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Abstract

Mannitol is a polymorphic pharmaceutical excipient, which commonly exists in three forms: alpha, beta and delta.
Each polymorph has a needle-like morphology, which can give preferred orientation effects when analysed by X-ray
powder diffractometry (XRPD) thus providing difficulties for quantitative XRPD assessments. The occurrence of
preferred orientation may be demonstrated by sample rotation and the consequent effects on X-ray data can be
minimised by reducing the particle size. Using two particle size ranges (�125 and 125–500 �m), binary mixtures of
beta and delta mannitol were prepared and the delta component was quantified. Samples were assayed in either a
static or rotating sampling accessory. Rotation and reducing the particle size range to �125 �m halved the limits of
detection and quantitation to 1 and 3.6%, respectively. Numerous potential sources of assay errors were investigated;
sample packing and mixing errors contributed the greatest source of variation. However, the rotation of samples for
both particle size ranges reduced the majority of assay errors examined. This study shows that coupling sample
rotation with a particle size reduction minimises preferred orientation effects on assay accuracy, allowing discrimina-
tion of two very similar polymorphs at around the 1% level. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The repercussions of polymorphic transforma-
tions with regard to drug product performance

are well recognised by the pharmaceutical indus-
try. The different internal crystal structures of a
given drug (which constitute the phenomenon of
polymorphism) usually exhibit different physico-
chemical properties [1]. These variations may
manifest themselves in altered bioavailabilities
and chemical stabilities, which on polymorphic
transformation, could subsequently jeopardise
dosage form performance. The impact of such
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transformations, therefore, warrants quantitative
control to ensure that the polymorphic composi-
tion remains within stated limits throughout the
shelf-life of the drug product [2]. Similar concerns
exist for pharmaceutical excipients since the vari-
ous polymorphic forms may lead to different bio-
logical activities [3]. Mannitol is a common
pharmaceutical excipient exhibiting at least three
polymorphic forms: alpha, beta and delta, which
can be found in lyophilised products such as
injections and granulated powders for oral use.
Mannitol is also used in chewable tablet formula-
tions and lozenges as it imparts a cooling sensa-
tion in the mouth, has approximately half the
sweetness of sucrose yet is non-cariogenic [4,5].
Each polymorphic form shows differences in
physical properties such as melting point, density
and compression behaviour. Transitions at ele-
vated temperatures and solution-mediated trans-
formations at ambient temperatures have been
observed with some of the mannitol polymorphs;
the transition product was identified as the most
stable beta form.

Many techniques have been used to determine
content in mixtures of active pharmaceutical poly-
morphs or amorphous content in crystalline drug.
Reflectance IR spectroscopy (near- and mid-IR)
was used by Patel et al. [6], Luner et al. [7] and
Bugay et al. [8]. Quantitative studies of ampicillin
and sulphamethoxazole indicated that levels of
1% could be predicted using near-IR reflectance
spectroscopy [7]. Bugay et al. reported a limit of
detection (LOD) of 0.3% (w/w) and limit of quan-
titation (LOQ) of 1% (w/w) for quantitation of
cefepime·2HCl dihydrate in cefepime·2HCl mono-
hydrate [8]. FT-Raman spectroscopy is increas-
ingly being used in a quantitative capacity; Taylor
and Zografi assessed proportions of crystalline
and amorphous indomethacin using a ratio of
peak heights unique to each component. A LOD
of 0.6% and LOQ of 2% were calculated for both
constituents [9]. The quantitation of mannitol us-
ing this spectroscopic technique also gave a LOQ
of approximately 2% for the beta form in mix-
tures containing beta and delta [10]. Calcium ox-
alate monohydrate, a mineral component present
in urinary stones was detectable at levels of 0.6
mol% according to the FT-Raman spectroscopic

study completed by Kontoyannis et al. [11]. In a
similar study, Kontoyannis et al. compared the
quantitative data obtained for calcite, aragonite
and gypsum using FT-Raman spectroscopy and
powder X-ray diffractometry (PXRD) where rela-
tively lower detection limits for each material
were obtained using the spectroscopic technique
[12]. Solid-state NMR spectroscopy has also been
employed in quantitative applications where it
offers a high degree of spectral resolution [13].
Gao successfully quantified mixtures of
delavirdine mesylate polymorphs achieving a de-
tection limit of 2–3% [14].

Despite the above, X-ray powder diffractome-
try (XRPD) is usually the preferred method for
the analysis of polymorphic content in mixtures
[1]. Chao and Vail analysed 1,2-dihydro-6-neo-
pentyl-2-oxonicotinic acid using PXRD and re-
ported a detection limit of less than 1% of form I
in form II [15]. Similarly, the quantitation of
cefepime·2HCl dihydrate in cefepime·2HCl mono-
hydrate resulted in a detection limit of 0.75%
(w/w) dihydrate and a quantitation limit of 2.5%
(w/w) [8]. XRPD has also been used to quantify
sample crystallinity [16,17] even though, generally,
no clearly defined diffraction peaks are recorded
with amorphous materials. In determining the
degree of crystallinity of a leukotriene biosynthe-
sis inhibitor, Clas et al. reported a detection limit
of approximately 5–10% of the crystalline phase
[16]. Surana and Suryanarayanan showed a lower
detection limit of 0.9% (w/w) for crystalline su-
crose in mixtures containing crystalline and amor-
phous forms [17]. Recently Chen et al. were able
to detect 0.37% amorphous content in mixtures of
crystalline and amorphous lactose using the entire
diffraction pattern in their analysis [18].

However, there are numerous potential errors
associated with quantitative XRPD analysis
which require consideration [19,20]. Thirty-three
parameters, which can affect the accuracy of
quantitative analysis using XRPD, were described
by Hurst et al. [21]. These parameters can be
grouped into three categories: instrumental fac-
tors, inherent properties of the analyte and
parameters relating to sample preparation and
mounting. Of the numerous sources of error ap-
parent in quantitative XRPD studies, it appears
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that the accuracy of quantification depends sig-
nificantly on the minimisation of preferred orien-
tation effects [13] which can affect peak intensity
by up to 100% [21]. Some of the major sources of
error associated with quantitative XRPD were
examined by Suryanarayanan in his work involv-
ing carbamazepine [20,22], though rotation of the
samples was not employed to reduce the errors
from preferred orientation effects.

Here we have examined some of the major
potential errors associated with quantitative
XRPD analysis of mannitol polymorphs. Since
the mannitol polymorphs have needle-like mor-
phologies, preferred orientation effects were ex-
pected to be problematic with regard to the
accuracy of quantitative data. These effects may
be minimised by reducing the particle size [23],
although sample grinding may induce polymor-
phic transformation [13] and disorder the crystal
lattice [20]. Two particle size ranges were, there-
fore, investigated; below 125 and 125–500 �m,
and the influence of sample rotation on preferred
orientation errors was probed.

1.1. Theoretical background

Alexander and Klug [24] initially developed the
theoretical basis for quantitative analysis used in
XRPD, which has been subsequently been suc-
cessfully used by Suryanarayanan [20,22,25]. Eq.
(1) gives the basic relationship used in quantita-
tive analyses involving PXRD [23,24].

IiJ=
KxJ

pJ�m*
(1)

IiJ is the intensity of line i (either from peak
area or height) of the unknown component J, K is
a constant, xJ represents the weight fraction of
component J and pJ is the density of component
J. The mass absorption coefficient of the matrix is
depicted by �m*. Here, mannitol mixtures con-
tained the beta and delta polymorphs where delta
is the ‘unknown’ component whilst beta is the
matrix. Eq. (1) can, therefore, be rewritten to give
Eq. (2) where Ii� is the intensity of line i of delta
mannitol, x� and p� are the weight fraction and
density of delta, respectively, and ��* is the mass
absorption coefficient of the beta polymorph.

Ii�=
Kx�

p���*
(2)

In a sample containing 100% delta mannitol,
the intensity of line i (represented by (Ii�)0) can be
determined using Eq. (3) where ��* is the mass
absorption coefficient of the delta polymorph.

(Ii�)0=
K

p���*
(3)

The ratio of intensities of line i in a delta
mixture to the identical line in a sample contain-
ing only delta mannitol can, therefore, be deter-
mined using Eq. (4).

Ii�
(Ii�)0

=
��*x�

��*
(4)

Since beta and delta mannitol are polymorphs,
their mass absorption coefficient values are the
same which allows Eq. (4) to be adjusted to give
Eq. (5).

Ii�
(Ii�)0

=x� (5)

Using Eq. (5), a plot of intensity ratio (Ii�/
(Ii�)0) against the weight fraction of delta (x�)
should give a straight line with a slope of 1.

2. Experimental section

2.1. Material preparation

Analar delta mannitol (�99%, BDH Labora-
tory Supplies, UK) was used as obtained. � Man-
nitol was prepared by adding �13 g of delta
mannitol to 50 ml distilled water, stirring for 20
min at 50 °C before cooling to room temperature.
The crystals formed were removed and allowed to
dry naturally. Samples were lightly ground and
sieved manually to give particle size ranges of
below 125 and 125–500 �m.

2.2. Preparation of samples

About 0.5 g calibration mixtures of varying
beta:delta mannitol composition were prepared
for both particle size ranges. Samples were tumble
mixed (Wad Turbula T2C, System Schatz,
Switzerland) for 100 revolutions before use.
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2.3. X-ray powder diffractometry

X-ray powder diffraction patterns of the sam-
ples were obtained using a Siemens D5000 powder
diffractometer (Siemens, Karlsruhe, Germany)
equipped with a scintillation counter detector and
a divergent beam. This beam employed a Cu K�
source with a wavelength of 1.5418 A� containing
2 mm slits over the range of 9–25° 2� with a step
size of 0.05° 2� and a count time of 1 s per step.
The generator was set to 40 kV and 30 mA.

Samples were placed onto holders and rotation
levels adjusted to obtain powder X-ray diffraction
profiles from stationary and rotated samples (30
rpm). Data analysis was completed using GRAMS

32 version 5 software (Galactic Industries Corpo-
ration, USA).

2.4. Estimation of assay errors

Numerous potential assay errors associated
with XRPD quantitative analysis were investi-
gated, and are described in Table 1. For both
particle size ranges, a single mixture of mid-cali-
bration range was used to perform the estimation
of assay errors using stationary and rotated
sampling.

3. Results

3.1. Characterisation of the reference polymorphs

Qualitative analysis of the reference poly-
morphs was performed using FT-Raman spec-
troscopy and XRPD. Delta mannitol was certified
as �99% pure and XRPD analysis of beta man-
nitol showed no evidence for contamination by
other polymorphic forms when compared with
literature diffraction profiles [26].

3.2. Determination of peak analysis parameters

Several methods have been employed to quanti-
tatively examine XRPD peaks. Bugay et al. [8]
used peak heights (in counts) against percentage
weight as the calibration curve for quantification
of cefepime·2HCl dihydrate in the monohydrate.

Kontoyannis et al. [12] calculated the ratio of
intensities of two selected diffraction lines in a
mixture of gypsum and aragonite, which gave a
linear relationship when, plotted against the cor-
responding molar fraction. In quantifying the de-
gree of crystallinity, Clas et al. [16] selected six
peaks and summated their peak areas to plot the
total peak area against percentage crystallinity.

From the XRPD quantification work per-
formed by Suryanarayanan [20,22], it is clear that
diffraction line ‘intensity’ should use area under
the curve of the peak and not peak height [25];
large variations in line shape resulting from differ-
ences in particle size can affect peak height
whereas area would be invariant. Diffraction data
from eight calibration samples were analysed by

Table 1
Some potential assay errors associated with quantitative analy-
sis using PXRD

Measurement descriptionError category

Day-to-day Variability in instrument response was
reproducibility investigated over a time period of 5

days. A single sample was placed in the
instrument and a X-ray profile was
recorded each day
Reproducibility of the instrument wasInstrument
investigated by acquiring six consecutivereproducibility
diffraction patterns of a single sample
Variability of the instrument responseIntra-day

reproducibility during a typical working day was
investigated by using a single sample
and acquiring ten diffraction patterns
over a 8 h period

Rotation rate Effects of sample rotation were
investigated by obtaining PXRD
patterns of a single sample at rotation
levels of 15, 30, 60 and 120 rpm

Sample mixing To assess the variation due to sample
mixing, the diffraction patterns of ten
sub-samples were obtained from the
whole sample mixture

Sample packing Variations due to crystal orientation
were assessed by re-packing the same
sample ten times and acquiring a single
diffraction profile after each packing

Sample Effects of variation in position of the
sample holder within the instrumentpositioning
were examined by using a single sample
and randomly repositioning the holder
ten times
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Fig. 1. XRPD profiles (9–12° 2� region) of various composi-
tions of beta and delta mannitol.

Therefore, the number of steps was determined
by dividing the selected theta range by the step
size. The 2-� range for the delta peak was 0.9°
(9.5–10.4° 2�), and the step size used in data
collection was 0.05° thus the number of steps is
18. The background counts for the lower and
higher values of two-theta were calculated, per-
mitting the same number of steps to be integrated
for both the delta peak and the background. The
calculated area of the background was subtracted
from the peak area to give a net peak area (Ii�)
which represents the peak area of delta in a
mixture containing various proportions of beta
and delta mannitol. Ii� is divided by the net peak
area of a sample containing only delta mannitol
((Ii�)0) and the resulting ratio is then plotted
against the mole fraction of the delta component
to produce a correlation curve.

3.3. Preparation of the correlation cur�e

The resulting mean ratio values (Ii�/(Ii�)0) for
each of the correlation samples were multiplied by
100 to convert the values into percentage calcu-
lated delta concentration. The calculated delta
concentrations were plotted against actual delta
concentrations for each of the four sample groups
(rotation/�125 �m; rotation/125–500 �m; no ro-
tation/�125 �m; no rotation/125–500 �m) (Fig.
2).

3.4. E�aluation of limit of detection and limit of
quantitation

The LOD of the quantitative method was cal-
culated using Eq. (6) where Sm is the minimum
distinguishable analytical signal, Mbl is the mean
blank signal, k is a multiple (3 in this case as three
measurements were recorded for each sample) and
sbl is the standard deviation of the blank signal
[28].

Sm=Mbl+ksbl (6)

The relationship between the measured signal
(S) and the concentration of the analyte (C) is
shown in Eq. (7) where m is the slope of the
calibration curve and Sbl is the instrumental signal
for the blank sample.

calculating both peak height and peak area; in
agreement with literature expectations, data using
peak areas was superior to that obtained from
peak heights. Thus, the area under the delta peak
situated at approximately 10° 2� was subse-
quently used since this provided the strongest
intensity and was unique to the delta form (Fig.
1). The 2-� region of 9.5–10.4° provided sufficient
angular range for the determination of peak area
of delta and also allowed an adequate 2-� region
for the measurement of background area.

Several effects including lattice imperfections of
the specimen may contribute to the scattering and
diffraction of angles other than the Bragg reflec-
tions [27], therefore, the background intensity re-
quires consideration and can be calculated from
measurements on both sides of the peak which,
ideally should equal the counts calculated for the
peak area [20,23]. Unfortunately, in the case of
beta and delta mannitol mixtures, a beta peak
(situated approximately between 10.5 and 11° 2�)
restricts the angular range from which the back-
ground can be calculated, Fig. 1. The possible
interference of this beta peak can be compensated
for by calculating the background counts for the
same number of steps as for those calculated for
the delta peak [20]. This technique assumes that
the background counts do not undergo any distin-
guishable change as a function of the scanning
angle in the 2-� region of interest [22].
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S=mC+Sbl (7)

Eq. (7) can be adapted to calculate the mini-
mum concentration at which a measurable signal
(Sm) is observed to give Eq. (8) where Cm repre-
sents the LOD.

Sm=mCm+Mbl (8)

The LOD can be calculated directly by rewrit-
ing Eq. (8) to give Eq. (9).

LOD=Cm=
(Sm−Mbl)

m
(9)

The LOQ is given as ten standard deviations of
the blank signal (Eq. (10)).

LOQ=10×sbl (10)

The Cm (LOD) and LOQ values for each of the
four sample groups are given in Table 2.

3.5. Estimation of sources of error

The relative standard deviation (R.S.D.) associ-

ated with each error category was calculated using
Eq. (11) where S.D. represents the standard devia-
tion of the measurement and m is the mean
Ii�/(Ii�)0 value. The R.S.D. value for each error
category could then be compared for each of the
four sample groups (Table 3).

R.S.D.=
S.D.

m
×100 (11)

4. Discussion

4.1. Quantitation of delta mannitol

4.1.1. Effects of rotation
For each correlation curve the line of best-fit

was selected and correlation coefficients calcu-
lated (R2) (Fig. 2). The R2 values ranged from
0.957 to 0.983, which are somewhat lower than
values expected for correlation curves [29]. Data
from the rotated samples of both particle size

Fig. 2. Correlation curves (calculated delta concentration vs. actual delta concentration in percentage) of the �125 and 125–500
�m samples analysed with alteration of sample rotation.
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Table 2
Mean calculated delta concentrations, LOD and LOQ (%) calculated from PXRD patterns with S.D. (n=3) in parentheses.

Actual percentage of delta 125-500 �m Particles�125 �m Particles

No rotation of samples Rotation of samplesRotation of samples No rotation of samples

−0.21 (0.12)0 0.14 (0.7)0.05 (0.4) −0.04 (0.2)
−0.14 (0.26)0.5 −0.14 (0.14)−0.14 (0.1) −0.6 (0.9)

0.6 (1.2) 0.19 (1.6)−0.7 (1.1) 0.02 (0.2)1
2 1.6 (0.8)1.4 (1.4) 0.04 (1.0) −0.2 (0.5)

6.4 (1.4) 0.9 (0.01)6.8 (1.7) 1.0 (0.4)5
8.5 (1.8) 4.8 (2.1)10 4.5 (0.6)8.5 (1.0)

19.4 (1.7) 9.0 (2.3)19.8 (1.0) 11.5 (5.2)20
44.2 (11.7) 25.6 (1.4)40 20.9 (5.9)37.6 (5.6)
48.4 (5.6) 33.0 (4.4)45.8 (9.1) 28.9 (9.1)50
50.3 (10.1) 49.3 (10.2)60 57.5 (4.8)49.3 (8.7)
94.9 (5.6) 81.3 (5.2)88.2 (5.9) 72.5 (7.3)80

90 84.0 (19.0)81.2 (9.7) 78.2 (13.8) 88.9 (9.2)
115.2 (24.4) 90.4 (3.4)106.4 (10.4) 101.7 (21.4)95

107.7 (19.9)98 103.5 (27.9) 99.7 (14.3) 78.8 (3.0)
100.5 (15.8)99 78.7 (8.1) 87.5 (9.1) 94.9 (23.0)

100.0 (14.3) 100.0 (22.0)100.0 (17.0) 100.0 (19.2)100
LOD 1 0.3 2.1 0.6

1.2 7 1.83.6LOQ

ranges gave R2 values higher than their non-ro-
tated counterparts suggesting that sample rotation
improves the correlation between the actual and
measured amount of delta present. For the most
part, the mean calculated delta concentrations of
the �125 �m samples showed close agreement
regardless of rotation (Table 2). The standard
deviation associated with the mean concentration
was however, generally greater for the non-ro-
tated samples. This indicates that measurements
more representative of the overall sample mixture
were obtained through sample rotation.

4.1.2. Particle size effects
The mean calculated delta concentration of the

larger particle size range exhibited greater varia-
tion between the rotated and non-rotated mix-
tures with half of the samples showing
approximately 5–20% variation. This provides
strong evidence for the existence of preferred ori-
entation effects with the 125–500 �m particle size
range since a change of more than 10% in the
intensity of a peak when the sample is rotated is a
potential indicator of preferred orientation effects
[21].

4.1.3. Limits of detection and quantitation
The LOD value obtained for the rotated �125

�m sample in this study is comparable to those
recorded by other workers [8,17] although the
corresponding LOQ value is higher. From the
data in Table 2 it can be seen that reducing the
particle size from 125 to 500 �m to below 125 �m
halved the calculated LOD and LOQ values for
both the rotated and non-rotated samples. This
indicates that the detection and quantitation limit
for the method can be improved by reducing the
particle size range of the samples.

The data in Table 2 also indicate that the
non-rotated samples for both particle size ranges
give the lowest LOD and LOQ values despite
exhibiting the lowest correlation coefficients of all
the correlation curves (Fig. 2). The low LOD and
LOQ values of the non-rotated mixtures may be
attributed to negative mean Ii�/(Ii�)0 values. The
LOD is determined from calculations using the
blank sample (only beta mannitol present) and
examination of the appropriate data revealed
greater peak area values for the surrounding
background than the actual region used for delta
peak area measurement; preferred orientation of
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the needle crystals may account for this
observation.

From the lower LOD and LOQ values pre-
sented in Table 2 it would initially appear that not
rotating the sample improves assay sensitivity.
However, the value of this quantitative assay can
not be based solely on the LOD and LOQ values
because the calibration data generally indicate
that less variation is observed with the mean
Ii�/(Ii�)0 values obtained from the rotated �125
�m rather than the corresponding non-rotated
samples. The greatest correlation between the ac-
tual and calculated concentration values was for
the calibration curve plotted using the rotated
�125 �m samples. Therefore, the LOD and LOQ
data presented in Table 2 may appear misleading
and the accuracy and precision of all the correla-
tion data must be considered when determining
the analytical value of this technique for quantita-
tive purposes.

5. Estimation of assay errors

Instrument reproducibility was determined by
recording six consecutive measurements of a sam-
ple without disturbance. Variation arising through
instrument reproducibility was up to 2%, with the
�125 �m rotated samples showing the lowest
R.S.D. of 1.1%. The non-rotated 125–500 �m
samples exhibited the greatest R.S.D. (2%) which
was surprising since the error category involved
recording six consecutive measurements without

sample disturbance. The data in Table 3 indicates
that sample rotation reduces the variation associ-
ated with instrument reproducibility.

Day-to-day reproducibility was examined by
collecting daily diffraction patterns of a single
sample for a period of 5 days. The variation
observed with samples with a particle size range
below 125 �m on a day-to-day basis was in the
region of 5%. For the 125–500 �m mixtures, the
variation recorded was approximately 16 and 31%
for the rotated and non-rotated samples, respec-
tively; this difference in variation with particle size
indicates the presence of preferred orientation ef-
fects with the larger particles. These errors appear
excessive when compared with those from intra-
day variation. However, it should be borne in
mind that the day-to-day error for which the
sample was removed daily from the instrument is
a composite including variability resulting from
sample re-positioning and possibly from sample
disturbance on re-analysis.

Sample positioning effects were assessed by ran-
domly repositioning the sample holder ten times.
Rotation of the �125 �m samples appeared to
have little effect on the variation arising from
sample positioning (Table 3), but the significant
difference in R.S.D. values of the rotated and
non-rotated 125–500 �m samples suggests that
preferred orientation effects occur with these
larger particles. The variation associated with po-
sitioning of the 125–500 �m sample was reduced
(approximately 5-fold) through sample rotation.
Thus, errors induced by preferred orientation ef-
fects can be reduced through rotation.

Table 3
R.S.D. (%) of results obtained for each of the potential error categories investigated using PXRD

125–500 �m Particles�125 �m ParticlesError category

No rotationRotationa RotationaNo rotation

4.3 5 16.1 30.8Day-to-day reproducibility
1.1 1.4Instrument reproducibility 1.3 2.0

2.11.5 1.8bIntra-day reproducibility 2.0
26.421.333.419.7Sample mixing

19.9 16.7bSample packing 23.8 30.0
Sample positioning 6.1 6.0 3.0 14.5a

R.S.D. values associated with: a, mean of nine samples; b, mean of eight samples.
a Rotation rate of 30 rpm.
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Sample packing effects were investigated by
re-packing a single sample ten times, recording a
diffraction pattern after each preparation. The
�125 �m samples exhibit only a minor difference
in the R.S.D. values between the rotated and
non-rotated samples. In comparison, the R.S.D.
values for the rotated and non-rotated 125–500
�m samples are larger indicating that greater vari-
ation due to sample packing is observed for the
bigger particle size range. Re-packing the same
sample results in a variation of 30% for the non-
rotated 125–500 �m particle size range samples
which was reduced to 24% for the corresponding
non-rotated 125–500 �m samples.

Sample mixing effects were assessed by collect-
ing diffraction patterns of ten sub-samples of a
single sample mixture, which resulted in R.S.D.’s
between 19 and 34%. From the data shown in
Table 3 it can be seen that rotating the samples
reduced the variation associated with sample mix-
ing for both particle size ranges.

Intra-day reproducibility was investigated by
recording ten diffraction patterns of a single sam-
ples over a time period of 8 h. The investigation
of intra-day reproducibility resulted in variations
between �1 and 2% for all four sample groups.
Relatively small variation for intra-day reproduci-
bility was expected since the same mixture was
measured across an 8 h period without sample
disturbance. From the data in Table 3 it can be
demonstrated that consistent instrumental re-
sponse across time periods of 1 h (instrument
reproducibility) and 8 h (intra-day reproducibil-
ity) was observed.

The effect of varying rotation rate on profile
quality was examined by obtaining diffraction
patterns from a single sample rotated at 15, 30, 60
and 120 rpm. Measurements were collected using
a scan rate of 1 s per 0.05° step. One complete
rotation of the sample would have taken approxi-
mately 4 s for the 15 rpm level, 2 s for 30 rpm, 1
s for 60 rpm and 0.5 s for 120 rpm. Thus it might
have been expected for the pattern of the sample
collected using 120 rpm to be more representative
of the overall mixture since relatively more of the
sample is involved in the measurement for each
two-theta step taken than the other rotation rates.
However, in this study, little variation was ob-

served between the calculated delta percentages
for each rotation rate. This indicates that al-
though sample rotation appears beneficial in re-
ducing the errors associated with preferred
orientation, the rate of rotation appears to be a
less critical factor and that any of the rotation
rates adopted in this study could be used for
quantitative analysis.

Generally, the non-rotated 125–500 �m sam-
ples exhibited the greatest R.S.D. values for the
majority of assay errors investigated. Rotation of
these samples reduced the R.S.D. values of all the
errors other than intra-day reproducibility, which
was essentially invariant.

From the potential errors investigated in this
study, control of parameters such as sample pack-
ing and mixing appear critical to the accuracy of
the data obtained. Generally, parameters involv-
ing the response of the instrument with no sample
disturbance (instrument and intra-day reproduci-
bility) gave relatively small R.S.D. values (around
2%) indicating good reproducibility of the tech-
nique. Similar observations were seen in the quan-
titative analysis of mannitol polymorphs using
FT-Raman spectroscopy where the largest sources
of variation could again be attributed to the sam-
ple packing and mixing categories. Good repro-
ducibility (relatively small R.S.D. values) was also
obtained for the instrument and intra-day repro-
ducibility error categories [10]. The R.S.D. value
recorded for the �125 �m sample mixing error
was 3% for the spectroscopic study compared
with 19–33% obtained for this work. The former
variation was attributed to inhomogeneous mix-
ing of the particles, which resulted in non-repre-
sentative measurements since relatively small
volumes of sample were analysed per FT-Raman
spectrum recorded. However, for XRPD analysis,
sampling involved the majority of the 0.5 g cali-
bration mixture, which should have allowed a
more representative measurement of the sample.
Thus it is likely that preferred orientation effects
rather than inhomogeneous mixing of the parti-
cles are responsible for the larger variation
observed.

The estimation of assay errors performed by
Bugay et al. [8] used particles of 125–590 �m and
since no mention of sample rotation was made,
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their results could be compared with the data
obtained in Table 3 for the non-rotated 125–500
�m samples. For each of the error categories
listed in Table 3 (with the exception of intra-day
reproducibility) Bugay et al. [8] observed a varia-
tion of 5.3–7.6%, significantly lower than the
variation observed for the day-to-day reproduci-
bility, sample-positioning, -packing and -mixing
categories in this study. Interestingly, the ce-
fepime·2HCl samples analysed by Bugay et al. [8]
included plate-like crystals, which are less prone
to preferred orientation effects as is the case for
mannitol polymorphs than crystals with needle-
like morphologies, as is the case for mannitol
polymorphs. It would be of benefit to determine
the errors associated with XRPD quantitative
analysis from materials with a range of crystal
habits in order to probe the utility of the method
for diverse particulate systems.

6. Conclusions

The effects of particle size and sample rotation
on XRPD quantitative analysis of mannitol poly-
morphs were probed. Rotating samples and re-
ducing particle size halved the LOD and LOQ
values to 1 and 3.6%, respectively.

Some of the major potential assay errors were
examined which provided the bulk of variation to
the data. Instrumental accuracy and precision
contributed typically �2% variation to all sam-
ples with sample packing and mixing errors con-
tributing the greatest variation to the data.
Preferred orientation of the particles could ex-
plain the large variations seen with the majority of
the error categories. In conclusion, reducing the
particle size to �125 �m improved assay accu-
racy, as did rotating the sample for most of the
errors examined. Thus, if grinding a polymorphic
system to reduce particle size is problematic with
regard to stability, sample rotation offers an alter-
native approach for assay error reduction.

The present study demonstrates that poly-
morphs exhibiting very similar XRPD profiles can
be successfully quantified using this technique but
attention must be given to the size of the crystals
involved. Generally, a reduction in particle size

improved the limits of detection and quantitation
and associated assay errors.

The main limitation of this method with regard
to the quantification of mannitol is likely to be the
morphology of the crystals involved. The needle-
like particles are prone to preferred orientation,
which has been shown to significantly influence
the data in this study. The assay may have been
complicated by the fact that both components
have needle-like habits. Preferred orientation ef-
fects were reduced by rotating the samples, which
could serve to improve the accuracy of future
quantitative studies involving XRPD.

From this work and studies performed by other
workers [8], crystal morphology appears to influ-
ence the degree of variation observed with quanti-
tative XRPD errors. Thus, it would be of great
interest to study the effect of particle morphology
on the accuracy of quantitative analysis using
XRPD. From this, workers could assess the suit-
ability of XRPD for quantitative analysis depend-
ing on the crystal morphology of their material.
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