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Solvation and Hydration

Solvation

Bonding between solvent and solute in solution

Hydration

When solvent isliquid water, solvation is hydration

Hydration of cations --> lone pairs of electrons on oxygen
atom of water attach to cations

Hydration of anions --> water molecule attaches to anion via
hydrogen bonding



Water Equation

Quantify amount of hydration with empirical water equation

Zdanovskii-Stokes-Robinson (ZSR) equation

Example with two species, x andy

m m
20 LT =y (18.64)
Mya Mya

= molalities of x and y, aone in solution at

Mya, Mya
given relative humidity
Mym, Mym = molalitiesof x and y, when mixed together,

at same relative humidity

Table 18.3. ZSR equation predictions for a sucrose (species @ -
mannitol (species b) mixture at two different water activities.

Data from Stokes and Robinson (1966).

m m
mX’a my’a mx’m my1m XM + y,m
Mya Mya
0.7751 0.8197 0.6227 0.1604 0.9990
0.9393 1.0046 0.1900 0.8014 1.0000
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Water Equation

Generalized ZSR equation

Mk m

=1

a
k

Mk a

(18.65)

Polynomial expression for molality of electrolyte alone in
solution at a given water activity

2 3
Mka =Yok *Ykaw + Y2 kaw + B kaw ...

(18.66)

Figure 18.3. Water activities of several electrolytes at 298.15 K

'{‘\ NaNO
HNO,
Hol x50,

O 10 20 30 40 50 60
Molality

er activity

0.9
0.8
0.7
® 0.6

0.5

o
N

5

10 15 20 25 30
Molality



Temperature Dependence of Water
Activity

Temperature dependence of binary water activity coefficients under
ambient surface conditionsis small.

Temperature dependence of water activity

2 .
m,/my, &, f qif 0
0-—Xa L Pl . (sen)

Inay(T) = Inay - - -
(r) 1000R &To mMka Cﬂmk,az

Polynomial for water activity at reference temperature
Inag, =Ag + A2 + Aomia +Agmas + . (18.68)

Combine (18.67), (18.68), (18.54)

2 2 2
Inay(T) = A +A1mf<{a +AMya +E3mf:"’al +EgMi o + ..
(18.69)
05( - 2)m, & 0
E =A - a U.2 +TcM. 2= 1 =3,... (18.70)
1000R"  &To 2
Example
MHycl =16m
T =2/3K
> ay =0.09
T =310K

> gy =0.11




Practical Use of Water Equation

Rearrange (18.65)
Nc N a ('5
1 Ci
Cw = oooé Gé adTHIL (18.71)

i= 18] BE a

mj j,a = binary molalities of species alonein solution
Ci,jm = hypothetical mole cm-3 of electrolyte pair when mixed
in solution with all other components

In amodel, ion concentrations known but hypothetical electrolyte
concentrations unknown --> find hypothetical concentrations

Example 18.1.

6 mmoles m3 of H*

6 mmoles m3 Na*

7 mmoles m™3 of CI-
5 nmoles m3 of NOg"

Combineionsin away to satisfy mass balance constraints:
CH " )m =CHNO3,m* CHCl,m

CNa™ m = CNaNOg,m* CNaCl,m

CCl™ ,m =CHCI,m*CNaCl,m

CNO3,m=CHNO3,m * CNaNOs,m




Practical Use of Water Equation

Table 18.4. Three sets of electrolytes concentrations that satisfy
mass balance constraints of example.

CHCIm CHNOgm | CNaClm | CNaNOgm
Casel 6 0 1 5
Case 2 4 2 3 3
Case 3 1 5 6 0
Automatic method to recombine ions into hypothetica

electrolytes

Execute the following three equations, in succession, for each
undissociated electrolyte, i,j

_ ®m CjmO
Electrolyte Ci,jm=MmMng—=—,——= (18.72)
Y e Njg
Cation G,m=Gm- NCjjm
Anion Cjim= C,m- NjC,jm

Result correspondsto case 1 in table (18.4) for the example



Example Equilibrium Problem

Consider two equilibrium reactions

HCI(g) ==— H* + CI

HSO; == {+* + S0%

For equilibrium concentrations, solve
equilibrium constant equations
mass balance equations
charge balance equation
water equation

with Newton-Raphson iteration

Equilibrium constant equations

2
m m
H*,eq CI',quH+,CI',eq
= Keg(T)
PHCI,s,eq
m , m 2- 93 + 2-
H .eq SO4~ .eq 2H S04 &g - K (T)
2 - heq

m R
HSO4™ .eq™ H HSO4™ ,eq
Mass balance equations

CHCI(g),eq + CC| - CHCI(@J)I- h* CCI',t— h

e

+ = +
CHSO4_ , €] CSO42' ,&q CHSO4' t-h CSO42' t-h

(18.73)

(18.74)

(18.75)

(18.76)



Example Equilibrium Problem

Surface vapor pressure as a function of mole concentration

PHCI S,eg = CHC| (g)’ S’eqR T
Molality as afunction of mole concentration

1000c _ .
Cl™,eq

'“crxu: Q%&WV

Charge balance equation
2C

C +C +
CI- 1&] HSO4- ’eq

Water equation

S04 ,eq HYeq

(18.77)

(18.78)

5

C
1000 ?CH+,C| m H* HSO,” m

mw‘?m . m
8 H ,Cl ,a H HSOs ,a

CW’eq =

Hypothetical mole concentration constraints
C =C

+C + 2C
H'eqy HTClI'm HTHSO, ,m ~ 2H",S042",m

Cor eq - CHJ',CI',m

C =C
HSO4 ,eq H",HSO4 ,m

C C
SO4% 0  2HY 8042 ,m

C
s 2H",S0,2" m =+

m :
2H" S04% ,ag

(18.79)

(18.80)



Mass-Flux lterative M ethod

* Initialize species concentrations so that charge is conserved

 Nointelligent first guess required

e  Solution mass and charge conserving and always converges
Solution method for one equilibrium equation

Example equilibrium equation and coefficient relation

npD + neE +... =— npA +ngB+...
NA Ng
{A}"{B}" ... Keq(T)
{D} "o {g "E..

1) Calculate smallest ratio of mole concentration to moles in
denominator and numerator, respectively

a5 Cg10
Qq= minn—2% =EL° (18.81)
Np Ng g
O = minEAL ©B10
" %”A NB g

2) Initialize two parameters

z1 = 0.5(Qy + Qn) Dx1 =Qqg - Z1.



Mass-Flux lterative M ethod

Add or subtract mass flux factor (Dx) to mole concentrations
CAl+1 =Ca| +naDx Cgl+1 =CB| +nplX| (18.82)

Cp+1=Cp - npDx  Cg |+ =Cg, - neDx

3) Compare ratio of activities to equilibrium constant

na ng na+tnpg
_MAT+1MBI+19AB,1+1 1
= e e (18.83)
PDi+1PET+1 €q

4) Cut zin half

Z1+1 =0.5z

5) Check convergence

.‘:.>1 ® DY 4+1=-2141
F = |' <1 ® D)q +1=1tZ1+1 (1884)
1=1 ® convergence

Return to (18.82) until convergence occurs



Deliguescence Relative Humidity

Ddiquescence
Process by which a particle takes up liquid water, lowering
Its surface vapor pressure

Deliquescence relative humidity (DRH)

The relative humidity at which an initialy-dry solid first
takes on liquid water during an increase in relative humidity.
Above the DRH, the solid may not exist.

Crystallization relative humidity (CRH)

The relative humidity at which an initially-supersaturated
agueous electrolyte becomes crystallines upon a decrease in
relative humidity.

Table 18.9. DRHs and CRHs for several electrolytes at 298 K

DRH CRH DRH CRH
Electrolyte | (percent)| (percent) Electrolyte (percent) | (percent)
NaCl 75.28 47 (NH4)2SO4 79.97 37-40
NapSOy 84.2 57-59 | NH4HSOy4 40.0 0.05-22
NaHSO,4 52.0 <0.05 | NH4NO3 61.83 25-32
NaNOg 74.5 0.05-30 | (NHg)3H(SO4), 69 35-44
NH,CI 77.1 47 KCl 84.26 62

In amixture, the DRH of a solid in equilibrium with the solution
Islower than the DRH of the solid alone




Equilibrium Solver Results

Fig. 18.4. Aerosol composition versus NaCl concentration when
the relative humidity was 90%. Other initial conditions were
H,S0,(ag) = 10 mg m3, HCI(g) = 0 rg m3, NH;3(g) = 10 ng m3,
HNO;(g) =30 ng m3, and T = 298 K.
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Equilibrium Solver Results

Fig. 18.5. Aerosol composition versus relative humidity. Initial
conditions were H,SO,(a) = 10 ng m3, HCI(g) = 0 ng m3,
NH;(g) = 10 mg m3, HNO3(g) =30 ng m3, and T = 298 K.
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Dissolutional Growth

Saturation vapor pressure of nitric acid

(18.87)

Saturation vapor pressure as function of gas mole concentration

Pgsi = Cqsil000R T (18.88)
Molality as function of particle mole concentration
1000¢ ;
Mg, = i (18.89)
M\Cy;
Substitute (8.87) and (8.89) into (8.88)
__Pgsi __ Mqi _ Cqi _ i
Cq,3| - * * - * -
1000R T 1000R THg myGyiR THq H§;
(18.90)
where

Hgi = mcw,iR THq



Dissolutional Growth

Condensationa growth equations

dc:g
dtl = kgj t- h(th -Sit-hCqs;it- h) (17.65)

dC
—-a[kq.t n(Cat- it hCasi| (17.60

Substitute (18.90) and equilibrium terms

@Cg,i,tc,) =Kn &C _ Cg,i,t 0 @C,i,t(’_j
% dt B —Rglt- h@ gt- s?,l,t—hH&_ —++%J—dt B
(18.91)
dC Npé | C')l‘J
gt _ 23 & it o
~glt-h th' it h
d |:16 @ Ha”: hgg

(18.92)




Dissolution of Strong Acids or Bases

Equilibrium expressions

HCI(g) ==— H* + CI
HNO3(g) === H* + NO3

NH4(g) + H* === NHj

Equilibrium coefficient expressions

2
MH*,iMci -9 H*/Cl
’ = KHcl
PHCI(g),si
mut im ] .92
H | NO3 W |,H+/N03- <
— KHN
PHNO3(g),sii O
MNH ,*,i O NH 4 * — Knn
3

PNH3(g),siMH",i% HT

(18.93)

(18.94)

(18.95)

(18.93)

(18.94)

(18.95)



Dissolution of Strong Acids/Bases

Ammonium / hydrogen ion activity coefficient relationship

2 2
OiNH,* _ 9iNH, OGN0, _ JiNHINO; _ GNH, Gic _ SiNHt/ar

9iH* 9 H*9i,NOs ) gi2H+/NO_ 9iH"9 a- ) gi2H+/CI'
) 3 ]

(18.97)
Combine (18.93) - (18.95) with (18.88) and (18.89)

2 2
Mygt;Mm - C -:Mm + .
CCI_ o pCI_,S,i _ H i CI ,lgi’H+/C|— _ CI | H ,|gi’H+lC|- _ CCI_1|
' 1000R' T 1000R TK gy myow iR TKua  HEr
(18.98)
- PNO, si  H AMNOg i gI2,H+/NO3'
NO3™ ,si — *_ *
351 1000R'T 1000R TK o,
2
CNOs  iMH"i9, L+ /nO.- NO.L-
- T TLHT/NO;T _ NOy (18.99)
mCw,i R TKHNO, Ho, ,i
PNH, *s,i MNH, *,i9iNH ,*
CNH, *5i = —— = 4 ZL R (18.100)
1000R' T  mpy* jgj H*1000R TK|\||_|3
_ ONH ,*,i0i,NH,, * _ ONH,*j

MH*igi, HY Mow,i R TKNH,  FRH,*



Dissolution of Strong Acids/Bases

dccrj & ccl,i 0 adlcoi o
- = icC - B | —++ —+ 18.104
p N—ICI,lg HCl - 81 i & i g - e ( )
denoy | e NO, i O aflaNo, ,id
8 o NOA ] . 3 - 3
NO3j §CHNO3 - KO3 i T+ =
at R N
(18.105)
dCNH . * | e CNH,*,i O aglouH,*,i 0
e N\ng,i%CNHg - SHy i ™ - _i+% dt4 :
H4 1y a:]
(18.106)
where
R TK
HE& i SHLE 5 Ho! (18.101)
my Igl,H+/C|
mycw,iR TKHNO
H'%s',i:m — 3 (18.102)
H ’Ig|H+/NO
My * g+ MGy, iR TKNH
HGH 4% i = H I8 . 3 (18.103)



Analvytical Predictor of Dissolution

Integrate (18.91) for final aerosol concentration

Cqit = Hcﬂ:,i,t-th,t +aac i,t-h- H&i th &i hs&’i ,t-hkq,i,t- hg
I Bih o & Heich o
(18.110)

Mass balance equation

o e
Cat* A (cqint)= Caz-n+ & (cqit- h)= Coot (18.111)
=1 i=1

Substitute (18.110) into (18.111)

NBt € $hS&It hkqlt hOurl
C +a é1- ex
gt- h d 1%C‘Cllt h6 p% i h gl%

N
1+aB H&It hél exp%e hSflt hqu hougj/
i=1t Fat-h & H§; t- h b

Cq,t =

(18.112)



Simulations

Fig. 18.6. Initia distribution. f , =90% and T = 298 K
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Simulations

Fig. 18.7. APD / MFI vs. SMVGEAR / MFI results when 1-s
interval was used. f, = 90%, T = 298 K.
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Simulations

Fig. 18.8. APD / APC / MFI vs. SMVGEAR / MFI results
when 10-s interval was used. At time zero, the relative humidity
was increased from 90% to 100.001%. Ther. h. was then reset to
100.001% after every 10 s growth calculation for the first five
minutes, at which point it was no longer reset. After forty
minutes, the relative humidity was reduced back to 90% to
simulate evaporation.
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Simulations

Fig. 18.9. Model size distribution initially, after growth, and after
evaporation obtained from the simulation shown in fig. 8.8.
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