
A
O

M
C

a

A
R
R
A

K
T
O
C
G
A
A

1

i
m
i
i
b
t
a
r
A
n
t
r
a
t
t

i
w

(

1
d

Chemical Engineering Journal 163 (2010) 55–61

Contents lists available at ScienceDirect

Chemical Engineering Journal

journa l homepage: www.e lsev ier .com/ locate /ce j

pplication of a Taguchi L16 orthogonal array for optimizing the removal of Acid
range 8 using carbon with a low specific surface area

.P. Elizalde-González ∗, L.E. García-Díaz
entro de Química, Instituto de Ciencias, Universidad Autónoma de Puebla, Edificio 103 H, C.U. Col. San Manuel, Puebla, Pue. C.P. 72570, Mexico

r t i c l e i n f o

rticle history:
eceived 16 April 2010
eceived in revised form 14 July 2010
ccepted 19 July 2010

eywords:
aguchi method

a b s t r a c t

The conditions for the adsorption of the dye Acid Orange 8 onto carbon were optimized using the Taguchi
method. Four samples of activated carbon were obtained from guava seeds, and their textures were
characterized by nitrogen adsorption isotherms. The equilibrium adsorption isotherm on mesoporous
carbon (114 m2 g−1) showed multilayer adsorption behavior with a kinetic curve that could be described
by the Ho equation. To achieve maximum dye removal, the effects of temperature (10–40 ◦C), specific
surface area (67–143 m2 g−1), initial concentration (250–1500 mg L−1), pH (2–13), and the mass–volume

−1

ptimization
arbon
uava seeds
cid Orange 8
dsorption

ratio (10–150 g L ) were studied using an L16 orthogonal array. The percent dye removal was transformed
into an accurate S/N ratio for a “high is better” response. pH was found to be the most effective factor for
promoting dye removal, followed by the mass–volume ratio. A temperature of 10 ◦C, a specific surface
area of 114 m2 g−1, an initial concentration of 500 mg L−1, pH 2, and a mass/volume ratio of 150 g L−1 were
the best conditions determined by the Taguchi method. Finally, the carbon was tested using samples of
real and simulated wastewater solutions under the optimal conditions, and color removal efficiencies of
60% and 40%, respectively, were obtained.
. Introduction

The textile industry uses water as the main medium for apply-
ng dyes and removing impurities. Major concerns arise from these

ethods, for example the quantity of water necessary for process-
ng, the quality of the water discharged, and the chemical load
ntroduced by the process pollutants [1]. Acid Orange 8 (AO8)
elongs to the azo dye family, which accounts for over 50% of
he worldı̌s annual production of one million tons of dye [2]. The
dsorption of AO8 by carbonaceous materials has not been widely
eported [3–6]. In contrast, Acid Orange 7 (AO7), which differs from
O8 by only one methyl group, is one of the most studied [7] aryl azo
aphthol dyes. These dyes normally exist in their hydrazone tau-
omeric forms, which exhibit good stability. In this form, they are
esistant to photo-oxidation and chemical oxidation. The aromatic
mines are the principal products of cleavage of the azo group, and
hese are potentially mutagenic and carcinogenic [8]. However, the

oxicity of AO8 has not been reported.

In general, polar hydrophilic environmental pollutants are read-
ly soluble in water and are, therefore, difficult to remove during

ater treatment processes. AO8 is an important commercial tex-
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tile dye. As a strong electrolyte, it is completely dissociated under
the acid conditions used in the dyeing process. Its principal appli-
cation is in leather dyeing and paper coloration, and the second
principal application is in wool dyeing, which makes its waste by-
products an important economic regional issue. AO8 possesses no
outstanding coloristic properties among the acid monoazo dyes,
but it is distinguished by the brilliance of its shade and particu-
larly low production cost. Anionic monoazo dyes are still used in
larger quantities for cheap articles and, consequently, are abun-
dant in wastewater [9]. Typical textile wastewater is composed, for
example, of 5% anionic dyes [10]. AO8 was one of the 10 detected
dyes in water samples from municipal and industrial wastewater
treatment plants in Northern Italy in 2002, together with phenols,
carboxylic acids, aromatic sulfonates, aromatic amines, pharma-
ceuticals and surfactants [11].

The removal of dyes without producing secondary degradation
products is an important advantage of the adsorption process [12].
Dye removal depends on several factors that relate narrowly to the
adsorption experimental conditions and to the adsorbent charac-
teristics. The prevailing view is that the magnitude of the specific
surface area plays a major role in adsorption. The system parame-

ters have been investigated to establish the optimal conditions for
dye removal. Optimization methods, such as the response surface
[13] and the Taguchi technique [14], have been used to achieve
the best response under the given removal conditions. Elizalde-
González and Hernández-Montoya [7] reported an optimization
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Table 1
Principal characteristics of the tautomeric forms of the dye Acid Orange 8.

Characteristic Azo form Hydrazone form

CI 15575

CAS 5850-86-2
∼65% purity

Formula
C17H13N2NaO4S

Molecular weight
(g mol−1) 342.37

Natural pH in
deionised water

7.1

Molar volume
(cm3 mol−1)

224.2 232.7

Name 3-Methyl-4-(2 hydroxi-1-naphthylazo) benzenesul-fonic acid sodium
salt

3-Methyl-4-[N′-(2-oxo-2H-naphthalen-1-ylidene)-hydrazino]-
benzenesul-fonic acid sodium
salt

Molecular volume
(nm3)

0.281 0.280

Molecular surface
area (nm2)

3.33 3.32

Molecular Length 1.58; width 1.03; depth 0.54 Length 1.64; width 0.96; depth 0.54
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dimensions (nm)
Calculated pKa pK1 −1.0 ± 0.5; pK2 13.5 ± 0.5

tudy using the Taguchi method with consideration for the fac-
ors that affect dye removal. The Taguchi technique includes the
esign of an experiment process that uses orthogonal arrays that
llow for the independent evaluation of factors through a small
umber of trials [15]. This technique includes data transformation
o a signal-to-noise (S/N) ratio, which is a measure of the variations
resented.

Nowadays, a variety of carbonaceous adsorbents are available
rom the pyrolysis of lignocellulosic materials and agricultural
astes, such as fruit seeds [16]. These materials have been widely

ested for removing pollutants from aqueous solutions. A variety
f commercial carbons exist, and no single value has been estab-
ished to determine if a carbon has a small or large specific surface
rea. Activated carbon cloths have a high specific surface area of
500 m2 g−1, and the main advantage is a faster adsorption rate
elative to that of activated carbon [3]. Lignin-cellulose precursors,
or example, avocado fruit peel [17] yield low specific surface areas,
onsidered < 2 m2 g−1 in [18].

Previous results have shown that mesoporous carbon obtained
rom guava seeds adsorb larger quantities of AO8 than of AO7 [6]
nder the same conditions. Contradicting results were obtained
rom measurements of the adsorption by microporous carbon
btained from mango seeds [5] or from mesoporous activated car-
on cloth [4]. AO8 yielded greater kinetic adsorption coefficients
3] but smaller ultrasonic degradation rates [19] than AO7.

In the present work, we prepared a set of samples of acti-
ated carbon from guava seeds (psidium guajava)—a waste material
ithout commercial value that is an abundant raw material from

uice factories—and used the Taguchi method to examine the
nfluence of other system factors on the removal of AO8 on the
repared activated carbon substrates with low specific surface
reas. UV–visible spectra were examined previously to evaluate

he effects on the adsorption measurements, because AO8 tends
o aggregate and form azo-hydrazone tautomers [20]. Finally, the
arbon was assayed using a sample of wastewater from a tex-
ile factory as well as an artificial wastewater prepared in the
aboratory.
pK1 −0.2 ± 0.5; pK2 9.4 ± 0.2

2. Materials and methods

2.1. Precursor and preparation of carbon

The guava seeds were obtained from fresh fruit coming from
Aguascalientes, Mexico. The seeds were washed with deionized
water and dried at room temperature for 48 h. To obtain 1.00 and
1.19 mm particles, the seeds were ground and sieved. Finally, they
were used as raw materials for obtaining carbon using a hori-
zontal tubular CARBOLITE furnace with a EUROTHERM controller
under atmospheric conditions. Two heating programs with final
temperatures of 500 or 600 ◦C were used. The temperature pro-
grams comprised two heating ramps: the first ramp began at room
temperature and increased to 70 ◦C at a rate of 8 ◦C min−1, and the
second ramp began at 70 ◦C and increased to a final temperature at
a rate of 5 ◦C min−1, followed by 4 h isothermal heating. Finally, the
carbon samples were ground, sieved, and analyzed to obtain their
textural characteristics.

2.2. Adsorption experiments

Adsorption tests were conducted in static batch experiments
using polycarbonate cylindrical cells with a lid. The kinetic study
was carried out under the following conditions: a temperature of
20 ◦C, an initial concentration of 100 mg L−1, and a mass–volume
ratio of 33 g L−1. The adsorption isotherm was obtained at the same
temperature and with the same mass–volume ratio. The initial
concentrations ranged from 50 to 3000 mg L−1, and the contact
time was 24 h. Finally, the quantity of adsorbed dye was calculated
using the relation: a = (Ci − Cf)V/m, where a (mg g−1) represents the
amount of dye adsorbed, Ci (mg L−1) is the initial dye concentration,
Cf is the final equilibrium concentration (mg L−1), V is the solution

volume in the cell (L), and m is the weight of the adsorbent (g). We
presumed that electrolytes and dyeing additives in the commercial
dye could generate multi-solute adsorption, but we assumed that
the UV–vis adsorption measurements corresponded to the adsorp-
tion of single dye molecules.
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Table 2
Experimental L16 orthogonal array and results of the removed dye in two independent experiments.

Experiment Factor levels Removed dye (%) (S/N)HB

A B C D E Experiment 1 Experiment 2

1 1 1 1 1 1 8.9 7.8 18.36
2 1 2 2 2 2 5.0 5.47 14.28
3 1 3 3 3 3 6.5 7.2 16.70
4 1 4 4 4 4 7.2 6.9 16.97
5 2 1 2 3 4 7.1 6.4 16.59
6 2 2 1 4 3 4.3 4.4 12.77
7 2 3 4 1 2 19.2 22.5 26.29
8 2 4 3 2 1 1.5 1.5 3.60
9 3 1 3 4 2 3.1 3.5 10.33

10 3 2 4 3 1 1.1 1.5 1.98
11 3 3 1 2 4 16.4 14.1 23.58
12 3 4 2 1 3 23.9 24.7 27.71
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15 4 3 2 4
16 4 4 1 3

.3. Optimization of the adsorption conditions

The AO8 dye (Aldrich) and its characteristics are given in Table 1.
he concentration of ions determined by ion chromatography was
.3 mg L−1 chloride and 0.6 mg L−1 sulfate. An experimental L16
rray from the Taguchi method was applied for the optimiza-
ion of the adsorption conditions. The five factors selected were:
emperature (10, 20, 30, 40 ◦C), specific surface area (67, 89, 114,
43 m2 g−1), initial concentration (250, 500, 1000, 1500), pH (2, 6,
0, 13), and mass–volume ratio (10, 50, 100, 150 g mL−1). The array
f the experimental factors and the levels are given in Table 2. The
H was adjusted using NaOH and HCl solutions. The solution was
eparated from the adsorbent by filtration after 24 h equilibrium.
ixed cellulose ester membrane disk filters (0.45 �m pore size)

id not produce any variations in the absorbance before or after
ltration. The adsorption solutions were subsequently centrifuged
12,000 rpm) to measure the final dye concentration.

Taguchi created an experimental data transformation, which
s a measure of the response variations that are present. The
ransformation is the signal-to-noise (S/N) ratio, which depends
n the characteristic measured. The “higher is better” (HB) ratio:

S/N)HB = −10 log(1/r

r∑

i=1

1/y2
i
), where yi is the experimental

esponse and r is the number of test in the trial, was used because

high rate of dye removal was desirable.

The molecular volume, area, and dimensions were calculated
sing the software Physical Properties Pro from Chem SW after
nergy minimization. Calculations of the pKa were performed using
he Software pKa DB from ACD Inc. In the computation, the dye salt

able 3
extural and chemical characteristics of the carbon samples used in the optimization
xperiments.

Carbon sample SG-20 SG-23 SG-26 SG-30

Carbonization temperature (◦C) 500 500 500 600
Particle size (�m) 500 595 707 841
SBET (m2 g−1) 109 66 204 143
SIII (m2 g−1) 89 67 114 143
�Sspe (m2 g−1) 20 1 90 –
C value 0.51 1.13 0.24 –
(p/p0)m 0.58 0.48 0.67 –
am (cm3 g−1) 20 15 26 –
D̄p (nm) 5.3 7.6 4.0 4.8
VTotal (cm3 g−1) 0.090 0.090 0.089 0.155
Acidity (�mol m−2) 9.1 11.1 8.1 6.2
Basicity (�mol m−2) 8.1 8.8 7.3 5.5
pHpzc 6.2 5.4 7.1 7.3
3 3.6 2.8 10.01
4 77.0 74.8 37.60
1 4.2 5.2 13.21
2 0.6 0.9 −3.30

D-SO3Na was considered to be present in its hydrogenated form,
D-SO3H. Intermolecular hydrogen bonding was not considered.

2.4. Real and simulated textile wastewater

The real wastewater was collected from a local textile mill. The
sample was taken at the end of a dyeing bath process prior to any
treatment; it was allowed to sediment, and the clarified mixture
was separated for use in the adsorption experiments. Simulated
wastewater was prepared using NaCl (70 g L−1), Na2CO3 (5 g L−1),
NaOH (4 g L−1), AO8 (10 mg L−1), Carmine Red (15 mg L−1), and
Basic Blue (7 mg L−1). Both wastewater samples were character-
ized, and the adsorption experiments were carried out. The percent
of color removal was determined by measuring the absorbance
at 436, 525 and 620 nm according to the German ordinance for
the discharge of textile wastewater [10,21], and the color inten-
sity was calculated using the following ratio: color (absorbance,
m−1) = absorbance × dilution factor/path length (m) [22].

2.5. Analytical methods

2.5.1. Carbon characterization
The carbon samples were analyzed by measuring the N2

adsorption isotherms using an automated adsorption apparatus
Quantachrome/Autosorb-1. The specific surface area was calcu-
lated using the Brunauer–Emmett–Teller (BET) equation, and a
correction was applied according to the validity of the BET proce-
dure for type III isotherms (IUPAC) [23]. The pore size distribution
was calculated using the Barret–Joyner–Halenda (BJH) equation. In
addition, the acidity, basicity, and point of zero charge of the carbon
samples were determined by potentiometric titration according to
the reported methodology [24] using 0.1 N NaOH, 0.1 N HCl, and a
Metrohm–Titrando apparatus.

2.5.2. Dye removal measurement
The dye removal was monitored using a HACH DR5000 spec-

trophotometer at 490 nm, the dominant wavelength for the
AO8. Solutions of AO8 with concentrations 250, 500, 1000, and
1500 mg L−1 at pH 2, 6, 10, and 13 were prepared. The effect of
pH on the spectrophotometric measurements was examined by
calibrating each solution. The percent dye removal was calculated

using the equation: r( %)= (Ci − Cf)(100/Ci), where r represents the
percent of removal, and Ci and Cf are the initial and final concentra-
tions (mg L−1). An analogous formula was used for the removal of
color, total suspended solids (TSS), nitrates, sulfates, total organic
carbon (TOC), and chemical oxygen demand (COD) of the wastewa-
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ig. 1. Adsorption isotherms of nitrogen at −196 ◦C on the carbon samples: SG-
0, SG-23, SG-26 (type III isotherms) and SG-30 (type II). Full symbols indicate
dsorption, hollow symbols indicate desorption.

er samples. The parameters listed above were quantified using the
tandard protocols associated with the HACH spectrophotometer.

. Results and discussion

.1. Activated carbon

Four samples of carbon were selected after the nitrogen adsorp-
ion analysis. Their textural and chemical characteristics are shown
n Table 3, where Dp is the average pore diameter and VTotal is the
otal volume of the N2 adsorbed. The samples SG-20, SG-23, and
G-26 were carbonized at 500 ◦C, and the adsorption isotherms
btained were type III, according with the IUPAC classification
Fig. 1). This type of isotherm is displayed by nonporous or macro-
orous solids. Type III isotherms result if the value of C is less

han 2 (Table 3) and the inflection point is barely visible. In such
ases, it may be necessary to correct the specific surface area calcu-
ated by the BET equation: 1/a(p/p0 − 1) = (1/amC) + (C − 1/amC)p/p0,

here (p/p0) is the relative pressure, a is the quantity adsorbed,

Fig. 2. Effect of the pH of dye solutions, at four concentrations, on the absorban
al Engineering Journal 163 (2010) 55–61

am is the quantity adsorbed on the monolayer, and C is the con-
stant of adsorption. A plot of 1/a(p/p0 − 1) versus (p/p0) yields a
straight line, usually in the range 0.05 ≤ p/p0 ≤ 0.35. The constant
C and am may be calculated from the slope and the intercept
of the BET plot. The total surface area may be calculated using
St = (am/22,414) · W · A 10−20, where W is the adsorbate molecu-
lar weight (N2) and A is Avogadro’s number [25]. The correction
consists of locating the “BET monolayer point” using the mono-
layer relative pressure (p/p0)m at which the quantity adsorbed is
the monolayer capacity am [23]. First, C of the BET equation is cal-
culated from the experimental isotherm in the relative pressure
range of 0.05–0.35. Once C is known, the monolayer point is cal-
culated using the relation (p/p0)m = (−1 ± C−1/2)/(C − 1). With the
(p/p0)m value, it is possible to determine the quantity adsorbed in
the monolayer (am) by interpolation of the experimental isotherm
data set. By dividing St by the sample weight, one can calculate SBET
or SIII, depending on the procedure used to obtain am, i.e., the BET
plot for the type II isotherm or isotherm interpolation due to the
correction for the type III isotherms.

Table 3 shows the difference (�Sspe) between SBET and SIII. Occa-
sionally, both values agreed reasonably, but in the majority of cases,
they diverged widely. Interestingly, the samples SG-20, SG-23, and
SG-26, obtained at the same carbonization temperature, did not
show a decrease in the specific surface area with increasing par-
ticle size. This anomalous behavior can be explained on the basis
of the particle form of SG-26. SG-20 and SG-23 formed more reg-
ular particles, of which the 500 �m particles exhibited 109 m2 g−1

and the 595 �m particles exhibited 66 m2 g−1. The SG-26 particles
exhibited a basket-type form in which a concave curvature func-
tioned as a convex surface of smaller size and contributed to an
increase in the magnitude of the specific surface [7].

The SG-30 sample, by contrast, exhibited a type II isotherm
(Fig. 1) with a hysteresis loop that was characteristic of solids with
a mixture of tapered or wedge-shaped pores with open ends [25].
This observation suggested that at 600 ◦C, the porosity of the mate-
rial increased. The results of pHpcz showed that the carbon samples
had surfaces with acidic to neutral characteristics.
3.2. Effects of pH on the UV–visible spectra of AO8

The spectra in Fig. 2a depict the principal visible band at 490 nm
and a shoulder at 410 nm, demonstrating that AO8 was predomi-

ce measurements. (a) Absorbance units and (b) molar absorptivity units.
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antly present in the hydrazone form rather than the azo form [19].
iven that pH was one of the parameters considered for optimiza-

ion of the AO8 removal, the band positions as a function of pH were
xplored. The absence of bathochromic or hypsochromic shifts con-
rmed that the AO8 solutions were insensitive to pH changes due
o the tautomer stability. This fact is important because shifts can
roduce errors in absorption measurements at the fixed initial
avelength of maximum absorbance. Moreover, the apparently

ight hypsochromic effect shown in Fig. 2b demonstrated a 10% dif-
erence between the molar absorptivity of the solutions at pH 2 and
H 13. Mostafa et al. [20] observed that the absorption of various
ulfonic dyes in solution (including AO8) decreased upon addition
f an electrolyte. Adjusting the solution pH by adding NaOH or
Cl may disturb the water structure and can lead to association,
ggregation, and, consequently, reductions in absorbance.

Little attention has been paid to the effects of pH on the
bsorbance bands of AO8. Any optimization study must account
or factors that may reduce the accuracy of absorption mea-
urements that indicate equilibrium concentrations. Arami et al.
bserved a slight shift in the wavelength of maximum absorbance
f the azo dyes Direct Red 23 and Direct Red 80 as a function
f pH [26]. Here, the effect of pH on the band intensity was
ound to be negligible. In an absorption study of the dye Reac-
ive Black 5, Gibbs et al. [27] observed spectroscopic evidence
or aggregation under certain experimental conditions: pH, dye
oncentration, and solution ionic strength. Ultimately, to avoid
ncertainty in absorbance measurements due to dye removal under
given set of adsorption optimization conditions, a calibration

urve for each pH value was measured and the following expres-
ions were obtained: ApH 2 = 1.1356 + 0.04753 C (R2 = 0.9992); ApH
= 1.6203 + 0.04805 C (R2 = 0.9994); ApH 10 = 1.3864 + 0.04805 C

R2 = 0.9993); ApH 13 = 0.7593 + 0.04654 C (R2 = 0.9995).

.3. Equilibrium study and adsorption isotherms

The kinetic experiments were performed at 20 ◦C using an ini-
ial AO8 concentration of 100 mg L−1 with the carbon sample SG-26.
quilibrium was reached within 24 h (data not shown). Under the
iven conditions, the maximum adsorption capacity was 1 mg g−1.
he pseudo-first order kinetic constant calculated by the Lager-
ren model was k1 = 0.12 h−1, the monolayer capacity am amounted
.03 mg g−1, and the correlation coefficient was R2 = 0.8957. How-
ver, the kinetic rate was better described by Ho’s pseudo-second
rder model [26]. The kinetic parameters were k2 = 2.34 g mg−1 h−1,
m = 1.05 mg g−1, and R2 = 0.9864.

As shown in Fig. 3, the adsorption isotherms were characteristic
f the multilayer type-H4 isotherms of the Giles [28] classifica-
ion system. The class H corresponds to adsorption of very large
olecules and describes high adsorption affinities. The subgroup
our is distinguished by a second rise and a second plateau. This
ehavior may be interpreted [28] either as adsorption at differ-
nt surface regions or as re-orientation of the molecules on the
dsorbed layer. Although the BET equation is principally appli-

able 4
verage of the S/N response values obtained in the Taguchi analysis. T̄ = 15.42.

Factor Mean (S/N)HB ratio

Level 1 Level 2 Level 3 Level 4

A 16.58 14.82 15.91 14.38
B 13.83 16.66 19.95 11.25
C 12.85 17.95 17.06 13.82
D 27.49 12.87 7.99 13.32
E 9.29 11.90 16.80 23.69
Error – – – –
Total – – – –
Fig. 3. Adsorption isotherm of AO8 on mesoporous carbon at 20 ◦C (continuous line).
Experimental data and predicted BET isotherm (dashed line).

cable to solid–gas adsorption processes, we attempted to fit the
experimental data to the multilayer adsorption from solution.
The dashed line in Fig. 3 indicates that multilayer formation, via
arrangement of a second monolayer on top of the first (BET consid-
eration), did not occur. Most adsorption measurements for AO8 in
an aqueous solution have shown monolayer behavior [5] within a
concentration range spanned by our adsorption experiments. For
instance, Karagad [29] reported the adsorption of AO8 on clinop-
tilolite with a maximum quantity of adsorbed dye of 44 mg g−1.
In contrast, a study of AO8 adsorption on mango seed carbon sug-
gested formation of a monolayer with a capacity of 12 mg g−1 using
a 2000 mg L−1 AO8 solution [5].

3.4. Determination of the optimal adsorption conditions

Using the orthogonal array L16, with five factors and four levels,
we performed a total of 32 trials (16 tests and their duplicates).
A full factorial method was previously applied to an adsorption
study that included 96 experiments in a 2-stage optimization pro-
cedure [30]. A fractional factorial design carried out 26 experiments
(without duplication) for the adsorption of tanning dyes [13] using
the same number of factors and levels. Indeed, fractional factorial
experiments are more efficient than full factorial designs and yield
better comparisons of individual factors. According to the Taguchi
method, the percent of dye removal was selected as a response vari-
able, and the experimental data were transformed into the (S/N)HB
ratio. Results are listed in Table 2. The set mean (S/N)HB ratio for
each level of the factors is summarized in Table 4. Fig. 4a shows
the (S/N)HB response graph for the removal of AO8. The higher
average (S/N)HB response represents the best level of each factor
and was interpreted as the optimized removal efficiency. There-
fore, the optimum treatment conditions were: temperature 10 ◦C,

2 −1 −1
specific surface area 114 m g , initial concentration 500 mg L ,
pH 2, and mass/volume ratio 150 g L−1. This combination of factors
and levels A1B3C2D1E4 was not included in the 16 experiments of
the orthogonal array. However, a confirmation experiment under
these optimal conditions demonstrated 95% dye removal. If there is

Analysis of variance

Degrees of freedom Sum of squares Variance

3 12.08 4.03
3 168.11 56.04
3 73.02 24.34
3 847.33 282.44
3 480.85 160.28
0 – –

15 1581.39 –
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Fig. 4. Effect of each factor on the removal of AO8. (a) (S/N)HB graphical

match between the highest (S/N)HB values for a set of factors and
he combination of experiments in the array, a verification experi-

ent is unnecessary. An analysis of variance (ANOVA) was applied
o detect any differences in the average performance of the trans-
ormed data, as shown in Table 4. The most influential factor was
he pH (factor D) because the variance for this factor was the high-
st. In second place was the mass–volume ratio (factor E), a factor
ith significant variance. In agreement with the results reported

y Karagad [29], the maximum removal of AO8 on a surfactant-
odified zeolite was observed at lower pH values.
The effect of pH on the removal efficiency was analyzed in terms

f the surface charge, as indicated by the pHpzc values. The chemi-
al groups on the carbon surface confer charges that influence the
nteraction between the solid and the ions in the solution. When
he solution is acidic, pH < pHpzc (see Table 3), the total charge on
he carbon surface will be positive. AO8 is an acidic dye containing
sulfonated group (SO3

−Na+) with a pKa,1 = –0.2 in the hydrazone
automer form. Hence, higher adsorption of the dye may occur due
o the increased electrostatic attraction between the negatively
harged dye molecule and the positively charged carbon surface.
he quantity of adsorbed dye at pH > pHpzc suggested a weaker
nteraction between the negative charge of the surface and the pro-
onated = NH+–NH– form and additionally, through van der Waals
orces and hydrogen bonding in the adsorption process.

.5. Prediction of other combinations by evaluating the estimate
f the mean �

The Taguchi method is a tool to predict combinations of exper-
mental conditions that can yield good percentages of removal by
dsorption. The procedure depends upon the additivity of the fac-
orial effects. If the effect of one factor can be added to another to
ccurately predict the result, then good additivity exists. If an inter-
ction between factors exists, then the additivity between those
actors is poor. Interaction means that the effect of the first factor
epends on the level of the second factor, and vice versa. Interac-
ions between factors can be observed in Fig. 4b, in which a greater
kew between the lines indicate a larger interaction strength. When
he plotted lines are parallel or do not intersect, no interaction is
resent between the plotted factors. A factor effect at one specific

evel can be calculated using the mean (S/N)HB values (see Table 4)
s well as the average of the entire experimental results, T (all S/N
alues in Table 4). For instance, assume that the A2B2 treatment
ondition is to be estimated. Then (A2 − T) represents the A2 effect
hat changes the average from T to A2, and (B2 − T) is the B2 effect
hat changes the average from T to B̄2. The estimate of the mean

s �A2B2 = T + (A2 − T) + (B2 − T) = A2 + B2 − T . The coefficient T is
ne less than the items added to estimate the mean. To obtain the
est estimate of the mean when an interaction is present, the effect
f some factors can be grouped and averaged. In general, the less
nfluential factors in different levels can be averaged. For example,
ation of the response to each factor and (b) interaction between factors.

A1B2 indicates the average effect of factor A in level 1 and factor B
in level 2, and the interaction (A1B2) is considered to be an item for
the T coefficient calculation.

Aside from the optimal conditions, we were interested in pre-
dicting other combinations that could yield good dye removal
efficiency. Hence, an estimate of the mean of several combinations
was calculated. The combinations with the highest mean were then
selected. First, the (S/N)HB values of the factors D1 (pH 2) and E4
(m/v 150 g L−1) were fixed because they were the most influen-
tial factors in the optimal level. The less influential factors (A, B,
C) were averaged, and all possible 64 combinations of the levels
of these factors were calculated. The expression used to estimate
the mean was: �AiBjCkD1E4 = AiBjCk + D1 + E4 − 2T . The subscripts
i, j, and k indicate the levels of the factors A, B, and C, which could
be changed to yield different combinations. Because the average
AiBjCk is considered to be a single item, the coefficient of T was 2.
The four highest mean values were selected, and the experimental
removal tests were conducted at the predicted combinations. The
obtained percent dye removal values were higher than in any of
the previous array experiments, as follows: 44% for the combina-
tion A3B3C2D1E4, 74% for A3B3C3D1E4, 82% for A2B3C2D1E4, and 90%
for A1B3C3D1E4. In conclusion, this methodology was very helpful
for achieving good removal efficiency with a minimal number of
trials. Despite the usefulness of this Taguchi tool, no reports were
found that described determination of the average of S/N for solute
removal procedures.

3.6. Adsorption of real and simulated textile wastewater

As expected, the real wastewater contained high salt and organic
contents, as judged from the high conductivity and COD values
(a complete table is available in Supplement). Adsorption exper-
iments were carried out using the real and simulated textile
wastewater solutions (i) at the optimal conditions determined by
the Taguchi results: 10 ◦C, 114 m2 g−1, pH 2, mass/volume ratio of
150 g L−1, or (ii) at these conditions, except that the pH of the sam-
ple was left unchanged (pH of real wastewater 6, pH of simulated
wastewater 13). The color removal of the wastewater samples was
estimated from absorbance measurements at the wavelength of
maximum absorbance: real wastewater, pH 2 and pH 6, at 561 nm;
simulated wastewater, pH 2, at 490 nm; simulated wastewater, pH
13, at 319 nm. A shift in the wavelength of maximum absorbance
was observed in the sample of simulated wastewater due to acidifi-
cation. After adsorption at the optimal Taguchi conditions, the TOC
and COD parameters did not decrease by more than 27% due to

the high organic load in the initial wastewater. However, the color
intensity decreased to 78% of the value of the original wastewater,
to 56% for the acidified wastewater, and to 76%, both at pH 2 and pH
6, of the original simulated wastewater, which contained a mixture
of acidic, basic, and natural dyes.
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. Conclusions

The use of guava seeds as an activated carbon precursor presents
n alternative purification substrate for the removal of AO8 from
queous solutions. The Taguchi method was suitable for optimizing
he adsorption parameters; several factors could be studied simul-
aneously with a minimal number of trials. Because the number
f possible combinations of five factors with four levels each was
024, the Taguchi methodology, which prescribed testing 16 com-
inations, was a valuable strategy. The initial pH was shown to yield
he largest effect on dye removal efficiency; in particular, lower pH
alues favored the removal of AO8. Surprisingly, the specific sur-
ace area was not the most influential factor, as in most previous
dsorption studies. In this case, the dye removal was dominated
y the physical forces as well as the ionic interactions between
he surface and the ionic dye. The proposed methodology demon-
trates that pollutant removal can be optimized for application to
eal wastewater.
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