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The effects of citric acid on the rheological properties of cornstarch pastes were studied by steady
shear and dynamic oscillatory viscoelasticity, intrinsic viscosity measurements and microscopic
observation. The pH of cornstarch dispersion was adjusted between 6.0 and 3.0. The viscosity of
the pastes was increased by lowering the pH (between 5.5 and 3.6), while the viscosity of samples
with pH below 3.5 decreased further than that of the control (pH = 6.3). Citric acid promoted the
collapse of starch granules; however, adding excessive citric acid led to the hydrolysis of glucose
chains. No decrease in the viscoelasticity was observed for cornstarch pastes by adding acid at 25
°C after gelatinization.
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INTRODUCTION there are no report concerning the viscoelasticity of cornstarch

Starch has been widely used as a thickener, stabilizer, o0 OUr knowledge. _ .
gelling ingredient in the food industry. The main constituents _ OUr Objective is to investigate how citric acid affects the
of starch are amylose and amylopectin, which consist of linked TN€ological properties of starch pastes and contributes to the
a-D-glucose residues that make large polysaccharide molecules€fféct of increasing the viscosity for starch pastes.
Starch is present in the form of granules, which are not soluble
in water. When starch is heated in water, the starch granulesMATERIALS AND METHODS

swell and rupture. Amylose and amylopectin can be leached \jateriqis. A cornstarch sample (cornstarch Y) was kindly provided
out from the granules, and the starch suspension becomes @y sanwa Starch Co. Ltd. (Nara, Japan). The concentration of cornstarch
viscous paste. This process is known as gelatinization. Starchwas fixed at 3.0 wt %; this is the concentration generally used for
has been added to many kinds of food using this property.  thickeners in sauces or soups. The moisture (water) content of the
To overcome the disadvantages of native starches such as itsornstarch was determined to be 13.4% by drying it at 180in
gummy or cohesive texture and the formation of rigid and atmospheric pressure. Citric acid (anhydrous) and dimethy! sulfoxide
opaque gels, many kinds of modified starches have beenWere of r_eagent grades. The pH was adjusted between 6.0 _and 30
designed. Acid-hydrolyzed starch is one of them. Because starchsorb'c acid potassium salt (0.05 wt %) was used to prevent microbial
is hydrolyzed by acid, aqueous hydrochloric acid is used to make growth. . ‘ h g ; h
acid-hydrolyzed starch by compulsorily causing hydrolysis of Preparation of Cornstarch Pastes.Powders of cornstarch were

| d | tin chaing—4) H b dispersed in distilled water or in citric acid solutions with pH adjusted
amylose and amylopectin chaing—<{4). However, sour sub- beforehand. A control sample of pH 6.3 was made of cornstarch and

stances (various acids) are included in many foods and are addegitilled water. Comnstarch pastes were prepared using the agitator

to many foods as acidulents or preservatives. It is necessary tqjustrated inFigure 1. After stirring the dispersions at 200 rpm for 30

investigate the effects of acids on the viscoelasticity of starch min at 25°C, the cornstarch dispersions were heated t6®tirring

because it may lead to understanding how to control the viscosity at the same rate and maintained at°@7for 60 min. Then, the hot

of starch products. dispersions were poured into glass vessels and cooled in a water bath
In this study, cornstarch and citric acid were selected as the at 25°C equipped with a temperature regulator, stirring with magnetic

model for actual starch food products. Cornstarch is the most stirrers. The samples were also prepared, which were then adjusted to

widely used starch in the food industry. Citric acid is contained e PH after heating and cooling the starch dispersions (i.e., after
in citrus fruits and is added to foods as a sour seasoning. It is gelatinization of starch). The final concentration of cornstarch was 3.0

. . . wt %.
also important as a sour basic substance for difference tests on Steady Shear and Dynamic Oscillatory MeasurementsSteady

the sensory evaluation. . . shear and dynamic oscillatory measurements of starch pastes were
There are many reports concerning the effects of acids or carried out using a Fluids Spectrometer RFS Il (Rheometrics Co. Ltd.,

pH on gelatinization and retrogradation of starbk-(1) while Piscataway, NJ) with a 50-mm diameter plate geometry. The gap was
adjusted to 1.00 mm. All measurements were made at Z5.6rom
*To whom correspondence should be addressed. Te81-6-6605- these measurements, shear viscosty, (storage modulusq’), loss
2818. Fax: +81-6-6605-3086. E-mail: nisinari@life.osaka-cu.ac.jp. modulus (G"), and complex viscosityyt| ., = (G + G'"?)Y3w) were
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The shear viscosity of the control is illustrated in mesh. Measurements

were made at 25.0 °C

Figure 1. Schematic diagram of the cornstarch paste agitator.

100
obtained. Strains for dynamic oscillatory measurements were chosen 7 control
in the plateau range of each sample on the strain dependence
measurements.

Microscopic Observations.Microscopic observations were made 107
using OPTIPHOTO (Nikon Co. Ltd., Tokyo, Japan) equipped with 2D-
color CCD (1280x 960 pixels). Unheated cornstarch dispersions and
heated cornstarch pastes were observed. Pastes prepared by the method
mentioned above were diluted 2 times with distilled water. Granules 10%
of cornstarch were dyed with a 10-mM iodine solution.

Intrinsic Viscosity Measurements. Cornstarch (3.00 wt %) was ~_ O 100s”
dispersed in distilled water or citric acid aqueous solutions with the é precipitation
pH adjusted beforehand. The dispersions were heated in a water bath 10°% ' i
at 97°C for 60 min stirring with magnetic stirrers, then cooled in a 2 3 4 5 6 7
water bath at 28C for 60 min stirring. Dimethyl sulfoxide (DMSO) pH
was then added to the dispersions so that the ratio of DMSO to distilled _. . . 0
water became 90:10 (vol). Starch can be solved completely in 90 vol Figure 3. pH dependence of shear viscosity (i7;) of 3.0 Wt_ % cornstarch
% DMSO aqueous solutions (12—14). The solutions were heated andPastes at the shear rates of 1, 10, and 100 s™*, respectively. The pH
cooled again using the same methods mentioned above. The concentra¥as adjusted by adding citric acid before gelatinization. Measurements
tion of starch became 0.28 wt %. The solutions were serially diluted were made at 25.0 °C.
by 90 vol % DMSO aqueous solution to a final concentration of 0.06 . .

Wt %. Intrinsic viscosity measurements were made using an Ubbelohde  The pH dependence of the shear viscosity observed at the
type capillary viscometer at 404 0.01 °C. The flow time of the same condition as ifrigure 2 is demonstrated ifrigure 3 to

n; [ Pass

solvent was ca. 330 s. at 40G. Intrinsic viscosity (f]) was calculated investigate the changes in the viscosity in detail. Some values
from the Huggins equatiéh of »,, wherey are 1, 10, and 1008, were chosen and
represented by, 710, andnioo, respectivelynioo, Which is the
nilc = [n](A+k[nlct--+) viscosity at highe, decreased by lowering the pH to 5.6 and
increased inversely at 5:6 pH > 3.6. The values ofi1po were
7 = (1 — n9)/no greater than that of the control at this pH range. When the pH

was lowered furtheryigo decreased again. The values:af
wherer is the viscosity of the solvent, is the viscosity of the solution, ~ which is the viscosity at lowep, were less than that of the
ni is the relative viscosity incrementjs the concentration of the solute,  control where the pH is above 5.6 and below 3.6 and were
andk is the Huggins constant. greater for pH between 5.6 and 3.6. The valueg;gfhad a

The relative viscosity increment has previously been called the similar tendency tej;. The viscosity changed depending on the

specific V|sc03|ty.'The use of the specn‘p viscosity is d|§_couraged by pH because the condition differed (i.e., size or shapes of starch
IUPAC Compendium of Chemical Terminology 2nd Edition (1997). granules and the number of amylose and amylopectin chains
(glucose chains) differed).

RESULTS AND DISCUSSION It was reported that the viscosity of wheat starch pastes
Steady Shear Measurements for Starch Pastes Adding decreased in the presence of citric acid (5) or ascorbic acid (6).
Acid before Gelatinization. Figure 2shows the shear viscosity It was also reported that the viscosity of cassava starch pastes

(ny) of 3.0 wt % cornstarch pastes as a function of pH. The pH decreased by adding ascorbic acBH(0). Yamada et al.

was adjusted by adding citric acid before gelatinization. The reported that the viscosity of pastes for potato starch decreased
viscosity of the control (pH 6.3) is illustrated in mesh. All by adjusting the pH with citric acid or acetic acid, while that
samples showed typical shear-thinning behaviors. was for cornstarch was not affected by acidg.(Moreover, when
affected by bothy and pH. It was observed that, became cornstarch was separated from corn kernels by steeping in the
greater, and shear-thinning behavior became remarkable at pHaqueous solution containing lactic acid, the viscosity of these
between 5.5 and 3.6 in comparison with the control. On the cornstarch pastes decreased further than that of cornstarch pastes
contrary,n, for pH above 5.5 and below 3.6 became less than obtained by steeping in the agqueous solution without lactic acid
that of the control, and shear-thinning behavior became less(16). On the other hand, the hardness of various foods observed
pronounced. in texture profile analysis increased by adding acids (e.g., bread
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Figure 5. Intrinsic viscosity ([#]) of cornstarch at various pH in 90 vol %

DMSO aqueous solution. The pH was adjusted by citric acid before
gelatinization. Measurements were made at 40.0 °C.
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loaf (2, 17) wheat flour dough1@®), and peeled potatoes9)) 105 o proe . A oG
Such firming must be distinguished from softening and cell 101 100 107 102 10} 107 100 100 102 103
sloughing (9). However, an increase in the viscosity for starch wlrad s’ wlrads”
pastes by adding acids has not yet been reported t0 OUrgg e 6 Frequency (w) dependence of G' and G for 3.0 wt % comstarch

knovyledge. . . . ) . paste. The pH was adjusted by adding citric acid before gelatinization.
Microscopic Qbservatlon.The viscosity of starch pastes is (A) Control and at pH 6.0 and (B) at pH 5.0, 4.0 and 3.0. Measurements
affected by the size of starch granules and the number of gluCoS€;ere made at 25.0 °C. The strain for the samples at pH 6.3 (control),

chains leaching out from starch granul_es. Micros_copic photo- 6.0, 5.0, 4.0, and 3.0, was 30, 30, 3, 3, and 20%, respectively.

graphs of the cornstarch granules, with pH adjusted before

gelatinization, are lined along the left iRigure 4. Starch > 4.0. This decrease indicates that few glucose chains were

granules can be seen in purple circular lumps and glucose chainshydrolyzed by adding acid. However, increases in the viscosity

which are mainly amylose chains, in blue mass of strands.  were observed, where the pH is between 5.5 and 3.6, as shown
The granule sizes and shapes before heating for all samplesn Figure 3. It is thought that citric acid enters the starch

with adjusted pH were similar to those of the contreigure granules, causing the hydrolysis of glucose chains inside starch
4, top left). There were no differences among all samples (datagranules, then leads many glucose chains to leach into the starch
not shown). pastes. Therefore, the entanglements of glucose chains increase

The heated cornstarch granules were swollen and partly further than those of the control. [] decreased sharply at pH
ruptured. The granule sizes of the samples at pH 6.0, 5.0, and< 4.0. This indicates that hydrolysis of glucose chains occurred
4.0 with pH adjusted before gelatinization were almost the same by adding acid, and DP decreased further than that atpH
as those of the control; however, the number of glucose chains4.0. Decreases in the viscosity were observed, where the pH is
at pH5.0 and 4.0 was apparently more than that of the control. below 3.5, because the entanglements of glucose chains were
Therefore, there are many entanglements of glucose chains asess than those at pit 4.0. Precipitation of starch in starch
compared with those of the control, and these networks of pastes occurred at pH 2.7 (Figures 3and6). It is known that
glucose chains lead to higher viscosities. Thus, the viscosity of the solubility of amylose with various DP increased considerably
starch samples, where the pH is between 5.6 and 3.6, was greatewith shorter and longer moleculeg(, 21) Amylose with DP
than that of the control. Almost all granules were broken at pH 840 had a minimum of the second virial coefficieAt), which
3.0 when the pH was adjusted before gelatinization, and moreis the index of solubility, whileA; of amylose with DP between
glucose chains were observed compared to other samplesl13.5 and 29 could not be determin@d), and amylose exhibited
Decreases in the viscosity at lower pH ranges may be due toa sharp minimum of solubility for DP between 75 and 2Q)(
the collapse of many starch granules or the hydrolysis of glucose Amylose with DP between 40 and 660 were found to precipitate,
chains by adding acid. although the precipitation depended on the concentration of

Intrinsic Viscosity Measurement. If the hydrolysis of amylose 22). The precipitation of starch is thought to be caused
glucose chains were to occur by adding acid, the degree ofby many glucose chains with [oDP in starch pastes.
polymerization (DP) for glucose chains should decrease. Intrinsic  Dynamic Oscillatory Measurements for Starch Pastes,
viscosity (7]) was then measured to confirm that the hydrolysis Adding Acids before Gelatinization. Figure 6illustrates the
of glucose chains did occur. Becausg €orresponds to DP,  frequency {) dependence of storage modulus') and loss
the size of glucose chains can be estimated from changes inmodulus (G") of cornstarch pastes with or without adjusting
[#]. Figure 5 shows the results of intrinsic viscosity measure- the pH before gelatinization. Samples with pH6.3 (control) and
ments. The pH of the-axis is equivalent to the pH in the 6.0 showed behaviors known for concentrated flexible polymer
preparation for cornstarch pastesg] flecreased slightly at pH  solutions (i.e.G' is less tharG" at lowerw, andG' is greater
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Figure 7. Complex viscosity (|%*|.) of 3.0 wt % cornstarch pastes as a
function of pH. The pH was adjusted by adding citric acid before
gelatinization. The complex viscosity of the control is illustrated in mesh.
Measurements were made at 25.0 °C. The strain for the sample at pH6.3
(control), at pH between 6.0 and 5.5, at pH between 5.3 and 3.4, and at
pH 3.0, was 30, 30, 3, and 20%, respectively.
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Figure 8. Shear viscosity (z;) of 3.0 wt % cornstarch pastes. The pH

was adjusted by adding citric acid after gelatinization. Measurements were
made at 25.0 °C.

thanG" at higherw). The values of5' andG" for a paste with

pH 6.0 were not different from those of the control (pH 6.3)

(Figure 6A). The values of5' were greater than those GI' at
all o examined, an€' andG" increased with increasing for
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Figure 9. Complex viscosity (|7*|.) of 3.0 wt % cornstarch pastes. The
pH was adjusted by adding after gelatinization. Measurements were made
at 25.0 °C. The strain for the samples at pH 6.3 (control), 6.0, 5.0, 4.0,
and 3.0, was 30, 30, 3, 3, and 3%, respectively.

pH = 3.6. The cornstarch pastes with this pH range behave as
a weak gel. On the other hand, the cornstarch pastes for pH
above 5.3 and below 3.6 had the behavior of a liquid.

From the results mentioned above, adding much acid leads
to a decrease in the viscosity for starch pastes because the
hydrolysis of many glucose chains occurs. When acids are added
to the cornstarch pastes after heating and cooling (i.e., after
gelatinization), the hydrolysis of glucose chains can be pre-
vented. Therefore, higher viscosity for starch pastes must be
obtained.

The Effects of Adding Acids after Gelatinization. Figure
8 showsz; of 3.0 wt % cornstarch pastes with pH adjusted
after gelatinization. There were no differences between the
control sample and samples with pH 6.0. Moreover, decreases
in the viscosity could not be observed even at lower pH fpH
3.0). Many starch granules could be seen in the microscopic
photograph for the sample adjusted to pH 3.0 after gelatinization,
compared with those adjusted to pH before gelatinization
(bottoms inFigure 4). The values ofy; for all samples were
greater than that of the control, except for the samples at pH
6.0.

The same tendencies were observed in dynamic oscillatory
measurements. The values |gf|, for all samples with pH
adjusted after gelatinization were greater than that of the control
(Figure 9).

Conclusions.When citric acid was added before gelatiniza-
tion, the viscosity of cornstarch pastes increased by adjusting

pastes with pH 5.0 and 4.0. This behavior resembles that of athe pH between 5.6 and 3.6, while the viscosity of pastes with
weak gel (Figure 6B). Starch granules and glucose chains that PH below 3.5 decreased further than that of the control tpH
leach out from starch granules formed entangled networks at6.3) on the steady shear and dynamic oscillatory measurements.
these pH. The paste behaved as a concentrated solution where It is obvious from intrinsic viscosity measurements that the

the pH is 3.0. The values @' andG" were less than those of
the control at allw examined (Figure 6B). This suggests that

hydrolysis of glucose chains occurs by adding acid before
gelatinization. However, increases in the viscosity could be seen

the size of starch granules and DP for glucose chains bothby adding small amounts of acids (5:6pH > 3.5), because

decreased.

Complex viscosity (]5*},) of 3.0 wt % cornstarch pastes as

a function of pH is shown ifrigure 7. |5*|,, of the control is

many glucose chains leached out from starch granules, indicating
that there were many entanglements of glucose chains. On the
other hand, adding large amounts of acids ©.5) leads to

illustrated in mesh. The pH was adjusted before gelatinization. the fracture of starch granules, and thus, a decrease in the

Comparing|y*|,, in Figure 8 with 7, in Figure 2, |3*,, and
1y of all samples did not obey the CeMerz rule,n; = [7*| .,

viscosity was observed.
No decrease in the viscoelasticity was noted for cornstarch

because starch pastes contained swollen granules and glucospastes by adding citric acid after gelatinization. The hydrolysis
chains. The values df*| , were not coincidental with those of  of glucose chains could be prevented.

1y, while [17*|, had a similar tendency tg;. |7*|,, of samples

with 6.0 > pH > 3.4 and was greater than that of the control, ACKNOWLEDGMENT

and |y*|,, , where pH is 6.0 and 3.4, was not different from
that of the control, whilgy*|, at pH 3.0 was less than that of
the control.|5*|,, was greater than, on samples with 5.%
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