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Abstract

Adsorbent materials have been produced from sewage sludge and discarded tyres. Their physical structures and chemical surfaces differ accc
to their origin and production process. However, all the activated carbons show a good development of their mesopore structure. The adsory
equilibriums of methylene blue and sandolan brilliant red N-BG 125 (an industrial dye) onto the activated carbons generated have been analy
and described in terms of Freundlich isotherm. The best adsorption results were those corresponding to sandolan brilliant red onto the adso!
obtained from sludge chemically activated with ZpClhe effect of temperature on the dyes adsorption was addressed and the thermodynamit
parametersAH, AS and AG) were determined for each of the studied systems. It was found that the process was endothermic and spontanec
in all cases.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction be reduced. Furthermore, some waste products, such as sewage
sludge and discarded tyres, are otherwise difficult to deal with

The growing environmental needs and the legal demands fd6,16]. In this study, the possibility of obtaining activated car-

decontaminating wastewater have given importance to the udmons from sludge is examined, from the solid residue left by the

of adsorbents to this end, adsorption processes gaining intergstrolysis of tyres and from a mixture of the two. Physical and

as their use makes it possible to obtain effluents of high qualitychemical characterization of the adsorbents produced was got

Adsorption is widely used in the treatment of water containingby Nz and CQ adsorption, XPS and calorimetry.

organic pollutants in low concentrations or which are difficultto  Also, the adsorptive performance of these activated carbons

eliminate with conventional biological procesgék From the in liquid-phase was studied. Batch experiments on the adsorp-

economic point of view, however, the adsorbents production ision of different water pollutants were carried out at different

expensive and their use usually involves subsequent stages teimperatures. The adsorption process was be modelled and the

regeneration and/or reactivation. influence of temperature will be assessed. From the models used,
Activated carbons are adsorbents obtained from materiatthe thermodynamic parameters governing the adsorption pro-

with high carbon content and so have a high adsorption capacesses will be found.

ity by virtue of their physical and/or chemical structure. They

are therefore useful in mlxtu_re-separat_lon processes ar_1d in ti}g Materials and methods

treatment of gases and liquid8]. One interesting idea is to

use \(vaste products to pr.oduce adsorb_ent mat¢8i§1E18—20] 2.1. Preparation of adsorbents

In this way, waste acquires value while production costs may

Sewage sludge and discarded tyres were used as starting
* Corresponding author. Tel.: +34 987 291841; fax: +34 987 291839. materials for the production of activated carbons. Five differ-
E-mail address: dfgagp@unileon.es (A.l. Gda). ent types of activated carbons were produced: Sp (by pyrolysing
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sewage sludge), Tp (by pyrolysing discharged tyres), ST (b2 adsorption at 77 K in an ASAP2010 apparatus, both from

pyrolysing a mixture of sewage sludge and tyres), Ss (byMicromeritics.

pyrolysing sewage sludge previously activated withSEy)

and Sz (by pyrolysing sewage sludge previously activated wWith » >  ~,.mical surface and polarity

ZnClp). The different production processes are described below. This characterization was carried out in two ways, by XPS
The sludge used came from an urban treatment plant using, q by calorimetry.

activated sludge biological treatment. Sludge used was a mix- ypg analysis was carried out with a Kratos Axis instru-

ture of primary and secondary sludge, subjected to anaerobjgqnt using Al K« monochromatic X-rays and a pass energy
stabilization and drying at the plant. The material was groung 1486.6 eV, with a five-canal counting system. Spectra were
and part of it was chemically acti\(ated and the r(_ast was qirectl)bbtained at 8 10° Pa. By means of this technology, it is pos-
pyrolysed. For those sludges which were chemically activatedsiy e 1o measure the percentage of each element present on the
the agents used wer&;B0s (sulphuric acid solution 98%) and g rface of the material analysed. The elements may be forming
ZnCl, (solid ZnCh 98%). The sludge was immersedin s:olutlonsparts of different functional groups and XPS may help to esti-

prepared with the corresponding activating chemical. The conz,ate these groups by virtue of the kind of link shown by each
centration of the activating agent in solution was 1:1 in weightgioment.

ratio with respect to the mass of sludge to be activated. The 14 z5sess the polarity of the surfaces, a calorimetry study

contact time between the sludge and the activating agent Wagag ryn with two adsorbates of markedly different polarity.

48 hin a complete mixture reactor. The resultant precursor magg, mersion heat was measured with a Setaram C80 calorimeter,
was convection dried at 10& for 48 h. Next, HSOy activated (ot peing carried out at 3G. Carbon samples were placed

sludges, ZnGl activated sludges and not chemically activatediy gegassed glass ampoules and taken to thermal equilibrium
sludges were separately carbonizedinafurnace underinertnitrgyer 15 in the chamber containing the corresponding fluid.
gen atmosphere. The final temperature of pyrolysis was choSefhe ampoules were then broken and the energy involved was
on the basis of the TG and DTG mass loss curves correspondingrecily converted into immersion enthalpy. For the test, two
to the starting material, which were obtained ina TA Instrumentqiquids of different polarity were used: the polar fluid was triple-

SDT 2960 thermogravimetric analy8ys]. _ distilled miliQ water and the non-polar one was cyclohexane of
Sewage sludge activated witho8l0, and non-activated HPLC purity.

sludges were heated at 40/min up to 650C and maintained
at this temperature during a residence time of 30 min. Sewage

sludges activated with Znglunderwent a heating ramp of 2-2-3- Adsorption of specific adsorbates o
5°C/min up to 650C and a residence time in the furnace of Although there are different ways for characterizing adsor-
5min at the final temperature. bents, it is quite common to study the adsorption in liquid phase

After pyrolysis, sewage sludges which had been chemicall?f some commonly uged molecule_;s ir_1 orderto compare with (_jata
activated were washed to eliminate the residual chemical act|? the literature. In this work, the iodine number corresponding
vator. For this washing step, a 10Wt% solution of HCI was!o the different adsorbents produced was determined following

used followed by rinses with distilled water. Finally, the washedtn€ Standard procedure (ASTM D4607-94, 19[#)
products were dried at 8. The end products were named On the other hand, the adsorption of erythrosine and phenol
Sp (non-activated pyrolysed sludge), Ss (pyrolysed sludge actirom solution was also studied. Th_e adso_rptlon_cgpacny of 1gof
vated with sulphuric acid) and Sz (sludge activated with zinceach adsorbent in 100 mL of solutions with an initial concentra-
chloride). tion (Cp) of 2000 mg/L of erythrosine or phenol was determined

The tyres were cut up in a blade chipper and directly pyrol-8t 25°C. After stirring during 48h, the amount of solute in
ysed at 550C. According to the corresponding DTG studies, €Maining solution was analysed. The final concentration of
devolatization is complete at this temperature. The heating ramfp/Ythrosine and phenol in solution was found out by measur-
was 40°C/min in a nitrogen atmosphere and the residence timé9 the absorbance at 512 and 270nm, respectively, by means
in the furnace at 556C was 30 min. The adsorbent so obtained©f @ UV-Vis spectrophotometer Beckman DU620 UV-Vis spec-
was named Tp. trophotometer.

Finally, another activated carbon was produced by combin-
ing equal masses of chopped tyres and ground dry sludge. TRe3. Adsorption of dyes from solution: effect of temperature
production process was the same as the above described for Sp
and Ss. The adsorbent so obtained was designated ST. 2.3.1. Adsorbates

In the batch equilibrium experiments, the particle diameter of In order to further characterize the adsorbents produced, two
the adsorbents used was between 0.12 and 0.5 mm in all caselyes polluting wastewater were chosen: methylene blue and

sandolan brilliant red N-BG 125. Methylene blue is a cationic

2.2. Characterization of the adsorbents adsorbate widely used in characterization studies of this type.
Many researchers have used it to characterize adsorbents as
2.2.1. Characterization of the physical structure it is a good representative of the adsorption of medium-sized

Textural characterization of the materials was carried out bynolecules and of mesoporous capacity (pore diamefdA)
CO, adsorption at 273K in a Gemini 2375 apparatus, and by4,7,8].
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Table 1

Properties of the adsorbates used in the adsorption tests

Adsorbate Molecular formula Molar mass (g/mol) Water solubility; @5g/L) Amax (NmM)
Methylene blue @H1gCIN3S 319.9 50 666
Brilliant red CgH22CIN3010S3-2Na 703.5 60 524

The industrial dye sandolan brilliant red N-BG 125 is a com-2.3.3. Equilibrium modelling

mon pollutant in the wastewater of textile industries. In order to describe the adsorption equilibrium, the Fre-
These dyes properties are shown together with their molecusndlich isotherm model was used. This is an empirical model
lar structure inTable landFig. 1, respectively. considering the heterogeneity of the adsorption energies on the

Stocks solutions of these dyes were prepared by dissolvingurface.
4000 mg/L of methylene blue or of brilliant red in distilled water. 1n
These solutions’ starting pH was4.8 for the methylene blue, 9e = KrCe )

and pH~ 8.9 for the brilliant red. where Ke [(mg LY)/(gmg")] and n (non-dimensional) are

the Freundlich constants characterizing the system and, respec-

2.3.2. Adsorption tests , _ tively, indicating capacity and intensity of adsorptig8],
Batch adsorption equilibrium experiments were carried OUbs it is indicated in Sectioh. The value ofn indicates

to study these dyes adsorption onto the carbons produced. OR& ourable adsorption when Ir< 10, lower values showing

gram of each adsorbentwas stirred magnetically in 100 mL Ofth?nore favourable adsorptids]. Eq. (2) was linearized to Eq.
corresponding coloured solution in closed 250-mL Erlenmeyeyg).

flasks. Equilibrium experiments were done at four temperatures: ~
15, 25, 35 and 50C. Replications were made for the concen- 000w — 100K 1 loaC 3)
tration measurements assuring variability between three of the99e = 109%F + n 9Ce
obtained results to be under 5%; the average of these three re
cates was the experimental result considered for the analysi
the results.

Initial concentrations() of methylene blue or sandolan red
between 10 and 4000 mg/L were used and stirring was kept up>-# Thermodynamic modelling , ,
long enough to reach equilibrium. The amount of methylene blue From the data obtained from the adsorption tests at different
or sandolan red adsorbed onto the different adsorbents producdgMperatures and from the parameters resulting from the fittings

ge (Mg/g), was calculated by a mass balance relationship (E(ﬁlthlz FieS?nd"Ch isotherm, a thermodynamic study was made
1)) o

Variation in Gibbs free energy is determined by E4):

Splgféta fitting to this linearized equation were got by a minimiza-
fon of the sum of residuals squared (s.r.s.).

\%4
ge = (Co — CG)W 1) AG = —RT InKg 4)

whereCo (mg/L) andCe (mg/L) are the initial and equilibrium where R is the thermodynamic constant of the gases
liquid-phase concentrations, respectivafjthe volume of the (8,31 J/(molK)) andT is the temperature in degrees Kelvin.
solution (L) andW is the dry weight (g) of the corresponding From Eq.(4) and by means of definition G, Eq.(5) s obtained,

adsorbent. Dye concentration was determined by spectroph@shence the system’s enthalpy and entropy values are calculated.
tometry at the wavelength shownTable 1

All the batch adsorption experiments were done withouf ;- _ AH AS (5)
adjusting the pH. RT R

Me

+2Na®t
Sandolan Brilliant Red N-BG 125

N - cl
ne” arets |
s : NH OH
= Cl-
N ‘O N— N
“0:8 8Os OPh

Fig. 1. Molecular structures of the adsorbates used.

CH:  Methylene Blue CHs
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Plotting 1/l against Ik gives a straight line, from whose slope Table 2 o
the value ofAH may be obtained, while the ordinate of origin Physical characteristics of the adsorbents produced

giVGSAS [11] Adsorbent Sget (M?/g) Vimicro (cmP/g) Vineso(cm®/g)
Sz 472 0.10 0.22

3. Results and discussion Ss 216 0.09 0.08
Sp 60 0.04 0.05
o 52 0.01 0.16

3.1. Characterization of the adsorbents ST 59 0.03 0.08

3.1.1. Characterization of the physical structure

TheSgeT and pore volumes values are showifable 2 The
activated carbons structures differ significantly from each other. 04
The adsorbent Sz shows the biggest valusggfr (472 nf/g),
followed by Ss. On the other hand, the adsorbent Tp has a con-
siderably loweSgeT than these two materials, and also smaller 03f

than Sp or ST. These three carbons show small BET surfaces. &

The same tendency for the carbons occurs in the case of the 3

micropore volume, obtaining again small values especially for & .}

Sp, ST and Tp. However, these carbons, especially Sz and Tp, <

show a better development of the mesoporous structure. This §

could indicate that they can be good products for removing pol- § o1h i

lutants with medium or big molecular weights from water. § T Y ¥y
Fig. 2 shows the accumulative pore volume for each adsor-

bent generated. The Tp carbon shows an average pore diameter(A) 00 ,

bigger than the rest of the adsorbents. This can explain the small
SgeT obtained and the good performance adsorbing methylene
blue. The Sz carbon shows a good development of the meso-
porous structure but with a smaller average pore diameter. These <
results indicate that those products (Sz and Tp) could have agood .= 0.05f
performance adsorbing high molecular weight adsorbates. The ~°
other carbons seem to be more similar between them, but the Ss
carbon shows smaller pores than ST or Sp.

0.071

dVidw (cm*
o
2

o
=
T

3.1.2. Chemical surface and polarity ;

Table 3shows the results of the XPS elementary analysis of : .
the surface. The material named Tp has high carbon contentbuta L A
low oxygen presence and a negligible nitrogen presence. Incom- ® Pore width (nm)
parison with the rest of the adsorbents produced, those Obtain%. 2. Cumulative (A) and derivative (B) pore size distribution curves as a
from sludge have a relatively high percentage of oxygen anglinction of pore size corresponding to the adsorbents produced and obtained
each one has different surface percentages of other heteroatorfiem the corresponding Nadsorption isotherms by the BJH method.

There are also, however, appreciable amounts of Zn in such sam-
ples as Sz, ST and Tp.

The main functional groups are estimated from the dataf the groups €0 (ketones, acids, esters, lactoses and perhaps
shown inTable 4 after analysing and fitting XPS data. In all also associated with quinones). Nitrile groups seem to be the
cases, the most abundant group seems to be C—N and/or C—+@ain ones containing nitrogen.
followed by C—OR and C-OH (probably associated to alcohols, The results obtained by immersion calorimetry are shown in
phenols and ethers). As for oxygen, the most abundant groupable 5 The study of the values obtained in two liquids of dif-
is thought to be C—-O-C or C—OH, followed by large amountsferent polarity may give an idea of the very global polarity of

Table 3

Main atomic composition (in atomic percentage) estimated by XPS for the surface of each of the adsorbents produced

Adsorbent C (at%) O (at%) N (at%) S (at%) Zn (at%) Fe (at%) Al (at%) Ca (at%) P (at%)
Sz 74.1 28.8 3.9 0.6 0.6 - - - -

Ss 48.4 39.0 4.9 6.4 - 14 - - -

Sp 51.7 31.9 5.9 - - - 4.8 2.9 2.9

Tp 93.4 6.3 - - 0.3 - - - -

ST 80.7 13.2 2.8 - 0.3 - - 1.2 13
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Table 4
Main functional groups associated with C, O and N (atomic percentage) estimated by XPS for each activated carbon produced
Adsorbent Element Peak Group Energy binding (eV) FWHM (eV) Atomic percentage
Sz Cls 1 C-H,C-C 284.6 1.3 65.7
2 C-N 285.6 1.0 7.7
3 C-OR, C-OH 286.4 1.2 9.2
4 c=0 287.6 1.2 5.6
5 0-G=0 289.0 1.7 6.2
6 0-CG=0 291.1 2.2 5.6
O1s 1 C-O-C, C-OH 533.0 24 80.7
2 C=0 531.5 0.5 19.3
N 1s 1 G=N 400.8 24 57.0
2 NHz 398.8 2.2 43.0
Ss Cls 1 C-H, C-C 284.6 15 60.7
2 C-N 285.5 0.7 3.0
3 C-OR, C-OH 286.1 1.3 16.1
4 c=0 287.3 1.2 7.5
5 0-G=0 288.5 1.7 7.6
6 0-CG=0 290.7 2.0 5.1
O1s 1 C-0O-C, C-OH 532.6 2.8 84.3
2 c=0 531.3 2.2 15.7
N 1s 1 G=N 400.3 3.2 79.5
2 NH; 398.7 15 20.5
Sp C1is 1 C-H,C-C 284.6 15 65.9
2 C-N 285.7 0.8 7.9
3 C-OR, C-OH 286.4 1.1 9.4
4 Cc=0 287.6 1.3 6.6
5 0-G=0 289.0 1.6 5.8
6 0-CG=0 291.3 2.7 45
O1s 1 C-O-C,C-OH 532.6 2.2 44.4
2 c=0 531.4 1.8 55.6
N 1s 1 G=N 400.7 2.1 52.7
2 NH; 398.7 2.0 47.3
TP Cls 1 C-H,C-C 284.6 1.2 71.4
2 C-N 285.8 0.6 29
3 C-OR, C-OH 286.3 1.3 8.6
4 c=0 287.6 14 4.9
5 0-G=0 289.1 18 5.3
6 0-CG=0 291.3 25 6.9
O1s 1 C-O-C, C-OH 532.9 2.3 83.1
2 c=0 531.3 15 16.9
N 1s 1 G=N - - -
2 NH; - - -
ST C1is 1 C-H,C-C 284.6 11 63.8
2 C-N 285.6 0.8 7.1
3 C-OR, C-OH 286.3 1.3 105
4 c=0 287.6 1.2 4.4
5 0-G=0 288.9 1.9 6.3
6 0-CG=0 291.2 2.8 7.9
O1s 1 C-0O-C, C-OH 532.7 2.6 67.9
2 c=0 531.7 1.6 321
N 1s 1 G=N 400.8 3.2 72.3
2 NH; 316.7 1.6 27.7

the surface studied. Results corresponding to water (polar), thetion stage of these adsorbents production. For cyclohexane the
highest heats obtained were those corresponding to the adsapposite is true, as Sp, ST and Tp are the adsorbents showing the
bents Sz and Ss, which could give an indication of the good levedighest immersion heats, probably owing to the lesser reactivity
of development of the chemical surface brought about in the actiof these surfaces.
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Table 5
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Immersion heat in water and cyclohexane

that it helps to characterize the adsorption capacity of phenolic
derivates, which are common pollutants of water. Nevertheless,

Adsorbent — AH immersion (J/g) Table 6reveals the adsorption capacities of phenol to be globally
lower than those obtained for iodine, despite they are molecules
H20 GeHi2 . . . . -
of similar size. As it was in the case of the iodine number, Sz
gz 55);(5) ig-g appears as the most efficient of the carbons, followed by Ss. The
S . .
sp 55 326 lowest values are for Tp, ST and Sp.
Tp 7.6 28.6
ST 6.8 30.1 3.2. Adsorption of dyes from solution: effect of temperature
Fig. 3 shows the adsorption capacities of each of the dyes
Table 6 considered onto each of the adsorbents produced and the com-

Capacity of the adsorbents produced corresponding to the adsorption of i°di”9arative results for each temperature. Sandolan brilliant red was
erythrosine and phenol

removed in a higher degree than methylene blue in all cases.

Adsorbent lodine number  R? Erythrosine Phenol Similarly, and in line with the tendency observedin the character-
(mg/g) (mg/g) (mg/g)  jzation trials with erythrosine, Sz showed the best performance,
Sz 13585 0.998 178.0 81.6 followed by Tp, Ss, ST and, finally, Sp. It may be therefore con-
Ss 535.7 0.998 30.8 24.8 cluded that the activation of sludge was beneficial with regard
?p gf:-g g-ggg ig-g 1§-§ to the final results, although good materials may also be derived
SFT’ 163.9 0.998 s 101 from discarded tyres with no need of increasing production costs

by the use of chemical activating agents.

Regarding temperature, the trend is similar for all the adsor-
bents produced. For both the dyes considered, the higher the
3.1.3. Adsorption of specific adsorbates temperature the better the adsorption, a tendency also observed

The iodine number gives information about the internal aredy other author$10,12] The increased amount adsorbed with
of the activated carbon. It penetrates in pores with a diametaising temperature is associated with the endothermic nature of
greater than 18.. Table 6shows that the adsorbents producedthe removal process.
retain large amounts of iodine. The highest adsorption values The transformed experimental data were finally fitted to the
were obtained for Sz followed by Ss and the lowest for Tp.  linearized Freundlich isothernkig. 4 shows the fittings cor-

Erythrosine is a large molecule which may be adsorbed imesponding to adsorption equilibrium results obtained &5
pores with a diameter of over 159[21] and itis usually used to for the different adsorbents produced. The characteristic param-
represent molecules with similar characteristiable 6shows  eters corresponding to the Freundlich equation are shown in
the corresponding adsorption capacity. The adsorption order iEable 7 The obtained experimental results fit satisfactorily the
different to that obtained with iodine. Although it is true that Freundlich model. Differenkr values increasing with adsorp-
for erythrosine, Sz again turns out to be the most efficient of théion capacity were obtained andialues were between 1 and 10
carbons produced, it is now followed by Tp, which has a greatein all cases, which shows that adsorption is favourable.
retention capacity than ST, Ss and Sp. This could be due to the From the results obtained in the adsorption equilibrium, a
better development of their mesoporous structure. thermodynamic study of the removal process for the different

Phenol is a molecule that penetrates into pores with a greatadsorbents produced and the two dyes considered was made.
diameter than 18 [21], but its importance lies in the fact Egs.(4) and (5) were used to determine the thermodynamic

Table 7
Parameters obtained from fittings to the Freundlich model corresponding to the equilibrium data of the adsorption of methylene blue and sandoltered o
adsorbents produced

Adsorbate Adsorbent % 25°C 35°C
n Kr R? Ke R? n Kr R?

Methylene blue Sz 9.3 65.51 0.998 8.9 66.48 0.985 9.0 67.59 0.989 8.8 68.66 0.983
Tp 55 11.74 0.989 5.4 12.81 0.993 6.0 15.01 0.985 6.0 16.22 0.994
Ss 5.2 6.18 0.966 6.6 8.95 0.987 8.0 10.87 0.996 8.6 12.43 0.989
ST 5.1 6.47 0.999 5.3 7.13 0.998 5.3 7.73 0.996 5.8 9.35 0.997
Sp 6.1 5.11 0.999 59 5.32 0.988 6.2 6.13 1.000 6.6 7.17 0.988

Brilliant red Sz 7.4 85.69 0.988 8.3 100.74 0.947 8.8 108.57 0.973 10.4 129.19 0.954
Tp 4.0 16.86 0.992 4.3 18.16 0.974 4.6 19.72 0.940 4.6 19.99 0.964
Ss 4.9 11.80 0.984 4.5 12.02 0.977 5.4 15.19 0.982 5.8 17.51 0.975
ST 6.5 14.11 0.997 6.4 14.84 0.995 6.3 14.93 0.998 6.7 16.46 0.995
Sp 6.6 6.47 0.996 5.6 6.63 0.991 5.3 6.72 0.986 55 7.25 0.982
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Table 8

Thermodynamic parameters obtained from €.

Adsorbate Adsorbent AH° (kJ/mol) AS° (J/imol) AG° (kJ/mol) R?

288K 298K 308K 323K

Methylene blue Sz 10.5 38.4 -10.0 -10.4 -10.8 -11.4 0.995
Tp 7.5 46.5 -5.9 —6.4 —6.8 —-7.5 0.964
Ss 15.1 68.3 —-4.6 -5.2 -5.9 -6.9 0.919
ST 8.0 43.3 —4.4 —-4.9 -5.3 —6.0 0.983
Sp 7.8 40.5 -3.8 —4.2 —4.6 -5.3 0.963

Brilliant red Sz 8.8 67.6 -10.7 —-11.4 —-12.0 —-13.1 0.988
Tp 3.9 37.2 —6.8 -7.2 -7.5 -8.1 0.896
Ss 9.5 53.2 -5.8 —-6.3 —6.9 —7.7 0.923
ST 3.2 33.1 —-6.3 —6.7 -7.0 -7.5 0.922
Sp 2.5 20.1 -3.3 -3.6 -3.8 —4.1 0.918

e
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Fig. 4. Fittings to the linearized Freundlich equation corresponding to the results
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methylene blue (MB) and sandolan brilliant red (BR) onto the adsorbents pro

duced.

parameters. The results obtained are shownainle 8 Fig. 5
shows the corresponding fit of IKi§) versus 17.

chemical type of adsorption. If physisorption had been the dom-
inant process, then there would have been negative enthalpy val-
ues[11]. The Gibbs free energy value is negative and decreases
as temperature increases, which indicates the spontaneity of the
processes. According to the model, there are positive values
for entropy in all the situations analysed, which could be due to
structural changes of some kind in the adsorbates and adsorbents
[17]. Some authors such as Mall and Upadhayay (1995, 1998),
De and Basu (1999) and Sigh and Srivastava (1999) obtained
positive AH and AS, and negativeAG values for adsorption
of methylene blue and other basic dyes on their adsorbents
10].
The enthalpy of adsorptiom\H) in the temperature range,
288-323 K, varied between 7.48 and 15.11 kJ/mol for methy-
lene blue, and between 2.45 and 9.50 kJ/mol for brilliant red.
Comparing the adsorption onto the adsorbents produced, these
parameter values were lower for sandolan red in all cases.
Chemical activation seems to have an important influence in

In all tests with methylene blue and brilliant red, the enthalpythe enthalpy values. For both the dyes, the values are higher for
value is positive, which suggests that their removal has a®s and Sz, while Tp, ST and Sp give lower and more similar

endothermic character, possibly linked to a predominantlyesults.
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Fig. 5. Fit of the InKg) vs. 1/ used for the determination of the thermodynamic parameters corresponding to the removal of methylene blue (A) and sandolan red

(B) by the different adsorbents produced.
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