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* : RDM : Régulateur de débitmètre massique
: vannes

eau

COV
10 L

RDM *

0-2000 sccm

RDM *

0-100 sccm

RDM *

0-50 sccm

Réservoir d’eau

Réacteur à triple paroi

Condenseur
T=Tglace

Flacon de garde

Bain thermostaté
2-3°C

12

Spectromètre 
de masse

He

injecteur

P

P

Flacon de 
récupération 

d’eau.

P : capteur de pression

Glace

Pompe 
primaire

Piège à azote liquide

Pompe 
primaire

Piège à azote liquide

* : RDM : Régulateur de débitmètre massique
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COV
10 L

RDM *

0-2000 sccm

RDM *

0-100 sccm

RDM *

0-50 sccm

Réservoir d’eau
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Condenseur
T=Tglace

Flacon de garde
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2-3°C

12

Spectromètre 
de masse
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P
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Flacon de 
récupération 

d’eau.

P : capteur de pression

Glace

Pompe 
primaire

Piège à azote liquide

Pompe 
primaire

Piège à azote liquide

Pompe 
primaire

Piège à azote liquide
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203K: glace dopé 0,063 % massique surfondue
203K : glace pure
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213K: glace dopé 0,063 % massique surfondue
213K : glace pure
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223K: glace dopé 0,063 % massique surfondue
223K : glace pure
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233K : glace pure
233K: glace dopé 0,063 % massique surfondue
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243K : glace pure
243K: glace dopé 0,063 % massique surfondue
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[benzaldéhyde] (molécules.cm -3)
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243 K : glace pure
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[naphtalène] (molécules.cm-3)
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"��#�,���%��� -�� *;;� ]�� �%�(��"�� -#��� ���� �M���� �%�-�,�%��B� �%�,&��,� -���

�%����,&#,�%��� -�� .%&�#�-"��-�� #���?� �����#�&��� <��,&�� 4;B+� �,� 64B2� ]()��+=)� ��.��B� �#�

�%����,&#,�%�� -�� .%&�#�-"��-�� # (���,�� ,&>�� ��#�&����,� #9��� �#� � &.#��� -�� �%�,#�,�

��,&�� ��"��#�,���%�� �,� �#� ��#��� (#?� ��� <.�( &�� �)� 7� �=B� ��(��.�#�,� � �� �%&�� -�� �#�

�%�("�#,�%��-�����# ���� �-�B�- �.%&�#�-"��-���&"���,�-#�����#�&��%��&��"���,���"(")�

�#����#�� �,��-����0�"&��������� ���������� ���&�������%0���&%�,� ,����"�)�

�

�

��) �%�("�#,�%��-� ����%� ,�%��-��.%&�#�-"��-��

+;���� ���&���%�,���� �,����#�"��-#������&"#�,� &�&"( �"�5�1*:�C��,�/#�#�"��#&� ��.� 0�-�#�&�

8���-��:��)����+)�2���� ���&���%�,�&�������-��*;;�]��-��# � �,&#�� &��!�����AB��,�2�-� ���

�%� ,�%�� -�� .%&�#�-"��-�� 5� +67� ]()��+� <�&"�#&"�� �#&� -�� ,�%�� -� ��� �%� ,�%�� -��

.%&�#�-"��-���%���&��#��=)�	 &�����2���� ���&��-����#� ���"&��B�1��%�,�.�&�"��#9���-���
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14:�'�� # ( � �

/% ��%��� ��� ,".�%�� <Z/�#����=� �,� 1� �%�,� �#���"�� % 9�&,�)� 
�&>�� +�:;���B� ,% �� ����

"��#�,���%���",#�,��%�(��"�B� �� 0� �#���"�� ���,�#�����,�% 9�&,���%�,� .�&�"���#&� ��� &%/%,)�


�&>�� �� &� -"�%�("�#,�%�B� ���� +;� ��� ���&�� �%�,� ���"�� �,� #�#���"�)� �#� .�( &�� �)� +;�

&��&"���,������&"� �,#,��-����%����,&#,�%���-��.%&�#�-"��-��-���"��#�,���%���-��(�#����,�

-���#��%� ,�%���>&�B�-",�&���"����#&�X���#�#���� &�Y)��

�

!������ '�� ��� � )������������� ��� !�������&,��� ����&���������� ������ ������ ����� �����7b� ��� ���

!�������&,���6�HK�U��+7�8 ����������	��F;�L�����������������������!����������=%$��

A ��� �� �%�,� ��� G% &� -�� ���0�"&�����B� �% �� .� 0� -�#�&� 8��B� �#� �%����,&#,�%�� -��3�3�� ���

��#���(#?� ���-#��� ���&"#�,� &B�#�","�-",�&���"���#&�-����#&,% �����-�����3��%����

",#�,���."&�� &��5�*�]()��:�)���%&�� ���.%��B������%����,&#,�%���&"��- ������-��3�3��-#���

���� /�#���� �%�,� .#�/���� <k� 1B*� ]()��+=B� ��� � �� �% �� ��&��,� -�� �%�.�&��&� ���0������,��

",#���"�,"� -��� /% ��%��� ��� ,".�%�)� ��� �#� �M��� .#N%�B� ���� �%����,&#,�%��� -��

.%&�#�-"��-����� &"��� -#��� ���� "��#�,���%��� �%�(��"�� -�� �#� �%� ,�%�� -�� 3�3�� 5� +67�

]()��+� <�#��,�� �� .�&�"�� % � % 9�&,�=B� �%�,� �����/�����,� "(#���� 5� �#� �%����,&#,�%��

���,�#��)��������-�� ��� �����&"#�,� &��&"���,���#��%���/���,"�-��("�"&�&�-���"��#�,���%���

&��&%- �,�/���� -�� (�#��� -#���  �� ��9�&%������,� �%�,&F�"B� ���� �#��� .%&�#�-"��-�� ���

��#���(#?� ��)�

�

�

�
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142�'�� # ( � �

�) �U��	�
�������	��8
��	������
���������
�������
��8��!
���3O����
T��U �

�

�) �#&,����0�"&����,#���

A ��� ����0�"&��������&"�����#�&���9��#�,�5��0�%��&�-���� &.#����-��(�#���5� ��.� 0�-��

.%&�#�-"��-�� (#?� 0� %�,� ","� ���"��)� �%���� -",#���"� -#��� ��� ��#��,&�� ��B� ����

"��#�,���%���-��(�#����� 9��,�M,&��&�.�&�"��(&j���# �&%/%,B�#�&>�� ��,�����-��0�%��,�%��

-",�&���"B��#���/&���&���"� ���/&��",#/���-#������&"#�,� &)�
�����-���"��#�,���%���-��(�#���

� &���,�-%�"��#9��� ����%� ,�%��-�#��-����,&�� ��5�;B;4:�H��#���� �B�%�,�","��0�%�"��5�

 �� .� 0� �,#/��� -�� .%&�#�-"��-�� (#?� 0� -�� "� -#��� ��#�&B� #�%&�� � �� ��� &"#�,� &� ��,�

�#��,�� �5��#�,���"&#, &��-��1::�C)��%����9 �-#��������#��,&�����B��#��%����,&#,�%�����

��#���(#?� �����,�-",�&���"���#&�-����&"�>9����,��� &�-����#&,% �����-�����3��,���,�

�#�� �"��-�#�&>������"� #,�%���� �9#�,�����

���������%%%���J� � ³����µ���. 05"� = 10" > ³~�<syÔp}t ÈÀÈëµ>ÃÊÚ§¥lá§¨¤©>¹Ì¿Ìé¹ïðm¥lñ¤©Ê Ì¿Ìé>¯Á¥éÛèÉÊóÊ©§>|Á¥éÛèÉÊóÊ©§�

���������%%%���H� � ³����µ�0º°é��°��. �05"� = ³����µ���. 05"� > *CË��>A,C''>*C�ô
¹Ì¿Ìé �

%b�;tÕ|syv|{p}���,����9%� ���-E#�",%��,&���� ,����"��% &��0,&#�&���#��#&,% ��������B�

FÈÀÈë� �,� F~�<syÔp}t ÈÀÈë� �%�,� ���� �#����� �%�#�&��� - � .%&�#�-"��-�� �,� -��

����-&#?%���-��.%&�#�-"��-��&�����,�9����,�"(#����5�:;B;:��,�1+;B+:�()�%��+B�

¬zséuè�tqt}|���,����-"/�,�- ��&"�>9����,�-E#�&�����:)����+B�

Ïzséuè�tqt}|���,��#�- &"��-���&"�>9����,�������)�

�

���� �%����,&#,�%��� ��� ��#��� �%�-���"�� �%�,� � #�,� 5� ������ -",�&���"��� ����

X���#�#���� &�Y)� �#� .�( &�� �)� ++� &��&"���,�� ���� �%����,&#,�%��� -�� .%&�#�-"��-�� #�����

-",�&���"��� �% &� -��� "��#�,���%��� -�� (�#��� � &�� �,� -%�"�� #9��� 3��:� 5� ;B;4:� H�

�#���� �B� �0�%�"�� 5�  �� .� 0� (#?� 0� -�� .%&�#�-"��-�� #9%����#�,� +B:� c� +;+:��

�%�"� ���)���:��,��% &�-���,�����-��0�%��,�%��#��#�,� G �� �5�6B*��� &��)���#� ��,�����

-��0�%��,�%�� #� ","� - ���� "� ��� 2� �0����#�&��)� �%���� ��� �%�,&�� �#� .�( &�� �)� ++B� ����

"��#�,���%���-��(�#���� &���,�-%�"��.�&�"��#�&>�� ���M���,�����-��0�%��,�%�B��%�,&��,�

 ���/%����&��&%- �,�/���,"��,��� &��%����,&#,�%��-��3�3��# (���,�����"#�&����,�#9���

���,�����-�����0�"&�����)�
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Col 2 vs Col 3 

temps (min)
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)
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1e+2

1e+3

1e+4

1e+5

253 K

Glace pure : [HCHO]gazeuse = 1,27 × 1013 molécules.cm-3

                   (637 µg.m-3)

Glace dopée : [HCHO]gazeuse = 1,32 × 1013 molécules.cm-3

                   (659 µg.m-3)

�

!������'�����������������������������������!�������&,��������������&������������������������6 8����

������ 6 8� ����� ���� ��������� �������� ��������� 	� � �J;� T� ��������� ���������� 	��

�F;� L � ��� !�������� ��� ����� ������ ������������� 	� ��� !���� ��� !�������&,��� ��I����

�������� ���� ��� ����&������ +��� ����
��� ��� ������ ������ �������������� ���� ������������

�����������

��#�&>�������0�"&����������"��B����.%&�#�-"��-����,���"("��#&�-���� &.#����-��(�#����,�

�%����,�&#�,�%����,�,&>����(��.��#,�9����,��� ���..��#����%&�� ���#�� &.#�����,�-%�"��#9���

-����#��-����,&�� ���,�-%����%�,���,� �����#������ �-��<���#��%&-�#9������-�#(&#����-��

��#��� 31�� D� 3��:� �&"���,"� -#��� ��� ��#��,&�� ���� <.�( &�� ���)7==)� ��� �..�,B� -#��� -���

�%�-�,�%��� �0�"&����,#���� �-��,�� ��B� ���� �%����,&#,�%��� -�� .%&�#�-"��-�� ��"("��� ���

��#����%�-���"���%�,���9�&%��-� 0�%&-&���-��(&#�-� &��� �"&�� &���-#��� ����#��-�� �#�

(�#���-%�"���#&�3��:�5�;B;4:�H��#���� ������%��#&#��%��#9����#�(�#���� &�)��
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144�'�� # ( � �

��) ���� ���%��

�

#) ��.. ��%�������#���(#?� ���

��� �%�..�����,� -�� -�.. ��%�� - � .%&�#�-"��-�� -#��� �#� ��#��� (#?� ��� ��,� �#�� �"� ���%��

����,��#,�%���&%�%�"���#&�R��L���,�����I:��?�����+��B�+7**JB�-",#���"���#&���"� #,�%���)�+)��

���������'���� )<{²² = C,CC@"Ý>�ô/�>�o�»o�o�>o� 
 >�Ã��/ô�Ã��/ô��>�*�¿̧�>*CCC�

%b�)<{²²���,�����%�..�����,�-��-�.. ��%��- �(#?�1�-#������(#?�+�����t)��+B�

D��#�,���"&#, &�����CB�

����,���B������#������%�"� �#�&���-����#�&��,�- �.%&�#�-"��-��&�����,�9����,�"(#����5�

1@B74��,�:;B;:�()�%��+B�

'�� �,� '�B� ���� 9%� ���� �%�"� �#�&��� -�� ��#�&� �,� - � .%&�#�-"��-�� 5� �� &� ,���"&#, &��

-�"/ ���,�%�B�&�����,�9����,�"(# 0�5�::B;@��,�:4B@2����:B�


��#��&����%�����#,�B�

)��#��%��,#�,��-��	 ,��&�#�-��#�� �"�����%����"� #,�%��� �9#�,����

���������'���� � = �'�Ã��/ô�Ã��/ô 
Ã��/ô�Ã��/ô �

"
> ��* > �'�

%b�)���,�)���%�,��#�� �"����%����� �,���

���������'��;� �{ = 1,47 > �tr {     %b�
�/�+�[�6@B46�C��,�
�/�1�[�1*2B;*�C�

��� �%�..�����,�-��-�.. ��%��- � .%&�#�-"��-��-#��� ��#�&� #����� �#�� �"� 5�1*:�CB� ��,� "(#�� 5�

$C)C@ �����[�7B77�c�+;�4��t)��+B��%�,��&>��-��;B+���t)��+)��

�

��� ,����� �#&#�,"&��,�� �� -�� -�.. ��%�� - � .%&�#�-"��-�� �� ,� M,&�� �#&� �#� � �,�B�

�#�� �"��#&��#�&��#,�%��� �9#�,����

���������'��M� ��{²²,�yÔtwÕ = Õ²
�Ì¿Ìé,l¨¥     ������

�&B� ��� &"#�,� &� #� �% &� -������%����� 16� ��� -�� �# ,B� 1;� ��� -�� -�#�>,&�)� 
����B� ���

�%���-"&#�,� ���-��,#�����#0��#���-��-�.. ��%��-#��� ��#�&�- �&"#�,� &�-����[�1;�
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146�'�� # ( � �

��B� %�� %/,���,�  �� ,����� -�� -�.. ��%�� - � .%&�#�-"��-�� ��� ��#��� (#?� ��� -#���

�%,&��&"#�,� &�-����%&-&��-����{²²,�yÔtwÕ�[�2c�+;:����%�,�46����)��

�%���� ��� �%�,&�� �#� .�( &�� �)++B� ��"� ���/&�� ��,&�� ���� ��#���� (#?� ��� �,�

�%�-���"�� ����,� �#�� #,,���,B� ��� � �� ��(��.��� � �� �#� -�.. ��%�� ��� ��#��� (#?� ���

����,��#�� ���",�� ����,� ����,#�,��-#����%���0�"&������)���� � &�&%�,B� �#�-��,#����

-�� 1;� ��� ��,� ,&>�� �#&(����,� � &��,��"�)� �#��� �%�� �%�-�,�%��� �0�"&����,#���B�

#9���  �� -"/�,� - � �"�#�(�� (#?� 0�  ,����"� -�� :� �)����+B�  �� �#0�� �� -�� +;� ����

� ..�,�5� &�����&� ��� &"#�,� &�- ��"�#�(��(#?� 0�5� �#��%����,&#,�%��-"��&"�)�
 ���B�

�#� -��,#���� -�� -�.. ��%�� �% &&#�,� M,&�� -�� +� % � 1� ��B� ��,&#��#�,� -��� ,����� -��

-�.. ��%��&�����,�9����,�-��+;��,�2;��)�

�

�

/) A #�,�,"���#0��#����-��3�3����"("���5��#�� &.#���-���#�(�#����%��-��

���� ��%�#�,�� �� �#�-�.. ��%��-#��� �#���#����%�-���"����,� ���,�B�%���� ,�����&���>&��

#��&%0��#,�%�B��"(��(�&��#�-�.. ��%��- �.%&�#�-"��-��-#������9%� ��)�������% ���%�- �,�

5� -",�&����&�  ��� ����,�� � �"&�� &�� - � �%�/&�� -�� �%�"� ���� #-�%&/"��� �#&� ��t� � ��

�% ���%,�&%�������1y<x´  )�
���������'��F� 1y<x´ �0º°���°��. �05'� = ³ÈÀÈëµ> *CË� > A,C'Ø> *C�ô >Ãéáïl©§¨ÛÛ¤©�q��

¹Ì¿Ìé>*CCC>� > s² �

#9���PC)C@Q��#��%����,&#,�%��-��.%&�#�-"��-����� &"��-#�������"��#�,���%���#� � 0����

]()��+B� ��� 9%� ��� -�� ��"��#�,���%�� ��,��"� 5� ;B*���� �,� �� ��� &#�%�� - � ��� ���&� "(#�� 5��

;B*���)�


����B�#�&>���� ��-��*��� &���-��0�%��,�%�B������ #�,�,"����"("����#&�����"��#�,���%���-��

(�#���� &���,�-%�"��#9���-����#��-����,&�� ��5�;B;4:�H��#���� �B��%�,�&�����,�9����,�-��

��%&-&�� -�� 1B+� c� +;+*� �,� +B2� c� +;+6� �%�"� ���)���1� �% &� -��� �%����,&#,�%��� -��

.%&�#�-"��-�������#���(#?� ���#9%����#�,�+B:�c�+;+:��%�"� ���)���:)��

�

�
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14@�'�� # ( � �

�

�) �#�� &������,�����."&�� &���-������ -%��%��,#�,���-��3��&��5�1*:�C�

�#� (&#�-�� � #�,�,"� -�� �%�"� ���� #-�%&/"��� �#&� ��t� �#�� �"�� �&"�"-�����,B� ��,� - ��

-� ��� �#&,� 5� �����%,�>��� ������.��#,&���� -�� �%�� -�.. ��%�� -#��� ��� 9%� ��� -�� �#� ��#���

�%�-���"�� <(�#��� % � ��� �-�� � &.%�- =)� �&B� �#� �&"������ -� ��� ��#��� ��� �-�� -#��� ����

"��#�,���%���-��(�#��� .#9%&�����&%/#/�����,� �#�-�.. ��%��-#��� ���9%� ��)�����..�,B�-#���

���� �%�-�,�%��� -�� ,���"&#, &��� ", -�"��B� �#� �&"������ -� ��� ��#��� ��� �-�� -#��� ����

"��#�,���%���-��(�#���-%�"����,�#9"&"�� <���&"."&�&�# �-�#(&#����-����#���- ����,>���

31��D�3��:�-",#���"�# ���#��,&������<.�( &�����)7==)�����#��M���.#N%�B�-#�������"��#�,���%���

-�� (�#��� � &�B� 5� 1*:� CB� �#� �&"������ -� ��� �% ���� � #������ �-�� �� ,� M,&�� ��9��#("��

I5�����������D��
��B�1;;+J)�


 0�9 ���-��� ,# 0�-��&��% 9&����,� ,&>��"��9"���,�-���%���%�-�,�%����0�"&����,#���B�5�
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[COV aromatique] (molécules.cm-3)
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Uptake Measurements of Acetaldehyde on Solid Ice Surfaces and on Solid/Liquid

Supercooled Mixtures Doped with HNO3 in the Temperature Range 203-253 K
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Uptake of acetaldehyde on ice surfaces has been investigated over the temperature range 203-253 K using
a coated wall flow tube coupled to a mass spectrometric detection. The experiments were conducted on pure
ice surfaces and on liquid/solid ice mixture both doped with nitric acid (0.063, 0.63, and 6.3 wt %). Uptake
of acetaldehyde on these surfaces was always found to be totally reversible whatever the experimental conditions
were. The number of acetaldehyde molecules adsorbed per surface unit was conventionally plotted as a function
of acetaldehyde concentration in the gas phase. Although the amounts of acetaldehyde adsorbed on solid ice
surfaces (pure and HNO3-doped ice) were approximately similar and rather limited, the number of acetaldehyde
molecules taken up on the HNO3-doped solid ice/liquid mixtures are significantly higher, up to 1 or 2 orders
of magnitudes compared to pure ice surfaces. At 213 K for example and for low concentrations of acetaldehyde
(<1 × 1013 molecule cm-3), the amount of acetaldehyde molecules taken up on solid/liquid doped surfaces
is 3.3 and 8.8 times higher than those measured on pure ice respectively for 0.063 and 0.63 wt % of HNO3.
The huge quantities of acetaldehyde taken up by liquid-/solid-doped mixtures are likely dissolved in the
nonhomogeneous liquid part of the surfaces according to the Henry’s law equilibrium. As a consequence, up
to about 10% of acetaldehyde may be scavenged by supercooled liquid droplets of convective clouds in the
upper troposphere.

Introduction

The upper troposphere (UT) is characterized by low temper-
atures ranging from about 188 to 233 K and by the presence of
ice (cirrus) as well as mixed ice/water clouds covering a
substantial portion (up to 25%) of the Earth’s surface.1 Ice clouds
are formed in the troposphere at altitudes of 4-15 km where
they can reflect the incoming solar radiation and trap the
terrestrial infrared radiation. Depending on the dominant effect,
this results either in a cooling or a warming of the underlying
layers of air, according to the particle density, their morphology,
and their (surface) chemical composition. The change of their
frequency and distribution, therefore, impacts substantially on
the regional and global climate.

The interaction between trace gases and mixed or ice clouds
can promote heterogeneous chemistry and therefore initiate the
transfer of chemical species from the gas into the condensed
phases. Hydrometeors hence appear to offer a favorable
environment for fast physical and chemical transformations,
which can modify both trace gas and aerosol compositions.2

Below approximately 230 K, clouds are predominantly com-
posed of ice crystals with number densities in the range of
0.001-50 cm-3.1,3 However, even at temperature as low as 230
K, clouds composed of supercooled liquid water droplets have
also been observed either in mixed clouds containing both ice
crystals and supercooled droplets4 or in deep convective clouds
where most of the condensed water remained liquid down to
235 K with densities up to 1.8 g m-3.5

Vertical advective transport influences the concentration and
vertical distribution of trace gases and hence the oxidation
capacity in the troposphere. Deep convection can rapidly

transport anthropogenic pollutants such as NOx, VOCs, and HOx

precursors from the planetary boundary layer (PBL) into the

upper troposphere,6 where they can participate to the local

photochemistry and modify the ozone concentration. During the

convection, soluble pollutants including nitric acid, alcohols,

carbonyl compounds, and carboxylic acids are likely to be

scavenged by supercooled droplets contained in polluted

convective air masses.7 When these supercooled droplets freeze,

the dissolved species are retained in the bulk of these new ice

particles 8,9 until these latter evaporate once in the UT.

As a consequence of convection, Laaksonen et al. 10 observed

correlated high mixing ratios of both acetone and nitric acid in

the UT suggesting that these air masses had recent contact with

the polluted PBL. The presence of oxygenated volatile organic

compounds (OVOCs) such as alcohols, aldehydes, ketones, and

carboxylic acids in the UT is also well established.11-14 The

photolysis of carbonyl compounds such as aldehydes and

ketones in the UT is a net source of HOx (OH + HO2) and

hence leads to an enhanced abundance of these oxidants as well

as of peroxyacetyl nitrate (PAN). Enhanced production of main

oxidants of the atmosphere can then affect the concentrations

of many other trace gases and is likely to modify the ozone

cycling reactions in this region, whereas PAN, as a relative long-

lived NOx reservoir, can transport nitrogen oxides from one

region of the atmosphere to another.

Whereas the effect of the OVOCs on the chemistry of the

UT is in principle reasonably understood, it is far from being

quantifiable. The uncertainties result mainly from the presence

of ice or liquid/ice clouds that tends to modify the gas-phase

concentrations of the OVOCs due to their dissolution in

supercooled droplets and to their adsorption on ice surfaces.

Because of the particular relevance of carbonyl compounds on
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04-02. E-mail: slecalve@unistra.fr.
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the HOx/oxidants level of the gas phase, their participation in
surface/droplet chemistry is of particular relevance.15

As has been shown by model calculation, 8,10,16 the presence
of trace constituents, such as nitric acid, may substantially
modify supercooled droplets formation at temperature above
233 K, affecting both their size and number concentrations.
Tropospheric mixing ratios of nitric acid vary typically between
0.1 and 2.0 ppb for altitude range of 5-13 km,10 that is in both
the mid and upper troposphere. The partitioning of nitric acid
in ice clouds is still not well understood, although it is an
important parameter to understand the vertical redistribution of
HNO3 in the UT.8 Up to now, most of the models have
considered only equilibrium adsorption of HNO3 by cloud
particles to describe the formation of mixed HNO3/H2O particles
as observed in cirrus clouds. However, the ice surfaces are often
not in equilibrium but are continuously growing and evaporating
due to temperature fluctuations. Therefore, nitric acid can be
efficiently trapped in the bulk during the growth phase.8,9,16 On
the basis of this idea, the model of Krämer and co-workers10

results in concentrations of HNO3 in ternary (HNO3-H2SO4-

H2O) and quaternary (NH3-HNO3-H2SO4-H2O) solutions
ranging, respectively, from 0.04 to 17 wt % and 1.2 to 41 wt %
for temperatures between 213 and 223 K, relative humidities
between 100 and 160%, and initial gaseous HNO3 mixing ratio
between 0.05 and 1.7 ppb.

Recent laboratory studies on OVOCs have focused on the
adsorption of these oxygenated VOCs (alcohols, acetic acid,
acetone, etc.) on pure ice surfaces. The results have highlighted
that, even if the interaction between the organic compounds and
pure ice is strong enough to lead to a monolayer adsorption in
laboratory experiments,17-22 the occurrence of cirrus clouds in
the UT region will not affect significantly the gas phase
concentrations of oxygenated organic compounds. The question
remains, however, to know what happens if instead of pure ice
one considers ice doped with strong acids (H2SO4 and HNO3),
which is more representative for the UT region of the atmo-
sphere. Whereas the amount of adsorbed organic molecules on
pure ice is always limited, recent studies have shown that the
amount of acetone and ethanol taken up by supercooled solutions
doped with nitric acid is 1 or 2 orders of magnitude higher than
those observed on pure ice.7,23

In ice and liquid/ice clouds, oxygenated VOCs interact with
supercooled droplets or ice crystals according to several coupled
processes. In the present work, we aim at a better characteriza-
tion of the first step, that is adsorption of acetaldehyde on ice
or dissolution in supercooled solution, for temperatures encoun-
tered in both the mid and upper troposphere, that is between
203 and 253 K. The adsorption of acetaldehyde on pure ice
surfaces has already been investigated for temperatures below
180 K by Hudson et al.24 These authors did not observe any
uptake of acetaldehyde on an ice film with a HNO3 monolayer
coverage, on a supercooled 4:1 HNO3/H2O solution nor on a
NAT film, from 190 to 200 K.

To our knowledge, this work is nevertheless the first to report
uptake of acetaldehyde on liquid/ice and ice surfaces for
temperature and nitric acid content relevant of the mid and upper
troposphere. Our experimental data were then used to estimate
the partitioning of oxygenated VOCs in ice and liquid/ice clouds.

Experimental Section

The uptake of acetaldehyde on ice and liquid/ice surfaces
was studied using a vertical coated wall flow tube coupled to a
mass spectrometer, already described elsewhere.7,18,19,23 We will
therefore provide only a brief summary of its principle operation.

The apparatus, which is shown in Figure 1, has a double jacket
to allow the system to be operated at low temperature. The
cooling fluid was circulated in the inner jacket from a cooler/
circulator (Huber, Unistat 385), while vacuum was maintained
in the outer jacket for thermal insulation. The temperature of
the flow tube could be cooled down and regulated between 188
and 253 K.

The jacketed flow tube was approximately 40 cm in length
with an internal diameter of 2.8 cm. The ice surface was
prepared by totally wetting, with either Milli-Q water (18 MΩ

cm) or solutions containing HNO3 (0.063, 0.63, and 6.3 wt %),
and the inner wall of the flow tube that was precooled to 263
K. The viscous aqueous film was then cooled down to 253 K
to obtain a solid or liquid/solid film that can be retained during
the course of the experiments. Finally, the film was either cooled
directly to the desired temperature over a period of 10-15 min
or cooled to 188 K and then warmed to the desired temperature.
The thickness of the ice film was estimated between 40 and
110 µm by weighing the resulting liquid water when the ice
film was melted at the end of the experiment.

The helium carrier gas (UHP certified to >99.9995% from
Messer) was used without further purification. During the
experiment, water vapor was added to the main helium flow to
provide a partial pressure of water, equal to the vapor pressure
of water over the ice film, and therefore inhibit net evaporation
of this film. The resulting humidified helium flow was injected
at the upstream end of the flow reactor.

Acetaldehyde (g99%) purchased from Fluka was further
purified before being used by repeated freeze, pump, and thaw
cycles as well as by fractional distillation. To perform an
experiment, acetaldehyde was premixed with helium in a 10 L
glass light-tight bulb to form 2.3 × 10-2 to 6.1% mixtures, at
a total pressure of ∼740-770 Torr. The mixture containing
acetaldehyde was injected into the flow tube reactor via a sliding
injector (Figure 1) that allows changing the exposed ice or
liquid/ice surfaces (130-220 cm2). The injector was jacketed

Figure 1. Schematic illustration of the vertical coated wall flow tube.

5092 J. Phys. Chem. A, Vol. 113, No. 17, 2009 Petitjean et al.



and a heating tape was wound up in the jacket to ensure a gentle
heating of the injector.19

All of the gases flowed into the reactor through Teflon tubing.
The gas mixture containing acetaldehyde and water vapor diluted
in helium was flowed through the reactor with a linear velocity
ranging between 30 and 100 cm s-1. Concentrations of acetal-
dehyde in the gas phase were calculated from their mass flow
rates, temperature, and pressure in the flow tube. All the flow
rates were controlled and measured with calibrated mass
flowmeters (Millipore, 2900 series). The pressure that ranged
between 1.9 and 2.5 Torr was measured with two capacitance
manometers (Edwards, 622 barocel range 0-100 Torr and
Keller, PAA-41 range 0-76 Torr) connected at the top and
bottom of the flow tube. Under our experimental conditions,
the mixing time τmix between acetaldehyde flow, and the main
He flow was lower than 2 ms, 25 which corresponds to a mixing
length smaller than 0.3 cm.

The gas stream coming out of the flow tube was analyzed
using a differentially pumped mass quadruple spectrometer
Pfeiffer Vacuum QMS. Acetaldehyde was monitored at the main
fragment ion CH3CO+ peak at m/z ) 43 amu using a temporal
resolution of 30 ms, an ionization energy of 70 eV and an
emission current of 1000 µA.

Results and Discussion

Uptake experiments were performed by first establishing a
highly stable flow of acetaldehyde in the injector, this injector
being positioned past the end of ice film. The injector was then
moved quickly to an upstream position so that the ice film was
exposed to acetaldehyde. The uptake of acetaldehyde on the
ice film leads to a drop of signal as shown in Figure 2. After a
time scale ranging from a few seconds to several minutes
depending on the investigated ice surface, the ice surface was
then saturated and the MS-signal returned to its initial level.
When the injector was pushed back, acetaldehyde desorbed from
the ice surface and the signal increased and then again returned
to its initial level. Similar experiments were conducted for
various ice surfaces (pure ice or doped-ice surfaces) over a
temperature range of 203-253 K and for gas-phase concentra-
tions varying from 5.7 × 1011 to 8.25 × 1014 molecules cm-3.

Adsorption on Pure Ice Surfaces. Surface CoWerage. The
number of acetaldehyde molecules adsorbed Nads on the ice
surface was determined from the integrated area of the adsorp-
tion peak (in molecule s cm-3) and the total flow rate in the
flow tube (cm3 s-1). The surface coverage N (in molecule cm-2)

of acetaldehyde was then calculated from the geometric exposed
ice surface area Sice (in cm2) according to N ) Nads/Sice. The
experiments were performed several times using newly gener-
ated ice surfaces to ensure the reproducibility of the data.

Surface coverage N versus gas phase concentrations has been
plotted in Figure 3 for six temperatures: 203, 213, 223, 233,
243, and 253 K. The relative errors on the gas-phase concentra-
tions, which range between 6 and 16% (horizontal error bars in
this figure), have been calculated from the possible uncertainties
on each flow, total pressure, etc. The quoted errors on N (vertical
error bars) arise from uncertainties made on the total flow rate,
exposed ice area, and concentrations in the gas phase. They
also include a systematic 2% error that corresponds to the error
on the integrated area of adsorption peaks. These resulting errors
on N vary between 14 and 23%.

Langmuir Isotherms. Langmuir’s theory, which has the main
assumption that adsorption cannot proceed beyond monolayer
coverage, was used to analyze our experimental data. According
to this theory, the number of molecules adsorbed per unit area
of ice surface is related to the concentration of acetaldehyde in
the gas phase. Eq 1 states this dependence:

where θ is the fractional coverage, NM is the monolayer capacity
(in molecule cm-2), and Kads(T) is the temperature dependent
adsorption constant that describes partitioning between adsorbed
and nonadsorbed molecules (cm3 molecule-1).

From a thermodynamic point of view, the equilibrium
between the gas and the surface can also be expressed by using
a dimensionless partition coefficient, K:

where R is the perfect gas constant, A/V is the area-to-volume
ratio (cm-1) of an ideal gas adsorbed at the surface, and ∆G0

ads

is the free energy of adsorption. A/V defines the standard state
for the adsorbed phase. In absence of general agreement on the
choice of a standard state, the ratio of A/V was conveniently
considered equal to ∼1.7 × 107 cm-1, 26,27 which corresponds
to a molar area of 3.74 × 107 m2 mol-1. Note that the enthalpy
does not depend on the choice of standard states.28 The

Figure 2. Acetaldehyde concentrations in the gas phase as a function
of time during the adsorption of acetaldehyde on different ice surfaces
at 213 K (with [acetaldehyde]gas phase ) 1.87, 2.01, and 1.88 × 1013

molecules cm-3 for respectively pure ice, HNO3 0.63 wt %, and HNO3

6.3 wt %).

Figure 3. Adsorption isotherms of acetaldehyde on pure ice surfaces
at 203, 213, 223, 233, 243, and 253 K (logarithmic scale). The solid
lines correspond to the Langmuir’s fits according to eq 1 for 203, 213,
and 223 K (text).
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advantage of the chosen standard state is its independence of
temperature, particle size, and absolute values of both V and
A.29

∆G0
ads is, as usual, related to the enthalpy and entropy of

adsorption via the Gibb’s equation:

At low concentration, Kads(T) [acetaldehyde]gas , 1 in eq 1,
so that K is related to Kads as follows:

In addition, N increases linearly with the concentration of
acetaldehyde with a slope NMKads(T) or K(T) × V/A according
to:

The data collected at 203, 213, and 223 K were used for the
Langmuir’s analysis and were fitted according to eq 1 as shown
in Figure 3 considering both NM and Kads as free parameters.
The resulting values for the Langmuir constants Kads are (in
units of 10-15 cm3 molecule-1): Kads (203 K) ) 12.0 ( 2.6,
Kads (213 K) ) 7.9 ( 1.7, and Kads (223 K) ) 5.0 ( 1.0. The
monolayer capacities NM are 1.90 ( 0.20, 1.32 ( 0.13, and
1.26 ( 0.15 in units of 1014 molecule cm-2 at 203, 213, and
223 K, respectively. Although a higher value of NM was found
at 203 K, probably due to the presence of cracks leading to a
higher surface area of our ice samples, no significant variation
of NM with temperature was found between 213 and 223 K so
that an average value NM ) (1.3 ( 0.2) × 1014 molecules cm-2

has been calculated. Both values of NM and Kads(T) can be used.
Besides, Figure 4 shows a typical linear isotherm on pure

ice of N versus [acetaldehyde]gas at 223 K. The resulting values
of both K(T) and Kads × NM are derived from the slope of this
plot according to eq 5 and are reported in Table 1. For each
temperature, ∆G0

ads can be obtained from eq 3, although ∆H0
ads

can be calculated from eq 3 when ∆S 0
ads is fixed from Trouton’s

rule30 (the errors bars are given at 2σ level and include

experimental error that can be estimated to approximately 5%).

The temperature dependence of K(T) between 203 and 253 K

was then used to determine the adsorption enthalpy ∆Hads of

acetaldehyde on pure ice, according to eq 3.

Both values of NM and Kads(T) derived from Langmuir’s

model can be used to determine K(T) by applying eq 4. As

shown in figure 5, the values of K derived by Langmuir model

are in very good agreement with those obtained by linear fit at

low acetaldehyde concentrations. Besides, the plot of ln K versus

1/T is linear for the temperature range 203-223 K, although

for temperature above 233 K, values start to deviate due to the

likely presence of a quasi-liquid layer on the pure ice surface.

The resulting adsorption enthalpy of acetaldehyde on ice

between 203 and 233 K, obtained by linear weighted least-

squares fitting, is ∆Hads )-16 ((3) kJ mol-1 (the quoted errors

are given at 2σ level + 5%). However, this value of ∆Hads is

higher than the enthalpy of condensation - 30.3 kJ mol-1

obtained according to the Lyman’s method,31 which is not

thermodynamically consistent. Therefore, a second approach has

been applied to the data where ∆Sads was set to be -87.3 J K-1

mol-1 according to the Trouton’s rule.30 The resulting values

for ∆Hads are the following (in units of kJ mol-1): - 36.4 (

2.0 (203 K), - 38.9 ( 2.1 (213 K), - 41.6 ( 2.3 (223 K).

Comparison with PreWious Studies. Our value for NM ) (1.3

( 0.2) × 1014 molecules cm-2 is consistent with the upper limit

(<4 × 1014 molecules cm-2) previously reported by Hudson et

al. (2002) for temperature ranging between 120 and 180 K.

Similarly, our value of the adsorption enthalpy ∆Hads ) - 42

( 4 kJ mol-1 compares favorably with their determination also

obtained with the Trouton’s rule; namely ∆Hads ) - 34.7 kJ

mol-1.24

Uptake on Solid Ice or Solid/Liquid Surfaces Doped with

HNO3. Experiments were conducted on solid or solid/liquid ice

films doped with HNO3 (0.01, 0.1, and 1 N, which correspond

to 0.063, 0.63, and 6.3 wt % of HNO3) at temperatures ranging

from 203 to 253 K. These temperatures and nitric acid

concentrations were chosen to mimic the conditions that have

been encountered in either cirrus clouds 32-34 or mixed clouds

where supercooled droplets can persist down to 233K.

Adsorption on Solid Ice Surfaces Doped with HNO3. Our

coated solid/liquid ice film was prepared at ∼253 K and cooled

down to very low temperature, typically at 185 K in our

experiments. This method ensures to obtain a solid phase (ice

+ �-NAT) according to the dynamic phase diagram (as opposed

to the equilibrium phase diagram) reported by Mahé (1999), in

which the part containing both solid and liquid phases persists

down to 191.4-197.3 K depending on the amount of nitric acid

(Figure 6). Recall that, in the case of a dynamic phase diagram,

liquid/solid supercooled mixtures can be observed below the

solidus line determined at equilibrium state. Once obtained, the

solid-doped ice surface was then heated to the desired temper-

ature. The HNO3/H2O equilibrium phase diagram35 shows that

for temperatures below 230 K we were operating in the solid

domain (Figure 6), whereas temperatures above 230 K cor-

respond to the liquid-solid domain.

Again, adsorption of acetaldehyde was always reversible

under our experimental conditions whatever the concentration

of HNO3, suggesting that no reaction occurs between acetal-

dehyde and nitric acid except the probable partial protonation

of acetaldehyde following a well-known equilibrium. According

to eq 5, the resulting values of K are derived from the linear

isotherms and are reported in both Table 1 and Figure 4.

Figure 4. Linear isotherms of acetaldehyde on different type of solid
ice surfaces at 223 K. The lines correspond to the linear fits (eq 5).

∆Gads
0

) ∆Hads
0

- T∆Sads
0

) -RTln K(T) (3)

Kads(T) × NM ) K(T) × V

A
(4)

N ) Kads(T) × NM × [acetaldehyde]gas

) K(T) × V

A
× [acetaldehyde]gas (5)
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As already observed for both acetone and ethanol,7,23 the
amounts of acetaldehyde adsorbed on solid nitric acid-doped
ice are slightly lower than those obtained on pure ice (Figure
4), whatever the temperature and the concentration of HNO3.
This phenomenon might be explained by the presence of cracks
on pure ice surfaces, whereas no cracks were observed for nitric
acid-doped ice surfaces. The quantity of cracks, on pure ice,
increases when decreasing the temperature down to 203 K.

Uptake on Solid/Liquid Ice Surfaces Doped with HNO3.

When the ice samples are prepared at ∼253 K and directly
cooled down to the wanted temperature, supercooled solutions
form, as has been observed in our previous studies7,23 for
temperatures down to 200-210 K depending on the amount of
nitric acid. As shown in Figure 5, this is in agreement with the
dynamic phase diagram of the binary HNO3-H2O system.36 The
use of the lever rule permits us to estimate the liquid percent-
age in the liquid/solid phase and the nitric acid weight
percentage in the liquid part (Table 2) for temperature ranging

between 203 and 253 K and for nitric acid concentration in
liquid/solid ice surfaces of 0.063, 0.63, and 6.3 wt %. The liquid
percentage in the liquid/solid phase increases with increasing
both temperature and nitric acid concentration, as illustrated in
Table 2. In the temperature range 203-243 K, the liquid part
in the liquid/solid phase is less than 0.5% for ice doped with
0.063 wt % of HNO3 but varies in the range 1.3-5.0% for ice
doped with 0.63 wt % of HNO3. Besides, the nitric acid weight
percentage in the liquid phase increases from 16 to 36% when
temperature increases up to 243 K and does not vary with the
initial nitric acid weight percentage for a given temperature
(Table 2).

The adsorption peaks, which on pure ice extended over a
few seconds, spread out over few minutes for solid/liquid ice

TABLE 1: Values of NM × Kads(T), K(T), ∆G0
ads, and ∆H0

ads for Different Types of Solid Ice Surfaces at 203, 213, 223, 233,
243, and 253 Ka

T (K) NM × Kads (cm)b linearity domain up to R2b K × 10-8(dimensionless)c
-∆G0

ads (kJ mol-1)d
-∆H0

ads (kJ mol-1)

Pure Ice

203 2.08 ((0.19) 1.2 × 1013 0.99 35.3 ((3.3) 25.1 ((1.1) 35.4 ((1.7)
213 0.95 ((0.09) 1.2 × 1013 0.98 16.2 ((1.5) 27.7 ((1.3) 38.6 ((1.8)
223 0.46 ((0.04) 1 × 1014 0.99 7.7 ((0.7) 30.4 ((1.5) 41.8 ((2.0)
233 0.39 ((0.03) 1 × 1014 0.99 6.5 ((0.6) 32.0 ((1.5) 44.0 ((2.1)
243 0.36 ((0.03) 1 × 1014 0.99 6.1 ((0.6) 33.6 ((1.6) 46.0 ((2.2)
253 0.35 ((0.04) 1 × 1014 0.99 6.0 ((0.6) 35.0 ((1.6) 48.0 ((2.2)

Solid Ice Doped with 0.063 wt % of HNO3

203 0.76 ((0.07) 4 × 1013 0.99 12.9 ((1.2) 26.8 ((1.3) 37.2 ((1.6)
213 1.00 ((0.05) 4 × 1013 1 17.0 ((0.8) 27.6 ((1.4) 39.7 ((1.9)
223 0.41 ((0.03) 4 × 1013 0.99 7.0 ((0.5) 30.5 ((1.5) 42.1 ((2.0)

Solid Ice Doped with 0.63 wt % of HNO3

203 0.64 ((0.05) 8 × 1013 0.99 10.85 ((0.9) 27.1 ((1.3) 37.4 ((1.8)
213 0.56 ((0.05) 5 × 1013 0.99 9.60 ((0.8) 28.6 ((1.4) 39.5 ((1.9)
223 0.42 ((0.04) 5 × 1013 0.98 7.16 ((0.6) 30.5 ((1.4) 41.9 ((2.0)

Solid Ice Doped with 6.3 wt % of HNO3

213 0.59 ((0.06) 9 × 1013 0.99 10.1 ((1.1) 28.5 ((1.3) 39.4 ((1.8)
223 0.37 ((0.03) 9 × 1013 0.99 6.3 ((0.5) 30.7 ((1.5) 42.1 ((2.0)

a For solid ice doped with HNO3, only three temperatures are available according to the equilibrium phase diagram.35 The quoted errors
correspond to 2σ level + 5% (text). b NM × Kads(T) and K(T) are determined from the slopes of the plots of N vs acetaldehyde concentration
(eq 5). c

∆G0
ads is obtained from eq 3. d

∆H0
ads is derived from eq 3, assuming that ∆S0

ads can be calculated from Trouton’s rule.30

Figure 5. Plot of K as a function of 1/T for the different types of ice:
pure ice, solid, and solid/liquid surfaces doped with HNO3. For pure
ice surfaces, the values of K derived from linear plots and Langmuir
model (text) have been distinguished. The adsorption enthalpy is derived
from the slope according to eq 3.

Figure 6. Equilibrium phase diagram of the binary system
HNO3-H2O.35 Also shown is the dynamic phase diagram (red lines)
reported by Mahé (1999).36
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doped with HNO3 (6.3 wt %) as shown in Figure 2. Note that
adsorption of acetaldehyde was always reversible under our
experimental conditions whatever the concentration of HNO3.
In addition, the concentration of HNO3 in the film is not affected
since in a previous study, pH-metric analysis performed on
the liquid resulting from the melting of the ice film after a series
of experiments showed no significant loss or increases in acid
concentration.7

The number of acetaldehyde molecules taken up on the ice
surfaces doped with HNO3 increases significantly compared to
pure ice surfaces. As observed in Figure 7, the surface coverage
increases with the nitric acid concentration. At 213 K for
example, temperature below the solidus line, and for low
concentrations of acetaldehyde (<1 × 1013 molecule cm-3) that

corresponds to a linear isotherm (part b of Figure 7), the amount
of acetaldehyde molecules taken up on solid/liquid doped ice
surfaces is 3.3 and 8.8 times higher than those measured on
pure ice respectively for 0.063 and 0.63 wt % of HNO3. For
higher acetaldehyde concentration (>1 × 1014 molecule cm-3),
the number of acetaldehyde molecules taken up increases up to
2 orders of magnitude compared to pure ice surfaces, as shown
in part a of Figure 7. Similar behaviors have been observed at
203, 223, 233, or 243 K.

The huge quantities of acetaldehyde taken up by nitric acid
doped-ice surfaces can be explained by the dissolution of
acetaldehyde in the nonhomogeneous liquid part of doped ice
surfaces. For a given temperature, the amount of scavenged
acetaldehyde increases with the liquid content of the film that
is with the initial acid concentration (Figure 7). The enhanced
uptake for acetaldehyde at these temperatures most likely results
from the fact that dissolution into a liquid (where diffusion is
favored compared to a solid) is more efficient than adsorption
onto a solid.

The presence of a liquid solution is consistent with the
adsorption/desorption cycles observed in Figure 2. Indeed, the
cycles are much longer for experiments performed on nitric acid
doped-ice surfaces compared to those conducted on pure ice
films. We can also note from Figure 2 that the time of the
adsorption/desorption processes increased with the initial nitric
acid concentration, which corresponds to an increase of the
amount of solution.

Acetaldehyde is likely to dissolve in the liquid part of the
films according to the Henry’s law equilibrium:

where H is the Henry’s law constant conventionally expressed
in mol L-1 atm-1, [CH3CHO]liq is the acetaldehyde concentration
in the liquid (in mol L-1), PCH3CHO is the partial pressure of
acetaldehyde over the liquid phase (in atm).

Such a hypothesis is consistent with the fact that N first
increases linearly with the acetaldehyde gas-phase concentration
(part b of Figure 7). In such a case, a pseudo Henry’s law
constant H* can be derived by combining eq 2 and eq 4, which
leads to

where NM × Kads is the slope of the adsorption isotherms in
centimeters, e is the thickness of the film expressed in

TABLE 2: Liquid wt % in the Liquid/Solid Mixture and Nitric Acid wt % in the Liquid Phase for Temperature Ranging
between 203 and 253 K and for Nitric Acid Concentrations in the Film of 0.063, 0.63, and 6.3 wt % According to the Dynamic
Phase Diagram of the Binary HNO3-H2O System36

T (K) Liquid % in the Liquid/Solid Mixture HNO3 wt % in the Liquid Phase

HNO3 6.3 wt % HNO3 0.63 wt % HNO3 0.063 wt % HNO3 6.3 wt % HNO3 0.63 wt % HNO3 0.063 wt %

203 15.2 1.34 0.13 16 16 16
213 18.7 1.6 0.16 21 21 21
223 24.3 2.0 0.20 26 26 26
233 36 2.72 0.27 32 32 32
243 90 4.97 0.48 36 36 36
253 100 100 100 6.3 0.63 0.063

Figure 7. Adsorption isotherms of acetaldehyde at 213 K on different
liquid/solid surfaces (0.063, 0.63, and 6.3 wt % of HNO3) and
comparison with that obtained on pure ice: (a) Logarithmic scale for
high concentrations and (b) linear plots for acetaldehyde concentration
lower than 1 × 1013 molecules cm-2.

H )
[CH3CHO]liq

PCH3CHO

(6)

H* )
[CH3CHO]liq

PCH3CHO

)
1.013 × 106

NMKads

epRT
(7)
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micrometers, p is the fraction of liquid given by the phase
diagram (Table 2), and R is the gas constant in J mol-1 K-1.

This equation was considered to estimate H* under our
experimental conditions and the results are shown in Table 3.
Calculations were made for a film thickness of 100 µm, which
corresponds to the typical value found by weighting the solution
at the end of an experiment (Experimental Section). The values
of H* were derived assuming that the liquid part of the film
was totally accessible to the gaseous acetaldehyde. For 6.3 wt
% of HNO3, the isotherm is not linear in the studied gaseous
concentration range, so that any thermodynamic parameter can
not derive.

Because adsorption of acetaldehyde on solid ice competes
with dissolution in the supercooled liquid phase under our
experimental conditions, eq 7 was corrected as follows:

where (NMKads)liq corresponds to the supercooled mixtures and
(NMKads)solid refers to the corresponding doped solid ice surfaces
for 203-223 K and to the pure ice surfaces for T g 233 K.

The variation of Henry’s law constants as a function of
temperature can be expressed with a van’t Hoff equation;
therefore ln H* has been plotted as a function of 1/T in Figure
8. Although our Henry’s law constants refer to the partitioning
of acetaldehyde between the gas phase and a water-nitric acid
solution in the liquid phase, it is tempting to compare our values
of H* to those of the usual gas/water equilibrium obtained at
298 and 273 K, that is 13 and 77 mol L-1 atm-1 respectively
and extrapolated to our temperature range.37

Figure 8 shows that H* values for doped films are signifi-
cantly lower than those obtained for pure water. In addition,
H* values seem to decrease with nitric acid concentration, at
least for the concentration range used in this study. These results
are in good agreement with the observations of Michelsen et
al., 38 who studied the dissolution of acetaldehyde in cold sulfuric
acid solutions. Indeed, these authors found that acetaldehyde is
considerably less soluble in moderately acidic solutions (less
than 45-50 wt %) than in pure water and that its solubility

first decreases with acid concentration. It is only for acid
concentrations larger than about 70 wt % that the solubility is
larger than that in pure water. A similar behavior was found by
Esteve and Nozière, 39 who showed that, at 298 K, the solubility
of acetaldehyde in sulfuric acid solutions is minimal at an acid
concentration of about 25 wt %. This behavior was not observed
for both acetone and ethanol because they are much more
soluble in the aqueous phase.

Atmospheric Implications. The fraction of A fA,cirrus scav-
enged by ice surfaces contained in a cirrus cloud can be
estimated as follows:

where Dcirrus is the surface area densities of ice ranging between
1 × 10-4 and 1 × 10-7 cm2 cm-3 40.

Even in the densest ice clouds and in the most favorable case,
that is T ) 203 K, 0.02% of acetaldehyde could be adsorbed
on pure ice surfaces. The amount of OVOCs such as acetalde-
hyde scavenged by pure ice is therefore negligible as shown in
this work and in previous laboratory studies.17-22

TABLE 3: Values of NM × Kads(T), K(T), ∆G0
ads, and ∆H0

ads for Different Types of Liquid/Solid Ice Surfaces at 203, 213, 223,
233, 243, and 253 Ka

T (K) NM × Kads
b (cm) R2 K × 10-8b (dimensionless) -∆G 0

ads
c (kJ mol-1) -∆H0

ads
d (kJ mol-1) H*e (Μ atm-1)

Liquid/Solid Ice Doped with 0.063 wt % of HNO3

203 14.8 ((1.6) 0.99 251 ((27) 21.8 ((0.9) 32.1 ((1.4) 6.5 ((0.9) × 104

213 3.3 ((0.3) 0.99 56 ((5) 25.5 ((1.2) 36.4 ((1.7) 8.2 ((1.2) × 103

223 1.2 ((0.1) 0.99 20 ((2) 28.6 ((1.4) 40.0 ((1.8) 2.2 ((0.3) × 103

233 0.62 ((0.05) 0.99 10 ((1) 31.1 ((1.5) 43.0 ((2.1) 440 ((40)
243 0.45 ((0.04) 0.99 7.7 ((0.6) 33.1 ((1.6) 45.5 ((2.2) 99 ((12)

Liquid/Solid Ice Doped with 0.63 wt % of HNO3

213 8.37 ((0.21) 0.99 142 ((14) 23.8 ((1.1) 34.7 ((1.6) 2.8 ((0.2) × 103

223 1.26 ((0.12) 0.98 21.4 ((2.1) 28.5 ((1.3) 39.9 ((1.9) 229 ((22)
233 1.14 ((0.09) 0.99 19.4 ((1.6) 29.9 ((1.4) 41.8 ((2.0) 145 ((9)
243 0.65 ((0.07) 0.99 11.0 ((1.1) 32.4 ((1.5) 44.8 ((2.1) 29 ((2)
253 0.35 ((0.06) 0.99 5.9 ((1.0) 35.0 ((1.5) 47.9 ((2.1) -

a The linear plots were obtained for acetaldehyde concentrations lower than 5 × 1014 molecule cm-2. The quoted errors correspond to 2σ
level + 5% (text). b NM × Kads(T) and K(T) are determined from the slopes of the plots of N vs acetaldehyde concentration (eq 5). c

∆G0
ads is

obtained from eq 3. d
∆H0

ads is derived from eq 3 assuming that ∆S0
ads can be calculated from Trouton’s rule.30 e The values of H* are

calculated according to eq 5 assuming that the thickness of our experimental liquid/ice surfaces is 100 µm.

H* )
[CH3CHO]liq

PCH3CHO

)
1.013 × 106[(NMKads)liq - (NMKads)solid]

epRT
(8)

Figure 8. Plot of ln H* as a function of 1/T. Our extrapolated values
on 0.063 and 0.63 wt % nitric acid-doped surface are compared with
those of Snider and Dawson (1985) obtained for pure liquid water
surfaces.37

fA,cirrus )
[A]solid

[A]g + [A]solid

)
NM × Kads × Dcirrus

1 + NM × Kads × Dcirrus

(9)
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The estimated Henry’s law constants can be used to evaluate
the partitioning of oxygenated VOCs between the gas and liquid
phases inside a supercooled cloud at temperatures close to
230-240 K. Assuming that both mass accommodation and gas
diffusion do not limit the rate of gas uptake and therefore that
the equilibrium between the gas and supercooled liquid phase
is rapidly reached, the fraction of A in the aqueous phases (fA,aq)
can be estimated as follows:40

where R the ideal gas constant (in L atm mol-1 K-1), Lwc the
dimensionless liquid water content of the supercooled cloud,
and T the cloud temperature (in K).

In situ measurements in deep convective clouds have shown
that the supercooled droplets can reach a median volume
diameter of 17 µm and amount to 1.8 g m-3 5 corresponding to
Lwc ) 1.80 × 10-6, which is approximately 1 order of magnitude
higher than the value usually reported for tropospheric clouds.41

On the basis of this value of Lwc and on the values of H* derived
from our experiments (442 M atm-1 at 233 K) or on the
extrapolated values of H* from its experimental determination
at 273 K (2960 M atm-1 at 233 K), 1.5-9.2% of acetaldehyde
may be scavenged by supercooled liquid droplets of convective
clouds. This phenomenon is then non-negligible, even if the
uptake of acetaldehyde in convective clouds is less efficient than
those estimated for more soluble OVOCs such as methanol (faq

) 0.50), ethanol (faq ) 0.76), formic acid (faq ) 0.97), acetic
acid (faq ) 0.98), and formaldehyde (faq ) 0.98).7
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Stratosphériques (Study of the Ternary Phase Diagrams H2SO4/HNO3/H2O:
Composition and Formation Mechanisms of Stratospheric Aerosols, Ph.D.
Thesis, Université d’Orléans, 1999.
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Vapor Pressure Measurements of Hydroxyacetaldehyde and Hydroxyacetone in
the Temperature Range (273 to 356) K
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Vapor pressures of ethylene glycol, hydroxyacetaldehyde, and hydroxyacetone were measured by using a
standard closed system equipped with a vacuum line, built recently in our laboratory. First, our vapor pressures
measurements of ethylene glycol and their excellent agreement with the literature in the studied temperature
range, that is, (308 to 385) K, permitted us to validate our experimental setup and procedure. The data
obtained in the temperature ranges of (296 to 356) K and (273 to 304) K were very satisfactorily (absolute
relative deviations (ARD) < 2.5 %) fitted according to the Antoine’s equation: log10(P°hydroxyacetaldehyde/Pa)
) 12.96 ( 0.82 - (3657 ( 238)/(T/K) and log10(P°hydroxyacetone/Pa) ) 10.13 ( 0.06 - (2201 ( 153)/(T/K).
Then, the resulting vapor pressures of both hydroxyacetaldehyde and hydroxyacetone at 293 K were P° )

(3.0 ( 0.2) Pa and P° ) (415 ( 20) Pa for hydroxyacetaldehyde and hydroxyacetone, respectively. The
quoted errors correspond to 2σ obtained from the least-squares fit analysis and the estimated systematic
relative error of 5 %. Finally, these experimental expressions of temperature dependences of P° then permitted
the derivation of the enthalpy of vaporization for both compounds.

Introduction

Hydroxyacetone (HOCH2C(O)CH3) and hydroxyacetaldehyde
(HOCH2CHO) are atmospheric pollutants of particular interest.
Hydroxyacetone is produced in the atmosphere mainly from the
OH-initiated oxidation of isoprene, the main nonmethane
hydrocarbon in the troposphere.1-3 Hydroxyacetaldehyde, usu-
ally named glycolaldehyde, is also formed in situ in the
atmosphere from the oxidation of several volatile organic
compounds including ethene, 2-methyl-3-buten-2-ol, and
isoprene.4-7 Once produced in the atmosphere, these two
hydroxyl carbonyl compounds have a potentially large atmo-
spheric impact, since they lead, in the upper troposphere, to
HOX radicals known to increase the oxidizing capacity of the
atmosphere, and therefore they can influence the ozone budget.8

So far, hydroxyacetaldehyde and hydroxyacetone have not
been considered to be significant aerosol constituents, since it
is assumed that these compounds have relatively high vapor
pressures. However, recent field observations indicate that they
are important atmospheric aerosol constituents. For example,
Matsunaga et al.9 provide evidence that hydroxyacetone and
hydroxyacetaldehyde (and methylglyoxal) contribute signifi-
cantly to organic aerosols, (10 to 120) Tg annually. These
findings have been confirmed, at least for hydroxyacetaldehyde,
by Angove et al.10 in a smog chamber experiment. Note that,
in this work, Angove et al.10 report an estimated value of 5.3
kPa for the equilibrium vapor pressure P° of hydroxyacetalde-
hyde at 298 K, while Butler et al.11 report also an estimated
value of 4 Pa at room temperature. These two estimated values
differ by more than two orders of magnitude. The situation is
even worse for hydroxyacetone, for which, to our knowledge,
only an estimated upper limit exists, that is, P° < 0.5 kPa at
room temperature.12

The precise knowledge of the equilibrium vapor pressure of
a component is important to predict its partitioning between
the gas and particle phases in the atmosphere.13 In addition,
the saturation vapor pressure P° can also be used to estimate
Henry’s law constant that represents the partitioning between
the gas and the aqueous phases at equilibrium. These partition-
ings are key physical properties to understand and predict the
behavior of a component in the environment.14-16

The main goal of this work is therefore to provide accurate
experimental vapor pressures for both hydroxyacetone and
hydroxyacetaldehyde. For this, our experimental setup based
on previous static devices17 was built and validated by vapor
pressure measurements of ethylene glycol between (308 and
385) K.

Experimental Section

Chemicals. Ethylene glycol (> 99.5 %) and solid hydroxy-
acetaldehyde dimer (> 99 %) were purchased from Merck and
Aldrich, respectively. Hydroxyacetone (> 95 %) was provided
by Alfa Aesar. Before use, hydroxyacetaldehyde dimer was
melted at temperatures ranging between (80 and 90) °C for more
than 2 h to obtain the hydroxyacetaldehyde monomer.18 The
hydroxyacetaldehyde monomer was then kept as limpid liquid
even when temperature decreased typically down to 293 K.

To eliminate the effect of gaseous impurities, all of the
compounds were further purified by freeze-pump-thaw cycles
using liquid nitrogen/ethanol baths at different temperatures and
a vacuum pump (< 0.02 Pa).

Apparatus and Procedure. The experimental setup, shown
schematically in Figure 1, is a static vapor-liquid equilibrium
apparatus. It consists of a Pyrex flask containing the solid or
liquid sample, connected to the vacuum line with a glass/metal
connection (Caburn MDC). It includes also a thermostatic bath,
temperature and pressure measurement devices, and a vacuum
system.

* Corresponding author. Fax: +33-(0)3-90-24-04-02. E-mail address: slecalve@
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The pressure was measured in the equilibrium cell by a
capacitance manometer (Edwards, 622 barocel, ranges from (0
to 1000) Pa and (0 to 10000) Pa) coupled to a digital indicator
(BOC Edwards) giving uncertainties of (0.1 + 0.15 P/P*) Pa
and (1 + 0.15 P/P*) Pa, where P* ) 100 Pa, for (0 to 1000)
Pa and (0 to 10000) Pa ranges, respectively.

Except for the vacuum system, the entire device was placed
in an oven maintained at a temperature slightly higher than that
of the oil bath in which the Pyrex flask was immersed, to avoid
any vapor condensation on the tube walls. Both bath and oven
temperatures were measured with thermocouples K coupled to
a laboratory thermometer (Allcat Instruments) having an ac-
curacy of ( 0.25 % of the reading values in degrees Celsius.
In addition, the thermocouples were calibrated by the manu-
facturer a few months before the measurements and were
checked by dipping them into an ice bath maintained to 273.15
K.

The vacuum system (not shown) is composed of a combina-
tion of a turbo-molecular/vacuum pump (Edwards high vacuum,
type EXC120/type RV8) and a liquid nitrogen trap. Two control
valves allow either isolating the sample from the vacuum system
(control valve 1) or isolating the equilibrium cell from the
vacuum system, leading to the establishment of an equilibrium
between the liquid and the gas phases (control valve 2).

Results and Discussion

Ethylene Glycol. The vapor pressure of ethylene glycol was
measured in the temperature range of (308 to 385) K to validate
the experimental setup.

After degassing of ethylene glycol in situ in the pyrex flask,
the measurements of the saturation vapor pressure were
performed by first establishing a highly stable vacuum in the
equilibrium cell. The control valve (2) was then rapidly closed,
allowing the establishment of equilibrium between the liquid
phase and the gas phase, while the pressure values in the
equilibrium cell were monitored on a computer. Figure 2
illustrates a typical data plot obtained for a given temperature
(here at 326.1 K).

As shown in Figure 2 (see solid line), the pressure increased
quickly at the beginning of the experiment, and after a time
scale of about 15 min, it leveled off, meaning that the liquid
phase reached equilibrium with the gas phase. Nevertheless,
when this equilibrium was reached, the pressure continued to
slowly increase linearly with time because of the presence of
leaks (see dash-dot-dot line in Figure 2). This leak is specific
to equipment used in our system, that is, vacuum fittings with

Viton seals (NW references, Edwards). The pressure reading at
a given experimental time was then corrected by subtracting
the leak contribution as follows:

Pcorrected ) P - Vt (1)

where P is the reading pressure, V is the leak rate, and t is the
time from the beginning of experiment.

The leak rate V was obtained from the slope of the linear
part of the plot of P versus t (see dash-dot-dot line in Figure
2). The plot of the resulting corrected pressures (see solid line
in Figure 2) reaches now a horizontal plateau that corresponds
to the saturation vapor P° at a given temperature.

Similar experiments were repeated for temperatures ranging
between (308 and 385) K (see Table 1). The relative errors on
the vapor pressure measurements correspond to 2σ + 5 %,
where σ is obtained from the least-squares linear fit analysis
and 5 % is the estimated systematic relative error. The resulting
relative errors varied between (5 and 7) %.

Since the plot of log10 P° versus 1/T showed a linear behavior
(see Figure 3), the results were fitted according to a simplified
Antoine’s equation:

Figure 1. Schematic diagram of the vapor pressure apparatus.
Figure 2. Plot of both P (solid line) and Pcorrected (short dash line) recorded

as a function of time during an experiment performed on ethylene glycol

at 326.1 K. The leak rate is determined from the slope of the linear asymptote

(dash-dot-dot line).

Table 1. Experimental Vapor Pressures of Ethylene Glycol
Measured in This Work and Comparison with the Literaturea

T P°
lit

b P°c

K Pa Pa 100 ·∆P°/P°d

307.7 (( 0.1) 26 (( 1) 28 (( 1) 0.81
312.6 (( 0.1) 39 (( 2) 41 (( 2) 1.30
316.5 (( 0.1) 52 (( 3) 55 (( 3) 2.52
318.8 (( 0.1) 62 (( 3) 61 (( 3) 5.12
322.1 (( 0.1) 79 (( 4) 77 (( 4) 5.38
326.1 (( 0.1) 124 (( 6) 124 (( 6) 0
328.2 (( 0.1) 128 (( 6) 137 (( 23) 0.74
334.5 (( 0.2) 192 (( 10) 196 (( 13) 2.11
335.2 (( 0.2) 201 (( 10) 201 (( 14) 0.11
340.2 (( 0.2) 282 (( 14) 278 (( 19) 0.37
347.9 (( 0.2) 464 (( 23) 454 (( 32) 0.03
359.2 (( 0.2) 923 (( 46) 900 (( 58) 1.32
367.9 (( 0.2) 1528 (( 76) 1483 (( 91) 1.98
373.4 (( 0.2) 2086 (( 104) 1950 (( 131) 1.02
384.5 (( 0.2) 3772 (( 189) 3467 (( 236) 1.29

a 100 ·∆P°/P° corresponds to the percentage deviation between
experimental and literature values. b The quoted uncertainties correspond
to the 2σ level + 5 % where σ is the standard deviation of the linear fit
of the plot of log10 Plit versus 1/T.19 c The quoted uncertainties
correspond to the 2σ level + 5 %. d The deviation between the
experimental and the literature values is defined as follows: ∆P°/P° )

(P° - P°lit)/P°).
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log10(P°/Pa) ) (12.02 ( 0.72) -
3257 ( 204

(T/K)

where the quoted errors correspond to 2σ obtained from the
least-squares linear fit analysis and the estimated systematic
relative error of 5 %.

The absolute relative deviation (ARD) was defined as follows:

ARD )
1

n
∑
i)0

n

[
|P° - P°calc|

P°
]

i
(2)

where n is the total number of experimental data points and
P°calc is the calculated vapor pressure.

According to eq 2, the ARD value is less than 2 %. It appears
therefore that our data can be conveniently fitted according to
the simplified Antoine’s equation.

The vapor pressure of ethylene glycol derived from the
experimental simplified Antoine’s equation is P° ) (8.02 (

0.41) Pa at 293 K.
The enthalpy of vaporization ∆vapH is constant for the

investigated temperature range. This, later, derived from the
slope of log10 P° versus 1/T, is then found to be (62.4 ( 4.0)
kJ ·mol-1.

Comparison with the Literature. The equation derived from
the literature19 in the same temperature range is:

log10(P°lit/Pa) ) (12.22 ( 0.69) -
3325 ( 193

(T/K)

The calculated literature values19 are summarized in Table 1
together with our experimental values (P°). Our extrapolated
experimental value at 293 K (P° ) 8.02 ( 0.41 Pa) is in good
agreement with that of Stull (P°lit ) 7.45 ( 0.38 Pa) at the
same temperature. In the temperature range of (308 to 385) K,
the differences between the two sets of data are at most 5 %,
indicating that our experimental setup is suitable to measure
equilibrium vapor pressure with good accuracy.

Similarly, our vaporization enthalpy of (62.4 ( 4.0) kJ ·mol-1

is consistent with the literature values of 65.6 ( 0.3 kJ ·mol-1,20

67.6 kJ ·mol-1,21 and 61.9 kJ ·mol-1.22

Hydroxyacetone and Hydroxyacetaldehyde. Once the setup
was validated, saturation vapor pressures of hydroxyacetalde-
hyde and hydroxyacetone were measured in the temperature
ranges of (296 to 356) K and (273 to 304) K, respectively. The

results are listed in Table 2. The relative uncertainties on the
measurements varied between (5 and 13) % for hydroxyacetal-
dehyde and (5 and 7) % for hydroxyacetone.

The vapor pressures were fitted according to the Antoine’s
equation:

log10(P°(hydroxyacetaldehyde)/Pa) ) (12.97 ( 1.70) -

3668 ( 1101

(T/K) + (0.45 ( 48)

log10(P°(hydroxyacetone)/Pa) ) (10.12 ( 2.88) -

2193 ( 1657

(T/K) - (0.46 ( 10)

where the quoted uncertainties correspond to 1σ obtained from
the least-squares fit analysis.

Similarly to ethylene glycol, the data of log10 P° versus 1/T
can conveniently be fitted, as shown in Figure 4, with a two-
parameter Antoine’s equation:

log10(P°(hydroxyacetaldehyde)/Pa) ) (12.96 ( 0.82) -

3657 ( 238

(T/K)

log10(P°(hydroxyacetone/Pa)) ) (10.13 ( 0.06) -

2201 ( 153

(T/K)

where the quoted errors correspond to 2σ obtained from the
least-squares fit analysis and include a estimated systematic
relative error of 5 %.

Again, the values of ARD, determined according to eq 2 and
found to be equal to 2.0 % and 2.5 % for hydroxyacetone and
hydroxyacetaldehyde, respectively, confirm that the experimental
values can be conveniently fitted according to the simplified
Antoine’s equation. These equations then permit the derivation
of the vapor pressures of both hydroxyacetaldehyde and
hydroxyacetone at 293 K, which were P° ) (3.0 ( 0.2) Pa and
P° ) (415 ( 20) Pa for hydroxyacetaldehyde and hydroxyac-
etone, respectively.

Figure 3. Comparison for vapor pressures of ethylene glycol measured from

this study (red circles) and those from literature19 (black cross) and the

resulting fits using the simplified Antoine’s equation (see solid lines). The

quoted uncertainties on experimental data correspond to 2σ level + 5 %

(see text).

Table 2. Experimental Vapor Pressures of Both
Hydroxyacetaldehyde and Hydroxyacetone Measured in This Worka

hydroxyacetaldehyde hydroxyacetone

T P° T P°

K Pa 100 ·∆P°/P°
b K Pa 100 ·∆P°/P°

b

295.85 3.7 (( 0.2) 0.44 273.22 127 (( 9) 3.26
305.10 9.0 (( 0.5) 5.24 275.48 136 (( 9) 4.73
305.51 9.6 (( 1.2) 2.26 277.78 162 (( 11) 2.59
319.50 33 (( 3) 2.72 278.55 167 (( 11) 4.44
319.84 33 (( 3) 0.00 278.55 172 (( 11) 1.55
322.38 37 (( 3) 6.37 280.90 201 (( 42) 0.48
323.64 46 (( 3) 2.06 281.69 205 (( 13) 3.52
327.73 62 (( 5) 1.38 281.69 210 (( 13) 1.47
333.04 98 (( 10) 4.01 289.86 356 (( 21) 1.74
339.32 154 (( 9) 2.14 290.70 360 (( 21) 2.25
340.91 170 (( 10) 0.74 290.70 363 (( 21) 1.23
341.95 182 (( 12) 0.15 290.70 360 (( 21) 2.25
342.82 198 (( 15) 2.57 293.26 431 (( 25) 0.84
346.83 253 (( 18) 1.33 295.86 516 (( 30) 3.83
355.98 486 (( 26) 2.00 295.86 495 (( 29) 0.10

296.74 531 (( 31) 1.90
300.30 617 (( 35) 3.04
301.20 642 (( 36) 4.05
302.11 717 (( 40) 2.03
303.03 746 (( 42) 1.06
303.95 817 (( 46) 4.96

a The quoted uncertainties correspond to the 2s level + 5 %. b The
individual deviation ∆P°/P° is calculated as follows: ∆P°/P° ) ((P° -

P°Antoine)/P°) where P°Antoine is calculated from the simplified Antoine’s
equation and P° is the experimental value.
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Similarly to ethylene glycol, the enthalpies of vaporization
of both compounds were derived from the Clausius-Clapeyron’s
equation: ∆vapH(hydroxyacetaldehyde) ) (70 ( 5) kJ ·mol-1

and ∆vapH(hydroxyacetone) ) (42 ( 3) kJ ·mol-1.

Comparison with the Literature. As noted in the introduction,
the literature data concerning the vapor pressures of hydroxy-
acetaldehyde and hydroxyacetone are rather limited. For the
determination of the millimeter- and submillimeter-wave spec-
trum of hydroxyacetaldehyde, Butler et al. estimated that the
vapor pressure at room temperature was roughly 4 Pa11 which
is in good agreement with our determination of (3 ( 1) Pa at
293 K. On the contrary, Angove et al. reported an estimated
value of about 5300 Pa at 298 K, a value three orders of
magnitude higher than our determination, (4.9 ( 0.3) Pa at 298
K. Besides, in measurements of UV absorption cross section,
Magneron et al. used partial pressures as high as 66 Pa at 298
K and 2100 Pa at 333 K.23 If this value obtained at 333 K is
roughly consistent with the vapor pressure of 980 Pa found in
this work, their value reported at 298 K is approximately 20
times higher than our absolute determination. These discrep-
ancies might be due to the presence of volatile impurities in
hydroxyacetaldehyde in their study, while they were removed,
in the current work, after obtaining of hydroxyacelaldehyde
monomers, by freeze-pump-thaw cycles.

Similarly, in experiments dedicated to Raman spectroscopy,
the vapor pressure of hydroxyacetone was estimated to be less
than 500 Pa at room temperature.12 This reported upper limit is
consistent with our determination of (415 ( 20) Pa at 293 K.

Conclusion

Our static device was tested to measure the vapor pressure
of ethylene glycol, and the obtained data show an excellent
agreement with those reported in the literature.

We have then measured the vapor pressures of hydroxyac-
etone and hydroxyacetaldehyde as a function of temperature.
These data are the first direct measurements for these two
compounds. They will be particularly valuable in laboratory
studies where they are often necessary.
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Figure 4. Plot of log10(P°/Pa) as a function of 1000/T for: b (solid red
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on experimental data correspond to the 2σ level + 5 % (see text).
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Adsorption study of benzaldehyde on ice surfaces is performed by combining experimental and theoretical
approaches. The experiments are conducted over the temperature range 233-253 K using a coated wall flow tube
coupled to a mass spectrometric detector. Besides the experimental way, the adsorption isotherm is also determined by
performing a set of grand canonical Monte Carlo simulations at 233 K. The experimental and calculated adsorption
isotherms show a very good agreement within the corresponding errors. Besides, both experimental and theoretical
studies permit us to derive the enthalpy of adsorption of benzaldehyde on ice surfaces ΔHads, which are in excellent
agreement: ΔHads=-61.4 ( 9.7 kJ/mol (experimental) and ΔHads=-59.4 ( 5.1 kJ/mol (simulation). The obtained
results indicate a much stronger ability of benzaldehyde of being adsorbed at the surface of ice than that of small
aliphatic aldehydes, such as formaldehyde or acetaldehyde. At low surface coverages the adsorbedmolecules exclusively
lie parallel with the ice surface. With increasing surface coverage, however, the increasing competition of the adsorbed
molecules for the surface area to be occupied leads to the appearance of two different perpendicular orientations relative
to the surface. In the first orientation, the benzaldehyde molecule turns its aldehyde group toward the ice phase, and,
similarly to the molecules in the lying orientation, forms a hydrogen bond with a surface water molecule. In the other
perpendicular orientation the aldehyde group turns to the vapor phase, and its O atom interacts with the delocalized π
system of the benzene ring of a nearby lying benzaldehyde molecule of the second molecular layer. In accordance with
this observed scenario, the saturated adsorption layer, being stable in a roughly 1 kJ/mol broad range of chemical
potentials, contains, besides the first molecular layer, also traces of the second molecular layer of adsorbed
benzaldehyde.

1. Introduction

The upper troposphere is characterized by low temperatures
ranging from about 188 to 233 K and by the presence of ice
(cirrus) as well as mixed ice/water clouds covering a substantial
portion (up to 25%) of the Earth0s surface.1 Ice clouds are formed
in the troposphere at altitudes of 4-15 km, where they can reflect
the incoming solar radiation and trap the terrestrial infrared
radiation. Depending on the dominant effect, this results either in
cooling or warming of the underlying layers of air, according to
the particle density, their morphology as well as their (surface)
chemical composition. The change of their frequency and distri-
bution, therefore, impacts substantially on the regional and global
climate.

The interaction between trace gases andmixed or ice clouds can
promote heterogeneous chemistry, and therefore initiate the trans-
fer of chemical species from the gas into the condensed phases.
Hydrometeors hence appear to offer a favorable environment for
fast physical and chemical transformations that can modify both
trace gas and aerosol compositions.2 Below approximately 230 K,

clouds are predominantly composed of ice crystals with number
density ranging from 0.001 to 50 cm-3.1,3

The presence of oxygenated volatile organic compounds
(VOCs), such as alcohols, aldehydes, ketones, and carboxylic
acids in the upper troposphere is also well established,4-7 and
could be explained as a consequence of a rapid convection from
the polluted boundary layer.8 The photolysis of carbonyl com-
pounds, such as aldehydes and ketones is a net source of OH and
HO2 radicals, and hence leads to an enhanced abundance of these
oxidants as well as of peroxyacetyl nitrate. Enhanced production
of main oxidants of the atmosphere can then affect the concen-
trations of many other trace gases and is likely to modify the
ozone cycling reactions in this region.
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Many recent experimental and theoretical studies have been
focused on the adsorption of oxygenated VOCs (alcohols, acetic
acid, acetone, etc.) on pure ice surfaces.9-18 The experimental
results have highlighted that even if the interaction between the
organic compounds and pure ice is strong enough to lead to a
monolayer adsorption in laboratory experiments,10-14,19 the
occurrence of cirrus clouds in the upper troposphere region will
not affect significantly the gas phase concentrations of oxyge-
nated organic compounds. Experimental investigations can be
well complemented by computer simulations, which provide an
atomistic level insight into the three-dimensional structure of the
adsorption layer. On the other hand, results of computer simula-
tion studies can only be verified by comparing them to experi-
mental data. Among the various computer simulation techniques
the grand canonical Monte Carlo (GCMC) method20,21 is of
particular importance in addressing this problem, since in such
simulations a real adsorption experiment can be modeled
by systematically varying the chemical potential of the VOC
and determining its surface concentration as a function of the
chemical potential. The GCMC method has successfully been
applied to a set of different adsorption processes, such as the
adsorption of VOCs on ice,15-18 as well as of water at the surface
of various carbonaceous materials,22-27 covalent organic frame-
works,28 silica,29,30 self-assembled monolayers,31 and several
metal oxides.32-35

In spite of the increasing interest of the problem of VOC
adsorption at the ice surface due to its great atmospheric
relevance, to the best of our knowledge, no study has been
focused so far on the adsorption of aromatic oxygenated VOCs
on ice surfaces, although the presence of a phenyl group can likely

modify the behavior of the adsorbed molecule. Benzaldehyde
represents the dominant species of aromatic carbonyl compounds
in the troposphere.36 In addition, benzaldehyde can be considered
as a simplemodel of aromatic aldehydes. It can be found in fruits,
and it is used as a soil fumigant and in the manufacturing of
deodorants/air fresheners and loose mineral wool fiber.16Benzal-
dehyde is also produced in situ in the atmosphere by oxidation of
various VOCs, such as toluene.36

The goal of the present study is to examine the interaction of
benzaldehyde with ice surfaces at temperatures relevant for the
upper troposphere. Our approach of investigation combines
experiments (adsorption measurement) and theory (computer
simulation), as in this way we can get more detailed and relevant
information on the system studied than what could be reached
either by experiment or theory alone. Surface coverages of
benzaldehyde on ice have been experimentally measured for
temperatures ranging from 233 to 253 K. Our experimental data
were then compared with those obtained in this work by GCMC
simulations performed at 233Kon amodel proton-disordered ice
surface. To our knowledge, this work is the first to report uptake
of benzaldehyde on ice surfaces for temperatures relevant of the
mid and upper troposphere. This paper reports also the first joint
experimental and theoretical adsorption study of an aromatic
species on ice.

2. Methods

2.1. Adsorption Experiments. The uptake of benzaldehyde
on ice surfaces was studied using a vertical coated wall flow tube
coupled to amass spectrometer, alreadydescribed elsewhere.10,11,37,38

We will therefore provide only a brief summary of its principle
operation. The apparatus has a double jacket to allow the system
to be operated at low temperature. The cooling fluid was circulated
in the inner jacket fromacooler/circulator (Huber,Unistat 385)while
vacuum was maintained in the outer jacket for thermal insulation.
The temperatureof the flowtubecouldbecooleddownandregulated
between 188 and 253 K. The jacketed flow tube was approximately
40 cm in length with an internal diameter of 2.8 cm. The ice surface
was prepared by totallywetting, withMilli-Qwater (18MΩ cm), the
inner wall of the flow tube that was precooled to 263 K. The viscous
aqueous film was then cooled down to 253 K to obtain a solid film
that can be retained during the course of the experiments. Finally, the
film was cooled directly to the desired temperature over a period of
10-15 min. The thickness of the ice film was estimated between
48and60μmbyweighting theresulting liquidwater,whenthe ice film
was melted at the end of the experiment.

The helium carrier gas (UHP certified to >99.9995% from
Messer) was usedwithout further purification. During the experi-
ment, water vapor was added to the main helium flow in order to
provide a partial pressure of water, equal to the vapor pressure of
water over the ice filmand therefore inhibit net evaporation of this
film. The resulting humidified helium flow was injected at the
upstream end of the flow reactor.

Benzaldehyde (g98%) purchased from Acros Organics was
further purified before being used by repeated freeze, pump, and
thaw cycles. To perform an experiment, benzaldehyde was pre-
mixed with helium in a 10 L glass light-tight bulb to form
5.68 � 10-2 to 0.116% mixtures, at a total pressure of ∼0.99 � 105

to 1.03 � 105 Pa. The mixture containing benzaldehyde was
injected into the flow tube reactor via a sliding injector that allows
changing the exposed ice surfaces (140-270 cm2). The injector
was jacketed and a heating tape was wound up in the jacket, to
ensure a gentle heating.11
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All the gases flowed into the reactor through Teflon tubing.
The gasmixture containingbenzaldehydeandwater vapordiluted
in helium was flowed through the reactor with a linear velocity
ranging between 30 and 100 cm/s. Concentrations of benzal-
dehyde in the gas phase were calculated from their mass flow
rates, temperature and pressure in the flow tube.All the flow rates
were controlled and measured with calibrated mass flowmeters
(Millipore, 2900 series). Thepressure that rangedbetween 250 and
330 Pa was measured with two capacitance manometers
(Edwards, 622 barocel, range 0-13000 Pa, and Keller, PAA-41,
range 0-10000 Pa) connected at the top and bottom of the flow
tube. Under our experimental conditions, the mixing time τmix

between benzaldehyde flow and the main He flowwas lower than
2ms,39which corresponds to amixing length smaller than 0.3 cm.

The gas stream coming out of the flow tube was analyzed using
a differentially pumped mass quadruple spectrometer Pfeiffer
Vacuum QMS. Benzaldehyde was monitored at the main frag-
ment ion CH3CO

þ peak at m/z= 43 amu using a temporal
resolution of 30ms, an ionization energy of 60 eVand an emission
current of 1000 μA.

2.2. Computer Simulations. In modeling the adsorption of
benzaldehyde on ice, a series of 29 Monte Carlo simulations has
been performed on the grand canonical (μ,V,T) ensemble at the
temperature T=233 K. The X, Y, and Z edges of the basic
simulation box have been 100, 35.926, and 38.891 Å long,
respectively, X being the axis perpendicular to the ice surface.
Standard periodic boundary conditions have been applied. In
modeling the ice phase 18 molecular layers of water, containing
160 molecules each, have been placed in the middle of the basic
simulationbox in the arrangement corresponding to the geometry
of proton-disordered Ih ice beneath its (0001) surface. The
chemical potential of benzaldehyde μ has been systematically
varied in the simulations from -70.31 to -60.66 kJ/mol. In
this way, the adsorption isotherm has simply been obtained as
the average number of the benzaldehyde molecules in the sys-
tem ÆNæ as a function of their chemical potential. The benzalde-
hyde chemical potential values corresponding to the different

simulations as well as the resulting values of ÆNæ are collected
in Table 1.

Water molecules have been described by the rigid five site
TIP5P potential,40 since the melting point of this model is known
to be rather close to that of real water.41 Benzaldehyde has been
modeled by the OPLS force field42 using the charge distribution
calculated by Canneaux et al.43 The interaction energy of two
molecules has been calculated as the sum of their site-site
Lennard-Jones and charge-charge Coulomb interactions. All
interactions have been truncated to zero beyond the molecular
center-center cutoff distance of 12.5 Å. In accordance with the
original parametrization of the potential models used,40,42 no
long-range correction for the electrostatic interaction has been
applied. The total potential energy of the system has been
calculated as the sum of the pair interaction energies of all
molecule pairs.

In the simulations, performed by using the program MMC44

particle displacement and benzaldehyde insertion/deletion attem-
pts have been done in alternating order. In a particle displacement
step a randomly chosen molecule has been randomly displaced by
no more than 0.25 Å and randomly rotated around a randomly
chosen space-fixed axis by no more than 15�. Water and benzal-
dehyde molecules have been selected for such moves with equal
probabilities. Particle insertion/deletion steps have been done using
the cavity biased algorithm of Mezei.45,46 Thus, new molecules
have only been tried to be inserted into empty cavities of the
minimum radius of 2.9 Å. Suitable cavities have been searched for
in the system along a 100 � 100 � 100 grid, which has been
regenerated after every million Monte Carlo steps. Particle inser-
tion and deletion attempts have been done in alternating order.

The systems have been equilibrated by performing 100-500
million Monte Carlo steps. The number of benzaldehyde mole-
cules in the system has then been averaged over 300-400 million
equilibrium configurations. Finally, at selected chemical potential
values 2000 sample configurations, separated from each other by
100 000 Monte Carlo steps each, have been saved for detailed
analyses. In these analyses the two ice surfaces present in the basic
box have been treated separately, thus, all the results have been
averaged not only over the 2000 sample configurations, but also
over these two ice surfaces per system.

3. Adsorption Isotherm

3.1. Experimental Isotherms. Uptake experiments were
performed by first establishing a highly stable flow of benzalde-
hyde in the injector, this injector being positioned past the end of
the ice film. The injector was then moved quickly to an upstream
position so that the ice film was exposed to benzaldehyde. The
uptake of benzaldehyde on the ice film leads to a drop of signal as
shown in Figure 1. After a time-scale ranging from several
seconds to a few minutes depending on the concentration of the
gas mixture, the ice surface was then saturated and theMS-signal
returned to its initial level. When the injector was pushed back,
benzaldehyde desorbed from the ice surface and the signal
increased and then again returned to its initial level. Similar
experiments were conducted over the temperature range of
233-253 K and for gas phase concentrations varying from
1.56 � 1012 to 1.87 � 1013 molecules/cm3.

Table 1. Data of the Adsorption Isotherm of Benzaldehyde on Ice, as
Obtained from the Simulations

μ/kJ mol-1 ÆNæ Γ/μmol m-2 p/p0

-60.66 280.0
-61.05 280.0
-61.10 114.7 6.84 0.988
-61.15 114.3 6.82 0.963
-61.24 113.0 6.74 0.916
-61.34 112.4 6.71 0.872
-61.44a 111.7 6.66 0.829
-61.53 112.4 6.70 0.789
-61.63 112.9 6.73 0.750
-61.73 113.7 6.78 0.714
-61.82 112.1 6.68 0.679
-61.92 110.1 6.57 0.646
-62.01 111.2 6.63 0.614
-62.21b 59.67 3.56 0.556
-62.59 45.13 2.69 0.455
-62.98 32.63 1.95 0.373
-63.36 29.31 1.75 0.305
-63.75c 21.86 1.30 0.250
-64.14 18.77 1.12 0.204
-64.52 13.09 0.781 0.167
-64.91 12.15 0.725 0.137
-65.29 7.61 0.454 0.112
-65.68 7.35 0.438 9.19 � 10-2

-66.07 7.47 0.446 7.52 � 10-2

-66.45 5.18 0.309 6.16 � 10-2

-67.42 3.66 0.218 9.19 � 10-2

-68.38 2.66 0.099 3.73 � 10-2

-69.35 1.98 0.118 2.27 � 10-2

-70.31 0.99 0.059 8.33 � 10-3

aSystem I. bSystem II. cSystem III.

(39) Taylor, G. Proc. R. Soc. London 1953, 219, 186.
(40) Mahoney, M.; Jorgensen, W. L. J. Chem. Phys. 2000, 112, 8910.
(41) Vega, C.; Sanz, E.; Abascal, J. L. F. J. Chem. Phys. 2005, 122, 114507.
(42) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J. J. Am. Chem. Soc. 1996,

118, 11225.
(43) Canneaux, S.; Soetens, J. C.; Henon, E.; Bohr, F. Chem. Phys. 2006, 327,

212.
(44) Mezei, M. MMC: Monte Carlo program for simulation of molecular

assemblies. URL: http://inka.mssm.edu/∼mezei/mmc.
(45) Mezei, M. Mol. Phys. 1980, 40, 901.
(46) Mezei, M. Mol. Phys. 1987, 61, 565. Erratum: Mezei, M. Mol. Phys. 1989,

67, 1207.



DOI: 10.1021/la100169h 9599Langmuir 2010, 26(12), 9596–9606

Petitjean et al. Article

3.1.1. Surface Coverage. The number of benzaldehydemole-
cules adsorbed on the ice surface Nads was determined from the
integrated area of the adsorption peak and the total flow rate in
the flow tube. The surface coverage N of benzaldehyde was then
calculated from the geometric exposed ice surface area Aice as to
N=Nads / Aice. The experiments were performed several times,
using newly generated ice surfaces and several gas mixtures in
order to ensure the reproducibility of the data.

Surface coverage N versus gas phase concentrations is plotted
in Figure 2 for three temperatures, i.e., 233, 243, and 253 K. The
relative errors on the gas phase concentrations, which range
between 8 and 16% (horizontal error bars in this figure) have
been calculated from the possible uncertainties of the total
pressure in each flow. The quoted errors on N (vertical error
bars) arise fromuncertaintiesmade on the total flow rate, exposed
ice area and concentrations in the gas phase. They also include a
systematic 2% error that corresponds to the error on the
integrated area of adsorption peaks. These resulting errors on N

vary between 15 and 27%.
3.1.2. Langmuir Fit of the Isotherms and Heat of Adsorp-

tion. Since themain assumptions of the Langmuir theory, namely
that (i) adsorption cannot proceed beyond monolayer coverage,
and (ii) the adsorption of a new particle occurs independently
fromthe occupancyof other adsorption sites, are certainly valid in

the pressure range of our measurements, we used this theory to
analyze our experimental data. According to this theory, the
number of molecules adsorbed per unit area of ice surface is
related to the concentration of benzaldehyde in the gas phase as

θ ¼
N

NM

¼
KadsðTÞ½benzaldehyde�gas

1þKadsðTÞ½benzaldehyde�gas
ð1Þ

where θ is the fractional coverage,NM is the monolayer capacity,
the brackets [...]gas stand for the gas phase concentration, and
Kads(T) is the temperature dependent adsorption constant
that describes partitioning between adsorbed and nonadsorbed
molecules.

From a thermodynamic point of view, the equilibrium between
the gas phase and the surface can also be expressed by using a
dimensionless, temperature dependent partition coefficient,K(T):

N

½benzaldehyde�gas
�

A

V
¼ exp

ΔGads

RT

� �

¼ KðTÞ ð2Þ

whereR is the gas constant,A/V is the area-to-volume ratio of an
ideal gas adsorbed at the surface, and ΔGads is the free energy of
adsorption. A/V defines the standard state for the adsorbed
phase. In absence of general agreement on the choice of a
standard state, the ratio of A/V is conveniently considered equal
to ∼1.7 � 107 cm-1,47,48 which corresponds to the molar area of
3.74� 107m2/mol. Note that the enthalpy does not depend on the
choice of standard states.49The advantage of the chosen standard
state is its independenceof temperature, particle size, and absolute
values of both V and A.50 ΔGads is related to the enthalpy and
entropy of adsorption (ΔHads and ΔSads, respectively) via the
Gibbs equation:

ΔGads ¼ ΔHads -TΔSads ¼ -RT ln KðTÞ ð3Þ

At low concentrations Kads(T) [benzaldehyde]gas , 1; there-
fore, using eqs 1 and 2, the relation ofK andKads can bewritten as
follows:

KadsðTÞ �NM ¼ KðTÞ �
V

A
ð4Þ

In addition, N increases linearly with the concentration of
benzaldehyde with a slope of NM � Kads(T) or K(T) � V/A:

N ¼ KadsðTÞ �NM � ½benzaldehyde�gas

¼ KðTÞ �
V

A
� ½benzaldehyde�gas ð5Þ

Figure 2 shows linear isotherms on pure ice of N versus
[benzaldehyde]gas at 233, 243, and 253 K. The resulting values
of both K(T) and Kads � NM are derived from the slope of these
plots according to eq 5 and are reported in Table 2. For each
temperature,ΔGads can beobtained from the value ofK according
to eq 3.

The temperature dependence of K(T) between 233 and 253 K
can, in principle, be used to determine the adsorption enthalpy

Figure 1. Gas phase concentration of benzaldehyde as a function
of time during its adsorption on ice surfaces at 233 K (with
[benzaldehyde] gas phase = 5.3 � 1012 molecules/cm3).

Figure 2. Adsorption isotherms of benzaldehyde on pure ice at
233 K (full circles), 243 K (open circles), and 253K (full triangles).
The solid lines correspond to the linear fits according to eq 5.
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ΔHads of benzaldehyde on pure ice according to eq 3. The plot of
ln K versus 1/T is linear for the temperature range 233-253 K
(see Figure 3). However, the linear fit of ln K versus 1/T leads to
large uncertainties since we only have three points to be fitted.
Indeed, the adsorption enthalpy value resulted froma linear weighted
least-squares fitting of these data is ΔHads=-46 ( 8 kJ/mol
(the quoted error is given at 2σ level þ5%). Further, this value
of ΔHads is slightly higher than the enthalpy of condensation
of -50.3 kJ/mol,51 which is thermodynamically not consistent.
Therefore, we used a different approach to determine the adsorp-
tion enthalpy of benzaldehyde on ice at the temperatures of
the measurements. Thus, ΔSads was fixed according to the
Trouton’s rule,52 where ΔSads ∼ ΔSvap = ΔHvap/Tb, Tb being
the boiling temperature. According to this last equation, ΔSads is
then-111.3 J/Kmol for benzaldehyde. Substituting the obtained
value to eq 3 ΔHads can be then calculated. As shown in Table 2,
the resulting values forΔHads are the following (in units of kJ/mol):
-61.4( 9.7 (233K),-61.9(9.9 (243K), and-62.7(10.0 (253K),
where the quoted errors correspond to 2σ levels þ5%.

3.1.3. Comparison with Previous Studies. Since this study is
the first to report adsorption of benzaldehyde on ice surfaces, the
comparison is rather limited. Nevertheless, our experimental data
can be conveniently compared with those obtained in a previous
work for acetaldehyde.9 As shown in Figure 4, for a given gas
phase concentration, the number of benzaldehyde molecules
adsorbed on ice is much higher than that obtained for acetalde-
hyde at 233 K. The same behavior has been observed for the two

other studied temperatures, i.e. 243 and 253 K. The ratio between
the two slopes is 1.7 at 253 K and reaches up to 12.1 at 233 K.
3.2. Isotherm Resulted from Computer Simulations. The

calculated adsorption isotherm is shown inFigure 5 in the ÆNæ vsμ
form. As is seen, at low chemical potentials it shows an exponen-
tial increase up to the μ value of about -62 kJ/mol. The
exponential increase of the isotherm indicates that the adsorption
of an individual molecule at the ice surface is independent from
the presence or absence of other adsorbed benzaldehyde mole-
cules. Then, in the chemical potential range between -62.0 and
-61.1 kJ/mol the isotherm exhibits a saturation plateau, where
the surface density of the benzaldehyde molecules is about
6.7 μmol/m2. This plateau corresponds to the presence of a
particularly stable adsorption layer. It should be noted that such
a saturation plateau was found to be completely missing from the
adsorption isotherm of formaldehyde on ice.16 Properties of this
stable layer are analyzed in detail in a following section. Finally,
between the μ values of-61.1 and-61.05 kJ/mol condensationof
benzaldehyde occurs; above this chemical potential the system
contains liquid benzaldehyde.

Table 2. Values of NM � Kads(T), K(T), ΔGads, and ΔHads for
Benzaldehyde Adsorption on Pure Ice at 233, 243, and 253 K, Where
the Quoted Errors Correspond to the 2σ Level þ5% (See the Text)

T/K

NM �

Kads/cm
a r2 b K � 10-7 a

-ΔGads/

kJ mol-1 c

-ΔHads/

kJ mol-1 c

233 5.26 ((0.52) 0.93 8.94 ((0.88) 35.5 ((2) 61.4 ((9.7)

243 1.79 ((0.24) 0.88 3.04 ((0.41) 34.8 ((2) 61.8 ((9.9)

253 0.80 ((0.11) 0.86 1.36 ((0.19) 34.5 ((2) 62.7 ((10.0)
aDetermined from the slopes of the plots of N versus benzaldehyde

concentration (see eq 5). b r2 is a measure of the goodness-of-fit of the
linear regression. cΔGads is obtained from eq 3. ΔHads is derived from
eq 3, where ΔSads was set to be -111.3 J/K mol.

Figure 3. Plot of K as a function of 1/T corresponding to benzal-
dehyde adsorption on pure ice. The adsorption enthalpy is derived
from the slope according to eq 3.

Figure 4. Comparison of adsorption isotherms of benzaldehyde
(full circles) and acetaldehyde9 (open circles) on pure ice at 233 K.
Plot of the number of molecules adsorbed per surface unit versus
the absolute gas phase concentration of aldehyde.

Figure 5. Average number of benzaldehydemolecules in the basic
simulation box as a function of the benzaldehyde chemical poten-
tial. The arrows indicate the three systems considered for detailed
analysis.

(51) Ambrose, D.; Connett, J. E.; Green, J. H. S.; Hales, J. L.; Head, A. J.;
Martin, J. F. J. Chem. Thermodyn. 1975, 7, 1143.
(52) Atkins, P. W. Physical chemistry, 5th ed.; Oxford University Press: Oxford,

U.K., 1994.



DOI: 10.1021/la100169h 9601Langmuir 2010, 26(12), 9596–9606

Petitjean et al. Article

It should be noted that although GCMC calculations often
show a hysteresis loop between the adsorption and desorption
isotherms,53-55 such an adsorption hysteresis is not an artifact
(or simply a particular feature) of the GCMCmethod, but it is a
well-known physical phenomenon shown exclusively by porous
materials.56,57On the other hand, no adsorption hysteresis occurs
at flat surfaces, such as the one simulated here. The lack of such a
hysteresis loop on flat surfaces has also been demonstrated by
GCMC computer simulations.35 Therefore, we did not calculate
the desorption isothermof benzaldehyde in the present study, as it
should coincide with the adsorption isotherm.

Considering the behavior of the calculated isotherm we have
chosen three different chemical potential values at which detailed
analysis of the adsorption layer is performed. Thus, system I,
corresponding to the chemical potential value of-63.75 kJ/mol is
located at the exponentially rising part of the isotherm. At this
chemical potential value even the first molecular layer of the
adsorbed benzaldehyde molecules is far from being saturated.
System II, being at the μ value of-62.21 kJ/mol is located close to
the saturation plateau, whereas system III is chosen to be at this
plateau, at μ=-61.44 kJ/mol, where the benzaldehydemolecules
form their particularly stable adsorption layer. Instantaneous
equilibrium snapshots of systems I-III are shown in Figure 6 as
taken out from the simulations.
3.3. Comparison of the Experimental and Simulated Iso-

therms. The experimental and calculated isotherms can be
compared by plotting the surface density of the adsorbed mole-
cules Γ versus the relative vapor pressure of benzaldehyde prel
(i.e., its pressure p normalized by the pressure of its saturated
vapor p0). Although the experimental saturated vapor pressure p0
of benzaldehyde at 233K is not available in the literature, it can be
extrapolated from vapor pressure measurements performed at
other temperatures using the Antoine equation:

ln p0 ¼ A -
B

T þC
ð6Þ

Using the Antoine parameter values58 of A=16.35, B=3748.62
K, andC=-66.12K, corresponding to the pressure value in Torr
units, the p0 value of 0.295 Pa can be derived at 233 K.

The simulated isotherm can be converted to the Γ vs prel form
using the relation32

prel ¼
p

p0
¼

expðβμÞ

expðβμ0Þ
ð7Þ

where β=1/kBT, kB being the Boltzmann constant, and μ0 is the
chemical potential value corresponding to the point of condensa-
tion. From the calculated isotherm the value of μ0 has been
determined to be -61.075 kJ/mol. The Γ and prel values corre-
sponding to the different systems simulated are also included in
Table 1.

The comparison of the experimental and calculated isotherms
obtained at 233 K is presented in Figure 7. As is seen, the two
isotherms are in excellent agreement with each other. Although

the simulation data correspond to slightly lower surface coverage
values, the two set of data agreeswith eachother almostwithin the
error bars. The observed agreement of the simulated and experi-
mental isotherms confirms the validity of the computer model
used, and demonstrates the relevance of the detailed analysis of
the simulated configurations.

It should finally be noted that the simulated isotherm, deter-
mined in the entire 0e prele 1 pressure range clearly shows a non-
Langmuir behavior above the pressure range explored in the
experiments. This non-Langmuir behavior, already suggested
by the presence of the saturation plateau of the isotherm in the
<N > vs μ form (see Figure 5), is in a clear contrast with our
previous finding concerning the adsorption of formaldehyde on
ice,16 and it is very probably due to the non-negligible lateral
interaction of the adsorbed benzaldehyde molecules at moderate
and high surface coverages.

4. Characterization of the Adsorption Layer

4.1. Density Profiles. The density profile of the benzalde-
hyde molecules in systems I-III is shown in Figure 8. In
calculating these profiles the position of the benzene ring C atom
to which the CHO group is attached has represented the position
of the entire benzaldehyde molecule. As is seen, in system I the
obtained profile is unimodal, having its peak at the X value of
33.9 Å, just about 2 Å away from the point where the ice density
drops to zero. This close contact with the ice phase suggests that
the benzaldehyde molecules in this system are probably lying
parallel with the ice surface. However, in system II the density
peak of the benzaldehyde molecules is already bimodal. The first
maximum of the broad, split peak is close to the position of the
peak in system I, whereas the second maximum appears farther
away from the ice phase, i.e., at X=35.1 Å. The fact that the
density peak is now split into two separate maxima indicates that
the adsorbed molecules are aligned in two different orientations
relative to the ice surface. Further, the fact that the second
maximum is almost 1 Å farther away from the ice phase than
the first one suggests that, besides the parallel-like orientation
corresponding to the first maximum, the other preferred align-
ment of the benzaldehyde molecules is probably close to be
perpendicular to the surface. This point is investigated in detail
in the following subsection.

Finally, in system III, the benzaldehyde density profile exhibits
again a unimodal peak, now atX=35.4 Å, close to the position of
the second maximum of the split peak of system II, and only a
shoulder is seen around the X value of 34 Å. This main peak is
followed by a small second peak around the X value of 37.7 Å.
This finding suggests that (i) in systemIII, i.e., whenbenzaldehyde
forms a particularly stable adsorption layer at the ice surface, the
dominant orientation of its molecules is already more or less
perpendicular to the surface (in accordance with the simple
expectation that the number of adsorbed molecules being in
contact with the ice surface can be maximized this way), and (ii)
besides the already saturated first molecular layer, traces of a
second molecular layer are also present in this stable adsorption
layer of the benzaldehyde molecules.
4.2. Orientation of the AdsorbedMolecules. In describing

the orientational statistics of rigid molecules relative to an
external surface the bivariate joint distribution of two indepen-
dent orientational variables has to be calculated.59,60 We have
shown that the angular polar coordinates ϑ and φ of the surface

(53) Jorge, M.; Seaton, N. A. Mol. Phys. 2002, 100, 3803.
(54) Libby, B.; Monson, P. A. Langmuir 2004, 20, 4289.
(55) Striolo, A.; Chialvo, A.A.; Gubbins, K. E.; Cummings, P. T. J. Chem. Phys.

2005, 122, 234712.
(56) Hunter, R. J. Foundations of Colloid Science: Oxford University Press:

Oxford, U.K., 2000.
(57) Shaw, D. J. Introduction to Colloid and Surface Chemistry: Butterworth-

Heinemann: Oxford, U.K., 1992.
(58) Sinnot, R. K. Chemical Engineering Design, 4th ed.; Coulson and

Richardson's Chemical Engineering Series, Vol. 6; Elsevier Butterworth-Heinemann:
Oxford, U.K., 2005.

(59) Jedlovszky, P.; Vincze, �A.; Horvai, G. J. Chem. Phys. 2002, 117, 2271.
(60) Jedlovszky, P.; Vincze, �A.; Horvai, G. Phys. Chem. Chem. Phys. 2004, 6,

1874.
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normal vector in a local Cartesian frame fixed to the individual
molecules are a sufficient choice of such variables.59,60 However,
since the polar angle ϑ is formed by two general spatial vectors,
but φ is the angle of two vectors restricted to lie in a given plane
(i.e., the xy plane of the local frame) by definition, uncorrelated
orientation of the molecules with the surface results in a uniform
bivariate distribution only if cos ϑ and φ are chosen to be the
independent variables.

In analyzing the orientation of the adsorbed benzaldehyde
molecules relative to the ice surfacewe defined this local Cartesian
frame in the followingway. The origin of this frame is theO atom,
its z axis points along the OdC double bond, axis y also lies in the
plane of the molecule in such a way that the y coordinate of the H
atomof the CHOgroup is negative, and axis x is perpendicular to
the molecular plane. Finally, we use the convention that the
surface normal vector X is directed from the bulk ice phase

toward the adsorption layer. It should also be noted that, due
to the planar symmetry of the benzaldehyde molecule, this frame
is always chosen in such a way that φ does not exceed 180�. The
definition of this local Cartesian frame and of the polar angles
ϑ and φ of the surface normal vector pointing away from the ice
phase X in this frame is illustrated in Figure 9.

The P(cos ϑ,φ) orientational maps of the adsorbed benzal-
dehyde molecules in systems I-III are shown in Figure 10. As is
seen, at low surface coverages (i.e., in system I) the P(cos ϑ,φ)
distribution exhibits two sharp peaks at about cos ϑ=0.1 and φ=
0�, and at cos ϑ∼ 0.1 and φ=180�. These peaks correspond to the
same preferred alignment, denoted here by R, i.e., when the
benzaldehyde molecule lies almost parallel with the ice surface,
and the CdO bond declines slightly, by about 5-10� from the
surface plane pointing toward the ice phasewith theOatom.With
increasing surface coverage also another peak of the P(cos ϑ,φ)

Figure 6. Instantaneous equilibrium snapshot of the benzaldehyde layer adsorbed at the ice surface as taken out from the simulations of
system I (top row), system II (middle row), and system III (bottom row). The snapshots are shown both in side view (first column) and in top
view (second column).
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map, marked here by β, emerges around its cos ϑ ∼ 0.2, φ=90�
point. Thus, in system II this peak is only seen as a small
secondary maximum, but in system III it becomes the dominant
feature of the orientationalmap. In this alignment the plane of the
benzaldehyde molecule is perpendicular to the ice surface, the
CdO double bond declines from the parallel alignment with the
surface by about 15-20�, the benzene ring points to the vapor phase,
whereas the C-H bond of the aldehyde group rather straight to
the ice surface. Finally, in system III, i.e., in the stable adsorption
layer of benzaldehyde a third orientation, corresponding to the
cos ϑ value of -1 is also slightly preferred. In this orientation,
denoted by γ the benzaldehydemolecule is again perpendicular to
the ice surface, but now points by its CdO group straight away
from the ice phase. The preferred orientations R, β, and γ of the
adsorbed benzaldehyde molecules are illustrated in Figure 10.

The preference of the adsorbedmolecules for an almost parallel
alignment with the surface at low coverages and the increas-
ing importance of the nearly perpendicular alignments with

increasing surface coverage are in accordance with our previous
assumptions, made in the density profile analysis. In order to
demonstrate the relation between these orientational preferences
with the shape of the density peaks in the systemsof relatively high
surface coverages, we have calculated in systems II and III the
density profiles of the molecules of different orientations sepa-
rately. This deconvolution of the density peaks according to the
molecular orientations is shown in the insets of Figure 8. This
analysis reveals that the first maximumof the split density peak in
system II and the shoulder at the ice phase side of themain peak in
system III, similarly to the entire peak in system I, are indeedgiven
by the benzaldehydemolecules of orientation R, i.e., the ones that
lie almost parallel with the ice surface. Further, the second
maximum of the split density peak of system II as well as the
main peak of system III are given by the molecules that are
perpendicular to the surface. Benzaldehyde molecules of orienta-
tion γ in system III contribute to the high X side of the main
density peak, leading to a broadening of this peak with respect to
that in system II farther away from the ice surface. Finally, it is
also seen that the molecules forming traces of the second
molecular layer in system III (i.e., the ones contributing to the
small second density peak in this system) are again in orientation
R, lying parallel with the ice surface.

In understanding the origin of these preferences of the ad-
sorbed molecules, their possible interactions with the rest of the
system at different surface coverages have to be considered. Thus,
in the case of highly unsaturated outmost molecular layers, such
as the first molecular layer in system I and the second molecular
layer in system III the interaction of the molecules of this layer
with the rest of the system can be maximized in their lying
orientation R, when all of their atoms can get as close to the ice
phase or to the inner layer as possible. Further, in this alignment
the delocalized π electron system of the benzene ring can interact
with the nearby O atoms of high electronegativity (i.e., with the
water O atoms at the ice surface in the case of system I, and with
the outward oriented O atoms of the benzaldehyde molecules of
alignment γ in the first molecular layer in the case of system III).
Finally, the slight, 5-10� deviation of the R oriented molecules
from the exactly parallel alignment with the surface in system I
allows them to form hydrogen bonds with the flatly aligned
surface O-H groups15 of the ice phase, as illustrated in
Figure 11a.

Upon saturation of the first molecular layer, however, the
increasing amount of the adsorbed benzaldehyde molecules
increasingly compete for the area to be occupied at the surface,

Figure 7. Comparison of the experimental (full circles) and simu-
lated (open circles) adsorption isotherms of benzaldehyde on ice at
233 K. The error bars of the simulated data points are always
smaller than the symbols. The inset shows the same comparison in
the entire 0e prele 1 pressure range. The arrows indicate the three
systems considered for detailed analysis.

Figure 8. Number density profile of the adsorbed benzaldehyde
molecules in system I (dash-dotted line), system II (dashed line),
and system III (solid line). The number density profile of the
surface waters is also indicated (dotted line). The insets show the
contribution of the R (full circles), β (open circles) and γ (asterisks)
oriented benzaldehyde molecules to the total density profile in
systems II (upper inset) and III (lower inset).

Figure 9. Definition of the local Cartesian frame fixed to the
individual benzaldehyde molecules, and of the polar angles ϑ and
φ of the surface normal vector, pointing, by our convention, away
from the ice phase, X, in this frame.
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and this competition gives rise to their preference for the perpen-
dicular orientation. Among these alignments orientation β is
stabilized by a hydrogen bond formed with a surface water
molecule (see Figure 11b). Finally, the preference of the benzal-
dehyde molecules for orientation γ occurs simultaneously with
the appearance of the second molecular layer in system III, since
γ-oriented molecules of the first molecular layer can stabilize the
R-oriented, lyingmolecules of the secondmolecular layer through
the interaction of the outward orientedO atomof the former, and
the lying aromatic benzene ring of the latter molecule (see
Figure 11c).

4.3. Energetics of the Adsorption. In order to analyze also
the energetic backgroundof the adsorptionwe have calculated the
distribution of the Ub binding energy of an adsorbed benzalde-
hyde molecule (i.e., its interaction energy with the rest of the
system) as well as that of its contributions coming from the
interaction with the ice phase, Ub

ice, and with the other adsorbed
benzaldehyde molecules,Ub

BA. The distribution of theUb binding
energy and its contributionsUb

ice andUb
BA are shown in Figure 12

as obtained in systems I-III.
In system I, the distribution of the ice contribution to the

total binding energyP(Ub
ice) is unimodal, having its peak at about

-64 kJ/mol. The unimodality of this peak is in accordance with
our previous finding that here all the adsorbed molecules are
aligned in a rather similar way. The mean value of this distribut-
ion turns out to be -59.4 ( 5.1 kJ/mol (error corresponding to
the 95% level of confidence), which agrees roughly with the
sum of ice-substrate interaction energies obtained for benzene
(-39 kJ/mol, measured at the surface of amorphous solid water
at 141 K)61 and for formaldehyde (-27.3 kJ/mol, obtained from
computer simulation at the surface of Ih ice at 200 K)16 at low
surface coverages. Further, this value is in an excellent agree-
ment with the experimental value of the adsorption enthalpy of
-61.4 ( 9.7 kJ/mol, obtained at very low surface coverages
(i.e., when benzaldehyde-benzaldehyde interactions are negli-
gible), as derived from eq 3.

In system II theP(Ub
ice) distribution is bimodal: besides its peak

around-58 kJ/mol it also exhibits another, higher peak at about
-38 kJ/mol. This bimodal shape of the P(Ub

ice) distribution is
consistent with the dual orientational preferences of the adsorbed
molecules in this system. Clearly, the peak at lower energies is
given by the R, while that at higher energies by the β oriented
benzaldehyde molecules (see the upper inset of Figure 12). Con-
sidering the fact that the benzaldehyde molecule can form one

Figure 10. Orientational map of the adsorbed benzaldehydemolecules in systems I (first map), II (secondmap), and III (thirdmap).Darker
colors indicate higher probabilities. The peaks corresponding to the preferred benzaldehyde orientations are marked by R, β, and γ on the
maps. The three preferred benzaldehyde orientations are also illustrated. X is the surface normal vector pointing away from the ice phase.

Figure 11. Illustration of the strong attractive interactions stabi-
lizing the adsorbed benzaldehyde molecules in different orienta-
tions. (a) Hydrogen bonding between a surface water and an
adsorbed benzaldehyde molecule of orientation R. (b) Hydrogen
bonding between a surface water and an adsorbed benzaldehyde
molecule of orientation β. (c) Electron transfer-like interaction
between a benzaldehyde molecule of orientation γ in the first
molecular layer and another benzaldehydemolecule of orientation
R in the second molecular layer. X is the surface normal vector
pointing away from the ice phase.

(61) Bahr, S.; Kempter, V. J. Chem. Phys. 2007, 127, 074707.
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hydrogen bond with the surface water molecules in both of these
orientations, the roughly 20 kJ/mol difference between the posi-
tions of these peaks provides an estimate for the strength of the
electron transfer interaction from the aromatic benzene ring
toward the highly electronegative water O atom, which occurs
only in orientation R.

Finally, in system III, the P(Ub
ice) distribution exhibits only

a shoulder at -58 kJ/mol, its main peak appears at about
-34 kJ/mol, this peak exhibits another shoulder at its high energy
side around -14 kJ/mol, and the distribution has another small
peak close to zero. As is expected, the shoulder at low energies is
given by the few R oriented molecules, similarly to system II the
main peak is again due to the molecules of orientation β, the high
energy side shoulder of this peak can be attributed to the
molecules of orientation γ, which cannot form hydrogen bond
with the ice surface, whereas the peak around zero energies is
given by the R oriented molecules of the second molecular layer,
already not being in contact with the ice phase (see the lower inset
of Figure 12).

The distribution of the binding energy contribution coming
from the other benzaldehydemoleculesP(Ub

BA) has a peak at zero
and another one around-10 kJ/mol in system I. The zero energy
peak is clearly coming from the isolated benzaldehyde molecules.
The presence of the other, lower energy peak in the system of low
surface coverage is somewhat surprising, as it indicates the
tendency of the adsorbed benzaldehyde molecules for forming
lateral self-aggregates rather than being always isolated from each
other. At higher surface coverages, however, theP(Ub

BA) distribu-
tion becomes unimodal, having its peak around-28 kJ/mol. This
energy is given by theπ-π interaction of the neighboring benzene
rings and by the dipole-dipole interaction of the neighboring
aldehyde groups.

The distribution of the entire Ub binding energy exhibits a

single peak around -75 kJ/mol both in system I and system II.

The total energy accompanying the adsorption of a benzaldehyde

molecule in these systems is rather low, certainlymuch lower than

that of formaldehyde,16 being comparable with that of substrates

forming multiple hydrogen bonds with the ice surface, such as

methanol15or formic acid.17The lackof the possibility ofmultiple

hydrogen bond formation is compensated here by the electron

transfer-like interaction between the aromatic benzene ring of the

benzaldehyde molecules in orientation R and the surface water

O atoms, and by the π-π interaction of the benzene rings of

neighboring benzaldehyde molecules in orientation β. Further
increase of the surface coverage leads to somewhat weaker

average attraction experienced by the individual molecules, as

reflected in the fact that the peakof theP(Ub) distributionappears

around -50 kJ/mol in system III. This weakening of the average

binding energy is, however, overcompensated by the large in-

crease of the number of adsorbed molecules, making the adsorp-

tion layer corresponding to the plateauof the adsorption isotherm

particularly stable.

5. Summary and Conclusions

In this paper, we presented a combined experimental and
computer simulation investigation of the adsorption of benzalde-
hyde at the surface of ice at temperatures characteristic to themid
and upper troposphere. The power of using such a combined
approach is clearly demonstrated. The simulated isotherm agrees
almost perfectly with the experimental curve at 233 K. Further,
the experimental and simulated values of the heat of adsorption,
i.e., -61.4 ( 9.7 kJ/mol (experiment) and -59.4 ( 5.1 kJ/mol
(simulation) also agree with each other very well. The observed
good reproduction of the experimental data by the simulation
confirms the relevance of the computer model used, and validates
the results of the detailed analyses of the simulated configurations.

It is found that benzaldehyde forms a rather stable saturated
adsorption layer at the surface of ice in an about 1 kJ/mol broad
range of chemical potentials. This saturated adsorption layer is
not monomolecular, but contains several molecules belonging to
the second molecular layer, as well. At low surface coverages the
adsorbed benzaldehyde molecules lie almost parallel with the ice
surface, forming a hydrogen bond with a surface water molecule.
This arrangement is further stabilized by the electron transfer
interaction of a water O atom of high electronegativity and the
delocalized π electron system of the benzene ring.With increasing
surface coverages the adsorbed benzaldehyde molecules increas-
ingly compete for the surface area to be occupied, leading to the
increasing preference of a nearly perpendicular alignment of the
molecules to the surface. In this preferred alignment the aldehyde
group is still turned toward the ice phase, and the adsorbed
molecule forms a hydrogen bondwith the surface waters. Finally,
the first molecular layer is saturated by the adsorption of
benzaldehyde molecules in a third orientation, i.e., being perpen-
dicular to the ice surface and turning their aldehyde group to the
vapor phase. However, simultaneously with the appearance of
these latter molecules several adsorbed benzaldehyde molecules
appears also in the second molecular layer, lying parallel with the
ice surface. These molecules can stabilize each other via the
electron transfer interaction between the perpendicular aligned
molecules of the first molecular layer and the π electron system of
the benzene ring of the nearby lyingmolecules of the second layer.
This interaction leads to the presence of traces of the second
molecular layer in the stable saturated adsorption layer of
benzaldehyde at the surface of ice. (It should be noted that the

Figure 12. Distribution of the total binding energy of an adsorbed
benzaldehyde molecule (i.e., the energy of its interaction with the
rest of the system, bottom panel), and its contributions coming
from the interaction with the other adsorbed benzaldehyde mole-
cules (middle panel) and with the ice phase (top panel) in systems I
(dash-dotted line), II (dashed line), and III (solid line). The insets
show the contribution of the R (full circles), β (open circles) and γ
(asterisks) oriented benzaldehydemolecules to the ice contribution
of the binding energy in systems II (upper inset) and III (lower
inset).
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effective potential models used here, originally parametrized to
reproduce the properties of the corresponding condensed phases,
should be able account for the consequences of the electronic
structure of the molecules, such as the π-π interaction of two
benzaldehyde molecules, or the interaction of the delocalized π
system of the benzaldehyde ring with the highly electronegative O
atom, even without explicitly describing the underlying electronic
structure. This is similar to the well-known example of the
description of the hydrogen bonding structure of water by simple
models that obviously cannot account for the quantum chemical
background of hydrogen bonding.)

Finally, this present work permits us to estimate the potential
partitioning of benzaldehyde in tropospheric ice clouds. The
fraction of benzaldehyde scavenged by ice surfaces contained in
a cirrus cloud, fBA,cirrus, can be estimated as follows:

fBA, cirrus ¼
½A�solid

½A�g þ ½A�solid
¼

NM � Kads � Dcirrus

1þNM � Kads � Dcirrus

ð8Þ

where Dcirrus is the surface area densities of ice ranging between
1 � 10-4 and 1 � 10-7 cm2/cm3.62 Even in the densest ice clouds

and in the most favorable case experimentally studied here, i.e.,
T=233 K, only 0.05% of benzaldehyde could be adsorbed on
pure ice surfaces at mid altitudes, which could be considered as
negligible. Even if we assume that adsorption on ice surfaces may
be more efficient at the lowest temperatures encountered
in the upper troposphere, i.e., in the range of 193-213 K, and
also at the rough ice surfaces present in the upper troposphere
(as opposed to the flat surfaces studied here), the atmospheric
behavior of benzaldehyde can probably be only described by
its gas phase chemistry, including both photolysis and OH
reactions.
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The adsorption of hydroxyacetone molecules at the surface of ice is 

investigated by means of flow-tube reactor measurements in the 

temperature range 213-253 K. The number of molecules adsorbed 

per surface unit is conventionally plotted as a function of absolute 

gaseous concentration of hydroxyacetone and is compared to that 

previously obtained for acetone. In addition to the experimental 

measurements, molecular dynamics simulations performed at 

tropospheric temperatures on the surface of hexagonal ice have also 

been performed to get more information on the details of the 

adsorption process at a molecular scale. By combining experimental 

and theoretical approaches, the enthalpy of adsorption, the 

monolayer capacity and the structural arrangement at the ice surface 

have been determined. 

Introduction 

The upper troposphere (UT) is characterized by low temperatures 
ranging from about 188 to 233 K and by the presence of ice (cirrus) 
as well as mixed ice/water clouds covering a substantial portion of the 
Earth's surface, roughly 50% of the time in equatorial regimes and 
25% of the time at mid-latitudes [1]. Ice clouds are formed in the 
troposphere at altitudes of 4-15 km where they can reflect the 
incoming solar radiation and trap the terrestrial infrared radiation. 
Depending on the dominant effect, this results either in a cooling or a 
warming of the underlying layers of air, according to the particle 
density, their morphology as well as their (surface) chemical 
composition. Therefore, the change of their frequency and distribution 
substantially impacts on the regional and global climate. 

The interaction between trace gases and mixed or ice clouds 
can promote heterogeneous chemistry and, as a consequence, 
initiate the transfer of chemical species from the gas into the 
condensed phases. Hydrometeors hence appear to offer a favorable 
environment for fast physical and chemical transformations which can 
modify both trace gas and aerosol compositions.[2] Below 

approximately 230 K, clouds are predominantly composed of ice 
crystals with number densities in the range 0.001  50 cm-3.[2-4] 

The presence of Oxygenated Volatile Organic Compound 
(OVOCs) such as alcohols, aldehydes, ketones and carboxylic acids 
in the UT is also well established [5-8] and could be explained as a 
consequence of a rapid convection from the polluted boundary 
layer.[9] Recently, many laboratory and theoretical studies have 
focused on the adsorption of OVOCs on pure ice surfaces.[10] The 
results have highlighted that even if the interaction between the 
organic compounds and pure ice is strong enough to lead to 
monolayer adsorption in laboratory experiments,[10-16] the occurrence 
of cirrus clouds in UT will not affect significantly the gas phase 
concentrations of these species with the noticeable exception of 
organic acids.[17] 

 However, so far, no experimental study has been aimed at the 
adsorption of polyfunctional OVOCs on ice surfaces, although the 
presence of several chemical functions are likely to modify their 
behaviour on ice surfaces (NM ads, structural arrangement). 
 The major source of hydroxyacetone in the atmosphere 
corresponds to the oxidation of methacrolein (yield 42 %) [18-19]. 
Methacrolein is produced in the atmosphere mainly from the OH-
initiated oxidation of isoprene, the main non-methane hydrocarbon in 
the troposphere.[19-21] Once produced in the atmosphere, this hydroxyl 
carbonyl compound has a potentially large atmospheric impact since 
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it initiates the formation of HOx radicals in the UT that are known to 
increase the oxidizing capacity of the atmosphere and therefore to 
influence the ozone budget.[22] Although it is assumed that 
hydroxyacetone has relatively high vapour pressures, recent field 
observations indicate that it is an important atmospheric aerosol 
constituent. For example, Matsunaga et al.,[23] provide evidence that 
hydroxyacetone, hydroxyacetaldehyde and methylglyoxal contribute 
significantly to organic aerosols, producing 10 to 120 Tg annually. In 
addition, hydroxyacetone can be considered as a simple model of 
polyfunctional OVOC in situ produced in the atmosphere by oxidation 
of many VOCs (isoprene, methacrolein, propene, acetone) [19]. 
 The goal of the present study is thus to examine the interaction 
of hydroxyacetone with ice surfaces, at temperatures relevant for the 
mid and upper troposphere, with an approach that combines 
experiments and theory. Surface coverages of hydroxyacetone on ice 
have then been experimentally measured for temperatures ranging 
from 233 K to 253 K. The information obtained from our experimental 
data has then been completed by molecular dynamics (MD) 
simulations performed in the same temperature range on a model 
proton-disordered ice surface, in order to get more details in the 
corresponding adsorption process. To our knowledge, this work is the 
first to report uptake of hydroxyacetone on ice surfaces for 
temperature relevant of the mid and upper troposphere. This paper 
reports also the first joint experimental and theoretical adsorption 
study of a polyfunctional species on ice. 

Experimental section 

The uptake of hydroxyacetone on ice surfaces was studied using a 
vertical coated wall flow tube coupled to a mass spectrometer, 
already described elsewhere.[13-14,24-25] We will therefore provide only a 
brief summary of its principle operation. The apparatus has a double 
jacket to allow the system to be operated at low temperature. The 
cooling fluid was circulated in the inner jacket from a cooler/circulator 
(Huber, Unistat 385) while vacuum was maintained in the outer jacket 
for thermal insulation. The temperature of the flow tube could be 
cooled down and regulated between 188 and 253 K. 

 The jacketed flow tube was approximately 40 cm in length with 
an internal diameter of 2.8 cm. The ice surface was prepared by 
totally wetting, with Milli-Q water (18 M  cm), the inner wall of the 
flow tube that was precooled to 263 K. The viscous aqueous film was 
then cooled down to 253 K to obtain a solid film that can be retained 
during the course of the experiments. Finally, the film was cooled 
directly down to the desired temperature over a period of 10-15 min. 
The thickness of the ice film was estimated between 48 and 60 µm by 
weighting the resulting liquid water, when the ice film was melted at 
the end of the experiment. 

 The helium carrier gas (UHP certified to > 99.9995 % from 
Messer) was used without further purification. During the experiment, 
water vapor was added to the main helium flow to provide a partial 
pressure of water, equal to the vapor pressure of water over the ice 
film and therefore to inhibit net evaporation of this film. The resulting 
humidified helium flow was injected at the upstream end of the flow 
reactor. 

 Hydroxyacetone (  95 %) purchased from Alfa Aesar was 
further purified before being used by repeated freeze, pump, and 
thaw cycles. To perform an experiment, Hydroxyacetone was 
premixed with helium in a 10 L glass light-tight bulb to form 1.2 10-4  
4.3 10-3 % mixtures, at a total pressure of  740  770 Torr. The 
mixture containing hydroxyacetone was injected into the flow tube 
reactor via a sliding injector that allows changing the exposed ice 
surfaces (142 - 194 cm2). The injector was jacketed and a heating 
tape was wound up in the jacket, to ensure a gentle heating [14]. 

All the gases flowed into the reactor through Teflon tubing. The 
gas mixture containing hydroxyacetone and water vapor diluted in 
helium was flowed through the reactor with a linear velocity ranging 
between 30 and 100 cm s-1. Concentrations of hydroxyacetone in the 
gas phase were calculated from their mass flow rates, temperature 
and pressure in the flow tube. All the flow rates were controlled and 
measured with calibrated mass flowmeters (Millipore, 2900 series). 
The pressure that ranged between 1.9 and 2.5 Torr, was measured 
with two capacitance manometers (Edwards, 622 Barocel range 0-
100 torr and Keller, PAA-41 range 0-76 torr) connected at the top and 
bottom of the flow tube. Under our experimental conditions, the 

mixing time mix between hydroxyacetone flow and the main He flow 
was lower than 2 ms [26] which corresponds to a mixing length smaller 
than 0.3 cm. 

 The gas stream coming out of the flow tube was analysed using 
a differentially pumped mass quadruple spectrometer Pfeiffer Vacuum 
QMS. Hydroxyacetone was monitored at the main fragment ion 
CH3CO+ peak at m/z = 43 amu using a temporal resolution of 30 ms, 
an ionisation energy of 60 eV and an emission current of 1000 µA. 

Experimental results 

Uptake experiments were performed by first establishing a highly 
stable flow of hydroxyacetone in the injector, this injector being 
positioned past the end of ice film. The injector was then moved 
quickly to an upstream position so that the ice film was exposed to 
hydroxyacetone. The uptake of hydroxyacetone on the ice film leads 
to a drop of signal as previously observed for different VOCs [13-14,24-

25]. After a time-scale ranging from a few seconds to less than 1 
minute depending on the concentration of the gas mixture and the 
temperature, the ice surface was then saturated and the MS-signal 
returned to its initial level. When the injector was pushed back, 
hydroxyacetone desorbed from the ice surface and the signal 
increased and then again returned to its initial level. Similar 
experiments were conducted over a temperature range 213  253 K 
and for gas phase concentrations ranging between 2.33 1011 and 
5.26 1013 molecule cm-3. 

Surface coverage 

The number of hydroxyacetone molecules adsorbed Nads on the ice 
surface was determined from the integrated area of the adsorption 
peak (in molecule s cm-3) and the total flow rate in the flow tube (cm3 
s-1). The surface coverage N (in molecule cm-2) of hydroxyacetone 
was then calculated from the geometric exposed ice surface area Sice 
(in cm2) according to N = Nads / Sice. The experiments were performed 
several times, using newly generated ice surfaces and several gas 
mixtures in order to ensure the reproducibility of the data. 
 Surface coverage N versus gas phase concentrations has been 
plotted in Figure 1, for five temperatures: 213, 223, 233, 243 and 253 
K. The relative errors on the gas phase concentrations which range 
between 8 and 13 % (horizontal error bars in this figure) have been 
calculated from the possible uncertainties on each flow, total pressure 
etc. The quoted errors on N (vertical error bars) arise from 
uncertainties made on the total flow rate, exposed ice area and 
concentrations in the gas phase. They also include a systematic 2 % 
error that corresponds to the error on the integrated area of 
adsorption peaks. These resulting errors on N vary between 15 and 
21 %. 
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Figure 1. Adsorption isotherms of hydroxyacetone on pure ice surfaces for the 
five studied temperatures, i.e. 213; 223 233, 243 and 253 K. The solid lines 
correspond to the fits according to the Langmuir's  model (see Eq. (1)). 
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Langmuir isotherms 

 
cannot proceed beyond monolayer coverage, was used to analyse 
our experimental data. According to this theory, the number of 
molecules adsorbed per unit area of ice surface is related to the gas 
phase concentration of hydroxyacetone. Equation 1 states this 
dependence: 
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where  is the fractional coverage, NM is the monolayer capacity (in 
molecule cm-2) and KLangC (T) is the temperature dependent adsorption 
constant that describes partitioning between adsorbed and non-
adsorbed molecules (cm3 molecule-1). 
 
 From a thermodynamic point of view, the equilibrium between 
the gas and the surface can also be expressed by using a 
dimensionless partition coefficient, K: 
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where R is the perfect gas constant, A/V is the area-to-volume ratio 
(cm-1) of an ideal gas adsorbed at the surface and G

0
ads is the free 

energy of adsorption. A/V defines the standard state for the adsorbed 
phase. In absence of general agreement on the choice of a standard 
state, the ratio of A/V was conveniently considered equal to ~1.7  
107 cm-1 [27] which corresponds to a molar area of 3.74  107 m2 mol-1. 
Note that the enthalpy does not depend on the choice of standard 
states [28]. The advantage of the chosen standard state is its 
independence of temperature, particle size, and absolute values of 
both V and A [29]. 
 

G
0
ads is, as usual, related to the enthalpy and entropy of adsorption 

via the Gibbs equation: 
 )(ln000 TKRTSTHG adsadsads

 (3) 

 At low concentration, KLangC (T) [hydroxyacetone]gas << 1 in Eq. 
(1) so that combining Eq.(1) with Eq.(2), K is related to Kads and kLin C 
as follows: 
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 In addition, N increases linearly with the concentration of 
hydroxyacetone with a slope KlinC = NM KLangC(T) or K(T)  V/A 
according to: 
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Table 1. Values of NM and KLangC (T) according to Langmuir model (see 
Eq. (1)) for hydroxyacetone adsorption on pure ice at 213, 233, 233, 243 
and 253 K. The quoted errors correspond to 2  level + 5% (see text). 

T 

(K) 

R
2
 NM 

(× 10
14

 molecules cm
-2

) 

KLang C 

(× 10
-14

 cm
3
 molecule

-1
)
 

253 0.95 3.65 (± 3.60) 1.21 (± 0.99) 

243 0.98 2.94 (± 1.57) 2.72 (± 1.09) 

233 0.89 2.85 (± 1.75) 16.4 (± 6.4) 

223 0.86 5.26 (± 3.45) 24.1 (± 9.6) 

213 0.97 18.7 (± 1.4) 5.51 (± 2.82) 

 
 Then, our experimental data were fitted according to linear 
isotherms at 233, 243 and 253 K. At the two lowest temperature (213 
and 223 K), the plots of N versus [hydroxyacetone]gas exhibited 
curvatures even for the lowest concentrations. The resulting values of 
both K(T) and KlinC are derived from the slope of the plots at 223, 243 
and 253 K according to Eq. (5) and are reported in Table 2. 
 

On the temperature range 213 - 253 K, data were fitted 
according to equation (1) considering both NM and KLang C as free 
parameters (see Figure 1). The resulting values for the Langmuir 

constants KLang C and monolayer capacities NM are reported in Table 
1. The errors bars are given at 2  level and include experimental 
error that can be estimated to approximately 5 %. As shown in Table 
1, the values of NM and KLang C are not consistent for all investigated 
temperatures. For instance, KLang C increases with decreasing 
temperature except for 213 K. At 253 K, the disorder may increase at 
the surface of ice to form a quasi-liquid layer. Besides, at lower 
temperatures, i.e. at 223 and 213 K, the ice surfaces are cracked 
leading to an increase of the specific area of ice films. Nevertheless, 
since no significant variation of NM with temperature was found 
between 233 and 243 K an average value NM = 2.9 1014 molecules 
cm-2 has been calculated. 
 

Table 2. Values of KlinC (T). K(T). G
0

ads and H
0
ads for hydroxyacetone 

adsorption on pure ice at 233. 243 and 253 K. The linear plots were 
obtained for hydroxyacetone concentrations lower than 1 1013 molecule 
cm-2 .The quoted errors correspond to 2  level + 5% (see text). 
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(K) 

KlinC 
a
 

(cm) 

R² Hydroxy-
acetone 

/acetone 
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K  10
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(dimensionless) 

- G
0
ads 

c
 

(kJ mol
-1

) 

- H
0
ads 

c
 

(kJ mol
-1

) 

233 24.6 (±3.1) 0.98 29.3 (±5.7) 4.18 (±0.52) 38.4 (±2.2) 61.8 (±3.6) 

243 7.56 (±0.83) 0.95 - 1.29 (±0.14) 37.7 (±2.1) 62.1 (±3.6) 

253 3.46 (±0.45) 0.95 - 0.59 (±0.08) 37.6 (±2.1) 63.0 (±3.7) 

a KlinC (T) and K(T) are determined from the slopes of the plots of N versus 
hydroxyacetone concentration (see Eq. (5)) ; b It corresponds to the ratio 
between the two slopes KlinC obtained for hydroxyacetone (this work) and 
acetone[14,24], respectively; c G

0
ads is obtained from Eq. (3). H

0
ads is 

derived from Eq. (3) where Sads was set to be  100.3 J K-1 mol-1. 

 
For each temperature, G

0
ads can be obtained from the value of K 

according to Eq.(3). Sads was then fixed 
rule [30] where Sads  Svap = Hvap / Teb. According to this last 
equation, Sads is then  100.33 J K-1 mol-1 for hydroxyacetone. As 
shown in Table 2, the resulting values for Hads are the following (in 
units of kJ mol-1):  61.8 ± 3.6 (233 K),  62.1 ± 3.6 (243 K) and  
63.0 ± 3.7 (253 K) where the quoted errors correspond to 2  levels + 
5%. 

Comparison with previous studies 

Since this study is the first to report adsorption of hydroxyacetone on 
ice surfaces, the comparison is rather limited. Nevertheless, our 
experimental data can be conveniently compared with those obtained 
in previous works for acetone [14,24] in our laboratory 

[VOC]   (molecules cm-3)

0 4e+12 8e+12 1e+13

N
 (

m
o
le

cu
le

s 
cm

-2
)

1e+11

1e+12

1e+13

1e+14

1e+15

acetone
hydroxyacetone
ethanol

 
Figure 2. Comparison of adsorption isotherms of hydroxyacetone (This work) 
and acetone[14,24] and ethanol [25]] on pure ice at 233 K. Plot of the number of 
molecules adsorbed per cm2 versus the absolute gas phase concentration of 
ketone. 
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. As shown in Figure 2 at 233 K, for a given gas phase concentration, 
the number of hydroxyacetone molecules adsorbed on ice is much 
higher than that obtained for acetone [14,24]. The same behaviour has 
been observed for the two other common studied temperatures, i.e. 
223 and 213 K. For example, at 233 K, the ratio between the two 
slopes corresponding to the linear isotherms of each compound is 
approximately 30 (see Table 2), showing the efficiency of 
hydroxyacetone adsorption on ice surfaces. In addition, the number 
of molecules of xydroxyacetone adsorbed on pure ice at 233 K is 
also one order of magnitude higher than that of ethanol 

[25]
 in the 

same experimental conditions. 

Details of the molecular dynamics simulations 

Molecular dynamics simulations of hydroxyacetone molecules 
deposited on ice at infinitely low and at finite coverages were carried 
out on the canonical (N,V,T) ensemble at 200, 220 and 240 K to be 
consistent with the experimental temperature range investigated in 
this work. The temperature of the systems were controlled by means 
of the weak coupling algorithms of Berendsen et. al.

[31] For each of 
the simulations, an integration time step of 1 fs was used. All the 
simulations were performed using the GROMACS 3.3.2. program 
package.[32] 

To model the ice surface, a hexagonal ice block consisting of 
18 layers was built up, containing 2880 water molecules. This ice 
block, which is of size 100.0, 35.926 and 38.891 Å in the X, Y and Z 
directions, respectively, was equilibrated on the isothermal-isobaric 
(N,p,T) ensemble at 150 K for 2 ns. Hydroxyacetone molecules (1 for 
the infinitely dilute system and 64 for finite coverage, corresponding 
roughly to one full monolayer) were placed to the close vicinity of the 
basal ice surface and the hydroxyacetone/ice system was further 
equilibrated to the desired temperature. Note that the hypothetical 
monolayer coverage in the simulation was chosen on the basis of the 
experimental determination. Indeed, the Langmuir analysis performed 
on the experimental data gives a number of adsorbed molecules 
ranging between about 2.8 to about 5 x 1014 molecules.cm-2 at 
monolayer saturation, values that corresponds to about between 40 
and 74 molecules in our simulation box.  
 

Table 3. Interaction potential parameters used in our simulations for the 
water and hydroxyacetone molecules. 

 Interaction 
site 

/Å /kJ mol-1 q/e 

TIP5P water O 3.12 0.669 0.000 

 H 0.00 0.000 0.241 

 M 
[a] 0.00 0.000 -0.241 

hydroxyacetone CH3 3.75 0.866 0.000 

 CH2 3.91 0.494 0.265 

 HOH 0.00 0.000 0.435 

 C 3.71 0.439 0.470 

 OOH 2.96 0.711 -0.700 

 OC=O 3.15 0.787 -0.470 

[a] M represent the two additional electric sites in the TIP5P model of 
water, in the direction of the lone pairs of the O atom.[33] 

 
 The geometry of the water molecules constituting the ice slab 
were kept unchanged using the SETTLE[34] algorithm, while in case of 
the hydroxyacetone molecules bond angle and torsional flexibilities 
where allowed by use of the LINCS[35] algorithm. Indeed, ab initio 
calculations indicate that in the gas phase an individual 
hydroxyacetone molecule can have different conformers, the relative 
stability of which ranges between a few kcal.mol-1.[36] As a 

consequence, the internal structure of the hydroxyacetone molecule 
may change upon adsorption on ice due to the interaction with the 
water and neighboring adsorbed molecules. The intermolecular 
interaction potential energy of the systems investigated was 
calculated as the sum of Lennard Jones (6-12) dispersion-repulsion 
terms and of Coulomb terms acting between several sites distributed 
on the interacting species. The Lennard-Jones interactions were 
neglected for atom pairs positioned at distances greater than 9 Å, 
whereas the long-range part of the electrostatic interaction was 
accounted for by the Particle Mesh Ewald (PME) method.[37] The 
water molecules were represented by the TIP5P[33] model and the 
potential parameters for the hydroxyacetone molecule were taken 
from the OPLS[38] library in the lack of other interaction potential for 
this molecule in the literature (note that the CH3 and CH2 groups of 
the hydroxyacetone are represented by single interaction sites 
located at C atom positions). All the potential parameters are given in 
Table 3. The Lennard Jones  and  parameters of the 
corresponding atom pairs were obtained from the  and  values of 
the individual molecules according to the Lorentz Berthelot rules.[39] 

Results of the simulations 

Energetics of the adsorption 

In order to get a deeper insight into the energetic changes that occur 
as a result of the adsorption process, we have calculated the 
distribution of the binding energy of a hydroxyacetone molecule with 
all the other hydroxyacetone molecules at finite concentration as well 
as the interaction energy with the water molecules constituting the ice 
phase both at finite and infinitely low coverages. Irrespective of the 
simulation temperature, the binding energy distribution Ebinding in the 
infinitely low coverage case exhibits a single broad peak around -80 
kJ mol-1. Assuming that the average energy of a single hydrogen 
bond is roughly -25 kJ mol-1, the position of this peak indicate that in 
the limiting case of infinitely low surface coverage the adsorbed 
hydroxyacetone molecule can form, on average, 3 hydrogen bonds 
with the surrounding water molecules. 
 

 

Figure 3. Binding energy distributions of hydroxyacetone molecules adsorbed at 
the ice surface for different temperatures and at finite surface coverage. 

 At finite coverage, the hydroxyacetone-water binding energy is 
also characterized by a single broad peak (Figure 3) which is however 
shifted to the higher energy values (i.e., it is centered around 70 kJ 
mol-1), still corresponding in average to the formation of approximately 
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three H-bonds with water molecules. No significant shift of this peak is 
highlighted when increasing the temperature in the simulations. In a 
similar way, a broad peak is calculated in the hydroxyacetone-
hydroxyacetone energy distribution around -90 kJ mol-1, irrespective 
of the temperature. This means that the hydroxyacetone molecule 
forms, on average, between three and four H-bonds with other 
hydroxyacetone molecules. Note however that this single broad peak 
also exhibits a shoulder extending up to -50 kJ mol-1, indicating that 
some hydroxyacetone molecules are rather tied to their neighbours by 
only two H-bonds. The number of these weakly tied molecules seems 
to increase with the temperature, a feature which might be due to a 
larger disorder in the adsorbed layer when the temperature is higher. 

Properties of the adsorbed layer 

While it is possible to determine both the isotherms and the 
energetics of the adsorption from the analysis of the experimental 
data, the coated wall flow-tube experiments are unable to give any 
additional information on the structural arrangement of the 
hydroxyacetone molecules at the surface of ice. In contrast, this 
information can by easily obtained in MD simulations from the 
analysis of the distribution of the molecular positions along the 
interface normal axis X. Figure 4 shows the water and 
hydroxyacetone density profiles in the simulated systems at different 
temperatures. The positions of the water molecules are represented 
by their O atom, while those of the hydroxyacetone molecules by their 
hydroxyle O atoms. The main panels of figure 4 show the density 
distribution, enlarged in such a way that the adsorption layer is well 
observable, whereas on the insets the density profile of the entire ice 
block along the interface normal axis X can be seen. 

 

Figure 4. Number density profile of the adsorbed hydroxyacetone molecules 
(solid line) at different temperatures and at a finite coverage. The number 
density profile of the surface water molecules is also indicated (dash line). The 
insets show the number density profiles for the whole ice block. All the profiles 
shown are averaged over the two surfaces that are present in the basic 
simulation box. 

 The insets show that the structure of the bulk ice is well 
preserved during the simulations at each temperature, thus, excluding 
melting of the ice phase even at the highest temperature. However, it 
is interesting to mention that the surface peak of the ice slab is 
characterized by a long tail extending to the large X values which 
indicates that some water molecules are located above the top ice 
layer. Examining the density distribution functions of hydroxyacetone, 
it can be seen that the adsorbed molecule positions along the X axis 
are in fact characterized by a double peak (at around 31 and 34 Å), 
irrespective of the temperature (although a significant melting of these 
two peaks occurs at 240 K). This double peak indicates that there are 
two preferred positions for the OH group of the hydroxyacetone 
molecule along the X axis: the first one corresponds to the insertion of 
the OH group inside the surface water layer whereas the second one 
is related to OH locations above the ice surface. These features are 
confirmed by a detailed analysis of the simulation snapshots (see for 
instance the snapshot at 220 K given in Fig. 5, as an illustration of the 
molecule positions and orientations) which show that i) the 
hydroxyacetone molecules are clearly oriented in such a way that 
their hydroxyle group is directed toward the ice surface, the carbonyl 
group being located away from the ice surface, and that ii) some of 
these hydroxyacetone molecules are located in such a way that their 
hydroxyle group is directly inserted in the ice network, taking the 
place of a water molecule which is thus expelled from its initial 
position (note that this substitution explains why water molecules are 
located above the top ice layer in the density profiles of  
Fig .4).  

 
Figure 5. Equilibrium snapshots ((a) top and (b) side views) taken out from the 
simulations of hydroxyacetone molecules adsorbed at the surface of ice at 220 
K and for a finite surface. Only the top layers of ice are shown for clarity. Water 
molecules are represented by grey sticks, whereas black, grey and white balls 
represent oxygen, carbon and hydrogen atoms of the hydroxyacetone molecule. 
Note that the hydrogen atoms of the CH3 and CH2 parts of the hydroxyacetone 
molecules are not represented in order to clarify the figures. A enlarged part of 
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the system is shown in Fig. 5c to illustrate the orientations of the adsorbed 
molecules at the surface of ice. 
 In the inserted positions, the hydroxyacetone molecules can 
form strong hydrogen bonds with the surrounding water molecules of 
the ice network, leading to the large values obtained in the 
hydroxyacetone-water binding energy distributions (Fig. 3). In addition 
to these inserted hydroxyacetone molecules, there is also a large 
amount of hydroxyacetone molecules that are clearly located above 
the ice surface. This is confirmed by the analysis of the density 
profiles of the hydroxyacetone centers of mass which also exhibit 
doubles peaks irrespective of the temperature. This snapshot 
analysis, together with these double peaks and those evidenced in 
Fig. 4 clearly indicate that our simulations were performed slightly 
above the monolayer saturation coverage. 
 
 Of course, it should be kept in mind that the results of these MD 
simulations are strongly dependent on the model chosen to calculate 
the hydroxyacetone/water interactions. The comparison with the 
experimental values of the adsorption enthalpy shows that the 
potential model used here (which is, to the best of our knowlegde, the 
only one available in the literature) certainly overestimates the 
hydroxyacetone/ice contribution by about 20 %, which is not very 
good even if this difference remains acceptable. In addition, the 
experimental values were obtained on the basis of the Langmuir 
analysis which disregards lateral interactions within the adsorbed 
layer. This assumption is certainly not fully valid here because the 
hydroxyacetone layer is characterized by large lateral interactions 
between neighboring molecules (Fig. 3), and this should be also 
taken into account when comparing the calculated and measured 
values. Nevertheless, the agreement between these values is not as 
good as what was found for other systems such as ethanol[13] or 
acetic acid[15] and the results of the present MD simulations should be 
regarded as a first indication on the adsorbate behavior, only. These 
precautions being taken, the main conclusions of the present 
theoretical study is that the hydroxyacetone molecules are attached to 
the ice surface by their hydroxyle rather than by their carbonyl group, 
and that they are even able to replace water molecules of the top ice 
layer. 
 

Summary and conclusions 

These joint experimental and theoretical approaches give 
complementary information on the adsorption of hydroxyacetone on 
ice surfaces, in the temperature range 213  253 K. The experiments 
performed using a coated wall flow tube lead to the direct 
determination of isotherms, data useful to estimate whether 
adsorption of such a compound on ice surfaces in cirrus clouds is a 
potential significant sink. Both approaches indicate that the 
corresponding enthalpy of adsorption, ranging between -63 and -80 
kJ/mol, is relatively higher than those measured for other studied 
OVOCs in the literature [10-15,17,29,40-55]. This is supported by the fact 
that 50 % of molecules of hydroxyacetone can replace water 
molecules of the top ice layer, trough the insertion of hydroxyl group 
as shown by the simulations. Hydroxyacetone molecules can form, on 
average, three H-bonds with water molecules and are preferentially 
attached to ice surfaces by their hydroxyle group rather than their 
carbonyl group. 
 The fraction of A fA,cirrus scavenged by ice surfaces contained in 
a cirrus cloud can be estimated as follows [55]: 

 

cirrusadsM

cirrusadsM

solidg

solid
,

DKN1

 DKN

[A][A]

[A]
cirrusAf

 (6) 

where Dcirrus is the surface area densities of ice ranging between 
1 10-4 and 1 10-7 cm2 cm-3 [1]. 
 Even in the densest ice clouds, only 0.25 % to 1.0 % of 
hydroxyacetone could be adsorbed on pure ice surfaces at 233 and 
213 K, respectively. If this value is slighty higher than those obtained 
for acetone, it is still negligible at these temperatures. Nevertheless, 
as observed for acetone at 193 K where the fraction of acetone 
adsorbed on ice reaches up to 1.24 % [14] in the same conditions, the 
fraction of hydroxyacetone adsorbed on ice crystals might be more 
important at lower temperature and could probably increase up to 
around 10% in the most favorable case. Such a partitioning could be 
enough to consider the adsorption of hydroxyacetone on ice surfaces 

as a potential atmospheric sink if either photochemical or 
heterogenous reactions could occur on ice. 
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