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Abstract 

'Waste materials of various origin, such as domestic waste, agricultural by-product (grain 
husk), tyre rubber, and the light fraction of shredded interiors of cars (,autoshredder light') 
were converted into final products of active carbon properties by pyrolysis and subsequent 
steam activation of the waste. Products were tested using the standard measurements 
for adsorption of iodine and methylene blue. The porous structure was characterized 
by small angle X-ray scattering, low-temperature nitrogen adsorption measurements and 
mercury porosimetry. The extent of gasification (burn-off) on activation, the adsorption 
characteristics, and the pore-size distribution were found to reflect the composition and 
the fine structure of the waste used as raw material. High surface area microporous active 
carbon was obtained from agricultural wastes. The burn-off of the pyrolyzed rubber 
consisting mainly of chemically resistant carbon black was relatively small and activation 
resulted in essentially meso- and macroporous carbon. Organics in the domestic waste and 
in the 'autoshredder light' were converted into high surface area active carbon, however, 
the mass related adsorption capacity of the products was small due to the high fraction 
of inert inorganic components in the preparations. 

Keywords: activated carbon, acti\'ated carbon from waste materials. 

1. Introduction 

Active carbons are produced from fossil coal or various organic raw ma
terials [1]. Generally, good quality adsorbents can be obtained from agri
cultural refuse [2,3]. The preparation process consists of two subsequent 
steps. In the first step, usually referred to as pyrolysis or carbonization, the 
starting material is subjected to dry distillation with exclusion of air. The 
intermediate obtained is activated through partially gasifying (or burning 
off) the carbon in reaction with steam. The properties of the carbon prod
ucts can be controlled by setting the key variables of the activation proce
dure, such as the temperature, the composition of the activating gas, and 
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the contact time [2,4]. First the amorphous carbon and then, if the acti
vation procedure is continued, whole layers of the carbon crystallites can 
burn off. As a result, pores are generated; first small pores only and then 
larger and larger ones [5]. The relations between the processing parame
ters and the development of porous structure have been extensively stud
ied using various raw materials [6-11]. 

The neutralization and/or the permanent disposal of industrial and 
household wastes are quite expensive ways for treating the waste prob
lem and the methods applied for waste processing often involve environ
mental hazards. The problem can be at least reduced by converting part 
of the waste into useful products, for instance into products with active
carbon-like properties applicable for abating environmental pollution, e.g., 
for wastewater purification. Carbon-containing wastes appearing in ever in
creasing quantity in the industrialized societies, e.g., domestic waste, pack
ing materials, and tyres, are not considered favorable raw materials for 
the preparation of activated carbon because their composition can be vari
able and inhomogeneous, furthermore, their carbon content is often low. 
In spite of these drawbacks investigation on the use of different waste ma
terials for producing activated carbon is strongly motivated by the envi
ronmental concerns mentioned. Part of the difficulties can be overcome by 
selective collection, and processing of the waste. The neutralization of in
dustrial or domestic wastes is often carried out by direct incineration in an 
oxygen-containing atmosphere or by pyrolysis at 500 - 700°C with exclu
sion of oxygen. During pyrolysis, as in the first step of the active carbon 
preparation, the organic fraction of the waste gets partly carbonized. 

In the present work different selectively collected and pyrolyzed wastes 
and, for comparison, an agricultural by-product were studied. The car
bonaceous residue was used as precursor for the preparation of carbon ad
sorbents by steam activation. The carbon content and the structure of the 
carbon in the precursors were different. These factors, and the amount and 
composition of the inorganic components present in the waste were found 
to determine the pore structure and the adsorption properties of the prod
ucts obtained. 

2. Experimental 

2.1. Materials 

The wastes investigated as raw materials are as follows: grain husk (HSK), 
domestic waste (DOW), tyre rubber (GUM), and the light fraction of the 
shredded interior parts of cars which is consisting mainly of plastics and tex
tile and referred to here as 'autoshredder light' (ASL). The symbols given in 
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parentheses are used for identifying the product made from the correspond
ing raw material by pyrolysis and activation. The tyre rubber and the 'au
toshredder light' were obtained from a car demolition plant, the domestic 
waste was collected from households. The wastes, including the grain husk 
which is an agricultural by-product often used for the preparation of com
mercial activated carbon, were pyrolyzed in incineration plants in Germany. 

2.2. Preparation of the Activated Samples 

The carbonaceous samples obtained from the incineration plants with un
known thermal history were briquetted first, then a second pyrolysis was 
carried out at 700°C in an inert atmosphere for half an hour to form the 
pyrolyzed precursor of the activated material. 

Briquetting was carried out by adding to the dried sample 20 wt % 
bitumen dissolved in xylene, evaporating the solvent and pressing the solid 
with about 40 kN /m2 pressure into platelets of about 3 mm thickness. 
Platelets were crushed and sieved to get particles of 3 - 5 mm size. The 
addition of bitumen increased the carbon content of the pyrolyzed materials 
by 3 - 4 wt %. 

Samples were activated in a rotating quartz reactor at 900°C in 
an equimolar steam-nitrogen mixture flowing at a rate of 18 g/hour for 
30 min [12]. The weight loss due to activation (the extent of burn-off) was 
determined. 

2.3. Characterization of the Materials 

Thermoanalytical curves were determined by heating the homogenized and 
dried materials pre-pyrolyzed in an incineration plant up to 1000 °C in ni
trogen at a rate of 10 °C/min, by using a Netzsch STA 409 type simultane
ous thermoanalyzer (Netzsch, Germany). The weight loss was assigned to 
the amount of volatile organic components also removed in the carboniza
tion process. The ash content was determined similarly by measuring the 
weight of the residue after heating up the sample in air. 

Activated products were characterized by the adsorption capacity for 
iodine and methylene blue, the specific surface area, the volume of pores, 
and their size distribution. The apparent (bulk) and the 'true' densities 
were also determined. The 'true' density of the solid matrix was determined 
by the helium pycnometer method. The bulk density was calculated from 
the volume of the pycnometer closely packed with the powdered sample 
and from the sample weight. 
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Iodine and methylene blue adsorption was determined as described in 
the booklet of Norit Testing Methods [13]. In the industrial practice these 
kinds of measurement are generally applied as fast test methods for con
trolling the quality of carbon adsorbents. According to experience 1 mg 
iodine adsorbed under the test conditions corresponds to about 1 m2 sur
face area determined by the BET method. The quantity of the methylene 
blue adsorbed is useful to characterize the sorption properties of a carbon 
towards large organic molecules. 

The determination of the low-temperature (77 K) adsorption iso
therms for nitrogen and the calculation of the specific surface area and the 
pore size distribution on the basis of the recorded sorption data was car
ried out using a type Autosorb1 (Quantachrome, Syosset, New York, USA) 
computer controlled automatic surface analyzer and data processing sys
tem. The pore size distribution of the mesopores and the specific surface 
areas of the samples were calculated using the Barett-J oyner-Halenda- and 
the multipoint BET method [14], respectively. Brunauer's t-method [15] 
was applied to analyze the size distribution of micropores. 

Macropores were characterized by mercury porosimetry using a Carlo 
Erba MI. NE. 100 type poresizer (Carlo Erba, Milano, Italy). 

The solid matrix of the samples was studied by small angle X-ray 
scattering (SAXS) technique. The sample was placed into a 1 mm thick 
sample holder and covered with Mylar foil. The scattering of Ni-filtered Cu 
Ko: - radiation (>. = 0.1542 nm) was recorded in the 1.5 x 10-2 

- 1 nm-1 

range of scattering variable, defined as s = 2(sin e)! >., where 2e and >. 
are. the scattering angle and the wavelength, respectively, using a classical 
Kratky camera and a proportional counter (Anton Paar, Graz, Austria). 
Data were evaluated by the method based on the moments of the scattering 
intensity function [16]. 

3. Results and Discussion 

The homogenized and dried wastes pyrolyzed in an incineration plant were 
characterized by thermoanalytical measurements (Table 1). The volatile 
fraction was found relatively high for each sample indicating that only par
tial carbonization occurred in the incinerator. Therefore, a second pyrolysis 
was applied after briquetting to obtain adequately carbonized precursors 
for the activation treatment. The ash content of the carbonized samples 
obtained from domestic waste and autoshredder light fraction was much 
higher than that of the samples obtained from grain husk and tyre rubber 
and higher than that of most commercial activated carbons. Ash was found 
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Table 1 
Composition of the pyrolyzed materials G 

Raw material Ash b Volatile matterC 
wt% wt% 

Grain husk 11 13 
Domestic waste 57 31 
Auto tyre rubber 19 10 
'Autoshredder light' 65 25 

Carbond 

wt% 

76 
12 
71 
10 

G All data were determined by thermogravimetric measurements. 
Large amounts of samples were powdered and homogenized. About 

0.1 g of each sample (W) was heated up to 1000 °C at a rate of 10°C/min. 
The final weight was determined III air (A) and nitrogen(N). 
b (A/W) . 100 
C ((W - N)/W) . 100 
d ((N - A)/W)· 100 

Table 2 
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Degree of burn-off during the steam activation of the pyrolyzed wastes and properties of 
the activated samples 

Activated Burn-o~ Densityb as,B.E.T. Iodine number Methylene blue ads. 
materials [%] [g/cm 3

] [m2 /g] [mg/g] [g/100g] 

HSK 39 2.03 ± 0.01 1047 810 17.5 
DOW 35 2.65 ± 0.02 89 105 2.3 
GUM 18 2.04 ± 0.01 136 170 2.0 
ASL 30 2.47 ± 0.01 205 280 6.0 

a Calculated from the weights before and after the activation treatment. 
b The 'true' density was measured by helium pycnometry. 

to consist mainly of silicates insoluble in water. The higher ash contents 
are reflected in the higher densities of the activated products (Table 2). 

In the present work the same steam activation was used for all the 
carbonized precursors to transform them into carbon adsorbent.. 

Because of the high carbon and the low ash content the pyrolyzed 
grain husk is a favourable raw material for the production of activated car
bon. The product obtained here is quite similar to commercially available 
microporous active carbons suggesting that a suitable raw material can be 
converted to good-quality activated carbons with the procedures used in 
the present work. Data given for HSK can be used as reference when a 
comparison of the other processed wastes to an ordinary active carbon is 
intended to be made. 
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The carbon-to-gas conversion on activation, i.e. the extent of 'burn
off' is given in Table 2. While the GUM precursor contained about the 
same amount of carbon as the HSK precursor, the burn-off was relatively 
low probably because the carbon present in the GUM sample is mainly in 
the form of chemically more resistant carbon black particles. The too high 
carbon loss is unfavourable especially for 'ash rich' carbonized samples since 
it not only results in pores but decreases also the amount of the activated 
carbon component in the adsorbent product. It was found, however, that 
the weight losses given for the samples of high ash content as 'burn-off', 
i.e. for DOW and ASL cannot be directly related to the amount of carbon 
gasified since colloidal-size inorganic particles are carried away from the 
samples by the nitrogen-steam mixture passing through the reactor during 
the activation treatment. This may explain that no simple correlation could 
be established between the extent of burn-off and the adsorption properties. 

The BET areas, the iodine and the methylene blue numbers generally 
used for characterizing carbon adsorbents indicate that very different prod
ucts were obtained from the different starting materials (Table 2). Com
parison of the corresponding numerical values of the BET area and the io
dine number of the samples shows that, with the exception of HSK, the 
numbers differ more than expected for common activated carbons. The ad
sorbents showing higher adsorption affinity towards iodine than nitrogen 
must be of a chemical character different from that of plain active carbons. 
Thus, data suggest that the inorganic components present in the waste 
ha:re a modifying effect on the surface properties of the carbon product. 

Both the porous structure and the chemical character of the adsor
bent is reflected in the strength of interaction with the adsorbed nitrogen. 
The well-known D-R isotherm equation derived on the basis of the volume
filling theory of micropores was applied to fit the low-pressure part of the 
experimental isotherms shown in Fig. 1. The parameters of the D-R equa
tion were determined. The characteristic energies of adsorption (Ea) which 
provide the differential molar heat of adsorption at an adsorbed amount 
equal to the 11 e fraction of the saturation capacity were compared for the 
preparations. The characteristic energies are 6.5 and 7.3 kJ Imol for the 
ASL and GUM, respectively. A low Ea value of 3 kJ Imol characterizes 
the adsorption interaction of nitrogen with DOW while a value as high as 
about 15 kJ/mol was obtained for HSK. The Ea value of HSK which is sig
nificantly higher than that of the other samples can be attributed to the 
pronounced microporous character of the preparation. The data for ASL, 
GUM and DOW correspond essentially to adsorption on surfaces within 
larger pores where the strength of interaction may also be affected by the 
inorganic impurities present. 
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Table 3 
Total volume of the pores in different pore size ranges 

Volume of Volume of the Total volume of 
Samples micro pores a mesopores pores 

[cm3 /g] [cm3 /g] [cm 3 /gj 
N2-ads.b Hg-porosimetryC Hg-porosimetrl 

HSK 0.650 0.058 0.083 0.862 
DOW 0.056 0.105 0.096 0.564 
GUM 0.081 0.210 0.668 1.106 
ASL 0.125 0.076 0.087 0.670 

a Determined by the B-point method [14] from the isotherms in Fig. 1. 
b The volume of the pores in the pore size range of 4 < Radius, nm < 100 
obtained from the adsorption isotherms as the volume of liquid state N2 
filling up the pores in the 0.65 < p/po < 0.99 range of relative pressure. 
C The volume of the pores in the pore size range of 4 < Radius, nm < 100 
obtained by mercury porosimetry as the volume of mercury 
filling up the pores in the 77.8 to 1947 bar pressure range. 
d The volume of the pores in the pore size range obtained by mercury of 
4 < Radius, nm < 0.6· 103 porosimetry as the volume 

of mercury filling up the pores in the 1.3 to 1947 bar pressure range. 

The porous structure of the preparations was characterized in the 
pore-size regions of the micro- and mesopores on the basis of the low
temperature adsorption/desorption isotherms for nitrogen (Fig. 1). The 
meso- and macropores were studied by mercury porosimetry. The pore 
volume of the micropores in the samples is small when compared to that of 
HSK, but a significant pore volume can be assigned to the size region of the 
mesopores (Table 3). Data given in Table 3 allow to compare the mesopore 
volumes determined by two independent methods, i.e., by adsorption and 
mercury porosimetry. Considerable difference was found in the differently 
measured data for the GUM. This is suggesting that in this sample a large 
fraction of the pores is closed and not available for adsorption of nitrogen, 
but, these pores can break open for intrusion of mercury under the high 
pressure applied in mercury porosimetry. 

The adsorption isotherms of Fig. 1 were converted into t-plots (Fig. 2). 
The t-plots provide the adsorbed amount (a) as a function of the average 
thickness of the adsorbate layer on a fiat surface with an identical surface 
structure as the adsorbent examined (t). It should be understood that for 
a non-porous material the t-plot is a straight line starting from the origin 
and its slope is proportional to the surface area. For a porous material 
the slope decreases if some of the pores are filled up and hereby the sur
face available for adsorption decreases. Upward deviation from the straight 
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Fig. 2. I-plots calculated from the isotherms in Fig. 1. The average thickness of the ad
sorbed layer (t) on a flat surface as a function of the relative pressure of nitro
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line indicates the presence of capillary condensation in the pores. -Irhus, 
not only 'a' but also It' must be known as a fuction of the relative pres
sure for constructing a t-plot. In lack of appropriate t-functions for differ
ent materials the generally applied treatment to the problem is the use of 
some kind of a 'universal t-curve' [14]. In the present work the t-function 
given by the well-known Halsey equation was adopted for calculating the 
t-plots. Although this approach involves some inaccuracy, the t-plots ob
tained allow to draw qualitative conclusions of the pore structures of the 
preparations studied. The micropore character of the HSK is convincingly 
demonstrated. In the DOW and ASL samples pores with all sizes are 
about equally represented from the size ranges of micropores to mesopores, 
however, the total micropore volume is small since micropores can develop 
mainly from the carbon-containing components present originally in rela
tively small amounts in the raw materials (Fig. 2). 

In the curves representing the distribution of the mesopore volume 
by pore size a sharp peak appears at about the 2 nm pore radius for all 
.the samples (Fig. 3). A second peak can be observed on the curve of 
the GUM sample around 20-30 nm. This peak may reflect the original 
structural feature of the raw material since the carbon black used in rubber 
manufacturing consists of crystallites of about the same size. 

Mercury porosimetry revealed pronounced differences between the 
macroporous structure of GUM and the rest of the samples (Fig. 4). The 
macropores of 103 

- 104 nm radius were not produced during activation 
from the precursor of GUM probably because the resistance of the carbon 
black in this sample is higher against gasification during steam activation 
than that of the carbonaceous components of the other precursors. 

The small angle X-ray scattering (SAXS) curves of the activated sam
ples are shown in Fig. 5. On replotting the data according to the Guinier 
approximation, no linear log I vs. s2 plots were obtained even for the small
est values of the s variable. This means that the size of the particles is far 
from uniform in the materials and a single Guinier radius cannot be as
signed to these colloidal systems. In order to determine characteristic parti
cle sizes from the SAXS measurements, the method of moment was applied. 
The calculated parameter was the reduced chord length (lr). The reduced 
chord length represents the average length of all segments drawn across the 
matrix in all directions, which is defined by the following equation: 

:x: 

lr = J sl(s)ds/27i }~~ s:ll(s) . 
o 

The correlation length and the corresponding average crystallite size were 
not determined since they could not be derived from the scattering pattern 
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Fig. 5. Small angle X-ray scattering curves of the activated samples. The scattered 
intensity (I) was plotted against the absolute value of the scattering vector (s) 

with the accuracy required to be of any use in characterizing the prepara
tions studied. 

The porous material was considered as a two-phase system comprising 
solid matter and voids (pores). From the reduced chord length the average 
lengths in the solid and the pores, lm and lp, respectively, were derived as 
lm = lr/ P, and lp = lr/(l- P), where P is the volume fraction of the pores 
in the sample [17]. The calculated parameters are given in Table 4. lp was 
found not to differ very much from the corresponding pore size determined 
by the adsorption method. It is conceivable that the average chord length 
determined carries meaningful information about the texture of. the prepa
ration built up of elements non-uniform in size. The chord length in the 
matter gives the one-dimensional average thickness of the pore walls. The 
walls in our samples are significantly thicker than 0.5 - 1.0 nm usually ob
tained for microporous systems. Assuming cylindrical pore geometry and 
taking lp as the average pore diameter the specific surface areas of the sam
ples (Sp) were calculated (Table 4). Since the contribution of the dimen
sions of the larger voids is larger to the average pore size than the contribu
tion of the surface of the same pores to the BET surface area, it is expected 
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that the surface area obtained from SAXS data is smaller than the area de
termined by the adsorption methods. With the exception of the results for 
HSK, the SAXS surface areas are larger than the corresponding areas cal
culated from the adsorption isotherm of nitrogen (cf. data in Table 2 and 
4). This may suggest that the 'ash rich' samples have closed pores which 
are detected by SAXS but are inaccessible for the nitrogen adsorbate. 

Table 4 
Structural parameters determined by small angle X-ray scattering measurement 

Range of Specific 
Samples Porositya inhomogeneity Range of inhomogeneity surface 

lr [nm] in matter in pores areab 

Im [nm] Ip [nm] Sp [m2 jg] 

HSK 0.62 1.6 ± 0.1 2.2 5.9 765 
DOW 0.55 4.5 ± 0.2 7.8 9.5 183 
GUM 0.58 3.0 ± 0.1 4.2 10.4 378 
ASL 0.64 1.6 ± 0.2 2.3 5.5 647 

a Calculated as P = 1 - pj pH e where p and pH e are the bulk and the true 
densities, respectively. 
b Calculated as S = 4 .103 (1 - P)Pj(lrP) where p is the bulk density. 

4. Conclusions 

Using the pyrolysis/steam activation procedure, commonly used for the 
preparation of active carbon adsorbents, for different selectively collected 
waste materials, even for those of low carbon content, wastes can be con
verted into products showing properties which are in some respects simi
lar to those of activated carbons. Voids among irregularly stacking carbon 
crystallites formed a microporous pore system only when an agricultural 
by-product was used as starting material. Macroporous adsorbents of rel
atively small pore volume were obtained from the 'ash rich' wastes due to 
their low carbon content. The high burn-off was found to result in pores of 
large sizes. Shorter activation of the precursors obtained from such samples 
is suggested to generate microporous adsorbents with larger surface areas. 
The chemical character of the surface influencing the adsorption properties 
depends on the amount and nature of the non-carbonaceous components 
of the waste used as raw material. The adsorbents were tested in water 
purification using different model waste water systems. The promising re
sults obtained will be discussed in a following study. 
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