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Commercial production of sugar in the Indus valley was reported during Alexander
the Great’s invasion in the period around 325 BcE, but cane sugar did not reach Europe
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until the crusades.' Received at first as a novelty, Europeans developed a taste for
sugar and demand for this new ingredient developed rapidly. During the sixteenth cen-
tury, the Caribbean islands became major producers of this crop until the supply was
disrupted during the Napoleonic Wars. With cane sugar supplies cut off by the British
blockade, France turned to sugar beets. In 1811, G.S.C. Kirchoff, a Russian chem-
ist, discovered that acid-catalyzed hydrolysis of starch produced a sweet substance.’
By 1831, an American syrup plant capable of producing 30 gallons (115 liters)
of syrup per day utilizing this new technology had been built; 150 years later, 140
American plants were producing starch from corn, wheat, potatoes and rice.’

Figure 21.1 provides a dramatic presentation of the growth of the industry since
1910.* The use of corn by the United States’ corn refining industry increased to 1.4
billion bushels (39 X 10° tons, 36 X 10°kg) in 1999, which was about 15% of the
total crop harvested. From that production came 33 billion pounds (15 X 10°kg) of
sweeteners, more than 2.5 times the amount produced in 1984 when the last edition
of this book was published.’
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In order to discuss the changes that have happened in the industry and the forces
driving them, it is necessary to first define the types of sweeteners covered.

2. Definitions

Dextrose equivalence (DE) is a measure of the total reducing sugars calculated as
D-glucose on a dry weight basis. The approved method for determining DE is the
Lane—Eynon titration, which measures reduction of a copper sulfate solution.
Unhydrolyzed starch has a DE value of zero, while the DE value of anhydrous
D-glucose is 100. Glucose/corn syrups range from 20 to 95 DE.

Maltodextrins are the dried products or purified aqueous solutions of saccharides
obtained from edible starch having a dextrose equivalency of less than 20. Outside
the US, the products may be known as dextrins; only the US has an official definition
of maltodextrins.

Glucose syrups, also know as corn syrups in the US, are purified aqueous solutions
of nutritive saccharides obtained from edible starch having a dextrose equivalency of
20 or more.

Dried corn syrups or corn syrup solids are glucose/corn syrups from which most
of the water has been removed.

High fructose syrups are purified aqueous solutions of nutritive saccharides
obtained from edible starch in which a portion (at least 42%) of the dextrose
(D-glucose) has been isomerized to fructose.

Crystalline fructose is crystalline product containing not less than 98.0% fructose
and not more than 0.5% glucose.

Dextrose monohydrate is purified, crystalline D-glucose containing one molecule
of water of crystallization per molecule of D-glucose.

Anhydrous dextrose is purified, crystalline D-glucose without water of crystallization.

Baume (Be) units arise from an arbitrary system of graduating hydrometers in
degrees for determining the specific gravity of a solution. Within the corn refining
industry, Baume is related to specific gravity by the following equation:®

Baume (60°F/60°F) = 145— 4> (60°F/60°F)
true sp.gr.

The modulus of 145 is the ratio of the total volume displaced in water by the
hydrometer and the volume displaced by the unit scale length of the hydrometer
stem. Corn syrups are commercially available with Baume values of 42, 43 and 44.

Degree of polymerization (DP) is the number of glucosyl (saccharide) units in an
oligo- or polysaccharide. DP, refers to a monosaccharide, DP, refers to disaccharides
and so on.

Refractive index (RI) is a measure of the refraction of light rays as they pass
obliquely from one solution to another of different density. Refractive index is com-
monly used to measure the solids level of sweeteners. The refractive index of a sweet-
ener is a function of the carbohydrate profiles, ash level, solids level and temperature
of the solution.
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Retrogradation is the reassociation of solubilized starch polymers in their native
state or those in dextrins or in low-DE hydrolyzates resulting in an insoluble pre-
cipitate. Dextrins are depolymerized starches produced by heating a starch moistened
with dilute hydrochloric acid or heating a moist starch in the presence of gaseous
hydrogen chloride until a cold-water-soluble product is formed.

Reversion is the condensation reaction of reducing sugars to form di- and higher
oligosaccharides.

3. Regulatory Status

Corn syrups, maltodextrins and D-glucose are affirmed as ‘generally recognized as safe’
(GRAS) in the US Code of Federal Regulations (CFR) 21, Section 184. High fructose
corn syrup was affirmed as GRAS in 21CFR, Section 184.1866 on August 23, 1996.

Il. Production Methods

The pathways for production of the various sweeteners share many common steps.
A generalized sweetener process is shown in Figure 21.2.” Production of each of the
sweeteners discussed will utilize one or more steps in this process.

1. Maltodextrins

The GRAS affirmation contained in 21 CFR, Section 184.1444, defines maltodex-
trins as non-sweet, nutritive saccharide polymers consisting of D-glucosyl units
linked primarily with alpha-1,4 bonds and having a DE less than 20. The document
has been modified to include maltodextrins derived from potato starch as GRAS.® In
1992, more than 328 million pounds (149X 10° kg) of maltodextrins and corn syrup
solids were produced in the United States from various starch sources.’

Maltodextrins may be manufactured either by acid or by acid—enzyme processes.
Maltodextrins produced by acid conversion of starch from dent corn contain a high
percentage of linear fragments, which may slowly reassociate into insoluble com-
pounds causing haze in certain applications.

Haze formation, which results from retrogradation, can be overcome by use of
alpha-amylases. Alpha-amylases preferentially cleave the alpha-1,4-D-glucosidic bonds
of amylose and amylopectin (see Chapter 7), leaving a higher proportion of branched
fragments, decreasing the ability of the fragments to reassociate. Maltodextrins made
from waxy corn starch also have a lower tendency to haze, because such starch is
composed almost entirely of the highly branched molecule, amylopectin.

In a maltodextrin process using enzyme-catalyzed conversion, the starch slurry
(30% to 40% dry solids) is first pasted at a temperature of 80—90°C, and is then
treated with a ‘heat-stable’ bacterial alpha-amylase for liquefication. When stabilized
with calcium ions, alpha-amylases from B. licheniformis or B. stearothermophilus
can withstand temperatures of 90—105°C for at least 30 minutes,'’ allowing sufficient
process time to split the 1,4 bonds and form maltose and limit dextrins (see Chapter 7).
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il

The fragmentation reaction proceeds until there is a preponderance of maltohexoses
and maltoheptoses and the liquor has a DE of 12-15.!!

A number of maltodextrin production methods using multiple enzyme treatments
have been described.'>! In one such process, a starch paste is first treated with acid
and/or an alpha-amylase at 95—-105°C for liquefication, then cooled to 90-102°C, at
which time addition of a second enzyme takes place. If desired, the slurry may be
further cooled to 85°C for addition of a third enzyme.'*

After conversion, the pH of the crude slurry is adjusted to about 4.5 and the solu-
tion is filtered to remove protein and fats. The clarified liquor is then refined in a
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Table 21.1 Typical carbohydrate profile of commercial
maltodextrins

Maltodextrin composition (% dry basis)

DP 5 DE 10 DE 15 DE 20 DE
1 <1 <1 <1 <1
2 1 3 6 8
3 2 4 7 9
4 2 4 5 7
5 2 4 5 8
6 3 7 11 14
7+ 90 78 66 53

process similar to that for glucose/corn syrups discussed in the next section. After
refining and decolorization, the liquor is evaporated to a solids level of approximately
77% or dried to about 5% moisture.

Maltodextrin solutions are not evaporated to as low a solids level as is typical of most
glucose syrups because the viscosity of the latter is extremely high (see Table 21.9). At
the higher solids level of 43 or 44 Baume typical for corn syrups, maltodextrin solu-
tions would be extremely difficult to pump. It should also be noted that, since the water
activity of maltodextrins at a given solids level is so much higher than that of other syr-
ups, some care must be exercised in the handling of these products to prevent microbial
fermentation. Commercial maltodextrins, as shown in Table 21.1,'> are used in applica-
tions where high viscosity coupled with a bland, neutral taste is desirable.

2. Glucose/corn Syrups

Corn syrups are affirmed as GRAS in 21 CFR, Section 184.1865 and meet the further
standards of identity in Sections 168.120 and 168.121. In 1999, more than 7 billion
pounds (3 X 10° kg) of syrups were produced from starch in the US.'® Figure 21.3
outlines a conventional glucose/corn syrup manufacturing process.'’

Glucose/corn syrups may be manufactured by either an acid or an acid—enzyme
process. Acid-catalyzed hydrolysis was the traditional method of corn syrup produc-
tion and is still the most common method for producing sweeteners up to about 42
DE. Since acid-catalyzed hydrolysis of sweeteners to 55 DE or above creates prod-
ucts of reversion, such as gentiobiose, isomaltose and trehalose, which give unaccept-
able flavors to the syrup, these syrups are usually made by acid—enzyme processes.'®

Acid-catalyzed Hydrolysis

In an acid process the slurry, containing about 35—45% starch solids, is pumped into
a pressure vessel called a ‘converter’ and acidified to a pH of about 2.0 with dilute
hydrochloric acid at 140-160°C and a pressure of 80 psi (5.4 atm). Although acid-
catalyzed hydrolysis is a rather (but not completely) random process,'*?° carefully
controlled hydrolysis produces syrups in the 25 to 45 DE range with very predictable
carbohydrate profiles as shown in Table 21.2.%!
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During hydrolysis, both 1,4 and 1,6 linkages are cleaved, converting the starch
molecule to increasingly lower molecular weight products. A typical residence time
in the converter is 5—10 minutes for low DE syrups; high DE syrups may require 15—
20 minutes at the necessary temperature. It is important to keep the conversion time
short to prevent unnecessary color development. A typical commercial acid converter
system is shown in Figure 21.4.%
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Table 21.2 Composition of typical starch-derived sweeteners

Designation Ash Saccharides, carbohydrate basis

DP, DP, DP, DP,.
28 DE 0.3 8 8 11 73
36 DE 0.3 14 11 10 65
34 HM 0.3 9 34 24 33
43 HM 0.3 9 43 18 30
43 DE 0.3 19 14 12 55
43 DE (IE) 0.03 19 14 12 55
53 DE 0.3 28 18 13 41
63 DE 0.3 36 31 13 20
63 DE (IE) 0.03 36 31 13 20
66 DE 0.3 40 35 8 17
95 DE 0.3 95 3 0.5 1.5
95 DE (IE) 0.03 95 3 0.5 1.5
HFCS 42 0.03 95 3 0.7 1.3
HFCS 55 0.05 95.7 3 0.4 0.9
Crystalline fructose 0.05 100

DP; = Monosaccharides (dextrose, dextrose + fructose in HFS, fructose in
crystalline fructose)

DP, = Disaccharides, primarily maltose

DP; = Trisaccharides, primarily maltotriose

DP4, = Oligosaccharides, maltotetraose and higher saccharides
HM = High maltose

(IE) = lon-exchanged
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Figure 21.4 Typical acid converter.??
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After conversion to the proper DE, the reaction is stopped in the neutralizer tank
by raising the pH with soda ash (sodium carbonate) to 4.5-5.0. This pH is critical not
only to optimize the conditions under which the proteins and fats can be removed,
but also to reduce the risk of unnecessary color development. At this point, the liquor
may be pumped to an enzyme tank for further enzyme-catalyzed conversion, or clari-
fied, bleached and evaporated.

If the liquor is not to be enzyme-converted, it is pumped to ‘mud’ centrifuges and
rotary drum filters which remove the suspended fats and insoluble impurities from
the filtrate. Amino acids and peptides which may react with carbohydrates are also
removed. Then the filtrate is passed through pulsed beds of activated carbon for
clarification and bleaching. The temperature in the carbon column is maintained at
150-170°F (69—77°C) with a typical contact time of 90—120 minutes for optimum
removal of impurities. Usually these columns contain packed granular carbon,
although powdered carbon may also be used.

It has long been known that activated carbon removes color precursors and off
flavors and is particularly effective in removing 5-(hydroxymethyl)-2-furaldehyde
(HMF), a glucose decomposition product created during acid-catalyzed hydrolysis.>*
In typical systems, as shown in Figure 21.5, the carbon beds are used in a counterflow
fashion in which the spent carbon is removed, regenerated in a furnace and repacked
at the top of the column.?* After the carbon beds, the liquor is passed through ‘check’
filters designed to remove escaping carbon fines.

Some syrups are ion-exchanged at this point in the process. lon exchange is essen-
tial in the production of certain types of sweeteners, such as high fructose syrups.
Not only does ion exchange improve the color and color stability of the syrup by

Reactivated carbon
Carbon change tanks

U

Treated syrup
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Furnace furnace
feed
tank

Absorbers
Syrup
feed _ Dewatering
HyOand ~ Sweetening screw
acid off and
tempering
tank
Spent carbon Quench

tank

Blow case

Sweet H,0O Spent acid

Figure 21.5 Carbon treatment and regeneration system.?*
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removing components that could otherwise participate in a Maillard reaction with the
reducing sugars, it also substantially reduces the ash level and improves the flavor.

Ion exchange resins are synthetic organic polymers containing functional groups
that exchange mobile ions in a reversible reaction based on affinities. A cation
exchange resin in the hydrogen ion form will exchange hydrogen ions for equally
charged cations and become converted into a salt. Cation exchange resins in corn
syrup manufacturing are typically strong acid exchangers with a sulfonic acid func-
tional group. The anion exchange resins employed contain tertiary amino groups and
act as weak bases.”

Typical ion exchange processes consist of ‘trains’ of three cation and three anion
beds arranged in pairs. The first pair takes the heaviest load, while the second pair
acts as the polishing unit and the third pair undergoes regeneration. As the resins
become exhausted, ions start to leak through the primary units. At a predetermined
level of exhaustion, the primary units are taken offline and the secondary units are
moved to the primary position. The units that were in regeneration are put online as
the secondary units and the exhausted primary units are regenerated (Figure 21.6).2

Following the carbon columns or the demineralizers, the pH of the filtrate is
adjusted and the liquor is evaporated. The solids level of the filtrate prior to the
evaporators is about 30% dry solids (DS). Typical evaporators are multiple-effect,
falling-film evaporators in which the temperature is increased under precisely con-
trolled conditions that prevent formation of unwanted flavors or color in the syrup.
As shown in Figure 21.7, the flow is generally countercurrent, i.e. the hottest portion
of the evaporation contains the syrup of lowest solids.!! After evaporation, the syrup
is pumped to large storage tanks where it is held under agitation and analyzed prior
to shipment.

Acid-Enzyme Processes

As in the case of acid-catalyzed hydrolysis, the starch molecule is hydrolyzed to the
desired starting DE in a converter, but further conversion is carried out with enzymes
until the final DE or carbohydrate profile is reached. This is done by adding the
appropriate enzymes to the acid-converted slurry and allowing them to react in a
holding vessel called an ‘enzyme tank.” Several enzymes may be used to achieve the
desired carbohydrate profile.

The alpha-amylases (EC3.2.1.1) used are bacterial or fungal enzymes that hydro-
lyze alpha-1,4 linkages in both amylose and amylopectin, eventually producing dex-
trose and maltose. The reaction is initially rapid, then relatively slow”’ (see Chapter 7).

The beta-amylases (EC3.2.1.2) used are enzymes of barley and yeast that act on
the non-reducing ends of starch molecules and produce maltose in the beta form
from the starch polymers. These enzymes are used to produce high-maltose syrups.
Although beta-amylase converts linear chains completely to maltose, the enzyme can-
not cleave branch points and the yield of maltose from amylopectin'' (see Chapter 7)
is only 55% of the molecule.

Glucoamylases (EC3.2.1.3) are fungal enzymes which hydrolyze maltose to produce
glucose (dextrose). These enzymes catalyze hydrolysis of alpha-1,3, alpha-1,6 and beta-
1,6 linkages. Their primary reaction is on the 1,4-linked a-D-glucopyranosyl units of
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non-reducing ends, releasing (3-D-glucopyranose (see Chapter 7). When branch points
are reached, the enzyme will cleave the 1,6 bonds, but at a much slower rate.”®

Pullulanase (EC3.2.1.41) and isoamylase (EC3.2.1.68) are so-called debranching
enzymes because they catalyze the hydrolysis of the 1,6 linkages without effect on
the 1,4 linkages”® (see Chapter 7). These enzymes are particularly useful in the pro-
duction of extremely high maltose syrups with maltose levels of 50 to 90%.?" Table
21.3 provides an overview of commercial enzymes used in the corn refining process
today and typical operating requirements.

Proper pH and temperature control is critical during batch enzyme conversion proc-
esses, which usually last about 48 hours. In such processes, a number of enzyme tanks
are filled sequentially from the converter at the adjusted temperature for treatment
(140—-150°F) and then dosed with the necessary enzymes. Progress of the reaction
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Figure 21.7 Multiple-effect evaporator'’

is monitored by occasional checks of the DE or the carbohydrate profile until the
desired conversion is reached.

At completion of the enzyme conversion, the tanks are emptied in succession and the
liquor is processed through filtration and carbon bleaching, as previously described, and
evaporated to the proper solids level. The advent of enzyme-converted syrups lessens
the importance of traditional methods of measurement, such as determination of DE.
It is possible to have two syrups with the same DE and completely different carbohy-
drate profiles and performance characteristics, as shown in Table 21.4.%!

3. High-fructose Syrups

Using immobilized enzyme technology, it is possible to produce high-fructose syrups
containing 42%, 55% or 90% fructose. In 1999, US shipments of high-fructose syr-
ups exceeded 24 billion pounds (11 X 10°kg) (dry basis).?

The typical process for producing a 42% high-fructose syrup is shown in Figure
21.8.32 A starch solution at about 35% solids and a pH of about 6.5 is drawn into a
steam jet at 180°F (82°C) in the presence of a calcium-stabilized, thermostable alpha-
amylase. The slurry is maintained at this temperature through a series of loops for
3-5 minutes and then cooled to 95°C (200°F) in a secondary reactor, where further
alpha-amylase additions occur. A holding time of up to 120 minutes in the secondary
reactor produces a solution of approximately 12 DE. The pH is adjusted to about 4.3
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Table 21.4 Saccharides, total carbohydrate basis

Designation DE DP;,% DP,,% DP3,% DP,,,%
43 DE 43 19 14 12 55
43 HM (high-maltose) 43 9 43 18 30

DP,, = degree of polymerization

Starch slurry

«—— Limewater
[¢—— Amylase enzyme

Feed tank 6—7 pH
[ auer

Steam
- - 80°C-150°C
Liquefaction up to 3 hours

««—— pH adjustment (acid)

Glucoamylase enzyme
55-60°C, 4.0-4.5 pH
Saccharification 24-90 hours

(90-96% Dextrose, D.B.)

Filtration
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Figure 21.8 High-fructose syrup process.*?

and glucoamylase is added. Then the product is pumped to saccharification tanks
where the enzyme reacts for 24-90 hours. The glucoamylase reaction produces lig-
uor containing 94% dextrose, which is then filtered to remove residual protein and
fats before being passed through beds of activated carbon, as was described for the
corn syrup process. Following carbon purification, the hydrolyzate is demineralized
through anion and cation exchange resins prior to being isomerized.

The conversion step to high-fructose syrup takes place in a reactor containing
immobilized glucose isomerase. Although nonenzymic processes to isomerize glucose
to fructose have been developed,'! these processes result in undesirable by-products
of ash, color, and flavor, and other faults.
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Ky K
S+E=ES=E+P

Where S, E, ES and P are substrate, enzyme, enzyme-
substrate complex, and product respectively. Ky, Ky, Ks,
and K, are the rate constants. The mechanism can be
described by the rate equation:

E[(K3S)/KS — (KoP)/KP]

1+ (S/KS) + (P/KP)

Where V is the rate of product formation and KS and KP
are the Michaelis constants for substrate and product,
respectively.

Figure 21.9 Michalis-Menten kinetics.

Considerable effort based on research work initiated in the 1950s resulted in enzyme
technology able to convert glucose to fructose on a commercial scale.’”>* Current
production of high-fructose syrups generally uses immobilized, rather than soluble,
enzymes. Sources of the enzyme include Streptomyces, Bacillus, Actinoplanes and
Arthrobacter species.

The advantage of fixed bed systems is that the relatively high activity per unit
weight allows manufacturers to process large quantities of product through relatively
small reactors in short times. The short residence time in these reactors also reduces
development of undesirable color and flavor compounds.

The isomerization of glucose to fructose has been extensively studied and the
mechanism is well-documented.*> 7 The reaction is essentially first order and revers-
ible, following Michalis—Menten characteristics shown in Figure 21.9.

Glucose isomerase requires divalent cations, such as Co™ ", Mg®™* or Mn** for
catalytic activity and is inhibited by the presence of Cu®*, Ni* " Ag™* Hg**, Ca™"
and Zn" " ions. Therefore, proper demineralization of the liquor prior to isomeriza-
tion is essential. Depending on the source of the enzyme, optimum operating condi-
tions include a pH range of 6.5 to 8.5 and a temperature of 40—80°C. Residence time
in the reactor is usually less than four hours. Enzyme decay is exponential; therefore
the typical system will contain a number of reactors containing enzyme in varying
stages of output. A typical half life of such a column may be as long as 200 days.

The fructose level of the output of each of these columns can be controlled by var-
ying the reaction time (flow rate), temperature and pH. Once conversion is complete
the liquor is pumped through beds of activated carbon and then evaporated to the
proper solids level, generally 71% or 80% dry solids as previously described.

Forty-two percent high-fructose syrup produced by this method is used in many appli-
cations as a replacement for liquid sucrose. However, in some applications, 42% high-
fructose syrup is not sweet enough and a higher level of fructose is necessary. Although
it is possible to create enriched fructose syrups by forming complexes with borate com-
pounds during isomerization®® and by liquid-liquid extraction,* commercial production
of such products generally involves adsorption—separation technology. This technology
employs the relative differences in the affinity of dextrose and fructose for strong acid
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Figure 21.11 Separation of glucose and fructose on adsorption columns.*'

ion exchange resins in the Ca* ™ salt form. By controlling the feed and elution rate of the
components or by monitoring elution of certain components in the direction of flow*’ it
is possible to separate the sugars in a continuous process in a large column.

The 42% fructose syrup from the isomerization column is first demineralized
to remove trace components picked up during isomerization, and is then pumped
into the separator at 36-60% solids. The relative difference in affinity of the resin
for fructose and dextrose allows separation of the carbohydrates into two enriched
streams. A typical system, shown in Figures 21.10 and 21.11, is based on the concept
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of a simulated moving bed.*' As the 42% fructose feedstock is pumped through the
bed, the fructose portion is selectively absorbed relative to dextrose, resulting in sep-
aration of the two carbohydrates.

Through a series of automatic valves, it is possible to draw off a stream of enriched
dextrose, as well as one of enriched fructose. Some consideration must be given to
the fact that the higher is the purity of this stream, the lower are the solids and the
greater is the evaporation cost. Typical purity of the separated streams of dextrose
and fructose is 85% to 90%. The dextrose fraction (‘raffinate’) is returned to the front
of the system to be reisomerized, while the enriched fructose fraction is blended with
a 42% fructose stream to produce 55% high-fructose syrup. The enhanced fructose
phase may also be isolated as a separate product stream to make 90% high-fructose
syrup or crystalline fructose.

4. Crystalline Fructose

If the ratio of fructose to non-fructose materials is high enough, it is possible to crys-
tallize the fructose. In one such process, the fructose must have a purity of at least
90% to achieve sufficient saturation.*” The liquor is seeded with crystals of dry fruc-
tose and cooled to crystallize the pure fructose. The resulting crystals are washed
and separated from the mother liquor by centrifugation, then dried, producing crys-
talline fructose material that is 99.5% pure. Since fructose is only moderately soluble
in alcohol, processes improving the crystallization of fructose by adding ethanol or
methanol to the solution have also been described.** Crystalline fructose may exist as
anhydrous (3-D-fructopyranose. Crystals of the dihydrate of fructose require careful
handling, because of their ability to dissolve in their own water of hydration. A typi-
cal crystalline fructose process is outlined in Figure 21.12.** Because of its extremely
hygroscopic nature crystalline fructose should be stored under conditions below 50%
relative humidity. Figure 21.13% shows the equilibrium water content of fructose and
sucrose.

5. Crystalline Dextrose and Dextrose Syrups

Several processes of separating and crystallizing dextrose by repeated seeding, wash-
ing and crystallization were developed during the 1800s and early 1900s,*® but these
methods were time consuming and costly. Today, commercial processes begin with
the solution produced by liquefaction of the starch in a jet cooker, as previously
described.

Saccharification produces a 94% dextrose liquor, which can be processed in sev-
eral ways. To make a dextrose syrup, the fats and protein are removed from this lig-
uor, as in the high fructose process. The syrup is then carbon bleached, demineralized
and evaporated to 71% solids. The 94% dextrose liquid may also be further refined
to 99% dextrose by adsorption-separation chromatography prior to being bleached,
demineralized and evaporated.

Either anhydrous dextrose or dextrose monohydrate can be obtained by crystal-
lization. Monohydrate crystallizers are large horizontal, cylindrical batch tanks or
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Figure 21.12 Fructose crystallization process.**

continuous systems in which the crystal mass is continuously removed, leaving about
20-25% of the batch to seed the next. During crystallization, the syrup (75% sol-
ids, 95% dextrose) is cooled carefully and in a controlled manner below 50°C. Since
crystallization of dextrose is an exothermic reaction, constant cooling is essential to
maintain the proper level of supersaturation. When the magma of crystallized dex-
trose (a-D-glucopyranose) monohydrate is formed, the material is washed and cen-
trifuged in basket centrifuges to remove the mother liquor (‘first greens’). The first
greens may be reprocessed to yield a second crop of crystals. The mother liquor from
this step is known as ‘second greens’ or hydrol. Both hydrol streams are combined
to improve the yield. The remaining monohydrate crystals are dried in a stream of
hot air and packaged. A typical batch crystallizer and basket centrifuge are shown in
Figures 21.14 and 21.15.47

Anhydrous dextrose is produced by dissolving the monohydrate in hot purified water
and refining it again. During the crystallization step, proper temperature control is essen-
tial to ensure formation of nuclei in the anhydrous dextrose (o-D-glucopyranose).*® These
nuclei are grown under controlled conditions, separated from the mother liquor, and
washed and screened as before. The mixture is then evaporated under reduced pres-
sure with heat and agitation and dried to a moisture level of 0.1%, resulting in a
free-flowing powder. These crystals are separated and packaged as in the case of the
monohydrate. A typical process for both anhydrous and monohydrate production is
shown in Figure 21.16.%
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6. Oligosaccharide Syrups

Beginning in the 1990s, oligosaccharide sweeteners produced from sucrose, soy flour
or corn starch gained increasing attention. Malto-oligosaccharides and isomalto-
oligosaccharides from starch contain 1,6 and/or 1,4 linkages. Glucose/corn syrups
may be described as a concentrated solution of glucose and varying amounts of a mix-
ture of malto-oligosaccharides, including isomalto-oligosaccharides. In the production
of oligosaccharide syrups, oligosaccharides are emphasized (over glucose/dextrose)
through the use of certain enzymes, a transglucosidase in particular*’ (see Chapter 7).

Starting with a feedstock of 65-70% maltose, made by one of the methods previ-
ously described, the liquor is passed through an adsorption separation column. This
results in a product with a maltose level of approximately 98% which may be crys-
tallized, leaving a predominately maltotriose fraction which is purified as a syrup.
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Figure 21,16 Typical anhydrous dextrose and dextrose monohydrate process.*®

Maltotriose syrups may also be prepared by the use of maltotriose-forming amy-
lases combined with pullanase or isoamylase enzymes (see Chapter 7). In one such
process, waxy maize starch is treated with alpha-amylase, followed by pullulanase.
The syrup resulting from this procedure contains 60—-85% low molecular weight oli-
gosaccharides.”® Maltose syrups may also be treated with transglucosidases from
Aspergillus sp. to produce high isomalto-oligosaccharide levels. Typical profiles of
some commercial syrups are given in Table 21.5.5!

Ill. Composition and Properties of Sweeteners
from Starch

1. Carbohydrate Profiles

Early work by Hoover>? provides a framework for determining how physical proper-
ties would change on the basis of the degree of conversion of the sweetener being con-
sidered (Table 21.6). At that time, most syrups were divided into loose classifications
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Table 21.5 Saccharide compositions of several syrups

High maltotetraose Acid-conversion Enzyme-conversion
syrup syrup syrup
Type | Type Il
DE: 30.8 36.2 32.6 47.0
Glucose 1.0 2.0 10.3 3.0
Maltose 7.8 8.5 8.3 58,8
Maltotriose 10.2 11.0 8.4 15.8
Maltotetraose 50.5 72.0 8.1 3.2
Maltopentaose 2.5 1.0 6.9 2.0
Others (>DPS) 28.0 5.5 58.0 2255

Table 21.6 Relationship between degree of conversion and functional property

Property or functionality that increases Property or functionality that decreases with an

with an increasing degree of conversion increasing degree of conversion

Browning Bodying

Fermentability Cobhesiveness

Flavor enhancement Foam stabilization

Flavor transfer Prevention of sucrose crystallization

Freezing point depression Prevention of coarse ice crystal formation during freezing
Hygroscopicity Viscosity

Osmotic pressure

Sweetness

based on DE as a measure of the relative degree of conversion. As already mentioned,
subsequent advances in enzyme technology and the proliferation of syrups based on
the carbohydrate profile diminished the importance of DE in describing the nature of
a syrup. Rapid and inexpensive methods of analysis, such as liquid chromatography,
have allowed producers to focus on the carbohydrates present in sweeteners and how
they impact the physical properties of the syrup.

Physical properties of a syrup depend heavily on its carbohydrate profile. The car-
bohydrate profile, in turn, is determined by the type of conversion and the nature of
the enzyme treatment (previously discussed). Table 21.2 gives typical DE and carbo-
hydrate profiles of syrups in common production today. Because enzyme treatments
can provide sweeteners with different carbohydrate profiles but the same DE value,
it is usual to refer to a product using more than one descriptor, e.g. a 43 DE, high-
maltose syrup. This issue becomes particularly important when addressing functional
differences and applications of starch-derived sweeteners.

2. Solids

In addition to DE values and carbohydrate profiles, syrups are usually identified by
their solids level. The traditional means of expressing the solids of a glucose/syrup is
the Baume number. Extensive work comparing the Baume number to refractive index
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Table 21.7 Refractive index-dry substance tables for typical glucose syrups

Syrup % DS RI20°C RI45°C Be Comm Sp. G. AIR/AIR Total Ibs/ Dry sub Ibs/
140°/60°F +1 100°/60°F gal, 100°F gal, 100°F
28 DE 78.00 1.4943 1.4892 42.00 1.4064 11.73 9.15
36 DE 80.40 1.4993 1.4941 43.02 1.4202 11.84 9.52
34 HM 80.60 1.4988 1.4936 42.99 1.4197 11.84 9.54
43 HM 80.90 1.4988 1.4937 43.01 1.4199 11.84 9.58
43 DE 80.70 1.4988 1.4936 43.02 1.4201 11.84 9.55
43 DE IX 80.80 1.4990 1.4938 43.00 1.4198 11.84 9.56
53 DE 83.50 1.5044 1.4992 44.13 1.4354 11.97 9.99
63 DE 82.00 1.4982 1.4931 43.02 1.4201 11.84 9.71
63 DE IX 84.00 1.5064 1.4985 44.01 1.4337 11.95 10.04
66 DE 84.30 1.5044 1.4993 44.09 1.4347 11.96 10.04
95DE 71.00 1.4644 1.4595 36.39 1.3348 11.13 7.90
HFCS 42 71.00 1.4643 1.4589 NA 1.3372 11.15 7.92
HFCS 55 77.00 1.4789 1.4728 NA 1.3809 11.51 8.98
Liquid 77.00 1.4780 1.4715 N/A 1.3763 11.47 8.84
fructose

Table 21.8 Refractometer corrections for HFS 55, 0.05% ash (dry basis)

Dry substance, Refractive index, Brix (1936) Refractometer  Brix (1966) Refractometer

% by weight 20°C correction correction
10.00 1.34771 9.92 0.08 9.93 0.07
20.00 1.36352 19.81 0.19 19.82 0.18
30.00 1.38054 29.69 0.31 29.68 0.32
40.00 1.39881 39.53 0.47 39.48 0.52
50.00 1.41841 49.24 0.76 49.22 0.78
60.00 1.43944 58.93 1.07 58.92 1.08
70.00 1.46197 68.70 1.30 68.59 1.41
77.00 1.47870 75.52 1.48 75.35 1.65
80.00 1.48611 78.43 1.57 78.24 1.76

has produced easily-used tables to convert the various measures of solids measure-
ment.>*-¢ Unlike glucose syrups the solids content of high-fructose syrups is stated
as the dry substance.>’ Table 21.7 shows the comparison of dry solids to degrees
Baume for several typical sweeteners.”®

When the solids content of glucose syrups is measured by refractometers calibrated
in degrees Brix, some correction must be applied to obtain the true solids level. Brix
measurements are commonly used in the sucrose industry and refer to the percentage
of sucrose in solution. The Brix tables were modified in 1936, 1966 and 1974, resulting
in minor changes as shown in Table 21.8.> These corrections have been incorporated
into high-fructose syrup tables commonly used in the beverage industry (Table 21.9).%°

3. Viscosity

Glucose syrups exhibit the viscosity characteristics of Newtonian fluids. The coeffi-
cient of viscosity is constant and is measured in poises (dyne-seconds/cm?), which is
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Table 21.9 Relationship of refractive index to Brix for high-fructose syrups

42% High-fructose syrup

Solids, %  Refractive Ref. Brix (20°C)  Density Sp. Grav Lbs/US gal. Hydr. Brix

Index (vac’) (air) (20°C) 20°C

20°C 20°C

20°C 45°C 1936 1966 Total Solids
70.500 1.463 1.458 9.270 69.170 1.344 1.347 11211 7.903  69.540
70.600 1.464 1.458 9.370 69.270  1.345 1.348 11.216 7918  69.630
70.700 1.464 1.458 9.460 69.370 1.346 1.348 11.221  7.933  69.730
70.800 1.464 1.459 9.560 69.460 1.346 1.349 11.226  7.948 69.830
70.900 1.464 1.459 9.660 69.560 1.347 1.350 11.231  7.963  69.920
71.000 1.465 1.459 9.760 69.660 1.347 1.350 11.236 7.977 70.020
71.100 1.465 1.459 9.860 69.750 1.348 1.351 11241 7.992 70.120
71.200 1.465 1.460 9.950 69.850  1.349 1.351 11.246 8.007 70.210
71.300 1.465 1.460 0.050 69.950 1.349 1.352 11.251 8.022 70.310
71.400 1.466 1.460 0.150 70.040 1.350 1.353 11.256 8.037 70.410
71.500 1.466 1.460 0.250 70.140  1.350 1.353 11.261 8.052 70.500
55% High-fructose syrup
Solids, %  Refractive Ref. Brix (20°C)  Density Sp.grav  Labs/US gal. Hydr. Brix

Index (vac’) (air) (20°C) 20°C

20°C 20°C

20°C 45°C 1936 1966 Total Solids
76.5 1.477 1.472 75.000 74.830 1.382 1.385 11.522 8.814 75.380
76.6 1.478 1.472 75.090 74930 1.382 1.385 11.527 8.829 75.480
76.7 1.478 1.472 75190 75.020 1.383 1.386 11.532 8.845 75.580
76.8 1.478 1.472 75.290 75.120 1.384 1.386 11.537 8.861 75.670
76.9 1.478 1473 75390 75220 1.384 1.387 11.543 8.876 75770
77.0 1.479 1.473 75480 75310 1.385 1.388 11.548 8.892 75.870
771 1.479 1473 75580 75.410 1.385 1.388 11.553 8.907 75.960
77.2 1.479 1473 75.680 75510 1.386 1.389 11.558 8.923 76.060
77.3 1.479 1.473 75770 75.600 1.387 1.390 11.564 8.939 76.160
77.4 1.480 1.474 75.870 75.700 1.387 1.390 11.569 8.954 76.250
77.5 1.480 1.474 75970 75800 1.388 1.391 11.574 8970 76.350

the force per unit area necessary to maintain unit difference in velocity between two
parallel layers of fluids that are one unit distance apart. The poise is the absolute vis-
cosity of the solution. Viscosity in starch-derived sweeteners is due primarily to the
solids level and the percentage of higher saccharides present. As might be expected,
at the same solids level, sweeteners with relatively long chains of branched molecules
have higher viscosity than sweeteners with high concentrations of monosaccharides,
an effect compounded by the presence of weak hydrogen bonds.

The viscosity of syrups is usually reported in either centipoises (mPa s) or SSU
(Saybolt Seconds Universal) units. SSU units are related to centipoises by the fol-
lowing equation:®!

centipoises X 4.55

SSU = - -
specific gravity
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Table 21.10 Viscosity (centipoises) of syrups of different DS and temperatures

DS Temperature °F Dextrose equivalent
35.4 42.9 53.7 75.4
85 60 457000
80 7080000 1410000 537000 83200
100 1000000 227000 85200 17000
120 188000 50100 20000 4270
140 44900 13000 6310 1660
160 13000 5190 2290 589
180 4420 1760 944 275
80 60 266000 89100 24000
80 126000 59600 17800 4570
100 29900 15000 5010 1550
120 8910 4840 1800 603
140 3350 1860 785 282
160 1410 851 367 141
180 687 386 196 75.9
75 60 39800 18200 7590 6030
80 10000 5390 2140 741
100 3020 1880 807 3317
120 1260 817 372 159
140 620 389 191 83.2
160 325 197 103 47.9
180 180 110 62.0 28.8
Optical density Visual color
0.025 Water white
0.035 Very light straw
0.050 Light straw
0.075 Straw to very light yellow
0.100 Medium light yellow
0.125 Light yellow
0.150 Medium yellow
0.200 Yellow

Typical values for the viscosity of a number of syrups produced by acid conversion
measured at various temperatures and solids levels are given in Table 21.10.%?

4. Browning Reaction and Color

The color of starch-derived sweeteners is often referred to as ‘water white,” but it is
more meaningful to express color of syrup in terms of absorbance (optical density,
Table 21.11).% Typically, the color of commercial corn sweeteners, particularly high-
fructose and dextrose syrups, is expressed in absorbance measured against a refer-
ence standard of water at 450 nm and 600 nm, as shown in Figure 21.17.%

Several reactions can cause color development in starch-derived sweeteners.
Because they contain reducing sugars, they will react with proteins and amino acids
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Figure 21.18 Color stability of a high-fructose syrup containing 42% fructose, 50% glucose and 8% other
saccharides (71% solids).®”

via the non-enzymic browning reaction between sugars and primary or second-
ary amines (Malliard reaction) to form what are referred to as ‘color bodies. %>
Color development that occurs in the absence of nitrogenous compounds with the
application of heat or acids is the result of caramelization. Excessive heating of
starch-derived sweeteners will result in partial caramelization and development of
undesirable flavors. The degree and rapidity of color development will be in direct
proportion to the amount of reducing sugars present. This is used to advantage in
certain food applications, such as in baking. The rate of color development may be
retarded by demineralization of the sweetener. Selection of a sweetener with a lesser
amount of monosaccharides will also slow color development. Figure 21.18 shows
the rate of color development of a 42% high-fructose syrup under different condi-
tions of storage.®’

5. Fermentability

Starch-derived sweeteners provide a highly fermentable substrate for many indus-
trial applications. The ability of yeast to ferment starch-derived syrups is directly
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Table 21.12 Fermentable extract values of corn syrups
compared with dextrose

Glucose syrup or dextrose Fermentable extract, % db*
36 DE 24.8
42 DE 41.5
54 DE 53.4
62 DE 70.0
64 DE 76.1
68 DE 79.0
HFCS 95.0
Dextrose 100.0

*db = dry basis

Table 21.13 Theoretical versus actual fermentability

Adjunct Weight % Fermentability

DP, DP, DP; DP,. Calc. Det.

Dextrose 99.8 0.2 0.0 0.0 100.0 99.8

Maltose syrup 7.1 58.8 19.7 14.4 85.6 85.5

High-conversion 32.7 28.8 14.3 24.2 75.8 72.8
syrup

Acid syrup 18.8 15.3 14.7 51.2 48.8 471

Maltodextrin 0.9 3.2 2.8 931 6.9 11.4

proportional to the monosaccharide and disaccharide content of the sweetener. Table
21.12 gives the fermentable extract value for a number of sweeteners.®® The fer-
mentable extract of a sweetener is generally calculated as the sum of the DP;, DP,
and DP; components, although there may be some slight variation between theoreti-
cal and actual results, as shown in Table 21.13.%’ The fermentation pathway is differ-
ent for glucose and fructose, and high levels of glucose have been shown to impair
the mechanism for maltose and maltotriose utilization.”

6. Foam Stabilization and Gel Strength

In whipped and aerated products, low DE sweeteners have the ability to stabilize
foam structures, because of the relatively high polysaccharide level and hydrogen
bonding that enhances the effectiveness of the albumin or gelatin. The concentra-
tion and type of sweetener affects the gel—sol transition process, in part by regulating
water availability.”! Syrups may be used to achieve the high soluble solids concentra-
tions (>55%) required to effect gelation of high methoxyl pectin (HM pectin) solu-
tions used to make jams, jellies and preserves. When glucose syrups are used, the
gels may be firmer than when high-fructose syrups are used.”
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Table 21.14 Estimating the freezing point depression of various sweeteners

Sweetener Sucrose equivalence value (SE)®  Freezing point equivalence factor®
Sucrose 100 1.00
Lactose 100 1.00
Maltose 100 1.00
Dextrose 180 0.55
Fructose 180 0.55
90% 187 0.53
55% 185 0.54
42% 180 0.55
Glucose syrups
62 DE 114 0.58
52 DE 95 1.05
42 DE 79 1.27
36 DE 72 1.39
32 DE 63 1.59
28 DE 58 1.67
Dextrin (C18-C40) 67 1.47

*The sucrose equivalence value is based on the molecular weight of sugar. The freezing point
equivalence factor for freezing point depression of a sweetener is based on the molecular
weight relative to that of sucrose. The percentage of sweetener is multiplied by

the appropriate freezing point equivalence factor to give the freezing point depression

7. Freezing Point Depression

The freezing point of solutions containing sweeteners can be calculated based on
their concentration in that solution and their average molecular weight. For a given
condition, the effect on the freezing point is inversely proportional to the average
molecular weight of the sweetener. Lower conversion syrups in solution will not
depress the freezing point as much as higher conversion syrups. The relative effect
of various sweeteners on the freezing point of a solution compared to sucrose has
been reported by Arbuckle’? and is shown in Table 21.14 and Figure 21.19. The rela-
tive degrees to which these sweeteners affect the freezing point also depends on the
solids level.” Sweeteners also act in a manner similar to stabilizers, determining the
time and degree of ice crystal formation by controlling the migration of free water.”

8. Boiling Point Elevation

As in the case of freezing point depression, boiling point elevation depends on the
carbohydrate profile. In general, the boiling point is increased as the level of conver-
sion increases. Table 21.15 shows the relationship of boiling point to solids content
for various sweeteners.”®

9. Gelatinization Temperature

This relationship is important to aspects of baking where sweetener concentration and
replacement can impact the gelatinization temperatures of starch granules. Substitution
of fructose for sucrose lowers the gelatinization temperature (Figure 21.20).”7
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Figure 21.19 Freezing point relationships of solutions of dextrose, sucrose and syrup solids.”®

Table 21.15 Boiling point elevation of glucose syrups
(760 mm Hg)

Syrup DE % dry substance

20 40 60 70 80 85

30 0.39 1.18 3.55 6.3 111 15.1
42 0.56 1.60 4.81 83 143 19.2
5'S 0.76  2.09 5098 10.1 169 223
65 0.91 2.51 6.86 11.3 18.5 238
80 117 316  8.15 129 203 253
95 1.38 3.62 8.95 139 211 26.1

In addition to lowering the water activity and forming sugar bridges between starch
chains restricting flexibility, there is also an antiplasticizing effect of saccharide solu-
tions relative to water.”®

10. Humectancy and Hygroscopicity

A hygroscopic material absorbs moisture from its surrounding atmosphere, while
a humectant material is one that resists changes in relative moisture content. The
gain or loss of moisture in a corn syrup is dependent on the relative humidity of the
atmosphere surrounding the syrup. Moisture absorption values for several sweeteners
are shown in Table 21.16.7°
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11. Crystallization

Starch-derived syrups are able to crystallize, depending on the type of carbohydrates
present, the solids level and the temperature. This property can be used to advantage,
as in the manufacture of hard candy, or can be one to be avoided, as in the case of

Scan Rate 10.00 Deg C/Min

MCAL/SEC e = Onset Temperature (C)
150 100% HFCS = 83.26 degrees C

75% HFCS = 85.34 degrees C
50% HFCS = 87.31 degrees C
25% HFCS = 88.27 degrees C

0% HFCS = 90.00 degrees C

100% HFCS No Acidulant

L ]
75% HFCS No Acidulant
-

50% HFCS No Acidulant

0.75

25% HFCS No Acidulant

— "\ _0% HFCS No Acidulant Jk__\

50.00 60.00 70.00 80.00 90.00 100.00 110.00
Temperature (C)

0.00

Figure 21.20 Effect of increasing amounts of high-fructose syrups on the gelatinization temperature of
starch in a cake batter.””

Table 21.16 Moisture absorption by nutritive sweeteners

Sugar Relative Percent moisture absorption from 1 to 76 days (25°C)
humidity, %
1 3 7 11 17 20 26 30 40 50 60 76
Sucrose® 62.7 0.06 0.05 0.05 = 0.05 = = 0.05 = 0.05 0.05 0.05
81.8 0.05 0.05 0.05 = 0.05 = = 0.05 = 0.05 0.05 0.05
98.8 1.31 4.85 13.53 20.81 = 33.01 38.53 = 45.62 = = =
Dextrose®  62.7 0.04 0.04 0.04 = 0.38 = = 0.43 = 0.79 1.07 1.74
81.8 0.62 2.04 SIS = 9.70 = = 9.62 = 9.77 9.60 9.60
98.8 4.68 8.61 15.02 20.78 = 28.43 33.95 = 42.82 = = =
Fructose®  62.7 0.65 1.41 2.61 = 7.09 = = 13.01 = 18.35 21.85 21.40
81.8 418 10.22 18.58 = 29.16 = = 35.05 = 36.32 35.30 35.50
98.8 11.09 18.43 30.74 37.61 = 45.95 49.41 = 54.99 = 59.14 =
Lactose 62.7 0.03 0.03 0.03 = 0.05 = = 0.05 = 0.05 0.05 0.08
81.8 0.07 0.07 0.07 = 0.07 = = 0.11 = 0.11 0.11 0.07
98.8 0.05 0.05 0.09 0.12 = 0.13 0.26 = 0.33 = = =

Sucrose crystals liquefied after absorption of 16-18% moisture
bOn reaching 15-18% moisture, crystals began to dissolve; when absorption reached 42%, the dextrose was completely liquefied

CAll fructose crystals liquefied
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Figure 21.21 Phase diagram for aqueous solutions of dextrose/D-glucose.®

jam and jelly manufacture. In jelly manufacturing, one role of the syrup is to increase
the solids level and the osmotic strength to the point that it is difficult for the sys-
tem to support microbial growth, while maintaining a smooth, clear, non-crystallized
structure. As previously discussed, the sweetener also binds most of the water present
and induces gelation of the HM pectin solution. This process must be carefully con-
trolled because too high a level of crystallizing sugars, such as dextrose, may induce
crystallization on storage. The phase diagram for glucose is shown in Figure 21.21.74

12. Sweetness

Sweetness is an important and easily identifiable characteristic of glucose- and fructose-
containing sweeteners. The sensation of sweetness has been extensively studied.®’%?
Shallenberger®® defines sweetness as a primary taste. He furthermore asserts that no
two substances can have the same taste. Thus, when compared to sucrose, no other
sweetener will have the unique properties of sweetness onset, duration and intensity
of sucrose. It is possible to compare the relative sweetness values of various sweet-
eners, as shown in Table 21.17,% but it must be kept in mind that these are relative
values. There will be variations in onset, which is a function of the chirality of the
sweetener,® variations in duration, which is a function of the molecular weight pro-
file and is impacted by the viscosity, and changes in intensity, which is affected by
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Table 21.17 Relative sweetness values of various sweetener

Type of sweetener Sweetness relative to sucrose
30 DE acid-converted syrup 30-35
36 DE acid-converted syrup 35-40
42 DE acid-converted syrup 45-50
54 DE acid-converted syrup 50-55
62 DE acid-converted syrup 60-70
HFS (42% fructose) 100

HFS (55% fructose) 100-110
HFS (90% fructose) 120-160
Lactose 40
Dextrose 70-80
Fructose 150-170
Sucrose 100
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Figure 21.22 Concentrations of sugars (on a percent dry solids basis) needed to give the same sweetness
as sucrose solutions (levulose = fructose).®

the solids level and the particular isomers present (Figure 21.22).%> Such variables
are demonstrated by the performance of fructose in solution. The fructose molecule
may exist in any of several forms. The exact concentration of any of these isomers
depends on the temperature of the solution. At cold temperatures the sweetest form,
B-D-fructopyranose, predominates, but at hot temperatures, fructofuranose forms
predominate and the perceived sweetness lessens (Figure 21.23).%¢

13. Selection of Sweeteners

Selection of sweeteners for food applications is driven by cost, availability and con-
sideration of the functional properties. In many cases, the desired properties may be
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Figure 21.23  Effect of temperature on the relative sweetness of sugar solutions.®®

mutually exclusive in a given sweetener. This would be the case, for example, if a
high degree of sweetness combined with a high viscosity were required in the sweet-
ener. In such cases, blends of sweeteners or the use of other food ingredients would
be required. Desirable physical properties of starch sweeteners as they apply to many
food applications can be found in reference 87.
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