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Abstract



The pKa of an acid is important for determining the dissociation and thermodynamic properties
of solutions containing it. However, the value of pKa is typically determined at dilute limit and
cannot be used to describe properties of the solution at high concentrations. In this work, we
propose an approach to determine the concentration independent equilibrium constant K., based
on pK, and predicted activity coefficients. The equilibrium constant thus determined is applied to
predict the degree of dissociation over whole concentration range for weak to strong acids. The
proposed method is capable of capturing the redissociation phenomenon observed in sulfuric
acid aqueous solutions. Furthermore, the pH of acid aqueous solution is predicted over whole

concentration range, showing a good agreement with experiments. Based on this approach, we
found that the vapor pressures of acid aqueous solutions strongly depend on the degree of
dissociation of acids. The proposed model provides useful insights to link the macroscopic
properties of acid aqueous solutions to its microscopic dissociation phenomena over the whole

concentration ranges.
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1. Introduction

The acid dissociation constant, K,, is essential for understanding the fundamental reactions
in many physical and chemical processes.! The value of pK, (logarithm of K,) represents the
quantitative strength of deprotonation of an acid in solution. It provides a convenient way to
specify the dissociation constant for weakly acidic or basic groups, and is extremely
informative.? For example, together with the octanol-water partition coefficient, pK, allows for
the estimation of the extent of a drug entering the blood streams.? In an acid-base equilibrium
reaction, the pK, allows for the prediction of favored reaction direction as well as the
concentrations of the individual species at a given pH. The knowledge of pH of a solution is
indispensable in many facets of our life and environments. For geochemistry and environmental
science, it is of decisive importance to determine accurate pH values of fresh waters.

In experiment, pK, is usually determined at low solution concentrations and is constant only
under limited range of concentrations. To describe the equilibrium properties of aqueous acid
solutions over the whole concentration range, it is best to use the equilibrium constants K., of
corresponding acid-base reactions. The equilibrium constant depends only on temperature and
not composition and can be related to pK, with the information of activity coefficient of all
species in the solution. Bollas et al.* applied the electrolyte-NRTL model to sulfuric acid
aqueous solutions. They considered the two dissociation steps of sulfuric acid and obtained good
agreement with experiment for the degree of dissociation, osmotic coefficient and mean ionic
activity coefficient (MIAC). The binary interaction parameters were required to fit the
experimental degree of dissociation data. Reschke et al’ calculated the osmotic coefficient of
electrolytes such as H,SO, and H;PO, with ePC-SAFT. In their work, the dissociation of weak
acids was determined assuming a constant dissociation constant K. (molality based equilibrium
constant).

Despite its importance, the prediction of degree of dissociation of an acid and the solution

pH over the whole range of concentration remains challenging. To achieve this, it is necessary to
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be able to predict the equilibrium constant, K,,, (or pK, ) and the concentration dependence of
activity coefficients of all species in the solution. There are several empirical pK, predictors such
as ChemAxon, Epik, ACD pK, DB but these methods often fail for molecules with completely
novel chemical substructures.® On the other hand, quantum mechanical (QM)-based’ or
semiempirical QM® methods can also be used for pK, predictions. Despite of its sound theoretical
basis, the state-of-the-art method results in a standard deviation in pK, of about 1 log unit,* or an
error of a factor of 10. This can be significant in determining species concentrations. In this
work, we propose to combine experimentally determined pK, with a predictive activity
coefficient model, COSMO-SAC," for the determination of K,,. We show that this approach
allows for more accurate prediction of the dissociation behavior and pH value of aqueous acid
solutions over the whole concentration range. This approach thus provides a quantitative relation

between the properties of the solution with the degree of deprotonation of acid.

2. Thermodynamics Background
The dissociation reactions of a monoprotic acid in aqueous solution can be expressed as:
HA+H,0 o A™H07¢ (R1)

where HA and A" are the monoprotic acid and its conjugate base, respectively. H;O" represents

the hydronium ions. The pK, of HA is then defined as:
pK,=—log, K, (1)
with

K, =6 @)



In the limit of very dilute acid concentration the dissociation constant can be expressed in terms

of degree of dissociation, o, and the molar concentration of initially undissociated HA, C°,

K,=1lim (66 3)

Cc’-0

where o is the extent of dissociation of the acid and C” =[HA]+[A’]. On the other hand, the

equilibrium constant K., of reaction R1 is expressed as

K, =a b

AH “'H,0 A2
XanXu,

where K, and K, indicate the ratio of mole factions and activity coefficients, respectively. When
K, is unity (i.e., K,=1), the aqueous acid solution is referred to as an ideal solution. To relate the
molarity based K, to mole fraction based K., it is necessary to express mole fraction of each
species (i.e., water (w), acid (HA), conjugated base (A), hydronium ion (H;O")) in terms of the

initial acid molar concentration C° and degree of dissociation ¢, i.e.,

_ d_COMHA
Xy,= (5)
d+C°[[1+a| M, —M,,]
1-alC’M,,
Xy = 6
T M M) ©
aC’M,, e
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where ion can be either the anion or the cation (i.e., A" or H;O"). The d and M; are density of
solution [g/cm*] and molecular weight [g/mol] of species i, respectively. If the value of « is zero,

xus becomes x°4. Using eqns. 5 to 7 in eqn. 4, K., can be expressed as

_ Mw Q’ZCO .
Keq_ 0 r Ty 6 (8)
[d+C°((1+a) M, —M | [1-alay o A

A

For very dilute solutions, the density of solution approaches that of water and water activity

becomes unity. Under this condition, the equilibrium constant can be simplified to

M 2 —~0
KI—WO(CT b )

“ d, [1-al A"rH‘o‘:%Kur‘,W 0l

Furthermore, choosing the reference state such that the infinite dilution activity coefficients of

ions are unity, K., is further simplified to

M, 1
Keqzd—KaT (10)
w HA

Therefore, the equilibrium constant K., (which depends only on temperature and not solution
composition) can be determined based on the knowledge of K, (which is valid at infinite dilution

limit) provided that the density and molecular weight of the solvent (in this case water, d,,) and
the infinite dilution activity coefficient of the undissociated acid, ri;,, is known. In this work, we
will use the COSMO-SAC model for calculating r,,. For diprotic (e.g., HSO,) and triprotic (e.g.

H;PO,) acids, the expressions between K., and pK, are provided in Supporting Information.

One of the properties of central interest in aqueous solutions of acids and bases is the pH.

When an acid dissociates in aqueous solution, the proton (H") immediately combines with water



to form the hydronium (H;O") ion. The value of pH in this work is calculated based on the molar

concentration of H;O" (moles per liter, M).

pH=-log,,¢ (11)

3. The Activity Coefficient Model

The COSMO-SAC activity coefficient model'® is combined with the Pitzer-Debye-Hiickel
model'' to describe the activity coefficient due to short-range, surface-contact and long-range,

charge-charge interactions.

()PDH_l_h_1 inOSMO—SAC (12)

Iny;=Iny;

where ;COSMOSAC and ¢ PP represent contributions from COSMO-SAC and PDH models,
respectively. The asterisks in above equation indicate the use of unsymmetric reference states for
the activity coefficient: pure liquid for neutral species (i.e., water and acids), and infinite dilution
for charged species (i.e., hydronium ion, dissociated ions) '*'*. Reference state is where activity
coefficient becomes unity. The short-range interactions include surface segment interactions
from electrostatic (non-hydrogen bonding), hydrogen bonding, ionic, and ionic group, and size

and shape effects

COSMO—SAC__ R e ef t Ef ) e ot ¢,
Iny, =n, . Zpi(am)[lnl“s(am) lnFi(Gm)]Hn

t

z 0 . 9
;+§qiln$+li——z x;l

i i i Jj

(13)



where n;= A/a.;1s the number of surface segments of species i, 4; is the surface area, and a. 1s

(pl.:xl.rl./z X;T;
j

the effective segment area, the coordination number z is taken to be 10, and

Gi:xiqi/z X;q;
j

and are the volume and surface area fractions (7; and ¢, are the normalized

volume and surface area, respectively).

The o-profile pi(o,) is the probability of finding a segment of screening charge density 6,
of species i. The superscript s indicates one of the three kinds of surfaces: none hydrogen
bonding (nhb) and the hydroxyl group (OH), and other hydrogen bonding groups(OT). I(c,) 1s

the activity coefficient of a single segment m with a charge density o,,, and is determined from

nhb,OH ,0T

lnth(aﬁn)Z—ln Z z P

N

03|75 o2 |exp[~ AW (o, 0%)/KT| (14)

where subscript j may be solution S or a pure species i. AW(c,, 0,) is the segment exchange
energy representing the interaction between two segments of charge density o, and o, The
complete description of AW(c,, 6,) between different types of segments can be found in Hsieh

and Lin .

On the other hand, the Pitzer-Debye-Hiickel model'' is employed to account for the long-

interactions.

lny.(JPDH:_\/].OOOA . (15)
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where M; is the molecular weight of solvent and p is the closest approach parameter
(p=2.5a(2&’N,d/(M&.kT))**, which a is the sum of the radii of each ion (a: + a.). I is the ionic
strength (I, = 1/2); xiz/, where z; is the electrovalence of species i) and 4, is the Debye-Hiickel
constant (4, =1/3(2xN.d/1000)"* (Q./ekT)*?, with d, being the density of solvent, N, the
Avogadro’s number, Q. the charge of an electron, ¢, the average dielectric of solvent, and & the
Boltzmann constant). The ion-pair is considered as a co-solvent in the previous work."” The
solvent properties are averaged from neutral components,'>'¢ i.e., M=y x;/(O s xi)M,, &=y ; Mx;/
Qo xiMy)e; and 1/d,=) ; x;/(3 x xi)/d;. The PDH+COSMOSAC has been shown to provide a very

accurate description of the properties of ionic liquid solutions.'*!3!7-20

4. Computational Details

The needed o-profiles for the COSMO-SAC model are generated using the quantum
chemistry package DMol® implemented in Cerius2.?' The molecular geometry is optimized in the
ideal gas phase, and is obtained from energy minimization using density functional theory with
nonlocal VWN-BP functional with the DNP v4.0 basis set.”>* The COSMO calculation® is then

performed to obtain the screening charges.

For an acid with known K,, the equilibrium constant K, can be calculated from eq. 10 with
the IDAC of acid in water determined using the PDH+COSMO-SAC model. Once K., is
available, the equilibrium degree of dissociation for a given initial acid concentration, x;,’, can
then be determined from eq. 4. The equilibrium concentration of each species (i.e., HA, H,O, A",
H;0", etc.) is then calculated from eqns. 5 to 7. The pH value of the solution is calculated from

eq. 1.



The total pressure of an aqueous acid solution is obtained from the summation of the partial

pressure of each undissociated components (i.e., HA and water).

P= > x,0.pP" (16)

HA,H20

The pK.,, ri;, and K., used in this work are summarized in Table 1. In order to analyze the
effect of species non-ideality, the properties are determined using two different methods:
consideration of acid dissociation reaction (e.g., eq. 4, denoted as AD) and consideration of acid

dissociation but assuming ideal solution, (i.e., eq. 4 with K,=1, denoted as AD-ideal).

5. Results and Discussions
5.1 The degree of dissociation over full concentration range

Figure 1 shows the degree of dissociation, o, for several weak acids calculated from K.,
given in Table 1. The proposed method in this work successfully reproduces the experimentally
determined degree of dissociation. The predicted o shows a considerable difference with or
without consideration of solution non-ideality (i.e., AD vs. AD-ideal). The methods with
considering activity coefficient of species in the solution (i.e., AD) shows a higher accuracy than
those without considering non-ideality (i.e., AD-ideal). As can be seen in Figure 2, the solution
non-ideality (K,) varies significantly with acid concentration, resulting in a strong concentration
dependency in K,. Therefore, assuming ideal solution (commonly seen in the literature) fails to

correctly reproduce the degree of dissociation of acetic acid over the whole concentration range.
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The situation is more complicated for strong acids due to the formation of hydration
complex, i.e., HA(H,0),,”? particularly in the dilute state. For this reason, the experimental pK,
values®*?’ for nitric acid are reported in broad range from -1.3 to -3.78 and for sulfuric acid from
-3.59 to -8.3, respectively (see Table 1). More detailed analysis show that the difference is a
result of different hydration complexes being considered. E. Hogfeldt® reported that the pK, for
nitric acid takes the value of -1.44, -2.09 and -3.78 for HNO;(H,0O);, HNO3;(H,O) and HNO:;,
respectively. For sulfuric acid, the pK,; values are is -4.93 and -8.3 for H,SO.(H,0O) and H,SO.,

respectively.

The different pK, values result in the equilibrium constants K., (see Table 1) which lead to
different degrees of dissociation. Figure 3 shows the effect of different pK, values on the degree
of dissociation a for nitric acid in aqueous solutions. The difference in a based on different pK,
values (i.e., -1.3, -2.09, -3.78) is clear and the predicted o from using a small pK, value (-3.78) is
in better agreement with the experimental data. This implies that the pK, value for non-hydrated
HNO; is more suitable for the calculation of K., in our method. The predicted a without
considering non-ideality (i.e., AD-ideal) is overestimated. This again shows the importance of
inclusion of the activity coefficient in the calculation of equilibrium species concentrations in

acidic aqueous solutions.

The sulfuric acid has two protons. The experimental value of pK,; of the first deprotonation
(R2 in Supporting Information) also shows large variations (i.e., -3.59, -4.93, -8.3).% Figure 4
depicts the predicted degree of dissociation a; and a, for sulfuric acid according to the extreme
pK.; values (i.e., -3.59 and -8.3). The predicted o, with pK,,=-8.3 is much closer to experimental
o than that with pK,,=-3.59. The experimental dissociation degree a; (symbols in Figure 4: +, x,
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-) remains as unity up to 0.4 mole fraction of sulfuric acid (i.e., X’uyivic «ic~0.4), While the
predicted value decreases after the mole fraction reached 0.1 and 0.2 for pK,; =-3.58 and -8.3,
respectively. However, none of these pK,; values reproduces the non-monotonic concentration
dependence of a,, which is known as the redissociation phenomenon. This phenomenon is found
by the competition between the dilution of undissociated specie and the molecular interactions. '
The discrepancy between the predicted and experimental data might be caused by more
complicated hydration effect of water. Robertson and Dunford?®® investigated the hydration effect
of water on reactions R2 and R3 (see Supporting Information) and suggested that H,SO, and
HSO, may react with different number of water molecules. Accordingly, the reaction between

bisulfate and water is formed favorably in dilute sulfuric acid solution (i.e., < 40 m Cppsos”) With

HS O, "0 H,0""75% Y (ne0,1,2,3). In concentrated sulfuric acid solution (i.e., > 40 m Cipsos”)

the reaction between sulfate and water is favored; H,SO,+H,O - H, O OISO 1 both

reactions, as the number of 7 is increased, the association constant log K, is larger; that is, the R2
and R3 dissociation process with more water molecule are favored. In our prediction, however,

the hydrated forms with different number of water molecule are not considered.

On the other hand, the first deprotonation reaction (R2) is determined to be 100% in many
experiment due to the fact that there is essentially no molecular sulfuric acid (H,SO,) in 40 molal
acid (ca. 80 wt%) based on infrared spectra experiment.?® Therefore, R2 is often ignored (i.e.,
a,;=1) and only the degree of dissociation (0,,) for second deprotonation step (R3) are reported.**-
36 Figure 5 shows the predicted result with the assumption of a,=1. It is interesting to note that

when the first deprotonation is assumed to be 100%, our model correctly predicts the
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redissociaiton phenomenon in second dissociation process (R3), albeit with a higher value of a,

compared to experimental (symbols in Figure 5: 0, 0, A, 0).

Figure 6 illustrates the predicted degree of dissociation of phosphoric acid (o, o, and a;) for
each dissociation step. The first dissociation step is more favored than the other two steps.
Second dissociation (a,) slightly decreases as the concentration of phosphoric acid is increased.
Third dissociation (a3) is almost negligible. The first degree of dissociation is under-predicted

compared to experimental data. The main discrepancy might be coming from the consideration

of the anionic dimer H.P,0;'° by the additional dissociation reaction (i.e.,

H,PO,+H,P0O; """ ©9:"%) in the experiment analysis procedure.’’* The dissociation constant

K, (=1.263) of this reaction is much larger than the value of 0.007107 for first dissociation step

(ie., H,PO,+H,O - H, O* PO %). Therefore, the consideration of an additional reaction
leads to favorable first dissociation step. In other words, anionic dimer contributes a high degree
of dissociation a,. Cherif et al.* also reported a similar result with Raman spectroscopy that the

higher degree of dissociation o, at high phosphoric acid concentration range is found when
anionic dimer H SPZO;' * is taken into account. Figure 7 supports such a fact. The consideration

of anionic dimer H 5P20g“ shows a better agreement to the experimental degree of

37,39-41

dissociation a; as well redissociation of phosphoric acid.

5.2 The pH value over full range

The pH measurement is mainly carried out at very dilute concentration range because of the

structural vulnerability of pH electrode.*** Thus, the measurement of pH is very limited at high
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concentration ranges, where the non-ideality for ions is very strong and the pH value shows a
significant difference with and without considering activity coefficients of ions.* On the other
hand, the prediction with COSMO-SAC model allows for the calculation over the whole
concentration range with considering interactions among molecules such as water, undissociated
acid and ions (cations and anions). The concentration for each species depends on the degree of
dissociation of the undissociated acid. Calculation of the pH of weak acids is a bit more
complicated than determining the pH of a strong acid because weak acids do not completely
dissociate in water. Therefore, the degree of dissociation of acid should be included in the
prediction of pH. The proposed method can be applied directly to calculate the pH of acids in

aqueous solution.

Figure 8 shows the comparison of experimental and predicted pH of several acidic aqueous
solutions over whole concentration range. The predicted pH with the consideration of the
dissociation of acetic acid captures the tendency of experimental pH, pH(exp.) which is
estimated from experimental degree of dissociation with acetic acid’s concentration (i.e.,
pH(exp.)=-logo[a:Cua°]). The pH value for all acids drops rapidly by adding more acid into the
solution at low concentrations. The pH value eventually approaches 7 as the solution becomes
very concentrated and most of the acid molecules are in the undissociated state. As can be seen
in Figure 8b, the slopes for pH vs acid’s concentration at dilute concentration range show
different values. Such results are attributed to the consideration of non-ideality (y,#1) of the
activity coefficient of conjugated base A". A stronger acid shows a more rapid decrease in the pH
value with increasing concentration, since strong acid is easily dissociated in comparison to weak

acids.
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Figure 9 illustrates the predicted and experimental pH values for sulfuric acid. The
experimental pH (i.e., pH(exp.)) values are obtained from experimental measurement.**® The
predicted pH values are estimated based on the concentration of hydronium ions H;O" (i.e., pH=-
logio[(ati+02) ' Ci2a®]). The predicted pH values with the assumption of o,=1 (i.e., o=I,
pK,»=1.99) and those with the two protonation steps (i.e., pK,;=-8.3, pK,,=1.99) are similar even
though the predicted degree of dissociation of sulfuric acid shows a considerably difference (see
Figure 4 and 5). At high concentration range, the difference between the two assumptions
increases. However, there is no experimental data at such high concentrations to discern which

model is more appropriate.

5.3 The vapor pressure of acidic aqueous solution

Here we investigate the effect of acid’s dissociation on its macroscopic property, vapor
pressure of the solution. For weak acids the effects are minor because the vapor pressure is
dominated by that of water at low acid concentrations (where a is large). The total pressure
becomes dominated by the undissociated acid at high acid concentrations (where o is small). The
vapor pressure of formic acid and acetic acid are illustrated in Figure S1 (in Supporting

Information).

On the other hand, the dissociation of strong acids has a great influence on the solution
vapor pressure. Figure 10 shows the predicted results of the vapor pressure as a function of nitric
acid (Figure 10a) and sulfuric acid (Figure 10b) concentration in aqueous solutions. For nitric

acid, both the partial pressure of water and nitric acid, and the vapor pressure of the mixture from
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the proposed method are in good agreement with experiment. If nitric acid and sulfuric acid
aqueous solutions are considered as an ideal solution, the partial and total pressures are both
overestimated because their activity coefficients are a unity while in real solution are less than
unity. Therefore, proper consideration of deprotonation and solution non-ideality is very
important for accurate prediction of their vapor pressures of aqueous solutions containing strong

acids.

6. Conclusions

In this work, we drive the formula to obtain the equilibrium constant K., from experimental
pK.. The so determined equilibrium constant is then used to predict the degree of dissociation for
weak/strong acids, its pH and vapor pressure in aqueous solutions. Our analysis show that the
activity coefficients (and their ratios, K,) are critical for accurate determination of the degree of
deprotonation of acid over a wide concentration range. The combined use of PDH and COSMO-
SAC model provides satisfactory prediction of the needed species activity coefficients. Both the
predicted pH values and vapor pressure are found to be in good agreement with experiments. The
use of K., thus extends one’s capability to describe the properties of acidic aqueous solutions

beyond where pK, is applicable.

It is worthwhile to address the assumptions and limitations of the proposed approach. In this
work, we consider only the most important dissociation reactions (R1 or monoprotic acids,
R2+R3 for diprotic acids, and R4+R5+R6 for triprotic acids). The possible formation of various
hydrated acidic ions is completely ignored. This may be overly simplified. However, we also

find that, with a proper choice of pK, value for the unhydrated acids, the predicted properties can
16



be in very good agreement with the experiment. While for the formation of hydrated ions should
deserve more study, the proposed model should find its use in many practical applications where

the thermodynamic properties of acidic solutions are needed over a wide range of concentrations.

ACKNOWLEDGMENT

This research was partially supported by the Ministry of Science and Technology of Taiwan
(MOST 107-2221-E-002-112-MY3) and the National Research Foundation (NRF) of Korea
Grant funded by the Ministry of Education (NRF-2020R111A2069224). The computational
resources from the National Center for High-Performance Computing of Taiwan and the
Computing and Information Networking Center of the National Taiwan University are

acknowledged.

References

1. Alongi KS, Shields GC. Chapter 8 - Theoretical Calculations of Acid Dissociation
Constants: A Review Article. In: Ralph AW, ed. Annual Reports in Computational
Chemistry. Vol Volume 6: Elsevier; 2010:113-138.

2. Lee AC, Crippen GM. Predicting pKa. J. Chem. Inf. Model. 2009/09/28 2009;49(9):2013-
2033.

3. Dixit R. CHAPTER 2 - Pharmacokinetics and toxicokinetics: fundamentals and
applications in toxicology A2 - GUPTA, RAMESH C. Veterinary Toxicology. Oxford:
Academic Press; 2007:25-41.

4. Bollas GM, Chen CC, Barton PI. Refined electrolyte-NRTL model: Activity coefficient
expressions for application to multi-electrolyte systems. AIChE J. 2008;54(6):1608-1624.

17



10.

11.

12.

13.

14.

15.

16.

17.

Reschke T, Naeem S, Sadowski G. Osmotic Coefficients of Aqueous Weak Electrolyte
Solutions: Influence of Dissociation on Data Reduction and Modeling. The Journal of
Physical Chemistry B. 2012/06/28 2012;116(25):7479-7491.

Jensen JH, Swain CJ, Olsen L. Prediction of pKa Values for Druglike Molecules Using
Semiempirical Quantum Chemical Methods. J. Phys. Chem. A. 2017/01/26
2017;121(3):699-707.

da Silva CO, da Silva EC, Nascimento MAC. Ab Initio Calculations of Absolute pKa
Values in Aqueous Solution 1. Carboxylic Acids. J. Phys. Chem. A. 1999/12/01
1999;103(50):11194-11199.

Citra MJ. Estimating the pKa of phenols, carboxylic acids and alcohols from semi-
empirical quantum chemical methods. Chemosphere. 1999/01/01/ 1999;38(1):191-206.
Niu; Y, Lee JK. pKa Prediction. Applied Theoretical Organic Chemistry2018:503-518.
Hsieh CM, Sandler SI, Lin ST. Improvements of COSMO-SAC for vapor-liquid and liquid-
liquid equilibrium predictions. Fluid Phase Equilib. 2010;297(1):90-97.

Pitzer KS. ELECTROLYTES - FROM DILUTE-SOLUTIONS TO FUSED-SALTS. J. Am.
Chem. Soc. 1980;102(9):2902-2906.

Lee B-S, Lin S-T. The Origin of Ion-Pairing and Redissociation of Ionic Liquid. J. Phys.
Chem. B. 2017/05/23 2017;121(23):5818-5823.

Lee B-S, Lin S-T. Prediction of phase behaviors of ionic liquids over a wide range of
conditions. Fluid Phase Equilib. 2013.10.25 2013;356(0):309-320.

Chang C-K, Lin S-T. Improved Prediction of Phase Behaviors of Ionic Liquid Solutions
with the Consideration of Directional Hydrogen Bonding Interactions. /nd. Eng. Chem. Res.
2020/02/26 2020;59(8):3550-3559.

Hsieh MT, Lin ST. A Predictive Model for the Excess Gibbs Free Energy of Fully
Dissociated Electrolyte Solutions. AIChE J. Apr 2011;57(4):1061-1074.

Chen CC, Song YH. Generalized electrolyte-NRTL model for mixed-solvent electrolyte
systems. AIChE J. 2004;50(8):1928-1941.

Lee B-S, Lin S-T. Prediction and Screening of Solubility of Pharmaceuticals in Single- and
Mixed-lonic Liquids Using COSMO-SAC Model. AIChE J. 2017.7.1 2017;63(7):3096-
3104.

18



18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

Lee B-S, Lin S-T. A Priori Prediction of Dissociation Phenomena and Phase Behaviors of
Ionic Liquids. Ind. Eng. Chem. Res. 2015/09/16 2015;54(36):9005-9012.

Lee B-S, Lin S-T. Screening of ionic liquids for CO, capture using the COSMO-SAC
model. Chem. Eng. Sci. 2015.01.06 2015;121(0):157-168.

Lee B-S, Lin S-T. A priori prediction of the octanol-water partition coefficient (Kow) of
ionic liquids. Fluid Phase Equilib. 2014.02.15 2014;363(0):233-238.

Palomar J, Ferro VR, Torrecilla JS, Rodriguez F. Density and molar volume predictions
using COSMO-RS for ionic liquids. An approach to solvent design. Ind. Eng. Chem. Res.
2007;46(18):6041-6048.

Delley B. From molecules to solids with the DMol® approach. J. Chem. Phys. 11/08/
2000;113(18):7756-7764.

Delley B. The conductor-like screening model for polymers and surfaces. Mol. Simul.
2006/02/01 2006;32(2):117-123.

Klamt A, Schuurmann G. COSMO: a new approach to dielectric screening in solvents with
explicit expressions for the screening energy and its gradient. J. Chem. Soc., Perkin Trans.
2. 1993(5):799-805.

Hogfeldt E. The Complex Formation between Water and Strong Acids. Acta Chem. Scand.
1963;17:785-796.

Robertson EB, Dunford HB. The State of the Proton in Aqueous Sulfuric Acid. J. Am.
Chem. Soc. 1964/12/01 1964;86(23):5080-5089.

Perrin DD. DISSOCIATION CONSTANTS OF INORGANIC ACIDS AND BASES IN
AQUEOUS SOLUTION. Pure Appl. Chem. 1969;20(2):132-236.

Walrafen GE, Dodd DM. Infra-red absorption spectra of concentrated aqueous solutions of
sulphuric acid. Part 2.-H2SO4 and HSO vibrational fundamentals and estimates of (F-H)/T
and S for H2SO4 gas. Transactions of the Faraday Society. 1961;57(0):1286-1296.

Lund Myhre CE, Christensen DH, Nicolaisen FM, Nielsen CJ. Spectroscopic Study of
Aqueous H2S04 at Different Temperatures and Compositions: Variations in Dissociation
and Optical Properties. J. Phys. Chem. A. 2003/03/01 2003;107(12):1979-1991.

Leuchs M, Zundel G. Easily polarizable hydrogen bonds and solvate structure in aqueous

solutions of acids with pKa<1. Can. J. Chem. 1980/02/15 1980;58(4):311-322.

19



31.

32.

33.

34.

3S.

36.

37.

38.

39.

40.

41.

Margarella AM, Perrine KA, Lewis T, Faubel M, Winter B, Hemminger JC. Dissociation
of Sulfuric Acid in Aqueous Solution: Determination of the Photoelectron Spectral
Fingerprints of H2SO4, HSO4—, and SO42— in Water. J. Phys. Chem. C. 2013/04/25
2013;117(16):8131-8137.

Kerker M. The Ionization of Sulfuric Acidl. J Am. Chem. Soc. 1957/07/01
1957;79(14):3664-3667.

Wu YC, Feng D. The second dissociation constant of sulfuric acid at various temperatures
by the conductometric method. J. Solution Chem. 1995/02/01 1995;24(2):133-144.

Knopf DA, Luo BP, Krieger UK, Koop T. Thermodynamic Dissociation Constant of the
Bisulfate Ion from Raman and Ion Interaction Modeling Studies of Aqueous Sulfuric Acid
at Low Temperatures. J. Phys. Chem. A. 2003/05/01 2003;107(21):4322-4332.

Chen H, Irish DE. Raman spectral study of bisulfate-sulfate systems. II. Constitution,
equilibriums, and ultrafast proton transfer in sulfuric acid. J. Phys. Chem. 1971/08/01
1971;75(17):2672-2681.

Young TF, Maranville LF, Smith HM. Structure of Electrolytic Solutions. New. York: John
Wiley and Sons, Inc.; 1959.

Elmore KL, Hatfield JD, Dunn RL, Jones AD. Dissociation of Phosphoric Acid Solutions
at 25°1. J. Phys. Chem. 1965/10/01 1965;69(10):3520-3525.

Chengfa J. Thermodynamics of aqueous phosphoric acid solution at 25°C. Chem. Eng. Sci.
1996/03/01/ 1996;51(5):689-693.

Cherif M, Mgaidi A, Ammar N, Vallée G, First W. A new investigation of aqueous
orthophosphoric acid speciation using Raman spectroscopy. J. Solution Chem. 2000
2000;29(3).

e WW. Raman- and infrared-spectroscopic investigations of dilute aqueous phosphoric acid
solutions. Dalton Trans. 2010;39(40):9642-9653.

Elmore KL, Mason CM, Christensen JH. Activity of Orthophosphoric Acid in Aqueous
Solution at 25° from Vapor Pressure Measurementsl. J. Am. Chem. Soc. 1946/12/01
1946;68(12):2528-2532.

20



42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Manual: Theory and Practice of pH Measurement. 2010;

https://www.emerson.com/documents/automation/manual-theory-practice-of-ph-
measurement-en-70736.pdf. Accessed September 3, 2018.

Measuring pH of Concentrated Samples. 2014; https://assets.thermofisher.com/TFS-Assets/
LSG/Application-Notes/ AN-PHCONSAMP-E%201014-RevA-WEB.pdf. Accessed
September 3, 2018.

Sandler SI. Chemical, Biochemical, and Engineering Thermodynamics. Fourth ed: John
Wiley & Sons, Inc.; 2006.

Shibata M, Sakaida H, Kakiuchi T. Determination of the Activity of Hydrogen Ions in
Dilute Sulfuric Acids by Use of an lonic Liquid Salt Bridge Sandwiched by Two Hydrogen
Electrodes. Anal. Chem. 2011/01/01 2011;83(1):164-168.

SALMIMIES R, MANNILA M, KALLAS J, HAKKINEN A. ACIDIC DISSOLUTION
OF MAGNETITE: EXPERIMENTAL STUDY ON THE EFFECTS OF ACID
CONCENTRATION AND TEMPERATURE. Clays Clay Miner. 2011;59(2):136-146.
Saxton B, Darken LS. The Ionization Constants of Weak Acids at 25° from Conductance
Measurements. A Method of Extrapolating the Datal. J. Am. Chem. Soc. 1940/04/01
1940;62(4):846-852.

Bell RP, Miller WBT. Dissociation constants of formic acid and formic acid-d.
Transactions of the Faraday Society. 1963;59(0):1147-1148.

Cartwright DR, Monk CB. The molecular association of some carboxylic acids in aqueous
solutions from conductivity data. Journal of the Chemical Society (Resumed).
1955(0):2500-2503.

Agreda VH, Zoeller JR. Acetic Acid and its Derivatives. New York: Marcel Dekker INC.;
1992.

F. R-B, J. F-S, N. B-B. Variation of phosphoric acid diffusion coefficient with
concentration. AIChE J. 1995;41(1):185-189.

Masuda Y, Kanda T. Concentration Shift of Nuclear Magnetic Resonances in Some
Concentrated Acids. J. Phys. Soc. Jpn. 1954/01/15 1954;9(1):82-87.

Masuda Y, Kanda T. Chemical Shift of the N14 Magnetic Resonance. J. Phys. Soc. Jpn.
1953/05/15 1953;8(3):432-434.

21


https://assets.thermofisher.com/TFS-Assets/LSG/Application-Notes/AN-PHCONSAMP-E%201014-RevA-WEB.pdf
https://assets.thermofisher.com/TFS-Assets/LSG/Application-Notes/AN-PHCONSAMP-E%201014-RevA-WEB.pdf
https://www.emerson.com/documents/automation/manual-theory-practice-of-ph-measurement-en-70736.pdf
https://www.emerson.com/documents/automation/manual-theory-practice-of-ph-measurement-en-70736.pdf

54.

5S.

56.

57.

58.

59.

McKay HAC. The activity coefficient of nitric acid, a partially ionized 1:1-electrolyte.
Transactions of the Faraday Society. 1956;52(0):1568-1573.

Ruas A, Pochon P, Hlushak S, Simonin J-P, Bernard O, Moisy P. Speciation in Aqueous
Solutions of Nitric Acid Estimated Within the Binding mean Spherical Approximation
(BIMSA). Procedia Chemistry. // 2012;7:374-379.

Hood GC, Reilly CA. lonization of Strong Electrolytes. V. Proton Magnetic Resonance in
Sulfuric Acid. J. Chem. Phys. 1957;27(5):1126-1128.

Taylor GB. Vapor Pressure of Aqueous Solutions of Nitric Acid. Industrial & Engineering
Chemistry. 1925/06/01 1925;17(6):633-635.

Collins EM. The Partial Pressure of Water in Equilibrium with Aqueous Solutions of
Sulfuric Acid. J. Phys. Chem. 1932/01/01 1932;37(9):1191-1203.

J. MJ, Anne J, Ping CX, Chad R, H. MP, Fred E. H2SO4 vapor pressure of sulfuric acid
and ammonium sulfate solutions. Journal of Geophysical Research: Atmospheres.

1997;102(D3):3725-3735.

22



Table

Table 1. The experimental values of pK, and predicted equilibrium constants K,, for acids
in aqueous solutions

Acids and water pK, (experiment) r, (predicted) K., (eq. 10)
formic acid pK.=3.75% 1.33 2.42x10°
acetic acid pK.=4.76* 3.66 8.58x10
butyric acid pK,=4.83% 46.26 5.78x10”
pK.=-1.3% 6.32x10!
nitric acid pK.=2.09* 0.57 3.90

pK.,=-3.78% 1.91x10?

DK =-3% Koy =3.28x10°

o K, =-4.93% Koy =2.79x10°

sulfuric acid ’; P 0.000551463 K6 410"

PK.=1.99% Koy0=1.85x10"

PK,=2.148% Koyo=1.68x10°

phosphoric acid pK.;=7.198% 0.00765171 Koy2=1.15x107

pK,=12.35%

Keq(3):8 07x10°"
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Figure Captions

Figure 1. The predicted degree of dissociation for formic acid (a), acetic acid (b) and butyric

d4749

acid (c). The experimental data are obtained from reference (formic aci , acetic acid™™',

butyric acid*’ and nitric acid®**).

Figure 2. The contributions of K, and K, for acetic acid aqueous solution.
Figure 3. The degree of dissociation of nitric acid in aqueous solution based on different pK,

values. The experimental data are obtained from reference >,

Figure 4. The degree of dissociation of sulfuric acid in aqueous solution based on different pK,,
values (i.e., -8.3 and -3.59) with the mole fraction of sulfuric acid, xx.,° in log scale (a) and in
linear scale (b). The experimental data are obtained from references: (+, o) Robertson and
Dunford®; (x) Leuchs and Zundel*’; (®) Margarella et al. *'; (o) Kerker*?; (m) Wu and Feng®;

(A ) Knopfet al.**; (A) Chen and Irish*; (-,0) Hood and Reilly*®; (¢) Young et al.*®

Figure 5. The degree of dissociation of sulfuric acid in aqueous solution based on o,=1 and
pK.>=1.99 with the mole fraction of sulfuric acid, x.,° in log scale (a) and in linear scale (b). All

symbols are same as those in Figure 4.

Figure 6. The degree of dissociation of phosphoric acid with the mole fraction of phosphoric

acid, xu34° in log scale (a) and in linear scale (b). The experimental data are obtained from

reference’’%4!,

Figure 7. The degree of dissociation of phosphoric acid with the mole fraction of phosphoric

acid, xx3.° with considering anionic dimer H, P,O;"".
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Figure 8. The experimental and predicted pH (molality base) of acid aqueous solutions over

whole concentration range.

Figure 9. The experimental and predicted pH (molality base) of sulfuric acid aqueous solution

over whole concentration range. The experimental data are obtained from reference™- *.

157,58

Figure 10. The experimenta and predicted vapor pressure for (a) nitric acid (pK,=-3.78)

aqueous solution and (b) sulfuric acid (pK,=-8.3) aqueous solution.
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Figure 1. The predicted degree of dissociation for formic acid (a), acetic acid (b) and butyric acid (c). The

experimental data are obtained from reference (formic acid**, acetic acid®**', and butyric acid’).
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Figure 2. The contributions of K, and K, for acetic acid aqueous solution.
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Figure 5. The degree of dissociation of sulfuric acid in aqueous solution based on a;,=1 and pK,,=1.99 with
the mole fraction of sulfuric acid, x4’ in log scale (a) and in linear scale (b). All symbols are same as those

in Figure 4.
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Figure 9. The experimental and predicted pH (molality base) of sulfuric acid aqueous solution over whole

concentration range. The experimental data are obtained from reference.”-*°
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Figure 10. The experimental’’™ and predicted vapor pressure for (a) nitric acid (pK,=-3.78) aqueous

solution and (b) sulfuric acid (pK,/=-8.3) aqueous solution.
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