SPE, BDE-209 aqueous solution (50 pg/L) was prepared diluting 250 pL of stock solution

(10 mg/L in acetonitrile) in 50 ml of deionised water. SPE extraction procedure is divided in
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four steps: cartridge pre-washing, conditioning, sample loading and elution. The system is
composed by the loading cartridge at atmosphere pressure where washing solvent, sample
or eluting solvent are loaded according to the specific running step. From the loading
cartridge liquid are forced to pass through the SPE cartridge drop by drop at specific flow
regulated by adjusting the vacuum level at the exit of the SPE cartridge. The procedure
steps, solvent volume and flow are summarised in Table 5.1. The final 4 ml of acetonitrile

was concentrated to 2 ml by gentle nitrogen flow and transferred to HPLC vial for analysis.

Table 5.1: Procedure of extraction with Oasis HBL cartridge.

Step Process Application F'°V‘f TirT1e
(ml/min) (min)

1 Prewash 2 mL methanol 1.5 1.3
2 Prewash 2 mL acetonitrile 1.5 1.3
3 Condition 3 mL methanol 1.5 1.3
4 Condition 3 mL water/methanol (19:1) 1.5 1.3
5 Load 50 mL water sample 0.5 100
6 Dry 2 minutes 2
7 Elute 1 4 mL Acetonitrile 0.5 8
8 Elute 2 4 mL Acetonitrile 0.5 8
5.3.5 WES

For WES, recovery tests were conducted on pure water. 200 mL of deionised water was
spiked with 0.2 mL BDE-209 stock solution (5.4 mg/L). Samples were concentrated from 200
mL to 5 mL through BUCHI rotovapor system. BUCHI Syncore system description and
specification are reported in section 3.4. Operational conditions are summarised in Tables
5.2 and 5.3 and the pressure profile is show in Figure 5.1. After concentration, samples
were transferred to 30 mL screw cap glass vials. BUCHI vials were rinsed twice with 5 mL of
acetone to ensure that no BDE-209 was left attached at the glass surface. Samples were
transferred to the sample concentrator (TECHNE DB-3), where temperature of 45 °C and
gentle nitrogen flow were applied. When water was totally evaporated, 2 mL of acetonitrile
was added in the vials, samples were sonicated for 1 min and 1.5 mL of sample was filtered
(0.20um PTFE membrane, VWR, Leicestershire, UK) and transferred to HPLC vials to be

analysed.
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Table 5.2: Vacuum steps. BUCHI vacuum pump V-700
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Figure 5.1: Vacuum operational profile. BUCHI vacuum

pump V-700
Table 5.3: Operational parameters for BUCHI rack and cooling system.

Temperature of rack 42°C
Temperature of vacuum cover 50°C
Cooling temperature -10°C
Vortex speed 300 rpm

5.4 Results

5.4.1LLE

All recovery values obtained for LLE extractions were below 20% (Table 5.4). The
concentrations measured from some of the extractions with hexane and dichloromethane
were below the instrumental LOD (4 ug/L). Toluene shows slightly better extraction
recovery, higher than 10 % for both samples analysed. A possible reason of the toluene
better extraction property might be that toluene contains itself an aromatic ring and it is
smaller than the hexane aliphatic chain. This could make toluene more suitable than
hexane for interaction with BDE-209 aromatic molecules. Dichloromethane instead
presents the disadvantages that it is denser than water (density 1.33 g/mL at 20 °C) and its
meniscus at the interface with water is wider than the ones of hexane or toluene. Thus it
was more difficult to remove it completely from the vial. Since recovery values were lower
than expected, an additional test was used to recognise if the reason was the inefficacy of
the extraction or instead the loss of analyte during the steps of solvent evaporation and
substitution with acetonitrile after the extraction. 25 mL of 100 pg/L BDE-209 solution in n-

hexane was evaporated and re-dissolved in 1.5 mL of acetonitrile. Recovery values were
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between 70 and 84 % (Table 5.5). Consequently, the extraction procedure was changed
using larger sample and solvent volumes. The new approach facilitated the extraction
procedure and allowed transferring just a partial but known amount of solvent.
Nevertheless, most of the analyte (68-74%) was still lost during the process and recovery
values (Table 5.6) were much lower than the ones reported in literature for other PBDEs.
Opportunity for improvement is not excluded. Higher recovery values might be reached by
optimising the LLE procedure, for example, by increasing the mixing time, changing the

solvent volume, or assisting the process with an ultrasound bath.

Table 5.4: Recovery value for LLE extraction of BDE-209 from deionised water. Sample volume 10 mL, solvent
volume 1 mL.

Measured .
. . Expected concentration Recovery
Extraction solvent concentration (ug/L) (%)
(ng/L)

Hexane 8 100 8

Hexane 3 100 3

Toluene 13 100 13

Toluene 19 100 19
Dichloromethane 12 100 12
Dichloromethane 6 100 6

Table 5.5: BDE-209 recovery value for solvent substitution from hexane to acetonitrile. Hexane volume 25 mL,
acetonitrile volume 1.5 mL.

Measured Expected
. . Recovery

concentration concentration (%)
(o)

(ug/mL) (ng/mL)
1.40 1.67 84
1.18 1.67 71
1.32 1.67 79
1.17 1.67 70

Table 5.6: Recovery value for LLE extraction of BDE-209 from deionised water. Sample volume 25 mL, toluene
volume 2 mL.

] Measured Expected
Extraction ) : ST
e concentration concentration (%)
(He/L) (ng/L)
Toluene 40 125 34
Toluene 50 125 42

5.4.2 DLLME
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In the DLLME tests, the alternative extraction solvent DCM, was unsuccessful. Difficulties
have been found collecting DCM from the bottom of the conical vial: it was not possible to
draw a sufficient amount of solvent without mixing it with layer of acetonitrile. Extraction
using acetonitrile (1.5 ml) as disperser solvent and tetrachloroethane (30 pul) as extraction
solvent showed a recovery of 27-34 % (Table 5.7). The literature recoveries of 75-87% (Li et
al., 2008b; Zhang et al., 2013) could not be reproduced, possibly because part of the
analyte might get lost during the pre-concentration step. This step is necessary when
working with low concentrations near to values expected from experiments and
environmental samples. Results obtained for DLLME method in the cited in literature have
been tested at very high concentrations 100 pg/L. Additionally, the advantage to reach high
concentration factors by reducing the sample volume to 20 ul was eliminated because of
the limitation imposed on the sample volume by the HPLC automatic injector. At least 1.5

mL of sample is required to run three injections.

Table 5.7: Recovery value for DLLME extraction of BDE-209 from deionised water. Different extraction solvents
tested using 1.5 mL of acetonitrile as dispersive solvent.

Measured Expected
Extraction solvent concentration concentration Recovery (%)
(mg/L) (mg/L)
Tetrachloroethane 0.28 0.83 34
Tetrachloroethane 0.22 0.83 27
Dichloromethane Unsuccessful extraction
Dichloromethane Unsuccessful extraction

5.4.3 SPE

In SPE, BDE-209 levels in the first and second elution steps were below detection limits
(Table 5.8). No traces of BDE-209 were detected in the blank sample, assuring no

contamination was occurring during the experiment.

Table 5.8: Recovery values for SPE extraction of BDE-209 from deionised water with Oasis HBL cartridge.

Measured Expected
. . . Recovery
Extraction solvent concentration concentration (%)
(o]
(mg/L) (mg/L)
Sample Elute 1 0.01 1.25 0
Blank Elute 1 0.00 1.25 0
Sample Elute 2 0.01 1.25 0
Blank Elute 2 0.00 1.25 0
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The SPE extraction of PBDEs is challenging and difficulties seem to increase with the degree
of bromination. Failure in extracting the pentabrominated congener BDE-104 was reported
(Keller et al., 2009). From a tribrominated congener (BDE-28) to a heptabrominated
congener (BDE-183) recovered from human serum samples, the percentage of analyte
recovered was halved (Zhang and Rhind, 2011). The absolute null result obtained in the
experiment suggests that the set-up selected for extraction is not suitable for BDE-209. The
reason might be the choice of acetonitrile as elution solvent, which could not be strong

enough for catching the BDE-209 absorbed in cartridges.

No further attempts to improve the SPE process were done because of the long processing
time required for loading drop by drop large volume of sample. The use of a higher flow
during sample loading was excluded to ensure that the analyte had enough time to be
absorbed and retained by the solid phase. Considering the volume of the cartridge (6 mL)
and a flow of 0.5 mL/min, the contact time of sample and solid phase was 12 min. Based on
the knowledge gained on BDE-209 adsorption and absorption processes and experience
gained through the laboratory activity, a shorter contact time would be absolutely
considered as an option and a stronger eluting solvent would be used to extract BDE-209
from the cartridge solid phase. A recently published study on SPE extraction of PBDEs from
water confirms this idea (Barco-Bonilla et al., 2014). A 100 % recovery value was reached
for lower brominated PBDEs congeners (from tetra- to hexa-BDE) using 10 mL/min flow

rate and hexane/acetone (4:1) as elution solvent.

5.4.4 WES

Recovery values obtained through WES with acetonitrile were satisfying. As data in Table
5.9 show, 97 % of recovery was reached with a relative standard deviation of 3%. At the
same time, the method assures high concentration factor (100) and the use of solvent is

minimised.

Table 5.9: Recovery value for WES extraction of BDE-209 from deionised water (200 mL), BDE-209 concentration

5.4 pg/L.
Measured Expected
. . Recovery
concentration concentration (%)
(o)
(mg/L) (mg/L)

0.52 0.54 96

0.52 0.54 97

0.51 0.54 94
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0.54 0.54 100

The complete procedure requires about 8 hours. Most of that time (6-7 hours) is required
by automated steps (BUCHI and nitrogen flow) for which just periodic supervision is
required. A possible further simplification of the method has been considered. Injecting the
concentrated sample directly in the HPLC avoids the last step of acetonitrile substitution.
Recovery was not calculated because a new calibration curve would have been required
using water as sample carrier. However, the peak area of direct water injection was less
than 2/3 of the one obtained after acetonitrile substitution. As a consequence, this further

simplification has been discharged.

5.5 Comparison of the techniques

Recovery values obtained for BDE-209 extraction from deionised water under the
conditions previously described are shown graphically in Figure 5.2. Literature suggests that
better recovery could be achieved with some of the techniques tested, especially with SPE
and DLLME. However, the high recovery and the simplicity of WES with acetonitrile make it
the best choice for BDE-209 extraction. Moreover, from an environmental point of view,
WES is the “greenest” method among methods explored. WES reduces drastically the
volume of solvent in comparison with LLE. WES does not require the use of toxic chemicals
and pollutants as DLLME does. Finally, WES does not produce solid waste for each

extraction as SPE does.

100 ~

Recovery (%)

LLE DLLME m SPE B WES
Figure 5.2: Comparison of BDE-209 recovery from deionised water using liquid-liquid extraction (LLE), dispersive

liquid-liquid micro extraction (DLLME), solid phase extraction (SPE) and water evaporation plus substitution with
acetonitrile (WES).
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5.6 WES tested for extraction from more complex matrix using

Chrysene as internal standard

In order to evaluate the suitability of WES with acetonitrile for more complex matrices, the
method was tested on deionised water with dissolved organic matter (DOM) that was
created by mixing deionised water with peat for 24 hours (water-peat matrix).
Subsequently the use of a surrogate has been investigated. Usually, PCB congeners or *C
labelled congeners are used as surrogates for PBDEs (Allchin et al., 1999; Rhind et al., 2013)
because these compounds have structure and properties similar to those of the analyte and
thus mimics better its behaviour. PCB-209 like other chemical tested (naphthalene or
triclosan) showed co-elution problems with BDE-209 peak, matrix interference peaks or
solvent peaks. Chrysene elution time instead was compatible and avoided these problems
(Hlustrative chromatograms can be found in Appendix A). Thus, chrysene was the selected

candidate to be investigated as possible internal standard.

5.6.1 Procedure

To prepare the water with DOM, 0.5 g of peat oven dried at 105°C for 48 hour was weighed
and added to 200 mL of deionised water. After 24 hours of mixing, peat was separated from
water through vacuum filtration on glass fibre filters purchased from Sterlitech Corporation
(90 mm diameter, 0.3 um pore size, GF-75). The water fraction was transferred to BUCHI
vials spiked with 0.2 mL of 5 mg/L BDE-209 solution and 1 ml of 110 mg/L chrysene solution
in acetonitrile. Then samples underwent the same steps described in section 5.3.4 for

deionised water samples.

5.6.2 Results

Analysis of the water-peat matrix without BDE-209 excluded the presence of interferences.
In the HPLC chromatogram, no peaks were eluting at the same retention time of BDE-209
(12.4 min), although other peaks were noted (lllustrative chromatogram in Appendix C).

Recovery from the spiked water-peat matrix was 68 % with a standard deviation of 6 % and
a relative standard deviation of 8% (Table 5.12). Each sample was measure three times on
the HPLC and the relative standard deviation on the instrumental reading was always < 0.5
%. As expected, recovery values for the peat-water matrix were lower and more variable

than those obtained on deionised water (Table 5.7).
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As can be observed in Figure 5.3 (a), recovery of BDE-209 and chrysene underwent the
same variation from sample to sample. The fluctuations around average value are
comparable (Figure 5.3 (b)) and the proportion between chrysene and BDE-209 recoveries
is consistent (Table 5.10). Results therefore show that chrysene is a suitable compound to
be used as surrogate in WES extraction of BDE-209 from complex matrices like water in

contact with peat soil.

100 - (a) 100 1 (b)
90 - 30 - I
80 - 80 -
70 - 70 4
X 60 8 60 -
> e
o 50 - g2 50
5 2
g 40 g 407
30 A 30 -
20 20 -
10 -+ 10 -
0 - 0 -
B decaBDE chrysene B decaBDE chrysene

Figure 5.3: (a) WES recovery from peat-water matrix sample for BDE-209 (5.3 pg/L) and chrysene (550 pg/L.) (b)
Average recovery and standard deviation for BDE-209 and chrysene recovery.

Table 5.10: Chrysene and BDE-209 spiking concentration and correspondent recovery values (%). Chrysene/BDE-
209recovery ratio is calculated. Average value and standard deviation are reported.

BDE-209 BDE-209 chrysene chrysene
concentration recovery concentration recovery Recoyery
(he/) (%) (he/1) (%) ratio
5.31 76 550 91 1.2
5.31 60 550 84 1.4
5.31 71 550 94 1.3
5.31 66 550 83 1.3
Average value 68 / 88 1.3
Standard deviation 5.9 / 5.3 0.1
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5.7 Conclusion

The WES method with acetonitrile substitution has been found successful for BDE-209
analysis in both deionised water and water with DOM. Recovery values reached in the first
case are on average 97 = 3 % and in the second case 68 + 8 %. Chrysene is an effective
surrogate for BDE-209 and has been used to have a measure of BDE-209 extraction
efficiency when water has been analysed after contact with peat (Chapter 7). Considering
the HPLC limit of detection (LOD) of 4 pg/L and the high concentration factor achievable
through WES, the overall LOD of the water extraction analysis method is considerably low.

For 200 mL samples the overall LOD results 0.04ug/L.
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6 BDE-209 analysis in soil samples

6.1 Introduction

As previously mentioned, sorption experiments are usually performed measuring the
analyte which remain dissolved in water and using the mass balance equation to calculate
the mass of analyte absorbed by the solid phase. This approach is accepted widely and
standardised (e.g. ASTM E1195, 2001; OECD 106, 2000). Nevertheless, measuring directly
the analyte absorbed by the solid matrix would avoid error due to loss of analyte through
the experimental process. This observation is particularly important for highly hydrophobic
compounds like BDE-209 for which the loss due to adherence to the glass surface or
sorption on container surfaces and caps could be significant.

The aim of work presented in this chapter is to develop a method to analyse BDE-209 in
peat and verify its suitability for the sorption experiment. Two common extraction
techniques were tested for extracting BDE-209 from peat: microwave assisted extraction
(MAE) and pressurised liquid extraction (PLE). Previous literature on PBDEs extraction
through the two techniques is reviewed in the following sections and it provided the basis
for the experimental design. A discussion of the results obtained for recovery and

interferences coming from peat follow.

6.1.1 Microwave assisted extraction (MAE)

The traditional technique for extraction of organic analytes from solid environmental
samples is Soxhlet extraction, which usually requires large amount of solvent and more
than 20 h to complete the extraction. Microwave assisted extraction (MAE) is a more recent
technique based on the principle of increasing solvent extraction efficiency by increasing
the extraction temperature. In this way, the volume of solvent used and the contact time

required are significantly reduced.

MAE was first performed for pre-treatment of organic substances in 1986 (Ganzler et al.,
1986) and analytical methods have been developed for extraction of persistent organic
pollutants from solid samples: for instance polycyclic aromatic hydrocarbons,

polychlorinated biphenyls and organochlorine pesticides from waste, soil , sediment, and
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plants (Barriada-Pereira et al., 2003; Bartolomé et al.,, 2005; During and Gath, 2000).

Nevertheless, because of the recent interest in PBDEs, literature about MAE extraction of

PBDEs is not extensive. A list of MAE methods developed for analysing PBDEs is presented

in Table 6.1. Observing the MAE methods published in literature it seems that the use of a

non-polar solvent (e.g. hexane or pentane) mixed with a polar solvent (e.g. isopropanol,

acetone, methanol or dichloromethane) is a successful combination for extracting PBDEs.

Possibly because the non-polar solvent is appropriate for extracting non-polar analytes and

the polar solvent enhances the water solubility of the extraction mixture, allowing more

capillary extraction in case drops of water are trapped in the micro-pores of the solid

matrix.

Table 6.1: Literature review on application of MAE on extraction of PBDEs form solid samples.

PBDEs congeners

Sample matrix Recovery Solvent (v:v) Reference
analysed
27 % isopropanol:hexane (1:1) )
deca-BDE . (Vilaplana et al., 2008)
30% isopropanol:methanol (1:1)

Polymers 73-75 % (mono-BDE)
from 95-98 % (di-BDE)
. toluene:water (5:1)
. - 0, -
elegtromc mono- to deca-BDEs 97-105 % (tri-BDE) or (Li et al., 2009)
equipment 63-100 % (tetra-BDE) hexane:water (5:1)
60-80 % (penta- to hepta-BDE) ’ ’
60-70 % (deca-BDE)
deca-BDE 30% isopropanol:hexane (1:1) (Vilaplana et al., 2009)
110 % (tetra-BDE)
Sewage 105-110 % (penta-BDE)
slud ge tetra- to deca-BDEs 100-103 % (hexa-BDE) hexane:acetone (3:1) (Shin et al., 2007)
& 95 % (hepta-BDE)
105 % (deca-BDE)
95 % (tetra-BDE)
Dust tetra- to hexa-BDEs 94-107 % (penta-BDE) 10%NaOH water:hexane (1:2)  (Regueiro et al., 2006)
89-104 % (hexa-BDE)
quloglcal Tetra- and penta-BDEs 80-90 % pentane:dichloromethane (Bayen et al, 2004)
tissue (1:1)
70-85 % (tri-BDE)**
60-95 % (tetra-BDE)**
Soil tri- to hepta-BDEs 85-95 % (penta-BDE)** hexane:acetone (1:1) (Wang et al., 2010)

70-100 % (hexa-BDE)**
50-100 % (hepta-BDE)**

** Authors expressed recovery values only as percentage of the Soxhlet extraction recovery. No absolute recoveries were

reported.

The only application on PBDEs extraction from soil samples does not include BDE-209 and

recovery results are reported only in terms of relative recovery value normalised to the

72



compared Soxhlet extraction technique. However, one method for sewage sludge, the
nearest analogue to peat and highly organic soils, does include BDE-209 (Shin et al., 2007).
The extraction solvents used to extract BDE-209 is a mixture of hexane:acetone 3:1
resulting in a recovery of 105%. Considering that samples originating from sorption

experiments will be water-saturated, the same solvent combination was tested on peat.

6.1.2 Pressurised liquid extraction (PLE)

Pressurised liquid extraction (PLE) often indicated also with the acronyms PSE (pressurized
solvent extraction) or ASE (accelerated solvent extraction) is an automated technique for
extraction of solid samples. Similarly to MAE, PLE works at elevated temperatures and
pressures, achieving extraction in very short time (ca. 20 mins). From the physicochemical
point of view, this is possible because higher temperatures increase the capacity of solvent
to solubilise the analyte and diminish the solvent viscosity. As a result, the solvent can
penetrate samples pores more easily. At the same time, higher pressure ensures that
temperatures above the solvent boiling point can be reached without meeting with the

problem of solvent gasification (Richter et al., 1996).

Since its invention, the use of PLE for extraction of organic compounds from environmental,
food and biological samples increased considerably (Carabias-Martinez et al., 2005). PLE has
been successfully applied specifically for extraction of several persistent organic pollutants
like PCBs, chlorinated dioxins and furans, polycyclic aromatic hydrocarbons and
organochlorine pesticides from sediments and soil samples (Antunes et al., 2008; Lang et
al., 2005; Saim et al., 1997). But as Zhang at al. (2010) reported, literature about PBDEs
extraction from soil is still limited. A list of PLE method for PBDEs extraction is listed in
Table 6.2. Only two papers have been found for extraction from soil samples and five from
sediment samples; of those, only three studies (1 soil and 2 sediment) include the BDE-209
congener. The considerations found in literature about the optimal PLE setup for extraction

of PBDEs were taken into account for the selection of the PLE parameters.
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Solvent matrix

Table 6.2: Literature review on PLE applied on PBDEs extraction form sediments and soil samples.

PBDEs congeners
analysed

Recovery (%)

In cell clean-up

PLE method

Reference

River sediment
reference
material

River sediment

Coastal sediment

Fish and river
sediment

River sediment

Soil (TOC 4.3%)

Non-calcareous
clay-loamy top
soil

mono- to octa-BDE

mono- to hepta-BDE

tri- to deca-BDE

tri- to deca-BDE

tri- to hexa-BDE

tetra- to deca-BDE

tri- to hepta-BDE

80-98 % (mono- & di-BDE)
71-102 % (tri-BDE )
88-110 % (tetra- to hexa BDE)
104-116 % (hepta-BDE)
86-103 % (octa-BDE)

22-41 % (mono-BDE)
46-82% (di-BDE)
53-82 % (tri- & tetra-BDE)
58-75 % (penta- & hexa-BDE)
46-53 % (hepta-BDE)

Not reported

Not reported

Not reported

102 % (tetra-BDE)
104 % (penta-BDE)
94 % (hexa-BDE)

99 % ( hepta-BDE)
95 % (deca-BDE)
102 % (tri- & tetra BDE)
99-103 % (penta-BDE)
86-92 % (hexa-BDE)
81 % (hepta-BDE)

Forosil + silica
gel

Alumina +
copper

Alumina +
copper

Alumina +
copper

Not applied

H,S0, acid silica

Not applied

60 °C, 1500 psi, 1 cycle,
acetone/hexane (1:1), 5 min static
time, 20% flushing volume

100 °C, 1500 psi, 2 cycles,
hexane/dichloromethane (1:1), 10 min
static time, 100% flushing volume

100 °C, 1500 psi, 2 cycles,
hexane/dichloromethane (1:1), 10 min
static time, 80-100% flushing volume

100 °C, 1500 psi, 2 cycles,
hexane/dichloromethane (1:1), 10 min
static time, 80-100% flushing volume

100 °C, 1500 psi, 1 cycles,
hexane/dichloromethane (1:1), 10 min
static time, 60% flushing volume

90 °C, 1500 psi, 3 cycles,
hexane/dichloromethane (3:2), 4 min
static time, 60% flushing volume

100 °C, 1500psi, 1 cycle,
dichloromethane, 5 min static time

(Park et al., 2009)

(de la Cal et al., 2003)

(Eljarrat et al., 2005)

(Eljarrat et al., 2007)

(Samara et al., 2006)

(Abdallah et al., 2013)

(zhang et al., 2010)
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6.2Experimental procedure

6.2.1 Sample preparation

Extraction recovery was measured on spiked peat samples. Clean peat samples were spiked
with a 9.5 or 5 mg/| solution of BDE-209 in acetonitrile and then extracted. The spiking
method and the sample preparation technique were refined during the method
development. Initially a fixed amount of peat were spiked, allowed to air dry for 24 hours to
allow the solvent to evaporate and then sample were separated. Later, conditions more
similar to the ones of real samples coming from the sorption experiment were reproduced.
Thus peat was first mixed with deionised water and filtered, after that each sample was
spiked and analysed still humid. Moreover cone and quartering techniques was
implemented during sample preparation: from the original pot 3 kg of peat were isolated.
From that approximately 175 gr of peat were isolated by a 4 steps cone and quartering and
dried in oven (105 °C for 48 h). Finally 175 gr were separated again by cone and quartering
to achieve the required amount for each batch. As the data of the next session will show,
the standardisation of the sample preparation by cone and quartering and the spiking
procedure are important steps to obtain consistent results working with such

heterogeneous matrix like peat.

6.2.2 MAE

MAE extraction was performed in the MARS Express 5 Microwave reactor system (CEM
Corp., North Carolina, USA). The oven was programmed for a temperature increase from
room temperature to 130 °C over a 15 min period and then maintained for 20 min, while
the pressure was monitored with a pre-set maximum of 150 psi. 0.5 g of peat were mixed
directly in MARS Teflon tubes with 5 g of anhydrous Na,SO,to remove peat humidity, then
30 mL of the extraction mixture hexane:acetone (3:1) were added in the microwave vessels.
All solvents were HPLC grade purchased by Thermo Fisher Scientific (Waltham, MA, USA).
The extract was then filtered through 0.45 um Teflon membrane, 5 mL of acetone were
used to rinse the microwave tubes and filtered through the same syringe and membrane
two times and following added to samples. Extraction was repeated at list in triplicate for

each peat sample, a blank sample containing just anhydrous sodium sulphate Na,SO, and a
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control sample containing clean peat were run every batch to check respectively for

potential laboratory contamination and to measure the matrix interference.

6.2.3 PLE

Extractions were run using the Dionex ASE350 Accelerated Solvent Extractor (Thermo Fisher
scientific, Waltham, Massachusetts, USA) using 10 mlL stainless steel cells (Restek,
Pennsylvania, USA). In most of PLE methods, temperature, pressure and static time were
fixed at 100 °C, 1500 psi and 4-10 minutes, respectively, for two reasons.

Temperature and pressure values used (100 °C, 1500 psi) were the ones indicated as
default settings by the instrument manufacturers, along with 5 min static time. Indeed,
studies investigating the influence of those parameters on extraction efficiency reported
that no significant improvement or even decreases in the extraction efficiency when higher
temperature, higher pressure or longer extraction time were used (Abdallah et al., 2013; de
la Cal et al., 2003; Park et al., 2009; Zhang et al., 2010).

Cells were filled from bottom to the top as it is schematised in figure 6.1: two cellulose
filters were placed on the bottom to protect the ASE system ensuring no particles were
migrating out of the cells; a first layer of DE was placed and gently compressed, when
activated silica was used as sorbent 2 g (activated at 105 °C for 24 hours) were added in
between the filters and the DE; thereafter sample was introduced and the remaining space
filled with DE without any compression. The filling of the extraction cells is a delicate
passage in the PLE extraction, and the following recommendations are suggested: do not
over press the sample or the DE to avoid leaking problems; do not tightened too hard the
cells caps to avoid they block after the extraction due to the high temperature and pressure

reached during extraction.

DiatomaceousEarth (DE)

Sample

Compressed DE

Activated Silica (when used
otherwise filled with DE)

Double cellulose filter

Figure 6.1: Packing of the PLE extraction cell.
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The solvent flush percentage was kept at 100 % and 3 cycles were repeated considering the
particularly challenging combination of the complex matrix and the lipophilicity of BDE-209,
which is not expected to leave peat active sites easily. Three different combinations were
investigated: 3 cycles of pure dichloromethane, 3 cycles of mixture hexane:acetone (3:1)
and the combination of 2 cycles of hexane:acetone (3:1) plus 1 cycle toluene:acetone (3:1).
Dichloromethane is an excellent extractor. Its affinity for hydrophobic compounds and at
the same time its intermediate polarity makes it slightly more soluble in water than
completely non-polar solvents like hexane, pentane or toluene. The combination of the
hexane:acetone solved the problem of hexane immiscibility with the residual water in the
sample avoiding the use of chlorinated solvents. The use of toluene, always mixed with
acetone, has been explored due to the affinity to BDE-209 it showed in the LLE tests
(Section 5.4.1). The three different solvents tested were associated to three different

methods that will be from now on named ASE1 ASE2 ASE3 as it is shown in table 6.3.

Table 6.3: Extraction solvent used for PLE in the three methods tested on Dionex ASE350 extractor. All other
parameters are the same: 100 °C, 1500 psi and 5 minutes static time, 3 cycles 100 % flush percentage.

Method name Extraction solvent
ASE1 Dichloromethane, 3 cycles
ASE2 hexane:acetone (3:1), 3 cycles
ASE3 hexane:acetone (3:1), 2 cycles + toluene:acetone (3:1), 1 cycle

All solvents used were HPLC grade by Thermo Fisher Scientific (Waltham, MA, USA). ASE
cells were rinse with methanol and acetone and dry in oven at 105 °C before each
extraction. A blank sample containing DE was extracted with the same method use for
sample extraction at the beginning and the end of each batch to have a control if any
contamination from improper cell cleaning or the system. A rinse step was introduced

before each sample to avoid sample to sample cross-contamination.

6.3 Results and discussion

6.3.1 Interference from peat extraction
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Peat is a difficult matrix to analyse for organic compounds due to its high organic matter
content and heterogeneous composition. The two extraction techniques (MAE and PLE) and
three different solvent combinations were tested for BDE-209 extraction from peat. Several
compounds were extracted along with BDE-209 from the matrix, including one interfering
with BDE-209 analysis because it was eluting at the same retention time as BDE-209. The
extraction techniques in combination with HPLC UV-detector were not selective enough to
avoid the overlapping of matrix interference with the BDE-209 peak. Chromatograms in
Figures 6.2 and 6.3 from clean peat samples extracted through MAE and PLE show the
matrix interference peak eluting at 12.27 mins, which overlaps the BDE-209 peak at 12.45

mins.

VIS 1

25 MAE ASE EXTRACTION OF 18 #11 BDE209 BA3L
18 cal MAE ASE extraction #7 [modified by labuser] BDE209 BA4L W VIS 1
WVL226 ni

min|

Figure 6.2: Chromatograms from clean peat sample (blue colour) and standard BDE-209 solution in acetonitrile
1.4 mg/L (black colour) extracted by MAE.

R/l - 2014-8-25 MAE ASE EXTRACTION OF 18 #11 BDE209 BA31

4842 2014 8-18 cal MAEASEex\racnun #45 [modified by labuser] BDE209 BC81 AR
WVL:226 nn|

30.0-|

200-|

10.04

0.0
9.0

Figure 6.3: Chromatograms from clean peat sample (blue colour) and standard BDE-209 solution in

acetonitrile 1.4 mg/L (black colour) extracted by PLE method ASE1.
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When peat spiked with BDE-209 is analysed, the interference peak observed in clean peat
samples is hidden in the BDE-209 peak (Figure 6.4). The presence of the interference peak
hidden by the BDE-209 peak is indicated by two factors: the slight asymmetry of the BDE-
209 peak and its early retention time with respect to the peak of BDE-209 in the standard
solution. Indeed the BDE-209 peak from the standard solution (brown line) and the
interference peak (black line) are symmetric. The BDE-209 peaks from the spiked peat (pink
and blue line) instead present a tail on the right side because they are the result of the
addition of two peaks shifted in time. Moreover, the retention time of BDE-209 peaks from
spiked peat is intermediate between the retention time of the interference peak (12.27
mins) and the retention time of the BDE-209 peak from the standard solution (12.45 mins).
Based on the comparison between 5 and 9.5mg/L initial spike, lower BDE-209
concentration in peat results in retention time shift towards the interference peak. The
retention time is 12.42 mins for the high concentration sample (blue line) and 12.39 mins

for the low concentration sample (pink line) (Figure 6.4).

BDE-209 peak from
standard solution

(1.4 mg/L) Peak resulting from peat

spiked (9.5 pg/g)
Peak resulting from peat P extracted by ASE1
spiked (5 pg/g) extracted

by ASE1

@ 11.193 -
——y h

Interference peak resulting
from clean peat extraction

by ASE1 T

Figure 6.4: Zoomed chromatograms of BDE-209 acetonitrile standard solution 1.4 mg/L (brown line); spiked
peat samples extracted with method ASE1 of PLE, concentrations 5 ug/g (pink line) 9.5 pg/g (blue line); clean
peat sample extracted with method ASE1 PLE (black line)
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HPLC reverse phase chromatography separates analytes mainly according to their
hydrophobicity, the more the analyte is hydrophobic the later it will elute. The fact that the
matrix peak coelutes with BDE-209 suggests that the interference compound has similar
hydrophobicity and, thus, retention time to BDE-209. Therefore, standard clean up
procedures that are based on solubility differences between interferences and analyte are
not expected to be successful for this particular case. When in-cell clean up with activated
silica gel has been tested for PLE extraction using method ASE3, the interference peak from
clean peat samples was not significantly reduced: interference peak area expressed in
apparent BDE-209 concentration was 0.83 + 0.27 ug/g which is in the average of values
obtained for extraction with method ASE3 without the silica layer 0.95 + 0.25 (figure 6.7).
The use of acid silica gel for in cell clean-up has been found feasible for analysis of PBDEs in
soil with a 4 % organic carbon content (TOC) (Abdallah et al., 2013) and may be worth
exploring also for a high organic content matrices such as peat. This method is not feasible
in stainless steel extraction cells and, instead, zirconium cells are required; applying acid
silica gel clean up externally has not been explored because loss of BDE-209 during the
additional sample handling steps is likely to eliminate the benefit gained by reducing the
matrix interference peak. Therefore, the option of subtracting the interference from the

BDE-209 signal as a blank subtraction has been considered.

Peat samples were spiked at low (5 pug/g) and high concentration (9.5 pg/g) and extracted
with MAE, ASE1 and ASE2. For all the methods, if data without subtraction of the
interference are considered, recovery values result higher in sample at low BDE-209
concentration and lower in the ones at higher BDE-209 concentration. Respectively
recovery + the standard deviation for low and high concentration samples were 101 + 9 %
and 77 + 9 % for ASE1, 89 + 3 % and 67 = 6 % for MAE and 100 = 9 % and 85 + 3 % for ASE2
(values indicated by the light grey column in figure 6.5 (a), (b) and (c)). Subtracting the
interference instead, recovery values revealed that for neither of the methods the recovery
depends on BDE-209 concentration and a constant value of recovery is measured despite
the variation of the BDE-209 concentration: 48 + 9 % 48 + 9 % for ASE1,55+3 % 50+ 6 %
for MAE and 70 £ 9 % 68 + 3 % for ASE2 (values indicated by the dark grey columns in figure
6.4 (a), (b) and (c)). This suggests that both the recovery and the interference have a
constant value and sensibly the interference has more significant effect on the

measurement when samples at low concentration are considered. That supports the
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feasibility of interference subtraction from the BDE-209 as in standard blank subtraction
procedure. Number of repetitions for ASE extractions are limited at 2 because of the limited

number of ASE cell available.
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Figure 6.5: BDE-209 recovery from peat spiked at two concentrations 5 and 9.5 pg/g using different methods (a)
ASE1 (b) MAE (c) ASE2 (n= number of repetition). Light grey columns indicate values calculated using the BDE-
209 concentration measured as it is, values indicated by the dark grey columns are calculated after the
subtraction of the interference.

6.3.2 Quantification of the interference peak in terms of apparent BDE-

209 concentration

In attempt to establish an indicative value for the interference, several clean peat samples
were extracted. Results in terms of apparent BDE-209 concentration are reported in figure
6.6. Data are separated by extraction method and batch of samples for evaluate both intra-
batch and inter-batch variability of measurements. Before the adoption of the cone and
quartering technique (batch 1,2 and 3), the variations within a single batch were smaller
than the variations between batches. Variation from batch to batch (up to 60 %),
irrespective of the technique (MAE or PLE) and extraction solvents used. In contrast, when
repetitions of the same method were executed within the same batch (e.g. MAE method in
batch 2 or ASE2 method in batch 3 and 4) variation was sensitively reduced. That suggested
that the great variation of interference from batch to batch is probably due to the
heterogeneous nature of peat. Indeed better homogenisation reached using cone and

quartering (from batch 4 so on) consistently reduced the intra batch variability.

81



Focusing now on the results obtained in batches 1 and 2 (figure 6.6), MAE and PLE seems
equivalent techniques in respect to the interference extraction and that main factor
influencing the interference extraction is the extraction solvent. Indeed method ASE1l
(extraction solvent: dichloromethane) extracted consistently 1.7 and 1.6 times the
interference value detected with MAE (hexane:acetone 3:1). Instead using on PLE the same
solvent used for MAE (method ASE2), the interference obtained was comparable to the one
obtained with MAE (0.9 times) and considerably lower (0.6 times) than the one measured

with method ASE1.

From a procedural point of view, PLE results advantageous because samples are
automatically filtered in cell through the diatomaceous earth layer and this allows skipping
the filtering passage after the extraction. On contrary samples form MAE extraction
required an external filtration to separate the extraction solvent from the peat. Therefore
PLE method was preferred to MAE and further attempts to improve the method have been

done.

Considering now possible improvement on the extraction solvent used in PLE, a final
method combining the use of hexane:acetone mixture for two cycle and toluene:acetone
for the last cycle was tested (method ASE3). The introduction of method ASE3 reduced the
interference extraction (figure 6.6) without losing in BDE-209 recovery (figure 6.9). The
improvement gained with the method ASE3 in combination with the cone and quartering
technique allowed to quantify the interference with acceptable variation from batch to
batch. Based on the last three batches run with the method ASE3 (figure 6.6) the

interference expressed in apparent BDE-209 concentration is equal to 0.95 + 0.25 pg/g.
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Figure 6.6: Matrix interference extracted from peat with the four methods tested expressed in apparent BDE-
209 concentration (n=number of repetitions).

Values reported in Figure 6.6 are expressed in pg of apparent BDE-209 per g of peat in
order to normalise interference to peat mass analysed. Figure 6.7 illustrates an apparent,
positive linear correlation between the mass of peat and the mass of the interference
compound. The maximal residual error between experimental data and the linear
regression is + 0.2 ug (Figure 6.8) and the error does not seem to be dependent on the
mass of peat analysed. Nevertheless the correlation coefficient (R?=0.6) is low, therefore in
order to glean stronger conclusions on the linearity of the correlation, wider range of peat
mass should be investigated. This kind of evaluation would be definitely important in case
of environmental study of BDE-209 contamination on peat soil for avoiding overestimation
of BDE-209 concentration. However it has been considered premature at the time the data
were collected because the method were still not demonstrated feasible for the purposes

of the study.
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Figure 6.7: Correlation between the interference expressed in apparent mass of BDE-209 and the mass of peat
analysed. Peat extracted with ASE 3method.
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Figure 6.8: Plot of the residual error between experimental data and the linear interpolation for the apparent
BDE-209 peak measured from peat extracted using ASE3 method.

6.3.3 Recovery values

BDE-209 recovery values change according to the extraction solvent and the extraction
technique used. Figure 6.9 shows the recovery obtained for the different methods tested:
dark grey column indicate the recovery after the interference subtraction; light grey
columns indicate the effect of the interference on the recovery when it is not subtracted
from the BDE-209 signal. Using the same extraction solvents (hexane:acetone), PLE appears
to be more efficient than MAE: recovery is 70 + 9 % for ASE2 and 55 + 5 % was obtained
with MAE. The use of dichloromethane in PLE extraction is not suggested because a

reduction in recovery is observed (48 + 9 %) against an increase in the interference. The
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introduction of a cycle of toluene:acetone instead is recommended as it improves the BDE-
209 extraction to 90 + 10 % without increasing the interference extraction. Recovery from
extractions of cells filled just with spiked diatomaceous earth (DE) and DE plus the glass
fibre filter with method ASE3 were 99 +3 % and 101 + 2 % respectively. Thus any loss due to
sample handling during the analytical procedure has been excluded.

The final method suggested for BDE-209 analysis in peat soil is 2 cycles extraction with

Hexane:acetone (3:1) followed by 1 cycle toluene:acetone (3:1).

120 +

100 -

BDE-209 recovery (%)

n=7

MAE ASE1 ASE2 ASE3 ASE3 DE ASE3 filter

Figure 6.9: BDE-209 recovery form peat sample spiked at 5 pg/g (dark grey columns) and interference influence
(light grey column) for microwave assisted extraction (MAE) and different pressurised liquid extraction methods
(ASE1, ASE2, ASE3). In sample ASE3 DE diatomaceous earth was spiked and ASE3 filter diatomaceous earth plus

the glass fibre filter (n=number of repetitions).

6.3.4 Measurement uncertainty and limit of detection

The matrix interference value results not negligible and it has been quantified at 0.95 + 0.25
ug/g. The range of applicability of the subtraction method needs now to be evaluated.
According to error propagation theory, the standard deviation of a linear combination of
two measurements A and B can be calculated from the standard deviation of the two
measurements (ga and og) with Equation 6.1. In this case, the two measurements A and B
are the BDE-209 and the interference concentrations, which are independent variables.
Therefore the parameters a and b are both equal to one and the terms containing the
covariance are null. Under this hypothesis, Equation 6.1 is simplified to Equation 6.2.

Considering that the standard deviation of the two measurements are + 0.25 pg/g for the
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interference and * 0.13 pg/g for the BDE-209, the error on the difference of the two

measurements is equal to 0.28 pg/g.

o= 3a2-0?+b-cf +2ab-aup eq. 6.1

o= 30,2+ 0g2 eq. 6.2

For calculating the method detection limit, the same approach used for the instrumental
limit of detection (LOD) is used. The interference value becomes the new baseline noise
and a value equal to 30 is added to the interference to identify the limit of detection. The o
chosen for the LOD calculation is the higher between the one of the interference (+ 0.25
ug/g) and the one of the BDE-209 measurement (+ 0,13 pg/g) and the one calculated for
the difference (+ 0.28 pg/g). According to this calculation, the limit of detection of the
method is 1.8 pg/g. This limit needs now to be compared with the range of interest in the
experiments. In regard to the peat sorption experiment, considering water samples of 200
mL and limitations imposed by the low solubility of BDE-209 in water, the mass of BDE-209
added in each sample is about 2-3 pg. The amount of peat added in a single sample is 0.5 g.
Therefore, the concentration expected to be measure in peat are between zero and 4-6
ug/g. Being able to measure concentration in peat higher than 1.8 pg/g would mean to lose
30-50% of the sorption data. Therefore the traditional approach of the measuring the
analyte remained dissolved in water and infer from that the mass absorbed using the mass

balance equation will be applied.

6.4 Conclusions

For the first time a method for BDE-209 extraction from high organic matter content soil
has been developed. Recovery of 90 % has been achieved extracting peat with PLE (2 cycles

of hexane:acetone followed by 1 cycle of toluene:acetone).

The study highlighted the presence of chemicals which interfere with the measure of BDE-
209 by HPLC in peat. The interference peak from the peat matrix was quantified about 0.95
+ 0.25 pg per g of peat in terms of apparent BDE-209 concentration. Cone and quartering
demonstrated to be a valid technique for reaching good homogenisation of peat samples

upto0.5g.
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The interference extraction resulted enhanced by the use of dichloromethane, therefore
carefulness in the use of dichloromethane when working with soil reach in peat is

suggested.

The presence of the interference limits the applicability of the method to sample containing
BDE-209 at concentration higher than 1.8 pg/g. Due to this limitation and the restriction
imposed by BDE-209 low solubility, the method is not suitable for being use in the sorption
experiments. The method might be improved including in cell acid clean-up when the PLE
instrument is equipped with zirconium cells. The method cloud be applied for extracting
environmental soil samples, prior an evaluation of its efficiency on aged contaminated soil,
as it is well recognised an increased difficulties in extracting HOC form aged samples

compared to laboratory spiked ones (Loibner et al., 2015).
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7 BDE-209 sorption on peat and kaolin

7.1 Introduction

The aim of this chapter is to investigate BDE-209 sorption in soil, in particular BDE-209
sorption on peat and kaolin are compared. Investigating sorption in batch for single
matrixes separately makes the experimental conditions even more different from the one
occurring during sorption on natural soil in the environment. The study therefore does not
claim to mimic sorption in soil under environmental conditions. On the other hand, the
approach simplifies the system conditions allowing for an easier observation of new factors
involved in BDE-209 sorption in the single soil matrixes, like for instance the influence of

the dissolved organic matter on the sorption process.

The two soil matrixes selected for this study have opposite characteristics. Peat is an
organic matter rich soil formed by degradation of vegetal biomass. It gets formed through a
biochemical process carried under the influence of aerobic micro-organisms in the surface
layers of the vegetal deposits. It is a typical soil component in the topsoil of northern
regions(European Soils Bureau Network, 2005) and covers more than 3 % of earth land
surface (Clymo, 1987). Peat is a natural mix of variegated organic substances. Its
heterogeneity makes peat a difficult but interesting substrate to investigate, because it
contains a wide essay of the organic constituents commonly found in the soil organic
fraction. Kaolin is a common component of the mineral soil fraction and between the clay
minerals is the one with the simplest structure (shown in Appendix A). It does not show
swelling properties like montmorillonite or bentonite therefore the adsorption of chemical
is mainly due to interaction of chemicals on the mineral surface reducing at minimum the

retention due to trapped water.

7.2 Methodology

7.2.1 Materials

Decabromodiphenyl ether standard (98% purity) was purchased from Sigma-Aldrich
(Gillingham, Dorset, UK). Spiking solutions of BDE-209 were prepared in acetonitrile by

weighting the analyte on a microbalance (MC-5 microbalance, Sartorius, Epsom UK).
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Concentrations were double checked by HPLC before each experiment with the same
method used for samples analysis following resumed. Acetonitrile, acetone, methanol, and
tetrahydrofuran were of analytical HPLC grade (Fisher Scientific UK Ltd, Leicestershire, LE11
5RG-UK). Deionised water was collected from the laboratory reverse osmosis deionizing

system (RO180 El-lon® twin-stage, SG, Germany).

7.2.2 Solid matrix Characterisation

Peat was purchased from Northern Peat & Moss Co (Peterhead, Aberdeenshire AB42 4JJ). It
was extracted from a natural bog and the product was sent in its natural form without any
additional manipulation. When received peat was sieved through 2 mm mesh and stored at
4 °C. Speswhite™ clay was purchased from IMERYS (IMERYS performance & filtration
minerals, Par Cornwall, PL2425SQ-UK). Speswhite is an ultrafine particle size kaolin from
deposits in the South West of England. Characteristics of the two matrixes are summarised
in Table 6.1. pH and electro conductivity (EC) of peat and kaolin were performed with a
pH/conductivity meter (Mettler-Toledo S70-K SevenMulti, Toledo OH, USA) following
standard procedures for measurements in soil samples (BSI, 1880, 2011a). Particle grading
curves were generated through laser diffraction Mastersizer (Mastersizer 2000, Malvern,
Worcestershire UK) equipped with disperser unit control (Hydro 2000SM). The particle size
range is reported in Table 6.1, more detailed information about the sample preparation and
the complete grading curve are reported in Appendix B. Organic matter content was
measured by loss-on-ignition (ASTM, 1993; BSI, 2011b). Ignition temperature suggested in
standard methods is 450 + 25 °C, but sometimes higher temperature (550 °C) are used
(Badea et al., 2014). Here both temperatures (450, 550 °C) are tested after samples were
oven-dried at 105 °C. For each temperature (105, 450, 550 °C) series of heating and
measurement were repeated until the variation between two successive measurements
were less or equal to 0.01 g. Data are reported in figure 6.1 as w/w percentage of the dry
sample weight. Total organic carbon content (TOC) and total carbon (TC) reported in Table
7.1 were determined by a TOC combustion (800 °C) analyser APOLLO 9000 (Tekmar-
Teledyne instrument, AZ USA) equipped with a boat sampler (Model 183 TOC Boat Sampler,
Tekmar-Teledyne instrument, AZ USA) using 40 mg of sample pre-dried at 105 °C for 48 h.
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Table 7.1: Peat and kaolin characterisation

Particles size Water content

Matrix pH EC (uS/cm) il (%)
Kaolin 5.0 £ 0.005 327 £37 0.0003-0.020 0.9+0.2
Peat 3.4+0.01 718+4.6 0.003-2 22+1
Matrix SSE_':(/I) S?) sggg S?) TC (%) TOC (%)
Kaolin 0.9+0.3 12+0.5 0.04 £ 0.001 0.02 £0.001
Peat 93+1.4 93+1.2 Out of range Out of range

For TOC measurements, a pre-treatment with phosphoric acid was used to eliminate the
inorganic carbon fraction in form of carbonates or bicarbonates: 40 ul of phosphoric acid
solution were added and sample heated into a 70 °C oven for 15 minutes before the

analysis. More details on the procedure are reported in Appendix B.

Peat degree of humification has been visually evaluated according the Von Post Scale of
Humification (Andriesse, 1986). It was classified as slightly (H4) to moderately (H5) altered
peat, which corresponds to a 20-40 % degree of decomposition. Coloration of water after
contact with peat and filtration suggested variation in water properties (Figure 7.1) possibly
caused by the released in water of the soluble organic fraction of peat. TOC measurements
on water filtered (0.3 pum) after being mixed with peat for 5 days were accomplished (Figure
7.2). Approximately 347 mg of organic carbon are released in water per gram of peat

mixed.

Figure 7.1: water mixed with peat after 0.3 um filtration; TOC 857mg/L (left) compared with pure water (right).
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Figure 7.2: Total Organic Carbon (TOC) measured in water (200mL) after 5 days of contact with 0, 0.04,0.2,0.4 g
of peat.

7.2.3 Experimental setup

Several experiments have been conducted for studying sorption kinetic and isotherm for
BDE-209 sorption and desorption on peat and kaolin. In the following section the general
procedures in common with all the experiments and in the following ones specific details

for each single experiment are provided.

7.2.3.1 General procedures

Control samples

Working with HOC, particular care needs to be given to possible loss of analyte on glass
surfaces (Muwambaa et al., 2009). Therefore, in all the experiments, two kinds of control
samples were prepared and analysed in parallel with samples: water control samples (Sw)
containing just water and BDE-209 and matrix control samples (Sy) containing sorbent and
water without BDE-209. The former were used to measure BDE-209 lost during the
experiment due to sorption on material other than the sorbent (e.g. bottles caps and glass
surfaces) while the latter were used to determine that no interferences from matrix or

external contamination were present.

Sorbent/water ratio

The sorbent/water ratio adopted in other studies for investigating PBDEs kinetic sorption in
soil (TOC in the range of 0.09-4.42) for PBDEs other than BDE-209 (BDE-15,-28,-47) are in
the range 1:20-1:500 (Liu et al., 2010, 2011, 2012; Olshansky et al., 2011). Considering the
high content of organic matter in peat (93%) and the higher hydrophobicity of BDE-209, the

smallest soil-water ratio allowed by experimental limitation was selected. Preliminary
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studies showed that cone and quartering is a suitable technique for preparing 0.5 g samples
with acceptable homogeneity (Section 6.3). It was concluded that peat/water ratio of 1:400
guarantees manageable sample volume (200 mL) and sample homogeneity (0.5 g dry
weight). Differently from peat, clay does not present homogeneity problems and it was
possible to achieve smaller clay-water ratios directly in the centrifugation glass (50 mL)
vials. The amount of kaolin added varies depending on the experiments; the kaolin/water

ratio used is specified in the single experimental description.

Shaking and sorbent separation

Sample bottles sealed with PTFE screw cap were protected from UV radiation and shaken
on either orbital shaker for bigger samples (Standard analog shaker, VWR International,
Lutterworth, UK) or roller shaker (Roller mixer SRT1, Bibby-Stuart Scientific, Stone UK) for
smaller ones. When the desired contact time was reached, water fraction was separated
from the solid sorbent. Peat sample were vacuum filtered through 0.3 um glass fibre
membrane filter on glass wool (GF-75-90mm, Sterlitech, Kent USA). Kaolin particles were
separated by centrifugation (Centrifuge 5804R, Eppendorf, Stevenage, UK) at 2000 rpm for
20 minutes (equivalent acceleration 11.3 G). Filtration and centrifugation are commonly
applied separation techniques. Centrifugation (Ahn et al.,, 2005; Liu et al., 2012, 2010;
Olshansky et al., 2011) as well as filtration (Choi et al., 2009; Osako et al., 2004) have been
previously used in experiments involving BDE-209 and others PBDEs. An experimental
comparison of the two techniques is not possible because centrifugation has not been
found effective on peat, and clay particles plug the filter making filtration unsuitable for
kaolin samples. Nevertheless in literature a comparison of the effect of filtration and
centrifugation for PCBs concentration in leachate samples from incineration residues has
been found (Sakai et al., 2000). Filtration and centrifugation for the separation of particles <
0.45 um produced different results in term of PCBs measured in the leachate:
concentration in centrifuged samples were much higher than the one measure in filtered
samples. The reason of the mismatch is the different efficiency of the separation
techniques in retaining particles smaller than 0.3 um, on whom PCBs are adsorbed:
centrifugation resulting less effective than filtration. In this study samples exposed to
centrifugation (kaolin samples) do not contain particles smaller than 0.3 um (Appendix B) or
if a small amount of fine particle is present it would be so small that ensures the effect

observed in the cited study is not relevant in this case. As further precaution, conservative
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centrifugation time has been adopted (Section 4.7) and, even if dissolved BDE-209 molecule
by definition should not be affected by centrifugation, the possible effect of centrifugation
on BDE-209 molecules has been estimated: considering if BDE-209 molecules behave like
suspended particles with density 3.35 g-cm™ and radius 1.86:10® cm (Hu et al. 2005), the
centrifugation time used for setting clay particles (20 minutes) should not affect BDE-209

molecules suspension, which has a sedimentation time of 6500 days (Section 4.7).

Solid phase extraction

An efficient extraction method for kaolin extraction was adapted form literature (Ahn et al.,
2005). After removal of water, kaolin particles were re-suspended in 5 mL of
tetrahydrofuran (THF):water (7:3) solution and shaken in incubator (MaxQ
5000,brand,Thermo Scientific, Renfrew, UK) for 24 h at 30 °C. Solid phase extraction for
peat has not been found appropriate because of the presence of interfering compounds

(see Chapter 6).

HPLC analysis

In preparation of HPLC analysis, water and THF:water solution were pre-concentrated
(Syncore Polyvap, BUCHI, Flawil Switzerland), evaporated under gentle nitrogen flow
(TECHNE DB-3D Dry Block, Bibby Scientific, Staffordshire UK), and redissolved in acetonitrile
(2 mL). Samples were injected through 0.2 um PTFE syringe filter into amber HPLC vials and
stored at 4 °C. BDE-209 concentration was analysed using methanol as mobile phase on
reverse-phase HPLC (ZORBAX Eclipse XDB-C18, 5 pum, 150 mm x 4.6 mm column on Thermo
Scientific Dionex UltiMate 3000) with a deuterium lamp UV detector (226-nm wavelength)
(Chapter 4). Preliminary studies (Chapter 5) showed recovery of 97 + 3% and 68 + 8% for
pure water and water that has been in contact with peat, respectively. To better control the
recovery, water samples in contact with peat were injected with 1 mL of chrysene solution
(110 pg/mL) before sample evaporation and measured BDE-209 concentration was
corrected by chrysene recovery (Chapter 5). Samples from experiment run with water
enriched with peat organic matter and kaolin were instead corrected by the average

recovery value of 68 %.

Mass balance
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For experiments in which peat was the sorbent matrix, only mass dissolved in water was
directly measured. The mass of BDE-209 sorbed on peat (m;) was then calculated by mass
balance, subtracting the final mass measured in water (m,,) from the total initial mass (m;),
as shown in equation 7.1:

mg = mr—m,, Eq.7.1

In experiments where kaolin was the sorbent matrix, mass adsorbed on particles (m;,) was
independently measured by extracting kaolin with THF-water solution. The mass balance

equation was used as a control on total recovery, as shown in equations 6.2 and 6.3:

mg = THF extraction Eq.7.2

mr =m,, + ms; +my Eq.7.3

where my is the known BDE-209 mass initially dissolved in water, m,, is the BDE-209 mass
measured in the water fraction, and my is the BDE-209 mass adsorbed on glass and cap

surfaces on water control samples.

7.2.3.2 Sorption kinetics of BDE-209 on peat and kaolin

The kinetic experiments were design in completely mixed batch reactors following the
parallel method as described in the OECD guideline for adsorption/desorption experiments
(OECD, 2000). Several parallel samples were prepared and the whole water fraction of each
sample was analysed at different contact times. In this way, high concentrations factors
were achieved, which ensured the BDE-209 to be above the instrument detection limit (4
ug/L). No salt was added to avoid possible salting out effect; the addition of NaCl in water
solution has been shown to increase the escape of analyte from the water phase and the
effect has a positive correlation with molecular volume and analyte hydrophobicity (Endo
et al., 2012). In all experiments, deionised water was used to avoid complexities and ensure

repeatability.

Using a micro syringe, 200 pL of BDE-209 solution (14 mg/L) was added to 200 mL of water
in peat samples and 50 pL of BDE-209 solution (7.3 mg/L) was added to 50 mL of water in
kaolin samples maintaining 0.1 % (v/v) acetonitrile concentration to minimise co-solvent

effects (OECD, 2000). 0.1 g of Kaolin were added in water obtaining kaolin/water ratio of
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1:500. Peat samples were analysed after 1, 4, 6, 11, 25, 36, 49, 55, 73, 145, 169, 193, 218,
and 241 hours. Because of faster kinetics for kaolin, samples were analysed at 0.5, 1.5, 4, 18
and 24 hours contact time. Figure 7.3 illustrates the steps for samples processing in

experiments run with peat and kaolin.
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Figure 7.3: Schematic representation of samples processing step in kinetics experiments.

7.2.3.3 BDE-209 sorption isotherms on peat

Sorption isotherm was produced for BDE-209 sorption on peat under restricted
experimental conditions. Due to limitations imposed by the low solubility of BDE-209, it was
not possible to achieve initial concentrations varying in more than one order of magnitude
(1.2, 2.3, 3.6, 6.9, 8.5 and 10.7 pg/L). Due to the small amount of BDE-209 in water and
losses due to sorption to the glass, it has not been possible perform the isotherm
experiment at equilibrium time (8-10 days). Results from the sorption kinetic shows indeed
that starting from an initial concentration of 14 ug/L, after 10 days less than 0.3 pg/L
remained dissolved in water. To ensure measurable concentrations even in samples with a
starting concentration of 1.21 pug/L, a shorter contact time of 5 days has been selected. The
isotherm obtained is considered therefore a non-equilibrium isotherm. Two series of 6
samples were prepared, samples S containing peat and BDE-209 and water control samples

(Sw) containing just BDE-209. Sample processing is the same described above.

7.2.3.4 BDE-209 sorption and desorption from kaolin in non-equilibrium conditions

BDE-209 adsorption and desorption form kaolin has been tested measuring BDE-209 re-
suspended in water after the sorption step following the procedure schematised in Figure
6.4. Through a micro syringe 50 uL of BDE-209 solution (10.2 mg/L) were injected in 50 mL
of pure water. Kaolin in the amount of 0.05, 0.1 or 0.5 g was added to obtain respectively

clay/water ratios of 1/1000, 1/500, 1/100. After 2 minutes samples were centrifuged and
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water fraction was directly analysed (m,,). Kaolin was re-dissolved in deionised water,
vigorously shaken to re-suspend kaolin particles, and agitated on the roller shaker for 2
minutes protected by light. After centrifugation, BDE-209 in the water phase was analysed
to measure the mass of BDE-209 desorbed in water (mg). Finally kaolin was extracted with

the THF:water (7:3) solution for measuring the BDE-209 mass remained adsorbed on clay

(m).

2000 RPM -

20 minutes .
=~ = _ Analysis
S | my,
- 2000rem
20 minutes
Re-suspended @ -
inpure water | ~ [ . Analysis
[ 2 min NS \ md

2000ren B

[ ;
20 minutes
Re-suspended ( } L A .
nalysis
in THF: water — Faa - Y
(] 24h ) \ mg
v v

Y

Figure 7.4: Schematic representation of samples processing steps in kaolin desorption experiments.

7.2.3.5 Influence of DOM on BDE-209 sorption on kaolin

Water enriched with peat dissolved organic matter was prepared by adding 0.5g of peat
(dry weight) to 200 mL of pure water and shaking for 5 days. The DOM enriched water was
then filtered through a 0.3 um glass fibre filter following the same procedure as used for
peat. The content of the bottles was finally mixed to obtain a matrix the most homogenous
possible before transfer it in 50 mL tubes. Kaolin in the amount of 0.05, 0.1 or 0.5 g was
added to obtain clay/water ratio of 1/1000, 1/500, or 1/100, respectively. After samples
were shaken for 2 minutes, the kaolin suspension was transferred to new centrifugation
tubes taking care to minimise the amount of clay particles remaining attached to the glass
surface. The original tubes were extracted with THF:water solution to measure the BDE-209
mass that may remain attached to glass surfaces. Water and clay suspension transferred to
the second tubes were centrifuged and water fraction was directly analysed for measuring
BDE-209 mass dissolved. The clay fraction was re-suspended and extracted with the

THF:water (7:3) to measure the mass adsorbed by kaolin (m;). The procedure is illustrated
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in the scheme in Figure 6.5. The experiment was repeated two times: one using water
spiked with 50 pl of BDE-209 solution (10.4 mg/L) as the liquid phase and the other using
DOM enriched water spiked with 50 ul of BDE-209 solution (7.2 mg/L).

] I -
= 2000 rRPM
) ( B @ 20 minutes }__‘
\/ > k / > |—|._. — > Analysis
2 min L), \ m
\ X " ~ w
W I
[
I'-'I . 2000 RPM - I-' 2000 rRPM )
i ) { 20 minutes
Extracted e 20minutes ] _ Analvsi Re-suspended — Analysis
THF: water ~ —— — Analysis THF: water — I ™y J —
= 24h ) 1 m 2 min /U my
Y \/ a 'y N/ v

Figure 7.5: Schematic representation of samples processing steps in experiments for DOM influence on kaolin sorption.
7.3 Results and discussion

7.3.1 Sorption kinetics of BDE-209 on peat

Analysis on the peat control samples Sy showed that the dissolvable fraction of peat
organic matter is not interfering with BDE-209 measurement and no contamination during
the experiment was occurring. Measurement of dissolved BDE-209 in water control
samples Sy and samples S are shown in Figure 7.6 (a). After the first hour, the mass
dissolved in water from samples decreased to 1.54 pg, which represent the 55% of the
initial mass added in the system (2.78 pg). A similar drop (40%) is observed also in water
control samples Sy. The loss of analyte due to sorption on container walls is a known
problem when working with strongly hydrophobic compounds and the use of glass and
PTFE is not a sufficient countermeasure to undergo this problem (Muwambaa et al., 2009).
Loss of analyte may be avoided by rinse the container surface with a mix of organic solvent
and water. Tests run during the extraction method development (Chapter 5) demonstrated
that rinsing with acetone is an efficient solution and it allowed reaching high recovery
values. Nevertheless, there are steps during sample preparation in which washing the glass
surface could cause a partial extraction of BDE-209 from peat particles (e.g. during
transferring of samples from the bottle to the filtering apparatus and during the filtering
process itself). Therefore water control samples became an essential reference for the data

analysis that follows.
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After the initial drop, BDE-209 mass dissolved in water (my) in samples (S) follows an
exponential profile

m,, (t) = 1.40¢0011¢ Eq.7.4

and BDE-209 mass dissolved in water (my) in water control samples (S) a logarithmic curve
(Figure 7.6 (a))
m,,(t) = 1.66 — 0.12In(t) Eq.7.5

Linearization of experimental data shows that they are well represented by equation 7.4
and 7.5: for water control samples, my, is plotted with the natural logarithm of time (Figure
7.6 (b)); for samples containing peat, the natural logarithm of BDE-209 mass dissolved in

water (my) divided by the initial mass added in the system is plotted in time (Figure 7.6 (c)).

The fact that BDE-209 mass dissolved in water control samples is not constant indicates
that even the sorption of BDE-209 on container surfaces is not instantaneous, but it follows
its own kinetics. It is possible to speculate that a fast sorption to all available surfaces (glass
surfaces and PTFE cap septa) might be related with the fast loss happening in the first hour
corresponding to 40 % of total initial mass, followed by a slow diffusion of the BDE-209
through the polymer responsible for an additional loss of 18 % of the initial mass. More
investigation would be required to confirm this interpretation. However the sorption on
container walls observed in water control samples is likely happening in some proportion
also in samples S containing peat and there is no way to experimentally uncouple the two
phenomena. The proportion at which the sorption on container surfaces influences data
obtained for samples S is not known, indeed in presence of peat suspended in water a
competition is establish between the container surfaces and peat, therefore the amount of
BDE-209 adsorbed on the container surfaces could be lower than the one measured in
absence of peat. That complicates the application of the mass balance equation for the
determination of ms sorbed on peat, and two extreme scenarios are considered: a) in
presence of peat suspended in water, BDE-209 molecules can reach peat easier than the
container surface and get attracted on the lipophilic particles ignoring the container
surfaces. Therefore the kinetic profile observed for samples (S) (Figure 7.1) represents

exactly the net absorption on peat particles; b) even in presence of peat the amount of
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BDE-209 adsorbed on the container surfaces does not change. In this second case, the BDE-

209 mass sorbed by container surfaces in water control samples should be subtracted from

the BDE-209 mass sorbed by peat to obtain the net sorption profile.

(@) 3.0 -
2 o5
H
- 2.0 -
3
©
2 o}
s 15 %
gl ~_ S~
g .o\\f:\;- ________ e R?=0.95
g 1.0 - ‘\\\ STt mmmmmmmmo_ . 5
;6 \\\\\ .
Q ee -
S 05 -
o TTe-.le o R?=0.90
o Gt T o-___®
0-0 T T T T T T T I. T T
0 24 48 72 96 120 144 168 192 216 240
Time (h)
o  Water control samples ® Sampels containing peat
Initial BDE-209 mass dissolved in water ----- Fitting profiles
(b) (c)
1.8 7 Time (h)
= 16 T~<
S i T 0 48 96 144 192 240
E 14 T \\\ | 1 1 1 1 1
3 <o o 0.0
g 12 R2=0.95 R
c \\ ‘05
= 1.0 - 3% o
T -1.0 1
£ 308 - - “ce
2 06 - R 15 1 N
Py S 20 - AN
g 04 = R2=0.90 <.
w02 1 £ 251 .
o0 OO T T T T T 1 - '30 N \\.\ °
o 1 2 3 4 5 6 35 - T
[ ]
Ln(t) -4.0 -

Figure 7.6: Panel (a): BDE-209 measured in water (my,) from samples (S) containing peat (full points) and water
control samples (empty points). The initial mass dissolved in water is reported (dashed line). Dotted lines are
the fitting profiles described in Equation 6.4 and 6.5 respectively, statistic correlation factor is reported in graph
(Rz). Panel (b): BDE-209 mass measured in water control samples plotted with the natural logarithm of time
fitting the linear profile, (Rz) statistic correlation reported. Panel (c): Natural logarithm of BDE-209 (myy) divided

by the initial mass added in the system plotted in time fitting the linear profile, (R?) statistic correlation
reported.
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The calculated profile for the net mass absorbed by peat follows the power law in Equation
7.6. Subtracting net mass absorbed by peat here calculated form the initial mass m; the

kinetic profile shown in Figure 7.7 for the second scenario considered is obtained.
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Figure 7.7: Kinetic profile obtained by plotting BDE-209 mass dissolved in water with time under the two
scenarios considered: uncorrected profile (full points), profile corrected by subtraction of the mass sorbed on
container surfaces in control samples (empty points). The dotted lines represent the fitting profiles; equations

and statistic correlation (Rz) are reported.

The kinetic profile uncorrected has been already commented in Figure 7.6 and it is well
fitted with a first order kinetic profile. While in the case of the profile obtained after the
subtraction of BDE-209 mass adsorbed on the surfaces of control samples, data are fitted by
an extremely slow first order kinetic, one order of magnitude slower. It is worth to notice
that the starting points of the two curves in Figure 7.7 are different merely because of the
different way in which the initial drop is taken in consideration: in the case of the profile
corrected by the sorption on control samples it has been subtracted from the initial value, in
the other case not.

Values obtained for the kinetic profile indicate that sorption of BDE-209 on peat particles is
slow. A comparison with data obtained for lower brominated PBDEs (citation Liu 2010) is

useful because it gives the order of magnitude of the sorption rate constant so far observed
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for PBDEs. Nevertheless it needs of be carefully evaluate because of the differences in the
soil tested, the higher hydrophobicity of BDE-209 and the problem of mass losses, all
factors that strongly influence the final results. Said that, kinetic rate constant here
obtained (0.01 and 0.001) would fit with the slow compartment (0.01-0.04) of the first order
kinetic model proposed by Liu and co-worker for lower brominated PBDEs and it would

ascribe peat in the slow sorption organic matter domain of the DRM model.

In regard to the nature of BDE-209 mechanisms of interaction with peat particles, one of the
most likely way is the m-1t interaction between the aromatic rings of BDE-209 and organic
matter (Nuerla et al., 2013; Olshansky et al., 2011). In relation to this aspect, the
humification grade of peat influences the number of active site available for interaction, as

humic matter has been found less aromatic than mixed bulk SOM (Olshansky et al., 2011).

7.3.2 BDE-209 sorption isotherm on peat

Results from the partitioning of BDE-209 between peat and water at different
concentrations are reported in Figure 7.8. Concentrations in peat cleansed by the mass
adsorbed on the bottle surfaces are plotted versus concentrations measured in water after
5 days. Coherently with BDE-209 high hydrophobicity the partition is completely in favour
of peat and the amount remained dissolved in water is small and concentrations vary in a
narrow range (0.04-0.7 pg/L). The range is actually so small that it is impossible
distinguishing if data are following a linear, Freundlich (n>1) or simply all BDE-209 is taken
up and these data reflect experimental fluctuations. To our knowledge, experimental value
of BDE-209 K, coefficient has never been reported. From the experimental limitation
encountered and the results obtained at 5 days contact time, it is possible to conclude that
the measurement of a sorption isotherm at equilibrium conditions (for K4 calculation) is

even more unworkable.
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Figure 7.8: BDE-209 sorption isotherm for samples with initial concentration in water of 1.2, 2.3, 3.6, 6.9, 8.5
and 10.7 pg/L. Cy and Cs are BDE-209 concentration in water and peat after 5 days contact time.

7.3.3 BDE-209 sorption kinetic on clay

During analysis of matrix control samples, no traces of BDE-209 or co-eluting substances
were detected, indicating that no interferences are coming from clay. In panel (a) of Figure
7.9 results from water control samples are reported. On average, 0.08 ug of BDE-209, which
represents 23% of the initial mass, was adsorbed to container surfaces and this value seems
to be constant with increasing contact time. BDE-209 in the water fraction (m,,) presents a
constant profile in time with an average value of 0.30 pug which correspond to 82 % of the
initial BDE-209 mass added in samples. The two series of data independently measured,
show overall complementary profiles and mass balance is respected: their sum results on
average is 0.38 pug which correspond to 105 % of the total BDE-209 mass initially added in
the system (my). Profiles of BDE-209 mass dissolved in water and adsorbed in samples
containing kaolin (Panel (a)) are significantly different from the ones observed in control
samples (Panel (b)): in the first 4 hours BDE-209 is rapidly sorbed from water on clay
particles reaching an equilibrium plateau when 80 % of total BDE-209 is sorbed. As with
peat sorption, glass adsorption observed in control samples may not be the same in
presence of clay particles. Constant BDE-209 adsorbed on glass and container surfaces
simplifies the interpretation of the adsorption profile on clay. Subtracting a constant value,

whether it is exactly the same measured for the clay control samples or a fraction of this
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measurement, will not modify the kinetic profile observed. Thus, it is in any case reasonable

to conclude that the adsorption equilibrium is reached after 4 hours contact time.
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Figure 7.9: Panel (a): BDE-209 mass measured in water (my), sorbed by container surfaces (mg) and the
calculated sum in water control samples. Initial BDE-209 mass in water 0.36 pug. Panel (b): BDE-209 mass
measured in water (my), sorbed on kaolin (mg) and the calculated sum in samples containing 0.1 g of kaolin.
Initial BDE-209 mass in water 0.36 pg.
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The kinetic profile is well fitted (statistical correlation R*= 0.99) by the first order kinetic
profile in Equation 7.7. The kinetic profile obtained for kaolin is faster than the one
observed for peat, nevertheless the kinetic rate constant it is still smaller in comparison of
the fast rate constant reported for the fast compartment in the study on lower brominated
compounds, 0.24 compared to 0.62-1.68 (citation Liu 2010), it is actually in between the

slow and the fast sorption rate constant proposed by Liu and co-workers.

m,, = 0.205 - g~0243¢ Eq.7.7

The nature of the interaction between BDE-209 molecules and kaolin particles is not
completely understood. Considering BDE-209 functional groups and kaolin structure
reported, it is possible to speculate that it could involve induced-dipole/dipole interaction
between the aromatic rings and the hydroxyl groups on kaolin surface. Indeed a similar
behaviour has been reported for benzene and silica interaction (Schwarzenbach et al.,,
1993b) and adsorption by donation of m electron of aromatic compounds has been
reported on clay (Kowalska et al., 1994). Furthermore the interaction could be facilitated by
the fact that, despite BDE-209 has a small global dipole moment (0.635 Debye) due to its
symmetrical structure, BDE-209 is more susceptible to be polarised than other PBDEs
congeners (Hu et al., 2005a). The second functional group in the BDE-209 molecule which
could interact with the hydroxyl groups of kaolin is the ethereal oxygen, but BDE-209
conformation does not seem to facilitate the access of the oxygen atom to the active sites
on clay particles. Indeed, studies investigating the bonding angle and the torsional angles
between the two aromatic rings identify for BDE-209 a twist conformation (Hu et al. 2005)
similar to the one showed in Figure 7.10 modelled for BDE-209 adsorbed on graphene
surface (Ding et al. 2014). In light of these considerations, the nature of the interaction of
BDE-209 with clay might not be much different from the one with aromatic organic
molecules contained in peat. Nevertheless, in order to capture the ultimate nature of the
interaction of BDE-209 with kaolin a study involving stereochemistry considerations and the

electrostatic potential map of BDE-209 would be required.
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Figure 7.10: BDE-209 molecule conformation when adsorbed on graphene surface modelled through density
functional theory (DFT) and molecular dynamic (MD). Adapted from (Ding et al., 2014).

7.3.4 Comparison of the two kinetics

Kaolin and peat sorption kinetics presented in the previous sections (Figure 7.9 and 7.6)
show that partitioning equilibrium is reached faster by kaolin than peat. To overcome
differences in the experimental set up and obtain a direct comparison, the mass sorbed is
normalised to the sorbent mass added in the system (ug/g) (Figure 7.11). The direct
comparison confirms that clay uptake is faster than peat one. Therefore in situation of
short contact time where there is no time for the equilibrium to be achieved (e.g. ground
water infiltration under high water flow or storm-related soil erosion events
(Schwarzenbach et al. 1993)), kaolin contribution to the sorption process of BDE-209 and
possibly other HOCs is important. Describing the partitioning of BDE-209 based only on Koy
or Kom would drive to the wrong conclusion that a soil poor in organic matter is not able to

retain BDE-209 and possibly other PBDEs.
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Figure 7.11: Sorption profile for peat (points) and kaolin (triangle) derived from the kinetic experiments
discussed in Figure 6.6 and 6.9 respectively. Data are here normalised to the mass of sorbent. Dotted and
dashed lines indicate the initial BDE-209 mass dissolved in water normalised to the mass of sorbent respectively
for peat and kaolin.

PBDEs retention was observed in soils with low organic matter from the Tibetan plateau.
The Tibetan plateau is the highest plateau in the word also called “the third pole” because
of its unique meteorological and geographical characteristics. In the central part, the
organic carbon content of soil is low (<0.9 %) and the area is affected by high precipitation
due to the air masses coming from the Indian subcontinent. PBDEs show strong correlation
with clay content (illite, kaolinite, and chlorite) and weaker correlation with organic matter
or grain size (Yuan et al., 2012). At sufficiently low quantities of organic matter, the large
surface area of clays minerals may compete with SOM for PBDE sorption. The
environmental relevance of BDE-209 adsorption on clay minerals becomes even more
important because kaolinite and montmorillonite have been shown to enhance BDE-209
photodegradation as a result of the electron-donating ability of clay minerals during
irradiation (Ahn et al., 2005; An et al., 2008). Degradation patterns observed by Ahn and An
might justify the kind of relationship observed for PBDEs with clay minerals on the Tibetan
plateau: positive correlation of tetra-, penta-, and hexa-brominated congeners and negative
for PBDEs outside this range (Yuan et al., 2012).

A second confirmation on the fact that sorption on kaolin particles might be faster than the

on peat ones can be found in the sorption models described in Section 3.2. Both the

106



Sorption Related Pore Diffusion (SRPD) model and Distributed Reactivity Model (DRM)
capture this dichotomy. In the SRPD model, the main retarding factor is the interaction
between the analyte and the internal pore walls, which is irrelevant for kaolin. Loose
particles were suspended in water and the particles themselves are characterised by no
porosity and high specific surface area (14 m?/g). Therefore, kaolin adsorption is expected
to be faster than peat. The DRM ascribes the reason for the delay in sorption of
hydrophobic compounds in soil and sediments to the presence of a condensed soil organic
matter domain. In the case of pure clay with 0 % organic matter, the slow sorption domain
is completely absent and the sorption rate depends entirely on the mineral domain, which

is the domain characterised by the faster sorption rate.

Nevertheless SRPD, DRM, and Polanyi-based models all focus on the sorbent
characteristics. They focus on retarding factors on analyte diffusion due to sorbent media
characteristics while neglecting possible changes in the liquid phase properties. In all
models, water is assumed to be an inert medium with constant solubility. If suspended
organic matter is released in water, this assumption may no longer be true. Instead, water
solubility of PBDEs and other compounds may be enhanced by DOM. PBDEs have been
demonstrated to interact with DOM (Nuerla et al., 2013) and DOM has been demonstrated
to change the equilibrium partitioning between water and soil for PBDEs (W. Wang et al.,
2011). Re-imagining the kinetics as a succession of temporary equilibrium conditions the
presence of DOM may give a new and alternative explanation to the slower sorption rate of
observed for BDE-209 in peat and generally for HOC into soil organic matter. Other
observations support this hypothesis. For example, PCBs and PBDEs adsorption and
desorption from PDMS (polydimethylsiloxane) fibres were observed to be strongly

influenced by the presence of humic acid (Ter Laak et al., 2009).

7.3.5 BDE-209 sorption and desorption from kaolin in non-equilibrium

conditions

BDE-209 sorption and desorption from kaolin in non-equilibrium conditions is here
investigated. BDE-209 mass dissolved in water (m,) after 2 minutes contact time for
different kaolin/water ratios (Figure 7.12) showed that BDE-209 adsorption on kaolin was
related to the amount of kaolin in water. Samples have been prepared as dilution serie for

clay starting from highest clay:water ratio (1:4) until the ratio at which the BDE-209
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remained dissolved in water was comparable with the one obtained in the control sample
(1:1000). Samples were prepared in group of three with the one characterised by the
highest clay:water ratio overlapping with the smallest ratio of the previous group. The
relevance of the result is the serie rather than the individual data point. Therefore a single
measure per point has been considered sufficient. Moreover the standard deviation
observed for the control sample (included in each group of samples) and for clay:water
ratio repeated in the three groups are reported to give an indication of the variability of the

result obtained.
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Figure 7.12: BDE-209 mass dissolved in water after 2 minutes contact time with kaolin for decreasing
kaolin/water ratio (n=number of repetitions).

If the fraction of BDE-209 adsorbed on clay from pure water is positively related with the
amount of clay suspended in water, desorption does not show the same pattern. Results
from the desorption experiment (Figure 7.13) show that BDE-209 desorbed in water my in
the first two minutes is a small part of m; (1-7 %) and it does not depend on the clay/water

ratio.
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Figure 7.13: BDE-209 mass measured in water (my,) and in kaolin (ms) expressed as percentage of the total mass
added (my) after two minutes contact time. BDE-209 desorbed from kaolin in fresh deionised water after a
second period of 2 minutes contact time (md) for increasing kaolin/water ratio.

The result is consistent with previous studies where no BDE-209 was observed to desorb
from kaolinite, montmorillonite, sediments, or aluminium hydroxide in water after 24 hours
(Ahn et al., 2005), which suggests that BDE-209 adoption on clay is characterised by strong
hysteresis. This quick sorption and strong hysteresis of BDE-209 on kaolin particles highlight

the importance of kaolin sorption in non-equilibrium conditions.

7.3.6 Influence of dissolved organic matter (DOM) on BDE-209 sorption

on kaolin

The hypothesis of dissolved organic matter (DOM) influencing BDE-209 sorption process by
enhancing the solubility of BDE-209 was tested for kaolin in a follow-up experiment.

The ratio between BDE-209 sorbed mass and dissolved mass in pure water increases 10
times (from 0.6 to 1.4 and 7.2), proportionally to the 10x increase of clay/water ratio (from
1/1000 to 1/500 and 1/100) (Figure 6.14a). When DOM-enriched water was used as the
liquid phase instead of pure water, BDE-209 sorption to kaolin decreased (Figure 7.14b) and
sorbed mass does not depend on the amount of clay dissolved in water. Instead, the ratio
between mass sorbed and mass remaining dissolved in DOM-enriched water is constant of
approximately 0.5. DOM in water is competing with clay in BDE-209 partitioning and DOM

capacity to retain BDE-209 dominates the partitioning process.
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The nature of the interaction of BDE-209 with DOM released in water by peat is not clear.
Further investigation is required to identify the nature of DOM (fine particles, dissolved
molecules, or both) and consequently the nature of the interaction. Lately PBDEs have been
found to interact with a common component of soil dissolvable organic matter, Leonardite

humic acid, through n-rt interaction (Nuerla et al., 2013).

Nevertheless the result clearly shows that the sorption of BDE-209 is strongly influenced by
the presence of the DOM in non-equilibrium conditions. The tendency of PBDEs to complex
with the dissolved organic carbon released by soil in water has been found already
responsible for deviations in the measurement of equilibrium partitioning coefficient (W.
Wang et al., 2011), and for enhancing PBDEs desorption from polymeric materials (Ter Laak
et al., 2009). Besides that, leachability of PCBs from soil has been found increasing with pH
and the correlated increases in the content organic carbon in the leachate (Badea et al.,
2014). All these evidences encourage further investigation for proving if the presence of
dissolved organic matter in water could affect not only the equilibrium condition and
therefore the partitioning of BDE-209 between soil and water, but also the kinetic of the
process itself. Therefore if it could be a factor, so far ignored, responsible for the slower
kinetics observed for the sorption HOC on soil reach in organic matter.

M in the water control sample (kaolin/water ratio=0), essentially a second measurement of
the BDE-209 mass adsorbed to the glass, showed a small increase in pure water (Figure
7.14b), suggesting that the fraction of BDE-209 retained on the glass when water is poured
out vigorously was less than the one remained attached after centrifugation. This highlight
that mechanical forces could affect BDE-209 adsorption on glasses surfaces therefore
particular attention is required for keeping all the experimental procedure as constant as
possible in order to obtain consistent results. Anyway the increased loss on the glass should
not affect the observed trends and the consideration emerging form their comparison.

The total recovery of samples from experiment with DOM enriched water is about 110 %
except for the water control sample in which about 20 % of the mass added was lost. When
pure water is used, the sum of the three fractions exceeds the initial mass added of about
20-25 % for all samples. Being confident that no contamination is coming from water and

clay because of the null results obtained for control samples containing just kaolin and
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water, the excess is possibly due to some imprecisions during samples extraction that has

being persistently repeated.
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Figure 7.14: BDE-209 dissolved in water (m,,), adsorbed on kaolin (m) and adsorbed on glass surface (mg)
expressed as percentage of the total mass added (my) from both experiments run with (a) DOM enriched water
and (b) pure water for increasing kaolin/water ratio.

7.4 Conclusions

For the first time the challenging topic of sorption and desorption behaviour of BDE-209
have been here investigated. Results shows that an experimental calculation of partitioning
coefficient through isotherm curves is not possible for BDE-209, because of experimental
limitation imposed by BDE-209 low solubility. Instead, sorption kinetic profiles for BDE-209

on peat and kaolin have been successfully measured.

The approach chosen of studying soil matrixes separately demonstrated to be successful in
characterising the sorption process of the single matrix and therefore in identifying which
could be the contributions of the different matrixes in the sorption process into soil. That
allowed for identifying an important factor, otherwise hardly recognisable, influencing the
equilibrium partitioning and sorption kinetic of HOC: the dissolved organic carbon released
by soil organic matter into water. This have an important consequence on BDE-209
mobility, as the presence of dissolved organic matter released by peat facilitate BDE-209

transportation in water by enhancing BDE-209 solubility. These results provide insight into
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the unexplained mobility observed for PBDEs (Chapter 2.1): BDE-209 may be washed away

with DOM from soil with high organic matter content like peat.

BDE-209 sorption on peat particles is particularly slow and the sorption kaolin particles is
instead much faster. This along with the strong hysteresis shown by kaolin highlights the
important role kaolin, and generally clay particles might play in the retention of BDE-209 at
non-equilibrium conditions. Even if sorption capacity it is expected to be greater for peat
than kaolin, peat sorption ability might be irrelevant compared to the one of kaolin when

contact time between water and soil particle is short (less than 4 hours).

The overall picture produced by this study highlights that equilibrium partitioning
coefficient is not always comprehensive for the description of environmental behaviour of
pollutants. Indeed, modelled K4 values for BDE-209 based on BDE-209 physico-chemical
properties would suggest that BDE-209 should be mostly sorbed and retained by organic
matter fraction of soil (like peat) rather than mineral particles. Here instead results show
that sorption by kaolin is much more important in non-equilibrium conditions and the

presence of peat enhances BDE-209 solubility in water.

Finally the effects of peat dissolved organic matter and kaolin hysteresis on BDE-209
sorption are fundamentals for the evaluation of BDE-209 bioavailability in soil.
Bioavailability is a crucial aspect for designing bioremediation strategies, like for instance

the one explored in the next chapter.
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8 Pleurotus Ostreatus tolerance to BDE-209

8.1 Introduction

After investigating BDE-209 phisic-chemical properties and behaviour in soil, the attention
is here addressed to investigate a novel bioaugmentation technique for soil remediation.
Evidence on the ability of P. ostreatus to degrade several recalcitrant pollutants along with
the non-specific nature of its enzymes and the large availability of mycelia make P.
ostreatus a possible candidate for remediation of soil contaminated by BDE-209. However,
no studies are reported on the use of P. ostreatus for degradation of BDE-209. In this study
some tests have been done to optimise P. ostreatus cultivation, test the fungus tolerance to

BDE-209, and identify the effects of soil composition on mycelia development.

8.2 Materials and method

Decabromodiphenyl ether standard (98% purity) was purchased from Sigma-Aldrich
(Gillingham, Dorset, UK). All of the reagents (acetonitrile, acetone and methanol) were of
analytical HPLC grade obtained from Fisher Scientific (Leicestershire, LE11 5RG-UK).
Deionised water was collected from the laboratory reverse osmosis deionizing system
(RO180 El-lon® twin-stage, SG). Wheat grains colonised with P. ostreatus mycelia (spawn)
and oak straw were purchased from local suppliers (Oyster mushroom grain spawn, Ann
Miller's Mushrooms Ltd., Aberdeenshire-Scotland)(William alexander & Son Dripps mill,
Glasgow-Scotland). Nutrient Agar (N-agar) and Malt Extract Yeast Agar (MEYA) were
purchased from Oxoid (Oxoid Ltd, Altrincham, UK)

8.2.1 Pleurotus Ostreatus spawn cultivation on straw: parameter
optimisation

A large number of agricultural, forest and agro industrial by-products can be used for
growing oyster mushrooms as long as they are rich in cellulose, lignin and hemicellulose
(Esser and Hofrichter, 2010). The substrate selected for this study was oak straw.
Cultivation productivity under different conditions was evaluated after 20 days of

incubation by visual examination of mycelia development.
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Oak straw was soaked overnight to be prewashed and wet. Drained soak water was then
sterilised. Steam, chemical, and autoclave sterilisation processes were tested to identify the
one promoting mycelia development avoiding at the same time the formation of mould.
For steam pasteurisation, straw was left two hours under steam flow from water at 80°C
and allowed to cool for few minutes. For chemical sterilisation, straw was immersed in a
hydrogen peroxide solution at 0.3% in volume for 2 minutes and then drained. For
autoclave pasteurization, straw was pasteurised at 105°C for 18 minutes at pressure of 220

kPa and then cooled for 1 hour in the autoclave.

Sterilised straw was transferred to 10 3L polyethylene cultivation bags. 4 of them were
prepared by adding 500 gr of humid straw and the others 6 were prepared by adding 800 gr
to determine if the culture size may influence mycelia development. Finally, P. ostreatus
spawns were added to humid straw in in proportion of 1:30 (w:w) according to supplier

indication (1:30-1:15) and literature examples (Esser and Hofrichter, 2010).

Bags containing the inoculated straw were closed and preserved protected by light. During
mycelia development, Pleurotus species tolerate high level of CO, (20-22 %). Therefore no
precautions are required for controlling the CO, level. Optimal temperatures for P.
ostreatus species lie between 25-28 °C, mycelia can develop at 10-30 °C, although mycelia
can develop even at 10-30 °C (Esser and Hofrichter, 2010). Available temperatures in

laboratory rooms were 18 °C or 23 °C. Both conditions were tested.

Pleurotus Ostreatus during the fruiting period requires low temperature (10-20 °C), high
relative humidity (70-80 %), CO, level less than 0.6% and light. Once mycelium fully
colonised the straw, all bags were transferred to 18 °C. Cuts of a few centimetres were
made in the polyethylene bags to enable ventilation. Light protection was removed. Water

spraying was done daily to maintain high relative humidity.

8.2.2 Pleurotus ostreatus BDE-209 tolerance test on straw

P. ostreatus spawns were cultivated on contaminated straw to verify the fungi tolerance to
BDE-209 when growing on a favourable substrate. Cultivation conditions previously

identified as optimal for mycelia development were applied: autoclave pasteurisation of
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straw, and temperature of 20-22 °C. Spawn:straw ratio was increased to 1:12.5 to enhance
mycelia colonisation. 250 gr of pasteurised straw were spiked with 50 mL of BDE-209
solution in acetone to obtain 10 pg/kg, 100 pg/kg and 1000 pg/kg BDE-209 concentration in
wet straw. Control cultures were prepared on straw containing acetone but no BDE-209.
Each sample was prepared in triplicate and the mycelia development was observed for 10

months.

8.2.3 Pleurotus ostreatus isolation and cultivation on petri disks

To have more accurate measure of mycelia development in presence of BDE-209, P.
ostreatus was cultivated on agar disks. Cultivation was performed starting from the original
spawn and inoculating part of the mycelia previously developed on straw on two different
media. Standard N-agar was prepared adding 2.8 gr of powder per 100 mL of pure water.
Malt extract yeast agar (MEYA), a substrate richer in nutrients, was prepared by adding 0.2
gr of yeast and 5 gr of malt extract in 100 mL of pure water. The presence of a bacteria
coexisting and growing with the fungi on petri dish culture was observed. Therefore
antibiotic and antifungal were applied on disks before inoculation to isolate P. ostreatus
from coexisting bacteria. Antibiotic solution was prepared dissolving 1 mg of
Chloramphenicol in 20 mL of water:methanol solution (1:1) to obtain a concentration of 50
pug/mL. 10 mL of cycloheximide antifungal solution (25 pg/mL) were prepared in pure
water. Both antibiotic and antifungal solutions were sterilised by filtering through 0.2 pm
PTFE membrane. Either 2 mL or 1 mL per 100 mL of N-agar and MEYA, respectively, were
applied on petri dishes before fungi inoculation. To observe the microorganism tolerance to
BDE-209 in successful cultivations, slices of Agar spiked with BDE-209 were alternated with
control slices containing methanol within in a 20cm diameter glass petri dish. To prepare
the contaminated agar, 50 mL of BDE-209 solution in methanol at 10 mg/L was added to
200 mL of agar to obtain a concentration of 2.5 pg/mL. Control slices were prepared adding

to the agar the same amount of methanol without BDE-209.

8.2.4 Growing on soil

P. ostreatus spawns were added to soil at a ratio of 1:30 w/w (spawn:dry soil). Cultures
were prepared in beakers covered with parafilm to preserve humidity. Two kind of soil
were tested: a loamy-sand soil collected from field in Scotland highlands and a commercial

horticultural soil, whose properties are described in Table 8.1. For two months they were
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incubated protected by light at 20-22 °C. During that period the mycelia development on

spawn and into soil has been observed.

Table 8.1: Properties of soil tsted for P. ostreatus mycelia colonisaotion. Measure repeted in triplicate, average
value reported * standard deviation.

oM H EC Sand Silt Clay Humidity
(%) : (US/cm) (%) (%) (%) (%)

Loamy sand 28+0.1 4.1%0.1 31+5 80+0.2 16.2+0.2 3.0+£0.1 11.3
Horticultural
soil 17.3+09 7.4+00 732+16 709%+1.1 19.2+13 99+0.3 38.2

8.3 Results and Discussion

8.3.1 Pleurotus Ostreatus spawn cultivation on straw: parameters
optimisation

Cultures prepared under different conditions were classified in three categories according
to the mycelia development after 20 days from inoculation: (i) no development apart from
initial spawns; (ii) partial colonisation of the straw; and (iii) well-developed mycelia with full
colonisation of the straw (Table 8.2). Incubation temperature and the amount of straw per
bag do not seem to affect the mycelia development. Chemical and steam sterilisation of
straw not always create favourable conditions for mycelia to develop. Autoclave
pasteurisation creates the best condition for mycelia developing although mould was
present in some cultures. In Figure 8.1, examples of mycelia development for the three
categories are shown. Autoclave was chosen as sterilisation technique for further
experiments. Fruit body formation was induced in all cultures free from mould. In Figure

8.2, fruit body development timing is captured.

Table 8.2: P. ostreatus mycelia development after 20 days on straw for the different condition tested.

Cultivation conditions

Mould
| i . . . .
Sterilisation (el S formatio Mycelia development after 20 days of incubation
— temperature amount n
(°) (gr)
Chemical 18 300 No Mycelia did not develop or develop only on
spawns
Chemical 23 300 No Mycelia did not develop or develop only on
spawns
Autoclave 18 500 Yes
Autoclave 18 800 No Mycelia well develop and fully colonised straw
Autoclave 23 500 No Mycelia well develop and fully colonised straw
Autoclave 23 800 Yes Mycelia well develop and fully colonised straw
Steam 18 500 No
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Steam 18 800 No Mycelia well develop and fully colonised straw
Mycelia did not develop or develop only on

Steam 23 500 No
spawns

Steam 23 300 No Mycelia did not develop or develop only on
spawns

Mycelia did not develop or : :
developed only on the wheat Mycelia partially colonise the straw Mycelia well develop and fully
colonised the straw

grains

Figure 8.1: Examples for the three categories defined for evaluating the mycelia development on straw.

After 1/2 days After 4/5 days After 6/7 days

Figure 8.2: Fruits growing on straw in laboratory conditions.

8.3.2 Pleurotus ostreatus BDE-209 tolerance test on straw

After 8 months, even the higher contaminated straw was fully colonised by mycelia (Figure
8.3). Mycelia development was inhibited by the presence of acetone. It took 3 months for
the mycelia to develop on control sample instead of the 20 days observed when clean straw
was inoculated. The presence of BDE-209 caused an additional delay in mycelia
development, as straw spiked with BDE-209 at different concentrations (0, 10, 100 and
1000 pg/kg) showed different mycelia developing rates. Growing rate seemed to decrease
for increasing contamination level (Table 8.3). In several samples (the ones labelled with X
in Table 8.3) mould grew on straw along with the fungus P. ostreatus. For the porpoise of
the experiment these samples were not useful, because the presence of mould made

impossible to observe tolerance P.ostreatus. Nevertheless the presence of mould is a spark
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for future work and new interesting questions: is the presence on mould and the

simultaneous presence of different microorganisms enhancing P.ostreatus tolerance and its

degradation ability? Along with this point an additional step in future work will be the

development of a method for straw extraction and analysis before and after the

colonisation by P.ostreatus and/or mould.

Table 8.3: P. ostreatus mycelia development on contaminated straw. (X) indicates mould formation.

BDE-
209 10 weeks 3 months 6 months 8 months
(1g/ke)
X X X X
Control X X X X
colonising straw straw colonised _
X X X X
10 colonising straw 1/2 bag straw colonised straw colonised _
colonising straw straw colonised _
X X X X
100 half mouldy X X X
spawn colonising straw straw colonised _
X X X X
1000 X X X X
spawn colonising straw colonising straw straw colonised

Straw spiked with BDE-209 (1000 pg/kg) after 8 months

Figure 8.3: P. ostreatus mycelia developed on straw containing 1000 pg/kg of BDE-209 after 8 months from

inoculation.

8.3.3 Pleurotus ostreatus isolation and cultivation on petri disks

Direct inoculation of spawns on N-agar did not result in successful P. ostreatus mycelia

development. Instead a filamentous microorganism was growing. Transfer to a dishes

containing antibiotic or antimycotic agents showed it to be a bacteria (Figure 8.4). Most
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likely it is a soil bacterium that coexists with P. ostreatus on spawns, possibly Bacillus

mycoides (Figure 8.5).

N-Agar + Antibiotic

N-Agar + Antimycotic

Figure 8.4: Filamentous microorganism developed from P. ostreatus spawn inoculated on N-agar enriched with
antibiotic (left) or antimycotic.

Figure 8.5: Picture of Bacillus mycoides isolated from soil. Adapted from (Di Franco et al., 2002).

When the soil bacterium was transferred on N-agar containing BDE-209, it developed
mostly on the slices without BDE-209 and avoiding the slices containing BDE-209 at
concentration of 2.5 ug/mL (Figure 8.6). The presence of methanol on the slices free from
BDE-209 does not seem to inhibit the bacteria growth. Nevertheless, the bacteria geometry

appeared modified: filaments lost their spiral geometry and developed more linearly.

P. ostreatus was successfully growing when a portion of mycelia, previously developed on
the straw, was inoculated into MEYA (Figure 8.7). Successively, pieces of the mycelia
cultivated on MEYA were then transferred to new cultures containing antibiotic,

antimycotic or neither of the two to verify the possible coexistence of the bacterium in the
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culture. As it is shown in Figure 8.8, the colony growing on MEYA seems composed by both
fungi (P. ostreatus) and bacterium. Indeed P. ostreatus developed on MEYA enriched with

antibiotic and a bacterium grew on the MEYA enriched with antimycotic.

Figure 8.6: Soil bacterium development on N-agar after 4 days: slices labelled with “X” are the part in which N-
agar contains BDE-209; unlabelled slices are the ones containing only methanol.

The morphology of the bacterium colony developing on MEYA is different from the one
observed on the N-agar culture. The morphology of some of the colony mutants derived
from a B. mycoides strain (Figure 8.9) present similarity with the colony observed in the
MEYA culture. Therefore it is not excluded the bacterium observed on MEYA culture is the
same developing from the spawns on N-agar dish. Nevertheless, further investigation

including bacterium DNA identification would be necessary to verify it.

Figure 8.7: P. ostreatus mycelia developed on MEYA culture after 1 month from inoculation.
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MEYA + Antibiotic MEYA MEYA + Antimycotic

TOP VIEW (After 5 days)

Figure 8.8: Fungus and bacterium colonies growing on MEYA culture enriched with antibiotic or antimycotic
inoculated with a portion of P. ostreatus mycelia collected from straw.
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Figure 8.9: Colony mutants derived from SIN96 B. mycoides strain on agar medium. Adapted from (Di Franco et
al., 2002).

The cultivation of P. ostreatus on substrate spiked with BDE-209 was not successful. Fungi,
which is a much more structured microorganism, seems to suffer from the presence of
solvent in the growing media. Several tests have been performed to verify the tolerance of
P. ostreatus to the solvents acetone, acetonitrile and methanol. Some mycelia development
was obtained by keeping dishes open to air in a sterilised laminar flow hood at least 10
hours to allow solvent to evaporate before inoculation with P. ostreatus mycelia. With this
step, it was difficult to avoid contamination by mould or other microorganisms from the
surrounding environment. Moreover, increasing evaporation time results in a decrease of
the MEYA humidity and, consequently, inhospitable conditions for mycelia development. A
better system allowing solvent evaporation avoiding at the same time dish contamination
could be set up by pumping sterilised air into the dish. This option deserve further

investigation and it is ascribed in the following up works of this research.
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TOP VIEW ( After 4 weeks)

Figure 8.10: P.ostreatus mycelium developing after being transferred on MEYA disk sprinkled with different
organic solvents (acetonitrile, methanol or acetone).

Comparing mycelia development obtained for culture on MEYA at 24 days (Figure 8.8) with
the culture on MEYA sprinkled with organic solvents after 4 and 7 weeks (Figure 8.10)
shows that addition of solvent generally retards mycelia development. Solvent delaying of
mycelia development is greater in acetonitrile then methanol and acetone. Contamination

by other microorganism on acetone dish was more diffuse. A second growing test on MEYA
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spiked with methanol (Figure 8.11) confirmed difficulties in keeping the media clean after

the period of solvent evaporation.

TOP VIEW ( After 3 months)

BOTTOM VIEW ( After 3 months)

Figure 8.11: P.ostreatus mycelium developing after being transferred on MEYA disk sprinkled with methanol
after 3 months.

8.3.4 Growing on soil

In both loamy sand and commercial horticultural soils, after few days, P. ostreatus
mycelium developed on spawns and after two weeks it started exploring the surrounding
soil creating connection between spawns. On a long term, horticultural soil seems to
provide a better support for mycelia growth. After two months, when the original source
nutrient was completely consumed the mycelium was more developed in horticultural soil
than in loamy sand culture (Figure 8.12). Experiment confirmed that high organic matter
content, basic pH and higher humidity are preferable to induce mycelia growth into soil.
This is consistent with the fact that P. ostreatus slightly decreases pH during the laccase
activity (Hestbjerg et al., 2003). Moreover the experiment suggests that the amount of
original substrate for inoculation should be enough for supporting the mycelia
development in the earlier stage, but at the same time it should not be overestimated,

because a limited carbon source is crucial for inducing mycelia development into soil.

124



JUST INOCULATED

AFTER 5 DAYS
: : :

Figure 8.12: P. ostreatus mycelia development from spawns into the two soil tested.
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8.4 Conclusions

Cultivation of P. ostreatus on contaminated straw provides the first prove of its tolerance to
BDE-209. P. ostreatus mycelium was able to develop even in presence of high concentration
of BDE-209 (1 mg/kg) despite mycelia growth was considerably retarded by the presence of
acetone and BDE-209: instead of 20 days, 3 to 6 months were required to obtain complete
colonisation of straw depending on BDE-209 concentration. Further investigation is
required to evaluate if the mycelia development is accompanied by an effective BDE-209
degradation and by the production and activity of laccase and other enzymes possibly
involved in the biodegradation of BDE-209.

The coexistence of bacteria with P.ostreatus mycelia on straw has been observed, it is not
clear if, and in case at which extent, the synergic interaction of the fungus with the
bacterium is supporting the fungus development on straw containing BDE-209. Future work

to clarify this point would open a new and interesting research branch.
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9 Conclusion and future work

The goal of this research was to gain a better understanding on some of the aspects
influencing BDE-209 mobility and biodegradation in soil. This goal has been achieved
through the development of original analytical techniques and experimental approaches. In
this final chapter, key findings and future research opportunities are discussed and novel

aspects of the research are highlighted.

In the thesis’s body any aspect considered of value for the scientific community from
experimental details to more theoretical observations and negative results have been
included and commented. Such details are often excluded from data available on articles

published on peer review journal, but are useful for progression in the research.

9.1 Key findings

Some of the findings achieved with this research are conclusive and open new perspectives
on the sorption and mobility issues (Chapter 7). Others remain at the stage of preliminary
testing, providing a valid starting point for further investigation in the field of BDE-209
bioremediation (Chapter 8). Others results have been preparatory to the achievement of
these findings (Chapters 5 and 6). In the following sections, key findings relevant to these

three aspects are summarised.

9.1.1 BDE-209 sorption on mineral and organic matter matrices

Prior this work, no data were available on BDE-209 partitioning and sorption kinetics. For
the first time, BDE-209 sorption kinetics have been successfully measured and results
presented in chapter 7 will be published on a peer review journal. The choice to study
separately kaolin as an example of the mineral domain, and peat for the organic
component of soil allowed for direct comparison of the sorption kinetics in the two
domains. Sorption kinetics are much faster in kaolin than peat (4 hours compared to more
than 10 days). This is in line with what is reported in literature for PBDEs other than BDE-
209 and theoretical models describing sorption of hydrophobic organic compounds (HOC).
The fast kinetics and strong hysteresis characterising BDE-209 adsorption on kaolin

provides important insight into BDE-209 adsorption during non-equilibrium phenomena in
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conditions where organic matter is particularly low or completely absent (e.g. bedrock
aquifers, high mountains). Dissolved organic matter in water competes with mineral solid
particles, acting in favour of BDE-209 dissolution in water. In the conditions tested,
dissolved organic matter (DOM) rules the fate of BDE-209 limiting considerably the
adsorption on kaolin particles. These results overturn the role that organic matter plays on
BDE-209 sorption and mobility when it is in the form of DOM and it opens interesting
guestions on more general aspects. For instance, DOM could be an alternative reason for
the slow sorption kinetics measured in peat and unexpected BDE-209 mobility in soil. In a
soil rich in organic matter, DOM could enhance BDE-209 dissolution in water, slowing down
the sorption process and promoting BDE-209 transport. Finally, results presented in this
thesis show that experimental measurement of a BDE-209 partitioning coefficient in soil is

not achievable due to the limitation of BDE-209 solubility in water.

9.1.2 Measure of BDE-209 from environmental samples and

experimental limitations

Experience developed during the thesis suggests that to achieve reliable BDE-209
measurement, particular attention needs to be given to sample handling during
experimental design. Contact between samples and containers should be minimised.
Container surfaces should be rinsed with organic solvent when it is compatible with the
experimental scope. Experimental design should be done in manner to have controls on
losses that are impossible to avoid. It has been thanks to these considerations that a
successful method for BDE-209 extraction from water has been developed: water
evaporation and solvent substitution (WES). This method achieved 97 + 3% and 86 + 3%
recoveries of BDE-209 from deionised water and water after contact with peat,
respectively. In case direct control on recovery is required, chrysene was demonstrated as a
suitable surrogate. In comparison to liquid-liquid extraction (LLE), dispersive liquid-liquid
micro extraction (DLLME), and solid phase extraction (SPE), WES minimises the use of
solvent and cost of analysis. These aspects make WES method even more competitive than
other methods, demonstrating that the easiest option is not necessarily less valuable than

more refined and elaborate techniques.

For the extraction of BDE-209 from peat soil, pressurised liquid extraction (PLE) and

microwave assisted extraction (MAE) were compared. Extraction efficiency seems more
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influenced by the extraction solvent than the technique. PLE is preferred because it
presents the advantage that solvent separation is completely automated and no additional
sample filtration is required. Regardless of the extraction technique, when dealing with
peat, sample preparation through cone and quartering is strongly recommended and the
presence of interferences that could be misinterpreted for BDE-209 peak is here advised.
Interference peaks have been extracted by both MAE and PLE. In particular, the
interference extraction through PLE is solvent dependent. It is enhanced when
dichloromethane is used. Therefore the use of dichloromethane, usually adopted for its
high extraction power, should be avoided when working with peat and other organic-rich

soils.

9.1.3 BDE-209 biodegradation

In regards to BDE-209 biodegradation, the research focused on the exploration of a possible
remediation technique rather than studying the naturally occurring biodegradation
processes. Nevertheless sorption processes strictly influences biodegradation of chemicals.
Therefore results produced in Chapter 7 studying BDE-209 sorption on dissolved organic
matter and kaolin are useful when investigating BDE-209 bioavailability in soil.

In this work, for the first time, P. ostreatus tolerance to BDE-209 has been tested. P.
ostreatus mycelium are capable of growing on straw in the presence of concentrations of
1000 pg/kg BDE-209, although mycelia growth is slowed by the presence of an organic
solvent and BDE-209. The observed delay in mycelia development of 3-6 months is certainly

an aspect to be considered for the evaluation of the remediation technique.

9.2 Future research opportunities

Results obtained through the research here presented open new questions that constitute
interesting research opportunities. Several points of interest on BDE-209 sorption, mobility

and degradation are worth follow up studies.

The fact that kaolin adsorbs BDE-209 much faster than peat highlights the importance of
kaolin and other mineral solids in fast non-equilibrium processes. Nevertheless, the
contributions of mineral solids in equilibrium conditions and BDE-209 soil storage capacity
remain unclear. In order to answer this question, it would be interesting to compare peat

and kaolin sorption capacities as well as other forms of organic matter and mineral solids.
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Experiments in this thesis show that small amounts of dissolved organic matter can have
significant impacts on retention in the aqueous phase. Nevertheless it is unclear to what
extent kaolin and, generally, the mineral domain contribution is worthy of consideration
when organic matter is also present in soil. Studying sorption kinetics on sorbents prepared
as combinations of mineral and organic matter mixed in different proportions would allow
for evaluation of the limit on organic matter content at which the mineral contribution is

still worth of consideration.

Further, the study of DOM effects on sorption processes on other matrixes is worth
investigating. In particular, it is interesting to evaluate at which extent the effects of DOM
released by soil organic matter (SOM) is effecting the SOM sorption process itself. It could
indeed represent an alternative justification to slow sorption kinetic of HOC on solid organic

matter.

Because soil is inherently heterogeneous, systematic evaluation should continue in highly
controlled conditions with increasing complexity before advancing to the investigation of
whole soils. For example, the question of DOM effects on SOM could be investigated by
studying the sorption kinetics and capacity of alternative organic matrixes (e.g. activated
carbon) in presence of peat DOM. Varying the DOM concentration in water could identify
the limit at which DOM action dominates over other matrix sorption processes. A
combination of batch and column experiments would be useful to evaluate the speculative
hypothesis that DOM effectively enhances BDE-209 mobility in soil. Finally, because BDE-
209 is a highly hydrophobic pollutant and an extreme case, in order to have a comparison
with other contaminants, further work would include other PBDEs and different HOCs such

as PCBs and PAHs.

Although the analytical methods developed in this thesis are consistent and repeatable,
there is scope for improvement, particularly the extraction method from soil. For BDE-209
analysis in peat, the problem of interference should be solved so that direct extraction is
possible for analysis of environmental soil samples and future sorption experiments. The

implementation of in-cell acid clean up in tungsten cells has the potential to solve the
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interference problem with the additional advantage of avoiding additional handling steps

that risk loss of analyte.

In relation to the issue of BDE-209 degradation and remediation by P. ostreatus, the next
step would be to investigate if mycelia development on contaminated straw is
accompanied by BDE-209 degradation. This could be achieved by analysis of enzyme
activity in colonised straw and measurement of BDE-209 and potential degradation
products. If degradation and mineralisation of BDE-209 are demonstrated, this could

represent an opportunity for development of myco-remediation.

The coexistence of a bacterium with P. ostreatus mycelium has been detected. Further
research is required to identify this bacterium and investigate if it plays any role in relation
to P. ostreatus tolerance to BDE-209 or its degradation ability. Moreover, because P.
ostreatus is an edible fungus, the potential transfer of BDE-209 or its degradation products
from the straw through the mycelia to fruiting bodies should be investigated. In addition to
the critical aspect of possible direct human exposure to organic pollutants through the food
chain. This study would be interesting for the additional purposes of myco-remediation and

pollution monitoring. Further fungi species may be worth investigating as well.

Based on the results presented, this thesis advises on the importance of evaluating the
implications of DOM-enhanced solubility for HOCs and investing the possible effects it
could have on their mobility. DOM is a new and important factor to study for its
contribution in slowing down sorption kinetic for HOCs. Extension of bioaugmentation
remediation via fungi shows promise in the potential for uptake and remediation of BDE-

209 and the other PBDEs.
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Appendix A

In this appendix are reported chromatograms to whom is referred in Section 4.1and 5.6
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Figure A.1: Chromatogram obtained from analysis of BDE-209 in tetrachloroethene (10 mg/L) in HPLC reverse
phase system using methanol as mobile phase.
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Figure A.2: Chromatogram obtained from analysis of BDE-209 (0.25 pg/ml) and PCB-209 (0.1 pug/ml) in acetone
using HPLC reverse phase system and methanol as mobile phase (0.8 ml/min).
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Figure A.3: Chromatogram obtained from analysis of BDE-209 (0.1 pug/ml) and Naphthalene (1.1 pug/ml) in
acetone using HPLC reverse phase system and methanol as mobile phase (0.8 ml/min).
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Figure A.4: Chromatogram obtained from analysis of BDE-209 (0.1 pug/ml) and Chrysene (1.1 ug/ml) in acetone
using HPLC reverse phase system and methanol as mobile phase (0.8 ml/min).
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Figure A.5: Chromatogram obtained from analysis of BDE-209 (0.1 pug/ml) and Triclosan (1.1 pg/ml) in acetone

using HPLC reverse phase system and methanol as mobile phase (0.8 ml/min).
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Appendix B

In this appendix clay minerals structure are reported and the exhaustive procedures
followed for matrixes characterisation (briefly summarised in Section 7.2.2) are described.
Besides kaolin and peat, sand samples have been analysed and results are here reported
because they has been helpful in the interpretation of some results obtained for kaolin (e.g.
organic matter content). Moreover it is a common component of soil and it is not excluded

that in future work the kinetic of adsorption of BDE-209 on sand could be investigated.

Matrixes characterisation-Methodology

pH and electrical conductivity measurement

2 grams of clay or peat (dry weight) were placed in a 15 mL plastic centrifuge tube with 10
mL of deionised water collected form the laboratory’s reverse osmosis system (RO180 El-
lon® twin-stage, SG). Samples were shaken end-over-end for two hours. PH readings were
taken while samples were still in suspension, whereas EC readings were executed after
filtering samples through a 20 ml plastic syringe fitted with 0.45 um filters (MCE-10460031,
Fisher scientific, Waltham MA, USA). In this way, three samples for each matrix were
measured. Results are reported in the following section as average values + standard

deviation.

Organic matter content

For performing measurements by LOI method 2.5 g of clay and 3 g of peat were weighted,
placed in ceramic basin and heated at 105 °C then 450 °C and finally at 550 °C. The
following measurements were taken: weight of basins (W,) weight of basins and content
(W,), weight of basin and content after heating at 105 °C (Wgs), weight of basins and
content after heating at 450 °C (W,5) and weight of basin and content after heating at 550
°C (Wsso). Weight measurements were taken through a 0.0001 g precision balance after
letting basins and contents cool down at room temperature in a desiccator. For each
temperature tested (105, 450, 550 °C) series of heating and measurement were repeated
until the variation between two successive measurements were less or equal to 0.01 g.
Water content was then calculated as a percentage by mass with Equation B.1, organic
matter content at 450 °C and 550 °C respectively with equation B.2 and B.3 and expressed

as a percentage by mass of the dried samples.

156



-W,

Water content (%) = % x 100 Eq.B.1
a="b

Was0—Wios

Organic matter content at 450 °C (%) = X 100 Eq.A.2
a="b
; or (o) — Wsso—Wios
Organic matter content at 550 °C (%) = Wy, x 100 Eq.A3

After heating at
105 °C

After heating at
550 °C

Figure B.1: Kaolin, sand and peat samples after water evaporation (heating at 105 °C) and after organic matter
loss (heating at 550 °C).

Subsequently, because an unexpected high value was recorded for organic matter in clay,
results have been verified by TOC Combustion Analyser. Differently from the LOI method,
TOC analyser measure the CO, produced during sample combustion giving a direct measure
of the total carbon content of samples. TOC combustion analyser APOLLO 9000 (Tekmar-
Teledyne instrument, AZ USA) equipped with a boat sampler (Model 183 TOC Boat Sampler,
Tekmar-Teledyne instrument, AZ USA) was calibrated as shown in section X.Y.Z using five

solutions of potassium hydrogen phthalate in diatomaceous earth.
Particles size distribution

Samples grading curves were generated through a laser diffraction instrument (Mastersizer

2000, Malvern, Worcestershire UK) equipped with disperser unit control (Hydro 2000SM).
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The instrument exploits laser diffraction properties for determination of particle size
distribution. Samples were added in the disperser unit previously filled with degassed
Millipore water. The dispenser unit by stirring the water keeps particles suspended and
delivers them to the optical bench. Preliminary tests have been conduct to optimise
particles dispersion by varying the stirring speed and the sample delivery to the disperser
unit (dry or wet). For clay and sand the main factor affecting measurements is the stirring
speed: low speed cause le loss of smaller particles. In the case of peat instead, sample
delivery plays the major role: bigger particles were lost when peat was delivered dry
instead of wet into the disperser chamber. The methods finally used to obtain the particle
size distribution are reported in table 6.1. The amount of sample delivered is in the range of
few milligrams and it varies from sample to sample according to signal/noise ratio

indications given in real time by the software.

Table B.1: Parameters used for analysis of sand, clay and peat on Malvern Mastersizer.

Sample Stirring speed (rpm) Sample delivery

Sand 2000 dispersed in water
Clay 2000 dispersed in water
Peat 1000 humid/wet

Matrixes characterisation-Results

pH and EC results are reported in Figure B.2. According to expectations peat is
characterised by the lowest pH (3.4) and the highest electric conductivity (718 uS/cm). Clay
has intermediate values pH is 5.0 and the electrical conductivity is half of peat one (327
uS/cm). Sand is expected to be inert in water, and as expected pH measure in sand (6.1)
does not deviate from the pH measured in deionised water used for preparing the samples
(6.0). Electrical conductivity (155 uS/cm) instead results higher than the one measured in

deionised water 4 uS/cm, possibly do to some impurity.

Table B.2: pH and elctrical conductivty measures. Avarage reading on three samples + standard deviation.

pH EC (uS/cm)
Sand 6.1+0.03 155+ 45
Kaolin 5.0 £0.005 327 +37
Peat 3.4+0.01 718 £4.6

Organic matter and water contents measured by LOI are reported in Table B.3. Peat results

composed for the 93% by organic matter and no differences between the measure at 450
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and 550 °C is observed. Variation in temperature does not affect either measure of sand
organic content which results negligible. Unexpectedly values measured in clay addresses
traces of organic matter when measured at 450 °C (0.9 %) and 12 % organic matter content
at 550 °C. Results from the analysis done through TOC analyser reported in Table B.4
conduce to different and more sensible conclusions. Indeed in both clay and sand the
organic content is less 0.05%. Higher values obtained by LOI are possibly caused by
degradation of clay minerals. Indeed at high temperature (450 °C) kaolin can lose part of
the molecular water still present after treatment at 105 °C and perhaps some of the
hydroxyl groups; at 550 °C kaolin undergoes degradation of its structure (Zihms, 2013).To
measure organic matter content of soil by LOI at 550 °C therefore cause a sensitive
overestimation in presence of kaolin. The error is less important, and for most application
negligible, when a temperature of 450 °C is adopted (proximally 1 %). In case of peat
instead LOI results the most appropriate method for two reasons: the small sample size of
TOC analyse are not suitable for such heterogeneous material and the carbon

concentration was too high for TOC analyser even after dilution with diatomaceous earth.

Table B.3: Water content measured through sample exsiccation at 105 °C, and organic matter content measured
by loss on ignition at 450 and 550°C.

Water content Organic matter content Organic matter content at

(%) at 450 °C (%) 550 °C (%)
Sand 0+0.1 0.1+0.1 0.2+0.1
Clay 0.9+0.2 0.9+0.3 12+0.5
Peat 2+1 93+1.4 93+1.2

Table B.4: Total carbon and Total organic carbon measured by total combustion at 800°C and CO, analysis.

Total carbon

Total organic carbon

(%) (%)
Sand 0.01 +0.006 0.01 +0.007
Clay 0.04 +0.001 0.02 +0.001
Peat Out of range Out of range

Grading curves obtained for sand, kaolin and peat are reported in Figure B.2, B.3 and B.4.
Sand curve is tight and more than 90 % of particles are included between diameters 0.2-0.5
mm. Results satisfyingly overlap supplier specifications which indicates 90 % of particles to

have a diameter between 0.2-0.3 mm. Kaolin has more spread grading curve (Figure B.3)
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indeed particles equivalent spherical diameter is between 0.3-15 um, this is in accordance
with supplier specification which indicates particle diameter between 0.3-10 um and a
surface area of 14 m?/g. Grading curve of peat is the most spread, particles diameter varies

from 3 um to 2 mm (Figure B.4).
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Figure B.2: Cumulative distribution curve of sand particles size expressed as equivalent spherical diameter (um).
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Figure B.3: Cumulative distribution curve of clay particles size expressed as equivalent spherical diameter (um).
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Figure B.4: Cumulative distribution curve of peat particles size expressed as equivalent spherical diameter (um).
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Clay structure
Clay minerals are silicates and their basic structural units consist of a silica tetrahedron and

alumina octahedron schematically represented in Figure B.5.

4

b)

Figure B.5: Basic units of clay minerals and the silica and alumina sheets (from Mitchell, 1993)
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Figure B.6: Structure of the main clay minerals: (a) kaolinite, (b) illite and (c) montmorillonite, based on
combined sheets (from Craig, 1990).
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Appendix C

In this appendix as illustrative example, some of the chromatograms obtained from the
extractions of water form samples analysed from kaolin and peat experiments are reported
Chromatograms from water control samples (Sw: water + BDE-209), matrix control samples
(Sm: water + kaolin or peat) can be compared to the one obtained from samples containing
water + BDE-209 + kaolin or peat. For kaolin samples are reported also chromatogram
obtained from the analysis of tetrahydrophuran:water solution used to extract kaolin and

measure BDE-209 adsorbed on kaolin.

Kaolin sorption experiment: water analysis
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Figure C.1: Chromatogram obtained from water control sample (Sy,) containing 50 ml of water + 0.5 g of kaolin.
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Figure C.2: Chromatogram obtained from matrix control sample (Sy,) containing 50 ml of water + BDE-209.
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Figure C.3: Chromatogram obtained from sample (S) containing 50 ml of water + 0.5 g of kaolin+ BDE-209.

Peat kinetic experiment: water analysis
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Figure C.4: Chromatogram obtained from matrix control sample (Sy,) containing 200 ml of water + 0.5 g of
kaolin.

3.9503-12 CAL CHECKO+ CLAY SAMPLE TEST #22 [modified by labuser] BDE200 BA11 UV Vis 1
mAU WVL226 i

3.00]
2004
1004
0.004
14-12553
-1.004

-2.00

-3.00

121182755 41 6o
=

- min
T T T T T T T T T T T
4.85 550 6.00 650 7.00 750 800 850 9.00 950 10.00 10.50 11.00 1150 12.00 1250 13.00 1361

Figure C.5: Chromatogram obtained from water control sample (S,) containing 200 ml of water + BDE-209
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Figure C.6: Chromatogram obtained from sample (S) containing 200 ml of water + 0.5 g of peat + BDE-209.
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Kaolin sorption experiment: tetrahydrophuran:water solution analysis
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Figure C.7: Chromatogram obtained from water control sample (S,y) containing 50 ml of water + 0.5 g of kaolin.
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Figure C.8: Chromatogram obtained from matrix control sample (S),) containing 50 ml of water + BDE-209.
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Figure C.9: Chromatogram obtained from sample (S) containing 50 ml of water + 0.5 g of kaolin+ BDE-209.
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