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Corrosion	tests	were	performed	on	a	freshly	specimens	of	
mild	 steel	 Q235	 type	 and	 equipped	 from	 company	 Hebei	
Jimeng	 Yongxing	 Flange	 Pipe	 Fittings	 Co.,	 Ltd,	 China.	 Its	
chemical	 composition	 is	0.16	%C,	0.53	%Mn,	0.30	%Si,	0.025	
%P,	0.015%	S	and	98.97	%Fe	[16].	Used	specimens	in	weight	
loss	 experiments	 have	 been	 cut	 mechanically	 to	 6.0×4.0×0.5	
cm	for	 length,	width	and	 thickness	respectively,	so	 its	area	 is	
58	 cm2.	Cooling	water	 systems	have	been	equipped	 from	 the	
petrochemical	plant,	and	all	chemical	materials	were	procured	
from	Sigma‐Aldrich,	Merck	and	BDH	companies.	
	
2.2.	Corrosion	measurements	
	

Mild	steel	specimens	have	been	polished	by	using	a	series	
of	 silicon	 carbide	 papers	 SiC	 (120,	 320,	 800	 grit	 size)	 then	
rinsed	in	distilled	water,	acetone	and	dried	in	a	desiccators	to	
be	 used	 in	 weight	 loss	 experiments.	 After	 weighing	 the	
specimens	 accurately	 in	 digital	 balance	 they	 have	 been	
immersed	in	cooling	water	as	a	corrosive	medium	for	5	hours	
in	 absence	and	presence	of	 inhibitors	A1	 and	A2	 at	 different	
concentrations	 and	 temperatures.	 Then,	 the	 specimens	were	
taken	out	of	a	corrosive	medium	and	washed	by	distilled	water	
in	order	to	remove	products	of	corrosion.	After	that	they	were	
dried	 in	 a	 desiccator	 and	 weighed	 again.	 The	 difference	 in	
weight	before	and	after	immersion	represents	weight	loss	
	
2.3.	Synthesis	and	characterization	of	3‐(2‐hydroxy‐3‐
methoxyphenyl)‐5‐(4‐nitrophenyl)‐2‐(4‐((4‐nitrophenyl)	
diazennyl)phenyl)dihydro‐2H‐pyrrolo[3,4‐d]	isoxazole‐
4,6(5H,6aH)‐dione	(A1)	
	

Step	1:	Synthesis	of	phenyl	hydroxyl	amine:	Nitro	benzene	
(6.6	mL)	has	been	added	to	4	g	of	ammonium	chloride	and	128	
mL	water,	the	mixture	was	stirred	in	beaker	at	50‐60	°C.	Then,	
9.4	g	of	zinc	powder	was	added	to	the	mixture	for	15	min	then	
left	for	30	min.	After	that	it	has	been	filtered	and	saturated	by	
using	 sodium	 chloride.	 It	 was	 extracted	 by	 using	 chloroform	
and	the	organic	layer	precipitated	by	using	a	hexane	and	kept	
it	in	a	dark	cool	place	(109	g/mol).		

Step	2:	Synthesis	of	N‐(2‐hydroxy‐3‐methoxybenzylidene)	
aniline	 oxide:	 2‐Hydroxy‐3‐methoxybenzeldehyde	 (0.76	 g;	
0.005	mol)	 and	 phenyl	 hydroxyl	 amine	 (0.545	 g;	 0.005	mol)	
prepared	in	Step	1	have	been	dissolved	in	100	mL	of	absolute	
ethanol	for	2	hours	within	refluxing.	The	precipitate	has	been	
formed	 and	 cooled,	 then	 it	 was	 filtered	 to	 produce	 N‐(2‐
hydroxy‐3‐methoxybenzylidene)aniline	oxide.	

Step	 3:	 Synthesis	 of	 1‐(4‐nitrophenyl)‐1H‐pyrrole‐2,5‐
dione:	A	mixture	consists	of	p‐nitro	aniline	(1.38	g;	0.01	mol)	
and	of	maleic	anhydride	(0.98	g;	0.01	mol)	have	been	stirred	
for	 about	 2	 hours	 in	 50	 mL	 ethanol,	 then	 it	 was	 filtered	 to	
produce	precipitate	(precipitate	of	 intermediate	state).	Acetic	
anhydride	 (10.5	mL)	 and	 sodium	 acetate	 (1.09	 g)	 have	 been	
added	 to	 4.94	 g	 of	 formed	 precipitate	 (precipitate	 of	
intermediate	 state)	 and	 was	 stirred	 for	 about	 1.5	 hours	 in	
water	bath	at	90	°C,	then	it	was	cooled	for	room	temperature	
to	produce	1‐(4‐nitrophenyl)‐1H‐pyrrole‐2,5‐dione.	

Step	4:	Synthesis	of	heterocyclic	compound:	N‐(2‐hydroxy‐
3‐methoxybenzylidene)aniline	 oxide	 (1.215	 g;	 0.005	 mol)	
prepared	 in	 Step	 2	 and	 1‐(4‐nitrophenyl)‐1H‐pyrrole‐2,5‐
dione	 (0.935	 g;	 0.005	 mol)	 prepared	 in	 Step	 3	 have	 been	
blending	at	a	refluxing	in	150	mL	chloroform	for	5	hours,	then	
this	mixture	was	cooled	and	precipitated	by	using	hexane,	and	
finally	 it	 was	 filtered	 to	 produce	 3‐(2‐hydroxy‐3‐methoxy	
phenyl)‐5‐(4‐nitrophenyl)‐2‐phenyldihydro‐2H‐pyrrolo[3,4‐
d]isoxazole‐4,6(5H,6aH)‐	dione.	

Step	5:	Synthesis	of	diazonium	salt:	p‐Nitro	aniline	(0.138	
g;	0.001	mol)	in	0.5	mL	HCl	with	20	mL	water	at	3	°C	has	been	
dissolved	 (I).	 Sodium	nitrite	 (0.08	 g)	 in	 10	mL	water	 at	 3	 °C	
has	been	dissolved	(II).	The	solutions	I	and	II	were	blending	at	
3	°C	to	produce	diazonium	salt.	

Step	 6:	 Synthesis	 of	 final	 compound	 (Isoxazolidine):	
Finally,	0.461	g	of	heterocyclic	 compound	prepared	 in	Step	4	
has	been	blending	with	diazonium	salt	prepared	 in	 Step	5	 in	
stirred	 at	 3	 °C,	 and	 neutralized	 by	 using	 hydrochloric	 acid,	
then	 left	 for	 24	 hours	 at	 3	 °C,	 after	 that	 the	 mixture	 was	
filtered	 to	 produce	 3‐(2‐hydroxy‐3‐methoxyphenyl)‐5‐(4‐
nitrophenyl)‐2‐(4‐((4‐nitrophenyl)diazennyl)phenyl)dihydro‐
2H‐pyrrolo[3,4‐d]isoxazole‐4,6(5H,6aH)‐dione	(A1).	Scheme	1	
illustrates	 synthesis	 mechanism	 of	 compound	 A1.	 Color:	
Brown.	 Yield:	 45%.	 M.p.:	 211‐213	 °C.	 FT‐IR	 (KBr,	 ,	 cm‐1):	
3321	(br,	OH),	3070	(CH‐aromatic),	2982	(CH‐aliphatic),	1703	
(C=O),	1600	(C=C),	1188	(C‐O),	1452	(N=N),	1396,	1429	(CH‐
bending),	1097	(C‐N).	1H	NMR	(500	MHz,	CDCl3,	δ,	ppm):	1.691	
(s,	3H,	CH3),	2.390‐2.488	(d,	1H,	N‐CH),	3.331‐3.450	(d,	1H,	O‐
CH),	 4.291‐4.700	 (m,	 1H,	 CH‐CH‐C=O),	 6.11	 (br,	 s,	 1H,	 OH),	
7.491‐8.089	(m,	15H,	Ar‐H),	7.12	(s,	CDCl3)	(Figures	1	and	2)	
[17‐19].	
	
2.4.	Synthesis	and	characterization	of	5‐(4‐(1,3,5‐dithiazin	
an‐5‐yl)phenyl)‐5‐pentyl‐1,3,5‐dithiazinan‐5‐ium	(A2)		
	

This	compound	was	prepared	in	one	pot	 through	domino	
reaction.	 One	 pot	 contains	 mixture	 (4.86	 mL,	 60	 mmol)	 of	
aqueous	 solution	 37%	 formaldehyde,	 100	 mL	 methanol	 and	
(1.08	 g;	 10	 mmol)	 of	 1,4‐diamino	 benzene,	 which	 stirred	 at	
room	 temperature	 for	 2	 hours,	 then	 40	 mmol	 H2S	 gas	 was	
added	to	the	mixture	for	1	hour	and	filtered	to	produce	white	
precipitate.	 After	 that	 10	 mmol	 of	 1‐chloropentane	 and	 100	
mL	of	absolute	ethanol	have	been	added	to	the	whole	mixture	
at	a	refluxing	for	5	hours	to	produce	5‐(4‐(1,3,5‐dithiazinan‐5‐
yl)phenyl)‐5‐pentyl‐1,3,5‐dithiazinan‐5‐ium	 (A2).	 Scheme	 2	
illustrates	 synthesis	 mechanism	 of	 compound	 A2.	 Color:	
White.	Yield:	63%.	M.p.:	165‐167	°C.	FT‐IR	(KBr,	,	cm‐1):	3041	
(CH‐aromatic),	 2960	 (CH‐aliphatic),	 1109	 (C‐N),	 1597	 (C=C),	
680	(br,	C‐S),	1407	(CH‐bending	).	1H	NMR	(500	MHz,	CDCl3,	δ,	
ppm):	0.921‐1.031	(t,	3H,	CH3),	1.211‐1.410	(m,	2H,	CH3‐CH2),	
2.144‐2.291	 (t,	4H,	CH3‐CH2‐CH2‐CH2),	2.821‐2.911	 (t,	2H,	N+‐
CH2‐CH2),	3.521	(s,	4H,	N+‐CH2‐S),	4.375	(s,	4H,	N‐CH2‐S),	5.481	
(br,	s,	4H,	S‐CH2‐S),	7.200	(s,	CDCl3),	7.600‐7.811	(m,	4H,	Ar‐H)	
(Figures	3	and	4)	[17‐19].	
		
3.	Results	and	discussion		
	
3.1.	Effect	of	inhibitors	concentration	
	

In	 experiments	 of	 weight	 loss,	 mild	 steel	 coupons	 have	
been	completely	immersed	in	200	mL	of	cooling	water	in	open	
beaker,	 size	 250	 mL,	 for	 5	 hours	 in	 absence	 and	 presence	
compounds	 at	 different	 concentrations.	 The	 beaker	 has	 been	
inserted	into	a	water	bath	for	keeping	the	temperature	at	298	
K.	From	the	weight	 loss	results	obtained,	 inhibition	efficiency	
%	IE,	corrosion	rate	CR	and	degree	of	surface	coverage	θ	have	
been	 calculated	 by	 using	 Equations	 1,	 2	 and	 3,	 respectively	
[20].	
	
IE% 100		 	 	 (1)	

		

CR 	 	 	 	 	

	 	 	 	 	 	 	 	 	
		 	 (2)		

	
Surface	conerage 		 	 	 (3)		

	
where	Wblank	 and	Winhibitor	 are	 the	weight	 loss	of	mild	steel	 in	
absence	 and	 presence	 of	 inhibitors	 respectively,	 and	 θ	 is	 the	
degree	 of	 metal	 surface	 coverage	 by	 inhibitors.	 From	 the	
results	shown	in	Table	1,	the	decrease	of	both	weight	loss	and	
corrosion	 rate	 with	 concentration	 increase	 can	 be	 observed.	
Figures	5	 and	6	 have	 been	 shown	decrease	 of	 corrosion	 rate	
and	 increase	 efficiency	 of	 inhibition	 with	 increasing	
concentration	of	compounds	A1	and	A2.		
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Scheme	1
	
	

The	 reason	 is	 due	 to	 the	 increased	 amount	 of	 the	 used	
inhibitor,	 thereby	 increasing	 the	 metal	 surface	 area	 which	
covered	 by	 molecules	 of	 inhibitor;	 therefore,	 the	 adsorption	
process	 increases	 and	 prevents	 the	 arrival	 of	 corrosive	
material	 to	 surface,	 and	 finally	 increases	 the	 efficiency	 of	
inhibition.	 Also,	 perhaps	 the	 reason	 is	 due	 to	 the	 numerous	
presence	 from	 action	 centers	 in	 the	 structures	 of	 compound	
A1	and	A2	such	as	double	bonds,	π‐bonds	and	electron	pairs	
of	 atoms	 N,	 S	 and	 O,	 therefore	 are	 likely	 to	 π‐electrons	 and	
non‐bonding	 electrons	 in	 hetero	 atoms	 can	 provide	 suitable	
places	for	direct	absorption	on	metal	surface	which	based	on	
of	donor	acceptor	interactions	between	π‐electrons	with	non‐
bonding	 electrons	 and	 vacant	 d‐orbitals	 of	 mild	 steel	 atoms,	
hence	 adsorption	 process	 facilitated	 and	 inhibition	 efficiency	

increased	 [21‐24].	 The	 values	 of	 inhibition	 efficiency	 and	
corrosion	 rate	 obtained	 at	 different	 concentrations	 indicated	
to	decrease	clearly	 in	the	corrosion	processes	of	mild	steel	 in	
presence	of	 inhibitors,	 thus	the	inhibition	efficiency	increases	
to	reach	the	higher	value	94.98%	of	compound	A1	and	91.64%	
of	compound	A2	at	1×10‐1	M.		
	
3.2.	Thermodynamic	functions	and	temperature	effect	
	

Study	 temperature	 effect	 on	 the	metals	 corrosion	 is	 very	
complex	because	many	of	changes	occur	on	the	metal	surface	
such	as,	rapid	etching,	desorption	of	inhibitor	and	the	inhibitor	
itself	may	undergo	decomposition.		
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Table	1.	Corrosion	parameters	of	mild	steel	in	cooling	water	at	deferent	concentrations	of	compounds	A1	and	A2	at	298	K	for	5	hours.		
Inhibitors	 Concentration	(M)	 Weight	(g)	 Corrosion	rate	(CR)	(mg/cm2 h) Inhibition		efficiency	(%)	 θ
Blank	 0.00	 0.1954	 6.7×10‐4 ‐ ‐
A1	 1×10‐5	 0.0834	 2.8×10‐4 57.31 0.5731

1×10‐4	 0.0618	 2.1×10‐4	 68.65	 0.6865	
1×10‐3	 0.0421	 1.4×10‐4 79.10 0.7910
1×10‐2	 0.0221	 7.6×10‐5	 88.65	 0.8865	
1×10‐1	 0.0098	 3.3×10‐5 94.98 0.9498

A2	 1×10‐5	 0.0804	 2.7×10‐4 59.70 0.5970
1×10‐4	 0.0628	 2.1×10‐4	 68.65	 0.6865	
1×10‐3	 0.0441	 1.5×10‐4 77.61 0.7761
1×10‐2	 0.0242	 8.3×10‐5 87.61 0.8761
1×10‐1	 0.0165	 5.6	x10‐5 91.64 0.9164
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Figure	5.	 Variation	 of	 corrosion	 rate	 and	 inhibition	 efficiency	 against	 the	
different	concentrations	of	compound	A1	at	298	K.	

	
Temperature	 is	 an	 important	 kinetic	 factor	 and	 it	

influences	the	corrosion	rate	of	metals	and	reduces	inhibitors	
adsorption	on	surface	of	metals.	In	order	to	study	the	effect	of	
temperature	 and	 elucidate	 that	 on	 the	 corrosion	 rate	 and	
efficiency	of	 inhibition,	 the	experiments	have	been	conducted	
in	298,	308,	318,	328	and	338	K	with	and	without	 inhibitors	
for	5	hours.	Results	in	Tables	2	and	3,	and	Figure	7	have	been	

shown	 that	 the	 temperature	 has	 a	 great	 effect	 on	 corrosion	
rate	 that	 increases	with	 temperature	 rises	with	 and	without	
inhibitors.	 Besides,	 the	 raise	 of	 temperature	 leads	 to	 a	
decrease	 of	 inhibition	 efficiency	 and	 the	 reason	 is	 probably	
increasing	the	kinetic	energy	of	inhibitor	molecules	and	move	
away	 from	 the	 metal	 surface,	 and	 finally	 this	 leads	 to	 an	
increase	 in	 rate	of	 corrosion	 and	 decrease	 of	 efficiency.	Also,	
decrease	of	inhibition	efficiency	perhaps	back	to	weakening	of	
physical	adsorption	which	occurs	on	the	metal	surface,	or	may	
be	due	to	increased	rate	of	desorption	inhibitor	from	the	mild	
steel	 surface	 gradually	 at	 high	 temperatures.	All	 results	have	
been	 shown	 decreases	 of	 inhibition	 efficiency	 with	 tempe‐
rature	raise	[25‐30].	

The	 corrosion	 inhibition	 of	mild	 steel	 by	 using	 prepared	
compounds	 could	 be	well	 explained	 through	 thermodynamic	
functions,	 the	 enthalpy	 of	 adsorption	 ΔH°,	 standard	 free	
energy	of	adsorption	ΔG°	and	entropy	of	adsorption	ΔS°.	These	
functions	 have	 been	 calculated	 to	 elucidate	 the	 inhibitors	
action	in	inhibition	process	and	that	is	through	transition	state	
Equation	4,	also	activation	energy	Ea	of	 the	corrosion	process	
of	mild	steel	has	been	calculated	by	using	Equation	5	[31].	
	

exp ∆ exp ∆ 		 	 	 (4)		
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Table	2.	Corrosion	rate	of	mild	steel	in	cooling	water	with	presence	of	inhibitor	A1.	
Corrosion	rate	(mg/cm2	h)	of	compound	A1	at	different	temperatures
Concentration	(M)	 298	K	 308	K 318	K 328	K 338	K	
0.00	 6.7×10‐4	 7.9×10‐4	 9.9×10‐4	 1.9×10‐3	 3.3×10‐3	
1×10‐5	 2.8×10‐4	 4.3×10‐4 6.4×10‐4 8.4×10‐4 9.9×10‐4
1×10‐4	 2.1×10‐4	 3.1×10‐4	 4.2×10‐4	 6.2×10‐4	 8.1×10‐4	
1×10‐3	 1.4×10‐4	 2.6×10‐4	 3.2×10‐4	 5.4×10‐4	 6.8×10‐4	
1×10‐2	 7.6×10‐5	 9.1×10‐5	 9.8×10‐5	 4.2×10‐4	 5.5×10‐4	
1×10‐1	 3.3×10‐5	 5.2×10‐5 7.1×10‐5 2.1×10‐4 3.2×10‐4

	
Table	3.	Corrosion	rate	of	mild	steel	in	cooling	water	with	presence	of	inhibitor	A2.	
Corrosion	rate	(mg/cm2	h)	of	compound	A2	at	different	temperatures	
Concentration	(M)	 298	K	 308	K 318	K 328	K 338	K	
0.00	 6.7×10‐4	 7.9×10‐4 9.9×10‐4 1.9×10‐3 3.3×10‐3	
1×10‐5	 2.7×10‐4	 5.1×10‐4 6.3×10‐4 7.9×10‐4 9.2×10‐4	
1×10‐4	 2.1×10‐4	 4.8×10‐4 5.7×10‐4 6.6×10‐4 7.9×10‐4	
1×10‐3	 1.5×10‐4	 3.7×10‐4 4.5×10‐4 5.8×10‐4 6.2×10‐4	
1×10‐2	 8.3×10‐5	 9.7×10‐5 2.9×10‐4 3.8×10‐4 4.4×10‐4	
1×10‐1	 5.7×10‐5	 7.7×10‐5 2.1×10‐4 3.0×10‐4 3.9×10‐4	
	
	
where	CR	 is	 the	corrosion	 rate,	R	 is	 the	gases	constant	8.314	
J/mol.K,	 T1	 and	 T2	 are	 the	 absolute	 temperatures,	 h	 is	 the	
Plank's	 constant	 6.626176×10‐34	 J.s	 and	 N	 is	 Avogadro's	
number	 6.02252×1023	 1/mol.	 Ea	 is	 the	 activation	 energy	 for	
corrosion	process,	ΔH°	is	the	enthalpy	of	adsorption,	ΔS°	is	the	
entropy	of	adsorption.	r1	and	r2	are	corrosion	rate	at	deferent	
temperatures	[24,32,33].	The	Δ °	has	been	calculated	by	using	
Equation	 of	 Gibbs‐Helmholtz	 (6)	 depending	 on	 ΔH°	 and	 ΔS°	
functions	[34‐36].	
	
∆ ∆ T∆ 		 	 	 	 (6)	
	

	
	
Figure	6.	 Variation	 of	 corrosion	 rate	 and	 inhibition	 efficiency	 against	 the	
different	concentrations	of	compound	A2	at	298	K.	
	

	
	
Figure	 7.	 Variation	 of	 corrosion	 rate	 of	 mild	 steel	 in	 cooling	 water	 at	
optimum	 concentration	 1×10‐1	 M	 of	 compounds	 A1	 and	 A2	 at	 different	
temperatures.	
	
	

On	the	light	of	plots	of	log	(CR/T)	versus	1/T,	the	straight	
lines	have	been	obtained	 as	 shown	 in	Figures	8	 and	9.	 From	
slope	 and	 intercept	 the	ΔH°	 and	ΔS°	 have	 been	 calculated	 as	
shown	in	Equations	7	and	8,	respectively	[25,37,38].		
	

Slope ∆

.
		 	 	 	 	 (7)	

	

Intercept log	 ∆

.
	 	 	 (8)	

	
It	is	clear	from	results	shown	in	the	Table	4	and	Figures	8	

and	 9,	 the	 entropy	 in	 the	 inhibitor	 presence	A1	 at	 concent‐
rations	1×10‐1	M	and	1×10‐2	M	has	been	 increased	 in	compa‐
rison	 with	 the	 blank	 sample	 that	 indicates	 the	 increased	
disorderliness	in	going	from	reactant	to	compounds	activation,	
whereas	 in	 other	 concentrations	 the	 decrease	 of	 entropy	
(large	negative	values)	have	been	noted,	this	means	that	in	the	
rate	determining	step	represented	that	there	is	an	association	
rather	than	dissociation.	In	some	concentrations	the	values	of	
entropy	 remains	 almost	 constant	 (slight	 change)	 in	 compa‐
rison	with	blank.	The	values	of	ΔS°	 are	negative	 for	both	 the	
inhibited	 and	 uninhibited	 systems,	 this	 might	 interpret	
inhibitors	 adsorption	 on	 mild	 steel	 surface	 through	 quasi‐
substitution	 process	 between	 the	 heterocyclic	 compounds	 in	
the	aqueous	phase	[Org.(in	aqueous)]	and	water	molecules	on	
mild	steel	surface	[H2O(ads)]	as	shown	Equation	9	[25,35,39‐
41].	
	
Org.molecules H O . → 	Org. molecules . H O 	
	 	 	 	 	 	 (9)	
	

The	positive	values	of	enthalpy	ΔH°	means	the	dissolution	
process	of	mild	steel	which	is	endothermic	suggesting	that	the	
dissolution	of	mild	steel	in	presence	of	inhibitors	are	slow,	also	
it	 means	 that	 adsorption	 which	 occurred	 on	 the	 mild	 steel	
surface	 is	 chemical	 adsorption.	 The	 ΔH°	 values	 in	 inhibitors	
presence	are	lower	mostly	than	that	in	its	absence,	this	due	to	
the	 decrease	 of	 the	 energy	 barrier	 of	 corrosion	 reaction	
occurring	 on	 the	 mild	 steel	 surface	 [42‐44].	 The	 activation	
energy	values	Ea	in	presence	of	inhibitors	are	greater	than	its	
absence,	this	indicates	that	the	corrosion	reaction	of	mild	steel	
has	 been	 inhibited	 by	 using	 compounds	 A1	 and	 A2.	 The	
increase	 of	 activation	 energies	 values	 signify	 that	 the	
adsorption	 which	 has	 been	 occurred	 is	 physical	 adsorption.	
The	change	in	values	of	Ea	at	 inhibitors	presence	is	not	at	the	
same	pace	due	to	the	modification	of	mechanism	of	corrosion	
process	 and	 its	 decrease	 [38,45,46].	 The	 ΔG°	 values	 listed	 in	
Table	 4	 are	 positive	 and	 increase	 with	 increasing	 both	 of	
concentration	 and	 temperature.	 This	 indicates	 that	 the	
compounds	A1	and	A2	are	stable	 inhibitors	on	the	surface	of	
mild	steel	[34,38].	
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Table	4.	Thermodynamic	functions	of	mild	steel	dissolution	in	cooling	water	in	absence	and	presence	of	compounds	A1	and	A2	at	deferent	concentrations	and	
temperatures.		
Inhibitor		
concentration	(M)	

Temperature		
(K)	

Compound	A1 Compound	A2
Ea	
(kJ/mol)	

ΔG°
(kJ/mol)	

ΔH°
(kJ/mol)	

ΔS°
(J/mol·K)	

Ea
(kJ/mol)	

ΔG°
(kJ/mol)	

ΔH°	
(kJ/mol)	

ΔS°
(J/mol.K)	

0.00	(Blank)	 12.51	 91.19 31.30 ‐201.56 12.51 91.19 31.30	 ‐201.56
1×10‐5	 298	 32.66	 92.91 24.08	 ‐231.26	 48.45	 92.52 21.30	 ‐239.82	

308	 95.22 94.91
318	 97.53	 97.30	
328	 99.84 99.69
338	 102.15	 102.08	

1×10‐4	 298	 29.68	 93.67 25.73 ‐228.64 63.03 93.07 22.75	 ‐236.72
308	 95.95 95.43
318	 98.23	 97.79	
328	 100.51 100.15
338	 102.79 102.51

1×10‐3	 298	 47.23	 94.49 30.13 ‐216.74 68.67 94.04 25.50	 ‐230.04
308	 96.65 96.34
318	 98.81	 98.64	
328	 100.97 100.94
338	 103.13	 103.24	

1×10‐2	 298	 13.73	 96.50 41.08 ‐186.17 11.82 95.64 31.57	 ‐215.08
308	 98.36	 97.79	
318	 100.22 99.94
328	 102.08 102.09
338	 103.94	 104.24	

1×10‐1	 298	 34.64	 98.51 46.96 ‐173.72 22.89 96.63 37.03	 ‐200.96
308	 100.24	 98.63	
318	 101.97 100.63
328	 103.70 102.63
338	 105.43	 104.63	

	
Table	5.	Shows	the	adsorption	parameters	of	inhibitors	A1	and	A2	in	cooling	water	at	298	K.	
Inhibitors	 Adsorption	isotherm	 r2	 Slope	 Intercept	 Kads	 ΔG°	(kJ/mol)	
A1	 Langmuir	 0.999990 1.04848 0.000185 5405.40	 ‐31.245	
A2	 Langmuir	 0.999991	 1.08855	 0.000179	 5586.59	 ‐31.327	

	
	

	
	
Figure	8.	Transition	state	plots	 for	corrosion	rates	of	mild	steel	 in	cooling	
water	with	presence	of	compound	A1	at	different	concentrations.	

	

	
	
Figure	9.	Transition	state	plots	 for	corrosion	rates	of	mild	steel	 in	cooling	
water	with	presence	of	compound	A2	at	different	concentrations.	

3.3.	Behaviour	of	adsorption	isotherm	
	

It	 is	 essential	 to	 know	 the	mode	 of	 adsorption	 inhibitors	
because	 the	 adsorption	 isotherms	 provide	 valuable	 basic	
information	 on	 the	 interaction	 between	 the	 inhibitors	 and	
metal	surface,	and	the	adsorption	mechanism	depends	on	the	
electronic	characteristics	of	 the	 inhibitor,	 the	nature	of	metal	
surface	 and	 temperature.	 The	 experimental	 data	 has	 been	
applied	 on	 various	 adsorption	 isotherms	 and	 the	 Langmuir	
adsorption	isotherm	has	been	found	to	be	the	best	description	
of	 inhibitors	 studied	 through	 the	 relationship	 between	
concentration	 versus	 (concentration/θ)	 which	 has	 been	
calculated	by	using	Equation	10	[32,45,47].	
	

		 	 	 	 																		(10)	

	
where	 Cinh	 is	 the	 inhibitor	 concentration,	θ	 is	 the	 fraction	 of	
surface	 covered,	 ΔG°ads	 is	 the	 standard	 free	 energy	 of	
adsorption,	 R	 is	 the	 gases	 constant	 8.314	 J/mol.K,	 T	 is	 the	
temperature	 in	 Kelvin	 and	 Kads	 is	 equilibrium	 constant	 of	
adsorption	 reaction	 and	 from	 intercept	 line	 on	
(concentration/θ)	 axis	 has	 been	 calculated	 as	 shown	 in	
Equation	11.	Besides,	 standard	 free	energy	of	adsorption	has	
been	calculated	by	the	following	Equation	12	[34,47,48].	
	
Intercept 		 	 	 	 																		(11)	

	
∆ R T ln 55.5	 		 	 																		(12)	
	
Results	of	adsorption	behavior	have	been	listed	in	Table	5	and	
Figure	10.	Infer	that	the	plots	of	Cinh/θ	versus	Cinh	produce	the	
straight	 lines.	 Thus	 the	 average	 correlation	 coefficient	
0.999990,	 0.999991	 and	 slopes	 1.04848,	 1.08855	 have	 been	
calculated	 for	 both	 compounds	 A1	 and	 A2,	 respectively,	
indicating	 that	 the	adsorption	of	 compounds	3‐(2‐hydroxy‐3‐	
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methoxyphenyl)‐5‐(4‐nitrophenyl)‐2‐(4‐((4‐nitrophenyl)diaz	
ennyl)phenyl)dihydro‐2H‐pyrrolo[3,	4‐d]isoxazole‐4,	6	(5H,	
6aH)‐dione	and	5‐(4‐(1,3,5‐dithiazinan‐5‐yl)phenyl)‐5‐pentyl‐
1,3,5‐dithiazinan‐5‐ium	 have	 been	 subject	 Langmuir	 adsorp‐
tion.	The	high	values	of	the	equilibrium	constant	of	adsorption	
(Kads)	 of	 compounds	 A1	 and	 A2	 are	 5405.40	 and	 5586.59,	
respectively,	 reflecting	 the	high	capacity	 for	 adsorption	 these	
compounds	 on	mild	 steel	 surface	 in	 cooling	 water.	 Thus	 the	
values	of	ΔG°ads	are	negative	 ‐31.245	and	 ‐31.327	kJ/mol	 this	
suggests	that	a	mixed	type	of	adsorption	has	been	occurred	on	
surface	 which	 involves	 both	 physiosorption	 and	 chemisorp‐
tion	 [38,47,49,50].	 The	 negative	 values	 of	 ΔG°ads,	 which	
obtained,	indicate	to	spontaneous	adsorption	of	the	inhibitors	
on	 the	 mild	 steel	 surface,	 and	 a	 low	 negativity	 refers	 to	
electrostatic	 interactions	 between	 inhibitor	 and	 the	 charged	
metal	surface	[51].	
	
3.4.	Quantum	chemistry	methodology		
	

Recently,	 the	 density	 functional	 theory	 (DFT)	 has	 been	
used	 to	 analyze	 the	 properties	 of	 inhibitor	 and	 describe	
inhibition	 of	 metal	 surfaces;	 it	 is	 one	 of	 theoretical	 models	
used	 in	 explaining	 the	 chemistry	 and	 physics	 of	 solids.	
Furthermore,	 DFT	 is	 considered	 a	 very	 useful	 technique	 to	
analyse	 the	 experimental	 data,	 thus	 in	 the	 present	
investigation,	 the	 quantum	 chemical	 has	 been	 calculated	 by	
using	 density	 functional	 theory	 for	 explaining	 the	 experi‐
mental	 results	 obtained	 and	 to	 further	 give	 insight	 into	 the	
inhibitors	 action	 of	 compounds	A1	 and	A2	 on	 the	mild	 steel	
surface	 [52,53].	 On	 the	 other	 hand,	 the	 quantum	 chemical	
results	 show	 ability	 of	 molecular	 structure	 for	 donation	 and	
back	donation	between	the	molecule	and	the	metal	surface	[3].	
Quantum	 parameters	 of	 heterocyclic	 compounds	 included	
EHOMO,	ELUMO,	 S,	 ΔEgap,	 ΔN,	ω,	 χinh,	ƞinh,	 μ	 and	ΔEBack‐donation.	 The	
number	 of	 transferred	 electrons	 (ΔN),	 denote	 the	 absolute	
electro	 negativity	 of	 inhibitor	 molecule	 (χinh)	 and	 the	 global	
hardness	of	the	inhibitor	molecule	(ƞinh)	have	been	calculated	
by	using	Equations	13,	14	and	15,	respectively	[54‐56].	
	
ΔN 	

	 	
		 	 	 	 																		(13)	

	

χinh 	 	 	 	 																		(14)	
		

ηinh 		 	 	 	 																		(15)	
	

According	to	Koopman’s	theorem,	I	 is	 ionization	potential	
which	represents	the	(‐EHOMO),	and	A	is	electron	affinity	which	
represents	the	(‐ELUMO).	The	theoretical	values	used	of	χFe	and	
ƞFe	are	7.0	and	0	eV/mol,	respectively,	according	to	Pearson’s	
scale.	 The	 energy	 gap	 (ΔEgap)	 has	 been	 calculated	 by	 using	
Equation	16,	the	inverse	of	the	global	hardness	(ƞ)	designated	
as	the	global	softness	(S)	as	shown	in	Equation	17,	the	global	
electrophilicity	 index	 (ω)	 has	 been	 calculated	 by	 using	
Equation	18	[50,54‐57].	
	
Δ 		 	 	 																		(16)	
		

S
ƞ

		 	 	 	 																		(17)	
		

ω
ƞ
		 	 	 	 	 																		(18)	

	
The	 HOMO	 is	 the	 orbital	 that	 could	 act	 as	 an	 electrons	

donor	 since	 it	 is	 the	 outermost	 (highest	 energy),	 in	 other	
words	 it	 is	orbital	which	contains	electrons.	The	LUMO	is	 the	
orbital	 that	 could	 act	 as	 the	 electron	 acceptor	 since	 it	 is	 the	
innermost	(lowest	energy),	in	other	words	it	is	orbital	that	has	
room	to	accept	electrons.	ΔEBack‐donation	is	directly	proportional	

to	the	hardness	(ƞ)	of	the	molecule,	and	calculated	as	indicated	
in	Equation	19	[3,54].	
	

∆ 	=	 	ƞ		 	 	 																		(19)	
	

The	relation	between	the	Fukui	function	f	(r)	and	the	local	
softness	S(r)	is	given	in	Equation	20	[9,54].	
	

		 	 																		(20)	
	

From	 this	 relation	 it	 can	be	 concluded	 that	 local	 softness	
S(r)	 is	directly	related	with	Fukui	 function	f	(r)	closely,	and	it	
plays	an	important	role	in	the	field	of	chemical	reactivity.	The	
chemical	reactivity	of	different	sites	of	molecules	is	evaluated	
through	Fukui	 indices.	 It	 is	defined	by	 for	nucleophilic	attack	
[9,54].	
	

	
			 	 	 	 																		(21)	

	
For	electrophilic	attack:	

	
	 q q 			 	 	 	 																		(22)	

	
where	 qN,	 qN−1	 and	 qN+1	 are	 the	 electronic	 population	 of	 the	
atom	K	 in	 neutral,	 cationic	 and	 anionic	 systems	 respectively.	
Ionization	 potential	 (I)	 has	 been	 calculated	 as	 indicated	 in	
Equation	23	[53,57].	
	
I 	 	 	 	 																		(23)	
	

The	 relationship	 between	 the	 EHOMO	 and	 the	 inhibition	
efficiency	can	be	represented	by	Equation	24	[6].	
	

6.64 10 	 ln eff% 142.29 	 																		(24)	
	

Figures	 11	 and	 12	 show	 that	 the	 relationship	 between	
EHOMO	 values	 and	 inhibition	 efficiency	 is	 proportional	
relationship,	the	other	words,	 increase	of	 inhibition	efficiency	
causes	 increase	 of	 EHOMO	 values	 due	 to	 the	 increasing	
activation	energy	 in	presence	of	 inhibitors	as	shown	in	Table	
4.	 Also	 the	 positive	 values	 of	EHOMO	 indicate	 to	 the	 ability	 of	
inhibitors	to	adsorb	on	the	mild	steel,	and	the	type	adsorption	
is	chemisorptions	[1,3,6].	

	

	
	
Figure	 10.	 Langmuir	 isotherm	 adsorption	 of	 heterocyclic	 compounds	A1
and	A2	on	the	surface	of	mild	steel	in	cooling	water	at	298	K.	

	
Frontier	molecular	orbital	 theory	 is	useful	and	 important	

in	 predicting	 adsorption	 centers	 of	 the	 inhibitor	 molecules	
responsible	 for	 the	 interaction	 with	 metal	 surface	 atoms.	
According	 to	 the	 molecular	 orbital	 theory	 of	 chemical	
reactivity,	transitions	of	electron	is	due	to	interaction	between	
highest	 occupied	 molecular	 orbital	 (HOMO)	 and	 lowest	
unoccupied	molecular	orbital	(LUMO)	for	reactants	[54,55].	
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Table	6.	Quantum	chemical	parameters	of	studied	compounds,	calculated	using	B3LYP/6‐31G	(d,p).	
Quantum	parameters	 Compound	A1	 Compound	A2	
EHOMO	(eV)	 ‐9.698 ‐5.0458	
ELUMO	(eV)	 ‐1.726 ‐1.6890	
ΔEGap	(eV)	 7.972	 3.3568	
ΔEBack‐donation	(eV)	 ‐0.9965	 ‐0.4196	
Dipole	moment	μ	(Debye)	 ‐5.712	 ‐3.3674	
Transferred	electrons	ΔN	 0.1615	 1.0821	
Electro	negativity	χ	(eV/mol)	 5.712 3.3674	
Global	hardness	ƞ	(eV/mol)	 3.986 1.6784	
Global	softness	S	(eV/mol)	 0.2508 0.5958	
Global	electrophilicity	ω	 4.0926 3.3780	
Ionization	potential	I	(eV)	 9.698 5.0458	
Electron	affinity	A	(eV)	 1.726 1.6890	
Chemical	potential	б	(eV)		 ‐5.712 ‐3.3674	
	
	

	
	
	Figure	 11.	 Relationship	 between	 EHOMO	 and	 inhibition	 efficiency	 of	
compound	A1	at	298	K.		

	

	
	
	Figure	 12.	 Relationship	 between	 EHOMO	 and	 inhibition	 efficiency	 of	
compound	A2	at	298	K.	

	
Heterocyclic	compounds	which	have	been	studied	differ	in	

atoms	 number	 of	 carbon,	 nitrogen,	 oxygen	 and	 sulfur;	 also	
they	differ	in	the	number	of	aromatic	rings.	Figures	13‐15	the	
optimized	 molecular	 structure	 and	 electronic	 distribution	 of	
HOMO	 and	 LUMO	 were	 showed,	 thus	 it	 was	 observed	 that	
these	 distributions	 were	 different,	 indicating	 the	 inhibition	
efficiency	would	be	sensitive	for	it.	For	the	compound	A1,	the	
HOMO	density	have	been	mainly	concentrated	on	the	nitrogen	
atoms,	oxygen	atom	and	benzene	rings	as	shown	in	Figure	14,	
while	 LUMO	 it	 was	 distributed	 on	 the	 nitrogen	 atoms	 and	
oxygen	atoms	as	well	as	on	one	benzene	ring,	thus	unoccupied	
3d‐orbitals	 of	 Fe	 atoms	 can	 accept	 electrons	 from	 inhibitor	
molecule	mainly	 using	 the	 nitrogen	 atoms,	 oxygen	 atom	 and	
benzene	rings	to	form	a	coordinate	bond,	also	the	molecule	of	
inhibitor	can	accept	electrons	from	anti‐bonding	orbitals	of	Fe	
atoms	 to	 form	back‐donation	bond.	As	 for	 the	compound	A2,	
the	 HOMO	 density	 have	 been	 mainly	 concentrated	 on	 the	
benzene	 ring,	while	LUMO	 it	was	distributed	on	 the	nitrogen	

atom	 and	 sulfur	 atoms,	 thus	 unoccupied	 3d‐orbitals	 of	 Fe	
atoms	can	accept	electrons	from	inhibitor	molecule	using	the	
electrons	of	benzene	ring	to	form	a	coordinate	bond,	also	the	
molecules	of	inhibitor	can	accept	electrons	from	anti‐bonding	
orbitals	 of	 Fe	 atoms	 to	 form	 back‐donation	 bond.	 The	 high	
values	 of	 EHOMO	 indicate	 a	 tendency	 of	 molecule	 to	 donate	
electrons	to	appropriate	acceptor	molecules	with	 low	energy.	
Similarly,	the	value	of	ELUMO	reflects	the	ability	of	the	molecule	
to	accept	electrons.	The	low	values	of	ΔEgap	imply	that	the	good	
inhibition	efficiency	and	they	imply	that	the	excitation	energy	
to	 remove	 electron	 from	 the	 last	 orbital	 will	 be	 low.	 This	
indicates	that	the	molecules	of	inhibitors	A1	and	A2	are	more	
polarized	with	 low	 in	 kinetic	 stability	 and	will	 be	 termed	 as	
soft	 molecules	 or	 soft‐soft	 interactions.	 Based	 on	 the	 results	
shown	in	Table	6,	it	was	observed	that	the	values	of	ELUMO	are	
low	which	 indicates	 that	 the	ability	of	 inhibitor	molecules	on	
that	 accept	 electrons.	 Through	 looking	 at	 the	 distribution	 of	
LUMO	in	Figure	15	it	was	noted	that	molecule	of	A1	inhibitor	
can	easily	accept	electrons	from	the	occupied	4s‐orbital	of	Fe	
atoms	by	the	benzene	ring,	oxygen	atoms	and	nitrogen	atoms	
to	form	binding	forces	between	the	inhibitor	molecule	and	Fe	
atoms	on	the	mild	steel	surface,	while	molecule	of	A2	inhibitor	
can	easily	accept	electrons	of	occupied	4s‐orbital	of	Fe	atoms	
by	 nitrogen	 atom	 and	 two	 sulfur	 atoms.	 Consequently	 this	
electronic	 acceptance	 could	 help	 to	 formation	 more	 stable	
bonds	 between	 inhibitor	molecules	 and	 surface	 of	mild	 steel	
[3,25,35,58‐62].		

According	to	the	Lukovits’s,	if	the	value	of	the	transferred	
electrons	 (ΔN)	 is	 less	 than	 3.6,	 the	 inhibition	 efficiency	
increases	 through	 the	 increase	of	 electron‐donating	ability	of	
these	 inhibitors	to	the	metal	surface	[54].	In	this	study	it	was	
observed	 that	 the	 values	 of	 ΔN	 are	 less	 than	 3.6.	 They	 are	
0.1615	and	1.0821	for	compounds	A1	and	A2,	respectively,	as	
shown	 in	Table	6.	 This	 explains	 that	 inhibition	 efficiency	has	
been	 increased	with	 the	 increase	of	electron‐donating	ability.	
In	 another	 words,	 the	 ΔN	 values	 correlates	 strongly	 with	
experimental	 inhibition	 efficiency,	 hence	 the	 highest	 fraction	
of	electrons	transferred	is	associated	with	inhibitor	which	has	
the	 least	 efficiency	 (A2),	while	 the	 least	 fraction	 of	 electrons	
transferred	is	associated	with	the	inhibitor	which	has	the	best	
efficiency	(A1)	[3,54].	If	the	value	of	ΔEBack‐donation	<	0	and	value	
of	global	hardness	η	>	0,	this	implies	that	charge	transfer	to	a	
molecule	 followed	 by	 a	 back‐donation	 from	 the	 molecule,	
hence	 it	 is	 possible	 to	 compare	 the	 stabilization	 among	
inhibiting	 molecules,	 the	 interaction	 will	 be	 occurred	 with	
same	metal,	then	global	hardness	decreases.	At	the	meanwhile	
the	results	of	this	study	were	identical	for	it	as	shown	in	Table	
6,	if	they	were	observed	that	the	values	of	global	hardness	(η)	
are	3.986	and	1.6784	(η	>	0)	while	 the	values	of	ΔEback‐donation	
are	 ‐0.9965	and	 ‐0.4196	(ΔE	<	0)	 for	compounds	A1	 and	A2,	
respectively.	 Fukui	 indices	were	 used	 for	 the	 local	 reactivity	
description	 thus	 they	 can	 be	 only	 used	 for	 comparing	 atoms	
centers	within	the	same	molecule,	also	widely	used	to	describe	
the	selective	site	for	soft‐soft	interaction,	as	well	as,	they	were	
used	 for	 predicting	 the	 preferred	 site	 of	 electrophilic	 attack,	
whereas	global	softness	allow	the	comparing	between	similar		
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adsorption	has	been	occurred	on	 the	mild	steel	 surface.	Also,	
the	 negative	 values	 of	 ΔG°Ads	 refer	 that	 the	 mixed	 type	 of	
adsorption	 was	 occurred.	 The	 positive	 values	 of	 enthalpy	
suggested	 that	 dissolution	 of	 mild	 steel	 in	 presence	 of	
inhibitors	 is	 slow.	 Quantum	 chemical	 calculations	 are	 on	
agreement	 with	 the	 experimental	 results,	 and	 show	 that	 the	
compounds	A1	and	A2	have	the	ability	to	electronic	donation,	
thus	 they	 lead	 to	 strong	 adsorption	 on	mild	 steel	 surface,	 in	
another	words,	 theoretical	 results	showed	a	good	correlation	
confirming	 the	 reliability	 of	 the	 experimental	 results,	 and	
confirming	on	high	inhibition	efficiencies.		
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