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With  the  help  of  Ferron  colorimetric  method  and 27Al  NMR  spectroscopy,  quantification  analysis  method
of  electrospray  ionization  time-of-flight  mass  spectrometry  (ESI-TOF-MS)  on Al  speciation  was  devel-
oped  and  thus  Al  species  in  polymeric  Al  solutions  were  quantitatively  analyzed.  Based  on the  speciation
results  of  mononuclear  Al solution  and  purified  Al13 solution,  Al  species  obtained  with  ESI-TOF-MS  in
polymeric  Al  solutions  were  classified  into  three  categories  as  low  polymers  (i.e.,  Al1–Al10),  mid  poly-
mers  (i.e.,  Al13–Al20),  and  high  polymers  (i.e.,  Al21–Al31).  Among  these  polymers,  only  a certain  number
l species
uantification analysis
ass spectrometry

dditional explanation

of  Al  species  have  relative  high  content  and  constitute  the  dominant  component  of  polymeric  Al solu-
tions.  The  quantification  analysis  results  of  ESI-TOF-MS  agree  well  with  those  obtained  by  the  other  two
traditional  methods,  which  proves  the feasibility  of  the  novel  method  on  Al  species  analysis.  Addition-
ally,  ESI-TOF-MS  can  provide  more  information  on Al speciation  than 27Al  NMR  spectroscopy  and  Ferron
colorimetric  method,  and  the  quantification  analysis  results  can  clearly  explain  the  difference  between
the  two  traditional  methods.
. Introduction

Over the past few decades, hydroxyl Al speciation has been
roved to greatly affect the application of Al salt products in water
reatment, catalysis, cosmetic science, geochemistry, etc. [1–3]. To
ynthesize the products with high content of high-performance Al
pecies in these fields, many attempts have been made to prepare
rehydrolyzed Al products and characterize Al species in solu-
ions [4,5]. Owing to the complexity of polymeric Al species and
he shortage of efficient methods on Al speciation, the existing
ategories and transformation pattern of Al species are still in con-
roversy [6,7]. To fully recognize hydroxyl Al species, especially
heir quantification distribution in solutions, is still the focus for

any researchers all over the world nowadays.
In recent years, electrospray ionization mass spectrometry (ESI-

S)  with different mass analyzer has been used to characterize
hemical species of Al in solutions [8–10]. From the distribution
haracteristics and m/z  values of peaks in mass spectrum, vari-

us Al species with different polymerization degree can often be
dentified. Moreover, the possible molecular structure of Al species
an also be deduced with a general formula suggested by different
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researchers [8,9]. Since ESI mass spectrometry was  often consid-
ered as a mild ionization method, Al species in original solution
might have minor changes when they were transferred into gas
phase to be measured in mass analyzer [11–13].  Electrospray ion-
ization mass spectrometry has exhibited strong potential in the
analysis of hydroxyl Al species.

Heretofore, most studies on Al speciation with ESI mass spec-
trometry have put emphasis only on the identification of Al
species from mass spectra [14,15].  However, great controversy still
existed between different researchers on the Al species identi-
fication results in mass spectrometry [15–18].  The main reason
is that most studies only focused on the application of mass
spectrometry and less attention has been paid to the additional
explanation of some traditional methods. Thus the differences in
Al speciation results obtained in different studies cannot be well
explained.

In fact, the qualitative analysis results are not enough to explain
Al speciation in solutions. Many researchers have tried to quantify
Al species with ESI mass spectrometry. Zhao and Urabe analyzed
the difference in the relative intensities of peaks for various Al
species identified from mass spectra [16,17]. Rämö summed the
signal intensities of oligomeric Al species and took them as total
ion counts to evaluate the abundance in solutions [18]. They have

only tried the semi-quantitatively study on Al species in solutions
with ESI mass spectrometry, and the qualitative results were not
simultaneously approved with some traditional methods. On the
whole, studies on the quantification analysis of Al species with ESI

dx.doi.org/10.1016/j.ijms.2011.08.020
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:fengchenghong@hotmail.com
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ass spectrometry are still in an initial stage and there is still lack
f feasible analysis method.

Many chemical and instrumental methods have been adopted
o analyze hydroxyl Al species in solutions. 27Al NMR  spectroscopy
nd Ferron colorimetric method are the two most commonly used
ethods [19,20]. 27Al NMR  spectroscopy has been widely recog-

ized as the sole instrumental method to identify the Al species
irectly, though only a few Al species (i.e., Alm, Al2 even Al3, Al13,
nd Al30.) can be observed. As for Ferron colorimetric method, it can
nly give only a rough classification without any actual species in
ach category. Perhaps, the simultaneous application of the above
wo methods could provide additional explanation for the identi-
cation and quantification analysis results of hydroxyl Al species

n ESI mass spectrometry. Therefore, with the help of the above
wo methods, the aim of this study is to establish a relative per-
ect quantification analysis method of ESI-TOF-MS for hydroxyl Al
pecies in solutions, and thus Al species in polymeric Al solutions
ill be identified and discussed quantitatively to further clarify

heir transformation process.

. Materials and methods

.1. Synthesis of hydroxyl Al solutions

Deionized water was used to prepare all the solutions and all
he reagents were analytical grade chemicals. Hydroxyl Al solutions
ere made via the micro-titrating method. Under rapid stirring and

ubbling with N2 gas, a calculated volume of 0.27 M AlCl3 solution
as titrated slowly with 0.5 M NaOH solution by using a titrome-

er (665 Dosimat, Metrohm, Switzerland). The addition rate was
.15 mL  min−1 and the volumes added varied with the target B
alues (OH/Al molar ratios) which were chosen as 0, 0.5, 1.0, 1.5,
.0, 2.2, and 2.5, respectively. The resulting samples were denoted
espectively as PAC0, PAC05, PAC10, PAC15, PAC20, PAC22 and PAC25.
he purified Al13 sample (simplified as PAl13) was obtained from
AC22 by the method of chemical purification [21]. The final con-
entration of total Al (AlT) in every sample was  adjusted to about
.1 M with deionized water. Exact Al concentrations were mea-
ured with ICP-OES (PerkinElmer Co., USA). The samples were aged
or 24 h at room temperature before they were preserved at 4 ◦C for
nalysis.

.2. Electrospray ionization time-of-flight mass spectrometry

Mass spectra were recorded with a high performance liquid
hromatography/hybrid quadrupole time-of-flight mass spectrom-
ter (Micromass Q-ToF Micro, Waters, USA). The samples were
njected into the spectrometer at a flow rate of 10 �L/min. The
nstrumental conditions were as follows: capillary voltage of
500.0 V, sample cone voltage of 70 V, Fflens of 200 V, extraction
one voltage of 5 V, source temperature of 120 ◦C, cone gas (N2)
ow rate of 300 L/h, and mass range of 80–1000. All the ESI mass
pectra were observed in positive ion mode.

.3. 27Al NMR  spectroscopy

The samples were studied with 500 MHz 27Al NMR (Brookhaven
o., USA). The instrumental settings and experimental condi-
ions were: NS = 128, P1 = 20 �s, Al(OD)4

− PL1 = −3 dB. Solvent:
2O, and T = 298 K. The inner standard was 0.05 M solution
nd its chemical shift is 80 ppm. The signals near 0, 3–4 and
2.5 ppm represent monomers (Alm), dimers (Al2) and Al13

[AlO4Al12(OH)24(H2O)12]7+), respectively. The concentration of
ach species was determined by the ratio of the integrated inten-
ity of its corresponding peak to that of Al(OD)4

− at 80 ppm. The
mount of the undetectable species (denoted as Alun) was  obtained
ss Spectrometry 309 (2012) 22– 29 23

by subtracting the sum of the detected Al species from the AlT
concentration in each sample.

2.4. Ferron colorimetric method

Ferron colorimetric solution was obtained by mixing the Ferron
solution (0.2%, w/v), NaAc solution (20%, w/v), and HCl solution (1:9,
v/v) at a ratio of 2.5:2:1. The detailed procedure for the preparation
of Ferron solution was  same as that in [5,22].  For the speciation of
each sample, 5.5 mL  Ferron colorimetric solutions were first trans-
ferred into a graduated glass tube and diluted to 25 mL.  Then, 20 �L
test Al solutions were added to the tube and the reaction time was
recorded simultaneously. After homogeneous mixing, the reacting
sample was  quickly added to a 1–cm quartz cell. The absorbance
changes, using a UV–vis 8500 spectrophotometer (Tianmei Co.,
China), were monitored automatically at 366 nm from 30 s to ca. 2 h
until no detectable absorbance increase was observed, indicating
the completion of the reactions between the mononuclear Al (Ala)
and reactive hydroxyl Al polymers (Alb) with Ferron. The residual
species that cannot react with Ferron in the limited time is defined
as Alc (i.e., inert high polymers or colloidal Al species). The content
of Alc can be obtained by the difference between the content of
Ala + Alb and that of AlT in solutions [22].

3. Results and discussion

3.1. Quantification analysis method of mass spectrometry on Al
speciation

A general formula [AlxOy(OH)z(H2O)m](2y+z−3x)+ was  suggested
for the identification of Al species from mass spectra. For simplicity,
Alx was  used in the following sections to denote species with the
same polymerization degree x and the same charge (2y  + z − 3x)+.
As shown in Fig. 1, Al species with the same polymerization degree
are often observed as some peaks with different m/z  values in mass
spectrum and these peaks often constitute a Gaussian-shaped clus-
ter [13,23]. Thus, in order to quantify Al species in solutions, the
first, and the most important step is to determine the m/z  scope of
every cluster in mass spectrum.

The difference in m/z values of peaks in a cluster are often
ascribed to the exchange of water molecular (or oxo and hydroxo
ligands) in the structure of Al complex [14,16].  As inferred from
our former studies (not shown), the fragmentation or coordina-
tion of water molecular resulted in the difference of peaks in a
Gaussian-shaped cluster with higher m/z values in mass spectrum.
However, the difference of peaks in clusters with lower m/z  val-
ues are mainly ascribed to the changes of oxo and hydroxo ligands
in the structure of Al complex. The distribution characteristics of
peaks could be used as the first principle to determine the m/z  scope
of Gaussian-shaped clusters.

According to the chemical theory of hydroxyl Al structure, the
number of ligands in a hydroxyl Al complex should be limited to
a certain range. Moreover, mass, charges and even structure of
Al species can be inferred from the distribution characteristics of
peaks. Thus, the characteristics, especially the number of ligands, of
hydroxyl Al structure could be taken as the second principle for the
determination of the corresponding m/z scope of every Gaussian-
shaped cluster.

Additionally, polymerization degree of Al species identified
from peaks often increases with m/z value in mass spectrum [8,10].
The well correspondence provides another way to determine the

m/z value scope of every Gaussian-shaped cluster in mass spectrum.
Moreover, the continuity of changes in polymerization degree of Al
species with m/z value can also be used to solve the problem that
one m/z value could be assigned as two different Al species. Thus,
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Fig. 1. ESI-TOF mass spectra of hydroxyl Al solutions with different basicity (PAC0, PAC05, PAC10, PAC15, PAC20, PAC25, and PAl13).
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ig. 2. Quantification analysis results of Al species with one (a), two (b) and three c
ass  spectrometry.

he distribution characteristics of Gaussian-shaped clusters with
/z values in mass spectrum can be taken as the third principle to

etermine the m/z  scope of Gaussian-shaped clusters.
After the determination of the m/z  scope of every cluster, the

econd step is to calculate the total intensity of Al species assigned
rom every Gaussian-shaped cluster. Then, the relative content of Al
pecies identified from mass spectra can be easily obtained by the
atios of the intensity of every Al species to that of the whole species
n samples. The main theoretical basis of the above calculation is the
act that the relative intensity of peaks observed in mass spectrum
s in accordance with the content of the corresponding Al species
n solutions [11,12].

.2. Distribution of Al species identified from mass spectra of
olymeric Al solutions

Mass spectra of hydroxyl Al solutions were shown in Fig. 1. Only
art of mass spectrum with obvious peaks was shown in the fig-
re for each sample. The other part of mass spectra often had high
ignal-to-noise ratios and no obvious peaks were detected on them.
ince only one dominant peak was observed in each mass spec-
rum, the peak was often taken as the base peak and the intensity
f the other peaks were then obtained by the normalization to the
ntensity of the base peak [13].

In this study, only the peaks with relative intensity over 5% of
hat of the base peak were considered. The ignorance of the peaks
ith lower intensity was mainly ascribed to the uncertainty to dis-

inguish them from noise. Besides the peaks with lower intensity,

lmost all the other peaks in each mass spectrum in Fig. 1 were
nalyzed. Al species with the same polymerization degree have
een categorized as one species Alx and the total intensity was
lso summed. The detailed m/z values of various Al species can be
 (c) in polymeric Al solutions (PAC05, PAC10, PAC15, PAC20,  and PAC25) with ESI-TOF

clearly obtained from peaks in every Gaussian-shaped cluster in
Fig. 1 (e.g., Al13

+ at m/z 709 ± 18, Al13
2+ at m/z 337 ± 9, andAl13

3+ at
m/z 219 ± 6).

Fig. 2 shows the content distribution of Al species in poly-
meric Al solutions with different basicity in mass spectrometry.
Three groups of Al species with different charges were observed
in Fig. 2a–c, respectively. Only three kinds of charges (+1, +2 and
+3) were carried by the species in mass spectrometry [8–10]. It can
be seen from Fig. 2 that more categories of Al species carry three
charges (+3). Since Al species (e.g., Keggin-Al13

7+) in original solu-
tion might carry higher charges, the charge decrease of hydroxyl
Al species should have happened in mass spectrometer. Perhaps,
Al species with tri-charge were more likely to be transformed from
species in original solution because of the more slight difference in
charges with the species in original solutions. Certainly, some other
factors (e.g., molecular structure) might also affect the distribution
of species with the above three kinds of charges.

In Fig. 2, each group of Al species have several dominant species,
e.g., Al1+, Al2+, Al3+, and Al4+ in the group with mono-charge, Al13

2+

and Al16
2+ in the group with di-charge, Al13

3+ and Al16
3+ in the

group with tri-charge. These species comprised the main compo-
nent of these samples. Besides the dominant species mentioned
above, some other categories of Al species with relative low con-
tent were also observed in Fig. 2. The phenomena can also be easily
obtained from the distribution characteristics of Gaussian-shaped
clusters in Fig. 1. On the whole, the quantification results in Fig. 2
were in good agreement with the peak distributions in Fig. 1, which
might prove the feasibility of the quantification analysis method

suggested in Section 3.1.

It can be seen from Fig. 1 that basicity (OH/Al ratio) of samples
also has great effect on the distribution of Al species. Low-polymers
(e.g., Al1+ at m/z 97 ± 18, Al2+ at m/z 157 ± 18, Al3+ at m/z  217 ± 18,
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ig. 3. 27Al NMR  spectra of polymeric Al solutions with different basicity (PAC05,
AC10, PAC15, PAC20, and PAC25).

nd Al4+ at m/z 313 ± 18) were mainly observed in the samples with
ow basicity (e.g., PAC05, PAC10). As for the mid-polymers (e.g., Al13

+

t m/z  709 ± 18, Al13
2+ at m/z  337 ± 9, Al13

3+ at m/z  219 ± 6, Al16
+

t m/z 835 ± 18, Al16
2+at m/z 418 ± 9, and Al16

3+ at m/z  291 ± 6,
espectively), they have been observed in all the samples and the
ontents increase obviously with the increase of basicity. This can
e easily explained by the synthesis process of these samples. The
ddition of base into Al solution promotes the polymerization of
onomers and low polymers in solution. With the increase of

asicity, the contents of monomers and low-polymers all gradu-
lly decreased. However, the contents of mid-and high-polymers
hanged in opposite manner.

Fig. 3 shows the speciation results of polymeric Al solutions in
7Al NMR  spectroscopy. Similar with the speciation results of mass
pectrometry, only a certain number of species, i.e., monomer (at

 ppm), dimer (at 2–3 ppm) and Keggin-Al13
7+ (at 62.5 ppm) were

etected on the spectra of these samples with 27Al NMR  spec-
roscopy. Since the integrated area of each peak in spectra is related
o the relative abundance of that species, it can also be seen from
ig. 3 that the changes in the content of these species with basicity
greed with those in mass spectrometry. Monomers and dimers
onstituted the main species in the samples with low basicity.
id-polymers (i.e., Keggin-Al13

7+) gradually became the dominant
pecies in samples with higher basicity. On the whole, the quan-
ification results obtained with mass spectrometry agreed roughly
ith those in 27Al NMR  spectroscopy. The phenomena might also
rove that mass spectrometry can be applied in the study of Al
peciation.

.3. Classification of Al species identified from mass spectra

Generally, three categories of Al species (i.e., monomer, mid-
olymer and high-polymer or colloidal species) were often
bserved with 27Al NMR  spectroscopy (denoted as Alm, Al13 and
lun, respectively) and Ferron colorimetric method (denoted as
la, Alb and Alc, respectively). Previous studies have proved the

easibility and the consistency of the two methods [5,19].  For
ass spectrometry, more categories of species with polymeriza-

ion degree ranged from 1 to 31 have been observed in Fig. 2.

hus, to increase the comparability of Al speciation results in mass
pectrometry with those obtained via the above two  traditional
ethods, Al species obtained with mass spectrometry might also

e classified into three categories.
Fig. 4. 27Al NMR  spectra of monomeric Al solution (a) and purified Al13 solution (b).

Fig. 4a shows the speciation result of mononuclear Al solution
(PAC0) in 27Al NMR  spectroscopy. Only one category of Al species
(i.e., monomer) has been detected in the solution. However, more
categories of Al species with relative high content have also been
observed with mass spectrometry in Fig. 5. Moreover, most of the
species detected with mass spectrometry have low polymerization
degree. Thus it can be drawn that most of the monomers in orig-
inal solution have undergone polymerization reactions and were
detected as low polymers in mass spectrometry [14,16].

In Fig. 6a, the total content of Al species with polymerization
degree ranged from 1 to 10 in PAC0 agreed roughly with that of the
Ala species in Ferron colorimetric method, and the Alm species in
27Al NMR  spectroscopy. The slight difference was mainly ascribed
to the polymerization of monomers in mass spectrometer and in
spectrophotometer [19]. This can be further proved by the mid-
polymer distributions in Fig. 6a. Mid-polymers have been detected
in PAC0 with mass spectrometry and Ferron colorimetric method,
but are not observed with 27Al NMR  spectroscopy. On the whole,
most of the low polymers in mass spectrometry have transformed
from monomers in original solution and can be classified as the first
categories as the Alm species in 27Al NMR  spectroscopy and the Ala
species in Ferron colorimetric method, respectively.

As calculated form Fig. 4b, over 95% of species in purified
Al13 solution (PAl13) was  Keggin-Al13

7+ in 27Al NMR  spectroscopy.
However, only a certain number of main species with mid  polymer-
ization degree (i.e., Al19

3+, Al20
3+, Al13

3+and Al16
n+, n = 1, 2, 3) were

detected with mass spectrometry in Fig. 5. Thus, it might indicate
that Keggin-Al13

7+ also have undergone polymerization reactions
in mass spectrometer. In Fig. 5, the total content of the Al13 species
with three kinds of positive charges (i.e., Al13

+, Al13
2+ and Al13

3+)
was  only about 55% of that of the whole species in PAl13. In fact,
besides the Al13 species, the other three categories of mid-polymers
(i.e., Al19

3+, Al20
3+, and Al16

n+, n = 1, 2, 3) all have relative high con-
tent. Since most of species in original PAl13 solution was mainly
composed of Keggin-Al13

7+, these mid-polymers might have been
transformed from the Keggin-Al13

7+ species in original solutions
in mass spectrometer. The total content of these polymers consti-
tuted about 93 percent of that of the whole species in PAl13, which
agreed well with the speciation results of 27Al NMR  spectroscopy

and Ferron colorimetric method (as shown in Fig. 6b). Therefore,
Keggin-Al13

7+ in 27Al NMR  spectroscopy was  mainly detected as
these polymers in mass spectrometry. These mid  polymers in mass
spectrometry could be classified as the second category as the Al13
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pecies in 27Al NMR  spectroscopy and the Alb species in Ferron
olorimetric method, respectively.

Besides the above mentioned species, some other species with
elative low content (e.g., Al26

3+, Al28
3+) in PAC0 and PAl13 have

lso been observed with mass spectrometry. These species have
igher polymerization degree (over 21) and might react with Fer-

on reagent very slowly or even have no reaction with Ferron.
dditionally, these species cannot be observed with 27Al NMR  spec-

roscopy, but can be observed more easily in mass spectrometry.

mid-monomer 
0

20

40

60

80

100

C
on

te
nt

(%
)

a

mid-pmonomer 
0

20

40

60

80

100 b

C
on

te
nt

(%
)

Hydroxyl

ig. 6. Comparisons of speciation results of monomeric Al solution (a) and purified Al13

MR  spectroscopy.
 (c) in monomeric Al solution (PAC0) and purified Al13 solution (PAl13) with ESI-TOF

The reason can be described as follows: the soft ion modes of mass
spectrometry changes the ligands and charges of these species
in mass analyzer [9].  The ionized structures can be more easily
detected with mass spectrometry. As shown in Fig. 6a, the spe-
ciation result of these species in mass spectrometry also agreed
roughly with those in the other two traditional methods. There-

fore, these high-polymers in mass spectrometry might be detected
as the undetectable species (Alun) in 27Al NMR  spectroscopy and
the Alc species in Ferron colorimetric method.

high-polymerpolymer

 ESI TOF mass spectroscopy
 Ferron colorimetric method
27Al NMR spectroscopy

high-polymerolymer

 Al species

solution (b) in ESI TOF mass spectrometry, Ferron colorimetric method, and 27Al
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ig. 7. Speciation results of polymeric Al solutions with different basicity in ESI TOF
ass spectrometry (�), Ferron colorimetric method (©), and 27Al NMR  spectroscopy

�).

Therefore, three categories of species (i.e., Al1–Al10, Al13–Al20,
nd Al21–Al31) in mass spectrometry could be suggested as
onomers, mid- and high-polymers, respectively. Since the clas-

ification pattern was put forward on base of the quantification
nalysis results of mononuclear Al solution and the purified Al13
olution, the feasibility of the classification pattern still needs fur-
her identification.

.4. Quantification analysis results of mass spectrometry

Fig. 7 shows the quantification analysis results of polymeric Al
amples in mass spectrometry, 27Al NMR  spectroscopy, and Ferron
olorimetric method. On the whole, there exists a good agree-
ent between the Al speciation results obtained by the above three

pectrum methods. The content of monomers decreased with the
ncrease of basicity, while the content of mid-polymers in sam-
les increased obviously. As for the third category of species, no
ignificant increase with basicity could be observed.

It can be drawn from Fig. 7a and b that the contents of monomers
nd mid-polymers obtained with Ferron colorimetric method are
ll higher than those obtained by 27Al NMR  spectroscopy. Since
o hydrolysis and polymerization of Al species happened in 27Al
MR  spectrometer, the speciation results in 27Al NMR  spectroscopy
ften represent the original status of hydroxyl Al species in solu-
ions. Thus, besides the monomers and Keggin-Al13

7+ in 27Al NMR
pectroscopy, some other Al species might also coexist in solu-
ions. Perhaps, these species could not be observed and were
ften considered as the undetected species (Alun) in NMR  spec-
roscopy.

Although there is still lack of direct evidence to prove the exis-
ence of these species [24,25],  ESI TOF mass spectrometry might
e a novel and feasible method to identify these species. In Fig. 2,

esides mononuclear Al species (Al1+), some other low-polymers
e.g., Al2–Al5) were also detected in the samples with low basicity
n mass spectrometry. As indicated in Fig. 6a, these low-polymers
etected in the samples with low basicity were mainly transformed
ss Spectrometry 309 (2012) 22– 29

from monomers in original solution. However, the total content of
these species (i.e., Al1–Al10) was  obviously larger than the content
of monomers (Alm) in 27Al NMR  spectroscopy in Fig. 7a. Thus, the
big difference is mainly ascribed to the existence of low polymers
(e.g., Al2–Al10) in original solution. Part of these species with lower
polymerization degree could react with Ferron quickly and were
classified as the Ala species in Ferron colorimetric method. Per-
haps, the other species with higher polymerization degree often
react with Ferron slowly and are classified as the Alb species.

With the increase of basicity, these low-polymers in original
solutions have been gradually transformed into high polymers
(e.g., Keggin-Al13

7+) and even cannot be detected in the samples
with high basicity (e.g., 1.5, 2.0, 2.5). Therefore, low polymers (i.e.,
Al1–Al10) detected in PAC15, PAC20 and PAC25 with mass spectrom-
etry were mainly formed by the polymerization of monomers in
original solution in mass spectrometer. The content of these low-
polymers in mass spectrometry were in good agreement with those
in 27Al NMR  spectroscopy in these samples.

As for the samples with high basicity, the total content of mid-
polymers (i.e., Al13–Al20) in mass spectrometry were all higher
than the content of mid-polymers (i.e., Keggin-Al13

7+) in 27Al NMR
spectroscopy. Perhaps, some low-polymers have polymerized with
Keggin-Al13

7+ to form hydroxyl Al complex with higher polymer-
ization degree (e.g., Al16, Al19 and Al20) in mass spectrometer
and thus resulted in the bigger difference in the content of mid-
polymers between the two  methods. In fact, it can be seen from
Fig. 7b that the Alb content obtained by Ferron colorimetric method
was  also higher than the Keggin-Al13

7+ content for every sam-
ple. This may  further indicated that some mid-polymers, besides
Keggin-Al13

7+, exist in the solutions. Perhaps, these mid-polymers
were also composed of Al19

3+, Al20
3+ and Al16

n+, n = 1, 2, 3. This can
be inferred from the fact that no other mid-polymers with high
intensity have been observed in the mass spectra of these sam-
ples. Thus, the existence of these mid-polymers in original solutions
also accounts for the big difference in the content of mid-polymers
between Ferron colorimetric method and 27Al NMR spectroscopy.

Besides the above mentioned species, high-polymers were also
observed in all of the samples with the above three spectrum meth-
ods (Fig. 7c). However, the Alun content in 27Al NMR spectroscopy
were obviously higher than the Alc content in Ferron colorimet-
ric method and the Al21–Al30 content in mass spectrometry. The
difference should be mainly ascribed to the existence of the above
mentioned low- and mid-polymers which cannot be observed with
27Al NMR  spectroscopy but can be detected with the other two
methods. It can also be inferred from Fig. 7c that the Alc species
were mainly composed of hydroxyl Al complex with polymeriza-
tion degree ranged from 21 to 31. The reason is that the Alc content
in Ferron colorimetric method agrees well with the Al21–Al30 con-
tent in mass spectrometry in the samples with different basicity. On
the whole, the quantification results of mass spectrometry agree
better with those of Ferron colorimetric method.

4. Conclusions

The speciation results of ESI-TOF mass spectrometry were in
accord with those of Ferron colorimetric method and 27Al NMR
spectroscopy. Quantification analysis method of mass spectrome-
try was proved to be feasible. The above three spectrum methods
all have its specialty and can provide additional explanation for
each other. Minor differences in Al speciation results still existed

between the above three methods. Much more factors (e.g., poly-
merization degree of Al species, application conditions of mass
spectrometer) should be further considered to optimize the quan-
tification analysis method of mass spectrometry.
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