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Abstract 

The paper examines the influence of organic and inorganic matrices of different structure and 
origin on the thermal conversion of hydrocarbons such as polycyclic hydrocarbons (PAHs) and 
alkanes to non-volatile products (process known as “charring”). Independence on the solid- 
structure different reaction pathways are discussed. The charring activity was measured as a func- 
tion of matrix type and activation temperature. The activity of sediment ash as a special inorganic 
matrix is caused by reasons other than high surface area and acidic centres. In this case a redox 
behaviour was observed. 
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1. Introduction 

The thermal cleanup of organically contaminated solids has become a topic of interest. 
Low-temperature thermal treatment processes (LTIT, T I 300°C) play an important role 
among the so-called innovative technologies specially designed for soil remediation 
[ 1,2]. Several technologies are available for soil cleaning by thermodesorption. One of 
the most frequently used reactors is the rotary kiln. Other extreme technologies with re- 
spect to heating rate and residence time include the fluidized bed reactor and the in situ 
radio-frequency heating of contaminated soil; the latter needs no reactor [3-6]. During 
these thermodesorption processes volatile compounds can evaporate from the contami- 
nated materials as the desired result [7-91. Furthermore, semivolatile compounds found 
to be at least partially removed [lO,l 11, indicate chemical conversion either by pyrolysis, 
hydrolysis and/or by oxidation taking place during the thermal treatment. Besides volatile 
fragments, another portion of the target compounds can produce bound residues, co- 
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valently attached to the soil organic matter (SOM). The process producing bound resi- 
dues is called charring [ 12-151. As the result of this process, organic pollutants become a 
part of the polymer network. That means the backbone of the pollutants need not be de- 
stroyed. 

We have published results about reactions of hydrocarbons during thermodesorption 
from sediments [16]. The experiments on thermally and oxidatively pretreated sediment 
fractions have shown that there is no common correlation between the amount of organic 
matter (OM) in the differently treated solids and their charring activity. No significant 
activity increased after a wet oxidation was found (H,02/KOH, remaining content of OM 
about 2 wt%) compared to the original sediment (16 wt% OM). The thermal pretreatment 
under an inert atmosphere (N2, 3OO”C, 1 h) diminished the amount of OM to a lower ex- 
tent than the wet oxidation, but surprisingly raised the catalytic activity in the PAH con- 
version significantly. However, the value of the charring activity is lower than that 
known for air activated samples. No clear distinction between the contribution of the 
organic and the inorganic components of the sediment to the PAH conversion can easily 
be made on the basis of these experimental data. The experiments indicate that oxidation 
increases the catalytic activity of the matrices studied, although an influence of SOM can 
only be excluded in the case of the SOM-free sediment ash. One of the conclusions in a 
recent paper [16] was that sediment ash is more active in hydrocarbon conversion reac- 
tions than the original sediment. This points to the mineral matrix of the sediment, rather 
than the SOM, as the actual carrier of the catalytic activity. 

Therefore, the present paper deals with the influence of different inorganic matrices as 
well as some natural polymers, such as cellulose and humic acids, on the charring proc- 
ess. 

2. Experimental 

The sorbate compounds were commercially available and used without purification 
(purity >98%, see also Table 3). The sediment ash samples were prepared by burning a 
sediment sample taken from the river Weisse Elster near the city of Leipzig at 550 and 
900°C for 1 h. The clay catalyst KS and the fly ashes (from the lignite power plants 
Neurath, Janschwalde and Thierbach) were supplied by Si.id-Chemie AC and by VEAG- 
Vereinigte Energiewerke AG, respectively. The y-AlzOs catalyst was available from Le- 
una-AG (type 5800) (for properties determined, see Table 1). The other materials used 
and their origins were as follows: molecular sieve MS13X (Chemie-AG Bitterfeld), hu- 
mic acid (Aldrich), cellulose (Aldrich) and zinc chloride (Merck). Both the inorganic 
matrices and the organic materials were dried and sieved to obtain size fractions ~63 pm. 
The loading of sorbents with the sorbate compounds was 500 ppm per component except 
chrysene (250 ppm) in all cases. 

The impregnation of the sorbents with sorbate compounds and other experimental de- 
tails are described in Ref. [ 161. About 20 mg of impregnated sorbents were pyrolysed in 
a sealed glass capillary (50 X 1.6 X 0.16 mm3) put into a copper tube at 300°C for a pe- 
riod of 1 h in a muffle furnace (k5”C). After cooling, the samples were checked for 
tightness by weighing. The treated samples were then extracted under flow conditions in 
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Table 1 

Selected properties of inorganic matrices 

Inorganic matrix Surface area/(m2 g-t) pH value (10 wt% Organic carbon/wt% 
water suspension) 

Flyashl 1.4 
F’lyash2 1.5 
Flyash 14.8 
KP 280 
y-A1203b 265 
Zeolite n.d. 
Sediment ash (55O’C) 14 

a Acid-activated clay catalyst (Ca-bentonite). 
b Catalyst type 5800. 
’ Burned at 900°C. 

12.5 0.44 
12.5 0.13 
12.7 1.79 
2.5’ n.d. 
7.5 <o. 1 
7.5 <O.l 
9.8’ <O.l 

an ultrasonic bath with 0.5 ml of a benzene-acetone mixture (1: 1) within about 10 min. 
After adding n-heptadecane as an internal standard, the collected extract was analysed by 
GC without performing any cleanup. The GC conditions were as follows: 50 m capillary 
column NB 54 coated with 5% phenyl- and 1% vinylsilicone gum, 0.32 mm i.d., film 
thickness 0.25 pm. The oven temperature was programmed from 40 (initial time 10 min) 
to 285°C (final time 30 min) with a heating rate of 4 K mint, carrier gas He, split 1:75, 
FID. In both cases the detector and injector block was set to 280°C. For data handling an 
APEX@-chromatography workstation was used. The recovery rates, based on GC analy- 
sis of the hydrocarbons from blank experiments (impregnation and extraction without 
thermal treatment), were in the range 90-100%. The thermogravimetric analyses were 
performed with a thermobalance (TGA-50, Shimadzu Corp.) under a helium atmosphere. 

3. Results and discussion 

Following our earlier experiments which investigated the different activity of sedi- 
ment ash and the original sediment in hydrocarbon conversion reactions [ 161, we studied 
first the contribution of organic matter to the charring process. Furthermore, we were in- 
terested in the influence of zinc chloride as a well-known charring agent [15,17] in the 
presence and absence of different organic matrices, as well as the influence on different 
inorganic solids, such as fly ashes and other potential catalysts for hydrocarbon conver- 
sion. 

In order to determine to what extent the organic parts of the solid matter participate in 
the conversion reactions we prepared mixtures of an inert inorganic material and differ- 
ent organic matrices. Quartz sand as carrier produced low conversion degrees even after 
16 h of pyrolysis at 300°C [ 161. Biopolymers such as humic acid, cellulose and hemicel- 
lulose were diluted with quartz sand in the ratio 1:l. This mixture was loaded with 
the hydrocarbons under study and pyrolysed at 300°C for 1 or 4 h in sealed glass capillar- 
ies. 
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Table 2 

Conversion of hydrocarbons sorbed on biopolymers diluted with quartz sand (1:l) in sealed capillaries at 
300°C in 46 

Biopolymer Hemicellulose Cellulose Humic acid Humic acid (Na-salt) 

Time of reaction/h 1 4 4 4 

n-Dodecane <5 
Methylnaphthalenes 16 
Diphenyl 21 
Acenaphthene 47 
n-Hexadecane <5 
Fluorene 52 
Phenanthrene 39 
Anthracene 52 
2-Methylphenanthrene 44 
n-Eicosane <5 
9-Methylanthracene 55 
Pluoranthene 52 
Pyrene 59 
p-Terphenyl 41 
Chrysene 60 

<5 <5 <5 
<S <5 <5 
<5 <5 <5 
60 50 45 
<5 <5 <5 
60 80 45 
15 28 <5 
40 36 <5 
25 34 <5 
<5 <5 <5 
39 45 <5 
23 25 <5 
35 21 <5 
<5 <5 <5 
<5 <5 <5 

The mixture used for thermal treatment experiments contained 14 PAHs and three n- 
alkanes. Table 2 presents the recovery rates after the thermal treatment of these mixed 
matrices. Conversion degrees below 5% were not taken into account. 

The organic solids diluted with quartz sand to the same extent show a different reac- 
tivity in their PAH consumption. Hemicellulose as a thermolabile biopolymer allows a 
conversion for all PAHs introduced. However, the sodium salt of humic acid, having a 
higher stability [18], does not effect a significant conversion of most of the PAHs even 
after a reaction time of 4 h. Cellulose and pure humic acid are comparable in reactivity, 
whereby considerable conversions of 2- and 3-ring membered aromatics were found. 
Surprisingly, the experimental data give no clear picture with a view to the reaction 
mechanism, because in the case of hemicellulose as reactive matrix even very stable 
PAHs such as diphenyl and p-terphenyl are also converted. Reaction patterns typical of 
kinetically controlled radical reactions were not observed. For PAHs with different 
structure and reactivity, different consumption degrees were expected. In contrast to this 
assumption, we found a similar conversion of the chemically reactive 9-methyl- 
anthracene and the much more stable p-terphenyl. These findings point to overlapping 
effects of volatility and reactivity as factors, which control the conversion of the PAHs. A 
possible interpretation of these experimental results could be an initial sorption of the 
aromatic hydrocarbons followed by a poorly selective conversion at the coke matrix, 
which is formed by dehydration and decarboxylation of the thermally treated biopoly- 
mer. A rough estimation of vapour pressures and the dead volume inside the sealed capil- 
laries shows that all the PAHs up to chrysene could be completely vaporized unless they 
are adsorbed on the solid organic matter. The gas phase reaction of PAHs is too slow to 
produce a significant consumption [ 191. Therefore, the adsorption-desorption equilibrium 
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Table 3 

Conversion of some PAHs on various fly ashes and on sediment ash pretreated in air at 900°C (300°C. 1 h) in 
8 

Piyashl 
(Neurath) 

Plyash 
(Jtischwalde) 

Flyash 
(Thierbach) 

Sediment ash 

Acenaphthene 74 48 46 21 
Fluorene 68 34 31 19 
2-Methylphenanthrene 15 8 12 <5 
9-Methylanduacene 58 31 33 29 

Compounds not listed produce no significant reaction 

can be decisive for their consumption. The main conclusion of these studies is that or- 
ganic matrices are in principle able to convert semivolatile PAHs into non-volatile sub- 
stances or coke (captive organic matter). However, this effect is not as pronounced as 
that known for the oxidatively activated sediment. 

In order to investigate the influence of the inorganic matrix, some solids with different 
structures and origins were studied. In further experiments the charring activities of fly 
ashes from lignite power plants and sediment ash heated up to 900°C (1 h) were deter- 
mined. Table 3 presents the results of charring experiments under standard conditions. 

Only the most reactive PAHs (acenaphthene, fluorene, 2-methylphenanthrene and 9- 
methylanthracene) with a structure%ount ratio [20,21] 23 are significantly consumed 
after a reaction time of 1 h. Neither the fly ashes nor the thermally treated sediment ash 
sample show a significant catalytic activity for conversion reactions of most of the PAHs. 
Possible reasons for this finding are: the loss of catalytic activity of the mineral matrix as 
result of the high temperatures during the ash formation or post-treatment; the low sur- 
face area; and the lack of acidic centres. 

Several mineral materials were tested for their charring activity to answer the question 
of which kinds of active centres are responsible for the increased conversion of PAHs on 
sediment ash produced at 550°C. The matrices chosen for this experiment are rich in 
acidic centres and have a high specific surface, e.g. acid activated clay (catalyst type KS), 
y-alumina (catalyst type 5800) and the synthetic zeolite MS13X (see Table 1). The inor- 
ganic matrices described were heated in air at 550°C for 1 h in a muffle furnace, analo- 
gous to the procedure for the sediment. The results of the charring experiments are listed 
in Table 4. 

It is well known from the literature that mineral materials (e.g. calcite, kaolinite, 
pyrite) are able to catalyze isomerization, aromatization and cracking reactions of hydro- 
carbons at higher temperatures [22,23]. Under mild conditions dimerization, isomeriza- 
tion, condensation and redox reactions take priority; at higher temperatures especially the 
cracking, aromatization and dehydrogenation reactions are catalyzed by active minerals. 

The acid activated catalyst KS converts PAHs nearly quantitatively and higher n- 
alkanes partially at 300°C and 1 h reaction time. Furthermore, we can state that n- 
paraffins remain unaffected on MS13X in contrast to acid-activated clay matrices. This 
experimental result indicates that an acid activation of mineral material enhances its 
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Table 4 

Conversion of hydrocarbons on selected mineral catalysts and in the presence of zinc chloride (300 “C, 1 h) in 
% 

KS y-A1203 MS13X Quartz sand Cellulose 
+ zinc + zinc 
chloride chloride 

Sediment 
ash [16] 

n-Dodecane <5 
Naphthalene 98 
Methylnaphthalenes >99 
Diphenyl 84 
Acenaphthene >99 
n-Hexadecane 2.5 
Fluorene >99 
Phenanthrene >99 
Anthracene >99 
2-Methylphenanthrene >99 
n-Eicosane 36 
9-Methylanthracene >99 
Fluoranthene >99 
Pyrene 92 
p-Terphenyl 86 
Chrysene 89 

<5 <5 
<5 87 
<5 81 
c5 87 
<5 >99 
<5 <5 
<5 94 
<5 91 
32 96 
<5 90 
<5 <5 
30 87 
<5 >99 
<.5 >99 
<5 88 
(20) 94 

<5 <5 <5 
91 87 12 
84 81 50 
77 87 10 

>99 >99 299 
<5 <5 12 

299 94 >99 
95 91 42 

>99 96 9.5 
199 90 83 

<5 <5 29 
>99 87 >99 
>99 >99 96 
>99 >99 65 

82 88 34 
86 94 69 

catalytic activity for the conversion of the relatively inert paraffins. The activity of 
y-alumina under the chosen experimental conditions is surprisingly low, even lower than 
that of the fly ashes tested. Apparently, a high specific surface is not a determining con- 
dition for a high charring activity of a mineral matrix. Density and distribution of the 
acidic centres seem to play the more important role in this process. 

It is known from the literature that the addition of the strong Lewis acid zinc chloride 
to biopolymers diminishes the decomposition temperature and raises the tendency for 
coke formation by extensive acid catalyzed dehydration and condensation reactions [ 151. 
To study the influence of ZnC12 on the activity of matrices, quartz sand and cellulose 
were both treated with a 25% aqueous solution of ZnCl, (1 ml ZnCl, solution to impreg- 
nate 1 g matrix followed by drying at 105’C) and loaded with the sorbate mixture. These 
solids were heated for 1 h at 300°C in the same manner as comparable samples. 

Table 4 (columns 4 and 5) shows that the addition of ZnCl, to quartz sand as well as 
to cellulose increases the PAH-conversion rate on those matrices. However, n-alkanes do 
not react. The PAH-conversion on ZnC12-doped quartz sand is even higher than on cellu- 
lose. Compared to cellulose the aromatic hydrocarbons are pure and in low concentration 
on the quartz surface. The PAHs are in direct contact with the high excess of added 
ZnCl,, which allows an acidically catalyzed condensation to higher molecular weight 
units without the influence of an organic polymer matrix. In contrast to the above, cellu- 
lose itself forms a coke matrix in the presence of ZnC12 by dehydration and condensation 
reactions of unsaturated pyrolysis products. Consequently, PAHs can be bound cova- 
lently either by radical addition reactions or acidically catalyzed condensation. 

As was shown in the previous studies of various matrices, the high charring activities 
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of the sediment ash cannot be explained sufficiently by a high specific surface or by the 
presence of acidic centres at a temperature of 300°C. The explanation may be found in 
the composition of the inorganic part of the sediment, which (according to X-ray fluores- 
cence analysis) consists of 75 wt% SiOz, 12 wt% A1203 and several heavy metals. The 
most significant are iron (5.5 wt%), zinc (2800 ppm), manganese (940 ppm) and chro- 
mium (640 ppm). These heavy metals can occur in different oxidation states. According 
to our hypothesis, heavy metals as well as other inorganic sediment components may be 
oxidized in air at 550°C and can therefore become oxidizing agents themselves, which 
may be responsible for PAH conversion reactions. The redox behaviour of the inorganic 
matrices should be reversible. This is confirmed by deactivated sediment ash samples 
which could be reactivated by additional oxidative treatment. 

Attempts to reduce ash in a hydrogen atmosphere support this view. Up to 300°C we 
found no loss of activity of the sediment ash by hydrogen treatment. Sediment ash is re- 
ducible in hydrogen above 330°C. The ash loses approximately 1.6 wt% during reduction 
up to 600°C. This finding indicates oxidic rather than peroxidic structures for the sedi- 
ment matrix, which may induce the oxidation of supported PAHs. 

The redox behaviour of sediment ash doped with 1 wt% 9-methylanthracene (9-MA) 
was studied using a thermobalance (see Fig. 1). 9-MA, impregnated on sediment ash 
(550”(J), is converted quantitatively to higher molecular weight products (ca. 65 wt%) 
and coke (ca. 35 wt%), not shown in Fig. 1. A reduction of the same sample with hydro- 
gen after burn-off at 600°C was complete after 20 min, with a weight loss of ca. 1.3 wt%. 

rGA WI W-G [%I 
100 

a? 
.c 
E 
.P 50 s 

0 

Temperature in “C 

Fig. 1. Redox behaviour of sediment ash doped with 9-MA. Solid line, reduced sample (second run); dotted 
line, oxidized sample (third run). 
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The reduced sample was loaded with 9-MA at room temperature and heated up to 600°C 
in a second run under an inert atmosphere (?= 10 K mini). The 9-MA could be 
desorbed with a yield of more than 85% yield. The coke yield, determined by burn-off, 
was found to be only 4 %. This indicates that the catalytic activity of the sediment ash is 
markedly diminished by reduction with hydrogen. In a third run the same sample, reacti- 
vated in air at 55O”C, was loaded a third time with 9-MA and heated to 600°C. Of the 9- 
MA introduced, 20% was desorbed up to 3OO’C, 60% was converted into higher molecu- 
lar weight products and the remaining 20% formed a coke residue. These experimental 
results suggest a reversible redox process as the controlling step in the PAH conversion. 

Similar observations with respect to the redox behaviour of mineral matrices have 
been made with calcium aluminates [24], which are used as catalysts for olefin produc- 
tion. It is not yet known which parts of calcium aluminates are the reactive centres. 
Ozonides and radical Al-O structures (so-called “oxygen hole centres”) have been sug- 
gested. They could be of importance for radical formation from hydrocarbons [25]. 

It is now understandable that the native sediment has a lower charring potential for 
PAHs than the sediment ash formed at 550°C. The most active centres for a PAH con- 
version are generated during air treatment. The oxygen introduced into the mineral ma- 
trix is available for oxidation reactions of hydrocarbons at elevated temperatures. It may 
initiate further radical reactions of PAHs, giving rise to non-volatile condensations prod- 
ucts. 

This view can explain the observed selectivity of conversion of PAHs on sediment ash 
[ 161, which is in conformity with their reactivity in radical reactions. 

Conclusions 

This paper presents results about the conversion of hydrocarbons such as PAHs and 
paraffins during a low-temperature thermal treatment (LTTP, 1300°C) on various or- 
ganic and inorganic matrices. The processes may play an important role in thermo- 
desorption of hydrocarbons from polluted soils or other solid materials. Until now, the 
thermodesorption process has mainly fallen into the responsibility of engineers rather 
than chemists. That means, the evaporation of volatile compounds has been assumed as 
controlled by sorption equilibria, mass transfer and mass transport phenomena. Soils and 
the pollutants were assumed to be chemically inert and chemical reactions are not con- 
sidered. In this paper we give evidence that organic matter is able to convert semivolatile 
hydrocarbons into non-volatile products and coke, when heated up to about 300°C. How- 
ever, this effect is not as pronounced as observed for acid activated clay, ZnCl,-doped 
solids and an oxidatively activated sediment. In the case of the sediment ash, centres 
providing reactive oxygen are generated during the oxidative pretreatment. Oxygen, in- 
troduced into the mineral sediment matrix, is able to act as an oxidizing agent and, there- 
fore, to initiate oxidation reactions at elevated temperatures. This process was found to be 
reversible, suggesting a redox behaviour of the mineral matrix. 

In consequence, biopolymers as well as mineral matrices can stimulate chemically the 
conversion of pollutants during thermodesorption. The presence of active oxygen may 
supports the charring process of semivolatile compounds. 



M. Render, F.-D. Kopinke/Thermochimica Acta 263 (1995) 113-121 121 

References 

Ul 

VI 
[31 
[41 

t51 
161 

171 
181 

t91 

1101 
[111 

u21 
u31 

t141 
[I51 
t161 
1171 

U81 
u91 
WI 
WI 
WI 
P31 
v41 

WI 

W.W. Kovalick, Jr., in Prepr. Int. Symp. Soil Decontamination Using Biological Processes, Karlsruhe, 
199?, p.259. 
J.M. Houthoofd, J.H. McCready and M.H. Roulier, EPA/600/9-91/002 (1991) 190. 
P. Jtlttetschenke, TerraTech, 2 (1994) 57. 
H. Dev, G. Sresty, J. Bridges and D. Downey, Proc. 9th Natl. Conf. Superfund ‘88, Washington, DC, 
1988, p. 498. 
H. Dev, EPA/600/9-86/022 (1986) 402. 
H. Dev, J. Bridges and G. Sresty, Proc. 1984 Hazardous Materials Spills Conf., Nashville, TN, 1984, p. 
57. 
J.S. Lighty, G.D. Silcox, D.W. Pershing, V.A. Cundy and D.G. Linz, Environ. Progress, 8 (1989) 57. 
J.S. Lighty, D.W. Pershing, V.A. Cundy and D.G. Linz, Nuclear and Chemical Waste Management, 8 
(1988) 225. 
J.S. Lighty, G.D. Silcox, D.W. Pershing, V.A. Cundy and D.G. Linz, Environ. Sci. Technol., 24 (1990) 
750. 
P. de Percin, EPA/540/AS-901008, 1991. 
P. La Mori, in H. Muralidhara (Ed.), SolidiLiquid Separation: Waste Management and Productivity 
Enhancement, Battelle Press, 1989, p. 385. 
1. Pastorova, T.F.M. Oudemans and J.A. Boon, J. Anal. Appl. Pyrol., 25 (1993) 63. 
G.D. Fowler, SK. Ouki, C.J. Sollars and R. Perry, in F. Arendt, G.J. Annokee, R. Bosman and W.J. van 
den Brink (Eds.), Altlastensanierung ‘93, Kluwer, Dordrecht, 1993, p. 1413. 
LG. Kovsun, IT. Protzenkov and F.D. Owtscharenkov, Dokl. Akad. Nauk SSSR, 260 (1981) 625. 
F. Shatizadeh, Appl. Polym. Symp., 28 (1975) 153. 
F.-D. Kopinke and M. Remmler, Thermochim. Acta, 263 (1995) 123-139. 
G.D. Fowler, S.K. Ouki, C.J. Sollars and R. Perry, in F. Arendt, G.J. Annokee, R. Bosman and W.J. van 
den Brink (Eds.), Altlastensanierung ‘93, Kluwer, Dordrecht, 1993, p. 1413. 
A.M. Vassal10 and M.I. AttaIla, J. Anal. Appl. Pyrolysis, 23 (1992) 73. 
M. Zander, Fuel, 65 (1986) 1019. 
WC. Hemdon, J. Org. Chem., 46 (1981) 2119. 
W. Hemdon, Tetrahedron, 38 (1982) 1389. 
R.A. Regtop, J. Ellis, P.T. Crisp, A. Ekstrom and C.J.R. Fookes, Fuel, 64 (1985) 1640. 
R.A. Regtop, P.T. Crisp, J. Ellis and C.J.R. Fookes, Org. Geochem., 9 (1986) 233. 
S. Nowak, D. Radek and H. Gtlnschel, DGMK Fachbereichstagung Ct-Chemie - Angewandte hetero- 
gene Katalyse - C4-Chemie, Tagungsbericht 9101, Leipzig, 1991, p. 237. 
A. Hosono, J. Non-Cryst. Solids, 95-96 (1987) 725. 


