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A continuous Tower fermentation system has been 
operated for the production of vinegar. Five different raw 
materials were investigated. These were: cocoa 'sweatings', 
a substrate derived from the cocoa fermentation 'sweat' 
boxes and is a highly polluting waste in the country of 
origin; beet molasses, a by-product of sugar industry; malt 
charging wort; pure ethanol, and wine. 

Batch and continuous modes of fermentations were 
studied. The substrates were tested under different 
conditions of temperature and aeration rate. The influence 
of the medium total acidity on the productivity and specific 
productivity, was measured. 

The equation K = ay + b was found to be valid for all 
substrates tested (K is the specific product formation rate, 
yu is the specific growth rate and a, b experimental 
parameters). 

The Tower fermenter proved to be an efficient reactor 
for the production of vinegar. Pilot and production scale 
fermentation systems were developed for the production of 
cider vinegar and are now commercially viable. The future 
of the Tower fermenter as a reactor for the production of 
other metabolites was also considered. 

Key words: Continuous, Fermentation, Vinegar, 
Tower fermenter.
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OBJECTIVES 

One of the major problems of the World is that of 

starvation or poor nutrition. Its cause is not only the lack 

of food, but also the lack of knowledge of food preservation 

and storage. 

An answer to the problem, apart from that of finding new 

sources of food could be given by the improvement of food 

storage and preservation technology. 

Statistics show that vinegar already plays an important 

role in food storage and preservation, in industrialized 

countries. Greenshields (1978), in his world-wide survey, 

indicates that the world usage of vinegar is approximately 

8,000 million litres per annum. He has pointed out that the 

use of vinegar world-wide will increase, at least by a factor 

of two not including the natural increase due to population. 

One of the objectives of this study was to examine 

different raw materials for the production of vinegar, and to 

determine the kinetic parameters which enable us to evaluate 

the production of acetic acid (vinegar). 

The use of the Tower fermenter was chosen because of its 

comparatively low technology as a fermentation system and its 

easy maintenance. The use of the continuous Tower fermenter 

for the production of vinegar in Third World countries could 

prove a viable proposition. The use of old systems with their 

low productivity or the expensive construction and maintenance 

of more sophisticated generators is not the ideal for village- 

level technology. The knowledge of vinegar production for food 

preservation and food flavour can help the solution of poor 

nutrition especially with countries who do not either make 

vinegar or even know how to use it. Another objective of this 

study was a theoretical consideration of the continuous Tower 

fermentation for product formation kinetics problems for future 

bacterial fermentations.



  
   



Section 1. INTRODUCTION 

1.1. DEFINITION AND REGULATIONS 

According to the joint U.N. Food and Agriculture 

Organisation and the World Health Organisation Food standards 

programme (1974), vinegar is a liquid produced from a 

suitable raw material containing starch or sugar or starch 

and sugar by the process of double fermentation, alcoholic 

and acetous, and which contains a specified amount of acetic 

acid. 

The alcoholic fermentation is carried out by using 

various strains of Saccharomyces spp. such as: S. cerevisiae, 

S. carlsbergensis, S. diastaticus and S. ellipsoideus. 

The acetous fermentation is the oxidation Of alcohol 

to acetic acid under aerobic conditions by acetic acid 

bacteria such as: Species of the genus Acetobacter Beijerinck 

and Acetobacter Asai (Bergey's Manual of Determinative 

Bacteriology, 8th .edition. 

1.1.1. Categories of vinegar 

From the technological point of view, there are three 

categories of vinegar: (FAO/WHO, 1974): 

1. Natural fermented vinegar 

2. Acetified distilled vinegar 

3. Artificial vinegar 

The first type contains fermentation by-products from 

alcoholic and acetous fermentations. The second type 

contains only those from the distillation and acetous 

fermentation and artificial vinegar contains none of them.



In the first two categories belong the following types 

of vinegar. According to the origin of the initial mash 

these are named: 

1. Malt vinegar from barley malt or cereals whose starch 

has been hydrolysed by amylase 

2. Sugar vinegar from sugar syrup, molasses or refined 

syrup. 

3. Cider vinegar or apple vinegar from apple juice. 

4. Wine vinegar or grape vinegar from grape juice. 

5. Glucose vinegar from a solution of glucose. 

6. Spirit vinegar or distilled vinegar from dilute 

distilled alcohol. 

Other sources of vinegar are: honey, whey, palm 

juice, coconut juice, cocoa sweatings, grape juice, rice, 

pineapple, etc. 

1.1.2. Restrictive regulations for vinegar in production 

The following regulations are valid for one or more 

countries (FAO/WHO, 1974): 

1. Vinegar must not be produced from raw materials which by 

regulation are unfit for that purpose. 

2. Vinegar must not be prepared with mineral acids. 

3. Vinegar must not be manufactured or stored in metallic 

containers which are affected by acetic acid. 

4. Flavouring substances to be added must be destined 

exclusively for this purpose. 

5. Organic acids other than acetic acid should be derived 

from the raw material in the appropriate proportions. 

6. Addition of antiseptics is prohibited.



7. Addition of mineral substances other than salt is not 

allowed. 

8. Vinegar may not contain "mother of vinegar" sediments 

or vinegar eels. 

9. Other regulations are related to the composition of 

vinegars to be defined as a certain variety. 

1.2. HISTORY OF VINEGAR 

Vinegar is a word derived from the french 'vinaigre' 

which means sour wine. It was known by the alchemists and 

it was indicated by the symbol + X- while for the 

distilled vinegar the characters oe xk <t were used. 

(Greenshields, 1978). 

It is one of the most known food commodities of the 

ancient and modern world. People used vinegar as food, 

cosmetics and for therapeutical reasons. 

USES OF VINEGAR 

1.2.1. As Food 

The use of vinegar as food starts from prehistoric times. 

"Shekkar", fermented apple juice, was known to the Phoenicians 

and to the Aryan race from the beginning of. the recorded 

history. The souring of apple cider to yield vinegar was 

an ancient art (Alwood, 1903). 

In historical times, first the Babylonians started 

producing vinegar from the sap of palm trees. They used to 

collect this sweet sap in vessels by piercing the palm trees. 

Because that sweet juice or sap had a low concentration of 

sugar, the produced wine was not stable, and after 

three or four days converted into vinegar (Huber, 1927a).



Another type of vinegar, which was stronger than that of 

the palm sap, was that from dates. A thick syrup, known as 

honey, was extracted from ripe dates. The date honey was 

fermented in vessels and yielded a wine which was stronger 

than the palm sap wine so the produced vinegar was stronger 

as well. 

An ancient cultural tradition of the Babylonians as 

early as 4000 B.C. was vinegar making from bread. This 

bread was made from germinated cereals, which were ground, 

and processed with water. After baking on both sides, the 

bread was stable for many months. The bread was cut or 

crushed and moistened with water and beer. The product 

from the fermentation of the sugars in the bread was ethanol, 

which, in turn converted to acetic acid. (Huber 1927b). 

In general, vinegar was used by the Babylonians in cooking 

and in preserving meat, fish, fruits and vegetables. 

Since vinegar played an important role in the 

Babylonian household and economy, about 3000 B.C., 

the commercial vinegar production from dates started. In 

about 234-149 B.C., Cato was the first to write about the 

Roman contribution to vinegar making (Cato and Varro transl. 

by Hooper and Ash, 1934; Cato trans. by Brehauit, 1933). 

"Posca' was a common drink to Romans. Actually, this was a 

mixture of vinegar with water and eggs. Greeks and Romans 

made use of vinegar both in cooking and at their meals. 

Information from Columetla who lived from about 4 B.C. 

to 65 A.D. makes it known that a way of preparing vinegar 

was used at that period. Carbon sources were: 

driyed figs and date honey,



inoculated with heavy concentrations of vinegar to avoid 

contamination. (Columella, trans. Forester and Heffner, 

3955) 

For the period 23-76 A.D., there is information from 

Pliny (Pliny, transl. by Rockham, 1945) about, 'the 

peculiarity of wine among liquids to go mouldy or else to 

turn into vinegar'. From the Renaissance till today, 

vinegar is continuously being used both as food and as food 

preservative, in pickling processes. 

1.2.2. As a cosmetic 

Vinegar has been used as a cosmetic today for many 

purposes. Three parts of distilled white vinegar mixed 

with one part of citrus fruit juice serves as a shave 

lubricant (Gibbs, 1974). Also, vinegar is used with 

lemon juice in various shampoos. 

Kromer (1972) records the use of vinegar as a beautifier. 

Fowler ahd Schwartz (1973) also record that for some time women 

have been known to finish a shampoo with a vinegar rinse 

to give low pH. 

1.2.3. As a biologically active substance 
  

Simultaneously, with the occurrence of vinegar as a 

food commodity, it epoeers that the early man understood the 

antibiotic value of vinegar. Since antibiosis was one of 

the first principles of medicine that found application very 

early, vinegar was one of the first to serve this purpose. 

Greeks and Babylonians were using vinegar for antibiotic 

purposes (Hippocrates, transl. by Adams, 1949, Huber, 1927 

a,b, Columella, transl. by Forester. and Heffner, 1955). Also 

the Assyrians had a treatment for chronic middle ear diseases 

applying vinegar to the ear (Ochs, 1950a). Jarvis (1959)



describes various applications of vinegar for the treatment of 

many skin diseases such as: ringworm, impetigo, shingles. 

Antoniani et al, (1958) and Yamamoto et al. (1959) reported 

the presence of a biologically active substance in vinegar 

that markedly inhibits the growth of human tumor cells 

cultivated in vitro. The substance was isolated in pure 

state as a white powder with a melting point of 184°c. Its 

probable structural formula is: 

OH 

teas 

H.C _HC-C OOH 

Another substance found by Steel and Walker, (1957a,b) in 

cultures of different strains of Acetobacter, to have antibiotic 

activities. Two mutants were A.acetigenus NC1B 8132, 5346 

and the strain A.xylinum var africanum (NC1B 7029). That 

substance reacted inhibitorily to the growth of Proteus 

vulgaris. Also, the substance which was produced by the parent 

strain inhibited the growth of all the mutants (Steel and 

Walker, 1957a and b). Another activity of the bacteria of 

acetic acid was the lethal action of an Acetobacter sp, a 

close relative of A.mesoxydans, to yeasts. Gilliland and 

Lacey , (1963) reported that the above Acetobacter sp. 

prevented the growth of yeasts and caused them to die when 

both organisms were present in the ratio of 1:1. The lethal 

motion was found in beer. Also, the lethal action of the 

Acetobacter was found on strains of the genera Pichia, Schizo- 

Saccharomyces, Torula, Candida, Zygosaccharomyces: 

Saccharomyces, (Asai, 1968).



1.2.4. Miscellaneous uses 

Léw (1901) refers that vinegar was used to release 

olives from their pits. It is also said. that when 

Hannibal marched over the Alps to Rome his soldiers used 

vinegar to crack rocks which were blocking his way (Titus 

Livius, transl. by Spillman and Edmonds, 1895). But this 

was proved to be a fiction, invented by the Romans, to 

account for their defeat by Hannibal (Pliny, 1945).



  
   



2. METHODS OF PRODUCTION 

2.1. BATCH PROCESSES 

2.1.1. Old Methods 

One of the oldest methods for the production of 

vinegar is the 'let alone process'. This method was used for 

the production of wine vinegar (Cruess, 1948). The wine was 

converted to vinegar in containers by the action of bacteria 

which wereoccurring in the air or on the grapes. Mitchell 

(1926) refers to the 'fielding process' in which the casks 

of the wine were left open in the fields, adding amounts of 

vinegar to start the process. 

2.1.2. More recent methods. 

2.1.2.1. The Orleans process. 

The Orleans process is the refinement of the fielding 

process. Its name derived from the district of France 

where the process was used (Mitchell, 1926). 

The process consisted of making vinegar in barrels of 

fifty gallons capacity (approximately 220 1). The barrels 

were laid on their sides with two air holes in the side. 

Three quarters of the casks weré-filled with mash prepared 

by mixing about five gallons of 5% vinegar by volume with 

thirty gallons of alcoholic liquid containing 5 to 6% ethanol 

by weight. For inoculation, a small amount of vinegar "mother 

of vinegar" was added to the barréls. "Mother of vinegar" 

is a mass of vinegar bacteria, often a pellicle (Jones, 1970). 

Instead of being laid to the fields, the barrels were stored 

in heated buildings or cellars. When the acidity of vinegar 

reached about 5% by weight, the vinegar was drawn for the 

next batch. The process required a period of three to four
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months to complete the acetification of ethanol. 

Since the acetic acid bacteria are oxidizing ethanol 

to acetic acid in an aerobic way only on the surface of the 

liquid, there is always an unfavourable ratio of the free 

surface of the liquid to the total volume of the liguid, which 

causes low acetification rates. The long time of fermentation 

involves great losses of ethanol and of acetic acid by 

volatilization, so that the values of the yield may sink to 

as low as 50% of the theoretical output (Enenkel, et al. 1953), 

Wistenfeld (1930) and Joslyn (1970) present values of 

conversion efficiency from 77 to 84%. 

2.1.2.2. The Quick Process 

In the early part of the 18th century, Boerhaave (1732) 

a Dutch technologist, found that the rate of acid production 

was directly proportional to the amount of surface exposed 

to air. He constructed the first generator using packing 

material and applied the trickling principle for vinegar 

production. 

Wistenfeld (1930) reports that Kastner conducted 

experiments in 1823 to improve the old Boerhaave process. At 

about the same time, Schutzenbach, a German chemist, intro- 

duced the use of a vat instead of a cask, and provided 

mechanical means for the repeated distribution of the acidic 

liquor over the packing (Mitchell, 1926). He also drilied 

holes in the Boerhaave reactors for ventilation near the 

bottom of the vat. The method, because of the large 

contribution of Schutzenbach, was called the "German 

process" (Wiustenfeld, 1930).
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In 1824, a British patent granted to Ham for the 

production of vinegar. The patent describes a system which 

recirculates the liquid with a pump located at the top of 

the vat and distributes the liquid over the packing material 

with the aid of a sprinkling device composed of two 

perforated pipes. 

It seems that Ham's acetator was the forerunner of 

Frings circulating generator (paragraph 2.1.2.3.), 

Since the innovations of the four above mentioned 

workers, many patents appeared which advanced the state of 

the art. Description of these have been made by Bitting 

(1926771929). 

The modern "Quick" vinegar process vats are constructed 

from a variety of different woods including redwood, cypress, 

oak and’various types of pine (New Zealand Kauri pine or 

Columbian pine). Other materials have also been introduced 

for the construction of the vat such as: stainless steel, 

glass-lined steel, plastic and fibreglass (Devey and Dakin, 

L971). 

The packing of the vats is made from various materials 

and its choice is a matter of availability and economics. 

Packing materials which have been used include*ceramics, 

pumace; charcoal, various types of wood (beechwood, cypress, 

redwood, willow and certain types of pine) in the form of 

shavings, twigs and segments. In France, the most common 

packing material for wine vinegar acetifiers is grapevine 

prunings and in the U.S.A. corn cob husks. 

The preparation of the packing material follows a 

certain procedure related to its nature. In the case of using 

birch twigs, the twigs are boiled for long periods to drive
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off essential oils which may contaminate the product. The 

preparation of the twigs is a costly and time consuming 

procedure. Devey and Daking (1971) referred to an example 

of packing preparation for a 130000 litre capacity vat. 

This vat is loaded with two tons of treated birch twigs and 

these are steamed continuously for two days prior to 

charging to vat. 

After about twenty times of successive batches of vinegar 

have been made in the same acetifier, the birch twigs are 

discarded and the process is started again with fresh twigs. 

The reason for changing the packing material is that certain 

Acetobacter species, such as A.xylinum produce slime 

(cellulosic material) which gradually coat the packing 

materials. 

The "Quick" process has been established in many 

countries for many years, because there appeared to be 

advantages over the older Orleans method. This system 

increased the production rate and reduced the acetification 

rate from weeks to days. It is also less labour intensive. 

Although it has advantages over the Orleans method the "Quick" 

process it also has certain disadvantages over the submerged 

processes. 

a. Low conversion of ethanol to acetic acid (75-80% often 

falling to 60% or less)(Greenshields, 1978). 

b. Time consuming, costly and laborious use of packing 

materials 

c. Occupies large space 

d. Each batch fermentation consumes the necessary time for 

the development of the bacterial lag phase, which reduces 

the output rate of vinegar.



=A3= 

Greenshields (1978) reports that rolling generators have 

also been used commercially, but these require long aceti- 

fication times and consume much power. He also mentioned 

that some manufacturers run two acetators in tandem, in 

order to gain time and efficiency by shortening the lag 

phase of bacterial growth. Although this system succeeds 

conversion efficiencies of 95% or greater, their volumetric 

efficiency is lower in comparison with the submerged processes. 

2.1.2.3. Frings Circulating generator 

An improvement of the "Quick" vinegar process was made 

when the circulating generator was introduced by Frings (1932, 

1937). The circulating generator was similar to the Quick" 

vinegar process but had many advantages over the latter. For 

example, vinegars of higher acidity were produced, requiring 

less tankage and an increased production rate was achieved. 

The innovation of the Frings circulating generator consists 

of the use of meters and regulators to monitor the following 

parameters in the operation; 

i. the circulation rate of the mash 

2. the flow of cooling water to the mash cooler or heat 

exchanger, and 

3. the quantity of air delivered to the generator. 

Thermometers are also installed at several different 

heights on the tank to indicate the temperature of the mash 

as it trickles through the generator. 

As in the older "Quick" process reactors, the 

circulating generator provides the main characteristics, 

i.e. the vat, which is usually wood, and a false bottom to 

support the beechwood twigs above the collection chamber.
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Air is supplied by a single fan-type blower and is distributed 

to the generator by a number of equally spaced inlets located 

in the sides of the generator just beneath the fals bottom. 

A pump for circulating the feed-vinegar mixture from the 

holding section beneath the false bottom, through a heat 

exchanger to the top of the generator. A spray mechanism 

distributes the liquid over the surface of the packing. The 

spray mechanism consists of a sparger-wheel which operates 

in such a manner that it permits an even distribution of the 

infusion liquid over the packing area. The cooled mash passes 

through the pipe (1), (Figure 2.1) into the sparger wheel 

which rotates in a known manner by the reaction caused by 

liquid flowing therefrom. When the flow of liquid is 

relatively weak, the discharge of liquid takes place from a 

single arm (2). Only when the flow rate exceeds a certain 

limit does a siphon (3) commence to supply a second arm (4). 

This arrangement ensures an even distribution of the acidic 

liquid at different rages. The number of sparger arms may 

be increased according to each particular process (Frings, 1932). 

  

Figure 2.1. Sparger wheel with siphon 

(From Frings, 1932) 

Generally the Frings generator does not require close


