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ABSTRACT

Recycled poly (ethylene terephthalate), PET, can be modified to produce
nonionic surfactants. Recycling of PET wastewas carried out in presence of
triethanolamine (having 1:1 wt % of TEA : wt % of PET) and manganese
acetate as catalyst. The produced oligomers were reacted with stearic acid
and polyethylene glycol, PEG, which have different molecular weights 400,
1000 and 4000. The inhibition of corrosion of steel in 1 molar hydrochloric
acid solutionin the presence of the prepared surfactantsis studied by weight
lossand el ectrochemical polarization measurements. The polarization curves
indicate that these compounds act as mixed-type inhibitors. The inhibition
efficiency increases with the increase of inhibitor concentration to reach
their critical micelle concentrations. Thetemperature effect on the corrosion
behavior of steel in 1M HCI with and without surfactantsis studied in the
temperature range from 308 to 343 K. The adsorption of inhibitors on the
stedl surfaceisfound to increase with increasing the temperature. From the
adsorption isotherm, some thermodynamic data for the adsorption process
are calculated and discussed. The obtained results from weight loss and
potentio-dynamic polarization techniques are in a good agreement.
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INTRODUCTION

Poly (ethyleneterephthaate), PET, iswidely used
inthe manufactureof high-strength fibers, photographic
films, and soft drink bottlesY. Thedisposal of alarge
number of PET bottles has caused serious environmen-
tal problem!?, Researchershave begunto focusonre-
cyding and management of plasticwastes®. Today, PET
bottles have become one of the most val uableand suc-
cessfully recyclablematerias. Therearevariousmeth-

odsfocouswith recycled PET bottles. These methods
involvehydrolysiswith acidsor basesin aqueous solu-
tion™, noncatalytic hydrolysis or alcoholysis in
supercritical media® and acoholysisor glycolysisby
catalytic reactiond®8. Therecycled productsinclude
oligomersor low molecular we ght compoundswereused
inchemica industry mainly for plagtics® aswell used as
in paint and lacquers production™. Productsof glyco-
lysisof PET are used, among others, for theproduction
of unsaturated polyester resind*¥, polyurethanes”?,
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epoxy resing®® and water-soluble surfactants™4.

Oneof most important consderationsinindustry is
thereduction of overal costs by protection and main-
tenance of materials used. Because stedl isthe back-
boneof industrial constructions, theinhibition of iron
corrosion in acidic solutions has been studied in con-
siderable detail™!. The effect of organic compounds
containing heteroatoms on the corrosion behavior of
iron and stedl in acidic solutions has been well docu-
mented*¢18, Products of glycolysisof PET are used,
among others, for the production of water-solublesur-
factantd*?%, Theoveral policy of thepresentwork is
to dleviate environmenta pollution caused from both
plastic waste and corrosion and also to reducethe cost
for production of corrosioninhibitors. Inthisrespect,
PET wasteisconvertedinto glycolyzed productsvia
glycolysisreaction using triethanolamine (TEA). The
glycolyzed productsare used to synthesi sthe surface-
active agents. On the other hand, PET wastewasin-
tended to be recycled into nonionic surfactantswhich
can be used as corrosioninhibitors. Theinfluence of
the synthesized surfactants on inhibition of the corro-
sion of steel in 1M HCI waseva uated by weight |oss
and eectrochemica polarization methods.

EXPERIMENTAL

Materials

PET waste was collected from beverage bottles.,
triethanolamine (TEA), were purchased fromAldrich
Chemical Co. Ltd. (UK). B B Dichloro diethylether
(DCDE) issupplied from Fluka Chemika (Germany).
Stearic acid and polyethyleneglycol 400 (PEG, ), poly-
ethyleneglycol 1000 (PEG,,)) and polyethyleneglycol
4000 (PEG,,,,) were purchased from Aldrich Chemi-
cal Co. Ltd. (UK). Manganese acetate and sodium hy-
droxide, obtained fromAldrich Chemica Co. Ltd. (UK),
wereused ascatayst for depolymerization of PET and
for reaction of PET oligomer with PEG respectively.
The solvents, methylenechloride, acetone, ethanol and
benzeneusedinthiswork haveandytica grads.

Techniques

Converting PET waste to glycolyzed products
(GPs)

Thereaction of PET with TEA wasdiscussed in
Wateriols Stience  mm—

previous articled’®2Y, Thereaction procedurewas as
following: PET bottle waste was depolymerized at
weight ratio of PET to DEA or TEA rangingfrom1: 1
(W1t% of PET: Wt % of DEA or TEA) using 0.5% of
manganese acetate as catal yst (by weight based on
weight of PET). The reaction mixtureswere mixed
into four-neck reaction flask fitted with, mechanical
dtirrer, thermometer, condenser and nitrogeninlet. The
reaction mixtureswere heated under vigorousstirring
innitrogen atmosphere at temperature about 170-190
°Cfor 4hand at 200-210 °C for 3h. Thetemperature
of the reaction was then lowered to 100 °C for 1h.
Themixturewas allowed to cool to room tempera-
ture. Theglycolized product of PET with TEA isdes-
ignated hereas GT.

Ethoxylation of GT using B, B’-dichloro diethyl
ether and PEG

Threedifferent molecular weightsof PEG namely,
PEG400, 1000 and 4000 g/mol werereacted with the
glycolyzed productsand 3, 3’-dichloro diethyl ether in
presence of NaOH as a catalyst to produce the dis-
persantswith thefollowing procedure: Ina250 ml three
neck round bottom flask, fitted with condenser, me-
chanical stirrer and thermometer wereadded 0.1 mole
GP,0.2molef, B’-dichloro diethyl ether, 0.2 mole PEG
and 0.4 mole NaOH. Thereactantswere agitated and
dowly heated to atemperature of 170°C. Thereaction
mixture was maintained at thistemperaturefor 5 hr.
The progress of the reaction was evaluated by deter-
mining theNaCl content that increasesgradudly toreach
aconstant valueat the end of thereaction. The product
wasthen treated with an equd volumeof saturated NaCl
solution, neutralized with dilute HCI. Thetemperature
of the mixturewasrai sed to 90°C and maintained for
one hour. The upper waxy layer was separated and
dried in vacuum oven at 50°C to a constant weight.
The produced surfactantsfrom GT aredesignated here
as GT- EO9, GT- EO22, and GT- EO90. Where the
numbers 9, 22 and 90 are related to the number of
ethylene oxidein PEG 400, PEG 1000 and PEG 4000,

respectively.
M easurements

The nitrogen content of recycled PET with TEA
hasmeasured using aTecator KjeltechAutoAnayzer.
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A Tecator 1007 digester wasused for theinitia diges-
tion of the samples. The hydroxyl valueswere deter-
mined by the conventiona acetic anhydride/pyridine
method. In order to determinetheamount of free TEA,
aweighed quantity (10% of thetotd weight of there-
actants) of theglycolyzed product wasdissolved inac-
etoneand precipitated by diethyl ether. The oligomers
werefiltered and the sol ventswereremoved under re-
duced pressure. Thepurified compoundswereandyzed
usingATI Mattson Genesis SeriesFTIR spectropho-
tometer. The prepared surfactantswere dissolvedin
CDCI, and analyzed using Jeol NMR spectrometer
model INM-EX (270 MHZz) asanother spectroscopic
techniquefor determiningthe chemical structures.

Thenumber averagemolecular weights, Mn, of the
modified PET products were measured by GPC Wa-
ter model 600 E. The measurementswererecorded at
303 K, under UV-visible spectrophotometer water,
mobile phasetoluene HPLC grade, Styragel column
andinjectionvolumechart.

Surfactantswere subjected to surfacetension mea-
surements. Different concentrationsof each samplewere
prepared and the surface tension at 298, 308, 318 and
328K was measured using aplatinum plate tensiom-
eter, model Dognon Abribat Prolabo. A specidly de-
signed double jacket glass cell connected with a
thermostated oil bath was used for maintaining the ad-
justed temperature. Doubledigtilled water (y =72 dyne/
cm) was used for preparing the concentrated stock
solutionsof thegrafts. Severd concentrationswerepre-
pared by diluting the stock solution with doubledis-
tilled water to the appropriate concentration to deter-
minethecritica micelleconcentration (CMC). Thedi-
luted sol utionswere allowed to stand for 24 hr before
the surface tens on measurementswere performed.

Different solutions of graft copolymershaving 2
wt % of the polymer in both double distilled water
and saline solutions (1-5 wt % NaCl) were prepared.
Each solution was heated with stirring until it becomes
turbid. Upon cooling, theturbidity startsto disappear.
Thetemperature at which the sol ution becomes com-
pletely clear wasrecorded asthe cloud point of this
particular solution.

Gravimetricand polarization measurements
The aggressive solution (1M HCI) was prepared

= Fyf] Paper

by dilution of analytical grade 37% HCl with bidigtilled
water. Prior to dl measurements, thested sampleswere
polished with different emery papersup to 1200 grade
and washed thoroughly with bidistilled water and dried
with acetone. Thecomposition of thecarbon sted (X42)
usedinthisinvestigationislistedinTABLE 1.

TABLE 1: Thecompostion of thecarbon stedl (X42)

Element C Mn P S Cr Mo S Fe
Weight (%) 0.29 1.25 0.03 0.03 0.04 0.04 0.27 Rest

Gravimetric measurementswerecarried outina
doublewalled glass cell equipped with athermostat-
cooling condenser. The solution volumewas 100 ml.
The steel specimens used had arectangular form (2
cmx2 cmx0.05 cm). Stedl specimenswere suspended
from glasshooksin containers, each containing 100ml
solutionfor 7daysat different temperaturesranged from
293 t0343+1K.

Electrochemica measurementswerecarried outin
conventional three el ectrode el ectrolysiscylindrical
Pyrex glasscell. Theworking el ectrode (WE) had the
form of adisc cut from the steel sheet. The area ex-
posed to the corrosive solutionwas 1 cm?. A saturated
caomel dectrode (SCE) and adisc platinum eectrode
were used respectively asreferenceand auxiliary elec-
trode. Thetemperaturewasthermostatically controlled
at 298+1K. Electrochemical experiments were re-
corded using an EG& G potentiostat (263A), coupled
to acomputer equipped with asoftware 352 Soft Corr
[11. Beforerecording the polarisation curves, the test
solution wasde-aerated and magnetically stirred for 30
mininthece | with purenitrogen.

Gas pebbling was maintained throughout the ex-
periments. The WE wastheninserted and prepol arised
at -800mV for 10 minin order to remove oxidefilm
from the electrode and Ecorr wasmonitored until sta-
tionary (30 min) state. The scanratewas1mvVs?™.

RESULTSAND DISCUSSIONS

Three glycolyzed product, coded as GT, was ob-
tained by depolymerization of PET with TEA having
1:1 % (weight percentage of PET to TEA). All depoly-
merization reactionsof PET werecarried out in nitro-
gen atmosphere and in presence 0.5% of manganese
acetate astrans-esterification catalyst. Theglycolysis
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consistsof thetrans-esterification of PET and thede-
polymerization of its polymer chainto low molecular
weight oligomers. The oligoesters have two hydroxy
end groups, i.e. oligoester diolsareformed. Thetem-
perature of glycolys sreaction of PET with TEA must
befixed at 210°C throughout the reaction to prevent
theformation of dicyclic derivativesbetween hydroxyl
groups of the produced poly-hydroxy glycolyzed
PET™9, Themolecular weights of theglycolyzed PET
with TEA were determined by GPC technique asde-

ﬁ o]
~cC co
PET
HO — H,c— H,c—N — CH;— CH,— OH
CH,CH,OH
TEA

CH,— CHjO~

scribed inthe previousworkg**?%, Thestructure of the
PET oligomerswith TEA wasverifiedformther IR and
THNMR spectra929,

Synthesisof nonionic surfactantsfrom GT

The present work dealswith synthesis of poly-
meric surfactants by reacting a dihydroxyl- or
tetrahydroxyl oligomersof GT with PEG and stearic
acid. Thechemical structuresof the prepared surfac-
tants were represented in figure 1. The strategy of

(CH3C02)2 Mn

|°|' H,CCH,OH

HO-CHZ-CHZ-T-CHZ-CHZ-O —@—CO-GHZ-CHZO-C ,-CH,-N- CH,-CH,-OH

HOCH,CH,

GT *  CH,(CH,),; COOH

anyp
GT

o

CH,CH,OCO(CH,),; CH,

HG-CHZ-CHZ-T-CHZ-CHZ-O —@—CO-CHZ-CHZ O|CH,-CH,-N- CH,-CH,-OCO (CH,),, CH,

HOCH,CH,

GT+ HO(CH2-CH20)H + (CICH2CH2 )20

anyp GT-ST

NaOH

o] 0
HO(CHZ'CHZG)CHZ'CHZ'T'CHz'CHz'OC 4©7CO-CH2-CH2 O-CHz-CHz-r- CH,-CH,-0-[CH,-CH,-OH

HIOCH,CH,JOCH,CH, GT-EO
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CH,CH,O[CH,CH,OH
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o]
[ CH,-CH,-OCO(CH,),.CH,

HO(CH,CH,0)-CH,-CH,-N-CH,-CH,-0C —©7CO-CH2-CHZ 0-CH,-CH,-N- CH,-CH,-OCO (CH,),, CH,

GT-SA-EO

GT-EO *  CHy(CH,),; COOH

RCO[OCH,CH,]-OCH,CH, 0

RCO(OCH,CH,)0-CH,-CH,-N-CH,-CH,-0C

R =(CH,)CH,

GT-EO-8A

0 THZCHzo[CHZCHzo]COR

CO-CH,-CH, O-CH,-CH,-N- CH,-CH,-0-[CH,-CH,-0]COR

Figurel: Schemeof synthesisof surfactantsbased on GT.
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synthesis is based on preparation of polymeric
surfctants having different hydrophile-lipophileba ance
to study effect of surfactant structure onits proper-
ties. Accordingley, the scheme of synthesisisclassi-
fied to preparefour different groupsof nonionic poly-
meric surfactants. The structures of the produced sur-
factants were confirmed by using IR spectros-
copy**2%, On the other hand *HNMR spectrum of
GT-EO90-SA wererepresented in Figure 2 to con-
firm thestructure of nonionic surfactantsbased on SA
as hydrophobic group. The protons of oxyethylene

1

—== Fyl] Peper

unitsat 6 = 3.6 ppm, —OH proton of PEG at 6 =2.5
ppm, 8 ppm which represent p- substituted phenyl
group, OOCCH,CH,COO at 4.8 ppm and
OCH,CH,N of glycolyzed PET at 4.3 ppm are ob-
served inthe spectraof all surfactantsexcept thedis-
appearance of singlet OH band at 2.5 ppminall spec-
trum of GT-EO-SA surfactants. New signalsof me-
thylene (CH,),., CH, and COOCH, protons of SA
appear as an intense broad band at 6 = 1.35, 0.87
and 3.85 ppm were used to assign theincorporation
of SA with GT-SA and GT-EO-SA surfactants.

| NI
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il ii |
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Figure2: 'HNM R spectrum of GD-EO90-SA.

Solubility and surfaceactivity of theprepared sur-
factants

The solubility of the prepared surfactants depends
on themethod of purification. However, the different
segmentsinthemodified PET and PEG copolymers
havedissmilar solubility properties. Thisdifferencein
solubility isdueto thedifferencein hydrophil-lipophil

ba ance (HLB) of the surfactants. TheHL B vaueswere
cd culated by using thegenerd formulafor nonionic sur-
factantd?3. Themolecular weight of the prepared sur-
factantswere determined by GPC and listedin TABLE
2. Thegood agreement between two values of cal cu-
lated and measured mol ecular wei ghts of the prepared
surfactantsindicatethe purity of surfactants. HLB val-
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ues of nonionic surfactantsbased on GT were cal cu-
lated andlistedin TABLE 2.

TABLE 2 : GPC characteristics and HLB values of
ethoxylated PET oligomers.

Glycolyzed Designation '\(/IC\;th) ?/Iljz\t,t) Polydi- HLB
products (@mol’) (gmolY) spersity
GT GT 1128 11314 1.003

GT-EO9 2068 2064 1.003 13.74

GT-EO GT-EO22 3268 3260 1.002 15.23

GT-EO90 9268 9264 1.002 17.26

GT-ST GT-SA 1660 1740 1.009 1259

GT-SA -EO9 1776 1865 1.005 15.2

GT-SA-EO GT-SA-EO22 2376 2435 1115 1591

GT- SA-EO90 5376 5486 1116 16.81

GT-EO9-SA 2569 2617 1231 14.67

GT-EO-SA GT-EO22-ST 3792 3813 1004 151

GT-EO90-ST 9769 9812 1009 16.9

Thecritical micdleconcentrations (CMC) wasde-
termined by the surface balance method. The CMC
valuesof the prepared polymeric surfactantswere de-
termined at 298, 308, 318 and 328K from the change
inthe slope of the plotted data of surfacetension (y)
versusthenatura logarithm of the sol ute concentration.
The obtained values of CMC for nonionic surfactants
at different temperatures arelisted in TABLE 3 and
discussed in previousworks%?9, It wasfound that the
CMC vauesshow anincreasewith decreasinginthe
number of oxyethylenegroupsinthemolecule. Thiscan
be attributed to the hydrophobic interaction between
phthalic groupswhichincreases coiling of terminated
polyethylene oxide. So the solubility of surfactantsin
water iscontrolled by structure of hydrophobic groups.
It can be observed that theincorporation of SAin GT-
EO and GD-EO surfactantsincreasesthe CMC values
dueto increasing theinteraction between EO and wa-
terld, |t was al so observed that the surfactants have
SA a two endsof surfactant possesslower CMC vaue
that that ended with OH group of PEG. This can be
attributed to theformation of hydrogen bonds between
hydroxyl two endswithwater will increase the sol ubil -
ity of surfactantswhichincreaseitsCMC vaue.

The same results can be obtained from measuring
of the cloud temperatures of the prepared surfactants
inwater. It was established that aqueous sol utions of
polyoxyethyl enated nonionic having oxyethylene con-

tent bel ow about 80%, becometurbid on being heated
a atemperatureknown asthecloud point, abovewhich
thereisaseparation of the solution into two phases.
This phase separation occursat anarrow temperature
range (fairly constant) for surfactant concentrationsbe-
low afew percent®,

TABLE 3: CMC dataof surfactantsbased on TEA at differ-
ent temperatures.

Cloud

; ; Surface Temperature (K)
Designation  point n P

©c) roperty 298 308 318 328
*CMC x 10* 250 26.3 4.65 0.846

GT-SA 62 -
**yeme 37 364 358 347
*CMCx10* 11 24 05 0.068

GT-EO9-SA 58 9
**yome 288 28.1 27.6 26.9
*CMCx 10* 55 11.7 7.1 0.275

GT-SA-EO9 64 9
**yome 343 332 325 318
*CMC x 10* 100 155 258 0.553

GT-EO22-SA 69 22
**yome 331 325 313 304
*CMCx 10* 145 37.2 7.74 213

GT-SA-E022 66 22
**yome 332 328 314 297
*CMCx 10* 30 6.17 0517 0.167

GT-EO90-SA 69 90
**yome 387 375 361 357
*CMCx 10* 100 26.3 3.04 0.55

GT-SA-EO90 74 90
**yome 357 344 336 315

* CMC x10*in (mol dm?); ** y - in (MNm™)

The phase appearsto consist of anamost micelle-
freedilute solution of the nonionic surfactant at acon-
centration equal toitsCMC at thistemperatureand a
surfactant-rich micdllar phase, which gppearsonly when
the solution is aboveits cloud point, the two phases
mergeto form once again aclear solution by cooling.
Thetemperature at which clouding occursdependson
the structure of the polyoxyethylenated nonionic sur-
factant. The cloud temperatureswere measured and
listedin TABLE 3. Asseen from the presented data,
thecloud pointswere progressively higher withincress-
inglengthsof the hydrophilic sdechainsand molecular
weight of PEG. Thisisin agreement with the dataob-
served for polyoxyethylenated nonionic?.

Asaresult, aplot of surface(or interfacid) tension
asafunction of equilibrium, concentration of surfactant
in oneof theliquid phases, rather than an adsorption
isotherm, isgenerally used to describe adsorption of
thisinterface can readily be cal culated as surface ex-
cessconcentrationI” . Theconcentration of surfac-
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tant at theinterface may therefore be cal culated from
surfaceor interfacial tension data®.

From the surface excess concentration, theareaper
moleculea interfaceA . iscalculated (20). Theeffec-
tiveness of surfacetensionreduction, ., . =v - ¥ e
wherey  isthesurfacetension of water andy,,,.isthe
surfacetension of solutionat CMC'?, wasdetermined
at different temperatures. Thel” A  andn,,.val-
ues are calculated and listed in TABLE 4. The data,
listedin TABLE 4, show that the minimum areas per
moleculeat theagueoussolution/ air interfaceincrease
withtheincreaseof the number of oxyethyleneunitsin
themolecule. TheA ; of nonionic surfactantsthat con-
tan PEG intheir molecular structureincreaseswiththe
number of oxyethylene units??. Thiscan beattributed
to thebehavior surfactantswith hydrophilic groupsat
oppositeends of the molecule, which show largearea
per moleculeat theinterface and areprobably lying flat
at theinterface with both hydrophilic groupsin contact
withtheagueousphase. Thedataof A , andT"__ indi-
cates the dependence of the effectiveness of adsorp-
tion at theagueous solution/ ar interfaceson the struc-
tureof surfactants. It wasfound that incorporation of
TEA appearstohavean unusud small increaseinA
at theinterface. Thiscan beattributed to that TEA has
abranched hydroxyethyl group, which makescoiling
of hydrophobic chainwith aconsequent increasein A
2% Inthe present system it was found that the mini-
mum areaper moleculeadso increaseswithincreasein
temperature, aswould be expected fromtheincreased
thermd agitation of themoleculesinthesurfacefilm29,

The effectiveness of surface tension reduction,
1., IN these compounds shows a steady decrease
withincreasein the number of oxyethyleneunits. In
polyoxyethyl yenated nonionic, anincreasein thenum-
ber of oxyethyleneunitsin the hydrophilic group above
sx units, incontrast to itslarge effect in decreasing the
effectiveness of adsorption, seemsto causeonly small
decreasesintheefficiency of adsorption. Thisappears
toindicate avery small change in the free energy of
transfer of themoleculefrom bulk phaseinterior tothe
interfacewith changeinthe number of EO abovesixin
the hydrophilic head. The effectiveness of adsorption,
however, may increase, decrease or show no change
with increasein thelength of the hydrophobic group
depending on the orientation of the surfactant at inter-

= Fyl] Peper

face. If surfactant is perpendicular tothesurfaceina
close-packed arrangement, anincreasein thelength of
the strai ght-chain hydrophobi c group appearsto cause
no significant changein the number of molesof surfac-
tant adsorbed per unit areaof surface at surface satu-
rationi*®2%, Thisisbecause, the cross-sectional area
occupied by the chain-oriented perpendicular to the
interface dose not change with increasein the number
of unitsinthechain.

TABLE 4: Surface propertiesof the surfactantsbased on

TEA at different temper atures.
Designation ~ Surface property Temperature (K)
208 308 318 328
TmaX 10°(mol cm™® 099 094 090 0.83
GT-SA Amin (nM%molecule)  0.167 0.176 0.184 0.199
[T emc (MNm™) 3527 3512 34.23 34.56
CmaX 10°(mol cm™® 074 064 059 052
GT-EO9-SA  Apin ("mYmolecule)  0.223 0.258 0.281 0.317
[T emc (MNm™) 4347 43.42 4243 4236
FmaX 10°(mol cm™? 051 043 041 0.36
GT-SA-EO9  Amin (nmYmolecule)  0.324 0.385 0.403 0.459
[T emc (MNm™) 37.97 38.32 37.53 37.46
CmaX 10°(mol cm™® 0.66 059 054 0.49
GT-EO22-SA  Amin (nm*molecule)  0.251 0.281 0.306 0.337
IT cmc (MNm™) 39.17 39.02 38.73 38.86
X 10°(mol cm™?)  0.485 0.451 0.410 0.330
GT-SA-E022  Amin (nm7molecule)  0.341 0.367 0.403 0.501
IT cmc (MNm™Y) 39.07 38.72 38.63 39.56
TmaxX 10°(mol cm™) 078 071 061 052
GT-EO90-SA  Amin (nm%molecule)  0.212 0.233 0.271 0.318
IT cmc (MNm™) 3357 34.02 33.93 3356
TmaxX 10°(mol cm™) 042 038 035 0.32
GT-SA-EO90  Amin (nm7molecule)  0.394 0.435 0.472 0517
IT cmc (MNm™) 36,57 37.12 36.43 37.76

Evaluation of the prepared surfactantsascorro-
soninhibitors

Theinhibition of corrosion of steel in 1 molar hy-
drochloric acid solution by two oligomersderived from
olycolysed productsof PET with diethanol and triethanol
aminesisstudied by weight lossand el ectrochemical
pol arization measurements?. Thetwo methods The
temperature effect onthecorroson behavior of sted in
1M HCIl with and without oligomersisstudied inthe
temperature rangefrom 308 to 343 K. Theadsorption
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of inhibitorson the steel surfaceisfound toincrease
with increasing thetemperature. From the adsorption
isotherm, somethermodynamic datafor theadsorption
processare cal culated and discussed. The present in-
vestigation extended work to use GT nonionic surfac-
tantsascorrosoninhibitorsfor sted in 1M HCl. Inthis
respect, the present corrosioninhibitorswere designed
to preparefrom recycled PET waste and introducing
TEA, PEG and stearic acid intheir chemica structure
toincreasetheir abilitiesto solublein water and touse
ascorrosioninhibitorsfor carbon steel. By analyzing
the presented surface propertieslistedin TABLES 3& 4,
itisfound that the greatest reduction of surfacetension
(effectiveness, PCMC) wasachieved by GT -EO90-
SA compared with that obtained by the other surfac-
tants. Thisisinharmony with themaximum inhibition
efficiency result achieved by GT -EO90-SA asobvi-
ousfrom TABLES 3&4. Accordingly GT -EO90-SA
surfactant will beinvestigated in the present work The
corrosioninhibition of mild steel in 1N HCI by using
water soluble surfactantsbased on recycled PET has
been studied at 293-343 K using dectrochemical and
welght lossmeasurements.

Weight loss measurements

Weight loss (in mg/cm?) of the surface areawere
determinedinan open system at varioustimeintervas
inabsenceand presence of different concentrations of
theadditives. Experimenta resultsof weight lossof the
GT -EO90-SA samplevs. timeof immersion at differ-
ent concentration of additivesisselected asrepresen-
tativesampleand plotted in Figure 3. It isevident from
thisfigurethat in all cases, the dissolution of carbon
steel in hydrochloric acid solutionischaracterized by
aninitial low rate. Thismay bedueto theoxidefilm
origindly present onthemetd surface. Asreflected from
thegraphs, theweight loss of the carbon stedl samples
increaseswith increasing thetime of immersion. The
curvesobtanedinthe presenceof additivesfal signifi-
cantly below that of freeacidin al cases. Theincrease
in the additive concentration was accompanied by a
decreasein weight lossand an increasein the percent-
ageof inhibition?3, Theinhibition efficiency (n%) was
caculated® and summarizedin TABLE 5, which show
that rate of corrosion (k) decreasewith increase of in-
hibitor concentration and increasewithtime. Theinhi-

Woateriolsy Science  mmm——

bition effic ency increaseswithincreasnginhibitor con-
centration. Thisfact suggeststhat theinhibitor molecules
may first be chemically adsorbed on the steel surface
and cover some sites of the electrode surface. Then
probably form monomol ecular layers (by forming a
complex withironions) onthe sted surface. Theselay-
ersprotect steel surfacefrom attack by chlorideions.

From these resultsit can be concluded that thereisno
interaction between the moleculesadsorbed a themetal

surface®. Inthestructure of theinhibitors, theatoms
of the benzenering and the C=0 group canformabig
7 bond. Then, not only can ther el ectron of the ben-
zene carbonyl enter unoccupied orbita of iron, but the
n*orbital can also accept the electronsof d orbital of

ironto form feed back bonds, then produce morethan
onecenter of chemical adsorption action®. The pres-
enceof thed ectron donating groupsonthe TEA struc-
ture(CH,—CH,), increasestheelectron density onthe
nitrogen resulting highinhibition efficiency. Adsorption
can a so be occurred viael ectrostati c interaction be-
tween anegatively charged surface, whichisprovided
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Figure 3: Effect of concentration on inhibition efficiency of
inhibitor of GT-EO90-SA for car bon stedl alloy from weight
measurementinl M HCl at 298K .
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TABLE 5: Degreeof surface coverage (8) and percentage
inhibition efficiency (n %) of the inhibitor GT-EO90-SA in
1M HCl at 293 °K, obtained from weight loss measurements
after 7days.

Wit. Corrosion
CF:’(F))rr]‘r? CLOirt]; h)fl%“e/ loss =~ rate(k) 6 mn%

mg.cm™“ mg.cm™ day

0 32.8 4.68

100  5.50E-06 9.80 14 0.701 70.1
200  1.10E-05 9.70 1.38 0.704 70.4
300 1.60E-05 9.50 1.35 0.710 71.0
400  2.20E-05 7.77 111 0.760 76.0

with aspecificaly adsorbed anion oniron and the posi-
tive chargeof theinhibitor. Consequently, thenitrogen
groupsof GT cannot easily interactswith steel and de-
creasestheir corrosioninhibition efficiencies®,

Theinhibition efficiency datashow that, a low in-
hibitor concentration, thecorrosion of stedl isinhibited
dueto the adsorption of surfactant moleculeson the
surface by the hydrophilic head groups. The hydropho-
bic chain may be oriented towards the aqueous me-
dium and may also bearranged horizontaly to the steel
surface®!. Thisincrease is due to the formation of
hemimicellesor admicelles®!. At higher inhibitor con-
centration, thecorrosoninhibitionreachesasteady Seate
for all prepared surfactants. Thisbehavior isattributed
to thesaturation of the surfacewith surfactant molecules
and theformation of multilayer(®.

If onesupposesthat the adsorption of inhibitor fol-
lowstheLangmuir adsorptionisotherm, thesurface cov-
eragecould begivenby:

Cl/0=(1/K_)+C )
where, C istheinhibitor concentrationand K __isthe
adsorption equilibrium constant. The degree of surface
coverage (0) for different concentrationsof theinhibi-
torsin acidic mediahave been eva uated from weight
lossmeasurements by using thefollowing equation”:
0=1-(AW/AW) @)
Careful inspection of these results showed al so that,
theinhibition efficiency increasewith increasing con-
centration and surface coverage (6). All isothermshave
dopelessthan unity. Thedeviation from unity may be
explained on the basi s of interaction between the ad-
sorption specieson metal surface’®1823, Theresults of
dissolution of carbon stedl in 1M hydrochloric acid so-
lutionin presence of GT -EO90-SA might tointerpret

= Fyl] Peper

onthebassof interfaceinhibition mode. Theinhibitors
areacting effectively at the metal solutioninterface, so,
asmall concentration of inhibitor exhibitsan effective
corrosion inhibition. Thisisdueto theformation of
adsorbed monolayer a themeta solutioninterface. The
surface coverageva ues (0) weretested graphically for
fitting asuitableadsorption isotherm. Therelationsbe-
tween C/ 0 against C, not represented herefor brev-
ity, of al inhibitorsunder examinationyield astraight
line, clearly proving that the adsorption of theused in-
hibitorsfrom 1 M HCI solutions on the carbon steel
surface obeysthe Langmuir adsorption isotherm.

Effect of temperature

Theinfluenceof solutiontemperature onthe corro-
sion behavior of carbon steel in 1IN HC| hasbeen stud-
ied by theweight loss method over temperaturerange
(293 -343°K). thedataof both blank and GT-EO90-
SA wererepresented in Figures5 & 6. Thedatadis-
play that the rate of corrosion rate ecreases with an
increasein temperature from 293 to 343°K asrepre-
sented in TABLE 6. Also, theFigure5indicatethat the
weight loss of carbon steel in IN HCI increase with
increasetemperature and also increasewith increase
timeof immersion. Itisevident from thesefiguresthat
thedissolution of carbon stedl in hydrochloric acid so-
lution ischaracterized by aninitid slow rate; thismay
bedueto the oxidefilm originaly present on themeta
surface. Theresultsof carbon sted inhibition efficiency
of the blank and different concentrations of the

130
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Figure5: Effect of temperatureon weigh lossmeasur ement
of blank carbon stedl alloy.
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Figure 6 : Effect of temperature on weight loss measur e-
ment in presence of GT-EO90-SA.

prepared surfactantsat different temperatures produced
from weight loss measurements, listed in TABLE 6,
show that thewei ght loss decrease (corrosionrate) with
increase temperature from 293 — 323°K which indi-
cate chemical adsorption?¥. On theother hand, when
the temperature wasincreased up to 343°K, the cor-
rosion rate (weight loss) wasincreased for al the pre-
pared surfactants. It may be explained with desorption
of adsorbed inhibitor onthe steel surface.

TABLE 6: Degree of surface coverage (8) and percentage
inhibition efficiency (n %) of theinhibitor. GT-EO90-SAin
1M HCl solution at different temperatures.

T,(K) (1K/I) g, L% R
cm2.day™ (Krate) (%) kJ.mol

293 0.003413 111 0.04532298 79.2 0.792

303 0.0033 0.21 -0.67778071 95.1 0.951

313 0.003195 0.33 -0.48148606 96.1 0.961 52.42061

323 0.003096 0.133 -0.87614836 97.0 0.97

343 0.002915 4.14 0.61700034 76.4 0.764

Activation energy of corrosion

Corrosionisan eectrochemical phenomenonand
followsthelowsin chemicd kinetics. Thecorrosonrate
will increasewith temperatureasaresult of decreasing
the apparent activation energy, E * of thechargetrans-
fer reactions. Increasing of thetemperaturewill also
enhancetherateof H* iondiffusonto themetd surface
bes detheionic mohility, thusincreasing the conductiv-
ity of the electrolyte. The study of the effect of tem-
peratureontheinhibition efficiency of corrosoninhibi-
torsisimportant in the elucidation of mechanismand
thekinetics of their action and ultimately the proper

selection of theseinhibitorsfor specific practica Stua
tion. Accordingly, the effect of temperature of the cor-
rosion medium on thereaction proceeding in pure ac-
idswas reported by many investigatorg¢#%, More-
over, at lower temperature, absorbed hydrogen atoms
(exothermic process) blocked the cathodic area. With
increasing the sol ution temperature, desorption of hy-
drogen takesplaceleading thustoincrease of cathodic
area.

Thevauesof K obtained permit thecalculations
of activation energy (Ea) according to Arrhenius
equation?7;
logK =logA—-Ea/2.303RT 3

A ispre-exponentional factor related to concen-
tration, steric effect and metal surface characteris-
tics, etc, plotting of log k against 1/T for the free
acid solution (blank) and 400ppm of the GT-EO90-
SA inhibitor asrepresentative sample, Figure 7. From
the slopes of the plots, the respective activation en-
ergies were calculated and recorded in TABLE 6.
Theresults showed that, the values of activation en-
ergy (Ea*) increasein the same order of increasing
theinhibition efficiency of theinhibitors. Itisasoin-
dicated that the whole processis controls by sur-
facereaction, sincethe energy of activation for cor-
rosion processisover 20K,

GT-EO090-SA

e=pm=T1-4000St ==X=blank
15

) ¥ =-964.66x +3.9294
Mo

0.5

Log (Krate)

Yy =2796.3x - 9.5147

-0.5

1
0.00305 0.00310 0.00315  0.00320 0.00325 0.00330 0.00335 0.00340 0.00345

uT

Figure7: Rdation between log Krateof corrosion fromweight
lossmeasur ement at different temperaturesin presence of
GT-EOQ90-SA.

Thermodynamicfunctionsof activation

Thevauesof activation energy for steel corrosion
reaction (Ea) wereobta ned fromArrhenius equation?.
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Thefreeenergy of adsorption (AGads) at different tem-
peraturewas ca cul ated from thefoll owing equation:
AG* =RT (logK .~ log KT/h) 4
K, equilibrium congtant, valuesisgiven by

0
= C,(1-9) ©
Thevauesof Eaand AG* aregiveninTABLE 7. The
low and negativeva uesof AGadsindicatethat the spon-
taneous adsorption of inhibitorson the surface of car-
bon stedl. The negative values of AGadsalso suggest
the strong interaction of theinhibitor molecules onto
thested surface?®. It isfound that Eavauesfor inhib-
ited systemsare higher than Eafor uninhibited systems,
which proposetheconclusion that physical adsorption
occursinthefirst stage explainsthe nature of organic
mol ecules-metal interactions'61823,

TABLE 7: Thermodynamic functionsof activation of the
prepar ed surfactants.

Temp., *Ewmy  AG*  AH* AS
Compound "o, ™" | 3 mol™ kJ mol™ kJ mol™ kJ mol K
203 22,0434 -12.2088 0.079839
303 22,7957 -12.5579 0.079839
Blank 75.2333
313 23548 -12.907 0.079839
323 -24.3004 -13.2561 0.079839
203 64,4938 -12.209 0.366704
303 66,6949 -12.5581 0.366704
GT-E090-SA 2201152
313 68.8961 -12.9072 0.366704
323 71,0972 -13.2563 0.366704

Thethermodynamic functions, entropy of activa-
tion, AS*, enthalpy of activation, AH* and freeenergy
of activation, AG* areca culated from the equation:
AHads=Ea* +RT (6)
where, Ristheuniversa gascongtant. Inthiscasethe
vauesof Qadsequa to entha py of adsorption (AHads)
with good approximation, becalise pressureisconstant.
Thenegativevauesof Qadsindicated that the adsorp-
tion of usedinhibitorson themild steel surfaceisexo-
thermic. Entropy of inhibitor adsorption (AS*) canbe
cd culated using thefoll owing equation:

AS* = (AH* -AG*)/T @)

Thecalculated AS* dataaregiveninTABLE 7. All
obtained data show that AS values are positive and
increase by increasing the temperature which indi-
cate that the inhibitors more oriented and more or-

= Fyf] Paper

dered on the surface of themetal. It can be seen that
asthetemperatureincrease, thereisadecreasein
corrosion rate values, accompanied by decreasein
thefree energy AG* and increase in enthal py of ac-
tivation, AH*.

If AG =-vauethereforepotentia is+vauewhich
indicated that the cell act asgalvanic cdl andthereac-
tionisspontaneously by increasing thetemperaturethe
reaction shift to more negative free energy more spon-
taneously. TABLE 7 show that AH valueis negative
thisindicated that the reaction isexothermic and the
negativevaueof AH ismorethan 10indicated that the
adsorptionischemical adsorption and the surfactant
forms stable layer at the surface of iron which good
protect iron form the environment (HCI) and decrease
thecorrosionratethisillustrated a so fromtheva ues of
inhibition efficiency.

Potentiostatic polarization measurements

Anodic and cathodic polarization curvesfor mild
steel in 1 M HCI with and without various concentra-
tionsof used inhibitorsare shownin Figure 8. Corro-
sion inhibition effects of GP and their products
(ethoxylated and esterified products) were also stud-
ied for the carbon steel aloysin 1M HCI at 25°C by
Potentiostatic cathodic and anodic polarization
(electrochemica method. The curveswere swept from
-800to 0V (SCE) with scan rate of 20mV's?. Figure
8. illustrate the effect of adding progressive addition

Diperunert;

FjR 1 =Blank

7 2 =100 ppm
3 =200 ppm
8 4 =300 ppm
5 =400 ppm

-0

500 el 400 200 0

Potertial [nfl]
Figure8: Potentiostatic polarization curvesfor carbon stedl
in 1M HCl in absenceand presenceof different concentra-
tion of inhibitor (GT- EO 90-SA), at 298°K .
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(100—400ppm) of selected inhibitors on the cathodic
and anodic polarization curves of carbon steel aloy
(X46) in 1M HCI at 25°C. The addition of the used
inhibitors decrease the corrosion current densities
(Icorr) and shiftsthe corrosion potential (Ecorr) to-
wards more positivevalues. Furthermore, it wasa so
found that all inhibitorsbehave asmixed-type, i.e. both
cathodic and anodic polarization curves are affected
by theinhibitord®. Thevariablevauesof thecathodic
Tafel lopessuggest that theinhibiting action of such
compounds occurs by simple blocking of the elec-
trode surface area, thus decreasing the surface area
availablefor hydrogen evol ution without affecting the
reaction mechanism(211,

The cathodi ¢ current—potential curves give rise to
pardld Tafd lines, whichindicatethat hydrogen evolu-
tion reaction isactivation controlled and that the addi-
tion of the studied surfactants does not modify the
mechanism of thisprocess®!.

Addition of inhibitorsunder study increasesboth
the cathodic and anodic over potential of carbon steel
aloy and causes displacement of the cathodic and an-
odic polarization curves. Therefore, those compounds

could beclassfied asmixed type (anodic/cathodic) in-
hibitors. These results indicate that GP and their
ethoxylated productsinhibit HCI corrosion of carbon
steel viatheir adsorption on both anodic and cathodic
activesiteswithout modifying themechanism of corro-
sonreection hismeansthat theadsorbed inhibitor mol-
eculesblock the surface active sitesand decreasethe
areaavailablefor hydrogen evolution and meta disso-
[ution reactiong®3. The measured free corrosion po-
tential wasfoundto be-517.8mV vs. SCE in satisfac-
tory agreement with the published data®Y.

Thecorrosion potential (E_, ), thecorrosion cur-
rent density (I_, ) weredetermined from extra-poten-
tial of cathodic and anodic Tafel lines. Thepolarization
resistance (Rp), the dlope plotting of potentia vs. cur-
rent density were al so determined.

Thevaluesof E .1, . R, Tafel slopes(b,, b)),
degree of surface coverage (0) andinhibition efficiency
(n%) werecalculated for each sample and recorded
in TABLE 8. It isclear that the values of corrosion
potentidsE_ remainamost unchangedindicating that
the prepared surfactants acts mainly as mixed type
inhibitorg?!.

TABLE 8: Polarization data of the pr epared surfactants.

Sample Conc. Ppm | MA/em?  -Eeoy MV R, Ohm.cm? b,mV  -bey  H 0 Ci10*Moal/L
Blank 0.0 1.285 57.48 27.39 1759 206.3 0.0 0.0 0.0
100 0.0997 497.2 195.93 98.6 1857 922 0.922 0.055
GT-EO90-SA 200 0.0589 493.7 374.9 65.1 181.2 954 0.954 0.11
300 0.0210 473.0 353.3 122.7 368.6 98.3 0.983 0.16
400 0.01466 517.8 354.7 60.38 176.0 98.8 0.988 0.22
Additionof al preparedinhibitorstoHCl solution e =1-q_ /1°_ ) )

decreasesthevaluesof | _andincreasesthevalues
of R . for carbon steel alloy in such amanner that the
higher the concentration of inhibitorsadded, thelower
arethevaluesof | _andthehigher arethevalues of
R, within inhibitor concentration range used. Since,
corrosion rateisdirectly related to corrosion current
density, theinhibition efficiency n% of inhibitorswas
calculated from polarization measurements by using
thefollowing equation:

n% =1-(_/1° )X 100 )
wherel° and|_ arethecorrosion current densities
intheabsence ands presence of inhibitor respectively.
Also, the surface coverage 6 was obtained from the
relaion:

Theinhibition efficiency calculated from the polariza-
tion measurementsarelisted in TABLE 8. According
tothedataof TABLE 8itisobviousthat theinhibition
efficiency increaseswithincrease of the concentration
of inhibitors. Theseresultsare comparablewith those
obtai ned fromweight |lossmeasurements; however there
isdifferenceinthevalues obtained by thetwo meth-
ods. Thisdifferencewasa so mentioned by severd in-
vestigatorg61823,

Theincreasein theinhibition efficiency of GT -
EO90-SA isduetoitslarge head group size (90 EO
unitsand 90 ethereal bonds) which liesflat onthe sur-
face®2. Anincreasein theinhibition efficiency is ob-
served dightly abovethe CM CE¥ thenthe efficiency
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plateau becomesnearly constant. This may be attrib-
uted to a change in the orientation of the adsorbed
moleculesat theinterface resulting from hydrophobic
interaction between chains. Inthissituation, itislikely
that the surfactant mol ecules bind perpendicularly to
the surface’®, which lead to more adsorbed mol ecules
and thus saturation of the surfacewith surfactant. The
film formed correspondsto the saturation of the sur-
faceexplainstheinhibitory effects observed™.

GT compoundsare characterized by the existence
of multipolar functionshaving amide, C=0 and phenyl
groups. Thesepolar functions or reaction centerscan
block the active sitesaccessiblefor corrosion®2. The
other end of the organic moleculescanformabarrier
between the sted and the mediumi®2. |t wasal so noted
that theinhibition efficiency of GT-SA-EO90is|esser
than GT-EO90-SA.. Thisbehavior can beattributed to
the presence of two adsorbable nitrogen atomsbeside
free hydroxyl groupsand dso dueto elongationinthe
molecule by branching which decreases the
adsorbability of thesurfactant on thesurfaceof themetd.

In spiteof greater surface excess, Amax, and area
per molecule, Amin, for other surfactants compared
with GT -EO90-SA, thecorrosoninhibitiveefficiency
for thelatter isgreater than that for theformers. The
highest inhibition efficiency of GT -EO90-SA may be
attributed toitshigh molecular weight, high chargeden-
sity and greatest number of adsorption centers (90
ethereal bonds). Thislead to strong adsorption of the
surfactant on mild steel surface producing abarrier
thusisol atesthe surface from the medium. The pro-
tectivefilm appeared to be very smooth and covered
approximately the whole surface. Thisexplainsthe
higher inhibition efficiency of GT-EO90-SA surfac-
tant as corrosion inhibitor compared with the other
surfactants.

CONCLUSIONS

Based on the previousresults, thefollowing con-
clusonsareaccomplished:-

» Nonionic surfactantsare produced from reaction of
the produced oligomerswith PEG, having M.Wt.
400, 1000 and 4000, in presence of B-B* dichloro
diethyl ether asalinking agent and NaOH asacata-

Iy,
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> Inhibition efficienciesincreaseby anincreaseinin-
hibitor concentration and an increasein temperature
upto 50 °C.

» Theuniformincreasing inhibition efficiency asthe
function of concentration are dealing with adsorp-
tion phenomenon and the adsorption of dl additives
obeysthe Langmuir adsorption isotherm. The nega-
tiveva uesof enthal piesidentifiesthat the adsorp-
tionisaphysica-sorption type.

> All entropy parametersfor adsorption of inhibitors
moleculeson stedl arepositiveandincreaseby in-
creasing thetemperaturewhichindicatethat thein-
hibitors more oriented and more ordered on the sur-
faceof themetal.

> Activation energy increaseswith addition of inhibi-
tors. Itisshown that physical adsorption occursin
thefirst stage.

» GT -EO90-SA showsaninhibiting effect onthe cor-
rosonof mildstedl in 1M HCI whichincreaseswith
inhibitor concentration.

» Theactivation parametersof thedissolution (E°, 4H°
and 4S°) were cd culated and showed that the used
inhibitors decreasetherate of corrosion.
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