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Abstract
Food engineering is an important sub-field that requires special attention in the food industry. The application of
biochemical process engineering principles in food production often leads to the optimization of certain features of
the food production process; similarly, it results in rapid production, improved quality and reduced food losses.
Consequently, to address each aspect of food processing including engineering adequately, researchers must have a
multidisciplinary approach, using aspects from a number of fields such as microbiology, chemistry, food technology,
process engineering and molecular biology. Accordingly, this review focuses on the engineering of various vinegars.
Furthermore, cognizance is given to the gaps that need to be addressed in vinegar engineering, particularly to address
limitations employed in traditional approaches during vinegar production. Food engineering assessments address nu-
merous functions in integrated systems for which fermentation systems are the primary process. Mathematical models
are used to describe the process, simulate future fermentations and describe process performance. Vinegar engineering
also includes the use or design of bioreactors intended for improved product yield and rapid production, improved mass
or energy transfer efficiencies and the reduction of detrimental hydrodynamics fermentor conditions on the microorgan-
isms used. For vinegar fermentation, bioreactor selection which might include cell immobilization requires that appro-
priate process control and optimization be conducted using mathematical models, with rates of acetification being
influenced by parameters such as the ratio of dissolved oxygen consumption in comparison to acetic acid yield.
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Introduction

Vinegar is generally defined as a sour or acidic liquid obtained
from a two-step fermentation process [10, 18, 40]. The fermen-
tation process utilizes yeast for the anaerobic fermentation of
sugar to ethanol and acetic acid bacteria (AAB) for the aerobic

oxidation of ethanol to acetic acid (Fig. 1) [10, 40, 86]. As a key
metabolite, acetic acid is an important ingredient in vinegar and
its concentration defines the organoleptic characteristics of vine-
gars. Typically, vinegar is not generally classified as food, but as
a food-flavouring agent [74, 86], an important feedstock in the
food industry [74] and a food preservative [29, 49].

Vinegar is made from numerous carbohydrate sources or food
products that contain fermentable (reducible) sugar for yeast to
metabolize [10, 86]. Currently, there are numerous types of vin-
egars produced globally and most of these are produced from
cheap raw materials, which is why most vinegars are lowly
priced. These raw materials can include by-products obtained
from food processing, low-quality fruit, agricultural surpluses
and fruit waste [10, 63, 86, 90]. Some vinegars are obtained from
non-fermentation processes, such as distilling alcohol, which is
subsequently oxidized to acetic acid [86].

There are two distinct production methods for fermentation-
based vinegars, namely the traditional and submergedmethods.
The traditional method relies on surface culture fermentations,
whereby oxygen is obtained from the air. In simpler terms, this
method applies low technological inputs, and as a result, the
fermentation period is longer and the vinegars are therefore
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expensive [23, 90]. These expensive vinegars are usually those
made in certain areas with regional and seasonal input of raw
materials. Examples include oxos vinegar from Greece, sherry
vinegar from Spain and the Traditional Balsamic Vinegar
(TBV) from the provinces of Reggio Emilia and Modena,
Italy [86]. The second method is the submerged tank method,
which entails the use of technologically advanced systems such
as the use of spargers, coolers, antifoams, stainless steel fer-
mentors and automated control systems [23, 90]. The sub-
merged method is typically used by large producers for the
production of commercial vinegars, which are in high demand
[90]. An example of a typical process distinction can be made
between traditional wine vinegar fermentation processes that
takes up to 2 months to achieve the required final product
quality concentrations, and the industrial wine vinegar fermen-
tation using the Frings acetator (submerged method) that only
takes up to 20–24 h [7].

For these reasons, the application of biochemical engineer-
ing principles in vinegar production is important for large-
scale producers, not only because vinegar is a food flavouring
agent found in virtually every household [9] but also due to its
widespread use in the food industry [5, 48, 71, 95]. In the
context of this review, vinegar engineering refers to food,
biochemical, bioprocess and chemical reaction engineering
technology. This will bring about an understanding of vinegar
engineering and address some challenges, which customary
microbiological and chemistry methods do not resolve. These
parameters include bioreactor selection (design), dissolved
oxygen mass transfer efficiency, effect of fluid mechanics on
microorganisms and kinetic modelling of co-, by- and final
products. In this review, some concepts in vinegar engineering
system analysis are introduced. However, the introduction of

new technologies can lead to authentication doubts, as some
vinegars are produced following well-defined traditional ap-
proaches. Therefore, these new approaches are more fitting to
vinegar production methods, which are not protected by leg-
islation. There is a growing interest in vinegar production
utilizing a variety of fruit, agricultural waste or raw materials.
Some unusual vinegars include those produced from onion [8,
32, 41, 43], hawthorn [94, 99] and wood [2, 69, 96].

According to statistical data published by the Vinegar
Institute (Vinegar Institute, 2005), global shares of various
vinegars were balsamic vinegar (34%), red wine vinegar
(17%), cider vinegar (7%), rice vinegar (4%) and white vine-
gar (2%), while other vinegars were 36% (Fig. 2).
Furthermore, in the USA, white distilled vinegars have the
highest unit shares (68%), while in China, brewed and white
fruit vinegars are the most popular.

Vinegar Engineering: Patents and Future
Outlooks

Patents are fundamental to vinegar engineering research. As a
result, a substantial amount of vinegar patents have been filed
during the 19th and twentieth century (summarized in
Table 1). Nevertheless, a brief outline of the history of vinegar
engineering patents includes inventions that are primarily as-
sociated with bioreactor/acetifier design and configurations.
One of the earliest examples of inventions in the twentieth
century was made by [38, 39]). These inventions entailed
the cooling of the infusion mash/wort in order to prevent ther-
mal disturbances that arise due to large generators used in the
acetifiers. Other inventions entailed the addition of

Fig. 1 An illustration of the basic
steps involved in vinegar
production NB: not all steps are
involved for all vinegar
engineering systems
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temperature-responsive elements in the bioreactor with the
aim of regulating temperature and flow of the wort according
to the required conditions of various vinegar products.

Another critical invention was aimed at preventing yield
losses through evaporation by employing vats made from earth-
enware, wood and non-corrosive metals in rare cases [6]. The
latter was achieved by altering bioreactor designs to include
cooling devices on the gas outlets aimed at cooling and con-
densing vinegar vapours exiting the exhaust outlets. Further
improvements by Ernst and Hunt Foods Inc [22] were made
in the submerged methods for vinegar production (continuous
system) whereby continuous aeration using an air dispersing
device was used. Bioreactors also contained cooling and
heating coils for temperature control and a rotor for efficient
liquid circulation within the system. The super-oxygenated at-
mosphere was also created in another invention by controlling
oxygen demand in the production system in the second phase of
fermentation according to the system’s oxygen requirements.
Foam accumulation during vinegar fermentations was con-
trolled using rotational mechanical devices [97]. This particular
invention allowed the accumulated foam to be broken down
into gas and liquid vinegars that are subsequently transferred
back into the vinegar broth inside the bioreactor.

Overall, these aforementioned inventions are evidence that
researchers have mostly paid special attention/focused on bio-
reactor design-based parameters. Moreover, in vinegar engi-
neering, there are several areas that can be explored in this
regard. Some important inventions and patents not discussed
in this section are also listed in Table 1.

Vinegar Engineering and Bioreactors

Bioreactors: Importance and General Overview

Bioreactor studies have been conducted for various vinegar pro-
duction systems using a diverse range of bioreactors (Table 2).
Industrial vinegars generally employ the acetators/bioreactors
(submerged approach) for vinegar production, due to the high
yields obtained in such systems [36]. The use of bioreactors
normally offers a controlled environment, which leads to faster
production, reduced product losses and possibilities for optimi-
zation [4, 92, 98]. Most bioreactors are normally operated using
optimized conditions and parameters. These include pH, temper-
ature [12, 36], substrate/nutrient concentrations [36, 53], airflow
rates [64], agitation and pressure [26]. Optimization of the afore-
mentioned parameters has been extensively studied for some
fermentation systems. However, there is insubstantial research
on the optimization of process parameters for bioreactors used
in vinegar production. As bioreactors come in various designs to
suit various biological systems in order to meet the demands of
the process [93], they are generally operated using different op-
erational modes, which include batch, fed batch, resting/
immobilized cells and continuous systems [26].

Desired Features in Bioreactors

The most notable mutual and desired feature in most of the
bioreactors used for vinegar production is the ability to permit
high oxygen transfer and sufficient agitation. Agitation should
sufficiently homogenize bioreactor contents and prevent low-

Table 1 Vinegar production
patents Patent name and number Inventor(s)

Method for the production of vinegar acids by oxidative fermentation
of alcohols (US2707683A)

Otto & Heinz [75]

Process for acetic acid fermentation (US3445245A) Ebner and Firma [19]

Two-stage process for the production of vinegar with high acetic acid
concentration (US4076844A)

Ebner et al. [17]

Process for the production of vinegar with more than 12 g/100 mL
acetic acid (US4503078A)

Ebner and Firma [20]

Control arrangement for a vinegar fermentation process (US4773315A) [21]

Automated method for a semi-solid fermentation used in the production
of ancient-quality rice vinegar and/or rice wine (US4808419A)

Hsu and Hsu Edward [44]

White vinegar 
2%

Rice vinegar 4%
Cider vinegar 

7%
Red wine 

vinegar 17%

Other vinegar 
36%

Balsamic 
vinegar 34%

Fig. 2 Global shares of various vinegars published by the Vinegar
Institute in 2005. Adapted from https://versatilevinegar.org/market-
trends/
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oxygen areas, thus preventing dead zones and stuck fermenta-
tions. Additionally, there should be minimal oxygen transfer in-
terruption, as this can slow down the process or render the AAB
non-viable [36, 83]. To serve this purpose, the most commonly
used bioreactor for commercial vinegar production was designed
by Heinrich Frings ‘Frings acetator’ [25] and it achieves high
product yields (95%) [24, 79]. It is recommended because of low
energy requirements (400 W/L) compared to other bioreactors
and also contains a Frings alkolograph that quantifies alcohol
concentration during fermentation [79]. Importantly, the acetator
also has a self-aspirating system that replaces system oxygena-
tion by compressed air [25]. The homogenous dispersion of very
fine air bubbles is also another desired feature in industrial bio-
reactors; hence, it is common to find bioreactors equipped with
special turbines designed for this purpose [83].

Bioreactor Design and Configurations

The design and configurations of a bioreactor play a critical role
in the performance of the vinegar fermentation process.
Bioreactor configurations include height to diameter ratio (aspect
ratio), the surface area to volume ratio [37], shape of vessel [14,
37], stainless steel features [15], impeller configurations (size,
number of blades, location) [33], turbines and gas inlets and
outlets [34]. In order to emphasize the importance of design
and configuration, a graphical depiction of how height to diam-
eter ratio influences gaseous (O2 and CO2) exchange is demon-
strated in Fig. 3. In this figure, a small perforation diameter (Dmin)
and larger height to liquid–air interface area (H/Smax) favours
alcoholic fermentation, while a larger perforation diameter
(Dmax) and smaller height to liquid–air interface area (H/Smin)

Table 2 Bioreactor application studies in vinegar production

Product Type of
bioreactor

Bacteria
used

Batch or
continuous

Acetic acid
production
rate (g L−1 h−1)

Reference

Acetic acid from
ethanol

Three-phase fluidized-bed
bioreactor using immobilized
cells

Acetobacter
aceti

Continuous 0.051–0.138 Sun & Furusaki [87]

Date extracts
vinegar

Membrane recycle
bioreactor

Acetobacter aceti Batch
Continuous

0.5 10.8 Mehaia & Cheryan
[65]

Acetic acid
production
from fructose

Fibrous-bed bioreactor
using immobilized
cells

Clostridium
formicoaceticum

Fed-batch
Continuous
Fed-batch
Continuous

0.12
3.2
0.95
1.3

Huang et al. [45]

Wine vinegar Bubble column reactor
equipped with a novel
type of gas–liquid
dynamic sparger

Acetobacter
pasteurianus

Batch
Continuous

1.25
1.8

Fregapane et al. [24]

Acetic acid from
ethanol

Packed-bed charcoal
pellet bioreactor

Acetobacter
pasteurianus

Continuous 3.9–6.5 Horiuchi et al. [41]

Onion vinegar Charcoal pellet
bioreactor

Acetobacter
pasteurianus

Batch
Continuous

8.0
3.3

Horiuchi et al. [42]

Industrial vinegar Aerated-stirred
fermenter

Acetobacter aceti Batch
Continuous

13.2
11.13

González-Sáiz et al.
[34]

Hawthorn vinegar Fed-batch bioreactor Acetobacter
pasteurianus

Fed-batch 1.1 Zheng et al. [99]

Corn vinegar Air-lift acetifier Acetobacter
aceti WK

Semi-continuous 0.18–0.26 Krusong & Vichitraka
[58]

Acetic acid from
waste cheese
whey

Multistage
membrane-integrated
hybrid process

Acetobacter aceti
(NCIM-2116)

Continuous 4.06 Nayak & Pal [73]

Acetic acid from
ethanol

9-L Frings pilot acetator Acetobacter pasteurianus
CICIM B7003-02

Semi-continuous Qi et al. [79]

Rice vinegar 100-L internal Venturi
injector bioreactor

Acetobacter
aceti WK

Semi-continuous 0.38 (high initial
acetic acid)

0.40 (high initial
acetic acid)

Krusong et al. [59]

Acetic acid from
cheese whey

Multistage
membrane-integrated
bioreactor

Acetobacter. aceti
(NCIM-2116)

Continuous 4.1 Nayak et al. [72]

Fruit vinegar 6-L scaled bioreactor
(INFORS, France)

Acetobacter
pasteurianus
KU710511

Batch 0.27 (apple
vinegar)

0.22 (date vinegar)

Mounir et al. [67]
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favours the acetification process. These are important factors to
consider when designing a bioreactor for vinegar production. In
addition, vinegar production systems which separate the alcohol-
ic and acetification process can employ both geometric designs
to suit the needs of each fermentation process. Previously, a 10-L
bioreactor equipped with a sparger located 2 cm from the bottom
of the bioreactor for air diffusion was reported as a suitable de-
sign for vinegar production [34]. The bioreactor had two impeller
flat blade Rushton turbines with a gap of 1.45 cm between the
sparger and the first impeller, with each impeller having six
blades (Fig. 4). Proximity placement of the sparger and impeller
is not advisable, as this would cause flooding and bubble coales-
cence. Similarly, if they are too far apart, this would impair foam
mitigation. Temperature control can be maintained with the use
of a water jacket, and an oxygen probe must be installed to
monitor dissolved oxygen.

Mehaia and Cheryan [65] used a membrane recycle bioreac-
tor for the production of date extract vinegar. The design of this
type of bioreactor included a hollow-fibre module with a
polysulphane membrane, through which sterilized air was
sparged at a rate of 0.4 L min−1, achieving a high acetic acid
production rate of 10.8 g L−1 h−1 (Table 2). Huang et al. [45]
studied vinegar production with fructose as a substrate, while
using a fibrous-bed bioreactor (Table 2). The bioreactor was
constructed using a glass column and contained a spiral-wound
terry cloth. The quality and acetic acid concentration of vinegars
are strain-, bioreactor- and fermentation type-dependent. Acetic
acid production rates for different types of bioreactors (fed-batch
and continuous systems), including free-floating and
immobilized cells, are shown in Table 2.

Wine vinegar production, on the other hand, was studied
using a non-commercial 100-L bubble column reactor
(Table 2) [24]. The bioreactor was equipped with a novel gas–
liquid dynamic sparger, which allowed the distribution of fine
bubble sizes. This bioreactor showed increased acetification rates
compared to other industrial bioreactors. An acetic acid produc-
tion rate of 1.8 g L−1 h−1 coupled with a 94% (v/v) yield was

achieved. Horiuchi et al. [41, 42] studied a charcoal pellet biore-
actor (Fig. 5) for acetic acid production from ethanol and onion
alcohol, respectively, whichwas later improved for onion vinegar
production (Fig. 6). The onion vinegar bioreactor was serially
connected to an ethanol jar fermentor with the onion alcohol
being separately produced in the jar fermentor while being con-
tinuously fed into the charcoal pellet bioreactor whereby acetifi-
cation took place (Fig. 5), achieving a high acetic acid production
rate (Table 2).

Initially, de Ory et al. [13] designed a bioreactor using a
cylinder-shaped stainless steel reactor (Fig. 7) with geometric
characteristics including an internal diameter of 0.47 m and a
height of 1.4 m for a 225-L working volume. Temperature con-
trol was conducted by an interior heat exchanger which was
attached to a thermostatic bath. Under this configuration, the
reactor re-circulated the outlet gas streams through the bottom
of the fermentation vessel with the use of an air pump and stain-
less steel diffusers. In this design, the stainless steel diffuserswere
also responsible for pneumatic stirring and maximum oxygen
distribution. Furthermore, an industrial oxygen cylinder was con-
nected to the reactor by means of an electro-valve (refer to Fig.
7), which can be switched off to maintain optimum dissolved
oxygen (2 mg L−1).

Furthermore, an aerated-stirred pilot bioreactor was proposed
to be an improvement of existing fermenters by González-Sáiz
et al. [34]. The study proposed the replacement of plate tops with
dish tops in industrial fermenters while achieving an acetification
rate of 13.2 and 11.1 g L−1 h−1 for the batch and continuous
system, respectively.

Overall Remarks on Bioreactor Design for Vinegar
Production

Despite the large number of vinegars produced worldwide,
bioreactors have only been studied for a few vinegars, and it
is evident that there are several designs (geometric character-
istics) of bioreactors depending on the type of vinegar

Fig. 3 An illustration of the
influence of geometric
characteristics on gaseous
exchange. a favours alcoholic
fermentation, b favours
acetification, diffusion of gases is
indicated by arrows, H/S ratio of
container headspace (i.e. H =
height to liquid–air interface area
(S)), D = perforation diameter of
the reactor lid [37].
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produced and the distinct needs of the fermentation process.
However, some basic conditions need to be defined, such as
the bacteria used, optimum stirring speed and dissolved oxy-
gen transfer rates.

Immobilized Versus Free-Floating Cells
for Vinegar Fermentation

The Importance of Immobilized Cell Systems

Acetic acid bacteria are sensitive bacteria, and it appears that
the immobilization of AAB cells improves their efficiency
[55, 58, 60, 100]. Generally, the immobilization of cells refers
to restricting the motion of cells during fermentation. This can
be done by using several techniques, which include
entrapping the cells in a carrier, adsorbing the cells on a solid
surface and mechanical containment behind a barrier [14].

The most commonly used method in fermentation systems is
the adsorption of cells onto a solid surface, which can be
performed using the static, dynamic batch, reactor loading
and electrode positioning process [1]. Cell immobilization of-
fers defence against harsh environmental conditions such as
low pH, osmotic stress and temperature including shearing
due to agitation, which consequently increases biomass con-
centration [45, 55, 58, 87]. Furthermore, cell immobilization
provides the advantage of cellular longevity; however, it is
also crucial to choose an inexpensive material to use for cell
immobilization in order to minimize production costs [55, 87].
This technique can be classified as a bioengineering technique
which augments bioreactor design, while improving the total
biomass surface area to carry out biochemical reactions. It is
an appealing approach that would benefit vinegar producers if
implemented due to the rapid acetification rates obtained with
immobilized cells [52, 55, 88].

The Choice of a Support Material: Important Factors
to Consider

According to the literature reviewed, there are always several
reasons for selecting a specific support material for cell immo-
bilization. The selection criteria include availability, benignity,
influence of material on product quality, cost, physical proper-
ties and oxygen transfer efficiency in cell entrapping gels taking
into account the radius and total surface area of the materials
[41, 52, 55–58, 87]. Figure 8 depicts cell immobilization ma-
terials that are usually preferred during vinegar production. For
example, the fibrous bed (Fig. 8a) was reported to promote high
cell density [88], with the charcoal pellets (Fig. 8d) being se-
lected for their high surface area and their microbial affinity
[42]. The loofa sponge (Fig. 8c) was described as an edible
and fibrous agricultural material with no safety concerns [58].
Other carriers might be oak and/wood shavings (Fig. 8e) [91]
which might impart certain flavours into the final product [61,
62] and alginate beads (Fig. 8f) [47, 55].

Cell Immobilization: Comparative Analysis

As aforementioned, cell immobilization techniques vary in
terms of which protocols to follow and materials to use.
Table 3 lists several studies on the subject of AAB cell immo-
bilization and acetification rates. Hydrous titanium(IV) oxide
and hydrous titanium(IV) chelated cellulose were used to im-
mobilize two Acetobacter strains for the conversion of ethanol
(produced by fermenting wort) into acetic acid [52]. Improved
conversion rates were obtained; however, the performance of
the two bacteria strains varied when using titanium oxide.
This was attributed to the fact that one specie formed a slime
(extracellular polysaccharide substances) while the other
strain did not form a slime. The slime-forming bacteria result-
ed in a 67% and a 24% relative difference increase in

Fig. 4 Reproduced scaled-up fermentor design: [1] air outlet and pressure
valve; [2] inlet port; [3] sampling port; [4] air inlet; [5] outlet port [34]

Fig. 5 Reproduced charcoal pellet bioreactor: [1] medium reservoir, [2]
peristaltic pump, [3] packed bed bioreactor, [4] broth reservoir and [5]
water bath [42]
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acetification rates when immobilized in hydrous titanium(IV)
oxide using small (2.5 L) and large (8.0 L) bioreactors, respec-
tively. The non-slime-forming bacteria performed better when
the cells were freely floating in contrast to immobilized cells
when using the smaller fermenter. In the larger bioreactors,
titanium cellulose chelate was added for the immobilization
of cells, and there was a relative increase in acetification rates
compared to free-floating cells. Kennedy et al. [52] showed
that immobilized cells and the aggregation of cells is an effi-
cient strategy compared to free-floating cells for vinegar pro-
duction. However, producers interested in employing this
method would have to optimize the concentration of titanium
salts required and evaluate the residual salts in the final prod-
uct for quality and gustatory perception purposes.

Fibrous bed matrices are widely employed for cell immo-
bilization in the vinegar industry due to their robustness.
Additionally, fibrous beds allow efficient mass transfer and
do not undergo productivity reduction when immobilized
cells are used repeatedly. Non-active immobilized cells can
also be scraped off from fibrous beds and replaced with active

cells instead of re-starting the immobilization process [46].
Huang et al. [45] immobilized Clostridium formicoaceticum
cells for the production of acetic acid using fructose. In this
study, the cells were adsorbed in the fibrous matrix by
pumping 25 mL min−1 of the fermentation broth into the fi-
brous bed. The cells were immobilized after 36–48 h of con-
tinuous broth pumping. The immobilized cell fermentations
were compared to free-floating cell fermentations in batch,
fed-batch and continuous systems, and all acetification rates
are shown in Table 3. Nonetheless, the highest acetic acid
concentration achieved in free cell and immobilized cell fer-
mentation was 46.4 and 78.2 g L−1, respectively. Here, it was
concluded that cell immobilization by adsorption is one of the
most employed cell immobilization techniques due to its sim-
plicity and it is often cheaper, depending on the material used.
Talabardon et al. [88] also immobilized AAB cells by adsorp-
tion onto a fibrous bed matrix. This was also a comparative
study between free-floating and immobilized cell fermenta-
tions for the production of acetic acid from lactose and milk
permeate using Clostridium thermolacticum and Moorella

Fig. 7 Reproduced industrial
acetifier: [1] reactor, [2] gas
recycling pump, [3] expansion
tank, [4] air diffusers, [5] heat
exchanger, [6] thermostatic bath,
[7] oxygen cylinder, [8] electro
valve, [9] dissolved oxygen
sensor and [10] feed inlet and
effluent outlet pump. de Ory et al.
[13] as reported in de Ory et al.
[14]

Fig. 6 Reproduced continuous
onion vinegar bioreactor design:
[1] medium reservoir, [2]
peristaltic pump, [3] jar
fermentor, [4] onion alcohol broth
reservoir, [5] charcoal pellet
bioreactor, [6] vinegar broth
reservoir [41]
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thermoautotrophica. Free-floating cells resulted in acetifica-
tion rates of 0.06 and 0.08 g L−1 h−1 using lactose and milk
permeate, respectively. As for the immobilized cells, acetic
acid production was increased to 0.54 and 0.30 g L−1 h−1

using lactose and milk permeates respectively. The studies
used the adsorption of cells into a fibrous bed technique for
the immobilization of cells, resulting in improved acetification
rates.

The cell immobilization by entrapment technique is gener-
ally classified as expensive due to the cost of alginate and the
cost of special equipment required to make gel beads [81].
Nevertheless, this technique was evaluated and was found to
compare well with the adsorption techniques during the pro-
duction of sugarcane vinegar [55]. Acetobacter aceti cells
were entrapped using a 4% (w/v) sodium alginate solution to
form a cell paste, followed by expulsion through a syringe into
a 0.2-M CaCl2 solution, consequently resulting in the forma-
tion of calcium alginate beads. Cell adsorption can also be
employed using three different materials, i.e. corncobs (Fig.
8a), bagasse (Fig. 8b) and wood shavings (Fig. 8e).
Comparative analysis of the gel entrapment and adsorption
method for vinegar production is crucial because, apart from
broadening the vinegar engineering knowledge, it also allows
producers to make an informed decision concerning which
technique to employ. Nonetheless, the alginate gel–
entrapped and free cell fermentations showed relatively lower

acetification rates compared to adsorbed cell fermentations
(Table 3), an outcome that has been reported to occur in var-
ious studies [14]. In these studies, it was concluded that the
lower acetification rates in entrapped cells were due to the
lower surface area available for cell immobilization; and as a
result, dissolved oxygen and substrate mass transfer across the
beads was limited [55]. Lower acetification rates when using
the entrapment technique could also be attributed to the
growth of cells near the gel surface or the gel radius being
too large. For high acetification rates, the recommended gel
radius is 1.0–1.4 mm with dissolved oxygen concentration of
0.031–0.14 mg L−1 [87]. Interestingly, positive results were
observed with the gel entrapment technique for balsamic-
styled vinegar production using beads sized 4.5–8.5 mm
(Table 3) [47]. Their observations could be attributed to the
microbial consortium of acetic acid bacteria used, the inocu-
lum size, temperature treatments and several other factors.

In a different study, a loofa sponge (Luffa cylindrica) was
used to immobilize cells for the adsorption of Acetobacter
aceti WK cells for corn vinegar production [58]. The sponge
was cut into small pieces of 1-in. thickness, washedwith water
and then sterilized by submerging into 4% (v/v) acetic acid for
24 h prior to being used as a cell support material. The loofa
sponge is an environmentally benign porously structured ma-
terial composed of lignin, cellulose and hemicellulose [11],
which allows for high dissolved oxygen diffusion that

(a) Corncobs (b) Sugarcane bagasse (c) Sliced loofa sponge

(d) Charcoal pellets (e) Wood shavings (f) Alginate beads

Fig. 8 Cell immobilization materials used in vinegar studies. a cited fromKrusong et al. [56]. aCorncobs. b Sugarcane bagasse. c Sliced loofa sponge. d
Charcoal pellets. e Wood shavings. f Alginate beads
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eventually makes it an ideal material for cell immobilization
[58]. For this particular reason, it is widely grown in the sub-
tropical regions of Korea, China, Brazil, Japan and some areas
of Central and South America [11, 89].

Overall Remarks on Cell Immobilization

Overall, it appears that there are no optimal procedures for the
immobilization of AAB cells. However, it is evident that cell
immobilization using adsorption is the most commonmethod.
The gel entrapment method is also common, albeit at a

laboratory scale. Additionally, recent studies focusing on cell
immobilization for vinegar engineering are gravely lacking.
Based on the reviewed studies, the immobilization of AAB
cells by both entrapment and adsorption improves production
rate compared to free-floating cells, and in most instances, the
selection of the materials to use in a fermentation is important.
However, according to most of the reviewed studies, the ad-
sorption of AAB cells to a surface is more effective compared
to gel entrapment. Although the materials or methods for ad-
sorption could vary, the type of the vinegar being produced
and bacteria used is of paramount importance. Employing cell

Table 3 Cell immobilization studies for vinegar production

Product Immobilization material Bacteria used Acetification rate (g L−1 h−1) Authors

Acetic acid from wort Hydrous titanium (iv)
oxide

Acetobacter strains 4.38 (2.5 L fermenter) Kennedy et al. [52]
4.99 (8 L fermenter)

Acetic acid from ethanol Large-surface-area
ceramic support

Acetobacter aceti 10.4 adsorbed cells (continuous) Ghommidh et al.
[30]

Acetic acid from glucose Calcium alginate gel
particles

Acetobacter aceti 0.051–0.138 for entrapped and
free cell fermentation

Sun & Furusaki [87]

Acetic acid from fructose Fibrous bed/matrix Clostridium formicoaceticum 0.148–0.225 free cells (batch) Huang et al. [45]
0.824–1.144 adsorbed (batch)

0.12 free cells (fed-batch)

0.95 adsorbed (fed-batch)

1.3–3.2 adsorbed (continuous)

Acetic acid from lactose
and milk permeate

Fibrous-bed/matrix Clostridium thermolacticum and
Moorella thermoautotrophica

0.06 free cells (Lactose) Talabardon et al.
[88]0.08 free cells (milk permeate)

0.54 immobilized (Lactose)

0.30 immobilized (milk
permeate)

Onion vinegar Charcoal pellets Acetobacter pasteurianus 3.3 adsorbed (repeated batch
process)

Horiuchi et al. [41]

Cashew apple juice
vinegar

Polyurethane foam Mixed culture 0.2 adsorbed cells de Ory et al. [15]

Sugarcane vinegar Calcium alginate beads Acetobacter aceti 0.06 free cells Kocher et al. [55]
0.07 gel entrapped cells

0.09–0.10 adsorbed cells

Tea vinegar Sugarcane bagasse
Corncobs

Acetobacter aceti 0.13 sugarcane bagasse cells
(semi-continuous)

0.12 corncobs cells
(Semi-continuous)

Kaur et al. [50]

Cashew apple juice
vinegar

Bagasse, corn cobs and
wood shavings

Acetobacter aceti MTCC-2975 ~ 0.01 for all materials used Thiripurasundari &
Usharani [91]

Corn vinegar Loofa sponge Acetobacter aceti WK 0.18–0.26 adsorbed cells Krusong &
Vichitraka, (2011)

Sugarcane Vinegar Wood shavings Acetobacter aceti AC1 0.24–0.95 adsorbed cells [54]

Rice wine vinegar Loofa sponge Acetobacter aceti WK 0.07–0.10 adsorbed cells Krusong &
Tantratian [57]

Barley malt vinegar Calcium alginate beads
and agar beads

Gluconobacter oxydans NBRC 3432 0.17 calcium alginate beads Kaushal & Phutela
[51]0.11 agar beads

Balsamic-styled vinegar Calcium alginate beads Microbial consortium 0.16 small calcium alginate
beads

0.13 large calcium alginate
beads

0.025 free floating cells

Hutchinson et al.
[47]
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immobilization for vinegar production also requires an appro-
priate bioreactor design since immobilization materials such
as alginate beads have a low mechanical strength and can
easily be damaged by impellers and high agitation rates; there-
fore, this design parameter would have to be taken into con-
sideration. Ideally, materials used for cell immobilizationmust
be able to resist operating conditions and mechanical influ-
ences. An example is fibrous bed matrices, which have been
widely studied and are well understood in the process engi-
neering industry. Hence, it is reasonable to conclude that fi-
brous beds offer a convenient cell immobilization approach.

Aeration During Vinegar Production

Importance of Aeration During Vinegar Production

Aeration is reasonably recognized and well understood as an
important bioreactor performance parameter for industrial vin-
egar production. However, this knowledge is frequently di-
rected to a handful of spirit vinegars and not other varieties.
Nonetheless, several studies have reported that oxygen trans-
fer is the rate-limiting step for vinegar production [30, 36, 78,
90]. This is attributed to AAB being strictly aerobic and re-
quiring high dissolved oxygen levels to grow optimally and
carry out all the essential activities [36]. The stoichiometry
behind the use of oxygen by AAB is that 1 mol of oxygen is
required for the oxidation of ethanol to produce 1mol of acetic
acid [30, 78]. This means that, in most vinegar production
processes, a continuous supply of oxygen is a necessity [26,
27]. García-García et al. [25] reported that vinegar fermenta-
tion exhibits an extremely high demand for oxygen to the
extent that a 25-m3 vessel at 20 °C with an acetification rate
of 2 g L−1 h−1 requires 20 m3 of gaseous oxygen transfer per
hour. If the oxygen concentration is very low, it can slow
down the acetification process. Consequently, the oxygen up-
take rate for the AAB used must be known, as this will allow
proper control of oxygen in the fermentor. The primary chal-
lenge is the low solubility of oxygen in the fermentation me-
dium during aerobic system operations such as those used for
vinegar fermentation; therefore, it is critical to design a fer-
mentation system that can improve oxygen mass transfer be-
tween gaseous and liquid phases [30].

It was also reported that a momentary interruption of oxy-
gen transfer during fermentation could cause the inhibition of
the acetification process. However, at higher acetic acid con-
centrations above 5%, the interruption of oxygen transfer was
reported to be less detrimental [36], which effectively high-
lights the need for adequate oxygen at the initiation of the
vinegar engineering process. Schlepütz et al. [83] proposed
the use of a respiration activity monitoring system
(RAMOS) which can assist in preventing the interruption of
oxygen supply. The transfer of oxygen during a fermentation

process requires hydrostatic pressure monitoring and reduced
mechanical influences such as stirring speed on the cells.
Other factors to consider when transferring oxygen for vinegar
production are the microorganisms used and their oxygen up-
take rate [36, 82].

Influence of Volumetric Mass Transfer Coefficient
(kLa)

The volumetric mass transfer coefficient (kLa) is an important
factor that is generally used to assess the competency of a
bioreactor. Furthermore, kLa is used as an important tool when
scaling up for vinegar production or any aerobic fermentation
system [34]. The determination of kLa depends on several
factors such as the geometric parameters of the bioreactor,
hydrodynamics, airflow rates, media properties, morphology
of microorganisms used and properties [68]. Several methods
are used to determine kLa; these include among others the
sodium sulphite oxidation method and the gassing in method
[85]. kLa in shake flasks is determined by the inclusion of
shaking parameters (shaking frequency, shaking diameter) as
well as the flask size and working volume [84]. This means
that scaling up from conventional shake flasks to fermenters is
possible. However, several laboratory-scale studies for vine-
gar production often neglect this factor; subsequently, results
from these studies are not very useful for industrial scale fer-
mentations because of the inconsistency of findings when
scaling up.

A high value of kLa is one of the primary goals when
designing a bioreactor because it is proportional to the reactor
productivity. The aeration capacity of a bioreactor is funda-
mentally dependent on kLa. For this reason, several studies
have investigated the relationship between airflow rates and
kLa during vinegar production, with Fregapane et al. [24]
reporting improved kLa when airflow rates were increased
for all vessel geometric parameters studied. The highest kLa
values of 75–170 h−1 were obtained when airflow rates of
0.06–0.25 vvm min−1 were employed. Similar correlations
were reported by Krusong et al. [59], with an airflow rate of
1.1 min−1 in a 25-L bioreactor resulting in a kLa of 106 h−1,
while an airflow rate of 3.1 min−1 in a 75-L bioreactor
resulting in a kLa of 93 h−1. These studies accentuate the
importance of sufficient airflow rates for high kLa or vice
versa, notwithstanding the geometric characteristics of the
bioreactor. Furthermore, kLa for industrial fermenters such as
the Frings acetator has been reported to range between 100
and 900 h−1 [25].

Aeration: Comparative Studies

Several oxygen transfer studies were conducted for vinegar
production (Tables 4 and 5). These studies paid special atten-
tion towards oxygen pressure, uptake and acetification rates.
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These include improving oxygen transfer during vinegar
production by using a fixed-bed bioreactor with pulse flow
due to its high oxygen transfer rate [30]. Fluctuating oxygen
partial pressure (Po2) during the process was achieved by
mixing nitrogen and oxygen. The overall gas–liquid mass
transfer coefficient kLa was determined when the cells were
at a steady state with the oxygen uptake rate being determined
using the mass balance method, whereby dissolved oxygen is
measured at the liquid and gas phases of the reactor. However,
the mass balance method on its own can be inaccurate; there-
fore, using stoichiometry for computations can be a solution,
since it uses the acetic acid productivity rate to calculate the
oxygen uptake rate. Furthermore, since oxygen was termed as
the rate-limiting step, consequently increasing inlet oxygen
partial pressure (Po2) can lead to increased dissolved oxygen
uptake rate and increased acetic acid production rate (see
Table 4) [30].

The optimum oxygen concentrations were defined for dif-
ferent functions by Park et al. [76], which are 3–7 mg L−1 for
effective oxygen consumption, and 2–15 mg L−1 for essential
enzymes, such as alcohol dehydrogenase and acetaldehyde
dehydrogenase. For acetification, the optimum oxygen was
reported to be 1–3 mg L−1, and it was concluded that the
electron transfer step during ethanol oxidation was the most
sensitive to oxygen during the acetification process.

In a different study, the influence of oxygen partial pres-
sures on wine vinegar production was investigated [80].
Fermentations were conducted with varying air compositions

ranging from 21 to 63% enriched oxygen content. The aera-
tion rate was 0.06 vvm min−1, with the results showing higher
acetification rates when oxygen-rich air, containing 30% ox-
ygen, was used. Fermentation time decreased from 65 to 35 h
with an overall acetic acid yield of 96–99%. It is important to
note that excessive aeration rates can result in excessive foam
formation and loss of medium even when an antifoam system
is used. Furthermore, excessive aeration also leads to the loss
of ethanol due to evaporation which eventually leads to re-
duced yields [59]. Some other studies reporting on oxygen
transfer include that of Qi et al. [78] who introduced a model
describing the ratio of oxygen consumption versus acetic acid
yield, which could be used to evaluate fermentation efficiency.
Overall, all of the aforementioned studies show the signifi-
cance of efficient oxygen transfer during vinegar production,
a key parameter that cannot be achieved without effective
bioreactor design and configuration considerations. Table 5
shows several other studies which investigated aeration during
vinegar production, with evidence that adequate aeration
ranges from 0.05–1.00 vvm min−1.

Mathematical Computations Used
for Assessing Vinegar Engineering

Mathematical models and computations are predominant in
bioprocess engineering systems; they normally include the
use of equations and computer software for adequate process
evaluation and optimization. Mathematical applications offer
several advantages, such as process optimization, measuring
efficiency, risk assessment, data interpretation, quality assess-
ment and kinetic modelling or simulation. Table 6 lists some
mathematical applications in 12 vinegar engineering studies.
Virtually every element of the fermentation system requires
the use of mathematics to be properly understood, and this
includes mass transfer [33, 35, 78], hydrodynamic effects
[34], chemical developments [31], microbial growth [31, 33,
72, 87], distillation [3], cell immobilization [87], continuous
or batch system efficiency analyses and bioreactor design and
configuration. Furthermore, kinetic modelling of a fermenta-
tion process is one of the most common and extensively

Table 4 Effect of varying Po2 on acetification rate (adapted from [30])

Inlet oxygen
partial pressure
Po2in (atm)

Oxygen uptake
rate Qo2
(g L−1 h−1)

Acetification
rate A ×D1

g L−1 h−1

Outlet oxygen
partial pressure
Po2out (atm)

0.115 1.44 2.7 0.098

0.21 2.45 4.6 0.185

0.34 3.09 5.8 0.315

0.49 4.11 7.7 0.46

0.64 4.51 8.45 0.618

1 5.55 10.4 1

1A ×D = acetification rate × dilution rate, dilution rate = 0.513 h−1

Table 5 Impact of aeration in
vinegar production: comparative
analysis

Product Air or oxygen Aeration
rate min−1 vvm

Acetification
rate g L−1 h−1

Authors

Acetic acid Oxygen-rich air 0.10–0.13 4.60 Park et al. [76]

Wine vinegar Air 0.06 0.75 Fregapane et al. [24]
0.25 3.67

Wine vinegar Air 0.06 0.72 Rubio-Fernández et al. [80]
Oxygen-rich air 1.35

Spirit vinegar Air 1.00 Schlepütz et al. [83]

Industrial vinegar Oxygen 0.13 1.81 Qi et al. [78]
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Table 6 Studies entailing
mathematical computations in
vinegar engineering

Mathematical and computational assessments undertaken in vinegar
engineering

References

Biomass growth

Substrate consumption

Product formation

Yield factors

Sun & Furusaki [87];
Garrido-Vidal et al. [28];
Pochat-Bohatier et al. [77];
Dobre et al. [16];
González-Sáiz et al. [32];
Ghosh et al. [31];
Nayak et al. [72]

• Response surface methodology

• Design of experiment (DOE) software
(Matlab 7.3.0.267 R2006b-MathWorks Inc.)

Garrido-Vidal et al. [28];
González-Sáiz et al. [32];
González-Sáiz et al. [34];
Ghosh et al. [31];
Bakar [3]

• Oxygen consumption

• Correlation between gas-liquid transfer and
volumetric transfer coefficient

• Modelling oxygen concentration in an oxygen saturated fermentation medium

• Modelling volumetric oxygen transfer coefficient

• Stoichiometric coefficient of oxygen consumption versus acid yield.

Sun & Furusaki [87];
Dobre et al. [16];
González-Sáiz et al. [32,
33];
Qi et al. [78]

• Mechanical equations

• Acid negative influence on bacterial growth

Pochat-Bohatier et al. [77]

• Oxygen flow rate towards wood surface

• Acetic acid mass balance in packed bed bioreactor

• Acetic acid mass balance taking into account recycling vessel

• Acetic acid mass balance without oxygen in liquid phase

Dobre et al. [16]

• Kinetic models for industrial vinegar production

• Dissolved oxygen concentration

• Thermal conductivity of fermentation medium

• Total energy consumption,

• Power of air blower

• Desirability function

González-Sáiz et al. [34]

• Modelling ethyl acetate, ethanol, acetoin, acetic acid and water González-Sáiz et al. [35]
• Boil up rate of batch distillation

• Latent heat of vaporization

• Differential material balance

• Average composition of total distilled material

• Bottoms holdup

• Component balance for holdup tank

• Total mass balance for reboiler

• Component mass balance

Bakar [3]

• Product inhibition

• Cross-flow rates

• Dilution rates

• Recycling of material

• Permeate flux output from microfiltration unit

• Change in substrate concentration after nanofiltration in permeate stream

• Change in product concentration after nanofiltration in permeate stream

• Modelling substrate and product concentrations at steady state

• Uncharged acetic acid concentration at final stage of nanofiltration

• Overall volumetric flux of acetic acid

• Rejection by nanofiltration membranes

• Diffusion and electro migration

• Acetic acid flux for acetate ions

Nayak et al. [72]
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studied mathematical applications which can be applied in
vinegar engineering; it assists in understanding the behaviour
of a fermentation process. The kinetic models normally sim-
ulate and describe the relationship between microbial growth
kinetics and chemical developments in the fermentation vessel
over a certain period [34, 70].

Modelling microbial growth, substrate consumption and
product formation have been done by several researchers
[16, 28, 31, 33, 72, 77, 87]. However, the models differ to
some degree. For instance, Garrido-Vidal et al. [28] used qua-
dratic models which included the stoichiometric rates of oxi-
dation and yield factors for more accurate and realistic process
prediction results. González-Sáiz et al. [34] also included stoi-
chiometric coefficients when calculating yield factors during
fermentation. Ghosh et al. [31] modelled palm juice vinegar
using common mathematical equations such as the Monods
and Luedeking-Piret models to describe microbial prolifera-
tion during the fermentation process. Some other models in-
clude those proposed by Monteagudo et al. [66] to model
substrate utilization rates. These models are reliable, and they
can easily be rearranged or manipulated to best describe any
system, even a continuous fermentation system. In continuous
systems, growth rates, substrate consumption and product for-
mation are modelled or calculated with the inclusion of dilu-
tion rates, substrate feeding and effluent rates [28, 76, 87].
Additionally, some models on microbial growth include those
developed by Pochat-Bohatier et al. [77] which can be used to
demonstrate mechanical shearing influences on microbial
behaviour.

During industrial vinegar fermentation, stirring is one of
the most important mechanical inputs; however, it can have
a positive or detrimental effect. Stirring can affect the micro-
organisms, while influencing oxygen transfer during the ace-
tification process. This effect can be studied and demonstrat-
ed, mathematically. This crucial part of the fermentation pro-
cess has been understudied in vinegar engineering, and the
stirring speed (rpm) for vinegar production has not been prop-
erly defined. Thus far, a handful of studies were performed in
which mathematical computations were used to demonstrate
the effect of agitation during the fermentation process.
González-Sáiz et al. [34, 35] reported on a range of stirring
speeds and their effect. The agitation range was between 200
and 1000 rpm. The models showed that maximum microbial
growth was achieved at a high agitation speed of 800 rpm.
Additionally, it was reported that agitation higher than
800 rpm caused an inhibitory shearing effect and cell damage.
Heat transferred into the system was calculated while taking
into account the microbial heat generated during ethanol oxi-
dation. It was concluded that the models proposed in the study
could be applied in various aerobic processes with varying
agitation systems. González-Sáiz et al. [35] further reported
that conditions with very low agitation resulted in failed fer-
mentations for both experimental and predicted results. In

another investigation, Garrido-Vidal et al. [28] studied agita-
tion at a much lower range (50 rpm) in comparison to
1000 rpm; quadratic models, which include agitation, were
used, and these models showed that agitation, aeration rate
and overpressure have an effect on oxygen transfer. It is also
important to note that aeration has been reported to be more
important in increasing oxygen transfer compared to agitation.
Additionally, sparging and very high agitation speeds result in
very high economical costs due to high energy inputs [33].

Modelling of fermentation processes is normally done
using laboratory-scale experiments; however, it is also crucial
to study the scaling-up of the models for large-scale industrial
applications. González-Sáiz et al. [34] studied models in a
pilot fermenter and the scaling-up of the models for an indus-
trial fermentation process. The response surfaces generated by
the models led to the conclusion that superficial air velocity,
aerated mechanical power input, hydrostatic pressure, temper-
ature and concentrations of compounds must be similar to the
pilot fermentor. Garcia-Ochoa and Gomez [26] reported that
oxygen transfer rate is the most important parameter for the
scaling-up of bioreactors. It is crucial to ensure homogenous
oxygen concentration in the fermentation medium for ade-
quate growth and acetification rates. Therefore, agitation and
aeration are also important parameters in ensuring homoge-
nous oxygen concentration.

Fortunately, several studies have mathematically studied
oxygen mass transfer for vinegar engineering (Table 6).
These studies include one by González-Sáiz et al. [32]
which modelled oxygen transfer in an oxygen-saturated
fermentation medium for vinegar production. They de-
scribed oxygen concentration using the balance method,
which is the balance between the oxygen transferred and
the oxygen uptake rate. Dobre et al. [16] proposed two
models, the first which presumes that acetic acid formation
is influenced by oxygen transfer from the gas to liquid
phase, while the other model was similar to the Monods
model, which presumed that acetic acid formation is influ-
enced by substrate consumption. This study concluded that
both models should be used simultaneously. Some other
studies modelled the influence of oxygen transfer on spe-
cific growth rate of AAB [28].

Another important process parameter to model during vine-
gar production is the purification of the product. In most vine-
gar production processes, pure acetic acid must be obtained at
the end of the process. A comprehensive study conducted by
Nayak et al. [72] involved microfiltration and nanofiltration
membranes to purify the product. Themodels used in this study
included the influence of the filtration methods. Furthermore,
the models also incorporated some other important parameters
such as cross flow rates, dilution rates, pH and recycling of
materials in correlation with substrate-product inhibition. It
was concluded that the proposed models accurately predicted
the performance of the process.
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A unique study conducted by Bakar [3] entailed the
application of mathematical equations to demonstrate the
effect of purifying the fermentation product, using batch
distillation columns. The proposed equations included the
calculation of boil-up rate during batch distillation, the
average composition of the total material distilled and
component balance for the hold-up tank.

Conclusions

Overall, based on the reviewed studies, a number of conclu-
sions can be made. (1) The descriptions regarding the design
and configurations of a bioreactor have rather flexible design
parameters; hence, the diversity with respect to bioreactors
used for vinegar production. [2] Oxygen transfer and agitation
seem to be major factors to be taken into consideration when
designing a bioreactor for improved production. (3) Cell im-
mobilization studies have been conducted for a variety of
vinegars at laboratory scale. However, information on cell
immobilization techniques is lacking for industrial-scale vin-
egar production. (4) Some parameters still need to be opti-
mized such as oxygen transfer rates, stirring speed, efficient
cell immobilization methods and materials. [5] Although there
may be no one size fits all, these parameters can be defined for
selected microorganisms. [6] Mathematical computations
have mostly been done on commercial-industrial vinegars,
and these applications are gravely lacking in traditional vine-
gars. Several laboratory-scale studies have not investigated
scaling up procedures. [7] Studies demonstrating the effect
of hydrodynamics and mechanical influences/fermentation
vessel design during vinegar production are scanty; therefore,
these topics require more attention. Moreover, there is a ne-
cessity for studies, which will define a standard method for the
production of different types of vinegar.
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