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ABSTRACT

l lypothesis: Trimellitic anhydride (TMA) monomer, a toxic substance, is

widely used in powder coating formulations, posing severe respiratory risks

to workers in this industry. This study aims to eliminate TMA monomer in
saturated polyester resin formulations for hybrid coating systems while maintaining
physical-mechanical resistance comparable to conventional systems.
Methods: To achieve this, trimethylolpropane (TMP) was employed for branching,
and adipic acid was used to carboxylate the branches. The degree of branching
(functionality) was varied by adjusting the TMP content from 0 to 2 moles per
polyester chain with a molecular weight of 4000 (g/mol). The synthesized resin
was characterized using Fourier-transform infrared spectroscopy (FTIR) and proton
nuclear magnetic resonance ('"H-NMR) spectroscopy. Its properties were evaluated
through differential scanning calorimetry (DSC), gel permeation chromatography
(GPQ), acid value, and viscosity measurements.
Keywords: Findings: The resulting polyester resins exhibited molecular weights of 3900-4400
g/mol, glass transition temperatures (Tg) of 44-63°C, acid values of 32-56 mg /g,
and viscosities of 15-38 poise. Powder coatings with thicknesses of 50-200 um were
prepared (curing conditions: 200°C for 10 min), and their performance was assessed.
Findings revealed that increasing TMP content led to reduced gloss, an initial increase
followed by a decrease in hardness, direct/indirect impact resistance, and gel fraction.
However, all samples demonstrated excellent adhesion (5 B) and mandrel bending
resistance. Consequently, the optimal formulation contained 1.5 moles of TMP,
yielding a carboxylated solid polyester resin with a molecular weight of 4210 g/mol,
viscosity of 34.5 poise, acid value of 52 mg, /g, and T, of 56.5 °C. The resulting
coating exhibited superior properties: gloss of 94%, pendulum hardness of 132 s,
direct and indirect impact resistance of 160 um and 95 um, gel fraction of 98%, crack-
free mandrel bend resistance, and 5B metal adhesion.
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Table 1. Raw materials used in the synthesis of carboxylated polyester powder.

Materials Purity (%) Molecular weight (g/mol) Melting point (°C) | Boiling point (°C)
NPG 99.0> 104.148 126 210
MEG 99.0> 62.07 -12.9 197.3
DEG 99.0> 106.12 -10.45 244.3
HD 99.0> 118.17 43 252
TMP 99.0> 134.17 59 295
TPA 99.0> 166.13 300 -
TMA 99.0> 192.13 165 390
ADA 99.0> 146.14 151.5 337.5
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Table 2. Formulation for the synthesis of carboxylated polyester powder resin.

Sl et TMA TMA- | TMA- TMA- TMA- | TMA- | TMA- TMA- TMA- | TMA-
free-0 | free-0.25 | free-0.5 | free-0.75 | free-1 | free-1.25 | free-1.5 | free-1.75 | free-2
NPG (mol) 4 4 4 4 4 4 4 4 4 4
MEG (mol) 4 4 3.75 3.5 3.25 3 2.75 2.5 225 2
DEG (mol) 4 4 4 4 4 4 4 4 4 4
HD (mol) 4 4 4 4 4 4 4 4 4 4
TMP (mol) 0 0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
TPA (mol) 15 17 17 17 17 17 17 17 17 17
TMA (mol) 2 0 0 0 0 0 0 0 0 0
ADA (mol) 0 0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
MBTO 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Phosphonium salt | 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

u:a)‘}?v dju\p- L GLZ: w‘ Jj,.z WL?:A fav &:«:&S L: AJLALW
i ks s s J5 Al il zio Y IE 0 ST s
W\VSJMWJ}JM&A; s OXSd] Jlez=|

SRodos wldo 30 Ml gl b cpiy el g ol
L e Jmeodes aL{.i;S\_} 53 Glesg ;.)Uw SRR - LEp eev
@ Lﬁdﬁ\ \J:.ol A fl’U‘ &Lﬁ.} JJJ.S 9 gf('f&" QJM MJCJK.?:
uJ»;ﬂJLLQ}?' °C duquw)j‘w)cw Gu‘emb
Sl Y8 CC L Ly 5ot Lol OF 4 sl ol ot 2S5
Jsbas dudsnp a4 4y YO h B YO h odony 2S5 5 il
el 03580 51 o Gl el sde 4 Oy S g el
Slos waly el 2l b s 0ddsm 5 Olpabl 5 5T o s
Sadas 5 TMA stod e p 53 5 il S2als VYo g sl
Al Lol bl s TMA-free ADA la gdid 40 5 (gl 5 5 A5
3 Sl ol Gl s @ gl B0 OS5 Sl e
5B g Co s STy el xal b5y Ol i 1 Ol
JJ}MLSLQJ)B)"uﬂw}ombﬁjwd‘ﬂ.xﬁ

LYY-YF] as esled MEK 5 54 55 o)l

VE-E p5= 31355 o o Loy (it 9w Jlus  ponls (5 39J9iS5 9 pole ((sale Al

B0 °C 51 G T, ndls Lo (o pba il axdls Jls ool
LU benss ol 5l Jeols T, s olear dipis glas S
5018 emen il iy LOT (15K b glos
Sy ks SRl Sy ol S L ok Ll s Sl
Gy e DS n S Ml siudse b
056 51 eslizad b lamlb onl s Ol YO +—¥0+ + g/mol
ol TMP Lo JSU1 3 5 s 05 Jlazl 5 05,8
(P) Jds 5,5 5 (1) Wslas) 535, 066 51 eslizad L .
3 @O S Glasnsise 4 sl Glajagige Jpe S /84
S sl gdud g b ol ez (X)) J5S050 055 S0l

RCOW PR B PR PP WOk U S IV

1+r

X = )
" 14r-2xP o

s eneS 52,8 dalr 2l iy 5 A3 Ol o8 sb0kes 3 5 ok
S5 sn p 5 Gl sde Sl i 55 s B nl s
S Slagia 5l SG Okl Gk sl O L R e Sl
0lad) Jla=l Lleds SIS ¥ Jadr 55 5 odd avwlows
Loedd ~lb clagdodse b oo Al awbee 30 gl e b
Sed) et Jlazl ol oY eloan S apzs 4 x5



e 33338l Saiahogs 3 )l 5 )le Sols piwl sy Al 15393 GBS ) isowws iaals

BNE e  WAT-R W sde ad sl bglses gl sue qufﬁﬂ)l%fﬁuh“b sl @@wdﬂyrﬁjé.&wl;x ¢fav—\” Jsd>

Table 3. f , acid number, and calculated molecular mass for monitoring each step of the synthesis, including the acid value of

the initial mixture, the intermediate acid value before the addition of the final acid step, and the final acid value and calculated

molecular weight.

. Acid value of Intermediate acid number Final acid value Calculated
Formulation N initial mixture before the addition of the (mg.__/g) molecular weight

(mg, ../2) final acid step (mg,./g) KOH (g/mol)y

TMA 166 415.15 0 57.56 3898.23
TMA-free-0 175 434.86 29.45 29.45 3810.24
TMA-free-0.25 179 433.08 29.31 32.70 3860.30
TMA-free-0.5 181 431.31 29.17 35.87 3910.36
TMA-free-0.75 182 429.56 29.04 38.95 3960.42
TMA-free-1 .84 427.83 28.90 41.97 4010.48
TMA-free-1.25 187 426.10 28.77 44.90 4060.54
TMA-free-1.5 190 424.40 28.63 47.76 4110.60
TMA-free-1.75 193 422.70 28.50 50.56 4160.66
TMA-free-2 197 421.02 28.37 53.29 4210.72
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Table 4. Formulation for producing powder coatings from the

resulting resins.

Component Amount (g)
Polyester resin 360
Razeen SR-5014 (Epoxy resin) 240
TiO, (Cristal 128) 192.50
Blank Fix 192.50
Benzoin 5
Resin flow (Worlee PV 88) 10
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Fig. 1. Schematic structure of saturated polyester (a) without TMP and (b) polyester containing TMP.
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Table 5. Final acid number and viscosity of synthesized resins.
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Formulation | TMA TMA- TMA.- TMA- TMA- TMA- TMA- TMA- TMA- TMA-
v free-0 | free-0.25 | free-0.5 | free-0.75 | free-1 | free-1.25 | free-1.5 | free-1.75 | free-2

Av mg, /2 60.1 32.5 36.4 39.2 42.8 44 .4 48.5 52.0 55.6 _

Viscosity (ps) | 28.7 15.5 20 23.2 26.4 29 30.5 34.5 38 _
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Table 6. Tg results from DSC testing for carboxylated polyester powder samples.

TMA- TMA- TMA- TMA.- TMA- TMA- TMA- TMA.- TMA-
free-0 | free-0.25 | free-0.5 | free-0.75 | free-1 | free-1.25 | free-1.5 | free-1.75 | free-2

Formulation | TMA

Tg (°C) 54.6 43.7 50.7 51.6 54.4 55.2 56.8 56.5 60.3 63
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Table 7. Peaks from the FTIR spectra of synthesized carboxy

lated polyester samples TMA-free-1 and TMA-free-1.75.

Functional group Wave number (cm™)
O-H 3400-3500
COOH 2958
—CH, 2894.5
C=0 1718.79
—CH 1376 41474
Arom. Ester 1100 41270
C-0-C 1100
—(CH,)n 727
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Fig. 2. FTIR spectra of synthesized carboxylated polyester
samples TMA-free-1 and TMA-free-1.75.
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Fig. 3. '"H-NMR spectra of carboxylated polyester A: TMA-free-1 and B: carboxylated polyester TMA-free-1.75 with the

differently numbered protons present in the resin structure.
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Table 8. Results of GPC test for carboxylated polyester powder samples.

Formulation TMA-free-0 TMA-free-0.5 TMA-free-1 TMA-free-1.5 TMA-free-1.75
M (g/mol) 3908 4056 4094 4210 4352

M, 4524 5143 5609 6048 6832

PDI 1.16 1.27 1.37 1.44 1.57

[V ] 532 e i Siadpe s Ul a5 sl s1ye
S st e edalin A Jpde 53 sgmge mls el
TMA-free PDI 5, ghudse,b 55 VYO L+ 51 TMP e
o TMP 03533 sleay 2l Llsl VOV B VNS
S oS Hboler Al nis JsSse e s O Fes S
skasdlasl ule Ol geas oS Col eloan o550 S TMP s
Joe il by o, skl s (branching agent) oS glasls b
Sl s Sl sl b e gse byl 4 Of 035530 .48
53 Sl e sise OO sletls ot sboul iile o353 e
Tl e el T e s | st (sla s S il
3 e 31 6 erk s S S S w3 5 OISl | TMP
s slaerla lalsla sl 4 ¢ 5850 ) LS A abd 3
IYAXA] 353 o0 e slas sl bl LS55 (6l Jlaz]

s TMP (555 Jule slaos S is pdu STy 53 Dt
LS 4 STy e 3 6l b ol I LS ST
ot 5 5 dagletls s b JS0se eSSl gl 1S
o 35 0 Loy (055 00 e Dslie 550 035
Fa S I s s g 6oL S M 5 el (glaxls 5 s
IFAf ] dsl axdls (6 S di, Koo

(sheledinr josisn S s il gl Sty bt )3
s e bl calisie (6 ey (Gl pami s g sla STy Jle|
5 ORd o3 1S w s ke (5o GRSy ol
L5 ] 5580 2a PDL (213531 5 (Jd 50 055

Aoss il b el 3 sea A Jsde glaesls 53 a5 sboles
sl ! e 0LLE bt M Sl (s o 3 53 TMP
s Al edalie ol eds Jes 2.8 55 PDI Ol
@;;u;,ily\,,u,igﬁpdl@uéu)uuwﬂw
TMP Lot nsgo 035330 1 55 (5 maly Sl Jsb o
SN3PEs Al s s e S Sl i )l
LBl el il olg A SO 5 (65,01,5)

VE-E p5= 31355 o o Loy (it 9w Jlus  ponls (5 39J9iS5 9 pole ((sale Al

ol °'>J'.’fu 6thfyl{'tu‘fw‘k)ﬂ

o Jw S 3) GPC Vo b
TMA-free-0  Jals  zul L sl & lp GPC o 005l
TMA-free-1.75 s TMA-free-0.5 TMA-free-1 TMA-free-1.5
3 P38 s 8e S5 se e 5 bl O s al 5 I o
A Jsdr 53 5 Gens LOT (PDD) (MW/MN) JsSUs o w55
Sladsap 5 Sl opos B30l 4 A S Lol SIS
$3de G A sl 53 2 pe @l 35 0 0 F 2nl
o rl ol Cnd badd gad pled 4y Ol oo Ly 85 1) o g/mol
s5d= 55 T, ol jenay F0-00 mg /8 el sde 5 JS 5
Sl Gl delr 2l b s, colie Gl Sy 552 00 °C
V4 PDI sie 0350035 e [YA] Al o sladiay (6 et
Do S e 5 dsb Do niHESe SU Gl ol
S se 525 4 (2L Comlem M S sbas .ol fol>
635018 Kbl 2 M asls (e KI5 oS J58350 055 L
SilApr 5 iy e S Sl S Clle 5,018 5 S
¢S Db My Jlie 5 sl e o) oo O S
el San &S el 55085 S (6045 s 2y sme @
R o e M IS e S e SO ol
Ve it My 3,8 o 13 0ls Isb b (s rmy sl i
Bah e G ok 2l el 5 SO ol s«
ol 2 bl gk Sasieess 5 Vb e 15
e Sle (95,008 Lad Bl 4 LS e sl Sl M
@i b Omoe/ Sl b A ekasOli PDL s sl
L& ey edsilid O 4 ooy PDI ol JS05e 055
PDI Ll toed st Sl sla s Jsb L S| pS
opde L LSl phes ey sdasOlis YO sy S5
o5 Sz 4 Vsane 28 PDI nls s Jib Sl glos S

R0 A GOl 5 S (S el 5 S aia



e 3938l Saiakoys 53l s ole Sols Himlhacys)) il 15393 LB ) isoww il

Table 9. Gloss, pendulum hardness, direct and indirect impact, mandrel bending, adhesion to metal, and gel fraction of coatings

obtained from TMA-Free resins.

Code TMA TMA- TMA- TMA- TMA- TMA- TMA- TMA- TMA-
free-0 free-0.25 | free-0.5 | free-0.75 free-1 free-1.25 | free-1.5 | free-1.75
0
Gloss (%) 95 99 98 98 9.5 9 95 94 94
Pendulum 154 84 92 98 115 128 130 132 137
hardness (s)
Direct impact (1) 110 60 70 70 90 95 128 160 90
Indirect impact (1) 80 80 85 90 90 90 95 95 70
. No crack | No crack | No crack | No crack | No crack | No crack | No crack | No crack | No crack
Mandrel bending
. 5B 4/5B 4/5B 5B 5B 5B 5B 5B 4/5B
Crosscut adhesion
. 98.0+0.2 | 88.2+0.2 | 89.8+0.2 | 89.4+0.2 | 93.4+0.2 | 95.5+0.2 | 96.3+0.2 | 98.1+0.2 | 95.1+0.2
Gel fraction (%)
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Fig. 4. Relationships between gloss, pendulum hardness,

direct and indirect impact, and gel fraction of coatings
obtained from TMA-Free resins and TMP content, fitted rela-

tionships, and resulting R2 values.
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Fig. 5. Metal sheet coated with powder coating made from

TMA-free-1.5 polyester resin.
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Table 10. Comparison of physical-mechanical properties

of the coating obtained from TMA-free-1.5 resin and resin

containing TMA.
Code TMA TMA-free-1.5
Gloss (%) 95 94
Pendulum hardness (s) 154 132
Direct impact (p) 110 160
Indirect impact (p) 80 95
Mandrel bending No crack No crack
Crosscut adhesion 5B 5B
Gel fraction (%) 98.0 98.1
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