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Abstract

The pyrolysis of 10 sewage sludges (5 anaerobic and 5 aerobic) from the Madrid region (Spain) was carried c@ dudbg 1 h in a
vertical glass-furnace. A thorough characterisation of sewage sludges was performed in order to study the influence of their properties on the
pyrolysis process. Both anaerobically and aerobically stabilized sewage sludges that lead to pyrolysed materials with higher carbon content
(38.6 and 43.4 wt.%, respectively) were selected for the preparation of carbon-based adsorbents. These two materials were air-activated at
275°C during 4 hin order to improve their properties. After that, the BET surface area of carbon-based materials increased from £fgto 102 m
for the aerobic sludge and from 81 to 10&/mfor the anaerobic one. These results showed that pyrolysis of sewage sludges using lower
pyrolysis temperatures and air activation could be an interesting alternative route for the inexpensive and environmentally acceptable synthesis
of carbon-based adsorbents.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ically contain from 0.25 to 12 wt.% of solids. On the other
hand, sewage sludges are composed largely of the substances
Sewage sludges are inevitable by-products of wastewaterresponsible for the offensive, pathogenic and toxic charac-
purification. In the last decades, wastewater treatment plantsteristics of the untreated wastewalg}. Therefore, sludges
have produced an important increment on sewage sludge proprocessing should be intended to reduce smell and quantity of
duction due to the major limitations in water disposal and the organic volatiles, eliminate disease-causing bacteria, reduce
increase in the percentage of households connected to centralater content through dehydration and to produce the sludge
treatment plants. Consequently, the world is currently under- stabilization[2]. Generally, three stabilization methods have
going a rapid increase in sludge production that is expectedbeen used: thermdB,4], chemical and biologicdb]. The
to continue up during the next years. last method is the most extensively used in the European
Sludges resulting from wastewater treatment operationscountries and consequently, in Spain. Biological stabiliza-
are usually in the form of very dilute suspensions which typ- tion involves partial transformation of organic matter into a
gas and the production of a stabilized residue with the help
of bacteria either in the absence or presence of oxygen lead-
* Corresponding author. Tel.: +34 91 3365691; fax: +34 91 3365680.  iNg to anaerobically or aerobically stabilized sewage sludge,
E-mail addressgabriel.gasco@upm.es (G. Gakc respectivelyf5].
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At the moment, the conventional uses of sewage sludgeswere used for the production of carbon-based materials. First,
include industrial utilization, landfilling, individual combus- samples of sewage sludges were air-dried, crushed and sieved
tion [6] or with coal[7] and composting for farmland utiliza-  through 2 mm mesh. Then, sludges were characterised ac-
tion [8]. Direct farmland application is limited by the poten- cording to their total humified substances (HA + FA), humic
tial pollution by the metals present in the sewage slufigles  acids (HA), fulvic acids (FA) and pH. A subsamples of the
Landfilling has been a major option in disposal of sewage sewage sludges for determination of the total carbon content
sludge for a long time, but it will not be sustainable due to (TC), the total content of Cr, Ni, Cu, Zn, Cd and Pb (T) and
the increasing competition for landfill space, higher costs and for sequential extraction to measure organically bound metal
more stringent environmental standards applied, especially infractions were crushed and sieved through 0.074 mm mesh
the European countries. Also, combustion of sewage sludgeq20].
needs rigid control of the volatile pollutants generated dur-  Total organic matter (TOM) of sewage sludges was de-
ing the proces$6,7]. In recent years, a growing research termined by burning at 540C [21]. Total carbon (TC) was
interest has been focused on the production of carbon-basedalculated from the weight of sample before and after its
adsorbents from a wide range of residues, such as forest anaxidation at 950C. Total humic substances (THS) were ex-
agricultural wastef9], sewage sludgd40] and other waste  tracted with a mixture of 1 M Ng»>O; and 0.1 M NaOH,
material§11,12] Pyrolysis of sewage sludges leads to three centrifuged at 3000 rpm and filtered using Whatman No. 42
fractions: liquid, solid and gaseo[is3,14] The solid fraction filters[22]. An aliquot of this extract was acidified with con-
obtained could be incinerated, disposed on landfill or used centrated HHSO, to pH 1, centrifuged to separate coagulated
as cheap carbon-based adsor@ht16] Activated carbons  humic acids (HA) and then, the HA were re-dissolved with
are highly effective adsorbent materials that were extensively 0.1 M NaOH[23]. The non-coagulated fraction withbyBOy
used for air and water purification due to their elevated sur- is referred to as fulvic acids (FA) and it was calculated as the
face area (about 1500%g~1) [17]. Despite their interesting  difference between THS and HA. The C contents of the THS
properties, activated carbons are expensive materials and thisnd HA were determined by the Walkley—Black met/fia4]
fact could limit their interesting uses. Generally, the activated after being dried in a thermostatic bath af@ pH was mea-
carbons produced from pyrolysis of sewage sludges have asured after stirring a mixture of sewage sludge and distilled
surface area of 10040079~ and could be used as cheaper water (4 g/L) for 2 h.
adsorbents in conventional applicatidi®,16] Generally, Total sewage sludges content in Cr, Ni, Cu, Zn, Cd, Pb
chemical activation using+#50, (in 1:1 weight relation) and  were extracted with HCl and HNgJollowing 3051a USEPA
other mineral acids (Zn@) is used in order to increase the method25]. Metals bound to organic mattévioy) were de-
surface area of carbon materigd$,16] Usually, tempera-  termined by Tessier methd@6]. Moy were released with
tures from 650 to 950C were used15,16] Nevertheless, 30% HO2 and HNG, pH 2.0 at 85C. After cooling, 3.2 M
these methods can produce a high quantity of acid wastesNH4OAc in 20% (v/v) HNG; was added to prevent adsorp-
(sulfur and metal compounds) that are not environmentally tion of extracted metals onto the oxidized sedinj26}. Met-
acceptable due to the potential risk of water and air pollu- als in extracts were measured by Perkin EImer 403 atomic
tion. Therefore, the use of mineral acids is not attractive. In absorption spectrophotometer.
this work, physical activation using air at low temperatures  Three replicates for each determination were performed.
was performed. Several works have studied the removal of The statistical significance of the results obtained was as-
different water organic compounds like dyj&8], phenol or sessed by multiple ANOVA (Duncan’s multiple range tests)
carmine[19] using carbon-based adsorbents obtained from with a probability level of 95%.
sewage sludge, but there are not enough works that study
metal adsorption by these cheap materials. 2.2. Thermogravimetric analysis of sewage sludges

The main objective of this work was to prepare carbon-
based adsorbents from sewage sludge using low pyrolysis Thermogravimetric analysis at 95Q was achieved in a
temperatures and activation with air. Pyrolysis of 10 sewage thermogravimetric equipment Mettler TA 4000 thermal anal-
sludges (5 anaerobic and 5 aerobic) was performed &t@50 yser under nitrogen atmosphere. Thirty mg samples were
during 1 h. Then, the two pyrolysed materials with the high- heated at 16C min~! up to 950°C using a nitrogen flow
est carbon content from anaerobic and aerobic sludges weraate of 25 mL mint. Carbon yield was calculated from the
selected for air activation at 278 and use for the Fé re- weight of carbonised residue after pyrolysis at 960Weight
moval. loss of sewage sludge at intermediate carbonization temper-

atures (300, 450 and 90Q) was calculated. Two replicates

2. Experimental of the thermogravimetric analysis were performed.

Five anaerobic and five aerobic sewage sludges from dif-  Pyrolysis at 450C was performed in a vertical furnace.
ferent wastewater treatment plants of Madrid region (Spain) Ten grams of sample was put in a glass reactor in the middle
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of the vertical electric furnace and heated atConin—1 up total carbon content and surface area following the methodol-
to 450°C. This temperature was maintained for 1 h using a 09y described in Sectidh4. Infrared analysis was performed
nitrogen flow rate of 150 mL mint during all the experiment.  in order to characterise the status of the surface groups af-
Pyr0|ysi5 y|e|d (PY) was calculated from the samp|e Weight ter air activation. The DRIFTS spectra were obtained with-
before and after heat treatment at 480 Two replicates of ~ out sample dilution in a Nicolet 510P spectrophotometer
the sewage sludges pyrolysis were performed. equipped with a diffuse reflectance attachment. The samples
were finely ground in a mortar prior this analysis.
2.4. Characterisation of pyrolysed materials
2.7. Metal removal
Carbon residues obtained after pyrolysis of sewage
sludges at 450C were characterised according to their pH The two air-activated carbon-based absorbents were used
(Section2.1) and total carbon content (TCp). TCp was calcu- for the removal of F&". Standard solution of 100 mgi! of
lated from the weight of sample before and after their oxida- Fe** was prepared using Fef%H,O (Panreac). The pH of
tion at 950°C. The ratioD (%) between total carbon content  solution was adjusted with HCIto pH 2 in order to avoid metal
of corresponding pyrolysed materials (TCp) and total carbon precipitation. To evaluate metal adsorption, 100 mL of the so-
of sewage sludges (TC) would be indicative of the carbon lution was mixed with 0.5 g of each carbon-based absorbents
enrichment during pyrolysis. The ratid(%) was calculated  and agitated during 1 h at 300 rpm. After this time, solutions
as follows: were filtered to remove suspension particles and the metal fi-
nal concentrations were evaluated by atomic absorption using
D (%) = (TCpi/TCi) x 100 a Perkin Elmer 2280 atomic absorption spectrophotometer.
where TGy is the total carbon content of carbon-based mate- ~ Also, content in Cd, Zn, Cu, Pb, Ni, Cr and Fe of the fil-
rial obtained from pyrolysis, of sewage sludgand TG the trated solutions was determined by Perkin EImer 2280 atomic
total carbon content of sewage sludge absorption spectrophotometer and the organic matter of the
The two pyrolysed samples with the highest TCp con- filtrated solutions was analysed by Walkley—Black method
tent from the aerobically and anaerobically stabilized sewage [24].
sludges were selected for further characterisation (surface
area and infrared analysis). The textural characterisation
of the pyrolysed materials was based on Bdsorption 3. Results and discussion
isotherms, determined at 77 K with a Coulter Omnisorp 100
CX apparatus. The micropore volumésp) and mesopore  3.1. Characterisation of sewage sludges
surface areasSheso were determined by themethod us-
ing a standard isotherm for carbon materials. The DRIFTS  Table 1shows the main characteristics of 10 sewage
spectra were obtained without sample dilution in a Nicolet sludges used in this work.
510P spectrophotometer equipped with a diffuse reflectance
attachment. The samples were finely ground in a mortar prior 3.1.1. Organic matter

this analysis. The total organic matter content (TOM) of sewage sludges
) o ) was obtained by burning of samples at 3€0 Organic mat-
2.5. Air-activation of pyrolysed materials
. . . Table 1
The two pyrolysed materials with the highest carbon con- g« characteristics of sewage sludges

tent from anaerobic and aerobic sludges were selected for air
activation. Due to the low temperatures used during pyrolysis
of sewage sludges (45QC), the activation of corresponding

Sewage  Stabilizaton H (%) TOM (%) TC (%)¥ pH
sludge treatment

. Aerobic 115¢ 48.4 ¢ 58.0e 6.7b
pyrolysed materials was performed at lower temperatures us- 129¢ 724a 76.0a 6.4d
ing air as physical activator. Carbon-based materials obtained 3 44a  39.3f 63.0cd 6.7b
after pyrolysis of sewage sludges were put in a glass reactor 4 65a 59.8b 65.0c 6.5c
and heated at 1C min—1up to 275°C. Thistemperaturewas 5 55a 465e 52.0f 6.5¢c
maintained for 4 h. The ©flow rate used during the activa- 6 Anaerobic 2¥e 544c 64.8¢c 6.2e
tionwas 5 mL mirr?, using a total flow rate of 150 mL mirt 7 286f 58.0b 61.8d 6.3e
of No/O,. 8 99b  60.4b 67.2b 7.0a

9 165d  60.4b 67.0b 5.7f
10 170d  516d 59.0 e 6.6b

2.6. Characterisation of air-activated carbon-based
materials

@ Values in a given column followed by the same letter are not significantly
different (P=0.05) using Duncan’s test.
) L b Moisture content.
Carbon-based adsorbents prepared from air activation of ¢ 1ot organic matter content (%).

pyrolysed materials were characterised according to their pH, ¢ Total carbon (%).



172 A. Méndez et al. / Chemical Engineering Journal 108 (2005) 169-177

ter is expected to play an important role in the pyrolysis of ing pyrolysis treatment of sewage sludges due to their higher
sewage sludges because organic matter undergoes physicaontent of oxygenated functional grouf3®]. The FA con-
and chemical transformations during thermal treatment. The tent was higher than HA for all sewage sludges used in this
TOM of anaerobically stabilized sludges ranged from 51.6 to work (Table 2. The highest FA content for the aerobically and
60.4 wt.%, whereas higher differences were found within aer- anaerobically stabilized sludges correspond to sewage sludge
obically stabilized group of sludges. Their TOM ranged from 2 (SL-2) and sewage sludge 8 (SL-8), respectively (11340
39.3 (sludge 3) to 72.4wt.% (sludge 2). In case of sewage and 7603 mg C/g). The HA/FA ratio is a measure of the evo-
sludge 3, its lower organic matter value (39.3wt.%) led to lution and polymerisation degree of sewage sludges and will
the lower water content (4.4 wt.%). Generally, it is accepted be named as polymerisation index. In general, the value of
that organic matter has a high influence on water retention polymerisation index (HA/FA) for all sludges was normal
and consequently, sewage sludges with high organic matterfor this type of residue$31]. The highest FA+HA value
lead to higher water adsorption. Indeed, organic matter cancorresponded to SL-2 (14465 mg C/100 g), whereas the low-
directly affect water retention because of its ability to absorb est content was obtained in case of SL-7 (4990 mg C/100 g).
up to 20 times its mass of watf27]. This direct effect de-  Similar FA + HA values were obtained for SL-6 and SL-10
pends on the quantity present and morphological structure of (6440 and 6620 mg C/100 g, respectively) but the polymeri-
the organic material28,29] However, there are other fac-  sationindex of both sludges was very different (0.53 and 0.32,
tors like silica or alumina content that can affect the water respectively).
adsorption of sewage sludges.
3.1.4. Metals

3.1.2. pH The differences in the organic composition of aerobic and

pH of solid compounds is related to the presence of sur- anaerobic sewage sludges discussed above were expected to
face functional groups, specially carboxylic acids, and the Play animportantrole in their pyrolysis behaviour. However,
ash contentTable 1shows the pH of the different sludges. itisinteresting to study other factors such as the metal content
According to these data, the lowest pH value corresponded©f sludges. It is accepted that some additive metals have a

to sewage sludge 9 (pH 5.7), whereas sludge 8 showed theligh influence on the pyrolysis behaviour of organic matter.
highest pH (pH 7.0). Previous works have shown that the presence of metals can

decrease the evolution of volatiles in the pyrolysis of organic
polymers[32]. Therefore, it could be interesting to study
the heavy metals bound to organic matter. This fraction was
expected to have a higher influence on the pyrolysis of sewage
sludges than the fraction bound to the inorganic s&itble 3
summarises total content on Cr, Ni, Cu, Zn, Cd, Pb and their
fractions bound to organic mattéviy).

Generally, the most abundant metal was Zn with values
ranging from 764.3 (SL-8) to 1274.4mg/kg (SL-5), except
for the SL-7 that had a high Cu content (1509.1 mg/kg). On
the other hand, the less abundant metal was Cd with val-
ues from 1.28 to 1.8 mg/kg for SL-9 and SL-7, respectively.
The metals contents did not exceed limit values for concen-
trations of metals in sludges fixed by European Regulations
[33]. In general, the percentage of metals bound to organic
matter with respect to the total metal content is according to
stability order of organic-heavy metal complexes described

3.1.3. Fulvic and humic acids

Table 2shows the fulvic (FA) and humic (HA) acids con-
tents of all sludges. Fulvic acids are the low-molecular-weight
fraction that contains the highest amount of oxygen in the
form of carboxylic acids, ketone and hydroxyl groups, but
lower carbon conter{B0]. These compounds are soluble in
acid solutiong22]. On the other hand, the humic acids con-
sist of micelles of a polymeric nature with aromatic groups
and less carboxylic groups than fulvic ac[@8]. Therefore,
fulvic acids are less evolutioned than humic agi3 and it
can be expected that fulvic acids will be more reactive dur-

Table 2
Humic and fulvic acids contents in sewage sludges

Sewage sludge ~ HA(mgC/100g) FA(mgC/100g)  HA/FA

1 2775b 35791 0.77a previously by others authof84,35] The results show that
; géggz 18113;8 é" 8-55“ the percentages of metals bound to organic matter are low,
. e
2 1613 d 2920 b 0.21g exceptfor Cu ar_1d Ciliable 3. These two metals were mostly
5 2775 b 4240 e 0.65b bound to organic matter.
6 2250 ¢ 4190 e 053¢
7 1200 e 3790 f 032e 3.2. Thermogravimetric characterisation of sewage
8 2775b 7603 ¢ 0.36 e sludges
9 2250 ¢ 5262d 0.43d
10 1588 d 5032d 0.32e

2 — — Previous works have shown that pyrolysis of sewage
Values in a given column followed by the same letter are not significantly sludaes leads to carbonaceous residues that can be used as
different (°P=0.05) using Duncan'’s test. 9

b Humic acid content. cheap carbon-based adsorbgh&19] The properties of the
¢ Fulvic acid content. final residue depend on the experimental conditions and the
¢ Polymerisation index. characteristics of raw materials used. During the heat treat-



Table 3

Total metals content and fraction bound to organic matter

Cr

Mowm (mg/kg) T (mg/kg)

Ni

Mowm (mg/kg) T (mg/kg)

Cu

Mowm (mg/kg) T (mg/kg)

<01

Pb

Mowm (mg/kg) T (mg/kg)

Zn

Sewage sludge Cd

Mowm (mg/kg)

MowmP (mg/kg) T (mglkg)

1.984+ 0.01 <QO01°
1.63+ 0.02 <001
1.88+ 0.02 <Q01

T2 (mg/kg)
1.98+ 0.01

18.1+ 2.4
18.9+ 2.1
149+ 1.8

63.7+ 6.7
28.2+ 3.2

31.8+ 4.1
255.1+ 10.1 195.4+ 8.9

28.7+£ 3.2 010+0.01
247+ 2.0 0Q12+0.01
49.6+ 4.0 021+0.02

30.5+ 2.7 <001

126.9+ 9.8
139.5+ 8.7

212.7+ 10.2
199.4+ 10.0
267.2+ 11.4
280.5+ 11.0
425,54+ 15.2
465.4+ 16.0

142.9+ 8.5

35.2+ 3.4
39.7£ 4.0

827.9+ 5.3
1185.3+ 12.4

1
2
3
4
5
6
7
8
9

10
Mean valuest standard deviation.

11+0.1

48.6+ 3.2

248.1+ 10.1
231.0+ 9.6

1140.04+ 11.2 127.5+ 11.2 250.1+ 10.0 08+0.1

1159.1+ 10.0

<01
<01

175.44+ 9.7

77.4+ 8.7

Q03

744+ 3.9 033+£0.01 414.6+ 13.2 288.9+ 9.6

247+ 2.0 <001

366.6+ 10.0
374.6£ 9.9

1279.4+ 12.6 124.0+ 11.3 128.6+ 7.5

1188.9+ 10.9

2.33+ 0.03 <Q01
2.33+ 0.03 <Q01

11.08+ 0.06

11.0+ 1.0

222+ 2.6
637.9+ 11.0 184.1+ 10.1

<01

139.6+ 7.2

75.4+ 7.6
47.1+ 4.3
115.6+ 9.8
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1509.1+ 19.8 1094.4+ 12.7 393.3+ 9.6 <Q01

259.2+ 11.0
150.8+ 12.3
2247+ 10.1

15+0.1

974.9+ 13.2

791.9+ 10.0
764.3+£ 94

029+0.01

51.5+ 5.3

70.1+ 4.3
19.0+ 1.8
318+ 4.3

36.3+ 4.1 <001

243.5+ 11.0

165.6+ 10.2 Q04+0.1

136.4+ 8.5

005+0.01

1.98+ 0.01

9.6+ 0.9
15.0+ 1.2

98.5+ 7.4 24.7+ 1.8 <001

188.5+ 6.8

23+0.1
<01

457+ 4.3

899.9+ 8.6

1.28+ 0.01 <Q01

1.63+ 0.02

30.2+ 2.4 <Q01

63.5+ 6.5 113.6+ 7.6

784.7+ 11.8

Q06+0.01

2 Total metals content in sewage sludges.

b Content of metals fraction bound to organic matter.

¢ Concentration below detection level.

ment under inert atmosphere, the organic matter of sewage
sludges undergo important physical and chemical transfor-
mations. Consequently, important weight variations were
produced due to the distillation of light compounds and the
polymerization/condensation reactions. Thermogravimetric
analysis has been an interesting and useful analytical tech-
nique for the characterisation of different organic products
such as pitchel86,37], sewage sludgd88] and other waste
materialg39].

Previous works have shown that there are three fractions
in the sewage sludgdd0]. A small fraction composed of
the biodegradable material that decomposes at temperatures
lower than 300C. A large intermediate fraction correspond-
ing to the organic polymers present in the cells and the poly-
mers proceeding from the biological stabilization of sludges
that decomposes between 300 and 4G0Finally, the third
fraction decomposes above 480 and corresponds to the
non-degradable materialable 4shows the weight loss of
sewage sludges used at intermediate carbonization tempera-
tures of 300, 450 and 90C. Generally, it can be observed
that the weight loss of aerobic sewage sludges at temper-
atures lower than 30CC is higher than in case of anaer-
obic. Consequently, aerobic sludges have more biodegrad-
able compounds than anaeropt€]. Another interesting re-
sult was the relation between the FA content and the weight
loss produced at temperatures lower than 3D0The high-
est the FA content, the highest is the weight loss at lower
temperatures. This fact shows that thermogravimetry is an
interesting analytical technique to study the evolution and
polymerisation degree of sewage sludges. According to pre-
vious works[38], the most important weight loss is pro-
duced at temperatures ranging from 300 to 450in all
cases.

Figs. 1 and 2show the thermogravimetric TG (a) and
derivate thermogravimetric DTG (b) curves of aerobically
and anaerobically stabilized sewage sludges, respectively.
Comparison oFigs. 1 and 2hows an interesting fact: sewage
sludges representing anaerobic stabilization with less differ-
ences in their organic compositiofables 1 and Phad simi-
lar TG and DTG curvesHig. 2a and b, respectively), whereas
aerobically stabilized sludges showed important differences

Table 4
Weight loss of sewage sludges at intermediate carbonization temperatures
Sewage sludge WA(%)
25-300°C 300-450C 450-900C
1 157 17.2 122
2 192 24.4 124
3 152 25.1 135
4 186 22.7 137
5 147 175 119
6 7.0 185 97
7 0.3 21.0 107
8 137 21.1 138
9 101 22.4 128
10 55 19.5 132

a Weight loss at intermediate pyrolysis temperatures (%).
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Fig. 1. TG (a) and DTG (b) analysis of aerobically stabilized sewage sludges.
Fig. 2. TG (a) and DTG (b) analysis of anaerobically stabilized sewage
in their organic composition and thermal behavideig( 1a sludges.
and b).

Finally, Table 3was compared with TG and DTG curves tions. Previous studies have shown that carbon content of
(Figs. 1 and 2in order to study the possible influence of the - carbon-based materials obtained from pyrolysis of sewage
metals in the pyrolysis of sewage sludges. It is necessary tosludges and other organic precursors significantly decrease
note that no significant relation was found between total met- with the reaction temperature from 450 to 9&1[13]. There-
als content (T) or metals bound to the organic fractida;) fore, economical and manufacturing factors recommend the
with pyrolysis of sewage sludges. Previous works have shownyse of lower pyrolysis temperatures.
that metals play an important role on the pyrolysis of sewage  Table 5shows the pyrolysis yield (PY) and total carbon
sludge438]. After extraction of metals with acid solutions of  content (TCP) of pyrolysed materials. Pyrolysis yield var-
pH 1-2, these authors found that in some cases, weight lossed from 39.4 (SL-2) to 59.2wt.% (SL-5). Materials pre-
was retarded. Under experimental conditions used in thesepared from SL-2 and SL-8 had the highest TCP of aerobic
works, fulvic acids can be dissolvg@2,23} so differences  (43.4 wt.%) and anaerobic (38.6 wt.%) sludges, respectively.
found in the pyrolysis after extraction of acids could be at- |t could be expected that sewage sludges with highest TOM

tributed to the extraction of fulvic acids t¢41]. (Table J lead to lower pyrolysis yields. Comparison between
the TC of sewage sludge3dgble 1) and the TG of corre-
3.3. Preparation of carbon-based materials sponding pyrolysed material3gble 5 could give informa-

tion about the different pyrolysis behaviouf@ble 6shows
Anaerobic and aerobic sewage sludges were pyrolysedthe ratioD (in %) calculated as shown in Secti@rB. Simi-
in a vertical furnace at 45@C during 1h, in order to pro- lar values were obtained for all sewage sludges (from 45.2 to
duce carbon-based materials. This temperature was selecte87.1 wt.%). The highest valuesib{%) for aerobic and anaer-
according to previous results (Secti@r®). At 450°C, the obic sewage sludges corresponded to SL-2 (57.1%) and SL-8
main important weight changes had been produced due to(57.4%), respectively. These sludges had the highest FA of
the light compounds volatilization and pyrolysis transforma- aerobic and anaerobic sludges, respectivEle 3. Previ-
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Table 5 (a) 60.01
Pyrolysis yield (PY) and total carbon content {)@f pyrolysed materiafs
Pyrolysed material PY (wt.%) TGCRC (wt.%)
P1 52.9c¢ 26.2e 55.04
P2 39.4f 43.4a
P3 524c 35.2¢c =
P4 49.4d 34.8¢c < 500l
P5 59.2 a 23.9f o
P6 459e 30.5d
P7 52.1c 28.7 de
P8 47.8d 38.6b 45.01
P9 57.0 ab 35.6¢
P10 55.2b 31.8d
2 Values in a given column followed by the same letter are not significantly 40-02000 2000 6000 8000 10000 12000
different (P=0.05) using Duncan’s test.
b Pyrolysis yield of sewage sludges (wt.%). FA (mgC/g)
¢ Total carbon content of pyrolysed materials (wt.%). (b) 60.00

ous works carried out by our research group have shown this

relation in case of anaerobic sewages sludgés It must 55.00 1
be pointed that th® (in %) clearly increased with the per-
centage of fulvic acids on aerobi€i¢. 3a) and anaerobic 32
sewage sludges{g. 3). D (in %) ratio correlated moder- o 50001
ately well with the FA content®2 = 0.96 and 0.89 for aerobic

and anaerobic sewage sludges, respectively). This interest:

ing result shows that FA could play an important role dur- Ly
ing pyrolysis of sewage sludgg&l]. The highest amount of

functional groups in the fulvic acids could make this fraction

more reactive through pyrolysis treatment leading to higher — *°*%%t00 4000 6000 500D 10000 13000
carbon enrichment. These results could be of great impor- FA (mgC/g)

tance for the preparation of carbon-based materials. In this

way, it would be more interesting to choose less evolutioned Fig- 3. Carbon enrichment ratio (D) vs. FA content for aerobically (a) and
sewage sludges with higher fulvic acids ratios. anaerobically stabilized (b) sewage sludges.

valzaeglf/vgrsehz\i,vi;?ethzﬁ ngC?JiZ%ﬂé%aifge?;a;ir('jalgc'm'zi_ oxygen-containing structures and is related with the incre-
9 ’ ment in ash content.

quently, carbon-b_ased materials were basic. P_revious_ WOka Sludges 2 and 8 are the most interesting for the prepa-
gﬁ“ﬁ;gg\n’; ég?ég;iecz(e):gergtg dﬂ;;hi;egogfsi %%ggll]gons, ration of carbon-based materials according to results shown
The increment of the pH with respect to raw sewage Sludgesabove an_d were selected for subsgquent air activation and
(Table 3 was indicative of dehydrogenative polymeriza- charapterlsatlon. The surface chemistry of_ the carbon-based
tion and polycondensation reactions with significant loss of materials |_32 and P8 obtamed_from pyrolysis of sewage 2 and
8, respectively, was also studied by FTIR spectroscopy. The
absorption bands and peaks provided the evidence of some
Table6 surface functional groups. Experimental results are presented
Carbon enrichment of sewage sludgé ¢6) and pH of carbon-based ;p, iy 4 Inspection offig. 4shows that there are three bands

materials v of interest: one broad band at 980-1450¢rassociated with
Sewage sludge D 7(%) pH C—O stretching in ethers, phenols, lactones, carboxylic acids
1 45.2d 7le and carboxylic anhydrides, one at 1500¢massociated with
g g;:;z ;:g sc C=C stretching in aromatic rings, quinones and keto—enols
4 53.6¢ 76ca  and one band at 1700 crhassociated with €0 stretching
5 46.0d 7.7¢ in lactones and carboxylic anhydridg,43].
6 47.1d 79b
! 46.4d 79b 34 Activation of carbon-based materials
8 57.4a 8.la
9 53.1c 7.9b ) . i
10 53.9¢ 7.8 bc Carbon-based materials obtained from pyrolysis of
2 Values in a given column followed by the same letter are not significantly sewage S|Udge_s couldbe used_ ascheap adsorbe_nts. Inorderto
different (°=0.05) using Duncan’s test. achieve that, itis necessary to improve the porosity of the ma-

b Carbon enrichment ratio of sewage sludges during pyrolysis. terials. Physical activation with air is proposed in this work.
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Table 7

Total carbon content (TC), pH and surface area of carbon-based materials P2 and P8 with corresponding activated adsorbents P2A4 and P8A4
Carbon-based material TC (Wt.%) pH SgeT (M?/g) Wo (cm®lg) Sheso(M?/Q)
P2 43.4 a 79a 16c 0.004 c 6a
P2A4 39.2b 7.8ab 102 a 0.040 a 19b

P8 38.6b 8.0a 81lb 0.024 c 26¢c
P8A4 37.7b 7.7b 105a 0.040 a 13d

2 Values in a given column followed by the same letter are not significantly diffeRen0(05) using Duncan'’s test.

This method is cheaper and more environmentally acceptableTable 8 .
than chemical activations. Activation of both materials (P2 Percentage of Fé adsorptiof
and P8) was performed in a vertical furnace using 5 mL/min Carbon-basedInitial concentration Final concentration Fe retention

of O, and 145 mL/min of N. The activation temperature was ~material (mgL™) (mgL™) (%)
275°C which was maintained for 4 h, leading to P2A4 and P2A4 350a 65.00 a
i : P8A4 100 3b 99.70 b
P8A4 materials, respectivelyfable 7shows the pH, total :
carbon (TC), BET surface area, micropore volumég)and a Values in a given column followed by the same letter are not significantly

meso- and macropore surface ar8aeg of carbon-based  different (°=0.05) using Duncan’s test.

materials P2 and P8 and the corresponding activated carbon- . ) ) ) )
based adsorbents (P2A4 and P8A4). The pH decreased witinaterial obtained from sludge 2. So, a higher increment in
activation as a consequence of the introduction of oxygen the BET surface areawas produced with activation of P2 with
functional groups. This was in agreement with DRIFTS spec- @ during 4 h, raising the surface area from 16 to 162yn

tra shown inFig. 4 During air activation at 275C, oxygen The activation process increases the micropore volume

functional groups such as carboxylic acids and anhydrides,@nd the mesopore surface area, as we can obsefabie 7
lactones, phenols, ethers, quinines and keto—enols were in€Xcept for sample P8A4, where a decreasgigsowas ob-

troduced as shown by the increase in intensity of the charac-S€rved. This decrease is explained by the collapse of some
teristic DRIFTS bands. mesopores with burn-off. We also can say that the increase
It was also interesting to compare the carbon content of in surface area is a consequence of the formation of new mi-

carbon-based materials P2 and P8 with the corresponding acSrOPOres in the activation process.
tivated adsorbents. The total carbon content (TC) decreased3 5
due to their activation with air, especially for material P2 ™"
(from 43.4 to 39.2 wt.%). This result could indicate that ox-

idation with air was more effective in case of carbon-based

Iron removal

Previous works carried out by our group have shown that
carbon-based materials obtained from sewage sludges pyrol-
ysis could be used for the €3 Mg?*, Na" and K removal
[41]. In this work, P8A4 and P2A4 materials were used for
8 the removal of F& Higher removal value was obtained using

(a) p2A4 10

o e < P8A4 than P2A4Table §. This fact demonstrate that these
= materials can be used as cheap adsorbents to eliminate metals
a2 in water. Also, itis necessary to note that these carbon-based
5 < adsorbents were not soluble in water and no metal lixiviation
P2 was observed according to previous wofk4].
M
35IDO 30'00 ESIOO 2060 1 500 1 dOO 5000
Wavenumber (cm-1) 4. Conclusion

o

Pyrolysis of sewage sludges and air activation of pyrol-
ysed materials using low temperatures (450 and°Z75e-
spectively), is aninexpensive and environmentally alternative
to the production of carbon-based adsorbents with BET sur-
faces areas >100%fy. However, a more detailed study of this
method would be necessary in order to improve the properties
of final carbon-based materials.

Carbon-based adsorbents with higher carbon content were
obtained from pyrolysis of sewage sludges of higher fulvic
acid content. The fulvic acids fraction seems to play animpor-
tant role in the production of carbon-based adsorbents from
Fig. 4. DRIFTS spectroscopy of P2, P2A4 (a) and P8, P8A4 (b). sewage sludges.

PeAd4 |

P8 [

CLiMORO®W®O =
Intensity (%

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)
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The air activation process increases the micropore volume[22] M. Schnitzer, in: A.L. Page, R.H. Miller, D.R. Keeney (Eds.), Meth-
of carbon-based adsorbents. ods of Soils Analysis. Part 2. Chemical and Microbiological Prop-

Carbon-based absorbents obtained in this work lead to ___ ©ries. 2nd ed., ASA-SSSA, Madison, 1982.

elevated F& removal (65.0 and 99.7% for P2A4 and P8A4, [23] ;'2 T;gomg;dfzzfpaoma’ J:M. GascF. Guerrero, Biol. Fert. Soils

respectively) from water. [24] D.W. Nelson, L.E. Sommers, in: J.M. Bigham (Ed.), Methods of
Soil Analysis. Part 3. Chemical Methods, SSSA, Madison, 1996.
[25] USEPA, Method 3051a: Microwave Assisted Acid Dissolution of
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