International Scientific Journal “Internauka” http.//www.inter-nauka.com/

Pedagogical Sciences
UDC 378+66.011

Kontsevoi Andrii

PhD, Associate Professor of the Department of
Technology of Inorganic Substances,

Water Purification and General Chemical Technology
National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”
Konuesoit Anapeii JleonngoBuu

KaHOUuoam mexHuyeckux Hayx,

ooyenm Kageopvl MexHo102ul HeOp2AHU4YeCKUx 6eujecms,
80000UUCMKU U 0OUel XUMUYECKOU MEXHON02UU
Hayuonanvnwiii mexuuveckuu ynueepcumem Yxpauruvl

«Kuesckuu norumexnuveckuu uncmumym umenu Meopsa Cukopckozon

Kontsevoi Serhii

PhD, Associate Professor of the Department of
Technology of Inorganic Substances,

Water Purification and General Chemical Technology
National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”
Konuesoii Cepreit AHjgpeeBuY

KaHOuoam mexHuyeckux Hayx,

ooyenm Kageopsbl MexXHON02UU HEOP2AHUYECKUX 8eUjeCs,
80000UUCMKYU U 0OUel XUMUYECKOU MEXHON02UU
Hayuonanvnuiii mexnuueckuu ynusepcumem YkpauHuvl

«Kuesckxuu norumexnuveckuu uncmumym umenu Meopsa Cukopckozon

International Scientific Journal “Internauka” http.//www.inter-nauka.com/




International Scientific Journal “Internauka” http.//www.inter-nauka.com/

MODELING METHODOLOGY OF EXCHANGING DIFFERENTLY
CHARGED IONS IN WATER TREATMENT
METO/10J10T Sl MOJEJIUPOBAHUSI OGMEHA HOHOB PA3HOI'O
3APSIJIA B BOJONOJAIOTOBKE

Summary. The features of complex calculations, which are revealed, will
help teachers and students implement the proposed methodology in the
educational process. The mathematical models of statics and dynamics for
exchanging ions from bi-charged to singly-charged and methods for their
solution in MathCAD are proposed. Equation of the initial distribution of
concentration along the filter is reasoned. The method of characteristics is
adapted for analysis of the distribution of bi-charged ions in a filter. The model,
which is proposed, provides varying technological and design parameters as
input data in order to estimate their effect on the exchange process quality.

Key words: ion exchange, exchange isotherm, bi-charged ion, mathematical

model, dynamics of the equilibrium exchange.

Annomayus. Packpvimel 0cobOeHHOCMU CNOJNCHBIX PACYemo8, KOMOopble
nomocym npenooagamensim U CMyoOeHmam peaiuz08amv NPeoOHNCEHHYIO
Memooonozuto 8 yuebnom npoyecce. Pazpabomanvl mamemamuuecxkue mooenu
00MeHa UOHO8 PA3HO20 3apsdd 8 CMAMUYECKUX U OUHAMUUECKUX VCI08UAX U
npeonodcenvt memoowvl ux peutenus 6 naxeme MathCAD. Ob6ocHosano
VpaeHeHUue HAaYaIbHO20 pacnpedeieHus KoHyewmpayuu 6 @uivmpe. Memoo
Xapakmepucmuxk adanmuposan Ol AHAIU3A pacnpeoenenuss 08yX3apsOHbIX
uonosé 6 uivmpe. Ilpeonoscennas mooenv 8apbupyem  paziudHbLMU
MeXHOI02ULeCKUMU U KOHCMPYKMUBHBIMU NAPAMEMPAMU 8 Ka4eCmee UCXOOHbIX
OAHHBIX OJIs1 OYEHKU UX GIUAHUS HA KAYeCmB0 npoyecca ooMend.

Knwuesvie cnoea: uonnvili obmeH, uzomepma o00OMeHA, 08YX3apsiOHble

UOHDBL, MamemamudecKas M00€Jlb, OUHAMUKA PABHOBECHO2O0 obmena.
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Introduction. The scientific and technological progress of the last decades
is based on the widespread use of computer technologies in any processing of
experimental data, designing of modern productions, creation of automated
control systems. The technical high school has an important task - to educate
and train specialists in chemical technology and engineering, who can to
actively use modern software packages and shells. The article is an example of
mastering complex ion-exchange calculations in MathCAD. This article i1s a
logical continuation of our article [1], which describes a methodology for
simulating the exchange of singly charged ions.

The aim was to design the mathematic model of static and dynamic of ion
exchange for bi-charged ions. For reaching this aim it was necessary to bring out
the equation of isotherm of ion exchange, basing on the law of mass action, to
adapt the mathematic apparatus and software solutions for bi-charged ions.

Ion exchange equilibrium. The equilibrium is established according to
the law of mass action. Reactions of exchange 2RNa + Ca?" = RoCa + 2Na*
between, for example, exchange of Mg?*, Ca?" - (then labelled as B) for H*
(desalination of water) or Na* (softening of water) — (then labelled as A) — the
most common cases at treatment of water; the part of ions 4 in ionite is
replaced by ions B: 2 4+B<> B+2A.

Rates of direct and reverse reactions are equal according to the law of

mass action at equilibrium:

kl'Qj'CB:kz'QB'Cja (1)
where ki, k> — rate constants for direct and reverse reaction, 0, =44, o, =92
q 9

relative concentrations of exchangeable ions 4 and B in phase of ion exchanger;

C . . . . .
C,=-4, C,=-£ — relative concentrations of ions A and B in phase of solution,
G Co

at these conditions concentrations of A and B in solution ¢, +c¢,=c¢,, and an
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anion exchanger ¢, +q, =¢, (qo responds of total exchange capacity). If taking
into account that 0, + 0, =1;C, + C, =1, the equation (1) can be written as:

ki (1=05)"Cy=ky -0y - (1-Cp) (2)

The solution of (2) relatively Qg (equilibrium constant of exchange k =

ki/kz) 1s:

QB:1+M— (1+MJ2—1. 3)

From the equation:
k-0i-(1-C)=k,-(1-0,)-C], 4)

The similar equation for component A can be taken:

| —C24+C,\C +4k-(1-C,)

. 2k-(1-C)) )

So, equations (3) and (5) are, respectively, equations of convex (double-
valence) and concave (single-valence) ions. The same amount of constant
k = ki/k> had been used in both equations. It can be noted, that the equation,
similar to (5), had taken by authors of [2] for regeneration of the filter. The
equation (3), took by us, establishes the connection between of dimensionless
concentration of a bi-charged ion in an ionite from its dimensionless
concentration in water. It is important for practice aim and conditions. The
equation (3) is firstly used for analysis ion exchange's dynamic [3].

The possible option of usage of the equation of concave isotherm by

equation (4) and new equilibrium constant of exchange k™ = ko/k1:

e ke Y ke
0, + + (6)

“20-c,) \\2a=c,)) "1-c,"

This corresponds to the usual approach — k > 1 for convex isotherm
according to (3), k’<1 for concave isotherm according to (6), i.e. kK =1/k.
We calculated the constant & of equation (3) by the data of exchange

isotherm Cu?"/Na* on cation exchanger Dowex-50X8 (fig. 40 of monograph
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[4]). The dependence of exchange constant from normality of solution N is
approximated by the equation: /n k = 0.9436 - 1.1783-InN. So, at N = 1 constant
k=2.56.

Dynamic of ion exchange. At designing a mathematic model of ion
exchange filter, working at equilibrium conditions, it can be considered, that at
passing the solution of ion through the infinitely small layer of ion exchanger,
the equilibrium is established instantly. This allows ignoring rates of transferring
ions in absorbable solution because concentrations in solution and on the surface
of ion exchanger are equal. The front of concentration is moved with constant
linear rate w along the layer. This is evidenced about stationary mode of the
process. The «working layer» is existed as zone of mass movement. The
concentration is decreased in flow from initial to practically zero: at Z=0 Z=0
C=Cs=1 and Q=0, at Z =1 C=O0.

The static equation is eq. (3), the equation of material balance in

dimensionless form is [5]:

oq rp- oc +8(w-c):
or, or, 0z

0. (7)
If to consider change in concentration of the exchangeable front as

function from the time, the equation (7) will be:

a—q+p-a—c=0, where 8_q=_p_@.
or, or, or or

Including the equation of outside diffusion kinetics:

99 _ .0 _ 4o
8r_p61'z B-(c—c), (8)

z

where r_— contact time of the solution with determined area of ionite, s;

B — coefficient of mass transfer in solution, m3/(m*s); ¢’ — equilibrium
concentration of the component in solution (bordering on the surface of the

ionite), g-eq./m>. The equilibrium concentration ¢'=0 before the beginning of ion
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exchange. The following equation is finally taken: —p-aa—c:ﬁ-c. After

z

integration in limits from co to ¢ and from 0 to z_: ¢ = co-exp(- B 7./p).
Including the contact time with determined area of the ionite layer .= z/w

(r,= L/w — residence time of the solution in filter), the last equation will be:

c = coexp(- p-z/(pw)). 9)
The initial distribution of relative concentrations along the filter:
C = Copexp(-K-Z), (10)

where Co=11K=/(p'w).
We ask the initial distribution of concentration along the filter C(Z) as:
C(Z2) = 0.9999-exp(-K-2), (11)
including impossibility of usage amount of Cp =1 in eq. (12): C(Z)=1 at Z=0.

Calculation of wave speed V.

wave

1s carried out by the following equation

(the first derivative form eq. (3) 1s included):

rat
—(1-C(2) 1 4-C@) _ 1 [1p 1 a-c@)’|[-a-c@) 1 a-c@)’ | fprat (12
k-CZ) 2 k-C2) = 2 kC©2) k-C2) 2 kC@y [ ( )
1 a-c@y | | f
HH [ l

2 k-C(2)

Vave(Z.k) =

Calculations. The characteristic method [6] is adapted for analysing the
propagation of bi-charged ions in a filter. The initial data were the following: the
porosity of ionite: p=0,6; the concentration of ion B in water, g-eq./m>, co=6;
total exchange capacity of cationite, g-eq./m>, qo=2000; the linear speed of water
w=10 m/h; the height of the layer of ionite L=2,5 m; operation time of filter
during inter-regeneration period 7 =20 hour.

Limit amounts of coordinates of points Z: Zmin=0; Zmax=1. According to
initial data in  dimensionless form  tmin=0; tmax=TW/L=20-10/2,5=80;
dimensionless distribution ratio Rat (in eq. (12) rat) = co/qo = 6/2000 = 0,003.
Change of dimensionless concentration (matrix): ¢:=0,0.001..0.9999

The determination of f is problematic. The amount of it depends on many

factors: type and size of ionite, construction parameters and mode of filter
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working, ion type etc. So, for bi-charged cobalt ions f* = 0,000026 m/s [7]. In
this case, the specific outer surface of grains of the ionite, m*m? (including
dimension of p* K=pg*Sype/(p-w)), will be: Sspec=6:(1-p)/d, where
d — equivalent diameter of grains of the ionite, m. The specific area of grains of
the ionite, m*m?>: Sgpec=6+(1-0,6)/0,002=1200.

The constant K in (11) equals:

K= B Sspec/(p-w)= 0,000026-1200-3600/(0,6-10)=18,72.
To facilitate the self-realization of the above material, a fragment of the

program in MathCAD is provided in Figure 1.

co =6
=2 = ¢ =25 = -3
Q=2 p =06 k=23 c:=000001.099%95 0 = co10-3
0=6x10 " Rat:=c—(())
q -
Q) =1+ (13 9
Z = 0.0,0.001.. 0.9999 2kc
- 72.
C(Z) = 09999 ¢~ (1872-2)
1 T T T T 1 T T T T
os# - 0.8F :
0.6'% b 0.6[ ]
c | Q)
—o4H - —04F -
o,:—\ . 02 / .
0 Mo 1 1 0 1 1 1 1
0 02 04 06 08 1 0 02 04 06 08 1
Z c
Vwave(Z) = = Rat - =
—{1-C 1 (1-C - 1 1 (1-C -1 - - -
(kc @) _1a-c@y 1_[“;_( kc(Z)) ] (L CC(Z)) _La-cay g,
2 2 )
14 1.A=-C@ | _,
2 kG2
wo=10 L=25 ta = 20
Zmin = 0 Zmax =1 Ni = 40 5%1073

1=0.Ni £ = tau-w n = 0 4x1073
L R

3x107°

tmax =t Nj = %0 j = 0.Nj Vwave(Z) 2,(10_3

ZI(t,Z) = Z + t-Vwave(Z) 1x107°

Zi = Zmin + (Zmax — me)%

Ni zZ
t = tmin + (tmax — tmin)- - z1. = Z1(t.Z)
~ Nj A 1771
)
%™ %.j=Aa%)

Fig. 1. Fragment of the program in MathCAD 13
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Programming result: double- and triple-dimension (spatial-temporal)
dependences of concentrations of bi-charged ions (fig. 2) along the axis of the
filter had built. Digits 0, 40 and 80 respond to the dimensionless time t. [

«Breakage» front is observed for convex isotherms of ion exchange of bi-
charged ions. The front of such hypothetic form, when the concentration of ions

in solution is changed jump-like from ¢ =co (C=1) to c = 0 (C = 0) (fig. 2).

(Z1,7,C)
Fig. 2. Double and triple dimension dependence of the concentration of bi-charged ion
along the axis of the filter Ci, Ci40, Ciso from Z1;0, Z1; 40, Z1i g0 for exchange constant

k=2,56

Conclusions. The equations are derived for isotherms of ion exchange
relatively bi-charged ions. The principle of determination of an equilibrium
constant in Excel and calculations for different initial concentrations of bi-
charged ions in solution had given. The algorithm and program had creatively
adapted in Mathcad for calculations of filtration and designing of double- and
triple-dimension dependences of concentration of ion along the axis of the filter.
The features of complex calculations, which are revealed, will help teachers and

students implement the proposed methodology in the educational process.
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