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Simultaneous Determination of Pyridine-Triphenylborane Anti-Fouling Agent and
B Its Degradation Products Using Capillary Zone Electrophoresis
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EBXE, WEBBAE LCEASN VB E) U R TacARS Y (PIPB) RUZOAMERB CHED 7 =R Y S8
(DPB) , 7==/Ru Vi (MPB) , 7=/-ADF¥ET ) —/ - BREENE (CZE) bulbﬁlﬁﬁﬁﬁﬁﬁ&%:ﬁﬁﬁb R
A LR EZLDLELDOTHS. *ﬂﬁ')‘(li HE, 400, BRPLBREINTVS.

HETH, ARROFRL EE‘JLO»\THP\‘CL‘& Fixbb, MEBEAORRIRCEREEOBV AT, ﬁ)‘ﬁiﬁ%w‘bf:
BHBALTWS, £k, FHECBITIMTARTHS PIPB OSWAR, HRERY, £HBEY, REXCERALAOIRShEER
KOVWTXIRESALZRLRAL TV S, &b, PTPB RUEOHMBERY (4%, PTPB % LML) OERDERERFETNLOD

FEAROWTERTVS. kW, CZEEBORR, FE, SEKHBDE, SXBEE, WAL, REELOVWTHERLTHS.

%10, BT CRRUARIA SO PTPB 4 BRMM%, MHNERKEAYL (Geld amplified sample injection, FASI)
YRR MAL, CZEIRLY BRLERBREZELOTHS, 17, KBIKE LTRYET MY Y AKER (pH9.8) #AY, FASI
LB RBRHFOVTRI L. CORKR, FASIIRBIT2RERGIL, K77 VAR : 2 s, RFHEARE : -6 kV, RFHEA
B¢ : 68 Cdhoft. FASIiZX D, PTPB, DPB OHRHER (LOD) ¥MZEESIHO LOD LiEL, M 30 FETTEA. i, LOD
RUBREOM EEHIF L, RERFROX ¥ T Y —% & BB OEE RS LK, HEIVRBRAOhA > K0T, X
IR 2 BRTOEMBICSOTERR LB L Y 217 BAYsRS B L, FASI-CZE AV, SERmEC LY ERL:.
EOREE, PTPB X 0.045—0.53, DPB it 0.015-0.36, MPB i3 1.7-22,. 7 = / —/vit 1.2— 16 pglg (ERER) Riishic, Th
LORKRIE, RESEAVEERERLISE-RLE, LEF>T, RRZREASFSE LTHUTHARFETHD AR, 10 MPB
E7 =/ —NOLOD 2EET S T LNEERD LHRIT TS, k

28T, PTBSOBRERESXM LT 500, CZE LBIT5RBIANL LT, HERS LESHBALRARICHVIRAL |
(N 7Y v FREEAR, hSIM) 2RBLE. HFEAGLRBMLAL T3, hSIMIZBE 2 BEAREE, K77 V7EAMRM: 1s, R [’
FHEARE : -4kV, BBHEARR : 45 Thof. AKICX Y PIPB$® LOD &R L &5, MPB @ LOD % FASI 040 1/2

CeE RN, MoRSO LOD ik FASI ORA LIZERKRTH- . SEOSHBOMSIH LT, HELELS f:ﬁ&r‘]_l:liﬁb

niapoledt, BRKEBHEDRL2S 5T EMHRIOREEAEL LTRAFRATESLELDTHS.

HIETR, ?§7M=a> PIPB X EHEERT 270, KENEAA. (20, 40, 50, 60 mM) , ALHARERTE b= by:vﬁ&
(10, 20, 30%viv) , BABHESIREM (2—658) ORBTOVWTRE L. TORKE, RERMHZ, KKRE6OnM, 7Er=FY
JVIREE 20% viv, BRURMRIIFEM 4s ChH ok, AL D LOD L, 55pgl (PTPB) , 78pgl. (DPB) , 126pgd (MPB) , 30pgh (7

V= )-N) Thot. UBRSLERLFEIZLD, 7 b= MY ADOZTHKE LREH S LIRS L & L, PTPB, DPB, MPB ®
| LOD iZiE 2 {5 Thoedf, -7 = /=D LOD IZIERKR THo . RV, 1.0mgl © PTPB 2 L ATHKRHEZMEL, AR

RREICH 7 ml A, B4 (TWIKEC)., ZR (25°C, FHTHY) , =il (26°C) OB L, XHBERBETok. RE
R ORI, RREZ 1A ToL), ThOREPOPTPB SR I Y ERLL. BATH, PTPBX 16 B&RILE2IHE

&Rz, PTPB ORFFITHY, 7=/ — VR4 EMUE. ¥, MPBIL 7 BRiICRIHEH, RaizBid L, 20 BHRICHELR.

T b= Y MCERR L EREOHEITE, SFERT DPB AREENER, ATHKRSOBLSIIBRHENRP oA, ¥, B
B (26°C, RITHY) DHBAICIL, PTPB I 30 BHIZH 0% L, ThILHEST7 =/ —Adtka L. - LHL, MPB XU

‘DPB i &hiadork, R (25°C) OBHOBAII, Hil (26°C, KITHY) OHE L IEE@%D%&:’C%&?"»‘ PTPB %
| 30 BH#IZH) 30%53AF LTk,

BRI, MRERSTNES, , ,
 BEERERIICOVT, 420BEERICE ) RECEELTor. ARXTHB-SNORBREVEREBT S, EEFASNT
WHENALBRSNTRY, SbRBIREEDILVERDS. Lirl, LR, BUEETIBEDRY PTPB RUSRERMOTBE «
ERIEFRERELIL LA bOTSH Y, BERETICET 5 b ANDEA & ThbORBENI AT SHBLFET LT, 55
WRERCEAHOLELSE. LitioT, FEEAS L LTARILIREMIGEYE LTRHOND LU LI,

AFRIMT 5 ARBITTED 28 TH 3.

‘l)m‘ &gewchuay_, Y. Yakush.m, K. Fukus}u. K. Saito, T Hirokawa, “A novel hybrid mode of sample injection to enhance CZE

ivity for si deter ofa pyndme tnphenylborane anti-fouling agent, and its degradation products”,
Elecmphoz-eszs 2011, 32, 1486-1491.
2N, ngeggchugg, K. Fukushi, A. Tsuboi, H. Okamura, K. Saito, T erokawa, “Sxmultaneous determination of
pyridine-tripk lborane anti-fouling agent and its degradation products in pamt waste samples using capillary zone
electrophotesx.s Anal. Sti. 2012, 28, 1181-1196.
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In general introduction, the purpose of the present study was described as well as
the purpose of anti-fouling agent and the principle of capillary zone electrophoresis

(CZE) used in this study throughout. An'anti-fouling agent is usually applied to-ship

hulls to prevent worsening of fuel consumption rates resulting from the buildup of )

‘marine organisms, such as barnacles and bivalves, which with time become attached to

tbe surfaces of ship hulls. A commercial organoborane compound,
pyridine-triphenylborane (PTPB), is often applied to ship hulls as an anti-fouling agent
in some Asian countries because of its proven effectiveness. In order to elucidate its
degradation products and their toxicities to .marine organisms, development an
analytical method for these compounds is important. CZE is now a mature technique for
separation-based analysis that implies several advantages, such as high separation
efficiency, minimum requirements for sample and reagents, and (much) more rapid
analysis, over other s_epafation techniques. A UV-vis absorbaﬁce detector is generally
used in CZE. However, the concentration sensitivity of CZE-UV is fairly poor because a
small inner diameter of the capillary limits the optical path length for detection.
Therefore, the purpose of this study is to develop a CZE procedure to enhance the
sensitivity for simultaneous determination of PTPB and its degradation piéducts:
diphenylborinic acid (DPB), phenylboronic acid (MPB), and phenol.

In Chapter 1, field amplified sample injection (FASI) was developed to enhance
the sensitivity for the analytes and applied to the aﬁalysis of paint-waste samples. FASI
is a popular and simple in-line sample concentration technique. The analytical
conditions, such as time of water plug injection, time, and voltage of sampie

introduction were examined and optimized. Under the optimized conditions (injection
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time of the water plug, 2 s; sample injection, 5 kV for 6 s), the peak heights for PTPB

_and DPB using the FASI wére, respectively, 16 and 58 times higher than those

obtained using electrokinetic injection (EKI, 5 kV for 6 s). No peaks for MPB and
phenol were observed using EKI. The results show that in-line sample concentration
was perfo_rmed for PTPB, DPB, MPB, and phenol using the FASI. The relative
standard deviations (RSDs, n = 4) for the analytes listed above were in the respective
ranges of 6.2 ~ 14, 5.9 - 10, and 0.49 — 0.62% for the peak area, peak height, and
migration time. The limit of detections (LODs, at a-S/N of 3) for PTPB, DPB, MPB, and
phenol were, respectively, 0.85, 0.88, 44, and 28 pg L. The LODs of PTPB and DPB
were ca. 30 times lower than those for the vacuum injection procedure, but the LODs of
MPB and phenol were similar to those for the vacuum injection. The FASI-CZE
procedure was applied to the determination of above ahalytés in paint wastes obtained .
from shipyards. The conceﬁﬁations of PTPB, DPB, MPB, and phenol in the paint-waste
samples were 0.076 — 0.53, 0.015~0.36, 1.7~ 22, and 1.2 - 13 ug g, respectively.

In Chapter 2, a nével hybrid samplev injection mode (HSIM) that presents the
combination of EKI and vacuum injection was developed to enhance detection
sensitivity in CZE. Samples were introduced using both vacuum and electrokinetic
injections simultaneously, Mth a water plug injected into the capillary prior to sample
introduction. Using'a sample mixture of .PTPB, DPB, MPB, and phenol dissolved in
acetonitrile (ACN), time of water plug injection, time, and voltage of sample
introduction were examined and optimized. Under the optimized conditions (injection

time of the water plug, 1 s; sample injection, 4 kV for 4 s), signal intensity (peak height)
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was increased up to 30-fold in comparison with only vacuum injection for 4 s. The RSDs
(n = 4, intra-day) for the above analytes were in the ranges of 1.9~11%, 4.3-9.2%, and
- 0.34-0.66% for peak area, peak height, and migration time, respectively. The ‘LODs (at
a S/N of 3) for PTPB, DPB, MPB, and phenol were, 0.88, 1.0, 21, and 23 pg/L,
respectively. Using HSIM the LOD for MPB was ca. 2 times lower than the LOD for
the FASI procedure, while thg LODs for PTPB, DPB, and phenol were similar to.those
for the FASI procedure. The HSIM could be a simple and promising procedure to be
useful for enhancing the sensitivity for both low- and high-mobility ions in CZE.

In Chapter 3, a CZE method for simultaneous determination of PTPB, DPB, MPB,
and phenol in artificial seawater (ASW) wés developed. ASW samples, in which 20%
(v/v) ACN was added, were injected directly into the capillary using vacuum injection
for 4 5. As the background electrolyte (BGE), 60 mM sodium tetraborate adjusted to pH
9.8 was used. The LODs (at a S/N of 3) for PTPB, DPB, MPB, and phenol were,
respectively, 55, 78, 126, and 30 ug L. The RSDs (n = 4) for the analytes listed above
were in the respective ranges of 2.7 5.7, 0.68 — 6.1, and 0.69 — 1.1% for peak area,
peak height, and rﬁigration time. Simple photodegradation experiments were conducted
to verify the usefulness of the proposed method to elucidate the degradatién behavior of
VPTPB in ASW. PTPB samples dissolved in ASW were put in three different conditions:
the open .air with exposure to natural sunlight, a room at 25°C (ceiling lights were turned
on at daytime and turned off at night), and a dark place at 25°C to examiqe the effects of
the Iight'. The sample solutions were analyzed by the CZE method with the elapse of
time. As a result, it was suggested that the deg‘radation of PTPB in ASW was

significantly affected by the light intensity. The degradation behaviors in the ASW

U
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- samples were compared with former results obtained using PTPB samples prepared in

ACN. The degradation behaviors in ASW in the open air were different from those in
ACN: DPB was observed in the ACN samples during experiments but was not in the
ASW samples; MPB was observed after one day until 51 days in the ACN samples but
it was only observed after seven days and then disappeared after 20 days in the ASW
samples. PTPB in ASW was degraded more rapidly than in ACN because of hydrolysis.
The proposed CZE method is a simple procedure for the simultaneous determination of
PTPB, DPB, MPB, and phenc_)l in ASW and useful to elucidate the degradation process
of PTPB and its degradation products in ASW. To the best of our knowledge, the present
study might be the first attempt to determine PTPB, DPB, MPB, and phenol in ASW
simultaneously without any sample extraction procedure.

In conclusion, these studies demonstrate that the proposed FASI, HSIM, and the
CZE method without extraction procedure are simplé and promising procedures to be’
useful for simultaneous determination of PTPB, ‘DPB, MPB, and phenol. However,
further works are 'sﬁll required to improve the sensitivity to analyze real environmental
samples such as seawater. It is also necessary to iﬁvestigate the effects of different kinds

of constituents including organic substances dissolved in seawater.
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HE T, WEBBEAOBL, FFECHVEF ¥ T Y —Y— BRI (CZE)
OEEL L bic, ARFROBHER<TNS. Thbb, BEOKE: L b7 UV
“ RS OWREAN M RERECTE L, BRENERABET ST & CRbic, Bl
CAER B ST RENER SN T\ 5. TROAHERRBEATHBEY Jv
—bYT==ART L (PTPB) i3, AMHEHIEMERE D, 707 HECIRANED
7L LT LIZ LAV 5T 5. PTPB DSRRERMK DTN b DISEAMIC A5 %
HER BT BnIcE, TRORAOIIEYRRT 52 EAEETHS. CZE i,
4%, BEHCES AL LTRI UEHTTH Y, 0SRERHT 2 Hik LTE VS

MRHEEE L, HBRUREOBERADRVE, £ORAERS. LhL, CZE KB

W RES A BB S — AR ISR, * v UT Y —NEIEBR L 2B D
ﬁ&@ﬁﬁﬁw‘Kﬂ%wﬁmmfN?B&U%@%%Eﬁ%?bé?7z:wﬁvyﬁ
(DPB), Z==/ARuff (MPB), 7= /—A® CZE LL2ERERMSERELHR
FBIETHD. |
1 SETH, S5 B RADTRELOR bic, THUEREEA FASD 2HEL

BB OAFIHEA U7z, FASLIE, — IV BTV B A > 5 4 L REHRIEIE Th 5.
K75 AR, BB R CBESOMT AL R L, TESHTEEE RO
BEAHT R k7T F AR 2 5, BUSHARSR] 6 %, BIE 5 kV) %V =54, PTPB
RUDPB OV — 2 @&, BEKMA (EKI, SUSHARE 67, BE5LV) 2AL
t%ﬁble&wssﬁfa;t.mx,MR& )RR, THE0

#EFIX, FASIICX Y PTPB, DPB, MPB, 7= /—/ADA 54 V%ﬁﬂ?ﬁﬁﬁ?ﬁzﬁéﬁié

Nl &ZRLTW D, EESHT BRI OEMEHERZE (RSD, n=4) 1%, 6.2—14% (&

—2 @), 59—10% (P —2Z&X), 0.49—0.62% (JkEFsR]) THh-o7-. PTPB, DPB,
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MPB, 7= /—/AORERF (LOD, SN=3) i, 0.85, 0.88, 44, 28 ng L1 T o7,

PTPB % U DPB ¢ LOD 1%, EZRA3HEOHAD LOD & bk L 30 5S4 o 74, MPB

BU7 =/ —A0LOD BRERSEOHE & IHEREECThH o 1. BT CRER LIk f

HD iy % FASI-CZE (RIZ L 0 9 L. ZOREE, 0.076—0.53, 0.076—-0.53, 0.076
—0.53, 0.076—0.53 ngg'!® PTPB, DPB, MPB, 71/'—11/7531§H:|'éﬂ’b7”:._

2 B TH, CZE ORIMBEXMAT 57001, EKI & BZREIELHB A DY 55
REORMMAE LI L. REEARICATS 7 £ 8A L, REHIEZEREEL R
%%k&%@ﬁkmwfﬁxbt.7%h:buw§%w1%§L£FWED%LMH%
72 ) —MRABHIEEE A, k7T SEARE, REHARIEOEEC > THRE
L,ﬁﬁﬁﬁ%ﬁ&mmt.ﬁﬁﬁﬁ%ﬁ(x#aﬁgxﬁ@1@,aﬂﬁxﬁm4@,
BE 4KY) LAVEBE, HREORIDETHE (C—rBS) &, HEWSNEL ik
LT 30 e CATE . LEAHTBMARAD RSD 13, 19-11% (Y—2 B, 43—
9.2% (Y—27 &), 0.34—0.66% (kEFFH) THh-7-. PTPB, DPB, MPB, 7= /—
L@ LOD (S§N=3) _l;\:, 0.88, 1.0, 21, 23 pg L1 ThHo7. HSIM # B\ /=54, FASi
L H#eY 5 &, MPB 0 LOD {34 12 T 7225, PTPB, DPB, 7=/ —/A -0 LOD i1iF
IEEEETH - 7. HSIM jkix CZE CEWT, BVWERKBBEIE 2 ORI R MBEVESR
KEBBIE & oMM T H ORE ¥ KB+ 5 HBRFETHS LBDIS.

3 BT, ALk (ASW) #0-PTPB, DPB, MPB, ‘7:::/**1}/[3]5#71:’%&%55
3& L7c. 20% (vv) ACN 2 Lic A THIASUS E TR L, HZEREIAIC & 0 EiE% v U5
Y—iZ#A L. WKENE (BGE) & LT, pH 98 ICTB L 60 mM & YEsF b U o A%
#WREER L. PTPB, DPB, MPB, 7= /—/1® LOD (SN = 3) I, 55, 78, 126,

30pgL1Thol. LREATEMRSD RSDIF, 2.7-5.7% (¥ — 7 &@H), 0.68—6.1%
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| (E—2EE), 069~ 11% GKBIFM) Thotk. ATHEAHICH 3 PTPB D4R
M BROREOH R LTND B blc, MELEARERL T T, KORBEH
R5I]HIZ, PTPB 2HMLIEATIEARE % 3 Eﬁoﬁ&é%#ﬂ:mﬁ : BROKX
BrEZT BN, B (25°C, BMIZKITEAL, EMIZED), WS (25°0). &
HIICRBHEARIR U, AHRIC X 0 497 Lic. 2 DR, ASW H10> PTPB DA RIZH T3k
EEORBHIKE 0T LRSI, ASW I3 5 PTPB 04 ME & MRS /8
Bz ACN $1Z3513 5 PTPB OAMREB & ik LT, ZORR, BIMNCRWCIRER 5%
WA SN . ERHRE, DPB i, ACN RUBCIIIRIMRBIRRE SN/ %, ASWR
B OIS b o s MPB 1%, ACN BUECIE 1 F A M 51 B ¥ CHRIN S
A3, ASWREICIL 7 BRICRIHE R, 20 BELLIIBHERA o7, 7=, PTPB i&m
KROMOEEC LY, ATHAF T ACN F LY LAMHEERE T, AHEIZ, ASW
FZBIT B PTPB,} DPB, - MPB, 7::/;-—11/0)@”#7‘3%7&3: LTBETHY, ASW iz
B35 PTPB OAMBEE CAHRAERNE B b T 5 DI AR TH S, Bx OMBIE
VD, FBIEIE, WHRAHEERELFVRNT, ASW o PTPB, DPB, MPB, 7= .
— Lk AR R 5 TORRTH .

WL LT, ZhHORF%EIE, FASI, HSIM, fiBR{EXELAV CZE 28 PTPB, l
DPB, MPB, 7=/ —AOBBERRMERETHB I LEEELE. L LA, ik
EOXROREAEMTT B0, &DICRHBELED 2 DORRASLETHB.
E1, WKBOWEHRINEOM 2 DEERS ORBIVTHIERS = L BKETHS.






