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Solubility of Ammonium Aluminum Sulfate Dodecahydrate in the Aluminum
Sulfate + Ammonium Sulfate + Sulfuric Acid + Water System at (25, 30, 40, and
50) °C

Véra Hostomska and Jifi Hostomsky*

Institute of Inorganic Chemistry, Academy of Sciences of the Czech Republic, 25@6&Rech Republic

Solubilities of NHAI(SO4)2:12H,0 in mixed aqueous solutions of AEOy)3 and (NH,).SOs were determined at

(25, 30, 40, and 50jC. At the same temperatures, solubilities of PHSO,),:12H,0 in the (NH,)>,SO; +
Alx(SOy)3 + HSOs + HO system and densities of the equilibrium solutions were measured for sulfuric acid
mass fraction on the salt-free basig, equal to 0.1. The measured solubilities were compared with available
literature data. Ammonium alum solubilities are only moderately influenced by the sulfuric acid addition up to
W (H2SOy) = 0.1. The addition of sulfuric acid to the ternary (WO, + Al2(SOy)s + H20 solution increases

the ammonium alum solubility in solutions with a WAl molar ratio close to 1. In contrast, at either low or high
NH4/Al molar ratios, the ammonium alum solubility is suppressed by the sulfuric acid addition.

Introduction In this work, the measurements of alum solubility were

Crystallization of NHAI(SO,)»+12H,0 (ammonium alumi- performed for the temperatures (25, 30, 40, and ®D)this

num sulfate dodecahydrate, ammonium alum) is an importantse'ection was to some extent m.otivateq by th.e range qf final
step in various processes aiming either at purification of alum temperatures in a two-stage continuous industrial crystallization

: : : . : of ammonium alurf?), first for the ternary system (Nj£SOy

in production of high-purity aluminum compourdsor at " .

recovery of aluminum and sulfates from waste solutions (e.g., * ﬁll'Z(k?%)S + H:0, Wt'ﬂ: tdhiglr? togrt'ﬁ(:k ?ndﬂs]upplerpent the
from anode-oxidizing solutions in the aluminum surface finish- pu tls € Nexpse&minAall Sao4' frh 854”+0|: Oe c:uafgrnzry
ing industry)?-5 Furthermore, the large-scale industrial crystal- >Y> ¢ (NH) 2ASQ)s 2 2 al a fixe

lization of ammonium alum is implemented in the groundwater value of SU|fu”.C. acid mass fract|on_ n _the salt-free m'XEd
remediation technology after discontinuation of the underground solvent. In addition, densities OT equilibrium solutions in the
uranium leaching by sulfuric acid solution (“solution mining”) quaternary system were determined.

in Northern Bohemia (the Czech Republic); itis envisaged that gxperimental Section

up to 150 thousand metric tons per year of ammonium alum
will be produced The latter technology is of particular interest
to the present authors?

Typically, crystallization of ammonium alum proceeds from
solutions where the NJAI molar ratio differs from unity and
excess sulfuric acid is often present (i.e., solubilities of
ammonium alum in the (NP>SO; + Alx(SQy)s; + H2O or

NH4)2SOs + Alx(S + H2SOs + H0 t tb . X . ;
(NH2)2S0, 2ASCu)s 250y 22 SYSIEMS MUSE be Solutions were prepared gravimetrically using an AND model

considered). A knowledge of solubility isotherms in these A o 2
systems is essential for an assessment of optimum opera’ringGR'300 analytical balance (repeatability of weighing expressed

parameters of the crystallization process. As far as the ternaryaSi 1 SD was= 0.1 mg). The salts (ammonium alum and

svstem ((NH)»SO, + Al (S + H,0) is concerned, Hill and ammon_ium sulfate or ammonium alu_m_and aluminum sulfa'_[e,
Képlario«prengen%d dat;(or?gglubilizty)of ammonium alum at 25 respectively) and distilled water (or distilled water and sulfuric

°C, whereas in the paper of Urazov and Kindyakbam- acid) were weighed into 100 crpolypropylene screw-cap
m(;nium alum solubilities at (0, 25, 50, 75, and 9@) were conical flasks. The masses of respective components were
given. Funaki® and Druzhinin and Kalbady reported the estimated from the previously published solubility de&rd3 An
ammonium alum solubility data in the same system at (30, 40, excess amount of abod g of ammonium aIu_m octahec_:lral
and 50)°C and at (10, 25, 40, and 60, respectively. A crystals (size rangeefé(?Q to 200um as determlneq by optical
theoretical treatment of the thermodynamics of the ternary microscopy) was added into the flasks to maintain the state of

system using the Pitzer formalism was presented by Chriétov. equilibrium between solution and the solid phase. The flasks
As to the (NH);SOs + Alx(SQ)s + H2S0; + Ho0 system were tightly sealed and immersed into a thermostated shaking
only the solubilities in solutions with the molar ratio WAl water bath; the equilibrium was thus approached from the

equal to 1 (i.e.. in the NEAI(SOL), + H,SO; + Ho0 subsystem undersatu_ration side. To minimi_ze attrition of alum crystals,
a?(zo 25(30 40. 50 hi:\n(d Gé)é areza\%ilablé 4 ) gentle horizontal shaking operation was performed so that the
e T e ' alum crystals were slowly moving at the bottom of the flask.
* Corresponding author. E-mail: hostom@iic.cas.cz. Phohé20-2-6617- The equilibration period was at least 72 h at constant temper-
2183. Fax: +420-2-2094-1502. ature, which was sufficient for reaching the equilibrium

All solutions were prepared from analytical grade chemicals
(@ammonium aluminum sulfate dodecahydrate (min. 99 %),
ammonium sulfate (min. 99 %), aluminum sulfate octadeca-
hydrate (min. 99 %), and sulfuric acid (96.4 %)) from Lachema,
a.s., Czech Republic (the numbers in parentheses give the
minimum content of the title compounds as stated by the
manufacturer). These materials were used as received.
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Table 1. Compositions of the (NH)2SOs + Al2(SOs)3 + H20 Solutions in Equilibrium with NH 4AI(SO4)2:12H,0 Crystals at t = (25, 30, 40, and
50) °C

10002 att
25°C 30°C 40°C 50°C
(NH4)2SOy Aly(SOy)3 (NH4)2SOy Alx(SOy)3 (NH4)>SOy Alx(SOy)3 (NH4)2SOy Aly(SOy)3
0.029 27.5 0.079 27.9 0.128 28.9 0.231 30.0
0.129 21.8 0.160 23.6 0.228 25.6 0.538 26.1
0.276 15.8 0.838 10.6 0.940 13.5 1.59 15.8
0.478 12.2 2.20 4.88 1.77 9.61 2.57 11.3
0.944 7.50 12.3 1.37 2.14 8.23 4.16 8.65
1.67 4.49 25.9 0.897 2.91 6.92 10.85 5.16
3.95 2.06 37.8 0.682 8.24 3.35 20.8 3.80
8.73 1.18 41.5 0.719 26.5 1.70 334 3.09
145 0.907 42.2 0.646 35.7 1.35 42.0 2.49
21.1 0.765 41.8 0.641 43.4 1.13 43.6 2.24
32.6 0.514 43.1 0.606
42.8 0.368 43.1 0.605

aw, mass fraction of the respective component in the solution saturated WI(§@.),:12H0.

concentrations (as determined by preliminary experiments). ThenSO; + Alx(SOy)s; + H,SO, + HO were determined by
the shaking operation was discontinued, and the thermostatedpotentiometric titrations with a sodium hydroxide solution. On
system was allowed to rest for (4 to 7) h. Samples of the clear titration curves (pH versus added volume of NaOH solution),
solution were taken by a glass pipet (preheated in the experi-it was possible to distinguish two separate end points corre-
ments with solution temperatures greater than°@% for the sponding to the reaction of NaOH with sulfuric acid and with
chemical analysis and for the determination of solution density. aluminum, respectively, as long as the AIB0O, molar ratio in

At the experimental temperatures, the viscosity of the solution was greater thaas0.08. When that condition was not

saturated solution was still low enough to obtain clear liquid fulfilled, only the endpoint corresponding to the sum of Al and
through sedimentation within several hours. No turbidity due H™ was observed; the volume of titrant corresponding to sulfuric
to hydrolytic formation of AI(OH} was observed. As follows  acid was then obtained by subtracting the volume of NaOH
from speciation and saturation-index calculations using the equivalent to the aluminum content (using the Al concentration
PHREEQC computer progréfrwith the phreeqc.dat database determined by the chelatometric titration).

file, hydrolysis of aluminum ions is almost completely sup-  The estimates of the repeatabilifit®f the concentration
pressed in saturated solutions of ammonium alum in theyNH  determinations by the analytical methods (expressed ASD/
SOy + Al(SQy)s + H.0O system. The degree of hydrolysis average value) are based upon evaluation of triplicate analyses
increases with decreasing concentration of aluminum in solution, of 10 samples of equilibrium solutions. Repeatability of the
but even for the solution with the lowest aluminum concentration aluminum, sulfate ion and ammonium determination vt 7

in the present work (mass fractions of£80y)z and (NH),- %, + 0.6 %, andt 1.1 %, respectively. Repeatability of sulfuric
SO, equal to 0.0037 and 0.428, respectively; see Table 1), only acid determination wast 1 % for the solutions with the
0.05 % of aluminum should be precipitated as amorphous Al/lH.SO; molar ratio greater tharv0.08; for 12 solution
aluminum hydroxide according to the PHREEQC prediction. samples (denoted in Table 2), which did not fulfill that condition,
Moreover, the slightly supersaturated Al(QHyplutions may  the repeatability was estimated as 1.5 %.

stay in a metastable state and spontaneous precipitation need The water temperature in the thermostated shaking bath was
not occur. Schlain et df explicitly neglected the effect of = measured by a 10@ platinum resistance thermometer. The
hydrolysis upon the solubility of ammonium alum in pure water maximum temperature instability of the thermostated bath did
since they experimentally determined that in the temperature not exceed+ 0.05 °C and the standard uncertaitity(the
range from (25 to 80jC, only 0.01 % to 0.1 % of the alum in  coverage factok = 1) of the bath temperature is estimated to
some saturated solutions had hydrolyzed. In the other earlierbe + 0.1 °C.

studies on the solubilities in the (NJHSO: + Al x(SOy)3 + H20 The densities of the saturated solutions at (25, 30, 40, and
systemt9-12 the occurrence of aluminum hydrolysis was not 50)°C were measured with 10 mycnometers calibrated with
reported. distilled water at the temperatures at which they were to be used.

The solid phase was isolated by filtration, dried at the room The same thermostated shaking bath as for the solubility
temperature, and pulverized for the X-ray analysis with a measurements was used for the density measurements. The
Siemens D 5005 X-ray diffraction analyzer. The diffraction estimated standard uncertainty (the coverage fdcterl) of
patterns were compared with the data listed in the Powder the density determinations i 0.001 gcm3.

Diffraction Filel”

Aluminum in the liquid samples was determined by chelato-
metric titrations (a fixed amount of an EDTA solution was added  As determined by X-ray diffraction analysis, the equilibrium
to a sample and the unreacted part of EDTA was titrated with solid phase in all solubility experiments was composed of
an ZnSQ solution using the xylenol orange indicator). Con- ammonium alum crystals. Measured solubilities of ammonium
centrations of sulfate ions were determined by a gravimetric alum in the (NH),SO, + Aly(SQy)s + H,O system are
method (weighing BaSQ after precipitation with BaG). summarized in Table 1 and in Figures 1 and 2. The composition
Concentrations of ammonium ions were determined by a of each solution in equilibrium with NEAI(SOy),-12H,0
distillation method-ammonia liberated from the solution sample crystals is characterized by mass fractiogNH.),SOy)) and
by NaOH was absorbed in a known volume of HCI solution. w(Al»(SOy)3. These values were calculated from the analytic
Sulfuric acid concentrations in the quaternary system fiH determinations of ammonium and aluminum concentrations,

Results and Discussion
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Table 2. Compositions of the (NH)2SOs + Al2(SOs)s + H2SO4 +
H>0 Solutions in Equilibrium with NH 4AI(SO4),-12H,0 Crystals at
(25, 30, 40, and 50yC
solution 10
10002 100wP density -
(NH)2SQ  Alx(SQ)s  HoSOr  HSQ  gomr® g
25°C I
0.080 19.7 8.91 11.1 1.309 H ;
0.0795 20.0 7.84 9.81 1.312 S 3
0.330 14.4 8.25 9.67 1.223
1.02 7.60 8.70 9.52 1.147
1.72 5.24 8.36 8.98 1.126
2.24 4.33 8.76 9.38 1.116
5.28 1.93 10.05 10.8 1.108 0.1 . . ,
8.57 111 8.54 9.45 1.116 ' 0.1 1 10
14.5 0.569 7.95 9.36 1.140
215 0.334 7.54 9.64 1.176 100w((NH,),SO,)
32.5 0.205 6.59 9.79 1.224 Figure 1. Compositions of solutions in equilibrium with NJAI(SO4):
42.8 0.146 5.61 9.83 1.279 12H,0 crystals. The (NB)2SO; + Alx(SQy)s + H,O solutions (solid
30°C lines): filled triangles, 25C; filled squares, 30C; filled circles, 40°C;
0.145 20.2 9.47 11.9 1.311 filled diamonds, 50°C. The (NH)2SOy + Alx(SQy)s + H2SOp + H0
0.147 21.7 7.69 9.84 1.320 solutions (dashed lines): open triangles,’25 open squares, 3C; open
0.365 16.2 8.00 9.58 1.244 circles, 40°C; open diamonds, 5%C; the experimental values from Table
0.773 10.5 8.60 9.69 1.180 2 were adjusted to the reference mass fractiofiH.SOy) = W(H2SQy)/
1.47 7.45 8.89 9.76 1.147 [W(H2SQs) + w(H20)] = 0.1 by linear interpolation. Stars, solubility of
2.26 5.47 8.80 9.54 1.139 NHAI(SO4)2+12H,0 in pure watet® The lines, drawn point to point, are
4.36 3.30 8.99 9.74 1.115 only guides to the eye.
6.85 1.81 9.06 9.92 1.113
11.8 1.03 8.62 9.90 1.132 . .
195 0.565 768 962 1171 (—O.l.i 1.2) %. Taking into account thg repeatability of the
27.8 0.389 6.80 9.47 1.208 analytical measurement and the uncertainty of the measurement
43.3 0.238 5.22 9.26 1.280 of temperature (as given in the Experimental Section), as well
40°C as the standard deviation of the average value of the charge
0.227 22.9 8.04 10.5 i imbalance, we estimate the relative combined standard uncer-
8-2% %‘1‘-2 g-gi 13-29 1.215 tainty (k = 1) of W((NH4)2SQy)) andw(Al ,(SQy)z in Table 1 as
01 043 619 90 e 1.5 and 1.2 %, respectively.
277 8.08 8.41 9.43 1.152 In Figures 1 and 2, equilibrium isotherms(@l2(SQy)s)
3.38 6.66 8.55 9.50 1.144 versusw((NH4).SQy)) are plotted in rectangular logarithmic
5.74 4.24 8.67 9.63 1131 coordinates in order to show more distinctly the solubility values
1350 i'ig g'ég 999'(1)5 11151>§7 in the whole concentration range of both components. The data
26.0 0.741 6.96 051 1.200 obtained in this work are compared with the available literature
36.5 0.535 5.96 9.46 1.250 data in Figure 2. At 25C, the data of Hill and Kapldfi as
44.3 0.393 5.25 9.49 nm well as those of Urazov and Kindyakbwgenerally agree with
50°C the present data (Figure 2a); nevertheless, it should be noted
0.490 22.4 8.97 11.6 1.326 that the literary daf& 11 exhibit a large spread neai((NHg)2-
2-338 fg’-f ;-gi 18-730 iggg SQy) ~ 0.006. The data of Druzhinin and Kalbdéat 25°C
508 123 7’88 923 1195 in Figure 2a (as well as the data of those authors a‘t(Zl(_Ih
3.17 10.9 8.22 957 1.181 Figure 2c) fluctuate widely and should not be considered
4.05 9.03 8.47 9.74 1.168 reliable. Most of the points of the solubility isotherms at°gD
6.93 5.96 8.42 9.66 1.145 and 40°C reported by Funaki lie above our measurements
ig'g 2'8‘5‘ ?'gg lgés ﬁgg (Figure 2b,c). The Funaki’'s data at 3€ and 40°C lie too
346 1.20 6.20 9.66 1.041 high to be consistent with the solubilities of ammonium alum
39.8 1.03 5.42 9.19 1.271 in pure watel® at these temperatures which are also plotted in
44.4 0.838 5.03 9.27 1.292 Figure 2a to 2d (ammonium alum solubility in pure water

i ) : . serves as an independent check of the relative position of the
aw, mass fraction of the respective component in the solution saturated

by NH4AI(SOu)>12H,0. b w, mass fraction of b5Qs on a salt-free basis; solub!lity isotherm in the more complex ternary system). At 50
W = W(H,S0u)/[W(H2S0) + w(H.0)]. ¢ Calculated from the sum of moles ~ °C (Figure 2d), data of Urazov and Kindyakéand Funaki

of H™ and Al in the unit mass of solution (obtained by the potentiometric agree very well with our results in the central part of the
titration With_ Na_LOH_ solution)_ and the _concentration of Al degermined by solubility isotherm, they scatter quite a bit, however, near the
chelatometric tltf%}éon; relative combined standard uncertaikty=(1) both ends of the solubility curve.

estimated as 2.0 %.nm, not measured. Measured solubilities of ammonium alum in (WO, +
respectively. The results of determinations of sulfate concentra- Al ,(SQy)3 + H2SOy + H2O solutions are given in Table 2 and
tions were used for an independent check of the consistency ofin Figure 1. They are compared with the solubilities in the
results by means of the charge balance. The relative chargeternary system. In Figure 1, the experimental mass fractions
imbalance for each experimental point in Table 1 was calculated w(Al»(SOy)3) from Table 2 were adjusted to the reference mass
as the raticxzm/Z|z|m;, wherem is the number of moles of  fraction of the sulfuric acid on a salt-free basigH,SQy), equal

the respective ion in a mass unit of solution ands the ion to 0.1 by linear interpolation, making use of the smoothed
charge. The average value of the charge imbalance and itsisotherms of the ternary system (whevéH,SQO,) = 0); these
standard deviation for 44 experimental points in Table 1 was small adjustments which were made for the graphical presenta-
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Figure 2. Compositions of the (NEJ2SOs + Al2(SQy)s + H20 solutions in equilibrium with NAI(SO4)2:12H,0 crystals. Comparison of the present work
with the available literature data for temperatures: a’@5b, 30°C; c, 40°C; d, 50°C. Symbols: filled squares, this work; open diamonds, Hill and
Kaplart?, 25°C; open squares, Urazov and Kindyakd25 °C and 50°C; open triangles, Druzhinin and Kalbak\25 °C and 40°C; open circles, Funak?
(30, 40, and 50¥C; stars, solubility of NHAI(SO4)2:12H,0 in pure wate¥ (the lines, drawn point to point, are only guides to the eye).

tion only, did not change the overall character of the plot. The 16 T T T .
average value of the charge imbalance and its standard deviation 14l
for 48 experimental points in Table 2 was@.6 £ 1.5) %. 18000000 ® O OO 000 S0O0® 0ro0 o

The relative combined standard uncertaitty=(1) of w(NHs)2- o "r ]
SOQy), W(AI(SOr)3), and w(HSOQs) given in Table 2 was L 10y qoo0 ©° ©° ®0 000 o, 6 o .
estimated as 1.7 %, 1.4 %, and 1.6 %, respectively (for 12 é" sl . © ]
experimental solubilities with the AlA$O, molar ratio less than § leo DADAEA PV ?.ADADA 0 -
~ 0.08, the relative combined standard uncertainty of g 6[&# S a8 s Af °
w(H,S0Oy) was estimated as 2.0 %; those concentrations are =~ 4} foa ]
denoted by the superscriptin Table 2). oL ]
As already noted in the Introduction, solubilities of am-
0 1 1 1 1 1

monium alum in the quaternary system (N4$O; + Al2(SOy)3 0 5 10 15 20
+ H2SO, + HO are available in the literature only for the hH
Al(SOy), + HSOy + H,0 subsyster. The solubility values

in Table 2 were interpolated to the molar ratio MM = 1; o ;
o ’ solubilities in the (NH)2SOs + Alx(SOy)s + HaSOs + H2O system with
the NH,AI(SOy)2 solubility values (the sum of(Al2(SQy)3) and the available literature data. Data of Wiyet al® for the solubility of NH;-

W((NH4),SQOy)) obtained by this procedure are in good agreement a(so,),12H,0 in aqueous solutions of 40, (i.e., for the above
with the solubility dat@for the NHAI(SO4), + H2SOy + H0 quaternary system with the NFAl molar ratio equal to 1): open triangles,
system, as can be seen in Figure 3. 25 °C; open squares, 3TC; open circles, 40C; open diamonds, 5€C.
From Figure 1, it is apparent that the addition of sulfuric acid (F,L"::d) ggej /ir;is(svv&;k, fa:ia sf%: tieHNgl(s%oz-12:%205s%|8bi)1i(t)y in tc?%o)
: H 4)2 2l 3 2 20 system a y y , an
:ﬁ;h;n:;rgglrgn(]’\;%ﬁ%Ebﬁ:éfﬁazte:igls gzlal:flgP th;;%?lft?iﬁty °C interpolated to th_e NHAI molar ratio eé/ual to 1. Stars, solubilities of
. . . . . . NHAI(SO4)2:12H,0 in pure wate¥ at (25, 30, 40, and 50)C.
isotherms (i.e., in solutions with a NFAlI molar ratio close to
1). This may be seen also in Figure 3 where the dependenceexhibits a flat maximum a#/(H,SO,) ~ 0.08 to 0.1. On the
between ammonium alum solubility and$0, concentration other hand, at low NiAI ratios and, more significantly, at high

100w(H,S0,)
Figure 3. Comparison of the measured data for theJNKISO,),+12H,0
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NH4/Al ratios, the ammonium alum solubility is suppressed by
the LSO, addition. In general, the ammonium alum solubilities
are only moderately influenced by the sulfuric acid addition up
to w'(H»,SQOy) = 0.1. This finding is of importance for several
practical applications, where moderately acidic solutions of
ammonium alum with the NHAI molar ratio = 1 are
crystallized?>7 since the necessary solubilities may be obtained
by interpolation in Tables 1 and 2.
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