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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: Theresultingpolyesterresinsexhibitedmolecularweightsof3900-4400g/mol,
glass transition temperatures (T ) of 44-63°C, acid values of 32-56 mg /g, and
viscosities of 15-38 P (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 P, acid value of 52 mg, , /g, and T of 56.5 °C. The resulting coating
exhibited superior properties: gloss of 94%, penduium 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
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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 1.66 415.15 0 57.56 3898.23
TMA-free-0 1.75 434.86 29.45 29.45 3810.24
TMA-free-0.25 1.79 433.08 29.31 32.70 3860.30
TMA-free-0.5 1.81 431.31 29.17 35.87 3910.36
TMA-free-0.75 1.82 429.56 29.04 38.95 3960.42
TMA-free-1 1.84 427.83 28.90 41.97 4010.48
TMA-free-1.25 1.87 426.10 28.77 44.90 4060.54
TMA-free-1.5 1.90 424.40 28.63 47.76 4110.60
TMA-free-1.75 1.93 422.70 28.50 50.56 4160.66
TMA-free-2 1.97 421.02 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

\AS

VE-E 53135 ¥ 0 )losh aiiad 9w Jw roaky (SI9J9iS5 9 pole (sole alzo

gy S 9 Jlos! ctaw (S HlwoskoT
(VI o) 0 mm sbol L) coal (o308 aol s 51 sy opl o
s ioskans) Kt iSesban 1l 55 (g3l slada 5 s eslinal
j(’f'" OJL.-A.MU e)LA.J:LAifU @‘}ebw‘j YA J)) eDL:ML.A,:jj‘
&}Lﬁméu:)))xﬁwb)dﬁdﬂm‘}uibw
515 s glos 53 5 s SUMEK € axiié] i b s 5 Ll
oY Sl i e 2 5d S mhaw (5, SIMEK U iz 8
L sl (V) dslee llae TMA-free ol L oy o ¢l

o RXAVXEEW
56100

(¥)

(8) S 3l s slis Kbl e 54 EEW S EC R AV &
s (mg/8) 2l b cnis el 32 (@) el o ) Ll
s h gl Glp sl S el s Sl Dol O3
Wy Belse s cotm s R Gl eddeslinl
03 5 03 ¥ dade e Jas5l sl sl 5 eSS,

33 7S O (Sl plod ¢ s i b glon Sy L S b e
g;'u“.6u;;l;&5&u>);,\ip\}?l(aucca\));.m&\j;)>'



S99 Sy (b))
el Ol G MU pedelbms L Jols ldy ekl
Ao s ek laisel Sl A oSl sesl
Sl s (oS3l Yo Jus Sheen oSiws SaSa
<L Konig Jsul T s Loeddcsy glad sl goew
ot sy A ploil ASTM DA4366 51kl illas oy
o oo Sl REy wps Caslie 5 (S, S5 e
i oy shieas A3 eslina ASTM D2794 5,lkal b
(s e A3 d b I R s caslie 5 (S5, S
Sodaas 03051 0les s ASTM D322 5,6kl b J ke oKz |

A eslaill VO s
o3l 3l eddany sl b glapdd (St s o) 6l 5
Cross oKz b 0ol ol . eslizl Crosshatch St
ples sl W FMC &S 5 L Hatch Cutter FMC 240
Sl Gl ki sl ASTM D3359 51kl b o s
6LAV.L:5 Sosabse S, 3l ad el (gel fraction, GF) J5 .8
Sodeds (00/00) Il s 95l O gl I 53V m O35 L eddy
bl Ggs 3l et gl (5 arky sl i3 b A eslizad Y B
G £ °C glos L 05T 0555 olile 3L & 5ed .5 b S
dloee (F) alslee 51 J5 8 0l S Y m ol O3 4 O
e 518 ol ke 5 ek 1SS 4 e e lagg S 3ll s

GF(%)=Y2x100 ()
M

1

O Joww (S p 3y sl wi g 9 Ll
TMA os5e Gl) Liash opl Olial & lows slial, s
Slls Jle sbml e gulh ey sl
S gl o5 S L S SAB L LS S pledl e S L
Sl Fer Wb ol Ly SO 5 (Kb ol b
Gl L oolrla (L QSIS s (e S glis
Gl gla s ool SN S (b L, Sl e
S0 2l ST, Shals b b ol sesise pluls ¢y
oI B L el S5 0LLE S plasil (g5l 5 B (sl ) Sl
3T, Gl s 03 JemSooden ooy S 5 lasla jlrla

e s 4! 3l Rl cdde Olde 5,018

e 333851 Suinho (553 5l sole Soln il Shaeys ) i 159393 LB yimibgs e yhals

O s ol gl b (9055 (Ll

Sl i b (FTIR) 4 b s i
»2 15U Bomem Inc., ABB 5 .5 c=Ll. Bomem MB 102
Slees S 05 S yasie gl p Fro=Yerrom! > ge sie 05 5l
Module DSC 822¢ JL.DSC G‘MlﬂjfL.Tgﬂsua A plil als
syltial 3k s oLl Mettler-Toledo GmbH =5 .5 L
5058, o 55 Ses baddged i (¢ S 6 3l UIASTM D 3418-15
oS i s b Sl Gl Gl S gl S wli s L
100 =Y0C 3 (hle S Y0 °C g4 (slas 1 S 15 0 gl
«(=V+ °C/min) YO °C G \o+ °C ;I b ((V+ °C/min)
smablize ibs5, cab (Ve °C/min) Yoo =Y0 °C 1 il S50
Jbe HNMR gwcib b sy (HNMR) 055, s
Ol Bruker BioSpin GmbH s & csl. (Avance-400
23 s o A AS I 0555 iy sskie pdh S e
Aol st 0T 'HANMR Cib o 5 A3 = YO °C slos
Dl 5l dalr el b sy S50 02 Sl 6y
L Osasl ol ol eslized OWT ol KNAUER 5 503
3o b (AV) gdenl sde il o plsl O 5855085 DD
G SIS iy (Gl J S oskaea 5 e (e 038 55
Sio ) g sk 5 se iy eslinel ASTM D664 5,6l
Of a5 ad J ©0/0%) sl snlisdls I byl 5o
Jsloe 5 Jslos B i3 S Jylous Sl o a8 256 o
el Jlo 3 0/) loms s 03 S 25 S s 5 L 5L
SiseS Slsbol 4 G500 Ky 6 o3 b 38 15 Il s
3 S 55 sl s e o S 3l L s (23 S
S dles (gl sue (F) Wslae

_5.61xV
w

AV )
@) iy 035 W5 (ML) LSy i nlty Jsloee @2 V
Lol 050531 el (1

5 by e s 5,018 Sl eslinad b ol slacyn s 65,015
o ¥ Jawl L Yer °C s (CAP 2000) Brookfield asis
SULE A5 o ,So3l6l ASTM DI1725 515kl llas RPM 250
w by cilre glaosesl 5l ol glaesls pled sl S5
Lol 5s dalr 2l b s e Db S s s ol Jlesd
SLdudsn B o eddodalin Gladis, 5 Sl sddd xS
s lbes 5 51 LG il

V&£ ai= 135 (¥ 0)lash (aiiad 9o Jw rosls 539J9iS5 9 pole  soke dlxo \Y¢



393l Sitho (555 )l s)le ol Sl acyad) i 15) 393 Lo Yhudbgy Siweus uals

N U A A U U S A U GRS U SR MDA A U N
HO-C—)—c— —c—c—cl:—cl:—cl:—?—o—c-@—cfofﬁ:fcl:fofﬁ:f?fofc C—o—¢—c—0—¢
H H H H H H H H H H H H
T S S T N N A O S S [
c—o—c|:—?—o—?—?—o—c—@—c:—o—cI;—rl;—(I:—?—?—?—O—C—Q—c—o—?—cl:—(lz—o—c\\
H H H H H H H H H H H CH3 H °
| i G W i
€—0—C—C—0—C—{_p—GC—0—C—C—C—0—C—¢ p—C—OH
&7 T T
H H H CHy H
(a)
R Ry 8 % YoY%y R R 0T @
1 1 | 1 | 1 1 I
HO-C—<¢ )—C-0—C—C—C—C—C—C—0—C—4{ p—C—0—C—C—O0—C—C—0—C—4 p—C—O0—C—C—0—C
Ao b A LI R I
fi T T i i Trrn T i i Ty
c—o—c—c—o—c—c—o—c—@—c—o—'lc—c—c—tls—?—?—o—c—@—c—o—c—?—o—o—c\\
Ao Ao Aod L Ao e
H_ _CH
//C—O\ M e >
~
°© L
H C H
" 4
C. H
~ o, .°
S
o
TMP 7
[e2 H
~
/C\ M
H C. H
SN S
HaC /C\
H o_ o
\c/
ko
P
<2
OH

TMP (11> TMA-free Szl Jy (0) 5 TMP &50s gLt il L o5 @) il s Slse b bl =) 52

Fig. 1.

5 M s o brle s T, fals B s s
ool S I0AYIV] Gl 035 (60 51 ey Glsl3T S >~
S o550 o yons HD 5 MEG DEG 550 5l Loass ol 3
dsldze ol b slarpsy sl &S As 4 S o ¢ TPA 5 NPG
Sl Jos o5l sl Slr Opaen sl e eslinal el
5 S e b6 oS L5 eslisl ADA 51 (S S sloe S
O gt sl s sy bt Dbl a)ls (ooly sty
)\ K& 53 TMP Gl il b s, 5 (@) ) IS5 55 TMP
VK s e sboles leddesls LS )ljcjb O o ds
Sk 05,5 Lamd e Sl el K3l o sige (ool sl
sl o 53580 e oy 4 Ll e kbl 53 sdeslsOLLS

s bl atli S s 0 S

Table 5. Final acid number and viscosity of synthesized resins.

Schematic structure of saturated polyester: (a) without TMP and (b) polyester containing TMP.
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Formulation | 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
Av mg, /2 60.1 32.5 36.4 39.2 42.8 44 4 48.5 52.0 55.6 _
Viscosity (P) 28.7 15.5 20 232 26.4 29 30.5 34.5 38 _
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Table 6. Tg results from DSC testing for solid polyester resins.

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 Wavenumber (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 solid polyester resin.

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
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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
Gloss (%) 95 99 98 98 96.5 96 95 94 94
Pendulum hardness (s) 154 84 92 98 115 128 130 132 137
Direct impact () 110 60 70 70 90 95 128 160 90
Indirect impact (p) 80 80 85 90 90 90 95 95 70
Mandrel bending No crack | No crack | No crack | No crack | No crack | Nocrack | No crack | Nocrack | No crack
Crosscut adhesion 5B 4/5B 4/5B 5B 5B 5B 5B 5B 4/5B
Gel fraction (%) | 98.0+0.2 | 88.2+0.2 | 89.840.2 | 89.4+0.2 | 93.4+0.2 | 95.5+0.2 | 96.3+0.2 | 98.1+0.2 | 95.1+0.2
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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 R? 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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