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Table |
The operating condition of each heating process

375

Processing method

Raw materials

IMC (% d.b.)

Temperature* (*C)

Twin-screw exiruder {laboratory)
Spouted bed (TDSB) {laboratory)

Single layer infrared dryer (laboratory)
Single-screw extruder (commercial-scale)
FBD {commercial-scale)

Micronizer (commegciai-scale)

Mitled soya flour
Full-fat soybean
Full-fat soybean
Milled sova flour
Full-fat soybean
Full-fat soybean

18, 24, 27 100. 1£0, 120, 130, 140
14, 22, 28 120, 130, 140, 150

18, 24, 27 100, 120. 140, 160

13 104-115

2 160-170

1.4 i80-220

Note: FBD: Fluidized bed dryer: TDSB: Two-dimensional spouted bed; IMC: Initial moisture content.

* Accuracy of temperature controller £1 >C,

activity, The pH difference value was measured by the
Mettler pH meter (Model No. DELTA 340) and was
then converted to the percentage of urease inactivation
by the equation proposed by Savage, Wei, Sutherland,
and Schmidt (1993). The acceptable level of pH differ-
ence should be in the range lower than 0.3, corre-
sponding to the urease inactivation of 37%.

According to AOCS method Aa 5-38 (AQCS, 1984),
the percentage of crude protein can be calculated by
percentage of nitrogen multiplied by a mitrogen-to-pro-
tein factor (6.25) and the percentage of nitrogen in the
soybean was estimated by the Kjeldahl method, using a
TKN analyzer (Model No. Antek 9000N). Protein sol-
ubility indicates the level of protein dispersion ina 0.2%
KOH solution. According to Cheong (1997), protein
solubility should be in a normal range between 70% and
85%. If its value 15 lIower than 70%. 1t means the soybean
is overcooked, but if higher than 853%, soybean is
insufficiently cooked. Protein solubility is calculated by

Protein solubility

_ nitrogen of the supernatant in 0.2%KOH solution
h crude protein
x 100 (3}

In addition, the lysine in soy protein was also ana-
lyzed by the AccQ-Tag method. Soybean sample was
hydrolyzed at 110 °C for 22 h with AccQ-Flour reagent.
Finally, it was analyzed by high performance liquid
chromatography (Model Wo. Waters Lambda-Max
481).

The experimental conditions for treating soybeans
in each process are shown in Table 1.

3. Results and discussions
3.1. Reduction of moisture content

The drying rates of the soybeans in the spouted bed
and single layer infrared dryer at different ilet air
temperatures are shown in Figs. 7 and § respectively.
The characteristics of the drying curves from such
heating methods are very similar, the moisture exhibit-
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Fig. 7. Cemparison of moisture ratio between experintent {dots) and
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Fig. 8. Comparison of moisture ratio between experiment (dots) and
prediction (lines) at different temperature and initial moisture content
of 24% dry basis using single layer infrared dryer (lab-scale).

ing a typically decrease with drying time, but the rate of
moisture removal by spouted bed is noticeably lower, as
indicated by the slope of the drying curve. The lower
drying rate is due to the fact that the energy from the hot
air is conducted to the water inside the kernel via the
complex physical structure of the food matenal and this
structure resists the heat transport. In addition, the
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inherent characteristics of the spouted bed that consists
of spout and downcomer regions result in slow water
transport wnside the kernels since the kernels stay in the
downcomer, where the rates of heat and mass transfer
are very poor, for a relatively longer time than that spent
in the spout region. The influence of temperature on the
drying rate can also be observed in these figures: the
higher the termperature the faster the moisture decrease,
as expected. This factor has a profound effect whilst the
initial moisture content has a lesser contribution. The
data of moisture effect was not shown here.

Knowing the experimental value of moisture content
at various tirnes and conditions, the drying constant was
determined using a non-linear regression approach. Te
obtain this parameter, the drying constant formulation
was correlated with temperature and initial moisture
content 1n the following form;

k = AME exp(—E [ Tops) (4)

where T, 1s the absolute temperature (X) and 4, B and
£ are the constant parameters, all of which depend on
the heating technique. Substituting Eq. (2) into Eq. (1),
it was then fitted to the experimental data by a single-
step regression. The results of regression analysis using
the original data are shown in Table 2, with the values of
R and MSE. demonstrating the adequacy of the pro-
posed model. The mean sum squares of error (MSE) is
defined as (Lopez, Piqué, Romero, & Aletd, 1998)

Z::l (‘L{Rubs - AIRFR):

n—=z

MSE =

(5)

where MRy, is the experimental moisture ratio, MR is
the predicted meisture ratio, # is the number of data
points and z 15 the number of unknown parameters. As
seen in Figs. 7 and 8, the thin layer drying reasonably
predicted the data over the drying conditions.

The result of the calculated drying constants at var-
wous temperatures for the spouted bed and infrared
heating i1s shown in Fig. 9, indicating a significantly
higher value of the drying constant for the infrared
heating compared to that for the spouted bed. More-
over, the drying constant for the infrared heating was
strongly affected by temperature whilst it was only
slightly changed for the spouted bed. These results
emphasize that the infrared technique shows a higher
potential capability for remeving water and its capa-

Table 2
Drying constants of spouted bed and single infrared dryer (lab-scale)
Processing A B E R MSE
method
Spouted bed 0.7652 0.0559 -1467.12 093 0.0004
dryer
Single layer 6.72705 -0.22633 -2212.67 097 0.0005
infrared dryer
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Fig. 9. Relationship beiween drving constant and inlet air temperature
when using two-dimensional spouted bed and single layer infrared
dryer {M,, = 18% d.b.).

bility is more effective when operated at higher tem-
perature, as indicated by the positive slope 1in Fig. 9.
The experimental results for the other initial moisture
contents show the same trend as found in Fig. 9.

3.2. Urease activity and urease inactivation

Figs. 10 and 1] show the urease activitv, measured as
pH difference, and the percentage of urease inactivaiion
in the soybeans treated by the respective spouted bed
and single layer infrared techniques. The urease activity
of raw soybeans is approximately 2.3-2.5 at the begin-
ning and reduced with dryving time. In some cases,
insufficient inactivation occurs, in particular when raw
soybeans with a low initial moisture content are treated
at a low temperature for a certain pericd. This can be
observed from the soybeans at initial moisture contents
below 24% d.b. which were treated by the spouted bed at
a lower temperature of 130 °C and infrared radiation at
a lower temperature of 120 °C. The percentage of urease
iractivation at the end is between 60% and 80% for
times of 30 min in the spouted bed and 12 min in the
infrared. Since the treated soybeans became brown in
colour, we were not interested in examining them at
longer treating times although it was expected that the
pH difference would decrease to acceptable limit.

Adequate inactivation, implying a pH difference
lower than 0.3, can be accomplished in the raw soybeans
at 22-24% d.b. using a temperature of 140 °C for 30 min
in the spouted bed and 12 min in the infrared. Under
such heating conditions, the moisture content at the end
was about 14% or 15% d.b. at which it is safe for long-
term storage. When the initial moisture content in-
creased beyond 24% d.b., the treating temperature or
the treating time for sufficient inactivation can be re-
duced. It nesds 30 min at 120 °C and 25 min at 130-140
°C for the spouted bed as well as {0 mio at 140-160 °C
for the infrared technique. The reduction in such oper-
ating parameters is due to the fact that high initial
meisture favours rapid cooking (Wright, 1981).
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Fig. 10. Effect of moisture on the urease activity and percentage
of urease inactivation for two-dimensional spouted bed drver (a) 284,
{b) 2X% and (c) 14% d.b.

In addition to the lab-scale test, we also examined the
dry soybean quality after treating in large-scale equip-
ment at commercial sites. The result from the industrial-
scale micronizer [s shown in Table 5 and reveals that an
environmental temperature between 180 and 220 °C,
corresponding to a grain temperature of 119-122 °C,
yields a pH difference of 0.1-0.16 at treating times of less
than 5 min, For the continucus fluidized bed dryer, in
which the kernels are rigorously mixed, the colour of the
treated soybeans was rather brown and their pH differ-
ence fell into the acceptable range, being between 0.21

Time (min)

—— T=14 CMi=24%db. —a—T=160 C.Mi=24%d b.
—— T=110 CMi=27%db. —e— T=160 C.Mi=27%d.b
o Urease activity {pH diff ) & % Urease inactvation

Fig. 11. Urease activity (pH differerce) und urease inactivity using
single laver infrarsd drver (lub-scale). (a) Operating at dryer roem
iemperature of 100 and [20 °C and initial moisture content of 187 and
2% d.b. (b) Operaung at dryer rcom temperature of 140 and 160 *C
und initial moisture content of 24% and 27% d.b.

and Q.27 for treatment tume of 10 muin using inlet air
temperatures of 164.5 *C as shown in Table 6. These
data also indicate that the extent of urease inacuvation
at the exit from the dryer is almost uniform although
there ts a certain degree of mixing of solid particles while
being moved in the dryer. To avoid the undesirable
colour, temperatures below 160 °C can be employed, but
for inactivaiing urease, times should be longer than 10
min (Osella et al, 1997). This suggestion is for dry
sovbean. For moist sovbeans, 1t requires treatment tunes
shorter than 10 min.

These findings demonstrate that intensive heating
techniques 1.e. fluidized bed and infrared require a rel-
atively short treatment time for the inactivation whilst
mild heating techniques like a spouted bed takes longer.
The time required was approximately 25 min at 150 °C
and 30 min at 140 °C. The longer time for the spouted
bed is caused by the particles remaining in the down-
comer due to the low airflow rate in this region.

Extrusion technique is distinctly different to the
above-mentioned techniques in that the raw soybean
kernels must be ground before passing through the ex-
truder. The operating conditions for the twin-screw
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extruder and analytical results after passing the extruder
are presented in Table 3. The retention time varied be-
tween 2.2 and 4.8 mun, depending on the screw speed.
and the heating tesnperature was in the range of 100-140
°C corresponding to product temperatures of 91-130°C,
respectively. The results of final moisture content and
urcase activity of the extruded soybeans are within the
range recommended by the American Soybean Associ-
ation (1990, except for run nos. 1 and 8. both of which
had pH differences that were nearly as high as raw
soybeans. This impiies that the urease Is not inactivated
at product temperatures below 100 °C even though the
retention time or initial moisture content increased.
When the product temperature is 100 °C, corresponding
to a heating temperature of 110 °C or higher, the pH
difference of the treated samples lies in the standard
range.

In addition to the temperature, the initial moisture
content alse had some effects. The degree of urease
inactivation for the exuruded sovbeans trends to con-
tradict those results from the spouted bed and infrared
systerns: using soy flour with iniual moisture coatent
Ingher than 24% d.b. inhibits the urcase inactivation as
shown i Table 3. The corresponding values of pH dif-
ference become higher but still fall into the desirable

range for feed meal products, except for run no. 17,
These results clearly indicated that the addition of water
into the soybean flour is unnecessary since an excessive
quantity of water in soy flour causes a dense agglom-
eration of flour between the gap of the screws. The
subsequent dispersion of soy flour within the barrel is
not mixed well, so that the product unevenly absorbs the
heat generated in the barrel. High moisture content also
caused unstable operation. The extruder was automati-
cally shut off, as is obvious from the experiment at a
moisture content of 26% d.b. for run no. 24. Sunmilar
results for the urease inactivation were also found with
the single-screw extruder as presented in Table 4, the pH
difference being between (.01 and 0.04.

3.3. Prorein solubility

In addition to the urease activily, protein solubility 1s
also an important parameter that characterizes the
protein quality of soybean. During heating, in order to
inactivate the anti-nutritional factors, proteins are
denatured and protein aggregates are formed. The pro-
tein solubility of raw soybean in the present study was
approximately 92.8% and 1t was reduced after heat
treatment. The magnitude of its reduction depended on

latile 3
The operating condition and analytical results after passing extruder (fab-scale)

Run ne.  Screw speed Residence Temperature (°C) Moisture (% d.b.} Urease activity  Protein
. M E 5 < lipy £
{rpm) 1ime (min)  S— e Talet Outlet {pH d&ifl.) solubility {"4)

temperature temperature

| 100 14 100 91 18.1 15.8 2.27 83.0

2 100 34 120 112 158.1 14.8 0.03 788

3 100 34 140 129 131 10.1 0.0} 72.8

4 120 22 40 100 2318 19.9 0.19 843

5 120 2.2 120 109 238 18.1 0.06 81.4

G 120 2.2 130 118 238 17.1 0.07 9.8

7 120 2.2 140 130 238 1.4 0.09 747

b 100 3.4 100 92 24.4 20.8 2.29 NA

8 100 3.4 116 103 24.4 200 0.01 NA

14 100 14 120 111 244 18.7 n.02 NA

11 160 34 130 12] 244 17.6 0.02 NA
1G0 34 140 130 24.4 11.5 001 NA

13 30 4.3 110 100 24.4 18.8 0.05 MA

i4 80 4.3 120 111 244 17.2 0.03 NA

15 $0 4.8 130 120 244 15.3 0.03 NA

16 30 4.8 140 131 244 11.1 0.02 NA

17 120 2.2 110 100 269 21.8 0.36 3l.4

18 120 2.2 120 113 26.9 18.3 0.24 78.6

19 120 2.2 130 119 26.9 16.3 0.26 759

20 120 2.2 140 128 26.9 12.¢ ¢.14 733

20 100 3.4 110 100 6.9 20.7 1A 5] NA

22 100 14 120 112 26.9 17.3 015 NA

23 100 34 130 118 26.9 15.8 0.21 MNA

24 100 - 140 - 269 - - -

Noie: Urease activity (pH difference) of raw soybean = 2.33-2.46.
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Table 4

Full-fat soy Sour analvsis alter passing single scraw exsruder (commercial-scale)

Time {min} Temperature (°C) Meisture content {7 d.b.) Urease activity Protein solubility
Pre-conditioner Product Inlez Outlet (pH change) (o

i3 89 193 129 1.4

30 38 104 13.0 11.6 0.04 79.3

43 9 108 13.4 12,1

60 92 i 14.1 125 0.04 76.4

75 92 110 129 11.3

90 92 111 12.7 1.1 0.03 5.0

105 94 113 129 1.6

120 93 115 13.5 1.3 003 718

135 93 114 133 11.8

156 o 112 123 11.4 0.01 73.6

163 92 113 129 1.2

130 92 112 128 11.7 0.01 76.2

the heating process and operating conditions, Le. tem-
perature and time.

The results of protein solubility for the soybeans
treated by different types of laboratory-scale heating
processes arc shown in Fig. 12. The data presented were
measured at the ends of the experiment, namely, after 30
min in the spouted bed. 3.4 min in the extruder and 12
min in the infrared. It is evident that the protein sofu-
bility for the soybeans treated by various thermal pro-
cesses declines to the recommended range, except that of
soybeans processed with the spouted bed and infrared at
120 °C which was above §3%. However, this tempera-
ture is not high enough to inactivate the urease to the
level lower than 0.3 pH difference within a given time.
To maintain the product in the range eof 70-83% to-
gether with the acceptable pH diflerence, soybeans
should therefore be treated at a temperature higher than
140 °C.

As noticed, the quality from each technique is rather
different; the higher protein solubility is obtained with
the single laver infrared and spouted bed (78-89%) and
the lower one is obtained from the screw extruder (74—

78%). This can be seen easily at 140 °C where the
quantity of soluble protein in 0.2% KOH solution ran-
ges between 82% and 84% for the spouted bed and
infrared and becomes lower for the extruded soybeans
with a value of 73%. The lower soluble proteins are
attributed to the grounded soybeans absorbing the heat
uniformly, unlike the other two techniques where the
full kernels retard the heat penetration. Morcover, this
effect results in a higher degree of urease inactivation,
along with sherter treating time, when compared to the
othier heating techniques at the same temperature, To
cbtain a higher protein solubilitv, while maintaining an
adequate Jevel of urease inactivation, the extruder
should net be operated at a temperature higher than 130
°C. The results of heat treatment by the spouted bed and
infrared radiation indicated that the infrared seems to be
a more attractive technique since the rates of water
transport and urease inactivation using this approach
are enhanced, along with a high soluble protein content.

Fig. 12 also shows the influence of temperature on the
protein solubility, indicating the jower amount of solu-
ble proteins associated with higher temperature. This 1s

% Protein solubility

120C :28% dl.b.
140 C :28% d.b.

120 C :27% d.bh.
140 C :27% d.b.

140 C :127% d.b
160C:27% d.b.

spouted bed

twin-screw extruder
Processes

single layer Infrared

Fig. 12. Comparisions of the percentage of proicin solubility between rwo-dimensional spouted bed, single layer infrared dryer and rwin-screw

extruder (lab-scale).
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expected since when more thermal energy is transferred,
the treating temperature is increased.

The change in protein solubility of dry soybeans after
treating with the single-screw extruder, micronizer and
fluidized bed dryer is shown in Tables 4-6, respectively.
The protein solubility of soybeans from each heat
treatmen! technique varies in a range of 73-85%,
implying properly cooked soybeans. The soluble pro-
teins of treated soybeans, when cormpared with those
obtained from the extruder and fluidized bed. are rela-
tively higher with the micronizer. From a qualitative
point of view, these results are in accordance with the
one from the lab-scale infrared dryer as illustrated in
Fig. 12, showing higher protein solubulity.

3.4. Lysine

Some interesting conditiens of each process for
inactivating urease enzyme were chosen to determine the

Table §
Fuil-fa1 sovbean analysis after passing the micronizer {commercial-
scale)

Time  Product Moisture content  Urcuse Protein

(min) twemperature (70 d.b.) achivily solubihity
°Cy m {pH change) ("4)

15 121 11.6 6.9

30 120 1.5 6.8 0.10 835

43 122 i1.6 7.0

60 120 bi.8 6.9 0.10 848

15 119 11.5 71

90 120 11.6 7.1 010 859

105 121 11.6 6.7

120 121 11.5 6.9 0.12 74.1

135 122 11.6 7.0

150 119 11.6 10 0.16 76.8

165 120 11.6 6.9

180 120 115 6.9 0.16 82.2

Table 6

Fuil-fat seybean analysis after fiuidized bed heaung process (com-
mercial-scale)

Time Moisture conltent Urease activity Protein solu-

{rmun) (% d.b.) {pH change) bility (%)
Enlet Qullet

15 11.8 0.8

30 11.9 0.9 n.25 77.6

45 11.9 1.2

60 12.3 1.3 0.21 744

75 119 t.0

%0 11.8 1.0 0.26 74.4

105 121 1.4

120 12.3 1.6 0.27 75.6

135 12.3 i.5

150 12.4 1.6 0.24 72.6

165 12.3 1.4

130 12.3 1.4 0.26 74.6

remaining lysine as follows: 130 °C, 18% d.b. and 2.2
min for the twin-screw extruder; 140 °C, 14% d.b. and
10 min for the fluidized bed dryer; 140 °C. 14% d.b. and
30 min for the spouted bed dryer; and 160 °C, 18% d.b.
and 12 min for the single layer infrared dryer. Table 7
shows the remaining lysine in the soybeans after treat-
ment with the twin-screw extruder, fluidized bed, spou-
ted bed and infrared driers. The percentage of lysine was
5.25% for untreated soybeans and was decreased by 0.8~
1.2%, in each heat treatment technique. The statistical
analysis using a ¢-lest approach indicated that the
amournts of remaining lysine from such techniques were
insignificantly different (p < 0.03).

1.5 Energy conswmption

Table § shows the energy consumptions of commer-
cial-scale equipment, 1.¢. extruder, micronizer and flu-
idized bed dryer for inactivating the urease in the dry
soybeans. The electrical energy consumption repre-
sented in the table was calculated by multiplving by a
factor of 2.6, a conversion factor for converting sec-
ondary to primary energy, with the experimentally
measured electrical energy. It can be seen that the ex-
truder consumed about 928 MJ/ton of product, which is
1.5 times of the thermal energy uiilized. The opposite
results were obvious with the fluidized bed dryer and
micrenizer where both tvpes of equipment use high
levels of thermal eneray, with amounts of 330 MJ/ton
of product for the micronizer and 911 MJ/ton of prod-
uct for the fluidized bed.

In calculating the energy cost, we assumed that LPG
gas cost was 20 baht/kg and electricity cost was 3 baht/
kW h (42.3 baht = 13). The calculated total energy costs
were 260, 429, 547 baht/ton of product for the micro-
nizer, fluidized bed dryer, single-screw extruder, respec-
tively, the first technique providing the lowest operating
cost. The energy cost for the Auidized bed was relatively
high since the industrial dryer did not have an air
recycling system although the exhaust air had a tem-
perature higher than 100 °C and, therefore, a high reuse
potential. The ineflectively utilized energy consumption
is a consequence. However, if the exhaust air was fully
recycled, the thermal energy might possibly have savings
of 74%, compared to no air recirculation. The resulling
total energy cost would be reduced and become lower
than that spent in the micronizer and extruder by
approximately 39% and 71%. respectivetly.

In additicn to the energy cost, attention should be
paid to the equipment cost as well. As informed by the
feed mulling industries. fluidized bed dryer, micremzer
and extruder, all of which have a capacity of 1-1.5 ton/h,
cost 375,000, 13,000,000 and 3,200,000 baht, respec-
tively (SPM animal feed and Saha farm company lim-
ited). According to this information including the energy
cost and the quality of treated soybeans, 1t is likely that
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Table 7

33

Percent lysine in soybean after treatment for twin-screw extruder, ftuidized bed. spouted bed, and single layer infrared dryer {lab-scale)

Heating processes % E.ysine
Untreated soybean 5.15
Heat treatment with two-dimensional spouted bed dryer 415
Heut trestment with single layer infrared dryer® 4.05
Heat treatment with fluidized bed dryves 4.45
Heat treatment with twin screw extruder 4.15

* Heating temperature of 140 °C and initial moisture content of 14% d b. for 30 min.
® Heating temperature of 160 °C and inniz]l moeisture content of 18" d.b. for 12 min.
¢ Heating temperature of 140 °C and initial moisture content of 14% d.b. for 10 min,
“ Heating temperature of 130 °C and initial moisture content of 18% d.b. for 2.2 min.

Table §

Energy consumption of commercial-scale extruder. nicronizer, and fluidized bed sovbean dever (FBD)

Items Extruder Micronizer FBD FBD (assumed fully recvcle}
Testing hours 3 3 3

Cuapacity (ton/h} | .3 2

Treatment temperature {°C) 110 120 148

[nlet moisture content (% d.b.y 13 12 12

Qutler moisture content (% d.b.)* 12 7 1

Electrical energy consumed 928 94 204 204

{MIfton of product)
Thermal energy consumed 625 550 211 233

(MI/ton of product)

* Average value.

fluidized bed technique is the most attractive alternative
technique for replacing conventional metheds such as
extrusion and infrared radiation.

4. Conclusions

The rate of water removal in soybean during the
course of drying by spouted bed and infrared techniques
shows a remarkable difference, the latter exhibiting more
potential, Such difference is shown by the drying con-
stant, which can be statistically determined by the semi-
empirical drying equation. The drying constant was
correfated with moisture content and temperature in a
modified Arrhenius form. Boeth factors also importantly
affect the urease inactivation where high moisture con-
tent and temperature induce rapid inactivation for the
soybeans treated by the spouted bed and infrared radi-
ation whilst the first factor results in slow inactivation
for the extruded soybeans. The results of the soybeans
treated by spouted bed, extruders, fluidized bed and
infrared radiation show that each heat treatment tech-
nique appears o be capable of satisfactorily inactivating
urease, but provides radical differences in the amounts
of soluble proteins, the highest protein solubility being
produced by the infrared treatment whilst the lowest one
was obtained by extrusion. The amounts of lysine
remaining after treatment by the different techniques
were similar. The experimental results from the feed

milling industries showed that the highest total energy
used for treating soybeans was required by the extruder
followed by the fluidized bed technique with the micro-
nizer requiring the least amount. There is a high
possibility of using the fluidized bed with an air recir-
culation system for inactivating anti-nutritional factors
and improving energy ulilization.
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Abstract

A theoretical diffusion model for a single maize (Zea mays L.) kernel has been developed to describe
moisture migration during drying and tempering stages. The effective diffusivity was determined
experimentally at a range of temperatures between 90°C and 170°C with initial moisture contents of
37% and 43% dry-basis. The functional relationship between the diffusivity and temperature is analogous
to a modified Arrhenius equation.

Two-stage drying including tempering between stages provides not only faster removal of moisture, but
also a reduced number of stress cracks when compared to single-stage drying. However, the colour of the
maize appears darker and more intense with longer tempering periods. To maintain maize quality and to
reduce energy consumption, the results from the experiments and simulations are limited to temperatures of
less than 150°C; high-moisture maize should be dried to 23% dry-basis and then tempered for 40 min.

The ambient-air velocity for cooling the tempered maize in a range between 0.075 and 0.375 m/s does not
affect the maize quality as measured by the number of stress cracks and colour.
© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Ambient-air ventilation; Diffusion model; Fluidised bed, Quality; Tempering

1. Introduction

The main production of maize (Zea mays L.) in Thailand occurs in the rainy season. During
this period, the moisture content of harvested maize is between 20% and 23% wet-basis. On some
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occasions, it can be up to 25% wet-basis. A rapid moisture-removal rate is a necessary step in the
prevailing hot and humid climate to achieve a safe moisture level and to inhibit the growth of
microorganisms such as Aspergillus flavus Link ex Fr. and Aspergillus parasiticus Speare which are
frequently found in maize from cultivation areas (Siriacha et al., 1991). Hot-air drying is likely to
be an appropriate approach. Amongst the commercial dryer types, the fluidised-bed dryer is one
that can suitably be applied (Mourad et al., 1995; Soponronnarit et al., 1997a).

With this technique, a stream of hot air is blown through a bed of solid particles which then
behave like a liquid and can flow randomly along a bed with fluid-like properties. Solid particles
are in intimate contact with the drying medium so that the temperature is rather uniform
throughout the bed, although dispersion results in the moisture contents of individual grains being
non-uniform. This provides advantages in that the inlet air temperature and superficial air velocity
can be as high as possible. The resulting heat and mass transfer between solid and drying air are
extreme, and hence some portions of the moisture concentrated near the grain surface can be
transported rapidly through the environment whereas the inner surface is still wet, producing a
large moisture gradient inside the grain. The moisture of the kernel is very difficult to remove in
spite of the high convective mass transfer and the high capability of drying air, thus requiring
rapid consumption of energy. In addition to energy consumption, such high drying rates in the
fluidised bed may result in serious detrimental effects on maize quality. Thus, when maize is
subjected to hot air for extended times, the dried maize surface becomes more and more brittle
and eventually cracks or fractures. Soponronnarit et al. (1997b, 2001) investigated the effect of
high temperatures (more than 100°C) on the physical damage to maize and soybean and reported
that significant increases in stress cracks and in breakability occurred at reduced moisture
contents.

Similarly, some early work on maize drying using a fixed-bed dryer showed that stress cracks
increased with drying temperature, and conversely, reduced with increased humidity (Thompson
and Foster, 1963; White and Ross, 1972; Otten et al., 1984; Estrada and Litchfield, 1993;
Davidson et al., 2000). In their work, the temperature was in a range of 40°C to 100°C.

In addition to experimental studies, a theoretical framework has also been developed to explain
qualitatively how crack generation develops in the porous materials while the material is being
dried. It appears that moisture gradients are the main cause of the generation of the shrinkage
stresses (Musielak, 2000). The kernels are in tension near the surface of the dried body, and in
compression at the centre of the solid. If the relative humidity of the drying medium decreases
with the increased temperature, then the stresses are considerably higher at higher values of the
drying-medium temperatures.

In addition to stress cracking and breakage, the change in colour of the kernel caused by
thermal effects is also important, particularly when drying involves very high temperatures. The
colours in terms of @ (red) and b (yellow) values measured on the Hunter scale were significantly
affected by drying time (Soponronnarit et al., 1997b). The change of colour may result in a rapid
drop in price and it is rejected by the food industries if premium quality i1s needed.

These considerations motivated us to explore methods of improving the process of fluidised-bed
maize drying. One common approach used in the grain industry is tempering between drying
stages. Some authors refer to this technique as dryeration. In the tempering stage, the matze
leaving the dryer is kept in a closed bin with no air ventilation. During this period, moisture will
not evaporate through the grain surface but is redistributed to achieve a uniform moisture content.
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throughout the kernel. Drying of paddy with tempering was investigated by Steffe and Singh
(1980) who reported that head-rice yield could be improved as compared with single stage drying.

In the process of tempering, basic information that is needed in practice is how long the grain
should be tempered to ensure a uniform moisture content. This is accomplished by formulating a
mathematical model that enables the simulation of moisture movement inside the kernel. The
model should be validated by experiments so that it can conveniently be used for engineering
calculation.

The drawback of either semi-empirical or empirical models, which have frequently been used by
some authors (Satayaprasert and Vanishsriwatana, 1992; Soponronnarit et al., 1997c), is that they
do not provide the details of changing local moisture content inside the maize with time.
Consequently, after the end of the first drying period, the spatial concentration profile is not
known, thereby not allowing prediction of the change of moisture content during tempering. In
the present work, we have developed a theoretical diffusion model that enables the moisture-
content distribution to be determined during both drying and tempering. This allows investigation
of the uniformity of moisture concentration everywhere inside the maize kernels after they have
been dried for a given period. For simplicity, we used a sphere model to describe the maize kernel
geometry. The effective diffusion coefficient was assumed to be the same for each component of
the maize kernel, such as endosperm and pericarp. In addition to developing the mathematical
model, we also examined how the tempering periods and cooling rates affect the quality of maize
in terms of stress cracking and colour.

Since the establishment of commercial fluidised-bed dryers in Thailand, some industries have
used this dryer type for maize drying. As high an operating temperature as possible is usually
adopted to achieve the highest throughput and to avoid afiatoxin B-1 production, which is
prevalent in tropical regions. Therefore, the principal experiments were conducted at the high end
of the temperature range. The results of this work will therefore be of value in practical

applications.

2. Mathematical model

In this work, the maize kernel 1s assumed to be composed of a homogeneous body at the
macroscopic level, and the volume of maize kernel does not change during dryving and tempering
processes. When the maize is immersed in the drying air, the liquid starts diffusing through the
maize surface, neglecting the convective effect inside the maize kernel, so that Fick’s second law of
diffusion can then be applied to describe the moisture movement inside the sphere-shaped maize
as given by the following equation:

aM M 20M (
ot Dw(ﬁrz 7 ar)
where M is the moisture content of maize in dry-basis units, D,y is the effective diffusion
coefficient (m?/s) accounting for heterogeneous media, ¢ is the drying time (s) and r is the distance

in the radius direction (m?). o _
Initially, the moisture content is assumed to be spatially uniform. When the maize is being
subjected to drying, moisture around the exterior surface evaporates immediately and approaches
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equilibrium with the surrounding air. This behaviour is substantially correct for drying maize at a
high superficial air velocity and a high inlet temperature. Typically, as in the drying of other
porous solids, the water content is removed most quickly from the peripheral regions of the kernel
and more slowly from the interior. The initial and boundary conditions of internal resistance are:

1=0, 0<rza, M=M, (2)

P, il | oo )
or

e, F=a M=y 4

where M;, is the initial moisture content, M,, is the equilibrium moisture content and ¢ 18 the
equivalent radius of sphere (m). The moisture profile along the radius positions when Eq. (1) 15
solved algebraically with the above initial and boundary conditions is given by the following
equation:

M(r;[)_ Meq *%i(_l)’l
Mjn—Meq a T

sin 2 exp(
rp a

222Dyt
el ) (5a)
a
p=1
After integrating the analytical solution of Eq. (5a) over the volume of the sphere and dividing
by the total volume, the average moisture content throughout the kernel is expressed as

MR(1) = %i ({%) exp [«—pznz % t] (5b)
p=1

where p is the number of series terms, MR(#) i1s the ratio of the remaining driving force of
concentration to total driving force of concentration, (M (2) — M,,)/(My — M,). We found that §
or 6 terms of the infinite series represented by Eq. (5b) were sufficient to represent the tesults over
the drying peried. The moisture equilibrium equation for maize is (Pudpong et al., 1990)

1 — RH = exp(—3.074 x 1073(7" + 273.15)(100M,,)"15%) (5¢)

where RH and T (°C) are the relative humidity and temperature of air, respectively. The proposed
equation was obtained experimentally in a range of temperatures and relative humidities between
35°C and 65°C and 10% and 90%, respectively. Such conditions were lower than the range used
in the present work, but it can still be used for calculating the moisture reduction as will be seen in
Fig. 3 because of the very low equilibrium moisture content in our experimental conditicns.

After passing through the fluidised bed, maize was collected in an airtight container mamtained
at the same temperature as that of the grains. This is known as tempering. To predict the change
of moisture concentration profiles during tempering, the concentration gradient along the radius
at the end of the drying period must be known. They are used as initial values at the beginning ol
the tempering process. In addition, the maize surface is assumed to be impermeable to moisture
transport throughout the tempering period. The initial and boundary conditions during the
tempering period are given by the following equations:

(=0, 0<r<a, M= M®), (6)

t>0, r=0, —=0, ()
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aM
t>0, r=aq, —ar—=0 (8)
Due to the complexity of Eq. (1) with the above-mentioned boundary conditions, a numerical
solution is sought. A sphere is divided into N intervals and the distance between the nodes is
£ (m), and the time step used in calculation is k£ (s). Thus, a finite difference approximation of
Eq. (1) is expressed by

yMIT— pMIY - oML — ML —yM] - oMl =0 )
where
kD
o= (10)
i—2
B = a(z—_T) (11)
y=1+4 2« (12)
.
o= oc(l_ = (13
Y=1-2a (14)

Subscripts / and superscripts ; refer, respectively, to the spatial nodal grid index and the nodal
temporal grid index. Eq. (9) is used to calculate the internal node concentrations starting from
i=2 until ¥, the number of intervals in the sphere. To solve the boundary conditions given by
Eqgs. (7) and (8), substituting the Crank-Nicolson formula yields, respectively, the following

equations:
for i = 1 (at sphere centre),
(1 + 6a)MITT — (1 — 6) M — 6 M + MYy =0 (15)

fori= N + 1 (at the impermeable surface),
(1 + 20)MIF] — (L = 2a) My, — Qe)(MY' + Mj) =0 (16)

Values of parameters required to simulate the change in moisture profile during tempering by
such equations can be summarised as follows:

1. An equivalent radius for the maize kernel 1s 4 mm.
2. The effective diffusion equation for maize as a function of moisture content and inlet-air

temperature is expressed as

4171.3
Dy = 4.70 x 10*5exp(—2-971M)e"P(_ 273 + T) | "

where 7 is the inlet-air temperature (°C). Eq. (17) 1s obtained from the drying experiments at
temperatures between 90°C and 170°C. The details will be discussed below.
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3. Materials and methods
3.1. Drying kinetics

A batch-fluidised-bed dryer was used to study the drying kinetics and quality of maize. To fully
understand the mechanism of moisture transfer inside the grain, a maize bed depth of 2cm was
used throughout these experiments. If the bed depth is too thick, then there may be transfer of
water between kernels and a more elaborate model would be needed. However, this is not the
main subject of our work. The superficial air velocity was limited to 3m/s. The chosen velocity,
which was beyond the minimum fluidisation velocity of maize (1.8 m/s; Soponronnarit et al.,
1997¢), ensured that the convection resistance to mass transfer would be insignificant. To
determine the effective diffusion coefficient, the experiments were carried out at temperatures of
90°C, 110°C, 130°C, 150°C and 170°C with two levels of initial moisture content, 27% and 30%
wet-basis. To obtain the desired moisture content, the maize was rewetted and kept in a
temperature-controlled room between 5°C and 10°C for 7 days to allow for water to penetrate
into the grains. Samples drawn from the dryer every minute were then placed in a hot-air oven at a
constant temperature of 103°C for 72 h to determine their moisture content, using the method of
the Association of Official Agricultural Chemists (Anon., 1960).

3.2. Tempering

After a first-stage drying at 150°C for 6 min for 43% dry-basis initial moisture content and
4 mun for 37% dry-basis, maize was placed in a well-sealed container. During this stage, the maize
was maintained at the same temperature as the maize leaving the bed for periods of 10, 20 30, 40
and 50 min. The tempered maize was then dried by the fluidised-bed dryer under the same drying
conditions as employed previously for periods of Smin. Eventually, the maize was tested foi
physical damage.

To study the effect of cooling rates, the maize dried under the conditions described and
tempered for 40 min was ventilated immediately by ambient-air velocities of 0.075, 0.15, 0.225, 0.3
and 0.375m/s without drying at the second stage. The reason for selecting this tempering period is
explained below.

Before these experiments, the fresh maize was shelled carefully by hand to ensure that every
kernel was sound and not cracked.

3.3. Quality tests

The amount of stress-cracked grain and the colour were of particular interest in testing maize
quality in the rapid-drying approach using high temperature. For the stress cracks, visual
inspection under light was employed using a 200 g sample of maize. Each kernel was assigned to
one of two classes: cracks (multiple and single) and completeness. The percentage in each class
was normalised by dividing the weight of maize kernels in each category by the total weight.
Multiple cracking was often found in this work. A colour meter, Juki JP 7100p, was used to
determine the grain surface colours. &, b and L values in the Hunter system correspond to red,
yellow and lightness, respectively.
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4. Results and discussion
4.1, Effective diffusion coefficients

Fig. I shows the moisture reduction of majze with time for different inlet-air temperatures,
indicating that larger amounts of moisture can be removed when the maize is dried at higher inlet-
air temperatures. During the early drying period, the slope of the drying curve is very steep and it
continually declines with a longer drying time, suggesting that the water inside the kernel is
difficult to remove and that internal diffusion is the main factor in controlling the moisture
movement inside the maize kernel.

Moisture diffusion depends strongly on the temperature and frequently also on the moisture
content. The dependence of effective diffusivity on temperature is often modelled by an equation
of Arrhentus form:

—C
Model 1 1 Dy = 4 exp{M} (18}

where A; (m?/s) is called pre-exponential factor, Cy (kJ/kmol} is the activation energy and R (kJ/
kmol/K) is the universal gas constant. In the case where effective diffusivity is independent of the
moisture content, 4; has a constant value. In contrast, when the moisture content contributes to
an effective diffusion coefficient, A, varies with moisture content. In the absence of a theoretical
explanation of the changing value of 4; with moisture content, an empirical equation has often
been used (Mulet et al., 1989; Ulku and Uckan, 1986). In the present work, the following diffusion
equation including Eq. (18) was used to correlate the effective diffusion coefficient with inlet
temperature and moisture content:

&)
Model 2: D,y = Arexp(BaM)exp | ~———— 19
45 4
'] + 110°C
_ 40 4 o. & ISUGC
s 558 e e 170°C
3 e
2 10 i s,
el R .
=3 ,, -
g 25+ s ' N
& .
§ 204 = '0. * s s
2 154 =
= = *
= 104 n .
;- . .
¢ T T T T T
0 5 10 15 20 25 30
Drying time (1min)

Fig. 1. Change of moisture content at different inlet-air temperatures during first-stage drying (initial moisture content
of 43% dry-basis).
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Table 1
Coefficients of diffusion modecls
Model A B C Coefficient of determination
1 1.992 < 107* NA 599.4 0.9568
2 4.700 x 1073 —2.97i 501.7 0.9734
15
4
49 - +  Experiment
- 351 — — Model 1
S \
2 P10\ —— Model 2
E 25 1
Lgr 20
=]
<~ 40
5
0

0 5 10 13 20 25 30
Drying time (mia)

Fig. 2. Comparison of predicted moisture content from diffusion models with the experimental results (inlet-air
temperature of 150°C).

A non-linear regression was applied to determine the coefficients in each model by substituting
the above diffusion equations into Eq. (5b). The accuracy of the models was evaluated by
examining the values of the coefficient of determination (R?), which was defined as

RZ =1= Zf:l(Mcalculated - Mexpcrimr:nt)2
Z;:|(Mexpcriment)2 - Zf:l(Mcxpcrimcm)z/(z - k)

where z and k are the numbers of data points and parameters in the diffusion model, respectively.
The coefficients obtained from the fitting are shown in Table 1.

As seen from Table 1, the activation energy for maize varies in the range of 500—600 kJ/kmol,
depending upon the diffusion model employed. Model 2 adequately describes moisture reduction
over a long drying period as represented in Fig. 2.

(20)

4.2. Effects of tempering period on moisture reduction

The purpose of collecting the moisture contents for two-stage drying was to validate the data
with the theoretical drying-tempering equations. In predicting moisture content at the second
stage of drying, the moisture profile along the radius at the end of tempering was used as the
initial condition for calculating the moisture reduction in this stage. It is shown in Fig. 3 that the
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Fig. 3. Comparison of simulated moisture content with the experimental results for two-stage drying including
tempering between stages (inlet-air temperature of 150°C).

agreement between the proposed drying—tempering equations and the experimental results is very
good.

In the tempering process, large differences in moisture content between the surface and the
centre of maize kernel during the early period can be encountered. After a sufficiently long period,
the moisture redistributes and ultimately equalises throughout the kernel. To evaluate the time for
moisture balance during such stage, a tempering index, 77, was recommended. The definition of
this index is expressed by

M) — Myt = 0)
= 3 = o) — M1 =0)

where M; is the surface concentration and ¢ 1$ the tempering time (s). The tempering index was
introduced initially by Sabbath (1970). The surface concentration after an infinite tempering
period is equivalent to the mean concentration at the end of the first drying pass that is calculated
by the following equation:

_ f; M(r)r? dr
e o

where M is the mean concentration, M(r) is the moisture profile, r is the distance along the radius
(m) and a 1s the radius of sphere (m). This equivalence is a result of the assumption that there is no
motisture loss from the surface during the tempering.

The tempering—drying models were utilised to study the effect of tempering period on moisture
removal. In our case study, maize having an initial moisture content of 43% dry-basis was dried at
an inlet temperature of 150°C for 6 min followed by tempering at different periods, with
subsequent drying at the same temperature as the previous one. The simulation results clearly
indicate the advantages of having the tempering stage in the drying process as it not only reduces
the drying time but also reduces the energy consumption. In Fig. 4, we plotted only the moisture
content with the drying time, ignoring the tempering time. It is shown that as the tempering period

(21)

M{t=cw)=M
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Fig. 4. Simulated results of the effect of tempering periods on moisture removal for two-stage drying (inlet-air
temperature of 150°C and initial moisture content of 43% dry-basis).

is provided between two-stage drying, better moisture transport is accomplished. When predicting
the moisture content at the start of second-stage drying, the tempering time is an important factor
in determining the final moisture content. As shown in Fig. 4, as the tempering period increases
from 0 to 180 min, the final moisture content decreases from 18.4% dry-basis to 13.7% dry-basis.
This can be explained by the fact that tempering results in moisture transport from the interior to
the surface of kernel, and consequently, the water near the surface can be removed easily when
subjected to drying conditions again.

As indicated in Fig. 4, when maize was tempered for more than 40 min, corresponding to a
tempering index higher than 0.9, the reduction of moisture content at the second stage is almost of
the same magnitude as the case of maize tempered for 180 min. It seems that the moisture gradient
becomes insignificantly different and does not affect the drying rate. For 37% dry-basis initial
moisture content, the results of simulation are similar to Fig. 4.

In the remaining sections, we are concerned with how the grain quality is affected when the
tempering stage was included in the process, by comparison with single-stage drying. The
experiments for testing maize quality were limited to 150°C in order to maintain the drying
capacity as high as possible. The effect of relative humidity on the stress cracks has not been
considered since the relative humidity was very low (<5%) at high temperatures. In fact, this
factor is also important for low-temperature drying (Estrada and Litchfield, 1993}, reducing stress
cracking with higher humidity.

4.3. Effect of tempering periods on maize qualities

In studying the effect of tempering on stress cracks and colour, maize was dried first to 19% or
18% dry-basis and then tempered for different periods, with subsequent drying. The final
moisture content in all cases varied in a small range between 13% and 16% dry-basis, depending
upon tempering period. .

Fig. 5§ shows the percentage of stress-cracked grain by weight against tempering periods for two
initial moisture contents, 37% and 43% dry-basis. Note that zero tempering means that the moist
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Fig. 5. Percentage of stress-cracked grain at different tempering periods (inlet-air temperature of 150°C for first-stage
drying).

maize was dried to the desired moisture content by single-stage drying, and a standard value for
cracking that is acceptable should not be higher than 5% as recommended by Soponronnarit et al.
(1997b). In reducing moisture content to 15% dry-basis with no tempering, initial moisture
content is one of the factors contributing to stress cracking. As shown in Fig. 5, the stress cracks
for imtial moisture contents of 37% and 43% reach, respectively, 3.8% and 6.2% of the kernels
by weight when they are zero at the beginning. The latter would be graded as poorer quality
maize. The cracked maize is caused by the non-uniform shrinkage within the maize kernel
inducing stresses higher than the failure strength of the kernel. Cracking first manifested itself at
the surface and then progressed inwards as the drying process continued.

When two-stage drying with tempering between stages was employed, however, stress cracking
was reduced to an acceptable level. In addition, tempering for any longer time did not reduce the
severity of stress cracking. This trend also appeared in the case of maize with lower moisture
contents.

At present, the standard colour of yellow maize kernels used in the grain industry in Thailand
has not been formally established as a criterion of quality. Traders use their experience and
expertise to consider colour quality. According to Soponronnarit et al. (1999), the criterion has
been established based on the maize samples that passed the quality test in the commercial
market. The premium quality of colour is as follows: L and b should not be lower than 47.7 and
23.5, respectively, and a should not be higher than 9.7. Fig. 6 shows the maize surface colour
represented in the form of L, b and a values, after it has passed the second stage of drying from
initial moisture contents of 37% and 43% dry-basis. The data shown in this figure were obtained
at the same conditions as in Fig. 5 indicating that colours do not change significantly with the
increased tempering period from those of untempered maize. L decreases continuously with
increased tempering period and the values of ¢ and b are almost constant in the early period with
subsequent higher values after 30 min. According to these results, both the tempering period and
heat used to maintain temperature during tempering cause the poorer colour. However, the colour
quality of tempered maize is still better than the standard level.
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Fig. 6. Colours of maize surface at different tempering periods (values of L, b and a represent lightness, yellowness and
redness, respectively).

4.4. Effect of cooling rate on maize qualities

After maize was tempered for 40 mun, it was assumed that the moisture-content gradient inside
the kernel was very small, corresponding to a tempering index of 0.9 as previously shown in Fig. 4.
The tempered maize was subsequently cooled at different cooling rates. It was found that the
cooling rate insignificantly affected the drying rate, implying that internal diffusion controlled
moisture movement. The moisture content can be reduced by 2 points from 22.5% dry-basis down
to 20% or 21% dry-basis during cooling, higher than the desired value of 16% dry-basis for safe
storage. In view of this, the moisture gradient inside the kernel shows an insignificant variation,
whereas the temperature gradient due to cooling was more pronounced. Such large gradients of
temperature may lead to stress cracks in the maize kernel. Fortunately, this plays a minor role in
the cracking of maize as evidenced by Fig. 7 which shows that the percentage of cracked maize
changes slightly with the degrees of cooling rate, 3.3-4.7% for 37% moisture content and 4.0~
5.3% for 43% moisture content. This can be explained by the shrinkage of the maize kernel due to
moisture removal during the cooling period being very small and thus the stress that appears in
this period is low. This behaviour is somewhat similar to drying during the very early period,
in which the amount of moisture removed from the material is very small, so that physical damage
in terms of breaking and cracking is small (Soponronnarit et al., 2001; Sopounronnarit and
Prachayawarakorn, 1994).

The data represented in Fig. § were obtained under identical conditions to those in Fig. 7. The
cooling rates do not cause discolouration of maize kernels: the values of @, b and L are unchanged.

5. Conclusions and recommendations

e Moisture movement inside the maize kernel during drying is controlled by internal diffusion.
The effective diffusivity depends on the temperature and moisture content and can be described
adequately by the modified Arrhenius equation.
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on maize surface colour (inlet-air temperature of 150°C for first-stage drying and

e A theoretical diffusion equation for a single sphere, that assumes the maize kernel is
homogeneous at the macroscopic level, is used to simulate drying and tempering. The proposed
equation is validated for moisture data over the range of the first and second drying stages in

fluidised-bed drying

¢ The tempering period is the most important factor determining the extent of moisture removal
during the second drying period. The amount of moisture removal is enhanced when the
tempering stage is completed, allowing uniformity of concentration throughout the maize
kernel. In reducing the moisture content from 37% or 43% dry-basis to 23% dry-basis using an
inlet temperature of 150°C and drying periods of 4 or 6 min depending on its moisture content,
a tempering period of 40 min is sufficiently long to provide the most efficient energy utilisation.
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To be useful for the grain industry, more research work is needed to explore the appropriate
tempering time for a wider range of inlet-air temperatures and initial moisture contents.

s Tempering reduces maize cracking but a longer tempering period causes the colour of maize ic
become more intense and darker.

e Ambient-air velocity in the range of 0.075-0.375m/s flowing through the tempered mawze
insignificantly affects the above-mentioned maize qualities.
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