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Abstract

Adsorption of Neolan Blue 2G (Acid Blue 158) and Basic Methylene Blue (Basic Blue 9) was investigated using a hybrid adsorbent that
was prepared by pyrolysing a mixture of carbon and flyash at 1:1 ratid. fallfactorial central composite design with nine replicates at
the center point and thus a total of 31 experiments were successfully employed for batch experimental design and analysis of the results.
The combined effect of pH, temperature, particle size and time on the dye adsorption was studied. An empirical model was developed and
validated applying ANOVA analysis incorporating interaction effects of all parameters and optimized using response surface methodology.
The optimum pH, temperature, particle size and time were found to be 2.20,°27.8®565 mm, 245 min, respectively, for Acid Blue 158
and those for Basic Blue 9 were 13.40, 28.€50.0555 mm and 230 min, respectively. Complete removal (100%) was observed for both the
dyes using the hybrid adsorbent.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction significant advantages over more conventional process espe-
cially from an energetic and environmental point of vi@j
The presence of dyes in effluents is a major concern dueActivated carbon is being used as a potential adsorbent for
to their adverse effect to many forms of life. Coloured wa- its high efficiency. However, increase in the price of carbon
ters are also objectionable on aesthetic grounds for drinking results in economic difficulties for developing countries like
and other municipal and agricultural purpo§Hs Industries India. Hence, alternate adsorbents with equivalent potential
such as textile, leather, paper, plastics, etc., are some of theof activated carbon are current thrust area of research.
sources for dye effluents. The Treatment of aqueous water The adsorption of dyes on various types of materials has
containing soluble dyes thus requires complete removal fol- been studied in detail. These include: activated cafddn
lowed by secure dispos@l]. The most commonly used tech-  peat[5], chitin [6], silica[7], hardwood sawdugB], hard-
niques for colour removal include chemical precipitation, ion wood[9], bagasse pitfiL0], flyash[11,12], mixture of flyash
exchange, reverse osmosis, 0zonation and solvent extractiorand coa[13], chitosan fibef14], paddy strawl15], rice husk
etc. However, these techniques have certain disadvantage§l6], slag[17], chitosan[18], acid treated spent bleaching
such as high capital cost and operational costs or secondaryearth[19], palm fruit bunch20] and bone cha21].
sludge disposal problef3]. The Adsorption technique has Conventional and classical methods of studying a pro-
been proved to be an excellent way to treat effluents, offering cess by maintaining other factors involved at an unspecified
constant level does not depict the combined effect of all the
* Corresponding author. Tel.: +91 44 22203522; fax: +91 44 22352642, factors involved. This method is also time consuming and
E-mail addresskbalu@annauniv.edu (K. Balu). requires large number of experiments to determine optimum
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time, t (mg/l) Fig. 1. Structure of Basic Methylene Blue (BB 9).
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X4 particle size (mm) Fig. 2. Structure of Neolan Blue 2G (AB 158).
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2. Materials and methods

Greek letters . :
2.1. Preparation of hybrid adsorbent

Bo offset term

Bi linear effect )

Bi squared effect Flyas_h, ob'galned from Ennore '_I'her_mz_s\l Power Pla_nt,
Bi interaction effect Chennai, T_amllnadu, was washeq with Q|stllled water, dried
0 removal efficiency (%) under sunlight and subsequently in hot air oven &t®Hy-

brid adsorbent was prepared by mixing carbon (supplied by
SD Fine chemicals) with flyash at 1:1 ratio by pyrolysing in
an isothermal reactor powered by an electric furnace. High

levels, which are unreliable. These limitations of a classical Purity nitrogen was used as the purging gas. The isothermal
method can be eliminated by optimizing all the affecting pa- reactor was heated to the desired temperature of 63 a
rameters collectively by statistical experimental design such heating rate of 15C/min, and a holding time of 3h. After

as Response Surface Methodology (R$22). RSMiis a col- pyrolysis, the product was activated at the same tempera-
lection of mathematical and statistical techniques useful for ture for 3h using C@as oxidizing agent and subsequently
developing, improving and optimizing the processes and canused as adsorbent. The scanning electron micrograph (SEM)
be used to evaluate the relative significance of several affect-image €ig. 3) shows irregular and porous structure of the
ing factors even in the presence of complex interactions. Thehybrid adsorbent, owing to their exposure to a combustion
main Objective of RSM is to determine the optimum opera- enVironment, which indicates very hlgh surface area. Chem-
tional conditions for the system or to determine a region that ical analysis of the hybrid adsorbent showed that carbon was
satisfies the operating specificatid@8]. The application of ~ the major constituent along with small amount of silica, lime
statistical experimental design techniques in adsorption pro-and alumina. The origin of carbon constituents could be rea-
cess development can result in improved product yields, re-soned by analyzing the process and material used for carbon
duced process variability, closer confirmation of the output manufacture. Silica and alumina content were due to the con-
response to nominal and target requirements and reduced destituents present in the flyash.

velopment time and overall cog4].

For any batch adsorption process, the main parameters
to be considered are pH, temperature, particle size and time
[25]. Hence it is necessary to investigate extensively on the
relationship between adsorption efficiency and the parame-
ters affecting it. Owing to high cost of activated carbon, an
adsorbent that is cheap and easily available would be a better
alternative. In the present study, a novel adsorbent consisting
of 1:1 mixture of carbon and flyash was investigated for its
efficiency toremove two classes of dyes nhamely Basic Methy-
lene Blue (BB 9) (G4H15C2N3S) and Neolan Blue 2G (AB
158) (GoH18CrNaNap011S,) from aqueous solution. Their
chemical structures are shownkigs. 1 and 2The interac-
tion between the parameters was studied and optimized using
response surface methodology. Fig. 3. SEM image of the hybrid adsorbent.
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Table 1 change in the estimation procedure, as a measure of precision
Experimental range and levels of independent process variables for AB 158 property. Experimental plan showing the coded value of the
removal variables together with dye removal efficiency for AB 158

'”d?%‘fndem Range and level and BB 9 are given iMable 3 For statistical calculations,
varavie —a -1 0 1 o the variablesX; were coded ag; according to the following
Time (X, min) 5 15 135 320 472 relationship:
pH 05 1 35 6 85 X; — Xo
Temperature 18 27 36 45 54 Xj= ——— (1)
(X3, °C) 86X
Particle size 00343 00585 033825 0618 Q89775 The behaviour of the system was explained by the following
(X4, mm) quadratic equation:
Table 2 Y=Po+ Y Bixi+ Y Bixt+ Y Bixix; 2)
Experimental range and levels of independent process variables for BB 9 . . .
removal The results of the experimental design were studied and
Independent _ Range and level mterp.reted by MINITAB 14 (PA, USA) stat|st|gal software
variable to estimate the response of the dependent variable.
—a -1 0 1 o
Time (X3, min) 5 15 1275 285 420
pH 475 75 1025 13 14 ; ;
Temperature 18 - 36 a5 54 3. Results and discussion
(Xs,°C) . . '
Particle size 0.0343 Q0585 03349 0618 09011 The most important parameters, which affect the effi-
(X4, mm) ciency of an adsorbent are time, pH and temperature of the
solution and particle size of the adsorbent. In order to study
2 2. Methods the combined effect of these factors, experiments were per-
formed at different combinations of the physical parameters
2.2.1. Batch adsorption using statistically designed experiments. The pH range stud-

Stock solutions of dyes (AB 158 and BB 9) were prepared ied was between 0.5 and 8.5 for AB 158 and between 4.75 and

in deionized water and were diluted according to the work- 14 for BB 9. The temperature was betweert€7and 45C,
ing concentration. The required pH was adjusted by 0.1 N Particle size was small (0.0585 mm), medium (0.33825 mm),
HCl or 0.1 N NaOH. Dye concentration was measured using 2r9€ (0.618 mm) for both the dyes and the time varied be-
UV-Vis spectrophotometer (Shimadzu UV 1600, Japan) at tween_5 min and 472 min for AB 158 and between 5 min and
awavelength corresponding to the maximum absorbance for#20 min for BB 9.
each dye, 592 nmi{ax Maximum absorbance) for AB 158 The main effects of each of the parameter on dye removal
dye and 535 nmi(nax maximum absorbance) for BB 9. A &€ given i_rFigs. 4and For AB 158 and BB 9, rgspectively.
100 ml of the dye solution at desired pH value was contacted oM the figures, it was observed that the maximum removal
with 10 g/l of hybrid adsorbent in a 250 ml Erlenmeyer flask. Was found to be at 472 and 420min for AB 158 and BB
The flasks were kept under agitation in a rotatable orbital 9: 'espectively. This indicates that higher the contact time
shaker at 150 rpm for the desired time. Experiments were per_between dye and adsorbent, higher the removal efficiency till

formed according to central composite design (CCD) matrix the equilibrium time is reached. The same trend was _found
given in Table 3 The response was expressed as % of dye {0 be correct by McKay 198[¥] for dye removal on chitin.

removal calculated as: Maximum adsorption of AB 158 and BB 9 occurred at pH 1
(Co—C)) and 13, respectively. This is due to the fact that dyes adsorb
2 100 poorly when they are ionizef@6].
0 When pH is such that dyes are in ionized form, adjacent
molecules of the dyes on the hybrid adsorbent surface will
2.3. Factorial experimental design and optimization of repel each other to a significant degree, because of their equal
parameters electrical charge. Thus, both the dyes AB 158 and BB 9

that are acidic and basic in nature, respectively, could not
Temperature, pH, particle size and time were chosen asget packed very densely on the hybrid adsorbent surface at
independent variables and the efficiency of colour removal aspH values other than 1 and 13, respectively. The equilibrium
dependent output response variable. Independent variablesamount of the adsorbed solute was only modest. In contrast,
experimental range and levels for AB 158 and BB 9 removal when the adsorbing species is not ionized, no such electrical
are given inTables 1 and 2respectively. A 2 full-factorial repulsion exists, and thus the packing density on the surface
experimental desigf23], with nine replicates at the center can be much higher. This explains the common observation
point and thus a total of 31 experiments were employed in this that non-ionized form of acidic and basic compounds adsorb
study. The center point replicates were chosen to verify any much better than their ionized counterparts.
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Table 3
Full factorial central composite design matrix for AB 158 and BB 9 removal
Observations Time pH Temperature Particle size Removal efficiencyf, %)
(X1, min) (X3,°C) (Xa, mm) AB 158 BB O

Exp. Pred. Exp. Pred.
1 -1 -1 -1 -1 4.7250 39850 24655 23363
2 1 -1 -1 -1 99825 98955 78265 77652
3 -1 1 -1 -1 9.2250 89550 38365 37341
4 1 1 -1 -1 99900 99190 99655 99128
5 -1 -1 1 -1 10755 99955 126 11355
6 1 -1 1 -1 79825 78985 62325 61631
7 -1 1 1 -1 35500 31240 3476 33574
8 1 1 1 -1 55855 54355 89925 87593
9 -1 -1 -1 1 89550 81500 1433 13532
10 1 -1 -1 1 82820 82120 62275 61514
11 -1 1 -1 1 28200 21200 3231 31521
12 1 1 -1 1 62730 61630 9018 89524
13 -1 -1 1 1 32250 31250 873 74541
14 1 -1 1 1 59485 58185 59295 58454
15 -1 1 1 1 12250 18520 19535 18545
16 1 1 1 1 85200 81200 7976 78465
17 —a 0 0 0 21250 19850 2538 24534
18 o 0 0 0 82525 81985 74265 73432
19 0 —a 0 0 38515 37855 628 05432
20 0 o 0 0 45250 41235 64455 63468
21 0 0 —a 0 49325 48355 21235 20424
22 0 0 o 0 14.245 13655 14165 13421
23 0 0 0 —a 36.825 35655 33855 33482
24 0 0 0 o 28525 27355 21265 20421
25 0 0 0 0 36615 35985 38325 37423
26 0 0 0 0 3615 35985 38325 37423
27 0 0 0 0 36615 35985 38325 37423
28 0 0 0 0 36615 35985 38325 37423
29 0 0 0 0 36615 35985 38325 37423
30 0 0 0 0 36615 35985 38325 37423
31 0 0 0 0 36615 35985 38325 37423

Acid species thus adsorb better at low pH and basic pH. Normal atmospheric temperatureZ7°C) was found
species adsorb much better at higher pH. Hence, the effectto be better for maximum adsorption of both the dyes and
of solution pH is extremely important when the adsorbing adsorption efficiency decreased with increase in tempera-
species is capable of ionizing in response to the prevailing ture.
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Fig. 4. Main effects plot of parameters for AB 158 removal.
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Fig. 5. Main effects plot of parameters for BB 9 removal.

This indicates the exothermic nature of the process and In general, larger the magnitudetaind smaller the value
is due to the enhanced magnitude of the reverse step in theof P, the more significant is the corresponding coefficient
mechanism as the temperature increases. Similartemperatureerm [28]. The regression coefficient, and P-value for all
effects onthe adsorption of reactive dye on chitosan beads hadhe linear, quadratic and interaction effect of the parameter
also been observed by Chion, 202Z]. The present study  are giveninTables 4 and for AB 158 and BB 9, respectively.
reveals the fact that in general increasing of the temperature Regression equation for AB 158
leads to decrease of adsorption.

The adsorbed molecules have greater vibrational ener-n = —26.265966+ (0.514114x X1) + (8.986224x X>)
gies and therefore are more likely to desorb from the sur-
face at higher temperature and hence adsorption will be +(0.800743x X3) + (33.553273x Xa)
lower if a system is run at higher temperature. Higher re- +(—0.000056x X%) + (—0.502439x% X%)
moval efficiency was found in particles of smaller size 2 2
(0.0585 mm) for both the dyes. This relative increase in ad- +(=0.001837x X3) + (25029409 X3)
sorption with particles of smaller sizes may be attributed +(—0.011294x X1 x X2) + (—0.005787x X1 x X3)
to the fact that they have large surface area. Small parti-
cles will have a shorter diffusion path, thus allowing the H(=0.135961x X3 x Xg) + (~0.141869x X2 x X3)
adsorbate to penetrate deeper into the adsorbent particle  +(—4.568285x X5 x X4) + (—1.234756x X3 x X4)
more quickly, resulting in a higher rate of adsorption. In 3)
2000, McKay had also observed similar results for the metal
ions adsorption on bone chil]. In case of large parti-
cles, the internal diffusion path is increased and therefore Table 4
the greater is the probability of encountering smaller pores. Estimated regression co-efficient and correspontiimgid P-value for AB
Consequently, the dye uptake decreases with increasing par:>2

ticle diameter. Using the experimental results, the regres- Term Co-efficient  Standard deviation t P
sion model equations (second order polynomial) relating the Constant  —26.265966 221160 —1.228 0.237
removal efficiency and process parameters were developed<: 0.514114 00495 10654 0.000
and are given in Eq93) and (4)for AB 158 and BB 9, X2 8.986224 81293 2704 0.016
i X3 0.800743 10397 0659  0.519
respectively. _ X4 33553273 273763 0399  0.695
Apart from the linear effect of the parameter for the dye x, » x; —0.000056 00001 _1.036 0.315
removal, the RSM also gives an insight into the quadratic X x X, —0.502439 02266 —1547 0.142
and interaction effect of the parameters. These analyses weres x X3 —0.001837 00135 0075 0.941
done by means of Fisherls-test and Student'stest. The Xa x Xy 25029409 184055 2223 0.041
Student's-test was used to determine the significance of the = * 22 0011294 (0039 —391 o001
: a 9 X1 % X3 —0.005787 00011 5282  0.000
regression coefficients of the parameters. Phalues were X1 x X4 —0.135961 00346 _4227 0.001
used as a tool to check the significance of each of the inter-x; x X3 —0.141869 00656 —2.226 0.041
action among the variables, which in turn may indicate the X2 x Xa —4.568285 21102 —1803  0.090
X3 x Xq —1.234756 05862 -1.321  0.205

patterns of the interactions among the variables.
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Table 5 Table 6
Estimated regression co-efficient and correspontiirrgnd P-value for BB Optimum values of the process parameter for maximum efficiency
9 Parameter Optimum value
Term Co-efficient Standard deviation t P
AB 158 BB 9
Constant —80.78657 438002 —1.831  0.016 —
X1 —0.258661 00904 _2568 0001 1 (efficiency, %) 100 100
X 12126848 62932 3011 0008  Xa(time min) 245 230
Xs 22364827 2081 169 0130 (M) ) 220 1340
X4 —20.86923 391306 —0588 0621  Xs(temperatureiC) 2785 2845
Xq x X4 0.0036191 00032 12289 0000 X4 (particle size, mm) D565 00555
Xo x Xo —0.235969 04932 —3505  0.003
X3 x X3 —0.024866 0125 —2.841  0.011
Xa x X4 19.896331 201655 1067  0.023 . .
X1 x X 0.0089619 0190 1076  0.140 Eq. (;). The optimum v_a!ues of the process variables for the
X1 x Xa 0.00924545 0293 0699  0.124 maximum removal efficiency are shown Table 6 These
X1 x X4 —0.0003648 01910 0192  0.151 results closely agree with those obtained from the response
Xo x X3 —0.0894115 ®52 1045  0.501 surface analysis, confirming that the RSM could be effec-
Xo % X4 0.0894641 841 —0062 0512 tjyely used to optimize the process parameters in complex
Xa x X4 —0.4214156 0958 Q270  0.123

processes using the statistical design of experiments.
Although few studies on the effects of parameters on ad-
sorption have been reported in the literature, no attempt has
Regression equation for BB 9 been made to optimize them using statistical optimization
methods. The predicted values (using the model equations)
n = —80.7865H(—0.2586619x X1) + (12.126848x X?) were compared with experimental results for both dyes and

1(2.2364827x X3) + (—20.8692328x X4) the da_ta are shown ifable 3.Tr.1e statistical significance of
5 ) the ratio of mean square variation due to regression and mean
+(0.0036191x X7) + (—0.235969411x X3) square residual error was tested using analysis of variance
+(—0.02486695x X%) 1 (19.896331x Xﬁ) (ANOVA). ANQVA _is a statistical tephnique that subdivides
the total variation in a set of data into component parts as-
+(0.0089619x X1 x X2) + (0.0092454x X1 x X3) sociated with specific sources of variation for the purpose of

+(—0.000364827« X1 x X4) + (—0.08941158« X testing hypotheses on the. parameters .Of the m@®¢l Ac-
cording to the ANOVA, which is shown iiables 7 and &r

x X3) +(0.0894641x X2 x X4) + (—0.42141562 AB 158 and BB 9, respectively, thesiaisticsvalues for all
x X3 % Xa) ) regressions were higher.
The large value of indicates that most of the variation
in the response can be explained by the regression model
It was observed that the coefficients for the linear effect equation. The associat@avalue is used to estimate whether
of time, pH P=0.000, 0.016, respectively) for AB 158 and FstatisticsiS large enough to indicate statistical significance.
(P=0.001, 0.008, respectively) for BB 9 was highly signif- A P-value lower than 0.01 (i.e;=0.01, or 99% confidence)
icant and coefficient for the linear effect of remaining two indicates that the model is considered to be statistically sig-
parameters, i.e., temperature and particle size for both thenificant[31].
dyes were the least significant. The P-values for all of the regressions were lower than
The coefficient of the quadratic effect of timie£ 0.000), 0.01. This means that at least one of the terms in the regres-
pH (P=0.003) for BB 9 was highly significant and quadratic sion equation has a significant correlation with the response
effect coefficients did not seem to be significant for AB 158. variable. The ANOVA table also shows a term for residual
The coefficients of the interactive effects of BB 9 among error, which measures the amount of variation in the response
the variables did not appear to be very significant in com- data left unexplained by the model. The form of the model
parison to the interactive effects of AB 158. However, the chosen to explain the relationship between the factors and the
interaction effect between time and pPi£0.001), time and response is correct. Th&aiisiicsvalues of 52.48 for AB 158
temperature R=0.000), time and particle sizé>€0.001) and 59.55 for BB 9 are greater than tabuldftegl 16 indicate
and pH and particle siz&E 0.090) were found to be signif-  that the fitted model exhibits lack of fit (0.00001 for both
icant. The significance of these interaction effects between AB 158 and BB 9) at the confidence level. ANOVA for AB
the variables would have been lost if the experiments were 158 and BB 9, respectively indicated that the second-order

carried out by conventional methods. polynomial model (Eqs(3) and (4) was highly significant
The model equation3) and (4) were optimized using  and adequate to represent the actual relationship between the
multistage Monte-Carlo optimization techni@8]. The op- response (percent removal efficiency) and the variables, with

timal values of the process parameters were first obtained invery smallP-value (0.00001 for AB 158 and 0.00001 for BB
coded units and then converted to uncoded units by using9) and a high value of coefficient of determinati& € 0.991
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Table 7

ANOVA of removal efficiency for AB 158: effect of temperature, pH, time and patrticle size

Source Degree of freedom (d.f.) Sum of squares (SS) Mean square (MS) Fstatistics P
Model 14 25603 182878 5248 0.000
Linear 4 228356 105233 3020 0.000
Square 4 268 67.15 193 0.155
Interaction 6 2498 41614 1194 0.000
Residual error 16 558 3485

Lack of fit 10 5576 5576

Pure error 6

Total 30 261606

R=0.9954;R2=0.991.

Table 8

ANOVA of removal efficiency for BB 9: effect of temperature, pH, time and particle size

Source Degree of freedom (d.f.) Sum of squares (SS) Mean square (MS) Fstatistics P

Model 14 22800 162857 5955 0.00001
Linear 4 1721 12572 745 0.0015
Square 4 55380 138358 4958 0.00001
Interaction 6 49 832 069 0.36
Residual Error 16 462 2934

Lack of fit 10 4694 2934

Pure Error 6

Total 30 2326%

R=0.9944;R2=0.9896.

for AB 158 andR? = 0.9896 for BB 9). This implies that 98.96 — o2
and 99.1% of the sample variation for BB 9 and AB 158 are '
explained by the independent variables and this also means 2.8
that the model did not explain only about 1.04 and 0.09%
of sample variation for BB 9 and AB 158, respectively. The =
response surface plots and contour plots to estimate the re-
moval efficiency surface over independent variables pH and
temperature for AB 158 and temperature and particle size for 1.3
BB 9 are shown irFigs. 6-9 respectively.

The surface and contour plots giverFigs. 6 and Bhow T T I T

. . - 23 24 25 26 27 28 29 30 31

the relative effects of any two variables when the remaining
variables are kept constant. The surface and contour plot for Temperature
AB 158 inFig. 6show the interactive effect of temperature Fig. 7. Response surface contour plot of AB 158 dye removal (%) showing
and pH by keeping time and particle size constant. Similarly interactive effect of temperature and pH.
by keeping pH and temperature constant, the surface and con-

tour plot show the interactive effect of time and particle size. The_: response surfaces of m_ut_ual |nte_ra<_:t|ons between the
variables were found to be elliptical. A similar type of trends

was observed for heavy metal removal using biosorbent by
Gopal, 200432].

981
99
961
97
Efficiency g4
Efficiency g
921 3.3 0.06
931
0.05 Particle Size
224
23 24 o5 26 27 28 agl 226223230232234236238 0.04
Temperature 29 30 31 : Time 240

Fig. 6. Response surface plot of AB 158 dye removal (%) showing interac- Fig. 8. Response surface plot of BB 9 dye removal (%) showing interactive
tive effect of temperature and pH. effect of time and particle size.
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Fig. 9. Response contour plot of BB 9 dye removal (%) showing interactive
effect of time and particle size.

The stationary point or central point is the point at which
the slope of the contour is zero in all directions. The coordi-

nates of the central point within the highest contour levels in
each of these figures will correspond to the optimum values
of the respective constituents. The maximum predicted yield
is indicated by the surface confined in the smallest curve of

the contour diagran2]. The optimum values drawn from

these figures are in close agreement with those obtained by

optimizing the regression model E¢8) and (4)

4. Conclusion

The present study clearly demonstrated the applicability
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