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4.3.6.1.3 Effect of sorghum type and decortication on flour colour

Roasting did not affect L* values of tannin WGF. With decortication, the flours of tannin sorghum
became lighter. The non-tannin wholegrain sorghum flour (WGF) was lighter than tannin sorghum
flours but darker than the decorticated non-tannin sorghum flours which were the lightest overall.
Conversely, other colour parameters redness/greenness, yellowness, chroma, browning index and
total colour difference were generally not affected (p > 0.05) by roasting of sorghum grains (Table
4.3.3).
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Table 4.3.3 Effects of roasting time applied to wholegrain sorghum (tannin and non-tannin)
on the colour properties (L*, a*, b*, C*, H*, AE* and BI*) of their wholegrain and
decorticated grain flours

Roasting time (min)

Sorghum type and flour form

Colour properties

L* a* b* c* H* AE* BI*
0 76.3 (0.3) 5.61 (0.01) 7.55 (0.13)° 9.50 (0.03) 53.7(0.4) Not applicable 15.5 (0.1)
10 _ 76.3 (0.6) 5.76 (0.17) 7.66 (0.14)? 9.67 (0.06) 53.3(0.6) 0.33 (0.05)® 16.0 (0.1)
15 (Wr]Ter;Tain) 76.4 (0.6) 5.78 (0.10) 7.74 (0.17)? 10.1 (0.03) 53.3(0.3) 0.67 (0.06)° 16.0 (0.1)
20 76.6 (0.4) 5.97 (0.16)° 7.77 (0.13) 10.1 (0.01) 52.7(0.4) 1.66 (0.07)? 16.7 (0.3)
25 76.7 (0.3) 6.07 (0.11)? 7.94 (0.20) 10.3 (0.04)* 52.3(0.1) 1.66 (0.10)? 16.3(0.2)
0 86.7 (0.5)° 2.97 (0.12) 6.78 (0.12) 7.33 (0.05)° 66.3(0.6)° Not applicable 10.3 (0.5)
10 88.4 (0.3)* 2.31(0.03) 6.68 (0.16) 7.26 (0.02)? 72.0(0.1)® 1.67 (0.06)" 9.7 (0.1)®
15 Tannin (decorticated) 88.5 (0.3) 2.17 (0.05) 6.67 (0.15) 7.13(0.1) 72.6(0.5)® 2.00 (0.01)® 9.5 (0.2
20 88.7 (0.4) 2.12 (0.05) 6.64 (0.01) 7.02 (0.01) 72.8(0.3)® 2.33 (0.05)® 9.3 (0.1)®
25 88.9 (0.1) 2.11(0.01) 6.62 (0.17) 6.71 (0.04)° 76.0(0.1) 2.67 (0.06)° 9.1 (0.1)
0 82.6 (0.6)? 3.63 (0.02)° 8.80 (0.0.2)° 9.97 (0.29)? 66.8(0.4)° Not applicable 15.1 (0.5)*
10 _ 82.5 (0.4)® 3.74 (0.08)* 8.98 (0.09)* 9.87 (0.08)? 66.9(0.3)® 0.79 (0.06) 14.9 (0.1)*
15 (VNV:;':agnrr:i:) 81.9 (0.3)® 3.82 (0.03)® 8.99 (0.07)® 9.76 (0.08)* 67.2(0.1)* 0.83 (0.04) 14.8 (0.2)
20 81.8 (0.3) 3.83 (0.04)* 9.10 (0.09) 9.74 (0.06)® 67.4(0.5)® 0.87 (0.04) 14.6 (0.2)®
25 81.7 (0.2)° 3.93(0.12) 9.17 (0.28)? 9.52 (0.02)° 67.6(0.1) 0.96 (0.17) 14.2 (0.1)
0 91.6 (0.3)° 0.14 (0.06) 8.64 (0.31)* 9.70 (0.33)° 84.3(0.3)° Not applicable 10.3 (0.1)*
10 _ 92.8 (0.1) 0.15 (0.02) 8.61 (0.33) 9.57 (0.30)? 87.5(0.3)° 1.15 (0.02)? 9.7 (0.1)®
15 ((z:zrf:;!;) 92,5 (0.2)® 0.27 (0.07)* 8.55 (0.27) 9.50 (0.22)? 88.2(0.5)® 1.17 (0.06)? 9.7 (0.3
20 92.2 (0.3)® 0.34 (0.04)° 8.30 (0.12)® 9.41 (0.25) 88.9(0.3)* 1.20 (0.05)? 9.3 (0.2
25 92,5 (0.3)® 0.87 (0.08)° 7.87 (0.28)" 8.89 (0.01) 89.1(0.4)* 1.52 (0.03)? 9.0 (0.1)

Values for each dependent variable for each sorghum type and flour form followed by different superscripts indicate

significant differences between means (p < 0.05). Results are expressed as the mean * standard deviation.

L* = lightness, a* = redness, b* = yellowness, C* = colour intensity, H* = hue angle, AE* = total colour change and

BI* = browning index

97

© University of Pretoria



AN PRETORIA
F PRETORIA
A PRETORIA

<o<

4.3.6.1.4 Effects of sorghum type and decortication on pasting profiles of flours

Roasting wholegrain sorghum kernel caused decreases in the pasting profiles (peal viscosity, final
viscosity, breakdown viscosity, and set back viscosity) of tannin and non-tannin sorghum flours
(Fig 4.3.2). The decrease in the pasting profiles is significantly (p < 0.05) lesser in the decorticated
grain flour than those of wholegrain flour during pasting. With decortication, both the peak and

final viscosities of flours of tannin and non-tannin sorghum grains increased (Fig 4.3.2).
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Figure 4.3.2 Effects of roasting time applied to wholegrain sorghum (tannin and non-tannin)

on the pasting (viscosity) profiles of their wholegrain and decorticated grain flours.

a = wholegrain tannin, b = decorticated grain tannin, ¢ = wholegrain non-tannin, and d =

decorticated non-tannin sorghum
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4.3.6.1.5 Effects of sorghum type and decortication on water absorption and solubility

mn
e
co

indexes

Roasting significantly (p < 0.05) progressively increased the WAI and reduced the WSI of all the
flour types (Table 4.3.4). There were no significant (p < 0.05) differences in WAI of whole and
decorticated grain flours due to roasting of non-tannin sorghum. Whereas WSI differed (p < 0.05)
between whole and decorticated grains flours from roasted tannin sorghum, those of non-tannin
sorghum were not (p > 0.05) different. Wholegrain flours from tannin sorghum roasted for 25 min
exhibited the highest WAI (4.10), while the highest WSI (0.153 and 0.133) were observed in
decorticated grain flours from tannin sorghum roasted for 20 min and 25 min, respectively. WSI
is an indication of the degradation of molecular components; such as the amount of soluble
polysaccharide of starch released after roasting sorghum grains (Oikonomou & Krokida, 2011).
Therefore, an increase in the WSI values in decorticated grain flours can be ascribed to the rupture

of the structural poly saccharides by roasting treatments

Table 4.3.4 The effects (dry basis) of roasting time applied to sorghum grains (tannin and
non-tannin) on the WAI and WSI of wholegrain and decorticated grain flours

Roasting time (min) Sorghum type and flour form WAI WAL
0 2.62 (0.04)° 0.033 (0.002)*
10 . 3.01 (0.05)° 0.026 (0.001)°
Tannin
15 . 3.07 (0.04)° 0.020 (0.003)¢
(wholegrain)
20 3.21(0.05)° 0.018 (0.002)«
25 4.10 (0.01)* 0.015 (0.001)¢
0 2.24 (0.04)2 0.025 (0.003)*
10 2.28 (0.03)° 0.025 (0.002)*
15 Tannin (deCOrticated) 231 (004)b 0.017 (OOOl)b
20 2.38 (0.05)° 0.153 (0.003)™
25 2.68 (0.03)* 0.133 (0.002)¢
0 2.43(0.11) 0.025 (0.004)*
10 ) 2.45(0.12) 0.024 (0.002)®
Non-tannin
15 . 2.54 (0.03) 0.023 (0.002)®
(wholegrain)
20 2.57(0.02) 0.022 (0.003)®
25 3.66 (0.05) 0.022 (0.001)°
0 2.29 (0.02) 0.027 (0.003)
10 2.37(0.03) 0.024 (0.002)
Non-tannin
15 . 2.41(0.03) 0.023 (0.001)
(decorticated)
20 2.45 (0.04) 0.023 (0.002)
25 2.67 (0.05) 0.023 (0.001)

Values for each dependent variable for each sorghum type and flour form followed by different superscripts indicate
significant differences between means (p < 0.05). Results are expressed as the mean triplicate determinations +
standard deviation
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4.3.6.1.6 Physicochemical characteristics of flour
Figure 4.3.3 shows the sensory characteristics of porridge using Principal Component Analysis

(PCA) plots of the first-two principal components, with a score plot (A) for the samples from
different sorghum type and processing and a loading plot (B) of the flour parameters (Fig 4.3.3).
The plots indicate a visual summary of the changes in flour samples due to different treatments,
with the inclusion of all flour parameters that showed significant differences as main or interaction
effects. The PCA plots explained nearly 76% of the treatment variation among the samples.

PC1 (53 % of the variation) clearly separates wholegrain flour, that is on the right, from those of
decorticated grains on the left-hand side. PC1 also separate the samples into three groups (due to
forming cluster-like patterns while others are at distant) from right to left WT (wholegrain tannin),
WN (wholegrain non-tannin) and then DT (decorticated tannin) and DN (decorticated non-tannin).
Those on the left have higher L*-values and lower Bl (browning index), TPC (total phenolic
content), WAI (water absorption index), FFA (fat acidity) and ABTS (antioxidant activity). PC2
separates the controls (unroasted) flours of all treatments with a higher moisture content (mc) at

the top of the plot from the roasted samples further down.

The PC2 adds 22.5% to the variation and it primarily separates the roasted from the unroasted
sorghum grain flours. Separation of the roasted samples along PC2 is according to the extent of
roasting time. The longer the roasting time the lower the mc, and the higher the ABTS. The PCA
plot revealed that wholegrain flours from roasted tannin sorghum (WTo - WTa2s) were associated
with higher concentration of total phenols (TPC), antioxidant activity (ABTS), FFA, browning
index (BI) and WAI. The TPC, browning index and AOA were positively correlated with each
other and were associated with roasted whole grain tannin sorghum flours (WT). Flours of
decorticated non-tannin sorghum (DN) were lighter in colour (higher L-value) than those of

wholegrain flours.
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Figure 4.3.3 Principal component analysis (PCA) of unroasted and roasted (10, 15, 20, 25
min) tannin and non-tannin sorghum grains and the physicochemical properties of their

wholegrain and decorticated flours (unstored)

A. Treatment Roasting time and Decortication: Unroasted tannin wholegrain (WT, minutes), untreated tannin

decorticated grain (DTo), tannin roasted wholegrain (WT1o, WT1s, WT20, WTa2s), roasted tannin decorticated

grain (DT1o, DT1s, DT20, DT2s); unroasted non-tannin wholegrain (WNg), unroasted non-tannin decorticated

grain (DNo), roasted non-tannin whole grain (WN 1o, WN1s, WN2o, WN25) and roasted non-tannin decorticated

grain (DN1o, DN15, DN2g, DN2s).

B. PCA Loading: Moisture content (mc), fat acidity (FA), water absorption index (WAI)), browning index (BI),

total phenolic content (TPC), antioxidant activity (ABTS), water solubility index and lightness (L*).

Red ring indicating clusters.
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4.3.6.2 Properties of stored flour of non-tannin sorghum and sensory quality of food product
4.3.6.2.1 Effect of roasting non-tannin sorghum on flour (stored) fat rancidity

Fat rancidity of stored flour was measured in terms of fat acidity (lipolysis) and para-anisidine
value (oxidation). The amount of FFA can be considered a lipid quality index for foods because
studies had shown that FFA oxidize more quickly than their respective methyl esters (Zou et al.,
2018). Roasting of non-tannin sorghum kernels had substantial effect on the fat acidity of flours
from whole and decorticated grains. Reduction in the fat acidity values of roasted (I = roasted for
10 min and h = roasted for 25 min) whole and decorticated grain flours during storage compared
to those of U (unroasted sample) shows that the roasting treatments largely inactivated the lipase
in the flours (Table 4.3.5). During storage, the fat acidity of whole flours from | and h was generally
much lower (p < 0.05) than that of U flours. Generally, the fat acidity of all flour forms, irrespective

of the heat treatment, increased with storage (Table 4.3.5).

Table 4.3.5 Effects of roasting non-tannin sorghum grains on fat acidity (mg KOH/100 g, dry
basis) values of flours stored as whole and decorticated.

Flour type/ Storage period (weeks)
o . p-value
Roasting time (min) 0 3 6
Whole 0 50.1 (1.6)** 184. 7 (3.1)A 233.6 (3.4)# < 0.0001
10 48.9 (3.1)*A 174.6 (4.7)°A 190.1 (5.7)%® < 0.0001
25 34.4 (1.3)8 107.9 (3.5)"8 173.5(3.6) ¢ <0.0001
p-value 0.0330 0.0003 0.0005
Decorticated 0 9.9 (0.6)* 16.5 (1.5)"A 20.9 (1.3)» 0.013
10 5.5 (0.2)28 7.7 (0.3)%® 9.9 (0.5)*® 0.142
25 3.3(0.1)®8 5.5 (0.4)"® 11.5(0.3)® 0.018
p-value 0.0515 0.0312 0.0049

Values are means of triplicate determinations. Means for a flour type with &9 ¢ superscripts are significantly (p <
0.05) different row wise, and means with A B2 syperscripts are significantly (p < 0.05) different column wise.
Flour fat acidity of the respective grains/treated samples at day 0 (baseline) prior to heat treatments (roasting at 150 C
for 10 min and 25 min) are printed bold

The pAV of flours from roasted non-tannin WGK was significantly lower than that of U at week
0 (Fig 4.3.4A). Similarly, at week 0 the pAV of flour from decorticated grain was lower than those
of WGF (Figure 4.3.4B). The pAVs of all the samples increase during the storage period. The pAV
of all WGF increased by more than two-fold and for decorticated grain flours nearly two-fold (Fig
4.3.4).
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Figure 4.3.4 Effects of roasting non-tannin whole grain sorghum kernels on the pAV of
flours stored as (A) wholegrain and (B) decorticated.

Values with different letters are significantly different (p < 0.05).
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4.3.6.2.2 Effect of roasting non-tannin wholegrain sorghum on flour (stored) damaged starch
content

Roasting of non-tannin WGK led to a slight increase in the flour damaged starch content (Fig
4.3.5). The decortication process had an impact on flour of U non-tannin kernels which led to
some damage in starch content. That is, the process caused a greater damage to starch in the flour

of the unroasted non-tannin kernels, hence higher damage starch content.
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Figure 4.3.5 Effects of roasting non-tannin wholegrain sorghum kernels on damaged starch

contents of flours stored as whole (A) and decorticated (B).
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figure.
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4.3.6.2.3 Effect of roasting non-tannin whole grain sorghum on flour (stored) paste viscosity
Roasting non-tannin WGK affected flour paste viscosity of WGF and decorticated grain flour.
There was reduction in both peak viscosity (PV) and final viscosity (FV) values of flour pastes
from roasted whole and decorticated grain flours compared to their U samples. The PV and FV
values of flour pastes from roasted sorghum kernel exhibited a continuous decrease related to an
increase in the roasting time. Storage period of flours had a significant effect on the paste viscosity.

There were decreases in both PV and FV of flour pastes with flour storage (Figure4.3.6).
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Figure 4.3.6 Effect of roasting of non-tannin wholegrain sorghum kernels on peak viscosity
(A) and final viscosity (B) of flour paste from whole and decorticated stored flour.

Value per subgraph with different letter(s) differ significantly (p <0.05).

Circles solid line = Untreated (U), Diamonds dotted line = Roasted, 10 min (l), Squares dashed line = Roasted, 25 min

(h).
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4.3.6.2.4 Effect of roasting non-tannin sorghum on porridge colour instrumental analysis

There were negligible effects of either roasting non-tannin whole grain sorghum flours or storage
on whole flour L* values (Table 4.3.6). Roasting of non-tannin sorghum grains had a negligible
effect on its flour a* values (redness/greenness) and b* values (yellowness/blueness) but there was
a reduction in redness and yellowness with flour storage. These effects are captured in total colour
difference (AE*). The AE* values of porridge samples ranged between 0.0 and 3.3. With value of
AE* < 1, colour differences of porridges are not obvious for the human eye, but when AE* is 3.3,

it implied that the colour differences are obvious for the human eye (Table 4.3.6).

Table 4.3.6 Effects of roasting wholegrain sorghum kernel on L*, a*, b* and AE* colour
values of porridges prepared from flour stored as a whole

Treatment Storage period Colour parameters
(weeks) L* ax b* AE*
Unroasted (V) 0 78.6(1.2) 4.63(0.2)b 12.9(0.2)a 0.0
1 78.5(1.3) 4.62(0.2)b 12.9(0.3)a 0.0
2 78.5(1.4) 4.32(0.1)cd 11.4(0.3)cde 14
3 80.2(1.8) 4.22(0.1)def 10.8(0.3)f 2.6
4 802(1.2) 4.48(0.1)bc 11.1(0.3)ef 2.3
5 79.0(1.7) 4.04(0.1)fg 10.3(0.2)g 2.6
6 79.3(1.6) 4.02(0.1)fg 11.7(0.2)cd 15
Roasted, 10 min (1) 0 78.3(1.3) 458(0.1)b 12.3(0.2)b 0.6
1 78.1(1.1) 4.66(0.1)b 11.8(0.1)c 1.2
2 78.0(1.5) 4.51(1.1)bc 11.8(0.1)c 1.2
3 76.7(1.7) 4.92(0.3)a 11.7(0.7)cd 2.1
4 79.3(1.9) 4.50(0.2)bc 11.7(0.6)cd 14
5 79.0(1.5) 3.97(0.1)g 10.8(0.5)f 2.1
6 81.0(1.2) 3.64(0.1)h 10.8(0.1)f 33
Roasted, 25 min (h) 0 78.4+1.3 4.48(0.1)bc 12.6(0.2ab 0.3
1 78.9412 4.31(0.2)cde 11.4(1.1)cde 15
2 79.11.3 4.10(0.1)fg 11.3(0.1)de 1.7
3 79.3+1.2 4.15(0.1)defg 11.1(0.4)ef 1.9
4 79.4+1.2 4.11(0.1)efg 10.3(0.2)g 2.7
5 78.6+1.3 4.13(0.1)defg 10.3(0.3)g 2.6
6 79.841.0 4.11(0.1)efg 11.8(1.0)cd 1.2
p-value 0.433 < 0.0001 < 0.0001

Values are the means of triplicate determinations. Values with different superscripts within the same column differ
significantly (p < 0.05). p - value = level of significance. L* is lightness (0 = black, 100 = white); a* is red; b* is
yellow; AE* is the total colour difference between control and actual sample.
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Similarly, roasting and storage of non-tannin sorghum had negligible effects on the L* values of
porridges of the decorticated grain flours. There was minimal effect of roasting non-tannin
sorghum grains on a* value (ranging from green to red) of porridge but there was a little increase
in redness with flour storage. Also, there was little effect of roasting on porridge b* value (ranging
from blue to yellow) with flour storage. With decortication, porridges of flour from roasted non-
tannin sorghum stored for 6 weeks appeared lighter than those from WGF (Table 4.3.7). The AE*
of porridge samples ranged between 0.0 and 5.6. Thus, AE* is 5.6 for porridges of h flour were

perhaps detectable by the human eye because AE* > 3 for porridge of flour stored for 5 weeks.

Table 4.3.7 Effects of roasting non-tannin wholegrain sorghum kernel on L*, a*, b* and
AE* colour values of porridges prepared from flour stored as decorticated

Storage period
Colour parameters

Treatment (weeks)
L* ax b* AE*
Unroasted (U) 0 88.1(1.2)cd 1.33(0.1) 11.8(0.2)® 00
1 88.2(1.1)® 1.31(0.2)f 11.8(0.6) 0.1
2 87.6(1.2)bcdef 1.61(0.1)% 10.9(0.3)Pecef 11
3 87.2(1.1)% 1.48(0.3)¢f 10.9(0.8)becef 1.3
4 87.6(1.7)0ccef 1.63(0.2)e 9.9(0.5)¢f 2.0
5 87.7(1.3)bccef 1.82(0.1)%¢ 9.8(0.5)f 21
6 88.4(1.5)® 1.54(0.4)%f 13.3(0.8)* 15
Roasted, 10 min (1) 0 88.0(1.4)2bcde 1.49(0.1)¢f 11.0(0.4)bedef 0.8
1 87.7(1.9)"cf 1.33(0.2)f 11.7(0.5)° 05
2 87.3(1.4)10 1.66(0.1)cce 11.4(0.3)c¢ 1.0
3 87.3(1.1)f 1.77(0.1)> 11.2(0.5)bece 11
4 86.6(2.9)° 1.64(0.1) 10.8(0.7)becel 18
> 86.9(1.3)" 2.00(0.1)2 10.4(0.3)ccef 1.9
6 88.0(1.5) 1.50(0.1)°f 11.8(0.3)® 0.1
Roasted, 25 min (h) 0 87.8(1.5)acde 1.53(0.2)¢f 10.7(0.5)bedef 11
1 88.2(1.2)* 1.59(0.1)% 11.1(0.3)becef 07
2 88.2(1.6)"* 1.51(0.2)¢f 10.4(0.2)ccef 1.4
3 87.5(1.5)cefo 1.76(0.1)> 10.3(0.6)%f 17
4 88.6(1.3)* 1.61(0.3)% 10.0(0.5)¢f 18
5 87.0(1.1)¢f0 1.91(0.2)® 6.3(0.1)¢ 5.6
6 88.3(1.1)* 1.76(0.1)>¢ 10.7(0.2)b0ef 11
p-value 0.010 <.0.0001 <0.0001

Values are the means of triplicate determinations. Values with different superscripts within the same column differ
significantly (p < 0.05). p-value = level of significance. L* is lightness (0 = black, 100 = white); a* is green/red; b*
is blue/yellow; AE™ is the total colour difference between control (Uo) and actual sample.
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4.3.6.2.5 Effect of roasting non-tannin sorghum grains on porridge texture instrumental
analysis

Roasting of non-tannin WGK affected the firmness of porridges. There was a significant increase
in firmness of WGF porridges while that of decorticated decreased significantly (p < 0.05) when
compared to their respective controls. With flour storage, porridge firmness decreased gradually
in porridge prepared from both whole and decorticated grain flours (Fig 4.3.7).
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Figure 4.3.7 Effects of roasting non-tannin whole grain sorghum kernels on the firmness of
porridges from flours stored as whole (A) and decorticated (B).

Values with different letter(s) differ significantly (p < 0.05).
U = Unroasted/untreated, | = roasted for 10 min, h = roasted for 25 min

Figure 4.3.8 showed that roasting non-tannin sorghum grain had no significant (p > 0.05) on the
stickiness of porridges of whole and decorticated grain flour. However, with flour storage

porridges of whole flour were slightly stickier than those of decorticated grain flours (Figure 4.3.7).
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Figure 4.3.8 Effects of roasting non-tannin wholegrain sorghum kernels on stickiness of
porridges from flours stored as whole (A) and decorticated (B).

Values with different letter(s) differ significantly (p < 0.05).
U = Unroasted/untreated, | = roasted for 10 min, h = roasted for 25 min

4.3.6.2.6 Descriptive sensory evaluation of porridge

At baseline, porridges based on the extent of roasting treatments (0, 10 and 25 min) applied to
WGK significantly (p < 0.05) differ in ten sensory attributes (in bold characters). Roasting non-
tannin WGK affected the aroma, appearance, mouthfeel/texture, taste and flavour of porridges
prepared from WGF (Table 4.3.8). For instance, roasting reduced painty aroma, starch flavour and

grainy texture of WGF porridge (Table 4.3.8).
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Table 4.3.8 Descriptive sensory ratings of porridges from non-tannin whole sorghum flours
at baseline (week 0) for unroasted (U0O) and roasted kernels (10 and h0)

Treatment
Sensory attribute Roasted 10 Roasted.  pvalue
Unroasted (Uo) o 25 min
min (lo)
(ho)
Aroma Overall 6.7 (2.4) 6.2 (2.2) 7.3(1.3) 0.211
Earthy 34 (2.9 3.3(2.8) 3.1(2.7) 0.916
Sweet 3.1(3.0) 2.8 (2.6) 3.3(2.6) 0.857
Roasted 2.7 (2.7) 2.9(2.8) 3.2(2.7) 0.814
Burnt 1.5(2.1) 1.0 (2.1) 0.8 (1.2) 0.500
Sorghum 5.2 (2.5) 4.6 (3.4) 5.6 (2.7) 0.541
Wet Cardboard 2.6 (2.7) 2.8(3.2) 3.1(3.1) 0.869
Starchy 4.5 (3.0) 4.6 (3.2) 3.7(2.70 0.574
Oily 2.3(1.8) 1.8 (2.3) 1.6 (1.9) 0.615
Painty 2.2 (2.6)2 0.6 (0.8)° 0.9 (1.5)° 0.018
Rancid 1.7 (1.1) 0.8 (1.4) 1.1 (2.3) 0.284
Fermented 2.8 (2.0) 2.3(2.9) 2.6 (2.9) 0.807
Wheaty 33(3.1) 3.3(3.3) 3.5(2.6) 0.967
Cooked maize meal porridge 2.1(2.0) 3.1(2.8) 1.4 (1.7) 0.076
Fruity 1.4 (2.2) 15(2.2) 1.2 (1.8) 0.888
Spicy 1.0(1.2) 15(2.2) 0.6 (1.0) 0.178
Grassy aroma 1.3 (2.0)° 4.6 (3.1)? 2.5(2.3)° 0.001
Appearance Brown colour 7.6 (1.5)2 3.9 (4.3)° 8.2 (1.8)2 <0.0001
Specks 6.0 (2.8) 7.8 (1.7) 6.5 (2.9) 0.090
Viscosity 6.8 (2.3)° 5.6 (2.4)° 7.7 (2.0)2 0.019
Glossy 7.8 (1.5)2 3.3(2.1)° 8.1 (1.7)2 < 0.0001
Sticky 5.4 (2.1)2 1.1 (1.8 4.9 (2.1)? <0.0001
Taste/flavour Bitter taste 2.3(2.2)° 5.6 (3.2)2 5.9 (2.2)° < 0.0001
Sour taste 1.6 (2.0) 0.9 (1.5) 0.9 (1.4) 0.369
Sweet taste 1.5 (2.2)° 3.7 (2.7)? 3.9 (1.4)° 0.000
Starch flavour 4.8 (3.0)2 1.5 (2.4)° 4.0 (2.8)2 0.002
Bland flavour 4.6 (2.9) 6.3 (2.2) 6.1(2.3) 0.089
Mouthfeel/texture  Stickiness 3.1(2.5) 1.6 (1.7) 2.5(1.9) 0.080
Grainy 4.8 (2.5)2 0.3 (0.7)° 3.3(2.9)° <0.0001
Astringent 4.0 (2.2) 4.1(1.9) 2.8 (2.49) 0.152
Aftertaste Bitter aftertaste 1.4 (1.6) 1.1(1.9) 1.3(1.9) 0.858
Oily aftertaste 1.2 (1.3) 1.0 (1.5) 1.9 (2.1) 0.278
Rancid aftertaste 1.5(1.9) 1.8(2.2) 0.8 (1.5) 0.254
Sour aftertaste 15(2.2) 2.6 (3.0) 1.4(2.2) 0.237
Sweet aftertaste 0.9 (1.7) 2.3(3.1) 1.2 (1.6) 0.128
Residual particles 3.4 (2.8) 3.13.4) 3.3(3.0) 0.948

Values are the means of duplicate determinations. Standard deviations are in parentheses. Values within the same
row followed by different letters differ significantly (p < 0.05). p - value = level of significance.

Attributes printed in bold indicate significant (p < 0.05) differences in rows between treatments from descriptive
sensory panels (n = 10) in two replicate sessions.

113

© University of Pretoria



IT VAN PRETO

(e

UNIVERSITE R1
UNIVERSITY OF PRETORI
YUNIBESIT R

A
ORIA
IBESITHI YA PRETORIA

The porridges of decorticated grain flours based on the extent of roasting treatments (0, 10 and 25

min) applied to WGK significantly (p < 0.05) differed in only five sensory attributes (in bold

character), notably are rancid and fermented aroma, brown colour, visible specks and residual

particles (Table 4.3.9). Similarly, roasting reduced rancid and fermented aromas, residual particles

with the decorticated grain flour porridges (Table 4.3.9). Roasting duration (I = roasted for 10 min

and h = roasted for 25 min) affected porridge sensory attributes. Porridges of decorticated grain

flours tasted less rancid with fermented aroma but appeared darker with more specks.

Table 4.3.9 Descriptive sensory ratings of porridges of flours from non-tannin decorticated

grain at baseline (week 0) for unroasted (U) and roasted kernels (I and h)

Treatment
Sensory attribute Unroasteq ~ oasted,  Roasted, o q1ye
(Uo) 10 min 25 min
(o) (ho)
Aroma Overall 7.6 (1.7) 6.2 (2.2) 6.7 (1.8) 0.067
Earthy 3.8(3.3) 3.2(2.7) 3.4(2.6) 0.799
Sweet 28(29) 28(25) 22(25) 0.752
Roasted 2.2 (3.0) 2.6 (2.5) 2.6 (2.4) 0.837
Burnt 1.7 (2.8) 0.7(15)  1.2(1.6) 0.317
Sorghum 39(34) 45(3.3) 3232 0.452
Wet cardboard 3.8 (3.5) 2.6 (2.9) 29 (3.1) 0.462
Starchy 65(1.6) 45(3.1) 51(3.4) 0.073
Oily 2.0 (2.4) 1.7(21) 172 0.880
Painty 1.5 (2.5) 0.8(1.4)  0.4(0.6) 0.134
Rancid 25(26)2 0.8(1.4)° 0.6(12)" 0.005
Fermented 4142 223" 16(1.6)b 0.002
Wheaty 4137) 30(1) 26(29) 0.347
Cooked maize meal porridge 4.2 (3.5) 2.8 (2.8) 4.2 (3.5) 0.337
Fruity 1.3 (2.2) 1.3(21)  0.7(L1) 0.518
Spicy 0.5 (0.7) 0.4(05)  0.6(1.2) 0.795
Grassy 0.5 (0.7) 1.8(2.2)  1.3(25) 0.138
Appearance Brown colour 35(3.92 3.4(4.2* 0.4(0.5)° 0.001
Specks 38(3.1)2 3.6(3.027 18(.2)° 0.009
Viscosity 7.8 (1.7) 79 (1.7) 7.6 (2.2) 0.838
Glossy 8.2 (1.9) 8.3(1.3) 8.8(1.1) 0.467
Sticky 5.5 (3.0) 5.5(2.3) 5.3(2.4) 0.962
Taste/flavour Bitter taste 17200 1725 2425 0632
Sour taste 1.1(1.9) 1419 217 0.356
Sweet taste 1.1(1.7) 107  1.8(2.0) 0.307
Starch flavour 5.7 (2.4) 55(3.1) 6.4 (1.9) 0.477
Bland flavour 6.0 (3.2) 5.8 (2.2) 5.7 (2.6) 0.952
Mouthfeel/texture  gijckiness 35(30) 2725  25(19 0398
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Grainy 3.730) 29(5)  27(3.0) 0.509
Astringent 3.7(2.5) 3.2(1.9) 2.7 (3.0) 0.337
Aftertaste Bitter 1420 13(23) 16(25) 0.891
Oily 1319 1717 1717 0.786
Rancid 06(1.3) 02(05)  0.2(0.3) 0.150
Sour 1.1(1.9) 11(19) 12(2.0) 0.987
Sweet 1.1(1.6) 09(14) 13(25) 0.827
Residual 47312 32@27* 2327 0035

Values are the means of duplicate determinations. Standard deviations are in parentheses. Values within the
same row followed by different letters differ significantly (p < 0.05). p-value = level of significance.

Attributes printed in bold indicate significant (p < 0.05) differences in rows between treatments among treatments
from descriptive sensory panels (n = 10) in two replicate sessions.

Only the sensory attributes that described significant (p <0.05) differences among the porridges
prepared from stored flours are presented in Tables 4.3.10. These sensory attributes prevailing in
porridge samples from non-tannin WGF are oily, painty, rancid and fermented aromas, brown
colour, glossy appearance, sticky texture, bitter and sweet tastes and grainy mouthfeel. The large
standard deviations (SD) for some of the sensory attributes (SD value range from 0.7-3.2) indicated
widespread differences in perceptions of the panellists, probably contributing to the lack of more
differences noticed among the porridges. Despite the wide range in SD, the data are still useable
because they were generated by trained panellists. With flour storage, increase in the intensities of
oily, painty, rancid and fermented aromas were mostly obvious for porridge of U WGF (Table
4.3.11). Other sensory attributes not printed bold (Table 4.3.8 and 4.3.9) are not significantly (p>0.05)
different with the treatments and storage. However, increasing trends were observed in some of the
attributes of porridge such as brown specks and bland flavour (Table 4.3.8), glossiness, bitter taste and
starch flavour (Table 4.3.9).
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Table 4.3.10 Effects of roasting non-tannin whole grain sorghum kernels on sensory
attributes* of porridges prepared from stored whole flour
Storage period Oily Painty Rancid Fermented Brown Sweet
(week) aroma aroma aroma aroma colour Glossy Sticky Bitter taste taste Grainy
Unroasted (U) 0 2.3 (1.8)% 2.2 (2.6) 1.7 1.1« 2.8 (2.0)° 7.6 (1.5)® 7.8 (L.5)® 5.4 (2.1)abc 2.3(2.2)bed 1.5(2.2)b 4.8(2.5)bcde
1 2.4 (1.7)% 2.0 (1.8)® 12 (1.8 3.0 (2.6) 7.9 (2.9 8.2 (L5) 3.2 (2.4 3.7(2.8)bcd 1.1(1.7)b 4.7(3.2)cde
2 3.3(2.0)¢ 1.2 (2.3)0 17 (25 27 (3.2) 7.0 (L9) 5.7 (2.7)% 5.7 (2.7)abc 2.9(3.1)bed 1.0(1.8)b 6.4(2.7)abc
3 47 (1.8) 1.8 (1.6)cef 17 (2.4% 2425  73(3) 5.8 (2.8)% 5.2 (2.9%abcd  3.2(3.9)bcd 1.2(2.0)b 5.5(3.1)abcd
4 5.4 (1.4) 46 (2.3)° 42 2.4y 46 (1.7)° 7.7 (L.8)® 5.3 (3.1) 49 (3.2)abcd  4.0(3.9)abc 0.8(1.6)b 5.6(3.0)abcd
5 6.9 (1.4) 7.2 (1.6) 6.2 (1.8) 7.4 (16) 7.2 (1.9 5.3 (2.2) 5.1 (2.5)c 2.9(3.3)bed 0.8(2.0)b 6.5(2.9)a
8.4 (L1y 7.6 (L4y 731 737 78(L7)b 52 (25" 48 (24"  42(38)ab 09(16)b  6.1(24)abcd
Roasted-10 min (1) 0 19227  08(L4)F  08(LA*  23(23)%  41(42) 3.5 (2.1)9 1.2 (L8) 5.7(3.2)a 3.8(2.7)a 0.30.7)f
1 15 (L7) 06(L1°  01(0.2  13(L3F  80(LE®  68(L7)%* 54237  2323)bed  0.8(12)b 6.4(2.6)ab
2 1.4 (1.8)f 1.2 (2.2 09 (2.1)¢% 2726  7.7(1L8)® 6.3 (2.9)f 4.9 (2.6)c 2.0(2.8)cd 0.9(1.6)b 6.4(2.6)abc
3 22(3L% 144 11(3.0)0% 2226  7.8(2.0)0® 6.2 (2.5)f 4.6 (3.0)cce 3.5(3.4)bcd 1.0(1.4)b 6.0(2.4)abcd
4 1.4 (1.8)f 0.6 (1.1)% 05(12)%  23(2.6)¢  82(L7)® 5.9 (2.6)% 4.5 (2.9 2.7(3.0)bed 0.8(2.0)b 6.5(2.6)a
5 2.3 (2.8)% 0.5 (1.1)° 09 (1.8)%  21(23)¢  8.2(L6)* 5.6 (2.3) 4.8 (2.8)% 2.5(3.2)bcd 0.6(1.6)b 6.0(2.8)abcd
29(33)% 13240  18@31F 1624  84(L4F 597 437  30@35bcd  09(14)b  6.0(2.0)abcd
Roasted-25 min 0 1.6 (1.9)' 0.9 (1.5)f 11230 26249  82(L8)® 8.1 (L.7)® 4.9 (2.1) 1.9(2.2)d 0.9(1.4)b 3.3(2.9)e
1 21 (L7)%* 0.9 (1.2)%% 12 (A7) 2923 76 (L7)® 7.5 (1.8)*® 5.9 (2.5) 2.4(2.7)bcd 0.7(1.1)b 4.6(3.0)de
2 1.6 (2.0)¢" 0.7 (L.1)% 0.5 (0.7)% 2.1 (2.3)« 7.1 .2 6.6 (2.1)bccef 5.0 (2.1)2bcd 2.6(3.2)bcd 1.7(2.5)b 6.0(2.8)abcd
3 1.7 (2.5)¢ 2.1 (3.3)« 1.3 (2.4)%% 22 (2.9)~ 7.7 (1.9 5.7 (3.0)%" 6.2 (2.7)° 2.0(2.8)d 1.1(1.6)b 6.0(2.9)abcd
4 1.6 (2.0)¢" 1.0 (L7)%% 0.8 (2.0)% 1.8 (2.5) 7.6 (2.3)® 7.2 (2.1)2bcd 3.8 (2.8)® 3.6(3.5)bcd 1.5(2.3)b 5.9(2.8)abcd
5 2.0 (2.5)%f 0.8 (1.3)" 13(25)0% 19 (2.5)« 7.8 (1.9 6.2 (2.3)cCf 4.4 (2.4)bcc 2.2(3.0)cd 0.8(1.8)b 6.5(2.8)a
6 2.0 (2.5)%f 0.9 (2.2) 1.8 (2.7)¢ 1.7 (2.2) 8.1 (1.6)* 5.9 (2.8)%f 5.0 (2.7)2cd 3.4(3.4)bcd 0.8(1.6)b 5.9(2.8)abcd
p-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 <0.0001 <0.0001 0.030 0.003 0.001

*Note: only sensory attributes that describe significant differences (p<0.05) in columns between treatments among the porridge
samples are presented. p-value = level of significance. Values are the means of duplicate determinations. Values within the same
column followed by different letters differ significantly (p < 0.05) from panellists (n = 10) in two replicate sessions. Standard

deviations are in parentheses. p = level of significance.
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Porridge samples made with decorticated kernel flours stored over time displayed significant (p <
0.05) differences are presented in Table 4.3.11. Three (3) sensory attributes that described
significance in this respect are rancid aroma, brown colour and stickiness (Table 4.3.11). There
was a dramatic reduction in brown colour after 1-week of flour storage with the U and |
decorticated kernel flour porridges. Darker brown appearance and stickiness of porridge were not
obviously increasing due to flour storage (Table 4.3.11). Rancidity was clearly noticed in porridges
made from U roasted kernels ‘flour, and it increased during the storage, whereas porridges made

from 1 and h roasted kernels’ flour were evaluated less rancid.

Table 4.3.11 Effects of roasting non-tannin of wholegrain sorghum kernel on sensory
attributes* of porridges prepared from flour stored as decorticated
Storage

Treatment period Iz?:r(r::g Brown colour Stickiness
(weeks)

Unroasted 0 2.5 (2.6)°% 3.6 (3.9)° 3.6 (3.0)®
1 2.9 (3.9)b 0.1 (0.2)° 5.4 (3.0)

2 1.8 (2.6)%f 0.1 (1.2)° 2.9 (2.5)bc

3 1.6 (3.1)%f 0.7 (2.2)° 1.5 (2.1)™

4 3.3(2.2) 0.2 (0.2)° 3.0 (2.6)°

5 3.9 (2.1)° 0.2 (0.3)° 3.5(3.1)°

6 6.0 (1.3) 0.6 (2.2)° 3.0 (2.4)™

Roasted-10 min 0 0.8 (1.4)% 0.4 (0.5)° 2.7 (2.5)°
1 0.5 (0.7)f 0.3 (0.3)° 1.3 (1.4)¢

2 0.8 (1.5)M 0.2 (0.3)° 2.6 (2.5)°

3 0.8 (2.1)" 0.3 (0.4)° 2.6 (2.1)°«

4 0.7 (1.9) 0.4 (0.4)° 2.8 (1.1)°«

5 1.3 (1.8)f 0.5 (1.0)° 3.1(3.0)°

6 1.0 (1.7) 0.3 (0.3)° 2.9 (2.7)bc

Roasted-25 min 0 0.6 (1.2)" 4.3 (4.2? 2.5 (1.9)°
1 0.2 (0.4)¢ 0.2 (0.3)° 2.1 (2.4)P

2 1.0 (1.7)f 0.2 (0.2)° 2.2 (2.2)°

3 1.2 (2.4)%% 0.3 (0.6)° 2.2 (2.7)°

4 1.2 (2.4)% 0.2 (0.3)° 2.5 (3.0)°d

5 1.4 (2.9)% 0.3 (0.5)° 2.4 (2.8)°

6 1.5 (2.8)°% 0.2 (0.3)° 2.7 (2.7)°

p-value 0.002 < 0.0001 0.019

Values are the means of duplicate determinations. Standard deviations are in parentheses Values within the same
column followed by different letters differ significantly (p < 0.05). p-value = level of significance.

*Note: only sensory attributes as determined by panellist (n = 10) in two replicate sessions that describe
significant differences (p<0.05) in columns between treatments among the porridge samples are presented.
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A multivariate data analysis model was used to summarize the variation in the descriptive sensory
attributes of sorghum porridge samples (Figures 4.3.9 and 4.3.10). Figure 4.3.9 shows principal
component analysis (PCA) plot of sensory attributes of porridge samples prepared from the WGF
of U, | and h flours stored for up to 6 weeks. The first two PCs described near 75 % of the total
variation. It gives a very good view of the relationship between 11 attributes that were significant
(p < 0.05) due to treatment x storage interaction effects. PC1 explained nearly 45 % of the total
variation and shows porridges of U non-tannin WGF on the right-hand side of the plot was to a
greater extent separated completely from those of roasted (I and h) on the left-hand side. The
porridge from the stored flours prepared from U flours were associated with fermented, painty,
oily and rancid aroma, and furthermore, the porridge was darker, sticky and grainy. Porridge on
the left-hand side of the plot included mostly | and h WGF and partly those of U at early period of
flour storage (Uo = unroasted at week 0 and U= unroasted at week 1). Porridges from all the flours
(both unstored and stored) prepared from | and h WGK were associated with a glossy appearance.
The second principal component (PC2) added 30 % to the explanation of variation and separated
completely lo on the upper side of the plot from the others. Only porridge from the 10 min roasting

treatment which had not been stored (0 week) was associated with a sweet taste.
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Figure 4.3.9 Principal component analysis (PCA) plot of the sensory attributes of porridges
prepared from whole flour of unroasted and roasted non-tannin sorghum kernels stored for
up to 6 weeks.

A: Sample treatments and storage: U (Unroasted control), | (roasted for 10 min) and h (roasted for 25 min). 0-6
(storage period (weeks) of sorghum kernel flours)
B: PCA loading projections of sensory attributes: fermented, painty, oily and rancid aromas, grainy, sticky, brown

colour, glossy, viscosity and sweet taste.
Red ring on the score plot shows the rate of porridge attribute change with untreated grain flour of over storage period
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A PCA summary of the changes in sensory properties of porridge from decorticated kernel stored
flours (Figure 4.3.10). PC1 explained 44.8 % of the sensory variation among the porridge samples.
It showed demarcation towards the right side only with porridge samples characterized mainly by
intense brown colour, stickiness and rancid aroma. However, for the decorticated kernel flour, only
three sensory attributes notably, brown colour, stickiness and rancid aroma showed significant (p
< 0.05) difference due to the treatment and storage interaction effects. Stickiness and rancid aroma
were positively correlated with each other and were completely separated from the brown colour.

120

© University of Pretoria



A 3
2
= 1
=
]
©
=t
— o
g
&
-1 ].G
-
-2
-3 -2 -1 4] 1 2 3 4 5 & 7
PCAl: 44.8 %
B
P73 Viscosity « GI0SEF
A
\\
0.5 \\ \\
= \\
= N
™ ooas .,
-1 ™,
i *,
e ",
2 N
r\-r' [+] T T T -
l:l-. w—""ff e
Swast tzste i
Brown colots,
025 T * Grziny
-0.5
-1 075 -0.5 -0.25 o 0.25 05 0,75 1

PCA 1: 448 %

Figure 4.3.10 Principal component analysis (PCA) plot of the sensory attributes of porridges
prepared from the decorticated kernel flour of unroasted and roasted non-tannin sorghum
kernels stored for up to 6 weeks.

A: Sample treatments and storage: U (Unroasted control), | (roasted for 10 min) and h (roasted for 25 min). 0-6
(storage period (weeks) of sorghum kernel flours)
B: PCA loading projections of sensory attributes: rancid aromas, stickiness and brown colour.

Red ring on the score plot shows the rate of porridge attribute change with untreated grain flour over storage period
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4.3.7 Discussions
4.3.7.1 Properties of flours of roasted tannin and non-tannin sorghum grain

Roasting could have converted grain moisture into vapour and hence allowing for moisture loss
which could be attributed to water evaporation (Jogihalli et al., 2017). During the hot-air roasting
of sorghum grains part of the bound water could have been converted to free water that evaporated
at elevated temperature of roasting. Though very low moisture content in flours may improve the
shelf stability but during storage the flour may rapidly pick-up mixture and return to the 10 %
moisture content. A 10% flour moisture content is totally microbiological safe moisture content.
The moisture contents of flours from the pearl millet grains that were subjected to the different

thermal treatments increased significantly during storage (Nantanga et al., 2008).

Fat acidity of flours decreased upon roasting sorghum kernels. The decrease in fat acidity may be
attributed to inactivation of lipase enzymes and consequently lesser fat degradation by lipolysis
(Goyal et al., 2017). The decrease in fat acidity of flours upon roasting sorghum grains concurs
with the explanation of Nantanga et al. (2008) that thermal treatment millet grains significantly
reduce fat acidity generation in flour due to inactivation of lipase enzymes. Similarly, in our
previous study using microwave treatment of non-tannin wholegrain sorghum kernels to stabilize
the whole flour, we found that the treatment partially inactivated the flour lipases and consequently
slowed free fatty acid oxidation (Chapter 4.2).

Roasting process of tannin wholegrain sorghum caused an increase in TPC of the flour, whereas
roasting led to a reduction in TPC of other flours (Table 4.3.2). The trends show that TPC for
roasted sorghum (tannin decorticated and non-tannin) was in the order-10 min > 15 min > 20 min
>25 min. Thus, increase in phenolic contents of tannin wholegrain sorghum flour due to roasting
suggested an increase in in vitro antioxidant activities and free radical scavenging capacities (Zhu
et al., 2019). An increase in TPC from 2.64 to 4.67 mg GAE/100 g upon microwave roasting has
been reported for red sorghum by Sharanagat et al. (2019). Roasting of wholegrain tannin sorghum
may cause the release of more bound phenolics through the disruption of cellular constituents
(Wani et al., 2016) to simple phenolics and thus enhance increasing levels of measurable phenols
(Duodu, 2014). This relationship agrees with several previous studies on the positive correlations
between TPC and in vitro antioxidant activities measured by ABTS assay (Awika et al., 2004).

Roasting can induce Maillard reaction with the ultimate production of many compounds such as
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melanoidins, which have AOA (Topuz & Pischetsrieder, 2009) and react with Folin-Ciocalteu
reagent (Wani et al., 2016).

However, TPC is generally reduced due to roasting for other flour forms. Decortication of tannin
sorghum grain caused a substantial decrease in TPC. This is because phenolic compounds
generally are not evenly distributed across the sorghum grain; they are concentrated in greater
amounts mainly in the bran (Chandrasekara & Shahidi, 2010) and the content of phenolics is
reduced with decortication. Further, these components were having less contamination with
endosperm, because during the early stages of decortication, minimal disruption of sorghum
kernels occur (Buitimea-Cantua, Torres-Chavez, Ledesma-Osuna, Ramirez-Wong, Robles-
Sanchez, & Serna-Saldivar2013). As the decortication of sorghum kernels was prolonged, the
exposure and endosperm rupture increased too. This possibly diluted the concentration of phenols
present in the kernel flours (Awika et al., 2005). Like present study, a study on the effect of
decortication yield of millet by Bora et al. (2019) also show a decrease in TPC due to decortication
on millet grains, however the authors concluded that mixed results are imminent depending on the

variety of millet selected.

There were no significant differences in L* (lightness) values of flours from roasted grains
compared to those of unroasted (control) samples. Except for flour from wholegrain tannin-free,
the a* and b* values of others flour from roasted grains were not statistically different. However,
there was a decrease in L* values and an increase in a* and b* values of flour due to the roasting
of sorghum grains but the colour differences were not visible to confirm the instrumental or
colorimeter values. The decrease in a* and b* values observed in the flours (decorticated, tannin
and non-tannin) could be due to the removal of the bran by decortication (Awika, 2017). Similar
reduction in a* and b* values have been reported for sorghum (Meera et al., 2011) after heat
treatments of the kernels. The changes in total colour differences (AE*) of flours could be an
indication of the overall colour deviation from the standard white during roasting of the sorghum

grain.

Reduction in pasting viscosity of flour during pasting could be due to non-swelling of starch
granules in sorghum flour (Ranganathan et al., 2013). Increased roasting time might have resulted
in case hardening which could reduce water uptake required by flour for swelling of the starch

granules, thus less swelling and pasting characteristics are adversely affected (Ranganathan et al.,
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2013). Further, the presence of amylose and native lipids in sorghum grains might have formed
amylose-lipid complexes (Wokadala et al., 2012). The formation of a lipid layer on the granular
surface could inhibit water uptake due to the hydrophobic nature of the complexes and prevent
swelling (Sharma & Gujral, 2019). There is an increase in the setback values recorded in flours

from roasted tannin grains when compared to the unroasted samples.

The WAL is an index of gelatinization that measures the amount of water absorbed by starch,
protein and other molecules while WSI of the product will depend on the protein and starch from
the sorghum flour and their interaction with water (Qu et al., 2017). Increasing roasting time of
sorghum significantly (p < 0.05) increases WAI and reduces WSI of their flour (Table 4.3.4). The
increase in WA could be attributed to an increase in the level of starch damage during the roasting
process of the grains (Wani et al., 2016). The extent of damaged starch in flour samples may be
partly attributed to the milling rather than roasting. This may be as a result of bursting of the starch
granules due to the elevated temperature of roasting (Gujral et al., 2011). Similarly increase in the
contents of the damaged starch have been reported in oat flour (Mariotti et al., 2006) and wheat
flour (Qu et al., 2017). Also, the formation of permeable structure in starch granules absorbed
water by capillary action could be another reason for the increase in WAI (Sharma et al., 2011)
The hydrophilic parts of major components like proteins and carbohydrates in the flour could aid
water absorption of flours and thus increase WAL of flour (Lawal et al., 2011). The WSI of flours
is majorly attributed to the availability of water-soluble molecules including sugars, amylose and
albumin in the flour (Wani et al., 2015). The decrease in WSI possibly suggests that few water-
soluble substances are remaining treatment (Meera et al., 2011) in flours after roasting the grains.
Decreased WSI of roasted grain flours could be ascribed to the decreased depolymerization of

starch chains that may result in the less water uptake by starch granules (Wu et al., 2002).

4.3.7.2 Properties of stored flours and sensory characteristics of porridges

Lower fat acidities of WGF from | and h over storage compared to that of unroasted non-tannin
whole grain sorghum kernels (Table 4.3.5) shows that | and h treatments largely inactivated the
lipase enzymes in the WGK. Roasting of non-tannin WGK for 25 min (h) was highly effective at
reducing fat acidity than for 10 min (I). This could be that more effective thermal inactivation of
lipase and possibly lipoxygenase (Zhao et al., 2007) occurred with longer thermal treatment than
shorter time. However, the fat acidities of all flour forms increased with storage, which may be
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ascribed to incomplete inactivation of the lipase enzymes by roasting treatments and not
necessarily thermal non-enzymic hydrolysis (Nantanga et al., 2008). The increase in fat acidity of
flour during storage could be due to degradation of fat caused by lipolysis and lipid oxidation
(Zhou et al., 2002). During lipolysis, ester bond linking glycerol with fatty acids breaks either by
heat or by the action of lipase enzymes, while lipid oxidation takes place by action of lipoxygenase
enzyme which attacks the double bond in fatty acids of cereal grains or by autoxidation of
unsaturated fatty acids (Wang et al., 2017). Higher fat acidity content in whole flours suggests an
increase of de-esterified fatty acids, possibly due to hydrolysis of triglycerides by lipase (Nantanga
et al., 2008). This result agrees with the report of (Zou et al., 2018), in which roasting led to a
decrease in the fat acidity content of wheat germ compared to those from the unroasted samples.

Lower fat acidity in the decorticated grain flours compared to whole flours suggests that
decorticating of whole kernels could reduce further the fat acidity because of the total or partial
removal of the bran and germs from the kernels during operation. The decortication process
reduces the number of triglycerides in sorghum grain flour (Abdelraham et al., 1983), making

fewer lipids available for possible hydrolysis to FFA (Zou et al., 2018).

The whole and decorticated grain flours from the roasted kernels had much lower pAVs over
storage compared to the flours from unroasted (Figure 4.3.4). The pAV indicates products of
secondary oxidation that are associated with unpleasant aromas/off-flavours in oxidized foods
(Viscid et al., 2004). The flours from the roasted non-tannin wholegrain sorghum kernels had much
lower pAVs over storage compared to the flours from unroasted grain flours (Figure 4.3.4A).
However, intense oily, painty, rancid and fermented aromas which are unpleasant, were associated
with the porridges of stored whole flours from unroasted non-tannin whole grains but not those
from the roasted grain flours (Figure 4.3.9). Such unpleasant aromas are commonly associated
with aged or oxidized foods and are due to the formation of volatile secondary products by
unsaturated fatty acid oxidation (Duizer & Walker, 2016). The painty aroma could, for instance,
be attributed to the presence of pentanal, hexanal and heptanal (Steele, 2004, pp. 129-131).
Similarly, observation related to the absence of unpleasant aroma in porridges prepared from flour
of thermally-treated pearl millet grains, the unpleasant aroma was attributed to the inactivation of

lipase before milling the grains (Nantanga et al., 2008).
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The significantly lower peak and final viscosities of the flour pastes from roasted non-tannin whole
grain flours compared to those of unroasted (Figure 4.3.6), as was also reported by Ranganathan
et al. (2013) with roasting whole grain sorghum, was probably due to the thermal damage to the
starch (Figure 4.3.5). Also, roasting of whole sorghum kernels has resulted in a case hardening
situation during which the hydration ability of the roasted kernels is reduced thereby resulting in
less swelling of the starch granules and consequently reduced peak and final viscosities
(Ranganathan et al., 2013). Furthermore, the of formation of amylose-lipids complexes between
amylose components of starch and native lipids embedded in the grains, these complexes can
inhibit swelling of starch granules because the amylose component of starch made the structure
rigid and firm against the possible breakdown of starch preventing the swelling (De Pilli et al.,
2008). Lipids component of the complexes may inhibit hydration of starch granules from swelling,
because the lipids may have covered the starch granule surface with a film layer, increasing
hydrophobicity (Sharma & Gujral ,2019). The film layer potentially reduces the ability of starch
granules to hydrate, thus resulting in reduced PV. In Addition, the high temperature of roasting
could lead to partial gelatinization of the starch with a subsequent reduction of PV (Gujral et al.,
2011). After roasting of grains, the loosely packed starch granules gelatinized partially and
damaged due to heat, then imbibe water and swell rapidly resulting in less PV (Mariotti et al.,
2006). Decorticated grain flours displayed higher peak and final viscosities than those of whole
flours (Figure 4.3.6). The decrease in viscosity of flour pastes could be attributed to the presence
of pre-gelatinized starch in the roasted grain flour (Gujral et al., 2011) as decorticated grain flours
contain. The much lower viscosities due to roasting recorded in the present study in non-tannin

sorghum grain flours may not affect their potential to improve the flour stability.

The much higher firmness of the porridges of the roasted non-tannin whole grain flours (Figure
4.3.7A) was probably an outcome of their flours’ higher damaged starch content. Roasting of
whole grain sorghum had no significant effect on the porridge stickiness (Figure 4.3.8). With
storage, porridges of whole and decorticated grain flours became stickier. Increased porridge
stickiness could be ascribed to further starch damage during storage at elevated temperature.
Whereas the sensory panels detected an obvious difference in porridge texture in terms of viscosity
between the treatments of whole grains (Figure 4.3.9) but could identify such in the porridge of
decorticated grain flours (Figure 4.3.10). Nevertheless, no difference in porridge stickiness was

detected by the descriptive sensory panel (Figures 4.3.9 and 4.3.10), as was also found in chapter
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4.2 with microwave roasting of wholegrain sorghum kernels, was possibly primarily due to thermal
damage to the starch. Porridges from the roasted grain flours (I and h) were generally stickier than
the porridges from unroasted grain flour, as measured by instrumental texture analysis (Figure
4.3.8). The greater starch damage of the roasted grain flours was probably responsible. However,
no difference in porridge stickiness was detected by the descriptive sensory panel (Figures 4.3.9
and 4.3.10). As with porridge texture, inability of the descriptive sensory panel to detect stickiness
of porridge may have been masked by other sensory attributes such as the unpleasant aromas
(Chapter 4.2),

Darker brown colour of porridge of whole flour from the roasted non-tannin whole grains can be
attributed partly to the formation of non-enzymatic brown pigments associated with Maillard
reaction products. Maillard reaction occurs between free amino acids of proteins and the carbonyl
group of reducing sugars at such elevated temperatures ranging between 140 °C and 150 °C,

leading to the development of brown colour (Sharma & Guijral, 2011).

4.3.8 Conclusions

Roasting of whole grain sorghum kernels improves flour stability during storage and still affects
the sensory properties of the porridge only to a small extent. Roasting of non-tannin sorghum
kernels retards the development of rancidity through inactivation of lipase, more so at 25 min than
10 min roasting periods. The significant decreases in fat acidity and pAVs with treatments
enhancing stability of whole and decorticated grain flours. As a result, porridges from roasted grain
flours were less rancid than those from untreated grain. The much reduction in flour pasting PV
from roasted non-tannin sorghum kernels suggests that the treatment has the potential to produce
less viscous porridges, which are more suitable for infant feeding. However, consumer
acceptability of the porridges may be necessary because of the slight changes in porridge sensory
properties due to the treatment. Roasting grains at 150 °C for 25 min and decorticating the grains
are worthwhile processing technologies to improve the keeping quality of sorghum flours due to
reduction in fat acidity and pAV.
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5. GENERAL DISCUSSION
This chapter is divided into two sections. Section one discusses the methodologies used focusing
on the basic principles and highlights the strengths and weaknesses (that is advantages and
limitations) of the treatments (microwaving and roasting) and the major sample preparations and
methods of analyses used in this study, namely, lipid extraction, determination of fat acidity, p-
AV, extraction of the phenolic compounds, TPC, antioxidant capacity and descriptive sensory
evaluation. Section two discusses the main findings of this research with emphasis on the influence
of dry heat (microwaving and roasting) treatment of sorghum (tannin and non-tannin types) grain
on the physicochemical properties, storage stability of flour (non-tannin type only) and the sensory

characteristics of porridge from the stored flour.

5.1 METHODOLOGIES

5.1.1 Selection of raw materials

Sorghum (Sorghum bicolor (L.) Moench) is the second most important cereal food, after maize,
for millions of people living in the semi-arid and sub-tropical regions of Africa (ICRISAT, 2018).
The high cost of maize due to its high patronage for both domestic and large-scale utilization and
effect of change in climate on its yield could be some of the factors responsible for renewing
consumers’ interest for sorghum-based foods. Sorghum is a climate-smart crop and plays a critical
role as a source of energy and dietary protein to the food insecure people of sub-Saharan Africa
cannot be overemphasized (Taylor, 2003). For this study, red non-tannin and tannin sorghum was

selected as shown in the experimental design (Figure 5.1).

Tannins are known for their anti-nutritional effect but have been reported to provide benefits to
human health (Chhikara et al., 2018). Despite these health benefits tannin sorghum grains are not
widely consumed in most parts of Africa. The inclusion of tannin sorghum in the present study
may therefore be a weakness as the raw material used to not reflect consumers’ choice for
consumption. Another weakness in the selection of the raw material for this study was that it only
considered commercial red non-tannin sorghum grain for studying the stabilization of their flours
and did not also include tan-plant sorghum which is commonly consumed in semi-arid and sub-

tropical regions of Africa.
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Two sorghum grain types
Red tannin
Red non-tannin

|

Dry heat treatments
Microwave (0, 36, 54, 72, 90 kJ/100 g)
Roasting (150 °C for 0, 10, 15, 20, 25

1 | |

Whole grain Decorticated (82% extraction rate)
Physicochemical analyses ¢ | Mill into flour (-500 pm sieve size)
Moisture content
Colour measurement l Flour analyses
Fat acidity (lipolysis) Accelerated storage test » Damaged starch
TPC (50 °C, UV light 16 W/cm? for 0, 3, and 6 weeks) Fat acidity (lipolysis)
Antioxidant capacity p-anisidine (fat oxidation)
Pasting profiles l Pasting viscosity
WAI Prepare porridges
WSI l

Porridge analyses

Figure 5.1 Experimental design of the research study showing sorghum types, heat
treatment methods, processing, flour storage conditions and analyses on flours and

porridges.
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5.1.2 Dry heat treatment of wholegrain sorghum kernels

For this study, a microwave frequency of 2450 MHz corresponding to an energy of 1.02 x 10-5
eV was applied to pre-conditioned (14 % moisture content) sorghum kernels (100 g/batch). The
microwave processing parameters were selected based on a combination of results from
preliminary trials and some information from previous research studies (Keying et al., 2009; Yadav
etal., 2012). The aim was to set treatment parameters that could produce kernels which are gently
heat-treated.

The principle of microwave heating is based on direct internal heating of food materials due to
oscillation of bipolar water molecules it can be assumed that the heating of each grain will be rapid
and uniform (Chandrasekaran et al., 2013). This type of heating is referred to as volumetric heating
of food material, using microwaves (dielectric) heating which depends on the electrical properties
of the food (Chandrasekaran et al., 2013). With the application of an electric field, the bipolar
molecules behave like microscopic magnets and tend to align themselves with the field (Yadav et
al., 2012). As the electrical field rotates in millions of times per second (e.g., 2450 MHz), these
molecular magnets are unable to withstand the forces retarding their movements. The resistance
to the rapid movement of the bipolar molecules creates friction and results in heat dissipation in

the part of food material exposed to the microwave radiation (Yadav et al., 2012)

Microwave power of 900 W and 40 s, 60 s, 80 s and 100 s resulting in 36 kJ, 54 kJ, 72 kJ and 90
kJ/100 g energy inputs respectively were used for the present study. These energy inputs produced
sorghum kernels with a final surface temperature ranging from 54.6+2 °C to 125+1 °C respectively
for minimum (L = 36 kJ/100 g) and maximum (H = 90 kJ/100 g) energy inputs. Yadav et al. (2012)
found that microwave heating of pearl millet grains, pre-conditioned between 12 % and 18 %
moisture content, for 80 s at 900 W with the same frequency (2450 MHZz) resulted in a significant
reduction (p < 0.05) in lipase activity of flour. The authors did not report the grain surface
temperature due to treatment. The authors reported a maximum reduction of *93% lipase activity

of pearl millet grains conditioned at 18 % moisture level and microwaved for 100 s.

A limitation of the study is that the internal temperature of the kernels was not measured in this
study. In order to stabilize flour, it should be stored cool and dry, usually at temperatures not
higher than room temperature (25 = 2 °C) in a dry well-ventilated place. However, it can be frozen
indefinitely and during hot weather, it can be stored in the refrigerator if not kept in the freezer.

Since the microwaving of the kernels was performed in a closed system, it was not possible to
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temperatures of the kernels obtained after microwaving of the kernels was measured using an
infrared thermometer (Figure 5.2). Non-uniform temperature distribution within the kernels was
another challenge. This could be because the microwave system used for the study was of a non-
fluidized type design that did not enhance the continuous movement of the kernels within the
system to allow uniform temperature distribution during operation. The maximum surface
temperatures of the kernels after microwaving and roasting were 125 °C (Figure 5.2) and 135.2 °C
(Figure 5.3) respectively; these were however lower than expected. However, probably if
thermocouples are fixed in the kernels and connected to an electronic monitor, the setup could
have offered a means of recording the internal temperature of the kernels while microwaving. This
idea could have given useful information about the temperatures within the kernels due to

microwave and roasting treatments.

Roasting also, a thermal treatment that was applied to sorghum grains before the flour-milling
process with the aim of improving flour stability. A drawback of roasting is that it may reduce
essential minerals (magnesium and potassium) and some phenolic compounds and fatty acids (but
not the essential fatty acids) in samh seed, a drought-resistant cereal plant grown in arid and semi-
arid region of Asia (Ahmed et al., 2020). Another limitation of roasting is that the process causes
several changes in foods such as textural and colour changes, lipid alterations, and Maillard
reaction product formation (Schlérmann et al., 2019). These changes could be detrimental to the
nutrient benefits of the grain to humans. However, it should be emphasized that roasting also has
merits in that it could improve the sensory attributes and consumer acceptance of food products.
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Figure 5.2 Relationship between the surface temperatures and microwave energy applied to
wholegrain sorghum kernels
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Figure 5.3 Maximum surface temperatures of wholegrain sorghum kernels recorded after
roasting

5.1.3 Accelerated shelf-life storage condition

Stability of aromas/flavours during storage of fat-containing foods are usually determined by
subjecting such food items to accelerated storage conditions to simulate the shelf life of products
(Wang et al., 2014). Accelerated storage tests have been used to investigate cereal flour samples
and it was found to be a good predictor of storage stability (Qu et al., 2017; Deepa & Hebbar,
2017).

In our study, the sorghum flour samples were stored at 50 °C, and some physical and sensory
changes were observed in some of the samples from week 3 of storage. Some of these changes
included unpleasant rancid smell and the packages became oily with handling. Previous studies on
accelerated flour storage tests showed that researchers employed different temperatures for testing.
Deepa and Hebbar (2017) used 38 °C for maize flour while Qu, et al. (2017) used 35 °C for wheat
flour. The temperature of 50 °C used in this study is exceptionally high but we have presented a
new strategy to predict a long-term storage of sorghum flour using accelerated storage test
conditions which, in addition to accelerate autoxidation also notably promote non-enzymic
browning relevant for flour stability under tropical conditions. At 50 °C proteins could be
denatured, and some essential nutrients such as vitamins may also volatilize (Nielsen, Stapelfeldt,
& Skibsted, 1998)

Although accelerated shelf-life testing methods enable the estimation of shelf-life (Derossi et al.,
2016) the methods cannot guarantee agreement between what is estimated and what is observed

experimentally, this can lead to discrepancies. In this study, several variables were studied in the
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accelerated shelf-life study, such as the sensory characteristics and chemical analysis (using
indicators like fat acidity, p-anisidine). In this case, it is not enough to confidently report which of
these indicators is most relevant for estimating the end of shelf-life of the product. Pedro and
Ferreira (2006) proposed a new approach for estimating shelf-life by simultaneously considering
several quality attributes, known as the multivariate accelerated shelf-life test (MASLT). The
MASLT reduces the error of establishing product shelf-life based on a critical attribute but may
set aside attributes that could change over time in only one product. This robust method might
have given a beneficial advantage in understanding the relationship between attributes overtime

periods.

5.1.4 Analytical methods

5.1.4.1 Total phenolic content and antioxidant activity assay methods

For this study, the Folin-Ciocalteu method described by Apea-Bah et al. (2014) was used to
determine TPC in non-tannin and tannin sorghum. This method was chosen because of its
simplicity and reproducible assay, which could be used for studying total phenolic antioxidants
(Awika et al., 2003). The principle of this method is based on the reducing power of phenolic
hydroxyl groups. Phenolic compounds react with the Folin-Ciocalteu reagent under alkaline
conditions, through the dissociation of a proton from the phenolic hydroxyl group which results in
the formation of a phenolate anion (Awika et al., 2003). The phenolate anion reduces the Folin-
Ciocalteu reagent (a yellow acidic solution) to a blue molybdenum-tungsten complex (Naczk &
Shahidi, 2004).

However, there is substantial variation in the values reported for the TPC in sorghums by different
researchers, especially when the Folin-Ciocalteu method was used (Salazar-Lépez et al., 2018).
The explanation given for the inconsistencies was that the assay method presumably detected not
only polyphenolic compounds but also detected other biological compounds that are formed during
heat treatments of cereal grains (Wani et al., 2016). Compounds such as melanoidins formed
during the roasting process, could presumably possess reducing or antioxidant properties (Zou,
Yang, Zhang, He, & Yang, 2015). Thus, the roasting of sorghum kernels might have partially
contributed to an elevated apparent concentration of TPC and antioxidant capacity as shown in
research chapter 4.3 (Table 4.3.3) and described in some other studies (Jogihalli et al., 2017
Sharanagat et al., 2019).
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Thus, the major limitation associated with the Folin-Ciocalteu assay method is that the reagent is
not specific, as it detects all the phenolic hydroxyl groups in extracts (Schaich, Tian, & Xie, 2015).
This implies that the assay method is highly probable to interfere from non-phenolic compounds.
Non-phenolic compounds such as ascorbic acid, reducing sugars, sulphur dioxide, extractable
proteins with phenolic rings can reduce the Folin-Ciocalteu reagent (Naczk & Shahidi, 2004). It is
highly probable that the TPC of the extract may be overestimated especially if the sample contains
a significant amount of proteins composed of phenolic amino acids including tyrosine with
reducing properties (Naczk & Shahidi, 2004). It is therefore suggested that the Folin-Ciocalteu
assay be used in combination with other methods such as LC/MS analysis. The LC/MS technique

is more specific for determining phenolic compounds in the sample.

Several methods of assay can be used to evaluate the AOA of natural compounds in food systems
including the Trolox equivalent antioxidant capacity (TEAC) assay or the 2, 2’-azinobis (3-ethyl-
benzothaizoline-6-sulphonic acid) (ABTS) assay, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and
Oxygen Radical Absorbance Capacity (ORAC) (Awika et al., 2003). However, of these methods,
only two free radical assays are most used to assess AOA, notably ABTS and DPPH. A major
setback when using the latter is colour interference of DPPH reagents with samples that contain
anthocyanins which could lead to underestimation of AOA (Schaich et al., 2015). Extensive
investigations by Awika et al. (2003) on methods to measure antioxidant activity have shown that
the ABTS method was more suitable for sorghums than the DPPH or ORAC methods.

For this study, the TEAC assay method was chosen because of its unique advantages such as its
simplicity, the speed of the analysis (approximately 30 min per sample) and it can be used over a
wide pH range. It also has good repeatability; hence, its use is widely reported (Awika et al., 2003).
The TEAC assay is a spectrophotometric-based technique that quantifies the relative ability of
hydrogen-donating oxidants to scavenge the ABTS""in comparison with Trolox-a water-soluble
vitamin E analogue (Awika et al., 2003). The principle of the TEAC assay is based on the
neutralization of radical cations formed by single-electron oxidation of a synthetic ABTS
chromophore to a strong absorbing ABTS™* (Awika et al., 2003). The antioxidants reduce the
radicals depending on the capacity, and concentration of the antioxidant and the duration of the
reaction (Schaich et al., 2015). The ability of the sample to quench the free radicals is estimated
by monitoring the colour at 734 nm using Trolox as the standard (Schaich et al., 2015). However,
despite these advantages, the assay has a major limitation in that the ABTS"" reagent is not stable

and could react with any hydroxylated aromatics (Awika et al., 2003). Maillard reaction-produced
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melanoidins which have reducing properties could behave and react like Trolox, thus resulting in

an overestimation of AOA.

For this study, only the ABTS assay was determined to quantify AOA. This (ABTS assay) may
not give substantive trends in AOA. Using an additional assay like DPPH could have made the
result adequate validity than only one method of assay. Previous studies had proposed that using
more than one AOA activity test methods could allow for a meaningful comparison of antioxidant
properties because the assays are based on different mechanisms (Awika et al., 2003; Schaich et

al., 2015) and result from the different assays can be used to validate one another.

There have been some conflicting reports in previous studies on the effects of microwaving or
roasting of cereal grains, sorghum on AOA. Whereas Sharanagat et al. (2019) reported a drastic
decrease in AOA of flour due to roasting whole sorghum kernels despite an increase in TPC;
Anyachukwu et al. (2019) reported a significant increase in AOA of flours of whole sorghum
kernels due to roasting. The increase in the AOA despite the decrease in TPC indicates that the
extracted phenolic compounds lack AOA and could have been masked by the Maillard reaction
products (Sharanagat et al., 2019). In contrast, the present study showed an increase in AOA of
sorghum flour as the levels of TPC decreased with increasing roasting time (refer to Table 4.3.3).
This suggests that AOA of flour may not be exclusively attributed to the phenolics rather, Maillard
reaction products that may have been formed during roasting, may have contributed to AOA of
flour. Rao, Santhakumar, Chinkwo, Wu, Johnson and Blanchard (2018) also characterized
phenolic compounds and AOA in sorghum grains. The authors found that there was not only a
phenolic compound that is responsible for high AOA in sorghum rather it is the cumulative effect

of various phenolic compounds.

Roasting like other dry heat treatment methods is known to promote the formation of Maillard
reaction products at the expense of phenolics, the extent of which is a function of the roasting
temperature and time (Bonafaccia, Marocchini, & Kreft, 2003). Maillard reaction products are
mainly associated with some noticeable changes in the sensory properties of roasted foods, such
as alteration in colour and flavour (Anyachukwu et al., 2019). Hence, as Maillard reactions and its
products may have increased with increasing roasting temperature and time, AOA of sorghum
kernel flours also increased. Maillard reaction products generated can also be attributed to
enhanced antioxidant activity. This is because Maillard products could scavenge radical species

that are known to promote the formation of hydroperoxides. However, with storage, the peroxide
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value of the control decreased. This was attributed to a decrease in hydroperoxides. The
hydroperoxides are not stable and are transformed into secondary oxidation products (Wang et al.,
2017).

5.1.4.2 Damaged starch content

Starch is a major component of cereal grains, including sorghum. Starch plays a major role in
post-harvest processing and end-product quality (Wilson, Kaufman, Seabourn, Galant, & Herald,
2016). Heat treatment of cereal grains and milling of grains to flour can potentially lead to the
disruption of starch granules, adversely affecting dough rheology, thus monitoring of starch
damage is important (Qu et al., 2017). Enzymatic procedures such as the use of the Megazyme
starch damage assay kit for quantifying starch damage content in cereal flours has generally been
used (McAlliste, Black, Le Brun, Algeldeh, Dubat & Panozzo, 2008). In the present study, an
alternative non-enzymatic methodology was used involving the SDmatic®, an instrument
developed originally for determining starch damage in wheat flour (Fig 5.4). A previous study
reported a strong correlation between the SDmatic® and Megazyme assay for determining starch
damage content in flours (McAlliste et al., 2008). It was therefore considered suitable to harness

the benefits of the simplicity, speed and precision of the operational method of the SDmatic®.

The principle of the SDmatic® assessment is based on the amperometrical measurement of starch
damage by iodine absorption; with the starch damage and the iodine absorption showing a linear
relationship (McAlliste et al., 2008). The SDmatic® instrument determines starch damage in cereal
grain flours more rapidly than the enzymatic method of the Megazyme starch damage assay Kkit
based on the enzymatic hydrolysis of starch to glucose and measurement of the concentration with
glucose oxidase/peroxidase reagent providing a colorimetric result (McAlliste et al., 2008).
Whereas the Megazyme assay is time-consuming (=50 min per sample) and labour intensive; it
yields accurate and reproducible results. The SDmatic generally takes less time (=10 min per
sample) and requires limited operator skills (McAlliste et al., 2008). However, the enzymatic
method could lead to variations in enzyme activity and stability mainly due to temperature changes

that may cause inconsistency in result over time.
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4 Into the reaction bowl, transfer:
3+1g potassium iodide
3=1g boric acid
120mlL distilled water
1 drop of 0.1M sodium thiosulfate

Carefully weigh out 1=0.1g of

flour in the sample spoon » ‘/!

u __ 4 Place the reaction bowl and
g |J spoon into place in the SDmatic®

When the solution reaches 35°C (3-3min) the flour is
antematically transferred into the reaction bowl

)]

3min after the flour is transferred to the reaction bowl, the SDmatic™ displays the
starch damage content of the sample (3 different units including two with options)

Figure 5.4 Operating procedures of the SDmatic instrument (McAlliste et al., 2008)

5.1.4.3 Flour rancidity-lipolysis and lipid oxidation determinations

The level of rancidity in flours is often measured by determining the FFA content and peroxide
value (Meera et al., 2011). The FFA content measures the amount of FFA that is liberated as a
result of hydrolytic rancidity development (Deepa & Hebbar, 2017). The peroxide value measures
the components produced by the early stages (primary products of oxidation) of oxidation of fatty
acids, which determines the oxidative deterioration of lipids, by measuring the hydroperoxides.
The pAV measures the secondary oxidation products (breakdown products of peroxides), notably
ketones, aldehydes, alcohols and hydrocarbons (Viscidi et al., 2004). Owing to the fact that the
hydroperoxides are unstable, they quickly decompose to secondary products (Kamal-Eldin, 2003)
which are reportedly associated with rancid off-flavours in oxidised food systems. Given the
unstable nature of hydroperoxides, peroxide value is often combined with other measurements to
reveal the different products of oxidation, such as the pAV and thiobarbituric acid reactive species
(TBARS) value (Kamal-Eldin, 2003). TBARS measures malondialdehyde, which are secondary

products of lipid oxidation representative of aldehydes.

In this study, fat acidity content and pAV were used to predict lipid hydrolysis and lipid oxidation
(oxidative rancidity) respectively. Fat acidity was analyzed by acid-base titration according to
AACC Method 02-02 A (AACC, 2000). Lipid oxidation was analyzed in terms of anisidine value
according to ISO Standard method ISO 6885 (1SO, 2008).

Analysis of volatiles in the headspace of a closed container of flour with gas chromatography
methods is a common method for monitoring oxidative deterioration and determining fatty acid
composition that correlates with off-flavour (Wang et al., 2017). Similarly, future study could

measure non-volatile compounds using the LC-MS for better characterization of stored flour and
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relating it to the porridge. Such methods could possibly provide more in-depth knowledge of the

specific compounds associated with the rancid off-flavours in the stored sorghum flour samples.

Donfrancesco and Koppel (2017) investigated the effect of sorghum fractions on dry dog food
sensory properties using descriptive sensory analysis and gas chromatography-mass spectrometry
(GC-MS) with a modified headspace solid-phase microextraction (SPME) method. Partial least
squares regression was performed to identify significant correlations between sensory
characteristics and detected aroma compounds. The study correlated the quantitative results of

descriptive sensory characteristics with volatile compounds detected by SPME-GC-MS.

Fat acidity content and pAVs were measured to determine the initial and later-stage products
formed by lipids breakdown (lipolysis) and its subsequent oxidation (oxidative rancidity) in flours,
respectively (Kamal-Eldin et al., 2003). However, peroxide value was not considered appropriate
to estimate lipid oxidation for samples because of its major limitation, instability of
hydroperoxides (Wang et al., 2017). The limitation with the determination of peroxide value is
that peroxide compounds are specifically intermediate products of autoxidation and are therefore
not stable (Gorji, Smyth, Sharma, & Fitzgerald, 2016). Besides, the high flours storage temperature
could cause peroxides to decompose quickly and could make their determination difficult, as
peroxides would have transformed to other products. Although a high peroxide value is a definite
indication of rancid fat, moderate values are not indications of the absence of rancidity but rather
the depletion of peroxides after reaching high concentrations (Wang et al., 2017). Hence, the need
for the determination of the pAV, which is a measure of the secondary oxidation products, such

as aldehydes and ketones.

However, correlations between sensory assessments and chemical measurements are also vital.
For example, rancid odour and flavour have been correlated with concentrations of aldehydes, and
particularly hexanal, which is therefore called a marker molecule (Heini6 et al., 2003). Consider
though that sensory characteristics are not usually related directly to individual compounds.
Adequate and in-depth information is therefore needed to buttress the relationship between
chemical compounds and sensory properties of foods. More advanced methods of detecting overall
aroma patterns in foods have also been developed such as the electronic nose technique (Ruge et

al., 2012), which was developed from the GC volatile methods.
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Figure 5. 5 Schematic diagrams for proposed hydrolytic rancidity of sorghum flour

5.1.4.4 Flour pasting viscosity

The total solids (10 %) content of samples used for rheometer measurements were the same as
used for porridge preparation for the descriptive sensory evaluation in this study. The trend of the
viscosity of flour paste measured by the rheometer varied from those reported for porridges by the
descriptive sensory panels. The rheometer has been effectively used to study the pasting viscosities
of flours and starch. However, the rheometer does not give extensive information related to the
depolymerization of starch molecules. The use of a capillary viscometer to measure the intrinsic
viscosity of starch might have been useful to determine possible depolymerization of starch

molecules.

For this study, the PV and FV decreased due to the dry heat treatments (assessed at storage
baseline) and throughout the storage period, the PV of flour pastes from untreated samples was
significantly higher than those of heat-treated samples (Figure 4.2.3). Similarly, with storage, the
PV of all the flour pastes decreased but the PV of treated samples remained the lower compared
to that of untreated. However, peak and final viscosities alone, which was measured in the present
study did not provide enough information on the changes which occurred after cooling such as the

breakdown and set back viscosity.
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5.1.5 Descriptive sensory evaluation

Sensory evaluation of food products is conducted using human subjects to assess and define the
sensory attributes of products (Lawless & Heymann, 2010). The human subjects have been trained
specifically for the evaluation. Instrumental applications to profile the sensory attributes of food
products have not been able to fully replicate or replace the human response. The present study
made use of a descriptive sensory panel for the evaluation of the sensory quality of porridges

prepared from the flour of heat-treated wholegrain sorghum kernels.

For this study, steps were taken to recruit and train the panel before the actual evaluation of
porridges. The recruitment exercise was done by sending electronic mails to potential panellists
who were recently engaged in evaluating millet porridges. The panellists were mostly postgraduate
students with an interest in research activities at the University of Pretoria. Ten students responded
and they were trained with a wide range of sorghum porridges and other reference materials.
Training sessions helped the panellists to become acquitted with the porridge samples and
procedures. During the initial training period, panellists generated many descriptors and later
consensus was reached on descriptors to use for the evaluation. Panellists identified the differences
between porridges quantitatively using a line rating scale to determine the intensity of the sensory

attributes in the porridge.

Although ten blind-coded porridge samples were evaluated by panellists in a session, the order of
sample evaluation was randomised and a 2 min break inserted evaluating five samples to avoid
fatigue. The porridges to be evaluated were kept warm in a bain-marie set at 50 °C. This is because
the product mode of consumption is usually in a warm state. In this study the panel was reliable
and were able to identify the differences between the porridges based on. The large standard
deviations for average ratings for some of the sensory attributes indicate widespread differences
in the perceptions of the panellists, contributing to no or small comparative differences noticed
among the porridges (Tables 4.2.3 and 4.3.4). The evaluation process was rather laborious to the
panellists due to high number of attributes (n=36) and samples (n=10). Therefore, to minimize
limitations emanating from these factors, the use of panel performance measures and tools are
encouraged. Training sessions specifically assisted the panel to become acquainted with the
sorghum products, to reach consensus and agree on the attributes to be used before the actual
evaluation, and the rating scale for the product quantification. Descriptive sensory was used to

predict flour stability alongside the chemical methods. Regarding the multivariate statistical
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methods PCA used in this study is a very informative way to express the result at one sight but
still better visualization of the results would have been reached perhaps by using partial least

squares regression (PLSR) to predict sensory results from instrumental data.

5.1.6 Research findings

The focus of this research was mainly on stabilization of sorghum flour using dry heat treatment
by microwaving or roasting of pre-conditioned wholegrain sorghum kernels. Sorghum, like other
cereal grains, is known to remain stable longer when the kernels are intact compared to when
milled to flour. However, its flour has a limitation, the flour is prone to deterioration through
lipolysis and oxidation of the unsaturated fatty acids (Meera et al., 2011). Against this background,
the main premise upon which this research is based was that dry heat treatments (by microwaving
and roasting) of wholegrain sorghum kernels could be used as a potential technology to inactivate
lipase enzymes which enable the onset of the lipid deterioration, intending to stabilize the flour.
Therefore, the main findings of this research study in terms of the effects of dry heat treatments of
sorghum kernels and how this affects the flour functionality, storage stability and porridge sensory

characteristics will be discussed.

5.1.6.1 Effects of heat treatments of sorghum kernels on the total phenolic content and
antioxidant activity

Studies presented in chapters 4.1 and 4.2 respectively show the effects of heat treatments by
microwaving (Fig 4.1.1 and 4.1.2) and roasting (Tables 4.2.3) of sorghum kernels on the TPC and
AOA of resultant flours. Generally, microwaving sorghum kernels decreased the TPC and AOA
of sorghum flours, whereas roasting of sorghum kernels decreased the TPC of the resulting flours
but increased the AOA.

5.1.6.2 Effects of heat treatments of sorghum kernels on flour pasting characteristics and
water absorption and solubility indexes porridge texture

From this study, a significantly lower peak viscosity (PV) was recorded for flour from heat-treated
sorghum kernels compared to untreated (Figures 4.2.3 and 4.3.2). This finding was probably
primarily a result of the thermal damage to the starch (Figure 4.2.2). Also, disruption of the starch
granular structure leads to a decrease in water uptake by starch and possible reduction of the ability
of the starch to swell and hence decreasing PV (Luo et al., 2006). Besides, the formation of a
protective layer on the granular surface of starch could inhibit water absorption due to the

hydrophobic nature of lipids which may have formed complexes with starch (Sharma & Guijral,
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2019). A possible benefit of reduction in PV is that porridge prepared from such flour may show
higher energy density with low viscosity, thereby making the porridges more suitable and
convenient to eat and swallow by infants (Moussa et al., 2011). Low meal viscosity has a faster
eating rate and shorter oral sensory exposure than high meal viscosity which has longer oral
sensory exposure. This is because a low meal viscous product flows rapidly in the mouth.
Elsewnhere, it was reported that more viscous porridge was consumed rather more slowly compared
to those of high viscosity (Oladiran et al., 2017). This is because high meal porridge led to

increased fullness or increased satiety (Zhu et al., 2013).

The results from this research study showed that heat treatment of sorghum kernels resulted in a
decrease of flour water absorption and the solubility indexes. Upon heat treatment of kernels and
milling to flours, the formation of a protective layer limiting water uptake probably explains the

reduced viscosity of the porridge.

The observed decrease in water solubility and solubility index of flours after heat treatments may
be explained by the following mechanisms. Microwaving of the sorghum kernels may have
denatured the sorghum proteins through breakage of intra and intermolecular hydrogen bonds
resulting in the unfolding of protein molecules and exposure of hydrophobic sites which could lead
to reduced water and nitrogen solubility. It is also possible that at higher microwaving power and
longer roasting time, crosslinking reactions may occur between proteins and other compounds
leading to the formation of complexes with reduced solubility. Further, there could be a promotion
of protein aggregation via electrostatic and/or disulphide interactions after microwaving sorghum
kernels.

Microwaving of sorghum kernels disrupted starch molecular order resulting in the loss of
birefringence as shown in the Figures 4.1.2. The lower flour paste viscosity upon microwaving
sorghum kernel may be due to microwave-induced gelatinization of starch. The water solubility of
the flours is elicited by the water-soluble components that include soluble protein and
carbohydrates. Therefore, the reduced WSI could also be attributed to starch aggregation (Wang
et al., 2014) as revealed by the microscopy study reported in research chapter 4.1.

5.1.7 Porridge sensory characteristics
In this study, the panel reported significant differences in some attributes of porridges from

microwave-treated kernels flours stored for 6 weeks (Table 4.3.4). There were significant increases
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in the intensity of oily, painty, rancid and fermented aromas in the porridge of untreated kernel
flour. Though, the effect of flour storage with time was not significant (p >0.05) on the microwave-
treated kernel flour. The differences were in the untreated flour and not in those microwave-treated.
Of interest in this study was that the perception of differences in the porridges made from stored
flours was detected as aroma by smelling yet not perceived in the mouth during consumption. This
could mean that when smelling the porridges, attention of panellists is on aroma and when
processing porridge in the mouth focus of panellists is split between flavour and texture rather than

the aroma.

Also, the brown colour was observed in porridges by the descriptive sensory panel but no
difference in the brown colour of porridges prepared from untreated and microwave-treated kernel
flours was noticed. On the contrary, this observation was not in agreement with the instrumental
L* value (lightness) of porridge prepared from untreated kernel flour, which was slightly higher
than that of microwave-treated at 90 kJ/100 g (Table 4.2.2).

For the roasted wholegrain samples, the panellist reported significant differences in some attributes
of porridges from flours stored for 6 weeks. There were significant increases in the intensity of
oily, painty, rancid and fermented aromas, bitter taste and grainy porridge of untreated sample with
flour storage time (Table 4.4.5). Like the microwave-treated sample, the differences in the
intensities of rancid indicators were synonymous with untreated kernel flour and not related to
those of roasted samples. A significant increase in brown colour, grainy and glossy was associated
with the roasted samples. However, with porridges from decorticated flours, the intensities of the
attribute were lower. Rancid aroma, brown or darker colour and stickiness in the porridge of flours

were the only attributes that were significant.

The unpleasant aromas are usually associated with oxidized foods and are due to the formation of
volatile secondary products by unsaturated fatty acid oxidation (Duizer & Walker, 2016). The
unpleasant aroma is peculiar to untreated flour during storage and not with those of heat-treated
flour samples. Nantanga et al. (2008) observed an absence of unpleasant aroma in porridges made
from flour from thermally treated pearl millet grains and attributed this to the inactivation of lipase

before milling the grains.

The study showed that the heat treatments of kernels led to reduction in fat acidity and pAVs of

the resulting flours during storage (Figure 4.2.1 and 4.3.1). Lower fat acidity values of heat-treated
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sorghum flours recorded over the 6 weeks storage period (at 50 °C) compared to the untreated
flours shows that the heat treatments probably inactivated the lipase in the sorghum kernels. As
expected, microwave treatment of sorghum kernels at 90 kJ/100 g was more effective at reducing
fat acidity than the treatment at 36 kJ/100 g. Similarly, the roasting of sorghum kernels at 150 °C
for 25 min was more effective than the roasting treatment for 10 min. Reduction in fat acidity

could be attributed to more thermal inactivation of lipase (Zhao et al. 2007).

With storage fat acidity of untreated flour increased rapidly by nearly 50 % compared to those of
microwave-treated and roasted samples. This is due to the presence of active lipase and
lipoxygenase enzymes. The flours from the heat-treated sorghum kernels had much lower pAV
over storage compared to the flours from untreated samples (Figure 4.3.1, Tables 4.4.1 and 4.4.2).
This means that the formation of secondary oxidation products in heat-treated kernel flours at a
minimal level compared to that of untreated. Secondary oxidation products are associated with
perceived unpleasant or rancid off-flavours in oxidized flours (Kamal-Eldin, 2003). Determination

of secondary oxidation products in stored sorghum flours should be considered in the future study.

The bland flavour of microwave treated porridges (Figure 4.2.5) could have been as a result of
heat treatments releasing some of the characteristic flavours formed during processing. This
development could be of importance especially to consumers with sorghum-flavour allergies may

appreciate porridge with bland flavours.

Porridge texture was measured in terms of firmness and stickiness, which are important sensory
attributes of sorghum porridge from the consumer perspective (Aboubacar et al., 1999). The
generally somewhat reduction in the firmness of the porridges of the microwave-treated kernel
flours (Figure 4.3.4) could be a consequence of their flours’ having a higher damaged starch
content. Interestingly, the sensory panel did not detect any obvious difference in porridge texture
in terms of viscosity between the treatments (Figure 4.3.5). This could mean that the more obvious
aroma differences between the porridges attracted greater attention by the sensory panellists than
the slight differences in texture. Porridges from the microwave treated sorghum kernel flours were
generally stickier than that from untreated sorghum kernel flour, as measured by texture analyser
(Figure 4.3.4).
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5.2 Summary of the main findings
The summary of the main findings in this study, the application of dry heat treatments of
wholegrain sorghum kernels using microwave heat and roasting to stabilize the flour and porridge

sensory characteristics can be presented as shown in Table 5.1 below

Table 5.1 Summary of the main findings on the effects of heat treatments of non-tannin and
tannin sorghum grains
Heat treatments decreased moisture content in both non-tannin and tannin sorghum flours

Heat treatments reduced L* (lightness) and increased a* (redness) of flour

Heat treatments reduced fat acidity of sorghum flour

Heat treatments reduced total phenolic content, but antioxidant activity increased with roasting only

Heat treatment generally reduced the peak, breakdown, set back and final viscosities of sorghum
flour pastes

Heat treatments did not affect the water absorption index of sorghum flours

Heat treatments reduced fat acidity and p-anisidine of flour at baseline and during storage compared
to raw flour

Heat treatment resulted in more damaged starch in flours

Microwave heat treatment had no effect on porridge texture at baseline

Microwave heat treatment had no effect on porridge sensory attributes at baseline except to increase
the bland flavour of the porridge

There was no effect of storage time on unpleasant aromas on flour from higher microwave treatment
(90kJ/100 g).

Rancidity was clearly noticed in porridges from untreated kernels’ flour, which increased with flour
storage but porridges of roasted kernel flours were evaluated less rancid

Perception differences in the porridges of stored flours were only detected as aroma by smelling and
not in the mouth during consumption

Porridges of microwave-treated flours were darker in colour with a sweeter aroma

Shelf-life of flours at 50 °C is predicted as 4-6 weeks for microwave-treated compared to 3 weeks for
untreated samples.

Descriptive sensory evaluation was established to as a means of predicting flour stability in place of
chemical determination methods
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5.3 Future research
The current research investigated the application of dry heat treatments of sorghum grains with

intent to stabilize their flours using porridge sensory attribute as a predictor. Additional research
IS needed to predict consumer acceptability of the flours and porridges to quantify the reactions of
consumers that depend on sorghum. Safety of consumers of the product is also important because
literature has shown that some of the secondary oxidation products could be toxic (Kamal-Eldin,

2003). Thus, it should be considered for evaluation.

The accelerated storage condition conducted at 50 °C (under UV light 16W/cm? for 6 weeks) could
be a new approach to predicting a long-term storage of sorghum flour. The method could be
standardized and validated on a commercial scale. The method should be compared to traditional
long-term storage tests, and should include more heat classes and flour at different moisture
content.

Moreover, it would be of interest to identify the compounds associated with aroma and flavours
perceived in oxidised sorghum flours using SPME-MS techniques. This will probably help to

identify the possible correlation between sensory attributes and compounds identified.

The economic viability of the treatment methods should also be evaluated. The cost of the
technologies and practicality of including the technology in the current sorghum value chain
should be investigated. Once the cost implication is ascertained, recommendations can be made
for the potential target sector (commercial/industrial or domestic home uses) that can adopt the

technology of flour stabilization.

Furthermore, stabilization of sorghum flour should not be restricted to red sorghum as used in this
study, other varieties like white tan and other sorghum hybrids should be considered for
investigation as well. Collaborative research could be of interest in this regard especially with
Texas A & M University in Purdue because the institution is known for breeding hybrid sorghum
lines (Mezgebe, Abegaz, & Taylor, 2018). Also, collaboration with ICRISAT which perhaps has

the largest collection of diverse global sorghum germplasm collection, could as well be considered.
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6. CONCLUSIONS AND RECOMMENDATIONS
This study has highlighted the significance of heat treatments using microwave heating and
roasting, as a potential strategy to produce wholegrain sorghum kernel flours with improved
storage stability and porridge sensory characteristics. The sorghum types, non-tannin and tannin
showed improved TPC after the heat treatments. The phenolic content of tannin types could be
responsible for the observed antioxidant capacity of resulting flours after heat treatments. Heat
treatment by microwaving and roasting of conditioned wholegrain sorghum kernels generally
improves the extractability of phenolic compounds leading to an increase in TPC and antioxidant
capacity of resultant flours. Sorghum kernels, probably with a more compact cotyledon and thicker
seed coat, offer more resistance to splitting during microwave treatment which results in exposure

of phenolics to more internal heat.

The flours from microwave-treated wholegrain sorghum kernels can potentially be used as ready-
to-use functional food ingredients or in complementary foods. This is because microwaving of
wholegrain sorghum kernels induces changes in the physicochemical properties of proteins and
starch molecules that affect the functionalities of the resultant flours e.g. reduced PV and FV of
flour pastes. Heat treatment of wholegrain sorghum kernels decreases the sorghum flours pasting
viscosity, water absorption and solubility indexes of resultant flours as a result of water-induced
dilution of intercellular compounds. The results show that heat treatment of pre-conditioned
sorghum kernels could be used as a pre-treatment method in the production of value-added

sorghum flour.

This study provides important information and understanding on how heat treatment by
microwaving and roasting of pre-conditioned wholegrain sorghum kernels affect the
physicochemical and functional properties of sorghum flours, flour stability and sensory
characteristics of the flour porridge. However, there is need for further research to determine the
optimum conditions of conditioning and heat treatment required to limit the action of endogenous
enzymes responsible for oxidation of lipids in flour. Furthermore, flours from microwaving and/or
roasting of wholegrain sorghum kernels could be analyzed for compounds responsible for the

rancid off-flavours in stored flours, and consumer acceptance of porridge made from the flours.
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