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The aim of this work was to study Rhamnus purshiana (Cáscara sagrada) extract spray-drying in order to
obtain powders with good rheological properties for direct compression (DC) and stability attributes.
The experiments were carried out in a Büchi B-290 Mini Spray Dryer using colloidal silicon dioxide as carrier
agent. A 25−1 fractional factorial statistical design was used to find adequate spray-drying operating
conditions to produce Cáscara sagrada powders with good flow, good compactability properties, high process
yield, low moisture content, low hygroscopicity, and caking tendency. Morphology, size, structural and
thermal properties of the particles were also evaluated. The operating variables studied were air inlet
temperature, atomization air flow rate, pump feed rate, aspiration capacity, and feed solids concentration.
The 25−1 factorial experimental design used was a good strategy to establish spray-drying operating
conditions to produce Cáscara sagrada extract powders with good properties for direct compression and high
process yields. Colloidal silicon dioxide was an effective drying adjuvant. Its use in relatively high
concentrations together with low atomization air flow rates improved powder flowability, increased the
product's glass transition temperature, and decreased its moisture content and hygroscopicity.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In the last few years, a marked increase in the use of the so-called
“traditional medicine” has been observed [1]. This therapeutic
strategy is based on the application of phytomedicines whose active
components are constituted by vegetable drugs.

In particular Rhamnus purshiana (Rhamnaceae), commonly known
as Cáscara sagrada, is frequently used due to its effective, economical,
and natural laxative action [2]. This plant is indigenous to Southwest-
ern Canada and the Pacific Northwest of the United States of America.
The laxative effects of Cáscara sagrada are attributed to the presence
of hydroxyanthracene glycosides in the plant bark. After oral
administration, these compounds are not absorbed in the upper
gastrointestinal tract; instead, they are passed – undigested – to the
colon, where they are hydrolyzed by intestinal bacteria to form
pharmacologically active metabolites. These metabolites, due to their
stimulant and irritating properties, accelerate colonic transit [3].

Tablets are still the most frequently consumed dosage form
because of manufacturing simplicity, administration convenience,
accurate dosing and stability compared to oral liquids [4]. Direct
compression (DC) is the preferred route for tablet preparation; it

offers several advantages such as low labor costs, processing time,
energy consumption, etc. [5].

In the specific case of phytomedicine tablets, the active ingredient
is a dry plant extract composed of many substances that act
synergically to produce the desired pharmacological effect [6].
Generally, dry plant extracts – including Cáscara sagrada – are
hygroscopic and have poor rheological properties and compactability.
For these reasons, they cannot be used for DC without prior addition
of carriers and/or use of appropriate pre-processing technologies [7].
Therefore, the production of stable, dry plant extracts with good flow
properties is a major challenge for both formulators and manufac-
turers in the phytomedicine and nutraceutical industries.

Continuous operations, like spray-drying, have been preferred
over batch processes because of reduced time-to-market due to scale-
up benefits and better product quality — no batch to batch variations,
i.e. clinical trial and production batches are produced in the same
equipment [8]. Nevertheless, spray-drying technology requires
adequate adjustment of operating conditions as well as of the
composition of feed solution — that contains the active principles.
The operating variables for spray driers using binary nozzles are:
inlet air temperature, atomization airflow, pump speed i.e. liquid flow
rate-, aspirator suction velocity and solids concentration, and
composition of the solution/dispersion to be spray-dried. Under-
standing how changes in these processing parameters affect rheolog-
ical and stability properties in the powders produced is desirable for
further industrial production of solid dosage forms by DC.
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Stickiness of herbal extract powders on the unit walls is one of the
most frequent problems encountered in spray-drying. Fluid plant
extracts can be successfully dried with improvements in dryer design/
operation, previous addition of carriers to plant extracts, or both [9].
Maltodextrin, cashew tree, and Arabic gums and colloidal silicon
dioxide, among others, have been used to enhance plant extract
spray-drying yields [10–12]. In particular, the use of colloidal silicon
dioxide allows for production of non-hygroscopic dry plant extract,
with good flowability, compressibility, and compactability properties
[9,13–15]. Therefore, colloidal silicon dioxide appears as an interest-
ing excipient for the formulation of dry extracts. Although this drying
adjuvant has been recommended to produce dry plant extracts via
spray-drying, the selection of spray-drier operating conditions and
carrier concentration for Cáscara sagrada powder production cannot
be directly inferred from other plant/carrier systems.

Based on the above reasons and considering the lack of scientific
literature with regard to R. purshiana extract drying, the feasibility of
spray-drying this plant extract using colloidal silicon dioxide as a
drying aid is studied.

The main goal of this work is the production of Cáscara sagrada
powders by means of spray-drying operations with high process
yields, good rheological properties for DC and stability attributes.
Since the number of process variables is relatively high – inlet air
temperature and flow rate, atomization airflow, solution flow rate,
and solids concentration –, a 25−1 fractional factorial statistical design
is selected to find the optimal set of spray-drier operating conditions
that leads to high quality powders and process yields.

2. Materials and methods

2.1. Materials

The dried bark of Cáscara sagrada – European Pharmacopoeia
name: Rhamnus purshianus D.C. – was used as received from the
supplier (Droguería Argentina). The pieces of dried bark were slightly
channeled or nearly flat, generally 1–5 mm thick, 10–30 mm long and
up to 2 cm wide. The outer surface was brown and usually more or
less covered by a whitish coat of lichens. The inner surface was light
yellow to reddish-brown. The physical appearance of the dried bark
used was in agreement with the description of various pharmaco-
poeias [3,16,17].

Colloidal silicon dioxide (Aerosil 200®, Degussa AG) was used as
received from the supplier. Distilled water was used for preparation of
fluid plant extracts and aqueous dispersions to be spray-dried.

2.2. Fluid plant extract (FPE) preparation

0.9 kg of Cáscara sagrada bark were weighted accurately and
mixed with 4000 ml of boiling water. This mixture was macerated for
3 h and then transferred to a percolator. Extra boiling water, used as
menstruum, was continuously poured into the percolator until
5000 ml of the fluid extract were collected [16].

Thin Layer Chromatography (TLC) was used to analyze the FPE and
identify its active compounds, since cascarosides A and B represent a
high proportion of total hydroxyanthracene glycosides [3,18–20]. TLC
experimental conditions were selected according to the guidelines
given by Wagner and Bladt [21]. Ethyl acetate:methanol:water
(100:13.5:10) was used as solvent system and 20 μl of the FPE were
spotted near the bottom of the TLC plate. The plate was sprayed with
10 ml of 10% ethanolic potassium hydroxide reagent and visualized
under 365 nm UV.

Total hydroxyanthracene derivatives and cascarosides were
quantified using 1 g of a spray-dried plant extract without carrier,
following the method reported in USP 30-NF 25 [16].

2.3. Solid residue (SR) assay

The SR content of fluid plant extracts was determined by
evaporation of the solvent under reduced pressure, followed by
drying in an oven at 80 ºC to constant weight.

2.4. Spray-drying sample preparation

FPE and colloidal silicon dioxide were the ingredients used to
prepare the dispersion to be spray-dried. The colloidal silicon dioxide:
SR ratio was 0.5:1 and 1:1. A magnetic stirrer bar, rotating at
1000 rpm, was used for 30 min before dispersion atomization, so as to
keep it homogenized.

2.5. Particle morphology and size distribution

Some selected spray-dried samples were dried under air flow on a
porthole. Afterwards, these samples were metalized with gold in a
PELCO 91000 sputter coater. Particle morphology was assessed in an
EVO 40-XVP, LEO Scanning Electron Microscope (SEM).

Particle size distribution was measured using a laser light
diffraction instrument, (Horiba LA-950 V2). Average particle size
was expressed as D [4,3], mean volume diameter.

2.6. Bulk and tap densities

In order to determine the density of spray-dried samples, the
powder was gently poured into a 10 cm3 graduate cylinder. Bulk
density (DB) was calculated as the ratio between the weight (g) of the
sample contained in the cylinder and the volume occupied (10 cm3).

Tap density (DT) was estimated by tapping the cylinder until no
measurable change in volume was noticed. Powder compressibility
was evaluated using Carr's compressibility index (CI) [22] shown in
Eq. (1):

CI =
DT−DBð Þ

DT
100 ð1Þ

2.7. Compactability curve

In order to study the compactability of selected spray-dried
powders, materials were compressed in a hydraulic press with
manometer (Delfabro) at different forces for 5 s. Flat punches with a
10.0 mm diameter were used. The hardness of each compact
(150 mg) was determined as the average of 6 measurements using
a hardness tester (Scout).

2.8. Angle of repose (α)

The angle of repose was determined by pouring a pre-defined
mass of spray-dried powder through a funnel located at a fixed height
on a graph paper flat horizontal surface and measuring the height (h)
and radius (r) of the conical pile formed. The tangent of the angle of
repose is given by the h/r ratio [23].

2.9. Moisture content (MC)

Powder moisture content was determined by a moisture analyzer
with halogen heating (model M45, OHAUS). Sample moisture content
analysis was performed immediately after the spray-drying step.

2.10. Hygroscopicity (HYG)

Hygroscopicity was determined by adapting the method proposed
by Tonon et al. [11]. Spray-dried samples – approximately 0.2 g –were
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stored in containers at 25 °C and 75.29% RH — given by a saturated
aqueous solution of NaCl−. After 7 days, the samples were weighed.
The hygroscopicity was expressed as g of adsorbedmoisture per 100 g
of dry solids. In addition, a change in the color of the spray-dried
powders was observed.

2.11. Mixture viscosity

Viscosities of FPE and of mixtures of FPE with different colloidal
silicon dioxide concentrations – colloidal silicon dioxide/SR equal to
0.5:1 and 1:1 – were measured. Measurements were taken in
triplicate, at 20 °C using capillary viscometers – IVA 1 and 1B –

immersed in a constant temperature bath.

2.12. Surface tension measurements

Surface tensions of FPE without carrier and of feed dispersions
with 0.5:1 and 1:1 colloidal silicon dioxide:SR were measured using a
Kruss Easy-Dyne tensiometer, K 20.

2.13. Thermal analysis. Tg determination

In order to study the glass transition temperature (Tg) of different
spray-dried plant extracts, a differential scanning calorimeter (Pyris 1,
Perkin Elmer) was used. Selected powder samples of 10 mg were
placed in aluminum pans and scanned from 30 to 160 °C at a heating
rate of 10 °C/min. The purpose of this first thermal scan was to
eliminate the residual moisture that would interfere with spray-dried
powder Tg determination. Then, the samples were cooled from 160 to
30 °C at a cooling rate of 10 °C/min and re-heated again from 30 to
160 °C at the same rate. Tg value was determined by the half ΔCp
method [24].

2.14. X-ray diffraction (XRD)

XRD patterns were recorded using a Rigaku Geigerflek (DMAX 3 C)
X-ray diffraction system. The anode X-ray tube was operated at 35 kV
and 15 mA.Measurementswere taken from 2° to 70° on the 2θ scale at
a step size of 2°/min.

2.15. Process yield (PY)

The production yield was calculated as the ratio of the powder
weight collected after every spray-drying experiment to the initial
amount of solids in the sprayed dispersion volume.

2.16. Spray-drying and experimental design

The spray-drying process was performed in a laboratory-scale
Mini Spray Dryer Büchi B-290 (Büchi Labortechnik AG). Technical
data and a scheme of the drying apparatus can be found elsewhere
[25]. A two fluid nozzle with a cap orifice diameter of 0.5 mm was
used; the air atomizing pressure was kept constant at 6 bars for all the
experiments.

A 25−1 factorial experimental design was used to assess the effect
of spray-drying operating variables on the powder properties. Five
factors at two levels were considered: (A) drying air inlet tempera-
ture, (B) atomization air volumetric flow rate, (C) feed volumetric
flow rate— expressed as % of themaximum pump rate-, (D) drying air
volumetric flow rate – given as % of the maximum aspiration rate –

and (E) feed solids concentration. Table 1 summarizes the levels of
operating variables.

The dispersion concentrations studied were 5.59 (w/w) and 7.32%
(w/w), with 0.5:1 and 1:1 colloidal silicon dioxide:SR ratios,
respectively. Several authors have used the 1:1 ratio with colloidal
silicon dioxide, such as, Souza and Oliveira [9], Takeuchi et al. [26],

Bhaskar et al. [27] and Palma et al. [28], among others. The 0.5:1 ratio
was selected to assess lower carrier content spray drying procedure
feasibility.

Regarding the highest adjuvant content, it is important to note that
due to its safety characteristics [29] Aerosil 200 can be used as
pharmaceutical carrier even in high proportions, with a very high
lethal dose — LD50 in rats, oral administration equal to 3.16 g/kg.

Atomization air flow rate settings were the lowest (400 l/h) and
highest (800 l/h) values recommended for the experimental unit [25].
100% aspiration (about 35–38 m3/h) was the highest setting attain-
able, while 80% (30–32 m3/h) was the minimum feasible level to
avoid dispersion condensation on the drying chamber surfaces. This
last value was determined from several trial experiments. In order to
ensure a constant drying air flow rate, the filter was replaced by a
clean one after each experiment.

The 15% pump rate (3 ml/min) was set as the maximum feasible
value because higher rates, even for different inlet air temperatures
and aspiration levels, did not allow for water evaporation — i.e. some
condensation on the dryer walls was observed. On the other hand, the
lowest pump rate was fixed at 5% (1 ml/min) in order to process the
total dispersion volume in reasonable time.

All the experimental runs were performed in randomized order
and by duplicates to eliminate possible sources of bias [30,31]. The
experiment design matrix is shown in Table 2. In this table, variable
Tout represents the outlet air temperature.

The effects of operating variables on the responses: angle of
repose, Carr's compressibility index, moisture content, hygroscopicity,
outlet air temperature, process yield andmean volume diameter were
studied. For some selected samples, particle morphology, structure
and thermal properties were also evaluated.

The selected factorial experimental design is of resolution V,
indicating that the main effects are confounded with four factors and
that two-factor interactions are confounded with three-factor inter-
actions [31]. Only main effects and two-factor interactions were
considered by the statistical model. The statistical evaluation of the
results was carried out by analysis of variance (ANOVA); the extent of
the impact of each main factor as well as their two-factor interactions
on the product properties was indicated by the F-value. The higher the
F-value, the greater the factor impact on the response. Statistical
significance was established through p-value; values lower than 0.05
indicate that the factor impact is significant with at least 95%
confidence [32]. Responses were related to main effects and two-
factor interactions by the following equation:

Y = b0 + ∑
i
biXi + ∑

i
∑
jN i

bijXiXj ð2Þ

where Y is the response or its mathematical transformation. The
responses: angle of repose (α), Carr's Index (CI) and average particle
size (D [4,3]) were mathematically transformed prior to statistical
analysis because the experimental data for these responses did not
follow normal distribution. The parameter b0 is the interception —

calculated as the arithmetic mean of the response for all the
experiments-, bi and bij are model coefficients for main effects and
two-factor interactions, respectively. For main effects, a positive
coefficient indicates that the response increases when the variable

Table 1
Process variables levels.

Parameter independent formulation Low (−) High (+) Units

A (air inlet temperature) 130 170 ° C
B (atomization air flow rate) 400 800 (l/h)
C (pump setting) 5 15 %
D (aspirator setting) 80 100 %
E (feed concentration) 5.59 7.32 % (w/w)
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level increases while a negative coefficient shows that the response
increases when the variable level decreases. Xi represents the level of
the factors studied (A to E, see Table 1) in coded form — i.e. +1 and
−1 for the highest and lowest levels respectively. Arithmetic mean
and model coefficients for main effects and two-factor interactions as
well as R2 coefficient values are reported in Table 3.

3. Results and discussion

3.1. Plant extract characterization

The fluid plant extract SR value, measured in triplicate, was 3.80±
0.12% (w/v).

TLC analysis showed two yellow bands with retention times
around 0.05 and 0.14, these values are in agreement with retention
times reported by Wagner and Bladt [21], for cascarosides A and B,
respectively, and the same experimental conditions. Besides, other
yellow bands with retention times of 0.2 and 0.24, representative of
cascarosides C and D, were found. The results confirm the presence of
cascarosides A, B, C, and D; compounds known as active components.

Quantitative determination showed that 1 g of the spray-dried
extract contained 232 mg of hydroxyanthracene derivatives and
180 mg of cascarosides, i.e. a total amount of active components of
41.2% (w/w). The recommended dose for adults and children 12 years
of age and over is 20–30 mg of hydroxyanthracene glycosides per day
[3,33–35]. Therefore, the daily DPE intake – without carrier – would
be around 73 mg.

3.2. Statistical evaluation of the experimental design

3.2.1. Angle of repose
Flow properties of dried products are directly related to their

behavior during storage, handling, and processing [23]. According to
USP 30-NF 25 [16], for repose angles between 25–30° powder flow is
excellent, among 31–35° the flow is good andwithin the range 36–40°
the flow is fair. For values higher than 41°, the powder has bad flow
properties.

As shown in Table 2, the best angle of repose was shown by the
powder obtained from test 16 (α=27±2°), whose flow can be
considered excellent. Besides, the powders obtained from

Table 2
Experimental matrix according to 25−1 factorial design and studied responses.

Run A B C D E α (°)a CI (%)b MC (%)c HYG (g/100 g)d Tout (°C)e Y (%)f D [4,3] (μm)g

1 – + – + + 35±3 18.68±1.23 2.70±0.07 8.88±0.34 65±2.12 82.63±0.74 9.13±0.48
2 + – – + + 28±3 19.74±2.87 2.41±0.08 7.89±1.35 96±2.12 82.00±0.57 13.06±0.48
3 – + – – – 31±3 22.42±1.79 3.64±0.13 10.69±0.89 49±0.71 68.05±0.49 8.30±0.71
4 – – – + – 29±2 21.74±1.36 2.83±0.30 11.35±0.59 66±1.41 79.00±5.09 11.75±0.26
5 + + – – + 31±2 19.26±3.72 2.75±0.02 4.69±2.04 72±0.71 84.55±0.07 9.52±0.44
6 + – + – + 28±2 20.70±2.42 3.02±0.08 9.91±1.13 77±0.71 69.87±9.86 14.43±0.85
7 – – – – + 28±2 20.19±3.05 3.01±0.19 8.64±0.64 74±1.41 69.52±9.79 13.41±0.60
8 + – + + – 33±3 24.04±2.39 3.37±0.19 10.77±0.67 86±3.54 77.85±7.00 12.70±0.89
9 + – – – – 33±2 21.50±3.34 3.62±0.00 10.52±0.82 86±4.24 77.10±0.62 12.99±0.37
10 – + + – + 34±2 16.84±2.70 3.79±0.16 7.81±0.64 44±1.41 70.99±11.43 10.73±1.62
11 + + – + – 35±2 27.04±2.11 4.71±0.06 10.56±0.93 63±2.12 83.43±2.59 8.84±0.49
12 – + + + – 36±4 28.23±2.78 4.72±0.28 11.53±1.45 63±2.83 77.28±2.60 7.94±0.08
13 – – + – – 31±1 22.61±3.14 4.30±0.14 8.65±0.04 65±0.71 55.45±1.48 12.17±0.96
14 + + + + + 30±2 18.31±2.63 3.76±0.01 9.92±0.81 80±0.71 85.70±4.38 10.46±1.45
15 + + + – – 35±2 21.44±2.43 4.25±0.49 9.23±0.61 65±2.12 64.82±3.85 8.58±0.21
16 – – + + + 27±2 20.03±3.08 4.23±0.10 10.63±0.82 55±0.00 67.38±5.20 13.04±0.41

a The values represent the mean of twenty determinations±standard deviation.
b The values represent the mean of sixteen determinations±standard deviation.
c The values represent the mean of two determinations±standard deviation.
d The values represent the mean of four determinations±standard deviation.
e The values represent the mean of two determinations±standard deviation.
f The values represent the mean of two determinations±standard deviation.
g The values represent the mean of twelve determinations±standard deviation.

Table 3
Coefficients of significant main effects and two-factor interactions (Eq. (2)).

Model
coeff.

Ya=α−2.52 Model
coeff.

Ya=CI3 Model
coeff.

Y=MC Model
coeff.

Y=HYG Model
coeff.

Y=Tout Model
coeff.

Y=PY Model
coeff.

Ya=D 4; 3½ �−1

b0 1.74E−4 b0 10390.35 b0 3.58 b0 9.48 b0 68.81 b0 74.71 b0 0.094
bB −2.68E−5 bE −2978.01 bE −0.37 bE −0.93 bA 8.88 bD 4.68 bB 0.016
bE 2.01E−5 bDE −1682.21 bC 0.35 bD 0.71 bB −6.56 bC −3.56 bE −6.07E−3
bAE 1.24E−5 bD 1679.61 bAC −0.26 bCE 0.69 bCE −4.06 bA 3.44 bBE −2.80E−3
bAB 1.06E−5 bBD 1549.69 bB 0.21 bAC 0.45 bBC 2.75 bB 2.45 bCE

b −2.00E−3
bCE 1.01E−5 bBE −1319.07 bBD 0.17 bBE −0.41 bD 2.62 bBE 1.93 bA

b −2.3E−3
bBE −9.95E−6 bAC −1310.44 bBE −0.17 bBD 0.35 bBD 2.50 bE 1.85 bAD

b −1.75E−3
bBD −8.19E−6 bCD 748.85 bAE −0.15 bC 0.33 bC −2.25 bDE −1.83 bD

b 1.34E−3
bDE

b 4.24E−6 bBC −705.43 bAB 0.15 bB
b −0.31 bAE 1.81 bCD

b 1.20 bCE
b −2.32E−3

bA
b −3.62E−6 bAB

b −557.52 bCE 0.14 bA
b −0.29 bAB −1.63 bBC

b 1.07 bAE
b 1.19E−3

bCD
b −3.62E−6 bAE

b 489.22 bCD 0.08 bAB
b −0.27 bCD 1.56 bAB

b −0.99 bBC
b −6.15E−4

bBC
b −3.51E−6 bB

b 376.33 bA
b −0.07 bCD

b 0.19 bBE
b 1.37 bAD

b −0.60 bDE
b 4.40E−4

bAC
b 2.56E−6 bCE

b −341.88 bDE
b 0.06 bAE

b −0.15 bE
b 1.25 bBD

b −3.86E−4
bD

b −2.24E−6 bA
b −181.17 bAD

b 0.04 bAC
b 1.06 bCD

b 3.77E−4
bC

b −3.91E−7 bC
b 6.62 bD

b 0.01 bDE
b 0.94 bAB

b −1.99E−4
R2 0.96 R2 0.94 R2 0.97 R2 0.85 R2 0.99 R2 0.81 R2 0.94

a Mathematically transformed responses.
b Not significant.
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experiments 2, 4, 6 and 7 also presented angles of repose lower than
30°, and, thus, excellent flowability.

The ANOVA analysis indicated that the most significant main
factors affecting the angle of repose were atomization air flow rate (B)
and solids concentration (E), with F-values of 176.14 (pb0.0001) and
99.08 (pb0.0001), respectively (Fig. 1a). According to the coefficients
given in Table 3, the angle of repose was improved when the
atomization air flow rate was decreased and the solids concentration
was increased. Both actions led to bigger particles due to greater
droplet sizes with higher solids content.

The effect of solids concentration on the angle of repose is in
agreement with the results reported by Moreira et al. [12] for acerola
pomace extract using maltodextrin-cashew tree mixtures as carriers.
These authors also found that inlet air temperature (between 170 and
200 °C) had influence on the angle of repose. In fact, the angle of
repose increased as the inlet temperature was risen due to decreases
in product humidity and hygroscopicity.

Although in this work inlet air temperature was not found as a
significant main effect, its interactions with solids concentration
(AE) and atomization air flow rate (AB)were important (pb0.0001 and
F-values of 37.52 and 27.71, respectively). The inlet air temperature
lower impact observed on the angle of repose may be attributed to the

use of colloidal silicon dioxide, a carrier that led to dried samples with
moisture contents lower than those reported byMoreira et al. [12], even
for the lowest inlet temperature used in the experiments presented
here.

3.2.2. Compressibility and compactability
Carr's compressibility indexes of 10% indicate excellent flow,

between 11% and 15% they indicate good flowability, between 16%
and 20% the powder flow is fair, between 21% and 25% the product has
acceptable flow properties and between 26% and 31% the powder flow
is poor [16].

According to Table 2, the lowest CI (16.84±2.70%) was shown in
sample 10 with a fair flow. Samples 1, 2, 5, 6, 7, 10, 14, and 16 also
showed fair flow with CI values between 16.84±2.70 and 20.70±
2.42%. For most samples, a relative agreement between the CI and α
measurement was found. Therefore, several manufactured spray-
dried powders had appropriate properties for DC.

As for the α response, the greatest impact factor on CIwas the feed
solids concentration (E) with an F-value of 98.86 (pb0.0001) (Fig. 1b).
The highest solids concentration led to the lowest Carr's compress-
ibility index, as can be inferred from the sign of the corresponding
coefficient in Table 3.
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Fig. 1. F-values of significant main effects and two-factor interactions with p-values lower than 0.0001 on the responses: a) angle of repose, b) Carr's compressibility index,
c) moisture content, d) hygroscopicity, e) process yield and f) mean volume size.
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This response showed six significant two-factor interactions, being
the solids concentration drying air flow rate (DE) and the atomization-
aspiration flow rates (BD) themore relevant ones— pb0.0001, F-values
31.55 and 26.77, respectively. The aspiration rate also influenced Carr's
index with the same order of importance as the afore-mentioned two-
factor interactions — F-value 31.45, pb0.0001.

Samples 12 – poor powder flow – and 16 – good-fair powder flow –

were subject to compression tests. Fig. 2 presents the compact hardness
for both powders as a function of compression force. For all
compression forces tested, the compact hardness corresponding to
sample 16 – even for low compression forces –was above 4 kg, usually
considered to be the minimum for satisfactory tablets [36]. However,
sample 12 required compression forces higher than 10 kN to give
compacts with adequate hardness. These results demonstrate that
sample 16, corresponding to the powder with the best angle of repose
and a fair Carr's index, had better compactability properties than
sample 12, representing the powder with theworst angle of repose and
Carr's index.

3.2.3. Moisture content
The moisture content was in the range of 2.41±0.08 and 4.72±

0.28 wt.% (Table 2). The main factors that most affected this response
were feed solids concentration (E) and pump setting (C), with F-
values of 122.59 (pb0.0001) and 108.97 (pb0.0001), respectively
(Fig. 1c).

The sign of the coefficient that relates MC to solids concentration
was negative (see Table 3), indicating that higher solid concentrations
produced powders with lower moisture contents. This behavior is in
agreement with previous work on plant extract spray-drying with
colloidal silicon dioxide [15]. On the other hand, as shown in Table 3,
the use of higher feed flow rates (C) gave more moist powders due to
higher water loads for evaporation. The effect observed for the pump
rate on MC is particularly in agreement with the results reported by
Tonon et al. [11] for spray-drying of açai (a fruit juice) using
maltodextrin as carrier and also with many other spray-drying
studies [30, 37].

The significant main effects E and C were involved in many
significant two-factor interactions as revealed by the analysis of
variance (Table 3). Themost important two-factor interaction was the
inlet air temperature-feed flow rate (AC) — F-value 59.02, pb0.0001.
In different plant extract spray-drying with other carriers [11,30,38],
the inlet air temperature appeared as one of the operating variables
withmore impact onMC. In those cases, higher inlet thermal levels led
to lower powder moisture contents. Nevertheless, for Schinus
terebinthifolius Raddi – plant extract – spray-drying with high
concentrations of Aerosil 200 as drying adjuvant, Vasconcelos et al.

[15] found that the inlet temperature did not affect powder residual
moisture content.

3.2.4. Powders hygroscopicity
Hygroscopicity values were between 4.69±2.04 and 11.53±

1.45 g per 100 g of dry solids. Feed solids concentration – F-value
35.28, pb0.0001 – was the variable that most affected powder
hygroscopicity (Fig. 1d). The lowest values were obtained for the
highest Aerosil concentrations tested (Fig. 1d). This confirmed
Aerosil's efficiency as a carrier agent, since its use in relatively high
concentrations improved the angle of repose, Carr's index, powder
moisture content, and hygroscopicity simultaneously. Moreover,
samples 3, 4, 8, 9, 11, and 12 – corresponding to the lower Aerosil
concentration – showed caking and color change from light yellow to
dark brown — i.e. to the FPE natural color- after the conditioning
performed to evaluate hygroscopicity. Color changes of spray-dried
plant extracts during hygroscopicity testing have been also reported
by Souza and Oliveira [9] for mixtures of Bauhinia forficata extract and
for different concentrations of colloidal silicon dioxide. Aerosil is a
white powder, which acts as color diluent for samples containing the
highest value of Aerosil concentration. Besides, using maltodextrin,
Quek et al. [38] observed loss of red-orange color in spray-dried
watermelon powder as the concentration of the excipient was
increased.

As it will be shown in Section 4.3., the higher the feed Aerosil
content the more rounded and smoother the shape and surface of
dried particles are. On the other hand, for lower Aerosil concentra-
tions, the particles have shown a shriveled surface similar to the
morphological structure of the dried plant extract without colloidal
silicon dioxide. Even though Aerosil was able to hold substantial
quantities of liquid within the interstitial volume of its agglomerates,
for the samples with low solids concentration the amount of carrier
available did not seem to be enough to totally confine the plant extract
within the agglomerates' interstitial volume. For high Aerosil
concentrations, the plant extract could be trapped within these solid
particles and then it could be almost unavailable for water adsorption.
This result would be in agreement with the high hygroscopicity
shown by the dried plant extract (DPE), obtained without any drying
adjuvant and at the same operating conditions as experimental run
16, which was 16.82±0.42 g absorbed water/100 g powder. More-
over, after the conditioning at RH=75% the DPE changed from dry
powder to rubbery form.

Tonon et al. [11] evaluated the hygroscopicity of spray-dried açai
powder at the same RH used in the present work, obtaining values
between 12 and 15 g absorbed water/100 g powder. According to the
results of the present work, the authors reported lower hygroscopicity
values for higher carrier (maltodextrin) concentrations.

The second factor of importance on hygroscopicity was aspiration
(D) — F-value 20.51, p: 0.0002-, higher aspirator levels gave higher
hygroscopic powders. The main significant effect E was also involved
in the most important two-factor interaction CE – pump setting – feed
solids concentration, F-value 19.44, p: 0.0003.

3.2.5. Outlet temperature
As expected, the spray-drying process outlet temperature was

influenced by several operating variables. In this study, the outlet
temperature typically varied between 44±1.41 and 96±2.12 °C.

This response was primarily dictated by inlet temperature (A) —
F-value 602.44, pb0.0001-; unsurprisingly higher inlet temperatures
led to higher outlet temperatures. The second parameter with a
significant influence on outlet temperature was the atomization air
flow rate (B) — F-value 329.39, pb0.0001.

Based on an experimental factorial design, Tajber et al. [31]
analyzed the spray-drying of a budesonide/formoterol solution. They
found that outlet temperature was mainly affected – listed according
to significance level – by pump setting, aspiration capacity,
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Fig. 2. Compactability curves for samples 12 and 16.
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atomization air flow rate, and inlet air temperature. These authors
used a wider range of solution feed flow rates (10–40%) than the one
used in this work. This is the reason why, in the present work, pump
setting did not appear as one of the more important main significant
factors on Tout. Nonetheless, this variable was involved in the two
most significant two-factor interactions— CE and BC. Tajber et al. [31]
used aspiration levels between 70 and 100%, while in this work, the
drying flow rate varied in the range of 80–100%. Finally, the authors
used inlet temperatures between 78 and 84 °C, a low variation in
comparison with the thermal levels chosen for this work (130–
170 °C). Consequently, the degree of influence of operating variables
appears to be dependent on the lower and upper levels selected for
the experimental factorial design.

3.2.6. Process yield
Table 2 shows the yields achieved for each experiment. The lowest

yield was for sample 13 (55.45±1.48%) while the highest one was for
sample 14 (85.70±4.38%). Except in just a few experiments, the
yields were greater than or equal to 70% being this value more than
acceptable for lab-scale spray dryers.

The most significant main factor on the spray-drying yield was
the percentage of aspiration (D), — F-value 28.42, pb0.0001. This
variable was followed by feed solution flow rate – C, F-value 16.41,
p: 0.0006 – and inlet air temperature – A, F-value 15.33, p: 0.0009 –

(Fig. 1e). Higher aspirations, that led to a better separation rate in
the cyclone, higher thermal levels in the spray chamber, and higher
drag forces, improve the process yield. On the other hand, for lower
pump rates water loading was almost completely evaporated
decreasing the probability of dispersion condensation on the
chamber walls and thus giving better process yields. Similarly,
higher inlet temperatures made water evaporation easier. All
significant main effects and two-factor interactions on PY are
reported in Table 3.

Tonon et al. [11] also found that feed solution rate and inlet air
temperature were significant effects on the process yield when spray-
drying Euterpe oleraceae extract. On the other hand, Ståhl et al. [30]
observed that aspiration was the effect with the greatest impact on
the yield of a spray-dried insulin solution.

3.2.7. Mean particle size
All the samples showed unimodal particle size distributions, being

the mean volume particle diameter values between 7.94±0.08 and
14.43±0.85 μm. Atomization air flow rate (B) – F-value 216.33,
pb0.0001 –was the variable that most affected this response (Fig. 1f).
The higher mean particle size was obtained for the lower atomization
air flow rate level due to the bigger drops sprayed.

The second factor of importance was solids concentration (E) –

F-value 30.11, pb0.0001 – that is highly related to feed solution
viscosity and surface tension. Table 4 shows viscosity and surface
tension values measured for the fluid extract without carrier and
feed dispersions with 0.5:1 and 1:1 colloidal silicon dioxide:SR
ratios. Dispersions with the highest solids concentrations showed
the highest viscosity and surface tension values and also the biggest
particles. This result is in agreement with the influence of viscosity
and surface tension on solution droplet size, i.e. the higher the
viscosity and surface tension the higher the drop size and,
consequently, the mean particle volume [39]. Tonon et al. [11]
found similar results in açai (Euterpe oleraceae) spray-drying with
maltodextrin as carrier agent. These authors observed that higher
liquid viscosity led to bigger droplets and, thus, to larger particles.

Table 4
Viscosity and surface tension measurements.

Feed solution Viscosity, cP Surface tension, mN/m

FPE 2.47±0.001 39.4±0.1
FPE with 0.5:1 colloidal silicon
dioxide:SR ratio

2.80±0.002 42.4±0.1

FPE with 1:1 colloidal silicon
dioxide:SR ratio

10.31±0.006 44.4±0.1

SEM microphotographs of some selected Rhamnus purshiana (Cáscara sagrada) spray
dried samples.

Fig. 3. SEM microphotographs. a) DPE, b) sample 16, c) sample 12, d) sample 8 and e) sample 1.
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Tajber et al. [31] also found that atomization airflow and solids feed
concentration were significant main effects on mean particle size.

3.2.8. Particle morphology
Particle morphology was studied for samples 1, 8, 12, and 16 and

for the DPE obtained at the same operating conditions as in
experimental run 16.

DPEparticles (Fig. 3a) showed shriveled surfaces and irregular shapes,
as expected for natural extracts [40]. Sample 16, with the best powder
flowability, showed relatively big spherical particleswith smooth surfaces
(Fig. 3b). In contrast, sample 12– corresponding to the testwith theworst
powder flowability – presented a great amount of agglomerates (Fig. 3c)
and particles with different surface patterns — some were smooth and
others were shriveled like the dried plant extract without carrier. This
sample showed the highestMC and hygroscopicity and the lowestD [4,3],
properties that promote particle agglomeration. Although sample 16 also
had relatively highMC andhygroscopicity, coalescence phenomenonwas
not important probably because particles were bigger, smoother, and
more spherical than those in sample 12.

Even though the mean size of sample 8 particles (Fig. 3d) was
similar to that of sample 16, flowability properties – α and CI – were
worse. Lower feed solids concentrations led to more irregular and
shriveled particles, being these two morphological properties respon-
sible for poor powder flowability in sample 8.

Both samples 1 (Fig. 3e) and 12, that presented different surface
morphology — caused by variations in solids concentration, showed
relatively fair powder flow. This result indicates that surface
characteristics play a less important role on powder flowability than
mean particle diameter [41]. In fact, when angles of repose were

Fig. 4. PXRD patterns. a) DPE, b) colloidal silicon dioxide, c) sample 16 and d) sample 12.
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correlated to mean volume diameters, a linear decreasing trend was
observed.

3.2.9. Powder X-ray diffraction (PXRD)
XRD measurements were taken for the DPE, the colloidal silicon

dioxide and samples 16 and 12 that are representatives of good and
bad powder flowability, respectively.

All the samples tested revealed a completely amorphous state, as it
can be confirmed by the presence of broad non-defined peaks with
abundant noises (Fig. 4) [42].

3.2.10. Thermal analysis. Tg determination
Amorphous products are metastable and vulnerable to caking or

collapsing during storage. The stability of these products is forcefully
associated with Tg values, that depend on storage conditions such as
humidity and temperature. Amorphous materials with low moisture
content and Tg values above storage temperature can be considered
stable [43]. For this reason, glass transition temperatures for selected
samples (12 and 16) and DPE were measured. The corresponding DSC
thermograms are shown in Fig. 5. According to the half ΔCp method,
the calculated glass transition temperatures were 117.1, 123.4, and
138.1 °C for the DPE, sample 12, and sample 16, respectively. Aerosil
concentration increase allowed for improving Tg values and, conse-
quently, enhancing product shelf life. The stability provided by Aerosil
was also noticeable when the samples were conditioned at relatively
high RH. In fact, for a relative humidity of 75% the DPE without carrier
changed into a rubbery state, while samples 12 and 16 remained as
powders.

4. Conclusions

According to the analysis of the results obtained in this work and
comparison with those reported by other authors, it can be concluded
that the optimal spray-drying operating conditions for a given plant
extract/carrier system cannot be directly extrapolated from other
formulations. Therefore, experimental work is unavoidable. Factorial
design is a good alternative in order to identify, in a relatively fast and
simple way, those combinations of spray-drying operating conditions
that allow for the production of powders with good rheological
properties and stability attributes.

High solids concentration, i.e. high carrier content, led to powders
with good flowability properties and compactability— i.e. low angle of
repose, low Carr's index, and acceptable hardness at low compression
forces. Moreover, the use of high carrier concentrations significantly
improved powder stability — low moisture content, low hygroscop-
icity, and high glass transition temperature.

Atomization air flow was also revealed to be a key operating
condition. Low feed flow rates of atomizing air increased mean
particle diameter, enhancing powder flowability. High solids concen-
trations also increased particle size. In fact, the higher the carrier
content the higher the viscosity and surface tension of the dispersions
and, consequently, the bigger the droplet sizes.

All the process yields obtained in the present work were very good
for the mini spray dryer used. The best yields were found for high
aspiration flow rates.

Thiswork allowed tofindoperating conditions– e.g., tests 6 and 16–
to produce Cáscara sagrada extract powders that are adequate for direct
compression and that have appropriate physical properties to ensure
good product stability — i.e. a safe shelf life.
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