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D8 AFelME e 9 ouiEe] e EPAE ol ¥ Paal-Knorr ¥EE HIFUS] w2t g3
FTIR ¥ XPS ~#HEY EXS Fslo t}E2 N,N-dimethylethylenediamine(DME)2] -s=9} A7k w}
PAE ZePlE Sole wtte] PxE IS RSM BA 02 vio] 23] 4 20L& AP v el
. SEM-EDS #4032 oflst&s 2RIgH A3t At M-S, o] 2uI-EH(EC), W&E(S.R)S 22 52.7%,
0.82 meq/g, 10.1%31tt. RSMell ©Jgh Z2] AlE Fol& wdete] 2 9y 374 HFE =00t 2 dA7elA
w2 AE Sol& wTte] 49 Axe RSMo) 23] AlEH oM 1 HAsl a7 Aot 2 Xt
Abstract: In this study, polyketone anion exchange membranes for water treatment and battery industries were syn-
thesized by the Paal-Knorr reaction mechanism. In addition, the structure of the polyketone anion exchange membrane
synthesized according to the concentration and time of different N,N-dimethylethylenediamine (DME) was confirmed by
FTIR and XPS spectrum analysis. Response surface methodology (RSM) analysis was performed to compare the opti-
mum conditions of the membrane with the experimental data. As a result of confirming the amination rate by SEM-EDS
analysis, the maximum conversion, ion exchange capacity (IEC), and swelling ratio (S.R.) were 52.7%, 0.82 meq/g, and
10.1%, respectively. Optimum synthetic process parameters of polyketone anion exchange membrane by RSM were con-
firmed. The experimental results of the polyketone anion exchange membrane synthesized are in good agreement with
the response optimization requirement index simulated by RSM.

Keywords: polyketone, anion exchange membrane, Paal-Knorr reaction, amination, response surface methodology.
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Table 1. Reaction Condition of APoK Membranes
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Figure 1. Amination mechanism for polyketone (PoK) membrane in DME.
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Figure 2. Quaternary ammonium reaction mechanism of aminated polyketone (APoK) membrane using methyl iodide.
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Table 2. Design & Coded Table of the Ranges of Different
Parameters Selected for the CCD of Each Reaction Condition
(Randomization)

StdOrder RunOrder PtType  Blocks (]3(1)\1/{,2) T(i}rlr)le
13 1 0 1 6.66 5
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1 4 +1 1 3.33 1
2 5 +1 1 9.99 1
12 6 0 1 6.66 5
8 7 -1 1 6.66 9
11 8 0 1 6.66 5
3 9 +1 1 3.33 9
7 10 -1 1 6.66 1
5 11 -1 1 3.33 5
9 12 0 1 6.66 5
10 13 0 1 6.66 5
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Figure 7. SEM photograph of PoK and APoK membranes with DME (6.66 vol%) at different reaction time (h): (a) 1; (b) 3; (c) 5; (d) 7; (e) 9.

(c) (d) (e

Figure 8. SEM photographs of PoK and QPoK membranes synthesized based on the APoK-8 at different reaction time (h): (a) 12; (b) 24;
(c) 36; (d) 48; (e) 60.
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QPoK ato| M Al&. APoK =12 43} U= F3} Hk3-oj
oJsled $Hd3F QPoK o2 wshutdl tisle] w E4S
7 g e RSl FE, BEE, ol2n3he, [71A
a A7NAEE B IES AE 59 SRS Table
30 YERATE Table 304 B nie} 7ho] U3k DME %
ZolA wEgAIZ o] SRkl wat o] 2w S-S ST
o opulslA| 2] F 3.33 vol% DMESIA Al s 20]&
W ZHQPoK-1)9] o] 2w 3H8-7F 72 0.18~0.6 meq/go] AL
™, 6.66 vol% DME &=olA A7 o] 2w 3 QPoK-
2)9] o] 2w 3HE LS 0.36~0.75 meq/gel AL, 9.99 vol%
DME 5ol 43 o] st (QPoK-3)] o] &w.shg-2
2 0.38~0.82 meq/g®] 7S ZH2F YERN QAT

QPoK o] wghate] o] 2882 Table 3014 B vk}
Zro] WkS-A]7+ 2 DME F=o wet 2% S7kete A
HHom, vkgA7t 9 DMES] s/t S71stel wet o]
WG| T T FolEe S BATh Eg &
AFolA TS QPoK &0l whate] o] 2w dhg-e F
o 0.82 meq/glE E44 Nafion N117 ©]&wghute] o]&
W BHEEF Zh(ca. 0.95 meg/g)t VIS8 02 YEhe A

o2 o} B Ao T PoK o] Lagure V7R
ngdti 2o ge) AlgoR A8Y 5 S o

FergIT 20

E3F A5t o FEok vSAIZES Eefste] A%

Table 3. Physicochemical Properties of QPoK Anion

QPoK(QPoK-1, QPoK-2, QPoK-3) 2°]-2 w3luto] gt=§
& 747} 95~135%, 100~141%, 107~170%% #5342 &
9} Alzko] F7Istel wl F7ksiinh. oA Frdo] &
7kl olf= PoK ol 43} 174 431 tRE7I7F =998
o e} g xpAo] S| Mo R ALEE I

S, T HWE-EL FAZANA Y% I8 el ¥
sl vl A B 23y 71414 1%
59} elongation 72 s} Hkg-o] R we} olx]
= AE%S Hole FoZ Hol PoK He] E4s) u tjAE
S 2 ARRE] fEiAe FE ZtaRks e S-S
gk EARe] Mgk FEl W3S P TIe A
7t gy =lojof & Fo g IAE| Tt

2 AelA] oAl 9 WkSAIZRS: WsAA $HdeE QPoK
S0l ko] M7 e A7k} DME §=7F S7F
ghol] v-¢- v et vbd A AET s Sk Jos
Kol B AoA g3 QPoK o2 wshate] 7|43 &
A S WTAS B3t B4 o)lewgute] tha 2
2 ARgo] 75 Ao I

RSMo]l 2|8t QPoK 9t BHM3H =3}, Ssletd &
A7) A3} =4S Table 3004 AAIEF QPoK uhe] &2
3}ska] EA Zko 2 XE Minitab 18 Version®Z RSMS &
Aete] A2 o] 2 wFE-FF gholl FFS A= TS

Q== Figure 92| pareto chartZ ¥&3}3L Figure 10 2+

it of

=y =
B4 &

o=

Exchange Membranes

Batch DME Time *LLE.C. Ww.U. S.R. ER. E.C. (S/cm) T.S. (kgf/mm?) Elongation
No. (vol%) (h) (meq/g) (%) (%) (Q-cm?) (x10™) (x10?) (%)

3.33 1 0.18 95 0.4 1.20 3.7 84.92 21.12
3.33 3 0.28 97 1.2 0.65 6.9 84.70 12.75

QPoK-1° 3.33 5 0.29 110 1.8 0.62 72 79.30 10.12
3.33 7 0.45 124 29 0.52 8.5 60.20 7.41
3.33 9 0.60 135 44 0.48 9.3 44.60 6.21
6.66 1 0.36 100 1.4 1.18 3.8 82.20 18.52
6.66 3 0.40 115 32 0.61 7.3 77.20 9.64

QPoK-2 6.66 5 0.67 126 3.7 0.53 8.4 68.60 4.81
6.66 7 0.71 132 5.2 0.47 9.4 38.60 2.52
6.66 9 0.75 141 6.6 0.45 9.9 20.30 0.25
9.99 1 0.38 107 1.8 1.10 4.0 78.70 16.71
9.99 3 0.56 128 4.1 0.51 8.8 70.10 7.48

QPoK-3¢ 9.99 5 0.69 138 6.2 0.40 11.1 50.70 1.52
9.99 7 0.79 153 8.3 0.40 11.3 19.40 0.13
9.99 9 0.82 170 10.1 0.38 11.7 1.00 0.01

*L.E.C.: Ion exchange capacity, W.U.: Water uptake, S.R.: Swelling ratio, E.R.: Electric resistance, E.C.: Electric conductivity, T.S.: Tensile strength.
“QPoK-1: DME content=3.33 vol%, Temp.=70 °C. “QPoK-2: DME content=6.66 vol%, Temp.=70°C. ‘QPoK-3: DME content=9.99 vol%,

Temp.=70 °C.
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Figure 9. Pareto chart of L.E.C.
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Figure 11. Contour plot of LE.C. (meq/g) vs time (h), DME (vol%).

Optimal DME {wol Time (hr
> 1000 M 9.990 80

i Cur [B510] [5.0]
Pred_i_c_t Low 3330 10

LEC. {

Mammum

y = 08430

d = 1.0000

Figure 10. Residual plots of L.E.C.
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Figure 12. Maximum optimization plot of L.E.C (meq/g) vs DME
(vol%) and time (h).
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Table 4. Summary of ANOVA and Regression Analysis for the Responses

Model model tems deviaion Rsq Resq (ad) Resq (pred)
LE.C. (meq/g) B*?, A", AA, BB 0.0531480 0.9520 0.9280 0.8090
ER. (Q-cm?) B, BB, A 0.0263272 0.9941 0.9922 0.9843

E.C. (S/cm) B, BB, A, AB 0.6337130 0.9608 0.9413 0.7835
W.U. (%) B, A, AB 3.3858000 0.9777 0.9703 0.9232
S.R. (%) B, A, AB, AA 0.2981340 0.9910 0.9865 0.9468

T.S. (kgf/mm?) B, A, BB, AB 1.8480100 0.9964 0.9946 0.9875
Elongation (%) B, BB, A, AA 0.9157250 0.9885 0.9827 0.9511
Nitrogen (%) B, A 0.4350370 0.9745 0.9694 0.9482
A": DME (vol%). B*: Time (h).
Table S. Response Optimization for 4 Conditions
Condition
Classification LE.C. Max. E.R. Min. (J%%.hﬁ?ﬁ;(.) (=E10Trizétli\§§XMax.)
(=S.R. Max.)
DME Conc. (v/v%) 8.510 9.990 9.990 3.330
Time (h) 9.0 7.6 9.0 24
LE.C. (meq/g) 0.8430 0.7802 0.8193 0.2333
W.U. (%) 159.2158 157.1100 167.3269 100.5944
S.R. (%) 8.4666 8.6542 10.0250 0.9908
Response E.R. (Q-cm?) 0.3978 0.3350 0.3667 0.9499
E.C. (S/cm) 11.2028 11.5147 11.9250 5.0689
T.S. (kgf/mm?) 9.5139 21.9444 -0.4483 87.4614
Elongation (%) -0.0904 -0.5263 -0.6090 22.4210
Desirability 6.16374 6.28794 6.53784 2.87764
Selected

She-F, Aghs, T, AFE Tl Rsq wtel 0.9 o
2 Uehstth 2eiy EFRAAE e 2] %
T 7H7} 338%, 1.85kgfmm’E =& AA} gHE HIo
, 9 AEEIE TEA ol2uwghg- w2 0.053 meg/g, A
7143 0.026 W-enr’, BR8-S 0.30%22 AtH o= ittt

QPoK gte| Optimal Desirability. Table 5= Ahmad 5<]
A A2 2 ArollA ARk RSM 22 7]] Minitab
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desirability(D 32 73l A& A= 2okt Zlolt}, ojuj
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Ao TaEe WA TSRS o] Ru e, s, W

Hol o i

8] 3 7=} elongation?] 7FEAIE 24 1.02 FoJ3)
AL 7t el wet ellFo] A2 gholth o] ¢} 3ol Zh
response A2 AAE 38l 104 71FL=E desirabilityS H
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Table 6. Confirm Optimal Design Layout on the Response Optimization Used RSM

Reaction parameters

Response parameters

Runs No. -
DME (vol%) Time (h) L.E.C. (meq/g) S.R. (%) E.C. (S/cm)
1 6.66 7 0.71 52 9.4
2 6.66 9 0.75 6.6 9.9
3 6.66 11 0.72 6.5 9.3
4 9.99 0.79 8.3 11.3
5 9.99 0.82 10.1 11.7
6 9.99 11 0.77 7.6 9.0
7 13.32 0.68 5.0 9.2
8 13.32 0.64 4.8 8.8
9 13.32 11 0.63 4.7 8.6
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Figure 13. Contour plot of L.E.C. (meq/g) vs time (h), DME (vol%).
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Figure 14. Contour plot of S.R. (%) vs time (h), DME (vol%).
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Figure 15. Contour plot of E.C. (S/cm) vs time (h), DME (vol%).

AA] o 11.7914 8.6 S/em7kA] 7F

skl
o] AL T3 L& HloE|(LE.C., SR, EC)E |43

[e)
RSM #4185 2A]51900m, o]of thdt contour plotE Figure
13, 14, 159 2tz =ASFATE Figure 13914 B vl 7+
o] o] 2w 3-8 DME 9.43 vol%, HFS-AIZF 8.7A] 7 ol A
0.82 meg/e AH3E S Beld 5 gon, e
Figure 149 el vle} ZHo] DME 9.68 vol%, ‘ﬂ'%’\]
9.054 7kl A 9.8% = WEMS T 22 AVIHERE §
Figure 159 =A]3F v}l 7Ho] DME 9.64 vol%, WHg-
84417 oA 11.6 S/em=z F A3} = AT o]# 3 =4
22 Table 59014 A|AISF desirability2] 70l 2 U OF—
Ao Z gIgt = Q). o]} 712 desirability?] indices
7F= Trautmann}** Chabbi 5-9]% A-o|A A WH S
283k Zlojtt.

Desirability 71578 W] e v H4ss 2%
sh= Zo2A o]¢} T2 7|e tikE HASE flste] W
Flof] HlejEA ol RS Zohlle §A4o] Jeng it
35789 HA s}t = AR 3 Feketl fr8eithal

o Y o o o

Z%

Polym. Korea, Vol. 44, No. 4, 2020



470 25 - o

Atk meb] QPoK ole maEe] HA gH=A
DME &% 9.43 vol%, HHs-AIZF 9| 7ke. = 72} 84S
291},

4> r1o

Iy

=
—

2y

}_

fus

1.

ZYAE A steavfE el o
E}( mmatlon) 2 42} ¢+ E 5 3H(quaternary ammonium)
S Bl 42 dRws FYAE ol QPoK)S
3k, o]59] B3l EAJ RSM EA4HPE S &3
PITATE E53 A% vt 22 dES Ak

PoK 0] wghute] ofqlslg-2 ol slA|(DME)2]
! WEg-AZke] F7Fe] whek 57}3}"10@ Hoj ol
&L 52.7%°]3U T} o]ij_pj._&ak g 9w PiSe of
n3le g A4 sheEEre) vlEF e _l;l_Oﬂl‘)r

2. PoK o] wghute] Huj Oliﬂ_ﬂﬁako 0.82 meg/g,
WEES 10.1%01} Tt S0l wehe] IA7FEe} AtE
< 53t A PoK HHETH W3O m, PoK o] wgheo]
TAE W A5HA FejreR ARsh| flsiM e 7kl
I Frze] Wskes 55 vl iy i A9 28
Ao g JFET)

3. RSMO.ZHE AL response optimization desirability2]
indices ¥ 7t= thRkg-o] FAskE A4 ste 7<= o7t
AR O™, WLl He]EA o] REGRS Fohfle 84F

o] 7hsdte] HASE e AR S 3he S
833tk Wb QPoK &rol2 wehdke] HA A
712 DME &% 9.43 vol%, 9A]7F WH8-0] PoK 29|

o ghe] H3 PRRAYS =S5

o

Lr

T
oo

ol

I

/O

T D ox
b ol

off
0y

rfo 0%
|
8

ZALe] 2: o] =% 2019d FHEH3L AR AH(CNU
StEITAIARDel <Js) A UE

FIE

ror

1. D. H. Lee, Y. S. Kang, and J. H. Kim, Macromol. Res., 17, 104
(2009).

2. J.Ran, L. Wu, Y. He, Z. Yang, and Y. Wang, J. Membr: Sci., 522,
267 (2017).

3. Y. Yang, and S. Holdcroft, Fuel Cells, 5, 171 (2005).

4. H. S. Park, Y. S. Kim, W. H. Hong, Y. S. Choi, and H. K. Lee,
Macromolecules, 38, 2289 (2005).

5. K. S. Kang, Development of high-performance desalination
electrode and purification module dispersed by carbon nano
materials, MSIP Government Project R, Republic of Korea.
201402310 (2015).

6. J. H. Choi, Sep. Purif. Technol., 70, 362 (2010).

7. R. A. Becerra-Arciniegas, R. Narducci, G. Ercolani, S. Antonaroli,
E. Sgreccia, L. Pasquini, P. Knauth, and M. L. Di Vona, Polymer,
185, 121931 (2019).

8. J.Y. Lee, J. H. Lee, S. B. Ryu, S. H. Yun, and S. H. Moon, J.
Membr: Sci., 478, 19 (2015).

ZEH, A444 A4%, 202083

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. L. S. Kim, S. Y. Hwang, B. G. Kang, and T. S. Hwang, Korean

Chem. Eng. Res., 57, 65 (2019).

J. Guo, Y. Ye, S. Gao, and Y. Feng, J. Mol. Catal. A-Chem., 307,
121 (2009).

W. P. Mul, H. Dirkzwager, A. A. Broekhuis, H. J. Heeres, A. J.
van der Linden, and A. G. Orpen, Inorganica Chim. Acta, 327,
147 (2002).

C. Bianchini and A. Meli, Coord. Chem. Rev., 225, 35 (2002).

B. L. Rivas, E. D. Pereira, and 1. Moreno-Villoslada, Prog.
Polym. Sci., 28, 173 (2003).

T. S. Hwan, A Development of commercial application
technologies on ion selective core materials and parts, MSIP
Government Project R, Republic of Korea (2014).

Y. J. Kim, C. W. Hwang, S. M. Hyeon, A. Canlier, and T. S.
Hwang, Macromol. Res., 25, 898 (2017).

Y. S. Jung, A. Canlier, and T. S. Hwang, Polymer, 141, 102 (2018).
S.Y. Hwang, J. B. An, B. C. Park, T. K. Kim, and T. S. Hwang,
J. Ind. Eng. Chem., 81, 464 (2020).

S. Y. Hwang, J. J. Kim, E. J. Park, and T. S. Hwang, Macromol.
Res., 28, 465 (2020).

I. S. Kim, C. W. Hwang, Y. J. Kim, A. Canlier, K. S. Jeong, and
T. S. Hwang, Macromol. Res., 25, 1063 (2017).

A. Navarro, C. del Rio, and J. L. Acosta, J. Polym. Sci.,
Polym. Phys., 46, 1684 (2008).

M. A. Park, Preparation and Characterization of Anion
Exchange Membranes with a Pore-Filling Structure for Vanadium
Redox Flow Battery Application, RISS (2014).

M. M. Momeni, D. Kahforoushan, F. Abbasi, and S. Ghanbarian,
J. Environ. Manage., 211, 347 (2018).

M. Chabbi, M. A. Yallese, 1. Meddour, M. Nouioua, T. Mabrouki,
and F. Girardin, Measurement, 95, 99 (2017).

N. Ataoliahi, K. Vezzu, G. Nawn, G. Pace, G. Cavinato, F. Girardi,
P. Scardi, V. D. Noto, and R. D. Maggio, Electrochim. Acta, 226,
148 (2017).

T. Soboleva, Z. Xie, Z. Shi, E. Tsang, Navenssin, and S.
Holdcroft, J. Electroanal. Chem., 622, 145 (2008).

D. L. Pavia, G M. Lampman, G. S. Kriz, and J. A. Vyvyan,
Introduction to spectroscopy, BROOKS/COLE Cengage Learning,
Belmont, 2008.

P. A. Figaroa, H. Miedema, G. J. Euverink, and F. Picchioni, Pure
Appl. Chem., 89, 41 (2017).

N. J. Schaub, C. Le Beux, J. Miao, R. J. Linhardt, J. G. Alauzun,
D. Laurencin, and R. J. Gilbert, PloS One, 10, e0136780 (2015).
K. A. Mauritz and R. B. Moore, Chem. Rev., 104, 4535 (2015):
D. Rana and T. Matsuura, Chem. Rev., 110, 2448 (2008).

M. N. Tsampas, A. Pikos, S. Brosda, A. Katsaounis, and C. G
Vayenas, Electrochim. Acta, 51, 2743 (2006).

A. L. Ahmad, S. C. Low, S. R. Abd Shukor, and A. Ismail, Sep.
Purif. Technol., 66, 177 (2009).

M. M. Momeni, D. Kahforoushan, F. Abbasi, and S. Ghanbarin,
J. Environ. Manage., 211, 347 (2018).

H. Trautmann, Multiobjective optimization with desirability
function and desirability indices, Drug design workshop, TU
Dortmund University Germany (2009).

Part B:



