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Activated carbons developed from surplus sewage sludge for
the removal of dyes from dilute aqueous solutions
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Abstract

Surplus biological sludge from wastewater treatment plants was pyrolysed at 700◦C in the presence of H2SO4. Sludge-based (SB)
activated carbon (AC) was mainly mesoporous in nature, with a surface area of 253 m2/g and an average pore diameter of 2.3 nm.
Chemviron GW, an AC commercial reference, was mainly microporous with a surface area of 1026 m2/g and an average diameter of
1.8 nm. SB AC outperformed the commercial product in the removal of three anionic dyes in solution (CI Acid Brown 283, CI Direct Red
89 and CI Direct Black 168). Chemviron GW performed best for Basic Red 46, which may be related to the relatively small steric size of
the dye molecules compared with the size of micropores, and to the greater surface area of the commercial AC. For equilibrium pH values
between 5 and 9, the adsorption capacity of SB AC for dyes was significantly modified due to the presence of ionisable surface functional
groups while that of Chemviron GW, with a more hydrophobic surface, remained unaltered.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Activated carbon (AC) is a highly effective adsorbent that
is extensively used for air and drinking water purification
and is increasingly applied in industrial wastewater treat-
ment. Despite the prolific use of this adsorbent, carbon ad-
sorption remains an expensive treatment process[1]. The
use of highly structured and robust activated carbons based
on non-renewable and relatively expensive starting materi-
als, such as coal, is unjustified in most pollution control
applications. In recent years, this has prompted a growing
research interest in the production of carbon-based adsor-
bents from a range of residues—mainly industrial or agricul-
tural by-products. The production of activated carbon from
residues may allow waste producers to offset their increasing
waste disposal cost against the cost of carbon production,
while saving non-renewable natural resources and producing
a valuable product with potential applications in pollution
control.

Petroleum wastes[2], waste newsprint paper[3] and a
vast number of agricultural by-products including corn cob
[4], flax shive[5], rice straw and hulls, sugarcane bagasse
or pecan shells[6], among many others, have been suc-
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cessfully converted into activated carbons on a laboratory
scale.

The process of carbonisation of sewage sludge, the
by-product generated during wastewater treatment oper-
ations, has also been studied using different chemical
agents and under various conditions, with the resulting
solids having a surface area of 100–400 m2/g [7–11]. The
sludge-based (SB) AC obtained have been investigated for
the adsorption of organic vapours[7] and more recently for
other gaseous pollutants such as hydrogen sulphide[9–12]
or nitrogen dioxide and sulphur dioxide[8]. With regard
to liquid phase adsorption, sludge-based activated carbons
have been evaluated for the removal of organics such as
phenol, either by adsorption alone[12,13]or in a combined
adsorption–biodegradation system[14].

Previous investigations showed that sludge-based acti-
vated carbons obtained in the presence of sulphuric acid pos-
sess relatively high adsorption capacity for aqueous species
of large molecular weight[11]. Within this scope, the fea-
sibility of employing ACs developed from sewage sludge
by sulphuric acid activation for dye removal is explored
in the present work and compared with a commercial acti-
vated carbon as a reference. The ability of SB AC for dye
removal was evaluated using synthetic single solutions of
four different dyes. Isothermal adsorption equilibrium data
on SB AC were determined and modelled. The influence of
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the solution’s pH on dye adsorption was also investigated
to gain further insights into the mechanism governing the
effectiveness of the SB AC.

2. Materials and methods

2.1. Materials

The powdered commercial activated carbon, Chemviron
GW (Chemviron Carbon, UK) is produced by steam ac-
tivation of bituminous coal. A sample of Chemviron GW
for testing purposes was obtained from the local distributor.
Chemviron GW was selected because of its high adsorption
capacity for different molecular weight compounds such as
phenol, iodine, methylene blue, and tannic acid when com-
pared with other commercial products[11].

Four dyes of different types were supplied by Ciba-Geigy
(Spain) in powdered form (Table 1). These were a cationic
dye, Maxilon Red GRL-01 150 (CI Basic Red 46), and three
anionic dyes, namely Lanacron Brown S-GR 150 (CI Acid
Brown 283), Solofenil Scarlet BNL 200 (CI Direct Red 89)
and Sella Black FS (CI Direct Black 168). Only some se-
lected characteristics that may influence adsorption, such as
the number of sulphonic groups (–SO3

−) and azo groups
(–N=N–) were made available by the supplier (Table 1).
The molecular structures of Basic Red 46[15] and Direct
Black 168[16] were found in the literature and are shown
in Fig. 1. To determine the molecular dimension of these
two dyes, full geometry optimisations without any symme-
try constraints were carried out, using the AM1 semiempiri-
cal method[17] as implemented in AMPAC 6.55, a quantum
chemistry program from Semichem[18].

2.2. Sludge-based activated carbons

The raw material used for activated carbon preparation
was aerobically digested sludge from an urban wastewater

Fig. 1. Molecular structures of Basic Red 46 and Direct Black 168.

Table 1
Properties of dyes

Colour index Basic
Red 46a

Acid
Brown 283

Direct
Red 89

Direct
Black 168a

Type Cationic Anionic Anionic Anionic
Sulphonic

groups
None 1 4 3

Azo groups 1 1 2 3
λmax 530 322 496 614
pH rangeb 2–12 2–12 3–11 2–11

a SeeFig. 1 and Table 2for further details.
b The pH range of colour stability as measured by constant light

absorption atλmax.

treatment plant dewatered by centrifugation. The total dry
solids (DS) and volatile solids (VS) were determined follow-
ing standard procedures[19]. The raw sludge contains 17.6 g
DS/100 g sludge, with 78% of VS (w/w). To manufacture the
activated carbon, dewatered sludge was mixed with concen-
trated H2SO4 (17.5 M) (1:2, v/w) and dried in air at 105◦C.
A sample of the dried material, weighing about 300 g, was
then put into a crucible, heated in a fixed bed furnace at a
rate of 15◦C/min to 700◦C in the presence of N2 and held
for 30 min. The samples were then allowed to cool to room
temperature in an inert atmosphere. The product resulting
from the activation step was ground and acid-washed using
50 ml of 3 M HCl per 100 g of product. The carbon product
was then vacuum-filtered through Whatman 2 V filter pa-
per and washed repeatedly with distilled water to remove all
traces of the acid, i.e. until the pH of the rinse water was con-
stant. The product was wet-screed through a 325-mesh sieve
(particle diameter<45�m) and dried at 110◦C overnight.

The purification step is needed to remove the activation
agent and other inorganic residues. Essentially, vacant in-
terstices in the carbon matrix are formed upon removal of
the remaining activating agent by extensive post-pyrolysis
washing, which also avoids any partial solubilisation and
leaching of inorganic or organic matter from the pyrolysed
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product. After purification, the conductivity of a 2 g SB AC/l
suspension prepared in distilled water was around 95�s,
which is close to the values obtained with Chemviron GW
(85�s) under the same experimental conditions. Hence, it is
likely that most of the leachable material is removed during
the acid post-pyrolysis treatment.

2.3. Characterisation of activated carbons

The BET surface area of each activated carbon (SBET)
was obtained from N2 adsorption isotherms at 77 K with a
sorptiometer (Micromeritics ASAP 2000). From these data,
the manufacturer’s software also provided the total pore vol-
ume (VN2) by means of the Barrett–Joyner–Halenda the-
ory, as well as the micropore (Vmicro

N2
) and mesopore volume

(Vmeso
N2

) [20].
The iodine number (IN, mg/g), defined as the amount of

iodine adsorbed per gram of activated carbon at an equilib-
rium concentration of 0.02N, was calculated from the ad-
sorption isotherm as described in a previous work[11].

The pH value of carbon slurry was measured after stirring
a 4 g/l mixture of activated carbon and distilled water for 2 h.

The pH of the zero point of charge (pHZPC) and sur-
face charge density (σ) were measured by potentiometric
acid–base titration of the activated carbon suspensions in
0.01 and 0.3 M NaCl. The titration procedure consisted of
first degassing 0.1 l of a given electrolyte by bubbling N2
until a constant pH of about 7 was reached. About 0.4 g of
activated carbon were added and allowed to equilibrate for
1 h before titration was started. Two identical samples for
each electrolyte concentration were prepared following this
procedure, and titrated with 0.1 M HCl or 0.1 M NaOH. An
equal volume of the electrolyte in the absence of activated
carbon was also titrated with NaOH and HCl to obtain the
blank curve at each electrolyte concentration. The titrations
were performed by adding 0.5 ml of titrant, with 5 min con-
tact allowed before the equilibrium pH was recorded. During
titration, the solutions were magnetically stirred, and puri-
fied N2 was bubbled preventing any interaction with CO2.

The pH value at which the surface of an activated carbon
has a neutral charge, i.e. the pH of zero point charge (pHZPC)
was determined by the intersection of the titration curves
at different electrolyte concentrations. The relative surface
charge density (σ0, in C/g) was determined from the differ-
ence between surface titration curves and the blank curves
as follows:

σ0 = �vMF

[AC]V

where�v is the difference between the titrant volumes used
for the activated carbon slurry and the blank at given pH val-
ues (l),M is molarity of the titrant (mol/l),F is the Faraday’s
constant (96,490 C/mol), [AC] is the activated carbon con-
centration (g/l), andV is the volume of electrolyte (l).

The surface charge density (σ, C/g) was then calculated
so as to makeσ = 0 C/g at pH= pHZPC and therefore was

calculated for any given pH as

σ = σ0 − σ
pHZPC
0

with the resultant plot giving the absolute surface charge (σ)
versus pH.

2.4. Equilibrium batch dye adsorption experiments

To determine the isothermal adsorption capacity, a series
of 250 ml Erlenmeyer’s solutions of consecutively increas-
ing initial dye concentration ranging from 30 to 250 mg/l
were prepared. A constant volume of 0.1 l of dye solution
and 0.4 g of activated carbon were used. Previous experi-
ments have shown that the amount of dye adsorbed sharply
increased with time and reached their plateau values within
1 h. Based on this result, the isothermal (20◦C) adsorption
capacity determined after 2 h of contact. The pH was then
measured and the activated carbon separated by vacuum fil-
tration through a Whatman 2 V filter. The first part of the
dye solution to come through was discarded to eliminate the
effects of any adsorption onto the glass fibre filter. Each ex-
periment was duplicated under identical conditions. The dye
concentration was analysed using a Hitachi UV-2000 spec-
trophotometer by measuring the optical density on the re-
spective maximum absorbance wavelengths (λmax, Table 1).
Calibration curves were established prior to the analysis. Di-
lutions were performed where necessary to bring the analyte
solutions within the calibration range.

A second set of experiments was carried out to ascer-
tain the effect of pH on the adsorption of dyes on both the
sludge-based and the commercial activated carbon using a
constant initial dye concentration of 100 mg/l. Prior to ad-
sorption experiments, the colour stability of each dye under
different pH conditions was investigated by modifying the
pH of the initial dye solution with HNO3 (1 M) or NaOH
(1 M). The colour was considered stable if no change in
its light absorption atλmax was observed. The pH range of
colour stability is shown inTable 1. For the adsorption ex-
periments, 0.4 g of activated carbon were added to 100 ml
of the initial dye solution and the pH adjusted to the desired
value with HNO3 (1 M) or NaOH (1 M). After 2 h of con-
tact, the equilibrium pH was recorded (pHeq), and the dye
concentration was determined as previously described.

3. Results and discussion

Surplus biological sludge from wastewater treatment
plants was investigated as a raw material for the production
of an adsorbent. The average DS content was 17.6% (w/w),
of which about 78% of DS was organic matter. As would
be expected for a digested municipal sludge, the elemental
carbon content is high, around 58% (w/w) of the organic
fraction (Table 2) and significant amounts of N are found
(9% (w/w) of the organic fraction). The inorganic residue
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Table 2
Selected chemical properties of Basic Red 46 and Direct Black 168

Chemical propertiesa Basic Red 46 Direct Black 168

Molecular weight (g/mol) 322 734
Width (nm) 1.3 2.0
Depth (nm) 0.74 0.11
Thickness (nm) 0.63 0.57

a Associated counter ions are not included.

after heating the thermally dried sludge at 500◦C in air is
22% of the DS content. This ash would be expected to con-
sist of inorganic oxides such as SiO2, Fe2O3, and CaO[21].
The surface area of the dried sludge as measured by nitrogen
adsorption is about 3 m2/g, in agreement with previously
published results for the same type of material and treat-
ment[12]. Although the use of dried sludge as an adsorbent
has been suggested in the literature[22], a partial solubili-
sation when brought into contact with water was detected,
releasing organic and/or inorganic compounds, which im-
pairs its application as an adsorbent. Previous investigations
have demonstrated that a stable solid with good adsorption
capacity is obtained if sludge is mixed with H2SO4 and py-
rolysed at 700◦C for 30 min with an average product yield
of 46%[11]. The activated carbon obtained under these ex-
perimental conditions was characterised and its application
to the removal of dyes in solution investigated.

3.1. Characteristics of the sludge-based activated
carbon

The characteristics of the activated carbon resulting from
the pyrolysis of surplus sludge in the presence of H2SO4
followed by acid washing are shown inTables 3 and 4.

The SBET value reported inTable 4for sludge-based ac-
tivated carbon shows that the evolution of organic matter
during pyrolysis results in a clear improvement on the sur-
face area of the SB adsorbent, from 3 m2/g measured for
the raw dried sludge, to a value of around 253 m2/g for the
high-temperature treated char. Through pyrolysis, the re-
sulting product is enriched in carbon as shown by the ul-
timate analysis of the organic fraction inTable 3. The in-
creases of C/H and C/O molar ratios of the SB AC with
respect to the raw dried sludge are indicative of a dehydro-
genative polymerisation and dehydrative polycondensation
reactions during acid and heat treatment, with significant

Table 3
Chemical composition of the sludge used as a raw material, the sludge-based activated carbon (AC) and the commercial Chemviron GW AC

Sample pH Ash (wt.%) Ultimate analysis (wt.%) Molar ratio

C H N S Oa C/H C/N C/O

Dried sludge – 22.0 57.7 8.5 9.3 0.5 24.0 0.57 7.24 3.20
Sludge-based AC 4.5 39.2 69.7 2.1 10.2 8.2 9.7 2.76 7.97 9.58
Chemviron GW AC 7 3.7 89.8 0.8 – – 9.4 9.35 0 12.7

a By difference.

Table 4
Characteristics of the porous structure of sludge-based and the commercial
activated carbon

Activated carbon

Sludge-based Chemviron GW

Nitrogen adsorption
SBET (m2/g) 253 1026
Smicro (m2/g) 90 630

Average pore diameter (nm) 2.3 1.8
VN2 (cm3/g) 0.20 0.49

Vmicro
N2

0.08 0.39
Vmeso

N2
0.12 0.10

Iodine adsorption
IN (mg I2/g) 575 810
VI2 (cm3/g) 0.15 0.22
VI2/VN2 0.75 0.44

loss of aliphatic hydrogen through olygomerisation and of
oxygen-containing structures through polycondensation re-
actions. The increase inS content may be attributed to the
formation of alkyl hydrogen sulphates, since unreacted sul-
phuric acid is removed by extensive washing after pyrolysis
[23]. Despite being subjected to an intensive post-pyrolysis
acid wash, the resulting AC has a substantial ash content
(39.2%, w/w), due to the high ash content of the raw mate-
rial, i.e. dried sludge (22%, w/w), and the partial volatilisa-
tion of organic matter during the course of pyrolysis.

SB AC differs significantly from Chemviron GW, the
commercial product chosen for comparison, in both its
porous structure and its chemical composition. As shown
in Table 4, SB AC has a considerably lowerSBET than the
commercial activated carbon Chemviron GW as determined
by N2 adsorption. The lowerSBET of the SB AC is related to
the little microporosity present, i.e. low presence of pores of
diameter (d) <2 nm, while it shows a well-developed meso-
porous (2 nm< d < 50 nm) structure with an associated
Vmeso

N2
similar to that of the commercial product.

As an alternative method to gain further knowledge on
SB AC porous structure, iodine (I2) adsorption from liquid
phase was performed. The adsorption of aqueous I2 is con-
sidered a simple and quick test for evaluating the surface
area of activated carbons associated with pores withd >

1 nm [24]. It is assumed that I2 at an equilibrium concen-
tration of 0.02N is adsorbed into the carbon in the form of
a monolayer and the amount adsorbed at this equilibrium
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concentration called the iodine number (mg I2/g AC). Mul-
tiplication of IN (Table 4) by the liquid molar volume of
I2, 68 mol/cm3, would give the maximum volume accessi-
ble (i.e.VI2, Table 4) for the adsorption of I2 from the liquid
phase[25]. The value ofVI2 for the SB and the commercial
AC derived from the liquid phase adsorption was found to
be smaller than the total pore volume determined by N2 ad-
sorption, indicating that, for both AC, part of the micropores
that make up the structure are not accessible to the iodine
molecule in aqueous solution. However, the ratioVI2/VN2

for SB AC indicates that an important fraction (0.75) of the
total porosity that makes up its structure is accessible to the
iodine molecule in aqueous solution, while for the commer-
cial AC it is only 0.44, i.e. the proportion of very fine pores
(d < 1 nm) inaccessible to the iodine molecule is highly
significant.

The pH of the aqueous slurry of the SB AC is 4.5 (Table 3)
and can be classified as an acid-type L AC, since it ex-
hibits a pH value lower than that of distilled water (pH=
6.5) [26], while for Chemviron GW the pH was around
neutral (pH= 7). The low pH value of the SB AC slurry
arises from the presence of acidic surface functional groups,
mainly carboxyl groups (R–COOH) and phenolic groups
(R–OH), while the surface of Chemviron GW was found to
be more hydrophobic in nature, with no functional groups
detected by titration. The presence of ionisable functional
groups may render the surface of activated carbon positively
or negatively charged as a function of solution pH. The sur-
face charge density (σ, C/g), defined by the net uptake of
protons and determined from the potentiometric titrations of
SB AC and Chemviron GW as a function of pH is shown in
Fig. 2. The curve corresponding to SB AC clearly reflects
thatσ is strongly dependent on solution pH, changing from
positive to negative for pH values above the pH of zero point
charge, i.e. pHZPC = 4. The negativeσ arises from the de-
protonation of acidic functional groups of the carboxyl and
phenol type on the surface of SB AC. For Chemviron GW,

Fig. 2. Surface charge of sludge-based activated carbon (�) and the commercial activated carbon Chemviron GW (�) as a function of pH. Ionic strength:
10−3 M NaCl, 20◦C.

σ (Fig. 2) varies from positive at pH<7.2 to negative at
higher pH values, althoughσ is only significantly modified
at extreme pH values, i.e. for pH<4.5 and pH >10.

3.2. Isothermal adsorption capacity of sludge-based
activated carbon for dyes

The produced SB AC and the commercial AC were tested
for their adsorption efficiency for different types of dyes
(Table 1). To determine the adsorption isotherms, the initial
dye concentration ranged from 30 to 250 mg dye/l, which
falls within the range of reported concentrations of dyes in
dyehouse effluents[27]. The adsorption process was studied
without any control over the pH of the aqueous phase. The
pH values of the dye-activated carbon slurries after adsorp-
tion were around 7.4 for GW, while equilibrium pH values
for the SB AC were acidic (pH around 4.2), which are close
to the pHZPC of each adsorbent (Fig. 2).

The adsorption isotherms obtained under these experi-
mental conditions for the four dyes on both the SB and com-
mercial ACs are shown inFig. 3, where the amount of dye
adsorbed (q, mg dye/g AC) is plotted against the dye equi-
librium concentration (Ceq, mg/l). The isotherms for the ad-
sorption of dyes on the commercial activated carbon Chemv-
iron GW reflect a trend of levelling out at higher adsorbate
concentrations, corresponding to the completion of a mono-
layer in the experimental concentration range. The shapes
of the adsorption isotherms on SB AC are different. For the
adsorption of dyes on SB AC,q varies more linearly as a
function of equilibrium concentration with saturation only
clearly observed for Acid Brown 283.

The equilibrium concentrations in the adsorption ex-
periments were treated by the classical Langmuir equa-
tion:

q = QmbCeq

1 + bCeq
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Fig. 3. Adsorption isotherms of Basic Red 46, Acid Brown 283, Direct Red 89 and Direct Black 168 on the sludge-based activated carbon (�) and the
commercial activated carbon Chemviron GW (�).

where Qm (mg/g) and b (l/mg) are isotherm constants
obtained by polynomial regression fit for a particular
solute–adsorbent combination and are shown inTable 5.
The Langmuir isotherm equation was chosen because it has
been commonly used to model data in wastewater adsorp-
tion treatment systems[28] and especially for dyes[29].
The Langmuir model (Table 5) gave satisfactory correla-
tion coefficients (r2 > 0.979) for the dye-activated carbon
systems evaluated. A basic assumption of the Langmuir
theory is that sorption takes place at specific homogeneous
sites within the adsorbent. It is then assumed that once a
dye molecule occupies a site, no further adsorption can
take place at that site and a saturation value, i.e.Qm, is
reached which corresponds to the completion of a mono-
layer. At a low initial dye concentration 1� bCeq and
henceq = QmbCeq, which is analogous to Henry’s law.
The Langmuir model was therefore able to represent both
the dye-AC systems showing limiting sorption capacities,
and the linear behaviour observed in some of the dye-SB
AC combinations evaluated (Fig. 3).

The different shapes of the adsorption isotherms are due
to the different porous structures of adsorbents and of the
adsorbate–adsorbent interactions. Isotherms having a step

Table 5
Langmuir parameters for the adsorption of dyes on the sludge-based and
the commercial activated carbon Chemviron GW

Activated carbon Dye b (l/mg) Qm (mg/g) r2

Sludge-based Basic Red 46 0.01 188 0.988
Acid Brown 283 1.40 20.5 0.995
Direct Red 89 0.17 49.2 0.999
Direct Black 168 0.29 28.9 0.995

Chemviron GW Basic Red 46 7.20 106 0.993
Acid Brown 283 1.03 22.0 0.993
Direct Red 89 0.09 8.40 0.979
Direct Black 168 0.03 18.7 0.993

increase in adsorption capacity and a well-defined plateau
on completion of a monolayer of molecules, such as Acid
Brown 283 on SB AC or Chemviron GW, are associated
with very high adsorption affinity and relatively strong
adsorbent–adsorbate interactions[30].

The results inFig. 3 indicate that SB AC, having a pre-
ponderant mesoporous character and the largest mean pore
diameter (Table 4), is equivalent or superior to the com-
mercial product in the adsorption of the anionic-type dyes,
i.e. the acid dye (Acid Brown 283) and the two direct dyes
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(Direct Red 89 and Direct Black 168). Chemviron GW, with
a SBET four-fold higher than that of SB AC (Table 4), was
only clearly superior in the adsorption of Basic Red 46, a
dye molecule of the basic cationic type, and without anionic
solubilising groups (Fig. 1).

The lack of correlation between the adsorptive capacity
and the physical properties of an AC has been reported in the
literature for a variety of solutes and activated carbon types.
With regard to the adsorption of dyes, Walker and Weatherly
[31] reported that only 14% of theSBET of a commercial ac-
tivated carbon (Chemviron F400, Calgon Carbon, UK) was
available for the adsorption of three acid dyes with ionic
weights of around 460 g/mol. The authors concluded that
surface associated with the micropore structure was found
to be redundant in the adsorption of large molecular weight
compounds such as dyes. Regarding the relation between
pore size and molecular sizes of adsorbates, Tamai et al.[32]
reported that pore size rather thanSBET plays an important
role in the adsorption of dyes with at least one dimension
larger than the size of micropores. As shown inTable 2, Ba-
sic Red 46 is smaller than the size of micropores of AC. The
high-adsorbed amounts of Basic Red 46 on Chemviron GW

Fig. 4. Effect of pH on the adsorption capacity of dyes on sludge-based activated carbon (�) and commercial activated carbon GW (�). Experimental
conditions: initial dye concentration 100 mg/l, activated carbon concentration 4 g/l.

could hence be interpreted in terms of the relatively small
steric size of dye molecules as compared with the size of
micropores, and by the greater surface area of the commer-
cial AC compared with SB AC (Table 4). Direct Black 168,
with a molecular dimension greater than 2 nm (Table 2),
the limiting diameter attributed to micropores, may be ex-
cluded from the microporous network and hence SB AC,
which has a more opened porous structure, performed the
best.

3.3. Effect of pH on the removal efficiency for dyes

Although pore size distribution and the relative size of the
adsorbate molecules have a significant effect on adsorption
capacity, the chemical nature of the adsorbent also plays a
major role. To investigate the role of surface chemistry on
the adsorption capacity of dyes, the effect of equilibrium pH
was studied. The experiments were carried out by varying
the initial pH, under a constant initial dye concentration
of 100 mg/l and a carbon dosage of 4 g/l. The dependence
of the equilibrium adsorption capacity of ACs for dyes on
equilibrium pH is illustrated inFig. 4.
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The adsorbed amounts of the anionic dyes, i.e. the acid
dye (Acid Brown 283) and the two direct dyes (Direct Red
89 and Direct Black 168), in SB AC gradually decreases
with increasing pH, while the adsorption of Basic Red 46, a
cationic dye, increases with increasing pH. The adsorption
of the anionic-type dyes onto Chemviron GW is not influ-
enced by pH values between 6 and 10 but it improves below
pH 5. In addition, the commercial AC completely removed
Basic Red 46 from solution and the amount of dye adsorbed
remained constant at different pH values (Fig. 4).

The adsorption behaviour of the carbons towards dyes
within the pH range investigated may be explained by the na-
ture of the surface charge during the adsorption process and
the surface charge density (σ) change with pH depicted in
Fig. 2. For Chemviron GW,σ is only significantly modified
at extreme pH values, i.e. for pH<4.5 and pH >10 (Fig. 2).
This means that within the range of pH 5.5–9, the surface of
Chemviron GW is almost neutral, which in turn makes the
adsorption capacity remain almost constant within this pH
range (Fig. 4), with no change in the electrostatic interaction
between the solutes and the adsorbent surface. Adsorption
capacity for the anionic dyes increases only at acidic pH
levels (pH<5) because of electrostatic interaction with the
positively charged surface.

The curve corresponding to SB AC (Fig. 2) shows thatσ
is strongly dependent on the solution’s pH, changing from
positive to negative for pH values above the pHZPC = 4.
Accordingly, the adsorptive capacity of SB AC for anionic
dyes (Fig. 4) decreases as the activated carbon surface be-
comes negatively charged when the equilibrium pH is in-
creased (Fig. 2). For Basic Red 46, the cationic dye inves-
tigated, the increase in the adsorptive capacity of SB AC
with an increase in pH is attributable to a favourable elec-
trostatic interaction between the dye molecule and the neg-
atively charged surface. However, with respect to the elec-
trostatic interaction between dye molecules and the surface
of SB AC, the influence of electrostatic repulsion on the
adsorption appears to be moderated, because the dyes still
adsorb in spite of the opposite charge on the SB AC surface
as a function of solution pH. Accordingly, and in agreement
with the results reported by Dai[33], there may be a partic-
ipation of non-specific dispersion interactions between AC
and the ionic dyes.

4. Conclusions

It is possible to convert surplus biological sludge from
wastewater treatment operations into activated carbon by
thermal treatment in the presence of sulphuric acid, with a
significant increase in surface area when compared to the
raw sludge. The SB AC is mainly mesoporous in nature and
acidic in character, while a conventional AC used as refer-
ence was found to be more microporous and hydrophobic.
Due to the lower extent of development of microporosity,
SB AC does not match the quality of commercial products

in terms of surface area measured by nitrogen adsorption.
However, half of the specific surface area of commercially
available AC was found to be redundant in the aqueous ad-
sorption of iodine.

The greater capacity of SB AC compared with the com-
mercial AC to remove acid and direct dyes from solution
is attributed to its wider pore size distribution. Similarly,
the relative lower removal efficiency for Basic Red 46, is
attributable to the relatively small steric size of the dye
molecules as compared with the size of the micropores and
by the greater surface area of the commercial adsorbent.

The presence of acidic surface functional groups in SB
AC plays an important role in determining the extent of
adsorption as a function of solution pH. The results obtained
suggest that non-specific interactions play an important role
in the adsorption of dyes in SB AC, since adsorption is still
high in spite of the opposite surface charge as a function of
the solution pH.
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