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aqueous solution together with a maximization of the evaporation capacity of the drying equipment.
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1. Introduction

Spray drying is a well known and mature technology. While the
basic principles of this process may appear to be simple, the pro-
cess itself can become very complex due to the choice of operating
parameters, atmospheric conditions, feed preparation and formu-
lation. Oftentimes appropriate combination of the above factors
becomes the responsibility of an experienced expert. However, the
process of drying maltopolymer based aqueous solutions can be
helped by the use of psychrometric constructions that will guide
the process conditions for novices and avoid build up of soft and
sticky product in the drying chamber, cyclones and conveying lines.

Stickiness is often a problem in manufacturing operations, espe-
cially for mixtures of low molecular weight carbohydrates (e.g.
sugars) typical of fruit-juice powders (Brennan, Herrera & Jowitt,
1971; Bhandari, Datta & Howes, 1997; Bhandari, Datta, Crooks,
Howes & Rigby, 1997) where it can cause lower production yields.
The reason for stickiness is still obscure and mainly linked to the
viscosity of the carbohydrate (Downton, Flores-Luna & King, 1982),
but stickiness is usually treated empirically (Brennan & Mohamed,
1984).

A reliable estimation of the conditions for which stickiness of
carbohydrate materials takes place can be derived from the glass
transition temperature (Roos & Karel, 1991a; Roos & Karel, 1991b;
Bhandari & Howes, 1999). Even so it is proven that stickiness occurs
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at a higher temperature for any given water content even for
sucrose/fructose mixtures (Adhikari, Howes, Bhandari & Truong,
2001).

For amorphous material the stickiness occurs at the transi-
tion between the rubbery state and the liquid state (Downton,
Flores-Luna & King, 1982). When considering molecular motion the
glass to rubber transition starts when the polymer molecules main
back bones become mobile. However due to entanglements, large
molecules are not free to migrate from one particle to another until
the rubber to liquid transition is reached. In other words stickiness
corresponds to the rubber to liquid transition. As the broadness of
the rubbery plateau depends of the molecules entanglement (Fox
& Flory, 1950; de Gennes, 1979), it becomes very narrow when
the polymer has a low polymerisation degree. When low molecu-
lar weight materials are considered, the glass to rubber transition
temperature is a good approximation for the stickiness temper-
ature. As soon as the temperature reaches the Tg, the molecular
mobility rises such that the molecules are not anymore restricted
to one particle only.

The purpose of the present work is to develop and utilize a model
for stickiness of maltopolymer materials adapted to the drying
of low solid concentration solutions. The maltopolymer materials
considered in this study are high DE maltodextrins and Glucose
syrups that both contain a majority of dimmers and oligomers
and a non negligible proportion of large molecular weight species
(Normand, Avaltroni and Bouquerand, 2006). Furthermore, the
model is used to define the optimal conditions of processing in a
conventional dryer. The glass transition temperature is here used
as the temperature at which stickiness of the powder might occur,
and the model will integrate the modifications of the sorption
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isotherms associated with a temperature change. The article is
structured in two parts: I) the model development that is based
on maltopolymer-water interactions leading to the construction of
the theoretical “safety envelope” and II) the determination of the
optimal processing conditions that would bring the largest water
evaporative capacity taking into consideration the typical atmo-
spheric temperature and humidity conditions at the dryer location.
If low molecular weight maltopolymers at low solid concentra-
tion in water for the feed solution are considered, the assumption
that the kinetics of drying of the droplet does not induce mois-
ture or temperature gradient is acceptable (van Sleeuwen, Zhang,
& Normand, 2012).

2. Results and Discussion
2.1. Model development

2.1.1. Building the psychrometric environment:

The psychrometric chart compiles a combination of all elements
necessary to guide the operator at defining the optimal process
conditions for production. This includes the inlet temperature, the
outlet temperature, associated evaporation rate and with more
refinements, the water concentration in the feed material.

For clarity reasons only the drying of pure malto-oligomers also
called maltodextrins and glucose syrups is considered here.

There are different ways of representing the psychrometric
environment. Here we represent the absolute humidity as the hor-
izontal axis and the temperature as the vertical axis. The 100%
relative humidity (dew point or appearance of condensation) evo-
lution with temperature is calculated from the Clausius-Clapeyron
equation (see Eq.1) where P is the vapour pressure when the tem-
perature is T and P* is the vapour pressure when the temperature
is T*, AHyap is the enthalpy of vaporisation of water and R is the gas
constant.

P m AHyp (1 1
P*_m*_EXp( R (T_T*>> M

The reference temperatures and pressures are given by the triple
point (P*=6.10"3 atm; T*=273.16 K; AHyap=45.05k].mol~1) for
temperatures lower than 50 °C and by the boiling point for temper-
ature higher (P*=1.00 atm; T*=373.15K; AHyap =40.66 k].mol~1).
It is also assumed here that the enthalpy of vaporisation from
273.16K to 373.15K decreases linearly with the temperature,
which becomes a fair approximation considering the amplitude of
the enthalpy change within this temperature range.

Then, for a given temperature, the relative humidity value is
simply the percentage of the 100% pressure as calculated using
Eq.1. This generates a family of curves of increasing temperature
when absolute humidity increases. For temperatures below the
dew point, water condensation occurs.

During evaporation of water, the temperature drops due to the
adiabatic state change of water (Kloppers & Kréger, 2005). The tem-
perature drop (AT) follows Eq.2 where mg;; and m,, are the mass
of dry air and water respectively, Q is the sensible heat and AHyap
is the latent heat (-2258.7 kJ/Kkg).

AT = mairQ+mwAHyap (2)

2.1.2. Building the “safety envelope”:

What here is called the “safety envelope” is a surface in a
psychrometric environment in which stickiness of the powder can-
not occur. The envelope is delimited by the line that separates
two states of motion, one of slow mobility and the other of fast
mobility. It is here simplified to the Tg/water activity relationship
but could easily be adapted to more complex definition of the
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Figure 1. Glass transition of maltopolymers of various DE as a function of the water
content. The arrows materialize the water content of the maltodextrin that separates
the glass to rubber states at 25°C.

stickiness as authors mentioned that stickiness might occur
between 0 and 10 to 20°C above the Tg (Downton et al., 1982;
Adhikari, Howes, Bhandari & Truong, 2001). Those data are not
easily measurable and a combination of two properties is here
preferred that is the Tg/water content relationship and the water
activity/water content relationship for a given material as first
attempted by Roos (Roos, 1993). Fortunately, such data is readily
available in the literature for commonly used spray drying raw
materials and are reported in Table 1 for a set of maltodextrins
and glucose syrup samples.

2.1.2.1. Tg/water content. The Tg/water content relationship of
maltodextrins has been reported a number of times (Orford,
Parker, Ring, & Smith, 1989; Roos & Karel, 1991a; Roos & Karel,
1991b; D’'Haene & Van Liederkerke, 1996) based on original
contributions (Couchman, 1978; Couchman & Karasz, 1978). Fur-
thermore, a predictive model has been suggested to link the
distribution of molecular weight to the Tg in the absence of
water (Avaltroni, Bouquerand, & Normand, 2004; Normand et al.,
2006).

The relationship is described in Eq.3 when w is the water weight
fraction of the sample, Tg is the glass transition and ACp is the
calorific capacity increment for the transition:

CUACpWTgW +(1-w) ACpmaltng dry

3
0 ACGw + (1 - w) Acpmalto 3)

Tg mixture =

Usually, the representation of Tg/water content is a phase dia-
gram that separates a glass from a rubber like material as shown in
Fig. 1 for a series of maltopolymers of various Dextrose Equivalent
(DE).

2.1.2.2. Water content/water activity:. The water content/water
activity relationship is typical of sorption isotherms. Those have
been well described by Radosta, Schierbaum, Reuther, & Anger
(1989), using Guggenheim Anderson de Boer (GAB) formal-
ism (Anderson, 1946; Guggenheim, 1966; De Boer, 1968), for
maltodextrins of controlled molecular weight leading to a thermo-
dynamic understanding of the sorption (Normand & Bouquerand,
2007).
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Table 1

Description of the maltopolymers used as examples and the relevant properties associated to the glass transition temperature and sorption isotherms. The determination
of the GAB parameters (K, C and X,) used for the construction of the isotherms at various temperatures is made using the Arrhenius equations published in Normand &

Bouquerand, 2007.

11DE 14DE 24DE 36DE reference
Carbohydrate Characterization
DE real 109 13.8 238 36.2 Subramaniam, 1984
Mn 1505 1194 698 466 Subramaniam, 1984
Couchman’s parameters
Ty dry 172 150 105 80.7 Subramaniam, 1984
ACp 0.447 0.463 0.517 0.582 Avaltroni et al., 2004
GAB'’s parameters
Xmg 0.0615 0.0573 0.0486 0.0429 Radosta et al., 1989
Ko 0.1364 0.1265 0.0952 0.0647 Radosta et al., 1989
Co 25.596 28.553 38.87 51.53 Radosta et al., 1989
AHj, 552.1 591.7 729.9 899.6 Radosta et al., 1989
AHpmp 28.53 25.81 19.47 14.64 Radosta et al., 1989

The sorption isotherm is well described by the GAB empirical
model, where Xy is the water content on a dry basis and Xy, K
and C are empirical constants whereas ayy is the water activity (see
Eq.4):

}(}nl((llvv
(1 — Kaw)(l — Kaw +I(CaW)

Xw = (4)

A representation of the water isotherms of sorption is shown in
Fig. 2. Combining Eqgs.3 and 4, an estimation of the water activity
for which the Tg will be the temperature of the isotherm becomes
achievable. The water activity at this point is also called the critical
water activity (aw™) and corresponds to a critical relative humid-
ity (RH*) at the same temperature (Bouquerand, Maio, Meyer, &
Normand, 2008; Sillick & Gregson, 2010). The RH* is highlighted in
Fig. 2 by the vertical arrows.

In Fig. 2, the higher the DE and the lower the capacity to stabilize
water under low relative humidity conditions, whereas the sorp-
tion isotherm increases abruptly under elevated relative humidity
conditions. Also, the lower the DE, the more capacity to store water
under low RH conditions.

A simplified relationship is obtained when combining Couch-
man (Eq.3) and GAB (Eq.4) models that represent the glass
transition temperature as a function of the relative humidity.
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Figure 2. Isotherms of sorption for the identical series of maltopolymers presented
in Fig. 1. Isotherms have been calculated using the relationships described in Nor-
mand & Bouquerand, 2007 from data reported in Radosta et al., 1989. The red arrows
materialize the critical relative humidity at 25°C by reporting the water content
necessary to reach the Tg at 25°C (see Fig. 1).

The analytical combination of Eq.3 and Eq.4 leads to the expres-
sion of ay as a function of the GAB parameters (see Eq.5).

XwK (2 = C) + XnKC — \/[XWK(C —2) = XmKC]? — 4X2,K2 (1 - C)

aw 2XwK? (1= C) )
Where Xyy is calculated using Eq.6.
AC, T - T
Xy = w] pmalto ( &dry g) 6)

S 1-[Wl o AGw (Tg - Tgw)

Furthermore the arrows in Fig. 3 are the result of Eq.7 for Xy,
Xm, K and C being the GAB parameters values at 25°C.

XwK (2 =€)+ XmKC — /[XwK (C — 2) — XnKC? — 4X2,K2 (1 - C)
= 2XwKk2(1-C)

(7)

.
Ay

Equation 5 allows the construction of a Tg: ay representation
(see Fig. 3).

The recorded ay,* as calculated for this specific set of maltopoly-
mers (with various distributions of molecular weights) are then
compared to reported measured values and extrapolation of those
in Fig. 4. The range of Dextrose Equivalent (DE) expressed in the
literature is comparable to the range of DE used in calculation.

According to the data shown in Fig. 4, the theoretical model
that links the RH* to the DE of the maltodextrin is consistent. How-
ever, it is obvious that the sorption isotherm changes when the
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Figure 3. Isotherms of sorption for the identical series of maltopolymers presented
in Fig. 1 and 2 representing the Tg as a function of the relative humidity. The arrows
materialize the critical relative humidity at 25 °C by reporting the RH* necessary to
reach the Tg at 25 °C (see Figs. 1 and 2).



492 V. Normand et al. / Carbohydrate Polymers 97 (2013) 489-495

90
85 *u
80 ~
75

A ~ A
70 X~

65 ~

100.a,*) (%)

>
’

’

*

60 ~

RH* {
/

55 - ~
50 ~
45

40
0 5 10 15 20 25 30 35 40

DE

Figure 4. Comparison between a,,* calculated (plain diamonds, this work) and a,,*
reported measured values in the literature as a function of the dextrose equivalent;
triangles (Subramaniam, 1984) and crosses and dashed line (Sillick & Gregson, 2010).

temperature changes which has been demonstrated and reported
several times (Radosta et al.,, 1989). Only the three parameters
(Xm, K and C) of the GAB equation (Eq.4) are affected by the
molecular weight distribution and the temperature. The rele-
vant Arrhenius relationships have been expressed, discussed and
successfully used elsewhere (Normand & Bouquerand, 2007). To
achieve the contour of the “safety envelope”, one needs to have as
many isotherms as temperatures required for the required qual-
ity of the curve. However, only one data point per isotherm is
useful, that is when the water activity separates the two states
(glassy/rubbery).

The Arrhenius relationships allow estimation of the sorption
isotherms at various temperatures, and Eq.7 is still valid to deter-
mine the critical relative humidity.

An example is given in Fig. 5 for an 11DE maltopolymer sorp-
tion isotherms series at 5 different temperatures in Fig. 7 using the
Arrhenius parameters extrapolated from Radosta et al. (1989).

In Fig. 5, the hotter the temperature, the less steep is the
isotherm under high relative humidity conditions. However, under
low relative humidity conditions, the isotherm is not very much
affected by the temperature. Meanwhile, the glass to rubber tran-
sition occurs at elevated water concentrations, and therefore in the
most temperature sensitive part of the sorption isotherm.
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2.1.2.3. Constructing the “safety envelope” for maltopolymers:. It has
been shown previously that all three GAB parameters evolve with
the temperature and can be expressed as an Arrhenius relationship
(Normand & Bouquerand, 2007 from data reported in Radosta et al.,
1989). In the present construction, the same numerical values are
used. Therefore, for each Tg corresponding to each isotherm mea-
surement temperature, one and only one ay* (Bouquerand et al.,
2008; Sillick & Gregson, 2010) is determined.

Now, for each combination of a\,* and temperature corresponds
one absolute humidity value calculated using Eq.1 and replacing
P/P* by aw™.

This generates the continuous fit in Fig. 6 for all maltopolymer
carrier systems introduced earlier in this article. The safe area is
inside the curve (on the left hand side), the material is a solid glass
and outside the boundary (on the right hand side), the material is
rubbery due to enhanced molecular mobility.

The characteristics of the safety envelope (area under the curve,
apex temperature for largest absolute humidity, maximum abso-
lute humidity. . .) fit perfectly with the number average molecular
weight of the maltopolymer as shown in Fig. 7a,b,c.

InFig. 7, itis shown that the shape of the safety envelop is homo-
thetic and depends exclusively on the number average molecular
weight of the maltopolymer.

2.1.2.4. Thermodynamical determination of operating drying condi-
tions:. The 3 important operating conditions:

There are three strategic “temperature/absolute humidity” con-
ditions represented on a psychrometric chart that are related to
successful process conditions. Those are the starting air properties
(Temperature and RH), that is the air that is taken to dry the sub-
stance, the heated air temperature (inlet conditions) and the final
air conditions (outlet conditions). The outlet conditions (air tem-
perature and air humidity) influence the product aspect and also
the inlet air temperature whereas the initial air relative humidity
dictates the inlet air humidity content.

2.1.2.4.1. Theinitial air properties:. The initial air conditions are
either controlled (presence of a dehumidifier) or not (air taken
straight from outside a plant and filtered for impurities to avoid
contamination). High inlet air humidity can be detrimental to the
drying capacity of the dryer. When the molecular weight of the
product to dry is small such conditions can lead to sticking of the
powder in the dryer. In Fig. 8, the air properties during spring or fall
seasons are given for Newark airport, NJ. The dryers in the example
are not equipped with a dehumidifier. The air taken (circle in Fig. 8)
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Figure 5. Left shows isotherms of sorption at different temperatures ranging from 10 to 50°C using the Arrhenius relationships published in Radosta et al., 1989 (series of
black curves) for an 11DE maltopolymer sample and localization of the glass to rubber transition occurring at RH=RH* and materialized by grey circles. Right shows the
continuous Tg-RH* relationship for the same material.
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Figure 6. Left: Curves separating the glassy state from the rubbery state for different DE maltopolymers under different temperature and humidity conditions for the

headspace. Inside the envelope the material is glassy. Outside the envelope the material is rubbery. Right: Representation of the figure on the left at larger scale.

is at 25 °C and 50% relative humidity corresponding to a dew point
of 13.5°C.
2.1.2.4.2. Determination of the outlet Temperature and absolute

humidity conditions:.

The outlet temperature has to be determined

so that the dry particles generated are non-sticky to avoid coat-
ing of the dryer wall resulting in a long residence time leading to
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caking. Therefore the outlet temperature and absolute humidity
conditions have to be chosen inside the “safety envelope”. The abso-
lute humidity of the outlet air is driven by the quantity of water that
is evaporated in the dryer. Though, a direct relationship between
the water content of the carbohydrate solution (dryer feed) and the
feed rate are not critical to over drying nor under drying, both can
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Figure 8. Inlet conditions determined by atmospheric outside conditions (circle at
25°C and 50% relative humidity) and optimal outlet air conditions determined by
the “safety envelope” (circle at 58 °C and 33.2% relative humidity) to optimize the
throughput of a non-sticky 24DE based powder. The upward dashed line represents
the increase in absolute humidity of the air when heated by direct burner gas. The
downward dashed line represents the adiabatic cooling path to end up with the
optimal outlet conditions. The two dashed lines cross at 111°C which is the opti-
mized inlet temperature. The 100 line is the dew point temperature and the grey
lines correspond to the relative humidity.

contribute to outlet conditions lying outside the “safety envelope”.
In Fig. 8, the outlet temperature and absolute humidity should be
as far as possible from the y-axis so that the outlet air carries the
maximum humidity. The outlet temperature and absolute humid-
ity should be inside the “safety envelope” for producing a non-sticky
powder. The located best conditions for the outlet temperature
(circle at 58°C and 33.2% relative humidity) belong to an adia-
batic cooling curve represented by the downward dashed line in
Fig. 8.

2.1.2.4.3. Theinletair conditions:. The inletair drawn from out-
side the plant (see point 1) and is heated by a direct methane fired
furnace. The combustion products are primarily water and carbon
dioxide. The water generated for heating 1kg of air corresponds
to 0.04 g/K. This quantity will be added to the water already con-
tained in the initial air. This humidification of the air upon heating
is represented as the upward dashed line in Fig. 8.

The targeted inlet air temperature should be the intersec-
tion of the two dashed lines (the upward and the downward)
in Fig. 8.

The maximum water evaporation capacity is read on Fig. 8 as the
difference between the outlet absolute humidity conditions and
the inlet absolute humidity conditions multiplied by the inlet air
flow rate that is 6900 kg of air/hr for a 250 kg of water/hr evapo-
ration rate capacity medium size dryer. It corresponds to 162 kg of
water/hr evaporated. It should be stressed here that the feed rate
condition has to be appropriately adjusted.

Now if summer weather is considered in the same area, the
average temperature is 35 °Cand the relative humidity is 70% corre-
sponding to a dew point of 28.5 °C, the evaporation capacity drops
to 78 kg of water/hr evaporation rate. Also, the inlet air tempera-
ture is now 84 °C compared to the 111 °C observed in spring or falls
for the same outlet temperature of 58 °C.

When a 14DE maltodextrin aqueous solution is considered to
be dried, the “safety envelope” is wider than for the 24DE shown in
Fig. 8 and full capacity of the dryer is obtained without problem.
However, the modification of the operating conditions will cer-
tainly affect other properties than the stickiness of the final powder:
density, size, shape to name a few.

3. Conclusion

A psychrometric model has been developed based on the
thermodynamics of polymer-water interactions. The glass tran-
sition temperature separating glassy to rubbery states, was used
as a measure to determine the “safety envelope” for a series of
maltopolymers. The model is based on the combination of the
Couchman equation, the GAB sorption isotherm equation and the
temperature dependence of the GAB sorption isotherm. The model
is proposed to estimate the two optimal operating temperatures to
be used in a conventional dryer.

However, the process of drying carbohydrate aqueous solu-
tion is not only related to the thermodynamics but is also kinetics
dependent. The thermodynamic model itself does not account for
the kinetics of water redistribution within a liquid droplet of the
feed emulsion. The kinetics associated with the thermodynamics
will resultin a wider “safety envelope” which puts the present model
on the safe side of the physics of drying. Further work on the topic
is necessary to ultimately predict the drying conditions of very low
molecular weight carbohydrate solutions. To do so, a careful study
describing the stickiness temperature variation with the molecular
weight distribution of the carbohydrate to be dried is needed and
a predictive model for stickiness should be constructed.
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