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Abstract Color and texture are important quality char-
acteristics and major factors affecting sensory perception
and consumer acceptance of foods. pH has an important
effect on pigments (e.g., chlorophyll, carotenoids, antho-
cyanins, etc.) responsible for fruit color, vegetables and
meat color. Also pH has a great impact on water-holding
capacity and tenderness of muscle foods that are improved
at acidic conditions below the typical pH of post-mortem.
Moreover, during processing of food, the pH value affects
many phenomena and processes such as protein properties
as denaturizing, gelification, enzymatic activities, growth
and mortality of microorganisms, germinating or inacti-
vation of bacterial spores and chemical reactions such as
the Maillard reaction. Thus, knowledge of pH effects and
its control during processing is necessary to produce safe,
high-quality and value-added products. The goal of this
paper is to identify the effect of pH on color and texture of
food products to show the importance of control this
parameter.
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Introduction

From 1980s to the present day, the food industry is driven
by consumers’ desire for high-quality, minimally pro-
cessed, additive-free, shelf stable, convenient and safe food
products [151]. Hence, a challenge to food processors is to
prevent or at least minimize the color and texture degra-
dation to produce high-quality products. In this sense, pH
control is very important to prevent color and texture loss.
pH, a measurement of the activity of hydronium ions
(H;0™) in a substance, is a dominant factor that determines
the proceeding chemical reaction and hence the quality of
the product, particularly in food and biochemical processes
[22, 32, 33, 37, 60]. pH was originally defined by Sgrensen
[133] in 1909 in terms of the concentration of hydrogen
ions (in modern nomenclature) as pH = —lg(cH/c®) where
cH is the hydrogen ion concentration in mol dm™>, and
¢® = 1 mol dm™ is the standard amount concentration.

Conventionally, pH is measured electrochemically using
a pH-sensitive glass electrode and a reference electrode.
There are, however, numerous alternative methods and
devices for pH measurement based on electrochemical and
non-electrochemical principles. While the practical use of
the available methods and devices is mostly limited to
atmospheric pressure pH measurement, there have been
some attempts at high pressure pH measurement of water
and buffer solutions. Samaranayake and Sastry [119] and
Min et al. [89] have recently reviewed these investigations.
Since food systems exhibit inherently complex chemistry
and are often opaque, none of the methods based on
reaction volume, electrical conductivity and spectropho-
tometry is applicable for high pressure pH measurement of
foods. Furthermore, the use of glass electrode assemblies is
typically limited to lower pressures (<150 MPa) due to the
fragile nature of glass [25].
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Accurate measurement and reporting of pH data have
been a long-standing problem due to the effects of tem-
perature and pressure. An increase in the temperature of
any solutions will cause a decrease in its viscosity and an
increase in the mobility of its ions in solution. An increase
in temperature may also lead to an increase in the number
of ions in solution due to the dissociation of molecules (this
is particularly true for weak acids and bases). As pH is a
measure of the hydrogen ion concentration, a change in the
temperature of a solution will be reflected by a subsequent
change in pH [7, 169]. pH reaction is difficult to be
described with appropriate mathematical models, as it
normally comes with inherent nonlinear dynamics with
system uncertainty [6, 11].

During processing of food, the pH value affects many
phenomena and processes, for example, protein properties
as denaturizing, gelification, enzymatic activities, the
growth and mortality of microorganisms, the germinating
or inactivation of bacterial spores and chemical reactions
such as the Maillard reaction [136].

Color, flavor and texture are important quality charac-
teristics and major factors affecting sensory perception and
consumer acceptance of foods. The pH of most food
products varies between 3.5 and 7.0. pH has an important
effect on pigments (e.g., chlorophyll, carotenoids, antho-
cyanins, etc.) responsible for the color of fruits, vegetables
and meat. Thus, knowledge of pH is necessary to produce
safe, high-quality and value-added products.

Foods are subjected to cooking or processing to increase
their edibility and palatability. Processing also aims to
prolong the shelf life while the original sensory and
nutritional properties are maintained as high as possible
within the constraints put forward by microbial safety. To
achieve the balance between food quality and safety, there
is a need to optimize conventional processing techniques
currently applied in food industries and to develop novel
processing techniques [99].

The goal of this paper is to identify the effect of pH on
color and texture of food products to show the importance
of control this parameter in food processing.

The Influence of pH on Color

Color is one of the first quality attributes a customer can
detect in food products. It is also the most important
attribute used by the customer to evaluate the quality of a
product (meat, fish, vegetables and fruits) and its possible
taste without touching the commodity [142].

Moreover, fruits and vegetables are good sources of
natural antioxidants for the human diet, containing many
different antioxidant components which provide protection
against harmful free radicals and have been strongly

associated with reduced risk of chronic diseases. These
antioxidants include carotenoids, vitamins, flavonoids,
other phenolic compounds, dietary glutathione and
endogenous metabolites [82]. It is common that many
vegetables are cooked by boiling and microwave process
before use or industrial process (blanching, canning, ster-
ilization or freezing). These cooking processes or industrial
processes would certainly bring about a number of changes
in physical characteristics and chemical composition of
vegetables [138] affecting the content, composition, anti-
oxidant activity and bioavailability of antioxidants.

In addition, operations such as cutting and slicing may
induce a rapid enzymatic depletion of several naturally
occurring antioxidants as a result of cellular disruption which
allows contacts of substrates and enzymes. Generally, the
antioxidant concentrations and activities in processed veg-
etables were lower than those of the corresponding raw
samples. This was caused by their degradation, but also by
absorption of water during boiling, which diluted the com-
pounds and decreased their content per weight unit [107].

pH has an important effect on pigments (e.g., chloro-
phyll, carotenoids, anthocyanins, myoglobin, etc.) respon-
sible for the color of fruits, vegetables and meats. The color
compounds of processed fruits and vegetables can change
during processing due to the presence of microorganism
and the inactivation or not of enzymes, which can result in
undesired chemical reactions (both enzymatic and non-
enzymatic) in the food matrix.

Chlorophylls

Chlorophylls, the pigments responsible for the character-
istic green color of fruits and vegetables, are highly sus-
ceptible to degradation during processing, resulting in color
changes in food [125].

It is well known that the excessive heating of food
products causes considerable losses in the organoleptic
quality of food. Blanching inactivates chlorophyllase and
enzymes responsible for senescence and rapid loss of green
color. However, chlorophyll degradation is initiated by
damaged tissue during blanching and other processing
steps [58, 142]. There is general agreement that the main
cause of green vegetable discoloration during processing is
the conversion of chlorophylls to pheophytins by the
influence of pH. The green color of vegetables turns to an
olive green when heated or placed in acidic conditions [50,
52]. During this reaction, hydrogen ions can transform the
chlorophylls to their corresponding pheophytins by sub-
stitution of the magnesium ion in the porphyrin ring [90].
The conversion of chlorophyll to pheophytin and pheo-
phorbide results in a change from bright green to dull olive
green or olive yellow, which is ultimately perceived by the
consumer as a loss of quality [53, 151].
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Since chlorophyll stability is known to be affected by
pH and color is one of the most important quality attributes
of vegetable products, numerous studies have been con-
ducted to investigate the color changes or degradation of
chlorophylls during heating [28, 63, 126] through the
application of pH control [9, 54], high-temperature short-
time processing [123, 137, 148] or a combination of high-
temperature short-time processing with pH adjustments
[18, 54, 72], and it is reported that the chlorophyll degra-
dation follows a first-order reaction kinetic model [23, 57,
134, 149]. Alkalizing agents in blanch and brine solutions,
such as sodium bicarbonate, hexametaphosphate, disodium
glutamate, sodium hydroxide, zinc and magnesium
hydroxide, have been used to raise the pH of green vege-
tables and, therefore, retain chlorophyll after processing [9,
49, 80, 84]. Considering that the green color is one of the
major sensory characteristics in determining the final
quality of thermally processed green vegetables, it is
important to prevent or at least minimize chlorophyll
degradation during thermal processing in the food industry.

Koca et al. [72] studied the kinetic parameters for
chlorophyll a, chlorophyll 5 and visual green color deg-
radation as a function of pH in buffered solutions at pH 5.5,
6.5 and 7.5, in blanched green peas at 70, 80, 90 and
100 °C, by high-performance liquid chromatography and
tristimulus colorimetry. They concluded that the rate con-
stants of green color loss and chlorophyll degradation
decreased with increasing pH, indicating that the green
color was retained at higher pH conditions. It was found
that chlorophyll a degraded faster than chlorophyll b at all
pH values for each temperature applied. The results
revealed that chlorophyll a was more susceptible to thermal
degradation than chlorophyll 4 in acidic conditions.

At room temperature, chlorophylls a and b exhibit
extreme stability but at temperatures higher than 50 °C
treatment affects their stability for example, a significant
reduction in the chlorophyll content of broccoli juice (the
average ratio of chlorophyll a versus chlorophyll » used in
the study was 2.9:1) was observed for treatments that
combined high pressure with temperatures exceeding
50 °C [19, 151]. The temperature dependency of the deg-
radation rate constant of chlorophyll a is higher than that of
chlorophyll b. Van Loey et al. [151] in their study with
broccoli juice concluded that chlorophyll a is less ther-
mostable as compared to chlorophyll b, and hence chlo-
rophyll a, which is the major chlorophyll compound in
green plants, degrades more quickly.

Ryan-Stoneham and Tong [117] studied the degradation
kinetics of chlorophyll in peas as a function of pH. The
objective of their investigation was to determine the kinetic
parameters of chlorophyll degradation as a function of pH
in the constant pH kinetic reactor at pH of 5.5, 6.2, 6.8 and
7.5 and develop a mathematical model that related the rate
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constant of chlorophyll as a function of temperature and
pH. They concluded that the pH of vegetables during
thermal processing is not constant. The magnitude of pH
changes is dependent upon the type of vegetable, the initial
pH and the time—-temperature history of the vegetable of
interest (whether high-temperature short-time or low-tem-
perature long-time). The prediction of chlorophyll con-
centration would be more accurate by treating pH as a
variable and by knowing the chlorophyll degradation
kinetics as a function of pH. A simpler approach can be
applied to improve the accuracy of the prediction assuming
the pH of the vegetable remained constant at an average pH
value (between the initial and final pH values) and the rate
constant at that average pH is known for a specified pro-
cessing condition and product.

Tijkens et al. [142] modelled the effect of pH on the
color degradation of blanched broccoli with five different
acids. The fundamental pathways were simplified for the
blanched product under study, and attention was solely
devoted to the behavior of coloring compounds, expressed
as observed color in blanched produce. This simplified
model is based on the degradation of chlorophyll and,
therefore, the green color, as a function of time and pH.
They concluded that color of blanched and thawed broccoli
strongly depends on the pH of the surrounding environ-
ment. The more acidic, the faster the discoloration. The
hydrophobicity of the acids, used to impose a certain pH,
had a marked effect on the rate of discoloration: the more
hydrophobic, the faster the rate of color change. pH
boundaries at the transition between environment and
product cannot be neglected. A separate process at neutral
and higher pH values gradually takes over the acidic
extraction of magnesium ions from the chlorophyll. This
latter process is, at least in the pH region studied here,
independent of pH.

Anthocyanins

Anthocyanins are water-soluble vacuolar flavonoid pig-
ments; they are widely distributed in nature, among flow-
ers, fruits and vegetable, and are responsible for their bright
colors such as green, red and blue [73, 87]. Significant
properties of anthocyanin extracts are color density and
color hue. These can be affected by pH, SO,, heat, light,
metals, copigmentation and ‘thin film’ effects and others
[86]. With increasing pH values anthocyanin color
becomes paler, however, if the product being colored
contains components capable of acting as copigments,
color may be retained and also light stabilized to a certain
extent [10].

Anthocyanins become paler on heating, because the
equilibrium between the four anthocyanin species shifts
toward the colorless carbinol base and chalcone forms [15].
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Total anthocyanin color is developed only in strongly
acidic solutions. In isolation, anthocyanins have little color
above pH 3.5, but in natural media, they become much
more colored by copigmentation with other (plant) com-
ponents, which may themselves be colorless. Based on
observations of some relatively simple anthocyanins
in vitro, the following scheme, related to pH changes, is
generally accepted [17]: at a pH of approximately 3 or
lower, the orange, red or purple flavylium cation predom-
inates. As the pH is raised, kinetic and thermodynamic
competition occurs between the hydration reaction on
position 2 of the flavylium cation and the proton transfer
reactions related to its acidic hydroxyl groups. While the
first reaction gives colorless carbinol pseudo-bases, which
can undergo ring opening to yellow retro-chalcones, the
latter reactions give rise to more violet quinonoidal bases.
Further deprotonation of the quinonoidal bases can take
place at pH between 6 and 7 with the formation of more
bluish resonance-stabilized quinonoid anions. At the pH
values typical for fresh and processed fruits and vegetables,
each anthocyanin will thus most probably be represented
by a mixture of equilibrium forms.

Kouniaki et al. [75] studied the stability of two anthocy-
anins and ascorbic acid present in fruit juices made from
blackcurrants at high-pressure processing. Products con-
taining anthocyanins are susceptible to color changes during
processing and storage. These changes are due to anthocy-
anin degradation and brown pigment formation. This has
been studied by Kouniaki et al., and results have related
anthocyanin stability to the levels of ascorbic acid and phe-
nolic compounds found in fruits. They demonstrated that
ascorbic acid apart from being an antioxidant also tends to
accelerate the degradation of anthocyanins. The rapid loss of
ascorbic acid appeared to contribute to the lower rate of
anthocyanin loss (e.g., fridge temperature), whereas the low
rate of ascorbic acid loss appeared to result in high antho-
cyanin losses (e.g., room temperature and 30 °C).

Reyes and Cisneros-Zevallos [113] investigated the
thermal stability of aqueous anthocyanins from grape,
purple carrot, and purple and red-fleshed sweet potato at
pH 3. The results from their investigations showed higher
stability by storing extracts at low pH and temperature
conditions. The stability of aqueous anthocyanin extracts to
pH (<3) followed first-order kinetics. Commercial purple
carrot extracts showed the highest stability followed by
red-flesh potato extracts, whereas purple-flesh potato and
commercial grape were the least stable extracts.

Fan et al. [41] studied the color stability of anthocyanins
extracted from fermented purple sweet potato culture at pH
2-7. These studies were limited simple aqueous solution
models that mainly contain water. Five major anthocyanins
were detected by high-performance liquid chromatography
(HPLC). Results shown that purple sweet potato

anthocyanins are more stable under the acid conditions (pH
2.0-4.0) than the subacid conditions (pH 5.0-6.0).

Walkowiak-Tomczak and Czapski [158] investigated
the effect of pH (3.0, 4.0 and 5.0), time (0, 15 and 30 days)
and temperature of storage (10, 20 and 30 °C), oxygen
availability and ascorbic acid (0, 100 and 200 mg/100 g)
on anthocyanin stability and color parameters in red cab-
bage colorant preparations. Red cabbage is a rich source of
phenolic compounds, with the anthocyanins being the most
abundant class [26, 35, 87, 165, 166]. Walkowiak-Tomc-
zak and Czapski [158] found that during the storage of
solutions of red cabbage preparations at 20 mg anthocya-
nins/100 ml, the content of anthocyanins dropped with
increases in pH, ascorbic acid concentration, as storage
time and temperature. Moreover, colorant losses were
higher in samples stored under aerobic conditions than
under relatively anaerobic ones. Anthocyanin losses, con-
siderable at times, were not reflected in a sensory evalua-
tion of a 10-point scale, as all the samples received high
scores of color intensity and only the tone changed.
Changes in color parameters were, in many cases, also
dependent on pH.

Li et al. [83] studied the identification and thermal sta-
bility of purple-fleshed sweet potato anthocyanins in
aqueous solutions with various pH values and fruit juices.
This study aims to identify the constituents of purple-fle-
shed sweet potato anthocyanins (PSPAs) and investigates
the effect of pH value (2-6) on the thermal stability of
PSPAs in aqueous solutions at 80, 90 and 100 °C. They
concluded that a higher stability of PSPAs was achieved at
pH 3 and 4. Apple juice and pear juice colored with PSPAs
showed the highest stability during heating at 80—100 °C.

Jing et al. [65] have investigated in radish juice
(Raphanus sativus L.) (anthocyanin-rich system) thermal
and pH stability of anthocyanins and glucosinolates at pH
2.5 or 5.8 for 2 h thermal treatment at 90 or 100 °C. They
concluded that thermal treatments at pH 5.8 resulted in
more anthocyanin degradation but less glucosinolate deg-
radation than that attainable at pH 2.5. Thermal loss of
anthocyanins and glucosinolates were sensitive to different
pH environments. Radish juices treated at 100 °C for 2 h
had an additional 22.7 or 15.85 % loss in anthocyanins at
pH 2.5 and 5.8, respectively, comparing with counterparts
treated at 90 °C. However, treatments at 100 °C only
caused an additional 10.18 or 11.63 % loss in glucosino-
lates at pH 2.5 and 5.8, respectively, comparing with
counterparts treated at 90 °C. Kirca et al. [71] studied the
stability of anthocyanins in both pure black carrot juice and
concentrates during heating and storage at various tem-
peratures, soluble solids and pHs and the stability of black
carrot anthocyanins in citrate—phosphate buffer solutions at
different pHs during heating. They concluded that
increasing solid content, pH and temperature, during both
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heating and storage, increased the degradation rates of
anthocyanins. To minimize anthocyanin degradation, they
recommended that black carrot concentrates be cooled,
possibly to refrigeration temperatures, as soon as produced.
Compared to the stability of anthocyanins from other
sources in the literature, anthocyanins from black carrot
showed greater stability to heat and pH changes. Such high
stability may be attributed to the diacylation of the
anthocyanin structure.

Regarding the thermal processing treatments (blanching,
boiling and steaming), Volden et al. [156] studied their
effects on red cabbage. The investigations of Volden et al.
have shown that all manners of processing affected
anthocyanins significantly (p < 0.05) with reductions of
59, 41 and 29 % for blanching, boiling and steaming,
respectively. The reductions observed in the processed
cabbage were not fully recovered in the processing waters,
fitting the notion that anthocyanins are degraded by heat
[86]. However, the extent of heat degradation might
depend on various factors related to anthocyanin structure
and the pH value. The more stable red-colored structure
exists at pH < 3 and, as the pH is raised to 4-6, the col-
orless structures predominate.

Betalains

Betalains pigments are also water-soluble and usually
localized in a unique organelle of plant cell: the vacuole.
So far, betalain synthesis has only been observed in plants
belonging to the taxonomic group of Centrospermae (red
beet, etc.) [122]. The pH-dependent ionization of betalains
provided the rationale for the release technique described
by Mukundan et al. [94]: Betacyanins and betaxanthins are
cations below pH 2.0, zwitterions at pH 2.0, monoanions
between pH 2.0 and pH 3.5 and bisanions above pH 3.5 and
7.5 [114]. At pH 2, the zwitterionic state might permit
diffusion and release from the vacuole. This behavior is
similar to ion trapping where metabolites, such as alka-
loids, are retained within the vacuole as a result of
acquiring a net charge at the acidic vacuolar pH [112]. The
observed release kinetics of betalains extends well beyond
the low-pH treatment, which suggests that the observed
mechanism involves an alteration in membrane properties
and possibly preferential death of the pigment-containing
cortical cells. This release kinetics is actually fortuitous in
terms of recovery since betalains are most stable between
pH 3.5-6.5 and have limited stability at pH 2 [98].
Therefore, the procedure of acidic exposure followed by
release of the pigments into B5 medium [46] of pH 5.5
facilitates recovery under stable conditions. In this regard,
the low-pH-mediated release of betalains is substantially
different from that reported previously, where alterations of
medium pH have been used to facilitate release of
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secondary metabolites from plant tissue culture [64, 118].
For alkaloids in particular, the acid dissociation constant
(pKa) is sufficiently close to the physiological pH for the
medium pH to be altered without necessarily disrupting the
tissue. Under these conditions, concepts of equilibrium
partitioning can be useful to describe release [112], and the
acidified medium pH must be maintained throughout the
release period.

MoBhammer et al. [93] investigated the visual appear-
ance and pigment stability of fruit juice blends from
Opuntia and Hylocereus cacti and of betalain-containing
model solutions derived therefrom at pH values ranging
from 3 to 7. Results revealed that highest betalain stability
at pH 5 coming close to the pH values of cactus pear (pH
5.8) and purple pitaya juice (pH 4.5), respectively. This
result is concordant with previous findings of Cai et al.
[20], Cai et al. [21], Castellar et al. [24], Coskuner et al.
[31], Huang and von Elbe [62], Patkai and Barta [103],
Von Elbe et al. [157] providing evidence of maximum
betalain stability at pH values close to the natural pH
values of the respective betalain-containing plant tissue.

Carotenes

Carotenoids are a class of natural pigments mainly found in
fruits and vegetables that typically have 40-carbon mole-
cules and multiple conjugated double bonds [40]. Carote-
noids are usually divided into two categories: (1) carotenes
comprised entirely of carbon and hydrogen, for example,
a-carotene, B-carotene and lycopene; and (2) xanthophylls
comprised of carbon, hydrogen and oxygen, for example,
lutein and zeaxanthin [40]. Carotenoids may be beneficial
to human health when consumed at appropriate levels [69].
The relatively low bioavailability of carotenoids from
natural sources has been attributed to the fact that they
exist as either crystals or within protein complexes in fruit
and vegetables that are not fully released during digestion
within the gastrointestinal tract [164]. A number of studies
have shown that carotenoid bioavailability depends
strongly on the composition and structure of the food
matrix in which they are dispersed [39, 140, 146, 147].
Carotenoids are also strongly colored (red/orange/yellow),
which limits the types of foods that they can be incorpo-
rated into. Finally, carotenoids are highly prone to chemi-
cal degradation during food processing and storage due to
the effects of chemical, mechanical and thermal stresses
[85, 97, 139, 167].

Qian et al. [109] studied the physical and chemical
stability of [B-carotene-enriched nanoemulsions and the
influence of pH, ionic strength, temperature and emulsifier
type. The emulsion samples were prepared in aqueous
buffer solutions, and then, the pH was adjusted to the
desired final value (pH 3-8) using either NaOH and/or HC1
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solution. Emulsion samples (20 mL) were then transferred
into glass tubes, stored in a dark place at ambient tem-
perature (x25 °C) for 5 days and total color difference
(AE*) was measured each day. They concluded that the
rate of color degradation was appreciably faster at pH 3
than at higher pH values, since the overall change in color
during storage was relatively small in the samples with pH
values 4-8 (AE* < 10). Additionally, the rate of color
fading increased with increasing storage temperature, was
fastest at the most acidic pH value (pH 3) and was largely
independent of salt concentration (0-500 mM NaCl). Pre-
vious studies have also found that the rate of carotenoid
(Iycopene) degradation in O/W emulsions was higher at
acidic pH values [12]. Studies carried out to determine the
mechanism of carotenoid instability in the presence of
acids have shown that carotenoids are protonated and then
undergo cis—trans isomerisation and additional degradation
reactions [91, 92].

Zechmeister [168] has been reported that a high con-
centration of acid can results in isomerization of B-caro-
tene. However, in some other papers, pH has been reported
to have only a minor effect of B-carotene isomerization in
solvents or in food systems [124, 128]. Apparently, the
effect of pH on B-carotene stability can be attributed to
time of exposure to acid, concentration of acid, and the
system in which [B-carotene exists.

Chen et al. [29] studied the effect of processing methods
on changes of color, carotenoids and vitamin A contents in
carrot juice. As carrots are low-acid (pH 5.5-6.5) foods, the
sterilization of carrot juice under high temperature is often
required. However, this treatment can result in great loss of
color [135]. To minimize loss of color and carotenoid
content, the raw carrot juice is often acidified before pro-
cessing so that the sterilization can be lowered. Results
indicated that after the carrot juice was heated immediately
following acidification, the short exposure time of B-car-
otene to acid did not result in isomerization. It has been
reported that blanching carrots with acid can increase the
brightness of carrot juice and decrease the precipitation of
carrot juice during processing [135]. Sims et al. [131] also
demonstrated that blanching carrots with acid can improve
the color and turbidity of heated or canned juice.

Myoglobin

Muscle pH has been shown to be primarily related to the
biochemical state of the muscle at time of slaughter and
following rigor mortis development. Both of these factors
contribute to meat color and the occurrence of meat color
defects [42]. The appearance of cooked meat can be
influenced by pH, meat source, packaging conditions,
freezing history, fat content, added ingredients and pres-
ervation treatments such as irradiation and pressure. These

factors change the ratio of different forms of myoglobin;
the main pigments responsible for the ultimate color of
meat [70].

The amount of ferrihemochrome formation from myo-
globin during cooking is affected by initial meat pH. While
mammalian muscle has a pH of around 7, normal fresh meat
has a pH ranging from 5.4 to 5.6 [153]. The carbohydrate
glycogen is held in the muscles, but with post-mortem
reduction in oxygen supply, the glycogen is broken down to
lactic acid, lowering the pH. This acidification process will
continue until either the glycogen is consumed or the low pH
inactivates glycolytic enzymes. Where glycogen is limited,
such as in animals that are very active, stressed or exposed to
cold over a long period prior to slaughter, the ultimate pH of
the meat is higher. Meat with a pH above 6.2 tends to have
tightly packed water-retaining fibers that impede oxygen
transfer and promote longer survival of oxygen-scavenging
enzymes, favoring deoxyMb rather than oxyMb. The purple-
red myoglobin combines with the closed structure of the
muscle to absorb rather than reflect light, making the meat
appear dark. This condition is commonly known as dark,
firm, dry (DFD) [1, 159].

Several studies have identified a correlation between
raw beef pH and the amount of undenatured myoglobin
remaining in the cooked product, which itself correlates
with red color. When compared normal pH beef with high-
pH beef the proportion of myoglobin denatured during
cooking is less in high-pH beef samples and a more intense
red color is measurable [70].

In ground beef with the pH artificially adjusted, patties
with elevated pH required higher final endpoint tempera-
tures to denature similar amounts of myoglobin than patties
with lower pH [14].

Schmidt and Trout [121] demonstrated that even when
cooked to the same internal temperature, high-pH beef,
pork and turkey muscle (pH > 6.0) was redder than low-
pH muscle (pH > 5.5) and appeared undercooked. These
authors suggested that the high-pH muscle reduced the
amount of myoglobin denatured at a given temperature.
Trout [144] reported that at temperatures from 55 to 83 °C,
the presence of sodium chloride and sodium tripolyphos-
phate increased the percentage of myoglobin denatured.
High-pH muscle markedly decreased the percentage of
myoglobin denatured producing obvious color differences
in the cooked muscles. Trout [144] concluded that the pink
color found in fully cooked high-pH meat products
appeared to be due to: (1) incomplete myoglobin denatur-
ation at low temperatures (<70 °C) and (2) formation of a
pink hemochrome at higher temperatures (>76 °C).

The effect of pH on meat color is complex. One effect,
as noted earlier, is that many of the haem-associated
reactions are pH dependent. In addition, muscle pH affects
the water binding nature of the proteins and therefore
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directly affects the physical structure of the meat and its
light reflecting properties [16]. Also, pH affects enzymatic
activity of the mitochondrial system thereby altering the
oxygen availability for haem reactivity [5, 30].

The Influence of pH on Texture

Texture of food products is one of the most important
quality attributes, as it influences consumer acceptability.
Texture in vegetables is often related to cell wall structure
and composition but also to other factors, including cell
morphology, size, shape, packing, contents and turgor [56].
In meat and fish, the texture is associated with the rate of
glycolysis, the decrease in temperature post-mortem and
the ultimate pH in the muscles, as suggested in the studies
with bovine muscles reported by Koohmaraie [74] and
Pérez et al. [106].

Fruits and Vegetables

Texture changes in fruits and vegetables can be related to
transformations in cell wall and middle lamella polysac-
charides due to enzymatic and non-enzymatic reactions
[129]. Most of these changes are strongly influenced by the
raw material properties, the (pre-) processing steps and
conditions. Substrates, ions and enzymes which are located
in different compartments in the cells can be liberated and
interact with each other during heat treatment. Since pectic
substances make up about 30 % of the dry matter in the
primary cell wall and are the primary macromolecules of
the middle lamella, chemical pectin changes play a role in
process-induced textural changes: (1) enzymatic degrada-
tion by the successive demethoxylation and depolymer-
isation by pectin methylesterase and polygalacturonase,
respectively, and (2) chemical degradation via a B-elimi-
nation reaction or acid hydrolysis [150].

In vegetables and fruits, thermal processing causes a
pronounced degradation of the pectic polysaccharides
resulting in reduced intercellular adhesion and consequently
in increased softening. At pH > 4.5, softening is consistent
with a depolymerisation reaction that has the characteristics
of abeta-elimination reaction catalyzed by hydroxyl ions and
inhibited by demethoxylation of pectin [130].

Pectin shows a high stability in aqueous solutions at pH
3.0-4.0. Nonetheless, three processes are known so far that
lead to non-enzymatic pectin degradation. First, the frag-
mentation of the polymer can occur in planta due to highly
reactive hydroxyl radicals [45]. Increasing evidence sug-
gests that these reactions are part of the mechanisms that
drive wall restructuring. During thermal processing, pectin
may undergo either acid or base catalyzed depolymeriza-
tion. At low pH (<3.5), acid hydrolysis is proposed despite
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some doubts [76]. Under these conditions, which are not
common during regular food handling and processing, low
methoxy pectin depolymerizes faster than high methoxy
pectin. At higher pHs (>4.5) and at elevated temperatures
(>80 °C), a prevalent condition in most thermally pro-
cessed plant-based foods, base catalyzed depolymerization
(B-elimination reaction) of pectin is quite relevant [3, 51].

Brandt et al. [13] measured the effects of cooking veg-
etables at various pHs on the individual dietary fiber
components of those vegetables using a stepwise extraction
technique and to relate these changes to the resulting tex-
tural changes.

They found that in the raw state, the firmness was found
to decrease in the following order: cauliflower, beans,
potatoes, peas and corn. All of the vegetables were firmest
at pH 4 in the cooked state. In general, the vegetables were
softest at pH 10; at pH 2, the firmness was only surpassed
by the results of pH 4. These results agree favorably with
those of Doesburg [34] who showed that plant tissues
possess maximum firmness at pH 4.0-4.5. He observed
decreased firmness at pH values both higher and lower than
pH 4. Beans and caulifiower showed the most dramatic
changes due to cooking media. They exhibited significant
linear effects since their firmness decreased as pH
increased. In general, the most cooking solution fiber was
extracted at pH 10, the lowest amount at pH 4. Those
vegetables which showed the largest changes in shear
values upon cooking also showed the greatest amount of
material extracted into the cooking media. Cauliflower and
peas showed the most material extracted into the cooking
media, followed by beans, potatoes and corn. Pectin is
usually thought to be stable in acid and unstable in alkali
[68]. Corn and potatoes displayed no significant changes in
water-insoluble hemicellulose from pH 2 to pH 10. Van
Soest and Robertson [152] and Heller et al. [59] found that
most plant tissues show increased soluble hemicellulose at
both high- and low-pH values; at neutral pH, hemicellulose
is the least soluble. The data showed no significant changes
in cellulose with cooking which correlated with the
strongly acidic conditions needed to degrade cellulose.

Ben-Shalom et al. [8] studied the effect of acidification
(pH values: 6.2, 4.4 and 3.9) following blanching on the
firmness of the carrot tissue. Blanching the carrot tissue at
pH 6.2 caused a significant reduction (about 70 %) in the
firmness of the carrot tissue. Acidifying and blanching the
tissue at pH 4.4 improved the firmness almost 50 %, as
compared with blanching the tissue at pH 6.2. But acidi-
fying the tissue to pH 3.9 and blanching it decreased its
firmness to the same value as at pH 6.2. It appeared that the
degradation of firmness in carrot tissue during heat treat-
ment occurred by two different mechanisms—one at neu-
tral pH and another at pH 3.9 since at an intermediate pH
the degradation was much less. They concluded that
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reducing the pH of the carrot tissue before blanching at 4.4,
the loss of tissue firmness was reduced.

Meat and Fish

Muscle pH has been associated with numerous other meat
quality attributes including tenderness, water-holding
capacity, cooking loss and microbial stability (shelf life)
[42]. Texture (tenderness) has been identified as the most
important factor determining the consumer-eating satis-
faction of beef. Meat tenderness depends on a number of
biological (e.g., species, age, sex and muscle type) and
environmental (nutrition, ante-mortem stress, slaughter and
chilling conditions, aging) factors [132].

Texture is associated with the rate of glycolysis, the
decrease in temperature post-mortem and the ultimate pH in
bovine muscles that may vary between 5.4 and 7.2 [74, 106].
The relationship between ultimate pH and tenderness is
controversial. Some authors indicate a linear dependence
between these two parameters, but more found a curvilinear
dependence with maximal toughness for meat with pH val-
ues in the range 5.8-6.3. It can be explained on the basis of
different proteolytic activity that leads to the lowest tend-
erisation during aging [106, 108, 160]. Thus, the increasing
tenderness found as the pH rises from 6 to 7 is attributed to
greater calpain activity, which is maximal at neutral pH.

In contrast, the increasing tenderness as pH falls below
6.0 has been attributed to enhanced acidic protease activity.
Watanabe et al. [160] also suggested non-enzymatic causes
of the increased meat toughness at pH values in the range
5.8-6.3. The authors recognized that reduced sarcomere
length is an important cause of increased toughness in
meat, and it appears that sarcomeres increase in length as
the ultimate pH decreases below 6.2. Alternatively, tend-
erisation has been attributed to the direct effect of calcium
ions on myofibrillar proteins, without involvement of
enzymatic proteolysis, and this process has been shown to
be pH dependent. The toughness of meat immediately post-
mortem is the same whether the meat is of low, medium or
high pH, when the aging is inhibited by ZnCl,. Following
limited aging, Watanabe et al. [160] found a curvilinear
relationship between pH and shear force values, with a
toughness peak at pH 6.07. However, the authors con-
cluded that continued aging eventually achieves the same
degree of tenderness at all pH values.

Marination is widely used by consumers to improve
meat tenderness and flavor [163]. Artificial tenderization
by acid marination, the soaking of meat in acid solution, is
a commonly used culinary technique [2]. Marination
affects tenderness in 3 ways, potentially: (1) pH-induced
swelling of muscle fibers and/or connective tissue; (2)
accelerated or additional proteolytic weakening of muscle
structure and (3) increased solubilization of collagen upon

cooking [38, 100, 101]. Howat et al. [61] reported that meat
tenderness was not increased by marination in weak acid
(pH 2.56). However, Wenham and Locker [161] and Gault
[47, 48] showed that tenderness of meats marinated with
acid solutions (pH 2.58-3.17) increased, while Seuss and
Martin [127] showed that meat became somewhat more
tender as acid concentration increased at pH values
between 1.8 and 3.0. The tenderization observed at pH
values below 5.0 was believe to be caused mainly by the
effects of acid pH on the water-holding capacity of muscle
proteins. Oreskovich et al. [102] marinated meat with
0.1 M phosphate buffers ranging in pH from 3.25 to 10.15,
0.1 M sodium chloride, 0.4 M phosphoric acid or 0.7 M
acetic acid. They reported that low muscle pH after mari-
nation had positive effects on texture and resulted in
increased water-binging capacity, moisture content and
decreased cooking losses.

Results showed that acid injection and marination
improve the water-holding capacity and tenderness of
muscle foods, as many researchers have observed that the
water-holding capacity of muscle and the tenderness
increases when the pH is below the isoelectric point of the
major myofibrillar proteins [47, 55, 111].

Aktas et al. [2] studied the effect of organic acid
marination on tenderness, cooking loss and bound water
content of beef, using 0.5, 1.0 and 1.5 % of lactic and
citric acid solutions. Beef was marinated in these solu-
tions for 72 h at 4 °C into plastic bags. They reported that
acid type and concentration had significant effects on pH
values and moisture content. Compared to citric acid (pH:
2.67, 2.52 and 2.4), samples marinated with lactic acid
(pH: 2.73, 2.50 and 2.40) had lower pH values, probably
due to the different pH values of the individual acids,
resulting in stronger acidification of the solutions and
subsequently, of the muscles themselves. Additionally, the
authors found that low muscle pH induced by marination
resulted in increased binding of water, as the percentage
of bound water decreased when muscle pH was lower
than that of normal muscle. Results suggested that sub-
stantial changes in meat tenderness can be achieved by
altering the pH of the meat. The tenderization mechanism
is likely to involve pH-induced swelling of the muscle
structure.

While acidification of meat could improve texture, it
might adversely impact flavor. Factors such as pre-
slaughter stress and physical damage, post-slaughter car-
cass temperature, pH value, extent of thermal processing,
grinding, deboning, and the use of additives such as salt,
nitrite and antioxidants can all affect the rate and extent of
lipid oxidation in muscle foods [88]. Tichivangana and
Morrissey [141] found that pH had a significant effect on
lipid oxidation in cooked minced muscle systems. Lipid
oxidation at pH 7.0 was much slower than pH 3 or 5 in all
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muscle systems including fish, turkey, chicken, pork, beef
and lamb.

Ke et al. [67] investigated the impact of citric acid on
the tenderness, microstructure and oxidative stability of
beef muscle. They initially reduced raw beef muscle pH
with citric acid below the post-mortem pH (pH 5.5-3.5) to
alter texture, followed by an increase in pH to reduce
sourness while leaving citric acid in the muscle to inhibit
lipid oxidation. Decreasing pH in beef with citric acid did
not result in an increase in lipid oxidation rates when the
beef was cooked. In addition, when the pH of the beef
containing citric acid was increased back to the pH of the
control meat lipid oxidation rates remained low compared
to beef without citric acid, suggesting that the citric acid
and not pH variations were responsible for decreasing lipid
oxidation in cooked beef. Citrate can inhibit lipid oxidation
by binding prooxidant metals via bonds formed between
the metal and the carbonyl or hydroxyl groups of the citric
acid molecule [43]. The citric acid acidification not only
improved the water-holding capacity and tenderness of
beef muscle, but also inhibited lipid oxidation induced by a
combination of oxidative stress factors (e.g., acid pH,
grinding, tumbling and heating).

Gelification, based in gelation that is an important
functional property of fish muscle protein, is another
common used culinary technique. Gel formation involves
partial denaturation of protein followed by irreversible
aggregation which results in a three-dimensional network
[81]. Different structural changes and protein—protein
interactions of myofibrillar proteins occurred during gela-
tion [27]. These protein—protein interactions are influenced
by several factors including protein concentration, pH,
temperature, pressure, ionic strength and type of ion [143].

Although fish protein gels are commonly produced
using heat treatment, myofibrillar proteins were reported to
undergo gelation under mild acidic conditions [27, 44, 95,
96, 116, 120, 154, 155]. Glucono-p-lactone (GDL) as an
acidulant has been widely used in acidified gel food
products to improve product texture, which can be slowly
hydrolyzed into gluconic acid in the present of water,
resulting in a slow lowering in pH of the products [4, 36,
145]. Lowering the pH slowly allows for a slower rate of
denaturation and aggregation of the protein molecules,
favoring the ordered protein—protein interactions required
for strong gel formation [96, 143, 154].

Myosin is abundant in muscle protein and plays a key
role in gel development in fish and meat products. Altering
the pH of meat products could result in the attainment of
the desired gel strength at a given temperature [162]. For
instance, textural development of fermented fish and meat
products was associated with lowering pH during fermen-
tation [115]. Subjecting catfish myosin to pH 11.0-12.0
and subsequent readjustment to pH 7.3 increased the elastic
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modulus of thermally treated myosin [110]. In addition,
alkaline solubilization processing could also produce
higher gelling quality than conventionally washed surimi
from Atlantic menhaden [79, 105]. Some researchers sug-
gested that conformational changes in the myofibrillar
proteins during alkaline processing may expose more
functional groups for transglutaminase-induced crosslink-
ing and other protein—protein interactions [77, 78, 104].
Nevertheless, the initial washing at pH 5.5 was beneficial
for suitable treatment for kamaboko gels from sardine [66].

Conclusions

This review shows several studies that exhibit the influence
and the effect of pH on some physico-chemical changes
and the importance of their control in food process. pH
affects the color and texture of food products and under-
standing the direction of the change is very important to
modify the final result.

Nevertheless, the effect of pH on physico-chemical
properties cannot be generalized since the study on basic
insight into this subject is still limited and the physico-
chemical properties are product dependent. This issue is
interesting and important for further investigation.

Acknowledgments This study has been carried out with financial
support from Ministerio de Innovacién (Spain).

References

1. Adams M, Moss M (2000) Food microbiology. Royal Society of
Chemistry, Cambridge

2. Aktas N, Aksu MI, Kaya M (2003) The effect of organic acid
marination on tenderness, cooking loss and bound water content
of beef. J] Muscle Foods 14(3):181-194

3. Albersheim P, Neukom H, Deuel H (1960) Splitting of pectin
chain molecules in neutral solution. Arch Biochem Biophys
90:46-51

4. Alting AC, Hamer RJ, de Kruif CG, Visschers RW (2000)
Formation of disulfide bonds in acid-induced gels of preheated
whey protein isolate. J Agric Food Chem 48(10):5001-5007

5. Ashmore CR, Parker W, Doerr L (1972) Respiration of mito-
chondria isolated from dark cutting beef postmortem changes.
J Anim Sci 34:4648

6. Babuska R, Oosterhoff J, Oudshoorn A, Bruijn P (2002) Fuzzy
self-tuning PI control of pH in fermentation. Eng Appl Artif
Intell 15:3-15

7. Barr6n C, Duarte CM, Frankignoulle M, Borges AV (2006)
Organic carbon metabolism and carbonate dynamics in a Med-
iterranean seagrass (Posidonia oceanica) meadow. Estuar
Coasts 29:417-426

8. Ben-Shalom N, Plat D, Levi A, Pinto R (1992) Changes in
molecular weight of water-soluble and EDT-soluble pectin
fractions from carrots after heat treatment. Food Chem
45:243-245

9. Blair JS, Ayres TB (1943) Protection of natural green pigment in
the canning of peas. Ind Eng Chem 35:85-95



Food Eng Rev (2013) 5:158-170

167

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Bobbio FO, Bobbio PA, Stringheta PC (1992) Stability of co-
pigmented anthocyanins from Panicum melinis toward light and
oxygen at different pH. Bull Liaison Groupe Polyphen
16(1):241-244

Bolinga JM, Seborg DE, Hespanha JP (2007) Multi-model
adaptive control of a simulated pH neutralization process.
Control Eng Pract 15:663-672

Boon CS, McClements DJ, Weiss J, Decker EA (2009) Role of
iron and hydroperoxides in the degradation of lycopene in oil-in-
water emulsions. J Agric Food Chem 57(7):2993-2998

Brandt LM, Jeltema MA, Zabik ME, Jeltema BD (1984) Effects
of cooking in solutions of varying pH on the dietary fiber
components of vegetables. J Food Sci 49:900-905

Brewer MS, Novakofski J (1999) Cooking rate, pH and final end
point temperature effects on color and cook loss of a lean ground
beef model system. Meat Sci 52:443-451

Bridle P, Timberlake CF (1997) Anthocyanins as natural food
colors—selected aspects. Food Chem 58(1-2):103-109
Briskey EJ (1964) Etiological status and associated studies of
pale, soft, exudative porcine musculature. Adv Food Res
13:89-178

Brouillard R (1988) Flavonoids and flower color. In: Harborne
JB (ed) The Flavonoids. Chapman and Hall, London,
pp 525-538

Buckle KA, Edwards RA (1970) Chlorophyll color and pH
changes in HTST processed green pea puree. J Food Technol
5:173-178

Butz P, Edenharder R, Fernandez Garcia A, Fister H, Merkel C,
Tauscher B (2002) Changes in functional properties of vegetables
induced by high pressure treatment. Food Res Int 35:295-300
Cai Y, Sun M, Corke H (1998) Colorant properties and stability
of Amaranthus betacyanin pigments. J Agric Food Chem
46:4491-4495

Cai Y, Sun M, Schliemann W, Corke H (2001) Chemical sta-
bility and colorant properties of betaxanthin pigments from
Celosia argentea. J Agric Food Chem 49:4429-4435

Callia B, Schoenmaekers K, Vanbroekhoven K, Diels L (2008)
Dark fermentative H, production from xylose and lactose—
effects of on-line pH control. Int J Hydrog Energy 33:522-530
Canjura FL, Schwartz SJ, Nunes RV (1991) Degradation
kinetics of chlorophylls and chlorophyllides. J Food Sci
56:1639-1643

Castellar R, Obon JM, Alacid M, Fernandez-Lopez JA (2003)
Color properties and stability of betacyanins from Opuntia
fruits. J Agric Food Chem 51:2772-2776

Chaminda P, Samaranayake CP, Sastry SK (2012) In-situ pH
measurement of selected liquid foods under high pressure. Innov
Food Sci Emerg. doi:10.1016/j.ifset.2012.09.006

Charron CS, Clevidence BA, Britz SJ, Novotny JA (2007) Effect
of dose size on bioavailability of acylated and nonacylated
anthocyanins from red cabbage (Brassica oleracea L. Var.
capitata). J Agric Food Chem 55(13):5354-5362

Chawla SP, Venugopal V, Nair PM (1996) Gelation of proteins
from washed muscle of threadfin bream (Nemipterus japonicus)
under mild acidic conditions. J Food Sci 61(2):362-367

Chen BH, Chen YY (1993) Stability of chlorophylls and
carotenoids in sweet potato leaves during microwave cooking.
J Agric Food Chem 41:1315-1320

Chen BH, Peng HY, Chen HE (1995) Changes of carotenoids,
color, and vitamin A contents during processing of carrot juice.
J Agric Food Chem 43:1912-1918

Cornforth DP, Egbert WR (1985) Effect of rotenone and pH on
the color of pre-rigor muscle. J Food Sci 50(34-35):44
Coskuner Y, Turker N, Ekiz HI, Aksay S, Karababa E (2000)
Effect of pH and temperature on the thermostability of prickly

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

pear (Opuntia ficus-indica) yellow—orange pigments. Nahrung
44:261-263

Cotter PD, Hill C (2003) Surviving the acid test: responses of
gram-positive bacteria to low pH. Microbiol Mol Biol R
67:429-453

De Brabandere AG, De Baerdemaeker JG (1999) Effects of
process conditions on the pH development during yogurt fer-
mentation. J Food Eng 41:221-227

Doesburg JJ (1961) Relation between the behavior of pectin
substances and changes in firmness of horticultural products
during heating. Qual Plant Mater Veg 8:115

Dyrby M, Westergaard N, Stapelfeldt H (2001) Light and heat
sensitivity of red cabbage extract in soft drink model systems.
Food Chem 72(4):431-437

Dziezak JD (1990) Acidulants: ingredients that do more than
meet the acid test. Food Technol 44(1):76-83

Elmahdi I, Baganz F, Dixon K, Harrop T, Sugden D, Lye GJ
(2003) pH control in microwell fermentations of S. erythraea
CA340: influence on biomass growth kinetics and erythromycin
biosynthesis. Biol Eng J 16:299-310

Ertbjerg P, Mielche MM, Larsen LM, Mollerm Al (1999)
Relationship between proteolytic changes and tenderness in
prerigor lactic acid marinated beef. J Sci Food Agric
79:970-978

Failla ML, Chitchumroonchokchai C, Ishida BK (2008) In vitro
micellarization and intestinal cell uptake of cis isomers of
lycopene exceed those of all-trans lycopene. J Nutr 138(3):
482-486

Failla ML, Huo T, Thakkar SK (2007) In vitro screening of
relative bioaccessibility of carotenoids from foods. In: 10th
Asian congress of nutrition. HEC Press, Healthy Eating Club Pty
Ltd, Taipei pp 200-203

Fan G, Han Y, Gu Z, Gu F (2008) Composition and color sta-
bility of anthocyanins extracted from fermented purple sweet
potato culture. LWT Food Sci Technol 41:1412-1416

Fletcher DL (2002) Poultry meat quality. World’s Poultr Sci J
58:131-145

Francis AJ, Dodge CJ, Gillow JB (1992) Biodegradation of
metal citrate complexes and implications for toxic-metal
mobility. Nature 356:140-142

Fretheim K, Egelandsdal B, Harbitz O, Samejima K (1985)
Slow lowering of pH induces gel formation of myosin. Food
Chem 18(3):169-178

Fry SC, Dumville JC, Miller JG (2001) Fingerprinting of
polysaccharides attacked by hydroxyl radicals in vitro and in the
cell walls of ripening pear fruit. Biochem J 357:729-737
Gamborg OL, Miller RA, Ojima J (1968) Nutrient requirements
of suspension cultures of soybean root cells. Exp Cell Res 50:
151-158

Gault NFS (1985) The relationship between water-holding
capacity and cooked meat tenderness in some beef muscles as
influenced by acidic conditions below the ultimate pH. Meat Sci
15:15-30

Gault NFS (1991) Marinated meat. In: Lawrie RA (ed) Devel-
opment in meat science-5. Elsevier Science Publishers, London,
pp 191-245

Gilpin GL, Sweeney JP, Chapman VJ, Eisen JN (1959) Effect of
cooking methods on broccoli. II. Palatability. ] Am Diet Assoc
35:359

Gold HJ, Weckel KG (1959) Degradation of chlorophyll to
pheophytin during sterilization of canned green peas by heat.
Food Technol 13:281-286

Greve LC, McArdle RN, Gohlke JR, Labavitch JM (1994)
Impact of heating on carrot firmness: changes in cell wall
components. J Agric Food Chem 42:2900-2906

@ Springer


http://dx.doi.org/10.1016/j.ifset.2012.09.006

168

Food Eng Rev (2013) 5:158-170

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Gunawan MI, Barringer SA (2000) Green color degradation of
blanched broccoli (Brassica oleracea) due to acid and microbial
growth. J Food Process Preserv 24:253-263

Gupte SM, El-Bisi HM, Francis FJ (1963) Kinetics of thermal
degradation of chlorophyll in spinach puree. J Food Sci
29:379-382

Gupte SM, Francis FJ (1964) Effect of pH adjustment high
temperature short-time processing on color and pigment reten-
tion in spinach puree. Food Technol 18:1645-1658

Hamm R (1960) Biochemistry of meat hydration. Adv Food
Nutr Res 10:355-463

Harker FR, Redgwell RJ, Hallett IC, Murray SH (1997) Texture
of fresh fruit. Hortic Rev 20:121-124

Heaton JW, Lencki RW, Marangoni AG (1996) Kinetic model
for chlorophyll degradation in green tissue. J Agric Food Chem
44:399-402

Heaton JW, Marangoni AG (1996) Chlorophyll degradation in
processed foods and senescent plant tissues. Trends Food Sci
Technol 7:8-15

Heller SN, Rivers JM, Hackler LR (1977) Dietary fibber: the
effect of particle size and pH on its measurement. J Food Sci
42(2):436-439

Horiuchi J, Shimizu T, Tada K, Kanno T, Kobayashi M (2002)
Selective production of organic acids in anaerobic acid reactor
by pH control. Bioresour Technol 82:209-213

Howat PM, Sievert LM, Myers PJ, Koonce KL, Bidner TD
(1983) Effect of marination upon mineral content and tenderness
of beef. J Food Sci 48:662-663

Huang AS, Von Elbe JH (1987) Effect of pH on the degradation
and regeneration of betanine. J Food Sci 52:1689-1693
Iborra-Bernad C, Philippon D, Garcia-Segovia P, Martinez-
Monzé J (2013) Optimizing the texture and color of sous.
vide and cook-vide Green vean pods. Food Sci Technol 51:
507-513

Jardin B, Tom R, Chavarie C, Rho D, Archambault J (1991)
Stimulated indole alkaloid release from Catharanthus roseus
immobilized cultures. J Biotechnol 21:43-62

Jing P, Zhao SJ, Ruan SY, Xie ZH, Dong Y, Yu L (2012)
Anthocyanin and glucosinolate occurrences in the roots of
Chinese red radish (Raphanus sativus L.), and their stability to
heat and pH. Food Chem 133:1569-1576

Karayannakidis PD, Zotos A, Petridis D, Taylor kDa (2007) The
effect of initial wash at acidic and alkaline pHs on the properties
of protein concentrate (kamaboko) products from sardine (Sar-
dina pilchardus) samples. J Food Eng 83:510-520

Ke S, Huang E, Decker EA, Hultin HO (2009) Impact of citric
acid on the tenderness, microstructure and oxidative stability of
beef muscle. Meat Sci 82:113-118

Kertesz ZI (1951) The pectic substances. Interscience Publish-
ers, New York

Khoo HE, Prasad KN, Kong KW, Jiang YM, Ismail A (2011)
Carotenoids and their isomers: color pigments in fruits and
vegetables. Molecules 16(2):1710-1738

King NJ, Whyte R (2006) Does it look cooked? A review of
facts that influence cooked meat color. J Food Sci 71(4):31-40
Kirca A, Ozkan M, Cemeroglu B (2007) Effects of temperature,
solid content and pH on the stability of black carrot anthocya-
nins. Food Chem 101:212-218

Koca N, Karadeniz F, Burdurlu HS (2006) Effect of pH on
chlorophyll degradation and color loss in blanched green peas.
Food Chem 100:609-615

Kong J, Chia L, Goh N, Chia T, Brouillard R (2003) Analysis
and biological activities of anthocyanins. Phytochemistry
62:923-933

Koohmaraie M (1994) Muscle proteinases and meat ageing.
Meat Sci 36(1-2):93-104

@ Springer

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Kouniaki S, Kajda P, Zabetakis I (2004) The effect if high
hydrostatic pressure on anthocyanins and ascorbic acid in
blackcurrants (Ribes nigrum). Flavour Fragr J 19:281-286
Krall S, McFeeters R (1998) Pectin hydrolysis: effect of tem-
perature, degree of methoxylation, pH and calcium on hydro-
lysis rates. J Agric Food Chem 46:1311-1315

Kristinsson HG, Hultin HO (2003) Effect of low and high pH
treatment on the functional properties of cod muscle proteins.
J Agric Food Chem 51(17):5103-5110

Kristinsson HG, Hultin HO (2003) Changes in conformation and
subunit assembly of cod myosin at low and high pH and after
subsequent refolding. J Agric Food Chem 51(24):7187-7196
Kristinsson HG, Liang Y (2006) Effect of pH-shift processing
and surimi processing on Atlantic croaker (Micropogonias
undulates) muscle proteins. J Food Sci 71(5):304-312
LaBorde LF, Von Elbe JH (1994) Chlorophyll degradation and
zinc complex formation with chlorophyll derivatives in heated
green vegetables. J Agric Food Chem 42:1100-1103

Lanier TC, Carvajal P, Yongsawatdigul J (2004) Surimi gelation
chemistry. In: Park JW (ed) Surimi and surimi seafood, 2nd edn.
Marcel Dekker, New York, pp 451470

Larson RA (1988) The antioxidants of higher plants. Phyto-
chemistry 4:969-978

LiJ, Li X-D, Zhang Y, Zheng Z-D, Qu Z-Y, Liu M, Zhu S-H,
Liu S, Wang M, Qu L (2012) Identification and thermal stability
of purple-fleshed sweet potato anthocyanins in aqueous solu-
tions with various pH values and fruit juices. Food Chem
136(3—4):1429-1434

Mabharaj V, Sankat CK (1996) Quality changes in dehydrated
dasheen leaves: effects of blanching pre-treatments and drying
conditions. Food Res Int 29(5-6):563-568

Mao LK, Xu DX, Yang J, Yuan F, Gao YX, Zhao J (2009)
Effects of small and large molecule emulsifiers on the charac-
teristics of beta-carotene nanoemulsions prepared by high
pressure homogenization. Food Technol Biotechnol 47(3):
336-342

Markakis P (1982) Stability of anthocyanins in foods. In:
Markakis P (ed) Anthocyanins as food colors. Academic Press,
New York, USA

Mazza G, Miniati E (1993) Anthocyanins in fruits, vegetables,
and grains. CRC Press, Boca Raton FL

Min B, Ahn DU (2005) Mechanism of lipid oxidation in meat
and meat products—A review. Food Sci Biotechnol 14:152-163
Min SK, Samaranayake CP, Sastry SK (2011) In-situ measure-
ment of reaction volume and calculation of pH of weak acid
buffer solutions under high pressure. J Phys Chem B
115:6564-6571

Minguez-Mosquera MI, Garrido-Fernandez J, Gandul-Rojas B
(1989) Pigment changes in olives during fermentation and brine
storage. J Agric Food Chem 37:8-11

Mortensen A, Skibsted LH (2000) Kinetics and mechanism of
the primary steps of degradation of carotenoids by acid in
homogeneous solution. J Agric Food Chem 48(2):279-286
Mortensen A, Skibsted LH, Sampson J, Rice-Evans C, Everett SA
(1997) Comparative mechanisms and rates of free radical scav-
enging by carotenoid antioxidants. FEBS Lett 418(1-2):91-97
MoBhammer MR, Stintzing FC, Carle R (2005) Color studies on
fruit juice blends from Opuntia and Hylocereus cacti and beta-
lain-containing model solutions derived therefrom. Food Res Int
38:975-981

Mukundan U, Bhide V, Singh G, Curtis WR (1998) pH-medi-
ated release of betalains from transformed root cultures of Beta
vulgaris L. Appl Microbiol Biotechnol 50:241-245

Ngapo TM, Wilkinson BHP, Chong R (1996) 1,5-glucono-d-
lactone-induced gelation ofmyofibrillar protein at chilled tem-
peratures. Meat Sci 42(1):3-13



Food Eng Rev (2013) 5:158-170

169

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Ngapo TM, Wilkinson BHP, Chong R (1996) The unexpected
behaviour of 1,5-glucono-d-lactone-induced myosin gels upon
dialysis. Food Chem 55(3):271-279

Nguyen ML, Schwartz SJ (1998) Lycopene stability during food
processing. P Soc Exp Biol Med 218(2):101-105

Nilsson T (1970) Studies into the pigments in beet root (Beta
vulgaris L. sp. vulgaris var. rubra L). Lantbrukshogsk Ann
36:179-219

Oey [, Lilleb M, Loeya AV, Hendrickxa M (2008) Effect of high
pressure processing on color, texture and flavour of fruit and
vegetable-based food products: a review. Trends Food Sci
Technol 19:320-328

Offer G, Knight P (1988) The structural basis of water-holding
in meat. Part 1: general principles and water uptake in meat
processing. In: Lawrie RA (ed) Development in meat science.
Elsevier Science Publishers, London, pp 63-171

Offer G, Trinick J (1983) On the mechanism of water holding in
meat: the swelling and shrinkage of myofibrils. Meat Sci
8:245-281

Oreskovich DC, Bechtel PJ, McKeith FK, Novakofski J, Basgall
EJ (1992) Marinade pH affects textural properties of beef.
J Food Sci 57:305-311

Patkai G, Barta J (1996) Decomposition of betacyanins and
betaxanthins by heat and pH changes. Nahrung 40:267-270
Pérez-Mateos M, Amato PM, Lanier TC (2004) Gelling prop-
erties of Atlantic croaker surimi processed by acid or alkaline
solubilization. J Food Sci 69(4):328-333

Pérez-Mateos M, Lanier TC (2006) Comparison of Atlantic
menhaden gels from surimi processed by acid or alkaline solu-
bilization. Food Chem 101:1223-1229

Pérez ML, Escalona H, Guerrero 1 (1998) Effect of calcium
chloride marination on calpain and quality characteristics of
meat from chicken, horse, cattle and rabbit. Meat Sci
48(1-2):125-134

Podsedek A (2007) Natural antioxidants and antioxidant
capacity of Brassica vegetables: a review. LWT Food Sci
Technol 40:1-11

Purchas RW, Yan X, Hartley DG (1999) The influence of a
period of ageing on the relationship between ultimate pH and
shear values of beef m. longissimus thoracis. Meat Sci
5(2):135-141

Qian C, Decker EA, Xiao H, McClements DJ (2012) Physical
and chemical stability of b-carotene-enriched nanoemulsions:
influence of pH, ionic strength, temperature, and emulsifier type.
Food Chem 132:1221-1229

Raghavan S, Kristinsson HG (2008) Conformational and rheo-
logical changes in catfish myosin during alkali-induced
unfolding and refolding. Food Chem 107:385-398

Rao MW, Gault NFS, Kennedy S (1989) Changes in the ultra-
structure of beef muscle as influenced by acidic conditions
below the ultimate pH. Food Microstruct 8:115-124

Renaudin J (1981) Tabernanthine, by cell suspension cultures of
Catharanthus roseus (L.) G. Don and Acer pseudoplantanus L.
Plant Sci Lett 22:59-69

Reyes LF, Cisneros-Zevallos L (2007) Degradation kinetics and
color of anthocyanins in aqueous extracts of purple and red-flesh
potatoes (Solanum tuberosum L.). Food Chem 100:885-894
Reznik H (1980) Betalains. In: Czygan FC (ed) Pigments in
plants. GustavFischer, Stuttgart, pp 370-392

Riebroy S, Benjakul S, Visessanguan W, Tanaka M (2007)
Changes during fermentation of Som-fug produced from dif-
ferent marine fish. J Food Process Preserv 31:751-770
Riebroy S, Benjakul S, Visessanguan W, Erikson U, Rustad T
(2009) Acidinduced gelation of natural actomyosin from
Atlantic cod (Gadus morhua) and burbot (Lota lota). Food Hy-
drocoll 23(1):26-39

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Ryan-Stoneham T, Tong CH (2000) Degradation kinetics of
chlorophyll in peas as a function of pH. J Food Sci 65:1296-1302
Saenz-Carbonell LA, Maldonado-Mendoza IE, Moreno-Val-
enzula O, Ciau-Uitz R, Lopez-Meyer M, Oropeza C, Loyola-
Vargus VM (1993) Effect of medium pH on the release of
secondary metabolites from roots of Datura stramonium, Cath-
aranthus roseus, and Tagetes patula cultured in vitro. Appl
Biochem Biotechnol 38:257-267

Samaranayake CP, Sastry SK (2010) In-situ measurement of pH
under high pressure. J Phys Chem B 114:13326-13332
Saunders AB (1994) The effect of acidification on myofibrillar
proteins. Meat Sci 37:271-280

Schmidt GR, Trout GR (1984) pH and color. Meat Ind
30(8):30-32

Schoefs B (2004) Determination of pigments in vegetables.
J Chromatogr A 1054:217-226

Schwartz SJ, Lorenzo TV (1991) Chlorophyll stability during
continuous aseptic processing and storage. J Food Sci
56:1059-1062

Schwartz SJ, Patroni-Killam M (1985) Detection of cis-trans
carotene isomers by two-dimensional thin-layer and high-per-
formance liquid chromatography. J Agric Food Chem 33(6):
1160-1163

Schwartz SJ, Von Elbe JH (1983) Kinetics of chlorophyll deg-
radation to pyropheophytin in vegetables. J Food Sci 48:
1303-1306

Schwartz SJ, Woo SL, Von Elbe JH (1981) High performance
liquid chromatography of chlorophylls and their derivatives in
fresh and processed spinach. J Agric Food Chem 29:533-535
Seuss I, Martin M (1993) The influence of marinating with food
acids on the composition and sensory properties of beef. Fle-
ischwirtsch 73:292-295

Sian NK, Ishak S (1991) Carotenoid and anthocyanin contents
of papays and pineapple: influence of blanching and predrying
treatments. Food Chem 39:175-185

Sila DN, Duvetter T, De Roeck A, Verlent I, Smout C, Van
Loey A (2007) Texture changes of processed plant based foods:
potential role of novel technologies. Trends Food Sci Technol
19(6):309-319

Sila DN, Smout C, Elliot F, Van Loey A, Hendrickx M (2006)
Non-enzymatic depolymerization of carrot pectin: toward a
better understanding of carrot texture during thermal processing.
J Food Sci 71(1):E1-E9

Sims CA, Balaban MO, Matthews RF (1993) Optimization of
carrot juice color and cloud stability. J Food Sci 58:1129-1131
Smulders FIM, Marsh BB, Swartz DR, Russell RL, Hoenecke
ME (1990) Beef tenderness and sarcomere lengths. Meat Sci
28(4):349-363

Sgrensen SPL (1868-1939) Distinguished European chemists.
European Association for Chemical and Molecular Sciences.
http://www.euchems.eu/nc/publications/100-distinguished-
european-chemists/20th-century/soerensen-soren-peter-lauritz.
html. Retrieved 14 Oct 2011

Steet JA, Tong CH (1996) Degradation kinetics of green color
and chlorophylls in peas by colorimetry and HPLC. J Food Sci
61:924-927

Stephens TS, Saldana G, Brown HE, Grifiths FP (1971) Sta-
bilization of carrot juice by dilute treatment. J Food Sci 36:36
Stippl VM, Delgado A, Becker TM (2004) Development of a
method for the optical in situ determination of pH value during
high-pressure treatment of fluid food. Innov Food Sci Emerg
5:285-292

Stolle-Smits T, Beekhuizen JG, Recourt K, Voragen AGJ, Van
Dijk C (1997) Changes in pectic and hemicellulosic polymers of
green beans (Phaseolus vulgaris L.) during industrial processing.
J Agric Food Chem 45(12):4790-4799

@ Springer


http://www.euchems.eu/nc/publications/100-distinguished-european-chemists/20th-century/soerensen-soren-peter-lauritz.html
http://www.euchems.eu/nc/publications/100-distinguished-european-chemists/20th-century/soerensen-soren-peter-lauritz.html
http://www.euchems.eu/nc/publications/100-distinguished-european-chemists/20th-century/soerensen-soren-peter-lauritz.html

170

Food Eng Rev (2013) 5:158-170

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Sukhwant MK, Harvinder K, Tejinder G (1992) Effect of
cooking on fibre content of vegetables. J Food Sci Technol
29:185-186

Tai CY, Chen BH (2000) Analysis and stability of carotenoids in
the flowers of daylily (Hemerocallis disticha) as affected by
various treatments. J Agric Food Chem 48(12):5962-5968
Thakkar SK, Maziya-Dixon B, Dixon AGO, Failla ML (2007)
Beta-Carotene micellarization during in vitro digestion and
uptake by Caco-2 cells is directly proportional to beta-Carotene
content in different genotypes of cassava. J Nutr 137(10):
2229-2233

Tichivangana JZ, Morrissey PA (1985) The influence of pH on
lipid oxidation in cooked meats from several species. Irish J
Food Sci Technol 9:99-106

Tijkens LMM, Barringer SA, Biekman ESA (2001) Modelling
the effect of pH on the color degradation of blanched broccoli.
Innov Food Sci Emerg 2:315-322

Totosaus A, Montejano JG, Salazar JA, Guerrero I (2002) A
review of physical and chemical protein-gel induction. Int J
Food Sci Technol 37(6):589-601

Trout GR (1989) Variations in myoglobin denaturation and
color of cooked beef, pork, and turkey meat as influenced by pH,
sodium chloride, sodium tripolyphosphate and cooking tem-
perature. J Food Sci 54(536-540):544

Tseng YC, Xiong YL (2009) Effect of inulin on the rheological
properties of silken tofu coagulated with glucono-d-lactone.
J Food Eng 90:511-516

Tyssandier V, Lyan B, Borel P (2001) Main factors governing
the transfer of carotenoids from emulsion lipid droplets to
micelles. BBA Mol Cell Biol L 1533(3):285-292

Tyssandier V, Reboul E, Dumas JF, Bougteloup-Demange C,
Armand M, Marcand J et al (2003) Processing of vegetable-
borne carotenoids in the human stomach and duodenum. Am J
Physiol Gastrointest Liver Physiol 284(6):G913-G923

Van Boekel MAJS (1998) Modelling of chemical reactions in
foods: a multiresponse approach. Acta Hortic 476:149-155
Van Boekel MAJS (1999) Testing of kinetic models: usefulness
of the multiresponse approach as applied to chlorophyll degra-
dation in foods. Food Res Int 32(4):261-269

Van Buggenhout S, Sila DN, Duvetter A, Van Loey A, Hend-
rickx M (2009) Pectins in processed fruits and vegetables: Part
[II—Texture Engineering. Compr Rev Food Sci Food 8:
105-117

Van Loey A, Ooms V, Weemaes C, Van den Broeck I, Ludi-
khuyze L, Indrawati (1998) Thermal and pressure temperature
degradation of chlorophyll in broccoli (Brassica oleracea L.
italica) juice: a kinetic study. J Agric Food Chem 46(12):
5289-5294

Van Soest PJ, Robertson JB (1977) What is fibre and fibre in
food? Nutr Rev 35(3):12-22

Varnam A, Sutherland JM (1995) Meat and meat products:
technology, chemistry and microbiology. Chapman and Hall,
London, p 430

@ Springer

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Venugopal V, Doke SN, Nair PM (1994) Gelation of shark
myofibrillar proteins by weak organic acids. Food Chem 50(2):
185-190

Venugopal V, Kakatkar A, Bongirwar DR, Karthikeyan M,
Mathew S, Shamasundar BA (2002) Gelation of shark meat
under mild acidic conditions: physicochemical and rheological
characterization of the gel. J Food Sci 67(7):2681-2686
Volden J, Borge GIA, Bengtsson GB, Hansen M, Thygesen IE,
Wicklund T (2008) Effect of thermal treatment on glucosino-
lates and antioxidant-related parameters in red cabbage (Bras-
sica oleracea L. ssp. capitata f. rubra). Food Chem 109:595—
605

Von Elbe JH, Maing 1Y, Amundson CH (1974) Color stability
of betanin. J Food Sci 38:334-337

Walkowiak-Tomczak D, Czapski J (2007) Color changes of a
preparation from red cabbage during storage in a model system.
Food Chem 104(2):709-714

Warriss P (2000) Meat science: an introductory text. CABI
Publishing, Oxon, p 310

Watanabe A, Daly CC, Devine CE (1996) The effects of the
ultimate pH of meat on tenderness changes during ageing. Meat
Sci 42(1):67-78

Wenham LM, Locker RH (1976) The effect of marinading on
beef. J Sci Food Agric 70:1079-1984

Westphalen AD, Briggs JL, Lonergan SM (2005) Influence of
pH on rheological properties of porcine myofibrillar protein
during heat induced gelation. Meat Sci 70:293-299

Whipple G, Koohmaraie M (1993) Calcium chloride marination
effects on beef steak tenderness and calpain proteolytic activity.
Meat Sci 33:265-275

Williams AW, Boileau TW, Erdman JW (1998) Factors influ-
encing the uptake and absorption of carotenoids. P Soc Exp Biol
Med 218(2):106-108

Wu X, Prior RL (2005) Identification and characterization of
anthocyanins by high-performance liquid chromatography-
electrospray ionization-tandem mass spectrometry in common
foods in the United States: vegetables, nuts, and grains. J Agric
Food Chem 53(8):3101-3113

Wu X, Beecher GR, Holden JM, Haytowitz DB, Gebhardt SE,
Prior RL (2006) Concentrations of anthocyanins in common
foods in the United States and estimation of normal consump-
tion. J Agric Food Chem 54(11):4069—-4075

Xianquan S, Shi J, Kakuda Y, Yueming J (2005) Stability of
lycopene during food processing and storage. J Med Food
8(4):413-422

Zechmeister L (1944) Cis-trans isomerization and stereochem-
istry of carotenoids and diphenylpolyenes. Chem Rev
34:267-322

Zumdahl SS (1993) Chemistry, 3rd edn. D.C. Heath, pp A1-A95



	Effect of pH on Color and Texture of Food Products
	Abstract
	Introduction
	The Influence of pH on Color
	Chlorophylls
	Anthocyanins
	Betalains
	Carotenes
	Myoglobin

	The Influence of pH on Texture
	Fruits and Vegetables
	Meat and Fish

	Conclusions
	Acknowledgments
	References


