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Large Particle Ammonium Molybdophosphate: Preparation and Crystallization Kinetics

HUANG Yun-Jing LIU Shan YANG Wei-Jun*
(College of Chemistry and Chemical Engineering, Hunan University, Changsha 410082, China)

Abstract: Large particle ammonium molybdophosphate (AMP) was prepared by slowly dropping a nitric acid
solution of potassium pyrophosphate into an ammonium molybdate solution. The nucleation rate (G) and crystal
growth rate for AMP were studied. Compared with crystal growth, the nucleation has a higher reaction order.
Initially, large particle AMP crystallizes in the kinetic region controlled by phase transfer reaction when the
growing speed of supersaturation is higher than the removing speed. The crystal linear growth rate (L) and
supersaturation degree (AC) of the solution increases first and decreases thereafter. In the medium dropping
stage, the increase in removing speed of supersaturation is the same as the growing speed. During the late
dropping stage, the nucleation rate rises rapidly when the crystal linear growth rate decreases and the nucleation
rate is the only control step for the removing speed of supersaturation. Therefore, the nucleation of AMP almost

completes in local solution as soon as meeting the nitric acid solution.

Key words: crystal growth; ammonium molybdophosphate; X-ray diffraction; nucleation rate; kinetics; crystal linear growth rate

0 Introduction due to high partition coefficient, selective separation

factor and adsorption capacity™.

Ammonium molybdophosphate ~ (AMP), as a to being dissolved in alkaline solution and has a fine

Since AMP is prone

heteropoly salt with Keggin structure?, can highly powdery  microcrystalline  structure  and  poor
selectively adsorb Rb*, Cs* and other alkali metal ions®. permeability, it is not suitable for industrial column
It is also an excellent inorganic ion exchange material adsorption operation. Therefore, the particle size of
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AMP has been increased by combination with titanium
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phosphate”!, calcium alginate!, methyl methacrylate!,
zirconium phosphate®, porous alumina'®, polyacrylon-
itrile™" and  Polyurethane Foam™, etc. However, it
reduces the exchange capacity of AMP and gives loose
composites so that the cycling performance is not
good. Improving the hydraulic performance of AMP by
preparing large particles may allow industrial column
adsorption and satisfactory separation of Rb* and Cs*
ions. The preparation of large particle AMP has rarely
been reported hitherto!™, and to the best of our know-
ledge the mechanism for large particle AMP nuclea-
tion and the crystal growth-influencing factors have
not been reported. Thereby motivated, the nucleation
mechanism for large particle AMP and crystal growth
kinetics were investigated. Besides, the factors
affecting AMP crystallization were analyzed. The large
particle AMP can be applied to the enrichment and
separation of trace Rb* and Cs* ions in salt lake brine™.
We have already proved that the prepared AMP has

high performance on separation of Rb* and Cs* ions in

Qinghai salt lake brine!™.
1 Experimental

1.1 Reagents and instruments

Ammonium molybdate ((NH,;)sMo;0+4H,0) and
(K4P,0;) were purchased
from J&K Scientific Co., Ltd. (analytical reagent), and
(HNOs;) was from
Sinopharm Chemical Reagent Co., Ltd. (analytical

potassium pyrophosphate

69% concentrated nitric acid

reagent).

The instruments used in this study included Lab
Tech UV 2000UV-Vis spectrophotometer (Beijing Lab
Tech Instrument Co., Lid.). JCM-6000 NeoScope
scanning electron microscope  (Star Joy Limited
Electronic Co., Ltd.). SKC-20000ptical sedimentation
particle size analyzer (Shanghai best electronic
equipment Co., Ltd.). Bruker D8 Advance X-ray
powder diffractometer (Bruker AXS GmbH). Cary630
Fourier (Agilent
Technologies Co., Ltd.). DSC/TG synchronous thermal
analyzer (NETZSCH-Gertebau GmbH). DSC/TG simul-

taneous thermal analyzer

transform infrared spectrometer

(Beijing Hengjiu Scientific

Instrument Co., Ltd.)
1.2 Characterization of AMP

Scanning electron microscope: Gold spray the
sample for 1 min before observation. Vacuum degree:
1.33x10°~1x107 Pa.

X-ray powder diffraction: Ni filter, Cu Ka (A=
0.154 187 nm) as X-ray source, sweep voltage 40 kV,
sweep current 30 mA, scan range (26) 10°~80°, scan
speed 4° +min ', count type: proportional count,
detector: activated Nal scintillation crystal.

Infrared: measuring range 400~4 000 cm™, KBr
tablet.

Synchronous  thermal analysis: In  nitrogen
environment, from room temperature to 750 °C at a
ramp of 10 “C-min™.

1.3 Experiment process

Typical procedures: Ammonium molybdate ((NH,)s
Mo;0, -4H,0, 13.44 ¢) was dissolved in 80 mL of
deionized water at 15 °C. Concentrated nitric acid (10
mlL) was added into 70 mlL of deionized water, then
the solution was cooled down to room temperature,
mixed evenly with 4.0 g potassium pyrophosphate
(K4P,07 -3H,0), and dropped slowly and evenly into
the prepared ammonium molybdate solution.
of AMP:

Ammonium nitrate solution and phosphoric acid

Conventional  preparation  method
solutionwere added into ammonium molybdate solution
and stirred evenly. The pH value was adjusted with
(mass fraction 20%). The

solution was aged for several hours, precipitating

dilute nitric acid solution

considerable yellow powders.

Experiments for Group A-C were carried out at
the same time, with the dropping speeds controlled at
12.7 mL+h™, 10.0 mL+h™" and 7.3 mL +h™, respe-
ctively. After the crystal nucleus appeared (t), small
amounts of supernatant were collected at predefined
time intervals. The molybdenum (Mo) content in the
supernatant was determined by spectrophotometry with
thiocyanate!"”, and the volume of the solution was
measured simultaneously until pH value of 1. SKC-
2000 optical sedimentation particle size analyzer was
used to measure the particle size distribution of the

18]

large particle AMP product!
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2 Results and discussion

2.1 Generation mechanism of large particle

AMP

Reaction equations for large particle AMP
preparation are as follows:

K4P,0,+#4HNO3+H,0=2H;P0,+4KNO; 1)

12(NH,)sM07024+51HNOs+7H;PO =

7(NH4);PM01,040+51NH,NO5+36H,0 (2)

First, the reaction between potassium pyrophosp-
hate and nitric acid controllably generates scarce
phosphoric acid. Then the reaction between phos-
phoric acid, nitric acid and ammonium molybdate
generates large particle AMP in the solution.

The sizes of AMP microcrystalline powders from
Conventional preparation method are 1~5 pm. Being
lowly permeable, this product is not suitable for
industrial column adsorption operation™.

Mc-Cabe et al.™ reported that the AL law of
crystal growth that crystal grains with a similar
geometry has identical growth rates in the same
mother liquor. If AL is the linear dimension increment
of one crystal grain, those of other crystal grains in
the same suspension within the same time are all AL.
In other words, the crystal growth rate is not
associated with the size of the original grain.

From the electron micrograph of large particle
AMP in Fig.1, the AMP grains are spherical alike
with a similar geomeltry, so AMP grows following the
AL law. The out-looking of our prepared large particle
AMP agrees with the reported yellow monoclinic
crystals®?",

As shown in Fig.2, crystal parameters of the

sample are consistent with those of the (NH,);PMo,,04

Fig.1 Electron micrograph of large particle AMP
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Fig.2  XRD pattern of large particle AMP
-xH,0 crystal XRD standard card (PDF No.43-0315),

suggesting that the

Intensity / (counts-s™)

target product has been
successfully prepared.
2.2 Structural characterization of large particle
AMP
As shown

in Fig.3, the broad and
absorption peak at 3 400 cm™ can be assigned to H-

strong

O-H stretching vibration. As evidenced by the weak
peak at 1 630 cm ™ corresponding to the bending
vibration of H-O-H, the prepared large particle AMP
broad and
absorption peak at 3 200 cm™ represents N-H stretching

contains crystal water. The intense
vibration, while the sharp and strong peak at 1 404
cm™ represents the bending vibration of N-H, indicating
the presence of NH,*. Four strong absorption peaks at
1 064 cm™, 964 cm™, 864 cm™ and 783 cm™ are the
characteristic peaks of [PMo;,04]°~ Keggin structure,
which are in good agreement with those of the

standard AMP (1 068 cm™, 962 cm™, 869 cm™ and 785

cm™). Hence, the sample has a complete [PMo,04]>
120
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Fig.3 IR spectrum of large particle AMP
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skeletal structure. There are no other impurity peaks,
so the large particle AMP is highly pure.
Spectrophotometric determination of the content
of NH," is done with Nessler's reagent using Phosphorus
vanadium molybdate spectrophotometric method to
detect the content of P*. Mo content is determined by
spectrophotometry with thiocyanate!"®. It turns out that
the large particle AMP prepared in group A, B and C

are consistent with n; ‘npiny=3:1:12 and this result

agrees with the standard AMP make up.
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Fig4 DSC and TG curves of large particle AMP

In the DSC curve, an endothermic peak exists
between 180~250 “C. The peak temperature is 220 C
indicating the loss of adsorption water of AMP. A
wide endothermic peak exists between 390 ~430 C
with a climax temperature of 425 °C. During this period
AMP loses its crystal water and loses NHj; through
decomposition. A sharp exothermic process exists
between 600~750 °C with the peak of 740 °C. The
[PMo,,0,[ Keggin structure is destroyed in this period.

In the TG curve, there are three weight losses in
the process of temperature increase from room
temperature to 800 °C. The first weight loss of 9.4%
happens between 40~230 °C during which AMP loses
its adsorbed water. The second weight loss is between
390~580 °C during which AMP loses its crystal water
and loses NH; through decomposition. The final
weight loss is at 740 “C with a sharp weight loss. The
[PMo,0,) = Keggin structure is destroyed. Through
calculation we can know that the moisture content is
0.4%H,0 in the sample.

From the above discussion, the structural formula

of large particle AMP crystal can be presented as

(NH,);PMo,04 - 0.4H,0, which is consistent with that
of microcrystalline AMP prepared by the conventional
method except for the number of crystal water
molecules.
2.3 AMP crystal exhalation rate and particle size
distribution
According to the concentration of Mo at different
periods of time, the AMP exhalation rate is obtained
by calculating the mass of precipitated AMP crystals
(m, mass percentage of precipitated AMP to the final
product) (Fig.5). The initial Mo concentration in this
work is 0.95 mol -, and the final product masses of

Group A~C are 9.83,9.62 and 9.34 g, respectively.
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Fig.5 Dependence of AMP exhalation rate on time

The V-t curve (V, volume of the reaction
solution) is plotted according to the measured solution

volumes at different times.
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Fig.6  Dependence of solution volume on time
Fig.7 shows the integral AMP particle size
distribution curves.

When the particle size is less than 20 pwm, the
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o -t C: 7.3 mLohr! where L; is the average particle size(um) for interval i;
i N; is the particle number(number of grains) of interval
z 404 i; P, is the mass(g) of interval i; p is the density of the
A particle(2.94 g-cm™); n, is the grain-number density of
L; k, is the volume shape factor of a crystal for the
monoclinic crystal system; AL is the maximum

30 40 50 60 70 80
L/pm
Mass is the mass percentage of 10 g product; L is the size in pm

for AMP crystal
Fig.7 Integral distribution curves of large particle AMP
at different dropping speeds
mass percentage of Group A exceeds those of Group B
and Group C. When the particle size is from 20 to 50
pm, the slope of the integral distribution curve of Group
C is obviously higher than those of the other two groups,
indicating that the mass percentage of this group is
the highest. Given that the integral distribution curve
of Group C is on the right side of those of the other
two groups, its average particle size is the largest.
2.4 Nucleation rate calculation and discussion of

large particle AMP

According to the descending order of particle
sizes, the integral distribution curves in Fig.5 are
divided into as many intervals as possible. The mass
P; (g) of interval ¢ of 10 g product is obtained by
calculating the mass percentage of each interval. In
addition, the particle number density at the average
diameter of each interval has been calculated™. The

in Table 1 for the

number of crystal particles in each granularity interval

calculation results are listed

difference of crystal grain size(m) in interval i.
The AMP

precipitated from the reaction solution range from 5 to

sizes of large particle crystals
70 pm, and the crystals nucleated earliest are about
70 pwm. The slow crystal growth can be ascribed to the
low absolute supersaturation (AC) of insoluble AMP in
acidic solution. Generally, the formation of large
particle AMP crystals is very difficult.

According to the particle number N; of each
particle size interval, the total number (X N), total
mass (2 m;) and average grain weight (G)) of the preci-
pitated particles are calculated by the following
formulas. The results are listed in Table 2.

Y mi=k(Lin—=L)Niipx107 24k (L~ L)’ N;.px
10724+ +k (L —L)’N, . px 1072+
k(Li=L)’N,px107"2

Li<Liy<+++Liw<Ly, 1=k, k=6 (5)
Y N=Ni# Nt + N+ N, i=1—k, k=6 (6)
G=Xmil LN, (7)

As suggested by the highest dropping speed and
the smallest average particle size of Group A,
decelerating dropping is conducive to the formation of
large particle AMP. Initially, AMP crystals nucleate

difficultly owing to low degree of supersaturation.

Table 1 Particle counts in each interval of 10 g product

Particle size interval / pm 70~45 45~35 35~25 25~12.5 12.5~5 5~0
L/ pm 55 40.0 30.0 20.0 8.75 2.5
Grain—number density / n A 1.10x10* 1.01x10° 4.53x10° 6.67x10° 1.18x10° 2.74x10°
B 2.86x10" 1.33x10° 1.25%10° 7.52x10° 5.45%10 1.70x10°
C 2.45x10° 4.94x10° 2.90x10° 3.50%x10° 1.73x10’ 8.05%x10*
Particle counts / N A 2.76x10° 1.01x10° 4.53%x10° 8.33x107 8.83x10* 1.37x10"°
B 7.16x10° 1.33x10° 1.26x107 9.40x107 4.09x10° 8.50%x10’
C 6.13x10° 4.95x10° 2.89x10’ 4.38x10’ 1.30x10° 4.03x10°

* Grain-number density is calculated through formula 3. " Particle counts is calculated through formula 4.
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Table 2 Total number, total mass and total average particle weight of the earlier nucleated particles in 10 g product

L;/ pm >40 >30 >20 >8.9 >2.5 2.5
ZN? A 2.76x10° 1.29x10° 5.82x10° 8.92x107 9.73x10* 1.47x10"°

B 7.16x10° 2.05x10° 1.46x107 1.08x10* 5.15x10® 9.01x10°
C 6.13x10° 5.56x10° 3.45x107 7.85x10’ 2.08x10* 4.24x10°

Ymi /¢ A 0.005 0.076 0.097 1.295 4.995 10
B 0.014 0.074 0.317 2.150 6.104 10
C 0.012 0.086 0.558 3.245 7.163 10

Gl g A 1.81x10°® 5.91x10% 1.67x107% 1.45x107* 5.14x10” 6.81x10™
B 1.96x107% 3.62x10°% 2.16x10% 1.98x10* 1.19x107* 1.11x10”°
C 1.95x10% 1.55x107% 1.62x107% 4.14x10°* 3.44x10°* 2.36x10°

* Calculated through formula 6. " Calculated through formula 5. c: Calculated through formula 7.

When dropping is slowed down by adding an acid or
by supersaturation, the growth of crystals approaches
the equilibrium state.

In the beginning (Fig.5), only a small amount of
nitric acid solution of potassium pyrophosphate is
added, so the reaction solution is lowly supersaturated
and crystals are hardly precipitated. In the medium
stage of solution dropping, however, a large amount of
crystals are precipitated from the reaction solution. In
the presence of excess potassium pyrophosphate, the
reaction is nearly completed in the late dropping stage
when pH value of the solution approaches 1, giving a
precipitation rate close to 100%.

The nitric acid solution of potassium pyrophosphate
is added at constant speed, so the V-i curves are

straight lines (Fig.6). Since the solution of Group A is

dropped the fastest, its V-¢ curve is more slant than
those of Group B and Group C.

The time point, at which Y m; (in formula 5) equals
to the exhalation rate m; (Fig.5), is just the point at
crystal size of L. Then the L-t (dependence of particle
size on nucleation time) curve is plotted. According to
the number of particles with the average diameter, the
N-L (dependence of particle number on particle size)
distribution curve is plotted. Then the L-t curve is
divided into several time intervals, from which the
particle size range is obtained, then through N-L
curve the particle number in each time interval is
calculated. Through dividing the particle number in
each interval (AN) by the time increment (At), the
nucleation rate (G) at the average time point (Formula

8) is calculated. The results are listed in Table 3.

Table 3 Dependence of nucleation rate on time

A to~t /' h 0~1 1~2 2-3 3~4 4~5 5~6
At/ ht 1 1 1 1 1 1
AN / (10°N-L™)" 6.74x107 0.08 0.45 1.61 3.12 6.34
G /[10°N - (L-h)" 6.74x107 0.08 0.45 1.61 3.12 6.34

B to~t /' h 0~2 2~3 3~4 4~5 5~6 6~7 7~8
Ar/ ht 2 1 1 1 1 1 1
AN/ (10"N-L™" 0.03 0.05 0.13 0.31 0.31 4.80 5.42
G / [10°N - (L-h)" 0.02 0.05 0.13 0.31 0.31 4.80 5.42

C to~t / h 0~3 3~5 5~7 7~8 8~9 9~10 10~11
At/ ht 3 2 2 1 1 1 1
AN/ (10"N-L™" 0.04 0.05 0.05 0.08 0.09 1.49 3.20
G /[10"N«(L-h)"T 0.01 0.02 0.02 0.08 0.09 1.49 3.20

* Time intervals divided through a certain pattern. ” Particle size range that is calculated through the L-t curve and the N-L curve. Both

of the curves are not presented in this passage because of insignificance, but the calculation process has been described. © Nucleation rate

calculated through formula 8.
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G=AN/A: 8)

The nucleation rates of large particle AMP are
between 6.74x107 and 6.34 x10" grain -L " -h™" and
increase gradually. Since the pH value of the solution
declines during dropping, the continuous increase of
H* shifts the reaction to the right and low pH value
facilitates precipitation. Thus, during the late adding
process, the increase of the nucleation rate is
predominantly controlled by the supersaturation-
removing rate of the solution.
2.5 Linear growth rate calculation and

discussion of large particle AMP

Based on the above results, the particle masses
> m; and Y, m;, are calculated (X m; is the total mass
of precipitated crystals when the crystal nucleates with
particle size L;) at the moment of adjacent particles
nucleated with sizes L; and L;,; (L;<L;,). From the
corresponding time points #; and #;,; on the n-t curves
(Fig.8) as well as the corresponding volume V on the
V-t curves (Fig.7), the linear growth rate L and the
mass growth rate m at a certain moment #[t=(t+,,,)/2]

are derived. The formulas are as follows:

L=(Lin=L)/(t—t:)= ALIA )
m=(2mi— Y mu)(ti—ti) V=Am/At-V (10)
In accordance with the above formulas, when the
crystal nucleates with particle size L;, the total mass of
precipitated crystals > m; is calculated, and the corr-
esponding time and solution volume are determined
through the m-t and V-t curves. According to the

particle number of each particle size interval and the

mass of product (g) crystallized from the unit origin
solution (dm?), the particle number of crystal grains N;
in interval ¢ and the total surface area of the exit
crystal (S) at time ¢ are calculated. The formula is

shown below:

i=1—k, k=6 L>L, (11)
where £k, is surface shape factor of a crystal (10 for the
monoclinic crystal system); L, is final particle size of
crystal grain that forms at time ¢.

The average linear growth rate (L) and nucleation
rate  (G) of AMP crystal at different droppingspeeds
are shown in Table 4. The mass growth rate (m), solid
phase surface area (S) and crystallization rate (1) are
shown in Table 5.

At different dropping speeds, the crystal linear
growth rate is gradually reduced, suggesting that the
degree of supersaturation decreases gradually during
the crystallization of AMP. Each experiment lasts a
relatively stable time during which crystal growth
changes from phase transition kinetics-controlled to
chemical reaction-controlled. The shifting time points
of Group A-C are 2 h, 6 h and 7 h respectively.

In general, the crystal linear growth rate of Group
C is minimal due to the lowest dropping speed, and
its nucleation rate is much slower than that of Group
A. Hence,

nucleation rate increases faster than the linear growth

when dropping is accelerated, the

rate. Both the crystal linear growth rate and the

Table 4 Crystal growth rate and nucleation rate of large particle AMP at different dropping speeds

A to~t [ h 1 2 3 4 5 6
L/ (um-hy 16.5 7.75 6.1 3.25 1.8 0.8
G /[10"N-(L-h)"] 6.74x107 0.08 0.45 1.61 3.12 6.34

B to~t /' h 2 3 4 5 6 7 8
L/ (um-hy 11.2 5.5 3.9 32 2.0 2.2 0.3
G /[10°N-(L-h)"] 0.02 0.05 0.13 0.31 0.31 4.80 5.42

C to~t [ h 3 5 7 8 9 10 11
L/ (um-h7y 8.5 3.7 3.1 3.0 2.5 1.6 0.8
G /[10"N-(L-h)"] 0.01 0.02 0.02 0.08 0.09 1.49 3.20

* Linear growth rate L is calculated through formula 9.
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Table 5 Mass growth rate and solid surface area of large particle AMP at different dropping speeds

A to~t / h 1 2 3 4 5 6
m /[ [g+(L-h)™] 1.123 7.067 13.423 19.285 18.593 18.364
S/ (m* L 0.14 0.82 2.46 4.72 8.76 12.89
n ! wt% 2.3 7.3 235 48.6 70.5 96.6
B to~t / h 2 3 4 5 6 7 8
m / [g+(L-h)™]* 1.99 4.354 8.091 8.000 7.30 6.59 4.828
S/ (m* L 0.52 1.83 3.43 5.98 8.72 10.45 10.83
n/ wt% 3.0 8.0 22.0 42.0 60.0 80.2 97.1
C to~t /' h 3 5 7 8 9 10 11
m /[ [g-(L-h)™] 1.347 2.578 5.700 6.908 6.958 5.805 3.897
S/ (m* L 0.47 2.42 3.32 4.73 4.47 8.03 10.42
n/ wt% 3.0 9.0 28.0 45.0 64.0 83.0 97.8

* The mass growth rate m is calculated through formula 10. ® Total surface area of the exit crystal (S) is calculated through formula 11.

nucleation rate have functional relationships with
the degree of supersaturation (L:K,AC”‘, G.:KNAC“‘).
Therefore, the nucleation of large particle AMP has a
higher reaction order than that of crystal growth.
Hence, when the nitric acid solution of potassium
pyrophosphate is added slowly, the linear growth rate
and nucleation rate of AMP could be maintained
suitable and stable during crystallization, thus yielding
large AMP crystals with uniform particle size. It is of
great significance to develop such charge-in process

control software applicable to industrial practice.
3 Conclusions

By slowly dropping the nitric acid solution of
potassium pyrophosphate into ammonium molybdate
solution, large particle AMP with the structural
(NH4);PMo,04 - 0.4H,0 is prepared. lIts

crystal structure is the same as that of microcrystalline

formula of

AMP synthesized by the conventional method except
for the number of crystal water molecules.

The large particle AMP crystals precipitated from
the reaction solution are mostly sized at 5~70 pm.
The nucleation rates are from 6.74x10" to 6.34x10"
grain *(L+h)™. Slowing down dropping will benefit the
synthesis of large particle AMP. Small particle AMP
forms preferentially in the solution with the decrease
in pH value. Given that the reaction order of

nucleation is higher than that of linear growth, the

linear growth rate and nucleation rate of AMP could

be optimized throughout crystallization by controlling
the adding speed of potassium pyrophosphate nitric
acid solution.

The linear growth rates of large particle AMP
range from 16.5 to 0.3 wm-h™', and the mass growth
rates are from 0.123 to 19.285 g -(L +h) . The

supersaturation degree of the solution gradually

reduces. Furthermore, the linear growth rate of AMP
reduces and the nucleation rate increases throughout

crystallization.
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