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Abstract. The possibility of using pyrolyzed wastes produced in already working incineration plants, as adsorbents 
for waste water treatment, was studied. Showing very poor adsorption properties, they were improved by steam 
activation technique used in the conventional activated carbon manufacturing. It is concluded that various organic 
waste materials can be converted to carbonaceous final products with a character similar to activated carbon. Their 
adsorption properties and pore size distribution are determined by the structure of the starting material. Although 
most of these samples have a low specific surface area, their pore volume is not negligible in the meso- and micropore 
range. Adsorption tests with model waste waters confirmed that adsorption properties ,are strongly influenced by 
the character of the surface. The adsorption capacity of these samples can be utilized for the treatment of strongly 
polluted industrial waste waters. Considering that the raw material 'needed'  to manufacture these adsorbents is 
produced permanently and the adsorbents do not have to be regenerated, it might be worthwhile using these kinds 
of adsorbents in the primary treatment of industrial waste waters. 
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1. Introduction 

Activated carbon is an adsorbent most often used in 
waste water treatment. Commercially available acti- 
vated carbons are tailor made for this application. Raw 
materials are carefully selected and transformed by an 
optimized process to an adsorbent, having the desired 
mechanical strength, particle size, specific surface area, 
pore size, pore size distribution, etc. These carbons 
have a high and constant quality making their price rel- 
atively high as well. Their starting materials are fossil 
coals or organic materials rich in carbon, e.g., polymers 
or different parts of plants. Throughout the world agri- 
cultural by-products, such as by-products of the tim- 
ber industry (e.g., sawdust) or different agricultural by- 
products, such as straw, rice hull, seeds or fruit stones 
are some of the raw materials used in active carbon 
production (L~iszl6 et al., 1995; Rodriguez-Reinoso 
and Molina-Sabio, 1992; Gergova et al., 1994; Lussier 

et al., 1994; Gonz~ilez et al., 1994; Benke, 1993; B6ta 
et al., 1992; Noszk6 et al., 1984; Rivera-Utrilla et al., 
1991). 

Development of waste management policies is an 
urgent issue all over the world. More and more waste 
is produced by human beings. Landfilling sites are 
becoming full and - - a s  people are more and more con- 
cerned about their environment--hard to find, not men- 
tioning the increasing costs. There is a huge amount 
of solid wastes, containing a relatively high percent- 
age of organics, which can be and already are reason- 
ably reduced by volume in incinerators. The usage of 
these carbon-containing wastes in primary waste water 
treatment can be a two-fold solution to environmental 
problems. It reduces the volume of the wastes and an 
increasing demand for water treatment might be ful- 
filled at a reasonable price. Another advantage in ap- 
plication of these adsorbents is that there is no need to 
regenerate them because of their low production costs. 
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Hmvever, carbon-containing industrial and household 
wasIes have not been considered thvourable raw ma- 
terials for the production of activated carbon because 
their composition can be variable and inhomogeneous, 
furthermore, their carbon content can be very low. Part 
of the difficulties can be overconle by selective collec- 
tion and processing of the wastes. Thernlal processing 
of these wastes is carried out by pyrolysis at 500-700 C 
with the exclusion of oxygen. In this process, as in the 
first step of the active carbon production, the organic 
part of thc waste gets partly carbonized. The result is 
thai lhe carbonized (pyrolyzed) product bears features 
characteristic to the slarting material (Bdta et al.. 1993). 

In the present work diftierent selectively collected 
wastes pyrolyzed in incineration plants were studied in 
their original lorm and after steam activation in order to 
determine their capability in waste water treatment. For 
ctmlparison, a conlmercial activated carbon produced 
especially for waste waler treamlent was studied. 

2. Exper imental  

%tartin,e Materials 

,\ relatively wide variety of selectively collected and 
pyt~Hyzed wastes was used in the experiments. There- 
Iorc, their quality based on carbon content was very 
different as well. Domestic waste (DOW) was mostly 
made of perishable garbage produced by households. 
Car industry, produces a huge amount of"carbon rich" 
wastes, and from there we investigated autoshredder 
light fraction (ASL) and tire rubber (GUM). The light 
fractima of the autoshredder contains all the inner soft 
parts of the car remaining after the removal (5t metallic 
parts. An other waste product of the automobile indus- 
try is tires. Tires have a high carbon content since soot 
is used as filler in tire manufacturing. Pyrolyzed steel- 
less tire were used as sample. Packaging materials are 
produced and consumed on a large scale. Pyrolyzed pa- 
per (PPR) and poly-ethyleneterephthalate (PTF) were 
used from tiffs group of wastes. The synlbols given in 
parentheses are used to identify the pyrolyzed samples 
obtained by the pyrolysis of the wastes in incineration 
plants in Germany. 

A clivation 

In order to improve adsorption capacity, the pyrolyzed 
substances were subjected to activation. Betore the 

activation step, all samples were heated at 70(FC for 
30 rain, since the thermal record of the different sam- 
ples were rather diverse. Each sample was subjected 
to a briquetting process because the pyrolyzed samples 
were in pulverized form with a very wide size distri- 
bution. Briquetting was performed by adding 20 wt% 
bitumen dissolved in xylene to the dried sample. The 
mixture obtained was dried and pressed (ca 40 kN/m z) 
into llat sheets with a thickness of about 3 ram. The 
addition of bitumen increased the carbon content of 
the samples by 4 t(5 5%. Platelets were crushed and 
samples with a grain size of about 3 to 5 mm were 
activated in a steam flow of 18 g/h at 900 C in a ro- 
tary quartz reactor (Noszkd eta[.,  1984). The steam 
was diluted with nitrogen in a molar ratio of 1 : I. The 
weight loss due to activation (the extent of burn-off) 
was determined. 

Characterization qf  the Samples 

Raw materials were pyrolyzed up to 1000' C in nitro- 
gen. The wei,,ht loss was assigned to the amount of 
volatile components removed in the carbonization pro- 
cess. The ash content was determined similarly by 
measuring the weight of the solid residue after incin- 
erating the sample in air. 

After activation the samples were characterized 
based on the adsorption capacity for iodine and methy- 
lene blue, the specific surface area, the pore volume 
and the pore size distribution. The 'true' and the ap- 
parent densities were also measured. The 'true' den- 
sity of the solid matrix was determined by the helium 
pycnometer method. The apparent density was cal- 
culated from the volume of the pycnometer closely 
packed with the powdered sample and from the sample 
weight. 

Iodine and methylene blue adsorption was deter- 
mined according to NORIT. These kinds of mea- 
surements are generally applied as fast industrial test 
methods for controlling the quality of the adsorbents. 
Iodine number informs about the internal surface of 
the activated carbon. 1 mg of iodine (molecular area: 
0.15-0.42 nm z) adsorbed is considered to represent 
1 m 2 internal surface. Methylene blue (molecu- 
lar area: 0.54-1.97 nm 2) value reveals the adsorp- 
tive properties of a carbon towards larger organic 
molecules. 

Nitrogen adsorption/desorption isotherms were used 
to determine the specific surface area, the specific 
pore volume and the pore size distribution of the 
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samples in the mesopore range. The isotherms were 
measured at the boiling point of liquid nitrogen by 
AUTOSORB-I  (Quantachrome, Syosset, NY, USA) 
computer controlled automatic surface analyser and 
data processing system. Specific surface area was cal- 
culated according to the multi-point B.E.T. method. 
The total pore volume was derived from the amount of 
vapour adsorbed at a relative pressure close to unity, 
assuming, that the pores are filled with liquid nitro- 
gen. The pore size distribution was computed us- 
ing the method proposed by Barrett et al. (1951). 
The t-method of Halsey (1948) was used for the de- 
termination of micropore volume in the presence of 
mesopores. 

The matrix structure of the samples was sludied 
by small angle X-ray scattering (SAXS) technique. 
Ground samples with an average particle size of 10/-*m 
were placed into l -mm thick sample holder and cov- 
ered by Mylar foil. The scattering of Ni filtered Cu 
K~,-radiation (I. = 0.1542 nm) was recorded in the 
I �9 1()-2-1 nm -I range of scattering variable, defined 
as s = 2(sinO)/1., where 20 and 1. are the scatter- 
mg angle and the wavelength, respectively. A classical 
Kratky camera and a proportional counter (Anton Paar, 
Graz, Austria) were used. Data were evaluated by the 
method based on the moments of the scattering inten- 
sity function (J4nosi and Stoeckli, 1979). 

AdsotT)tion Tests 

As we would like to apply these activated 'car- 
bons' for waste water treatment, samples were tested 
with model synthetic waste waters. Typical organic 
compounds representing a variety of different pol- 
lutants were used in diluted aqueous solutions. One 
of the important features of the activated car- 
bons used in waste water treatment is their ca- 
pability to adsorb phenol, for phenol is one of 
the most frequent contaminants in industrial waste 
waters (Magne and Walker, 1986; Urano et al., 
1982). Besides being carcinogenic, a very uncom- 
fortable feature of phenol is that, it reacts with 
the chlorine producing carcinogenic chlorinated com- 
pounds (Ferro-Garcia et al., 1993; Rivera-Utrilla 
et al., 1991; Worch et al., 1990), which was 
represented by 2,3,4-trichlorophenol in our exper- 
iments. The family of the polyaromatic hydrocar- 
bons was represented by naphthalene, while from 
among herbicides atrazine (2-chloro-4-ethylamino-6- 
isopropylamino-1,3,5-triazine) was used. 

The performance of our carbons was compared to 
that of a commercial activated carbon produced espe- 
cially for waste water treatment, i.e., F20(} (Calgon 
Carbon Corp. Pittsburg, PA, USA). Equilibrium ad- 
sorption isotherms were determined in static batch ex- 
periments at ambient temperature (Lfiszl6 e( al., 1993). 
The solutions were not buffered, the pH was found to be 
7.5 to 8.9. Stoppered tlasks were shaken in a thermo- 
stat shaker to reach equi l ibr ium The solid/liquid ratio 
was changed systematically in order to get the adsorp- 
tion isotherms from the low equilibrium concentration 
up to the saturation value. Starting concentration of 
the solutions was limited by the low solubility of the 
solutes. Saturated solutions were used except phenol. 
which was used in a stock solution of 500 mg/I. Contact 
limes were concluded from prelmfinary kinetic exper- 
iments. Samples were shaken ['or 24 hrs. with phe- 
nol solution, 72 hrs. with trichlorophenol, 5 days with 
atrazine and 6 days with naphthalene. Starting and equi- 
librium concentrations were determined by detecting 
the UV absorption of the phenols ()v = 254 nm) and 
atrazine (1. = 220 nm) using a Merck-Hitachi 655A 
UV HPLC monitor and a UVIKON 93(1 UV/visible 
spectrofotometer (Kontron, Zurich, Switzerland), re- 
spectively. To obtain a better accuracy, naphthalene 
was determined with an LS fluorescence spectrome- 
ter (Perkin-Elmer, Ueberlingen, Germany) at 1. = 254 
nm. Measured data were evaluated according to the 
Langmuir model. 

3.  R e s u l t s  a n d  D i s c u s s i o n  

Characterization of  the Starting Material 

Pyrolyzed autoshredder light fraction, tire rubber, do- 
mestic waste and different packing materials were cho- 
sen to be tested. The homogenized and dried wastes 
pyrolyzed in incineration plant were characterized by 
their composition. Data in Table 1 were obtained 
from thermoanalytical measurements performed up to 
I000~ According to the volatile matter values tile 
thermal record of the samples were very diverse. The 
ash content was found to be considerably high. Accord- 
ing to X-ray fluorescence analysis it mainly consists of 
silicates insoluble in water. The pyrolyzed carbona- 
ceous substances were also characterized considering 
some of their surface properties (Table 2). Both the 
specific surface area and the pore volume of the py- 
rolyzed samples are small values. It can be explained 
either with the compactness of the structure or/and the 
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7ht~lc I. Composition of the pyrolyzed materials 1. 

Ash Volatile Carbon 
Pyrolyzed content 2 matter 3 content 4 

substances from Symbol wt% wt% wt% 

Domestic waste DOW 57 31 12 

Auto tire GUM 19 l0 71 

Shredder light fraction ASL 65 25 10 

Poly-ethyleneterephtalate PTF I 1 98 

Packing paper PPR 20 19 61 

t l)ata were deterlnined from thermogravimetric measurements. 
About 0. I g of homogenized powdered samples (A} were heated up 
to 1000 C at a rate of 10C/rain.  The measurement was performed 
both in air and nitrogen and final weight was determined as B in air 
and C in nitrogen, respectively. 
2(B/A). 100. 

~((A-C)/A). 100. 
4{(C-B)/A)- 100. 

7"~tlHe 2. Surface chaacterization of the pyrolyzed samples, 

Pore Average pore 
Pyrolyzed a, .  N2, BET volume I radius 2 
substance ln2/g cm3/g nm 

Domestic v.,aste 34 0.086 5.02 

Auto tire 20 0.18 18.6 

Shredder light fraction 15 0.044 5.87 

Polyet hyle neterephthalate 12 0.010 1.56 

Packing paper 649 0.59 1.81 

I The volume of the pores ,,','as obtained from the adsorption isotherms 
as the volume of liquid nitrogen filling up the pores at a relative 
pressure of about I. 

2 v,l,~ ,,,.,here I./li q is the volume of/he adsorbed 2Obtained as r/, = . ,  ,N~ ,BET ' 
nitrogen, assuming cylindrical pore geometry. 

mostly closed pores. The only exception is the PPR 
sample, where the porous structure starts developing 
simultaneously with the carbonization. 

lmlJrovenlent o/'the Adsorption Behaviours 

In order to increase tile low specific surface areas and 
thus the adsorption capacities of the pyrolyzed sub- 
stances, the samples were activated. It must be under- 
lined, that in this case the task was not to produce an 
optimal activated carbon lor a given purpose but to uti- 
lize all possibilities involved in a hardly optimal raw 
material. Nevertheless PTF and PPR may provide an 
ideal starting material for activated carbon, having high 
carbon and low ash contents, although their structure 
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Figure 2. Development of the specific surface area during the acti- 
vation. Specific surface area was calculated from iodine adsorption 
(NORIT). 

is different according to the different structure of the 
starting plastic and the cellulose�9 Therefore, these two 
samples were used to illustrate that the character of the 
activated product is affected by both the starting raw 
material and the duration of the activation process. 

The progress of the activation may be followed by 
the yield, i.e., the extent of"burn-off". Figure 1 shows 
that the same activation time results in a different yield, 
depending on the raw material. This difference can be 
even better illustrated by the development of the inner 
surface area or the pore volume during the activation 
(Fig. 2). According to its high specific surface area, 
the carbon obtained from PTF can be considered as a 
microporous system beyond burn-off of ca. 30%. It 
is also proven by the methylene blue uptake (Fig. 3). 
The methylene blue adsorption up to a burn-off value 
of 30% is independent from the origin of the sample, 
although the corresponding specific surface area value 
(Fig. 2) of the PTF-originated sample is significantly 
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Change of the methylene blue value (NORIT) during the 

the non-volatile inorganic part and therefore decreases 
also the relative amount of the carbon in the product. It 
may be noted that the GUM derived sample has a rel- 
atively high yield considering its carbon content. The 
reason probably is that its carbon content is mainly 
present in the form of chemically resistant carbon black 
particles. 

The specific surface areas calculated from the nitro- 
gen adsorption data according to the BET model and 
the iodine and methylene blue numbers listed in Table 3 
indicate that very different adsorbents were obtained 
from the different raw materials. There is no correla- 
tion between the burn-off values and specific surface 
areas. The inorganic components present in most of 
the wastes might have a modifying effect on the sur- 

higher than that of the PPR-carbon in this burn-off 
range. 

Charac ter i za t ion  o f  the Ac t i va ted  Samples  

The pyrolyzed samples were all activated for 30 min. 
Yields are given in Table 3. The weight loss occur- 
ring during the activation process corresponds to the 
partial burn-off of the carbon content and the removal 
of thc colloidal-size inorganic particles carried away 
fronl the samples by the nitrogen - steam mixture pass- 
ing through the reactor during the activation treatment. 
Therefore, the yield is not directly related to the carbon 
gasified. That is the reason that the DOW and PPR de- 
rived samples had about the same yield in spite of their 
different carbon content or that the DOW and ASL sam- 
ples (both having ca 10 wt% carbon content) produced 
different yield after 30 min activation. Nevertheless, 
the too high carbon burn-off results in an enrichment of 

face properties of the activated adsorbents. 
The pore structure and the chemical character of an 

adsorbent is reflected in the interaction with the ad- 
sorbed nitrogen molecules. The well-known Dubinin- 
Radushkevich equation (Dubinin, 1975) derived on the 
basis of the volume-filling theory of micropores was 
applied to fit the low-pressure region of the nitrogen 
adsorption isotherms shown in Fig. 4. The parameters 
of the D-R equation were determined and the character- 
istic adsorption energies (E,)  were calculated. These 
values gMng the differential molar heat of adsorption 
at an adsorbed amount equal with the 1/e fraction of 
the saturation capacity were found to change from 6.4 
to 8.5 kJ/mol. The higher values were obtained in 
the cases of the PTF and PPR derived sample, which 
can be attributed to the microporous character of these 
carbons. 

The pore structure of the activated samples were 
characterized on the basis of the low-temperature 
nitrogen adsorptiontdesorption isotherms in the 

Table 3. Characterization of the activated samples. 

Methylene Pore Average 
Sample /2-number a~, N2, BET blue number volume I pore radius 2 
derived Yield mg/g m2/g g/100 g cm3/g nm 
from '7o A •  A• A• A• A• 

DOW 65 105 87 2.3 0.16 3.80 

GUM 82 170 142 2,0 0.29 4.15 

ASL 70 280 221 6,0 0.21 1.94 

PTF 89 540 693 0 0.38 1.11 

PPR 62 680 577 16.1 0.42 1.46 

I The volume of the pores was obtained from the adsorption isotherms as the volume of liquid 
nitrogen filling up the pores at a relative pressure of about 1, 
-i . 2 V m  I . 

-Obtained a s  rp = a N BET' where V]iq is the volume of the adsorbed nitrogen, assuming 
s. 2, 

cylindrical pore geometry. 
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Figure 4. Low temperature (77 K) adsorption/desorption isotherms of the 30-rain activated samples. 

micro-  and mesopore  range.  The  pore vo lume  of  the 

mic ropores  in the DOW, A S L  and G U M  derived sam- 

ples is smal l  when  compared  to that  of  the PTF and PPR 

samples  s ince  mic ropores  can deve lop  main ly  f rom the 

react ive  ca rbonaceous  part  of  the raw material .  A sig- 

nif icant  pore  vo lume  can be ass igned  in the mesopore  

range  (Table 4) even for samples  hav ing  relat ively low 

specific surface  area. 

The  adsorp t ion  i so therms  in Fig. 4 were conver ted  

into t -p lo ts  (Fig. 5). The  adsorbed  amoun t  is plotted 

agains t  the average  th ickness  of  the adsorbate  layer 

Table 4. Pore size volume of the activated samples. 

Volume of the 
Activated Total volume 
sample micropores I mesopores ? of the pores 3 
from cm3/g cm3/g cm3/g 

DOW 0.040 0.105 0.16 

GUM 0.067 0.210 0.29 

ASL 0.093 0.076 0.2 l 

PTF 0.360 0.010 0.38 

PPR 0.265 0.069 0.42 

IDetermined by the B-point method (Gregg and Sing, 1967) 
from the isotherms in Fig. 4. 
2The volume of the pores in the pore size range of 4 < 
Radius, n m <  100 obtained from the adsorption isotherms 
as the volume of liquid state N 2 filling up the pores in the 
0.65 < p/po < 0.99 range of relative pressure. 
3The volume of liquid state N2 filling up the pores at ca 0.99 
relative pressure. 
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Figure 5. t-plot of the 30-min activated samples, calculated by the 
Halsey-equation. 

on a flat surface  hav ing  an identical  sur face  charac-  

ter as the adso rben t  in quest ion.  It shou ld  be under-  

s tood that  for non-porous  mater ia l  the t -p lo t  is a s t ra ight  

l ine s tar t ing f rom the or igin with a s lope equal  to the 
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Figure 6, Pore size distribution of the 30-min activated samples in the mesopore range calculated from the isotherms in Fig. 4. 

specific surface area, for a porous material the slope 
decreases as some of the pores are filled up and the 
surface available for adsorption 'disappears ' .  Upward 
deviation from the straight line indicates the occurrence 
of capillary condensation in the pores. The t-functions 
in this paper were calculated by the Halsey-equation. 
There is only a slight deviation from the linear in the 
case of activated DOW samples. In the ASL, GUM 
and PPR derived samples pores with all sizes are about 
equally represented, however, the total micropore vol- 
ume is small in the case of ASL and GUM derived 
samples since micropores can develop mainly from the 
relative carbon containing components present origi- 
nally in relatively small amount in the raw materiaIs 
of these samples (Fig. 5). The activated PTF sample 
shows a sharp bend characteristic to microporous sys- 
tems. On the curves representing the distribution of the 
mesopore volume by pore size a sharp peak appears at 
about rt, ~ 2 nm for all the samples (Fig. 6). A second 
peak can be observed on the curve of the GUM derived 
sample between 20-30 nm. This later peak may reflect 
the size of the carbon black crystallites used in the tire 
manufacturing. 

The small angle X-ray scattering (SAXS) gives fur- 
ther details about the fine structure of the samples. 
From the SAXS curves, the Guinier radius is the most 
frequently obtained parameter. On replotting the scat- 
lering data according to the Guinier approximation, no 
linear log I (s) vs. s 2 plots were obtained. That means, 

that the size-distribution of the scattering units is het- 
erodisperse and a single Guinier radius can not be as- 
signed to these systems. In order to determine char- 
acteristic particle sizes from the SAXS measurements 
the method of moment was applied. The calculated 
parameters were the reduced chord length (lr) and the 
correlation distance (It). The reduced chord length rep- 
resents the average length of all segments drawn across 
the matrix in all directions, which is defined by the fol- 
lowing equation: 

f 0  ~ 
lr  = s l  ( s )ds /2zr  lim s31 (s) 

s - . ~  (2,0 

where l(s)  is the measured, with line-focus smeared 
intensity. The correlation distance corresponds to the 
average crystallite size obtained from the wide-angle 
X-ray scattering data, defined by: 

f 0  ~ 
lc = I (s) ds.  

The latter quantity is very sensitive to the corrections 
relating to multiple scattering in the range of the very 
small s values. Therefore the accuracy of the determi- 
nation of this 0th moment is estimated to be approxi- 
mately 20%. 

The porous material was considered a two-phase sys- 
tem comprising solid matter and voids (pores). From 
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7hhh' 5. Change of the structure during the activation. 

Sample 

I I, Ir I~, I;, 
n n l  n ln  n l n  h i l l  

A •  10% A• A +  10% A• 

DOW Pyrolyzed 9.3 3. I 4.6 9.7 
activated 6.6 4.5 6.6 14.0 

GLIM Pyrolyzed 6.0 1.9 2.8 5.8 
activated 5.9 3.0 4.2 10.3 

ASL Pyrolyzed 7. I 4.0 6.0 12.1 
activated 4.2 1.6 2.3 5.5 

PTF P>,rolyzed 2.8 0.35 1.5 0.46 
activated 2.6 0.41 0.7 1.0 

PPR Pyrolyzed 10.5 1.2 2.8 2.1 
activated 6.6 1.0 1.3 4.7 

I I,,, = I , / I ' .  and Ip = l r / ( I  - P), ,,,,'here P is the volume fraction of 
tile pores in the sample, and calculated a.s P = 1 - P/PHe, ,.',,here p and 
PHi. are the bulk and the true densities, resp. 

the reduced  chord  length the average lengths  in the solid 

and the pores,  I,, and I v, respectively,  were calculated 

(Gla t te r  and Kratky, 1991). S A X S  data are ca lcula ted 

in Table 5. The  size of  the coheren t  region (l,.) de- 

creases  dur ing  the act ivat ion,  indicat ing the increas ing 

i n h o m o g e n e i t y  wi th in  the structure.  The  variat ion in 

the mean  wall  th ickness  (I,,,) is different.  It increases  

in the D O W  and G U M  samples ,  therefore  it can be 

supposed  that the smal le r  units  are less res is tant  dur- 

ing the act ivat ion because  of  their  amorphous  structure,  

thus the act ivat ion in these  cases results  in the enr ich-  

ment  of  the larger units  in the r ema in ing  solid matr ix  

at this convers ion .  The  wall th ickness  seems  to in- 

c reas ing  in the D O W  sample  which  is rich in inorganic  

part icles  of  col loidal  size. S imi lar  effect is caused in 

act ivated G U M  samples  by the res is tency of the ca rbon  

b lack  part icles.  In the fur ther  cases a more  than 50% 

decrease  in the l,,, values occur. In the A SL  derived 

sample  a the rmal  fission of  the inorganic  part icles may 

occur. In the ca rbon  rich PTF and PPR derived sam- 

ples the effect  can be at t r ibuted to the chemica l  react ion 

be tween  the s team and the ca rbon  skeleton conta in-  

ing most ly  a m o r p h o u s  ca rbon  besides  the graphi te- l ike  

units.  

The  specific surface area can be calcula ted from the 

S A X S  data  if we suppose  a concre te  pore geometry.  

To lind the proper  pore  geomet ry  a form factor ( f )  

can be easily der ived from the calcula ted S A X S  pa- 

rameters ,  f = l c / 2 1 r . f  > 1, when  the scat ter ing units  

form a lamel lar  structure,  whi le  f < 1 when  the units 

have close to un i fo rm geometry.  The  form factors and 

Table 6. Specific surfaces of the samples determined by 
SAXS method. 

Sshect like Scylindrical 

Sample 1" = 1,/21, m2/g m2/g 

DOW Pyrolyzed 1.5 139 - -  
activated 0.7 - -  287 

GUM Pyrolyzed 1.6 345 - -  
activated 1.0 232 580 

ASL Pyrolyzed 0.9 - -  339 
activated 1.3 345 864 

PTF Pyrolyzed 3.6 690 - -  
activated 3.2 1450 - -  

PPR Pyrolyzed 4.4 310 - -  
activated 3.2 650 - -  

At 1 > I sheet like units and at .! ~ 1 cylindrical units with 
equal dmmeter and height were supposed. 

the specific surface areas are s u m m a r i z e d  in Table  6. 

General ly ,  the S A X S  surfaces  of  the pyro lyzed  samples  

show higher  values than the B E T  surfaces,  because  the 

samples  in their  pyro lyzed  form conta in  c losed  pores 

unavai lable  for the adsorb ing  gas molecules .  Surpr is-  

ingly this is not the case with the PPR sample .  In this 

sample  the fo rming  ot' the pores,  p robab ly  run parallel  

with the pyrolysis .  In the act ivated samples  the specific 

surface areas are s ignif icant ly  h igher  than the B E T  sur- 

faces, showing  that the inner  surface  has not be opened  

up totally by act ivat ion.  

A d s o r p t i o n  Test  w i th  S y n t h e t i c  Was t e  W a t e r s  

Some  data  charac te r iz ing  the synthe t ic  pol lu tan t  

molecules  are col lec ted  in Table  7. Mo lecu l a r  areas 

are given suppos ing  flat con fo rma t ion  of  the adsorbed  

molecules .  Naph tha l ene  is a comple te ly  nonpo la r  

molecule ,  whi le  phenol  is the mos t  polar  one a m o n g  

the r ema in ing  three c o m p o u n d s .  The  a m o u n t  of  each 

pol lu tant  adsorbed  by 1 g of  ca rbon  was ca lcu la ted  

by m .  --  va , .  where  V is the vo lume  of  the syn- 
m ' 

thetic waste  water, m is the mass  of  the ca rbon  and 

Ac  is the di f ference of  the initial and equ i l ib r ium con-  

cent ra t ions  in the l iquid phase.  The  c o m m e r c i a l  F200  

was used as s tandard.  Its specific surface  area (nitro- 

gen, BET)  was 692 ' the vo lume  m-/g ,  total pore  0.43 

cm3/g and the average  pore radius was found  to be 

0.98 nm. 

Adsorp t ion  i so therms  in all cases when  they could  

be measured  were of  type of  L accord ing  to Gi l e ' s  

classif icat ion.  Ca rbons  g iving an i so therm of  L- type  
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Table 7, Physico-cbemical properties of the pollutant molecules. 

Solubility Molecular area 
Pollutant Molar mass 20C nm2/molecule 

Phenol 94. I l 82 g/I (Roth, 1991) 0.522 (Magne and Walker, 1986) 
0.544 (Snyder, 1968) 

2,3,4-trichlorophenol 197.45 ca. 0.4 g/l 0.72 (Snyder. 1968) 

Naphthalene 128.9 ca. 20 rag/1 0.82 (Snyder, 1968) 
(0.155 mmolll) 

Atrazine 215.7 30 70 mg/l (Rippen) 0.90 (Snyder, 1968) 
(0.139-0.325 retool/l) 

arc considered to have an excess of acidic surface 
groups (Rudling and Bj6rkholm, 1986). L-type 
isotherms level out at higher sample concentration, 
corresponding to completion of a monolayer in the 
experimental concentration range. Although the con- 
ditions of the Langmuir model are not fulfilled in 
the case of these carbons, isotherms were relatively 
well fitted (R = 0.92-0.99) by the linear Langmuir- 
equation which was used to determine the adsorption 
capacity. 

As it could be expected from the specific surface 
area and pore volume values, the equilibrium of phe- 
nol and trichlorophenol uptake of the pyrolyzed sam- 
ples proved to be very poor, except PPR and PTF, i.e., 
the samples with high reactive carbon content. No cor- 
relation was found between the nitrogen specific sur- 
face area or pore volume and the adsorption capacity 
values (Lfiszl6 et at., 1995). The phenol adsorption 
of the pyrolyzed domestic waste was almost negligi- 
ble (Hakim, 1992). The pyrolyzed tire sample did 
not adsorb phenol at all, due to its hydrophobic sur- 
face character, arising from the carbon black. There 
is also a significant difference between the phenol and 
trichlorophenol uptake in the case of the ASL sample 
(about 50% on molar base). The pollutant uptake of 
the pyrolyzed samples was found to be only a few % of 
the standard's, therefore they can not be suggested as 
reasonable adsorbents in waste water treatment (L~iszl6 
et al., 1993). 

As it was demonstrated previously in this paper, the 
activation process considerably improved the nitrogen 
adsorption capacities and the pore structure. The ac- 
tivation process resutts in higher specific surface area 
and therefore a significantly better pollutant uptake, as 
it is illustrated in the case of the adsorption of phenol on 
pyrolyzed and activated autoshredder (Fig. 7). At the 
same time it has to be mentioned that steam activation 

40 .  

13_ 

c e , 

Figure7. Adsorption of phenoI on ASL deri;,ed samples at ambient 
temperature. 

has affected the polarity of the surface as well, e.g., tire 
sample adsorb both phenol and trichlorophenol after 
the activation. 

The resutts of the adsorption tests performed with 
synthetic model waste waters on activated samples are 
expressed both in grams and moles in Table 8. Among 
the activated PTF and PPR derived samples the ones 
with the highest specific surface area were investigated. 
Activation times of these samples were 90 rain and 45 
min, and the specific surface areas (N2, BET) were 
1103 m2/g and 606 m2/g, respectively. The pore vol- 
ume and the average pore radius were 0.63 cm3/g and 
0.9 nm, respectively, in the case of PTF-derived sam- 
ple and 0.50 cm3/g and 1.4 nm, respectively, in the case 
of PPR-derived sample. Comparing the saturation ad- 
sorption capacity values+ it shows that the activated 
adsorbents derived from raw materials with high non- 
resistant carbon and low ash content have uptake values 
that compare favorably with the commercial activated 
carbon. 
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Table 8. Adsorption capacities of the activated samples I. 

a ~ ,  N 2 ,  BET 
Sample Phenol 2,3.4-trichloro-phenoI Naphthalene Atrazine m2/g 

DOW mm mg/g 2 1 . 6 2  - -  - -  - -  87 
n,,, mmol/g 0.2297 - -  - -  - -  
G/z mol/m 2 2.64 - -  - -  - -  

GUM mm mg/g 43.24 78.0 - -  - -  142 
n,, mmol/g 0.4595 0.3950 - -  - -  
G/tmol/m 2 3.23 2.9 - -  - -  

ASL m,, mg/g 57.34 110.0 - -  - -  221 
n,,, mmol/g 0.6093 0.5571 - -  - -  
G /t m o l / m  2 2.76 2.7 - -  - -  

PTF 2 m,,, mg/g 286.70 764.36 595.20 449.28 1103 
n,, mmol/g 3.046 3.8711 4.6431 2.0829 
G/.~ tool/re" 2.76 3.5 4.2 1.9 

PPR" m,,, mg/g 109.04 399.91 249.60 434.16 606 
nm mmol/g I. 1586 2.0254 1.9471 2.028 
G izmol/m 2 1.91 3.3 3.2 3.3 

F200 m,,, mg/g 140.06 498.41 492.80 267.84 692 
n,,, mmol/g 1.4882 2.5242 3.8443 1.247 
G It mol/m 2 2.15 3.6 5.6 1.8 

t Monolayer capacities ,,,.'ere calculated from the linear Langmuir plot: ~,,,,, = K.,,,,,I + ~c.r,,,,, , '  where c,. is the 
concentration of the liquid phase in the equilibrium state, m,, is the adsorption capacity and K is constant. 
2pTF and PPR derived samples with the highest specific surface area were tested (activation time was 90 rain 
and 45 rain. respectively). 
3G values were calculated from the mmol/g data and the BET specific surface area values. 

4. C o n c l u s i o n  

The carbonaceous  products  derived from various or- 

ganic waste materials demonst ra ted  an activated- 

carbon-l ike character. The adsorption propert ies and 

pore size distr ibutions of  these products  were deter- 

mined by the structure of  the starting materials.  Al- 

though most  of  these samples  had a relatively low spe- 

cific surface area, their pore volume was not negligible 

in the meso-  and micropore  range. Their  adsorption 

capacity could be utilized in the t reatment  of  strongly 

polluted industrial waste waters.  Adsorpt ion  tests with 

one-solu te  model  waste waters conf i rmed that the ad- 

sorpt ion propert ies  were influenced by the surface char- 

acter. 

Domes t ic  waste  could not be reasonably used even 

in activated form, but the activated tire and autoshred- 

der derived samples  per formed about one third of  the 

s tandard ' s  phenol  capacity. The adsorption capac- 

ity of  the samples  derived from raw materials rich in 

chemical ly  non-res is tant  carbon,  such as PPR or PTF, 

compared  favorably with commerc ia l  activated carbon. 

Cons ider ing  that the raw materials ' needed '  to manu-  

facture these adsorbents  are produced permanent ly  and 

the adsorbents  do not have to be regenerated,  it might  

be wor thwhi le  to use these kinds of  adsorbents  in the 

t reatment  of  industrial waste waters.  

N o m e n c l a t u r e  

a.,., N2, BET Specific surface area calcul- 

ated from gas adsorpt ion 

data according to BET 

model  m- /g  

c,. Equil ibr ium concentra t ion  mmol/1 

E ,  Adsorpt ion  energy from 

D-R-plot  kJ/mol 

K Constant  l/mol 

I Small  angle scattering inten- 

sity of  X-ray 

l,. Correlat ion dis tance nm 

lm Length in the solid mater  nm 

lp Length in the pores nm 

lr Reduced  chord length nm 

m Mass  of  the carbon g 

m ,  Mass  of  pollutant adsorbed 

by lg  of  adsorbent  at a given 
equi l ibr ium concentra t ion  mg/g 
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m,,, Adsorption capacity mg/g 
n,,, Adsorption capacity mmol/g 

P Volume fraction of the pores 
R Guinier radius nm 

rE Average pore size nm 
s (2 sin O)/,k 

S, Specific surface area from 
X-ray measurements me/g 

t Statistical thickness of the 
adsorbate layer nm 

V Volume of synthetic waste 
water ml 

V M Volume of adsorbed 
nitrogen cm ~ 

)~ Wavelength nm 
p A p p a r e n t  dens i ty  cm3/g  

PIle Bulk density cm3/g 
20 Scattering angle 
Ac Difference of the initial and equi- 

librium concentrations in the 
liquid 
phase g/1 

1-" Adsorption capacity #mol/m 2 
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