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Abstract. A high surface area-activated carbon from water treatment sludge (WTS) was employed as adsorbent material
to remove methylene blue (MB) dye from aqueous solutions. In this research, the effect of parameters of adsorbent
dosage, time of contact, and pH on adsorption capacity and efficiency were determined. Global desirability methodology
was applied by using central composite rotational statistical design in order to optimize the adsorption of dye solution of
MB by washed activated sludge carbon (WASC). Activated carbons obtained from WTS were characterized by FTIR,
TGA, XRD and BET techniques. The mesoporous material WASC showed a total pore volume of 0.439 cm3 g-1 and the
largest specific surface area of 582.0 m2 g-1. The production of WASC indicates to be an excellent option in the
sustainable use of WTS residue.
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Introduction

The concern with the growth of population and consumption of water is increasing [1]. The United Nations projects
that the number of people in the world will increase by
36.29% and water consumption will increase by 20 to 33%
between 2010 and 2050 [2,3].
In the process of water potabilization, the raw water is
treated through coagulation, flocculation, sedimentation,
filtration and disinfection processes in a water treatment
plant (WTP). Currently, only one WTP produces approximately 100 thousand tons of sludge per year as waste from
this process [4].
This sludge is called water treatment sludge (WTS), and
its disposal has become a global-scale problem [5]. Despite
having legislation to regulate that disposal, it is still
improperly done in nearby watercourses [6–8], increasing
the number of suspended solids, harming sea life and hindering WTP processes [9]. Countries like Portugal and
Taiwan head the annual sludge production ranking, producing 6.42 and 5.06 tons of dry sludge per capita,
respectively.
Due to the cost of proper treatment [5] and the volume of
WTS produced, eco-friendly methods have currently been
studied. Among the works, it is worth mentioning Monteiro

et al [10], Godoy et al [11] and Martı́nez-Garcı́a et al [12],
who have analysed the feasibility of using WTS in the area
of building materials; and Ooi et al [13] explored the reuse
potential of aluminium present in WTS through acid
leaching. The use of WTS in the production of adsorbents
has been explored with several methodologies [14].
Regarding the SBET (surface area BET) of the adsorbents,
several values were obtained: 87.10 m2 g-1, using the
H3PO4 activating agent [15]; 23.72 m2 g-1, with pyrolysis
at 400°C [16]; 341.20 m2 g-1, using 5% rice husk and
thermal activation at 900°C [17]; 381.61 m2 g-1, using the
KOH activating agent and pyrolysis at 600°C [18].
Watercourse contamination has become a serious problem in recent years due to waste from the textile, paper and
food industries [19]. Methylene blue (MB), a dye used in
the bonding of clothes and paper is the subject of studies
[20–25] since its degradation is complex and its toxicity is
high. Among the ways to treat water bodies contaminated
by MB, the most prominent form is adsorption, because it is
a simpler and less expensive process, and it has the ability
to separate contaminant compounds from water bodies [26].
In the adsorption process, the dyes are transferred from
the aqueous effluent to a solid phase. Thus, the adsorbent
can be regenerated or maintained without contact with the
environment. Several adsorbent materials have been
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developed, seeking efficiency and low cost, such as activated carbon [27,28], biochar [29], zeolites [30], bioadsorbents [31] and clayey materials [32].
The objective of this work is to add value to the residue
WTS produced on a large scale, proposing sustainable use
as raw material for activated carbon production. The study
also emphasized the adsorbents characterization and optimization of the MB textile dye adsorption process. It is
worth mentioning that studies have already been published
using WTS as a raw material for adsorbents production
[15–17]. Nevertheless, due to the different compositions of
different sludge and the chemical and physical modifications in the formulation of new adsorbent material, this
study aims to contribute to improving the physical structure
of activated carbon produced from WTS, contributing to a
higher SBET.

2.
2.1

Materials and methods
Production and characterization of activated carbons

The WTS was collected at the WTP of Bagé, RS, Brazil,
and characterized in terms of moisture content, pH and total
aluminium (Al) [33]. After collection, the sample was ovendried (Nova Ética, model 109-1) at 65°C for 48 h, and it was
milled into a powder utilizing a mill (Marconi, Croton
model). Then, the sample was subjected to a particle size
separation using an electromagnetic sieve shaker (Bertel,
model 4830) to obtain particles \495 lm adapted from
Streit et al [34].
The chemical activation of the adsorbent was performed
at a ratio of 1:0.8:0.2 of WTS, zinc chloride and calcium
hydroxide. Thermal activation was performed by pyrolysis
in a stainless steel reactor at 550°C for 30 min (heating rate
of 3°C min-1) under N2 atmosphere. Pyrolysis is utilized to
increase the porosity of the precursor material, by removing
the volatile compounds from these pores and assist in the
formation of functional groups on the surface of the
adsorbent. In this methodological route, the activated sludge
carbon (ASC) was obtained.
As a means to obtain the washed activated sludge carbon
(WASC), acid leaching with 6 mol l-1 HCl was performed
to remove remaining inorganic material [35]. After, the
sample was washed with water until it attained a neutral pH.
The adsorption technique (Quantachrome Instrument,
NOVA 4200e, USA) and BET method were utilized for
obtaining the physical structure characteristics of ASC and
WASC. Initially, the samples were maintained at 300°C for
3 h in a vacuum for degassing.
The orientation and crystalline structures of the ASC and
WASC were analysed by the X-ray diffraction (XRD;
Rigaku ULTIMA IV, Japan) applying a Cu Ka radiation (k
= 1.5406 Å) at 40 kV, by scanning step over the range of
10–70° using the geometry of Bragg-Brentano.
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The reactive groups present on the surface of the ASC
and WASC were obtained by the Fourier transform infrared
spectroscopy (Perkin-Elmer UATR Two) technique. The
spectrum was performed in the range of 500–4500 cm-1,
with 32 scans per spectrum and with a resolution of 4 cm-1.
The thermal decomposition was evaluated by the thermogravimetric analyses (TGA) of ASC and WASC using
7 mg of sample on the instrument (SHIMADZU TGA 50,
Japan) with a heating rate of 10°C min-1 and N2 flow rate
of 20 ml min-1.

2.2 Adsorption process and statistical optimization
analysis
The utilization potential of the activated carbons obtained
was evaluated through adsorption batch experiments.
The concentrations of MB in the liquid phase were
quantified by UV–VIS spectrophotometer at 665 nm, using
a standard curve with concentrations ranging from 0.4 to
20 mg l-1.
In order to analyse the effects of the experimental conditions on adsorption and to optimize the process, a central
composite rotational statistical design (CCRD) was applied.
The 10th version of STATISTICA was employed to investigate the effect of pH, adsorbent dosage, and the time of
contact on adsorption capacity and efficiency. Adequacy of
the models was analysed by variance analysis (ANOVA).
To perform the optimization of the two dependent variables
simultaneously (Q and R), the global desirability methodology (GDM) was applied.
The independent variables in CCRD were adsorbent
dosage (g l-1), contact time (min) and pH at 5 levels [36]. It
was arbitrated 5 repetitions of the central point to provide an
estimate of pure error and 6 axial points to obtain a secondorder model (3) for the prediction of dependent variables.
Y ¼ bo þ

k
X
i¼1

bi Xi þ

k
X
i¼1

bii Xi2 þ

XX
i\j

bij Xi Xj þ e

j

ð1Þ
where bo corresponds to constant coefficient; bi, to linear;
bii, to quadratic; bij, to interaction; Xi, to independent
variable levels; k, to the number of variables; e, experimental error; and Y, to the model response.
Table 1 reports the operating conditions and the respective levels used for the CCRD independent variables:
adsorbent dosage (Ad), time of contact (t) and pH. The
ranges of operating conditions were obtained from preliminary trials [37,38]. Fifty millilitre of MB solution was used
in 70 mg l-1 as the adsorbate. A shaker (NOVA ÉTICA,
model 109-1) was used to agitate the adsorbent–adsorbate
mixtures at 120 rpm. After agitation at a specified time, the
mixtures were centrifuged (QUÍMIS) at 3000 rpm for 5 min
for separation of the dye solutions from the adsorbent.
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Independent variables and design levels.
Levels

Factors
Ad (g l-1)
t (min)
pH

Table 2.

–1.68
6.59
13.2
2

–1
10
20
4

1
20
40
10

1.68
23.41
46.8
12

Characterization of WTS.

Mw (%, w.b.) Mwd (%, w.b.)
WTS

0
15
30
7

92.50

4

pH

Al (mg l-1)

5.55 ± 0.35

6144.11

The adsorption capacity (Q) and efficiency (E) were
determined by equations (2 and 3), respectively.
Ci  Cf
V
M
Ci  Cf
E¼
 100
Ci
Q¼

ð2Þ
ð3Þ

where Ci is the initial concentration; Cf, the final concentration; M, adsorbent dosage; and V, the volume of solution.

3.
3.1

Results and discussion
Characterization of WTS and activated carbons

The results of the characterization of WTS are shown in
table 2. The amount of moisture contents for raw (Mw) and
dried (Mwd) materials were 92.5% (w.b.) and 4% (w.b.),
respectively. WTS presented a pH value of 5.55, which is in
agreement with Dassanayake et al [39], who claim that
sludges with high total aluminium present the pH between

Figure 1.
WASC.

N2 adsorption–desorption isotherms of ASC and
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5.12 and 8.0. The high values of total aluminium in the
sludge are due to the use of Al2(SO4)3 in WTP process as
the coagulant.
The corresponding N2 adsorption–desorption isotherms
of the samples are presented in figure 1.
The N2 adsorption–desorption isotherms of ASC and
WASC matches type IV(a), such a behaviour corresponds to
mesoporous materials [40]. The H3-type hysteresis loop
from ASC indicates a slit-shaped pores [40]. The WASC
sample presents a type H4 hysteresis loop and also corresponds to the slit-shaped pores pattern, even though smaller
than ASC [40]. Table 3 shows the values of the textural
characterization from the ASC and WASC, which analyses
the surface area BET (SBET), pore volume (PV) and pore
diameter (PD).
The SBET of the WASC presented significantly higher
values than ASC. The SBET values for WASC are superior
to works that had already produced activated carbon of
WTS [15–17].
It was observed that the increase in SBET of WASC was
caused by the hydrolyzation of inorganics in the organic
precursor. The presence of inorganic compounds in the
carbon material during pyrolysis obstructed the shrinkage of
carbon particles. The results have shown the importance of
the acid washing step in the production of activated carbon,
in which their porosities, filled by inorganic reminiscent
material, were increased by the removal of the inorganics
present in the carbon materials [35].
Considering the results of pore diameter from ASC and
WASC and the MB molecule size (0.59 9 1.38 nm) [41], it
is possible to analyse that both activated carbons have a
predominantly mesoporous pore size distribution and are
capable of adsorbing the contaminant. Besides, the structural properties (SBET, PV and PD) of the WASC agree with
the studies that have used similar methodologies in the
production of activated carbons [35,42–44].
Figure 2 shows the presence and intensity of the molecular groups present in the samples.
In figure 2, the ASC sample demonstrates an increase in
alcoholic and phenolic O–H groups compared to WASC,
represented by the intense band between 3600 and 3400
cm-1 [45–47]. The band range 1700–1400 cm-1 indicates
the presence of C=O carboxylic acid stretching [35,47,48].
The band of WASC at 1083 cm-1 indicates the presence of
C–O stretching of phenol and alcohol [45,47]. The 940–665
cm-1 band, more pronounced in WASC, indicates the
presence of bending O–H [35,45]. The delocalized electrons
on the basal planes of the carbonaceous adsorbents and free
electrons of the aromatic rings of MB molecules are
responsible for the interaction of MB molecules with the
surface of the activated carbon materials [36].
Figure 3 shows the XRD patterns of the ASC and WASC.
The XRD charts of ASC indicate the presence of calcium
carbonate (CaCO3; JCPDS card 00-005-0586), zinc aluminium oxide (ZnAl2O4; JCPDS card 00-005-0669),
calcium aluminium oxide (Ca2Al2O5; JCPDS card
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BET characterization of ASC and WASC.

Adsorbents
ASC
WASC

Bull. Mater. Sci.

SBET (m2 g-1)

PV (cm3 g-1)

PD (nm)

q (g cm-3)

100.3
582.0

0.271
0.439

10.81
3.02

2.7315 ± 0.0016
2.2357 ± 0.0023

Figure 4.
Figure 2.

The FTIR spectrums of ASC and WASC.

Figure 3.

XRD of ASC and WASC.

00-052-1722), zinc oxide (ZnO; JCPDS card 00-036-1451)
and silicon (Si; JCPDS card 00-027-1402). Thus, they are in
agreement with the inorganic compounds in the WTS and
the activating agents used for the production of the samples.
WASC has a predominantly amorphous structure represented by the wide bands (15°–40°). The remaining crystalline phase of calcium aluminium oxide and zinc
aluminium oxide is indicated by the large peaks in the
charts. After HCl leaching, the increase of WASC peaks is

Thermogravimetric profiles of ASC and WASC.

larger than those of ASC, which indicates that particles of
remaining crystalline material are smaller than in ASC
[48,49]. This indicates that the acidic treatment was efficient in the removal of inorganics, only remaining
nanoparticles in the WASC sample, which suggests that
WASC is a more effective adsorbent material [35,48]. This
observation concurs with the thermogravimetric profiles for
the ASC and WASC, in figure 4.
In the thermogravimetric analysis of ASC, it was possible
to observe a mass loss in the range between 50 and 367°C,
and it is related to loss of moisture and crystallization water
in the inorganic precursors, which agrees to the peak at
85°C in DTA [35,42,43]. In the range between 368 and
650°C, the loss mass in ASC was attributed to deterioration
of the carbonaceous matrix, the highest peak occurred at
509°C [43].
In the profile of WASC, the range between 24 and 540°C
was a decomposition related to the loss of adsorbed and
interstitial water molecules from acid leaching, which
agrees to the peak at 54°C in DTA [35,43,50]. The range
between 541 and 800°C demonstrated a 15.66% mass loss,
and the highest peaks were attributed to the decomposition
of the carbonaceous skeleton [35,50].
The high weight loss of WASC (54°C) in relation to ASC
is related to the acidic treatment [41]. The difference in the
carbonaceous degradation can be linked to the improvement
of the physical characteristics of WASC (table 3). The
weight loss of the WASC at 650°C was 22.78%, and the
ASC was 37.35%, this higher deterioration in ASC is
associated with inorganic components according to XRD
data and shows the difference between samples.
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Table 4. Experimental results for adsorption capacity and efficiency of MB removal.

1
2
3
4
5
6
7
8
9(A)
10(A)
11(A)
12(A)
13(A)
14(A)
15(C)
16(C)
17(C)
18(C)
19(C)

3.2

Ad
(g l-1)

t
(min)

pH

10
10
10
10
20
20
20
20
6.59
23.41
15
15
15
15
15
15
15
15
15

20
20
40
40
20
20
40
40
30
30
13.20
46.80
30
30
30
30
30
30
30

4
10
4
10
4
10
4
10
7
7
7
7
2
12
7
7
7
7
7

Q
(mg g-1)
6.76
6.72
6.48
6.46
3.39
3.34
3.48
3.49
9.87
2.97
4.38
4.63
5.52
4.62
4.57
4.58
4.57
4.58
4.58

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.02
0.05
0.04
0.08
0.02
0.02
0.00
0.02
0.14
0.00
0.01
0.01
0.46
0.00
0.01
0.03
0.01
0.00
0.01

E
(%)
96.52
95.94
92.52
92.26
96.67
95.33
99.39
98.85
92.92
99.30
93.82
99.12
96.77
99.03
97.84
98.20
98.00
98.12
98.12

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.28
0.80
0.54
1.26
0.53
0.48
0.00
0.40
1.29
0.10
0.39
0.32
0.98
0.01
0.28
0.66
0.30
0.09
0.25

Figure 5. Pareto charts of the estimated effects on capacity of
adsorption MB.

Adsorption process

Due to the results of SBET and PV and also the preliminary
tests performed, it was decided to proceed with the
adsorption analysis only with the WASC sample.
The experimental design shown in table 1 summarizes
the adsorbent dosage (Ad), time of contact (t), and pH
applied in the adsorption process. The conditions and results
are shown in table 4.
Table 4 shows the values of the standard deviation from
the capacity of adsorption and efficiency. The low standard
deviation results (0–0.46 mg g-1 and 0.01–1.29%) show the
reproducibility and precision of the experiments.
Figures 5 and 6 show the Pareto charts of the estimated
effects on the adsorption process of MB for adsorption
capacity and efficiency, respectively. The statistical analysis
of the model was enhanced through a ‘reverse elimination’
process, excluding non-significant dependent terms [51].
Figure 5 indicates that all operating conditions studied
showed significant effects on the adsorption capacity, having as an exception the interaction between adsorbent
dosage and pH since they are located at the right side of the
significance level (p B 0.05). The most pronounced effect
was the adsorbent dosage, which had a negative influence
on the adsorption capacity. The highest capacity of
adsorption (run 9), shown in table 4, was obtained for the
lowest adsorbent dosage. The positive effect of pH, the time
of contact, and the interaction between them was less pronounced; indicating that the adsorption capacity is

Figure 6. Pareto charts of the estimated effects on efficiency of
adsorption MB.

proportional to the decrease of adsorbent dosage and to the
increase of pH and time of contact.
The positive influence of pH on the adsorption capacity
can be explained by the fact that MB is a cationic dye [52].
At pH less than 5, there may be a competition between H?
ions in solutions and these molecules for sites on the
adsorbent surface, decreasing the adsorption at this pH.
In terms of efficiency (figure 6), similarly to the mentioned in the capacity of adsorption, the more pronounced
effect was the adsorbent dosage, but in the efficiency the
effect was positive. The time of contact effect was significant and have a positive effect. The effect of pH and the
interaction between adsorbent dosage and pH was not significant (p B 0.05) in E, which may be explained by the
high-efficiency values for all pH ranges.
The behaviour of Ad being antagonistic between the
variables adsorption capacity and efficiency can be
explained since the concentrations of dyes are fixed. The
increase in adsorbent causes the efficiency of the adsorption
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to increase; however, due to the high-efficiency values
(table 4), when increasing the dosage adsorbent, it also
increases free sites, declining the adsorption capacity.
ANOVA of the predictive models is presented for the
capacity of adsorption and efficiency in table 5.
The capacity of adsorption and efficiency was evaluated
by the second-order polynomial models using the operating
conditions statistically significant. Table 5 shows the F-test
(ANOVA), which was applied to confirm the statistical
significance of the models. All models tested presented
Table 5.

ANOVA for capacity of adsorption and efficiency.
SS

Q
Regression
Residual
Lack of fit
Pure error
Total
E
Regression
Residual
Lack of fit
Pure error
Total

DF

Fvalue

Ftabled

R2

R2adjusted

49.0464
0.8651
0.8649
0.0002
49.9115

8
10
6
4
18

70.87

4.15

0.9999

0.9827

85.0576
16.2911
16.2121
0.0790
101.3487

7
11
7
4
18

8.20

3.01

0.9992

0.8393

SS = sum of square; DF = degree of freedom.

Figure 7.
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regression significance; it can be verified by the Fvalue [
Ftabled. The determination coefficient for the capacity of
adsorption model (R2 = 98.27%), efficiency (R2 = 83.93%)
were considered satisfactory, considering the inherent
variability of the adsorption process. The models can be
used to predict the adsorption capacity and efficiency
responses for the conditions analysed in this study.
The equations (4) and (5) present the quadratic equation
generated by the model for the dependent variable Q and E.
Q ¼ 4:581:78Ad þ0:01t þ0:001pHþ0:61A2d 0:002t2
0:04pH2 þ0:10Ad t þ0:01tpHþ0:000043

ð4Þ

E ¼ 98:08þ1:74Ad þ0:55t 0:86A2d 0:73t2
0:23pH2 þ1:74Ad t þ0:14tpHþ0:0197472

ð5Þ

Figure 7 presents the GDM charts of simultaneous optimization of adsorption capacity and efficiency, considering
the parameters of adsorbent dosage, time of contact and pH.
Applying the GDM, it was predicted adsorption capacity
of 9.38 mg g-1 and efficiency of 94.65%, in optimal conditions, which are in accordance with the results shown in
table 4. In terms of costs of the adsorption process—in the
optimization—the axial negative points to the adsorbent
dosage and time of contact indicate favourable conditions.
The neutral pH demonstrates that it is not necessary to use
acid or alkaline solutions to change the pH, thus decreasing
costs with chemical reagents.

Global desirability for capacity of adsorption and efficiency.

Bull. Mater. Sci.
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Optimum values predicted and experimental for Q and E.

Predicted parameters
Ad (g l-1)
6.59

Predicted value

Obtained value

t (min)

pH

Q (mg g-1)

E (%)

Q (mg g-1)

E (%)

13.2

7

9.38

94.65

9.29 ± 0.01

95.11 ± 1.47

The optimum conditions predicted by GDM were validated in a laboratory experiment, and the results are displayed in table 6.
The results obtained are in accordance with the values
predicted in the GDM, for adsorption capacity and
efficiency. In the adsorption capacity, the deviation was
0.01 mg g-1, which demonstrates the reproducibility of the
process, with low standard deviation. The consistency
between the predicted and the obtained values demonstrates
the efficiency of GDM in optimizing the adsorption
capacity and efficiency simultaneously.

4.

41

Conclusions

The pyrolysis process was efficient for the production of
activated carbon from WTS. WASC presented a great BET
surface area of 582.0 m2 g-1 and PV of 0.439 cm3 g-1,
presenting effectiveness on the removal of MB dye. The
adsorbent has mesoporous pore size distribution similar to
other successful researches of the same methodology—it
makes WTS a very good option as a sustainable precursor
for the production of adsorbents. The CCRD was predictive
of the adsorption process of MB dye and the effects. The
optimization by GDM was a powerful tool to assess the best
conditions (adsorbent dosage, time of contact and pH) in the
process of adsorption of MB, presenting the adsorption
capacity of 9.38 mg g-1 and efficiency of 94.65%.
Based on the excellent results obtained in this study, it is
possible to move deeper into the analysis of isotherm,
kinetics and thermodynamics to better understand the process of adsorption of MB cationic dye by WASC.
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