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Combined phenol and acetate degradation by O3/UV in two different reactor configurations
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Abstract

Aromatic compounds, such as phenol, are widely used in various industries and can cause serial environmental damage when present in natural waters. As several intermediates are formed during the mineralisation pathway of phenol, the reactor design may influence the product distribution. This study aims to examine the sensitivity of the phenol degradation products upon varying the reactor configuration. The two reactor configurations examined are a 10 liter batch reactor and a 50 liter reactor with the UV lamp positioned in a recirculation circuit. Also the mutual interaction with an easily biodegradable compound, i.c. sodium acetate, is investigated. 
Key-words: Ozone, UV, phenol, sodium acetate, kinetics
Introduction

Most organic compounds are resistant to traditional biological treatment. Advanced Oxidation Processes (AOPs) constitute a promising technology for the treatment of wastewaters containing these persistent organic pollutants. AOPs have been defined broadly as aqueous phase oxidation processes which are primarily based on the production of very reactive hydroxyl radicals (OH●). These radicals feature a high redox potential and are able to degrade various recalcitrant components. However, AOPs can also be used as a pre-treatment step, e.g. prior to biological degradation, by dosing only a partial amount of the stoichiometrically required amount of oxidants. The aim of this partial dosage is the degradation of persistent components into more biodegradable components, so that they can be treated more efficiently in a subsequent biological system. 
An important issue when using AOPs for industrial wastewaters is the interaction with the organic water matrix. In this study, phenol will be used as a model component of high toxicity and low biodegradability. Phenolic compounds in aqueous solutions cause severe environmental problems. Phenol is e.g. used in drugs, weed killers and synthetic resins. It can also be found in wastewater of pulp mills, paint and dyes manufactories, wine distilleries, oil and gasoline industries, synthetic rubber manufactories, textile industries. As the presence of this component in natural waters holds an environmental risk, it should be eliminated. Various AOPs are already investigated with respect to phenol degradation, including O3[1], Fenton [2], photo-Fenton [3], H2O2/O3 [4], catalytic degradation and reactordesign [5], O3/TiO2 [6]  ...
The total mineralisation of phenol can be presented as consecutive reactions, with the possible formation of more biodegradable reaction intermediates. Reactor configuration has a possible influence on the formation of these intermediates. Phenol, when degraded, first forms hydroquinone which is more toxic than phenol itself. Eventually, biodegradable products as acetic acid, oxalic acid will be formed [1].
Material and methods

In this study, phenol and sodium acetate were used as model components. The phenol solution was prepared from pure standard (Acros Organics, 99 % of purity), just as the sodium acetate solution (VWR, Prolabo, 98 % of purity). All solutions have a concentration between 100 and 500 ppm COD of one or both of the components.

The experiments are performed in a pilotscale reactor (figure 1) with an internal volume of approximately 50 l. The wastewater is recirculated over a thin-film UV-reactor. The power of the UV-source (Medium pressure Hg lamp, Philips, 2014.1 W) can be varied between 0 – 2000 W. The radial distance between the reactor vessel and the lamp amounts to approximately 1,5 cm. O3 is introduced in the wastewater by a venturi with a flow of 4 – 16 gO3/h (Pacific Ozone Model SGC-21, Aqua Purification System, Inc.). The mixing of ozone and water is carried out in a flash unit. 
In order to evaluate the sensitivity towards the reactor configuration, tests are also performed in a second reactor, with an interior volume of approximately 10 l (figure 2). In this reactor, the UV-lamp (Medium pressure, Philips, 427,8 W) is positioned coaxially in the reactor. The radial distance between the reactor vessel and the lamp is approximately 15 cm.


Figure 1 : pilotscale reactor (a) and labscale reactor (b)
Measurements of COD are done by Nanocolor tubes with different indeces (CSB 40, CSB 160, CSB 1500, Phenolic Index).
The experiments are performed at pH 3, 9 and 12. At pH 3, mainly direct ozonation occurs, while at pH 9 and 12, ozone decays effectively into hydroxyl radicals. Also, a difference between pH 9 and 12 is the degree of dissociation of phenol: at pH 9, phenol occurs mainly in the protonated form, while at pH 12 phenol deprotonates into phenolate (pKaphenol = 9.95 [7]). In this way, the reaction rate of hydroxyl radicals with either the protonated or deprotonated form of phenol can be assessed. To lower the pH, sulphuric acid (Acros Organics) will be used, to elevate the pH, sodium hydroxide (Acros Organics). BOD was measured by BODTrack measurement device, produced by HachLange, according to the standard methods [8]. 
Results and discussion

a) Phenol degradation
In the first part of this study, the degradation of phenol in aqueous solutions was investigated using O3 and UV. These tests were run at 3 different pH’s in the labscale reactor with 500 W UV-lamp and an ozone rate of 16 g/h.
Figure 2 shows the degradation of phenol (COD0 = 100 ppm). At pH 9 the degradation rate of phenol is higher than at lower pH. From the figure, it can be deduced that the direct ozonation at pH 3 occurs slower than the radical reaction at pH 9 [9]. At pH 9, hydroxyl radicals are formed from O3, water and UV. Because of the high reactivity of these radicals, the COD degradation occurs much faster. At pH 12 the reaction occurs slower again. Under these circumstances, phenol is mainly dissociated into phenolate. This ion shows probably a higher resistance to radicals than phenol at pH 9. 
For all experiments, apparent rate constants for the COD removal rate were determined. At pH 3, a first order kinetic regime is observed, with rate constant of -0.0396 min-1. At pH 9 and 12, the reaction rate fits well with second order kinetics. Rate constants for pH 9 and 12 respectively amount 0.0028 1/(min(mgCOD) and 0.0004 1/(min(mgCOD).
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Figure 2: COD degradation of phenol at different pH’s
b) Acetate degradation

Next, the degradation of (sodium) acetate in aqueous solutions was investigated using O3 and UV. At low values for the pH (pKa(HAc) = 4.74 [10]), acetic acid will be the dominant form, while at higher pH values, acetate remains in the unprotonated form. 
Tests were again performed in the thin film UV-reactor (power output 500 W) at an ozone rate of 16 g O3/h. At a pH value of 3, the main reaction is expected to be direct ozonation of acetic acid. A second test was run at a pH value of 9. Under these circumstances, indirect ozonation is expected upon the formation of reactive hydroxyl radicals.

As shown in figure 3, the degradation rate of NaAc at pH 9 is much higher than at pH 3. At pH 3 no significant degradation can be observed. This can be attributed to the preference of molecular ozone for double C-C bonds, which are not present in acetate. On the other hand, at a pH of 9, the degradation rate is much faster. After 1 hour of reaction time, 60 % is mineralised to CO2 and H2O.
Zero-order reaction rate constants were obtained for both pH values. Observed rate constants for pH 3 and 9 are respectively 0.0009 mg COD/min and 0.0097 mg COD/min.
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Figure 3: COD degradation of NaAc by O3/UV at two different pH's
c) Combined phenol and acetate degradation

An important issue when using AOPs for industrial wastewaters is the interaction with the organic water matrix. Therefore, the degradation of phenol in the presence of sodium acetate is investigated. All the tests were run on the pilotscale reactor with 500 W UV and ozone rate of 16 g/h. The initial concentrations of phenol and sodium acetate amount to 100 ppm COD. Figure 4(a) and figure 4(b) show the combined degradation as compared to the individual degradation rates at the same treatment conditions. This figure clearly shows a synergetic effect, i.c. the mineralisation rate of phenol is higher than the sum of the individual mineralisation rates. This conclusion is valid for both pH values. Presumably, the formation of reaction intermediates from direct ozonation of phenol initiate the degradation of acetic acid. 
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Figure 4: Comparison of degradation between watermatrix and the sum of individual treatment at pH3 (a) and pH9 (b)
d) Comparison of different reactor configurations
As mentioned earlier, the total mineralisation of phenol can be represented as consecutive reactions, with the possible formation of more biodegradable reaction intermediates. In order to investigate the reactor configuration influence, tests were run in a second reactor. In this second reactor, the UV-lamp is placed in the reactor vessel and no longer in a recirculation circuit.

Figure 5 shows the relative degradation in function of relative ozone dose (g O3/g COD). It is clear from the figure that the pilotscale reactor is able to mineralise phenol much faster than the labscale installation. Analysis of the BOD (figure 6) shows that the relative amount of BOD significantly differs for both reactors. In the labscale reactor, more biodegradable intermediates are formed, while in the pilotscale reactor, with the thin-film UV compartment, the BOD continuously decreases.

Both reactor configurations have heir own characteristic behaviour, which can be exploited in a wastewater treatment plant. The pilotscale reactor with the UV-recirculation circuit mineralises phenol more efficiently (less gO3 /gCOD required) as compared to the labscale reactor. Therefore, the UV-recirculation reactor type is more recommended for use as effluent polishing. The labscale reactor, where the UV-source is placed in the reactor vessel shows a clear increase in BOD. Consequently, this type of configuration is more recommended when the AOP is used as a pretreatment prior to biological degradation, where the increase of BOD will enhance biological degradation of the wastewater. The BOD/COD ratio after 2 hours of reaction time amounts 0.67, which makes biological treatment indeed feasible [11].
[image: image5.png]COD/COD,

12

0

0,0005

0,001

0,0015 0,002

80,/gCOD

0,0025

0,003

0,0035

—— Labscale

— ® - Pilotscale





Figure 5: COD removal for a phenolic wastewater in two different reactor configurations at pH 9.
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Figure 6 : Relative evolution of BOD for a phenolic wastewater in two different reactor configurations at pH 9
Conclusion

This study shows the importance of pH and reactor configuration for the degradation of phenol and sodium acetate. Phenol degrades properly at all investigated pH values with different kinetic regimes. The degradation at pH 9 is faster, due to the presence of highly reactive hydroxyl radicals. Upon further increasing the pH, phenol decomposes into phenolate and degradation rate lowers again. At pH 3, direct ozone reaction will occur with a lower reaction rate.

Next, the degradation of sodium acetate in aqueous solutions is investigated. At lower pH no significant degradation is observed, while at higher pH the reaction occurs much faster. When sodium acetate and phenol are combined, the COD degradation occurs faster pointing at a synergetic effect 

Finally, the configuration of the reactor strongly influences the final product distribution. The thin-film UV-reactor is recommended for COD removal, while the reactor with the lamp positioned in the reactor is more suited for pretreatment prior to a biological degradation unit.
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