Table V. Sum of Deviation Squares

Equation Sum of deviation squares

0.1353 x 10°®
0.126 08 x 1077
0.1783 x 107*
0.141 03 x 107
0.4860 x 1078
0.423 14 x 107°
0.1539 x 107* ¢
0.37066 x 10~*

OO WN

Benzene—Xylene System:

d?5°C, = 0.8640 + 0.0696x; — 0.9659x2 + 4.7199x,3
— 0.9782x4 + 9.5507x,° — 3.3824x,% (3)

n?5°Cp = 1.494 90 — 0.000 43x; + 0.000 76x,2
+0.00187x,3 (4)

Toluene-Xylene System:
?5°C, = 0.8639 + 0.0016x, — 0.0006 x> (5)

n25°Cp = 1,494 90 — 0.001 34x, + 0.002 38x,?
— 0.005 16x,% + 0.002 87x,* (6)

Benzene-Toluene-Xylene System:
R5°C, = 0.8662 + 0.0132x, — 0.0012x, 4]
m5°Cp = 1,494 62 + 0.002 01x, — 0.001 17x, (8)

where x; = mole fraction of benzene and x, = mole fraction of
toluene.

Table V presents the sum of deviation squares according to
which the reliability of the calculated approximation could be
proved. Equations 7 and 8 indicate that the highest deviations
occur at both extreme concentrations (at the triangle apex), what
usually would be expected.
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Refractive Index—Dry Substance Relationships for Commercial

Corn Syrups

Anna M. Wartman,* Caroline Hagberg, and Morton A. Eliason

Augustana Research Foundation, Rock Island, Illinois 61201

A study of the relationship between refractive index and
dry substance (total solids) has been made for a wide
variety of commercial corn syrups (including high fructose
corn syrup) and one maltodextrin. Dry substance levels
from 0 to 85% and temperatures from 20 to 60 °C were
covered in this study. The corn syrups and maltodextrin
were produced by acid and dual conversion processes (the
high fructose corn syrup process includes isomerization)
and span a range of dextrose equivalent values from 12 to
95. Additional measurements to establish the dependence
of the refractive index-dry substance relationship on ash
content were made for ash levels from 0 to 1.5%. The
results for 11 product types are presented in the form of
tables and of mathematical equations for the purpose of
converting refractive index measurements to dry substance
contents. Ten commercial corn syrups and one
maltodextrin were used.

A comprehensive study to establish accurate relationships
between refractive index and dry substance content has been
carried out for a wide variety of commercial corn syrups (in-
cluding high fructose corn syrup) and one maltodextrin. This study
included products made by acid conversion and dual conversion
processes representative of products manufactured by the
member companies of the Corn Refiners Association, Inc. (CRA).
These products ranged in dextrose equivalent values from 12

to 85. Measurements were made for six or more dry substance
levels from 15 to 85% and at temperatures of 20, 30, 45, and
60 °C for each of 11 products. Additional measurements were
made on two commercial syrups which were ion exchange re-
fined as well as on those syrups with added ash (up to 1.5% ash)
to establish the dependence of the refractive index—dry sub-
stance relationships on ash content.

The resulting data for each product are available in tabular
form from the Corn Refiners Association, Inc., 1001 Connecticut
Avenue N.W., Washington, D.C., and have been filed with the
ACS Microfilm Depository Service as supplementary tables (see
paragraph at end of paper). These data have been fit by re-
gression analysis to a suitable mathematical function for each
of the 11 products. These functions have been used to generate
detailed working tables which may be used for converting re-
fractive index readings to dry substance values. Means of cor-
recting for temperature and ash variations and for small varia-
tions in dextrose equivalent (D.E.) and/or product composition
are included with these tables.

Analysis of the residuals (observed minus calculated values)
indicates that the data are internally consistent and that a rela-
tively simple mathematical model is capable of representing the
relationships involved for a wide variety of product types. Careful
work with sucrose and dextrose solutions and preliminary in-
terlaboratory checks on several syrup samples served to es-
tablish the reliability and accuracy of the equipment and methods
used by the investigators. Further mathematical analysis of the
data reported here, aimed at establishing the relationship be-
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Table 1, Preliminary Interlaboratory Dry Substance
Check Analyses

Dry Substance, % (by weight, in air)

Augustana CPC international Inc
Vacuum Vacuum
oven— oven—
filter Kar! filter Karl
Sample aid Fischer aid Fischer
High fructose 71.17 71.20 71.11 71.03
corn syrup 71.10 71.14 71.11 71.06
71.19 71.09
71.28 71.16
Average 71.14 71.20 71.11 71.08
42 D.E. 80.52 80.35 80.40 80.18
corn 80.33 80.38 80.43 80.27
syrup 80.31 80.31
Average 80.42 80.35 80.42 80.25
Diluted 70.47 70.52 70.26 70.19
42 D.E. 70.43 70.50 70.34 70.27
corn 70.47 70.29
syrupé 70.43 70.25
Average 70.45 70.48 70.30 70.25

@ Calculated dry substance, on the basis of 80.42% for the
original syrup, was 70.37%.

tween saccharide composition and refractive index—dry sub-
stance relationships, will be reported elsewhere (4); this addi-
tional work confirms the internal consistency of the data and
successfully establishes the relationship among product
types.

Comparison of the results reported here with those of Cleland,
Evans, Fauser, and Fetzer (2) shows a small, but apparently
systematic, deviation at higher dry substance levels. Similar
differences noted previously by member companies of the CRA,
and also by Malinsky (5) and Graefe (3), prompted the present
study sponsored by the Corn Refiners Association, Inc.

Table 11, Samples and Composition Datad

Preliminary Work

Prior to the data acquisition phase of this study, refractive
index measurements were made on quantitatively prepared (by
weight) solutions of National Bureau of Standards sucrose and
dextrose at.20 °C and at concentrations from 10 to 70% dry
solids. Determinations were made on 16 samples of each sugar.
The average differences in the refractive index as compared to
those previously published were 0.000 036 and 0.000 071 for
sucrose ('72) and dextrose ( 13), respectively.

The validation of the equipment and experimental procedures
for the determination of dry substance values took the form of
concurrent measurements by this laboratory and by the research
staff of CPC International Inc. The methods used were the
standard vacuum oven method (8) and the Karl Fischer titration
method (9). The results of this interlaboratory check work are
shown in Table I.

On the basis of the agreement found here, the major data
acquisition phase of the study was undertaken.

Samples

Samples of ten different commercial corn syrups and one
maltodextrin were obtained from member companies of the
CRA.

The following definitions were used to identify samples in-
vestigated in this study: Corn syrup (glucose syrup) is the purified
concentrated aqueous solution of nutritive saccharides obtained
from edible starch and having a dextrose equivalent of 20 or
more. (This definition for corn syrup has been adopted by the U.S.
Food and Drug Administration under Chapter 1 of Title 21 of the
Code of Federal Regulations, Part 26—Nutritive Sweeteners,
and parallels the definition proposed by the International Codex
Alimentarius Commission.) Maltodextrin is a purified concen-
trated aqueous solution of nutritive saccharides obtained from
edible starch, or the dried product derived from said solution, and
having a dextrose equivalent of less than 20.

The term '‘acid conversion” refers to the treatment of starch
with acid, and the term *‘dual conversion”’ refers to the sequential
treatment of starch with acid and purified amylolytic enzymes.

Ash
Dextrose sulfated % Saccharides, carbohydrate basis

Sample equivalent %d.b. DP, DP, DP, DP, DP, DP, DP,+

1 Cornbsyrup 27.3 0.40 9.2 8.7 7.8 7.1 6.5 6.3 54.4
AC

2 Corn syrup 42.5 0.37 19.6 14.4 11.6 9.5 7.6 6.5 30.8
AC

3 Corn syrup 54.5 0.47 30.7 17.9 12.2 9.7 6.9 5.2 17.4
AC

4 Corn syrup 33.0 0.47 10.0 14.5 9.6 6.7 6.6 11.0 41.6
DC

5 Corn syrup 43.5 0.41 7.5 39.5 14.7 7.5 2.1 19 26.8
HM, DC

6 Corn syrup 49.0 0.41 8.6 51.6 14.5 1.4 1.7 2.1 20.1

7 Corn ;yrup 64.5 0.56 39.2 30.5 6.6 5.3 4.1 3.3 11.0
DC

8 Corn syrup 70.1 0.53 47.2 27.2 5.2 4.7 3.8 2.7 9.2
DC

9 Corn syrup 95.0 0.50 92.4 3.8 0.7 0.7 0.5 0.5 1.4
DC

10 High fructose (d) 0.04 93.1¢ 4.2 0.4 0.1 0.1 0.1 2.0
corn syrup
11 Maltodextrin 12.1 0.47 0.9 2.5 4.0 3.4 2.9 5.5 80.8

2 Samples and data supplied by cooperating Member Companies of CRA. b AC = acid conversion, DC = dual conversian
(acid—enzyme), HM = high maltose. ¢ Dextrose plus fructose. 4 See text.
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Table IH1. Interlaboratory Comparison—Original Samples Dry Substance and Refractive Index

Augustana CPC International Inc.
Dry Dry Dry Dry
substance substance substance substance
vacuum Karl vacuum Karl
Sample oven Fischer n*’D oven Fischer n*°D
1 Corn syrup 78.09 78.16 — 78.19 78.10 —
ACa
2 Corn syrup 80.37 80.22 1.49751 80.38 80.34 1.49755
Ac
lon exchange 78.80 78.72 1.49319 78.80 78.76 1.49318
3 Corn syrup 80.90 80.87 1.49680 80.90 80.89 1.49688
AC
4 Corn syrup 78.54 78.42 1.49464 78.55 78.44 1.49444
DC
5 Corn syrup 80.51 80.51 1.49810 80.49 80.58 1.49814
HM, DC
lon exchange 77.84 77.67 1.49084 77.93 77.88 1.49091
6 Corn syrup 80.62 80.54 1.49769 80.74 80.75 1.49776
HM, DC:
7 Corn syrup 79.63 79.54 1.49142 79.65 79.62 1.49147
DC
8 Corn syrup 82.25 82.28 1.49723 82.28 82.30 1.49742
DC
9 Corn syrup 71.43 71.46 1.46558 71.49 71.51 1.46569
DC
10 High fructose 70.97 71.03 1.46446 70.98 71.13 1.46462
corn syrup
11 Maltodextrin 94.82 94.83 — 95.06 94 98 —_

a AC = acid conversion, DC = dual conversion {(acid—enzyme), HM = high maltose.

Table IV. Refractive Index Readings for Water vs.

The term ‘‘dual conversion' may refer also to the sequential

Temperature

¢ nD lit. nD Stand
(°C) (ref 11) obsda Av diff deva
20 1.332 99 1.33297 —0.000 02 0.000 024
30 1.331 94 1.331 95 0.000 01 0.000016
45 1.329 85 1.329 88 0.000 03 0.000 028
60 1.327 25 1.327 36 0.000 11 0.000 010

a Based on 14 determinations at each temperature, made

during the course of this work.

Table V. Coefficients for Equation 12

treatment of starch with purified amylolytic enzymes.

High fructose corn syrups are those produced by a dual con-
version process followed by isomerization.

Individual syrups were blended for homogeneity and divided
for interlaboratory characterization studies. Samples of each
were delivered to this laboratory and to laboratories of Clinton
Corn Processing Company, Clinton, lowa, A.E. Staley Manu-

facturing Company, Decatur, IHl., and CPC International Inc., Argo,

lll. Compositional data on the products were obtained at Clinton,

Decatur, and Argo, concurrently with the refractive index and

Dry substance coefficients

Temperature coefficients

Sample A, A, A, B, B, B,
1 Corn syrup 0.644 969 2 —0.001 556 1 —0.003 573 4 —0.000 004 6 0.000 1230 —0.000 034 8
2 COEE syrup 0.646 333 4 —0.002 337 3 —0.001 063 8 —0.000 004 6 0.000 1230 —0.000034 8
3 chg syrup 0.646 929 6 —0.002 363 1 —0.000 450 5 —0.000 004 6 0.000 1230 —0.000 034 8
4 Cotl)'g syrup 0.645 8450 —0.0035621 —0.001 054 9 —0.000 004 6 0.000 1230 —0.000034 8
5 Co'_ri'r’:/‘sytl)'ép 0.646 007 3 —0.002 289 0 —0.001 147 7 —0.000 004 6 0.0001230 —0.000034 8
6 C%&;yéép 0.646 424 4 —0.002 488 7 —0.000 808 4 —0.000 004 6 0.000 1230 —0.000 034 8
7 Cotr;g vsyrup 0.647 408 7 —0.001 558 8 —0.000 360 4 —0.000 004 6 0.000 1230 —0.000 034 8
8 Cotr)'g syrup 0.647 687 0 —0.001 492 5 0.000 0000 —0.000 004 6 0.0001230 —0.000 034 8
9 CO[;E syrup 0.648 802 2 0.001 344 6 —0.001 069 6 0.000 002 7 0.000 1209 —0.000 031 2
10 High fructose 0.649 299 6 0.000 585 3 —0.001 0728 —0.0000130 0.000 1353 —0.000 029 9
11 Mgﬁ;ndzzl(;l:i% 0.644 890 7 —0.005 468 9 0.000 0000 —0.0000100 0.0001111 —0.000015 9

@ AC = acid conversion, DC = dual conversion (acid—enzyme), HM = high maitose. # Ash coefficients for all samples: C,,
0.000 022 5; C,, 0.000 000 0; C,, —0.017 697 7.
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Table VI. Corn Syrup, Acid Conversion, 28 D.E.,
0.4% Ash (D.B.)

Table VII. Corn Syrup, Acid Conversion, 42 D.E.,
0.4% Ash (D.B.)

% dry Refractive index % dry Refractive index

substance 20°C 309C 45°C 60°C substance 20°C 30°C 45°C 60°C
0 1.332 99 1.331 94 1.329 85 1.327 25 0 1,332 99 1.33194 1.329 85 1.327 25
2 1.335 97 1.334 90 1.332 77 1.330 15 2 1.33593 1.334 85 1.332 73 1.330 10
4 1.33904 1.337 93 1.33578 1.333 13 4 1.338 95 1.337 84 1.335 69 1.333 04
6 1.342 15 1.341 02 1.338 83 1.336 15 6 1.342 02 1.340 89 1.338 70 1.336 02
8 1.345 31 1.344 15 1.341 93 1.339 23 8 1.345 14 1.343 98 1.341 76 1.339 06
10 1.348 52 1.347 34 1.345 08 1.342 36 10 1.348 30 1.347 12 1.344 87 1.342 14
12 1.351 78 1.350 57 1.348 29 1.345 54 12 1.351 52 1.350 31 1.348 03 1.345 28
14 1.355 09 1.353 85 1.351 54 1.348 77 14 1.354 79 1.353 55 1.351 24 1.348 46
16 1.358 46 1.357 19 1.354 84 1.352 05 16 1.358 11 1.356 84 1.354 50 1.351 70
18 1.361 87 1.360 58 1.358 20 1.355 38 18 1.361 48 1.360 19 1.357 81 1.355 00
20 1.365 34 1.364 02 1.361 61 1.358 77 20 1.364 90 1.363 59 1.361 18 1.358 34
22 1.368 86 1.367 52 1.365 08 1.362 22 22 1,368 38 1.367 04 1.364 60 1.361 75
24 1.372 44 1.371 07 1.368 60 1.365 72 24 1.371 91 1.370 55 1.368 08 1.365 20
26 1.376 07 1.374 68 1.372 18 1.369 28 26 1.375 50 1.374 11 1.37161 1.368 72
28 1.379 76 1.378 35 1.375 82 1.372 90 28 1.379 14 1.377 73 1.375 20 1.372 29
30 1.383 52 1.382 07 1.379 52 1.376 58 30 1.382 84 1.381 40 1.378 85 1.37592
32 1.387 33 1.385 86 1.383 28 1.380 32 32 1.386 60 1.385 13 1.382 56 1.379 60
34 1.391 20 1.38971 1.387 10 1.384 13 34 1.390 42 1.38893 1.386 32 1.383 35
36 1.395 13 1.393 62 1.390 98 1.387 99 36 1.39429 1.39278 1.39015 1.387 16
38 1.399 13 1.397 59 1.394 93 1.391 92 38 1.398 23 1.396 69 1.394 03 1.391 03
40 1.40319 1.401 63 1.398 94 1.395 92 40 1.402 22 1.400 66 1.397 98 1.394 96
42 1.407 32 1.405 73 1.403 02 1.399 98 42 1.406 28 1.404 70 1.401 99 1.398 96
44 1.411 52 1.409 91 1.407 17 1,404 11 44 1.410 40 1.408 80 1.406 07 1.403 02
46 1.415 78 1.414 15 1.411 39 1.408 32 46 1.414 59 1.412 96 141021 1.407 14
48 1.42011 1.418 46 1.41567 1.412 59 48 1.418 84 1.417 19 1.414 41 1.411 33
50 1.424 52 1.422 84 1.420 03 1.416 94 50 1.423 16 1.421 49 1418 69 1.415 59
52 1.429 00 1.427 30 1.424 47 1421 36 52 1.427 55 1.425 85 1.423 03 1.419 92
54 1.433 55 1.431 83 1.428 97 1.425 85 54 1.432 00 1.430 28 1.427 44 1,424 32
56 1.438 18 1.436 43 1.433 56 1.43042 56 1.436 53 1.434 79 1.431 92 1.428 79
58 1.442 88 1.441 12 1.438 22 1.435 07 58 1.441 12 1.439 36 1436 47 1.433 33
60 1.447 67 1.445 88 1.442 96 1.439 81 60 1.445 79 1.444 01 1.441 10 1.437 95
62 1.452 53 1.450 72 1.447 79 1.444 62 62 1.450 53 1,448 73 1.445 80 1.442 64
64 1.457 48 1.455 65 1.452 69 1.449 52 64 1.455 34 1.453 52 1.450 57 1.447 41
66 1.462 51 1.460 66 1.457 68 1.454 50 66 1.460 23 1.458 39 1.455 42 1.452 25
68 1.467 62 1.465 76 1.462 76 1.459 57 68 1.465 20 1.463 34 1.460 35 1.457 17
70 1.472 83 1.47094 1.467 92 1.464 73 70 1.470 24 1.468 36 1.465 36 1.462 18
72 1.475 37 147347 1.470 45 1.467 26
74 1.480 58 1.478 66 1.475 62 1.472 43
, 76 1.485 87 1.483 93 1.480 88 1.477 68
dry substance measurements at this laboratory. Values of dex- 78 1.491 24 1.489 29 1.486 22 1.483 01
trose equivalent (D.E.) (7) and sulfated ash content (6), were 80 1:496 70 1:494 73 1.491 64 1.488 44
determined as well as saccharide composition by both liquid and 82 1.502 25 1.500 26 1.497 16 1.493 95
paper chromatography ( 70). The results of these determinations 84 1.507 88 1.505 87 1.502 76 1.499 56

are shown in Table Il.

Experimental Details

Dry Substance. The primary method for the determination
of dry substance content was the vacuum oven-fiiter aid method.
High fructose corn syrup and all corn syrups with D.E. values
above 55 were dried at 70 °C; all other corn syrups were dried
at 100 °C. The maltodextrin sample (a dry powder) was vacuum
oven dried directly at 120 °C.

For the purpose of monitoring the vacuum oven analysis, the
dry substance content for each product was also determined by
the Kar! Fischer titration method. The solvent system used was
methanol-formamide in the ratio of 70:30 except for the mal-
todextrin sample when the ratio was reversed to 30:70.

Additional monitoring of the dry substance determinations was
provided by CPC International Inc. Although none of these check
data has been used in the calculations and tables reported here,
they did suggest several recheck determinations and thus helped
to minimize or eliminate possible errors. In these ways, initial
dry substance values with a high probability of accuracy were
obtained.

The dry substance value for each diluted samples was cal-
culated on a weight-weight basis from the amounts of syrup and
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water used in the dilution process and the vacuum oven dry
substance value for the original sample. The dilutions were made
in polyethylene screw top bottles of 4-0z capacity. The opening
was lightly greased with Silicone stopcock grease, the bottle
weighed, a syrup sample quickly introduced, and the weight
determined. Water of the amount needed to give the desired dry
substance level was then introduced and the total weight de-
termined. The sample was then agitated until homogeneous;
several of the samples required heating for from 5 to 30 min at
65-70 °C and the maltodextrin samples required heating to 100
°C in order to achieve homogeneity. These samples were re-
weighed to check for possible water loss by evaporation before
the final value for the dry substance of the dilution was computed.
Randomly chosen samples of the diluted products were
subjected to vacuum oven and Karl Fischer moisture determi-
nations as a check on the gravimetric dilution process, with
satisfactory agreement.

The agreement of the dry substance determinations and re-
fractive index measurements on the original products, as done
by this laboratory and by CPC Internationai Inc., is shown in Table



Table VIII. Corn Syrup, Acid Conversion, 55 D.E.,
0.4% Ash (D.B.)

Table I X. Corn Syrup, Dual Conversion, 32D.E.,
0.4% Ash (D.B.)

% dry Refractive index % dry Refractive index
substance 20°C 30°C 45°C 60°C substance 20°C 30°C 45°C 60 °C

0 1.33299 133194 1.32985 1.327 25 0 1.33299 1.33194 1.32985 1.327 25
2 1.33590 1.33483 1.33271 1.33008 2 1.33594 1.33487 1.33275 1.33012
4 1.33890 1.33780 1.33564 1.33299 4 1.33899 1.33788 1.33573 1.33308
6 1.34195 1.34081 1.33863 1.33595 6 1.34208 1.34095 1.33876 1.33608
8 1.34504 1.34388 134166 1.33896 8 1.34522 1.34406 1.34184 133914
10 1.34818 1.34699 1.34474 1.34202 10 1.34841 1.34723 1.34498 1.34225
12 1.35137 1.35016 1.34787 1.34513 12 1.35166 1.35045 1.34816 1.34541
14 1.35461 1.35337 1.35106 1.348 28 14 1.35495 1.35372 1.35140 1.34863
16 1.35790 1.35663 1.35429 1.35149 16 1.35830 1.35704 135469 1.35190
18 1.36124 135995 1.35757 1.35476 18 1.361 71 1.36042 1.35804 1.35522
20 1.36463 136331 1.36091 1.358 07 20 1.36517 1.36385 1.36144 1.35860
22 1.36807 1.36673 1.36430 1.361 44 22 1.36868 1.36734 1.36490 1.36204
24 1.37157 137020 1.36774 1.364 86 24 1.37225 137088 1.36841 1.365 54
26 1.37512 1.37373 137123 1.36834 26 1.37587 1.37448 1.37199 1.36909
28 137872 137731 137479 1.371 87 28 1.37956 1.37814 1.37562 1.37270
30 1.38238 1.38094 137839 1.37546 30 138330 138186 1.37931 1.376 37
32 1.386 10 1.38463 1.38206 1.37910 32 138710 138564 1.38306 1.38010
34 1.38987 1.38838 1.38578 1.38281 34 1.39097 1.38948 138687 1.38390
36 139370 1.39218 138956 1.38657 36 1.39489 1.39338 1.39074 1.38775
38 1.39758 1.39605 1.39339 1.390 39 38 139888 1.39734 1.39468 1.39167
40 140153 1.39997 139729 1.39427 40 140293 140137 139868 1.39566
42 1.40554 1.40395 1.40125 1.39822 42 1.40704 140546 1.40275 1.39971
44 140960 1.40800 1.40527 1.40222 44 1.41122 1.40962 1.40688 1.40383
46 141373 141210 140935 1.40629 46 141547 141384 1.41108 1.40801
48 141792 141627 141350 1.41042 48 1.41978 1.41813 141535 1.41227
50 142218 142051 141771 1.41462 50 142417 142249 1.41969 1.41659
52 1.426 50 1.42480 1.42198 1.41888 52 1.42862 1.42692 1.42409 1.42098
54 143088 1.42917 142632 1l.42321 54 143314 143142 1.42857 1.42545
56 143533 143360 1.43073 1.42761 56 143774 1.43600 1.43312 1.42999
58 1.43985 1.43809 1.43521 1.43208 58 1.44241 1.44065 1.43775 1.43461
60 1.444 44 144266 1.43976 1.43661 60 144715 1.44537 1.44245 1.43930
62 1.44910 1.447 30 1.44437 1.44122 62 1.45197 1.45017 1.44723 1.44407
64 145382 145201 1.44906 1.44590 64 1.456 87 1.45504 1.45209 1.44892
66 145862 145679 1.45382 1.45066 66 1.46184 1.46000 1.45702 1.45385
68 1.46350 1.46164 1.45866 1.45549 68 146690 146503 1.46204 1.45886
70 1.46844 146657 1.46357 1.460 39 70 1.47204 147015 1.46714 146395
72 1.47347 147157 1.46856  1.465 37 72 1.47726 147535 1.47232 1.46913
74 1.47857 147665 1.47362 1.47044 74 148256 1.48064 1.47759 1.47439
76 1.48374 148181 1.47877 1.47558 76 148795 1.48601 1.48295 1.47974
78 1.48900 1.48705 1.48399 1.48080 78 149343 1.49147 148839 148518
80 1.49434 1.49237 1.48930 1.48610 80 1.49899 149701 149392 149071
82 1.49976 1.49777 1.49469 1.491 49 82 150465 1.50265 1.49955 1.49633
84 1.50526 150326 1.50016 1.49697 84 1.51040 1.50839 1.50527 1.50205

Hil. Further evidence bearing on the reliability of the dry substance
values found and used in this report will be found in the data
reduction and analysis section of this report.

Ash Content. The sulfated ash content for each of the original
products was determined by the collaborating laboratories. The
results are included in Table Il

The influence of ash content on the refractive index~-dry
substance relationship was investigated for samples 2 and 5.
These 42 D.E. corn syrups, produced by acid conversion and dual
conversion processes, respectively, were considered to be
typical in respect to ash content of commercial products. Ash,
in the form of NaCl, was added to portions of each of these
syrups to bring the ash content to about 1.0 and 1.5%. In addi-
tion, ash-free samples of each syrup were prepared by ion ex-
change refining. Dry substance values for each of the ion-ex-
changed and “‘spiked’’ syrups were determined by the vacuum
oven and Kar! Fischer methods, dilutions prepared, and refractive
index measurements made at the various temperatures.

The results of the measurements on these altered ash sam-
ples are included in the experimental data tables. All values were

included in the mathematical analysis for these syrups in addition
to their use in determining ash corrections.

Refractive Index. The measurements of refractive index were
made with a Bausch and Lomb precision (Sugar) refractometer,
with prism covering the range 1.20-1.50, using a sodium vapor
lamp as light source. The precision quoted by the manufacturer
is £0.00003. The initial calibration of the instrument was made
at 20 °C using the standard glass test piece provided by the
manufacturer (refractive index at 20 °C = 1.464 51). Calibration
checks were run routinely with distilled water and occasional
rechecks were made with the glass test piece. For temperatures
above 20 °C, water was used as the standard. In preliminary
calibration studies, the data summarized in Table IV were ob-
tained; these data suggest that corrections are needed at the 45
and 60 °C temperatures. Subsequently, the refractive index
measurements at each temperature were corrected by adding
the difference between the accepted value and the measured
value for water as found on the day of that measurement.

Samples and dilutions were applied to the prism of the re-
fractometer as quickly as possible to minimize possibie evap-
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Table X. Corn Syrup, High Maltose, Dual Conversion,
42 D.E., 0.4% Ash (D.B.)

Table X1. Corn Syrup, High Maltose, Dual Conversion,
50 D.E., 0.4% Ash (D.B.)

% dry Refractive index % dry Refractive index
substance 20°C 30°C 45°C 60 °C substance 20°C 30°C 45°C 60 °C

0 1.332 99 1.331 94 1.329 85 1.327 25 0 1.33299 1.33194 1.329 85 1.327 25
2 1.33594 1.334 86 1.332 74 1.33011 2 1.33592 1.334 84 1.332 72 1.330 09
4 1.338 97 1.337 87 1.33572 1.333 06 4 1.33894 1.337 83 1.33568 1.333 02
6 1.342 06 1.340 93 1.338 74 1.336 06 6 1.342 00 1.340 87 1.338 68 1.336 00
8 1.345 19 1.344 03 1.341 81 1.339 11 8 1.34511 1.343 95 1.34173 1.339 03
10 1.348 37 1.347 18 1.344 93 1.342 20 10 1.348 27 1.347 08 1.344 83 1.342 11
12 1.351 60 1.350 38 1.348 10 1.345 35 12 1.351 48 1.350 27 1.347 98 1.345 23
14 1.354 88 1.353 64 1.351 32 1.348 55 14 1.354 74 1.353 50 1.351 18 1.348 41
16 1.358 21 1.356 94 1.354 60 1.351 80 16 1.358 05 1.356 78 1.354 44 1.351 64
18 1.361 59 1.360 30 1.357 92 1.355 11 18 1.361 41 1.36012 1.357 74 1.354 92
20 1.365 02 1.36371 1.361 30 1.358 46 20 1.364 82 1.363 50 1.361 10 1.358 26
22 1.368 51 1.36717 1.364 73 1.361 88 22 1.368 28 1.366 94 1.364 51 1.361 65
24 1.372 05 1.370 69 1.368 22 1.365 34 24 1.371 80 1.37044 1.367 97 1.365 09
26 1.375 65 1.374 26 1.371 77 1.368 87 26 1.375 38 1.37399 1.371 49 1.368 59
28 1.379 30 1.377 89 1.375 37 1.372 45 28 1.379 01 1.377 59 1.375 07 1.372 15
30 1.383 01 1.381 57 1.379 02 1.376 09 30 1.382 69 1.381 25 1.378 70 1.375 76
32 1.386 78 1.385 32 1.382 74 1.379 78 32 1.386 43 1.384 97 1.382 39 1.379 44
34 1.390 61 1.38912 1.386 51 1.383 54 34 1.390 23 1.388 74 1.386 14 1.383 17
36 1.394 49 1.392 98 1.390 35 1.387 36 36 1.394 09 1.392 57 1.389 94 1.386 96
38 1.398 44 1.396 90 1.394 24 1.391 24 38 1.398 00 1.396 47 1.393 81 1.390 81
40 1.402 44 1.400 88 1.398 20 1.395 18 40 1.401 98 1.400 42 1.397 74 1.394 72
42 1.406 51 1.404 93 1.402 22 1.399 18 42 1.406 02 1.404 44 1.401 73 1.398 69
44 141064 1.409 04 1.406 30 1.403 25 44 1.41012 1.408 51 1.40578 .1.402 73
46 1.414 84 141321 1.410 45 1.407 39 46 1.414 28 1.412 65 1.409 90 1.406 83
48 1.419 10 1.417 45 1.414 67 1.411 59 48 1.418 51 1.416 86 1.414 08 1.411 00
50 1.423 42 1.421 75 1418 95 1.415 86 50 1.422 80 1.421 13 1.418 32 1.415 23
52 1.427 82 1.42612 1.423 30 1.420 19 52 1.427 16 1.425 46 1.422 64 1.419 53
54 1.43228 1.43056 1.42772 1.424 60 54 1.43158 1.42986 1.42702 1.42390
56 1.436 81 1.435 07 143221 1.429 08 56 1.436 07 1.434 34 1.431 47 1.428 34
58 1.441 42 1.439 66 1.436 77 1.433 63 58 1.440 64 1.438 88 1.435 99 1.432 85
60 1.446 09 1.444 31 1.441 40 1.438 25 60 1.445 27 1.443 49 1.440 58 1.437 43
62 1.450 84 1.449 04 1446 11 1.442 95 62 1.449 97 1.448 17 1.445 24 1.442 09
64 1.455 66 1.453 84 1.450 89 1.447 72 64 1.454 75 1.452 93 1.449 98 1.446 82
66 1.460 56 1.458 72 1.455 75 1.452 58 66 1,459 60 1.457 76 1.454 79 1.451 62
68 1.465 53 1.463 67 1.460 69 1.457 51 68 1.464 52 1.462 66 1.459 68 1.456 50
70 1.470 59 1.468 71 1.465 70 1.462 52 70 1.469 53 1.467 65 1.464 65 1.461 46
72 147572 1.473 82 1.470 80 1.467 61 72 1.474 61 1.472 71 1.469 69 1.466 50
74 1.480 93 1.479 02 1.475 98 1.472 78 74 1.479 77 1.477 85 1.474 81 1.471 62
76 1.486 23 1.484 29 1.481 24 1.478 04 76 1.485 01 1.483 07 1.480 02 1.476 82
78 1.491 61 1.489 66 1.486 59 1.483 39 78 1.490 33 1.488 37 1.485 31 1.482 11
80 1.497 08 1.495 11 1.492 02 1.488 82 80 1.495 73 1.493 76 1.490 68 1.487 48
82 1.502 63 1.500 64 1.497 55 1.494 34 82 1.501 22 1.499 23 1.496 14 1.492 94
84 1,508 28 1.506 27 1.503 16 1.499 95 84 1.506 80 1.504 79 1.501 69 1.498 48

oration. Plastic dropping pipets were used for this purpose when
possible; Teflon covered stirring rods were used for the more
viscous samples. Each sample was allowed to equilibrate to the
prism temperature until three consecutive readings gave the
same value. Each sample was applied to the prism three or more
times.

After the temperature of the refractometer prism was es-
tablished, the refractive index measurements for each of the
dilutions of a particular product were made, then the next tem-
perature was established and the refractive index for each of
the dilutions measured, etc. The refractive index measurements
for a single product type including all dilutions and all tempera-
tures were made within a 2-day period to minimize the possibility
of evaporation and other changes in composition. All weighing
operations involving an original product were done on the same
day.

Temperature Control and Measurement. The temperature
of the refractometer prism was maintained through the use of
a Brinkman/Lauda Model! K-2/R thermostatic, external circulating
water bath and monitored with calibrated A.S.T.M. No. E-1
centigrade thermometers. The thermometers used were grad-
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uated to 0.10 °C and could be read with the aid of a reading lens
to £0.02 °C without difficulty. The thermometer was mounted
in a thermometer well located in the water line immediately
adjacent to the inlet to the prism. This arrangement for the
thermometer was necessitated by the nonavailability of ther-
mometers (covering the temperature range of this study) for
mounting in the prism itself. Experiments in which the water flow
was reversed showed temperature differences ranging from
0.00° at 20 °C to a maximum of 0.05° at 60 °C. Therefore, it
may be concluded that the prism temperatures could have dif-
fered from the temperature of the thermometer by no more than
0.03 °C. A temperature error of this magnitude results in a dif-
ference of refractive index of less than 0.000 01 in the worst
case and is, therefore, negligible in this study.

Data Reduction

The data obtained in the experimental phase of this study were
found to be expressible in the form of a mathematical function
of the variables dry substance, temperature, and ash. The
mathematical form of this function is:



Table XI1. Corn Syrup, Dual Conversion, 63 D.E.,
0.4% Ash (D.B.)

Table X111, Corn Syrup, Dual Conversion, 70 D.E.,
0.4% Ash {(D.B.)

% dry Refractive index % dry Refractive index
substance 20°C 30°C 45 °C 60 °C substance 20°C 30°C 45°C 60°C

0 1.33299 1.33194 1.329 85 1.327 25 0 1.33299 1.33194 1.32985 1.327 25

2 1.335 89 1.334 81 1.332 69 1.33006 2 1.335 88 1.33480 1.33268 1.33005

4 1.338 87 1.337 77 1.335 61 1.332 96 4 1.338 85 1.337 74 1.335 59 1.332 93

6 1.341 90 1.340 77 1.338 58 1.335 90 6 1.341 86 1.34073 1.33854 1.335 87

8 1.344 98 1.343 82 1.341 60 1.338 90 8 1.344 92 1.343 77 1.341 55 1.338 84
10 1.348 10 1.346 91 1.344 66 1.341 94 10 1.348 03 1.346 85 1.344 59 1.341 87
12 1.351 27 1.35006 1.347 77 1.345 03 12 1.35119 1.349 97 1.347 69 1.344 94
14 1.354 49 1.353 25 1.350 93 1.348 16 14 1.354 39 1.35315 1.35084 1.348 07
16 1.357 75 1.356 49 1.354 14 1.351 35 16 1.357 64 1.356 38 1.354 03 1.351 24
18 1.361 07 1.359 78 1.357 40 1.354 59 18 1.360 94 1.359 65 1.357 28 1.354 46
20 1.364 44 1.36312 1.360 72 1.357 88 20 1.364 29 1.362 97 1.360 57 1.357 73
22 1.367 85 1.366 51 1.364 08 1.361 22 22 1.367 69 1.36635 1.36391 1.361 06
24 1.371 32 1.36996 1.367 49 1.364 62 24 1.371 14 136977 1.367 31 1.364 44
26 1.374 84 1.373 45 1.370 96 1.368 07 26 1.374 64 1.373 25 1.370 76 1.367 86
28 1.378 42 1.377 00 1.374 48 1.371 57 28 1.378 19 1.376 78 1.374 26 1.371 35
30 1.382 04 1.38061 1.378 06 1.375 13 30 1.381 80 1.38036 1.37781 1.374 88
32 1.385 73 1.384 26 1.381 69 1.378 74 32 1.385 46 1.38399 1.38142 1.378 47
34 1.389 46 1.387 98 1.385 38 1.382 41 34 1.38917 1.38768 1.38508 1.382 12
36 1.393 26 1.391 75 1.389 12 1.386 14 36 1.392 94 1.391 43 1.388 80 1.385 82
38 1.397 11 1.39557 1.392 92 1.389 92 38 1.396 76 1.39523 1.39258 1.389 58
40 1.401 01 1.39946 1.396 78 1.393 76 40 1.400 64 1.399 09 1.396 41 1.393 39
42 1.404 98 1.403 40 1.400 70 1.397 67 42 1.404 58 1.40300 1.40030 1.397 27
44 1.409 00 1.407 40 1.404 67 1.401 63 44 1.408 57 1.406 97 1.404 25 1.401 20
46 1.413 09 1.411 46 1.408 71 1.405 65 46 1.41263 1.411 00 1.408 25 1.405 20
48 1.417 23 1.41558 1.41281 1.409 74 48 1.416 74 1.415 09 1.412 32 1.409 25
50 1.421 44 1.419 77 1.416 97 1.413 89 50 1.42091 1.41924 1.41645 1.413 37
52 1.425 71 1.424 02 1.421 20 1.418 10 52 1.425 14 1.423 45 1.420 64 1.417 54
54 1.430 04 1.428 33 1.425 49 1.422 38 54 1.429 44 1.427 73 1.424 89 1.421 79
56 1.434 44 1.432 71 1.429 85 1.426 73 56 1.433 80 1.432 07 1.429 21 1.426 09
58 1.438 90 1.437 15 1.434 27 1.431 14 58 1.438 22 1.436 47 1.433 59 1.430 46
60 1.443 43 1.441 66 1.438 76 1.435 62 60 1.442 71 1.440 93 1.438 04 1.434 90
62 1.448 03 1.446 24 1.443 32 1.440 17 62 1.447 26 1.445 47 1.442 55 1.439 41
64 1.452 70 1.450 88 1.447 94 1.444 79 64 1.451 88 1.450 07 1.447 13 1.443 98
66 1.457 43 1.45560 1.452 64 1.449 48 66 1.456 56 1.454 73 1.451 78 1.448 62
68 1.462 24 1.460 39 1.457 41 1.454 25 68 1.461 32 1.45947 1.45650 1.453 34
70 1.467 12 1.465 25 1.462 25 1.459 08 70 1.466 14 1.464 27 1.461 29 1.458 12
72 1.472 07 1.47018 1.467 17 1.464 00 72 1.471 04 1.469 15 1.466 15 1.462 98
74 1.477 10 1.475 19 1.472 16 1.468 98 74 1.476 01 1.474 10 1.471 08 1.467 91
76 1.482 20 1.480 27 1.477 23 1.474 05 76 1.481 05 1.479 12 1.47609 1.472 91
78 1.487 38 1.485 43 1.482 38 1.479 19 78 1.486 16 1.484 22 1.48117 1.477 99
80 1.492 63 1.49067 1.48760 1.484 42 80 1.491 35 1.489 39 1.486 33 1.483 15
82 1.497 97 1.495 99 1.492 91 1.489 72 82 1.496 62 1.494 64 1.491 57 1.488 39
84 1.503 38 1.501 39 1.498 30 1.49511 84 1.501 96 1.499 97 1.496 88 1.493 70

1 1
— =—1+4+0.027 770 1s)}1 — s)
Mo Nony0
+ (A1 + Azs + Azsds + By + (Bes + Bas?)(t — 20)

+ Cy + (C2 + C3s)(su/100) (1)

Where np, = refractive index of the solution at temperature t(°C);
no 0 = refractive index of water at temperature t, °C; s =
percent dry substance/100; u = sulfated ash, percent dry
basis.

A+, Az, and A; are coefficients characteristic of the particular
syrup; By, B,, and B; are temperature correction coefficients
(the same for syrups 1-8 and different for each of samples 9,
10, and 11). C4, Cy, and Cj are ash correction coefficients de-
termined by the experiments on syrups 2 and 5 (commercial
syrups, ion-exchanged syrups, and ‘‘spiked’’ syrups) and used
with all of the samples. The initial form of this function was
suggested by work of Barber ( 7) on the density of sucrose so-
lutions.

The fitting of the experimental data to this functional form was
carried out in a sequential and iterative series of computations.

In the first stage the temperature correction coefficients B, B,,
and B; were calculated by the use of a stepwise multiple linear
regression program on an IBM 1130 computer. Here the ne-
cessity of using different coefficients for samples 9 through 11
was discovered, and these coefficients were obtained. These
permitted the correction of measurements for any temperature
to 20 °C and thus made possible the use of all of the data for a
given sample and its dilutions in stage two. This second stage
was the calculation of the coefficients A4, A5, and Aj, which
express the dependence of refractive index on dry substance
for a given product. Again, the computer and stepwise multiple
linear regression analysis were used to generate a set of coef-
ficients for each of the 11 products. Up to this point, no cor-
rections were possible for ash content, so the A coefficients
were merely provisional. An analysis of the residuals (observed
minus calculated values) indicated a few outliers. Reexamination
of the data for these points revealed a few minor errors; when
these were corrected and the A coefficients recaiculated, a good
fit with satisfactorily small residuals was obtained for each
product.

The third stage of computation involved the development of
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Table X1V. Corn Syrup, Dual Conversion, 95 D.E.,
0.5% Ash (D.B.)

Table XV. High Fructose Corn Syrup, 94 (Dextrose +
Fructose) (D.B.), 0.05% Ash (D.B.}

% dry Refractive index % dry Refractive index
substance 20°C 30°C 45°C 60°C substance 20°C 30°C 45°C 60 °C

0 1.33299 1.33194 1.329 85 1.327 25 0 1.33299 1.33194 1.32985 1.327 25
2 1.335 82 1.33475 1.33263 1.330 00 2 1.335 83 1.33475 1.33262 1.329 99
4 1.338 74 1.33764 1.33549 1.332 84 4 1.338 74 1.33763 1.33546 1.332 79
6 1.341 71 1.34058 1.33840 1.33572 6 1.34169 1.34054 1.33833 1.335 64
8 1.344 72 1.34356 1.341 35 1.338 65 8 1.344 68 1.34350 1.34125 1.338 53
10 1.347 76 1.346 58 1.344 34 1.341 62 10 1.347 71 1.346 50 1.344 22 1.341 46
12 1.350 86 1.34965 1.347 37 1.344 63 12 1.350 79 1.34955 1.347 23 1.344 44
14 1.35399 135276 1.35045 1.347 69 14 1.35391 1.352 64 1.35028 1.347 46
16 1.357 17 1.355 91 1.353 58 1.350 79 16 1.35708 1.35578 1.353 38 1.350 53
18 1.36039 1.35911 1.356 75 1.353 94 18 1.36029 1.35896 1.356 52 1.353 64
20 1.363 66 1.36236 1.359 96 1.357 14 20 1.36355 1.36218 135971 1.356 80
22 1.366 98 1.36565 1.363 22 1.360 38 22 1.366 85 1.36546 1.362 95 1.360 01
24 1.370 34 1.36898 1.366 53 1.363 67 24 1.370 20 1.36878 1.36623 1.363 27
26 1.373 75 1.37237 1.369 89 1.367 01 26 1.37361 1.37215 1.369 57 1.366 58
28 1.377 21 1.37580 1.373 29 1.370 39 28 1.377 06 1.37557 1.37295 1.369 93
30 1.38071 1.37928 1.37675 1.373 83 30 1.380 55 1.37904 1.37638 1.373 34
32 1.384 27 1.382 81 1.380 25 1.377 32 32 1.384 10 1.382 56 1.379 87 1.376 80
34 1.387 87 1.38640 1.38381 1.380 86 34 1.387 71 1.38613 1.38340 1.38031
36 1.391 53 1.39003 1.387 42 1.384 45 36 1.391 36 1.38975 1.38699  1.383 87
38 1.395 24 1.393 71 1.391 08 1.388 09 38 1.395 06 1.39343 1.39063 1.387 48
40 1.399 00 1.39745 1.394 79 1.391 79 40 1.398 82 1.397 16 1.394 32 1.391 15
42 1.402 81 1.401 24 1.39855 1.395 54 42 1.402 63 1.40094 1.398 07 1.394 87
44 1.406 68 1.40508 1.402 37 1.399 35 44 1.406 50 1.404 78 1.401 87 1.398 65
46 1.410 60 1.40898 1.406 25 1.403 21 46 1.41042 1.408 67 1.40573 1.402 49
48 1.414 58 141294 1.41018 1.407 13 48 1.414 40 141262 1.40965 1.406 38
50 1.418 61 141695 1.41417 141110 50 1.418 44 141663 141363 1.410 34
52 1.422 70 1.421 02 1.418 22 1.415 14 52 1.422 54 1.42070 1.41766 1.414 35
54 1.426 85 142515 1.422 33 1.419 23 54 142669 1.42482 1.42175 1.418 42
56 1.431 06 142934 1.426 49 1.423 39 56 1.430091 1.42901 1.425091 1.422 55
58 1.435 33 1.43359 1.43072 1.427 61 58 1.43519 143326 1.43012 1.426 75
60 1.439 66 1.43790 1.43501 1.431 89 60 1.43952 1.437 57 143440 1.43100
62 1.444 05 144227 1.439 36 1.436 23 62 1.443 93 144194 1.43875 1.435 33
64 1.44851 1.446 70 1.44378 1.440 64 64 1.448 39 144638 1.44315 1.439 71
66 1.45303 1.45120 1.44826 1.44511 66 1.45293 1.45089 1.44763 1.44417
68 1.457 61 1.45577 1.452 80 1.449 65 68 1.457 52 145546 145217 1.448 69
70 1.462 26 146040 1.457 42 1.454 26 70 146219 1.46010 1.45677 1.453 28
72 1.466 98 146510 1.46210 1.458 93 72 1.466 92 1.46480 1.46145 1.45793
74 1.471 77 146986 1.466 85 1.463 68 74 1.471 73 1.46958 1.466 20 1.462 66
76 1.476 60 1.47443 1.47102 1.467 46

the ash correction coefficients. Once again the computer and
the regression analysis program were used to calculate the
necessary coefficients from the data obtained with ash varia-
tions. With these in hand, the optimal set of A coefficients were
recalculated on the basis of data corrected to zero ash.
Attempts to correlate the dry substance-refractive index

Table XVI. Maltodextrin, 12 D.E., 0.4% Ash (D.B.)

relationships with D.E. showed that D.E. alone is not adequate
for representing the differences between products of widely
differing compositions. A modei based on the saccharide
compositional data as expressed in Table |l (including D.E.) was
developed and found to successfully represent the data for all
of these products. A full description of this model is to be pub-

% dry Refractive index % dry Refractive index
substance 20°C 30°C 45 °C 60 °C substance 20°C 30°C 45°C 60 °C
0 1.332 99 1.33194 1.329 85 1.327 25 28 1.380 28 1.37890 1.376 43 1.373 56
2 1.33599 1.33492 1.33280 1.330 18 30 1.384 10 1.38269 1.38019 1.377 30
4 1.339 07 1.33797 1.33583 1.333 19 32 1.387 97 1.386 54 1.38401 1.381 10
6 1.342 20 1.341 08 1.33891 1.336 25 34 1.391 91 1.39045 1.38790 1.384 97
8 1.345 38 1.344 24 1.34204 1.339 36 36 1.39591 1.39443 1.391 84 1.388 90
10 1.348 62 1.34745 1.34523 1.342 53 38 1.399 97 1.39847 1.395 86 1.392 90
12 1.351 91 1.35072 1.348 47 1.345 75 40 1.404 10 1.40257 1.39993 1.396 96
14 1.355 26 1.35405 1.351 76 1.349 02 42 1.408 30 1.406 74 1.404 08 1.401 08
16 1.358 66 1.35742 1.35511 1.352 36 44 1.412 56 1.41098 1.408 29 1.405 28
18 1.362 12 1.36086 1.35852 1.355 75 46 1.416 90 1.41529 1.41257 1.409 54
20 1.365 64 1.364 35 1.36199 1.359 19 48 1.421 30 1.41967 1.41692 1.413 87
22 1.369 21 1.36790 1.36551 1.362 69 50 1.425 77 1.424 11 1.421 34 1.418 27
24 1.372 84 1.371 51 1.369 09 1.366 26 52 1.430 31 1.428 63 1.425 83 1.422 74
26 1.376 53 1.37517 1.37273 1.369 88 54 1.434 93 1.43322 1.43039 1.427 29
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Table XVII. Factors for Approximate Calculation of
Refractive Index at Temperatures from 10 to 70 °C¢a

Water

28 to
95 D.E.
syrups

High
fructose
corn syrup

Malto-
dextrin

Table XVIIl. Ash and D.E. Corrections

0.000 716

0.000 605

0.000 477

0.000 333

0.000 174

0.000 000
—0.000 187
—0.000 389
—0.000 603
—0.000 829
—0.001 068
—0.001 318
—0.001 579
—0.001 850
—0.002 133
—0.002 425
—0.002 727
—0.003 039
—0.003 360
—0.003 690
—0.004 029
—0.004 377
—0.004 734
—0.005 099
—0.005 472
—0.005 853
—0.006 331
—0.006 760
—0.007 168
—0.007 586
—0.008 035

0.002 260

0.001 808

0.001 356

0.000 904

0.000 452

0.000 000
—0.000 452
—0.000 904
—0.001 356
—0.001 808
—0.002 260
—0.002 712
—0.003 164
—0.003 616
—0.004 068
—0.004 520
—0.004 972
—0.005 424
—0.005 876
—0.006 328
—0.006 780
—0.007 232
—0.007 684
—0.008 136
—0.008 588
—0.009 040
—0.009 492
—0.009 944
—0.010 396
—0.010 848
—0.011 300

0.002 590

0.002 072

0.001 554

0.001 036

0.000 518

0.000 000
—0.000 518
—0.001 036
—0.001 554
—0.002 072
—0.002 590
—0.003 108
—0.003 625
—0.004 144
—0.004 662
—0.005 180
—0.005 698
—0.006 216
—0.006 734
—0.007 251
—0.007 770
—0.008 288
—0.008 806
—0.009 324
—0.009 842
—0.010 360
—0.010 878
—0.011 396
—0.011 914
—0.012 432
—0.012 949

0.002 300

0.001 840

0.001 380

0.000 920

0.000 460

0.000 000
—0.000 460
—0.000 920
—0.001 380
—0.001 840
—0.002 300
—0.002 760
—0.003 220
—0.003 680
—0.004 140
—0.004 600
—0.005 060
—0.005 520
—0.005 980
—0.006 440
—0.006 900
—0.007 360
—0.007 820
—0.008 280
—0.008 740
—0.009 200
—0.009 660
—0.010 120
—0.010 580
—0.011 040
—0.011 500

4 The approximate refractive index change with tempera-
ture can be represented as the sum of the water effect and
the solids effect: nD¥= nD?° + Fy (1 —s) + Fy(s) where
s = percent dry substance/100, F, = water factor from
table, Fg = solids factor from table, appropriate to the prod-
uct type. Exact refractive index at any temperature can be
calculated from eq 1, but this is a tedious procedure. This
table is presented as a convenient alternative.

% dry Change in ngq for an increase of:
substance 1% Ash 1D.E.

2 0.000 000 —0.000 001

4 0.000 000 —0.000 003

6 0.000 001 —0.000 005

8 0.000 002 —0.000 007
10 0.000 003 —0.000 010
12 0.000 004 —0.000 012
14 0.000 006 —0.000015
16 0.000 008 —0.000017
18 0.000 010 —0.000 020
20 0.000 013 —0.000 023
22 0.000 016 —0.000 026
24 0.000 019 —0.000 029
26 0.000 022 —0.000 033
28 0.000 026 —0.000 036
30 0.000 030 —0.000 040
32 0.000 034 —0.000 044
34 0.000 039 —0.000 048
36 0.000 044 —0.000 052
38 0.000 049 —0.000 057
40 0.000 055 —0.000 061
42 0.000 061 —0.000 066
44 0.000 068 —0.000 071
46 0.000 074 —0.000 076
48 0.000 082 —0.000 081
50 0.000 089 —0.000 087
52 0.000 097 —0.000 093
54 0.000 105 —0.000 099
56 0.000 114 —0.000 105
58 0.000 123 —0.000 112
60 0.000133 —0.000118
62 0.000 143 —0.000 125
64 0.000 153 —0.000 132
66 0.000 164 —0.000 140
68 0.000175 —0.000 147
70 0.000 187 —0.000 155
72 0.000 199 —0.000 163
74 0.000 212 —0.000 172
76 0.000 225 —0.000 181
78 0.000 239 —0.000 190
80 0.000 253 —0.000 199
82 0.000 268 —0.000 208
84 0.000 283 —0.000 218

lished elsewhere (4). On the basis of this model a few of the
original dry substance values appeared to be slightly out of line;
these were rechecked experimentally and the averages of the
original and the later work used in a repeat computation with the
composition model. This led to excellent agreement between
calculated and observed values for the entire set of data, cov-
ering temperature, ash, and dry substance variation over the
complete range of compositions. While this model and com-
putation are beyond the scope of this report, they are mentioned
here because of their use in suggesting questionable points for
further work and because they indicate the internal consistency
of these data.

Finally, the entire set of experimental data was reanalyzed
in the manner aiready described. The final values of the coeffi-
cients to be used with eq 1 are given in Table V. The supple-
mentary tables include both the experimental values and values
calculated with eq 1 along with the corresponding residuals. Of
the total of 433 points listed in the data tables, only four have
residuals greater than 0.000 20 and only 32 have residuals
greater than 0.000 10. The residuals for the 0.0% dry substance
entries are noteworthy in that these experimental values were
not included in the regression analysis that led to the coefficients
used with eq 1. Thus, these calculated values represent an ex-

trapolation from the data on actual product solutions, and the
small size of these residuals (0.000 02-0.000 05} is an indication
of the quality of the experimental points and of the curve fitting
procedures.

Dextrose Equivalent Correctlons. Corrections for small D.E.
variations (on the order of £2 D.E.) within a product type are
possible and can be simply expressed as a correction in the
form:

np{corrected) — np(original) = K[D.E.(new)
- D.E.(original)] (2)

Here K, the proportionality constant, is the same for all products
but is dependent on the dry substance of the sample. Analysis
of the data for the products with D.E. values ranging from 12 to
95, at eight dry substance levels (as calculated from eq 1) yielded
the expression for K given below.

KX 105 = — 8.895s5 — 12.5361s% — 9.368385° 3)

Results

The raw data of the experimental work are given in the sup-
plementary, tables. Subsequent data reduction and curve fitting
yielded eq 1 and the coefficients given in Table V, and provided
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the calculated values and residuals for all samples analyzed. The
equation and appropriate coefficients have been used to gen-
erate the more convenient Tables VI-XVI. These tables repre-
sent commercial products in terms of D.E. (where appropriate)
and ash levels, and are much more detailed in their expression
of the dry substance dependence of refractive index.

Table XV for high fructose corn syrup was calculated in a
similar manner even though the product is ordinarily not char-
acterized by D.E. Sample 10 contained 93.1% (dry basis) dex-
trose plus fructose, and the observed D.E. was 94.1. Table XV
represents a product containing 94.0% (dry basis) dextrose plus
fructose, and has a calculated D.E. value of 94.6.

Correction factors for small variations in temperature, ash,
and D.E. are given in Tables XVl and XVIIl. The refractive index
and dry substance values in Tables Vi through XVI, higher than
the experimental data originally obtained, were extrapolated
within reasonable limits using eq 1 and the coefficients listed
in Table V. Interpolation for intermediate values of dry substance
should be easy and obvious.

Conclusions

Careful experimental work and extensive data analysis have
been combined to produce accurate and useful tables, detailing
the relationship between refractive index and dry substance
content for a wide range of commercial corn syrups and mal-
todextrin. With these tables, measurements of refractive index
may be used to obtain the dry substance content of corn syrups
and maltodextrin solutions with speed, precision, and accuracy
comparable to that of the vacuum oven-filter aid method.
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Thermodynamics of the System H,0-NaH,PO,-H;PO,

Robert F. Platford

Canada Centre for Inland Waters, Burlington, Ontario, Canada L7R 4A6

The excess free energies of mixing for the system H,0-
NaH,PO,-H;P0, have been determined from vapor
pressure measurements at 273.15 and 298.15 K. They are
the same at the two temperatures, and, In common with
other phosphate mixtures studied to date, are negative.

Mixtures of orthophosphoric acid with simple water-soluble
salts are important models for phosphate fertilizers. Furthermore,
such systems are of considerable theoretical interest because
of the atypical behavior they exhibit which results from hydrolysis
of the orthophosphate anion. The existence in phosphate solu-
tions of the dimer (H,PO4)22~ has been demonstrated by free
energy measurements made in this laboratory (9), and, in view
of the recent interest shown in phosphates in mixed-salt soiutions
(5, 8), it seems appropriate to have data on a mixture of a simple
phosphate salt with phosphoric acid. The solubility diagram for
the aqueous system NaH.PO,-H3PO,4 has been reported on (4)
but, although water activities also are plotted in the diagram, they
are unfortunately not given with sufficient precision to permit
the calculation of free energies. For this reason, | have rede-
termined the water activities in this system.
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Experimental Section

The method used was that in the previous papers in this series
(1, 2, 6, 7) (I neglected to refer to ref 2 in ref 7; in the region of
overlap our results for ¢(HsPO,) agree to within 0.01.) and in
addition to the 298 K measurements, a further few measure-
ments were made at 273 K. The isopiestic concentrations are
given in Table |, with the phosphoric acid treated as a 1-1
electrolyte. A power series in /, the ionic strength of each mix-
ture, was fitted to the data, using the expression:

(2ya + Keye)d — 2yada® — KeVade® = yavs(boi! + bo2f?)
(1

where kg, a constant characteristic of the electrolyte, is 2. As
explained in the discussion, the data were recalculated after
treating the H;PO4 as, next, a 1-2 electrolyte (kg = 1) and, finally,
a 1-3 electrolyte (ks = %). This, of course, necessitated a re-
calculation of the y and ¢ values in each case. The b coefficients
in eq 1 are related to the excess Gibbs energy of mixing in the
system A, GF through Friedman’s go function (2)

bo1 + Tebo2 = go = AmGF/(RTPyays) (2)

The values for the mixtures are plotted in Figure 1 for the three



