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ABSTRACT 

OZONATION OF TANNIC ACID 

JANICE M. LEBLANC 

The oxidation of tannic acid by ozone was studied in a 

continuous flow, stirred tank reactor at steady state. 

Reaction products were characterized by the following ana¬ 

lyses : chemical oxygen demand (COD), total organic carbon 

(TOC), and biochemical oxygen demand (BOD). Results indicate 

that ozonation of tannic acid reduces COD, TOC, and BOD. 
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INTRODUCTION 

In the United States, chlorination remains the conven¬ 

tional method for disinfection. However recent developments 

are reducing the desirability and feasibility of adding 

chlorine to our waters and wastewaters: 

(1) In recent years we have gone from a chlorine 

surplus to a chlorine shortage. Manufacturers had diffi¬ 

culty meeting chlorine demands in 1974 and demands are in¬ 

creasing (41, 47). 

(2) Many studies have indicated that chlorinated 

hydrocarbons may be harmful to aquatic life (49). 

(3) In November 1974 the Environmental Protection 

Agency released a study which indicated that various chlori¬ 

nated hydrocarbons present in drinking waters are suspected 

carcinogens (48). 

In view of these developments, renewed enthusiasm will 

certainly focus on the study of alternatives to chlorination. 

OZONE 

Ozone is touted as the most promising alternative to 

chlorine for the disinfection of water and wastewater. It 

has been used in the treatment of European waters for over 

50 years (19, 17). Until recently, however, ozonation of 

water and wastewater was practically unheard of in the 

United States. This apparent apathy towards ozone has been 

due to the following: 
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(1) Lack of consistent data and information on the 

effects of ozonation. 

(2) High cost of ozonation equipment. 

(3) Ozone does not provide a lasting residual. 

(4) Ozonation is not considered a "conventional" 

treatment process. 

In the last few years there has been a surge of 

interest in ozonation which has led to a better understand¬ 

ing of this method of treatment. 

More Information on Ozonation: Recent studies on the ozona¬ 

tion of water and wastewater have proven it effective in: 

(a) Removal of color caused by iron manganese or 

humus (12, 43, 5, 19, 32, 42, 6). 

(b) Eliminations of taste and odors (12, 5, 19, 13). 

(c) Decomposition of organic substances such as 

pesticides, synthetic detergents, phenols, tannery wastes, 

etc (17, 15, 16, 44). 

(d) Disinfection of water and wastewater (20, 26, 

35, 21). 

Moreover European scientists claim that ozone improves 

the esthetics of the water by imparting a blue tinge to it. 

In Europe, ozonation often replaced chlorination because 

people objected to a taste in the drinking water caused by 

chlorine or not eliminated by chlorine. 

Cost of Ozonation: In the past few years intensive discus¬ 

sions have focused on the cost of ozonation processes (31, 

12, 39). So many conflicting cost analyses were published 



that confusion reigned (40). Moreover in these inflationary 

times cost comparison is practically impossible unless 

parallel studies are conducted. However with increased 

interest in ozonation as a process, its economical feasibi¬ 

lity is being studied more closely. It appears that ozona¬ 

tion costs are a function of plant size, place of manufac¬ 

ture, quantity and quality of water and wastewater to be 

treated and type of gas fed to the ozonator (30). Improving 

technology, better application techniques, chlorine shortage 

and the undesirable side products of chlorination combine to 

make ozone more attractive. 

Ozone Residual; One of the main disadvantages of ozone is 

its short half-life. Ozone decomposes quickly in water com¬ 

pared to chlorine. However before decomposing, ozone disin¬ 

fects and the water remains sterile providing there is no 

recontamination in the distribution system (19). 

PROPERTIES OF OZONE 

Ozone is an allotropie form of oxygen with the molecu¬ 

lar formula O^ and a molecular weight of 48.0. At room 

temperature ozone is a colorless gas which is a powerful 

oxidizing agent (Table 1). A list of physical and chemical 

properties of ozone are listed in Table 2. Because it has 

a low Henry's Law constant, ozone is sparsely soluble in 

water. Its solubility is shown as a function of temperature 

in Figure 1. 

Because of its reactivity and low selectivity, it is 

difficult to maintain an ozone residual in water under 
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TABLE 2 

PROPERTIES OF OZONE 

(A) PHYSICAL PROPERTIES 

-Molecular weight = 48.0 

-Pungent odor at concentration 70.1 mg/1 

-Colorless gas at room temperature 

-Concentration of 0^ in air 30% is explosive 

-Absorption maximum at 253.7 Angstroms 

-More soluble in water than 02 

-Unstable ■ 

(B) CHEMICAL PROPERTIES 

-Chemical decomposition catalysed by the following 

compounds: heat, moisture, Ag, Pt, Mn02, NaOH, 

Cl2, Br2, CaO, N205 

-Powerful oxidant 

-Sensitive to pH 

-Oxidizes most metals except gold and platinum 

-Organic groupings oxidized by ozone: 

(1) unsaturated compounds 

(2) nucleophilic molecules 

(3) C-H bonds 

(4) silicon-hydrogen bonds 

(5) carbon-metal bonds 
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SOLUBILITY OF OZONE IN WATER 

AS A FUNCTION OF TEMPERATURE (32) 

FIG. I SOLUBILITY OF OZONE IN WATER (32) 
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"normal" conditions of temperature and pressure. Alder and 

Hill (1) studied the kinetics of ozone decomposition in 

aqueous media and suggested the following mechanism: 

03 + H20 —^-H03
+ + OH 

H03
+
 + OH”  ^-2H02 

k3 03 + H02 —=-*-H0 + 202 

k4 
HO + H02 —^H20 + 02 

(1) 

(2) 

(3) 

(4) 

A European scientist (19) suggested that the decomposition 

of ozone in mineral water was a 3/2 order reaction. Since 

ozone has a low solubility and because the self-destruction 

coefficient is greater at higher doses it is more efficient 

to apply ozone in lower concentrations on a continuous basis 

than to apply one massive dosage. In other words a CFSTR 

would more efficiently use ozone than a batch reactor. 

OZONATION OF ORGANICS 

Based on recent kinetic experiments, Hewes and Davision 

(22) suggested that reactions of ozone with simple organics 

depends on the concentration of the products of ozone decom¬ 

position rather the ozone concentration. Referring to Alder 

and Hills (1) mechanism, the reaction was postulated to 

occur via free radicals in the following manner: 
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RH + OH  — R + H20 (5) 

Auto-oxidation 

R + °2 

C
M
 

o
 (6) 

RO2 + RH  ROOH + R (7) 

Decomposition of hydroperoxides 

2R00H +    H2O + RO + R02 (8) 

ROOH  RO + OH (9) 

Chain terminating steps 

2R02    products (10) 

R02 + R    ^ products (11) 

2R    products (12) 

In 1968 Eisenhauer (16) studied phenol oxidation by 

ozone and postulated the following mechanism: 

1. Conversion of phenols to catechol 

OH 
+ 0. 

a OH 

phenol 

•OH 

catechol 

2. Formation of 0-quinone from catechol and cleavage 

to cis-muconic acid. a OH 

I 
+ H20 + 02 

+ 03 + H20 

COOH 

COOH 
+ 0, 
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3. Oxidation steps 

r ^ COOH 40. 
COOH 

COOH 

COOH 

COOH 
I 
COOH 

40. 

40 2 

Eisenhauer assumed that very little phenol had been 

oxidized to C02. However in a later study (15) he reported 

that phenol concentrations of 50 to 300 mg/1 and ozone 

dosages of 15 to 30 mg/1 resulted in a total organic carbon 

reduction which corresponded to the formation of carbon 

dioxide at a rate of 1 mole of carbon dioxide per 7.3 mole 

of 0^ consumed. He speculated on the stoichiometry of the 

reaction as follows : 

CgHgO + 1403  ► 6C02 + 3H20 + 14C>2 

He also found that the efficiency of the reaction producing 

C02 increased from 30 to 65% for a temperature increase from 

20 to 50°C. He also reported a pH change in unbuffered 

solutions from 5.57 initially to 3.30 in ozonated samples. 

In another study of the ozonation of aqueous solutions 

of organic compounds Dobinson (14) reported that during 

ozonation of an aqueous solution of phenanthrone-9- carboxy¬ 

lic acid, carbon dioxide was evolved and he postulated it 
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was partially due to decarboxylation as suggested below: 

PHENANTHRENE - 9 - CARBOXYLIC ACID PHENANTHRENE-QUINONE 

Carbon dioxide may have resulted from the further decomposi¬ 

tion of primary products. Several other investigators (23, 

38, 44) have reported reduction in TOC due to ozonation. 

Studies at an Environmental Protection Agency pilot 

plant in Washington (38) suggested that ozonation at pH 7.0 

of wastewater effluents removed 70% of the COD at ozone 

dosages 100 mg/1. Additional removal of COD was very gradual 

and 100% removal was never attained. Portions of the TOC 

were reported oxidized to CO2. Typically the TOC removal was 

about 1/2 the COD removal. Huibers et al (23) in a study to 

optimize contact systems for ozonation reported more than 

70% COD reduction and from 25 to 85% TOC removal in secondary 

effluent at 45 mg/1 ozone doses. Removal of odors, tastes 

and color and destruction of pathogenic organisms were also 

reported. It was estimated that with optimization of con¬ 

tacting systems for ozone (i.e. ozone utilization efficiency) 

ozonation could be financially competitive with activated 

carbon for COD reduction. Snider and Porter (42) using pH 

as a variable in ozonation of organic dye wastes, reported 
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COD reductions from 8 to 50%. They measured no decrease in 

T.S. (total solids), D.S. (dissolved solids), and V.S. (vola¬ 

tile solids) after ozonation and concluded that complete 

oxidation to CO2 did not occur. Results emphasized the 

excellent color removal due to ozone addition. Stern and 

Garner (44) showed that ozonation of lignins in pulp and 

paper wastes reduced the average molecular weights and 

increased the biodegradability. Excess ozonation of a sample 

(42 hours) reduced the TOC by more than 50%. The authors 

suggested that ozonation resulted in CO2 and/or volatile 

organics being formed with subsequent loss to the environ¬ 

ment. Boucher (5) made a pilot plant study of the combined 

results of the microstraining and ozonation process. A 

domestic sewage whose strength varied from 400-500 mg/1 SS 

and 350 to 600 mg/1 BOD was fed to a sedimentation tank and 

a 45 micron microstrainer before ozonation. Ozone dosages 

varying from 12-19 mg/1 resulted in a TOC reduction of 17% a 

BOD reduction of 15% and a COD reduction of 19%. 

Kirk et al (27) subjected wastewater to a variety of 

secondary and tertiary pretreatments prior to multi-stage 

ozonation and they concluded that ozonation can rapidly 

reduce 50-70% of the COD in the sample. Subsequent chemical 

oxidation proceeds at a slower rate. 

Average ozone consumption was reported as less than 

3 lb O^/lb COD removed. 

COLOR PRODUCING ORGANICS 

Christman et al (10, 11, 18, 4, 3) have accumulated much 
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information on the properties and chemical composition of 

colored waters. Christman and Ghassemi (10) studied the 

chemical nature of organic color in water and listed the 

possible sources of color to be as follows: 

1. Dissolution of degradation products in decaying 

wood. 

2. Dissolution of soil organics. 

3. Aqueous extraction of living woody substance. 

4. A combination of the above. 

Oxidative degradation studies provide strong evidence for 

the presence of phenolic nuclei in the color raacromolecule. 

White (34) in a review on the structure and chemistry of 

tannins reported that the only structural aspect obviously 

agreed upon by all scientist is the polyphenolic composition 

of the substance. Recently much work has concentrated on 

chromatographic (9, 18, 25, 10, 4, 36) separations to iden¬ 

tify substances that cause color in waters. The complexity 

of composition of the colored molecules lead investigators 

to believe that there is no simple interpretation of their 

structure (34). 

Tannic Acid: Red waters may be due to iron but they are 

most often caused by decaying organic matter such as tannins 

or humic acid in colloidal suspensions (46) . The outstanding 

characteristic of tannery wastes employing vegetable tannins 

is the high color (33). Such wastes are troublesome and 

very difficult to decolorize (46). 

The name tannic was introduced by Sequin in 1796 to 
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denote substances responsible for the leathering ability of 

various plant extracts. Tannins are found in barks of woods 

and trees and leaves of plants. They are believed to be 

complex mixtures of high molecular aromatic compounds which 

resemble dyestuff and owe their solubility to an accumulation 

of phenolic or carboxyl groups (33). Scientists have rarely 

been able to single out any one substance as the characte¬ 

ristic tannin of the plant concerned (34) . However in 1956 

an investigation by King and White (24) indicated that 70% 

of the tannic acid extracts were composed of an apparently 

homogenous substance which was referred to as tannic acid or 

gallotannin. King and Pruden (25) studied a new chromato¬ 

graphy method using sephadex G-25 and a mixture of ^0 and 

acetone as eluant and separated tannic acid into various 

components: gallotannin 76.4% 

trigallic acid 
13.8% 

m-digallic acid 

gallic acid 9.8% 

Despite the efforts of these and many other investiga¬ 

tors, the molecular structure of tannic acid remains unre¬ 

solved (34) but its phenolic nature is well established (9, 

33, 34, 10). Tannins are in fact believed to owe their 

tanning ability to their polyphenolic nature. One of the 

outstanding characteristics of wastes from a tannery employ¬ 

ing vegetable tannins is a high reddish-brown color which is 

very difficult to remove (33) . The molecular weight and 

composition of tannic acid are respectively 1700 and 
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C76 H52 ^47* Consequently the theoretical carbon content is 

0.54 grams carbon/gram tannic acid. Tannic acid is com¬ 

mercially available in pure form. 

OBJECTIVES 

This research consisted of two main studies: 

1. Reaction kinetics of ozone with a color producing 

organic substance. 

2. Characteristics of products resulting from the 

reaction of a color producing organic substance with ozone. 

The effects of ozonation on the tannic acid molecule 

were observed with the following analyses: 

1. CHEMICAL OXYGEN DEMAND (COD) 

2. BIOCHEMICAL OXYGEN DEMAND (BOD plateau (7, 8), 

BOD5). 

3. TOTAL ORGANIC CARBON (TOC) 

A continous flow stirred tank reactor was used in order 

to maintain a steady state ozone concentration and conti¬ 

nuously measure ozone residual in the reactor. Mass balances 

of ozone and carbon were calculated through the reactor. The 

pH of the sample was monitored before and after the ozonation 

reaction. 
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EXPERIMENTAL METHODS AND TECHNIQUES 
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EXPERIMENTAL METHODS AND TECHNIQUES 

EXPERIMENTAL SYSTEM 

A schematic of the continuous flow stirred tank reactor 

is shown in Figure 3. The reactor consisted of a round 

bottom flask with 3 necks. All connections in the reactor 

apparatus were ground glass joints except one rubber stopper 

which held the thermometer and the inlet and outlet flow 

tubes for the sample. The rubber stopper was covered with 

Dow Corning Silastic 734 RTV to render it ozone resistant. 

Tygon tubing was chosen for ozone gas because it is ozone 

resistant. Ozone was produced by a Welsback T-408 ozone 

generator with oxygen input. The gas flow was maintained at 

1 standard liter per minute and the gas pressure at 8 PSIG 

in all runs. The reactor was placed in a water bath and a 

YSI Thermistemp Model 71A temperature controller maintained 

reactor temperature at 20±1°C. A thermometer monitored the 

reactor temperature. Tannic acid was fed to the reactor at 

12.5 ml/minute. The reactor volume was 250 ml for all runs 

resulting in a detention time of 20 minutes in all experi¬ 

ments. A C.K. Heller Corp. Model GT-21 Laboratory Stirrer 

was used to the reactor contents at approximately 500 RPM. 

The ozone concentrations in and out of the reactor were 

monitored at valves 1 and 2 respectively (Figure 3) by bub¬ 

bling the carrier gas into a gas washing bottle containing 

iodate solution. Reagents for the iodometric method of 

determining ozone concentration were prepared according to 
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Standard Method (45) . The following collection technique 

was used: the ozone gas was collected in a trap containing 

500 ml of potassium iodide solution for 15 to 60 seconds 

(depending on the Og concentration in the gas flow). Two 

hundred ml of the potassium iodide was then titrated (45). 

Blanks were run with the oxygen carrier gas containing no 

ozone. The ozone residual in the sample effluent was appro¬ 

ximated by collecting 23 ml in 2 ml of potassium iodide 

solution (same strength as above), adding enough ^SO^ to 

reduce pH to below 2.0, and titrating it with 0.005N stan¬ 

dard thiosulfate using starch as an indicator. 

TANNIC ACID 

A known concentration of tannic acid dissolved in dis¬ 

tilled water was pumped through the reactor at constant flow. 

The following tests were performed on the tannic acid solu¬ 

tion before and after ozonation for all runs. All ozonated 

samples for the tests were collected at steady state. 

CHEMICAL OXYGEN DEMAND 

COD tests were done as prescribed by Standard Methods 

using 20 ml samples. 

The theoretical values of COD for the tannic acid mole¬ 

cule were determined quantitatively and the actual COD was 

measured using two methods: 

1) Manual COD as specified in Standard Methods 

2) Automated COD using the Technicon auto-analyzer. 

Figure 6R shows the agreement of the manual COD's and the 
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FIG. 6R COMPARISON OF THEORETICAL AND 
MEASURED COD FOR TANNIC ACID SAMPLES 
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automated COD's. Unless specified, all the COD data pre¬ 

sented in this study was determined manually as specified by 

Standard Methods (46). The auto-analyzer was used for esti¬ 

mations and to check results. Figure 6R also illustrates 

that the actual COD of tannic acid was determined to be 

approximately 84% of the theoretically calculated value. 

For this reason, the COD before ozonation in all sample runs 

was determined experimentally rather than calculated. Blank 

runs using only oxygen which was the carrier gas for ozone 

indicated no significant COD reduction (Figure 5RA). 

BIOCHEMICAL OXYGEN DEMAND 

The BOD^ (7-day Biochemical Oxygen Demand) is the most 

universally used parameter of organic pollution in both 

water and wastewater. The test approximates the amount of 

oxygen required to biologically stabilize the organic matter 

present. By filtering the seed for BOD^ test through a 

Whatman #2 filter paper to remove protozoa, a plateau is 

observed in the BOD progression. This is the amount of 

oxygen required by the bacteria to oxidize the soluble 

organic matter of the sample (8). Biological wastewater 

treatment is principally for removal of soluble organics. 

Consequently the BOD p^ateau ^
ecoines an important conceptual 

design parameter in biological treatment processes. 

The BOD tests were done using the Hach Manometric BOD 

Apparatus Model 2173 (28). Sample volumes of 360 ml were 

used including 20 ml of seed filtered through Whatman #2 

filter paper and 11 mg of (NH4)2HP04 f°
r phosphorous and 



21 

nitrogen requirements. Preparation of sample and test pro¬ 

cedures were followed as outlined in the Hach Chemical Com¬ 

pany Laboratory Instrumentation Manual (28). The BOD unit 

was incubated in a constant temperature room for 7 days at 

20°C. Readings were taken at 4-6 hours intervals. 

Acclimated Seed: a sewage seed acclimated to tannic acid was 

cultured and used for most BOD tests. The culture consisted 

of 187.5 mg of tannic acid (100 mg carbon) plus 67.4 mg (NH^^ 

HPO^ (14 mg N and 14 mg P) seeded with 5 ml of unfiltered 

treated sewage from the aeration basin of the Bellaire Sewage 

Treatment Plant and diluted to 1 liter with tapwater. Every 

2 days 1/5 of the total volume was wasted; 187.5 mg tannic 

acid and 67.4 mg (NH^^HPO^ were added and the volume was 

readjusted to 1 liter with tapwater. The seed was starved 

24 hours prior to inoculation. 

Unacclimated Seed: the unacclimated seed used was fresh 

untreated sewage collected from the aeration basin of the 

Bellaire Sewage Treatment Plant. 

Dilution Water; de-ionized water was used to dilute samples. 

TOTAL ORGANIC CARBON 

The TOC was determined using the Beckman Model 915 Total 

Organic Carbon Analyser. Preparation of sample standards and 

machine start-up and calibration techniques were followed as 

set forth by Beckman Instrumentations 81706-C(2). Five 

replicates of each 50 ml sample were injected into the total 

carbon inlet and the inorganic carbon inlet. The difference 

was the total organic carbon. To determine whether carbon 
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was indeed being converted to CC^ and lost as gas, NaOH 

traps were used to collect the carbon from the gas leaving 

the reactor. The NaOH solution was then analyzed for inor¬ 

ganic carbon. 

In order to ascertain that the carbon being trapped in 

the NaOH gas washing bottle originated from the ozone gas 

and not the atmosphere and also to make certain that all the 

carbon was being trapped, two different procedures, of col¬ 

lection were used. The first procedure had two steps and 

consisted of first collecting the gas flowing out of the 

reactor and then collecting the ozone gas directly from the 

ozonator. The difference of carbon concentration in the two 

readings should equal the carbon picked up in the reactor. 

To insure that no carbon would by-pass the first carbon trap, 

a second test was run with two NaOH traps in series at the 

reactor gas outlet. 

Tannic Acid Tests: A non-specific test for determining the 

concentration of tannins and lignins in aqueous solution 

was used for tannic acid determinations before and after 

ozonation (46). 

pH 

Solution pH was measured with a Beckman Zeromatic pH 

Meter. 

The glassware used in the reactor apparatus, sample 

collection and storage was previously cleaned with chromic 

acid and rinsed with distilled water. Samples were stored 
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in glass bottles with ground glass stoppers and preserved 

(when necessary) by adding a few drops of concentrated 

H2S04’ 
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RESULTS AND DISCUSSION 
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RESULTS AND DISCUSSION 

Previous investigators have primarily used batch sys¬ 

tems in determining the effects of ozone on organic matter. 

Preliminary ozonation runs were performed with batch reactors 

in this study also. However, it became apparent that a con¬ 

tinuous flow stirred tank reactor (CFSTR) would be more 

suitable for the following reasons: 

1) The ozone residual in the reactor would attain a 

constant steady state value. 

2) Collection of samples would not affect reactor 

volume. 

3) The time required for the ozone reaction to reach 

steady state could easily be determined. 

4) A CFSTR best simulates the ozonation processes 

used in waste treatment. 

An ozone mass balance was performed for each experimen¬ 

tal run. Initially the ozone residual in the sample exiting 

the reactor was measured and when steady state was attained 

the ozone concentrations in the gas entering and leaving the 

reactor were also monitored continuously for the entire 

period of sample collection. Thus the ozone concentration 

reacted could be tabulated in the following manner: 

03 REACTED = C>3 (GAS) in - C>3 (GAS) out - 03 (LIQUID) out 

where 

03 (GAS) in = mass flow rate of ozone entering the reactor 

in the oxygen carrier gas in mg/minute. 
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GAS out = mass flow rate of ozone leaving the reactor in 

the gas in mg/minute. 

RESIDUAL = mass flow rate of ozone in the effluent 

liquid sample in mg/minute. 

Steady state for all experiments was attained approxi¬ 

mately 120 minutes after the beginning of ozonation. For 

example, Figure 1R indicates the changes of ozone concentra¬ 

tion in the liquid phase with time. In this experiment, 

tannic acid (60 mg/1) was ozonated at an average dosage of 

46.4±1.8 mg/minute. The steady state residual in the 

reactor was 17.0±1.1 mg/1 and is independent of tannic acid 

concentration. An average ozone residual of 16.011.1 mg/1 

resulted for various experiments with tannic acid concentra¬ 

tions varying from 0 to 90 mg/1 (Table 2RR). Conversely, a 

decrease in 0^ dose corresponded to a decrease in the ozone 

residual in the sample. The amount of ozone in solution at 

steady state is probably solely a function of the ozone dose 

concentration and its partial pressure in the atmosphere of 

the reactor (Henry's Law). 

Figure 1R illustrates the large differences between the 

magnitudes of the relative ozone concentrations in different 

streams. Indeed, there are 2 orders of magnitude difference 

between the values of ozone residual in the reactor liquid 

and the gaseous ozone dosage. Consequently the ozone balance 

was difficult to determine accurately. However, there was 

no other way of determining "O^ reacted". Therefore, no 

quantitative conclusions were made involving "O^ reacted". 
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TABLE 2RR* 

OZONE RESIDUALS WITH TANNIC ACID CONCENTRATION 

VARYING FROM 0 to 90 mq/1 

FLOW OF FEED SOLUTION = 12.5 ml/minute 

REACTOR VOLUME = 250 ml 

EXPERIMENT 
NUMBER 

Oo DOSE 
mg/minute 

TANNIC ACID 
CONCENTRATION 
mg/1 

0-, RESIDUAL 
mg/1 

14 48.4 ± 1.2(6) 0 16.2 ± 0.6(6) 

16 47.8 ± 0.9(5) 30 14.3 ± 1.1(5) 

13 46.4 ± 1.8(7) 60 17.0 ± 1.1(7) 

15 42.8 ± 0.4(5) 90 16.6 ± 1.4(5) 

Average 46.4 ± 2.5 Average 16.0 ± 1.1 

♦Numbers in parentheses refer to the number of analyses 
performed. 
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FIG. IR OZONE MASS BALANCE FOR A SAMPLE OF 60mg/l 

TANNIC ACID AND A CONSTANT 03 FEED OF 46.4* 
1.8 mg/min. 03 REACTED = 03 GAS IN-GAS OUT - 03 RESIDUAL 



30 

In view of this, emphasis was placed in monitoring the 

Og residual in the liquid and these values were used to com¬ 

pare the relative effects of ozone on the tannic acid solu¬ 

tions as a function of ozone concentration. 

CARBON MASS BALANCE 

Researchers have reported the oxidation of organic car¬ 

bon to CO2 by ozonation (49, 38, 73, 44). Total carbon (TC) 

content of the tannic acid solution before and after ozona¬ 

tion indicated that (TC) was being reduced by more than 25%. 

Further investigations revealed that the total organic carbon 

(TOC) concentration of the solution was reduced by as much as 

43%. Moreover, the inorganic carbon (IC) concentration of 

the tannic acid solution which was either zero or negligible 

before ozonation made up as much as 20% of the carbon content 

of the ozonated sample. A typical experiment illustrating 

these results is shown in Figure 9R where 60 mg/1 of tannic 

acid was ozonated at an average dose of 46.4±1.8 mg/minute 

ozone. Initially, the sample consisted of 32.4 mg/1 TOC with 

no IC present. After ozonation the steady state value TC was 

22.9±2.4 mg/1 indicating a 29.3% reduction in TC. An average 

IC was 4.8±1.2 mg/1. Steady state TC removal was 9.5 mg/1. 

Therefore, 29% of the carbon could not be accounted for in 

the ozonated solution. 

In order to evaluate the effect of ozonation, the mass 

balance on carbon was determined. It was hypothesized that 

part of the tannic acid molecule was being oxidized to CO2 

which was escaping in the exit gas. This assumption was 
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FIG. 9R EFFECT OF OZONATION ON THE CARBON 

COMPOSITION OF THE TANNIC ACID SOLUTION 
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based on the following facts: 

(1) The dissolved carbon concentration in the solu¬ 

tion leaving the reactor was less than the carbon concentra¬ 

tion entering. 

(2) The only other possible loss of carbon was the 

gas stream. 

(3) Inorganic carbon was being formed and was 

measured in the ozonated samples. 

Measurements of the carbon flow in the gas stream are 

listed in Table 3R. These results indicate that CC>2 was 

indeed exiting in the gas. In this particular experiment 

more than 95% of the total carbon entering the reactor was 

recovered. It is possible that volatile organics (alcohols) 

were being formed in the reactor and exiting in the gas but 

no attempt was made to recover them. 

Total Organic Carbon: Ozonation reduced the TOC of the tan¬ 

nic acid solution by as much as 43%. The extent of TOC 

reduction was shown to be a function of both the carbon con¬ 

centration and the ozone concentration. Figure 7R shows the 

reduction in TOC as a function of tannic acid (carbon) con¬ 

centration. All experiments indicated were performed at a 

constant average ozone dose of 46.4±2.5 mg/minute. In each 

experiment the TOC is reduced by approximately 1/3 of its 

original value. 

In keeping the carbon concentration of the solution 

constant and varying the ozone dosage it became obvious that 

the fraction of the tannic acid molecule being converted was 
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TABLE 3R 

EXPERIMENT #17 

Og = 2.0 mg/min. 

Tannic acid = 60 mg/1 

Sample # 

Total 
Carbon 
Influent 

Total 
Carbon 
Influent 

Total 
Carbon 
Recovered 
Effluent 

Gas 
(mg/hr) 

Total 
Carbon 
Recovered 
Effluent 
Liquid 
(mg/hr) 

% Recovery 

Total Carbon 
Effluent 

Gas 
(mg/hr) 

Liquid 
(mg/hr) 

Total Carbon 
Influent 

1 1.50 24.3 2.196 22.2 94.6% 

2 0.68 24.3 1.38 22.8 96.8% 
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a function of the ozone concentration going into the reactor. 

Table 4RA shows that the fraction of TOC reduced increases 

with increasing 0^ dosage. The straight line on a semi- 

logarithmic plot in Figure 8R suggests a reaction of the 

first order: 

d(TOC) _ K 

where 

TOC = the total organic carbon concentration 

t = detention time = 20 minutes 

K = reaction constant 

10^1 = ozone residual concentration in mg/1 

In each experiment a reduction of TOC corresponded to 

an increase in the IC of the solution. In each case, how¬ 

ever, the increase in the IC of the solution was less than 

the decrease in TOC. 

In comparing BOD and COD data, the results will be 

expressed per unit of TOC since this is a variable in the 

reaction. 
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TANNIC ACID CONCENTRATION IN mg/I 

FIG. 7R THE REDUCTION IN THE ORGANIC CARBON 

CONCENTRATION OF TANNIC ACID SAMPLE 

RESULTING FROM OZONATION AT AN 

AVERAGE DOSAGE OF 46.4 ± 2.5 mg /minute 
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TABLE 4RA 

TOC AS A FUNCTION OF O3 DOSAGE 

Exp. 
No. 

TOC in 
mg/1 

O3 Dose 
mg/minute 

TOCout 
mg/1 

TOCin - TOCout 
mg/1 

19 32.4 0.0±0.1(5) 31.5±1.6(6) 0.9±1.6 

18 32.4 0.9±0.0 (6) 25.8±1.7 (6) 6.6±1.5 

17 32.4 2.0+0.1(4) 26.311.5 (6) 6.111.5 

13 32.4 46.4±1.8(5) 18.6+0.5(3) 13.810.5 
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FIG.8R RATE OF TOC REDUCTION AS A FUNCTION 

OF OZONE RESIDUAL CONCENTRATION 
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TABLE 5RA 

REDUCTION OF COD IN TANNIC ACID SAMPLES 

DUE TO OXYGEN CARRIER GAS 

TIME 
MINUTES 

COD 
mg/1 

COD/TOC 

0 62.2 1.9 

180 67.6 2.1 

240 65.8 2.0 

300 69.5 2.1 

360 66.7 2.1 

480 68.0 2.1 

540 64.4 2.0 

Average 68.1 ± 3.2 
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CHEMICAL OXYGEN DEMAND 

COD tests were run on sample solutions before and after 

ozonation in order to evaluate the extent of oxidation 

resulting from the reaction of ozone with the tannic acid 

molecule. 

Since ozone reduces the organic carbon content of the 

sample, it would be of value to determine COD/TOC after 

ozonation. This would indicate if the COD reduction through 

the reactor was solely a function of the conversion of orga¬ 

nic carbon to inorganic carbon or if part of the tannic acid 

molecule was being oxidized and still remained in solution 

2 
as organic carbon. Table 5R indicates that at a given 0^ 

dosage, the ratio COD final/TOC final for ozonated and non- 

ozonated tannic acid samples is constant with varying tannic 

acid concentration indicating that a constant fraction of 

tannic acid molecule has been oxidized. 

The steady state of ozonated samples was achieved in 

terms of COD final at t = 60 minutes in most experiments 

and remained relatively constant (Table 5R^). In this 

particular experiment, an average ozone dose of 46.4±1.8 mg/ 

minute reduced the COD/TOC from 2.3 to 1.3 (i.e. a reduction 

2 1 of 43%) . Table 5R and Table 5R show that an ozone dosage 

of 46.4±1.8 mg/minute reduced the COD/TOC by almost 1/2 

regardless of the tannic acid concentration. We can conclude 
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TABLE 5R 2 

THE CHEMICAL OXYGEN DEMAND AS A FUNCTION 

OF TANNIC ACID CONCENTRATION FOR SAMPLES 

OZONATED AT AN AVERAGE DOSE OF 46.4±2.5 mg/minute 

TANNIC ACID .COD. BEFORE /COD. AFTER 
CONCENTRATION ^TOC' OZONATION 'TOC' OZONATION 
mg/1 

30 1.8 0.9 

60 1.9 1.2 

90 1.9 1.0 
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that the total COD reduction of the tannic acid solution 

measured after ozonation results from the following 

mechanisms : 

(1) A reduction in the TOC resulting from the oxida¬ 

tion of part of the tannic acid molecule to CO2. 

(2) Oxidation of the remaining tannic acid molecule. 

(3) Possibly oxidation of some parts of the organic 

carbon to volatile organics. 

BIOCHEMICAL OXYGEN DEMAND 

It was originally hypothesized that ozonation of the 

tannic acid molecule would break it down rendering it more 

degradable by bacteria. Thus an increase in BOD/TOC after 

ozonation was expected. The results obtained experimentally 

indicated a reduction in BOD/TOC after treatment with ozone. 

BOD is a function of organic carbon content and we have 

shown that TOC decreases during ozonation thus all BOD data 

. , - ma BOD must be expressed as TOC* 

Seed; In the early stages of our TOC research, it was sug¬ 

gested that significant differences in BOD data might occur 

depending on how easily the seed could adapt to the tannic 

acid as a sole carbon source. To verify if this occurred, 

parallel experiments were prepared using two types of seeds: 

an acclimated seed and a non-acclimated seed (see Experimen¬ 

tal Methods and Techniques). The results are shown in 

Figure 10RR. A sample of 60 mg/1 tannic acid was used. 

Initial oxygen uptake was greater with the non-acclimated 

seeds in both the ozonated and the non-ozonated samples. 
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However, these relative differences may simply have been a 

function of the physiological state of the cells in the seed. 

The acclimated seed culture was always starved prior to seed 

collection in order to insure a lag period in our BOD curve. 

Conversely, a fresh sample of raw sewage was used as the 

source of our non-acclimated seed. It is thus likely to 

assume that the cells in each seed could be at different sta¬ 

ges in the cell growth curve. Moreover the acclimated seed 

was acclimated to tannic acid. Ozonation may have incurred 

drastic changes to the organic molecule making it necessary 

for the acclimated cells to readapt. Conversely, the non- 

acclimated seed contains a greater diversity of organisms 

permitting it to adapt more readily to varying substrates. 

Looking at Figure 10RR we see that between time = 0 and 

5 days the BOD due to ozonation is greater with a non- 

acclimated seed. However, after 5 days the difference de¬ 

creases and the BOD equals 0.6 ^9 for both the acclimated mg TOC 

and the non-acclimated seed. Thus we can conclude that 

although the absolute values of BOD may differ in function of 

the seed used, the relative differences in BOD resulting from 

ozonation are consistent whether an acclimated or a non- 

acclimated seed is used. In view of this result, an accli¬ 

mated seed was subsequently used in all BOD determinations 

for reasons of convenience and availability. 

Effects of Oxygen Carrier Gas: To determine if the oxygen 

used as carrier gas for the ozone was a factor in BOD reduc¬ 

tion, a control experiment was run. A tannic acid sample was 
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run through the reactor using normal procedures except that 

the voltage of the ozonator was zero. Therefore, no ozone 

was produced in the oxygen gas flow. A BOD was done on the 

sample and in Figure 16R it is compared to the BOD of a 

tannic acid sample that was not reacted upon by oxygen or 

ozone. This Figure illustrates that oxygenation has no 

effect on the BOD of the tannic acid molecule. Thus, all 

measured effects on the BOD from ozonation may be attributed 

to the ozone. 

Lag Period in Ozonated Samples: At high 0^ dosages (> 40 mg/ 

min) no significant BOD was exerted by ozonated samples 

before a 70 hours lag period (Figure 10RR). In contrast the 

same Figure shows no lag period occurred in non-ozonated 

samples. This result suggests either of the following: 

(1) The products of tannic acid ozonation are not as 

readily degradable as the intact molecule and that the cells 

in the seed must adapt prior to biological oxydation, or 

(2) The cells simply require less oxygen to degrade 

the oxydized molecule. 

Effects of Ozone on the BOD of Tannic Acid: The BOD's of 

tannic acid as seen in the comparative seed experiments 

seemed to stabilize after 7 days. For this reason, and since 

it is a universal parameter in wastewater determinations, it 

was used to evaluate the change in BOD as a function of tan¬ 

nic acid concentration. The results shown in Figure 11RR 

indicate that the BOD per unit carbon in a non-ozonated sam¬ 

ple is constant regardless of the concentration of tannic 
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acid in the solution. Similarly, the BOD per unit of carbon 

of ozonated samples is also relatively constant, since BOD 

and TOC are two variables in the reaction the fraction 

BOD/TOC carries the combined error of two separate measure¬ 

ments . Thus we conclude that the tannic acid molecule has a 

definite BOD before ozonation which is reduced by ozonation. 

To determine how increasing ozone dosage affects the 

change in BOD due to ozonation, the BOD of several samples 

of 60 mg/1 tannic acid ozonated at different 0^ concentra¬ 

tions were measured. The results are illustrated in Table 

6R. This table shows that at O^ dosages between 0.1 mg/ 

minute and 2.0 mg/minute the difference in BOD^/TOC between 

a non-ozonated and an ozonated tannic acid sample increases 

with increasing 0^ concentrations. In other words, the bio¬ 

degradability of the tannic acid molecule is decreased at 

these low 0^ dosages. Knowing that * 

.BOD _ ,B0Di Non-Ozonated. _ ,BODf Ozonated. 
^TOC " TOCi Sample ' ” lT0Cf Sample ' 

and having seen in Figure 16RR and Table 6R that 

,B0Di Non-Ozonated. . , .. , ... 
TÔCi Sample 1S constant we can deduce that an in¬ 

crease in with ozonation indicates a decrease in the 

biodegradability of the tannic acid molecule. However at 

ozone dosages greater than 2.0 mg/minute the remains 

constant, that is, increased ozonation no longer decreases 

the biodegradability of the organic molecule. This is 

certainly an unexpected result. It suggests that although 

the tannic acid molecule incurs a chemical oxidation 
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reduced from 1.7 to 1.2 for dosage increase from 2 mg/1 

to 46 mg/1 (Table 7R), the biological oxygen demand remains 

the s ame. 

We conclude that ozonation may reduce the BOD of the 

tannic acid molecule to a certain determinable amount beyond 

which increased 0^ dosages no longer incur increased BOD/TOC 

reductions. 

TEST FOR TANNINS 

Initially, a simple test was sought to determine the 

concentration of tannic acid in a liquid solution. Standard 

Methods (45) offered a non-specific method of determining 

concentrations of tannins and lignins and since pure solu¬ 

tions of tannic acid in de-ionized water were used it seemed 

feasible to use this test. In principle, the test is based 

on the ability of tannins and lignins to reduce tungstophos- 

phoric and molybdophosphoric acids producing a color suita¬ 

ble for colorimetric determination. The method was found 

quite satisfactory for determining tannic acid concentrations 

of non-ozonated samples but in ozonated samples almost no 

tannins could be found. Figure 19R shows that after only 30 

minutes detention time in the CFSTR reactor this method 

measures a relatively negligible amount of tannic acid 

(2 mg/1 as compared to an initial concentration of 60 mg/1). 

We have already discussed reductions in the organic carbon 

content of a solution during ozonation. In the same sample 

used for Figure 19R the organic carbon concentration was 

reduced from 32.4 mg/1 to 17.0 mg/1, a reduction of 48%. 
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However, Figure 19R suggests a 97% reduction in tannic acid 

concentration. 

These results indicate that during ozonation, tannic 

acid lost most of its ability to reduce tungstophosphoric 

and molybdophosphoric acids. Again this suggested that the 

tannic acid molecule has been transformed by oxidation. 

This reaction reaches steady state very quickly, some samples 

taken 15 minutes after the beginning of ozonation had already 

reached steady state. 

ËË 

The pH of samples before and after ozonation was moni¬ 

tored (at steady state) for various ozone concentrations. 

Figure 25R shows that in all cases, regardless of tannic 

acid concentration, treatment with an average ozone concen¬ 

tration of 46.1±3.5 mg/minute corresponded in an increase in 

the acidity of the solution equivalent to approximately one 

unit of pH. This increase in the acidity may be a reason 

for the long lag period in the BOD curve of ozonated tannic 

acid samples due to the micro organisms having to re-adjust 

to the new conditions of the environment. Conversely, in¬ 

creases in acidity would have no significant effects on the 

measurement of TOC and COD. 



54 

14 

© BEFORE OZONATION 

O AFTER OZONATION 

8- 

PH 

4- 

*©~ 

-<2- 

—, 1 1 1 1 

20 40 60 80 100 
TANNIC ACID CONCENTRATION IN mg / L 

FIG. 25R CHANGE IN PH DURING OZONATION ON 
TANNIC ACID AT AN OZONE DOSE OF 

46.4 ± 1.8 mg/minute 

120 



CONCLUSION AND FUTURE WORK 



56 

CONCLUSION 

1. Ozonation of a tannic acid solution reduces the total 

carbon content and the total organic carbon content but 

it increases the total inorganic content. 

2. During ozonation of the tannic acid molecule carbon is 

oxidized to C^. 

3. At a given ozone dosage a constant fraction of the tan¬ 

nic acid molecule is oxidized regardless of the tannic 

acid concentration in solution based on COD data. 

4. Increasing the ozone dosage corresponds to an increase 

in the rate of carbon oxidation. The rate of TOC reduc¬ 

tion in a tannic acid solution is an exponential func¬ 

tion of O^ dosage. 

5. In ozonation experiments of organic molecules, measure¬ 

ments of BOD and COD should be expressed per unit of TOC 

since this is a variable in the analysis. 

6. The concentration of COD per unit of TOC in a tannic 

acid solution is reduced during ozonation. 

7. Total reductions in COD samples measured after ozonation 

are a function of: 

- a) a reduction in the TOC resulting from the oxida¬ 

tion of part of the tannic acid molecule to 

b) oxidation of the remaining tannic acid molecule 

during ozonation. 

8. Ozonation of tannic acid does not increase its biological 

oxygen demand. 
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The BOD of a tannic acid molecule is reduced by a 

constant amount by ozonation at constant ozone dosage. 

10. Increased 0^ dosages decreases the BOD/TOC of a tannic 

acid solution to a limiting value beyond which further 

increases in 0^ dosages do not produce any further 

decrease in BOD/TOC. 

11. After ozonation, oxidized products of tannic acid can¬ 

not reduce tungstophosphoric and molybdophosphoric 

acids. 

12. Ozonation in an unbuffured system increases the acidity 

of the tannic acid solution (i.e. reduces the pH). 
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FUTURE WORK 

1. Chromatography experiment on the ozonated tannic acid 

molecule to determine if any molecular weight changes 

have occured. 

2. Ozonation studies to optimize operating parameters such 

as : 

Mixing 

Temperature 

Detention time 

Contacting system 

Ozone diffusion (bubble size) 

Ozone concentration 

Contacting system for ozone and sample 

3. A parallel study on a sample of naturally colored water. 

4. A parallel study on lignins which resist biological 

degradation. 

Studies to improve methods of measuring ozone on a large 

scale of concentrations. 

5. 
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