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ZE: Nylon 4(poly(2-pyrrolidone))= T2l 2-pyrrolidone(C4)°] HFo] Quj 25 &3] A4t 718t A, 53t
7IAA i 2 Aol AeEeE TR 58 T oF Aol IARE, RSl 8K Yol Jhgro] ot
o] ltt B A= nylon 4 SFUZTEA 2] S =ol7] 9151 e-caprolactam(C6) THEA| 2} F-5A]
5 A3, ol EAEA ¢ ARSI tist] Attt £ A9 nylon 4/6 35 A= nylon 62] o]
40% o1’dd w, 300 °C7HA et el w48 deke 54 etk B3 nylon 4 SAFEA 9 Al nitro”]
7t 2318 JIAAIE Ao EH ¢F 210 °)C7HAl E S I  AUTE B SHAE o83 AR
AY Ad, FFEA] AREgo] 28] FdE ZAoE Yest o= DSCAFNA SA S SAlE=ZFE Lot
A vkel o] nylon 4 TLFFA A 3] F43] Rolxl AHsle] sk AR Ak

Abstract: Nylon 4(poly(2-pyrrolidone)) has excellent mechanical strength and high moisture content and its monomer,
2-pyrrolidone (C4), can be produced from biomass. However, the practical application of this polymer cannot be pro-
duced due to a thermal degradation temperature, which is lower than its melting temperature. To overcome this problem,
the copolymers of 2-pyrrolidone and e-caprolactam (C6) were prepared by an anionic process and were tested for thermal
stability. The nylon 4/6 copolymers display rapid increase of a thermal stability up to 300 °C when they contain more than
40% of nylon 6. Employing an initiator substituted with aromatic nitro functional group improved the thermal stability
of nylon 4 up to 210 °C. It was found that nylon 4 copolymers demonstrated even faster biodegradation rates compared

with nylon 4 homo-polymer in activated sludge due to the lower crystallinity as measured in DSC thermogram.

Keywords: biodegradable polymer, nylon 4, nylon 4 copolymers, nylon 4/6, thermal stability.
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Nylon 49} Nylon 4/6 3532l 9254 2 AR A+ 625

NeASFer AL 5 Ak olE 1950 dth Zof| 7= o]
A A vt o FFAEE AL 7E = A A
A2 nylon 69} HE317] wjiZol o3&l A= ZH=gsk
A"k, §F-2E7F F 265°Ce WHA E32 %7} 260 °CO17]
ool WAL 7 WEA o] FA] oot Ade-stel dufistar
T7F SHEAL’ SRR, 2 2-pyrrolidone®] Bvlo] Qw2
2 Aol 7hsaiRlel wet oAl nylon 40 gk A7F &
3] 19 =3 Itk Nylon 49] QP82 S8 EAk
Aol 3k A7) dsle 2 Kim 5 potassium zert-butoxide
(+BuOK)?} CO, 5= benzoyl chloride(BzC)E 2} nylon 4
9 nylon 4/6 354 T3 MAAIR =YSIAAL, 18-crown-
6 ether(crown ether) =+ tetramethyl ammonium chloride
(TMAC)E FvlZ AFHE-3le] 2-pyrrolidone 3 e-caprolactam
(CL)9] &ol2 /Hehih-g-3 Foto] mig 2 BAFFS 2=
nylon 4 2 nylon 4 %A ] &3 A+E X183
t}' Nylon 4} nylon 69 A4 % B st gk A+
o] U3o=E Kim T2 oy =2 SHJE] StellA] nylon
49} 65 28N F 259 FHEH Asd AP E
Bzt a7t XA 3E a9a T3 AAn s FEl s
siaict. ghdete] FA= FF slollx] BulE s AAA
5 27F XA 3)de ofsf A=A AR ewol mt
Wslele s Bt A8 e gfdete] FA=
oF 130°C olste] AR =M= S 7k st o
1 ode] exeMe v S7HEE BHastsith Nylon 4
o] & g P Ate] UFESE Tachibana 52 acyllactam
< =93 nylon 45 A3, Y7]E carboxy group,
amino group, n-butyl group®= kIt Wet7|of carboxy
group®] =% nylon 4¢] 73-$- acyllactam®] =% nylon 4
9} zpo]7F YIAAI T, amino group®lt} n-butyl group®] =<
¥ nylon 49] 7% & St go] F4HS FlstAt”
Kobayashi 52 nylon 4 ©H&A2] 2-pyrrolidone®} CLE &
FTHslE WO nylon 4/6 35 AAHE skl BaLssd
o} AAFQ] Arad A Az waiE vk $iok.” Nylon
4¢] AE-34e vhetstr] 9)sl Hashimoto 52 nylon 49}
nylon 4, nylon 62] E3= F3E9] AR A3
Zd &1 WollA nylon 65 AEs|A] 719 9le vk
nylon 4] 73-9- 304 A3l Al oF 50% 717te] a7 B
3ol s th Y Yamano 58 Pseudomonas sp.S AR&-3}Fe]
nylon 49] e AES AFASH nylon 45 T3 55
TEHAE T F 2310 AR A

2 AFoM e 7HAA T ARAAAS Bl AT =
nylon 45 FHECE ke ULE A5 s 913 =
22 7FA]3L nylon 4 2 nylon 4/6 %3S gAdste] &
2 547 H8A3S FAFSIGITE gk nylon 4 TAEEHA ol
ot RS UERVE E9lste] degAe] HsE AuR
Ut EoE FEFAS BASE B 2E s A}

Ad

Alek 2 ZHE. Nylon 4 ¥ nylon 4/6 35HAE T3]
23 FEAZ 2-pyrrolidone(C4) 99% AE-S AFESIATL, &
caprolactam(C6)= AH8-3FA T vl = Sigma Aldrichol] 4]
sodium >99.9%, potassium-zerz-butoxide(z--BuOK) >97.0%=
TY3IA ARSI JIAAIZE Sigma Aldricholl4] benzoyl
chloride(BzC) >99%, 3-nitrobenzoyl chloride(3-NBzC) >98%,
4-nitrobenzoyl chloride(4-NBzC) >98% #|&-2 TY3le] AR
3L} 2 ol9ol] HrH o=z ARE3E A2kl methanol, acetone,
formic acid= Samchun Chemicalol|A] T+ 35te] A8-313 T
Al Al AFEE EAEEAE T & ABAE A
Fatol ARg-I3iTh

=4717] ¥ EMEH. V{5 %= (n])= Ubbelohde visco-
meter(size 2)5 AMSst] SR oM FE IEAE m-
cresololl %1 - 30°C X714 S78sIslnt. g€ it
o] 9A AL NetzschAFe] DSC 200 F3, TG 209 F3& ©]
831 451t DSCoF TGA 40l ARl AlF9] e
oF 8 mgo]%om, $& SEE 10°C/min® s 511, % W
9= 72 70~280 °C(second run), 30~500 °C7}A] =43}
th 54 25ox 2] dEsAEE w451 A1 isotermal
TGAE 210~270°C] 2504 1027+ AAI8IAch. 'H NMR
(Bruker, Avance-500 MHz) ~HEHL 00152 AEE
1.2 mL9] 2,2 2-trifluoroethanol(TFE)2} chloroform-d(CDCly)
o] Eggmfel =Fo ZAgsITh

Na Z01E 0|28 Nylon 4 £&. 2+ 52 Zgt2=
(100 mL)l| 2-pyrrolidone(0.20 mole, 17.02 gy Y3 JF 73
Blol] 428 A|AgE. o] & ZFH)E Na(0.006 mole, 0.14 g)
S %3 90°C oil bathol|4] Rk &4 ThA] g 213
ejoll 22 AAT. 2 371 F oil bath 2=F 50°C
2 9 o JHAAIE T 2407 F9F S A
a3t £ RES-S TSI vhgo] XISl wet REgEo]
Jshem EApo] ST WS- FE § formic acid®
S R0 F 4°C o3| opxlEel AT S3Eg Al

Table 1. Conditions of Polymerization for Nylon 4 Homo-
polymer

C4 Na Initiator Initiatior
g(mole) (mole%) (mole%)
BzC
17.02 (0.20) 3 1.5 4-BzC
3-BzC

Reaction time: 24 h, reaction temperature: 50 °C.
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Figure 1. Synthesis of nylon 4 homo-polymer by anionic polym-
erization.
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Table 2. Conditions of Polymerization for Nylon 4 and Nylon
4/6 Copolymers

Molar ratio C4 C6  +BuOK  BzC
Cc4 6 g (mole) g (mole) (mole%) (mole%)
100 0 17.02 (0.20) - 10 1

80 20 13.62 (0.16) 4.53 10 1

60 40 10.21 (0.12) 9.05 10 1

Reaction time: 72 h, reaction temperature: 50 °C, 80 °C, 80 °C.

[\ ] l \ AW G

}
Activated Sludge and Nylon 4 !
fits copolymers 0.05M Ba(OH}, Solution

Figure 2. Biodegradation apparatus for nylon 4 and nylon 4/6 copo-
lymers.

Ba(OH), &°] & 500 mL 4HztZek== s7flol AAdsict.
o710l AFE OF=E LS 75 mL/min®Z FHAIZ T Nylon
4 FAZFA 2 nylon 4/6 357 AL = WAys=
CO,7} oF232(Ar)S e} Ba(OH), £ 08 £77}o) what
barium carbonate(Ba(CO),)E 43 HAsA =t Ho}
AE Ba(OH)= dHEZEgQl &4 slol| 0.05 N9 ¥ HCI
gao g Y3t CO2l e 2 (el o8 7+ 5=

)16
Mco, = (Coacom, X VBacom), ~Crci* Vie) 44 (1)
a2t H{ EE

Nylon 4 ¥ Nylon 4/6 3582l 'H NMR 24, 33}
A FEREAS 28 'H NMR 1418 2A151 T Nylon 4,
nylon 4:nylon 6=80:20(°]3} nylon 4/6(8:2)) ¥ nylon 4:nylon
6=60:40(°13} nylon 4/6(6:4))2] 'H NMR-S- Figure 3°] L}E}
W3th. 7 methylene?| 9} 73-8-3l= TZE 4o a~h= X
A1} th Nylon 49] 739 methylene ¥ 3+ 3.19, 2.19 %
1.76 ppmelA] YERITE. Nylon 4/6(8:2)F nylon 4/6(6:4)2] 7
% 3.17, 2.18, 1.75, 1.58, 1.49 ¥ 1.30 ppmol| A L+EFSLT).
Aliphatic C-H 3= % nylon 4 3|32l b =<} nylon 6 3
Q1 f 93 A3k vl 2 A3 7F 3o A =
8] = nylon 4/6(8:2)2] 73-%- 78:22, nylon 4/6(6:4)2] 73-$-
59:419] Hl&=E AU}

Nylon 4 ¥ Nylon 4/6 SS&#He| S& dukee] 4
=2 Vet nylon 4 SGLZFEA} nylon 4/6 F5HAe] &



Nylon 49} Nylon 4/6 3532l 9254 2 AR A+ 627

nmr solvent peak —— Nylon 4
—— Nylon 4/6 (8:2)
o —— Nylon 4/6 (6:4)
H b d f h
N a+d c+h
4 MNMJ M begf
(C) | Al ‘
atd  Cthpegs
(b) | \A_.n_.L A |
H o
/(NM; U a ¢ b
a C
(a) [ J ‘ k
I 1 | 1 | 1 | 1 I 1 | 1 | /| | 1 |
8 7 6 2 1 0

4
ppm
Figure 3. 'H NMR spectra of (a) nylon 4; (b) nylon 4/6 (8:2); (c)
nylon 4/6 (6:4).

Table 3. Results of Polymerization of Nylon 4 and Nylon 4/6
Copolymer

Molar ratio Analyzed contents of

N4 in copolymers  [n] Tn  Tyome  Yield

C4  C6 (mole%) (O O )
100 0 100 0.99 2586 268.1 767
80 20 77 0.77 1625 2768 623
60 40 59 0.65 1513 3025 5938

238 Table 39 A25FA T} Nylon 4 @537} nylon 4/
6 T30 vl =2 82 dojX T} Nylon 49 -8
Te gdurd oz 4 A = nylon 49 &3 FAFSE
258.6°CE YERQITE Bl &% Ty 268.1 °CE LFERSE
o} AA Balle AR B 2xoME dojdS isothermal
TGA%A 15T ZF- =+ Ubbelohde viscometerS
o]8-3ld 30°CellA =g A} 0.99 dL/gs IS = AUSH

Nylon 4/6°] §8§25w 35 Al F7Hs TgAl| o Hl&
o] w2} nylon 4/6(8:2)°] 73-%- 162.5 °C, nylon 4/6(6:4)°] 7
% 151.3°CE YERIATE ©]&= nylon 62] H]&0] Z7}g ol
met &g =7t At Ao 2 ke th(Figure 4). Figure
5o FAMRE Thoers 358 Al F7FeE Tz o H| &l
w2} nylon 4/6(8:2)2] 73-%- 276.8 °C, nylon 4/6(6:4)2] 73-%-
302.5°CE YERAATE. Figure 6914 Ho|& nylon 4/6 3%
39| isothermal TGAZAIA & 4= 150] nylon 4/6(6:4)
= 250 °CollA 104 &F A=Ayt A8 oy b=t
AT, nylon 4/6(8:2)2] 73-%- 250 °CollA 1087 =231
S Al O 15%7HA FAIZ A7 oS S 5 ATk
IHAE =243 A3 nylon 4/6(8:2)= 0.766 dL/g, nylon 4/
6(6:4y= 0.654 dL/ge ¥ & AT

Figure 72 250°C, 1A]7F 592 isothermal TGA ©]%

——Nylon 4
—-—-Nylon 4/6 (8:2)
---- Nylon 4/6 (6:4)

Exo

AH=-61.71 J/g

_________ AH=-27.053/9_ _ ..\

Endo

e )
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Temperature

Figure 4. DSC thermograms of nylon 4 and nylon 4/6 copolymers.
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Figure 5. TGA curves of nylon 4 and nylon 4/6 copolymers.
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Figure 6. Isothermal TGA of nylon 4/6 copolymers.

nylon 4/6 35A2] 'H NMR spectra®|th. TGA =74 A &
o] b, f B AE vlaLate], ZF AJH A 9] 2dH] Hs) gl
Al & E Table 401 A2l skaith 250°C, 1417 52te]
isothermal TGA Z3} nylon 4/6(8:2)2] 73-%- &= <13}
61.3%2] & FA ¥stE YERNSITE. W, nylon 4/6(6:4)=
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e UEZV|E AR Ol =9817] $1381 nylon 4 3
A Al Na Zwlj9} &7 7IAAIZ BzC, 3-nitrobenzoyl chloride

nmr solvent peak
(a) ——Nylon 4/6 (6:4)
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a+d c+h beg f

oo e
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ppm
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C*th pegf
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,(N\'/\)L);%N/\/\O/\n/);
a C H € g o
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Figure 7. 'H NMR spectra of (a) nylon 4/6 (6:4); (b) nylon 4/6 (8:2)
after isothermal degradation at 250 °C for 1 h.

Table 4. Composition of Nylon 4/6 Copolymers after 1h
Exposure at 250 °C

Ratio of N4/N6

Weight loss
Copolymers Before After gr?
(%)
degradation degradation
Nylon 4/6(8:2) 77.6:22.4 73.1:26.9 61.3
Nylon 4/6(6:4) 58.9:41.1 51.3:48.7 25.7

ZEH, A41E A4E, 20173

(3-NBzC), 4-nitrobenzoyl chloride(4-NBzC)& 7+ A8-313t}.

Table 59141 7§AIA|ol] W2 nylon 4] $¢ A= AEst
ATt ZHzte] JhAIAlel wE nylond] EAbEES LHFE 7
o] 0.6°14 0.75 dL/gS 2 AR FARITIAL B A 742}
o 2 &85 vAE 2folE B 7S Utk
Figure 8o 1<l e} 7Ho] DSCEA Z3} BzCE /NAIAZ
AR 739~ oF 260~280 °C FZol|A] AlEe] F2% ®al 7t
doju= AL AU 4= Aok NitroZ]7F A& 3-NBzC, 4-
NBzC¢ A% BzCE /NAAR AFR3H A9 vls] &
2ol & WASIA] E3lTh 12y Figure 99] dynamic TGA
Aol M= I o] mAIEHAl S7HE AL s & 5 9
o}k oF 150~250 °C F7HollA] 5= 102 <t BzC 7HA]
AE AHE-gk nylon 49 7% °F 5% BEe] FA vk o
oA Tt 3-NBzC E= 4-NBzC 7WAAIE ARE-3F nylon 42
A AR AF R ZolE AL 2 5 ) 2
o] L] o] 260°C AEolnz Ut YEZI|E
o] &3t dekysh= Ay} AgkE o),

Figure 10 210, 230, 250, 2700014 z+2} 1027 =48
isothermal TGA A& Ho3ET}. Figure 10(a) 210 °Collx] 4-
NBzC 7NAAIE AFESE nylon 471 718 &2 dgAdS
R AL A ZHAa7F A e sttt webA 4-
nitrophenyl 71¢] EA17F Aol 210 ‘C7HA = EEA e
o 7lodshs RS 1T 5 Sl

TS s 848 210°C oJskE AFAZ S
7he Al GegAde R E 4 gtk FolA 9wt sith
a3 250°C o) dollA = HERY] a3+ A9 gidth

Table S. Result of Polymerization of Nylon 4

] Tm Td.onscl Yleld
Initiator all ©C) ) %)
BzC 0.6 256.2 263.9 40.1
4-BzC 0.77 258.1 270.1 38.5
3-BzC 0.66 256.9 2714 30.6
Exo

Endo

L I | 1 | 1 |

150 200 250 300
Temperature (°C)

Figure 8. DSC thermograms of nylon 4 (initiator effect).
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0 T T R Br—
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Figure 9. TGA curves of nylon 4 with various initiators.

Isothermal TGAE ©]§-3te] &3} oA & +317] 23l
Flynnz} Wall®] WS o] &3tk 242+9] isothermal
TGA A3 43} YA & BzC WAIA S A&3 3%
134.1 kJ/mol, 4-NBzC 7NAAIE ARS-SF 73-9- 242.1 kI/mol, 3-
NBzC /NAAIE AME-gE 9~ 209.6 kl/molZ AlAF= AT, 4-
nitrophenyl 7]2] &7} €433} UAE S7HAA E E3l
SEE HAY)E vl 7]dete A0R AdEr.
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BEgk Awsl * At A5 LiHES Tl AR A
£ st} st SEE aEA) BelE aEA E
o] ZFHEE Table 60l VERHATE 2o & 7} 1282 &
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Figure 10. Isothermal TGA curves of nylon 4 at (a) 210 °C; (b) 230 °C; (c) 250 °C; (d) 270 °C.
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Figure 11. SEM images before (above) and after (below) biodeg-
radation (a) nylon 4; (b) nylon 4/6 (8:2); (c) nylon 4/6 (6:4).
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