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Abstract – Dioxins, such as polychlorinated dibenzodioxins (PCDDs) and 

polychlorinated dibenzofurans (PCDFs), which could be efficiently extracted 

from fly ash based on the method approved by the Japanese Industrial Standard, 

were degraded by the palladium on carbon (Pd/C)-catalyzed hydrodechlorination 

in the presence of triethylamine at room temperature under ordinary pressure with 

a greater than 97% efficiency. The distinct features of the present degradation 

method of dioxins are its mildness, simplicity, safety, and efficiency without any 

expensive facilities.

Polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), and dioxin-like 

polychlorinated biphenyls (DL-PCBs), which are generally abbreviated as dioxins (DXNs), are 

categorized into a particular class of persistent chlorinated organic pollutants due to the thermal, physical, 

and chemical stabilities (Figure 1). The toxicity of DXNs appears through their interaction with aryl 

hydrocarbon receptors in human cells, inducing a variety of biological responses, such as hormone 

signaling and gene expression.
1
 DXNs are produced as undesired byproducts during their course of waste 
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incineration at lower 1100 °C, steel 

manufacturing, ignition of engines, production 

of chlorinated agrochemicals, pharmaceuticals 

and industrial products, forest fires, volcanic 

activities, etc., in the presence of chlorine 

sources and are mainly contained in fly ash generated from waste incineration plants.
1-3

 Therefore, the 

development of a technology for the efficient degradation of DXNs in fly ash is an important issue, 

together with the reduction of DXNs in the incineration plants. 

Recently developed methods for the DXNs degradation include thermal treatment at relatively low 

temperatures (140–600 °C),
4-6

 mechanochemical treatment,
7
 electrochemical reduction,

8
 photolysis,

9
 

supercritical oxidation,
10

 biological treatment,
11-14

 reductive dechlorination using zelo-valent calcium,
15

 

zinc,
16

 and iron metals,
17

 and transition metal-catalyzed hydrodechlorination.
18-28

 Transition 

metal-catalyzed hydrodechlorination methods, in particular, have achieved the effective degradation of 

DXNs under comparatively reasonable conditions, although highly moisture sensitive calcium metal,
18,19

 

a strong base (NaOH),
20-27

 or supercritical CO2 (200 atm) together with 10 atm of H2
28

 or flowing H2 

gas
26,27

 is required. 

We have developed a palladium on carbon (Pd/C)-catalyzed hydrodechlorination method of aromatic 

chlorides in MeOH at room temperature under ordinary hydrogen pressure in the presence of 

triethylamine (Et3N), which would work as a single electron donor to the palladium-activated 

chloroarenes in the early stage of the hydrodechlorination.
29,30

 The method was successfully and 

efficiently applied to the degradation of polychlorinated biphenyls (PCBs)
31,32

 and DDTs
33

 at room 

temperature into the corresponding harmless nonchlorinated arenes, and the practical utility was also 

demonstrated by a 50 L-pilot plant study of the PCBs degradation.
34

 Furthermore, the use of magnesium 

metal instead of Et3N was found to be quite effective for the PCBs degradation with
35

 or even without 

hydrogen gas (under nitrogen atmosphere).
36

  

In this paper, the extraction of DXNs from fly ash generated in an industrial incinerator and the 

subsequent degradation of the extracted DXNs at room temperature under ordinary pressure based on the 

hydrodechlorination technology using the Pd/C–H2–Et3N combination are demonstrated. The efficiency 

of extraction and degradation of DXNs is discussed by the evaluation of the total toxicity equivalency 

quantity (TEQ) of seven PCDD congeners [one tetrachlorodibenzo-p-dioxin (TeCDD), one 

pentachlorodibenzo-p-dioxin (PeCDD), three hexachlorodibenzo-p-dioxins (HxCDDs), one 

heptachlorodibenzo-p-dioxin (HpCDD), and fully chlorinated octachlorodibenzo-p-dioxin (OCDD)] and 

twelve PCDF congeners [one tetrachlorodibenzofuran (TeCDF), three pentachlorodibenzofurans 

(PeCDFs), five hexachlorodibenzofurans (HxCDFs), two heptachlorodibenzofurans (HpCDFs), and fully 

O
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O

PCDFs

Clm Cln

Clm Cln

PCBs  

Figure 1. Dioxins (DXNs) 
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chlorinated octachlorodibenzofuran (OCDF)]. 

 

A highly effective, reliable, and simple method for DXNs extraction from fly ash would be needed for a 

smooth transition to the subsequent degradation process. The previous reports for the degradation of 

DXNs from fly ash adopted the Soxhlet extraction method using toluene as a most common solvent 

without any pretreatments,
23-27

 but the extraction efficiency was not described in these papers. We first 

examined the Soxhlet extraction of fly ash [0.25 ng-TEQ/g (the concentration was determined by the 

Japanese official method
37,38

 at the Chugai Technos Corporation), 20.0 g] generated from an incineration 

plant at Toyota Chemical Engineering Co., Ltd. using MeOH as an extraction solvent without any 

pretreatment, since MeOH was found to be the best solvent for the palladium on carbon (Pd/C)-catalyzed 

hydrodechlorination of aryl chlorides in the presence of Et3N under a H2 atmosphere;
29,30

 thus no change 

in the solvents for the degradation would be necessary after the extraction. A 17.01 g sample of fly ash in 

the extraction thimble placed in the Soxhlet extraction chamber was recovered after a 46-h extraction,
39

 

and the DXNs concentration was measured to be 0.22 ng-TEQ/g (0.22 × 17.01 = 3.74 ng-TEQ). The 

extraction efficiency was calculated as the ratio of the extracted DXNs amounts to the DXNs content in 

the original fly ash before extraction (0.25 × 20.0 = 5.00 ng-TEQ) according to Eq. (1), in which the 

extracted DXNs amounts refer to the subtraction of the DXNs content in the fly ash obtained from the 

extraction thimble after extraction from the DXNs content in the original fly ash before extraction. 

Unfortunately, only a 25.2% [(5.00–3.74)/5.00 × 100] extraction efficiency was achieved, indicating that 

MeOH was not a suitable solvent for the Soxhlet extraction of DXNs from fly ash. Toluene was then used 

instead of MeOH, since several previous reports used it for the Soxhlet extraction solvent of fly ash 

contaminated with DXNs.
23-27

 However, the DXNs were not sufficiently extracted (only 49.2% extraction 

efficiency). The HCl pretreatment of fly ash and subsequent Soxhlet extraction were then examined 

according to the Japanese official method.
37,38

 The pretreatment would open the pore structure of fly ash 

particles, and then the solvent for the Soxhlet extraction could approach their inside leading to an increase 

of the extraction efficiency.
40-42

 A 10.0 g sample of fly ash (0.25 ng-TEQ/g, 2.50 ng-TEQ) was pretreated 

with 2M HCl for 1 h, then the mixture was filtered. A part of the DXNs was extracted from the aqueous 

filtrate with CH2Cl2, and the other part was extracted from the solid residue on the filter paper using a 

Soxhlet extractor with toluene for 24 h. The CH2Cl2 and Soxhlet extracts were combined and 

concentrated in vacuo (DXNs concentration of the extracts was 34 ng-TEQ/g). The DXNs concentration 

in the solid fly ash (1.4468 g) in the thimble after the Soxhlet extraction was measured to be 0.043 

ng-TEQ/g. The high extraction efficiency, which was calculated as 97.5% [(2.50–0.043 × 1.4468)/2.50 × 

100], was observed. Therefore, the method based on the Japanese official method
37,38

 was adopted for the 

DXNs extraction from fly ash before the DXNs degradation. 
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The degradation of the DXNs in MeOH extract [without HCl pretreatment, 1.50 g, 520 pg-TEQ/g, 780 

pg-TEQ, see total (PCDDs + PCDFs) for the extracted DXNs before hydrodechlorination in Table 1, Run 

Table 1. Pd/C-Catalyzed degradation of DXNs extracted from the fly ash 

hydrodechlorinated DXNs
>99.9%extracted DXNs

O

O
Clm Cln

PCDDs

O

PCDFs

Clm Cln

H2 (balloon)
10% Pd/C
Et3N

MeOH, rt, 24 h O

O

O

 
 

 Run 1 Run 2 

Congenersa Extracted DXNs  

before 

hydrodechlorination 

DXNs in the residue  

after hydrodechlorination 

Extracted DXNs  

before 

hydrodechlorination 

DXNs in the residue  

after hydrodechlorination 

 pg-TEQ/g pg-TEQb pg-TEQ/g pg-TEQc pg-TEQ/g pg-TEQd pg-TEQ/g pg-TEQe 

2,3,7,8-TeCDD 12  18 0 0 63 11.3 0 0 

1,2,3,7,8-PeCDD 75 113 0 0 430 77.4 0 0 

1,2,3,4,7,8-HxCDD 12 18.0 0 0 89 16.0 0 0 

1,2,3,6,7,8-HxCDD 20 30.0 0 0 150 27.0 0 0 

1,2,3,7,8,9-HxCDD 16 24.0 0 0 130 23.4 0 0 

1,2,3,4,6,7,8-HpCDD 20 30.0 0.07 0.0491 210 37.8 0 0 

OCDD 0.5 0.750 0.0014 0.000981 9 1.62 0 0 

Total PCDDs 160 240 0.071 0.0498 

(>99.9%)f 

1100 198 0 0 

 (100%)f 

2,3,7,8-TeCDF 4.6 6.90 0 0 30 5.40 0 0 

1,2,3,7,8-PeCDFs + 

1,2,3,4,8-PeCDFs 

9 13.5 0 0 65 11.7 0 0 

2,3,4,7,8-PeCDF 140 210 0 0 1000 180 0 0 

1,2,3,4,7,8- HxCDF + 

1,2,3,4,7,9-HxCDF 

44 66 0 0 340 61.2 0 0 

1,2,3,6,7,8-HxCDF 47 70.5 0 0 370 66.6 0 0 

1,2,3,7,8,9-HxCDF 3.1 4.65 0 0 31 5.58 0 0 

2,3,4,6,7,8-HxCDF 83 125 0 0 680 122 0 0 

1,2,3,4,6,7,8-HpCDF 34 51 0.05 0.0351 320 57.6 0 0 

1,2,3,4,7,8,9-HpCDF 4.1 6.15 0 0 39 7.02 0 0 

OCDF 0.22 0.330 0 0 4.3 0.774 0 0 

Total PCDFs 370 555 0.05 0.0351 

(99.9%)f 

2900 522 0 0 

(100%)f 

Total  

(PCDDs + PCDFs) 

520 780 0.12 0.0841 

(>99.9%)f 

4000 720 0 0 

(100%)f 

a TeCDD: tetrachlorodibenzo-p-dioxin; PeCDD: pentachlorodibenzo-p-dioxin; HxCDD: hexachlorodibenzo-p-dioxin; HpCDD: 

heptachlorodibenzo-p-dioxin; OCDD: octachlorodibenzo-p-dioxane; TeCDF: tetrachlorodibenzofuran; PeCDF: pentachlorodibenzofuran; 

HxCDF: hexachlorodibenzofuran; HpCDF: heptachlorodibenzofuran; OCDF: octachlorodibenzofuran. 
b 1.50 g of the extracts was used for the degradation. 
c 0.701 g of the residue was obtained after the degradation. 
d 0.180 g of the extracts was used for the degradation. 
e 0.148 g of the residue was obtained after the degradation. 
f Degradation efficiency. 
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1] was first investigated at room temperature using 10% Pd/C (10 wt% of the extract) and Et3N under 

ordinary H2 conditions (Table 1, Run 1). After 24 h of stirring, the catalyst was removed by filtration, and 

the resulting filtrate was concentrated. Since 0.12 pg-TEQ/g of the DXNs was detected from the residue 

[0.701 g, see total (PCDDs + PCDFs) for the DXNs in the residue after hydrodechlorination in Table 1, 

Run 1], the degradation efficiency was determined greater than 99.9% [(78 –0.12 × 0.701)/780 × 100] on 

the basis of Eq. (2), indicating that the DXNs could be efficiently hydrodechlorinated. Similarly, DXNs in 

the toluene extract (without HCl pretreatment, 720 pg-TEQ), could be degraded to the level of no 

detection of DXNs, Table 1, Run 2]. The combined use of Pd/C and Et3N could successfully achieved the 

hydrodechlorination of polychlorinated oxygen-containing heterocycles, such as polychlorinated 

dibenzo-p-dioxanes and dibenzofurans, under ambient pressure and temperature. The oxygen atoms and 

planar (non-twisted) aromatic ring system of PCDDs and PCDFs would facilitate the approach of 

palladium metal to the aromatic nuclei by the coordination of oxygen atoms and obstruction-free 

interaction with arenes. The aromatic ring activated by the palladium metal would easily undergo the 

electron transfer from Et3N or palladium metal, and the hydrodechlorination would readily take place. 

 

100  
orinationhydrodechl before DXNs extracted

  orination)hydrodechlafter  residue in the (DXNs - orination)hydrodechl before DXNs (extracted  
 =(%) efficiencyn Degradatio 

 (2) 

 

We next investigated the successive extraction of the DXNs from 10.0 g fly ash (250 pg-TEQ/g, 2500 

pg-TEQ) and degradation by the Pd/C-catalyzed hydrodechlorination in the presence of Et3N to establish 

an efficient method for the remediation of fly ash from the DXNs (Table 2). The 2M HCl-pretreated fly 

ash was applied to the Soxhlet extraction with toluene, and the aqueous filtrate was extracted with CH2Cl2. 

The extraction was found to be effectively carried out, and the extraction efficiency (98.5%) was 

determined according to Eq. (1) based on the DXNs concentration in the fly ash (1.5464 g) obtained from 

the extraction thimble after Soxhlet extraction [24 pg-TEQ/g, see total (PCDDs + PCDFs) for the DXNs 

in fly ash after extraction in Table 2]. The Soxhlet extract and CH2Cl2 extract were combined, 

concentrated, dried (83.3 mg), and subjected to analysis of the DXNs [41000 pg-TEQ/g, see total 

(PCDDs + PCDFs) for the DXNs before hydrodechlorination in Table 2]. A part of the extracts (41.0 mg, 

41000 × 0.0410 = 1681 pg-TEQ) was used for the degradation experiment. The extract in MeOH was 

stirred under an ordinary H2 atmosphere at room temperature for 24 h together with 10% Pd/C and Et3N. 

The mixture was filtered to remove the 10% Pd/C, and the filtrate was concentrated under reduced 

pressure. The DXNs concentration in the residue (26.0 mg) was measured to be 1700 pg-TEQ/g [see total 

(PCDDs + PCDFs) for the DXNs in the residue after hydrodechlorination in Table 2], indicating that a 

97.4% degradation efficiency was achieved [(1681–1700 × 0.026)/1681 × 100]. 
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In conclusion, we have developed an efficient degradation method for DXNs (PCDDs and PCDFs) 

extracted from fly ash. The acidic pretreatment of fly ash before Soxhlet extraction with toluene was an 

indispensible process for the effective removal of the DXNs from fly ash, although the process was 

skipped in many cases in the literature. The Pd/C–H2–Et3N combination could efficiently 

Table 2. Consecutive DXNs extraction and degradation 

extracted DXNs

O

O
Clm Cln

O

Clm Cln

O

O

O

1) 2M HCl
2) filtration

Solid

Filtrate

Soxhlet extraction

Original fly ash

2.60 ng-TEQ
(0.26 ng-TEQ/g, 10.0 g)

toluene, 24 h

extraction

CH2Cl2

H2 (balloon)
10% Pd/C
Et3N

MeOH, rt, 24 h

hydrodechlorinated DXNs
>97%  

 
 Extraction Degradation 

Congeners DXNs in original fly ash  

before extraction 

DXNs in fly ash  

after extraction 

DXNs  

before 

hydrodechlorination 

DXNs in the residue  

after hydrodechlorination 

 pg-TEQ/g pg-TEQa pg-TEQ/g pg-TEQb pg-TEQ/g pg-TEQc pg-TEQ/g pg-TEQd 

2,3,7,8-TeCDD 4.8  48.0  0 0 810 33.2 0 0 

1,2,3,7,8-PeCDD 34  340 4.6 7.11 5200 213 240 6.24 

1,2,3,4,7,8-HxCDD 6.2 62.0 0.62 0.959 1100 45.1 53 1.38 

1,2,3,6,7,8-HxCDD 11 110 1 1.54 1900 77.9 88 2.29 

1,2,3,7,8,9-HxCDD 8.5 85.0 1.1 1.70 1400 57.4 47 1.22 

1,2,3,4,6,7,8-HpCDD 13 130 0.7 1.08 2100 86.1 41 1.07 

OCDD 0.33 3.30 0.017 0.0263 65 2.67 0.92 0.0239 

Total PCDDs 78 780 8.0 12.4  

(98.4%)e 

13000 533 470 12.2 

(97.7%)e 

2,3,7,8-TeCDF 1.8 18.0 0.49 0.758 400 16.4 26 0.676 

1,2,3,7,8-PeCDFs + 

1,2,3,4,8-PeCDFs 

4.25 42.5 0.6 0.928 800 32.8 48.5 1.26 

2,3,4,7,8-PeCDF 65 650 7.5 11.6 11500 472 600 15.6 

1,2,3,4,7,8- HxCDF 

1,2,3,4,7,9-HxCDF 

21 210 1.8 2.78 3300 135 140 3.64 

1,2,3,6,7,8-HxCDF 21 210 1.7 2.63 3400 139 120 3.12 

1,2,3,7,8,9-HxCDF 1.5 15 0 0 270 11.1 0 0 

2,3,4,6,7,8-HxCDF 37 370 2.7 4.18 6200 254 270 7.02 

1,2,3,4,6,7,8-HpCDF 17 170 0.61 0.943 2300 94.3 56 1.46 

1,2,3,4,7,8,9-HpCDF 1.7 17.0 0.082 0.127 230 9.43 3 0.0780 

OCDF 0.1 1.00 0.004 0.00619 16 0.656 0.19 0.00494 

Total PCDFs 170 1.70 15 23.2  

(98.7%)e 

28000 1150 1300 33.8 

(97.1%)e 

Total  

(PCDDs + PCDFs) 

250 2500 24 37.1  

(98.5%)e 

41000 1681 1700 44.2 

(97.4%)e 

a 10.0 g of fly ash was used for the extraction. 
b 1.5464 g of the fly ash obtained from the thimble after Soxhlet extraction was used for the analysis. 
c 0.0410 g of the extracts was used for the degradation. 
d 0.0260 g of the residue was obtained after the degradation. 
e Degradation efficiency. 
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hydrodechlorinate the extracted DXNs (PCDDs and PCDFs) at room temperature under ordinary 

hydrogen pressure. One of distinguished features of the present method is no requirements of special 

equipment because of the effective degradation under such mild conditions. 

EXPERIMENTAL 

Materials 

MeOH, toluene, and hexane were purchased as HPLC grade from Wako Pure Chemical Industries, Ltd. 

(Osaka, Japan). 10% Pd/C (k-type, dry) and Et3N were obtained from N. E. Chemcat Corporation (Tokyo, 

Japan) and Wako Pure Chemical Industries, Ltd., respectively. Fly ash was obtained from the incineration 

plant of Toyota Chemical Engineering Co., Ltd. The DXNs' concentration in the fly ash was determined 

to be 0.25 ng-TEQ/g, which was below Japan's domestic standards for DXNs in fly ash (<3 ng-TEQ/g), 

by the extraction and HRGC–HRMS analysis.
37,38

 All other reagents were purchased from commercial 

sources and used without further purification.  

Analysis 

All analyses of the DXNs (TEQ/g) were carried out at the Chugai Technos Corporation (Hiroshima, 

Japan) in compliance with the Japanese official methods for the disposal standard of specially controlled 

general and industrial wastes established by the Japanese Ministry of Health and Welfare (Notification 

No. 192, 1992)
37

 and the method for determination of tetra-through-octachlorobenzo-p-dioxins, 

tetra-through-octachlorodibenzofurans and dioxin-like polychlorinated biphenyls in stationary source 

emissions [Japanese Industrial Standards (JIS) K 0311].
38

 

The sample was treated with 2M HCl and filtered. The solid residue was extracted using a Soxhlet 

extractor with toluene for over 16 h, and the aqueous filtrate was extracted three times with CH2Cl2. The 

combined extracts were concentrated, and the cleanup spike [
13

C labelled internal standard solution of 

PCDDs/PCDFs (DF-LCS-A, Wellington Laboratories Inc., Ontario, Canada) and DL-PCBs 

(PCB-LCS-A1, Wellington Laboratories Inc.)] was added. The mixture was purified by chromatography 

using cleanup cartridge columns of multi-layer silica gel (GL Sciences Inc., Tokyo Japan) and two-layer 

carbon silica gel (GL Sciences Inc.) to afford three fractions, the first of which contained hydrocarbons 

and was stored. The second and third fractions contained DL-PCBs and PCDDs/PCDFs, respectively. 

These two fractions were analyzed by HRGC–HRMS using an Agilent 6890/Thermo Trace GC 

instrument after the addition of a syringe spike [
13

C labelled internal standard solution of DL-PCBs 

(PCB-IS-B, Wellington Laboratories, Inc.) for the second fraction and PCDDs/PCDFs (DF-IS-I, 

Wellington Laboratories, Inc.) for the third fraction]. 

The analysis conditions were as follows for the DL-PCBs (data were not shown): column, HT8-PCB 

(Cica) 60 m × 0.25 mm ID; carrier gas, He; injection temperature, 280 °C; splitless (60 sec); oven 
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temperature, to ramp from 110 °C (1 min hold) to 200 °C at the rate of 20 °C/min, then to 240 °C (0 min 

hold) at the rate of 2 °C/min, and to 300 °C (0 min hold) at the rate of 8 °C/min; MS (EI, positive); for the 

PCDDs/PCDFs (Te–HxCDD/DF): column, SP-2331 (Supelco) 60 m × 0.32 mm ID, 0.20 μm; carrier gas, 

He; injection temperature, 250 °C; splitless (60 sec); oven temperature, to ramp from 110 °C (1 min) to 

200 °C (1 min hold) at the rate of 20 °C/min then to 250 °C at the rate of 4 °C/min; MS (EI, positive); for 

the PCDDs/PCDFs (1,2,3,7,8,9-HxCDD, Hp–OCDD/DF): column, DB-17 (J & W) 30 m × 0.32 mm ID, 

0.25 μm; carrier gas, He; injection temperature, 280 °C; splitless (60 sec); oven temperature, to ramp 

from 110 °C (1 min hold) to 200 °C (0 min) at the rate of 20 °C/min, then to 280 °C at the rate of 

3 °C/min; MS (EI, positive). 

Extraction of DXNs from fly ash 

Soxhlet extraction of fly ash without pretreatments 

From MeOH: The Soxhlet extraction of fly ash (20.0 g, 0.25 ng-TEQ/g, 5.00 ng-TEQ) was carried out 

using MeOH (1 L) for 46 h. The DXNs concentration in the fly ash (17.01 g) obtained from the extraction 

thimble after the Soxhlet extraction was analyzed to be 0.22 ng-TEQ/g (3.74 ng-TEQ). The extract 

efficiency was calculated to be 25.2%, according to Eq. (1). The Soxhlet MeOH extract was concentrated 

to give a solid residue (2.99 g, the residue includes MeOH-soluble impurities). A part of the residue (1.49 

g) was used for the analysis of the DXNs in the residue [0.52 ng-TEQ/g; 0.52 × 2.99 (g, weight of total 

Soxhlet extract) = 1.55 ng-TEQ], and the other part (1.50 g, 0.780 ng-TEQ) was used for the 

hydrodechlorination (see Table 1, Run 1). The total amount of DXNs obtained from the fly ash after the 

Soxhlet extraction (3.74 ng-TEQ) and DXNs in the Soxhlet extract (1.55 ng-TEQ) is virtually the same as 

the DXNs content in the original fly ash (5.00 ng-TEQ).  

From toluene: The Soxhlet extraction of fly ash (20.0 g, 5.00 ng-TEQ) was carried out using toluene (1.3 

L) for 24 h. The DXNs concentration in the fly ash residue (19.57 g) obtained from the extraction thimble 

after the Soxhlet extraction was analyzed to be 0.13 ng-TEQ/g (0.13 × 19.57 = 2.54 ng-TEQ). The extract 

efficiency was calculated to be 49.2% [(5.00–2.54)/5.00 × 100] according to Eq. (1). The Soxhlet toluene 

extract was concentrated to give a solid residue (430 mg). A part of the residue (250 mg) was used for the 

analysis of the DXNs in the residue [4.0 ng-TEQ/g, 4.0 × 0.430 (g, weight of total Soxhlet extract) = 1.72 

ng-TEQ), and the other part (180 mg, 0.720 ng-TEQ) was used for the hydrodechlorination (see Table 1, 

Run 2). The total amount of DXNs obtained from the fly ash after the Soxhlet extraction (2.54 ng-TEQ) 

and DXNs in the Soxhlet extract (1.72 ng-TEQ) are quite low. The error (15%) might arise from the 

nonuniform distribution of the DXNs in the original fly ash.  

Soxhlet extraction of fly ash with acid pretreatment  

10.0 g of fly ash (0.25 ng-TEQ/g, 2.50 ng-TEQ) were placed in a 500 mL Erlenmeyer flask and 2M HCl 

(240 mL) was added. The mixture was gently stirred and filtered using filter paper (4 μm). The solid 
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residue on the filter paper was successively washed with H2O (20 mL × 4) and MeOH (5 mL × 5). The 

filtrate was extracted with CH2Cl2 (200 mL × 5), and the combined CH2Cl2 layers were concentrated. The 

Soxhlet extraction of the solid residue on the filter paper was carried out using toluene (1.2 L) for 24 h. 

The DXNs concentration in the fly ash (1.4468 g) obtained from the extraction thimble after the Soxhlet 

extraction was analyzed to be 0.043 ng-TEQ/g (0.043 × 1.4468 = 0.0622 ng-TEQ). The extract efficiency 

was calculated to be 97.5% according to Eq. (1). The DXNs concentration of the combined Soxhlet and 

CH2Cl2 extracts (89.4 mg) was 34 ng-TEQ/g [3.04 ng-TEQ (34 × 0.0894)] after concentration in vacuo. 

Although the total amount of DXNs obtained after the extraction [3.10 ng-TEQ (0.0622 + 3.04)] 

exceeded the DXNs content in the original fly ash (2.50 ng-TEQ), the error (24%) might arise from the 

nonuniform distribution of the DXNs in the original fly ash.  

Degradation of DXNs (Table 1)  

Run 1: A mixture of DXNs extract from MeOH (1.50 g, the extract includes MeOH-soluble impurities, 

0.52 ng-TEQ/g, 0.780 ng-TEQ), 10% Pd/C (45.0 mg, 10 wt% of DXNs extract), and Et3N (2.60 mL, 18.6 

mmol) in MeOH (20 mL) was stirred at room temperature under a H2 atmosphere (balloon) for 24 h, 

filtered through a 0.45 µm membrane filter (Millipore, USA), and the solid residue was washed with 

MeOH (5 mL × 5). The combined filtrates were concentrated, and the DXNs concentration in the residue 

(701 mg) was measured to be 0.00012 ng-TEQ/g (0.00012 × 0.701 = 0.0000841 ng-TEQ) at the Chugai 

Technos Corporation. The degradation efficiency was determined as >99.9% [(0.780–0.0000841)/0.780 × 

100] according to Eq. (2).  

Run 2: A mixture of DXNs extract from toluene (180 mg, 4.0 ng-TEQ/g, 0.720 ng-TEQ), 10% Pd/C (18.0 

mg, 10 wt% of DXNs extract), and Et3N (467 μL, 3.35 mmol) in MeOH (10 mL) was stirred at room 

temperature under a H2 atmosphere (balloon) for 24 h, then filtered through a 0.45 µm membrane filter 

(Millipore) and the solid residue was washed with MeOH (5 mL × 5). The combined filtrates were 

concentrated, and DXNs were not detected in the residue (148 mg). The degradation efficiency was 

determined as >99.9%.  

Successive extraction and degradation of DXNs from fly ash (Table 2)  

10.0 g of fly ash (0.25 ng-TEQ/g, 2.50 ng-TEQ) was placed in a 500 mL Erlenmeyer flask and 2M HCl 

(240 mL) was added. The mixture was gently stirred and filtered using filter paper (4 μm). The solid 

residue on the filter paper was successively washed with H2O (20 mL × 4) and MeOH (5 mL × 5). The 

filtrate was extracted with CH2Cl2 (200 mL × 5) and the combined CH2Cl2 layers were concentrated. The 

Soxhlet extraction of the solid residue on the filter paper was carried out using toluene (1.2 L) for 31 h. 

The DXNs concentration in the fly ash (1.5464 g) obtained from the extraction thimble after the Soxhlet 

extraction was measured to be 0.024 ng-TEQ/g (0.024 × 1.5464 = 0.0371 ng-TEQ, extraction efficiency, 

98.5%). The Soxhlet toluene extract and CH2Cl2 extract were combined and concentrated in vacuo to give 
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a residue (83.3 mg), the DXNs concentration of which was measured to be 41 ng-TEQ/g [3.42 ng-TEQ 

(41× 0.0833)]. Although the total amount of DXNs obtained after the extraction [3.46 ng-TEQ (0.0371 + 

3.42)] exceeded the DXNs content in the original fly ash (2.50 ng-TEQ), the error (38%) might arise from 

the nonuniform distribution of DXNs in the original fly ash.  

A mixture of DXNs extract (41.0 mg, 41 ng-TEQ/g, 1.68 ng-TEQ), 10% Pd/C (4.1 mg), and Et3N (85.3 

μL, 612 μmol) in MeOH (5 mL) was stirred at room temperature under a H2 atmosphere (balloon) for 24 

h, then filtered through a 0.45 µm membrane filter (Millipore), and the solid residue was washed with 

MeOH (5 mL × 5). The combined filtrates were concentrated, and the DXNs concentration in the residue 

(26.0 mg) was determined to be 1.7 ng-TEQ/g (1.7 × 0.0260 = 0.0442 ng-TEQ). The degradation 

efficiency was analyzed to be 97.4% [(1.68–0.0442)/1.68 × 100].  
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