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ABSTRACT 
The paper industry is water intensive, producing large volume of effluents containing different organic and inorganic 
substances which include residual ionic species, ligneous fragments of organic solids etc. The pollutants in the effluent 
should be removed before their discharge to water sources. One of the novel processes for treating effluent is its oxidation 
through ozonation, which is a greener way of degrading pollutants. The efficiency of ozone in reducing colour and other 
pollution parameters has been compared with the results of experimental conditions in presence nano-ZnO using as a 
catalyst. It is found that application of catalytic amount of nano-ZnO; the colour reduction efficiency gets enhanced. 
Colour reduction is maximum in intermediate stage effluents having high colour load.  
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INTRODUCTION 
The relationship of man with the environment is from the very binging of ancient history. The equilibrium 
between the two must be maintained at all costs throughout the existence of man on the earth. During the 
past few decades industries have registered a quantum jump which has contributed to high economic 
growth but simultaneously these release a lot of extraneous matter and energy causing environmental 
pollution [1, 2]. The water quality is seriously polluted which is far lower in comparison to the 
international standards. It is found that one-third of the total water pollution comes in the form of 
effluent discharge, solid wastes and other hazardous wastes. Pulp and paper making is the major old 
process industries in India which generates heavy water pollution. Waste water is generated from each 
and every section of paper making process. Presently, primary and secondary (Biological) treatment 
systems based on activated sludge process are widely used by paper industry for treatment of effluents. 
The process requires high energy and chemical inputs and involves high operational costs. The Paper 
industries are mainly water intensive and highly polluting waste water is discharged from all unit 
operations. In large paper mills, the waste water is segregated into two streams [3-9]. Coloured stream 
(due to presence of lignin) comprising waste water from pulp washing, caustic extraction, oxygen 
delignification back water and chemical recovery sections again colourless or light coloured stream 
comprising waste water from chipper house, chlorination, hypochlorite, dioxide stage, and paper machine 
sections. In a large scale paper industry, generally the coloured effluents are produced from chipper 
house, pulp mill and soda recovery while the colourless effluents are released from stock preparation and 
paper machine. Zinc oxide is an inorganic compound with the formula ZnO. It usually appears as a white 
powder, nearly insoluble in water but soluble in acidic medium [10]. The nano particles of ZnO have 
extensively used as a catalyst. Previous review shows that ZnO is used by several co-workers in the 
photolysis reaction for treatment of effluents. It is observed that the nano-ZnO significantly enhances the 
colour reduction process in the ozonation of effluents [11]. In the present work, an attempt has been 
made to study the ozonation reaction of pulp and paper industry PO-stage coloured effluent in presence 
of catalytic nano-ZnO & its detail kinetics. Heterogeneous photo catalyst like TiO2 and ZnO, are capable of 
operating effectively and efficiently for waste water treatment. Zinc oxide is nearly insoluble in water and 
alcohol, but it is soluble in most acids, such as hydrochloric acid [12, 13]. 

ZnO + 2 HCl → ZnCl2 + H2O 
Bases also degrade the solid to give soluble zincates: 

ZnO + 2NaOH + H2O → Na2 [Zn(OH)4]   
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Ozonation in Presence of Nano-ZnO 
Ozone has the property to decompose in water in a self sustaining radical chain reaction, initiated by 
hydroxide ions. In presence of catalytic nano particals of ZnO the ozonation reactions can be enhanced, 
this is however a great advantage in the paper industry in colour effluent water treatment. The ozonation 
mechanism can act in two ways: the direct reaction, where ozone reacts directly with the other compound 
and the indirect reaction where the reactions occur through a radical pathway of which ozone stands on 
the beginning of the radical chain reaction. The radical reaction is very fast, however the radical 
formation is relatively slow and depends on the reaction surroundings and circumstances. The efficiency 
for ozone use differs depending on its utilization [14-19].  
 
MATERIAL AND METHODS 
The chemicals used are of reagent grade. Ozone is generated by using pure oxygen gas in an ozonator 
[Model number (CD-500)] which produces ozone by electric discharge principle. For Ozone 
determination, the iodometric standard titration method has been followed. The sample is collected in a 
250 ml volumetric flask containing 10 ml of 0.1 N H2SO4 and 20 ml of 20 % KI solution. A blank is also set 
up and the titrations are carried out using 0.005N sodium thiosulphate solution. The ozone concentration 
applied has been calculated from the graph of standard concentration at different flow rate. The 
experiments are performed by following the disappearance of colour in the effluent at different reaction 
time after passing the ozone at fixed flow rate. The reduction in colour (in Platinum Cobalt Unit) 
concentration are determined spectrophotometrically at 465 nm after centrifuging the solution20. 
Experiments are carried out by passing the O3 at a fixed flow rate into a reaction flask of one litre capacity 
with 500 ml of effluent after adjusting the pH to 9.5.The amount of O3 passing to the solution was 
calculated from a standard curve done earlier. Aliquots are withdrawn at regular intervals and the 
reaction has been quenched by ice. The intensity of colour has been determined after centrifuging. The 
measurement of the colour of the supernatant liquid is done by a UV-VIS spectrophotometer [Model 
Shimadzu-1700] at 465 nm. The nano-ZnO paricles are generally insoluble in water, so at the time of 
preparing catalyst solution one ml of diluted sulphuric (4N) is added with gentle heating for total 
solubility of the salt.  
 
RESULTS AND DISCUSSION 
Stoichiometric experiments performed by taking [O3] vs. [Colour], while maintaining other conditions 
constant by measuring the colour concentration spectrophotometrically by calculating the disappearance 
of colour at different time intervals i.e. [Colour] = 2000 PCU, [O3] = 2.64gm/hr and pH = 9.5 or by passing 
excess of O3 over 500ml of coloured post oxygen effluent of pulp and paper industry. The un-reacted O3 
after the completion of reaction was estimated. Readings were taken after long intervals until O3 is 
reached i.e. about 100 % of completion of the reaction. Then the oxidant concentration consumed or 
involved [O3], for the completion of the reaction with respect to known concentration of the colour was 
calculated, from which the stoichiometric ratio of [Colour] to [O3] was found out for the overall reaction. 
The results of stoichiometric experiment conducted with effluent containing an excess of O3 over that of 
[Colour] at a fixed pH of 9.5 reveals that 1.0 mg dm-3 of [O3] is required for the reduction of 1.0 mg dm-3 of 
[Colour] to give the colourless product. The rate of reaction is observed from the graph percentage of 
colour reduction vs. time, which is presented below in fig.-1. In the graph the colour reduction percentage 
gradually increases by the increasing of reaction time with certain interval then remains constant, which 
indicates the reaction follows first order rate law. 
 

 
Fig. -1, Stoichiometric analysis for colour reduction of Pulp and paper industry 

 PO-stage effluents in presence of nano-ZnO as catalyst with ozone. 
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Effect of varying initial colour concentration on reaction rate [ k1(obs)]: 
The pseudo first order rate constants measured from the kinetic runs (k1(obs)) at different initial 
concentration of the [Colour] are presented in table-1, data show that the k1(obs) values remain unchanged 
with the increase in [Colour]. The disappearance of colour is measured at different colour concentration 
by applying same ozone dose and pH which are presented in fig.-2 to 5. The pH is adjusted by adding 
either dilute H2SO4 or by adding dilute NaOH solution as per requirement. The colour concentration is 
adjusted by proper dilution with water. The reaction follows perfectly pseudo-first order kinetics. The 
pseudo first order [Colour] disappearance is perfectly satisfied for at least two half lives in all runs 
performed in aqueous conditions. The observed pseudo first order rate constant [k1(obs)] are influenced by 
different concentration of [Ozone] application shown in table-1. 

Table-1, Effect of [Colour] on reaction rate with condition: [O3] = 2.64gm/hr, pH =9.5,  
Effluent vol.=500ml,Temperature=30°C 

Sl. No. Initial Colour(PCU) k1obs Sec-1 

1 1000 0.00299 

2 1500 0.00314 

3 2000 0.002187 

4 2500 0.00268 

 

 
Fig.-2, Kinetic study for the reduction of colour in presence of catalytic nano-ZnO  

with Initial Colour of the effluent=2500PCU, [O3] = 2.64gm/hr, pH =9.5, Temp. =30°C 
 

 
Fig.-3, Kinetic study for the reduction of colour in presence of catalytic nano-ZnO  

with Initial Colour of the effluent=2000PCU, [O3] = 2.64gm/hr, pH =9.5, Temp=30°C 
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Fig.-4, Kinetic study for the reduction of colour in presence of catalytic Nano-ZnO  
With Initial colour of effluent=1500PCU, [O3] = 2.64gm/hr, pH =9.5, Temp=30°C 

 

 
Fig.-5, Kinetic study for the reduction of colour in presence of catalytic nano-ZnO 

 With Initial Colour of the effluent=1000PCU, [O3] = 2.64gm/hr, pH =9.5, Temp=30°C 
 

Rate of [colour] with variation of [ozone] in the reaction rate: 
The disappearance of colour is also done with different ozone dose with same amount and colour 
concentration of effluent which is presented in Table-2 from the table it is clear that with the increasing 
ozone dose the rate of colour reduction also increases in presence of catalytic nano-zinc oxide. The 
disappearance of colour is followed a fractional order kinetics for at least 90% completion of the reaction 
in the present work. From the plot between Log k1obs vs. Log [Oxidant] it is clear about the order is 
fractional (0.783) shown in fig-6. Under the condition of [Ozone] < [Colour], a perfect linear log [Colour] 
vs. time plot is obtained.  

Table-2, Effect of [Ozone] on reaction rate in presence of catalytic Nano-ZnO  
with condition: [Colour] =2x103 PCU, Effluent vol. =500ml, pH =9.5, Temp=30°C  

     Sl. No. [O3] (gm/hr) k1obs Sec-1 

1 1.32 0.00111 
2 2.64 0.002187 

3 3.96 0.002725 

4 5.28 0.00307 
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Fig.-6, Logk1(obs) vs. Log(Oxidant) 

Catalyst variation: 
The disappearance of colour is also observed at maintaining different catalyst dose the post oxygen stage 
effluent. The pH is adjusted to constant in all the case. The observed pseudo first order rate constant [ 
k1(obs) ] are influenced by different dose of catalytic application shown in table-3. The catalyst variation is 
done from 0.02mg to 0.1mg. It is observed that with the increase the dose of catalyst the rate slightly 
increase. The plot between Log (Catalyst) vs. Logk1 (obs) is a straight line slope which is shown in fig-7. 
 

Table-3, Effect of [catalyst] on reaction rate with reaction condition:  
[Colour] = 2x103PCU, [O3] = 2.64gm/hr, Effluent vol.=500ml, pH =9.5 

Sl. No. Catalyst(mg) k1(obs) Sec-1 
1 0.1 0.002187 
2 0.2 0.002226 
3 0.02 0.001919 

 

 
       Fig.-7, Logk1(obs) vs. Log(Catalyst) 

Effect of varying the pH on k1(obs):  
The disappearance of colour is also observed at maintaining different pH of the post oxygen stage 
effluent. The initial pH is adjusted nearly constant. The observed pseudo first order rate constant [ k1(obs) ] 
are influenced by different pH shown in table-4. The rate constant at lower pH and at higher pH is higher. 
This means that at higher pH of greater than 10 and at lower pH less than 5 the decolourization of pulp 
and paper industry effluent with ozone is better in catalytic medium also. At neutral pH the 
decolourization efficiency with ozone is lower. This is shown in the graph given bellow in fig-8. 
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Table-4, Effect of pH on reaction rate with reaction condition: [Colour] = 2x103 PCU, 
[O3]=2.64gm/hr, Effluent vol.=500ml,Temp.=30°C 

Sl. No. pH k1(obs) sec-1 
1 4.5 0.003186 
2 5.0 0.002572 
3 7.0 0.001842 
4 8.0 0.001958 
5 9.5 0.002187 
6 10.5 0.002763 

 

 
           Fig.-8, Variation of rate constant with pH in presence of catalytic nano ZnO 

Effect of variation in Temperature on k1(obs) values: 
Temperature plays significant role in the nano ZnO catalysed ozonation reaction of effluents. The reaction 
runs are carried out at different temperatures (35,40 & 450C) with the application of same dose of ZnO 
catalyst and the k1(obs) values are presented in table-5. It is observed that increase in temperature the rate 
of decolourization of effluents increases by the application of ozonation with catalytic nano-ZnO 
significantly. The plot between Log[1/k1(obs) ] vs. 1/T ,where T is a absolute temperature, is a straight line 
slop shown in fig-9. Which again conforms the decolourization reaction follows first order kinetics. From 
the slope of the plots, various net activation parameters are computed. From the slope of the plots, 
various net activation Arrhenius parameters are computed at 30°C shown in table-5.For the reaction of 
colour compound with [O3] are: Ea = 27.78 KJ mol -1,∆H+ = 25.26 JK-1mol -1 , ∆S+ = -170.1JK-1mol -1

 ,  Log A =  
2.13.  
 

Table-5, Effect of temperature on reaction rate, with reaction condition:  
[Colour] = 2x103PCU, [O3] = 3.11gm/hr., Effluent vol.=500ml, pH =9.5 

Sl. No. Temperature(°C) k1(obs) Sec-1 
1 30 0.002187 
2 40 0.003109 
3 50 0.004414 

           

 
Fig.-9, Logk1(obs) vs. 1/T 
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Table-6, Thermodynamic Parameters in presence of ZnO catalyst 
       Parameters        Ea(Activation Energy)       ∆H+(Enthalpy Change)     ∆S+(Entropy Change) 

           Value 27.78 KJ mol -1 26.26 JK-1mol -1 -170.1 JK-1mol -1 

 
The mechanism of catalytic ozonation by using Nano-ZnO: 
The ozonation is also follows first order with respect to disappearance of colour regardless of pH values 
of an aqueous solution. But the rate constants are affected by changing the pH from 10.5 to 4.5. By 
changing the pH from 10.5 to 7.0 the rate constants are decreased and then there is an increasing trend 
observed from pH 7.0 to 4.5. These results suggest that the colour compounds are in equilibrium form i.e. 
dissociated and undissociated form with H+. The dissociated form of species is the most reactive at acid 
pH of 5.0 with ozone. 

[Colour]  [Colour]-  + [H+] 
Hence in the mechanism of Zn(II) catalyzed ozonization reaction can be postulated as the ozone 
molecules are adsorbed on the surface of the ZnO catalyst to form the ozone-catalyst complex. This 
complex will then form reactive oxygen species for oxidation. The most possible mechanism of reaction 
pathway is shown in scheme-1 & the rate is determined in scheme-2. 
                                                                                     Ka 

 [Colour]                      [Colour]-  +   H+ 

 

                                         K 
              O3 + Zn(II)                     O2

* + O* 
 
                          K1                            k1 

              O* + [Colour]             [Complex]               Oxidation Products 
                                        Slow 

 
                              K2                                         k2 

           or        O2
*  + [Colour]                 [Complex ]                   Oxidation Products 

                                                 Slow                                                                 
          

               Scheme-1 
Rate Calculation 
Rate = k1[Complex] 

[Complex]=  
��[�∗][������]

����[������][�∗]
   

But,  O∗=K[O3][Zn(II)] 

[Complex] =  
���[��][��(��)]

�����[������][��][��(��)]
 

Putting the value of [Colour] in the above equation  

−
d[colour]

dt
=

 KK�k�[O�][Colour][Zn(II)]

1 + KK�[Colour][O�][Zn(II)]
 

From the rate law, 
1

Rate
=  

1

KK� [  O�  ][Colour][Zn(II)]
+  

K�

K�k�

 

Scheme-2 
CONCLUSION 
The overall studies based on kinetics of the colour reduction of pulp and paper industry effluents with 
ozonation and catalytic ozonation reveals the followings: 
 The colour of pulp mill effluents is mainly due to degraded lignin based chromophoric compounds. 
 The rate of catalytic ozonation reaction follows fractional order. 
 Colour reduction (%) and the first order rate constant by ozonation are maximum in acidic pH in 

between 4.0 to 5.0 and alkaline pH (above10.0). In neutral pH, it is not effective significantly. 
 Application of catalytic Nano-ZnO gives enhances colour reduction during ozonation. 
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