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Abstract

Different preparation methods and techniques were utilized to explore the crystallization behavior of the anhydrous lactose
crystals prepared from a-lactose monohydrate. The crystal morphology of the obtained polymorphs was observed by SEM and
the structural characterization of the samples was carried out by XRD. And several typical crystal shapes have obtained in the
experiment, such as tomahawks, diamond-shaped plates and pyramids. The anhydrous a-lactose form obtained by rapid
dehydration exhibits the same X-ray peaks as the monohydrate. The presence of lactose polymorphs in the test samples was
determined by DSC and the weight loss was measured by TGA. This study supplied some methods to prepare the anhydrous
lactose and discovered a dehydration peak of B-lactose in the TGA picture at approximately 125 °C.
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1. Introduction

Lactose, which is composed of D-glucose and D-galactose, is a kind of disaccharide [1]. A distinctive feature of
lactose is the manifestation in different crystal structures and temperature-dependent physico-chemical
interrelationships. The production of powders with controlled and desired product properties has always been a
challenge, especially in pharmaceutical [2] and food industry [3]. Most of the academic and industrial research
groups now recognized the importance of detecting polymorphic forms and solvated varieties at the earliest stage of
development of potential new drugs.
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a-Lactose monohydrate (La*H,0) is the most common form, which is relatively nonhygroscopic. Its physico-
chemical properties, crystallization and dehydration behaviors have also been studied [5-7]. The types of crystal
forms may depend on material composition [8, 9], drying method, storage temperature, time, and relative humidity
[10, 11], etc. Three out of four lactose polymorphs: LaH,0, unstable hygroscopic anhydrous a-lactose (LaH), and
B-lactose (LB, less hygroscopic), crystallize with monoclinic unit cells [4]. The crystal structure of the stable
anhydrous a-lactose (LaS) is a more complex triclinic unit cell.

Lactose with different characteristics can be prepared by different methods. For example, adding alcohol in
lactose solution can decrease the solubility of lactose [12]. Anhydrous forms of a-lactose can be produced either in
vacuum or in air under different temperature [8]. The preparation temperature of LaS is higher than LoH [13]. There
are several methods to prepare LaS [14, 15] and LaH [13, 15, 16]. It has been reported by Figura and Epple [14] that
LaH is a precursor of LaS. LaS can be prepared from LaesH,0 at 160-170 °C, which has been demonstrated by DSC
and XRD [4]. There are several methods developed for the preparation of the other important anhydrous forms. For
instance, LB can be prepared by adding some different effective solvents, such as methanol, ethanol and n-butanol
[13,17, 18].

Different crystal forms of lactose crystals are of great interest to industrial crystallization, especially in the area of
food, pharmaceutical and fine chemicals, as the physicochemical properties of solubility, density, stability, and
bioavailability depend directly on the polymorphs. However, few studies have been investigated the effects of
crystallization conditions on the crystal habit of lactose, such as particle size and particle shape. The crystal habit of
La<H,0 varies greatly under different condition of crystallization [19-22].

In order to explore some methods to prepare the dehydrated forms of lactose by La<eH,O, this paper mainly
discusses the lactose crystallization in aqueous solution, methanol, ethanol and acetone. Some of the anhydrous
samples were generated by the direct-dried method. The obtained polymorphs were characterized by SEM to
investigate morphologic features. The structures of the polymorphs were investigated by XRD. The obtained crystals
were characterized by DSC and TGA to assess the dehydration onset temperature and the weight loss.

2. Experimental
2.1. Materials

La*H,O (Respitose SV001 from DMV International, Veghel, The Netherlands) was chosen as the model material
for it is well-known as an amorphous form. The raw material was employed with no further purification. All other
chemicals were analytical grade. In all experiments, distilled water was used.

2.2. Sample preparation

Preparation of LaS: LaS was prepared by two similar methods. The first method: The samples were prepared at
room temperature, and methanol and ethanol were dried before used. A certain amount of La*H,O were added into
methanol and ethanol, respectively. All these samples were put into shaking table directly, shaken for 48 h and dried
at 90 °C. The second method: The equal mass of La*H,0 was added into methanol (H,O <X 0.01%) under stirring at
room temperature, and the solution was heated at 90 °C.

Preparation of LaH: the direct-dried sample (Fig. 1) was prepared by heating La*H,0O in a non-covered petridish
at 105 °C for at least 4 h [23]. Except the direct-dried method above, there were two different methods to prepare the
LaH. The first method: LaH was formed by using dewatered acetone as the solvent. The second was thermal
dehydration method: Lo+H,O aqueous solution was heated at 110 °C. The LaH samples were dried for storage
before the further analysis.

Preparation of B-lactose: LaeH,O was added in methanol aqueous solution at ambient temperature, and then was
heated slightly to 95 °C.
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2.3. Analytical techniques

SEM images were obtained using an Ultra 55 field emission SEM (Carl Zeiss NTS GmbH, Oberkochen,
Germany).

X-ray diffraction (XRD) was carried out on a D8 Advance (Bruker AXS, Germany). The XRD patterns were
recorded in the range of 20 from 20° to 70°.

Differential Scanning Calorimetry (DSC) measurements (DSC 2920, TA Instruments, USA) were carried out at a
heating rate of 10 K min-1 up to different temperature with 3~10 mg of sample in reference pan. In order to avoid
any reactions with air, Helium (He) was used as a purge gas with a flow rate of 25 mL min-1. DSC involves the
heating or cooling of a sample and reference and the measurement of the differential heat flow between them with
respect to temperature.

Thermogravimetric measurements were carried out on a Q50 Thermoanalyser (TA Instruments, USA), at a
heating rate of 10 K min™" with nitrogen as a carrier gas.

3. Results and Discussions

3.1. Crystal morphology of the dehydration samples

EnT= 2 20ym EWT= 100KV Signal A =SE2
F Mag= 149KX  WD= 4mm
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Fig.1. (a) SEM pictures of a-lactose monohydrate samples; (b), (c) and (d) the partial enlarged drawing of (a).

The LaH crystal morphology of the direct-dried samples was showed in Fig.1. It can be seen that there were
several typical crystal shapes, such as tomahawks (Figure b), diamond-shaped plates (Figure c) and pyramids
(Figure d). From the Figure a, agglomeration can be avoided by the drying process. Besides, the dehydrated form
can be prepared by heating La*H,O crystals in an appropriate temperature which is high enough to drive off the
water [14].The dehydrated sample obtained at 105 °C was inferred to an anhydrous a-lactose, and this inference was
confirmed by the following detection results (Fig.5).

Tomahawk is a familiar shape of lactose. These samples were obtained from the evaporation of La*H,O aqueous
solution. There are two anomers in lactose aqueous solution, a-lactose and B-lactose, and they can keep balance by
mutarotation according to a certain proportion [3]. As a-lactose hydrate is less soluble than the B form, it precipitates
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from this solution in the evaporation process. During this crystallization process, p-lactose acts as both a nucleation
inhibitor and a habit modifier [24]. Then the concentration of a-lactose in the solution will decrease, and § form will
turn into a-lactose until the system reaches a new equilibrium which exists of 40a:608 between anhydrous a- and f3-
lactose [4]. Meanwhile, the crystal habit is related to the super saturation, and the growth rate could be various at
different faces when the concentration is decreased [25], then the dominant crystal form pyramids (Fig.1. (d))
changed to tomahawks (Fig.1. (b)). Based on the present of Fig.1. the crystal form of tomahawks had a highly
asymmetric. It can be concluded that the crystal shapes of the LaH samples prepared by different methods were
similar.

3.2. X-ray diffraction (XRD)

The XRD patterns of lactose crystallization samples were observed in Fig.3. Patterns A, C and D were detected
by samples that formed in aqueous solution, methanol aqueous solution and ethanol aqueous solution, respectively.
Pattern B represented for raw material. Compared with the patterns of sample B, the structure of the sample A is
different. From the A and C, the similar peaks indicate that they have the same crystal structure. According to the
earlier work [13], it can be speculated that both A and C were LasS.
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Fig.2. the X-ray patterns of La*H,0O subjected to different methods of dehydration.

The anhydrous a-lactose formed by alcohol treatments are all distinct species [8] which was clearly proved in
Fig.3. The patterns of C and D were obtained from La*H,O treated by methanol and ethanol respectively. Both
methanol and ethanol can make the solubility of lactose decrease [15] and accelerate the crystallization process.
Furthermore, according to the XRD curves, LaS would be produced when LasH,O was treated with ethanol.

3.3. Thermal analysis

The lactose samples had different characteristic peaks, as shown in Fig.4. The endothermic peak at 145°C is the
dehydration peak of La*H,O [26]. According to the endothermic peak showed at approximately 235°C and the
previous work of Figura & Epple [13], it can be concluded that the sample was L. Therefore, it can be deduced that
Lp could be formed not only in acetone [15], but in methanol aqueous solution .

The LoH samples which was obtained from dewatered acetone showed that there was one exothermic peak at
about 145 °C. This temperature has been interpreted as the transformation temperature of LasH,O [13]. According
to the TGA curve and the research of Garnier et al. [15], it was found that the peaks of the dehydrated sample at
105°C (showed in Fig.5) were also consistent with the monohydrate. It can be concluded that this sample was LaH.

As seen in Fig.4, the LaS samples which were formed by different preparation methods showed one endothermic
peak at 210-220 °C. The multiple peaks above 200 °C were related to the melting point of the samples [27, 28].
Only LaS forms were left when the temperature exceeded 200 °C. From the DSC curves, it can be concluded that
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not all of the samples exhibited the characteristic dehydration peak of La*H,0. Furthermore, Gombas et al. [28]
considered that with the increase of the crystalline fraction, the height of the exothermic peak (typical for amorphous
form) and its energy value decreased. This theory was a good interpretation to explain the height of the exothermic
peak.
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Fig.3. DSC curves of La*H,O subjected to different conditions of dehydration.

The dehydrated onset temperatures of the as-prepared samples were shown in TGA curves. According to the
number of the constant weight curves, the difference between La*H,O and other samples had been shown. It can be
concluded that LaeH,O undergoes two mass decreases. The first mass decrease was predicated to the loss of water,
and the corresponding temperature of the mass decrease was lower than the boiling point of water.
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Fig.4. TGA curves of LasH,O subjected to different conditions of dehydration.
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Nevertheless, the LaH samples which were claimed to have the same peaks with La*H,O in Fig. 4 showed a
higher water loss temperature than Lo*H,O, even higher than the water boiling point. In order to explain this
phenomenon, Crisp et al. [29] suppose that the boiling point increased effectively to overcome any forces of
attraction which caused by the interactions within the lattice. Comparing to the peak position of water loss, it can be
concluded that the interactions in lattice increased the boiling point. The second mass decrease peaks indicated the
decomposition of the samples (onset at approximately 220 °C).

In accordance with the above experimental results, it can be found that the TGA fully complied with the DSC
analysis result. While to the LB sample, it can be hardly found that there was a peak at about 130 °C in DSC, but a
small weight loss found in Fig.5 at approximately 125 °C, and it could be confirmed that LB is hygroscopic.
Furthermore, L has a higher decomposition temperature than others. The unique mass decrease was associated with
the direct decomposition of the samples.

4. Conclusion

The dehydration mechanism of molecular hydrates is displayed in this study, using a combination of
complementary techniques associated with structural data. Several typical crystal shapes have obtained in the
experiment, such as tomahawks, Diamond-shaped plates and Pyramids. The LaS produced by dehydration of
LaeH,0 had the same structure as anhydrous lactose prepared by crystallization from dry methanol and ethanol. The
LoH form obtained by rapid dehydration of La*H,O exhibits the same X-ray peaks as the monohydrate. When
dehydration is induced by heating, the reorganization of the anhydrous material is varied due to the formation of the
hygroscopic LoH. Further heating is required to induce the polymorphic transformation towards the stable
anhydrous LoS form. The LB form cannot only be produced in dry acetone, but can be formed in methanol aqueous
solution in mild conditions without stirring. TGA and DSC data showed that changes of the dehydration behavior of
samples depended on different dehydration process. The thermal properties and crystallization behavior obtained in
the present study may be helpful for the understanding and predicting the storage stability of lactose-containing food
and pharmaceutical materials.

Acknowledgements

The authors would like to thank Prof. Dr. W. Peukert. And thank the support by National Natural Science Fund
of China (21276063), PCSIRT (IRT1059), and the Program for Hundred Excellent Innovation Talents from the
Universities of Hebei Province (CPRCO013).

References

[1] K. Xiang, W. C. Lai, S. Hartwig, P. W. S. Heng, Physico-chemical aspects of lactose for inhalation, Advanced Drug Delivery Reviews. 64
(2012) 220-232.

[2] N. Seki, H. Saito, Lactose as a source for lactulose and other functional lactose derivatives, International Dairy Journal. 22(2012) 110-115.

[3] E. Kougoulosn, I. Marziano, P. R. Miller, Lactose particle engineering: Influence of ultrasound and anti-solvent on crystal habit and particle
size, Journal of Crystal Growth. 312 (2010) 3509-3520.

[4]J. H. Kirk, S. E. Dann, C. G. Blatchford, Lactose: A definitive guide to polymorph determination, International Journal of Pharmaceutics, 334
(2007) 103-114.

[5] D. T. Giron, Thermal Analysis and calorimetric methods in the characterisation of poly-morphs and solvates, Thermochimica Acta, 248 (1995)
1-59.

[6] K. R. Morris, S. L. Nail, G. E. Peck, S. R. Byrn, U. J. Griesser, J. G. Stowell, et al., Advances in pharmaceutical materials and processing.
Pharmaceutical Science & Tech-nology Today, 1 (1998) 235-245.

[7]1J. Bernstein, R. J. Davey, J. O. Jenck, Concomitant polymorphs, Angewandte Chemie International Edition. 38 (1999) 3440-3461.

[8] T. A. Nickerson, Lactose crystallization in ice cream. IV. Factors responsible for reduced incidence of sandiness, Journal of dairy science. 45
(1962) 354-359.

[9] R. Jenness, E. H. Marth, N. P. Wong, M. Keeney, Fundamental of Dairy Chemistry. 3th edn., Springer 1988, pp. 279.



378

Jianxin Chen et al. / Procedia Engineering 102 (2015) 372 — 378

[10] N. Drapier-Beche, J. Fanni, M. Parmentier, M. Vilasi, Evaluation of Lactose Crystalline Forms by Nondestructive Analysis, Journal of Dairy
Science, 80 (1997) 457-463.

[11] K. Jouppila, J. Kansikas, Y. H. Roos, Glass Transition, Water Plasticization, and Lactose Crystallization in Skim Milk Powder, Journal of
Dairy Science. 80 (1997) 3152-3160.

[12] T.A. Nickerson, S.G. Lim, Effect of Various Alcohols on Lactose, Journal of Dairy Science. 57 (1974) 1320-1324.

[13] L. O. Figura, M. J. Epple, Anhydrous a-lactose: a study with DSC and TXRD, Journal of Thermal Analysis and Calorimetry. 44(1995) 45-
53.

[14] P. F. Sharp, Stable crystalline anhydrous a-lactose. U. S. Patent. 2 (1943) 319-562.

[15] S. Garnier, S. Petit, G. J. Coquerel, Dehydration mechanism and crystallisation behavior of lactose, Journal of Thermal Analysis and
Calorimetry. 68 (2002) 489-502.

[16] S. G. Lim, T. A. J. Nickerson, Effect of methanol on the various forms of lactose, Journal of dairy science. 56 (1973) 843-848.

[17] T. Itoh, M. Katoh, S. J. Adachi, An improved method for the preparation of B-lactose and observations on the melting point. Journal of Dairy
Research. 45 (1978) 363-371..

[18] A. Olano, Treatment of forms of lactose with dilute alcoholic solution of sodium hydroxide, Journal of dairy science. 61 (1978) 1622-1623.

[19] H. G. Brittain, S. J. Bogdanowich, D. E. Bugay, J. DeVincentis, G. Lewen, A. W. New-man, Physical Characterization of Pharmaceutical
Solids, Pharmaceutical Research.. 8 (1991) 963-973.

[20] B. L. Herrington, Some physico-chemical properties of lactose. II. Factors influencing the crystalline habit of lactose, Journal of dairy
science. 17 (1934A) 533-542.

[21] B. H. Webb, A. H. Johnson and J. A. Alford (Eds.), Fundamentals of Dairy Chemistry 2nd edn., Westport, CA, USA: AVI Publishing.
(1974).

[22] X. M. Zeng, G. P. Martin, C. Marriott, J. Pritchard, The Effects of Carrier Size and Morphology on the Dispersion of Salbutamol Sulphate
after Aerosolization at Different Flow Rates, Journal of Pharmacy and Pharmacology. 52 (2000) 1211-1221.

[23] T. J. Buma, G. A. Wiegers, X-ray powder patterns of lactose and unit cell dimensions of B-lactose, Netherlands Milk and Dairy Journal. 21
(1967) 208-213.

[24] S. L. Raghavan, R. L. Ristic, D. B. Sheen, J. N. Sherwood, L. Trowbridge and P. J. York, Morphology of Crystals of a-Lactose Hydrate
Grown from Aqueous Solution, The Journal of Physical Chemistry B. 104 (2000) 12256-12262.

[25] Y. Bao, J. L. Zhang, Q. X. Yin, J. K. Wang, Calibration for measured crystal size distribution, Powder Technology. 161(2006) 242-247.

[26] A. Szepes, A. Fiebig, J. Ulrich, P. J. Szab6-Révész, Structural study of a-lactose monohydrate subjected to microwave irradtion, Journal of
Thermal Analysis and Calo-rimetry. 89 (2007) 757-760.

[27] A. Raemy, T. F. J. Schweitzer, Thermal behavior of carbohydrates studied by heat flow calorimetry, Journal of Thermal Analysis and
Calorimetry. 28 (1983) 95-108.

[28] A. Gombas, P. Szabo-Révész, M. Kata, G. Regdon, I. Er8s, J, Quantitative Determination of Crystallinity of a-Lactose Monohydrate by
DSC. Journal of Thermal Analysis and Calorimetry. 68 (2002) 503-510.

[29] J. L. Crisp, S.E. Dann, M. Edgar, C.G. Blatchford, The effect of particle size on the dehydration/rehydration behavior of lactose,
International Journal of Pharmaceutics. 391(2010) 38-47.



