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A B S T R A C T   

Changing relative humidity levels challenge the manufacturing of chewable xylitol-sorbitol based tablets. The 
aim of the study is to investigate how the formulation of chewable xylitol-sorbitol tablets affects the properties of 
the powder blends and the tablets in an environment of different relative humidity levels. In all, 30 batches 
containing different ratios of sorbitol, xylitol and magnesium stearate were prepared at three different relative 
humidity levels. Powder blends were made into tablets using an instrumented eccentric tableting machine. To 
demonstrate the effect of variables on powder blend and tablet properties, multiple linear regression analysis was 
performed. It was found that xylitol-sorbitol powder blends and tablets benefitted from the large amount of 
magnesium stearate, and the high lubricant level negatively affected the quality of the tablets only at high 
relative humidity. In the presence of high environmental humidity, the amount of sorbitol in the powder mixture 
must be limited in order to prevent sticking whereas at low relative humidity, higher content of sorbitol is needed 
to decrease the friability of tablets. Results indicate that alternating relative humidity levels truly challenge the 
production of xylitol-sorbitol based tablets and if the humidity is not controllable, there is a need for additional 
filler-binders.   

1. Introduction 

Several patient groups, e.g. children and elderly people, may benefit 
from the chewable tablet dosage form. Tablets have to be easily chew-
able by the intended patient population and especially organoleptic 
properties such as mouthfeel, aroma and taste are of importance. The 
taste issues caused by the active pharmaceutical ingredient should be 
overcome for the patient compliance. Polyols are used in tablets because 
of their pleasant sweet taste, low-caloric and non-cariogenic nature. 
Direct compression grades of polyols are mainly used in tablets for their 
improved flow and compaction properties (Bolhuis et al., 2009). 

Xylitol is reported to deform mainly by fragmenting and sorbitol has 
a strong plastic deformation ability (Garr and Rubinstein, 1990; Rojas 
and Hernández, 2014). It has been reported that even commercial 
grades of xylitol are not always satisfactory for their compaction prop-
erties whereas sorbitol is highly compactible (Bolhuis et al., 2009; Garr 
and Rubinstein, 1990; Mizumoto et al., 2005). Capping of xylitol and 
sorbitol tablets at high compression forces has been reported (Bolhuis 
et al., 2009; Morris et al., 1996). Garr and Rubinstein (1990) reported a 

decrease in xylitol tablet tensile strength after reaching a maximum 
value with increasing compression force. 

Increase in relative humidity affects the flow properties of powders. 
The hygroscopicity of sorbitol restricts its use (Bolhuis et al., 2009). 
Hygroscopic and water-soluble compounds such as xylitol and sorbitol 
adsorb environmental moisture which which may lead to the formation 
of liquid bridges and thus, increase in the cohesiveness of the powders 
(Armstrong et al., 2014; Peleg et al., 1973). Moisture can cause caking of 
the powders which can be detected as flowability reducing aggregates or 
ultimately, coherent solid mass. As deliquescent materials, xylitol and 
sorbitol undergo temperature-dependent deliquescence at approx. 
80–85 RH%/25 ◦C and 65–70 RH%/25 ◦C, respectively (Bond, 2009; 
Lipasek et al., 2013; Nezzal et al., 2009; Shur, 2009). Deliquescence of 
excipients is likely to lead to detrimental physical and chemical in-
stabilities including caking, complete liquefaction of the solid and 
degradation of incorporated active pharmaceutical ingredients (Mauer 
and Taylor, 2010). However, moisture sorption isotherm is dependent 
on raw material quality and properties (Mathlouthi and Rogé, 2003; 
Stoklosa et al., 2012). 

* Corresponding author at: Division of Pharmaceutical Chemistry and Technology, Faculty of Pharmacy, University of Helsinki, P.O. Box 56 (Viikinkaari 5E), FIN- 
00014, Finland. 

E-mail address: henna.juvonen@iki.fi (H. Juvonen).  

Contents lists available at ScienceDirect 

International Journal of Pharmaceutics 

journal homepage: www.elsevier.com/locate/ijpharm 

https://doi.org/10.1016/j.ijpharm.2021.120573 
Received 19 December 2020; Received in revised form 30 March 2021; Accepted 31 March 2021   

mailto:henna.juvonen@iki.fi
www.sciencedirect.com/science/journal/03785173
https://www.elsevier.com/locate/ijpharm
https://doi.org/10.1016/j.ijpharm.2021.120573
https://doi.org/10.1016/j.ijpharm.2021.120573
https://doi.org/10.1016/j.ijpharm.2021.120573
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpharm.2021.120573&domain=pdf
http://creativecommons.org/licenses/by/4.0/


International Journal of Pharmaceutics 601 (2021) 120573

2

Sticking and capping are common problems to polyols, such as 
xylitol and sorbitol (Bolhuis et al., 2009). Especially hygroscopic ma-
terials tend to stick, and sticking propensity increases with increasing 
humidity. High compression force is reported to prevent sticking 
because of increase in cohesion within tablet (Saniocki, 2014). On the 
other hand, high compression force may cause sticking due to increase in 
true contact area of plastically deforming materials (Abdel-Hamid and 
Betz, 2012; Waimer et al., 1999). It has been reported that in general, 
plastically deforming materials tend to have more sticking tendency 
than brittle materials (Paul et al., 2017). Low melting point has been 
reported to be one of the potential causes for sticking (Danjo et al., 
1993). The relatively low melting points of xylitol and sorbitol are 
92–96 ◦C and 94–96 ◦C, respectively in the literature (Bond, 2009; Shur, 
2009). Magnesium stearate may be used for the prevention of sticking of 
xylitol and sorbitol because of the anti-adherent effect (Bolhuis et al., 
2009; Waimer et al., 1999). 

Magnesium stearate is the most commonly used lubricant in tablet-
ing. Lubricant film adsorbed on particles reduces the friction between 
mass and the tableting machine, especially the die wall and punches. It is 
well known that the thin hydrophobic layer of magnesium stearate on 
the surface of particles hinders the formation of strong solid bridges 
between the particles which is seen as a decrease in tablet breaking 
strength. Bolhuis and Anthony Armstrong (2006) stated that the defor-
mation mechanism is the key factor affecting materials lubricant sensi-
tivity. Fragmenting materials could be less sensitive to magnesium 
stearate because of the creation of smaller particles and lubricant-free 
surfaces during compression. In contrast, plastically deforming mate-
rials suffer from a high lubricant sensitivity since the lubricant film is not 
destroyed during consolidation. 

Magnesium stearate as hydrophobic material may retard the drug 
dissolution from a solid dosage form and therefore, the lowest possible 
concentration is used in tablet and capsule formulations (Kato et al., 
2005; Ndindayino et al., 1999; Rao et al., 2005). Bolhuis et al. (2009) 
stated that since xylitol and sorbitol are highly soluble compounds and 
tablets made of them disintegrate mainly by erosion, the dissolution of 
drug substance is less affected by magnesium stearate. Knowing the 
sticking propensity of these polyols, relatively high amount of lubricant 
is typically used in the studies. For both xylitol and sorbitol, sticking at 
1% magnesium stearate content has been reported (Morris et al., 1996; 
Saniocki et al., 2013). With an increase in the lubricant concentration 
from 2% to 4%, a decrease in the sorbitol tablet tensile strength was 
observed (Saniocki et al., 2013). 

Previously, it has not been studied how the relative humidity affects 
xylitol-sorbitol powder blends and tablets. It is well known that mag-
nesium stearate can be used to prevent sticking during tableting. In in-
dustrial tablet manufacture, typically used magnesium stearate range is 
0.25–5% according to Handbook of pharmaceutical excipients consid-
ered as a guide to the use of excipients (Allen and Luner, 2009). Usually, 
the amount of magnesium stearate used in the studies is at most 1–2%. In 
this study, the focus was merely on the higher lubricant concentration 
range, 2–5%, because of the preliminary studies showing sticking at 1% 
magnesium stearate concentration and the previous studies supporting 
these findings (Morris et al., 1996; Saniocki et al., 2013). The effect of 
this high magnesium stearate content on polyol tablets has not previ-
ously been evaluated. The aim of the study was to investigate how the 
formulation of chewable xylitol-sorbitol tablets affects the properties of 
the powder blends and the tablets in an environment of different relative 
humidity levels. It was also studied if a large amount of magnesium 
stearate (2–5%) could be used in formulation to prevent sticking during 
tablet compression without compromising the compact strength. 

2. Materials 

Xylitol granulated with ≤2% sodium carboxymethylcellulose 
(Xylitol DC, Zhejiang Huakang Pharmaceutical Co., China) and sorbitol 
(Sorbitol TFF, Ecogreen Oleochemicals, Singapore) were used as filler- 

binders for the preparation of directly compressible powder blends. 
The powder blends were lubricated with magnesium stearate (Ligamed 
MF-2-V, Peter Greven GmbH, Bad Münstereifel, Germany) having a 
specific surface area of 7.8 m2/g. 

3. Methods 

3.1. Physical characterization of xylitol and sorbitol 

The particle size of xylitol and sorbitol batches was determined using 
a spatial filtering technique (IPP 70-Se-B, Parsum GmbH, Chemnitz, 
Germany). In spatial filtering, particle size is determined as the particles 
suspended in a gas stream pass through a laser beam, casting shadows 
onto a linear array of optical fibers. The principles of technique are 
presented by Aizu and Asakura (1987). Particle morphology was visu-
alized by scanning electron microscopy (SEM) (FEI Quanta 250 FEG, FEI 
Inc., OR, USA) at an accelerating voltage of 5 kV. Bulk and tapped 
densities were determined at each level of relative humidity according 
to the European Pharmacopoeia 2.9.34., method one, measurement in a 
graduated cylinder (Erweka SVM 1UZ, Erweka Apparatebau GmbH, 
Heusenstamm, Germany). The powder flow was characterized at all 
three levels of relative humidity using two methods described in the 
European Pharmacopoeia: Flowability (Ph.Eur. 2.9.16.) and angle of 
repose (Ph.Eur. 2.9.36.). 100.0 g of the powder blend was loaded into a 
dry funnel, whose bottom opening was blocked by suitable means. The 
funnel had a diameter of 10 mm. 

Water activity and moisture content affect chemical and physical 
factors of raw materials and products during manufacturing and storage. 
There is a nonlinear relationship between water content and water ac-
tivity, known as the moisture isotherm. Water activity (Aw) value as a 
measure of unbound, free water in a system, gives a better indication 
about water’s ability to function as a reactant and solvent than loss on 
drying (LOD) determination (Bell, 2007). Determination of Aw is widely 
used especially in food industry to gain information whether there is 
sufficient moisture available to support the growth of micro-organisms. 
Water activity provides information about the direction of water 
movement in respect to surrounding Aw or relative humidity (Bell, 
2007). Knowledge of the direction of water movement is useful e.g. in 
systems containing multiple components and moisture sensitive 
materials. 

According to Ph.Eur. (2.2.32.) loss on drying is the loss of mass 
expressed as per cent m/m. Sartorius MA 100 (Sartorius AG, Goettingen, 
Germany) was used for the determination of LOD. The measurements 
were carried out by subjecting of sample to constant heating at 80 ◦C 
until the constant weight was reached. The results of Aw were obtained 
using Aqualab 3 TE (Decagon Devices, Inc., Washington, USA) based on 
chilled mirror dew point technology. Water activity is measured by 
equilibrating the liquid-phase water in the sample with the vapor-phase 
water in the headspace, and then measuring the relative humidity of the 
headspace. When the water activity of the sample and the relative hu-
midity of the air are in equilibrium, water condenses on a chilled mirror. 
Measurement of the headspace humidity gives the water activity of the 
sample. LOD and Aw values of xylitol and sorbitol were determined after 
exposing a thin layer of the powders for at least twelve hours to three 
different relative humidity levels (RH); 20% (13–25%), 40% (39–45 RH 
%) and 60% (58–66 RH%). At 20 RH% the temperature range was 
22–26 ◦C and at 40 RH% and 60 RH% the temperature range was 
28–31 ◦C. These were the conditions in which the exposure of raw 
materials, tableting and subsequent characterisation of tablets was 
carried out. 40 RH% and 60 RH% conditions were reached by using an 
artificial humidifier and manufacturing of the batches at 20 RH% was 
carried out in the same premises but in ambient conditions. 

3.2. Preparation of powder blends 

The effects of the amount of sorbitol, amount of magnesium stearate 
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and relative humidity were evaluated employing three-level full-facto-
rial design (Table 1a). The design contained 27 experiments and three 
center point replications resulting in a total of 30 experiments 
(Table 1b). Nine powder blends with varying proportions of xylitol, 
sorbitol and magnesium stearate were tested at three levels of relative 
humidity; 20%, 40% and 60%. The amount of xylitol was dependent on 
the amount of sorbitol and magnesium stearate being in the most cases 
the main ingredient of the blend. The center point was located at the 
factorial combination of (0,0,0). The center point batches contained 
3.5% magnesium stearate, 35% sorbitol and they were exposed to 40 RH 
%. The relative humidity was kept constant at set levels, but the run 
order of each set of the experiments was randomized to prevent any type 
of bias. 

Prior to mixing, the raw materials were exposed to the environ-
mental conditions for at least twelve hours as described in Section 3.1. 
The masses of each batch with a size of 500 g were blended in a Turbula 
mixer at a speed of 46 rpm (Model T2C, W.A. Bachofen, Basel, 
Switzerland). Sorbitol and xylitol were weighed and sieved with a 1 mm 
sieve and mixed for five minutes. After addition of magnesium stearate 
to powder blend, mixing was continued for two more minutes. After 
mixing, the powder blends were placed in a plastic jar made of poly-
ethylene. The batch formulas are shown in Table 1b. 

3.3. Characterization of powder blends 

Selected powder blends were visualized by SEM imaging. Bulk and 
tapped densities were determined according to Ph.Eur. 2.9.34., method 
one. Flowability (Ph.Eur. 2.9.16.) and angle of repose (Ph.Eur. 2.9.36.) 
of the powder blends were determined. Aw and LOD values of the 
blended masses were established. 

3.4. Compaction of tablets 

Tableting of powder blends and subsequent characterization of tab-
lets was carried out in the same premises and conditions as the exposure 
of the raw materials (Section 3.1). The powder blends were made into 
tablets using an instrumented eccentric single-punch tablet press 
(Korsch EK0, Erweka Apparatebau GmbH, Heusenstamm, Germany) 
equipped with a flat-faced tooling set of 7 mm diameter. The compres-
sion speed was set to 61 rpm. Dwell time (≥90% of the peak value of 
compression force), was recorded to be 15–22 ms depending on the 
compression force. The shortest dwell times were measured with the 
lowest compression forces and the longest dwell times with the highest 
compression forces. Tableting process parameters were adjusted to 
obtain uniform tablet weight and breaking strength. The weight of the 
tablets was adjusted to 150 mg and the breaking strength to 50 N. The 
required compression force to obtain tablets with target breaking 
strength was recorded to evaluate the effect of the variables on tablets. 
The upper punch force, lower punch force and ejection force were 
recorded during tableting process and data from tablets 1–5 was used for 
compression force modeling. From each batch, 500 tablets were 
collected in sets of 100 tablets. Tablets number 101–200 were used for 
characterization of tablets. Sticking as phenomenon was visually eval-
uated from tablets 401–500. 

3.5. Characterization/analysis of tablets 

The tablets were characterized immediately after manufacturing. 
Tablet weight (n = 20) and resistance to crushing force (Ph.Eur 2.9.8.) of 
tablets (n = 20) were determined (Schleuniger 2E, Dr. Schleuniger 
Pharmatorn AG, Solothurn, Switzerland). Tablet height and width (n =

Table 1 
a) Factor levels.  

Factor levels Sorbitol (%) Magnesium stearate (%) Relative humidity (%) 

− 1 20 2 20 
0 35 3.5 40 
1 50 5 60  

b) Batch names, factor levels and composition of 30 batch formulations. 

Batch Sorbitol level Magnesium stearate level Relative humidity level Xylitol (g) Sorbitol (g) Magnesium stearate (g) 

N13 0 0 − 1 307.5 175 17.5 
N22 1 0 − 1 232.5 250 17.5 
N4 − 1 0 − 1 382.5 100 17.5 
N25 1 1 − 1 225 250 25 
N10 0 − 1 − 1 315 175 10 
N1 − 1 − 1 − 1 390 100 10 
N19 1 − 1 − 1 240 250 10 
N16 0 1 − 1 300 175 25 
N7 − 1 1 − 1 375 100 25 
N2 − 1 − 1 0 390 100 10 
N30 0 0 0 307.5 175 17.5 
N29 0 0 0 307.5 175 17.5 
N8 − 1 1 0 375 100 25 
N20 1 − 1 0 240 250 10 
N14 0 0 0 307.5 175 17.5 
N28 0 0 0 307.5 175 17.5 
N5 − 1 0 0 382.5 100 17.5 
N23 1 0 0 232.5 250 17.5 
N17 0 1 0 300 175 25 
N11 0 − 1 0 315 175 10 
N26 1 1 0 225 250 25 
N3 − 1 − 1 1 390 100 10 
N24 1 0 1 232.5 250 17.5 
N9 − 1 1 1 375 100 25 
N27 1 1 1 225 250 25 
N21 1 − 1 1 240 250 10 
N6 − 1 0 1 382.5 100 17.5 
N12 0 − 1 1 315 175 10 
N18 0 1 1 300 175 25 
N15 0 0 1 307.5 175 17.5  
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10) as an average of two perpendicular measurements were determined 
using a digital micrometer (Sony U30-F digital indicator, Sony Mag-
nescale Inc., Japan). Friability of the tablets was determined according 
to Ph.Eur. 2.9.7. (Sotax Friabilator CH-4123, Allschwill/Basel, 
Switzerland). The punch surfaces were visually inspected after 
compaction and any visible matter was considered as sticking (on/off). 
SEM images of selected batches were taken. 

3.6. Modeling 

Modeling was performed using Modde for Windows (Version 7.0, 
Umetrics, Umeå, Sweden), applying a stepwise regression technique. 
The effects of the process variables were then modeled, using a second- 
order polynomial fitting (Eq. (1)). The models were simplified with a 
multilinear backwards, stepwise regression technique. The least signif-
icant terms were excluded from the model as long as the predictive 
power (Q2) of the model increased. 

Y = a1⋅Hum+ a2⋅MgS+ a3⋅Sor + a4⋅Hum⋅MgS+ a5⋅Hum⋅Sor + a6⋅MgS⋅Sor 
+ a7⋅Hum2 + a8⋅MgS2 + a9⋅Sor2 + c (1)  

where Y = response, Hum = humidity of the air, MgS = amount of 
magnesium stearate and Sor = amount of sorbitol. a1 …a9 are co-
efficients and c = constant. 

4. Results and discussion 

4.1. Modeling 

Full factorial design (33) provides information about every main 
effect and every interaction effect thus enabling the use of quadratic 
models. Second-order polynomial equations were able to describe the 
process behaviour although highly non-linear responses were observed. 
The equations for each response are presented in dataset (Juvonen, 
2021). Logarithmic transformation was used for several response data to 
make them normally distributed. R2 (goodness of fit) and Q2 (predictive 
accuracy) values are found in the figure caption of each model. Mostly, 
the R2 and Q2 values indicated high goodness of fit and the models had 
predictive relevance. The lowest but still acceptable R2 and Q2 values 
were for angle of repose model (Fig. 3) being 0.72 and 0.52, respec-
tively. This was connected to the nature of the angle of repose mea-
surement method showing variability in repeatability. In all models, the 

Fig. 1. SEM images of xylitol at (a) 200x and (b) 1000x magnification. SEM images of sorbitol (c) 200× and (d) 1000× magnification.  
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residuals were normally distributed proving the models fit for the data. 
Response surface modeling can be used if the response can be described 
with a second order polynomial equation (Baş and Boyacı, 2007). The 
response surface methodology was used in this study to evaluate the 
effect of factors, also enabling the optimization. 

Measured relative humidity values at 20 RH% had relatively high 
fluctuation since the manufacturing of the batches was carried out in 
ambient conditions. Conditions of 40 RH% and 60 RH% were more 
steadily reached by using an artificial humidifier. Because of the fluc-
tuation in the moisture it was not possible to carry out analysis of 
variance (ANOVA) but the fluctuation was taken into consideration in 
the data analysis. 

4.2. Xylitol and sorbitol 

The SEM images taken from the raw materials revealed that the 
surface structure of xylitol was smooth whereas sorbitol had a rough 
surface consisting of crystalline material. When comparing the particle 
shape with the same magnification, the shape of sorbitol particles 
appeared to be more symmetrical and spherical than those of xylitol 
(Fig. 1). The particles of xylitol were coarser than those of sorbitol. The 
D10, D50 and D90 values for xylitol were 200 ± 4 µm, 365 ± 6 µm and 
614 ± 33 µm, respectively and for sorbitol 70 ± 1 µm, 149 ± 5 µm and 
285 ± 15 µm, respectively. 

The physical characteristics of xylitol and sorbitol are presented in 
Table 2. Many factors influence powder flowability, such as particle size, 
shape and density of the particles. In general, large, spherical and dense 
particles are desirable in the sense of flowability. Sorbitol had a higher 
density than xylitol and its flowability was better regarding both the 
flow time and the angle of repose values. Neither xylitol nor sorbitol flew 
through an orifice at 60 RH% and therefore the angle of repose was not 
recordable. The Aw values of the raw materials were rather similar but 
the LOD values differed from each other at 40 RH% and 60 RH%. Each 
material has a unique relationship between moisture content and water 
activity called moisture sorption isotherm. Isotherm is temperature and 
pressure dependent and looks different whether it is obtained by drying 
or wetting the sample. Usually, both Aw and LOD increase with 
increasing RH but the relationship of Aw and LOD is non-linear. Typi-
cally, crystalline materials gain very small amounts of moisture up to the 
deliquescence point (RH0), which is also characteristic of xylitol and 
sorbitol (Lipasek et al., 2013; Nezzal et al., 2009). 

4.3. Powder blends 

4.3.1. Bulk and tapped density 
Increase in humidity decreased both bulk and tapped densities of the 

powder blends. The decrease in tapped density was pronounced at 60 
RH% as seen in Fig. 2. For soluble materials, multilayers of water and 
capillary condensation lead to surface dissolution and liquid bridging 
between the particles and the changes in particle surface may occur 
already below the material specific relative humidity where the deli-
quescence occurs (RH0) (Ahlneck and Alderborn, 1989; Schubert, 
1984). According to literature, the RH0 values of xylitol and sorbitol are 
80–85 RH%/25 ◦C and 65–70 RH%/25 ◦C, respectively (Lipasek et al., 
2013; Nezzal et al., 2009). Mixtures consisting of two or more deli-
quescent components undergo deliquescence at lower relative humidity 
than the corresponding separate raw materials (Lipasek et al., 2013; 
Salameh and Taylor, 2005). Xylitol and sorbitol and are highly soluble 
and deliquescent compounds and therefore, at high humidity, the sur-
face of the particles may become partially solubilized and cause tacki-
ness. Lumping of the powder blend may occur due to the high viscosity 
liquid bridges. Especially, sorbitol has a strong thickening power i.e. 
ability to form strong liquid bridges due to the high viscosity of the 
saturated aqueous solution (Santomaso et al., 2017). Liquid bridges are 
reported to limit optimum packing of the material and thus decrease the 
bulk density (Armstrong et al., 2014; Peleg et al., 1973). 

Powder blends had higher bulk and tapped densities than xylitol or 
sorbitol separately. The packing of powder blends was different from the 
raw materials because the interparticle voids could be filled with smaller 
particles. With increasing proportion of sorbitol, the density of the 
powder blends increased, as expected, because of the higher density of 
sorbitol in comparison to xylitol. Likewise, magnesium stearate had a 
density increasing effect on the powder blends. The thin layer on the 
powder particles formed by magnesium stearate decreased the inter-
particle friction between particles leading to a higher packing density. 
Formation of lubricant film can be clearly observed in dataset (Juvonen, 
2021). 

4.3.2. Powder flow 
Based on the flow time and angle of repose measurements it was seen 

that the powder flow properties deteriorated as the humidity increased 
(Fig. 3), which is typical of hygroscopic powders (Juarez-Enriquez et al., 
2017). When powder is in contact with atmospheric humidity, water 
vapour is adsorbed first as non-freely moveable monolayers and, with 
increasing surrounding humidity, as more moveable, solvent-like mul-
tilayers (Zografi, 1988). At conditions favorable for capillary 

Table 2 
Physical characteristics of xylitol and sorbitol.   

RH 
(%) 

Bulk 
density 
(g/ml) 

Tapped 
density 
(g/ml) 

Flow 
time 
(s/100 
g) 

Angle 
of 
repose 
(◦) 

LOD 
(%) 

Aw 

Xylitol 20 0.52 ±
0.01 

0.60 ±
0.01 

8.88 ±
0.5 

36.3 ±
0.2 

0.14 
±

0.02 

0.06 
±

0.01 
40 0.52 ±

0.01 
0.57 ±
0.01 

12.82 
± 3.0 

35.9 ±
0.1 

0.17 
±

0.03 

0.14 
±

0.04 
60 0.47 ±

0.01 
0.48 ±
0.01 

no flow no flow 0.82 
±

0.02 

0.51 
±

0.01 
Sorbitol 20 0.61 ±

0.01 
0.68 ±
0.01 

3.52 ±
0.4 

27.3 ±
0.1 

0.19 
±

0.01 

0.06 
±

0.01 
40 0.59 ±

0.01 
0.64 ±
0.01 

4.03 ±
0.1 

27.9 ±
0.1 

0.49 
±

0.03 

0.23 
±

0.01 
60 0.49 ±

0.01 
0.51 ±
0.01 

no flow no flow 2.49 
±

0.03 

0.55 
±

0.03  

Fig. 2. Model of tapped density at different relative humidity levels as a 
function of formulation variables (R2 

= 0.90, Q2 
= 0.86). 
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condensation, liquid bridges will first form at the contact points of 
particles or adsorption layers (Schubert, 1984). The formation of liquid 
bridges causes the increase in cohesion and can strongly affect the 
powder flow (Billings et al., 2006; Schubert, 1984). The flow time was 
also affected by decreased bulk density since the volume flowing 
through an orifice was larger but apparently the underlying reason, 
surface wetting and formation of cohesion increasing liquid bridges, was 
common. Anyhow, the flowability of all the powder blends at all hu-
midity levels could be regarded as good to excellent according to the 
results of angle of repose determination (Ph.Eur. 2.9.16.), all of them 
being below 35◦, whereas xylitol and sorbitol did not flow at all at 60 RH 
% (Table 2). 

Sorbitol had better flow properties than xylitol. Hence, increasing 
proportion of sorbitol increased the flowability. Looking at the results of 
angle of repose, the better flowability of powder blends in respect of raw 
materials was largely seen as an effect of magnesium stearate, i.e. 
magnesium stearate acting as a glidant in powder blends (Fig. 3). The 
SEM pictures revealed that the surface roughness of polyol particles was 
smoothened out with layers of magnesium stearate, as shown in dataset 
(Juvonen, 2021), therefore facilitating the flow of the powder blend. 

The overlap of 83% confidence intervals was used as a method for 
assessing whether two means were significantly different from one 
another at the 5% confidence level (Austin and Hux, 2002). This 
approach based on the model was used instead of ANOVA because there 
was fluctuation in the moisture levels as introduced in Section 4.1 and 
the fluctuation was taken into account in the model. At 20 RH%, no 
statistical difference in angle of repose was detected with increasing 
amount of magnesium stearate. 

At 40 RH% and 60 RH%, the increase of magnesium stearate from 
2% to 3.5% or 5% improved the powder flow. With increasing humidity, 
more magnesium stearate was needed for optimum flowability due to 
tackiness of the particles. In addition to showing a glidant effect, mag-
nesium stearate also exhibits anti-caking properties by decreasing the 
direct contact between polyol particles and preventing the formation of 
liquid bridges. Lipasek et al. (2012) reported that addition of anticaking 
agent (calcium stearate) to binary mixture of deliquescent compounds 
maintained the flowability. 

Deliquescence takes place at a characteristic relative humidity 
(RH0), which corresponds to the vapor pressure of saturated solution of 
the substance (Van Campen et al., 1983). If there are two or more 
deliquescent compounds present in the mixture, the deliquescence oc-
curs at lower relative humidity level than the RH0 of separate raw 

materials (Salameh and Taylor, 2005; Salameh et al., 2006). This phe-
nomenon is called deliquescence lowering. The mixtures of deliquescent 
compounds exhibit greater hygroscopicity at high RH in comparison to 
the separate raw materials (Salameh et al., 2006). From that point of 
view, the effect of magnesium stearate on a mixture of xylitol and sor-
bitol is substantial as the flowability is maintained even at 60 RH% 
which is close to sorbitol’s deliquescence point. 

4.3.3. Water activity and loss on drying 
The level of Aw values of the powder blends increased with 

increasing relative humidity, as expected (Fig. 4). The Aw values of 
xylitol and sorbitol were similar to each other at different relative hu-
midity levels, and therefore their effect could not be differentiated 
(Table 2). Magnesium stearate had only a small nonlinear impact on Aw 
values. The minimum Aw enabling the growth of micro-organisms is 
0.60 (Beuchat et al., 2013). The water activity of maximum 0.4 was 

Fig. 3. Angle of repose model represented as a function of humidity with sorbitol levels of (a) 20%, (b) 35%, (c) 50% (R2 = 0.72, Q2 = 0.52). Columns show the 
amount of magnesium stearate. Error bars represent the confidence intervals. 

Fig. 4. Model of Aw values represented as a function of relative humidity (R2 =

0.97, Q2 = 0.97). The 95% confidence interval is visualized with green and 
blue lines. 
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reached at 60 RH% indicating that there was not sufficient moisture to 
support the growth of micro-organisms. 

At 20 RH% the LOD values remained low but as the RH increased the 
LOD value increased exponentially (Fig. 5). As a consequence of increase 
in the amount of sorbitol a slight increase in LOD value was seen at all 
humidity levels because sorbitol has a stronger hygroscopic ability than 
xylitol (Bolhuis et al., 2009). 

4.4. Tablets 

4.4.1. Compression force 
In the beginning of tableting, breaking strength of tablets was set as 

close to 50 N as possible (Table 3). Since the tablet press was not 
equipped with an automatic weight controller, the breaking strength of 
the tablets number 101–200 differed from the preset value as presented 
in Table 3. Compression force i.e. upper punch force required to achieve 
the preset strength can be used as an indicator of how well the powder 
blend forms tablets. A low compression force required indicates good 
tabletability (breaking strength vs. pressure). Of all the three variables, 
humidity had the greatest impact on the compression force (Fig. 6). At 
20 RH% and 40 RH%, the compression force was at its lowest and with 
increasing humidity the compression force increased steeply. An in-
crease in the moisture content reduced the tabletability of the powder 
blends and greater force was required to achieve the specified breaking 
strength. 

In the study of Morris et al. (1996) capping of xylitol tablets was 
noticed after a certain border limit in compression force was reached. 
Garr and Rubinstein (1990) concluded that xylitol exhibited significant 
sensitivity to compression force. Increasing the compression force after 
reaching the maximum tensile strength resulted in a decrease in tensile 
strength due to elastic recovery. Nikolakakis et al. (2002) reported that 
the elastic recovery of sorbitol increased as the relative humidity was 
elevated from 23% to 69%. In this study, at 20 RH% and 40 RH% no 
capping or decreased breaking strength was observed due to the rela-
tively low compression forces. As a result of high humidity and high 
compression force, four of nine batches suffered from low compact 
strength apparently due to increased elastic recovery. The maximum 
compact strength of only 40 N was obtained for batches with low to 
middle amount of sorbitol and middle to high amount of magnesium 
stearate (Table 3). Lower tabletability of powder blends containing more 
xylitol was emphasized at high humidity leading to a conclusion that the 
compression properties of xylitol suffer more from moisture than those 
of sorbitol. Under high compression force the elastic recovery of tablets 
is extensive leading to the rupture of interparticle bonds and failure to 
form compacts of target strength. 

As supposed, magnesium stearate had an overall negative effect on 

Fig. 5. Model of LOD values represented as a function of (a) relative humidity and (b) amount of sorbitol (40 RH%) (R2 
= 0.99, Q2 

= 0.98). The 95% confidence 
interval is visualized with green and blue lines. 

Table 3 
Breaking strength of tablets in the beginning of tableting (n = 5) and tablets 
101–200 (n = 10).  

Batch Beginning of tableting (N) Tablets 101–200 (N) 

N13 50.8 ± 7.8 66.0 ± 8.3 
N22 50.2 ± 2.6 58.2 ± 2.6 
N4 49.9 ± 2.1 58.3 ± 5.3 
N25 49.3 ± 2.2 46.7 ± 1.6 
N10 49.3 ± 0.5 35.0 ± 4.4 
N1 52.3 ± 2.9 28.4 ± 7.2 
N19 50.0 ± 2.8 52.4 ± 8.3 
N16 50.7 ± 2.7 55.4 ± 4.8 
N7 50.7 ± 2.8 32.3 ± 6.1 
N2 48.7 ± 6.4 51.1 ± 5.3 
N30 49.0 ± 5.6 60.2 ± 6.0 
N29 49.4 ± 6.5 51.4 ± 4.0 
N8 50.8 ± 0.8 47.8 ± 3.8 
N20 50.7 ± 1.6 41.3 ± 4.6 
N14 49.4 ± 2.5 62.6 ± 1.4 
N28 49.6 ± 2.3 52.4 ± 3.3 
N5 50.6 ± 1.6 50.8 ± 5.2 
N23 49.4 ± 3.1 53.0 ± 2.3 
N17 49.5 ± 3.9 53.3 ± 2.1 
N11 50.0 ± 5.3 60.2 ± 3.2 
N26 49.3 ± 2.2 52.7 ± 1.5 
N3 46.7 ± 1.5 48.9 ± 3.1 
N24 49.8 ± 3.4 48.7 ± 1.3 
N9 40.0 ± 3.8 42.0 ± 3.5 
N27 49.3 ± 2.8 48.5 ± 3.9 
N21 49.0 ± 1.4 50.7 ± 4.3 
N6 41.3 ± 3.5 43.5 ± 7.1 
N12 49.5 ± 1.0 51.5 ± 3.3 
N18 39.4 ± 2.4 37.5 ± 5.0 
N15 43.3 ± 4.5 41.3 ± 3.0  
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compression force. Compactibility of sorbitol has been reported to 
decrease in the presence of magnesium stearate (Kelemen, 2015). At 
high relative humidity, it was also noticed that especially the compac-
tion properties of xylitol got worse on increasing amount of magnesium 
stearate. This indicates sensitivity to lubricant, although fragmentation 
is reported to be the main deforming mechanism of xylitol and therefore 
it should be less susceptible to overlubrication (Garr and Rubinstein, 
1990). However, it has been reported that moisture has a plasticizing 
effect on pharmaceutical sugars (Li and Peck, 1990; Nikolakakis et al., 
2002). Moreover, xylitol grade used in this study was coprocessed with 
NaCMC which is a cellulose derivative and exhibits amorphicity. Water 
acts as a plasticizer of amorphous regions making the material more 
mobile (Zografi, 1988). In this regard, NaCMC-xylitol may behave more 
plastically than pure xylitol at 60 RH%. Increase in plasticity increases 
the sensitivity to lubricants which could explain part of the negative 
effect of magnesium stearate especially in combination with xylitol. 

The deforming mechanism of sorbitol is primarily plastic, but the 
sorbitol grade used in this study consisted of particles having a porous 
structure which increases the fragmenting behavior and therefore fresh 
lubricant-free surfaces available for bonding are created (Fig. 1). 
Moreover, sorbitol had smaller particle size than xylitol thus having a 
larger surface area to participate in binding. 

4.4.2. Friability 
The friability of the tablets decreased steeply with increasing hu-

midity (Fig. 7). High moisture content along with high compression 
force produced tablets with low friability values although the target 
breaking strength remained the same and was not reached in all the 
batches at 60 RH%. The low friability was the consequence of moisture- 
driven increase in plasticity of the tablets and, to some extent, higher 
density and smaller surface area of the tablet as the particles were more 
closely packed (Li and Peck, 1990; Nikolakakis et al., 2002; Paul and 
Sun, 2018). Visually, the tablets compacted at high humidity were 
smooth and glossy and the tablets compacted at low humidity were 
powdery and matt. The SEM images presented in dataset (Juvonen, 
2021) showed that at 60 RH% the surfaces of the tablets consisted of 
consolidated areas and cavities whereas the tablets compressed at 20 RH 
% had more consistent but porous surface. Friability is often connected 
to compact strength, but it is also affected by several other factors like 
the deformation mechanism of raw materials, the tooling design, 
amount of lubricant and the lubrication time. In this study, the amount 
of lubricant did not affect the friability whereas sorbitol had a positive 
effect on it, especially at low relative humidity. 

Fig. 6. a) Compression force visualized as a function of variables (R2 = 0.86, Q2 = 0.79). Modeled compression force as a function of humidity with sorbitol level of 
b) 20% c) 35% and d) 50%. The columns illustrate the amount of magnesium stearate. The error bars show the 95% confidence interval. 
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4.4.3. Tableting at high humidity 
At lower humidity levels the tabletability of the powder blends 

proved to be almost insensitive to mixing with magnesium stearate 
although large amounts of lubricant were used. Increase in the amount 
of magnesium stearate mainly reduced the ejection force. Increase in 
humidity to 60 RH% induced the sticking of the tablet material to the 
upper punch. Even as large amount as 5% of magnesium stearate could 
not prevent the sticking as it appeared in six of nine batches. Three 
batches with the lowest LOD values did not stick, these being the batches 
with the lowest amount of sorbitol. Considering sorbitol’s sorption 
isotherm, high solubility, wettability and strong thickening power, i.e. 
high viscosity of the saturated aqueous solution, it is expected that a 
high sorbitol load causes sticking close to its deliquescence point (San-
tomaso et al., 2017). It was found that a combination of high sorbitol 
content and high compression force caused the sticking. Previously, it 
has been concluded that high compression force may cause sticking due 
to increase in true contact area of plastically deforming materials 
(Abdel-Hamid and Betz, 2012; Waimer et al., 1999). High compression 
force was anyhow needed to form tablets of specified breaking strength 
at the presence of high relative humidity. The need for higher 
compression force was caused by the change in the compaction prop-
erties of the powder blends with increasing moisture content, e.g. due to 
the increase in elastic recovery (Garr and Rubinstein, 1990; Nikolakakis 
et al., 2002). The dominant bonding mechanisms between particles have 
been reported to be solid bridge formation, intermolecular forces, and 
mechanical interlocking (Karehill et al., 1990). At high humidity level 
water film may also disturb intermolecular forces and therefore lead to a 
need for higher compression force (Lordi and Shiromani, 1983). 

Magnesium stearate affected negatively the bond formation within 
tablet especially in the presence of high humidity. With increasing hu-
midity, the deformation mechanism of sorbitol and other pharmaceu-
tical sugars generally turns towards more plastic (Li and Peck, 1990; 
Nikolakakis et al., 2002). It is known that plastically deforming mate-
rials have more tendency to stick and they are sensitive to lubrication 
(Bolhuis and Anthony Armstrong, 2006; Paul et al., 2017). Powder 
blends with low amount of sorbitol or high amount of xylitol were found 
to be sensitive to lubrication by magnesium stearate and weaker (than 
specification) tablets were produced at 60 RH%. It is suggested that 

xylitol with larger particles is more sensitive to lubrication than sorbitol 
with smaller and porous particles. 

High ejection force during tableting implies that the tablet is sus-
ceptible to defects such as capping, lamination or sticking (Uzondu et al., 
2018). Since sticky powders elevate the die wall friction, ejection force 
has been used to evaluate the sticking tendency of the powder blends. 
However, the sticking tendency of sorbitol at high humidity could not be 
detected as a rise in ejection force. An optimal amount of magnesium 
stearate should not be exceeded to avoid issues with compact strength 
and dissolution. Ejection force was at its lowest at 40 RH% and 2.5% of 
magnesium stearate was found to be sufficient to keep the ejection force 
on the plateau level, indicating that there is no need for further lubri-
cation (Fig. 8). The moisture content seemed to have a lubricating effect 
on the powder blends during tableting and the lowest amount of mag-
nesium stearate was sufficient to keep the ejection force low. At 20 RH% 
and 60 RH% the ejection force increased steeply together with the 
amount of xylitol and the plateau level was reached with 3.5% of 
magnesium stearate. The increase in ejection force was connected to the 
need for higher compression force due to low tabletability of xylitol and 
increased plasticity of polyols at high humidity. Thapa et al. (2017) 
studied differently deforming materials and found that elastic and 
plastic granules exhibited stronger binding with the die, and therefore 
higher ejection force, than brittle granules. Generally, the increase of the 
compact die-wall friction tends to increase the die-wall pressure during 
compaction. The die-wall pressure, which is a contributing factor for the 
ejection force, is reported to increase on increasing compression force 
and tableting speed (Desbois et al., 2019; Sun, 2015). 

Fig. 9 is a compilation of two contour plots and separately added 
sticking batches. The R2 and Q2 values of the respective models are 
presented in Fig. 6 (compression force) and Fig. 7 (friability). From the 
viewpoint of optimizing the formulation, it can be seen in Fig. 9 that 
there is rather a narrow range (gray area) of relative humidity where the 
friability stays below desirable 1% and still does not cause sticking to the 
punches. This indicates that it is necessary to use additional binders in 
combination with the studied raw materials to obtain tablets of good 
quality compressed within a wide relative humidity range. Use of 
additional binders would reduce the sticking at high humidity because 
of need for lower compression forces. The use of magnesium stearate 
could then be optimized in the sense of flowability and ejection force. 

Since the effect of excipients on powder blend and tablet properties 
was studied, there was no active pharmaceutical ingredient (API) 
incorporated in the powder blends. It is suggested that incorporation of 
an API that is used at low dose would not alter the results. The formu-
lation including an API used at high dose would need a dedicated study 

Fig. 7. Modeled friability presented as a function of different relative humidity 
levels (R2 = 0.91, Q2 = 0.87). The amount of sorbitol is presented as columns. 
The 1% friability limit is demonstrated as an acceptance level for most products 
(Ph.Eur. 2.9.7.). 

Fig. 8. The model of ejection force at different humidity levels as a function of 
formulation variables (R2 = 0.82, Q2 = 0.71). 
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due to the major effect of API on the flow properties and the behaviour of 
powder blends under pressure. 

Water can interact with crystalline material in several ways, e.g. 
hydrate formation, surface dissolution and deliquescence. 
Manufacturing of tablets consisting of soluble, crystalline materials at 
high humidity can lead to surface dissolution and formation of liquid 
bridges between particles (Schubert, 1984). It should be considered in 
future stability studies that during storage, subsequent recrystallisation 
of dissolved materials may occur and cause hardening of the tablets 
(Alderborn and Ahlneck, 1991; Lordi and Shiromani, 1983). Likewise, 
the effect of high magnesium stearate content on the possible hardening 
of the tablets is a subject of future investigation. 

5. Conclusion 

Apparently, xylitol-sorbitol based powder blends benefitted from 
large amount of magnesium stearate since it prevented the caking, 
enhanced the flowability and reduced the ejection force. Magnesium 
stearate content did not affect the friability negatively. The results 
indicated that even with a high amount of magnesium stearate (5%) it 
was possible to produce xylitol-sorbitol based tablets of the specified 
compact strength, at RH up to 40%, although the tablets showed rela-
tively high friability (<1.5%). Only at 60 RH%, the friability was clearly 
below desired 1% limit. Increasing sorbitol content enhanced the 
compaction properties of the xylitol-sorbitol powder blends. At 60 RH%, 
low amount of magnesium stearate was preferred along with high sor-
bitol content to obtain tablets with target compact strength and yet, high 
compression force was needed. On the other hand, high sorbitol content 
increased the LOD value of the powder blends and promoted sticking to 
the upper punch face. However, the elevation of the ejection force was 
caused by xylitol instead of sorbitol. At 60 RH%, the sorbitol content 
must be limited to below 35% to prevent the sticking. Consequently, 
high xylitol content would lead to the use of even higher compression 
forces and might cause failure to form compacts due to poor tablet-
ability. An overall conclusion is that, to obtain tablets of sufficient 
quality with these xylitol and sorbitol grades, additional fillers/binders 
are needed when operating within a wide relative humidity range. 
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