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It is not difficult to balance chemical equations and thusit is hardly given more thoughts.
However, there is a mathematical principle for the balancing of chemical equations and this
principle may be used for automation. The balancing of chemical equation is carried out, by
formulating areaction matrix and the latter is used in a matrix equation. The matrix equation
is then solved to obtain the balancing coefficients. The conventional matrix inverse method
cannot always be used and hence the solution is obtained by row reduced operations. These
operations and any matrix manipulation are carried out with Matlab. Further thisnovel method
can be used to classify chemical equations as nonfeasible, unique and nonunique.
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1. Introduction

Simple chemical equations are easy to balance but more timeis required for other
equations, particularly redox equations. In general, the balancing coefficients are ob-
tained by trial and error [1]. Thus chemical equations are sometimes so easy to balance
that it is hardly given more thought. However, there are chemical eguations which take
more time for balancing [2—4] and it happens that sometimes when it is difficult to ob-
tain the balancing coefficient, questions such as. Does the chemical reaction occur?, are
asked. Well, it is very important to note that there is no need for a chemical reaction to
occur for its chemica equation to be balanced and more important it is not required for
achemical reaction to occur in case its chemical equation is balanced.

This paper illustrates the mathematical procedure of balancing chemical equations,
using suitable examples, and the novel procedure used is based on fundamental laws. In
fact areaction matrix [5] isformulated and the latter is used in a matrix equation, which
is then solved to obtain, if any, the baancing coefficients. Matrix manipulations are
carried out using Matlab!, where in-built commands perform the necessary operations.

1 Matlab isaregistered trademark.
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Other softwares [6] such as Mathematica or Maple can also be used. Further the charac-
teristics of the reaction matrix formulated may be used to classify chemical reactions as
nonfeasible, unique and non-unique.

2. Formulation of thereaction matrix

Consider achemical equation such as:
¢c1HgS+ ¢ HCl 4 ¢3HNO3 — ¢4 H2HQCl, + ¢s NO 4 ¢ S+ ¢7 H20.

Itisrequired to obtain the values of the coefficientsc; (i = 1, ..., 7) andin general the
following principles are applied:

(@ Thelaw of conservation of atom.
(b) Thelaw of electrica neutrality.

Applying the conservation of atom to the above chemical equation, the following
mathematical equations can be obtained:

e ¢; = ¢4 (for Hg atom) or
1-¢1+0-¢co+0-c3+(=1)-c4+0-¢c5+0-¢cg+0-¢c7=0;
e ¢ = ¢g (for Satom) or
1.¢c14+0:-c2+0-c3+0-¢c4+0-c5+(=1)-c6+0-c7=0;
e ¢ +c3=2-c4+ 2 cy(for Hatom) or
l-c1+0-co+1-c3+(—2) - ¢c44+0-c5+0-c6+(—=2)-c7=0;
o ¢ = 4. ¢4 (for Cl atom) or
O-c1+1-c2+0-c3+(—=4)-c4+0-c5s+0-c6+1-¢c7=0;
e c3 = ¢5 (for N atom) or
O0-c14+0-c24+1-¢c34+40-c4+(-1)-c54+0-¢cg4+0-¢c7=0;
e 3.c¢3=c5+ c7 (for O aom) or
O0-c14+0-¢c04+3-¢c3+0-c4+(-1)-c54+0-¢c6+ (=1 -c;=0.
These equations may be written in matrix form as

100 -1 0 0 O “ 0
100 0 0 -1 O Ca 0
011 -2 0 0 —2|]¢© 0
010 -4 0 0 O C“:g
001 0 -1 0 O ¢s 0
003 0 -1 0 —1/\¢

Cc7 0
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or
RC = 0. )

Equation (1) is said to be the matrix equation where R is said to be the reaction
matrix and C isamatrix of stoichiometric coefficients.

The reaction matrix can otherwise be obtained by considering that there are x dis-
tinct elements and y reactants and products in a reaction. The entry r;; of the reaction
matrix R isthe number of atomsof typei ineach compound (1 <i <xand1 < j < y).
Also r;; takes positive or negative value according to whether it corresponds to areactant
or aproduct. For the chemical reaction given above, R can therefore be written as:

HgS HCl HNO3 HyHgCls NO S Hy0

Hg 1 0 0 -1 0 0 0
H 1 0 0 0 o -1 0
S 0 1 1 —2 0 0 —2
Cl 0 1 0 4 0 0 0
N 0 0 1 0 -1 0 0
@) 0 0 3 0 -1 0 -1

Once the reaction matrix is formulated, it is used in the matrix equation and the
latter has to be solved to obtain the balancing coefficients. However, solution of the
matrix equation presents a mgjor difficulty since the inverse of the reaction matrix R
cannot always be obtained. Hence the conventional matrix inversion method cannot
always be used. The solution may be obtained by row reduced operations and the general
solution of equation (1) isC = (I — R")Z [7,8], where:

(@) Zisanarbritary vector;
(b) R’ asto be computed.
R’ can be computed as described below.

e Let the transpose of R be denoted by R' (command in Matlab is Rt =
transpose(R)).
o Let the row reduced from of R be RR (command in Matlab isRR = rref(R)).
e Let the row reduced form of R' be RR".
e R’ iscomputed asR’ = RR! x RR.
If the rank [9] of the reaction matrix is r, it is found that the rank of | — R’ is
p =y —r. pisaso sad to be the nullity of the reaction matrix and the matrix is an

y X y matrix with y — r nonzero columns.
Further, using this procedure, it is possible to classify chemical reactions as:

(8 Nonfeasible, whenr = y andthusC = 0.
(b) Unique, whenr =y — 1.
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(c) Nonunique, whenr <y — 2.

For the chemical reaction given above, the computation of R” once the reaction
matrix is formulated is carried out with Matlab as illustrated below. Inthiscase y =
7; rank(R) = r = 6. Thus chemical reaction classified as unique.

1100 00 100000 075
0 0 1 1 0 0
010000 -3
0o 0 1 0 1 3
t 001000 —05
R=[-1 0 2 -4 0 o|. RR=
000100 —075
0 0 0 0 -1 -1
000010 —05
0 -1 0 0 00 000001 —075
0 0 2 0 0 -1 :
100000 10000 —075
010000 01000 -3
001000 00100 —-05
RR'=[0 00 10 0. R=|00010 —075].
000010 00001 —05
000001 00000 075
000000 00000 O
00000 3
00000 12
loooo00 2
I-R=;|00000 3
00000 2
00000 3
00000 4

Thus the balancing coefficients correspond to the column vector (3122 32 3 4), taking
the arbitrary column vector Z tobe (00000 1).

Further examples are given and on the basis of the characteristics of the reaction
matrix, the chemical equations are classified as:

(& Unique.
(b) Nonfeasible.

(c) Nonunique.

3.  Uniquecase

Consider achemical equation such as.

CanOZ + c2 Ht +C3Fe2+ — C4Mn2+ +C5H20+C5F63+.
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The reaction matrix R, after making use of law of conservation of atom and law of
electrical neutrality, can therefore be written as:

1 00 -1 0 0
4 00 0 -1 0
R=|0o 10 0 -2 o
0 01 0 0 -1
112 -2 0 -3
y = 6; rank(R) = r = 5. Thus chemical reaction classified as unique.
14 0 0 -1 10000 -02
O 0o 1 0 1
SO 01000 —16
Rt — . RR=|0o0100 -10}.
1 0 0 0 -2
00010 —02
0 -1 -2 00 0000 1 —08
0 0 0 -1 -3 :
10000 10000 -02
01000 01000 -16
cloo1o0o0 loo 100 -10
RR=10 001 0| R=10 001 0 -02}/"
00001 0000 1 —08
0000 O 00000 O
000001
000008
_p_ll000005
5o o000 1
00000 4
00000O0SGS

Hence it is possible to balance this chemical equation in aunique way and the balancing
coefficients correspond to the column vector (1 8 5 1 4 5), taking the arbritary column
vector Ztobe (000001).

4, Nonfeasible case

Consider achemical equation such as.
c1NOs + co Ho,O — 3 HNOs.

The reaction matrix R can therefore be written as:

1 0 -1
R= (2 1 —3).
0 2 -3
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y = 3; rank(R) = r = 3. Thus chemica reaction classified as nonfeasible. It is
interesting to note that only elementary reactions do really occur. Complicated chemical

reactions usually represent overall reactions. A nonfeasible equation means that the
species given cannot for an overall reaction equation. We have:

1 2 0 1 00 1 00
Rt=(0 1 2), RR:(O 1 0), RRt=(O 1 O),
-1 -3 -1 0 01 0 01

1 00 0 0O
R/:<O 1 0), I—R/=(0 0 0).
0 01 0 0O

Hence it is not possible to balance this chemical equation.

5. Nonuniquecase
Consider achemical equation such as:
¢1 NaClO3 + ¢» HCl — ¢3NaCl + ¢4 ClOs + ¢5 Cl, + ¢ H50.

The reaction matrix R can therefore be written as:

1 1 3 0
o 1 0 1 100 0 133 —167
1 -1 0 O 0100 0 -2

t __ —

R=10 -1 2 o|° RR=|o0 o010 133 —167]"
0 -2 0 0 0001 2 -2
0 0 -1 -2
1000 100 0 133 —167
0100 0100 0 -2

oo 10 , oo 10 133 -167

RR=10 00 1|’ R=looo1 2 =2 |
0000 0000 O O
0000 0000 O O
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IR =1
-3

[cNeoNeoNoNeNe]
[cNeoNeoNoNeNe]
[oNeoNoNeNele]
[oNeoNoNoNole]

5
6
5
6 6
0
3
Hence it is not possible to balance this chemical equation in a unique way. If the arbi-
trary column vector is taken to be (0 0 0 0 0 1), then the set of balancing coefficients
corresponds to (56 56 0 3) and if the arbitrary column vector istakentobe (111111),
then the set of balancing coefficients corresponds to (1 6 1 0 3 3). Further alinear com-

bination of these balancing coefficients lead to (6 12 6 6 3 6) and the latter can also be
used to balance the equation.

6. Conclusion

This paper deals with applications of matrices for the balancing of chemical equa-
tions. It illustrates the mathematical principle, which can be automated, for the balanc-
ing of chemical eguations and the method can even be applied to ionic equations. The
method used deals with the formulation of a reaction matrix and by analysing the char-
acteristics of the reaction matrix, the feasibility of balancing a chemical eguation can be
known.
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