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Abstract Electrical conductivities of dilute aqueous solutions of aluminum sulfate were
determined and analyzed in terms of a strongly associated electrolyte of the 3:2 type. The
conductivities reported here were determined from 15 to 35 °C. Representation of con-
ductances, in the framework of the ion association model, was performed using the Quint—
Viallard conductivity equations for highly charged electrolytes and the Debye—Hiickel
expression for activity coefficients. Determined apparent association constants K,(7) were
considered as adjustable parameters. The determined limiting conductances of the trivalent
aluminum ion A°((1/3)A1*") are considerably higher than those reported in the literature.
Available specific conductivities in concentrated aqueous solutions of aluminum sulfate
were fitted by a new empirical equation with only three adjustable parameters.

Keywords Aluminum sulfate - Electrical conductances - Limiting conductances
of trivalent aluminum ion - Association constants

1 Introduction

Aluminum is the third most abundant element in the Earth’s crust and therefore its salts
are of considerable interest in various chemical industries, in geochemistry, in aqueous
solution and soil chemistry, in environmental and atmospheric sciences and in many
other areas. In particular, aluminum sulfate is used as a flocculating agent in the
treatment of drinking water, as a mordant in dyeing and printing textiles and to balance
pH in gardens [1-4]. Aluminum sulfate forms a number of different hydrates in the
solid phase and when dissolved in small quantities in water, hydrolyzes to form the
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precipitate of aluminum hydroxide and a dilute sulfuric acid solution. Besides the
hydrolysis, similar to other highly charged electrolytes, aluminum sulfate has a strong
tendency towards ion association. Therefore, ionic equilibria and the speciation of
hydrated complexes as a function of concentration and temperature in the aluminum
sulfate + water or aluminum sulfate + sulfuric acid 4+ water systems were the subjects
of many spectral and thermodynamic investigations. [3, 5-10]. The interpretation of
experimental results in these systems is not easy considering the coexistence in water of
highly charged AI** and SO4*~ ions when the sulfate anion has a special mechanism of
charge transfer [11].

Compared to the symmetrical 1:1 or 2:2 type electrolytes, electrical conductivities of
aqueous solutions with electrolytes of the 3:2 type were rarely determined. Only in two
groups of such measurements were performed, in rare earth sulfates and in trialkyl-
diaminecobalt(III) sulfates [12]. Owing to important role played by AI** and SO4*~ ions in
geochemical, oceanographic and industrial processes, it is rather surprising to find that
conductivity determinations in dilute aluminum sulfate solutions were performed only
once by the Jones group in 1912. The actual measurements were performed by Shaeffer
and Winston in the 0-65 °C temperature range and from 0.0002 to 0.25 mol-dm > [13]
However, these results have only historical character. In moderately concentrated solutions
at 25 °C, Mclntyre et al. [14] determined specific conductance of aluminum sulfate
solutions in the 0.05-1.11 mol-dm ™ concentration range. There is also set of k values in
the 0.01-0.65 mol-dm > range which was derived from dielectric relaxation spectroscopy
(DRS) [10]. Specific conductivities in concentrated solutions of aluminum sulfate were
presented graphically by Vasil’eva et al. [15], from 0.03 to 0.32 mass fraction, in the 50 to
95 °C temperature range and reported also by Ivanov et al. [16] from 0.03 to 0.26 mass
fraction, in the 25-50 °C temperature range. Unfortunately, as already mentioned in the
Ivanov et al. investigation [10, 16], these sets of specific conductivities are inconsistent.
Unexpectedly, also the electrical conductivities of other aluminum salts are scarce. In the
Lobo compilation of electrical conductivities [17] we found only conductances of mod-
erately concentrated solutions of aluminum bromide at 25 °C [18] and of aluminum per-
chlorate in the 20-30 °C temperature range [17]. Surprisingly, the conductivities of
aluminum chloride and aluminum nitrate solutions were never measured. A survey of the
literature data revels that reported values of the limiting conductance of aluminum ion
J0[(1/3)A1PT] are usually lacking [11, 19, 20], they are uncertain and considerably lower
than for other trivalent ions [12]. At 25 °C, Parson [21] and Horvath [22] give the value of
/lo[(l/3)Al3+] = 61.0 S-cm®mol~! and Milazzo [23] 63.0 S-cm”mol™", but all of them
without giving references to original investigations. Frink et al. [5] give the lowest value of
J°[(1/3)AP) = 59.7 S-cm®mol~'. They added HCI to aluminum chloride solutions to
suppress the hydrolysis of aluminum ion and extrapolated to zero ionic strength by means
of the Onsager equation for mixed strong electrolytes. The extrapolation performed is
presented in graphical form and no actual conductivities for the investigated solutions are
reported. It was observed that the Walden product of aluminum sulfate is not constant, but
linearly depends on 7' [3].

In this investigation, for the first time, precise electrical conductances of dilute alu-
minum sulfate aqueous solutions are reported in the 15-35 °C temperature range and from
0.0001 to 0.0142 mol-dm>. They are analyzed using a simple chemical model with the
Quint—Viallard conductivity equation and the Debye—Hiickel expression for activity
coefficients. Since, in aqueous solutions 3:2 electrolytes undergo rather complex ion
association (formation of various kinds of ion pairs, triple ions and other associates) it is
assumed that the formal analytical concentration of solution ¢ is replaced in conductivity
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equations by ca where « is the fraction of “free” ions where c¢(1 — o) denotes non-
conducting (uncharged) particles. Thus, without going into exact details about speciation in
the solution, values of ca and c(1 — «) represent the final result of overall ion association
process at a given concentration c¢. Determination of o fractions (so-called chemical
problem) leads to the association constant K,(7) which evidently represent some kind of
apparent thermodynamic equilibrium constant. These association constants should be
treated as adjustable parameters, but indirectly their values characterize the ion association
process in solutions. In very dilute solutions of aluminum sulfate, a very sharp increase in
conductances is observed due to hydrolytic reactions. Evidently, this complicates the
applied chemical problem and therefore these conductivities are omitted in calculations.
Besides, the available in the literature specific conductivities of aluminum sulfate in
concentrated solutions [10, 14, 15] are fitted using a new correlation equation which was
recently proposed by the present author. This equation has only three adjustable parameters
and is mathematically simpler than the usually applied Casteel and Amis equation [20].

2 Experimental

Aluminum sulfate hexadecahydrate Al;(SO4)3-16 H>O purum p.a. (better than 0.95 mass
fraction) was purchased from Fluka. It was used without further purification, but it was
observed, following the Karl Fisher titration, that the amount of water is slightly lower than
expected, and this fact was taken into account in calculations of concentrations. That the
material contain only 0.95 of the mass fraction composition of aluminum sulfate given by
producers is associated with the difficulty in insuring the exact stoichiometric number of
water molecules in the nominal hexadecahydrate.

Solutions were prepared by weight by dissolving aluminum sulfate in doubly distilled
water. Conversion from molal to molar units was performed by using densities of pure
water [19]. Electrical conductivities of solutions were determined using a glass cell (with a
cell constant of 27.4 cmfl) which was immersed in thermostated bath (+0.01 K). The cell
was calibrated with dilute potassium chloride solutions [19]. The resistances were deter-
mined with the help of a Wayne—Kerr Universal Bridge, model B211. Specific conduc-
tances Kk were corrected by taking into account impurities dissolved in water (specific
conductance less than about 2 x 1077 S-cm™'). The molar conductances were calculated
as A = 1000 k/c. Conversion from molal m to molar ¢ units in dilute solutions was
performed by using the densities of pure water [19, 24].

3 Results and Discussion

3.1 The Apparent Thermodynamic Equilibrium Constants and Conductivity
Equations

The evaluation of “free” ion fractions ¢ for a given c is based on assumption that the
overall association constant K, can be determined from the mass-action equation
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1 —oafc,T)
K(T)=——5"—F(c,T)
vev_e(T)o?(c,T) 0
c, T
Fle,T) = Jansoy), (¢, T)
fA13‘ (Cv T)fSOﬁ’ (C: T)
where v and v_ are the stoichiometric coefficients (in the present case v, v_ = 6), f; are

the activity coefficients of individual ions (the activity coefficient of undissociated salt is
assumed to be unity) and are approximated in dilute solutions by the Debye—Hiickel
expression

2
ZA(T)VI
logolf(e. 7)) = ~ 5
+ a;B(T)V1
. (2)
J=z4205 24 =3,z-=-2
I=15cu

At given temperature 7, constants A(7) and B(7) depend on the dielectric constant of pure
water [19]

1.8246 x 10°
ST 3
B(T) = 50.29 x 108 ®)

GRS

Values of the ion size parameters a; in Eq. 4, were recommended by Kielland [25] and they
are a(AP’*) = 9.0 A and a(SO}") = 4.0 A. The ion size parameters were assumed to be
independent of temperature 7. In the conductivity equations, the distance parameters were
taken as half the sum of sizes of cation and anion.

Using fixed a; values and assuming K,(7), the fraction of conducting ions o can be
evaluated, for any given ¢ and 7, by solving the quadratic equation

1 F(c,T) F(c,T) ? 4F(c,T)
e <3|tk (o tmem) |

together with Eqgs. 2 and 3.
Molar conductance of electrolyte A(c,T) is the sum of ionic contributions A,(c,T)

Ale,7) = 1000K _ ZM
L 5)
j=APT, S0}

where K is the measured specific conductance, z; are the corresponding charges of the
cation and anion (zy = 3 and z_ = —2) and c; are their molar concentrations.

Applying the Quint—Viallard theory, which is valid for any kind of symmetrical and
unsymmetrical electrolytes, the ionic conductances A/(c,T) are represented by the following
equations
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Ji(e.T) = 2(T) = S;(T)VI + E(T)InI + Jy(T)I — Jo(T)I*?

15~ (6)
IZEEj:ZjCj =15ca

where the coefficients S;, E;, J;; and J,; are complex functions of the limiting equivalent
ionic conductances, ij(.), the distance parameters a; and the physical properties of water

[dielectric constant D(T) and viscosity n(7)]. These coefficients are directly available from
[25-29] (for explicit expressions see also [30]).

Combining Egs. 4-6, in an optimization procedure, it is possible to obtain the best
values of the limiting conductance of the aluminum cation 7»0((1/3)Al3+) and the apparent
thermodynamic association constant K,.

3.2 Conductivities of Aluminum Sulfate in Dilute Aqueous Solutions

The measured molar conductances of aluminum sulfate in dilute aqueous solutions are
presented in Table 1. They can be compared only with an old set of conductances coming
from the Jones group [13]. As can be observed in Fig. 1, where values at 25 °C conduc-
tances are plotted, the Jones values (in order to compare these conductances with the
modern values they should be multiplied by factor 1.066 [31]) are consistent, but system-
atically lower than those determined here. It is also observed in Fig. 1, that the Acyc.(-
¢;T) values calculated from the applied chemical-conductivity model differ considerably
from the experimental values Ay, (c;T) in two concentration regions. In very dilute solu-
tions of aluminum sulfate, the conductivity increases strongly due to hydrolysis processes.
In moderately concentrated solutions, the high value of the ionic strength (I = 15 co) makes
the Quint—Viallard conductivity equation invalid. However, at each temperature, over the
concentration range 0.0002 to 0.003 mol-dm >, there is excellent agreement between the
Acxp (c;T) and Ay (c;T) values (Table 1). This is expressed by the very low mean standard
deviations o(A), and also by values of 100G(A)/<A.(c;T)> which lie in the 0.45 to 0.80
range, where <A.(c;T)> denotes the average conductivity within the concentration range. It
is also clearly evident from Fig. 1, that, due ion association reactions, the conductivities of
aluminum sulfate are considerably lower than those expected from the Onsager equation
[19] for a fully dissociated 3:2 type electrolyte.

In the literature, the reported limited conductances of the trivalent aluminum ion o1/
3)ALH) vary from 59.7 to 63.0 S-cm*mol~!. These values are most likely incorrect
because they were derived by an extrapolation from moderately concentrated solutions by
assuming that aluminum sulfate is a strong electrolyte. These values are lower by 5-10
S-cm?mol ! than those of other trivalent ions [12]. The limiting conductance of 201/
3)Al3+) determined in this work, at 298.15 K, is 69.9 & 1.0 S-cm*mol~". It was found,
that the change of limiting conductances with temperature is linear for both ions

22((1/3)AP) /S-em? mol ™' = 13.474 + 2.338(T /K — 273.15)

R? = 0.9957 -
2°((1/2)S037)/S-em?mol " = 35.011 + 1.817(T /K — 273.15)
R? = 0.9992

The temperature dependence of the limiting conductances can also be expressed in terms of
the Eyring transition state theory [32]
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Table 1 Experimental and calculated molar conductivities of aqueous solutions of aluminum sulfate as a
function of concentration m and temperature 7

T (°C) 15.00 20.00 25.00 30.00 35.00

m/m() Acxp. Acalc. Acxp. Acalc. Acxp. Acalc. Acxp. Acalc. Acxp. Acalc.

A/S-cm* mol ™!
0.000122  549.79 618.60 708.07 756.37 842.59
0.000153 512.73 583.44 664.24 731.26 811.58
0.000184 494.82 564.57 632.59 707.30 785.80
0.000230 470.67 534.67 596.72 659.96 731.45

0.000259 449.82 44847 508.76 510.19 569.40 57096 63525 63595 703.96 701.13
0.000305 438.22 43431 496.02 49330 55486 55133 61626 61296 679.95 675.73
0.000383 419.88 414.11 47393 46851 52458 523.29 584.53 580.69 64505 639.28
0.000459 399.84 397.85 451.04 449.28 503.34 501.57 557.53 55548 613.74 610.90
0.000536 381.94 384.35 43146 43299 486.06 48341 529.80 53426 58291 587.07
0.000612 36891 372.57 415.10 419.08 466.90 467.70 51520 516.47 562.09 567.15
0.000764 349.12 35330 39231 396.50 440.34 44222 48244 48737 52994 534.63
0.000917 335.83 337.87 377.46 378.69 419.50 422.16 463.89 464.61 50841 509.26
0.001071 323.29 32498 362.57 363.85 404.02 40546 445.18 44577 48727 488.44
0.001223 313.68 314.03 35234 351.34 39136 39148 431.50 430.09 472.45 471.03
0.001377 30490 30459 341.69 340.65 379.39 379.37 418.10 416.67 45736 456.15
0.001529 294.87 296.26 329.99 331.28 366.50 368.92 403.72 405.06 44039 443.30
0.001911 278.56 278.82 311.02 312.02 34430 347.27 37892 38131 41990 417.17
0.002295 266.22 264.72 298.79 296.74 330.64 330.11 363.37 362.71 395.77 396.79
0.002674 254.67 25277 285.41 284.11 31546 315.96 346.17 347.67 377.02 380.36
0.003056 250.12 242.12 278.60 273.10 307.83 303.63 337.83 33477 367.79 366.35
0.003357 244.10 23423 271.83 265.15 300.33 294.67 329.39 32558 35850 356.45

0.007631 200.93 223.02 245.95 268.64 290.80
0.010679  185.19 205.96 226.92 247.50 267.53
0.015122 171.50 190.62 209.03 227.98 238.06
a(A) 2.75 2.55 1.96 2.68 3.28

Units: o(A) in S-em®>mol™!; m® = 1 mol-kgfl

T
_AE(T) + const. (8)

In [zg(T) d§/3(T)] i

where dy(7) is density of pure water and AHI(T) is the partial molar enthalpy associated

with the movement of ions and its value is assumed to be independent of temperature. In
the case of investigated ions we have

2953.0
n[2°((1/3)AP*, T)dy*(T)] = — 9330 14.157; R? = 0.9922
9)
2013.6
In[2°((1/2)803,T) dg/*(T)] = — 7+ 11.130; R? = 0.9996

which gives the partial molar enthalpy, AHJVL for the aluminum cation
24.55 + 0.05 kJ-mol " and for sulfate anion 16.74 & 0.05 kJ-mol'. The value for AI’*
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Fig. 1 Molar conductances of aqueous solutions of aluminum sulfate at 298.15 K, A(c), as a function of
square root of concentration c. pink square—fully dissociated 3:2 electrolyte; green square—[13]; blue
square—this work; red square—calculated values using the Quint—Viallard conductivity equation for a
chosen molecular model, this work (Color figure online)

ion is significantly higher than the corresponding Eyring activation enthalpy for viscous
flow of pure water 14.97 kJ-mol ™. This indicates the rearrangement of water molecules in
the vicinity of trivalent aluminum ion.

As pointed out by Schrodle et al. [10], the standard thermodynamic association constants for
the formation Al(SO4)™ ion at 25 °C vary over the range 1.9 < log;, Kg < 3.9. If extremal
values of K are excluded, its value is 3.4 & 0.3. In order to compare K- with that reported here,
the apparent association constants K, (K2 were determined by different experimental techniques),
the stoichiometric factor v, -v_ = 6 in Eq. 1 should be taken into account, K = v, -v_K,. For
aluminum sulfate solutions at 25 °C, we have logo[v,-v_K,] = 3.6, and this value is very
similar to that derived in the literature for the predominant ion-pair, Al(SO4)". However, it
should be taken into account that electrical conductivity A(c;7) is an integral property which
expresses the overall deviation from expected behaviour of strong electrolytes. Their interpre-
tation depends on the chosen molecular model for solutions with multiply charged ions, on the
form of activity coefficients and on validity of conductivity equations. Thus, K, values should be
regarded as an additional parameter required to properly represent determined A(c;T) curves.
Values of the apparent association constants K, have therefore an indicative character and
sometimes, as in the present case, they are comparable with thermodynamic results. It was
observed that the apparent association constant K, varies linearly with temperature T

K,(T)/dm?-mol ™! = 263.82 + 18.77(T /K — 273.15)

10
R? = 0.9968 (10)

3.3 Specific Conductivities of Aluminum Sulfate in Concentrated Aqueous
Solutions

As mentioned above, specific conductivities k(m,T) in concentrated solutions of aluminum
sulfate were systematically determined only by Vasil’eva et al. [15]. They cover a rather
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higher temperature range, from 50 to 95 °C (in the 0.03 to 0.32 mass fraction concentration
range). Unfortunately, these results are presented only in graphical form. At 25 °C, few
conductances cover moderate concentrated solutions up to 1.11 mol-kg’1 [10, 14].

Considering the importance of aqueous solutions of aluminum sulfate in many areas of
science and technology, it is of interest to correlate the available literature specific con-
ductances. At constant temperature 7, specific conductivities of electrolytes in pure or
mixed solvents are usually performed using the empirical equation proposed in 1972 by
Casteel and Amis [20]

s~ ) Sl e oG]

Different concentration units can be used in the Casteel and Amis equation, molalities m
can be replaced by molarities ¢ or by mass fractions w. This equation includes four
adjustable parameters a, b, my, and K(m,,,) and these parameters have no physical
meaning. The last two parameters are not actual values of the maximum of specific
conductivity and the corresponding concentration at which the maximum is situated. They
also should be determined in fitting procedures. In many cases maxima do not exist at all or
a broad maximum «(m,,,,) is observed, if the solubility is high enough to reach it.
Recently, the present author proposed replacing Eq. 11 with a new empirical equation
which gives an excellent representation of specific conductivities. The advantage of this
equation is that at constant 7 it includes only three adjustable parameters, and in the
logarithmic form is [33]

=a+Bw+ Cw? (12)
w

[T

or explicitly

k(w;T) = Awexp[Bw + Cw’]

e’ (13)
VT

where w is mass fraction of the salt (other concentration units can also be introduced in
Eq. 13). As in the Casteel and Amis equation, no physical meaning is associated with A, B

and C. These parameters can be easily determined by using Eq. 12. If the maximum of
specific conductance exists

A=

K(Wmax; T) = Awmax exp [meax + Cw? ] (14)

max
then its position can be determined directly from
—B—VB*-8C
4C

For example, using the Schrodle et al. [10] and MclIntyre et al. [14] results, expressed in
molarities, the specific conductances of aluminum sulfate solutions at 25 °C can be rep-
resented by

Wax (T) = (15)
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Table 2 Parameters of Eq. 13

for specific conductivities of © A B ¢ Wmax R’ o(x)
f;‘;i?ltr;ﬁizogf;ms of alu- 50 70987  —4.083 —4.114  0.180 09939  0.13
55 79854  —5005 —1.013 0.18 09896  0.18
60  88.121  —5294  —0.482  0.183 09878  0.22
65 75567  —3.569  —3.622  0.199 09940  0.15
70 77402  —3462  —3.538 0204 09917  0.18
75 79761  —3.628  —2592 0212 09905  0.20
80 64791 —1.288  —7451 0219 09981  0.09
85  84.079  —3.724  —1437 0228 09945  0.18
90  71.051  —2.001 —4902 0233 09975  0.10
Units: () in Sm™; ©@ = /K 95 70013  —1.725 —5063 0240 09980  0.09

—273.15

KK*(c*) = 18.354 ¢* exp[—2.0973 ¢* + 0.1617c*?]
k* =x/Sm~';¢* = ¢/mol-dm ™3 (16)

o(k) =0.12Sm™!

where o(x) denotes the mean standard deviation of specific conductivity. Using Egs. 15
and 16, the maximum values are K(cmgx) = 3.352 S'm™" and ¢y, = 0.52 mol-dm™>.

If specific conductances presented in graphical form in the Vasileva et al. [15] inves-
tigation are converted into a digital set, then it is possible to represent them very satis-
factorily by Eq. 13. Results of such calculations are summarized in Table 2. It was
observed that the position of maximum of specific conductivity can be correlated linearly
with temperature T

Winax (T) = 0.1106 + 0.0014 (T /K — 273.15)

17
R? = 0.9974 (17)

and this equation is valid in the 50-95 °C temperature range.

4 Conclusions

Electrical conductivities of dilute aqueous solutions of aluminum sulfate were for the first
time determined from 15 to 35 °C. These were analyzed using an ion association model,
which included the Quint—Viallard conductivity equations for the 3:2 type electrolyte and
the Debye—Hiickel expression for activity coefficients. Evaluated apparent association
constants K, were considered as adjustable parameters. The applied model covers the
0.00026 < ¢ < 0.003 mol-dm™> concentration range where aluminum sulfate is strongly
associated. The calculated limiting conductances of trivalent aluminum ion 2(113)ALPT)
are considerably higher than those reported in the literature. It was demonstrated that
specific conductivities in concentrated aqueous solutions of aluminum sulfate can be fitted
to a new empirical equation with only three adjustable parameters.
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