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Abstract

Six GC columns: Rt-LC50, Rt-BDEXcst, DB-XLB, SLB-IL61, SLB-IL76, SLB-IL111 were evaluated for their
ability to separate all of the 136 tetra- to octachlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans
(PCDFs) using gas chromatography- high resolution mass spectrometry (GC-HRMS). The relative
performances of those columns were evaluated based on retention time (RT) data and visualized mass
chromatograms of the overall separation of the 136 congeners as well as the separation of the 17 most
toxic 2,3,7,8-substituted congeners. The results were also compared with those of previous studies.
Among the six investigated columns, Supelco SLB-IL61 showed the best separations of 2,3,7,8-
congeners and separated 14 congeners, partially separated 1,2,3,7,8-PeCDF and 1,2,3,4,6,7,8-HpCDF,
and failed to resolve 1,2,3,4,7,8-HxCDF. It can also completely separated maximum 83 (61%) of the 136
congeners. Thus, it offers better tetra- to octa- CDD/Fs as well as 2,3,7,8-PCDD/Fs separation as
compared to other columns evaluated so far. Moreover, this column can be used as a complementary
column with any of the following 8 columns: DB-XLB, Rtx-Dioxin2, ZB-5Ums, DB-5ms, ZB-5ms, VF-5ms,
CP-Sil 8 CB/MS and VF-Xms, allowing complete separation of all 2,3,7,8-congeners. SLB-IL111 column
also has this capability together with a DB-5, HP-5ms, Rtx-5ms, Equity-5, DB-5ms, ZB-5ms, VF-5ms, CP-
Sil 8CB/MS or VF-Xm. Finally, any of the three ionic liquid (IL) columns can be used together with a DB-
5ms, ZB-5ms, VF-5ms, CP-sil8 CB/MS or VF-Xms column for the same purpose. Separate injections on
SLB-IL61 and SLB-IL111 columns can resolve an even more impressive number of tetra- to octa-CDD/F
congeners (complete separation of 107 congeners and partial separation of 19 congeners). These
columns completely separated all tetrachlorinated dibenzofurans (TeCDFs) except 6 congeners, among
which 5 congeners (2,4,6,8-, 1,4,7,8-, 1,2,3,6-, 1,2,4,6- and 1,2,3,4-TeCDF) were separated partially and
1,2,6,9-TeCDF was not separated. Using additional columns, VF-Xms and Dioxin2, four more (two by
each column) congeners can also be resolved. Similarly, selected IL columns separated 8
pentachlorinated dibenzofurans (PeCDFs)(1,2,4,7,8-, 1,4,6,7,8-, 1,2,4,7,9-, 1,3,4,6,9-, 1,2,4,6,9-, 1,2,3,4,7-
1,2,3,7,8-, and 1,2,3,7,9-PeCDF) partially and failed to separate 2 congeners (1,2,3,6,7-and 1,2,6,7,8-
PeCDF). Four of these partially separated and unresolved congeners can be separated on SP-2331. In
addition, the SLB-IL columns can also separate all hexachlorinated dibenzofurans (HxCDFs) except
1,2,4,6,8,9-HxCDF (partially separated) which can be resolved by a great number of other columns (incl.
Rt-LC50, Rt-BDEXcst, and DB-XLB). Furthermore, the column combination cannot fully separate 6
congeners out of all tetrachlorinated dibenzo-p-dioxins (TeCDDs). Among those 6 congeners, four
congeners (1,3,6,9-, 1,2,4,7-, 1,2,3,6-, and 1,2,3,4-TeCDD) were partially separated while 2 congeners
(1,2,4,6- and 1,2,4,9-TeCDD) were not resolved at all. However, 1,3,6,9-, 1,2,4,9-, and 1,2,3,4- TeCDD can
be separated by a LC-50 and 1,2,3,6-TeCDD by a Dioxin2 column. All PeCDDs except 1,2,4,6,7-PeCDD
(partially separated) were separated by the SLB-IL columns. This congener can be completely resolved
using the Dioxin2 column. All HxCDDs can be completely resolved by the selected SLB-IL columns
together with the DB-1 column, which are needed for 1,2,4,6,7,9-, 1,2,4,6,8,9-, 1,2,3,4,6,8-, 1,2,3,6,7,9-,
1,2,3,6,8,9-HxCDD. Principal component analysis (PCA) was applied using the retention order of the
PCDD/Fs. This analysis revealed that the positions of the chlorine substituents on the aromatic rings had
a large impact on the retention according to polar behavior of columns. The study found, Chlorine
substitution in the 4,6-positions of PCDFs and 4,6- or 1,9-positions of PCDDs were correlated with

retention on polar or extremely polar columns.
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Introduction

Polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) have common
biological mechanism and similar toxic effects, and belong to the class of highly hazardous
pollutants, commonly called dioxins (PCDD/Fs).1-2 They have related planar tricyclic aromatic
hydrocarbon structures where two benzene rings are connected through two oxygen bridges in
PCDD, and one oxygen and one carbon bridge in PCDF (fig 1).3* PCDD/Fs are formed as
unwanted byproducts either in natural or anthropogenic processes. Waste combustion,
automobile emissions, medical incineration, industrial combustion processes, pulp industry
using chlorine and power generation (coal burning) are identified as major anthropogenic
sources, whereas, forest fires is an example of a natural source.>7 Since the beginning of the
twentieth century, increasing PCDD/F emissions was observed from industrial processes, such
as the chloro alkali process and high volume production of organochlorines;® but peak

environmental concentrations dioxins were observed in the environment about 2 decades ago.’
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Fig 1: Molecular structure of PCDFs and PCDDs

Since Dioxins are emitted from incineration, their low vapor pressure causes them to associate
with particles that can transport them to long distance around the atmosphere and distributed
to all compartments of environment.2 Dioxins are very persistent pollutants. Because of their
lipophilic character, they show a high tendency to bio-accumulate in fatty tissues in living
organisms. As a consequence, they can enter the food webs and accumulate in top predators,
which is a concern for human populations.31° As 90% of the human exposure to dioxins is
originating from eating contaminated food, contamination monitoring (analysis) is important

to assess the risk.!1



In PCDD/Fs, there are eight positions which can be substituted by chlorine atoms (Cl). These
positions and the degree of chlorination are the basis of the names of the congeners. There are

75 congeners of PCDD and 135 congeners of PCDF (mono to octa) (table 1).3

Table 1: Number of PCDD and PCDF congeners according to their homologue3

Number of Cl|[Name |Acronym |Number offNumber of PCDF
atom PCDD/F PCCD isomers |isomers
1 Mono |MCDD/F |2 4

2 Di DCDD/F 10 16

3 Tri TrCDD/F |14 28

4 Tetra |[TeCDD/F |22 38

5 Penta |PeCDD/F |14 28

6 Hexa |HeCDD/F |10 16

7 Hepta |HpCDD/F |2 4

8 Octa OCDD/F 1 1

Total 75 135

The toxicity of dioxins depends on their ability to bind to the Ah receptor present in the
cytoplasm of the cell, which are transported into the cell nucleus and bind to the DNA. As a
consequence, they interrupt cell activities; induce cell proliferation and differentiation in many
tissues which causes carcinogenicity, reproductive and developmental abnormalities, liver
damage, endocrine system disruptions and even death.1?-13 The degree of toxicity of dioxins
varies on the number and position of chlorine substituents. Only 7 out of 75 PCDD isomers and
10 out of 135 PCDF isomers exhibits strong toxic effects and have been assigned toxic
equivalent factors (TEFs).3 These 17 congeners are all Cl substituted in the 2, 3, 7, 8-positions.
For this reason, dioxins containing four to eight substituted chlorine atoms: 49 PCCDs and 97

PCDDFs (136 congeners) are the most important to separate during chemical analysis.*¢

Moreover, EPA health assessment has found some health effects close to average human
background body burden level of dioxins;? Due to acute toxicity and availability in a low level,
less than parts per trillion in the matrix of biological or environmental sample, isomer specific
and highly selective and sensitive analytical methods are needed to detect ultra-trace level
contamination.># Consequently, scientists have developed several sensitive analytical methods

to detect them. Gas chromatography high-resolution mass spectrometry (GC-HRMS) is the most

2



common analytical method. In this instrument, HRMS is separating the different homologues
and discriminate against non-dioxin background; whereas GC provides the required isomer
separation.” GC-HRMS can detect very low level (parts per billion) contamination with good

accuracy.1s

Over the last decades, many attempts have been done to improve the GC separation with the
ultimate goal to separate all 136 tetra-octa congeners.'>1¢ However, no single column has so far
even been able to provide complete separation of the seventeen of 2,3,7,8- substituted
PCDD/Fs.17 Therefore, the US EPA suggests to use DB-225 or SP-2330 column as a
complementary column to the DB-5 GC column. Moreover, Environment of Canada proposes
DB-5 and DB-Dioxin as the complementary column.'® For this reason, scientists have been
trying to resolve all these 17 congeners using one GC column for a long time, and some of them
stand out. Ryan et al. have reported the retention profiles of the 136 tetra- to octa-CDD/Fs on
nine GC columns, i.e. DB-1, DB-5, DB-17, DB-210, DB-225, CPS-1, SP-2331, CP-Sil 88, SB-
Smectic.” In recent years, Fishman’s research group has published a series of articles, where the
separation of the 2,3,7,8-substituted PCDD/Fs were reported for the DB-5, HP-5MS, RTx-5ms,
Equity-5, DB-5ms, ZB-5UMS, CP-Sil 8 CB/MS, Rtx-Dioxin2, DB-XLB, DB-225, SP-2331, VF-Xms,
and VF-5ms columns. Full congener profiles were also provided for the 136 tetra- to octa-
CDD/Fs on the VF-Xms, VF-5ms, DB-5ms, ZB-5ms, Equity-5 and DB-5 columns.®%17 Beside this,
two separate studies have reported full congener profile using the Dioxin2 and BPX-DXN

columns.19-20

In this study, six new GC columns, i.e. Rt-LC50, Rt-BDEXcst, DB-XLB, SLB-IL61, SLB-IL76, and
SLB-IL111, were evaluated for their ability to separate the 136 tetra- to octa-CDD/Fs. These
have different stationary phase characteristics, and never been reported to use separating the
136 congeners. Several standard mixtures, each containing different PCDD/F homologues, and
a Super-Mix with all 136 congeners, were used to obtain unambiguous data and illustrative
congener profiles. One column (VF-Xms) was additionally employed for method validation
purposes. The separations obtained were compared across the six evaluated GC columns, but
also with the aforementioned literature data to find the best column and column combinations.
Multivariate data analysis was also employed on the data (based on retention order; RO) to

study how the Cl substitution patterns affected the separation on the various columns.



The goal of this project was to find out if a single column can separate all 2,3,7,8-PCDD/F, and
to find the best complementary column if the single column approach failed. We also aimed to
determine the maximum number of tetra- to octa-CDD/Fs that can be separated using a single
column and to figure out if a combination of two or three columns can completely separate all
136 tetra- to octa-CDD/F congeners. Finally, an attempt was done to explain the retention

behavior on the various columns was made using multivariate statistics.

Experimental

Standard preparation

Individual standard solutions of the 136 tetra- to octa-CDD/F congeners were obtained from
AccuStandard and were used to prepare 38 standard mixtures (in nonane); each individual
mixture contains a maximum of one congener of each homologue according to the table 2. The
approximate concentration of each congener was 25 ng/mL. Another mix was prepared in the
same solvent, which contains all congeners, called Super mix (mix-46). This mixture was
concentrated 4 to 5 times and was used to determine the absolute retention time of all
congeners. Before the analysis, a solution with 13C-labeled 2,3,7,8-PCDD/Fs was added (in
nonane) to each of the 38 mixtures and to the Super mix. The prepared standard was stored in

refrigerator when not used.

HRGC-HRMS measurement

All PCDD/F analyses were performed by GC-HRMS using a HP 6890 gas chromatograph
(Agilent 6890 Series GC) coupled with a high-resolution mass spectrometer (Waters
Micromass Autospec-Ultima). Electron ionization (EI) was used in the positive mode at an
electron energy of ca 34 eV and an ionization source temperature of 250°C. Data was collected
in SIM mode and the resolution (5%) was about 10000. 2pL of each sample was injected in to
the GC inlet system (splitless mode) through an autosampler (CTC / LEAP GC PAL
Autosampler). Helium was used as the carrier gas. The GC operation conditions followed the
main separation criteria of US EPA method 1613b. Individual optimum temperature programs
were developed for the six fused silica columns: Rt-LC50, Rt-BDEXcst, DB-XLB, SLB-IL61, SLB-

IL76, and SLB-IL111 to obtain maximum separations of all 136 tetra- to octa-CDD/F congeners.


http://www.hamiltoncompany.com/products/syringes/c/135/
http://www.hamiltoncompany.com/products/syringes/c/135/

One extra column: VF-Xms was tested for method validation using the temperature program

from Fishman et al.17

Table 2: Constituent of individual mixtures and Super mix

Conc
No of per
TeCDF PeCDF HxCDF HpCDF OCDF TeCDD PeCDD HxCDD HpCDD OCDD
Congeners solute
(pglul)
Mix 1 FO1 F39 F67 F83 F87 D01 D23 D37 D47 D49 10 2.5
Mix 2 F02 F40 F68 F84 D02 D24 D38 D48 8 2.5
Mix 3 FO03 F41 F69 F85 D03 D25 D39 7 2.5
Mix 4 F04 F42 F70 F86 D04 D26 D40 7 2.5
Mix 5 FO05 F43 F71 D05 D27 D41 6 2.5
Mix 6 F06 F44 F72 D06 D28 D42 6 2.5
Mix 7 FO7 F45 F73 D07 D29 D43 6 2.5
Mix 8 F08 F46 Fr74 D08 D30 D44 6 2.5
Mix 9 F09 F47 F75 D09 D31 D45 6 2.5
Mix 10  F10 F48 F76 D10 D32 D46 6 2.5
Mix 11  F11 F49 F77 D11 D33 5 2.5
Mix 12 F12 F50 F78 D12 D34 5 2.5
Mix 13 F13 F51 F79 D13 D35 5 25
Mix 14  Fl14 F52 F80 D14 D36 5 2.5
Mix 15 F15 F53 F81 D15 4 25
Mix 16  F16 F54 F82 D16 4 25
Mix 17 F17 F55 D17 3 2.5
Mix 18 F18 F56 D18 3 25
Mix 19  F19 F57 D19 3 25
Mix 20  F20 F58 D20 3 2.5
Mix 21 F21 F59 D21 3 25
Mix 22 F22 F60 D22 3 25
Mix 23 F23 F61 3 25
Mix 24  F24 F62 2 25
Mix 25  F25 F63 2 25
Mix 26 F26 F64 2 25
Mix 27 F27 F65 2 25
Mix 28  F28 F66 2 25
Mix 29 F29 1 25
Mix 30  F30 1 25
Mix 31 F31 1 25
Mix 32 F32 1 25
Mix 33 F33 1 25
Mix 34 F34 1 25
Mix 35 F35 1 25
Mix 36  F36 1 25
Mix 37 F37 1 25
Mix 38  F38 1 25
Mix 46 All TeCDF All PeCDF All HXCDF All HpCDF OCDF Al TeCDD All PeCDD All HxCDD All HpCDD OCDD 136 0.183824

Information on the individual GC columns and their operation conditions are given in Table 3.
The experimental work and data evaluation is summarized in a flow chart (fig 2).



Table 3: Information of GC columns and their Operation condition

Column [Manufa Stationary Phase Polarit| Column Temp program Mode
cturer & Type y size
(m x mm x
pm)
LC-50 Restek |Dimethyl (50% liquid Polar |20 x0.25 |120°C (2min) to 190°C (30°C/min) to |Constant
crystal), wall coated x0.10 260°C (3°C/min, 12min) flow,
1mL/min
B-DEXcst |Restek |14%Cyanoprpoylphenyl/|Polar |30 x 0.25  |120°C (2min) to 223°C (30°C/min) to |constant
86% dimethyl, wall x0.25 240°C (1°C/min, 58min) flow,
coated 1mL/min
DB-XLB |J]&W |Proprietary, non-bonded [Apolar [60 x 0.18 |160°C (1min) to 230°C (35°C/min,15 |Constant
Science x0.18 min ) to 260°C (10°C/min, 25min) to |pressure, 480
310°C (10°C/min, 14min) Kpa
SLB- Supelco |lonic Liquid, non-bonded [Extrem {100 x 0.25 [120°C (2min) to 190°C (30°C/min, 30 |constant
IL111 ely x0.20 min) to 240°C (5°C/min, 15min) to  |flow,
polar 260°C (5°C/min, 20min) 1mL/min
SLB-IL76 |Supelco |lonic Liquid, non-bonded [Highly |30 x 0.25  [{120°C (2min) to 150°C (30°C/min, 10 |constant
polar  [x0.20 min) to 190°C (5°C/min, 15min) to  |flow,
260°C (5°C/min, 5min) 1mL/min
SLB-IL61 |Supelco |lonic Liquid, non-bonded [Polar |20 x 0.25  [{120°C (2min) to 150°C (30°C/min, 10 |constant
x0.10 min) to 190°C (5°C/min, 15min) to  |flow,
280°C (5°C/min, 5min) 1mL/min

Data analysis and evaluation

During data analysis, the identity of every peak was confirmed using ion ratios of two

monitored ions for each homologue. Relative retention times (RRTs) for the individual

mixtures and the Super mix were calculated using the retention time (RT) of each congener and

the RT of the corresponding 13C-labeled PCDD/F. The RRTs of the individual mixtures were

applied to avoid an RT shifting effect to identify the right congeners in the Super mix.
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Fig 2: Experimental Flow chart

In the acquired chromatogram, the individual congener separations were evaluated by
classifying the peaks into four categories based on the height of the peak valley. The first one
was ‘Complete separation’ (++) where the peak valley was less than 10% above the baseline.
The second and third are ‘Partial separation’ (+-) and ‘Poor separation’ (+--), where the peak
valley were at 10-50% and 50-90%, respectively; and the last one was ‘No separation’ (--). The
acquired data were compared with all previous studies of PCDD/Fs to evaluate the relative
performance of the different columns for separating the seventeen 2,3,7,8-PCDD/Fs and the
136 tetra- to octa-CDD/Fs, respectively. The RRT data was also transformed to retention order
data (ROs) and evaluated using principal component analysis (PCA) to find associations
between the Cl substituent positions and the retention on the different GC columns. In this
approach, two plots were obtained. The score plot illustrated the relationships between the
columns (observations) while loading plot shows the contributions of the various congeners

(variables) to the distribution of the columns on the score plot.



Result and discussion

Different isomer resolution and retention order was obtained on every GC column. It was also
found that the 13C-labeled reference standards eluted slightly faster than the corresponding
unlabeled compound, which is in agreement with previous findings.” Some other observations
were also noted during the runs (Table 4). Tailing peaks were observed for the LC-50 column,
probably due to poor column deactivation. Retention time shifts were observed for 3-DEXcst,
DB-XLB, SLB-IL111. This might be the results of inlet leakage or loss of stationary phase (likely
the reason for the decreasing retention times on the 3-DEXcst and SLB-IL111 columns). Extra
peaks (low intense) were observed using SLB-IL76 and SLB-IL61 indicating analyte
degradation. As the main aim of this study was PCDD/Fs separation, not quantification, the
data was still useful. Moreover, VF-Xms chromatograms were similar to those in the reference

article, which shows the cited separations are repeatable.

Table 4: Observations for different GC column during run

Column Name |Bleed RT Shifting Tailing or Fronting Degradation
LC-50 Low No Yes, Tailing No

B-DEXcst Low Yes, Decreasing |No No

DB-XLB Low Yes, Random No No

SLB-IL111 High Yes, Decreasing |No No

SLB-IL76 Medium  |No No Degradation
SLB-IL61 Low No No Low degradation

Separation of 2,3,7,8 substituted PCDD/Fs

All applied columns showed some potential to separate 2,3,7,8-congeners (fig 3 and Table 5).
Among them, SLB-IL61 provided (included partial separation) separation of all congeners
except 1,2,3,4,7,8-HxCDF; where 1,2,3,7,8-PeCDF was partially (+-) and 1,2,3,4,6,7,8-HpCDF was
poorly (+--) separated. The two other ionic liquid columns, SLB-IL111 and SLB-IL76, performed
slightly worse with 14 and 13 (partially) separated congeners, respectively. SLB-IL111 failed to
resolve 2,3,7,8-TeCDD, 1,2,3,7,8-PeCDD, and 1,2,3,7,8-PeCDF, and provided poor resolution for
1,2,3,6,7,8-HxCDF. Similarly, 1,2,3,7,8-PeCDD, 2,3,7,8-TeCDF, 1,2,3,7,8-PeCDF, and 1,2,3,4,7,8-
HxCDF were not resolved and 1,2,3,4,6,7,8-HpCDF was poorly resolved by SLB-IL61.
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Fig 3.2: Chromatograms of PeCDFs from LC-50, B-Dex, DB-XLB, SLB-IL111, SLB-IL76, SLB-IL61 columns

A 4800 85 L0 LK 00

4

7.0

B0 BH 4N LR M0 43 40 4% LN /D 40 4N &N L1 &l &N 4
10

350

30



(o]
b e
v,<f (=]
@ 9 w
o 3 2
100 o ® T & 5
w
@ L a
T3 > —
© ™2 ~ R
g ~— I o Eoo %
=
& & @ 3o 2 o © &
& = o » o NO&
I 3 QQ < - &
2 5 ga S © © <
@ o o~ o~ <
o 5 - N
n & & N
| b
Q
-

—_

- "\Jw] L g " i ST S S VNP, "

et

B WB O 90 ®® W0 20 NN AW 20 2% BO 0 BR AN 23 B0 BN B0
© @ ~
% g zg8e 8 2
100, 8 = 2 o QS0 g2 2
g L 8 288
- 2 = W Ihe
o & N M
< [ N
> e
[0} = f“w
o # g
I o~
ey a
/\ s Mf} et N VSIS VU USRI S SOV ~
(-
207X BN 850 200 250 W00 00 N0 HMH RO R BN BH U0 HH O BN BH O B0 BHN ;0 FH BN BIL B0 N
™ % @ B » ’0\0 % % %
R 2 2 . 5 5 g s & g
o « © —
3 j\ . = o g 8
X gl @ s b} —
[N P~ 2
2] ¥ o2
o o /L
a\ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
050 400 450 4200 250 S0 4350 400 450 4500 B0 4600 450 4100 30 400 4850 4900 4950 KM KA 5
o @
©g
m, 58
& 2 ege = o
© Ny & e o < ﬁ & m
g - -— 0
o~

SLB-IL111
%
(
r‘_xms?g

1
Ewmeg

200 5300 w0 500 00 5700 500 %0 0.0 61.00 6200 6300 6400 6500 600 ]

2

123789
123489
?234678 2

134678
124679

124678

SLB-IL76
%
T 123468

L

:],
W B LN 4D 40 4B 20 L% 4N 80 40 45 £ B3 60 BN a0 4% 40
8 o
- 2 5
e e ¢ g 2 5 3
Z g & 2 5 g 2
& 3 . )
— T2 T -
g ¢ 3 @
- - 5
[a] 3
— ~—
7 \
G T T T T T T T T T T T T T T T T T T T T T T
500 45 am i) 40 85 190) 450 5000 5050 5100 5150 5200 5250

Fig 3.3: Chromatograms of HxCDFs from LC-50, B-Dex, DB-XLB, SLB-1L111, SLB-IL76, SLB-IL61 columns

11



247/124 8

2
o
o = 2 5
jeed <t =
@ - [
— = @ @ o
o & g g T
= . < 5 =
Rz 5 e 3 9 2 & g 58 g 2
- nE T 82 g y R 8
- N ! k
L L
875 900 925 LK 975 1000 025 0% 0B 1 J BT - VR | YT i) 1225 128 1275 1300 1325 139 137 1400 1428
» °% 2
o - o © S o
- ~ G = <+ ~ I~
. &= o QN S o
2 = e ==
(3]
2o o
(2]
@ o 8 5 < 2
x5 - Y : :
[ - oo o
L e B O O I I S IR I S B
WE 0 195 BE 6T 6800 8% BA  BE 100 1725 175 175 80 83 88 B 0 9% 4R 67 AN AB A
©
10 3 5
= I~ o
g o gas 3
2 23 e o
(93]
o 5 A & 2
©
ok s <8 Py &
o o
[a)
R A L A L L Ll E L A ) LA L L L Ll Ly B N L L N LR A LR R A Ly RN L) LAY KAL) LA SARMRAAAY RARA] ERAL] RALRIRRAS RALMY LA RARL) RN A AL RO
B BE MO D 24 MR MO BN BH KL B BN B0 B XN B BN TN TN TH T8 HH AN BN
®© o
@ O M~
07 > $3 o 35 S
© © - © o ~ ©
3 o Sl gllo S
= 8 5 '3 g = = 2 2
— -~ - - o~ I~ o N 5 &
—l - — Q S —
3’ L L fLL :J}L j
@ v_A
wy
g i i s ] i o - P o e U L
0.
L L L L R R A L R L A R R R M Lt R KA A KA AN RN WA LA AN RUAN N KLY R LAY WAREE LARAN AR RARAN LALAE LAY RAREE LALAN AAAR) RARAAAALE) RAAAN NARAE LA ARRE R
3400 ®B0 700 /00 390 a4m 400 4200 4300 4400 4500 4800 am 400 400 W 500 5200 &3 500
o
100- 8
4 - @
=
] 2 S
O @ Eha e o
=) Pop Sy, g2 :
= ¢ 5 1 B e T Hemegd o S 2
[aa] 1 o= NR 8 o @ & o
- K ﬁf‘;N s a -~ K
a Ay A
R R R S L B A B L B R AR RN R R RN RN RN LR RN RN RS R R R RN AN RSN RN AR RN AR
2100 2200 2300 2400 2500 2600  27.00 2800 2900 3000  31.00 3200 3300 3400 3500  36.00
> e o F -
1004 § §v§ . 5 o % g
@ R B @ N
2 a4 L RNES o 2 Py
— g o © = oy T o o
w0 [ o A& 8= K ~
- © P~ A - —
= - o
[aa]
|
(¥s]
B e
G,
80 20 .00 3100 Rl 3300 3400 3500 »B0 370 B0 10 40.00 4.0 4200 4300 4400 4500 &80 am

Fig 3.4: Chromatograms of TeCDDs from LC-50, 3-Dex, DB-XLB, SLB-1L111, SLB-IL76, SLB-IL61 columns

12



g5
. > £
w2 o g 2 el
o 3 = o
2 % )
o &7 -
@ g - " g o
O 2 8 2
- ) MWS
ORI Y B W W’ B0 65 BH BB BN 65 0 B 10 1% 18 05 80 85 80 €F 60 05
1t @ §
g
2 o
o = (S
x g © Q w
g # o g == %
- A L / /
— /
.
NE M0 HE AN HE 20 2% D8 2% N BB BY BF M40 % UE BN K% BN KE RN N5 S ®F 20 02
m, = B SES
2
[aa} g % @ % ®
x ¥ 3 2 e 3 i 5 §
h < + O - L =
@ 4| & & % & 2
=) = - &
=
THE HE WB RN U DN LB BN N5 DA BB K0 U5 W 347‘ BN BE BN BB R0 B5 B BB TN T5 N9
0 o
g 2
[s> BN @ =
=T ¢ 2 8 5
a1 = % N
-
m
|
v o — et
il
oy, SB9THEN 60U AN 4089 6L €9 S0 9% 50 69 90 98 S0 83 uE 40 sh s4 s B0 8 R R
RIS g o 2 2
o 5 L. 3
L] Fy ] S 3w =
N 2 2 & & G
J \ | ML F
- /L & L
@ &
v /\
PN | SR
I s L L B L I B L S L B R R AR R R R R
200 3000 %00 %00 3400 300 %0 o0 | 3800 300 4000 2w 800
1 E 3 § ® g
- S s T3
— s 2 @
[ts) & b s
= . 3
é /U\ |
|
(Vp]
[],
HOD | 4150 4200 4250 4300 4350 4400 4450 4500 4550 4600 4650 4700 4750 4800 4850 49

Fig 3.5: Chromatograms of PeCDDs from LC-50, B-Dex, DB-XLB, SLB-IL111, SLB-IL76, SLB-IL61 columns

13



100

124679

123688

@
©
<
@
o

123478
/123678

‘123789

WE 20

"

a8

"u7

RS

"

zn

‘25

.

T
278

n0

E

N

e
A5

B

E

1
0t & 2 g
[=23 (2]
@ g2 8 ad
3 a3 o
3 A = = 2
) ©w ~
[} -
2 AN
[<'a T SRR /
OO WD 0 ¥R B0 BY BN BD X0 ¥D 0 B0 EY ®0 0 ®EY g0 §I B0
2 o > @
— .3 o
. Sfk e o B
T8 5 O5h 03
2 o g §§ o
iy
>
o
e J
0 LR L R L L R R L R I L R R L L) L) L L L L L L ) LR AR L) R LR R T LAA R LR LA LA
1Y AN N A0 4D L0 L0 40 N0 4D 4D L0 £0 60 B 400 450 80 850 80 4950
w
i & o o
N ICE < 102 ~
< ® 3 ] @
— Q 5 o 9 3
— — ~ o
‘_| -
=
o p\Mﬂj\vhiﬂ,,mmﬁv_m,ﬂM,_d_ﬁKﬁm“wm%MJKhwwmw
f—|
vy

g

SLB-IL76

SLB-|L61

4

400

124689
/124879

anm

Gl

124688
124679

42

123468

5500 558

H4) 480 4180

g1 44 48

5800

B3

am 40

@
@©
©
@
o~

/123679

a8 480

24

4260

4820

280

44

40

4480

585

123678

8.0

805

6100

123469

6150

20 6%

AN

50 61 £4 68

LT ]

2

)

a

80 L4
2
@ ©
~ I
% 8
880

400

460

48

420

40

84

42

4980

44

123469

4980

480

450

.00

020 54

80

5060

835 6N
o
IS
~ ~
S
o
% 560 80 4
®
=
o
=
&
5080 51

Fig 3.6: Chromatograms of HxCDDs from LC-50, 3-Dex, DB-XLB, SLB-1L111, SLB-IL76, SLB-IL61 columns

14



DB-XLB column was the second best performing column with 15 congeners (included partial
separation) separated, but it failed on two important congeners, 2,3,7,8-TeCDF and 2,3,4,7,8-
PeCDF, and provided partial separation (+-) for 2,3,7,8-TeCDD, 1,2,3,6,7,8-HxCDD, 2,3,4,6,7,8-
HxCDF, and 1,2,3,7,8,9-HxCDF, and poor separation (+--) for 12378-PeCDD.

Both of Rt-LC-50 and Rt-BDEXcst columns performed the worst and separated (included partial
separation) of 12 congeners. The LC-50 failed on 1,2,3,4,7,8-HxCDD, 1,2,3,6,7,8-HxCDD, 2,3,7,8-
TeCDF, 1,2,3,7,8-PeCDF, and 2,3,4,7,8-PeCDF and provided partial separation (+-) of 1,2,3,4,7,8-
HxCDF and 1,2,3,6,7,8-HxCDF. On the other hand, Rt-BDEXcst failed on 2,3,7,8-TeCDD, 1,2,3,7,8-
PeCDD, 1,2,3,4,7,8-HxCDD, 1,2,3,6,7,8-HxCDD, and 2,3,7,8-TeCDF, provided partial separation
(+-) of 2,3,4,7,8-PeCDF, and poor separation (+--) of all HXCDF.

In previous study, VF-Xms was reported as better than any other column available in market to
separate 2,3,7,8 substituted congeners. Comparing the evaluation criteria of peak separation to
previous studies, our current study was more specified to evaluate the peak separation
capacity of investigated columns. In the comparison, the separation on SLB-IL61 was found
superior to DB-5ms, VF-5ms and VF-Xms (Table 5). Furthermore, SLB-IL61 is complementary
to DB-XLB, Rtx-Dioxin2, ZB-5Ums, DB-5ms, ZB-5ms, VF-5ms, CP-Sil 8 CB/MS and VF-Xms. Any
of these 8 column combinations provide complete separation of all 2,3,7,8-substituted
PCDD/Fs. The SLB-IL111 column can also be used to obtain a full separation if combined with
DB-5, HP-5ms, Rtx-5ms, Equity-5, DB-5ms, ZB-5ms, VF-5ms, CP-Sil 8CB/MS or VF-Xm (total 9
columns) as a complementary column. Finally, the test showed that any of the 3 SLB-IL
columns can be combined with DB-5ms, ZB-5ms, VF-5ms, CP-sil8 CB/MS, or VF-Xms to resolve
all 17 congeners. This result showed that a satisfactory number of columns are available

complementary to IL columns,

In selecting a feasible column combination for the separation of 2,3,7,8-PCDD/Fs, it is
important not only to evaluate the separation, but also some other factors like column lifetime
and column bleed, those affect the limit of detection (IL-111 column showed high bleed and
degradation of highly chlorinated congeners seems to occur on the IL-61 and IL-76 columns). It
is therefore advisable to quantify as many congeners as possible using one of the stable low
bleed columns (e.g. VF-Xms) and use the polar (e.g. IL-111) column for the complementary

separations.
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Table 5: Comparison of separation capacity of 2,3,7,8 substituted Cl of PCDD/Fs

References Own Analysis Fishman etal. (17)
0 v
s E Z z
Column- ~ s 2 - 2
\» P N 2]
SR (% 3 | m| 8|2 |ZE€ |w |2 |5 |d®|y
=12 |5 S (2812 w518 |2 | |E=|E
C . o @ (@B (8 X %2 (DS |D | (PP %
ongeners a = n | & == R - O 25
23 a3 &|la|l2|8 az|a |a | |5G[E
2378-TeCDD SRR e o o +- [+ |+ [+ +- |++ +- |++ ++
12378-PeCDD - |- ++ |++  |-- +-- |-- - |+t -- ++ -- ++ ++
123478-HxCDD ++ [++ |+t |- -- ++ [++  |++ [+ ++  |++ ++ |++ ++
123678-HxCDD ++ |++  |++ |-- -- +- |++  [++ [+ ++  [++ ++  |[++ ++

123789-HxCDD

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

1234678-HpCDD ++ [++ |+ [HE |F+ [H+ [+ |+ [++ ++  |++ ++  |++ ++
0OCDD ++ [++ |+ [HE |F+ [H+ [+ |+ [++ ++  |++ ++  |++ ++
2378-TeCDF ++ |-- ++ |-- -- - |++ [+ |- ++  [++ +-  |++ ++
12378-PeCDF e e N R e  E s - |++ - |4+ ++
23478-PeCDF ++ [++  |[++ |-- +- |- |- -- -- ++ |-- ++ |- --
123478-HxCDF ++ |-- — |- |- |+ [+ |+ |- ++  [++ -- ++ ++
123678-HxCDF +-- |++ |+ (- [+ [+ [+ [+ [+ -- ++ ++  |++ ++
234678-HxCDF e B I B e e P e N - ++ |- +-
123789-HxCDF ++ |+ [+ [HE [+ [+ - - [+t ++ |- ++ |+ +-
1234678-HpCDF 4 [+- |- [HE [HE [H [+ [+ [+t ++ [+ |+ [+ [+
1234789-HpCDF ++ |++  |++ [+ [+ [+ [+ [+ [++ ++  [++ ++  |+- ++
OCDF ++ |++  |++ [+ [+ [+ [+ [+ [++ ++  [++ ++  |[++ ++

Separation of the 136 tetra- to octa-chlorinated PCDD/Fs

Since no single column, or dual column combinations (Appendix-1) have been reported to
separate all 136 congeners (tetra-octa), this study evaluated the possibilities to achieve such a
separation. From the previously studied chromatograms, it was difficult to accurately
differentiate between partially separated (+-) and poorly separated (+--) congeners. Therefore,

complete separation (++) data were first considered as a basis for the performance evaluation.

The possibility of single column separation was evaluated first (Appendix-1.7) and it was found
that the ionic liquid performed best (Table 6). The SLB-IL61 separated 83 (61%) out of the 136
congeners In the same way, IL-111 and IL-76 separating 81 (59.56%) and 69 (50.74%)
congeners, respectively. Each of the remaining tested columns separated less than 48 (35%)

congeners. However, the commercially available column, Dioxin2 shows the best performance
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among the previously studied columns (Appendix-1.7), and separated 71 (52%) congeners

among all tetra- to octa- CDD/Fs, which performs close to the SLB-IL76 and less than the other

two IL-columns.

Table 6: Percent of completely separated tetra- to octa- CDD/Fs on different columns

SLB-IL111 SLB-IL76 SLB-IL61 LC50 BDEXcst DB-XLB

TeCDFs 60.53 39.47 60.53 21.05  23.68 18.42
PeCDFs 46.43 39.29 46.43 17.86  28.57 28.57
HxCDFs 75.00 87.50 75.00 62.50  43.75 50.00
HpCDFs 100.00 50.00 50.00 100.00 100.00 100.00
OCDFs 100.00 100.00 100.00 100.00 100.00 0.00
TeCDDs 50.00 40.91 63.64 3182  27.27 27.27
PeCDDs 64.29 64.29 71.43 3571 14.29 42.86
HxCDDs 50.00 50.00 50.00 40.00  40.00 30.00
HpDDs  100.00 100.00 100.00 100.00 100.00 100.00
OCDDs  100.00 100.00 100.00 100.00 100.00 100.00
Total 59.56 50.74 61.03 3456 3235 33.09

In this present investigation, no single column was found that can resolve all the 136
congeners. Therefore, complementary columns were considered to maximize the separation.
Simultaneous evaluation of the possibilities of additional columns was conducted as an attempt
to resolve the remaining congeners. For this purpose, SLB-IL111 was chosen as the primary
complementary column of SLBIL61 because of their different retention preferences. The two
SLB-IL (111 and 61) columns together resolved all TeCDFs except six congeners (Table 7.1)
five (2,4,6,8-, 1,4,7,8-, 1,2,3,6-, 1,2,4,6- and 1,2,3,4-TeCDF) were partially
separated and 1,2,6,9-TeCDF was not separated at all. However, 2,4,6,8- and 1,2,6,9-TeCDF can

among which,

be resolved on VF-Xms and 1,4,7,8- and 1,2,3,6-TeCDF on Dioxin-2. For the remaining two
congeners (1,2,4,6- and 1,2,3,4-TeCDF), commercially columns are not available nowadays
(CPS-1 and Smectic are no longer in the market). Subsequently, all PeCDF can be resolved
except ten congeners (Table 7.2), eight of which are partially (+-) or poorly (+--) separated
(1,2,4,7,8-, 1,4,6,7,8-, 1,2,4,7,9-, 1,3,4,6,9-, 1,2,4,6,9-, 1,2,3,4,7- 1,2,3,7,8-, and 1,2,3,7,9- PeCDF)
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and only two were unresolved (1,2,3,6,7-and 1,2,6,7,8-PeCDF). Of the ten congeners those were
not completely resolved, four can be separated using SP-2331 (1,2,4,7,8-, 1,3,4,6,9-, 1,2,3,6,7-
and 1,2,3,7,9-PeCDF). 1,4,6,7,8- and 1,2,4,7,9-PeCDF can only be separated by CPS-1 and
Smectic (those are not on the market). The remaining unresolved congeners, 1,2,3,4,7-,
1,2,4,6,9-, 1,2,3,7,8-, 1,2,6,7,8-PeCDF cannot be separated on any column. All HxCDFs were
separated on the two IL columns except 1,2,4,6,8,9-HxCDF, which was partially resolved (Table
7.3). This congener was completely separated by a great number of other columns (incl. Rt-

LC50, Rt-BDEXcst, and DB-XLB).

Furthermore, all TeCDDs were separated using SLB-IL111 and SLB-IL61 together except six
congeners (1,3,6,9-, 1,2,4,7-, 1,2,4,6-, 1,2,4,9-, 1,2,3,6- and 1,2,3,4-TeCDD) (Table 7.4). Three of
these (1,3,6,9-, 1,2,4,9- and 1,2,3,4-TeCDD) can be resolved by LC-50 and one (1,2,3,6-TeCDD)
by Dioxin2. For the remaining two separations, there are no commercially available columns.
However, 1,3,6,9-, 1,2,4,7-, 1,2,3,6- and 1,2,3,4-TeCDF were partially or poorly separated (+- or
+--) by the selected IL columns. Except 12467-PeCDD (partially resolved), all PeCDDs were
completely separated by the two IL columns (Table 7.5), and this congener can be completely
resolved using the Dioxin2 column. Five of the ten HXCDDs, HpCDD and OCDD were completely
resolved by the IL columns. The remaining HxCDDs (1,2,4,6,7,9-, 1,2,4,6,8,9-, 1,2,3,4,6,8-,
1,2,3,6,7,9-, and 1,2,3,6,8,9-HXxCDD) were all separated by the DB-1 column (Table 7.6).
Moreover, All HpCDD/Fs and OcDD/F can be resolved by any of the SLB-IL columns. Among
which, two HpCDFs were poorly separated by SLB-IL61.

In conclusion, the evaluation of the SLB-IL 61 and SLB-IL 111 data showed that 107 of the
tetra- to octa- CDD/F congeners can be completely separated and 19 congeners can also be
partially resolved from the remaining congeners. No third column can be specified for
separating all remaining unresolved congeners. The choice of additional complementary

column(s) to use besides the two IL-columns, thus has to be based on the problem at hand.
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Table 7.1: Separation Capacity of SLB-IL, LC-50, BDEXcst, DB-XLB Columns for TeCDF and
complementary option of columns for unresolved congeners by SLB-IL 111 and SLB-IL 61

Congener SLB- | SLB- | SLB- |LC50 |BDEXcst| DB- |Additional column(s) to do complete
IL111 | IL76 | IL61 XLB |separation for unresolved congeners after
SLB-IL111 and SLB-IL61 complementary
1368-TeCDF | ++ ++ ++ ++ ++ ++
1468-TeCDF | ++ -+ ++ ++ ++ ++
Vf-Xms, VF-5ms, DB-5ms, Equity-5, DB-5, DB-225,
2468-TeCDF | +- - - ++ - - Sil-88,BPX-DXN
1247-TeCDF | +- -+ ++ -- +-- e
1347-TeCDF | ++ ++ ++ -- - -
1378-TeCDF | -- +-- ++ . - -
1346-TeCDF | -- ++ ++ ++ ++ ++
1246-TeCDF | +- - -- -- -- - CPS-1, Smectic
1348-TeCDF | ++ ++ ++ -- - -
1367-TeCDF | +- ++ ++ -- - i
1248-TeCDF | ++ ++ ++ -- +-- i
1379-TeCDF | -- +-- ++ -- - i
1268-TeCDF | ++ - - . . _
1467-TeCDF | ++ ++ - -- - -
1478-TeCDF |+- |- L ++ DB_XLB, Dioxin-2
2368-TeCDF | ++ +- ++ ++ ++ ++
1237-TeCDF | ++ -- -- - - -
1369-TeCDF | -- -- ++ -- - -
2467-TeCDF | ++ ++ ++ - - -
1469-TeCDF | -- ++ ++ -- +- e
1238-TeCDF | ++ +- - +- . .
1236-TeCDF | +-- +-- -- -- -- -- Dioxin-2
1678-TeCDF | ++ +- - e . .
1234-TeCDF | +-- +- -- -- -- -- No good complement
1278-TeCDF | ++ +- -- -- ++ +--
1349-TeCDF | ++ +- ++ -- ++ +--
1267-TeCDF | -- ++ ++ -- - +-
2347-TeCDF | ++ ++ ++ - ++ -
2348-TeCDF [ ++ ++ ++ -- - -
1249-TeCDF | ++ +- +-- +- +- e
1279-TeCDF | ++ +- +- +-- +- +-
2346-TeCDF | ++ -- - - ++ +--
2378-TeCDF | ++ - ++ - - -
2367-TeCDF | -- - ++ ++ - +-
VF-Xms, VF-5ms, DB-5ms, DB-17,SP-2331, Sill88,
1269-TeCDF |-- ++ - - - e BPX-DXN
3467-TeCDF | ++ ++ ++ ++ - -
1239-TeCDF | ++ -- ++ +- - ++
1289-TeCDF | ++ ++ ++ ++ ++ ++
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Table 7.2: Separation Capacity of SLB-IL, LC-50, DEXcst, DB-XLB Columns for PeCDFs and
complementary column options for unresolved congeners by SLB-IL 111 and SLB-IL 61.

Congener SLB- | SLB- | SLB- |LC50 |BDEXcst| DB- |Additional column(s) to do complete separation
IL111 | IL76 | IL61 XLB |for unresolved congeners after SLB-IL111 and
SLB-IL61 complementary
13468-PeCDF | ++ ++ ++ -- ++ ++
12468-PeCDF | ++ ++ ++ -- ++ ++
13678-PeCDF | ++ ++ ++ -- ++ --
13467-PeCDF | ++ ++ -- +- -- --
12368-PeCDF | -- - ++ -- - -
13478-PeCDF | -- - ++ -- - -
12478-PeCDF | -- +-- | +- -- +- +- SP-2331, CPS-1, Sil88
12467-PeCDF | +-- +- ++ +-- +- +--
13479-PeCDF | ++ ++ ++ +=- -- +-
14678-PeCDF | +-- +- +- -- -- +-- CPS-1, Smectic
12479-PeCDF | -- +-- |+ -- +-- +- CPS-1
13469-PeCDF | -- ++ +- +-- |- -- SP-2331, CPS-1, Sil88, Smectic
23468-PeCDF | ++ -- +-- -- ++ +--
12469-PeCDF | -- ++ +-- -- +- +-- Dioxin2
12346-PeCDF | +- ++ ++ -- -- --
12347-PeCDF | +-- +- -- ++ -- -- Smectic
12348-PeCDF | ++ -- +-- +- -- --
12378-PeCDF | -- - +- - ++ ++ VF-Xms, VF-5ms, DB-5ms, Smectic
12367-PeCDF_ | -- - - - - - Equity-5,SP-2331, Sil88
12678-PeCDF | -- - - - - - Equity-5, DB-17, DB-225, CPS-1, Smectic
VF-Xms, VF-5ms, DB-5ms, DB-17, SP-2331, CPS-1,
12379-PeCDF | +- ++ +-- ++ ++ ++ Sil88, Smetic, BPX-DXN, Dioxin2
23478-PeCDF | ++ +4+ ++ -- +- --
12679-PeCDF | ++ +- +- -- ++ ++
23467-PeCDF | ++ -- ++ ++ ++ ++
12369-PeCDF | ++ -- +-- +- +-- ++
12489-PeCDF | ++ +4+ ++ ++ ++ +--
12349-PeCDF | ++ +4+ ++ +- +-- --
12389-PeCDF | ++ -- ++ ++ +- ++

Table 7.2: Separation Capacity of SLB-IL,LC-50, BDEXcst, DB-XLB Columns for PeCDF and
complementary option of columns for unresolved congeners by SLB-IL 111 and SLB-IL 61.

Congener SLB- | SLB- | SLB- | LC50 | BDEXcst | DB- | Additional column(s) to do complete
IL111 | IL76 | IL61 XLB | separation for unresolved congeners after
SLB-IL111 and SLB-IL61 complementary
123468-HxCDF -- ++ ++ ++ ++ ++
134678-HxCDF ++ ++ ++ -- ++ +-
124678-HxCDF ++ ++ ++ -- ++ +-
134679-HxCDF -- ++ ++ ++ ++ ++
124679-HxCDF ++ ++ ++ ++ ++ ++
VF-Xms, DB-5ms, Equity-5, DB-5, DB-210, SP-
124689-HxCDF +-- - - ++ ++ o 2331, Smectic, BPX-DXN, Dioxin2
123467-HxCDF ++ ++ +- -- $o- 4
123478-HxCDF | ++ - - +- e —
123678-HxCDF | +-- ++ ++ +- +-- ++
123479-HxCDF ++ ++ ++ ++ +-- -
123469-HxCDF ++ ++ ++ -- +- -
123679-HxCDF ++ ++ ++ ++ +- ++
234678-HXCDF | ++ ++ ++ ++ - +-
123689-HxCDF ++ ++ +- ++ ++ +-
123789-HxXCDF | ++ ++ ++ ++ - +-
123489-HxCDF ++ ++ ++ ++ - +-
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Table 7.4: Separation Capacity of SLB-IL, LC-50, BDEXcst, DB-XLB Columns for TeCDDs and
complementary column options for unresolved congeners by SLB-IL 111 and SLB-IL 61.

Congener SLB- | SLB- | SLB- | LC50 | BDEXcst | DB- | Additional column(s) to do complete
IL111 | IL76 | IL61 XLB | separation for unresolved congeners after

SLB-IL111 and SLB-IL61 complementary

1368-TeCDD ++ ++ ++ ++ ++ ++

1379-TeCDD ++ ++ ++ +- +- +
VF-Xms, VF-5ms, DB-5ms, Equity-5, DB-1,DB-5,
DB-17, DB-210,DB-225, Smectic, BPX-DXN,

1369-TeCDD +- +- +- ++ ++ ++ Dioxin2

1469-TeCDD -- +- ++ - - +

1247-TeCDD +- +-- +- - +-- -- No good complement

1248-TeCDD ++ +-- ++ - - .

1378-TeCDD ++ ++ ++ -- - --

1246-TeCDD - - - - - +-- Partially separated on Smectic

1249-TeCDD -- -- -- ++ -- +--

1268-TeCDD ++ ++ +-- -- +- --

1478-TeCDD ++ ++ +-- +- ++ ++

1279-TeCDD ++ +-- ++ +-- ++ +--

1269-TeCDD ++ ++ ++ ++ +- +-

1236-TeCDD - +- +-- - - +- Dioxin-2

1237-TeCDD -- +-- ++ -- +- --

1234-TeCDD -- ++ +-- ++ -- +-- Smectic

1238-TeCDD -- -- ++ -- . -

2378-TeCDD | -- +-- ++ ++ - +-

1239-TeCDD ++ ++ ++ -- +- --

1278-TeCDD -- +- ++ -- - --

1267-TeCDD ++ ++ ++ -- ++ --

1289-TeCDD ++ -- ++ ++ ++ ++

Table 7.5: Separation Capacity of SLB-IL, LC-50, BDEXcst, DB-XLB Columns for PeCDDs and
complementary column options for unresolved congeners by SLB-IL 111 and SLB-IL 61.

Congener SLB- | SLB- | SLB- | LC50 | BDEXcst | DB- | Other column options to do complete
IL111 | IL76 | IL61 XLB | separation for unresolved congeners by
SLB-IL111 and SLB-IL61 complementary
12468-PeCDD ++ -- - ++ +- 4-
12479-PeCDD ++ -- - ++ +-- 4o-
12469-PeCDD ++ ++ ++ +- +- +
12368-PeCDD ++ ++ ++ +- +- T+
12478-PeCDD ++ ++ ++ +- ++ 4+
12379-PeCDD ++ ++ ++ +-- +- +-
12369-PeCDD -- ++ ++ ++ +- -
12467-PeCDD +- - +- - -- -- Dioxin2
12489-PeCDD ++ +- ++ - - -
12347-PeCDD ++ ++ +- -- -- ++
12346-PeCDD -- ++ ++ -- -- ++
12378-PeCDD | -- - ++ ++ -- +--
12367-PeCDD -- ++ ++ +-- - +e-
12389-PeCDD ++ ++ ++ ++ ++ ++
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Table 7.6: Separation Capacity of SLB-IL, LC-50, BDEXcst, DB-XLB Columns for HxCDDs and
complementary column options for unresolved congeners by SLB-IL 111 and SLB-IL 61.

Congener SLB- | SLB- | SLB- | LC50 |BDEXcst| DB-XLB | Additional column(s) to do complete
IL111 | IL76 | IL61 separation for unresolved congeners
after SLB-IL111 and SLB-IL61
complementary
124679-HxCDD | -- - - e - - DB-1
124689-HXCDD | +-- -- - +-- -- -- DB-1

VF-Xms, VF-5ms, DB-5ms, Equity-5, DB-1,
DB-5,DB-17, DB-210, DB-225, BPX-DXN,

123468-HxCDD | -- +-- +-- +- ++ ++ Dioxin2
123679-HxCDD | -- -- -- +- 4o - DB-1
123689-HxCDD | -- - -- ++ 4= +m DB-1
123469-HxCDD | ++ ++ ++ ++ ++

123478-HxCDD | ++ ++ ++ -- - +4+
123678-HxCDD | ++ ++ ++ -- - +-
123467-HxCDD | ++ ++ ++ ++ ++

123789-HxCDD | ++ ++ ++ ++ ++ ++

Influence of the Cl substituent positions on the retention

ROs of 22 GC columns and their polar behaviors were applied for PCA approach (Appendix-2).
The PCA showed that the stationary phase interaction of different columns (based on polar
behavior), and thus retention, depend on the Cl substituent positions. In this study, two
groupings in all score plot, representing polar (polar to extreme polar range) and non-polar
columns (non polar to medium polar range) (Fig 4). The loading plots explain the contribution

of the various congeners to the distribution (and clustering) in the score plot.

For PCDFs analysis, LC-smectic, LC-50 and DB-17 showed different selectivity from the other
columns. Two of these (LC-Smectic and LC-50) offer a different mode of separation, as they are
shape selective. Separate models were made in which these three columns were excluded. In
these refined models, 83%, 70%, 88% of the variation for the TeCDFs, PeCDFs and HxCDFs can

explained, respectively.

In the PCDDs model, ROs of LC-Smectec, LC-50, DB-17 and SLB-IL76 column were offering
different selectivity for TeCDDs; and the two LC columns and DB-17, and LC-Smectic, B-DEXcst
showed different selectivity for PeCDDs and HxCDDs, respectively. Reduced models were
developed, as for the PCDDs, and they were able to explain 90%, 94%, 78% of the variation for
the TeCDDs, PeCDDs and HxCDDs congeners, respectively.
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Np= Non polar, Lp= Low polar, FP= fairly polar, Mp = Moderately polar, P= Polar, Exp= Extremely polar
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Table 8: Positions of substituted Cl in PCDD/F according to stationary phase polarity of

Column
Column Homologue | Substituted Cl position in Common structure
behavior PCDF PCDD
Extremely | TeCDD/F 1346,2346,1467,24 | 1239,1246,124
Polar 67,1246,1468,1469 | 9,1279,1269,14 m
and ,2468,3467 69,1369 al o) cl
Polar PeCDD/F 12346,14678,1346 | 12489,12469,1 cl cl
9,13467,23467,124 | 2369,12346,12
67,12469,23468, 467 or
HxCDD/F | 123689,124678,12 | 123469,123467 m
4679,134678,1346 0 cl
79,234678 cl cl
or
NANY
Cl cl
or
Non Polar | TeCDD/F 1347,1367,1478,13 | 1234,1478,123
and 69,1236,1379,1378 | 8,2378,1237,12 W
Medium ,1238,1237,1348,1 | 68 o) cl
Polar 678,1269,1234,124 or
9,1267,1248,1268
PeCDD/F 12389,12369,1234 | 12347,12378,1 m a
9,13478,12348,123 | 2368,12478,12 d
78,12379,12347,12 | 379
379 or
HxCDD/F 123479,123689,12 | 123478,123678 m
3489,123679,1234 |, 123689(not o cl
78,123789 accepted) or cl
] W(?
cl
or
] W(?\ .
cl

In this analysis, the group of congeners, whose retention were correlated to the extreme polar
and polar columns, had ClI substituents located in 4,6 positions of PCDFs and 1,9 or 4,6
positions of PCDDs. Similarly, the remaining congeners, containing Cl substituents in other
positions in the aromatic ring were correlated to the non-polar and medium polar columns
(Table 8). As GC column follows ‘Like dissolve like’ theory for stationary phase interaction with
solute, the polarity of solute corresponds to the polarity of the stationary phase. Therefore, a

polar substance will interact with a polar stationary phase and vice versa. In a nonpolar
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column, the separations depend on the vapor pressure of the solutes. Due to the narrow boiling
point range of the PCDD/F isomers, non-polar columns have limited separation potential, and
additional stationary phase interactions (besides dispersive forces) are beneficial for
separation of isomers. Cl and O induces negative electrostatic potential (-6) in PCDD/Fs
molecules. The stationary phase of polar column contains dipoles that can interact with the Cls
and O rich regions of PCDD/F through dipole-induced dipole interactions. When these atoms
are located in the peri positions (4, 6 or 1,9 position) maximum interaction may occur. There
are however exceptions and further studies are needed to fully characterize and ultimately

explain the structure-retention relationships.

Conclusion

This is a qualitative approach which achieved significant information about six different
columns for separating all tetra- to octa- CDD/Fs. In this evaluation study, SLB-IL61 was shown
to have superior separation capacity compared to other GC columns for 2,3,7,8 congeners and
for tetra-octa CDD/Fs, in general. IL-61 and IL-111 can be used with large number of
complementary columns to separate all 2,3,7,8 congeners. Furthermore, the SLB-IL 61 and SLB-
IL 111 columns have different selectivity and can together resolve a great number of tetra- to
octa- CDD/Fs. Only a handful of congeners were not separated or partially separated by the two
columns. Analysis of structure retention relationships, i.e. how different Cl substituents in
PCDD/Fs interact with the stationary phase, may help researchers to design a more fine tuned

stationary phase. This may lead to the full separation of all 136 tetra- to octa- CDD/Fs
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Appendix

Appendix-1.1: Separation Capacity of different columns for TeCDF

References Own Experiment Fishman et al. (17) Ryan et al. (7) (20) | (19)
ol e | = 2| o « ) o | o | wm | o Q <
Congener g % g a E‘j i ‘% E § ‘5 % Ié? E § § E. z % g E %
23| 2 alol|>|>|a| &8 alitalFal S5 A | 5|
1368-TeCDF | ++ | ++ | ++ | ++ | ++ | ++ | ++ | ++ | ++ | ++ | ++ | ++ | ++ | ++ | ++ [ ++ | ++ | ++ +- ++ ++
1468-TeCDF | ++ + E o T S O I O O O - +- - ++ - ++ +- ++ ++
2468-TeCDF | +- -- -- ++ - - L e I N I -- +- | ++ -- -- ++ | 4+ ++ -
1247-TeCDF | +- | -+ | ++ | -- +- +- -- -- -- -- -- -- +- -- -- -- -- -- -- -- --
1347-TeCDF ++ ++ ++ - - - - - - - - - - +- - ++ ++ ++ ++ - -
1378-TeCDF | -- - | A |+ -- -- -- -- -- -- -- -- -- -- -- -- -- - |+ -- --
1346-TeCDF - ++ | o+ | | | +- - +- +- - - ++ - ++ - - - ++ - -
1246-TeCDF | +- -- -- -- -- -- -- -- -- +- -- -- -- -- -- e R e I -- --
1348-TeCDF ++ ++ ++ - - - +- - +- - - - - - ++ ++ ++ ++ ++ - -
1367-TeCDF +- ++ ++ - - +- - - - - - - +- +- ++ - ++ - +- - -
1248-TeCDF ++ ++ ++ - +- +- - - - - - - - - - - - - - - -
1379-TeCDF - +- ++ - - +- - - - - - - ++ - - - - - ++ - -
1268-TeCDF ++ - - - - - +- +- +- - +- - - - - - - - - +- ++
1467-TeCDF | ++ | ++ - - - - +- +- +- - - - - - - - - - - +- ++
1478-TeCDF +- - +- -- -- ++ +- +- +- - - - - - - - - - - +- ++
2368-TeCDF | ++ | +- | ++ | ++ | ++ | ++ - +- - - -- +- -- - R I S N -- -- ++
1237-TeCDF | ++ | -- -- -- -- -- -- -- -- -- -- -- -- +- -- -- -- - |+ -- ++
1369-TeCDF | -- -- ++ | - -- -- -- -- -- -- -- - | | - +- -- -- -- +- -- ++
2467-TeCDF | ++ | ++ | ++ - - - - +- +- - - - +- - ++ | | |+ - - -
1469-TeCDF - ++ | ++ - +- +- - - - - - - - - - +- - +- - - -
1238-TeCDF | ++ | + | = [ + | — | = | = | - | = | = | = | = |+ ]| = | | = | -] | +]| - | -
1236-TeCDF | +- | +- -- -- -- -- -- -- -- -- -- -- -- +- -- -- - - -- - ++
1678-TeCDF | ++ | +- -- +- -- -- -- -- -- -- -- -- -- -- -- -- - - -- - --
1234-TeCDF | +- | +- -- -- -- -- -- -- -- -- -- -- -- -- -- -- - - -- - --
1278-TeCDF | ++ | +- -- - | | |+ +- | A | |+ -- +- S I = - ++ -
1349-TeCDF | ++ | + | ++ - +H+ |+ - +- +- +- -- -- +- +- +- | | |+ -- +- --
1267-TeCDF - ++ | ++ - - +- - ++ | ++ +- - - - ++ - - - - - +- ++
2347-TeCDF | ++ | ++ | ++ - ++ - - - - - - - - - ++ +- +- ++ | ++ - ++
2348-TeCDF | ++ | ++ | ++ - - - - +- +- - - - +- - ++ +- - +- - - ++
1249-TeCDF | ++ | +- +- +- +- +- | |+ - - -- -- o I I -- +- +- -- ++
1279-TeCDF | ++ | +- +- +- +- +- - -- - - -- -- -- -- -- -- -- -- ++ -- ++
2346-TeCDF | ++ - - - ++ +- - +- - - - - - - +- + | |+t +- +- ++
2378-TeCDF | ++ -- ++ - - - | |+ - -- -- +H |+ -- +- -- +- -- +- ++
2367-TeCDF | -- - |+ | - +- -- -- R I A e B B i e e e - --
1269-TeCDF - ++ -- - - R I I S - -- -- ++ - S I R -- ++ --
3467-TeCDF | ++ | ++ | ++ | ++ - - - -- - - -- -- L R s R s s R -- ++
1239-TeCDF | ++ | -- |+ - | A | | | |+ -- -- L B = B ++ |+t
1289-TeCDF | ++ | ++ | ++ [ ++ | ++ | ++ | ++ | ++ | ++ | ++ | ++ | ++ | ++ [ ++ |+ |+ [+ | | | |
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Appendix-1.2: Separation Capacity of different columns for PeCDF

References Own Experiment Fishman et al. (17) Ryan et al. (7) (20) | (19)
4l o | = I ) - z
2|a|a|"|&|8|5|5|8|&|°|°|2|8|8|5|°|”|&|5|°

13468-PeCDF ++ [ ++ | ++ | - |+ | | - - - - - - - R I = I B I o I - ++

12468-PeCDF ++ [ ++ | ++ | - |+ | | - - - - - - - R I = I B I o I - ++
13678-PeCDF ++ | ++ |+ | - | ++ | - - - T B o i N B N I O I I -
13467-PeCDF L I B B e B B i B e e i B i e e O = B e --
12368-PeCDF e e I e B i T e R e e e e B e e e e B --
13478-PeCDF e i O T P I e e B e e e B i e R B e B --
12478-PeCDF S Bl B R i B -- - - -- - | - e B N B B S -
12467-PeCDF Fe- | - | | - | - | - -- - - -- L B i S B = B S S S -
13479-PeCDF ++ | ++ | ++ | +-- | -- - | A | | - - - - +- - +- | | A |+ - ++ | ++
14678-PeCDF +-- | - | - - i e +- | +- -- - -- +- - +- i B = --
12479-PeCDF i Il O I B e e e B B i e i B i e e B e B --
13469-PeCDF e e N N B o - |+ | - B T IR o I o (N SO (N B I
23468-PeCDF o R I B I 2 B S - F e T e L e e I N N = [ = S o S -
12469-PeCDF - |+ | -] -- +- [ +--] - - - +- - - +- +- +- - - - - - ++
12346-PeCDF +- |+t [+ | - | - -- R B S I = - - R o T I B I O - -
12347-PeCDF - - | - |+ | -- -- - - - +- - - +- - +- - + |+ | | - -
12348-PeCDF ++ | == | == - | - L = I T T I S (S I R B N I S S -
12378-PeCDF SRR INCET I T TR S B B I S I I S - - - - — |+ | |
12367-PeCDF - | =] - - | - - - - — | | |+ e B SR = S I B - -
12678-PeCDF Sl T B B It I B -- - | | - L B S B = IR = I = 2 -

12379-PeCDF - |+ | - | | | A | A | | - - - | | - S = I 5 R R S I

23478-PeCDF ++ | ++ [ ++ | - | +- | - - +- - - - R I S I A O I (R o - ++

12679-PeCDF ++ | F- | - | - | HE | | - | | | - - - - - P I = B = T I TS I

23467-PeCDF L I I X B B S B B o I S I R e B e e e N e A e R e --

12369-PeCDF L B e B B e I I e I B B B I B R B = B O S I --
12489-PeCDF e I e e O o e B B - -- Eo R B I I I R S I -

12349-PeCDF Ik S S I B e I B I o i O N I I I I I B I B S N A

12389-PeCDF S I B B o o O I O B I O O I B I e B A B e =
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Appendix-1.3: Separation Capacity of different columns for HxCDD /F

References Own Experiment Fishman et al. (17) Ryan et al. (7) (20) | (19)
R I R BRI I A I R
Congener 22| a|C 82|38 |2|2(8|8|2|a|lalf |8 |F|E[X]8
=y - = alol|s|5 8|38 e =T =T I g sl &|°
123468-HxCDF N B O N O O I O T O O I I I S O O O I =
134678-HxCDF L I A e N s B - - - — |+ | - - — | | - - - - - -
124678-HxCDF L I A e e s B - - - EER = - - P I = I o (R - -
134679-HxCDF B B I O B I I I I O I e O O R I e — | | |+
124679-HxCDF | A | A | | | | | | | | | | | | | |
124689-HxCDF + | - e B B B I I I B e B e e e e B = — | | |+
123467-HxCDF I S I I - - -- B B = = I IS I
123478-HxCDF ++ | - - o | - | | A | A | | - +- | - | - — | ] - - - | | |+
123678-HxCDF R I B e B B B I = B e B s e i T e I (N I I T I I S
123479-HxCDF B I I B e T S B B e e B e e - -- -- — | | |+
123469-HxCDF ++ |+ |+ | - +- — | | | A |+ - - | ] - - - - | | |+
123679-HxCDF B I I O I I = S I I I S e S [ T S S IS S I (S I S I S
234678-HxCDF L o e o B T B i B S e e N e e -- -
123689-HxCDF ++ | |- | [ - +- |- -- +- -- +- - [+ |- -- -- -- -- -- --
123789-HXCDF  |++ [++ [++ |[++ [+ |+ [+ |- -- +- [+ - |- R N e e = --
123489-HxCDF  |++ |[++ [++ |[++ [+ |+ [+ |- -- +- [+ - |- -- ++ [+ [+ [ |- --
Appendix-1.4: Separation Capacity of different columns for TeCDD
References Own Experiment Fishman et al. (17) Ryan et al. (7) (20) | (19)
ole| g B la| ol o a|w ol w | o | 2
c =B B 218 |5|5]|8]|& o|la|8|& | Slg|d
1368-TeCDD o o o S o O O I I O I I O I O I s = o T I B B
1379-TeCDD i B B X I T I S B o O O O I T O I I I I O I O R I I S
1369-TeCDD LT I S I X I o O o R S B e B B N B e B
1469-TeCDD LR S o I IS o I I e e I e e E S I R I I - |+t
1247-TeCDD Ll el B B B e i B i i e i i i B e e e - -
1248-TeCDD e B B e e i e B e e B e e e B e R N -
1378-TeCDD ++ | ++ [ ++ | -- -- -- +- +- +- - - - +- R I S S = I 5 - -
1246-TeCDD e e e I e e i e e e I B e e e e e R B --
1249-TeCDD e e e e e e i e e e i B e e e e e e B = --
1268-TeCDD ++ | ++ [ - -- +- -- R B I +- - - +- | | | [+ - - -
1478-TeCDD ++ |+t [ - | - | | | | | A | 4 +- - - ++ | - | | | - [ A | |+
1279-TeCDD R R RN o B EET ok B TR B B I S I O I O (O - - - +- - ++ [+ [+t
1269-TeCDD | | | | - | - | - - EE I I B e N R e -
1236-TeCDD LR S B I T N R R ol AR I S I S S I T SR IR N B -+ |
1237-TeCDD B B e B D e e B B i i e B e B e B B -
1234-TeCDD Sl B B EE B 5 S ISR B S - - - - - - +- - - - - ++ - -
1238-TeCDD I I ol D e e e i i e e e e e e e = -
2378-TeCDD e I e I I R e I I I I I e I R e e s =
1239-TeCDD ++ | ++ [ ++ | -- +- -- ++ | - | A | A | - +- - - +- | | [ A+ +- -
1278-TeCDD — | - | -] - T B I I I S I R I T I IS S (S (O
1267-TeCDD R B B I e O O I I O I e T o I I B A I T O O B = I I B
1289-TeCDD Lk DR B E o o O O o O I O O I e I I I O O O O B = N I I
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Appendix-1.5: Separation Capacity of different columns for PeCDD

References Own Experiment Fishman et al. (17) Ryan et al. (7) (20) | (19)
Slelg glale|lelegly S =T V. - -
Al | ® a|lB|>|>|0 |4 o | ol s 5|2
12468-PeCDD ++ | - e -- -- -- - | -] - e e e e e I -
12479-PeCDD +=+ | - - | - | - -- -- -- - -] - e e e e e I -
12469-PeCDD R I I O I I I O = I I I A N e I e s
12368-PeCDD B = e B N N S e S I O I I O O O B e I o
12478-PeCDD R I I O B O S I S I B B I - - | A | | A | | | |+
12379-PeCDD B = I R R I S B S I R (R B I e N I T O O I I A
12369-PeCDD R B = S T (R - - - - +- - +- | 4+ | - | | - | |+ - -
12467-PeCDD Sl B B i e -- -- -- -- -- -- -- -- -- e e B - |+
12489-PeCDD S I S = - |+ - | - -- -- - -- -- e B i i B B I --
12347-PeCDD o I S EE B -- e I I I I i I O I (R R B S B ++
12346-PeCDD P I = I - |+ | - - E I e I I (R S I R B R S I = - ++
12378-PeCDD - R B I B I I = i T e B G o = I O B = T R S (S I -
12367-PeCDD e I N I A I I R I I O i I = = T S N S I = S I -
12389-PeCDD B I e i T e i T i a3
Appendix-1.6: Separation Capacity of different columns for HxCDD
References Own Experiment Fishman et al. (17) Ryan et al. (7) (20) | (19)
J| o | o = v | o | w \—1 o | Z
2la|a|"|&|8|s|s|8|&|°|°|2|8|8|5|°|”|&|5|¢?
124679-HxCDD -- - — |+ -] - -- -- -- e e e e e e I -
124689-HxCDD + | - — |+ -] - -- -- -- e e e e e e B e -
123468-HxCDD e e R e s e I I I e R I = - -- +- | |+
123679-HxCDD -- - — | ] ] - -- -- -- e e e e e e B e -
123689-HxCDD -- - — | | | - -- -- e e e e e e B e -
123469-HxCDD S e T T O e O O O e O O O e O O O B O O O e O = B
123478-HxCDD o I S R I B I I I R I B B s i i s B = A I = A I
123678-HxCDD o I S e I I i T S T i I O IR S S
123467-HxCDD B T T I I R S N I I B I i S O I O I e O S I S I S
123789-HxCDD R T T I I O T S B B I = S T S O I O I S O S T S I I S
Appendix-1.7: Maximum Separation Capacity of different columns for PCDD/Fs
References Own Experiment Fishman et al. (17) Ryan et al. (7) (20) | (19)
J o | « - @ ) n - o =4
2052|788 |2|£|2|2|5|B|8|8(&|4|5| 5|5
TeCDFs 23115(2318 |9 | 7 9 8 7 716|510 6 (12 (12|14 |16|12| 7 |19
PeCDFs 13(11]13| 5| 8| 8 6 7 7 5 3 2 6 5 5118|1616 |13 | 6 | 11
HxCDFs 1214|1210 7 | 8 |10|10|10| 4 | 5| 4 | 5| 4 | 5 9191|8|10|10| 10
HpCDFs 4 1212141444444 Information not available 4 | 4
OCDF 1]1(1}j1]1]1]1]1]1]1 Information not available 1|1
TeCDDs 11|19 (14| 7 | 6 | 6 |11]|10]|12| 9 6 715 518 (1011|1011 | 7 9
PeCDDs 9 9 10| 5 | 2 6 5 5 3 9 3 5 5 3|8 6 |9 6 |10 | 5 8
HxCDDs 5]/5|5|4]|4]|]3|]6|4]|1|2|8|]1]6]|]6|6|5|5|5]3]|]6]|6
HpCDDs 2122|222 ]|2|2]|2]|2 Information not available 212
OCDD 1|11 11111 ]1]1 Information not available 1|1
Total 81|69[83|47 |44 |46 |55(52 4844 L] 49 | 71

w
(e)]




RO of different columns for TeCDF

Appendix-2.1

(d7) 4ejod moq SN 'ISS  [—|~|;|ojo|~[<|n]|o|S|TYIDID 2SS RNIRUIIQRQRIRAISIQI|R RSB 0AH]D
(dN)sejod uon NXQ-Xd9 |~|~|m|o|o|o|n|< [~ QYD IDKNES|IZRUSINSSIQIRINSS DRSS R R R R
(dn) Jejod winipay uxolgd |w|afmlo|~lofs|w|a|dS|d| 2|25 92|N 222 SILSIRAISRR BR85S
(dx3) sejod Apwanx3 | TTTUGIS |—|w|D|o|v|~|D S|~ o= S| I]|2NQR]|2ISSS|2SR B[22 8 RS 4|5
(dH) sejod ysiH 9/1191S  [—|w|B|e|s|~[2]Alw|~|o|m| NI S|2SYQRISIRSIR 2RI LGB = SIS B
(d) 1ej0d TOTE1S |~ |D|wn|<||S|Blo~ oo FQSR|S[EQRIS|IS|SIRIIRRBA QS| RS S| R[S R
(d) 1ej0d 0501  |[=|n|o Tl |3 wn|e|3~ S35 QISINSSRIRINIRFIINIRSIQ AR @B =D
(d1) 4ejod 199X3a9 ||~ |D|o|o|<|m]n|~|S[Z oA 2]|2|S SN2 R|SDRDS2RN 8B M BN
(d1) Jejod mon 41X-90 ||| |o|o|~[m|nlo|Z S| [A 222 2Z|NS2L LIRS 23R 8485 HS
(d7) 4ejod moq SWX-4A  |«|~|ofoofo|~|s|w|o|[Z|2S[Y2ID2|5(2] 2R QULINLILINIRNQ =R 2D 8 HB
(dN) Jejod uoN SWG-AA [c|w|m|wlo|~|s|wnlo|d|S(N2 22522 (2SS 2LSIRIRNQAZ D S 8]4]|%8
(dn) Jejod uoN SWS-9Q |—|~|m|ofo|~|w|wlo|ZS|N2 22522 (RS2SR LIRSS QAL B S8R 5B
(dN) sejod uon G-AUNb3 |o|a|m|s|wlo|~o|Slo|Y|ZDI9|2 (512 SRLRDIRCINSR &SRS 8852
(d) 2ejod 2BWS-DT ||| =[BT [0 [N K| R[S |~ [ 8R] | RI|R Q2SS R RSN I HBIRIF 28
(d) 2ejod 8811S-d) |—|w|T|e|«|n|o|w|~[S]m|d|a| IR 2|9 2228522 A SRS 9|28 3528
(d) sejod TEET-dS |=|wv|B|o|«|a|o|d|o|~|S|m|NQ|2(R2 S8 FCN NI RSIRIGR 28N BR]8
(d) 2ejod T-SdD |~ |w|J|e|<|n|o|[T|o|~[S[m| DTS RS IQRSRSISRINILS SNSRI DRSS RR
(d) sejod 67290 |—|©|Q|w|v|n|o|Dlo|~[Slm[2 RSN 22RISIRISSIN2LI]]8R] 1A A3 S5 SR
(d) sejod 0TZ-90 |—|~|Q|s|o|w]|o|Sla|~|dle|DR] 222 2|Z(R|2IR|SIRIXL3AIRIR DS S R W%
(d4) sejod Ajarey L1-90 |«|~|o|ofn|s|o|ND~|2]e|SN| 222 IIRI2DLIN SR AL 2RI G S R D28
(dN) 4ejod uonN S-9a ala|m|s|n|o|~o SN D22 RSISISINIQIRIQIIRIRINRRSA ARSI S| A WD
(dn )4ejod uon 1-90  |~|~|o|s|w|o|~o|o|ST| Y29 C5(2 222N 2|2L2]2RIS2 ] &SRS 88 5]
| OIS I W N Iy I A i T O T i O NN T NI g N A O OIS g O IR g AU AR g OIS NI g OISR A O AU gy N I O O I g U A i A S i W N W W S T
[alialialialialialialialialialialialialialialialialialialialialialialialialialialialialialialialialialialia)lia)ia)

QOO |IO|O(OO|VO|O[O|IVO|O[(O(O|VO|VO|O(O|VO|VO|O|IO|IV|VO[IO[OIV]|O(O[O|V|O[O[O]|O|O[0O|0O
vlov|lov|lov|lv|iov|l|j|lV|lV|lV|OV|V|OV|lV|V|lV|V|V|V|V|V|V|V|V|V|lOV|lV|V|(V|lOV|(V|V|(V|lOV|lV|lOV|lO

Lt e e el Rl ol ol o ol e el Bl Bl il el ol Bl o Bl Bl Bl el ol il o o el Bl ol ol ol o e R o Bl el

QORISR0 O[([O|RV[(N|V(DN|RV [NV |R[(ISN|[D[SN|D[V|O[R ||| [ISN|IN[O[DA||[O|XV[(ISN|D[SN|O|[O

OV || (TF|TF|O|FINOCIOINONOW|O[O|O[MOOINNN|TF|O|T (T[T IN[TF|N[O|O[O|N|O

MmN (N[N |N[F|F( N[N | F(N|[N[O|N[N N[N |N[N[D[on[on| N[ | N[N

AN A A A A A A A A | A | A A A N[ A AN A A A A A | A A A N[N [HA| A N[N N | A [N ||
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RO of different columns for PeCDF

Appendix-2.2

(d1) sejod moq SWNISS |—|~|o|s|o|o|~|v S| |d (S22 (522|228 |¥|2(T|8IRI|®
(dn)Jejod uon NXQ-Xdd |~ |c|m|o|s|o|~|w|[Slo|d|d (S22 252 2222|9212 |R(8
(dw) Jejod winipa | uxolgd  |— [~ | | ||~ o v |Sle |23 (29522228 |¥|2 2|8 INI8
(d3) sejod Apwaax3a| TITEIS |~ |~ |m|o|w|o|~|d |« (Yo |2 |S 2522|2222 (R (|R|2 (2%
(dH) sejod ysiH 9/1191S |~ |~ |m|o|w|e|~|D|s [N (2[NS IS T 2|22 IC|2I2IRIN|T(2]R
(d) sejod 1919715 |~ |~ oo |w|e|~Z|s || |F(F 25222212282 (2|N|Q(2|R
(d) sejod 0501 ||~ |m|S|s|o|v|d]|e|~|Y]a|a|2|3|5|2|R]2|2|2 X2 |RI2|2]S(2
(d1) Jejod 10X3A9 |~ |~ |m|w|s|o|Slo |~ |d YIS 228522 I2ININ LR |23
(d7) sejod moq g1X-9d |~ |a|o|s|~|ofo|v|Sle (@ |a || |e |52 (228X IQ|2 18R]
(d1) Jejod mon SWX-4A | || [ |0 |~|o v |[S]o (N[22 (2852|223 IX[QR]8|R]B
(dN) 4ejod uon SWGHA | || [ |0 |~ |w v |S]o (N[22 (28 52|22 INQ S8R [B
(dN) Jejod uoN SWe-gd |~ |~|m|s|o|~|o|n|Sla ||| (alalels (222l l218|8]3
(dN) 4ejod uon G-AUNbY o |a o |w s |o|~lolalg|dldlelS(alal5 223|883 18|8]8
(d) sejod APBWSDT | |~ | [Sle|o |~ DD |||« |d 29225 IRIT|ISICIR(N|DR
(d) 1ejod 8811Sd) |~ |n|m|o|o|un|[~[S]|v |[N]|o (2|2 |S 22252 |IR(ZIX|Q[S|R
(d) 1ejod TEETdS |~ |a|m|o|w o |~ ||« Do |22 (2|2 (NS (2|2 (2|58 |RIQI¥|2[S|R
(d) sejod ISd) |~ |a|m|o|wv o~ [S]|s Y| [T (2|e(Z S 2|22 |IR|RI¥|R[|R
(d) sejod 2290 |— |~ oo |w|e |~ |S <Yl (28232258 INIRIQ|IQIS|®
(d) sejod 01294 |~ |~ |m|o|mn|o|~|o< (DS [2 (22322522229 IRIQ(2I3(8
(d4) sejod Ajarey (190 |~ |c|o|~|slo|v|o|e|SZ|(S 2|22 (Y59 222|222/ (R1(Q
(dN) sejod uon c-aa dlajm|o|s|n|olo o222 F (2252 |2(2IN|I(L]|QIQINIR
(dn )sejod uon 1-4d dlajm|s|vlo(~lolo ST |YN (2SR (S (SR |D(RI(N|2(FT|QR[(L|NIR
[ I I I T I o I T o e I T 1 o I I I I e o I e o o O I e I T A e T TR TS T e
O|lo|lojlojlo|lojlolojl ool ool ojlaolojl ool ojlolojlolalo|lao|lo

Q1O [OJIOO|IO[O|O[O[O]OIO|O[O|O[O|OO]JO[O]|O|O|O|O[0O]|]0O [0 |0

Q||| |lV|IOO|lOV|IOV|IOO|IOVIQO|lOOV|IOV|IQ|lOV|(IOV|IO|IOV|IQQ|lOV|OV|I|(OV|IO| V||| O

Il I IZIZ 1% 1% 122|111 1% %1% %% |5 |5 |5 || &%

[ I > o T I« o I I n N eo B I « O e o I I R @ > IO I « I I > N @ ) N I eo I ) N I T 0 e o T ' T I R A < I @ > I A « I e > N I o @ ) B A ) BN I @ ) B @) }
OloINNflIOININIOINIDINIOIO[O | (SISO ININNINN|IO]|]O [0 | |0

([ F|O (N[ F|SF([FSF|O|F([F|F([FST| [ nononfon[ON(F|OIST | O[T | on |

NN MmN N[N|O [ SN[ N[N |N[N|N[N|N[N|NOO| N[O |N [N |N N

Lo B I O O O O O R I I O R O O O R O O O IR O R O O oV O T O IO O O O N O A O R O IO O A N Y A VI N I I O O B B |

38



RO of different columns for PeCDF

Appendix-2.3

(dq) 4ejod moq YA L I T T e e P I N S N =T e T T A s T S T
(dN)sejoduoy| NXAXdE @ | | o[« v |w|o|~n|o|o|S|Td |2 g]e|Y
(dN) Jejod winipa € N e e I (- I O = = e T S O T B s
(dx3) sejod Ajpwiaaix3 TITNANS| R | |on | s |~ || |D~|o|lo[@][S]C8 (NS0
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RO of different columns for TeCDD

Appendix-2.4
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RO of different columns for PeCDF

Appendix-2.5
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