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UNAM – Dirección General de Bibliotecas 

Tesis Digitales 

Restricciones de uso 
  

DERECHOS RESERVADOS © 

PROHIBIDA SU REPRODUCCIÓN TOTAL O PARCIAL 
  

Todo el material contenido en esta tesis esta protegido por la Ley Federal 
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México). 

El uso de imágenes, fragmentos de videos, y demás material que sea 
objeto de protección de los derechos de autor, será exclusivamente para 
fines educativos e informativos y deberá citar la fuente donde la obtuvo 
mencionando el autor o autores. Cualquier uso distinto como el lucro, 
reproducción, edición o modificación, será perseguido y sancionado por el 
respectivo titular de los Derechos de Autor. 
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No. De producto: A3160 No. De producto: PZ0003-25MG
Número CAS: 50-78-2 Número CAS: 171599830

No. De producto: A1593-25G No. De producto: 1249789-25MG
Número CAS: 7177482 Número CAS: 217087097

No. De producto: 1044516-100MG No. De producto: 1478505-200MG
Número CAS: 344423989 Número CAS: 73590586

No. De producto: 33434-100MG No. De producto: B7273-25G
Número CAS: 85721331 Número CAS: 41859-67-0

Ciprofloxacino Bezafibrato

Ácido acetil salicílico Citrato de sildenafil

Ampicilina Esomeprazol

Atorvastatina cálcica Omeprazol
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Peak 2-theta d FWHM 100.*I/Imax h k l 
-------------------------------------------------- 

1) 5.364628 16.459635 0.221692 100.00 1 0 0 
2) 12.690703 6.969532 0.190525 3.77 0 3 0 
3) 13.260708 6.671204 0.209781 31.60 2 2 0 

4) 15.978881 5.541957 0.231136 6.58 2 3 0 
5) 21.49305 4.130975 0.251808 2.25 4 1 0 
6) 22.475592 3.952557 0.315117 16.94 3 4 0 
7) 22.771605 3.901842 0.316886 5.59 4 2 0 
8) 23.0019 3.863295 0.318268 2.00 2 5 0 
9) 25.331322 3.513065 0.30097 12.00 1 1 1 
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----------------------------------------------------------------- 
         2-theta   2-theta exp ��       d    h    k     l  
-----------------------------------------------------------------

   
1) 10.4324 10.552 0.1194 8.4726 0 2 0 
2) 12.2992 12.428 0.1286 7.1905 1 0 1 
3) 14.5913 14.726 0.1343 6.0657 0 2 1 
4) 16.7503 16.891 0.1408 5.2884 1 2 1 
5) 18.7325 18.879 0.1470 4.7331 0 3 1 
6) 19.0807 19.229 0.1480 4.6475 2 2 0 
7) 20.4228 20.574 0.1516 4.3450 1 3 1 
8) 21.0845 21.238 0.1533 4.2101 0 4 0 
9) 21.6684 21.823 0.1551 4.0979 2 2 1 
10) 23.3779 23.537 0.1595 3.8020 0 4 1 
11) 25.8666 26.029 0.1628 3.4416 1 4 1 
12) 28.1219 28.293 0.1706 3.1705 2 2 2 
13 28.2957 28.467 0.1710 3.1514 0 5 1 
14 29.4609 29.634 0.1735 3.0294 1 5 1 
15) 31.7352 31.913 0.1782 2.8172 0 6 0 
16) 33.5437 33.725 0.1817 2.6694 3 2 2 
17) 34.2819 34.464 0.1826 2.6136 4 2 0 
18) 36.0108 36.197 0.1863 2.4920 3 5 0 
19) 38.6393 38.830 0.1908 2.3283 1 4 3 
20) 44.0591 44.258 0.1992 2.0536 1 2 4 
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�"'��>&��)�>C�&��"+�>���'��EG-����*">E�E�E����������*)�>�'�E������">��">���"(")�">����C�">���/�D����C�">���P��'�
����1<�
8��)���EG-�C'�)��E'�(E�'&"����1E�&-������������1��"("�C'��(�G��������">���"(")�">����C�">���/�D����C�">���P�
*�)����&�)(E'�)�����)���E-'����*�>"���������C'"<�"E�<A<B<H<H<K<��">�*�)�(�&)">�������������'"�>��)��E'�)"'�D����
�"'�"�>������C�-�(��E�'&��C'��-�E�"��D&$"'�D�>���EO-��'����)��E'�(E�'&"�

�">�)�>C�&��">�����)��E'�(E�'&"�1E�&-����*�)������1*��/�D��E*)"��"1��E'"�>��)�*)�>�'&�'��)��E��(�'&���'���>�
"E�C)�>�"E�<�H<B<B<H<�D�"E�<�H<B<B<B<+�)�>*��&E-�(�'&�+�D�C'�)�>C(�'�����">�*�)�(�&)">�)��E'��">�*�)������1��/+�
����1��P�D�����>��$�'�E'��CE�"��'����(�����H<B<B<F<�

�
"E�<�A<B<B<H<�1��E'�(E�'&"����1E�&-����������(C�>&)���������KC���"'>E��)��KC����������>&���"(*C�>&"�*")�C'��(�G����

����">���>�>�0���C�">���/����P=+�71�J�I<IM<�����"'�"�����C���"�>��)�*)�>�'&���"("�C'���,'���)"O�<�
�
�
�
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���)��E'�(E�'&"����1E�&-����(C�>&)��KC�� ���(C�>&)���������1��>&���")(����*)E'�E*��(�'&��*")����C�">�� �/�
0OM<HU=<�����E�)��&"�)�(��)��E'��"�*�)���������1*��/�>��)�*)�>�'&���)��E��(�'&���'����"E�C)��A<B<B<B<+�D�*�)��
��������'����"E�C)��A<B<B<A<�
�
9'�)�>C(�'�����">�*�)�(�&)">�)��E'��">�*�)�����C�">���/+����C�">���P�D�����>��$�'�E'��CE�"��'����(�����A<B<B<H<�

�
"E�<�A<B<B<B<�1��E'�(E�'&"�1E�&-�����������1*��/�(C�>&)�+�71�J�I<IM<�����"'�"�����C���"�>��)�*)�>�'&���"("�C'���,'���
)"O�<�

"�>�� ���C�">���/� ���C�">���P�
�8
��-�E�"� ��
(9�� Q��1IF�
K)C*"��>*��E��� ��F� ��F�F�HF�
��0S=� M<KFK0M=� K<KLA0L=�
��0S=� N<OMH0K=� L<HIF0L=�
��0S=� FI<AI0N=� FI<BL0F=�
/�0T=� FFL<IL0N=� OI�
P�0T=� FFA<LI0N=� OI�
:�0T=� LI<BK0N=� OM<NN0N=�
")���E-'��'�*�>"�0U=� OM<H� B<L�
(�(�*"���C�&")E���0'(=� A� B�
(�(�*"��1E���0'(=� M� N�
�4(�)"����$�)(-'E�">�
�>�?)E�">�C&E�EG��">�
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"E�<�A<B<B<A<�1��E'�(E�'&"�1E�&-����������(C�>&)�����+�71�J�I<FB<�����"'�"�����C���"�>��)�*)�>�'&���"("�C'���,'���)"O�<�

(�����A<B<B<H<�1�>C(�'�����">�*�)�(�&)">�)��E'��">�*�)����>�(C�>&)�>�����1�Iα+�����1�Iβ  �D����<�

�
�
��*�)&E)�����">�)�>C�&��">�E'�E���">��'����(�����A<B<B<H<+�>��C>�)"'�C'�&"&������BF+�FO�D�AO�*�)�(�&)">�*�)�����
)��E'�(E�'&"������>�(C�>&)�>�����1�Iα, ����1�Iβ �D����+�)�>*��&E-�(�'&�<�9'���)�'�*�)&��������">�>��C&E�EG-�
*�)����)��C�'&��������")E�'&��E-'�*)���)E���KC��'")(��(�'&���>&��*)�>�'&���'��>&��&E*"����(C�>&)�><��">�"&)">�

 Muestra MCCex  Iα MCCex Iβ CIP 

 CSD PADTUL JINROO01 UHITOV 

 Fórmula química (C12H20O10)n C6H10O5 C17H18FN3O3 

 Nombre Común Celulosa Iα Celulosa Iβ Ciprofloxacino 

 Grupo espacial P 1 P 1 1 21 P-1 

Parámetros no 

refinados 

a (Å) 6.717 (6) 7.784 (8) 7.9606(2) 

b (Å) 5.962 (7) 8.201(8) 8.5798(2) 

c (Å) 10.40 (1) 10.38 (1) 10.7739(3) 

α (°) 118.08(5) 90 87.868(3) 

β (°) 114.80(5) 90 85.153(2) 

γ (°) 80.37(5) 96.55(5) 88.212(1) 

 Z 1 4 2 

Número de 

parámetros refinados 

Factor de escala 1 1 1 

Desplazamiento de la muestra 1 1 1 

Parámetros de tamaño  2 2 2 

Micro deformaciones isotrópicas 0 0 1 

Harmónicos esféricos para modelación de 

orientación preferencial  
27 

15 
44 

TOTAL de parámetros refinados 31 19 49 

Parámetros 

relevantes refinados  

Tamaño ecuatorial (nm) 4 3 269 

Tamaño axial [001] (nm) 6 5 103 

 Orden de harmónicos esféricos  6 8 8 

 wR 0.06 .072 0.13 
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*�)�(�&)">�)�>&�'&�>�E'��CD�'����("�����"�����&�(�*"������"(E'E"�������(C�>&)��0(E�)"�>�C�)G"�E>"&)-*E�"�
*�)�������>"���� ���(C�>&)�����=+������>*��G�(E�'&"���� ���(C�>&)��D�������&")�����>����<����71����I<FB�*"�),��
����)>��������C�)&��)�>&)E��E-'�E(*C�>&��*")�����-�E�"�K8�8���+�"��E��'�"���*"'�)�����"'�"��EO"�0*")��O�(*�"+����
���&")�����>������'C(�)��"��'����&�����H<B<H<F�'"�>����&C��EG-�*�)��C'�'C�-"�����C�"������"'�"=<�
�
�����)����%��� %	#��%���
��	��	��	����#����#�����%����*�
�#�����+�����
�
�">�*�)�(�&)">�����"'�"�*�)���E1F+��E1H�D��E1B�KC���"�)�'�C'�(�O")��OC>&������"'�"���>*C?>����C'�����C�"�
�"(*��&"� D� -�),�'� �">� �E��)�'&�>� �"(*"'�'&�>� �,>E�">� >�� �'C(�)�'� �'� ��� (����� A<B<N<F<� *�)��(�G���>� KC��
�"'>E��)�'�����5�����1��α�D����&�����H<B<A<H<�*�)������5�����1���β<�
 
(�����A<B<N<F<���)�(�&)">�*�)������"'�"���>��"��'�����,>E���*�)��(�G���>�����1�Iα�5�����

��� 4�! � �� �� �� 7� �� 9�

���"�!#4$��4%���#$�4$4!#���!�7"� 3#5� 3#�� 3#���
�6&"�!#4$��4%���#$�4$4!#���!�7"� '#�� '#5� '#��
� (� $�����#!���� 4�!�7�!��"� �#�8� �#�8� �#�8��

��!##�)�����*$#�������4�� 4�#�!#�φ� �#9� �#9� �#9��

���� �6α�"�!#4$������ #!#!�!�8�8���!##�)������! �"� 7�#�'8� ��#�:7� 3#5�57�

�6&"�!#4$������ #!#!�� ��#�79� 95#�93� '#�8'��
+�$�$�� '#�� '#�� '#��
+�$�$7� 7#�� 7#�� 7#��

�
(�����A<B<N<H<����)�(�&)">�*�)������"'�"���>��"��'�����,>E���*�)��(�G���>�����1�Iβ�5�����

Muestras Mix1 Mix2 Mix3 
MCC- Factor térmico total B (A2) 6.5 6.0 6.0  
CIP- Factor térmico tota B (A2) 4.0 4.5 4.0 
Espesor de la muestra T (mm) 0.08 0.08 0.08  

Fracción de volumen intersticial φ 0.3 0.3 0.3  

MCCex Iβ- Factor de escala (GSAS Fracción de Fase) 1.915 2.52 4.116 
CIP-Factor de escala  14.017 9.59 3.611 
Kmono1 4.1 4.1 4.1 

Kmono2 2.0 2.0 2.0 
�
�"'� �">� *�)�(�&)">� �'C(�)��">� �'� ��� (����� A<B<N<F<+� >�� "�&C-E�)"'� �">� �E��)�'&�>� �"(*"'�'&�>� KC��
�"'&)E�CD�'���� �"'�"�����C���"�*�)�� ��>�(C�>&)�>��E1F+��E1H�D��E1B�D�>��(C�>&)�'��'� ��>�"E�C)�>�A<B<N<F<+�
A<B<N<H<�D�A<B<N<B<+�)�>*��&E-�(�'&�<�
�
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"E�<�A<B<N<F<��"'&)E�C�E"'�>�����"'�"�*�)�����(C�>&)���E1F�*C)�2�0'�)�'O�=��E1F��E�)��&"�)�(�>�0�GC�=��E>*�)>E-'�����E)�+�
>��(E���>E'�(C�>&)��D�>"*")&�����(C�>&)�>�0-�)��=�*")&�(C�>&)�>�-��,">��"'�"�0)"O"=�*)"�C�E�"�*")������>������0��C��E-'�
B=>�0-E"��&�=�����"'�"�*)"�C�E�"�*")�����1*��β  ���>��0��C��E-'�B=>��E>*�)>E-'�����E)���"))��E���0(�))-'=�E'��CD�'�"�����E)��
�&)�*��"���'&)"�������(C�>&)�>�0)">�=��"'�"�����C���"�*�)�����(C�>&)���E1F<�

�
"E�<�A<B<N<H<��"'&)E�C�E"'�>�����"'�"�*�)�����(C�>&)��*C)���E1H2�0'�)�'O�=�
E�)��&"�)�(���E1H>�0�GC�=��E>*�)>E-'�����E)�+�
>��(E���>E'�(C�>&)��D�>"*")&�����(C�>&)�>�0-�)��=�*")&�(C�>&)�>�-��,">��"'�"�0)"O"=�*)"�C�E�"�*")������>�����>�0-E"��&�=�
�"'�"�*)"�C�E�"�*")������>������1*��β  >��E>*�)>E-'�����E)���"))��E���0(�))-'=�E'��CD�'�"�����E)���&)�*��"���'&)"�������
(C�>&)�>�0)">�=��"'�"�����C���"�*�)�����(C�>&)���E1H<�
�

�
"E�<�A<B<N<B<��"'&)E�C�E"'�>�����"'�"�*�)�����(C�>&)��*C)���E1B2�0'�)�'O�=�
E�)��&"�)�(���E1B>�0�GC�=��E>*�)>E-'�����E)�+�
>��(E���>E'�(C�>&)��D�>"*")&�����(C�>&)�>�0-�)��=�*")&�(C�>&)�>�-��,">��"'�"�0)"O"=�*)"�C�E�"�*")������>�����>�0-E"��&�=�
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�"'�"�*)"�C�E�"�*")������>������1*��β >��E>*�)>E-'�����E)���"))��E���0(�))-'=�E'��CD�'�"�����E)���&)�*��"���'&)"�������
(C�>&)�>�0)">�=��"'�"�����C���"�*�)�����(C�>&)���E1B<�
�
�">�)�>C�&��">�*)�-E">�(C�>&)�'�KC��C'���C)-������"'�"�>��*C�����>�"G�)�(CD������)���*")��'>�D"�D��))")�
(E�'&)�>�>��C>��C'�'4(�)"�(CD�*�KC�*"����*�)�(�&)">�0N�*�)�(�&)">�*�)����>�>��)E>&��E'�>�>E(*��>�D�L�*�)��
�����>"������>�(�G���>�����">���>�>=��"("�>��(C�>&)���'���>�&����>�A<B<B<F<��D�A<B<A<F<��'�"&)"�&E*"����("���">�
�E>*"'E���>�*�)��)�*)�>�'&�)�����"'�"+����'4(�)"����*�)�(�&)">��>��"'>E��)����(�'&��(�>���&"<��'����("���"�
(�>�>E(*���0C'�*"�E'"(E"��"'�B��"��E�E�'&�>=�>��C>�'�B�*�)�(�&)">+�*�)"��>&"�>"�"��C'�E"'���E�'�*�)��("����)�
����"'�"������>�>�(CD��)E>&��E'�><�
�'����*)"���E(E�'&"����*)C����D��))")+�>�������&�'�)��CE���"����'"����*&�)�-��")�>�KC��'"�&E�'�'�>�'&E�"�
*�)�������C'"�����">�*�)�(�&)"><����C'">�������">�>��*C���'��EO�)�*")�>C�(��E���C&E�EG�'�"�C'�����>���>*��,�E���
���&?�'E���"�*)"���E(E�'&"��1*�)E(�'&��<�0*")��O�(*�"+��>*�>")����(C�>&)��(�D��)���E-'����-"�C(�'�E'&�)>&E�E���
3=<�&)">�>��*C���'��EO�)���C'�-��")��"'-�'E�'&�+�KC��>��*C�����"'>E��)�)��"("�;&,*E�";�D��>&���E>*"'E������
*�)&E)�����">�&)���O">�E'�")(��">��'�����E��E"�)��,��0*")��O�(*�"+�������&")�&?)(E�"���"����*)"(��E"�0=<�
�
����,������������ 	#���� !�
���	���	��	���#��	��%����*�
�#�����+�����
�
����"'�"�����C���"�*�)�������(�G����>��"�&C-"�C&E�EG�'�"��">���&">�������(�����L+�D�>��E'��CD-��'�����-�E�"�K8�8�
��<� 
C)�'&�� �">� )��E'�(E�'&">+� ��� �"'�"� >��(�'&C-"� �EO"� D� '"� >�� )��E'�)"'� �">� *�)�(�&)">� ��� �"'�"<� �">�
�E�)��&"�)�(�>� )��E'��">� *�)�� ��>�(�G���>� >�� )�*)�>�'&�'� �)��E��(�'&�� �'� ��>� "E�C)�>� A<B<M<F<+� A<B<M<H<� D�
A<B<M<B<+�D�>��$��E'��CE�"�C'�)�>C(�'�����">�*�)�(�&)">�)��E'��">��'����(�����H<B<N<F<�*�)������1*�Iα�5�����D�
�'����(�����A<B<N<F<�*�)��(�G���>��������1*�Iβ�5����<�
�

"E�<�A<B<M<F<�1��E'�(E�'&"�1E�&-����������(C�>&)���E1F�0����1* Iβ)+�71�J�I<IO<�����"'�"�����C���"�>��)�*)�>�'&���"("�C'��
�,'���)"O�<�

"E�<�A<B<M<H< 1��E'�(E�'&"�1E�&-����������(C�>&)���E1H�0����1*�Iβ=+�71�J�I<IL<�����"'�"�����C���"�>��)�*)�>�'&���"("�C'��
�,'���)"O�<
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"E�<�A<B<M<B<�1��E'�(E�'&"�1E�&-����������(C�>&)���E1B�0����1*�β=+�71�J�I<IO<�����"'�"�����C���"�>��)�*)�>�'&���"("�C'��
�,'���)"O�<�
�
(�����A<B<M<F<�1�>C(�'�����">�*�)�(�&)">�)��E'��">�*�)��(�G���>�����1*��α�5����<�

  Muestra Mix1 Mix2 Mix3 

Número de 
parámetros 
refinados 

Factor de escala 2 2 2 

Desplazamiento de la muestra 1 1 1 

MCC Iα-Parámetros de tamaño 2 2 2 

CIP-microestabilidad  isotrópicas  1 1 1 
MCC Iα-Harmónicos esféricos para orientación 
preferencial 27 27 27 

CIP- Harmónicos esféricos para orientación 
preferencial 44 44 44 

TOTAL de parámetros refinados 77 77 77 

Parámetros 
relevantes 
refinados 

MCC Iα-Tamaño ecuatorial (nm) 3 3 3 

MCC Iα-Tamaño axial [001] (nm) 5 4 5 

Contenido de  MCC Iα (wt%) 6.6 22.8 52.8 

Contenido de CIP (wt%) 93.4 77.2 47.8 

Diferencia absoluta en wt% (%) 3.4 2.2 2.8 

Relación harmónicos esféricos MCC Iα/CIP 6/8 6/8 6/8 

  wR 0.090 0.080 0.090 
�
(�����A<B<M<H<�1�>C(�'�����">�*�)�(�&)">�)��E'��">�*�)��(�G���>�����1*��β�5�����

Muestra Mix1 Mix2 Mix3

Número de 
parámetros 
refinados 

Factor de escala  2 2 2 

Desplazamiento de muestra 1 1 1 

MCC Iβ-Parámetros de tamaño  2 2 2

CIP-  microestabilidad isotrópica 1 1 1 
MCC Iβ-Harmónicos esféricos para orientación 
preferencial 24 24 24 

CIP- Harmónicos esféricos para otientación 
preferencial 44 44 44 
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TOTAL de parámetros refinados 74 74 74 

Parámetros 
relevantes 
refinados 

MCC Iβ-Tamaño ecuatorial (nm) 2 2 3 

MCC Iβ-Tamaño axial [001] (nm) 4 3 4 

Contenido de MCC Iβ (wt%) 6.7 24.3 50.2 

Contenido de CIP (wt%) 93.3 75.7 49.8 

Diferencial absoluta en  wt% (%) 3.3 2.2 2.8 

Relación de harmónicos esféricos MCC Iβ/CIP 8/8 8/8 8/8 

  wR 0.094 0.084 0.087 
�

���")(��>E(E��)�����>���>�>��)E>&��E'�>�>E(*��>+����'4(�)"�&"&������*�)�(�&)">�C&E�EG��">�*�)�����)��E'�(E�'&"�
��� ��>�(�G���>��C��KK�*�)������1*�Iα �D�KA�*�)������1*�Iβ>��"'���KF�*�)������1*�Iα �D�ML�����1*�Iβ >��
C>�)"'�*�)��("����)����")E�'&��E-'�*)���)E���C&E�EG�'�"��)(-'E�">��>�?)E�">>�H�*)"-E�'�'����&�'�)��'��C�'&��
���&�(�*"�����"(E'E"�0��C�&")E���D��1E��=���� ��>�(C�>&)�>�������+�D�C'�*�)�(�&)"�*�)�� ���(E�)"�>&��E�E����
E>"&)-*E���������(C�>&)��������>�D��">�B�*�)�(�&)">�)�>&�'&�>�&E�'�'��'��C�'&�������>*��G�(E�'&"�������(C�>&)��
D� �">��">� ���&")�>�����>�����*�)�� ��>�(C�>&)�>�����D����<� �">�)�>C�&��">�(C�>&)�'�C'���E��)�'�E����>"�C&��
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Abstract Analysis of microcrystalline cellulose

(MCC) PH-101, ciprofloxacin (CIP) and quantitative

phase analysis of predetermined mixtures of CIP/

MCC were performed by the Rietveld method with a

physically based background. Correction factors for

absorption and air scattering under a symmetrical

reflection geometry with a given sample thickness,

divergence and receiving slit width, scale factors,

average temperature factors and specimen density of

packing, were considered to model the background.

By this way, the whole diffraction pattern was

evaluated on a physical basis, considering the Bragg

and the diffuse scattering (thermal diffuse scattering

plus static disorder, Compton and air scattering) using

a Python code. Compton scattering was also corrected

for the bandpass function of the monochromator.

Quantitative phase analysis is discussed on the scope

of the results obtained. The maximum absolute

difference in the weight% composition obtained was

of 3.4% in the CIP/MCC mixtures.

Keywords X-ray diffraction � Background �
Microcrystalline cellulose � Avicel PH-101 � Rietveld
refinement � Pharmaceutical mixes � Quantitative
phase analysis

Introduction

From the pharmaceutical point of view, microcrys-

talline cellulose (MCC) is an excipient that was

designed to act as very effective filler-binder. Thus,

the interest on the production of tablets by direct

compression procedure using MCC has grown con-

siderably. On the other hand, since MCC has good

properties as diluent, it has been used to produce

tablets by the wet granulation method (Bolhuis and

Chowhan 1996). MCC is recognized as one of the

preferred direct compression binders in pharmaceuti-

cals (Thoorens et al. 2014) and it offers many

advantages such as broad compatibility with the active

pharmaceutical ingredient (API), physiological inert-

ness, easiness of handling and security on supplies

(Bolhuis and Chowhan 1996). Specifically, MCC is

purified and partially depolymerized cellulose that is

obtained from alpha cellulose. This last term comes

from the pulping industry and designates reasonably

pure wood cellulose (French 2018) that comes directly

from plant fibers and treated with mineral acids

(Farmacopea de los Estados Unidos Mexicanos 2016).
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Structurally, pure cellulose exists as crystalline

polymorphs with different packing arrangements

(French 2014; Zugenmaier 2008). For the case of

native cellulose I, dominant in higher plants, two

allomorphs Ia and Ib simultaneously crystallize and

coexist forming a composite that are jointly termed

cellulose I (Driemeier and Calligaris 2011). Allo-

morph Ia crystallizes as a one-chain-based arrange-

ment with triclinic symmetry (Nishiyama et al. 2003).

While allomorph Ib does this as a two-chain-based

modified structure with monoclinic symmetry

(Nishiyama et al. 2002). Both allomorphs are packed

in a parallel chains arrangement, in different propor-

tions of the two allomorphs in a fiber depending of

their biological origin (Zugenmaier 2008). Cellulose

Ia and Ib can be unambiguously differentiated by

X-ray diffraction (XRD) in samples with high crys-

tallinity (French 2014; Nishiyama et al. 2002). Other

techniques such as nuclear magnetic resonance

(NMR) and Raman spectroscopy (Atalla and Vander-

hart 1984; Atalla and Vanderhart 1987) have been

useful for this purpose. The differentiation of Ia and Ib
allomorphs by XRD and Raman spectroscopy is

limited and is not always successful when the spec-

imens have low crystallinity.

The relative amounts of celluloses Ia and Ib in a

specimen vary with the source of the cellulose, with

the Ib form being dominant in higher plants (Park et al.

2010).

MCC has cellulose fibers with a diameter of a few

micrometers, which on its turn consist of elementary

cellulose microfibrils with crystallites of about 5 nm

widths and 20–30 nm lengths (Leppänen et al. 2009;

Terinte et al. 2011). According to Wallace (1990), in

the starting material for preparing MCC, the cellulose

fibres are composed by microfibers, that present two

distinct regions: one composed by an amorphous and

flexible mass of cellulose chains (paracrystalline

region) and a second one with tight bundles of

cellulose chains in a rigid linear arrangement (crys-

talline region). This corresponds to the so-called two-

phase model for cellulose (Nisizawa 1973), which is

constituted by amorphous and crystalline zones, this

has a direct consequence on it when is measured by

X-ray diffraction. Considerable peak broadening and

serious peak overlap occur due to the very small size of

the cellulose crystallites. The amorphous fraction of

cellulose can be largely removed as an effect of the

controlled hydrolysis that gives rise to aggregates of

the more crystalline portions of cellulose fibers. After

purification by filtration and spray drying, dry, porous

microcrystals are obtained, thus MCC occurs typically

as a crystalline powder composed of porous particles

or as an agglomerated product (Wallace 1990). MCC

Avicel PH-101 consists mainly of random powders of

short and densely-packed cellulose Ib crystals (Lee

et al. 2014).

The shape and size of MCC crystallites have been

studied widely following different methodologies

such as: XRD: Ioelovitch (1992) determines the

crystallite lateral dimensions and the degree of

crystallinity; TEM and WAXS: Elazzouzi-Hafraoui

et al. (2008) measures the dimensions of cellulose

nano whiskers aggregates by transmission electron

microscopy and crystallite diameters by wide angle X

ray scattering; NMR and WAXS: Newman (1999)

estimates weight-averaged lateral dimensions of crys-

tallites by 13C, among others authors. Some relevant

values are summarized in Table 1).

Owing to the low crystallinity (common in cellu-

lose samples), a limited amount of information can be

extracted from their XRD data. For this reason,

Duchemin (2017) proposed a model that takes into

account the shape and size of cellulose Ib crystallites in

the interpretation of powder diffractograms consider-

ing a small number of adjustable parameters. The

method hypothesizes that cellulose Ib crystallites are

straight crystalline rods with super-elliptical cross-

sections, and have preferred orientation along the

(001) crystallographic planes which can be modeled

using the March–Dollase approach. The simulated

background has a semi-empirical form (Duchemin

2017).

The parameter termed as crystallinity index (CI)

has been used alternatively to describe the relative

amount of crystalline material in cellulose. This is

correlated with mechanical properties of man-made

cellulose such as strength and stiffness (Ahvenainen

et al. 2016) and the interpretation of changes in

cellulose structure after physicochemical and biolog-

ical treatments (Park et al. 2010).

The way of determining the degree of order

(crystallinity) in a cellulose sample is using X-ray

diffraction since it provides strong signals from the

crystalline fraction of the cellulose. However, the

problem of crystallinity evaluation is not trivial

(Thygesen et al. 2005) and a big part of crystallinity

estimation methods had been reviewed since Ward

Cellulose

123

personal copy



(1950) or Nichols (1954) and (Segal et al. 1959). The

Segal method has been widely used due to the easiness

of its application, is based on the analysis by X-ray

diffraction of the stronger Bragg reflection Imax and the

intensity Iam located where the amorphous contribu-

tion is expected with minimum contribution of Bragg

reflections. According to the Segal peak height method

the proposed crystallinity index (CI) is given by:

CI ¼ Imax � Iam

Imax
ð1Þ

If CuKa radiation is used Imax and Iam correspond to

the intensity signals located at around 2h = 22.5� and
18.5� respectively. CI defined before can be applied to
the cotton cellulose (cellulose Ib). Since Bragg peaks

are specified by the indexes of the crystallographic

planes that give the diffraction peak, it is of extreme

relevance to consider the proposed convention sug-

gested by French (2014) for choosing the crystallo-

graphic set of basis vectors {a, b, c}, in such a way that

c-axis matches to the polymer chain axis. With this

convention, the stronger reflection Imax in Eq. (1) is

I200 for cellulose Ib. Cellulose fiber fragments that are

used as samples for powder diffraction, typically offer

some degree of preferred orientation. The patterns

from oriented cellulose Ib have a slightly higher Segal

crystallinity index than the one for the random pattern

(French 2014).

The values given in the literature for the CI have

many problems: they depend on the choice of the

X-ray instrument, the data evaluation procedure

applied to the measurement and on the flawlessness

of the sample, Terinte et al. (2011), Park et al. (2010),

Thygesen et al. (2005). For samples with preferred

orientation the geometry used for the measurement

also affects the crystallinity values (Ahvenainen et al.

2016). This last author has compared and reviewed

some of the most common methods for crystallinity

analysis: (1) the Segal peak height method; (2) peak

fitting (wide Gaussian peak); (3) combination of wide

Gaussian peak with linear fit; (4) amorphous subtrac-

tion and (5) using an amorphous standard or a

mathematical model for representing the amorphous

contribution. Those methods based on peak fitting

have a variation given by the Rietveld method for

analysis (Rietveld 1969).

Rietveld Refinement has been used as a tool to

quantify the amorphous amount of MCC (De Figueir-

edo and Ferreira 2014; Thygesen et al. 2005; Ahve-

nainen et al. 2016; Oliveira and Driemeier 2013. Other

techniques such as infrared spectroscopy have been

used to determine crystallinity; in this case the fraction

of OH groups that are hydrogen bonded in a regular

manner have been carefully considered (Mann 1962).

Another way to approach cellulose analysis is to

concentrate on how to obtain information of the

amorphous component. The structure of amorphous

cellulose lies in the case of disordered materials and

the relevant information for this kind of compounds is

contained in the diffuse scattering component of X-

Table 1 Reported domain-

size parameters for MCC
Method Size (nm) References

X-ray diffraction (XRD) (lateral) 5–7 Ioelovitch (1992)

Small-angle X-ray scattering (SAXS) 9–30 Leppänen et al. (2009)

Wide-angle X-ray scattering (WAXS) 5.4 Newman (1999)

Nuclear magnetic resonance (NMR) 5.9

Transmission electron microscopy (TEM) 100–300 Elazzouzi-Hafraoui et al. (2008)

WAXS 3.5–4

WAXS

(Lateral dimension) \10 Oliveira and Driemeier (2013)

WAXS

(Vertical dimension) 3.8 Thomas et al. (2015)

SANS

(Horizontal spacing) 3.0

Wide-angle X-ray diffraction (WAXD)

(Width) 5 Terinte et al. (2011)

(Length) 20–30
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rays that can be analyzed by means of the radial

distribution function (RDF) (Warren 1990) or the pair

distribution function (PDF). The PDF method allows

the analysis of both the Bragg and diffuse scattering.

Thus, revealing the short and intermediate range order

of the material regardless of the degree of disorder

(Billinge and Kanatzidis 2004). The PDF technique

takes advantage of the Fourier relationship between

measurable diffraction intensities and the real-space

arrangement of pairs of atoms and gives the inter-

atomic distance distribution ‘‘probability’’ of finding

an atom at a given distance r from another atom. To

obtain high accuracy and resolution of the PDF peaks,

it is important to measure data over a wide range of

momentum transfer, (Q = 4p Sinh
k for elastic scattering)

with maximum values for Qmax[ 30 Å-1. This range

can be accessible using synchrotron X-ray sources and

pulsed neutron sources rather than common laboratory

sources (although the use of Mo or Ag X-ray tubes can

give acceptable results (Billinge and Kanatzidis

2004)). The structure of amorphous cellulose by

means of radial distribution functions (RDFs) derived

from WAXS patterns has been reported by Fink et al.

(1987) using CuKa and MoKa radiations of wave-

lengths 1.5418 and 0.7107 Å respectively, with

2hmax = 104� in both cases (e.g. Qmax = 7.9 and

17.2 Å-1 for CuKa and MoKa respectively). The

results obtained were compared with model calcula-

tions assuming atomic positions arising from different

crystal structure investigations. Thanks to this, the

authors found RDFs models with bent and twisted

backbone conformations in rather good agreement

with experimentally obtained RDFs.

Although the access to desirable values for Qmax

limits the use of PDF analysis in common laboratories,

one great difficulty is the correct separation of the

diffuse components obtained in a WAXS measure-

ment. This occurs particularly in loosely packed

powders or samples with high interstitial volume,

such as MCC. In these cases, the contribution from air

trapped inside the specimen is significant and leads to

expressions for air scattering correction factors dif-

ferent from those commonly reported in the literature

(Ottani et al. 1993).

An additional problem comes from specimen

transparency, since cellulose is a weakly absorbing

material undesirable effects such as peak displacement

and loss of intensity at the medium angular range are

produced, these can be avoided by using a slab-like

specimen in symmetrical transmission geometry,

which is an alternative to the commonly used

Bragg–Brentano focusing geometry (Herms and

Hajdu 1984). For this reason, this particular geometry

has been preferred for obtaining radial distribution

functions (RDFs) derived from WAXS (Fink et al.

1987).

In systems with two or more phases, quantitative

phase analysis (QPA) can be performed using the

Rietveld method for determination of both crystalline

and poorly crystalline phases when they are mixed

(Gualtieri 2000). This method derives the amorphous

content from the small overestimation of an internal

crystalline standard in a Rietveld refinement of a

mixture (De la Torre et al. 2001; Gualtieri 2000). The

Rietveld method can be used as a direct method for

quantitative phase analysis of amorphous phases in the

following way: if a crystal structure is found to

adequately model the positions and relative intensities

of the observable wide peaks or ‘‘humps’’ of an

amorphous component in a diffraction pattern, the

model can be used as an approach treating all

components as crystalline, e.g. including the amor-

phous phase in the analysis, in such a way that the

amorphous phase proportion can be obtained using the

Rietveld methodology (Kern et al. 2012). However, in

a Rietveld refinement, the background is usually fitted

by some polynomial function (e.g. Chebyschev) and

no corrections to the observed background are applied.

In this study, the whole diffraction pattern for MCC

PH-101 was analyzed taking into account the Bragg

and the diffuse scattering (disorder, thermal and

incoherent scattering) of the crystalline fractions. For

this purpose, the background was calculated on a

physical basis taking into account the three most

important scattering components proposed by Riello

et al. (1995): air scattering, incoherent scattering and

average diffuse scattering due to thermal disorder plus

first-kind lattice disorder. All these contributions with

the conventional Bragg reflections of the crystalline

phases, can be mathematically expressed as:

Y ¼ AabsP
XNph
l¼1

Kl Y
Bragg
l þ YBk

l

� �þ arY
air
exp ð2Þ

where Aabs is the correction factor for absorption, P the

polarization factor, Nph the number of crystalline

phases in the sample, Kl the scale factor for the l-th
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phase, Y
Bragg
l is the contribution of the l-th phase, YBk

l

is the contribution of the l-th phase to the background,

ar is the correction factor for air scattering and Yair
exp is

the data collected for air scattering (a measurement

without sample and sample-holder). Absorption Aabs

and air scattering ar as a function of h must be chosen

among a set of expressions reported by Ottani et al.

(1993) based on a work published by Ergun (1967);

and depend on the value of the primary beam and

receiving slit divergences of the equipment (2Ra and

2Rb respectively), the interstitial volume fraction of

the sample (/), the sample thickness (T) and the

sample linear absorption coefficient (l). YBk
l is given

by:

YBk
l ¼ 16p2Vl

180k3
Iincoh þ 1� e�Bl

sinh
kð Þ2� �

Icoh
h i

ð3Þ

where Vl is the unit cell volume for the l-th phase, k the
wavelength of the X-rays used, Iincoh the incoherent or

Compton scattering, Bl corresponds to the overall

average thermal factor of the l-th crystalline phase,

and Icoh the independent coherent scattering. The

factor 1� e�Bl
sinh
kð Þ2� �

Icoh given in Eq. (3) contains

the thermal diffuse scattering (TDS) term, this term

only considers the coherent scattering from thermal

disorder and occurs when monochromatic X-ray beam

is scattered by a crystal with an imperfect lattice. Such

imperfections could be due to a variety of reasons,

such as stress, impurities, defects, grain boundaries

etc. For lattice disorder of the first kind that does not

destroy the long-distance periodic atom correlations,

Bl is the overall average isotropic thermal factor of the

l-th crystalline phase and it is assumed that all the atom

displacements due to thermal motion and disorder are

uncorrelated and gaussian. A discussion about the

atomic displacement parameters obtained from

diffraction has been published by Dunitz et al.

(1988) and Armbruster et al. (1990).The incoherent

scattering or Compton scattering is given by:

Iincoh ¼
XN
j¼1

Zj 1� 1þ ajs
2 þ bjs

4

1þ cjs2 þ djs4
� �2

" #
ð4Þ

where N is the number of atoms in the unit cell (of the

l-th phase), Zj is the atomic number for the j-th atom,

and s ¼ sin h
k . The coefficients aj; bj; cj; dj have been

reported for all the atoms by Smith et al. (1975). The

independent incoherent scattering must be corrected

by a factor M(2h) which describes the bandpass effect
on all X radiation that passes through a monochroma-

tor used on the diffracted beam (Riello et al. 1997).

The monochromator bandpass function, as well as

other effects on the diffracted beam, are treated by

Ruland (1961, 1964). In the present study, the function

proposed by Riello et al. (1997) for M(2h) has been
considered as a factor that suitably corrects the

Compton scattering, and it is given by the expression:

M 2hð Þ�1¼ 1þ Kmon1 2 sin h
k

� �Kmon2

ð5Þ

where Kmon1 and Kmon2 are constants that in principle

only depend on the diffractometer used, and should be

close enough for the case of different polycrystalline

systems.In Eq. (3) the independent coherent scattering

Icoh is given by:

Icoh ¼
XN
J¼1

fj
�� ��2 ð6Þ

The sum is extended to all atoms contained in the unit

cell and fj is the atomic scattering factor for the j-th

atom, (which was calculated using the analytical

formula reported by Cromer and Mann (1968)).

In this study, the whole diffraction pattern for MCC

PH-101 was analyzed modeling the background on a

physical basis. This was also done for ciprofloxacin

(CIP) as a single crystalline phase, and for predeter-

mined mixtures of CIP/MCC where the application of

the method of quantitative phase analysis was care-

fully examined. To perform the quantitative phase

analysis by the Rietveld method (Rietveld 1969) the

contribution of each crystalline l-th phase was per-

formed on the whole diffraction patterns while calcu-

lating the corresponding background contribution YBk
l

in Eq. (2) weighted by its corresponding scale factor

Kl. This quantification provides information of high

relevance in pharmaceutical formulations.

Experimental

Materials and sample preparation

Microcrystalline cellulose PH-101 NF (labeled as

MCCex) and ciprofloxacin provided by Sigma Aldrich
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(labeled as CIP) were used in this research. Three

predetermined mixtures of CIP/MCCex were prepared

with weight% proportions of 90/10, 75/25 and 50/50

(labeled as Mix1, Mix2, and Mix3 respectively). Each

mixture was prepared taking the CIP and MCCex

substances directly from the supplier’s packaging and

was properly weighted, mixed and finally milled in an

agate mortar for five minutes.

Diffraction set up

The X-ray powder diffraction pattern (XRPD) was

recorded at room temperature using a Bruker X-ray

diffractometer D8 Discover with Bragg–Brentano

geometry and equipped with a Si-strip one-dimen-

sional detector. Themeasurements were takenwith the

sample spinning at 15 rpm, and covering a 2h range

from 4� to 110�. Cu Ka radiation was used with the

X-ray tube operating at 40 kV and 35 mA. A silicon

made zero-background holder (ZBH) was used in all

the sample measurements. The geometry was such that

the primary beam divergence (2Ra) equals the

receiving slit divergence (2Rb). The measurements

by XRD included: (1) a run without sample and

sample-holder (for air-scattering correction); (2) a run

with sample-holder (ZBH) empty; (3) a measurement

with the purpose of measure the size of the illuminat-

ing area on the sample by the X-rays; (4) a measure-

ment of aMCCex; (5) measurement of crystalline CIP;

and (6) measurements of predetermined mixtures of

CIP/MCCex (Mix1, Mix2 and Mix3).

Primary beam divergence determination, 2Ra

The spot size length along the diffraction plane (L) is

related with the primary beam divergence (2Ra) as:
2Ra = Lsin(2h) (Fig. 1).

The spot size L was measured by means of a

luminescent screen at different angles to determine the

aperture primary beam divergence (Fig. 2).

Air scattering (blank run and sample-holder run)

The geometry setup was: an anti-scattering slit of

6 mm, and the conditions mentioned in the diffraction

setup. The strategy for the data collection was chosen

to achieve the best ratio between intensity and

resolution. The blank run and sample-holder run were

performed in the diffractometer without sample and

zero-background sample holder with the same condi-

tions than in a normal run.

Sample holder and sample mounting

A silicon ZBH was used to avoid undesirable signal

coming from the sample-holder. Each sample was

gently mounted in order to favor the random orienta-

tion of the crystallites. Depending on this process, a

Fig. 1 Scattering geometry. Different line types correspond to

different sample thickness T for symmetrical reflection

2Ra = 2Rb

Fig. 2 Experimental measure of spot size length along the

diffraction plane at different angles
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given interstitial volume fraction (/) and sample

thickness (T) were obtained for each sample. The /
parameter determines q0 (the sample density with

interstices) and l0 (the sample absorption coefficient

with interstices). Ergun (1951) proposed a method to

determine the particle density of solids q‘ to allow an

estimation of the interstitial volume fraction /. Values
of / around of 0.4 are suggested for the packing

fraction of a given sample (Advance photon source

2013).

Modeling background

To obtain a calculated curve for the background of a

measurement, the fixed parameters are the divergence

of the primary beam (2Ra) (which is known experi-

mentally) the interstitial volume fraction in the sample

(/) (to be estimated), the sample thickness (T),

approximately known and to be estimated; and the

sample linear absorption coefficient (l) (which is

known for each crystalline phase), the scale factor Kl

for each crystalline phase and Bl which corresponds to

the overall average thermal factor of the l-th crys-

talline phase (a typical value may be about 0.5 Å2 for

tightly bound atoms in a metal oxide, and may be

about 3 to 5 Å2 for molecular compounds, e.g. organic

molecules). The scale factor Kl parameter is estimated

for each crystalline phase by conventional Rietveld

refinement for each sample and modeling the back-

ground using a Chebyschev polynomial (no physical

basis). The parameters Kmon1 and Kmon2 are constants

to be determined according to the procedure described

by Riello et al.(1997). The calculation of physically

based background was done by means of a Python

code.

Rietveld refinements

The GSAS II code (Toby and Von Dreele 2013) was

employed for the Rietveld analysis. Although MCC

PH 101 is well known to be mainly of the Ib type, the

presence of cellulose Ia was carefully considered for

the sample labeled as MCCex. The starting structure

models were taken from The Cambridge Structural

Database (Groom et al. 2016): PADTUL (for Ia),

JINROO01 (for Ib) and UHITOV for CIP. The

coordinate system used for each allomorph of cellu-

lose was that proposed by French (2014).

GSAS-II uses only one function for modeling the

peak shape, which is a combination of Gaussian and

Lorentzian functions (known as Pseudo-Voigt). The

Gaussian instrumental peak shape parameters (U, V,

W) proposed by Caglioti et al. (1958); as well as the

Lorentzian parameters counterpart (X, Y) defined

according to Thompson et al. (1987); Finger et al.

(1994) and Toby and Von Dreele (2013); were kept

constant and were determined by the analysis of a

standard sample of lanthanum hexaboride, LaB6

(NIST SRM 660). This procedure allowed modeling

the shape of the Bragg peaks by refining the

microstructural parameters.

Conventional Rietveld refinement (background

with no physical basis)

The strategy for refinement in the pure samples (e.g.

CIP and MCCex) can be described as follows: The

background was fitted graphically using a Chebyschev

function between 100 fixed points. The following

parameters were refined: Scale factor, preferred ori-

entation parameters (using the spherical harmonics

model), domain size parameters for the cellulose

allomorph (uniaxial size model was chosen, with

equatorial-size and axial-size as parameters to be

refined) and sample displacement to assure the local-

ization of the sample in the work plane.

Cell parameters, atomic coordinates, and isotropic

displacement parameters were kept fixed in all steps of

the refinement. At the end, the scale factors were taken

apart as the Kl needed (in Eq. 2) for calculating the

background for the CIP and MCCex samples using a

python code.

For the Rietveld refinements performed on mixes

(Mix1, Mix2, and Mix3), the contribution of CIP was

treated as completely crystalline phase, while for the

cellulose allomorph phase, it was considered as a

poorly crystallized phase with size parameters in the

order of nanometers. In the refinement of mixtures, the

starting domain size parameters for the cellulose

allomorph were extracted from the values obtained by

Rietveld refinement of the pure MCCex sample.

Rietveld refinement with physically based

background

In the second stage of the analysis, the background was

modeled with physically based parameters. This
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calculated background was introduced as fixed back-

ground in the GSAS II program. Then, the sequence of

parameters refined was the same followed by the

conventional Rietveld refinement described before.

Again, at, the cell parameters, atomic coordinates and

isotropic displacement parameters were kept fixed in

all steps of the refinement.

For the Rietveld refinements performed on mixes,

the background was modeled with physically based

parameters taking into account that corrections for

absorption Aabs and air scattering ar as a function of h
depend on the parameters of Eq. (2) explained before.

Among these, the sample linear absorption coefficient

(l) was estimated for a mixture sample, knowing the

scale factors Kl for both CIP and cellulose allomorph

phases. The scale factors Kl for both CIP and cellulose

allomorph in the mixtures were extracted from the

conventional Rietveld refinement. As in MCCex and

CIP pure cases, the calculated background for mix-

tures was introduced as fixed background in the GSAS

II program. The sequence of parameters refined was

the same followed by the conventional Rietveld

refinement. The cell parameters, atomic coordinates

and isotropic displacement parameters were kept fixed

in all steps of the refinement.

Results and discussion

Air scattering and absorption correction

The lengths of the spot size L, as well as the primary

beam divergence 2Ra as a function of h are listed in

Table 2.

With this set of values for 2Ra and the thickness T

around 0.15 mm for the MCCex sample, it was

possible to establish the inequality condition

0\T � 2Ra
2 cos h for the correction factors for air scatter-

ing ar and absorption Aabs proposed by Ottani et al.

(1993). In such case, the correction factors can be

expressed and calculated as:

arY
air
exp ¼

1

2
Yair
exp

þ ;
A

1þ 2T cosh� 2Ra
2Ra

þ 1

A

� �
e
�2l0T
sinh � 1

A

	 

Yair
exp

þ Yhol
exp�

1

2
Yair
exp

	 

e
�2l0T
sinh

ð7Þ

A�1
abs ¼ 1þ 2T cos h� 2Rað Þ

2Ra
þ 1

A

	 

e
�2l0T
sin h � 1

A
ð8Þ

where:

A ¼ 2l02Ra
sin 2h

ð9Þ

and:

/ ¼ 1� q0

q
¼ 1� l0

l
ð10Þ

Equation (7) is made up of three parts: the first term

(1
2
Yair
exp) is the scattering due to air before the specimen;

the second one is a term proportional to / and is the

scattering due to air trapped inside the specimen;

finally, the last term differs from the expression given

by Ottani et al. (1993). Instead of considering scatter-

ing due to air behind the sample, it takes into account

the one of the zero-background holder behind the

sample (it includes its own scattering contributions:

thermal and Compton). With this purpose, the pattern

Table 2 Show the spot length at different angles in 2h from

14� to 110�, the scattering geometry determines the 2Ra value

according to the Eq. 2Ra = Lsin(h)

2h (�) L (mm) 2Ra (mm)

14 31.0 3.78

20 21.0 3.65

25 15.0 3.25

30 14.0 3.62

45 10.5 4.02

60 7.0 3.50

75 5.2 3.17

90 5.0 3.54

100 4.8 3.68

110 4.6 3.77
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of the empty holder Yhol
exp was measured at the same

experimental conditions that Yair
exp.

In Eqs. (7) and (8) the density q and linear

absorption coefficient l used for the cellulose allo-

morphs: (cellulose Ia) were 1.725 g/cm3 and

7.756 cm-1 and (cellulose Ib) were 1.605 g/cm3 and

6.277 cm-1 respectively. Other parameters such as the

interstitial volume fraction / around and Bl were

approximately estimated at reasonable values (/
& 0.4 and Bl & 4 Å2). For the / determination, the

sample was placed lightly on the sample holder, in

order to avoid preferred orientation. The experimental

values varied depending on the preparation of the

sample. For MCCex sample, / varied around 0.4,

which was selected as the starting value for this

parameter. The scale factor for the cellulose allomorph

was obtained from a previous conventional Rietveld

refinement; and the Kmon1 and Kmon2 parameters were

fixed to 4.1 and 2.0 (which are closer to those reported

by Riello et al. (1997)) giving reasonable results for

the other parameters used to calculate the background

in all the samples.

Rietveld refinement with Chebyschev polynomial

background

Rietveld refinement results with background modeled

by a Chebychev polynomial are shown in Table 3, the

results were obtained following the same procedure

indicated in the Conventional Rietveld refinement

background with no physical basis section.

Overall average thermal factor

With the scale factor Kl determined for each phase, it

was possible to estimate Bl by using the trial-and-error

procedure. The effect on the calculated background for

four different values of the overall thermal factor is

shown in Fig. 3.

Interstitial volume fraction, sample thickness

and scale factor

These three parameters were initially estimated and

adjusted practicing a select degree of variation for

each one of them while the other parameters were kept

constant. Figures 4, 5 and 6 show the different

calculated background curves for variations on inter-

stitial volume fraction, sample thickness and scale

factor respectively.

Parameters for physically based background

for MCCex and CIP

The parameters selected for MCCex cellulose Ib
(MCCex Ib), MCCex cellulose Ia (MCCex Ia) and

CIP that achieve the better background fit after a

complete calculation and varying the different phys-

ical components are listed in Table 4.

The different components that contribute to the

background for MCCex Ib and CIP are shown in

Figs. 7 and 8.

Rietveld refinements with a physically based

background for MCCex and CIP

The calculated background for each phase, using the

data of Table 5, was included in the GSAS II program

as a fixed background. In the refinements, no back-

ground parameters were refined. The refined diffrac-

togram for MCCex Ib is plotted in Fig. 9. It can be

observed that the refinement using the JINROO1

structural model, presents discrepancies with the

Table 3 Rietveld

refinement results for

MCCex Ia, MCCex Ib and

CIP samples with

Chebyschev polynomial

background

Sample MCC Ia MCC Ib CIP Mix 1 Mix 2 Mix 3

MCCex

Scale factor 337.69 0.8114 0.717 2.3285

CIP

Scale factor 2.1001 36.5833 5.925 4.925 2.3955

MCCex

Equatorial size (nm) 4 3 209 2 2 3

Axial size (nm) 6 5 195 2 3 2

wR 0.06 0.072 0.13 0.086 0.082 0.083
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experimental diffractogram particularly in the ranges

around 2h = 14.5� and 15.8�.
With this result, the possibility of the presence of

the two allomorphs cellulose Ia and cellulose Ib in

MCCex was analyzed.

A Rietveld refinement of the MCCex as a mix of

two allomorphs cellulose Ia and cellulose Ib was

performed to determine the weight fraction of each

one Fig. 10) the cell parameters were not refined and

the background was calculated by a python code and

was fixed in the refinement.

The results of the Rietveld refinement for MCCexp

Ia and Ciprofloxacin are plotted in Figs. 11 and 12

respectively, and a summary of the refined parameters

for MCCex Ia, MCCex Ib and CIP have been included

in Table 5.

The Rietveld refinement shows than the MCCex

sample is formed mainly by cellulose Ia (96.2%).

The refined diffractogram for the MCCexp Ia is

plotted in Fig. 11, and for CIP in Fig. 12.

A summary of the refined parameters for cellulose

Ia, cellulose Ib and CIP have been included in Table 6.

From the results indicated in Table 7, a total of 31,

19 and 49 parameters were used for the refinement of

MCCex Ia,MCCex Ib and CIP samples respectively. A

great part of them were used to account the preferred

orientation that is normally present in this kind of

samples. The other remaining parameters include the

modeling of the domain size of the sample (isotropic

microstrain for the case of CIP sample), the sample

displacement, and the scale factor. The wR of 0.13

could be due to the strong constraint imposed by the

Fig. 3 Diffractogram of MCCex sample (blue) and calculated

background for different values of overall average isotropic

thermal factor B. The best fit was found for B = 6.0 Å2. (Color

figure online)

Fig. 4 Diffractogram of MCCex (blue) and calculated back-

ground for different values of interstitial volume fraction /. The
best fit occurs for / = 0.3. (Color figure online)

Fig. 5 Diffractogram of MCCex sample (blue) and calculated

background for different values of sample thickness T (mm).

T = 0.08 mm appears to be an optimum choice. (Color

figure online)

Fig. 6 Diffractogram of MCCex sample (blue) and calculated

background for different values of MCC scale factor K. The

choice of an unsuitable value for K is very sensitive when fit the

background to the experimental data. (Color figure online)
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GSAS II code, forcing to put the background fixed

(e.g. the scale factor listed in Table 3 was not

actualized for a new calculation of the background).

Parameters for physically based background

for MCC/CIP mixtures

The background parameters for Mix1, Mix2 and Mix3

that achieve the better background fit after a complete

calculation and varying the different physical compo-

nents are listed in Table 7 for mixes considering CIP/

MCCex Ia and Table 8 for CIP/MCCex Ib.
With the parameters listed in Table 9, the different

components that contribute to the calculated back-

ground for Mix1, Mix2 and Mix3 samples were

obtained and are shown in Figs. 13, 14 and 15

respectively.

Previous results show that a background curve can

be sketched very closely by trial and error while using

a very small number of parameters, (5 parameters for

single crystalline phases and 8 for the case of the two-

phase mixtures) as shown in Tables 7 and 9. In other

types of available models for representing the back-

ground, the number of parameters is considerably

higher. In the simpler model (a polynomial with 3

coefficients) 3 parameters are used but this only work

well for modeling the background of very crystalline

phases.

In the trial and error procedure, care must be taken

of not accepting values that do not make sense for each

one of the parameters. Some of them can be fixed by

their measure using a specific class of technique or

experimental procedure. (e.g. sample thickness T, and

interstitial volume fraction /). Others can be fixed to a
convenient value, which can be considered as ‘‘typ-

ical’’ and available from works reported in the

literature (e.g. the averaged overall thermal factor B).

Fig. 7 Contributions to the background for pure MCCexp Ib
sample: (orange) MCC diffractogram; (blue) air scattering, run

measured without sample and sample-holder; (green) empty

sample-holder; (red) background produced by MCC, given by

Eq. 3; (violet) corrected air scattering including the air trapped

inside the specimen; (brown) physically based background.

(Color figure online)

Fig. 8 Contributions to the background for pure CIP sample:

(orange) CIP diffractogram; (blue) air scattering, run measured

without sample and sample-holder; (green) empty sample-

holder; (red) background produced by CIP, given by Eq. 3;

(violet) corrected air scattering including the air trapped inside

the specimen; (brown) physically based background. (Color

figure online)

Table 4 Parameters for the

physically based

background for the MCCex

and CIP samples

Sample MCCex Ia MCCex Ib CIP

Overall thermal factor B (A2) 6.0 6.0 4.0

Sample thickness T (mm) 0.08 0.08 0.12

Interstitial volume fraction / 0.30 0.30 0.20

Scale factor K (GSAS phase fraction) 337.69 2.1001 36.5833

Kmono1 4.1 4.1 4.1

Kmono2 2.0 2.0 2.0
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Rietveld refinements with a physically based

background for MCC/CIP mixtures

The calculated background for each mixture was

obtained using the data of Table 8 and was included in

the GSAS II code. During the refinements, the

background was kept fixed and no background

parameters were refined. The refined diffractograms

for the mixtures are plotted in Figs. 16, 17 and 18, and

a summary of the refined parameters has been included

in Table 9 for MCCexp Ia/CIP and Table 10 for

MCCexp Ib/CIP mixtures.

Fig. 9 Rietveld refinement of MCCex IbwR = 0.072. Calculated background is plotted as red line. The refinement show discrepancies

around the 2h range of 14–16�. (Color figure online)

Table 5 Summary of the

refined parameters for MCC

ex sample, considering

MCCex as composed by a

mixture of two phases

(cellulose Ia and Ib)

Phase Cellulose Ia Cellulose Ib

CSD code PADTUL JINROO01

Space group P 1 P 1 1 21

a (Å) 6.717(6) 7.784(8)

b (Å) 5.962(7) 8.201(8)

c (Å) 10.40(5) 10.38(1)

a (�) 118.08(5) 90

b (�) 114.80(5) 90

c (�) 80.37(5) 96.55(5)

Weight fraction (%) 96.2 3.8

Equatorial size (nm) 4 3

Axial size (nm) 6 5

No. of Spherical harmonics used 6 6

No. of refined parameters for each phase 30 18

Total number of refined parameters 49

wR 0.045
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Similar to single crystalline phases, the total

number of parameters used for the refinement of the

mixtures was 77 for MCCexp Ia and 74 for MCCexp

Ib; where 71 for MCCexp Ia and 68 MCCexp Ib were

used for modeling the preferred orientation using

spherical harmonics; 2 come from taking into account

Fig. 10 Rietveld refinement of MCC sample considering MCC as composed by a mixture of two phases (cellulose Ia and Ib),

wR = 0.06. Calculated background is plotted as red line. (Color figure online)

Fig. 11 Rietveld refinement of MCCexp Ia sample, wR = 0.06. Calculated background is plotted as red line. (Color figure online)
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the domain size (equatorial an axial) of MCC samples,

and one parameter for isotropic microstrain from the

CIP sample; and the remaining 3 parameters take into

account the sample displacement and the two scale

factors for MCC and CIP samples. The results show a

maximum absolute difference for weight percent

Table 6 Summary of the

refined parameters for

MCCex Ia, MCCex Ib and

CIP samples

Sample MCCex Ia MCCex Ib CIP

CSD PADTUL JINROO01 UHITOV

Chemical formula (C12H20O10)n C6H10O5 C17H18FN3O3

Common name cellulose Ia cellulose Ib ciprofloxacin

Space group P 1 P 1 1 21 P-1

Not refined parameters

a (Å) 6.717 (6) 7.784 (8) 7.9606(2)

b (Å) 5.962 (7) 8.201(8) 8.5798(2)

c (Å) 10.40 (1) 10.38 (1) 10.7739(3)

a (�) 118.08(5) 90 87.868(3)

b (�) 114.80(5) 90 85.153(2)

c (�) 80.37(5) 96.55(5) 88.212(1)

Z 1 4 2

Number of refined parameters

Scale factor 1 1 1

Sample displacement 1 1 1

Size parameters 2 2 2

Isotropic micro-strain 0 0 1

Spherical harmonics for preferred orientation 27 15 44

TOTAL of refined parameters 31 19 49

Relevant refined parameters

Equatorial size (nm) 4 3 269

Axial size [001] (nm) 6 5 103

Spherical harmonics order 6 8 8

wR 0.06 0.072 0.13

Fig. 12 Rietveld

refinement of CIP sample,

wR = 0.13. Calculated

background is plotted as red

line. (Color figure online)
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content of 3.4% for MCCexp Ia and 3.3% MCCexp

Ib;this can be attributable to several factors: (1) the

corresponding scale factors for MCC and CIP were not

updated in a new calculation of the background during

the stages of the refinement; (2) during grinding

process in the agate mortar, part of the material

adhered to the walls of the mortar and the peste, a

small portion of the material could have been lost in

Table 7 Parameters for the

physically based

background for MCCex Ia/

CIP mixtures

Sample Mix1 Mix2 Mix3

MCC-overall thermal factor B (A2) 6.5 6.0 6.0

CIP-overall thermal factor B (A2) 4.0 4.5 4.0

Sample thickness T (mm) 0.08 0.08 0.08

Interstitial volume fraction / 0.3 0.3 0.3

MCCex Ia -scale factor (GSAS phase fraction) 20.048 19.172 6.5952

CIP-scale factor 90.023 35.936 4.0841

Kmono1 4.1 4.1 4.1

Kmono2 2.0 2.0 2.0

Table 8 Parameters for the

physically based

background for MCCex Ib/

CIP mixtures

Sample Mix1 Mix2 Mix3

MCC-Overall thermal factor B (A2) 6.5 6.0 6.0

CIP-Overall thermal factor B (A2) 4.0 4.5 4.0

Sample thickness T (mm) 0.08 0.08 0.08

Interstitial volume fraction / 0.3 0.3 0.3

MCCex Ib-Scale factor (GSAS phase fraction) 1.915 2.52 4.116

CIP-Scale factor 14.017 9.59 3.611

Kmono1 4.1 4.1 4.1

Kmono2 2.0 2.0 2.0

Table 9 Summary of the

refined parameters for

MCCexp Ia/CIP mixtures

Sample Mix1 Mix2 Mix3

Number of refined parameters

Scale factor 2 2 2

Sample displacement 1 1 1

MCC Ia-Size parameters 2 2 2

CIP-micro-strain isotropic parameter 1 1 1

MCC Ia-Spherical harmonics for preferred orientation 27 27 27

CIP- Spherical harmonics for preferred orientation 44 44 44

TOTAL of refined parameters 77 77 77

Relevant refined parameters

MCC Ia-equatorial size (nm) 3 3 3

MCC Ia-axial size [001] (nm) 5 4 5

Content of MCC Ia (wt %) 6.6 22.8 52.8

Content of CIP (wt %) 93.4 77.2 47.8

Absolute difference of wt % (%) 3.4 2.2 2.8

Spherical harmonics order MCC Ia/CIP 6/8 6/8 6/8

wR 0.090 0.080 0.090
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this part of the process; (3) correlation between some

of the refined parameters considered; (4) unsuitable se-

lection of the values for some of the parameters

considered for calculating the background. In any

case, these sources of error led to a discrepancy of

3.4%.

On the other hand, the fixed background could

avoid correlation between background parameters and

the listed in Table 10. Perhaps, the best way to

perform a Rietveld refinement taking into account all

the parameters, should be carried out in two steps: one

with the purpose of a better modeling of the back-

ground, defining suitably the parameters of Table 7 or

10; and followed by a next step for refining the

conventional Rietveld parameters keeping the back-

ground fixed, with the exception of the scale factors in

order to allow the update of the background.

The domain-size parameters refined for MCC

correspond well to the values reported in the literature

(equatorial domain size of the order of few nanometers

and axial size slightly greater than equatorial size) by

various authors such as Fawcett et al. (2011),

Ioelovitch (1992), Newman (1999), Thomas et al.

(2015) and Terinte et al. (2011). The domain sizes

(equatorial and axial) of the MCC crystals (in the pure

state) are slightly larger than the MCC crystals present

in the mixtures Mix1, Mix2, and Mix3, this can be due

to the process of grinding the samples in the agate

mortar. On this respect, some authors (Hermans and

Weidinger 1948) have shown that the grain size of

cellulose can change after long grinding periods of

200, 250 h until it becomes amorphous, however, the

crystal domain size of MCC can be affected in short

periods of grinding.

Fig. 13 Contributions to the background for pureMix1 sample:

(orange)Mix1 diffractogram; (blue) air scattering, run measured

without sample and sample-holder; (green) empty sample-

holder; (red) background produced by CIP phase (Eq. 3);

(violet) background produced by MCCexp Ib phase (Eq. 3);

(brown) corrected air scattering including the air trapped inside

the specimen; (pink) calculated background for Mix1 sample.

(Color figure online)

Fig. 14 Contributions to the background for pureMix2 sample:

(orange)Mix2 diffractogram; (blue) air scattering, run measured

without sample and sample-holder; (green) empty sample-

holder; (red) background produced by CIP phase; (violet)

background produced by MCCexp Ib phase; (brown) corrected

air scattering including the air trapped inside the specimen;

(pink) calculated background for Mix2 sample. (Color

figure online)

Fig. 15 Contributions to the background for pureMix3 sample:

(orange)Mix3 diffractogram; (blue) air scattering, run measured

without sample and sample-holder; (green) empty sample-

holder; (red) background produced by CIP phase; (violet)

background produced by MCCexp Ib phase; (brown) corrected

air scattering including the air trapped inside the specimen;

(pink) calculated background for Mix3 sample. (Color

figure online)
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Fig. 16 Rietveld refinement of Mix1 (MCCexpIb) sample, wR = 0.09. The calculated background is plotted as a red line. (Color

figure online)

Fig. 17 Rietveld refinement of Mix2 (MCCexpIb) sample, wR = 0.08. The calculated background is plotted as a red line. (Color

figure online)
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Conclusions

This research intends to provide a comprehensive

study of background signal represented as a

contribution of several factors. Once than the back-

ground had been defined, the poorly crystalline and the

crystalline phases are quantified applying the Rietveld

refinement. This quantification provides information

Fig. 18 Rietveld refinement of Mix3 (MCCexpIb) sample, wR = 0.09. Calculated background is plotted as red line. (Color

figure online)

Table 10 Summary of the

refined parameters for

MCCexp Ib/CIP mixtures

Sample Mix1 Mix2 Mix3

Number of refined parameters

Scale factor 2 2 2

Sample displacement 1 1 1

MCC Ib-Size parameters 2 2 2

CIP-micro-strain isotropic parameter 1 1 1

MCC Ib-Spherical harmonics for preferred orientation 24 24 24

CIP-spherical harmonics for preferred orientation 44 44 44

Total of refined parameters 74 74 74

Relevant refined parameters

MCC Ib-equatorial size (nm) 2 2 3

MCC Ib-axial size [001] (nm) 4 3 4

Content of MCC Ib (wt %) 6.7 24.3 50.2

Content of CIP (wt %) 93.3 75.7 49.8

Absolute difference of wt % (%) 3.3 2.2 2.8

Spherical harmonics order MCC Ib/CIP 8/8 8/8 8/8

wR 0.094 0.084 0.087
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of high relevance in pharmaceutical formulations. The

results obtained in this research indicate that a

background curve can be sketched very closely by

trial and error, using a very small number of param-

eters as sample thickness T, interstitial volume

fraction / and averaged overall thermal factor B.

The PH-101 sample was modelled with two different

structure files, PADTUL (for Ia), JINROO01 (for Ib)

and a mix of (Ia and Ib), a quantitative phase analysis

in the mix determined that the sample can be modeled

as a mix mainly composed by MCC Ia.

In the case of quantitative phase analysis in

mixtures, the results show a maximum absolute

difference for weight percent content of 3.3% and

3.4% in mixtures of MCC Ia and MCC Ib respectively

and ciprofloxacin. The Rietveld refinement to quantify

the phase analysis in mixes of MCC and ciprofloxacin

is a good option even in samples that present preferred

orientation, in all the cases the refinements gave a

good approach to the original content for each phase.

In weakly absorbing MCC sample with low crys-

tallinity, the correction for the interstitial volume

fraction for air scattering and absorption effects were

of extreme relevance for the background determina-

tion in the Rietveld refinement. Since MCC is a very

common excipient used in the pharmaceutical field,

the Python code used in this research could be a good

tool to analyze this kind of materials. The code is open

and is adjusted according to the equipment and sample

characteristics to assure a correct modeling.
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