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Abstract: Interest in exporting dried chips form Trinidad and Tobago for use in the
production of extruded snacks led to the investigation of the drying of the popular local
variety MMEX 59. Drying of cassava (Manihot esculenta Crantz) chips of two sizes (3 x
2 x 1ecm and 0.8 x 0.6 x 0.4 cm) was carried out in a natural convection (<0.5 m/s) cabinet
type dryer at 60°C. Samples were dried until constant weight was achieved. Analyses
included determination of moisture content (% wet basis), pH, crude protein (%), crude
fibre, fat (%), ash (%) and HCN (mg/kg). Drying data was used to generate rate and
Moisture Ratio (MR) curves and thin layer models applied to the MR data. The moisture
content of chips was reduced from 1.57 g H,O/g DM (61.06 % wb) to 0.02 g H.O/g DM
(2.12 % wb) and the rate of decline in moisture was significantly affected by piece size.
Equilibrium moisture values were attained after 18h for the larger chips and 14h for the
smaller chips. Drying to a safe moisture content of 13% (wb) was achieved after 7h for
the larger chips and 3h for the smaller chips. Drying of all samples occurred in the falling
rate period only and drying was described through the drying rate constant (k;). The
cyanide content of the dried chips was well below the maximum acceptable limit. While
size did not affect overall appearance and quality of the dried product, the smaller chip size
(0.8 x 0.6 x 0.4 cm) would be recommended for cassava export based on the rapid drying
rate. Curve fitting of the moisture ratio (MR) data resulted in the application of
mathematical models which successfully predicted the extent of drying with respect to
drying time as well as the moisture content of the cassava chips. It is hoped that this can
form the basis of further studies which will look at the prediction of moisture content
changes in dried cassava chips at a range of drying temperatures and cassava chip sizes.
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1. Introduction

Dried cassava (Manihot esculenta Crantz) pieces are the most common form in which dried cassava roots
are marketed from exporting countries such as Nigeria, Ghana, the United Republic of Tanzania, the
Philippines and some parts of Asia for use in food applications, livestock feeds and ethanol production.
The dried pieces, often referred to as “chips”, are irregular slices or pieces of roots not normally longer than
Scm in length for ease of storage in silos. Due to the importance of this commodity, standards and
specifications have been developed for dried cassava chips with respect to quality and compositional
requirements and the maximum moisture content is given as 13-14% wet basis [1,2].

In the Caribbean region cassava is a staple in local diets. The freshly harvested grated cassava is used in
sweet dessert items and snacks and boiled tubers are normally eaten as the main starch in a meal or fried as
chips [3]. More recently, cassava roots are dried and blended into flours, which are used in bakery products
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such as breads and cakes. The tubers of this variety are cylindrical with a light brown peel and cream flesh.
The variety is considered suitable for primary processing into flour, which can then be used in baked goods
and extruded snacks [4]. No published works exist on the drying behaviour of the local varieties of cassava.

The processing steps to produce dried cassava chips are simple and consist of washing, peeling and slicing
or chipping the roots, followed by sun drying in thin layers either on concrete floors or in trays. The
disadvantages of sun drying include inconsistent drying due to weather dependence, long drying times (2-
6 days) and exposure of material to insects and pests. An additional complication of sun drying is the lower
drying efficiency due to the reflection of sunlight from the white chips [5]. Oven drying of cassava roots
has therefore been explored as an alternative to sun drying. To better understand the drying process,
research works have focussed on the drying behaviour of cassava slices, cubes and irregular pieces in
various ovens and dryers using hot air, with and without drying pre-treatments. Most of the drying works
have been conducted in Nigeria, due to the socio-economic importance of the commodity in that country.

Studies on cassava drying have arisen usually out of a specific need by the cassava processing industry to
produce dried chips of a specific size. Published works on the drying of cassava pieces have reported on
a range of sizes and geometry, including cubes (2.5mm, 5 mm, 3cm), rectangles (5x2x0.4cm) or slices of
varying thickness (3-7mm), drying conditions (35-120°C, 0.5 to 2.0 m/s) as well as drying equipment [5-
11]. Several of the studies reported on different aspects of the drying behaviour of the roots, such as
moisture, drying rate and moisture ratio curves [7, 9-13] the determination of drying rate constants [13] and
calculation of the diffusion coefficient [9, 10, 13]. Modelling or curve fitting was carried out by several
researchers using one to seven thin layer models [7, 9-14].

Interest in exporting dried chips form Trinidad and Tobago for use in the production of extruded snacks led
to the investigation of the drying of the popular local variety MMEX 59. The objective of this work was
to therefore investigate the thin layer drying of MMEX 59 cassava chips dried at 60°C in a mechanical
oven. The specific objectives of the study included the presentation of drying (moisture) and drying rate
curves, determination of drying rate constants and modelling of the data using well-known thin layer
models, with a view to characterising and predicting drying behaviour.

2. Materials and Methods

2.1 Raw material preparation

Fresh cassava (Manihot esculenta) roots (var. MMEX 59) were purchased from local farmers and kept at
room temperature (approximately 30°C) until use. The roots were washed and peeled manually and cut
into logs 0.10-0.15m in length. The cassava logs were first cut in an in-house mechanical chipper which
consisted of rotating blades powered by a motor. Sample piece size was then further reduced using a
benchtop bowl chopper (Hobart, Ohio, USA). The final piece size achieved depended on the time in the
bowl cutter. Cassava chips were then packaged in plastic bags, heat sealed and placed in a chiller at
approximately 4°C until required.

2.2 Drying equipment and procedure

Drying was carried out in a Unitemp drying cabinet (LTE Scientific Ltd., Greenfield, Oldham) with internal
dimensions 1.11 x 0.79 x 0.61 m. The air flow was determined to be < 0.5 m/s. The initial weights (g) of
the empty lined trays were measured using an Explorer Pro Balance, Model EP2102C (Ohaus Corporation,
NJ, USA). Wire mesh trays (0.25 x 0.16 x 0.04cm) lined with synthetic mesh material were used to hold
cassava samples for drying. The trays with the samples were removed at regular intervals, quickly weighed,
then returned to the dryer, until there was no apparent change in weight. At this point, drying was considered
completed.
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2.3 Drying variables

Based on preliminary work, the best average piece sizes for drying were determined to be 3 x 2 x 1cm and
0.8 x 0.6 x 0.4 cm as there were also comparable to those used in prior studies [7]. Larger pieces took a
longer time to dry and small pieces tended to agglomerate during drying, reducing drying rates and resulting
in non-uniform drying. Drying at 60°C was found to be optimum in terms of drying time and final quality
of the chips [8]. The experimental plan is outlined in Table 1.

Table 1: Experiment plan for drying of cassava chips.

Parameters Size 1 (S1) Size 2 (S2)
Average particle size (cm) 30x20x1.0 0.8x0.6x04
Average Piece volume (cm?) 6.0 0.20
Average number of particles per 100g 33 656
Tray loading capacity (kg/m?) 2.82 2.84
Drying temperature (°C) 60 60

2.4 Quality assessment

The moisture content of the fresh and dried MMEX 59 samples was determined using a Halogen Moisture
Analyzer HB43-S (Mettler Toledo-AG, Zurich, Switzerland) set at 100°C. Sample pH was measured using
an Orion Star 210 benchtop pH meter (ThermoFisher Scientific, Mass., USA) with 10g of cassava blended
in 30ml of water. Crude protein content (%), fat content (%), ash content (%) and HCN content (mg/kg)
were determined using AOAC Official Methods 954.01, 2006.3, 923.03 and 973.19, respectively [15].
Crude fibre (%) was determined using the AOAC Official Method 978.10 [16].

2.5 Drying data analysis

Weight changes recorded during drying was used together with the dry matter values obtained from the
final moisture content measurements to back-calculate the moisture changes in cassava chips during the
drying process. Drying rate curves were constructed and moisture ratio (MR) calculated based on the
analytical solution of Fick’s Law for an infinite slab assuming uniform initial moisture distribution and
negligible external resistances (Eq. 1). The drying rate constant (k) was determined from plots of In MR
versus time (t).

_ M-Me _ —kt
MR = v Aexp (1)
k= T Detr @)
412

Nineteen (19) empirical and semi-empirical thin layer models given in Table 2 were applied to the MR data
and the performance (fit) of the models assessed through the use of the coefficient of determination (R?),
root mean square error (RMSE) and the chi-square statistic ([J%) [17-18]. Model fit was done using Curve
Expert Professional software (Version 2.3.0) [19].
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Table 2: Thin layer drying models.

Model name Equation

Newton MR = exp (-K¢t)
Page MR = exp(-Kt")
Modified Page MR = exp(-Kt)"

Henderson and Pabis

MR = aexp (-Kt)

Modified Henderson and Pabis

MR = aexp (-Kt) + b exp (-gt) + c exp (-ht)

Logarithmic

MR =aexp (-Kt) + ¢

Two-Term

MR =aexp (-Ko t) + bexp (-Ki t)

Two-Term Exponential

MR =aexp (-Kt)+ (1-a) exp (-K at)

Wang & Singh MR = l+at+bt®

Verma MR = a exp(-kt)+(1-a) exp(-gt)
Hii MR = a exp(-Kt") + c exp(-gt")
Midilli MR =aexp (-Kt") +b t
Weibull distribution MR =a - b exp (-Kt")

Diffusion approach

MR = a exp(-Kt)+(1-a) exp(-Kbt)

Aghbashlo et al.

MR =-Kit/ (1 + Kat)

Logistic

MR =ag/ ((1 + aexp (Kt))

Jena and Das

MR =aexp (-Kt+bt"?) +c

Demir et al.

MR =aexp (-Kt") + ¢

Alibas

MR =aexp (-Kt"+bt)+ ¢

3. Results and Discussion

Weight reduction of MMEX 59 cassava chips averaged 60% (calculated over the original weight) for both
chip sizes. As expected, weight reduction occurred at a faster rate for the smaller chips. The yield of dried
chips averaged 40% (w/w). Both sizes of chips dried to a light off-white colour. Dried cassava chips should
be typical of the colour of the variety used and are usually white, cream or yellow [1,2].

The initial moisture content of MMEX 59 cassava chips averaged 1.57 g H2O/ g DM (61.06% wb) and the
moisture content of dried chips were averaged 0.02 g H-O/ g DM (2.12% wb) for both the larger and smaller
chips. The changes in the moisture values of chips during drying are given in Fig. 1. This reduces the
drying time over traditional sun-drying, which can average 31h of continuous drying [7].

The decline in moisture content was greater in smaller pieces (S2). After 4h of drying, moisture content
values averaged 0.51 and 0.07 g H,O/ g DM (33.75 and 6.54% (wb)), respectively. Equilibrium moisture
values were attained after 18h for the larger chips and 14h for the smaller chips, however drying of smaller
chips was 98% complete after 7h of drying. To attain a final moisture value of 13% wb (0.15 g H,O/ g
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DM), chips could be dried for approximately 7h for the larger chips (S1) and 3h for the smaller chips (S2).
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Figure 1: Moisture changes in cassava chips during drying.
Size 1 (3.0x2.0x 1.0 cm) Size 2 (0.8 x 0.6 x 0.4 cm)

Plots of drying rate versus average moisture content for the cassava chips are given in Fig. 2. Compared
with the larger chip size (S1), initial drying rates for the first hour of drying were higher for the smaller
chips (S2). Rates averaged 0.70 g H,O/g DM.h for the smaller chips and 0.25 g HO/g DM.h. for the larger
chips. Beyond 2h of drying, drying rates declined rapidly while drying rates for the larger chips (S1)
declined more gradually. As reported by other researchers [10,12,13], drying of chips occurred in the
falling rate period. For the larger chips (S1) there was an initial warm up period between moisture values
of 1.10 to 1.60 g H,O/g DM, after which rates decreased steadily. A decline in drying rate indicates that
moisture diffusion is the mechanism of moisture loss.
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Figure 2. Changes in the drying rates of cassava chips as a function of average moisture content.
Size 1 (3.0x2.0x 1.0 cm) Size 2 (0.8 x 0.6 x 0.4 cm)
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Drying rate constants (k) determined from plots of In MR versus time (t) averaged 0.4291 1/h (R?> = 0.9966)
and 1.0287 1/h (R? = 0.9945) for the larger (S1) and smaller (S2) chips, respectively.

With regard to curve fitting, four (4) models could be used with success to describe the data for the larger
chips (S1), namely, Hii, Two-term, Two-term exponential and Verma. The Page model was found to best
fit the MR data for the smaller chips (S2), as also reported by some researchers [7,11]. The agreement in
values between the predicted versus the experimental MR values using the Hii and Page models,
respectively, is shown in Fig 3. Model constants, RMSE and the chi-square statistic ([J?) are given in

Table 3. Other models recommended by researchers for cassava chips include the modified Page model
and the logarithmic model [11, 13]. It should be noted that no previous works reported on the testing of as
large a range of models as this study. The results also highlight that the drying behaviour is dependent on
the chip size and drying conditions employed.
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Figure 3: Experimental versus predicted (----) MR values for cassava chips, using the Hii and Page
models. Size 1 (3.0 x 2.0 x 1.0 cm) Size 2 (0.8 X 0.6 x 0.4 cm)

Table 3: Thin layer models constants for dried cassava chips, based on the Hii model.
Model constants
R? RMSE 2
Sample | Model K a n c g S -
Sl Hii 0.6550 8.0190 | 09110 | -7.018 0.7500 0.9998 | 0.006271 | 0.000053
S2 Page 0.5324 - 1.4339 - - 0.9997 | 0.008439 | 0.000080

Based on the above, the equations representing the drying process and that can be used to predict the MR
values during the drying process are therefore as given in Eqns. 3-4:

Size 1: MR = (8.0190 x exp~06550xt°""%) 4 (7,018 x exp~0.7500x 7"
Size 2: MR = exp~05324x™%%%°

3)
4

The moisture ratio (MR) values (also called the unaccomplished drying ratio) give an indication of the %
of drying that has been completed. For example, a MR value of 1.00 at the start of drying indicates that
100% of the drying process in incomplete, which is the same as 0% complete. Similarly, a MR value of
0.00 at the end of the drying process indicates that 0% of the drying process in incomplete, or, drying is
100% complete.
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Using the proposed models together with the experimentally determined initial and equilibrium moisture
values, a drying operator can predict the moisture ratio as well as the actual moisture content of cassava
chips at any time (t) during the drying process at 60°C (<0.5 m/s). This approach gave results in good
agreement with the experimental moisture content data (Fig. 4). There was some difficulty in predicting
the initial decline in moisture values for the larger chips (Fig. 4A) due to the initial warm-up period. This
information could be used to set up a simple database which would enable an operator to predict the
moisture content of cassava chips at any time (t) during the drying process. Future work can be carried out
to establish the model constants (K, a, n, ¢, g) at drying at different temperatures [20], as well as for various
chip sizes, depending on the equipment used in the size reduction process.
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Figure 4. Experimental versus predicted moisture content values for cassava chips, back calculated using
the Hii and Page models, respectively. A) Size 1 -3.0x2.0x 1.0cm B) Size2-0.8 x 0.6 x 0.4 cm

The smaller cassava chips (S2: 0.8 x 0.6 x 0.4 cm) dried at a much faster rate with no visible negative
effects, therefore this size was selected for further analytical work. The results of the quality analyses for
dried cassava chips are given in Table 4. Values obtain fall within the specifications given in national
standards as well as by previous researchers [9]. Cassava contains cyanogenic glycosides which are broken
down as a result of enzymatic hydrolysis to release hydrogen cyanide which is toxic to both animals and
humans [21]. Sweet cassava roots contain less than 50 mg/kg hydrogen cyanide on fresh weight basis,
whereas bitter cassava varieties may contain up to 400 mg/kg [21]. Sweet cassava roots can generally be
made safe to eat by peeling and thorough cooking while bitter cassava roots normally require more
extensive processing. Adequately processed cassava flour and cassava-based products have very low
cyanide contents and are considered safe to use [22-23]. The specification for the maximum hydrocyanic
acid (HCN) content is 10 mg/kg dry weight [1,2].

Table 4: Quality assessment of fresh and dried cassava chips.

Analysis Fresh Cassava Dried Cassava
Ash (g/100g) 0.032 0.029
Protein (g/100g DM) 0.018 0.012
Fat (g/100g DM) Not detected 0.013
Fibre (g/100g DM) 0.036 0.025
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Total Carbohydrates (g/100g DM) 0.965 0.878
pH 6.49 6.34
Cyanide as HCN (mg/kg dry weight) 2.55 1.76

4. Conclusions

Drying of cassava chips (variety MMEX 59) was successfully carried out in a mechanical oven. Drying to
a safe moisture content of 13% (wb) was achieved by drying larger chips (3 x 2 x 1cm) for approximately
7h and smaller chips (0.8 x 0.6 x 0.4 cm) for 3h. Chip size did not affect overall appearance and quality of
the dried product, but the smaller chip size would be recommended for cassava export based solely on the
rapid drying rate. Drying of the chips occurred in the falling rate period only. Moisture ratio data for the
larger and smaller chips was successfully modelled using the Hii and Page models, respectively. These
models, together with the experimental values of initial and equilibrium moisture content, were used to
determine the extent of drying completed and the moisture content of chips during the drying process at
any point in time (t). While it appears to be established that drying of cassava chips occurs in the falling
rate period only, the range of models used to describe the drying process highlights the variability with
respect to the decline in moisture content with time. For process control, it is therefore important that the
process be studied for the type of cassava, average piece sizes and specific drying conditions. This type of
information could therefore allow a dryer operator to more closely monitor the drying process.
Recommendations for future work includes the collection of drying data of MMEX 59 cassava chips dried
at a range of drying temperatures, which can be used to build a database to predict sample moisture content
at any time during the drying process.

Acronyms, Abbreviations and Symbols

A Drying constant

Deir Diffusion coefficient (m?%/s)

DM Dry matter (g)

k Drying rate constant (1/h)

L Half thickness of sample (m)

M Moisture content (g H O/g DM) at time =t
M, Initial Moisture Content (g HO/g DM)

M. Equilibrium Moisture Content (g H,O/g DM)
MR Moisture Ratio (M-M.)/(Mo-M.)

R? Coefficient of determination

RMSE Root Mean Square Error
K,a,n,c,g Model constants

t Time (h)
wb Wet basis (g HO/100g FW)
02 Chi-Square
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