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1. Documentos estudiados  

Descripción: Radicado N° 13-248917-00000-0000 21/Octubre/2013
Reivindicaciones: Radicado N° 13-248917-00000-0000 21/Octubre/2013
Prioridad: US 61/479,081 26/Abril/2011

    
2. Análisis de la Prioridad

Se acepta la reivindicación de prioridad porque ésta solicitud fue presentada dentro del 
plazo  establecido  (Art.  9  D  486)  y  su  contenido  técnico  corresponde  con  el  de  la 
prioridad reivindicada.

3. Objeto de la invención

De acuerdo con lo establecido en el numeral 1.2.2.2 del capítulo primero del Título 10 
de la Circular Única para efectos del examen de patentabilidad, se tendrá en cuenta la 
tasa  pagada  por  el  solicitante  al  momento  de  comenzar  el  examen  para  las 
reivindicaciones adicionales; esto es que cuando la solicitud contenga más de diez (10) 
reivindicaciones y no se haya pagado la tasa complementaria, sólo se estudiarán las 
cubiertas por la tasa pagada.

Título  de  la  solicitud:  “COMPOSICIONES  QUE  CONTIENEN  CATIONES  DE 
POLIHlDROXIOXOALUMINIO Y FABRICACIÓN DE LOS MISMOS”.
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El  problema  planteado  en  esta  solicitud  consiste  en  la  necesidad  de  proporcionar 
desarrollar  un  método  para  hacer  una  composición  que  contenga  un  catión  de 
polihidroxioxoaluminio detectable a 76 ppm por RMN de 27Al en una cantidad suficiente 
de  manera  que  este  catión  pueda  ser  analizado  por  su  estructura  química  y 
propiedades físicas.

Para resolver este problema técnico la solicitud en estudio proporciona proporciona una 
composición que comprende un catión de polihidroxioxoaluminio detectable a 76 ppm 
por RMN de 27Al que está presente en una abundancia relativa en un espectro gráfico 
RMN  de  27Al  que  es  mayor  que  cualquier  otro  catión  de  polihidroxioxoaluminio 
detectable por RMN de 27Al.

El  objeto  de  la  presente  solicitud  se  relaciona con la  Clasificación  Internacional  de 
Patentes (CIP): C 01 F 7/00.

4. Reivindicaciones relativas a un uso o a un segundo uso  (Art 14 y 21 D 486)

El uso de las reivindicaciones 17 a 24 no es patentable,  de acuerdo con el Art 14. 
Puesto  que  hace  referencia  al  uso  de  una  etapa  de  calentamiento  para  convertir 
cationes polihidroxioxoaluminio Al30 en las especies detectables por RMN 27Al. Por tal 
razón las reivindicaciones 17 a 24 no son patentables, de acuerdo con el Art 14.

5. De la solicitud de patente 

Titulo

El título no corresponde con el objeto de la solicitud porque es muy amplio y no permite 
diferenciar la invención del estado de la técnica, por lo cual se sugiere al solicitante 
hacer la corrección necesaria. 

Reivindicaciones (Art 30 D 486, Art 22 PCT)

Las  reivindicaciones  deben  definir  la  invención  por  sus  características  técnicas 
esenciales,  estructurales.  El  examinador  no  admitirá  que  la  reivindicación  defina  la 
invención por el resultado a alcanzar), puesto que en realidad equivaldría a definir el 
problema  técnico  a  resolver  y  el  alcance  de  la  reivindicación,  incluiría  no  sólo  la 
solución propuesta por el solicitante, sino todas las alternativas presentes o futuras que 
lleguen a ese resultado. El resultado a alcanzar no es una característica técnica de la 
invención.  Puede  aparecer  en  la  reivindicación,  pero  siempre  acompañando  las 
características técnicas que definen la invención. De esta manera, la reivindicación 1 
no  se  acepta  toda  vez  que  están  definidas  en  función  de  la  capacidad  para  ser 
detectado un catión polihidroxioxoaluminio  por  RMN  27Al a  76ppm y su abundancia 
relativa, lo cual incluiría no sólo la solución propuesta por el solicitante, sino todas las 
alternativas presentes o futuras que lleguen a ese resultado, se requiere al solicitante 
elimine la reivindicación, o modificarla sin enseñar el resultado a alcanzar. Se sugiere 
tenga estos mismo criterios para la reivindicación 2.

La  reivindicación  4  no  es  concisa  porque  el  término  “solución  amortiguadora”  o 
“aminoácido”  es  muy  amplio,  dando  lugar  a  un  amplio  número  de  composiciones 
posibles, las cuales no encuentran sustentadas. Se solicita definir  las características 
técnicas de la composición reclamada, tales como la identidad del agente amortiguador 
o aminoacido, su concentración en la solución amortiguadora y el del pH del mismo. 
Por último el término “quat” no es claro, ya que no define las características técnicas 
esenciales del componente amortiguador reclamado, por lo cual es inadmisible.

La reivindicación 6 no es clara, ya que no define las características estructurales del 
componente adicional de la composición. Tal como se encuentra escrito, la persona del 
oficio  normalmente  versada  en  la  materia  podría  interpretar  que  la  composición 
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comprende  zirconio  metálico  y  no  una  sal  del  mismo  como  se  especifica  en  la 
descripción. Se requiere entonces que restrinja la invención a lo realmente sustentado.

En el capítulo reivindicatorio se observan los término “por alrededor de” es impreciso, 
se solicita reemplazarlo por un rango concreto.

La reivindicación 18 no es clara por la definición de los términos “una sal inorgánica”, 
“una solución amortiguadora”, los cuales son muy amplios y no permiten comprender 
los alcances de la materia que desea proteger la invención, se sugiere restringir los 
compuestos  a  una  serie  de  compuesto  que  presenten  el  respectivo  sustento.  Asi 
mismo, las siguientes términos “por un tiempo suficiente para”, “por alrededor de” y 
“opcionalmente” no permiten definir de manera concreta las etapas del proceso y sus 
respectivas características.  Se requiere al  solicitante definir  de manera concreta las 
etapas del proceso que desea proteger. 

6. Unidad de invención (Art 25 D 486)

La solicitud no cumple con el requisito de unidad de invención porque se refiere a  2 
grupos inventivos.

Los grupos inventivos están definidos por las siguientes características esenciales:

 Grupo  I:  Reivindicaciones  1-7.  Composición  que  comprende  un catión 
polihidroxioxoaluminio detectable a 76ppm por RMN de 27Al que está presente en 
una abundancia relativa en un espectro grafico RMN de  27Al que es mayor que 
cualquier otro catión de polihidroxioxoaluminio detectable por RMN de 27Al.

 Grupo  II:  Reivindicación  8 a  16.  Un  método  de  fabricación  de  un  catión  de 
polihidroxioxoaluminio detectable  a  76 ppm por  RMN de  27Al:  (Divulgado en el 
documento D1)

Se sugiere presentar las solicitudes divisionales que considere necesarias, o limitar la 
solicitud inicial a una sola invención, eliminando de ella las otras invenciones. 

El solicitante también puede realizar una o más de las divisionales de acuerdo a los 
grupos de conceptos técnicos inventivos presentados en esta solicitud, esto claro, sin 
ampliar el objeto inicial de la invención.

7.  Determinación del Estado de la Técnica

El  estado  de  la  técnica  se  determinó  con base en la  fecha  de presentación  de  la 
solicitud de la cual se invoca prioridad, es decir, el 26 de Abril de 2011.
Consultadas las fuentes de información con que se cuenta, se encontró el siguiente 
documento que anticipa el objeto de esta solicitud:

Ítem Documento Título
Fecha de 

Publicación

D1 WO2009075678

ANTIPERSPIRANT ACTIVE 
COMPOSITIONS HAVING SEC 
CHROMATOGRAM EXHIBITING 
HIGH SEC PEAK 4 INTENSITY  

18/Junio/2009

D2

L. Allouche, F. Taulelle; 
Inorganic Chemistry 
Communications 6 

(2003) Págs. 1167–
1170

Conversion of Al13 Keggin e into 
Al30: a reaction controlled by 

aluminum monomers
17/Julio/2003

D3 Z. Chen et al. Colloids 
and Surfaces A: 

Physicochem. Eng. 

Effect of thermal treatment on 
the formation and transformation 
of Keggin Al13 and Al30 species in 

18/Junio/2006
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Aspects 292 (2007) 
Págs.110–118.

hydrolytic polymeric aluminum 
solutions

El documento D11 divulga una composición antitranspirante que comprende una sal de aluminio que tiene 
una relación molar  de aluminio  a  cloruro  de aproximadamente  0,3:  1  a  aproximadamente  3:  1,  que 
presenta un cromatograma de SEC que tiene un pico 4 a pico SEC relación de 3 intensidad de al menos 
7 y una intensidad máxima 4 mayor que un pico de intensidad de 5 en solución acuosa. La composición 
puede incluir opcionalmente de zirconio. Además, los métodos de preparación. (Ver Resumen).

El documento D22 divulga la obtención de especies policatiónicas de Al30 a partir de Al13, y el seguimiento 
de este proceso usando RMN de 27Al (Pág. 1167, Ver Resumen).

El  documento D33 divulga el  efecto  del  tratamiento  térmico  en la  formación y  transformación de las 
especies de Al30 y Al13, y el seguimiento de este proceso usando RMN de 27Al (Pág. 110, Ver Resumen).

8. Examen de Patentabilidad (Art 14 D486)

Nivel inventivo (Art18 D486)

Análisis de patentabilidad para el grupo I

La reivindicación 1 consiste en: “una composición caracterizada porque comprende…” 
(Pág. 28 Rad. Nº. 13-248917-00000-00000). 

Comparación de las características técnicas esenciales, con las del estado de la técnica:

Características esenciales D1 D2
Una composición caracterizada porque 

comprende un catión de 
polihidroxioxoaluminio detectable a 76 

ppm por RMN de 27Al que está 
presente en una abundancia relativa 
en un espectro gráfico RMN de 27Al 

que es más grande que cualquier otro 
catión de polihidroxioxoaluminio 

detectable por RMN de 27Al

Composición 
antitranspirante 
que comprende: 

[Reiv. 1-8]

Sal de aluminio

una sal de aluminio que:
(i) comprende una solución

amortiguadora, en donde una relación 
molar de solución amortiguadora 

aluminio es al menos 0.1:1, u 
opcionalmente 0.1:1 a 3:1

(ii) comprende zirconio en una relación 
molar de aluminio a zirconio es de 

5:1 a 10:1

Una sal de 
aluminio que 
comprende 

adicionalmente 
una solución 
buffer en una 

relación molar de 
0.3:1 a 3:1 en 
relación a la 

solución 
amortiguadora, 
que comprende 
zirconio en una 

relación molar de 
aluminio a 

zirconio es de 5:1 
a 10:1

que presenta 
señal a 76ppm en 

RMN 27Al [Pág. 
1169, Resumen]

El documento D1 se considera el estado de la técnica cercano a la solicitud definida en 
la reivindicación 1 tal como se observa en la tabla anterior.
 
La diferencia entre las composiciones reclamadas de acuerdo a la reivindicación 1 y el 
documento D1, es que en D1 no se divulga una señal a 76 ppm.

No hay evidencia de un efecto técnico inesperado resultado de la  ausencia de esta 

1http://worldwide.espacenet.com/publicationDetails/biblio?
CC=WO&NR=2009075678A1&KC=A1&FT=D&ND=3&date=20090618&DB=EPODOC&locale=en_EP
2Ver Anexo D2
3Ver Anexo D3
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información en D1, que evidencien un mejor  un método para hacer una composición 
que contenga un catión de polihidroxioxoaluminio detectable a 76 ppm por RMN de 27Al 
en  una cantidad suficiente  de  manera  que este  catión  pueda ser  analizado por  su 
estructura  química  y  propiedades  físicas.presencia  de  esta  especie  en  las 
composiciones anti-transpirantes solicitadas.

Por lo tanto, el problema técnico objetivo se puede formular como la necesidad de usar 
técnicas  de  seguimiento  alternativas  a  las  divulgadas  en  D1,  que  permitan  la 
identificación de especies específicas de cationes de polihidroxialuminio.

Sin embargo, el documento D2 divulga la identificación de especies policatiónicas de 
Al,  con señales  a  76  ppm en  RMN  27Al,  el  cual  se  refiere  a  la  transformación  de 
especies de Al13 en Al30 por medio del calentamiento y el seguimiento de los productos 
de la misma [Pág. 1167, Resumen]. 

En consecuencia, la persona del oficio normalmente versada en la materia, estaría en 
toda posibilidad de realizar el seguimiento de las especies de policatiónicas de aluminio 
por medio de la técnica RMN 27Al en la composición divulgada en D1, para llegar así al 
objeto de la reivindicación 1, por lo que se considera obvia.

Puesto  que  las  reivindicaciones  dependientes  2-7  no  mencionan  características 
inventivas  adicionales  que  hagan  inventiva  la  reivindicación  1,  tampoco  se  pueden 
considerar inventivas.

Análisis de patentabilidad para el grupo II

La  reivindicación  8 consiste  en:  “Un  método  de  fabricación  de  un  catión  de  
polihidroxioxoaluminio  detectable  a  76  ppm por  RMN de  27Al  caracterizado  porque 
comprende:”… (Pág. 29 Rad. Nº. 13-248917-00000-00000). 

Comparación de las características técnicas esenciales, con las del estado de la técnica:

Características esenciales D1 D3
Un método de fabricación de un catión de 

polihidroxioxoaluminio detectable a 76 
ppm por RMN de 27Al caracterizado 

porque comprende

Etapa del proceso antitraspirante 
que comprende [Reiv. 15]

Divulga el 
calentamiento de las 

soluciones de sales de 
aluminio de pH 

ajustado para obtener 
especies de 

policationes de Al y 
sus respectivo 

seguimiento por RMN 
27Al, más un estudio 
del efecto del efecto 

del tratamiento térmico 
en la formación y 

transformación de las 
especies de Al30 y Al13, 

y el seguimiento de 
este proceso usando 

RMN de 27Al [Pág. 
110, resumen]

Calentar una solución acuosa que 
contiene:

i) una primera sal de aluminio que 
contiene un catión 

polihidroxioxoaluminio Al30

ii) una sal inorgánica, y
iii) una solución amortiguadora, en 

donde la solución amortiguadora es al 
menos una de un aminoácido, 

betaina, y quat, y una relación molar 
de solución amortiguadora a aluminio 

es al menos 0.1:1, en donde el 
calentamiento es uno de:

El calentamiento de una solución 
acuosa que contiene una sal de 
aluminio que tiene una relación 
molar de aluminio a cloruro de 

aproximadamente 0,3: 1 a 
aproximadamente 3: 1, y con un 

agente tampón y agregar una 
base inorgánica, para calentar a 

una temperatura de 
aproximadamente 50°C a 

aproximadamente 95°C a reflujo 
durante un período de tiempo de 

aproximadamente 1 hora a 
aproximadamente 5 horas para 
obtener una solución de sal de 

aluminio, agregar una base 
inorgánica 

a)a una temperatura de 100°C a 
250°C en un reactor isócorico o bajo 
reacción hidrotérmica por un tiempo 
suficiente para formar una especie 

de catión polihidroxioxoaluminio 
detectable a 76 ppm por RMN de 

27Al; o
a) 100°C a reflujo por alrededor de 
10 días o más, opcionalmente por 

alrededor de 30 días o más

El documento D1 se considera el estado de la técnica cercano a la solicitud definida en 
la reivindicación 8 tal como se ve en la tabla anterior.
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La diferencia entre el método reclamado de acuerdo a la reivindicación 8 y el mostrado 
en el documento D1 es que en la actual solicitud se indica un proceso de reflujo se 
lleva  a  100°C  de  10  a  30  días  o  más,  mientras  que  en  el  documento  D1,  las 
temperaturas y tiempos son diferentes.

No hay evidencia de un efecto técnico inesperado resultado de las diferencias en estas 
características del proceso (temperatura y tiempo de calentamiento), que evidencien un 
mejor  un  método  para  hacer  una  composición  que  contenga  un  catión  de 
polihidroxioxoaluminio detectable a 76 ppm por RMN de 27Al en una cantidad suficiente 
de  manera  que  este  catión  pueda  ser  analizado  por  su  estructura  química  y 
propiedades físicas.presencia de esta especie en las composiciones anti-transpirantes 
solicitadas.

Por  lo  tanto,  el  problema  técnico  objetivo  que  pretende  resolver  esta  invención  se 
puede formular como la necesidad de plantear métodos alternativos para la formación 
de cationes de polihidroxialuminio a los a planteados en el documento D1.

Sin embargo, en el documento D3, ya divulgaba el calentamiento de las soluciones de 
sales de aluminio de pH ajustado para obtener especies de policationes de Al y sus 
respectivo seguimiento por RMN 27Al, más específicamente el documento D3 se refiere 
a  un  estudio  del  efecto  de  el  efecto  del  tratamiento  térmico  en  la  formación  y 
transformación de las especies de Al30 y Al13, y el seguimiento de este proceso usando 
RMN de 27Al [Pág. 110, resumen].

En consecuencia, la persona del oficio normalmente versada en la materia, estaría en 
toda  posibilidad  de  modificar  los  tiempos  de  calentamiento  y  la  temperatura  del 
documento D1 por las sugerencias observadas en D3, para llegar así al objeto de las 
reivindicación 8, por lo que se considera obvia.

Puesto  que  las  reivindicaciones  dependientes  9-16  no  mencionan  características 
inventivas  adicionales  que  hagan  inventiva  la  reivindicación  8,  tampoco  se  pueden 
considerar inventivas.

9. Conclusión

Los requisitos de Patentabilidad de la presente solicitud están afectados así:

Ítem Documento
Reivindicaciones 

afectadas
Requisito que 

afecta
D1 WO2009075678 1-7 / 8-16 Nivel inventivo

D2
L. Allouche, F. Taulelle; Inorganic 

Chemistry Communications 6 (2003) 
Págs. 1167–1170

1-7 Nivel inventivo

D3
Z. Chen et al. Colloids and Surfaces A: 
Physicochem. Eng. Aspects 292 (2007) 

Págs.110–118.
8-16 Nivel inventivo



En cumplimiento  del  artículo  45  de  la  Decisión  486  de  la  Comisión  de  la  Comunidad 
Andina,  se  le  indica  que  debe  dar  respuesta  dentro  del  término  de  sesenta  (60)  días 
contados a partir del día siguiente de la fecha de notificación de la presente comunicación. 
En caso de no dar  respuesta  al  presente  requerimiento,  o  si  a  pesar  de  la  respuesta 
subsistieran los impedimentos para la concesión, se denegará la patente.

Se invita al solicitante se sirva indicar, si así lo considera, su renuncia al término faltante de 
sesenta (60) días  para dar respuesta a este requerimiento y presentarla por escrito.

Finalmente, se le recuerda al solicitante que si como respuesta a este requerimiento llegara 
a modificar el capítulo reivindicatorio y éste contenga más de diez (10) reivindicaciones, no 
pagará  la  tasa  de  modificación  voluntaria  pero  sí  la  correspondiente  al  pago  por 
reivindicación adicional.

Notifíquese el  presente oficio  conforme a lo dispuesto en el  numeral  5.2,  literal  e),  del 
capítulo quinto del título primero de la Circular Única No. 10 de 2001. 

El anterior requerimiento fue notificado por fijación en lista, de fecha  2015-01-20

Elaboró: Jhonattan  Sanchez Sanchez
Revisó: Gloria Jacqueline Alfonso Rozo
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Abstract

In situ 27Al NMR experiments under hydrothermal and room temperature conditions demonstrate that aluminum monomers are

the species controlling the Al13 Keggin e conversion into Al30. New 27Al NMR signatures of Keggin-type aluminum polycation are

observed in solution. A chemical pathway is proposed to explain the isomerization process.

� 2003 Elsevier B.V. All rights reserved.

Keywords: Al13; Al30; Aluminum polycations; 27Al NMR; Isomerization

1. Introduction

The aluminum polycations offer unique charge and

structural properties, which are particularly interesting

for wastewater treatment [1], heterogeneous catalysis [2]

and soil science [3]. Several chemical pathways were
proposed in order to explain the formation of aluminum

polycations Al13O4(OH)24(H2O)7þ12 (Al13 Ke-J) [4–6].

The recent characterization of aluminum polycations

containing d-Keggin motives as Al30O8(OH)56(H2O)18þ24

(Al30 Kd-T) [7] and Al13O4(OH)24(H2O)7þ12 (Al13 Kd-N)

[8] opens new avenues in the aqueous chemistry of alu-

minum (Fig. 1). For Al30 Kd-T, the 27Al NMR in situ

measurements demonstrated that the e-Keggin
Al13O4(OH)24(H2O)7þ12 polycation (Al13 Ke-J) is the

precursor species [7,9,10]. This article reveals the key

role played by aluminum monomers in the conversion of

Al13 Ke-J into Al30 Kd-T.

2. Experimental

2.1. Synthesis of Keggin-type aluminum polycations

Al13 Ke-J is the principal product of hydrolysis, at

h ¼ nbase=nAl ¼ 2:46, of a Al(NO3)3 � 9H2O aqueous so-
lution (10 ml, 5 mmol) by NaOH (1 M, 12.3 ml), at 90

�C, with vigorous stirring. The final pH of the solution is

3.7. The 27Al NMR spectrum of the resulting solution

(see Fig. 2(a)) shows the characteristic peaks of Al13 Ke-
J (63 ppm) and monomers (0 ppm). When this solution

is heated between 50 and 150 �C or aged during 6–24

months at 20 �C, Al13 Ke-J transforms into new alu-

minum polycations, especially Al30 Kd-T.

2.2. 27Al NMR experiments

27Al NMR NMR spectra were recorded on a Bruker

DSX500 spectrometer, with 130 MHz as the resonating

frequency. A Bruker NMR probe BBO 10 mm and

‘‘hydrothermal’’ NMR tubes were especially designed to

be aluminum free. The 27Al NMR spectra were refer-
enced to Al(NO3)3 � 9H2O (1 M), at pH 2 (0 ppm).

NaAl(OH)4 (0.1 M), at pH 9 (80 ppm), is used to

quantify the amount of aluminum observable by NMR.

The solution was placed into a 5 mm PE-Teflon NMR

Inorganic Chemistry Communications 6 (2003) 1167–1170

www.elsevier.com/locate/inoche
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tube, which was centered into the 10 mm NMR tube.
27Al NMR parameters were repetition delay of 500 ms,

frequency window of 20 kHz, and number of scans be-

ing 2048. The spectral analyses were performed with the

Bruker WIN-NMR and the WINFIT [11] software.

3. Results and discussion

The 27Al NMR spectrum of a solution containing

Al13 Ke-J and monomers heated at 130 �C, during 15 h,

presents five signals in the AlO4 chemical shift range: 63,

64.5, 70, 76 and 81 ppm (Fig. 2(b)). Al13 Ke-J (63 ppm)

and Al30 Kd-T (70 ppm) were unambiguously assigned

[12]. As suggested in the literature, the signals at 64.5

and 76 ppm correspond to Keggin aluminum polyca-
tions having a central AlO4 in a shell of AlO6 [13–15]. A

new signal, of very low intensity, appears at 81 ppm. At

80 ppm one finds the Al(OH)�4 signal, but this species

does not exist at pH 3.7. The signal at 81 ppm must,

therefore, be assigned to another Keggin polycation.

Temperature is not essential to produce Al30 Kd-T.
At 20 �C with aging, Al30 Kd-T spontaneously forms in

a solution containing Al13 Ke-J and monomers (Fig.

2(c)). As the 27Al NMR signal of Al30 Kd-T (70 ppm) is

broader than 1500 Hz, its detection at room temperature
is difficult. Increasing the temperature accelerates the

conversion and enhances the 27Al NMR observation by

narrowing the 27Al line.

The kinetics of Al13 Ke-J conversion was followed by

periodically recording the 27Al NMR spectrum, at 120

and 85 �C (see Figs. 3(a) and (b)). The spectra were

analyzed by spectral decomposition and the results are

plotted in Figs. 3(c) and (d). The evolution of the signal
intensities with those time is consistent with a scheme of

sequentially appearing species. These results agree with

Fig. 1. Polyhedral representation of three Keggin aluminum polycations Al30 Kd-T, Al13 Kd-N and Al13 Ke-J.

Fig. 2. (a) Referenced 27Al NMR spectrum, at 20 �C, of a freshly hydrolyzed aluminum solution (h ¼ 2:46) containing monomers and Al13 Ke-J. (b)
Expansion of the AlO4 chemical shift range of a hydrolyzed solution (h ¼ 2:46), after 12 h at 130 �C. (c) 27Al NMR spectrum of an aged (6 months)

hydrolyzed solution (h ¼ 2:46), containing initially Al13 Ke-J and monomers.

1168 L. Allouche, F. Taulelle / Inorganic Chemistry Communications 6 (2003) 1167–1170



previously published obtained at 127 �C [7]. In the early
stages of Al13 Ke-J (63 ppm) conversion into Al30 Kd-T
(70 ppm), a weak signal at 64.5 ppm, still unassigned, is

present. This species is probably very similar to Al13 Ke-
J, due to its close chemical shifts with Al13 Ke-J. Alu-

minum monomers (0 ppm) are also produced during the

Al13 Ke-J transformation. Furthering the thermal

treatment, two new species arise, with signals at 76 and

81 ppm. At 85 �C, the 76 ppm signal does not appear
before 6 h. At both 120 and 85 �C the 81 ppm signal,

though qualitatively detected, stays below 1%.

It is possible to obtain by direct synthesis, a pure Al13
Ke-J solution, with h ¼ 2:46, [Al]¼ 0.5 M and T ¼ 100

�C. The quantitative analysis of the 27Al NMR spectrum

confirms that Al13 Ke-J is the only species present in the

sample (Fig. 4(a)) and that no monomers are present.

This solution heated at 130 �C during 1 h, monitored by
NMR in situ, does not exhibit any chemical transfor-

mation of Al13 Ke-J (Fig. 4(b)). The temperature nar-

rows on the line width of the 11 ppm band, assigned to

the 12 AlO6 sites of Al13 Ke-J, but aluminum monomers

represent less than 2% of the total aluminum amount.

Al13 Ke-J can therefore be thermally decomposed in

monomers, but very slowly. However, 5 min only after

the appearance of aluminum monomers, Al30 Kd-T (70
ppm) and other Keggin polycations (64.5 and 76 ppm)

appear in solution, as reported in Fig. 3 and in the lit-

erature [13–15]. The same behavior is observed when

aluminum monomers are deliberately added to the pure

solution of Al13 Ke-J. The presence of aluminum

monomers in solution is critical to promote the synthesis
of Al30 Kd-T, and they initiate the first step of Al13 Ke-J
conversion into Al30 Kd-T.

Based on these results, a chemical pathway is sug-

gested, sketched in Fig. 5, to rationalize the transfor-

mation of Al13 Ke-J and the appearance of other

aluminum polycations. Initially, Al13 Ke-J is supposed

Fig. 4. (a) 27Al NMR spectrum of a pure Al13 Ke-J solution, recorded
at 20 �C and (b) at 130 �C, during 1 h.

Fig. 3. 27Al NMR in situ kinetic follow-up of partially hydrolyzed aluminum solutions (h ¼ 2:46), recorded (a) during 14 h at 120 �C and (b) during

5.5 h at 85 �C. The kinetic evolution of NMR peak integrals is plotted (c) in absolute scale for the 120 �C experiments and (d) in percentage aluminum

for the 85 �C experiments.
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to be ‘‘capped’’ by a monomer to form an intermediate

species Al14 Ke, which is provisionally assigned to the

64.5 ppm NMR signal. The NMR data recorded at 85

�C (Fig. 3(d)) show that the concentration of Al14 Ke is
low and remains almost constant. As Al13 Ke-J de-

creases and Al30 Kd-T increases, one may safely assume
that Al14 Ke is formed by Al13 Ke-J during the first stage

of transformation and consumed by formation of Al30
Kd-T. This will lead for a period to a stationery, small

amount of Al14 Ke. Al14 Kewould isomerize into Al14 Kd
and would further dimerize and react with two other

monomers to produce Al30 Kd-T. Casey et al. [16] dem-

onstrated by 17O NMR that the di-l2-OH–iT bridges,

linking the trimer sub-units (di-l2-OH–iT) in Al13 Ke-J,
are themost labile hydroxo-sites. It is therefore consistent

that these sites allow the isomerization process of Al13
Ke-J into its Keggin-d forms. The monomer by capping

Al13 Ke-J shares three l3-hydroxo bridges with a trimer

sub-unit of Al13 Ke-J. This addition to Al13 Ke-J imposes

some structural distortions on the Keggin structure,

stretching of Al–O bounds, facilitating the 60� rotation of
the trimer sub-unit. Recently, it has been shown that
fluorination of Al13 Ke-J leads to partial substitution of

di-l2-OH bridges by fluorine and enhances the formation

of Al30 Kd-T [17].

After Al30 Kd-T formation two other aluminum

polycations signals appear successively in solution, at 76

and 81 ppm, being most likely Keggin containing ob-

jects. The 27Al NMR chemical shift of aluminum sites is

sensitive to the electronic density around the 27Al nu-
cleus. It is a function of the coordination number of

aluminum, the chemical nature of the first coordination

sphere, the angles and distances of chemical bonds. For

an AlO4 inside a Keggin unit, the chemical shift is

therefore mainly a function of the average distance

Al–O. Knowing the 27Al NMR assignment of the AlO4

sites of Al13 Ke-J (63 ppm) and Al30 Kd-T (70 ppm), a

difference of +7 ppm appears between the e and the
d-Keggin forms. As the chemical shift differences ob-

served for the different species, 63, 70, 76 and 81 ppm,

present an increment of 6� 1 ppm, we can infer the

signals at 76 and 81 ppm signals, respectively, to Al13 Kc
and Al13 Kb. The Al13 Kd-N has unfortunately not been

characterized by NMR [8]. We can assume that its

chemical shift must be coincident with Al30 Kd-T for the

same reasons as above. This indicates a reverse order in

stability for Keggin polycations than for polyanions for

which it has been shown that the stability should be in

the decreasing order from a to e. Recently, S�eecheresse
and co-workers [18] have shown that the Keggin-e iso-
mer of a molybdenum polyanion could be stabilized by

capping the Keggin structure by lanthanum. The a form

of the aluminum Keggin polycation that is present in

zunyite, stabilized by silicates externally connected to

the tetrahedral polycation, is not yet observed in solu-

tion. But many indices, and especially this contribution,

point to the direction that a proper choice of the capping

species may lead to its stabilization, and its subsequent
observation.
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Abstract

The effect of thermal treatment on the formation and transformation of Al13 and Al30 species in highly concentrated hydrolytic polymeric
Al solutions (HPA) (0.2–1.0 mol L−1) were studied quantitatively using high-field 27Al nuclear magnetic resonance (NMR) and time-developed
Al-Ferron complex colorimetry. The results indicate that the metastable Al13 species in HPA tends to polymerize and transform into Al30 and
other high polymers upon thermal treatment. The polymerization and transformation are speed up by heating at high temperature. Al13 content in
HPA decreases upon thermal treatment, and Al30 content increases. Al13 does not convert to Al30 quantitatively due to its aggregation and acidic
dissociation reactions. Al13 species is a dominant nanosized Al species in freshly prepared HPA solutions, and its content reaches above 80.0% in
HPA with AlT = 0.2 mol L−1 and optimal hydrolysis ratios (B) (ca. 2.3–2.4). But the content of Al30 becomes higher than that of Al13 when the HPA
solution is heated at 95 ◦C for more than 12 h. Al30 becomes the dominant nanosized Al species in HPA, and its content reaches 76.8% in sample
with AlT = 0.2 mol L−1 and B = 2.4. Although Al30 is more stable than Al13, it is also a metastable species during the process of Al hydrolysis,
polymerization and precipitation. The decomposition and polymerization of Al30 are also speed up by increase the heating temperature. The
optimal preparation temperature of Al30 is ca. 95 ◦C. Al species in HPA solutions transform into more stable and inert species through inter-species
polymerization and intra-species structure rearrangement upon thermal treatment. So Alb contents decrease, and Alc contents increase. Al30 cannot
react with Ferron within 120 min, and it is classified as Alc species in Al-Ferron analysis. The effect of thermal treatment on Al speciation in HPA
solutions with different total Al concentration and B value were also investigated.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Aluminum hydrolysis; 27Al NMR; Al-Ferron colorimetry; Nanosized Al13 and Al30; Species distribution; Polycation

1. Introduction

The aqueous chemistry of hydrolytic polymeric aluminum
(HPA) solutions has been extensively investigated during the last
40 years [1–5]. Hydroxides and oxo-hydroxides of Al polycation
species are widely used as flocculants in water treatment [6,7], as
pillaring agents in clay minerals and inorganic oxides chemistry
[8,9], as precursor materials in ceramics and catalytic materi-
als [10], as antiperspirants in pharmaceutical and cosmetic [11],
and as model compound in geochemistry [12,13]. In addition, Al
hydrolysis also plays important roles in environmental science
[14] and bio-toxicology [15]. A series of hydrolysis species form

∗ Corresponding author. Tel.: +86 1062849198; fax: +86 1062849198.
E-mail addresses: czy5150@163.com (Z. Chen),

bcfan@mail.njust.edu.cn (B. Fan).

depending on various factors, such as Al concentration, degree
of basification, reaction temperature and time, bases adopted,
rate and style for base addition and coexisting anions [16,17].
Many analytical instruments and experimental methods, such
as potential titration, 27Al nuclear magnetic resonance (NMR),
X-ray powder diffraction (XRD), small angle X-ray diffraction
and scattering, infrared and Roman spectroscopy, laser light
scattering, electron microscopy, atomic force microscopy, Al-
Ferron colorimetry and other wet chemical methods, have been
employed in the study of Al speciation and the structural char-
acterization of Al species. In spite of a great deal of literatures,
the chemistry composition in hydrolyzed Al solutions is not
completely determined yet due to the complexity of the solu-
tions [1–5]. Only eleven Al species have been crystallized and
identified in HPA solutions up to now. These species include:
five monomers Al3+, Al(OH)2+, Al(OH)2

+, Al(OH)3 (aq)
and Al(OH)4

–; dimers [Al2(OH)2]4+; trimers [Al3(OH)4]5+;

0927-7757/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfa.2006.06.005
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two Keggin polymers [AlO4Al12(OH)24(H2O)12]7+ (�-Al13)
and [Al30O8(OH)56(H2O)24]18+ (�-Al30); and two flat poly-
mers [Al13(OH)24(H2O)24]15+ and [Al8(OH)14(H2O)18]10+

[1–5,18,19].
The Keggin �-Al13 polycation received the most extensive

attention in previous investigations on HPA solutions due to its
ubiquity and high charges. Some “Al13-like” aggregations were
found in some of previous 27Al NMR studies on HPA solutions
[20–22]. The nature of these species was not fully depicted until
the identification of the Keggin Al30 polycation by Allouche et
al. [23], and Rowsell and Nazar [24] using in situ 27Al NMR and
single crystal X-ray diffraction in 2000. The highly charged Al30
is consisted of two �-Al13 Keggin units connected by a crown
made of four hexa-coordinated aluminum atoms (AlO6), and it
is prepared by thermal treatment of the HPA solution containing
�-Al13 precursor.

Previous studies indicate that total Al concentration (AlT),
monomer concentration, temperature and aging have important
effect on the conversion of Al13 to Al30 species. The conversion
was accelerated by the increase in Al monomer concentration in
HPA solutions [25]. Fluorination of Al13 also can enhance the
formation of Al30 [26]. Although there are a few reports on Al30
species, and a great deal of progress has been achieved, most
of these investigations were carried out in diluted solutions and
were aimed to structural characterization. Shafran et al. [27,28]
have studied the Al speciation in medium concentration at high
temperature using improved 27Al NMR quantification method.
To date, much less was concerned on the formation and trans-
formation of Al30 species in highly concentrated HPA solutions
(0.2–2.0 mol L−1). Our research results indicate that the conver-
sion of Al13 to Al30 was accelerated by the increase in AlT [29].
The effect of temperature on Al speciation in HPA solutions
had been intensively studied before the identification of Al30
[30–33]. But how Al13 transforms into Al hydroxide upon ther-
mal treatment is still not fully understood because this process
include many complex steps, and the intermediate products are
difficult to determine quantificationally. The identification Al30
sheds new light on the further investigation of the transforma-
tion mechanism of Al13 into unidentified high polymers and Al
hydroxide.

In the field of water treatment, Al13 has long been thought
to be the optimal coagulation/flocculation species in polyalu-
minum coagulants. The high content of Al13 is the goal of
the production of polyaluminum coagulants [34]. However,
the commercial polyaluminum coagulant contains only small
amount of Al13 due to the aggregation of Al13 in highly
concentrated HPA solutions [35]. But our research indicates
that Al30 is another high active species in HPA solutions that
responsible for coagulation/flocculation besides Al13. Com-
pared with Al13 species, Al30 achieves better turbidity removal
within a broader dosage range and a wider pH range due
to its high charge neutralization capacity and good flocs for-
mation capacity [36]. Furthermore, the formation conditions
of Al30 species are consistent with the preparing process of
commercial polyaluminum coagulants. High temperature and
long-term thermal treatment is inevitably needed during the
preparation of polyaluminum coagulants. And high Al concen-

tration is absolutely necessary on consideration of application
cost.

In the present research, the effect of thermal treatment on
the formation and transformation of Al13 and Al30 species in
highly concentrated HPA solutions were quantitatively studied
using high field 27Al NMR and Al-Ferron method. Scan elec-
tron micrograph was used to study the characteristics of sulfate
precipitates of the HPA solutions. The research will help to elu-
cidate the transformation mechanism of Al speciation in highly
concentrated HPA solutions. At the same time, the research will
provide theoretic guide for the development of coagulants with
high content of Al13 or Al30.

2. Materials and methods

The reagents used in current research are all of analytical
grade. All solutions were prepared by deionized water, and
glassware were washed with 5% hydrochloric acid and care-
fully rinsed with deionized water.

2.1. Sample preparation

The HPA samples with total Al concentration of 0.2 mol L−1

were prepared by the following methods: 80 ml AlCl3 aqueous
solution with Al concentration of 1.0 mol L−1 was added into a
500-ml glass reactor equipped with a Teflon anchor stirrer and
a reflux condenser. And the solution was heated to a predeter-
mined temperature (i.e. 80 ◦C and 100 ◦C) using a thermostatic
apparatus, then 320 ml NaOH aqueous solution with a calcu-
lated concentration (0.6 mol L−1 and 0.45 mol L−1 for B = 2.4
and 1.8, respectively) was pumped into the reactor through peri-
staltic pump at a speed of 4 ml min−1 under rapid stirring until
the hydrolysis ratio (B = [OH−]/[Al3+]) reached a prearranged
value. After the addition of NaOH solution finished, the reactants
were continuously stirred and heated at a predetermined temper-
ature, and samples were taken at different times. The samples
with AlT = 0.5 mol L−1 and 1.0 mol L−1 were prepared referring
to the methods described above. All samples were rested at room
temperature for five days before analysis and characterization.

The samples used for study on the effect of heating temper-
ature were synthesized as described above except the following
differences: after the addition of NaOH solution finished, the
reactants were continuously stirred and heated at 80 ◦C for
20 min, then the resultant was spilt into five portions, which
were subsequently stirred and heated for 12 h at 25 ◦C, 50 ◦C,
80 ◦C, 95 ◦C and 100 ◦C, respectively.

2.2. Liquid 27Al NMR spectroscopy

27Al NMR is the most powerful and exclusive way to
describe Al speciation directly, which can measure the content
of Al species quantificationally [37]. In the present research,
27Al NMR spectra were generated at 70 ◦C on a Fast Fourier
Transformation spectrometer (JNM-ECA600, JOEL), which
was operated at a field strength of 14.09 T, single pulse
method, resonating frequency 156.39 MHz, X-pulse of 6.4 �s,
X-acq-duration 0.20 s, repetition time 0.50 s, relaxation delay
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0.30 s, scans 2048, X-sweep 78.25 KHz. Samples were placed
into a 5 mm NMR tube, and a coaxial capillary filled with
the same volume of NaAl(OH)4 aqueous solution and D2O
was inserted into the center of the sample tube. The coaxial
capillary was used as the internal standard of Al content and
the deuterium lock. The same operating conditions, NMR tube
and capillary internal standard were adopted in the preparation
of calibration curve and measurement of samples.

There are six signals in the typical 27Al NMR spectra. The
resonance signals at δ = 0 ppm, 4 ppm and 80 ppm are assigned
to Al momomer (Alm), Al dimmers & trimers, and NaAl(OH)4,
respectively [37]. The resonance peaks at δ = 62.5–63.0 ppm and
70 ppm (broad peak) are attributed to central tetrahedral Al in
Al13 and Al30, respectively. The broad peak at δ = 10–12 ppm is
corresponded to octahedral Al of Keggin external shells in Al13
and Al30 [23]. The octahedral Al is located in an asymmetric
coordinated environment, and the extremely fast spin relax-
ation shortens the relaxation time and broadens the linewidth
[37]. Due to the overlapping of the peaks at δ = 4 ppm and
10–12 ppm, areas of these peaks cannot be accurately integrated.
In addition, there exist other polymeric Al species in hydrolytic
polyaluminum solution which cannot be identified using cur-
rent high-field 27Al NMR, and these undetected Al and Al at
δ = 4 ppm are named as Alu in the current research.

The peak areas in the 27Al NMR spectra were integrated
on condition that the peak area of 80 ppm was set as 1.0. To
quantitatively analyse the concentration of various species in
sample solutions, five standard AlCl3 aqueous solutions with
known Al3+ concentration were used as a primary standard. The
concentration of various species with different chemical shift
could be calculated through the calibration curve equation. The
concentration for 62.5 ppm and 70 ppm signal were multiplied
by 13 and 15, respectively, to obtain the concentration of Al13
and Al30, respectively. The concentration of Alu was calculated
by AlT minus Alm, Al13 and Al30.

2.3. Time-developed Al-Ferron complex colorimetry

The kinetically based Al-Ferron method is an indirect col-
orimetric analysis [38], which is widely applied to study on Al
speciation in HPA solutions. The Ferron reagent was prepared
referring to the methods described by Parker and Bertsch [38].
The operation procedures are as follows: 10 ml Ferron reagent
was added into a 50 ml colorimetric cylinder, and it was diluted
to the scale with deionized water. A measured amount of sam-
ple was injected into it using a micro-injector. The sample and
reagent were mixed vigorously and were pipetted into a 10 mm
path-length quartz cuvette. Then it was placed into a UV–vis
spectrophotometer (DR/4000U, HACH) to test its absorbance at
a wavelength of 370 nm at a frequency of one reading per minute.
All these operations finished within 1 min. The Al concentration
in colorimetric solution maintained 4 × 10−5 mol L−1.

Based on the difference of the dissociation and complex reac-
tion kinetic rate between Ferron and hydrolyzed Al species,
Al species in HPA solutions can be divided into three types
[39]: monomeric species (Ala) (reacting with Ferron from 0 min
to 1 min), planar oligomeric and medium polymeric species

(Alb) (reacting with Ferron from 1 min to 120 min), and three-
dimensional species or sol–gels (Alc) (reacting with Ferron after
120 min and non-reacting with Ferron). The pseudo first-order
rate constant (k) of Al-Ferron complex reaction from 1 min to
60 min was estimated according to the methods described by
Luan [40]. AlT was measured by inductively coupled plasma-
atomic emission spectroscopy (Vista-MPX ICP-AES, VAR-
IAN). B value was measured by chemical analysis according
to the Chinese standard GB 15892-1995.

2.4. Scan electron microscopy

The sulfate precipitates of Al polynuclear species were pre-
pared by adding a calculated amount of 0.5 mol L−1 Na2SO4
aqueous solution to a measured amount of HPA solutions under
stirring. The molar ratio of SO4

2−/Al3+ was 0.33. After 10 min
stirring, the solution was rest 3 days at room temperature. The
white precipitates were collected by filtration using a 0.45 �m
Millipore filter membrane. The precipitates were air-dried for
24 h at room temperature before taking scan electron micro-
graphs (SEM) on a Hitachi S-3000 N scanning electron micro-
scope.

3. Results and discussion

3.1. Effects of thermal treatment on the conversion of Al13

into Al30

Fig. 1 shows the 27Al NMR spectra of the HPA solutions,
which were prepared at 80 ◦C, then were heated at 95 ◦C for
different duration. The contents of Al species in these solu-
tions measured by 27Al NMR quantitative analysis are listed
in Table 1.

As can be seen from Table 1, the content of Alm changes very
little upon thermal treatment. Al13 content decreases rapidly
firstly, and the decrease slows down when the solutions were
heated for more than 12 h. In contrast, the content of Al30
increases rapidly firstly, and the increase also slows down when
heated for more than 12 h. The sum of Al13 and Al30 decreases.
Thus, the content of Alu increases stably. Thermal treatment
on HPA solutions promotes the decay of Al13 and the forma-
tion of Al30. Although Al13 species does not convert into Al30
species quantitatively, a close relationship between the decrease
of Al13 content and the increase of Al30 content can be clearly
seen from the data listed in Table 1. The transformation of Al13
into Al30 and Alu is favored not only by thermal treatment, but
also by increase in AlT. The detailed Al species distribution
and changing tendency in HPA solutions are dependent on AlT
and B value. This will be described in detail in the following
sections.

For the samples with AlT = 0.2 mol L−1 and B = 2.4, the con-
tent of Al13 decreases from 81.45% to 16.51% when the heating
time increases from 40 min to 12 h. However, upon heating, the
content of Al30 increases firstly, and reaches a maximum of
76.76%, then decreases slowly when the solution was heated
further. Al30 becomes the dominant nanosized polynuclear Al
species after heating for 12 h. The same changing tendency can



Z. Chen et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects  292 (2007) 110–118 113

Fig. 1. 27Al NMR spectra of HPA solutions which were heated at 95 ◦C for different durations after being synthesized at 80 ◦C. (a) AlT = 0.2 mol L−1, B = 2.4; (b)
AlT = 0.5 mol L−1, B = 2.4; (c) AlT = 1.0 mol L−1, B = 2.3; (d) AlT = 0.2 mol L−1, B = 1.8.

be seen for the sum of Al13 and Al30. Because the tetrahedral
coordinated Al (AlO4) which forms at locally high pH and inter-
facial disequilibrium during the process of synthesis does not
form in the acidic solutions during thermal treatment [41], the
AlO4 in Al30 can only be originated from the conversion of
Al13 and a small quantity of residual AlO4 in Al sol–gels which
are soluble in solutions. The AlO4 encapsuled in sol–gels could

not be detected by liquid 27Al NMR as it locates in asymmetry
chemical environment. These AlO4 can exist in acidic solutions
for a long time due to the shield of the outer Al sol–gels. Heating
treatment enhances the acidic peptization and dissolution of the
sol–gels [42], which may accounts for the increase of the sum
of AlO4 in Al13 and Al30 during thermal treatment for some
samples.

Table 1
Al species distribution measured by 27Al NMR in HPA solutions which were synthesized at 80 ◦C and then heated at 95 ◦C for different duration

Heating times AlT (M) B Species distribution

Alm Al13 Al30 Alu Al13 + Al30

MCA (M) RTA (%) MCA (M) RTA (%) MCA (M) RTA (%) MCA (M) RTA (%) MCA (M) RTA (%)

40 min 0.20 2.40 0.0095 4.73 0.1629 81.45 un un 0.0276 13.82 0.1629 81.45
5 h 0.20 2.40 0.0081 4.07 0.1019 50.93 0.0628 31.42 0.0272 13.58 0.1647 82.35

12 h 0.20 2.40 0.0073 3.66 0.0330 16.51 0.1535 76.76 0.0061 3.07 0.1865 93.27
24 h 0.20 2.40 0.0107 5.34 0.0129 6.45 0.1461 73.07 0.0303 15.14 0.1590 79.52
48 h 0.20 2.40 0.0100 5.01 0.0021 1.07 0.1435 71.76 0.0443 22.16 0.1457 72.83

40 min 0.50 2.40 0.0260 5.20 0.2420 48.39 0.0470 9.40 0.1851 37.01 0.2890 57.79
6 h 0.50 2.40 0.0272 5.44 0.0991 19.81 0.1061 21.22 0.2677 53.53 0.2052 41.03

12 h 0.50 2.40 0.0297 5.93 0.0243 4.85 0.1654 33.07 0.2808 56.15 0.1896 37.92
24 h 0.50 2.40 0.0233 4.65 0.0058 1.16 0.1756 35.12 0.2954 59.07 0.1814 36.28
48 h 0.50 2.40 0.0243 4.86 0.0064 1.27 0.1924 38.48 0.2770 55.39 0.1988 39.75

40 min 1.00 2.30 0.0695 6.95 0.1036 10.36 0.0743 7.43 0.7526 75.26 0.1779 17.79
12 h 1.00 2.30 0.0723 7.23 0.0671 6.71 0.0882 8.82 0.7724 77.24 0.1553 15.53
24 h 1.00 2.30 0.0838 8.38 0.0072 0.72 0.1473 14.73 0.7617 76.17 0.1545 15.45
48 h 1.00 2.30 0.0811 8.11 0.0021 0.21 0.1602 16.02 0.7566 75.66 0.1623 16.23

40 min 0.20 1.80 0.0456 22.80 0.1128 56.38 0.0301 15.04 0.0116 5.78 0.1428 71.42
12 h 0.20 1.80 0.0467 23.34 0.0057 2.86 0.0808 40.39 0.0668 33.41 0.0865 43.25
24 h 0.20 1.80 0.0513 25.65 0.0089 4.46 0.0715 35.74 0.0683 34.15 0.0804 40.20
48 h 0.20 1.80 0.0498 24.90 0.0115 5.73 0.0270 13.52 0.1117 55.85 0.0385 19.25

MCA: Molar concentration of aluminum in HPA solutions; RTA: ratio of total aluminum concentration; un: undetected by 27Al NMR method.
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Table 2
Al species distribution measured by Al-Ferron methods in HPA solutions which were synthesized at 80 ◦C and then heated at 95 ◦C for different duration

Heating times Species distribution Ala/Alm Alb/Al13 Alb/(Al13 + Al30) Alc/Alu k (min−1)

Ala (%) Alb (%) Alc (%)

40 min 8.43 78.27 13.30 1.78 0.96 0.96 0.96 0.0282
5 h 10.30 65.98 23.72 2.53 1.30 0.80 1.75 0.0294

12 h 6.57 23.13 70.30 1.80 1.40 0.25 22.90 0.0283
24 h 11.27 14.58 74.15 2.11 2.26 0.18 4.90 0.0235
48 h 9.39 7.44 83.17 1.87 6.95 0.10 3.75 0.0180

40 min 11.35 43.70 44.95 2.18 0.90 0.76 1.21 0.0246
6 h 10.77 20.29 68.94 1.98 1.02 0.49 1.29 0.0240

12 h 10.65 7.82 81.53 1.80 1.61 0.21 1.45 0.0104
24 h 9.90 4.51 85.59 2.13 3.89 0.12 1.45 0.0145
48 h 6.87 5.52 87.61 1.41 4.35 0.14 1.58 0.0126

40 min 13.04 41.01 45.95 1.88 3.96 2.31 0.61 0.0287
12 h 8.65 8.50 82.85 1.20 1.27 0.55 1.07 0.0296
24 h 6.08 4.00 89.92 0.73 5.56 0.26 1.18 0.0168
48 h 4.96 5.38 89.66 0.61 25.62 0.33 1.19 0.0119

40 min 23.96 62.54 13.49 1.05 1.11 0.88 2.34 0.0314
12 h 23.90 10.83 65.27 1.02 3.79 0.25 1.95 0.0292
24 h 25.75 9.25 65.00 1.00 2.07 0.23 1.90 0.0292
48 h 24.08 10.50 65.42 0.97 1.83 0.55 1.17 0.0267

There are various other species except for Al13 and A30
species in HPA solutions, e.g. Alm, oligomer and Alu. Although
the amounts of these species are small, the existing of these
species imposes great influence on the Al speciation and stabil-
ity [25]. As the basicity of Al inter- or intra-species are different
[43], the species which is over basified may act as a basifier,
and the species which is under basified may act as Lewis acid.
Acid–base neutralization reaction facilitates the capping of Alm
on the trimer of Al13, and forming �-Al14. Thermal treatment
promotes the isomerization of �-Al14 into �-Al14 [25]. At the
same time, the internal structure in some species are dissoci-
ated and rearranged [44]. As a result, the Al hydrolysis ratios
and dimension inter- or intra-species are averaged by thermal
treatment. The homogenization slowed up the reaction-limited
aggregation, and enhanced the stability of solutions [45].

Three types of Al species measured by Al-Ferron method and
rate constant (k) as well as the comparison between 27Al NMR
and Al-Ferron methods are listed in Table 2. As the heating time
increases, the content of Ala changes very little, Alb decreases
continuously, while Alc increases continuously. The increase in
Alc indicates that the reactivity of Al species in solution reduces
by thermal treatment. This indicates thermal treatment promotes
the transformation of Al species into high polymers and slow
reacting species. The species transformation mainly proceeds
through the inter-species polymerization and the intra-species
structure adjustment or rearrangement.

Comparing the data listed in Tables 1 and 2, the chang-
ing tendency of Al species derived from Al-Ferron method is
consistent with that obtained from 27Al NMR. Many previous
experiments carried out in diluted solutions have demonstrated
that Alb and Al13 are almost equivalent. But there exists a siz-
able difference between the data (Alm, Al13 and Alu vs. Ala,
Alb and Alc) obtained by these two methods. As can be seen
from Table 2, Alb/Al13 > 1.0, and the ratio increases with the

prolonging of heating due to the more rapid decrease of Al13.
Alb/(Al13 + Al30) < 1.0, and the ratio decreases with the prolong-
ing of heating. This suggests that most of Al13 have reacted with
Ferron within 1–120 min. While Al30 is more stable against the
decomposition promoted by H+ and ligand, so it cannot react
with Ferron within 1–120 min. The k values of all samples are in
the same order of magnitude, and range from 0.0104 min−1 to
0.0314 min−1. The k values observed in current research agree
reasonably well with the determinations made by several inves-
tigators for Al13 polymer [40,46]. The consistency of k values
indicates that the species reacting with Ferron within 1–60 min
condense with a similar pattern and polymerization degree.

Our other research indicates that appropriate thermal treat-
ment can enhance the stability of HPA solutions, and pre-
vent gelling and precipitating. A clear solution almost cannot
be obtained without thermal treatment or synthesized at high
temperature especially for the samples with AlT higher than
1.0 mol L−1. Wang et al. [33] reported that the hydrolytic Al
solutions prepared at 70 ◦C have better stability than those pre-
pared at 25 ◦C upon aging. When HPA solutions are prepared
at low temperature, the hydrolytic ratios and dimensions inter-
and intra-species are different due to the limitation of diffusion
kinetic limitation. The reactivity of Al species is high because
there exist many structural defects and active site on Al species,
and which favors gelatinization of solutions. However, these
defects are remedied by structural rearrangement and adjustment
during thermal treatment. So the reactivity between Al species
and Ferron reagent decline, and the content of Alc increases. It
should be noted that the reactivity is not only related to the poly-
merization degree of Al species, but also related to the internal
structure of Al species. Thermal treatment imposes greater influ-
ence on the later than on the former. Fitzgerald and Johnson [30]
also reported that heating treatment could lead the decomposi-
tion of large molecular weight polymeric species to intermediate
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Fig. 2. Scanning electron micrographs of sulfate precipitates obtained from the samples with AlT = 0.2 mol L−1 and B = 2.4, which was heated at 95 ◦C for different
periods after being synthesized at 80 ◦C. (a) 40 min; (b) 12 h; (c) 24 h; (d) 48 h.

molecular weight polymeric species in highly hydrolyzed, con-
centrated Al chlorohydrate solutions. This is likely one of the
reasons that the stability of the concentrated HPA solutions is
enhanced by thermal treatment. But it should be pointed out
that excessive thermal treatment at high temperature will lead
to irreversible polymerization and precipitation, and deteriorate
the stability of solutions.

Fig. 2 shows the scanning electron micrographs of sulfate
precipitates obtained from samples with AlT = 0.2 mol L−1 and
B = 2.4. The samples were heated at 95 ◦C for different dura-
tion after synthesized at 80 ◦C. The tetrahedral shaped crystal in
Fig. 2a is the typical crystal of Al13-sulfate. The ovoid-shaped
crystal in Fig. 2b is assigned to crystals of Al30-sulfate [23].
Fig. 2c and d are mainly composed of large sized irregular par-
ticles and amorphous fine powders. The amount of fine powders
increases with the prolonging of heating. These fine powders are
possibly attributed to the sulfate of high polymerization degree
and low charge species.

3.2. Effect of AlT and B values on Al speciation during
thermal treatment

Comparing the spectra with AlT = 0.2 mol L−1, 0.5 mol L−1

and 1.0 mol L−1 and B = 2.3–2.4 in Fig. 1, we can see that Al spe-
ciation in HPA solutions is affected by AlT. The NMR signal at
4 ppm cannot be observed in samples with AlT = 0.2 mol L−1 and
B = 2.4. But there exist clear NMR signal at 4 ppm in samples
with AlT = 0.5 mol L−1 and 1.0 mol L−1 and B = 2.3–2.4. The
intensity of resonance peak at 4 ppm increases with the increas-

ing of AlT, which indicates that the concentration of oligomers
such as dimer and trimer increase with the increase in AlT. At the
same time, the intensity of 4 ppm weakens during thermal treat-
ment. Another faint NMR signal is found at 75.6 ppm in samples
with AlT = 0.5 mol L−1 and 1.0 mol L−1 which were heated for
more than 12 h at 95 ◦C. The NMR signal was attributed to other
high polymer that containing tetrahedral coordinated Al [22,23].
But the peak area cannot be integrated due to the weak signal
intensity.

As can be seen from Table 1, with the increase in AlT, the con-
tent of Alm increases slightly, and the content of Al13, Al30 and
the sum of Al13 and Al30 decrease, respectively. But Alu con-
tent increases. Increase of AlT accelerates the polymerization of
Al species. And the changing tendency of Al species is consis-
tent with the results measured by Al-Ferron method (Table 2).
Ala content in the samples heated for 40 min increases with the
increase in AlT. But the content of Ala in samples heated for
48 h decreases with the increase in AlT. Alb content decreases,
and Alc content increases with the increase in AlT. This suggests
that the polymerization reaction of Al species caused by thermal
treatment is speed up by the increase in AlT.

The influences of thermal treatment on the Al species dis-
tribution in HPA solutions weakens with the increase in AlT.
Thermal treatment imposes a great influence on the species dis-
tribution of samples with AlT = 0.2 mol L−1, but has less effect
on the samples with AlT = 0.5 mol L−1 and 1.0 mol L−1. The Al
species distribution in HPA solutions is governed by multifold
factors. Both heating and increasing AlT accelerate the poly-
merization of Al species. In samples with relative low AlT (e.g.
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0.2 mol L−1), thermal treatment governs the species distribu-
tion, but for samples with relative high AlT (e.g. 1.0 mol L−1),
AlT becomes the dominant factor which affect the Al species
distribution.

Although Alm changes very little during the process of ther-
mal treatment, the molar concentration of Alm in HPA solutions
increases with the increase of AlT due to the increase in AlT
and the slightly increase in the content of Alm. From the molar
concentration listed in Table 1, we can see that the initial con-
centration (i.e. 40 min samples) of Al13 and Al30 are different
for samples with different AlT, but the final concentration of
Al13 and Al30 are less different when heated for 48 h at 95 ◦C.
The final concentration of Al13 ranges from 0.0021 mol L−1

to 0.0064 mol L−1, and Al30 ranges from 0.1435 mol L−1 to
0.1924 mol L−1. Although the Al species in HPA solutions are
the kinetic intermediate products during Al salts hydrolysis, the
above results indicate there exist evident pseudo-equilibrium
between Al13 and Al30 as well as Alm and undetected Al species.
Thermal treatment speeds up the conversion rate of metastable
species to more stable species. The final equilibrium may be
independent on AlT, but the time needed to reach equilibrium is
related to heating temperature.

Comparing the variation of Al species distribution in sam-
ples with AlT = 0.2 mol L−1, B = 1.8 and B = 2.4, it can be seen
that Alm content increases greatly when B value decreases. With
the prolongation of thermal treatment, the majority of Al13 are
converted to Al30 in samples with AlT = 0.2 mol L−1, B = 2.4,
and the content of Alu and AlO4 change slightly. But the high
content of Alm accelerates the conversion of Al13 to Al30 for
samples with AlT = 0.2 mol L−1, B = 1.8, as a result, the con-
tent of Al30 reaches 15.04% when heating for 40 min. At the
same time, the conversion of Al13 and Al30 to other species also
increases. So Alu species increases continuously and the total
content of Al13 and Al30 decreases. Because there exist large
difference between B value (B = 1.8) of the solutions and the
theoretic B value of Al13 (B = 2.46) and Al30 (B = 2.4), Al13
and Al30 in solutions with B = 1.8 are located in extremely
non-equilibrium chemical environment. On one hand, thermal
treatment accelerates the polymerization of Al13 species, on
the other hand, the acidic decomposition of Al13 and Al30 are
also accelerated by thermal treatment. The later becomes the
dominant reaction for samples with a low B value upon heat-
ing, so the total content of Al13 and Al30 decreases, and Alu
increases.

Comparing the content of Alu and Alc in samples with
AlT = 0.2 mol L−1, B = 1.8 and B = 2.4 listed in Tables 1 and 2,
respectively, the content of Alu in samples with B = 1.8 are larger
than that with B = 2.4 when heated for more than 12 h, but the
content of Alc in samples with B = 1.8 are lower than that with
B = 2.4. This indicates that Alu in these two samples are dif-
ferent on the aspects of chemical structure and polymerization
degree. The Alu species in samples with B = 2.4 are composed
of high polymers, but the Alu species in samples with B = 1.8
are composed of oligomers. This can be verified by the obvious
resonance signals at 4 ppm in Fig. 1d, and the signals at 4 ppm
intensifies upon heating. However, there is no visible resonance
signal at 4 ppm in Fig. 1a.

Fig. 3. 27Al NMR spectra of HPA solutions which were heated for 12 h at differ-
ent temperatures after being synthesized at 80 ◦C (AlT = 0.2 mol L−1, B = 2.4).

3.3. Effects of heating temperature on the conversion of
Al13 to Al30

Fig. 3 shows the 27Al NMR spectra of HPA samples with
AlT = 0.2 mol L−1 and B = 2.4, the samples were prepared at
80 ◦C, and heated for 12 h under different heating temperature.
The effect of heating temperature on Al speciation in HPA solu-
tions measured by 27Al NMR and Al-Ferron method are shown
in Figs. 4 and 5, respectively. As can be seen from Fig. 4, Alm
content nearly does not change under all heating temperature,
and it maintains between 4.0% and 5.0%. With the increase
in heating temperature, Al13 content decreases, and Al30 con-
tent increases. This indicates that increasing heating temperature
accelerates the conversion of Al13 to Al30. The sum of Al13 and
Al30 increases first when heating temperature increases from
25 ◦C to 80 ◦C, and reaches a maximum, then decreases as the
heating temperature increases further. Increasing heating tem-
perature imposes two opposite effects on the sum of Al13 and
Al30. The dissolution of Al sol–gels which enveloping around
the AlO4 undetected by 27Al NMR is enhanced by increasing
temperature, at the same time, the polymerization and acidic
decomposition of Al13 and Al30 are speed up by increasing

Fig. 4. Effect of heating temperature on Al speciation in HPA solutions
measured by 27Al NMR. (Synthesis temperature, 80 ◦C; heating time, 12 h;
AlT = 0.2 mol L−1.)
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Fig. 5. Effect of heating temperature on Al speciation in HPA solutions mea-
sured by Al-Ferron method. (Synthesis temperature, 80 ◦C; heating time, 12 h;
AlT = 0.2 mol L−1.)

temperature. When heating temperature increases from 25 ◦C
to 80 ◦C, the former effect is greater than the later, so the sum
of Al13 and Al30 increases. But when heating at a temperature
higher than 80 ◦C, the depletion reaction of Al13 and Al30 species
become dominant, so the sum of Al13 and Al30 decreases. This
is the reason why the samples were synthesized at 80 ◦C. Syn-
thesis at this temperature can assure the maximum content of
AlO4 in HPA solutions.

As can be seen from Fig. 5, with the increase in heating tem-
perature, Ala content decreases slightly, Alb content decreases,
and Alc content increases largely. The amount of Al that reacts
with Ferron reagent within 120 min decreases from 92.69%
to 27.45% when heating temperature increased from 25 ◦C to
100 ◦C. The transformation of Al species into high polymeriza-
tion degree and inert species accelerates with the increase of
heating temperature. And more dense polymers with compact
structure formed. The polymers are more stable against the dis-
sociation promoted by proton and ligand than that of heating at
low temperature.

3.4. Species transformation mechanism

The schematic diagram on the formation and transforma-
tion of Al species in HPA solutions upon thermal treatment
are shown in Scheme 1. Thermal treatment has two opposite
effects on Al speciation in HPA solution. Thermal treatment
accelerates the agglomeration and polymerization of Al species
in HPA, results in the formation of inert and high polymers.
At the same time, thermal treatment facilitates the dissociation
and dissolution of Al species by H+ in solutions. But the for-
mer is more significant than the later for samples with high B
values. As can be seen from Scheme 1, since thermal treatment
provides the activation energy for the isomerization of �-Al13
to �-Al14, and facilitates the isomerization reaction, the con-
version of Al13 to Al30 via �-Al14 is accelerated by thermal
treatment. At the same time, the clustering and agglomeration
of Al13 and Al30 are also accelerated by thermal treatment and

Scheme 1. Schematic diagram on the formation and transformation of Al species
in HPA solutions upon thermal treatment.

elevated AlT. The clusters of [Al13]n and [Al30]n consist primar-
ily of a repeating Keggin structural unit. These clusters grow
with a fractal structure, and transform into amorphous sol–gels
with a pseudo-boehmite structure by a cluster–cluster aggrega-
tion. The sol–gels then slowly transform to gibbsite through solid
squeezing and structural self-assembling [47,48]. The coordina-
tion number of the tetrahedral Al increases through the cleavage
of Al–O–Al bond of AlO4 during the process of transforma-
tion [48]. The rate of cluster–cluster aggregation increases with
the increase in AlT. The clusters also can be dissociated and
rearranged at high temperature, and transform into a more com-
pact structure with a high fractal dimension. As Al30 species
is more stable than Al13 species at high temperature [23], the
content of Al30 increases upon thermal treatment. But Al13 does
not convert to Al30 quantificationally, since the species such as
Al13 and Al30 in HPA solutions can dissociate to monomers and
oligomers by H+ besides polymerizing into high polymers. The
dissociation is irreversible. Bayerite can form by recrystalliza-
tion of these monomers and oligomers and untimately convert
to gibbsite by aging [47].

4. Conclusions

The combination of high-field 27Al NMR and time-developed
Al-Ferron complex colorimetry are effective methods to inves-
tigate Al species distribution in HPA solutions quantitatively,
especially for Al13 and Al30 species with a Keggin structure.
Thermal treatment has an important influence on the formation
and transformation of Al13 and Al30 species in highly concen-
trated HPA solutions (0.2–1.0 mol L−1). The metastable Al13
species in HPA tends to polymerize and convert to Al30 and
other high polymeric species. The rates of polymerization and
transformation are speed up by heating at high temperature. The
optimal heating temperature for the formation of Al30 is ca.
95 ◦C. Al13 content in HPA solution decreases upon thermal
treatment, and Al30 content increases. But Al13 does not convert
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to Al30 quantitatively due to the clustering, agglomeration and
acidic dissolution of Al13 and Al30. The Al13 species is a dom-
inant nanosized species in freshly prepared HPA solutions, and
its content reaches above 80.0% in HPA with AlT = 0.2 mol L−1

and optimal B values (ca. 2.3–2.4). The content of Al30 becomes
higher than that of Al13 when this solution is heated at 95 ◦C
for 12 h. And Al30 becomes the dominant nanosized Al species
in HPA solutions. Its content reaches 76.8% in samples with
AlT = 0.2 mol L−1 and B = 2.4.

The influence of thermal treatment on the Al species distri-
bution depends on AlT and B value. The content of Al13 species
decreases with the increase of AlT and with the increase of dif-
ference between B value of solution and theoretic B values of
Al13. And correspondingly, the contents of Al30 and the sum of
AlO4 decrease. The effect of AlT on Al speciation increases with
the increase in AlT. For HPA solutions with B = 1.8, the acidic
dissolution of Al species exceeds polymerization upon heating
treatment.

Although Al30 is more stable than Al13, it is also a metastable
species during the process of Al hydrolysis, polymerization and
precipitation. The decomposition and polymerization of Al30
were also sped up by rising the heating temperature. Thermal
treatment facilitates the inter-species polymerization and the
intra-species structural rearrangement. Al species in HPA solu-
tions tend to transform into more stable and inert species, which
were more tolerated to the proton and ligand promoted decom-
position. Alb contents decrease, and Alc contents increase. Al30
does not react with Ferron within 120 min.
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