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Abstract Ozonation of tannery dye Acid Black 52 in a

packed bed reactor has been examined to study the effect of

operating variables pH, dye concentration and contact time.

In this study, the effect of operating variables on the

removal of colour and chemical oxygen demand (COD)

was studied using 23 central composite designs using

Minitab 15 software. The operating variables were ana-

lysed based on the removal efficiency of colour and COD.

Experimental results were analysed by regression analysis

and analysis of variance statistical methods. The optimum

conditions for maximum colour removal (100 %) and COD

removal (61 %) were found to be at pH: 1.96, dye con-

centration: 1,159 mg/L, contact time: 10.6 min (min) and

at pH: 4.8, dye concentration: 1,159 mg/L, contact time:

17 min, respectively. The experimental values were in

good agreement with the predicted values and the model is

found to be highly significant with the correlation coeffi-

cient of 0.94 for both colour and COD removal.

Keywords Acid Black 52 � Tannery dye � Ozonation �
RSM � ANOVA and statistical analysis

Introduction

Pollution caused by the tannery effluent is highly prevalent

and is one of the perplexing problems faced by many

countries. Tanning is one of the oldest industries in India

with about 2,000 industrial units spread mostly across

Punjab, Uttar Pradesh, West Bengal and Tamilnadu

(Lefebvre et al. 2005). On the whole, India ranks eighth in

the leather export trade in terms of foreign exchange

earnings of the country. In International market, Indian

leather goods constitute about 10 % of India’s finished

leather goods. On the one hand, it occupies a place of

reputation in the Indian economy, while on the other hand

the process water used for the processing and the solid

byproducts (Ravindranath et al. 2010) from the leather

units pose major difficulties with the discharge limits on

land and water surfaces set by the pollution control boards.

About 30–40 m3 of wastewater is generated per ton of raw

material processed (Ravindranath et al. 2004). Leather

processing in a tannery generally comprises three catego-

ries: pre-treatment of skin/hide (beamhouse operations),

chrome or vegetable tanning of skin/hide (tanning opera-

tion) and including dyeing and surface treatment (finishing

operations) (Stoop 2003; Thanikaivelan et al. 2004). In the

finishing operations, dyeing results in major contribution of

colour and chemical oxygen demand (COD) in the effluent

(Shamshath Begum et al. 2011; Srinivasan et al. 2012).

Some dyes are innocuous while some are not. But the

colour imparted by these dyes results in aesthetic pollution

of water and some of the dyes are toxic and anaerobic

degraded product of the dyes are found to be carcinogenic.

It is imperative to remove dyes in order to develop a bal-

anced sustainable eco-system.

There are no economically feasible treatment technolo-

gies available for colour removal (Alaton et al. 2002;
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Alalewi and Jain 2010; Adinew Bizuneh 2012). Commonly

applied treatment methods for tannery effluents consists of

integrated processes involving various combinations of

physical, biological and chemical degradation methods

(Dilaconi et al. 2002; Durai and Rajasimman 2011). These

integrated treatment methods are efficient but not cost-

effective. Existing physiochemical technologies such as

membrane processes (De Gisi et al. 2009), adsorption

(Shamshath Begum et al. 2006), coagulation and floccu-

lation (Song et al. 2004; Hamidi Abdul Aziz et al. 2007)

have been reported to be effective methods. These treat-

ment methods lead to generation of sludge or solid wastes,

which requires further disposal and moreover they transfer

the pollutants from one form to another form and are

commercially inefficient. Conventional biological treat-

ments, the most economical and feasible ones, are not a

suitable alternative when working with toxic, recalcitrant

and non-biodegradable wastewater. In fact, most pollutants

present in the tannery wastewater are non-biodegradable

and so, they are adsorbed onto the biomass without being

really degraded. The application of biological processes to

industrial wastewater treatment may still face some diffi-

culties mainly due to the presence of inhibiting compounds.

These effluents cannot be released into the environment

without tertiary treatment because of their toxicity. In order

to allow a significantly higher biodegradability of poorly

biodegradable industrial wastewaters and to breakup

refractory or toxic organic matter, the integration of an

advanced oxidation process (AOP) step seems to be

promising (Tabrizi and Mehrvar 2004; Oller et al. 2011).

Among different dyes used in tannery industries, usage

of acid dyes has been increasing to meet the demand

because of the bright colour shade and simpler dyeing

methods compared with the other dyes. These dyes are

water soluble and are reported to be generally problematic

(Robinson et al. 2001).

Of the many oxidation processes available, ozonation is

an effective method for the oxidation and degradation of

refractory compounds. Ozone cleaves the conjugated bonds

of azo dye chromophores, which result in colour removal

and increases biodegradability as well. It usually produces

oxygenated organic compounds with low molecular weight

that are easily biodegradable (Chaturapruek et al. 2005;

Fanchiang et al. 2009). Ozonation process has been

reported in the literature for the removal of different types

of dyes like acid dyes (Gao et al. 2012), basic dyes (Turhan

et al. 2012), reactive dyes (Tizaoui and Grima 2011) and

disperse dyes (Shin and Bae 2012) which are discharged

from the various types of industries.

In order to optimize the process variables for colour and

COD removal in wastewater, response surface methodology

(RSM) has been reported (Srinivasan and Murthy 2009;

Ayed et al. 2012). RSM is a method where the experiments

are designed prior to the start up. RSM investigates the

relation between a number of independent variables (input)

and an output variable (response). Experiment has to be

conducted at the specific operating variables as per the

statistical design requirements to ascertain the optimum

conditions.

In this study, this methodology (statistical design soft-

ware, i.e. Minitab 15, PA, USA) has been applied for

optimization of colour and COD removal of Acid Black 52

(AB 52) dye. Based on the reported literatures (Arlindo

Gomes et al. 2012; Salem Abu Amr and Aziz 2012), it was

observed that the main operating variables that affect the

ozonation have been identified as pH, dye concentration

and contact time. The main objective of the study is to

investigate the effect of pH, dye concentration and contact

time for maximum removal of colour and COD using

RSM. The interaction effects between the variables were

also studied.

Materials and methods

Analytical methods

Chemical oxygen demand was measured as per the Stan-

dard Methods (APHA 1998). The initial pH of synthetic

dye solution was adjusted by addition of 0.1 N sodium

hydroxide (NaOH) or sulphuric acid (H2SO4) to a desired

value as per the statistical design requirements. The pH of

the dye solution was measured using a pH meter (Model:

330, WTW-Germany). All the chemicals used in the

experiments were of analytical grade.

Synthetic dye solution and colour measurement

The molecular weight of the dye is 1488.13 (g/mol) and

its colour index number (C. I. No.) is 15711. The syn-

thetic dye solution was prepared by dissolving a known

amount of AB 52 dye in distilled water for obtaining the

desired concentration. The maximum absorbance of the

dye was found to be kmax = 572 nm and this wavelength

was used to determine the concentration of the dye

solution before and after ozonation contact time as per the

statistical design requirements. The absorbance measure-

ments were made using UV–Vis spectrophotometer

(Shimadzu UV-2101PC). The dye structure, molecular

weight, formula and maximum absorption wavelength are

given in Table 1.

A known amount of sample was taken from packed bed

reactor (PBR) after ozonation as per the statistical

requirements. Residual dye concentration after ozonation

in PBR was measured using spectrophotometer and was
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calculated from the calibration curve (absorbance vs

known dye concentrations at kmax). Higher concentrations

of samples were diluted in order to obey Beer–Lambert’s

law. Similarly, COD concentrations of the samples after

ozonation in PBR were also determined by standard

methods.

Experimental setup and operation of the PBR

Batch experiments were carried out in a PBR of 5.5 cm

diameter and 110 cm height with working volume of 0.5 L

of the synthetic dye solution. A classical dielectric tubular

ozone cell generator was used (Pristinus, India) in this

study. Ozone was generated from pure oxygen by a silent

electric discharge method at the rate of 4 g/h and was

passed through the bottom of the reactor through the dif-

fuser. Glass raschig rings of height 0.8 cm and diameter

1.8 cm was used as a packing material. The entire setup of

the experiment was conducted by Teflon tubing. The pro-

cess description of the experimental setup is given in

Fig. 1. The unreacted ozone leaving the PBR was passed

through a series of gas washing bottles filled with 2 % of

potassium iodide (KI) solution. Experiments were carried

out at the ambient temperature.

To study the effect of pH, dye concentration and

contact time on removal of colour and COD, experi-

ments were conducted in PBR with different variables as

per the statistical design requirements and the responses

in terms of colour and COD removal (%) were

determined.

Analysis on response surface methodology

Response surface methodology, a statistical tool was used

to calculate the relationship between the designed variables

and response obtained based on the experimental results.

The levels (actual and coded) of three significant variables

like pH (P), dye concentration (C) and time (T) are given in

Table 2. Low (-1) and high levels (?1) of these process

variables were chosen and the set of experiments to be

carried at various conditions were obtained from the soft-

ware Minitab. It comprises 23 = 8 factorial design plus six

centre points and six axial points. Centre points constitute

the intermediate level (0), whereas the axial points con-

stitute the others: lowest (-1) and the highest (?1) levels.

Thus, 20 experimental runs were performed to elucidate the

linear, quadratic and two-way interactive effects of the

process variables on the removal % of colour and COD.

Table 1 Properties of AB 52

dye (ChemicalBook 2010)
Formula C60H36Cr2N9Na3O21S3

Molecular weight (g/mol) 1488.13

Light absorption wavelength

kmax (nm)

572

Structure

Removal of colour or COD %ð Þ¼ Dye or COD concentrationð Þin� Dye or COD concentrationð Þout

Dye or COD concentrationð Þin

� �
� ð100Þ ð1Þ
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For statistical calculations, the variables Xi were coded as xi

according to the following relationship:

xi ¼
Xi � X0ð Þ

dXð Þ ð2Þ

Based on 20 sets, experimental conditions were carried

out as shown in Table 3 with varying independent vari-

ables and response in terms of colour and COD removal

were determined. Response obtained (colour and COD

removal) experimentally were fed into the software and

various statistical tests were carried out. The optimized

condition for the colour and COD removal was obtained

from the contour, surface plots graphically and as well as

response surface analysis using polynomial regression

equation. The three significant variables were approxi-

mated by the quadratic model equation as follows:

Y ¼ X0 þ XPPþ XCC þ XTT þ XPPP2 þ XCCC2 þ XTTT2

þ XPCPCþ XCTCTþ XPTPT; ð3Þ

where Y is the predicted response; X0 is a constant; XP, XC

and XT are the linear coefficients; XPP, XCC and XTT are the

quadratic coefficients and XPC, XCT and XPT are the cross-

coefficients. P, C and T are the input variables (coded

values). From the experiments carried out, 10 coefficients

of second-order polynomial equation for colour and COD

removal were determined. Based on the polynomial

expression, the predicted responses were estimated using

the set experimental conditions. Predicted values and

experimental responses were analysed using ANOVA to

find whether the polynomial expression is able to predict

the responses statistically. The statistical significance was

analysed by Fisher’s F test and Student’s t test. The fitness

of the model is expressed by the value of R2 (coefficient of

determination).

Results and discussion

In this study, the central composite experimental statistical

design was applied to optimize the removal of AB 52 dye

from synthetic dye solution by varying the parameters pH,

dye concentration and contact time using AOP, i.e. ozon-

ation in PBR.

Effect of process variables on colour and COD removal

of AB 52 dye

The main effect plots (MEP) that describes the effect of

each variables on removal of colour and COD are shown in

Figs. 2 and 3, respectively. From Fig. 2, it was observed

that maximum removal of colour of 94.11, 96.32 and

Fig. 1 Schematic of

experimental setup. Ozonation

process in PBR for removal of

AB 52 dye

Table 2 Variable levels and

their range for the removal of

AB 52 dye by ozonation in PBR

Factors Variables Range of actual values for the coded variables

-a -1 0 1 a

P pH 1.9655 3.5 5.75 8 9.5345

C Dye concentration (mg/L) 1,159 1,500 2,000 2,500 2,841

T Time (min) 1.59 5 10 15 18.41
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95.81 % were observed at pH 1.96, dye concentration:

1,159 mg/L, contact time: 15 min, respectively. It was

observed that lower concentration (1,159 mg/L) resulted in

maximum colour removal (96.32 %) and higher concen-

tration (2,841 mg/L) resulted in lesser colour removal

efficiency (85.68 %). Contact time is significant factor in

ozonation and same was observed in this study also. It was

observed from MEP (Fig. 2) that the contact time of

10 min is sufficient for maximum colour removal of about

94 %. This indicates that higher the contact time between

ozone and the dye, higher the removal rate and further

increase in contact time does not show much impact on the

removal rate (Sanjay Singh and Dikshit 2012).

In case of COD removal, maximum removal efficiency

of 39.96, 57.86 and 49.98 % were obtained at pH: 1.96,

dye concentration: 1,159 mg/L, contact time: 18.41 min,

Table 3 Experimental and

predicted values for colour and

COD removal % of AB 52 dye

during ozonation process in

PBR

Sl. no. pH

(P)

Dye conc.

(C) (mg/L)

Time

(T) (min)

Colour removal

(%) experimental

Colour removal

(%) predicted

COD removal

(%) experimental

COD removal

(%) predicted

1 0 0 0 92.40 92.31 41.94 42.11

2 -1 1 -1 75.21 71.31 15.58 15.93

3 1 -1 -1 79.99 76.00 23.45 27.30

4 -1 -1 -1 78.66 76.29 24.56 27.48

5 0 0 0 92.40 92.31 41.94 42.11

6 0 0 -a 44.55 52.43 9.89 8.66

7 1 1 1 95.35 95.46 32.93 34.26

8 1 -1 1 97.54 99.18 48.96 52.86

9 -a 0 0 94.11 94.20 39.96 36.35

10 -1 -1 1 98.21 100.77 48.99 54.85

11 0 -a 0 95.81 96.00 57.86 50.09

12 0 0 a 97.29 92.61 49.98 45.20

13 0 a 0 85.68 88.69 22.97 24.74

14 0 0 0 92.40 92.31 41.94 42.11

15 0 0 0 92.40 92.31 41.94 42.11

16 1 1 -1 76.98 72.15 19.79 18.18

17 a 0 0 90.45 93.57 38.96 36.56

18 -1 1 1 94.19 95.92 33.43 33.83

19 0 0 0 92.40 92.31 41.94 42.11

20 0 0 0 92.40 92.31 41.94 42.11

Fig. 2 MEP for colour removal

% of AB 52 dye by ozonation

process in PBR
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respectively and same is shown in Fig. 3. It was observed

that the lower concentration of dye (1,159 mg/L) resulted

in maximum COD removal (57.86 %), while higher con-

centration (2,841 mg/L) resulted in lesser COD removal

(22.97 %). From the MEP, it was observed that the

increase in contact time shows corresponding increase in

COD removal (Houshyar et al. 2012).

The estimated regression coefficient values for second-

order polynomial regression equation for the removal of

colour and COD during ozonation process in PBR of AB

52 dye are given in Table 4. Equations 4 and 5 give

polynomial regression equation with coefficients for colour

and COD removal, respectively. The Student’s t test was

used to estimate the significance of each parameter on the

responses. This test is a sample test used to test the sig-

nificance of regression coefficients in linear, quadratic and

interaction effects. P value (probability level) is related to

statistical significance and gives the percentage chance that

the response of a statistical test is due to random error.

Student’s t test and P value were used to relate the factors

which are significantly related to the response. P values are

always positive even for a negative T value. T values can

be negative. The P value for a negative T value is the same

as that for the positive account of that T value. In general,

P value \0.05 indicates that the component has a signifi-

cant effect on the variable (Montgomery 1991). It was

observed from the analysis (Table 4) that the coefficients

for the linear effect of time (T) were highly significant

(P = 0.000) for both the colour and COD removal and for

concentration (C) in case of colour removal is not as highly

as significant (P = 0.084). Whereas it was observed that

the linear effect of concentration (C) was found to be

Fig. 3 MEP for COD removal

% of AB 52 dye by ozonation

process in PBR

Table 4 Estimated regression coefficient for removal of colour and COD % of AB 52 dye

Term Colour removal COD removal

Coefficient SE coeff. T P Coefficient SE coeff. T P

Constant 92.309 1.706 54.093 0.000 42.1111 1.751 24.049 0.000

P -0.188 1.132 -0.166 0.872 0.0647 1.162 0.056 0.957

C -2.175 1.132 -1.921 0.084 -7.5353 1.162 -6.486 0.000

T 11.946 1.132 10.552 0.000 10.8627 1.162 9.35 0.000

P2 0.556 1.102 0.504 0.625 -1.9988 1.131 -1.768 0.108

C2 0.013 1.102 0.012 0.991 -1.6613 1.131 -1.469 0.173

T2 -6.994 1.102 -6.347 0.000 -5.3656 1.131 -4.745 0.001

PC 0.284 1.479 0.192 0.852 0.6058 1.518 0.399 0.698

PT -0.326 1.479 -0.221 0.830 -0.4533 1.518 -0.299 0.771

CT 0.031 1.479 0.021 0.984 -2.3683 1.518 -1.56 0.15
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highly significant (P = 0.000) for COD removal. Both

colour (P = 0.872) and COD (P = 0.957) removal were

found to be insignificant with respect to pH and no corre-

lation was also observed. The validity of this analysis was

also observed in MEP Figs. 2 and 3. From MEP for colour

and COD removal (%) (Figs. 2, 3), it was observed that the

time and concentration plot shows almost a linear effect.

The quadratic effect of time (T2) were considered to be

highly significant in colour (P = 0.000) and COD

(P = 0.001) removals, whereas other quadratic factors

showed very little significance. While for all other factors,

significance was not observed in Table 4 with the higher

P values [0.05. Similarly, significance for the interaction

effects (PC, PT and CT) was not found having P values

[0.05.

ANOVA was carried out to find the significance of the

predicted values. ANOVA results for the colour and COD

removal are shown in Table 5. The F test is used to compare

the two sets of responses to test the exactness of the

response is similar or dissimilar. The reliability of the model

can be explained by the coefficient of determination (R2).

The higher the R2, the better the prediction of responses

based on experimental values. The coefficient of determi-

nation R2 value was found to be 0.94. This clearly indicates

that 94 % variation of response can be explained effectively

and also confirms that 6 % of the variations occur while

performing the experiments which were not explained by

the model. The value shows that the prediction of the

experimental data is quite satisfactory and Eqs. 4, 5 can be

used effectively to predict the response of removal of

colour and COD (%) with the combination of three coded

variables (P, C and T). The calculated Fstatistics values

(Fcolour removal = 17.45; FCOD removal = 17.47) was found to

be greater than the tabulated value F9,10 at 95 % confidence

level as given in Table 5 with low P values (COD:

P = 0.000; colour: P = 0.000). It clearly decodes that

obtained Eqs. 4 and 5 are highly significant which gives the

relationship between the response and the variables. It was

observed that the residual sum of the squares (SS) and the

lack of fit were small with a pure error of zero. This shows

that the model explains the variables on colour and COD

removal % in a more appropriate way. As shown in Table 5,

interaction effects were found to be less significant with

Table 5 ANOVA for removal of colour and COD % of AB 52 dye in PBR

Source Degree of

freedom

Colour removal COD removal

Sum of squares

(SS)

Adjacent mean

squares (MS)

F P Sum of squares

(SS)

Adjacent mean

squares (MS)

F P

Regression 9 2748.91 305.434 17.45 0.000 2897.55 321.949 17.47 0.000

Linear 3 2014.16 671.388 38.35 0.000 2387.23 795.743 43.17 0.000

Square 3 733.24 244.413 13.96 0.001 460.87 153.622 8.33 0.004

Interaction 3 1.5 0.501 0.03 0.993 49.45 16.483 0.89 0.477

Residual 10 175.06 17.506 184.33 18.433

Lack of fit 5 175.06 35.012 184.33 36.867

Pure error 5 0 0 0 0

Total 19 2923.97 3081.88

R2 = 0 .9401; R = 0.97 R2 = 0.9402; R = 0.97

Fig. 4 Response contour plot for colour removal % of AB 52 dye

[Time (min); pH, Dye concentration (mg/L)]
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higher P values for colour removal (P = 0.993) and for

COD removal (P = 0.477), respectively.

Colour removal %ð Þ ¼ 92:309� 0:188P� 2:175C

þ 11:946T þ 0:556P2 þ 0:013C2

� 6:994T2 þ 0:284PC� 0:326PT

þ 0:031CT ð4Þ

COD removal %ð Þ ¼ 42:1111þ 0:0647P� 7:5353C

þ 10:8627T � 1:9988P2

� 1:6613C2 � 5:3656T2 þ 0:6058PC

� 0:4533PT� 2:3683CT ð5Þ

Response surface methodology was analysed with three

variables to ascertain the colour and COD removal of AB

52 dye. Response contour (two-dimensional plane) and

surface (three-dimensional plane) were plotted to ascertain

the response with respect to the variables taken for the

study. In a contour plot, the response can be analysed and

convenient to find the interactions between the two

variables keeping others as constant.

With respect to the change in three parameters, the

contour and surface response plots were obtained for both

colour and COD removal. The response contour plots and

surface plots for the colour and COD removal of AB 52

dye are given in Figs. 4, 5 and 6, respectively. The contour

plots show that there is a slight significance between dye

concentration and time for COD removal which is also

observed in Table 4 for interaction effect of dye concen-

tration and time (CT) with P value of 0.15. The response

surface plot gives the clear idea about the maximum

removal % (colour and COD) at particular conditions.

Fig. 5 Response contour plot for COD removal % of AB 52 dye

[Time (min); pH, Dye concentration (mg/L)]

Fig. 6 Response surface plot for colour and COD removal % of AB

52 dye [pH, Time (min)]
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Optimum conditions and validation

The optimum values of the process variables were obtained

by response surface analysis method and same are shown

in Table 6. Maximum colour removal (100 %) was

obtained at the operating conditions, i.e. pH: 1.96, dye

concentration: 1,159 mg/L and contact time: 10.6 min. In

case of COD, the maximum removal (61 %) was obtained

at pH: 4.8, dye concentration: 1,159 mg/L and contact

time: 17.1 min.

The values which were obtained from the contour plots

analysis was found to be almost similar with the optimum

values. This elucidates that the experiments carried out

based on central composite designs (CCD) can be used

effectively to optimize the parameters. The obtained opti-

mum conditions were checked by running the experiments

for validation and the validation results are shown in

Table 6. Colour and COD removal based on validation

experiments were found to be 99.7 and 59.8 %, respec-

tively. The values obtained from validation were in good

agreement with the optimization values showing the

accuracy of the experiments carried out.

Figure 7 shows the experimentally obtained and theo-

retically predicted values for colour as well as COD

removal of AB 52 dye. The graph shows a linear pattern

and justifies that the model is adequate enough to predict

the colour and COD removal of AB 52 dye within the CCD

variable values. The value of coefficient of determination

R2 (both colour and COD; R2 = 0.94) shows good agree-

ment of the model with the experimental data obtained.

Conclusions

The effect of three important variables namely viz., pH,

dye concentration and contact time of AB 52 dye on colour

and COD removal was studied. A statistical approach, 23

response surface CCD was successfully employed for

experimental design and analysis of results, i.e. to study the

linear, quadratic and interaction effects of each of the

variables and also to optimize those variables for maximum

removal of colour and COD. It was concluded that dye

concentration and time were significant factors in colour

and COD removal during ozonation in PBR. Appropriate

regression model equations were developed for predicting

the colour and COD removal for AB 52 dye and satisfac-

torily predicted the experimental values. Graphical surface

and contour response plots were used to obtain the opti-

mum points. The optimum conditions for maximum colour

removal (100 %) and COD removal (61 %) were obtained

at pH: 1.96; dye concentration: 1,159 mg/L; contact time:

10.6 min and at pH: 4.8; dye concentration: 1,159 mg/L;

contact time: 17.1 min, respectively. Optimum values were

confirmed by validation experiments.
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