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chromatogram. Chromatographic conditions: Eluent: Vb phthalate, flow-rate: 1

pL/min and injection volume: 50 nL.

Figure 1.9: Separation of anions using a silica particle packed column (298 850
um 1.D.) modified with BSA. Separation conditions: eluent: &yM aspartic acid,
(B) 0.05 nM sulfuric acid, (C) 0.15 M tartaric acid, Flow-rate: 5.6 pL/min, injection
volume: 0.2 pL, peaks: (1) iodate, (2) bromide, (3) nitraeiodide, (5) thiocyanate.

Figure 1.10: Separation of cations using a 100 x 0.32 mm |.D. TSKgel IC-ar\ién S
silica particle packed column (modified with dextran sulfatepa®ation conditions:
Eluent: 6 nM copper sulfate, flow-rate: 4.2 pL/min, injection volume: 02, u

detection: indirect UV detection at 210 nm.

Figure 1.11: Flowpath of the eluent through a particulate packed column r{é)aa

monolith column (B).

Figure 1.12: Comparison of Van Deemter plots for a 3 um particle packadrool

and a monolithic column.

Figure 1.13: Chemical structures of methacrylate monomers and crossslinksed
in the polymerisation of polymer monoliths. (a) glycidyl methadeyldlGMA), (b)
butyl methacrylate (BuMA), (c) lauryl methacrylate (LMAJd) hydroxylethyl
methacrylate (HeMA) and (e) ethylene dimethacrylateNBR

Figure 1.14: SEM images of BuMA-co-EDMA polymer monoliths using (A) 1-
decanol as the porogen and (B) using a mixture consisting of 1-decamol an

cyclohexanol.

Figure 1.15: Separation of selected cations using a sulphonated polymer monolith.

Separation conditions: Eluent: 10 mM copper sulphate, flow-rate3 ({)/min, (B) 6
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pL/min, (C) 9 puL/min, (D) 12 pL/min and (E) 15 uL/min, ddten: indirect UV at

210 nm, injection volume: 0.2 pL.

Figure 1.16: Separation of selected cations using a GMA-co-EDMA polymer
monolith modified with a mixture of PElI and DMA. Separation conditi@isent:

potassium phthalate, detection: UV detection at 254 nm.

Figure 1.17: Separation of (1) iodate, (2) bromate, (3) nitrite, (4) bromiu® &)
nitrate using a GMA-co-EDMA polymer monolith functionalised with tguaary
ammonium functionalities. Eluent: 10 Mn NaClQ,, injection volume: 10 nL,

detection: UV at 210 nm, column dimensions: 100 pm x 750 mm.

Figure 1.18: Separation of 6 common anions using a GBPAEDMA polymer
monolith modified with grafted polymer chains of META. Eluent: ®sodium
benzoate, flow rate: 1 pL/min., detection: on-columfD Cdetection, injection
volume: 50 nL, peaks: (1) 0.7 mg/L fluoride, (2) 3 mg/L chlori{g) 3 mgl/L,
bromate, (4) 0.7 mg/L chloride, (5) 0.7 mg/L nitrite, (Gn8/L bromide.

Figure 1.19: Separation of common anions using an AS18 latex functionalised
polymer monolith. Separation conditions: eluent: M ®dOH, flow-rate: 18 puL/min,
detection: non-suppressed conductivity detection, peaks: (1) i¢@ateromate, (3)

nitrite, (4) bromide and peak (5) nitrate.

Figure 1.20: Separation of 5 anions using an AS18 latex functionalised polymer
monolith. Separation conditions: Eluent: 0.5 - B1nKOH, flow-rate: 18 pL/min,
detection: suppressed conductivity detection, peaks: (1) io@@kebromate, (3)

nitrite, (4) bromide and (5) nitrate.

Figure 1.21: Separation of 7 anions using a AS18 latex nano-particle modified
GMA-co-EDMA polymer monolith. Separation conditions: Eluent: NaOH gradie
flow-rate: 3.2 uL/min, detection: UV detection at 220 nm, kBed1) iodate, (2)

bromate, (3) nitrite, (4) bromide, (5) nitrate, (6) iodide andéfjzenesulfonate.

16



Figure 1.22: Separation of selected anions using a lysine modifiezhsitionolith.
Separation conditions: Eluent: 50Mmphosphate buffer, detection: UV detection at

214 nm and flow-rate: 4.9 mL/min.

Figure 1.23: Separation of common anions using a CTAC modified silica monolith
(100 pm x 200 mm I.D.). Eluent: 50NhNaCl and 0.1 il CTAC, flow-rate: 11.1

pL/min, detection: UV detection at 210 nm.

Figure 1.24: Separation of anion standards using a DDAB modified capifigica
monolith (top chromatogram) and determination of bromide in seawdétom
chromatogram). Separation conditions: Eluent: 500 WaCl, flow-rate: 2.1 pL/min,

detection: UV detection at 210 nm and injection volume: 20 nL.

Figure 1.25: Separation of common anions using a DDMAU coated silica aapill
monolith. Separation conditions: eluent: 0.Mrphthalate, flow-rate: 0.3 puL/min,

detection: on-column .

Figure 1.26: Scanning ¢D profile where (a) depicts void regions, (b) depict thesarea
where the monolith frits are situated and (c) is the areacthathins the packing

material.

Figure 1.27: C'D scan of an unmodified monolith, a scan after the first suanfact

coating and a scan after the second surfactant coating.

Figure 1.28: Separation of transition metals on a bare silica monolith @singjuent
consisting of 80 % acetonitrile and 10.3Vimammonium acetate buffer at pH 4.6.

Analysis was carried out using flow-rates of 1 mL/min,3min and 5 mL/min.

Figure 1.29: Pre-concentration and separation of metals in coastal terasaanples
(b). A blank sample (a) showed small concentrations of Zn(ll)Gundl), possibly

due to leaching from the eluent pump.

Figure 1.30:(a) Separation of Mg(ll) and Ca(ll) in a saline eyewashe overlaid
with a spiked 200 pg/L sample. (b): separation of Mg(ll) and La(ID.5M KCI
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overlaid with a spiked 300 pg/L sample, column used: IDA bondexh %50 x 4.0

mm 1.D).

Figure 1.31: Overlay of separations of Mg(ll) and Ca(ll) inM. KCI solutions at
various flow-rates using the IDA immobilised monolith column. €hent used in
the analysis was a HN@Iluent (pH adjusted to 4.85). Peaks: (1) 10 ppm Mg(ll) and
(2) 10 ppm Ca(ll). Detection used was UV-Vis at 570 nm &@R with o-CPC.

Figure 1.32: Overlay of chromatograms obtained for various transition aladyhe
metals using the lysine bonded silica monolith. Separation conditbesnt: 3 N
KCI pH 4.5, flow-rate: 2 mL/min, detection: UV-Vis detectiah 495 nm following
reaction with PAR.

Figure 1.33: (left) Schematic demonstrating the chelating monolith solid phase
extraction module prepared in a syringe tip. (right) Dimensiorsyrifige tip filter.
Reproduced from

Figure 1.34: Separation of alkaline earth metals using an IDA bonded silica
particulate column using (a) OM KNOs3, (b) 0.2M KNOsg, (c) 0.3M KNOsg, (d) 0.5

M KNOsg, (e) 1.0M KNO3 and (f) 1.5M KNO; eluents.

Figure 1.35:(left): Van't hoff plots of alkali metals, alkaline elannetals and amines
showing changes in selectivity as the temperature is incte@sght): Separation of
selected alkaline earth metals and BuA carried out 3€fop) and 46C (bottom)

demonstrating the benefits of the use of temperature tosalparation selectivity

Figure 1.36: (left): Van't Hoff plots for alkaline earth metals, tréien and heavy
metals cations obtained by increasing the temperature frof@ 26 55°C. (right):

Separation of selected alkaline earth metals, transition aady henetals using
optimised temperature conditions (80). The eluent used was M KCI and 0.9

mM nitric acid.

Figure 2.1: The in-house constructed caplC system incorporating a high pressure
analytical pump, a 20 nL injector valve, the poly(META) functiised anion

exchange polymer monolith and on-columib@etection.
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Figure 2.2: Fluidic set-up for dual detection HPCIC.

Figure 2.3 (a) Kapton flexible heating tape used in the manufacture ofapiflary
column heater (dimensions: 2.5 cm x 10 cm) and (b): Kapton heater drappe
insulating tape and aluminum foil, encasing the cation exchange poiyorelith.
The column was placed in the centre of the heater with 2oWigit unions

positioned at each end.

Figure 2.4: (a) Placement of the flexible heating tape inside a stainlesistsbeeand
(b): In-house constructed capillary column heater demonstrating lafhinoC'D

detection. Temperature monitoring was carried out usingrend@uple wire.
Figure 2.5: Photo-grafting of poly(META) on the surface of the polymer moholit
Figure 2.6: Photo-grafting of poly(SPM) on the surface of the polymer mtimoli
Figure 2.7: Immobilisation of IDA on the VAL grafted polymer monolith.

Figure 2.8: Immobilisation of AIDA on the poly(GMA) photo-grafted polymer

monolith

Figure 3.1: (a) Separation of 6 anions on poly(META) polymer monolith using the
two-step functionalising procedure and (b) separation of the same amiosing the
poly(META) functionalised polymer monolith using the one step procedEgure

2.2 (b) reproduced from [103]. Chromatographic conditions: effective colength:

100 mm x 100 pm (a) and 110 mm x 100 pm (b), eluentM2sadium benzoate,
injection volume: 50 nL, detection: on-columiDG flow-rate: 1 pL/min. Peak (1)
0.7 mg/L fluoride, (2) 3 mg/L chlorite, (3) 3 mg/L bromate, (4) tg/L chloride, (5)
0.7 mg/L nitrite and (6) 3 mg/L bromide.

Figure 3.2: Overlaid chromatograms of separations of the 5 anions using EHéAM
functionalised polymer monolith obtained by varying the eluent coratemt where
(a) 2 mM sodium benzoate, (b) 1.4 mM sodium benzoate, (c) 1 mM sodnazodie

and (d) 0.6 mM sodium benzoate. Chromatographic conditions: as in Hdure
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Peaks: (1) 0.7 mg/L fluoride, (2) 3 mg/L chlorite, (3) 3 mg/brbate, (4) 0.7 mg/L
chloride, (5) 0.7 mg/L nitrite.

Figure 3.3: Plots of logk versus log[benzoataJemonstrating that the mode of
separation was anion exchange using the META functionalised poigoreslith. (1)
nitrite, (2) chloride, (3) bromate, (4) chlorite and (5) fldexi

Figure 3.4: Separation of 5 anions using an in-house constructed caplC system.
Chromatographic conditions: Column dimensions: 100 mm x 100 pum, eluerit 2 m
sodium benzoate, injection volume: 20 nL, flow rate: 1.3 pL/mindetdction: on-
column CD detection. Peak: (1) 0.7 mg/L fluoride, (2) 3 mg/L chloi8) 3 mg/L
bromate, (4) 0.7 mg/L chloride, (5) 0.7 mg/L nitrite.

Figure 3.5: Overlay of chromatograms obtained using the poly(META) polymer
monolith. Chromatographic conditions: as in Figure 2.5. Peak40(ppm formate,
(b) 10 ppm bromate and (c) 10 ppm chloride. Also included in Figure 3lteis

chromatogram obtained for a blank injection (green trace).

Figure 3.6: Overlay of chromatograms obtained using the META functiordlise
polymer monolith. Chromatographic conditions: as in Figure 2.6, peak (apd@0
chlorite, (b) 10 ppm chloride and (c) 100 ppm chlorate. Also includ&igure 3.6 is

the chromatogram obtained for a blank injection (green trace).

Figure 3.7: Overlay of chromatograms obtained using the META functiordilise
polymer monolith. Peak (a) = 10 ppm acetate and peak (b) = 10qrpraté. Also
included in Figure 3.7 is the chromatogram obtained for a blank ionpe@black

trace).

Figure 4.1: Separation of 100 ppm Mg(ll), 100 ppm Ca(ll) and 100 ppm Ba(ll) using
the in-house constructed caplC system. Chromatographic conditionsinc@@uMA-
co-EDMA functionalised with SPM (100 pum 1.D x 90 mm), eluent: Mmopper
sulpfate, flow-rate: 1 pL/min, injection volume: 20 nL, detactiindirect UV at 210

nm.
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Figure 4.2: Plot of temperature versus voltage applied to the heatpegdhowed a

linear correlation between 25 — &D.

Figure 4.3: Separation of Ca(ll), Mg(ll) and Ba(ll) at 2C (a) and 62C (b). All

chromatographic conditions as in Figure 4.1.

Figure 4.4: Van't Hoff plots where = Ba(ll), = Ca(ll) and = Mg(ll). Data
obtained from individual injections of each alkaline earth meth various

temperatures.

Figure 4.5: Plot of temperature versus backpressure showing linear cimme(&f =
0.99). Measurements obtained using the capIC system with the é&ssikgg noted as

the temperature of the column heater was increased.

Figure 5.1: Plots of - log [HNQ] versus logk for the 6 metals studied where=
Co(ll), =Mn(l), =Nidl), =2zn(l), =Cd(ll)and = Cu(ll). Chromatographic

conditions: Eluent: 0.2 — 0.4Ivhnitric acid, all other conditions as in Table 5.1.

Figure 5.2: (a) Separation of 5 ppm Mn(ll), 10 ppm Cd(Il) and 10 ppm Cu(ll) using
C’D detection. Chromatographic conditions: Column: VAL15a, eluentm®hitric
acid, flow-rate: 1 pL/min, column length: 250 mm x 100 um l.Bjgdtion volume:

20 nL. (b): Same separation using simultaneous post column reantiobV-Vis
detection. Chromatographic conditions: Eluent: OM nitric acid, PCR: 0.15 M
PAR in 0.5M ammonia, pH = 10.4, PCR flow-rate: 1uL/min, all other conditiass

in Table 5.1.

Figure 5.3: Overlay of chromatograms obtained for the separation of 5 ppm Mn(ll)
10ppm Cd(ll) and 10ppm Cu(ll) using VAL15b and VAL15c. Chromatographic

conditions: Eluent;: 0.2 mM HNgall other conditions as in Table 4.2.

Figure 5.4: Calibration plot of applied voltage (V) versus temperatd@ for the

capillary column heater.
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Figure 5.5: Overlay of chromatograms showing the effect of temperatumretention
where (a) = 54°C, (b) = 43°C, (c) = 34°C and (d) = 24°C. Chromatographic
conditions: column length: 230 mm x 100 um 1.D., eluent: OM nitric acid, all

other conditions as in Table 5.1.

Figure 5.6: Van't Hoff plots constructed for Mn(ll) §, Cd(ll) ( ) and Cu(ll) ()
demonstrating that for Cu(ll) and Cd(ll), the sorption process exdieixethermic
behaviour and for Mn(ll) the sorption process exhibited endothermiwioeina

Figure 5.7: (a) Scanning ¢ profiles obtained using a 1Mhethanolamine buffer pH
= 9.8 for VAL20 where () is the scan of the un-modified polymer monolith ang (
is the scan following modification with IDA. (b): ScannindDCprofiles where ()
VAL15, ( ) VAL20, ( ) VAL25 and () VAL30.

Figure 5.8: Chelation ion chromatography system set-up incorporating on-column
C’D and UV-Vis detection.

Figure 5.9: Separation of transition/heavy metals utilising simultaneousotunn
C’D detection (a) and UV-Vis detection at 500 nm following reactiothefeluted
metals with PAR (b). Chromatographic conditions: Eluent: ON nitric acid,
Eluent flow-rate: 1 pL/min, PCR flow-rate: 1 pL/min, PCR4 inM PAR in 0.1 M
ammonia, pH 10.7. Peak (1) 0.5 ppm Mn(ll), (2) 1 ppm Cd(ll) and (ppm
Cu(ll). A 10 pt moving average was applied to the chromatog(asisg Microsoft

excel) obtained using UV-Vis detection.

Figure 5.10: Overlay of chromatograms obtained for the separations opfind
Mn(ll), 1 ppm Cd(ll) and 1 ppm Cu(ll) by varying the effectiv@wmn length where
@ =9cm, (b) =85cm, (c) =8cm, (d = 7.5 and (e) = 7 €Chromatographic
conditions: Column: VAL30, eluent: 0.2 M nitric acid, all other conditions as in
Table 4.1.

Figure 6.1: (a) Overlay of scanningD profiles obtained for GMA15 {j, GMA20
(), GMA25 (), GMA30 () and GMA35 (). (b): Scanning ¢D profile obtained for
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GMA30 where () is the profile of the un-modified polymer monolith and is the
profile obtained after modification with IDA. All scans weararried out using a 1 kh

ethanolamine buffer (pH 9.8) at a flow-rate of 1 pL/min.

Figure 6.2: Differences in corrected conductive response obtained during‘be C
scanning of the poly(VAL) IDA-modified polymer monoliths and GMA-IDA

polymer monoliths.

Figure 6.3: Order of elution of the four metal cations using monolith VAL2band

GMAZ25 (') showing the changes in selectivity

Figure 6.4: (a) Overlay of a separation of 5 ppm Mn(ll), 10 ppm Cd(ll) and 10ppm
Zn(ll) using GMA15 and GMAZ20. (b) Separation of 5 ppm Mn(ll), 120ppm Ga¢hid
10ppm Zn(ll) using GMA25 overlaid with a 10 ppm Co(ll) standard.
Chromatographic conditions: Eluent: 0.MnHNQO;, flow-rate: 1 pL/min, injection

volume: 100 nL, detection: on-columA; effective column length: 14 cm

Figure 6.5: (a) Overlay of separations of 5 ppm Mn(ll), 10 ppm Co(ll), 10 ppm
Cd(ll) and 10 ppm Zn(ll) using GMA30 and GMAS35. (b) Overlay of sefama of
the metals standards carried out using GMABBromatographic conditions: Eluent:

0.2 mM nitric acid. All chromatographic conditions as in Figure 6.4.

Figure 6.6 Overlay of separations of 5 ppm Mn(ll), 10 ppm Co(ll), 10 ppm IEd(l
and Zn(Il) using 4 GMA30 monoliths. Chromatographic conditions: Addare 6.4.

Figure 6.7: (left) Separation of 1 ppm Mg(ll) and 5 ppm Ca(ll) overlaid vathpm

Ba(ll) using GMA30. (right) Separation of 0.5 ppm Mg(ll), 1 p@a(ll) and 5 ppm
Ba(ll). Chromatographic conditions: Eluent: 0.MnHNQO;, effective column length:
250 mm (GMA30) and 190 mm (GMAZ35). All other conditions as in Figude 6

Figure 6.8: Linearity plots for Mg(ll) and Ca(ll) using GMA35 of concetiva
(mg/L) of Mg(ll) and Ca(ll) versus detector response (mV)
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Figure 6.9: Overlay of chromatograms obtained for (a) blank sample (M2nitric
acid), (b) 0.8 ppm Ca(ll) and 0.25 ppm Mg(ll) standard and (c) 1@0ditdtion of
the bottled water sample. Chromatographic conditions: Eluent: K. 2itric acid. All

other conditions as in Figure 6.4.

Figure 6.10: Separation of 5 ppm Mg(ll), 5 ppm Mn(ll), 10 ppm Co(ll), Cdéhd
Zn(ll) using GMA30. Chromatographic conditions: Eluent: 0.2 mM nitd,
effective column length: 250 mm. All other conditions as in Figude

Figure 6.11: Overlay of 10 fold dilution of spiked pseudo seawater samplel@a),
ppm Co(ll), Cd(ll) and Zn(ll) standard solution (b) and un-spiked pseualvater
(c). Chromatographic conditions: Column: GMA30, effective colunmytle 100
mm, eluent: 0.2 " HNOs. All other conditions as in Table 6.4.

Figure 6.12: Void peaks for injections of spiked pseudo seawater (black), undspike
pseudo seawater (blue) and 10 ppm Co(ll), Cd(ll) and Zn(ll) (rel. Aigh ionic
strength of the samples resulted in a maximum conductivity at 2500 The void

peaks contained high concentrations of Mg(ll) and Ca(ll) whiate waretained.

Figure 6.13: Metal analysis of seawater samples from (I) Quays heachClare
and (ll) Ringsend, Co. Dublin where (a) is unspiked seawateplsaifp) 10 ppm
Co(ll), Cd(Il) and zn(ll) standards (b) and spiked seawater E€hromatographic
conditions: Eluent: 0.2 M HNO;s, column: GMA30, effective column length: 100

mm. All other conditions as in Figure 5.4.

Figure 6.14: Un-spiked tap water (a), 10 ppm Co(ll), Cd(ll) and Zn(ll) statsl€b)
and tap water sample spiked with 10 ppm Co(ll), Cd(ll) and Zn(t). (

Chromatographic conditions as in Figure 5.4.
Figure 6.15: Overlay of chromatograms of Co(ll), Cd(ll) and Zn(ll) obtainedrave

12 hour period. Chromatograms offset for clarity. All other clatmgraphic
conditions as in Figure 5.4.
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Figure Al.1: Backpressure profile obtained for HEMA-co-EDMA polymer
monoliths with 40 % monomer ), 30 % monomer (), 20 % monomer (), 15 %
monomer () and 10 % monomer ). Measurements carried out using methanol and

flow-rate increased from 0.5 — 8 pL/min.

Figure A1.2: SEM images obtained for monolith mixers: (a) 5 % monomer, (b) 10 %
monomer, (c,d) 15 % monomer, (e) 20 % monomer, (f) 30 % monomer and@g,h)

% monomer.

Figure Al1.3: Micro-fluidic nano-mixer chip showing the low (red) and high (blue)

configuration.

Figure Al.4: Plot of wavelength (nm) versus peak height (V) showing that the
optimum wavelength was between 565 nm and 570 nm. Separation conditions:
Injection volume: 20 nL, Eluent: 5Mhnitric acid, PCR: 4 il o-CPC, 10 rivl boric

acid pH adjusted to 9.8 with 250MMNaOH, flow-rate: 1 pL/min (eluent and PCR).

Figure A1.5: Mg(ll) peaks obtained on the FIA system using (a) the nanornixe
15 % monomer monolith, 3.5 cm in length, (c) 20 % monolith mixer, 1B.5hdength
and (d) 3.5 cm of empty FSC.

Figure Al1.6: Mg(ll) peaks obtained using the FIA system with (a) the rriicridic
nano-mixer, (b) the 15 % monolith mixer, 3.5 cm in length and (c) operatub8IC,
3.5 cm in length. Injection volume: 20 nL, Eluent: Mmitric acid, PCR: 4 i o-
CPC, 10 nM boric acid pH adjusted to 9.8 with 250MmNaOH., flow-rate: 1
pL/min (eluent and PCR).

Figure Al1.7: Injections of 500 ppm Mg(ll) on the flow injection system usihg t

optimised conditions. Chromatographic conditions: PCR mixer: Low delade T-

piece, all other conditions as in Figure Al.6.
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Abstract

The fabrication and modification of polymer monoliths, in capilfaymats, for the
separation of small ions is presented. The separation of &mal using polymer
monoliths has limitations and this work aims to investigateessing the ion
exchange capacity using photo-grafting techniques. Chapter 1l0desc a

comprehensive review on the use of capillary ion chromatographydingl

advancements made in capillary instrumentation, stationary prasg detection
devices. This chapter also includes the various methods of maggtationary phase

with ionogenic functionalities suitable for use in capillary iorocmatography.

Chapter 2.0 shows the modification of polymer monoliths with quateamangonium
ions, namely poly([2(methacryloyloxy)ethyl] trimethylammoniunhlozide) with
immobilisation of the ion exchange functionalities taking placaguphoto-grafting
techniques. In this work, the method of functionalisation of the paiynonolith was
compared to a previously published polymer monolith bearing the semexchange
functionalities. Chapter 2.0 also includes the separationiohs using a portable in-

house assembled capillary ion chromatography system.

In Chapter 3.0, the photo-grafting of poly(3-sulfopropyl methacrylatea polymer
monolith for the separation of cations is presented. The effd@etmgderature on the
retention of Mg(ll), Ca(ll) and Ba(ll) was carried out usingia-house constructed
capillary column heater which was easily incorporated intoidhechromatography
system. This chapter also introduces post-column reaction ahemtsich involves
the reaction of the eluted metals with a suitable reagentpwsacolumn mixer and
detection of the coloured complex formed. In this work, the use gim@slmonoliths
as post-column mixers was investigated. Monoliths prepardxingteasing pore size
were incorporated into a flow injection analysis system anid shéability as post-
column mixers was determined and compared to a commercialllal@eapost-

column mixer.

Chapters 4.0 and 5.0 deal with the immobilisation of cheldiyands on a polymer
monolith to produce a capillary chelating ion exchanger. Two methods of

immobilisation of the chelating ligand were identified and comgarScanning
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capacitively coupled contactless conductivity detection was &3 characterise the
chelating stationary phases. Chapter 5.0 includes the use of lsbimawedal detector
set-up i.e. on-column D was used in conjugation with UV-Vis detection following
the reaction of the eluted metals with a post-column reagdmdpter 4.0 shows
applications of the capillary chelating ion exchangers includinglétermination of
Ca(ll) and Mg(ll) in bottled water samples and also the sé@paraf metal cations in

a spiked sea-water samples.
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Chapter 1.0:

Literature Review
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1.0Background

Research carried out to date on the separation of small ol lphromatography
using polymer based monolithic columns has proven to be less \affegtien
compared to their silica based counterparts. This is mainlyadiine treduced surface
area exhibited by the polymer monolithic columns, therefore redtivingurface area
available for modification with the desired functional groups. Tikesature review
aims to dicuss the methods currently available for theratipa of small ions using
surface modified monolithic columns and improvements that have bada over the
years. A number of methods have been reported for the surface cabalifi of
polymer and silica monoliths which will be discussed throughout the @me
method that has received little attention is the use of phoftagraechniques to
introduce functional groups onto the surface of the monolith and this thess to
further investigate this method of surface modification of potymenoliths for use

in the separation of anions and cations using capillary ianwdtiography (CIC).

This thesis also aims to investigate the fabrication of tihglapolymer monoliths
through the photografting of chelating ligands onto the surface of themeoly
monoliths, which has currently received no attention. The producticramflary
chelating polymer monoliths demonstrates a novel, previously unpubliské&thd
for the separation of metal cations. The advantages of cgpidlaomatography is

also descussed in detail throughout the text.

1.1 Introduction to ion chromatography

Since its development by Smat al. in 1975 [1], ion chromatography (IC) has
become a widely used analytical technique for the separatiamhasfied species.
Separation in IC relies on the exchange equilibrium of the anmgtein solution
between the stationary phase and the eluent. As the elwems through the
separation column, the eluent ions compete with the analytedpttsefion exchange
sites on the stationary phase thus displacing them. Eleatrality must be retained
at all times, therefore one monovalent eluent ion displacesmam®valent analyte
ion [2]. Equation 1.1 demonstrates the replacement of an eluentitioranvanalyte

ion during the retention process. Retention depends on the affirtie afnalyte ions
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for the ion exchange sites. If the analyte ions have a higtityafor the ion exchange
sites, they will be retained on the column longer than anadyte that have a low
affinity.

RESE + A = ReSA + E Equation 1.1

where Re§denotes the ion exchange resind&notes the eluent ions anddenotes

the analyte ions.

lon exchangers can be classified as strong or weak anion exchangsreng or
weak cation exchangers. Strong ion exchangers retain thegecbeer the entire pH
range whereas weak ion exchangers are ionised over a narrcangéi An example

of a strong anion exchanger was demonstrated by Ktath[3], who used an AS14
column packed with 9 pm beads and surface functionalised with qusterna
ammonium groups for the separation of anions. The authors sepa@igah& and
inorganic anions using an eluent consisting of Ml MaHCQ; and 3.2 Ml Na,CQOs.
Separation occured in < 8.5 minutes with fluoride well resolved fhensystem peak.
Weak anion exchangers are formed through the addition of a primamg am the
stationary phase matrix, however ion exchangers prepared thishaee the
disadvantage in that the eluent must be sufficiently acaligite adequate anion
exchange to obtain suitable retention [2]. The addition of sulfogedeps can
produce strong cation exchangers such as the lonPac CS10 suppliedDigrie
Corporation. As mentioned previously, strong cation exchangersrréomsgsed over
the entire pH range, whereas cation exchangers employing carboxgplsgiforming
weak cation exchangers, are protonated at pH values of < 4oaadtHeir ion
exchange capacity. Kadnet al. [4] separated sodium, lithium, ammonium and
potassium using the lonPac CS10 (sulfonated) separation column and ¥ 22 m
sulphuric acid eluent. All 4 ions were separated in a run-tifrib aninutes using a
flow-rate of 1 mL/min and suppressed conductivity detection. The sauthors also
separated sodium, lithium, ammonium and potassium using an lonPac CS12A
(carboxylic and phosphonic groups) separation column with a run-time ailien
using an eluent consisting of 11Mvsulfuric acid. Separation of Mg(ll), Sr(ll) and

Ca(ll) was also possible, with a total run-time for all sele@s of < 12 minutes. The
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separation of the alkaline earth metals using the lonPac @pafasion yielded long

run-times (> 20 minutes).

IC is now considered a mature technique for the separation of gp@cies.
Developments in stationary phase technology, instrumentation aectidetmodes
ensure that it is a routinely used technique. A number of reviewe appeared in the
literature with regard to ion chromatography including its conoeptand early
development [5, 6flevelopments in ion chromatography [7-Sfationary phases in
ion chromatography [10-14nd applications [15-17]. An number of text books on
the topic of IC are also available [2, 18, 19].

1.2 Capillary ion chromatography

Interest in the use of capillary ion chromatography (caplC) r@grgin recent years
due to the advances made in stationary phase technology, palficalthe field of
capillary monoliths and the use of capacitively coupled contactesductivity
detection (¢D) detection [20]. Capillary columns are considered to have amat
diameter (I.D.) of 50 - 500 um [21] as opposed to standard bore coluimick, ave

an average |.D. of 4 mm.

There are a number of advantages in using caplC, which hamesbe®narised in a
review by Kuban and Dasgupta [20], such as improved sensitivitgrirparison to a
standard bore column, when the same mass of analyte wetedh¢ both columns.
Figure 1.1 shows a separation of common cations separated onlancamlumn
(0.4 mm I1.D.), a microbore column (2 mm 1.D.) and a standard ¢catenn (4 mm
[.D.). All columns were packed with the same packing nmetglCS12A) and
contained surface carboxylic and phosphonic functionalities. In abkc#te injection
volume was 0.4 uL. Flow-rates used were 10 pL/min for tpdlaey column (A) and

1 mL/min for the standard bore column (C).
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(A) Capillary IC (0.4 mm) with 0.4 uL injection volume
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Figure 1.1: Comparison of detector sensitivity for the separation tbms using a
capillary column (A), a microbore column (B) and a standard boraneo((C). All
columns are packed with the same packing material. An iofeeblume of 0.4 pL

was used in all cases. Reproduced from [22].

As can be seen from this plot, a 100 fold decrease in therfitexsfrom standard bore
to capillary, resulted in a 100 fold increase in the analgtecentration passing
through the conductivity detector for the capillary scale séipararesulting in an
increase in the detector sensitivity when the capillaryroal was used [22]. Other
advantages of caplC include low eluent consumption, thereforevéste generated.
Due to the low eluent consumption, the system can be left contiguousiing and is
therefore always ready to use. The low eluent consumption en$iatesaplC is
suitable for incorporation in microfluidic platforms and fieldpligable devices.
CaplC is ideal for low sample injection which is important ifyoalsmall amount of
sample is available [20]. The use of low flow-rates ensuaé ithcompatible with
sensitive detection techniques, such as mass spectrometyfl@ag splitter is not
required prior to the analytes reaching the detector. The disadesnbf capIC
include the requirement of the use of specialised equipmeitasuagnalytical pumps
capable of pumping at low pL/min or nL/min flow-rates. Extoddmn volume also

becomes an issue in caplC and the use of specialisadditire required.
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1.2.1 Commercially available caplC system

As mentioned previously, the internal diameter of capillary cakim < 500 um and
as such, the volume of each component (such as the injectoraralvine detector
cell) also need to be minimised. The Dionex Corporation rgceEntnched the first
commercially available caplC system (ICS 5000) consisting aapillary pump
capable of accurately pumping at flow-rates of 0.001-3 mL/mirl@nt generator
capable of suppling hydroxide or methanesulfonic acid eluents whecboarmonly

used in suppressed IC, an IC ‘cube’, which houses the injector, edamt generator
degasser, the capillary column and capillary electrolytic sgppre The ‘cube’ also
allows for temperature controlled chromatography to be carried@etiection on the
caplC system is carried out using capillary conductivity witQ.@2 pL flow cell

volume (as opposed to the standard flow cell which has a vatthé& pL)[23].

1.2.2 In-house constructed caplC systems

Prior to the release of the capIC system by the Dionex Corpoyagsearch groups
investigated the use of novel in-house constructed caplC systerhi897, Sjogremt
al. [24] constructed a caplC system incorporating a pump, an eledytadiNaOH
generator, an capillary particle packed separation coluntheenically regenerated
suppressor and a protype capillary conductivity detector cele capillary particle
packed column (500 mm x 180 um 1.D.) was packed with AS11 partadesajning
guaternary ammonium functionalities) and was applied to the sepacdtil9 anions

using a gradient elution profile (Figure 1.2).
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Figure 1.2: Separation of 19 anions using an in-house constructed caplC system
using suppressed conductivity detection. Eluent: NaOH (gradietibrel injection
volume: 100 nL, flow-rate: 2 pL/min, peaks (1) fluoride, (2)rnfate, (3)
monochloroacetate, (4) bromate, (5) chloride, (6) nitrite, (fudroacetate, (8)
dichloroacetate, (9) bromide, (10) nitratel) chlorate, (12 )selenite, (13) tartrate,
(14) sulfate, (15) selenate, (16) phthalate, (17) phosphate, (18at@s€i®) citrate.
Reproduced from [24].

Following on from the work in [24], the same research group producedtableor
caplC system which incorporated a syringe pump, an electodiblgtiH generator,
a 100 nL injector valve, a packed capillary column made from fatied capillary
(500 mm x 180 um 1.D.), chemical suppressor and conductivity datef@b]. The
capillary column was packed with AS11 particles (13 um diameitlr attached
guaternary ammonium ions). A frit was prepared at the ouitlste capillary column
by packing small pieces of glass wool into a 0.3 mm |.D PitUkihg and pushing
this into the the end of the fused silica capillary semaracolumn. No entrance frit
was used, which allowed trimming of the head of the columheapdcking material
became compressed over time. This system also incorporated eotumn packed

with Chelex 100, a chelating metal resin to remove meatgurites, which was
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situated prior to the separation column. The dimensions oitire system were 28
x 43 x 15 cm with an overall weight of 10 kg. The use of the eleatytidi NaOH

generator allowed for the gradient elution of 15 anions as shokigure 1.3.
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Figure 1.3: Separation of 15 anions using a capillary packed capillary co{660h
mm x 180 pm) using a portable in-house constructed caplC sys&eparation
conditions; Eluent: linear gradient from 2viio 38 M NaOH from 5 to 17 minutes,
injection volume: 100 nL, flow-rate: 1.5 pL/min, peaks: (1)tame (2) formate, (3)
methanesulfonate, (4) monochloroacetate, (5) bromate, (6) chlgridajtrite, (8)
trifluoroacetate, (9) dichloroacetate, (10) bromide, (11) nitréit2) chlorate, (13)
sulfate, (14) phthalate, (15) chromate. Reproduced from [25].
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1.3 Detection in IC

1.3.1 Conductivity detection

Conductivity detection is considered a universal detector in imnatography as all
ions are electrically conducting. Conductivity detectors consisat @inductivity cell
which houses two electrodes and are in constant contact with #re. e{Conductivity
detection can be subdivided under two main headings, non-suppressed ion

chromatography and suppressed ion chromatography.

1.3.1.1 Non-suppressed ion chromatography

In liquid chromatography, the eluent provides the greatest flixikiith regards to
affecting the retention of ions [2]. The choice of eluent use particular separation
must be compatible with the mode of detection employed in thersy# the case of
non-suppressed conductivity detection, the eluent chosen should exhibiv a
background conductance. The main advances made in non-suppressed IC were due
the use of ion exchange resins with low capacity. The dgpEc resin is a measure
of the number of functional groups per unit weight of resin and malty expressed
as milliequivalents of exchangable ions per gram of resin drequivalents per
millilitre of resin [18]. lon exchange resins of lower capacdigquire a lower
concentration of eluent to elute the sample from the column andiemt &ith a low
ionic concentration has a low conductivity. The most common elussets in non-
suppressed IC for the separation of anions are salts of caagids such as sodium
or potassium salts of benzoic acids [26, 27] or phthalates [28, T2@]. main
advantage of using non-suppressed conductivity detection is the csiynph
instrument set-up as extra hardware is not required. Extra erdan lead to band
broadening (as a suppressor is placed between the separation ceidnthea

detection device) increasing the overall dead volume ofybem.

1.3.1.2 Suppressed ion chromatography.

In suppressed IC, a suppressor is placed between the sepaddtiom and the

detection device and its function is to reduce the background condudivitye
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eluent prior to it reaching the conductivity detector, which in tesults in increased
detector signal of the analyte. The background conductivity wsiNgOH eluent for
example, results in high background conductivity if un-suppressettheasluent in
fully ionised and therefore highly conducting. NaOH can be supmtesse
exchanging the Naons with H ions to produce water, resulting in an eluent (which
also contains the sample analyte) with a lower conductivityinmassut of the

suppressor into the conductivity detector which increases thelesamalyte signal, as
shown in Figure 1.4.

(a) non-suppressed IC Sample analyte A~ EluentNa" OH

) |

«

(b) suppressed IC Analytical column

Conductivity (US

“— Na'A’inNa'OH

Anion suppression

‘\

H* A" in H,0

Retention time (mins)

Figure 1.4: Increase in the conductivity signal of the analyte iolofahg the
suppression of the NaOH eluent. Adapted from [31].

Examples of eluents used in suppressed IC include hydroxide [30], sbydrogen
carbonate and sodium carbonate [3] and methanesulfonic acid [31, 3&hples of
suppressors include packed bed suppressors, hollow fibre membrane supeds
micro-membrane suppressors, a description on how they function has been
documented in a review on suppressors by Hadtlatl[34]. Electrolytic suppressors

are also available. Figure 1.5 shows a capillary eletitayuent suppressor (anion),
available as part of the caplC system (ICS 5000) receelbased by the Dionex
Corporation. The design of the suppressor minimises dead volume,is/ivigbortant

as the suppressor is placed between the separation column anetdabird The

suppressor consists of an ion exchange resin chamber (which atam&an coiled
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membrane through which the eluent flows), with anode and cathod&odks

situated on each side, separated by membranes. The ion excheingeongains an
ion of opposite charge to that of the eluent ion. A current iSexpf one electrode,
forcing the regenerant ions into the ion exchange chamber viadaricefield. Here,

the regenerant ions exchange with the eluent ions through the m@hatdrane where
they are transferred from the ion exchange chamber into the seleatrdde chamber
where they are removed. The suppressed eluent then passes theocghductivity

detector [35].

Cation-Exchange Cafion-Exchange
Membrane Membrane

AEient Eluent
Out In

Anode Gathode

A

Cation Exchange Resin
Regenerant Qul Regenerant In

Figue 1.5:Capillary eluent suppressor (ACE'S300) available as part of the ICS
5000 capillary IC system. Reproduced from [35].

Standard bore conductivity flow-cells have internal volumes oful. (Dionex) or

0.6 pL (Waters). lon chromatography systems that are capbbielysis at capillary
scale are generally equipped with UV detectors with a tet@ow-cell volume of

0.02 uL. The use of conductivity detection at capillary scake heen possible
through the use of capacitively coupled contactless conductiviggtitn (CD).
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1.3.2 Capacitively coupled contactless conductivity detection.

Capacitively coupled contactless conductivity detectiofDjGvas first applied in
capillary electrophoresis in 1998 [36] and has since being used ¢hiiomatography
[37] and microfluidic platforms [38]. A number of reviews on the as€*'D have

appeared in the literature [39-41]. One of the main advantag€8Dois that the

arrangement of the ring electrodes around the fused siliclacapias shown in
Figure 1.6, means that this form of detection is contactlessefore eliminating
fouling of the electrodes. Other advantages includes the alilmin of excess
connective tubing, as the detector cell is placed on-column.r@tistion in tubing

reduces the effects of band broadening. The use’Df d@tection is also easily
incorporated into an ion chromatography system as well as the lovassstiated
with the detection device.

C*D detection is based on two ring electrodes (as shown in Fighjréhat are placed
side by side which surround a capillary column, with the gap betvlee two

electrodes (1) defining the detection volume (generally 2 mtarnal volume 16 nL).
An AC voltage is applied to the first electrode and is picked ughkysecond
electrode where it is amplified.

capillary

electrodes

Figure 1.6: Two ring electrode encasing the separation column shawngell area
(A) and the distance between the two electrodes (I). dReped from [42].
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As each electrode forms a capacitor with the solution intiée capillary, the
conductivity of the liquid flow measured between the two eleesodan be
determined [43]. As the analyte enters the detection gaedwction in resistance

occurs and therefore an increase in conductivity.

In 2002, Kubaret al. [44] showed the effect of the electrode length and the distance
between the two electrodes on the separation of selected casoms capillary
electrophoresis. While varying the electrode length from 0.50-c& had no
significant effect on column efficiency, a clear differenwas noted when the
detection gap was increased. Figure 1.7 (left) shows the eiferricreasing the
detection gap on the theoretical plates for the selected catlules(right) shows the
differences in peak height obtained for the same cation sepandiemthe detection
gap was varied from 0.6 mm (A) to 5.1 mm (B). A peak efficieof ~ 60,000 N/m
was obtained for Mn(ll) when the detection gap was 5.1 mm whimieased to ~

270,000 N/m when the detection gap was reduced to 0.6 mm.
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Figure 1.7: (left) Effect of detection gap on the efficiency of selected cati@ight)
variation in peak height with a detection gap of 0.6 mm (A) and 51 (B).
Reproduced from [44].

As mentioned above, the use of on-colunflD @etection eliminates extra-volume
connective tubing associated with conventional conductivity deteet®ithe detector

head is placed on-column. The use of on-colurfib i§ possible using columns with
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an outer diameter (O.D.) of 375 um, however, this does not metim¢hase of ¢D
detection is restricted to capillary columns. In 2004, Kulkéral. [43] used a
Metrosep cation 1-2 column (125 x 4 mm 1.D.) for the separatiorihidiin, sodium

and potassium using non-suppressé® @etection. As the outer diameter of the
separation column was > 375 um, the authors used fused silicagamitinnected to
the end of the separation column which facilitated the use efobimn CD
detection. Off-column D detection was compared to a conventional conductivity
detector. The separations were carried out using aMltartaric acid eluent and a
flow-rate of 1 mL/min. Using the same system set-up, titeass also obtained a
separation of fluoride, chloride and nitrate using a Super-Sep axcbarge column
(100 x 4.6 mm I.D.) with a 2.5 kh phthalic acid eluent. In this case, a flow-rate of
1.5 mL/min was used and an injection volume of 50 puL. The authonpared the
LOD values obtained using both form of conductivity detection and fouadthe
results were comparable. An LOD of 2.9 pg/L was obtaineditfiumn using off-
column CD and an LOD of 3.4 pg/L was obtained for the same cation using
conventional conductivity detection. Using the same anion excheoslgenn, the
authors carried out the same work using suppressed conductivityiatetétsing a
linear KOH gradient, the authors improved greatly on the LODegafor fluoride,
chloride and nitrate using suppressed off-column conductivity detestiben non-
suppressed 1D detection was employed, an LOD value of 160 pg/L was obtained.

With suppressed © detection, an LOD of 1.5 pg/L was calculated.

In 2008, Gillespieet al. [26] fabricated a ¢D detector cell suitable for standard LC
(1.6 mm O.D.). The authors used 2 copper electrodes, 2 mm in {eragithed around

a length of teflon tubing. The electrodes were positioned 2 mm. apdfaraday
shield was used to surround the excitation electrode to preverdgaeitive coupling
between the electrodes. The length of Teflon tubing encaselebgléctrodes was
used to house the separation column. Following optimisation of thectdet
conditions, separations of nitrite and nitrate were carriecusiaig on-column ¢D
detection and a commercially available conductivity detectdr swhilar dimensions.
An eluent consisting of 2.5 kh sodium benzoate at a flow-rate of 20 puL/min was
used. LOD values of 3.2 and 1.8 pg/L were obtained for nitratenirite using ¢D

detection and 5.2 and 2.0 pg/L using the commerciallyablaidetector.
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Due to the capabilities of placing the detector cell on-coluh@ability to place the
detector cell at various positions along the column, thus affetttengffective column
length, can be exploited. O Riordéh al. [37] demonstrated the use of on-column
C*D detection using a g silica monolith (150 mm x 0.1 mm 1.D.) coated with N-
dodecyl-N,N-(dimethylammonio)undecanoate (DDMAU) for the separati@mions
in drinking water samples. Figure 1.8 shows chromatograms obtaihed the

detector was placed at various positions along the column.
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Figure 1.8: Separations of anions obtained by placing the detector at various
positions along the column. The effective column length is 4.5 cnthéobottom
chromatogram, 8.5 cm for the middle chromatogram and 12.5 cm fotothe
chromatogram. Chromatographic conditions: Eluent: Qvb phthalate, flow-rate: 1

pL/min and injection volume: 50 nL. Reproduced from [36].

O Riordain’s work demonstrated the ability to move the detekingahe capillary to
optimise separation efficiency and reduce the overall run-diinibe separation. Due
to the mobile nature of the®D detector cell, chromatographic performance with
regards to resolution, efficiency and separation run-time capti@ised by varying

the effective column length in a non-destructive manner whercdahenns are in
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fused silica capillary formats. To vary the effectiveuroh length using conventional

conductivity detection, cutting of the capillary column is reqglire

Due to the mobile nature of thé[Tdetector cell, researchers began to investigate the
information to be gained by scanning the entire length of tharooland recording
the conductive response at each pre-defined location [45]. The ssarofing ¢D

techniques will be discussed in more detail in Sectio1.6.

1.3.3 UV detection

UV detection is the most common form of detection used in high penhaerauid
chromatography, however within IC, UV detection is a seledliector and will
only respond to certain ions [46]. A range of anions, such as nitrates, bromide,
chloride, iodide, iodate and phosphate are UV absorbing anions and caredieddet
using UV detection with a wavelength between 190 nm and 220 nm [RJior@ain
used UV detection at 214 nm for the detection of nitrate, enitoitomide, iodide and
thiocyanate [47]. In this work, the author coated a Chromolith PeaforenGs silica
monolith with the surfactant dodecyldimethylamino acetic acid. fEsaltant ion
exchange monolithic column was applied to the separation of the atmwvigoned
anions using a 150 kh KCI eluent. The eluent also contained 0.2Mm
dodecyldimethylamino acetic acid. Positive peaks were obtainetheasmolar
absorptivity of the analyte anion exceeded that of the eioest known as direct UV
detection. In 2006, Let al. [48] coated a Cromolith Flash RP-18e silica monolithic
column with the surfactant cetylpyridinium chloride and used theteeguhodified
monolith for the separation of acetate, nitrate, bromide, tuegstaromate and nitrite
using UV detection at 210 nm. An eluent consisting of 20 sodium chloride was
used at a flow-rate of 3 mL/min. Using a 20 pL injection voludetection limits
ranging from 1 — 19 pg/L were obtained. Using a 1.5 mmol/L phthament, the
authors successfully separated the same group of 6 anions usingddYodeat 279
nm. Negative peaks were obtained, as the molar absorptivihe afluent was higher
than the anions, known as indirect UV detection. In this case tidetémits of 100 -
500 pg/L were obtained demonstrating a loss in sensitivity ugidgect UV
detection. In 2004, Ueket al. [49] prepared a polymer monolith with attached

sulphonate groups. The authors separated ammonium, sodium, potassiungjunagne
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and calcium using a 10Ivh copper sulfate eluent with indirect UV detection at 210
nm. A flow-rate of 3 pL/min was used and an injection volurh®.2 pL. More
recently, Connollet al. [45] modified the surface of a polymer monolith (120 mm x
100 um 1.D.) with 3-sulfopropylmethacrylate (SPM) to which the authsesl for the
separation of potassium, magnesium calcium and barium. An elsisting of 0.5
mM copper sulfate was used at a flow-rate of 1 pL/min usidgect UV detection at

210 nm. The injection volume was 50 nL.

Typically, UV detectors employed in standard systems havewadell volume of
about 10 pL. Dionex have introduced the Ultimate 3000 variable wavkleng
detectors for use with capillary IC systems. The floviscaVailable for this detector

include 3 nL, 45 nL and 180 nL, all with 10 mm optical pathlengths.

To improve sensitivity in IC, the use of post column reactiocBR}P detection is
common practice. PCR requires the use of a reagent that can clmioured
complexes with ions with a wavelength of maximum absorptivity w#kréntiated
from that of the free reagent. Bromate can be determined USiRgis detection by
reacting the bromate, as it elutes from the column, with & q@demn reageno-
dianisidine (ODA). This results in a complex that can be oeted at 352 nm with
detection limits in the sub-ug/L range [50]. UV-Visible déimt with PCR is
commonly used for the determination of metals using chelation immettography
[51]. The most commonly used PCR reagents are complexing dyes aadatbea
number of reagents available for post column chemistry such as 4idipx0)
resorcinol (PAR) [52] and 2-(5-bromo-2-pyridylazo)-5-diethylaminopheneBr(5
PADAP) [53] which are generally used for the determinatiorrasfsition metalso-
cresolphthalein complexoneo-CPC) which has been demonstrated for the
determination of alkaline earth metals forming stable pugamplexes [54] and
chrome azurol S (CAS) which has been used as a post columntreadae(ll) [55].
PCR requires the use of a mixing coil to allow sufficient mixaighe analytes, as
they are eluted from the column with the PCR reagent. Camrdfdteon of the mixer
is required as increases in the connecting tubing between ¢leéoingand detector can
result in an increase in band broadening [51]. Open tubular egK REENg is
commonly employed as mixers in PCR chemistry and is normallgccetd as to aid

mixing [51]. While PCR chemistry can improve sensitivity andeceity, the
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method does possess some disadvantages, such as the aoateassoth a second
pump, increased complexity in the system due to the incorportatiarP@R mixer,
the deleterious effects on band broadening due to the requirerhehésroixer and

an increase in baseline noise.

1.4 Stationary phases in capIC

CaplC particulate packed columns are packed with the samengauvhkiterial that is
used for standard bore columns. A frit is placed at one end armbitman packed
under high pressure. Some of the earlier work in the field piCcavas carried out
using modified packed silica columns. In 1996, Takeathi.[56] packed a capillary
column with silica particles (5 um diameter) modified with Ipeviserum albumin
(BSA). Using an eluent consisting of Ivhsodium iodide and 0.3 vh tartaric acid,
the authors separated chloride, bromide and nitrate in tap watplesa Following on
from this, Zeinet al. [57] used the same column for the separation of a range of
anions (Figure 1.9) using various acidic eluents. Applicationeeotapillary packed

column included anion analysis of saliva in smokers and non-ssk4g.
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Figure 1.9: Separation of anions using a silica particle packed column (298 850
um 1.D.) modified with BSA. Separation conditions: eluent: &yM aspartic acid,
(B) 0.05 nM sulfuric acid, (C) 0.15 M tartaric acid, Flow-rate: 5.6 pL/min, injection
volume: 0.2 pL, peaks: (1) iodate, (2) bromide, (3) nitrate, (4Y@db) thiocyanate.
Reproduced from [57].
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Takeuchiet al [58] packed a capillary column with TKSgel IC Anion SW patrticles
(silica based) and modified the surface with dextran sulfatee résultant column
was used for the separations of cations using a copper sulfietet @s shown in
Figure 1.10.
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Figure 1.10: Separation of cations using a 100 x 0.32 mm |.D. TSKgel IC-arién S
silica particle packed column (modified with dextran sulfatepa®ation conditions:
Eluent: 6 nM copper sulfate, flow-rate: 4.2 pL/min, injection volume: 02, u

detection: indirect UV detection at 210 nm. Reproduced from [58]

Other commercially available particle packed (silicaikary columns include the
Jupiter range available from Phenomenex, which are packed with53um silica
particles. The silica particles are available with C18.a8d C4 bonded phases. These
columns are available in 300 or 500 um I.D. formats and are usétefgeparations
of proteins and peptides [59]. The same company also supply the dnggwhich
are packed with 3 - 15 um silica particles, which are alsiable in 300 - 500 pum
I.D. formats. These columns are also packed with C18, C5 do@ded phases and
are recommended for the separation of hydrophobic compounds. A eatbange
capillary column is also available as part of the Luna radgeched benzene
sulfonic acid bonded phases with a bead diameter of 5 or 10 pewaitable in
capillary formats (300 — 500 pm 1.D.), with a surface afe06 nf/g [60].
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Phenomenex also supply Onyx silica monolithic columns. The column donsrese
150 mm x 100 pm 1.D. and are currently available in C8 or C18 féhma.ability to
modify reversed phase stationary phases with surfactantbgicase of silica based
stationary phases) has been studied. For example, O’'Ri@dain37] modified an
Onyx silica monolithic column (fg) described above with N-dodecyl-N,N-
(dimethylammonio)undecanoate (DDMAU), an amphoteric surfactam. duthors
used the DDMAU modified silica monolith for the separation of iaarg anions
using a 0.5 M phthalate eluent. Average column efficiencies of ~ 35,000 \Wéne
obtained for the anions studied. Detection was carried out usinglamt C'D

detection uisng a flow-rate of 0.3 pL/min.

Thermo also supply packed silica capillary columns in 320 um bindts. These
columns are packed with silica particles with 1.9 um garsze. The use of columns
packed with smaller particles (< 2 um) can improve separatficiency. However,
one of the biggest drawbacks of using smaller particles is thehlpck-pressure
that is generated. Because of this high pressure, hesnésaged inside the column.
The heat power generated per column volume increases with degrpasiicle size
[61]. The heat generated results in axial heating (from one feti@ @column to the
other) and radial heating (from the centre of the column to themrcolwall).
Temperature increases in the axial direction and decreadés iradial direction.
These axial and radial gradients contribute to band broadening. Aobandlyte will
move faster in the core region of the column than at the coluatin & the core
region is hotter and the mass transfer will increase. Téwosity of the eluent is
higher near the wall of the column than at the centre, whithaiso contribute to
band broadening. This in turn results in a loss of column effigieftus temperature
gradient will be significantly lessened with the use of l@pi particle packed
columns, as the heat has less distance to travel (frometitee of the column to the
capillary wall) or with the use of monolithic columns asltaekpressure exhibited by

monolithic columns is lower than that of particulate packedmaok.

The use of polymer packed capillary columns for the separatioasians has also
been demonstratef4, 25] In recent years, Dionex have released standard bore
analytical column materials in capillary format with intdrdemeters of < 0.4 mm.

The AS18 capillary column (150 mm x 400 pm) is packed with 7.5 pameter
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beads with attached quaternary ammonium functionalities and ¢egsaaity of 1.71
ped. This column has been applied to the separation of 11 inorgaoiits,aorganic
acids and oxyhalides using a 23MMKOH eluent and suppressed conductivity
detection. Using a 10 pL/min flow-rate, separation of the Hlytas occurred in <
15 minutes [62]. The AS19 capillary column (250 mm x 400 um), packed wit
particles of the same size and functional groups as the ASKap@ied to the
separation of 22 anions using a KOH eluent gradient and a flovotat@ pL/min
[63] Separation of the 22 anions occurred in < 50 minutes at a tenmecof 30°C.

In this case, the column capacity was 2.5 peq.

Capillary cation exchange columns are also available fromeRisnch as the CS16,
packed with 5 um particles with grafted carboxylic acid functibes. This column
(250 mm x 400 pm), was applied to the separation of lithium, sodiommoaium,
potassium, magnesium and calcium using a BDmethanesulfonic acid eluent and a
10 pL/min flow-rate [64]. The analysis was carried out at°@0with baseline
resolution of all analytes occurring in < 18 minutes. This coltiad a capacity of 80
peq. Finally, CS12A capillary columns packed with 8 pm or 5 pnicpes with
grafted carboxylic acid and phosphonic acid functionalities are atstalle. Using
a 20 nM methanesulfonic acid eluent, separations of lithium, sodammonium,
potassium, magnessium and calcium are possible in < 10 minatdatrate of 12
pL/min. Increasing the flow-rate results in the separatioralb6 cations in < 7

minutes. The capacity of this column was 28 peq [65].

The packing of particles into capillaries is a difficult taskl ghe use of monoliths has
received significant attention in capLC due to their ease afufiacture, as the
monolith is polymerised within the capillary walls. A decreasealumn efficiency is
usually observed at higher flow-rates using particulate packedios, as separation
is based on diffusive mass transfer of the sample analytesthie pores of the
particle. Also at higher flowrates, particle based columns #xhigher back-

pressures [66].
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Van Deemter (equation 1.2) summarised the column effects dhailute to plate

height and thus band broadening.

H=+AB + Cu Equation 1.2
u

where A = eddy diffusion, B = longitudunal diffusion, C = mass temsf the
analyte between the eluent and the stationary phase and u e=Jéleaity of the

eluent.

Nguyenet al. [67] showed the effect of reducing the particle size on ther@ of the
Van Deemter equation. By decreasing the particle size f®@mm to 1.7 pum, the
authors noted improvements in the plate height resulting in arfl@tterm from the
constructed Van Deemter plots. However, a disadvantage of usailgisparticles is
the increase in the back-pressure generated [67]. Anothéodnef exploiting the
flatter C-term from the Van Deemter equation is through the afsmonolithic

columns [68].

1.5 Monoliths

1.5.1 Introduction

In the last number of years, monoliths have become increasingly poipula
chromatographic separations. This is evident in the number efagyublished on
the topic [69-76]. The introduction of monoliths marked significant increases in the
use of capLC. Silica and polymer monoliths have been appliedMdearange of
analyte separations such as oligonucleotides [77-79], proteins andesef&0-82]
and carbohydrates [83], however, this section will focus on theotigmpillary

polymer and silica monoliths for the separation of small anindsations.

A monolith is a single piece of porous material that is fornfédterconnecting flow-
through channels from one end of the capillary to the other. Mono#tres & number
of advantages over particle packed columns. One of the main molassociated

with particle packed columns is the void volumes that exist legtwike particles.
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Even the best packed columns contain 35 — 40 % void volume in adttitithre
internal porosity of the beads [84]. This leads to band broadenindeznelases the
efficiency [85]. As monoliths are a single piece of porous rizdt¢he effect of band
broadening due to voids between particles is eliminated. A seadwahtage of
monoliths over particle based columns is that in particle basedos, the analyte
penetrates into the inner pores of the porous particle and this dtowsthe speed of
the separation [85]. The mass transfer of the analyte betitee eluent and the
stationary phase should be fast and frequent [72]. Separation iculadet columns
depends upon diffusive mass transfer and this is slow and unfavoiwab&rge
molecules. In monoliths, the eluent is forced to flow through thespairthe monolith
and this enhances the mass transfer rate [88]s also ensures that there is constant
interaction between the eluent and the stationary phase wtsalisrén increased
mass transfer, even when high flow rates are used. Figlteshows the flowpath of

the eluent through a particulate packed column (a) and a mooalitimn (b).

(A) (B)

Figure 1.11: Flowpath of the eluent through a particulate packed column r{é)aa

monolith column (B). Reproduced from [87].
Figure 1.12 shows a comparison of Van Deemter plots obtained usingicdepa

packed column (Kingsorb C18, 30 cm x 4.6 mm I.D, particle siz8 pfm) and a

Chromolith monolithic stationary phase (50 mm x 4.6 mm 1.D.) [66§.cé&n be seen
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from this plot, a flatter C-term was obtained using the mdriolgtationary phase,

allowing the use of faster flow-rates, without any signifidass in column efficiency

p optimum = 1.31 mi/min
- Cterm=1.34
E
&
] mrsamee® " =
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Figure 1.12: Comparison of Van Deemter plots for a 3 um particle packédrm

and a monolithic column. Reproduced from [66].

The high column permeability associated with monoliths allows tkeeofidonger
columns, resulting in highly efficient separations [83]her advantages of monoliths
include the fact that frits are not required to hold the monolith atepl as the
monolith is covalently bonded to the walls of the capillary. wedl as keeping the
monolith in place, the attachment of the monolith to the capillaly (the capillary
column in pretreated to allow the covalent attachment of the mionolthe capillary
wall) also prevents the eluent from flowing down the sides ofrtbrolith, ensuring
that the eluent and therefore the sample analytes arelftrgeercolate through the
monolith bed [84]. Finally, the surface of the monolith can be nemtiftith a wide
range of surface functionalities (particularly in the cas@aymer monoliths) and
have become particularly useful in the field of ion chromatografdty the

determination of small anions and cations.

It is well known that silica monoliths are more efficient e tseparations of small
ions than polymer monoliths due to the increased surface area exipitbe silica
monoliths. This is due to the mesoporous structures available omirfaeesof the

silica monoliths [87]. Silica monoliths generally have a ptyagreater than 80 %
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and a surface area of about 30&gn66]. While the use of silica monoliths are
useful for the separation of small ions, they are not asieifiin the separation of
large molecules, such as proteins. The opposite can be sadlyarer monoliths.
Due to the absence of mesopore structures on the polymer monoldbesurfass
transfer is enhanced for the separation of large molef@0e82].

One of the major drawbacks in the use of silica monoliths ircimomatography is
the limited pH range in which they can be operated (pH 2.0)-Bolymer monoliths
are stable over the entire pH range, whereas at pH vaheeseg than 8, silica
dissolves, leading to poor efficiency, poor reproducibility and high Ipaeksures
[87, 89]. As well as being stable over the entire pH range, polynogrofiths are also
more resistant to high temperatures. At pH < 2, the dilgtebond on the silica

monolith is hydrolysed which can lead to a loss of the bondendiga
1.5.2 Polymer monoliths
1.5.2.1 Fabrication

For the fabrication of methacrylate polymer monoliths, the pefhsation mixture
consists of a monomer, cross linker, porogens and a free radlicatior [88]. The

monomer used will determine the polarity of the final monolith, porenation

depends on the type of porogen and concentration of cross linker uséa amdice
of initiator depends on the mode of polymerisation. Polymerisatiaris when the
mixture is heated (using thermal polymerisation) [49] or initiateshg UV (using
photopolymerisation) [90] to create free radicals. Another é@ssmon method of

polymerisation includes polymerisation viarradiation [85, 91].

As the polymerisation proceeds, polymer chains form that willbeotdissolved and
will precipitate as nuclei in the reaction medium, as tkelubility in the porogen
decreases. Polymerisation continues to take place both wihthinuclei and in the
surrounding mixture. The concentration of monomer within the swolleteinis

higher than the surrounding mixture and the nuclei continue to swslithe nuclei

become bigger, they begin to form clusters. These clustemsnue to grow and
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eventually form an interconnected matrix with neighbouring clust8tsictural

rigidity is secured through extensive cross linking to form a pguolysner monolith.

Photopolymerisation has a number of advantages over thermal polyioarisatch
as faster polymerisation times and the ability to place theofith in pre-defined
sections by masking of other areas, which is useful for the incdigroE monoliths
into microfluidic channels. A recent study comparing the polysaton of a GMA
co-EDMA polymer monolith (100 um I.D fused silica capillary) usitiiermal
polymerisation and photopolymerisation has been carried out by by Breclét
[92]. The authors used the same polymerisation mixture asdfieli [81] and the
only difference in the preparation of the polymer monoliths was ntloele of
polymerisation used. Ueket al. [49] used thermal polymerisation during the
fabrication of the polymer monolith (61 x 24 hours), whereas Bruchett al. [92]
used photopolymerisation (30 minutes irradiation time). In all ¢cad&N was used
as the initiator. Scanning electron microscopy (SEM) imagesiraat by Brucheét
al. [92] showed globules of 1 um diameter, while SEM analysisechaut by Uekeet
al. [49] showed polymer globules of 2 — 5 um diameter demonstrttatgalthough
the same polymerisation mixture was used in both sets of wbek,mode of
polymerisation used during the fabrication of the polymer monalith have an

overall effect on pore diameter.

1.5.2.2 Monomers and cross linkers.

Figure 1.13 shows the chemical structure of common monomers osehe i
polymerisation of methacrylate monolitiBhe most widely used monomers for the
production of methacrylate monoliths is glycidyl methacrylat®lfG This is mainly

due to the presence of reactive epoxy groups that facilitiescgunfiodification [93].
Other monomers used in the polymerisation of polymer monoliths includé buty
methacrylate (BuMA), which incorporates hydrophobic functionalitiés the final
monolith structure and hydroxyethyl methacrylate (HeMA), whidrmks a
hydrophilic stationary phase. Ethylene dimethacrylate (EDMA) commonly used
cross linking monomer in the formation of methacrylate monolitdgh % content

of cross linking monomers, results in more highly cross-linked palyrfgmed in

the early stages of polymerisation, which leads to a deciedlse average pore size
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[68]. Viklund et al. [89] prepared GMAco-EDMA monoliths with varying
concentrations of the cross linker, EDMA. The authors noted a a$ecria the

diameter of the flow-through pores as the concentration ofctbss linker was

increased.
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Figure 1.13: Chemical structures of methacrylate monomers and crosssinksed
in the polymerisation of polymer monoliths. (a) glycidyl methadeyldGMA), (b)
butyl methacrylate (BuMA), (c) lauryl methacrylate (LMAJd) hydroxylethyl
methacrylate (HeMA) and (e) ethylene dimethacrylateNRR

Styrene based polymer monoliths with divinyloenzene as a crosslwné&pared in

capillary formats have also been reported in the literaturehwiage been applied to
the separation of small molecules such as antibiotics and dhyoomones [94] and
alkylbenzenes [95, 96].

1.5.2.3 Porogens
The porogens are considered the most important factor in relagameize control.
Porogens can be described as being ‘good’ or ‘bad’ solventhdqodlymer. If the

porogen is considered a good solvent for the polymer, phase sepénatitaation)

occurs later resulting in an increased number of nuclei befotbealinonomers are
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exhausted. This results in the formation of a large numbewalfen nuclei, which
coalesce forming smaller pores. If the porogen is a ‘bad’ sqlydrise separation
occurs early in the polymerisation system which lead to ¢dhedtion of a limited

number of nuclei and larger pores are formed [85].

In 2004, Leeet al.[90] showed the effect of porogen composition on the formation of
the pores. A BuMAco-EDMA monolith was prepared using 1-decanol as the porogen
and a second BuM&o-EDMA monolith was prepared using a porogenic mixture
consisting of 1-decanol and cyclohexanol. Figure 1.14 shows the $tHdes
obtained for both monoliths showing that although the overall concentuattitive
porogens was the same in both monoliths (60 %), differences in thesiges were
noted. Figure 1.14 (A) shows the SEM image obtained when 1l-desasoused
solely as the porogen and Figure 1.14 (B) shows the SEM imagenaxbtaihen
cyclohexanol was added to the porogen mixture. The monolith using 1-desahel
porogen exhibited smaller pores in comparison to the monolith in whicbheyanol

was used as the porogen.

15KV

Figure 1.14: SEM images of BuMA-co-EDMA polymer monoliths using (A) 1-
decanol as the porogen and (B) using a mixture consisting of 1-decamol an

cyclohexanol. Reproduced from [90].
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1.5.2.4 Temperature of polymerisation

The temperature at which polymerisation takes place has eat effi the pore size
formed. Generally the higher the temperature, the smallerptiies [79]. The
iniatiator used in the polymerisation mixture decomposes at airceagmperature,
which results in the formation of free radicals. Higher temjpees leads to the
formation of a large number of free radicals. The free &glign turn, lead to the
formation of nuclei and globules. As the concentration of the monomexains the
same for each polymerisation regardless of the temperatwerate of nuclei
formation results in a large number of swollen nuclei and asswwlen nuclei
coalesce, smaller pores are formed. The effect of teaype on the size of the pores
formed was demonstrated by Vikluetal.[89]. GMA-co-EDMA monoliths, using a
porogenic solution consisting of dodecanol and cyclohexanol, were prepared a
different polymerisation temperatures. This work showed thattemperature of 55
°C, the formation of free radicals was slow and large pdrgdQ nm average pore
diameter) were formed. At higher temperatures of°ZQ the formation of free
radicals was faster, resulting in the formation of smalleep¢t20 nm average pore
diameter). The specific surface was 17giwhen the polymerisation was allowed to
proceed at 558C and 43.2 rfig at 70°C. This shows an increase in the surface area of

the polymer monolith due to the use of a higher polymerisationeierye.

1.5.3 Controlling the surface chemistry of polymer monoliths

1.5.3.1 Co-polymerisation of polymer monomers with desired futionalities.

In order to render a monolith suitable for ion exchange chromatography gianips

on the pore surface are required. The first method is carrigdydbe preparation of
monoliths by the direct co-polymerisation of monomers with deduradtionalities.

A monomer with ionisable groups will result in a final monolitavimg ionisable
groups [73]. Guet al. [97] prepared a 160 mm x 75 um polymer monolith using a
polymerisation mixture consisting of 2,2-dimethoxy-2-phenylacetophei@i®A),
2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) and poly(ethylgnebl
diacrylate (PEGDA) dissolved in a porogenic mixture containingrvanethanol and

ethyl ether. The final monolith afforded sulfonate groups due topthsence of
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AMPS in the polymerisation mixture and was used for the analygieptides. Liet
al. [98] prepared a polymer monolith via copolymerization of 2-(acrgboyethyl
trimethylammonium chloride angbolyethylene glycol diacrylate (PEGDA). The
resultant monolith, with quaternary amine anion exchanger gwagsapplied to the

separation of proteins.

There are a number of advantages to using this approach. Teezengde range of
monomers with ionisable sites available for polymerisatiath® functional groups
are incorporated into the monolith during the polymerisation step no rfurthe
modification is required. However this method does have the drawbat a large
number of the functional groups become embedded inside the polynrex aral
cannot be used as ion exchange sites. Changing the monomer typeemtiaion in

a polymerisation mixture requires re-optimising of the polymgadsaconditions,

which can be a time consuming task [79].

1.5.3.2 Addition of functional groups on the surface of the mantith

To date, only a small number of research groups have studiedtémtion of small
ions using capillary polymer monoliths modified with ion exchange fonalities.
Ueki et al. [49] prepared a GMA0-EDMA polymer monolith in 250 um I.D fused
silica capillary formats. The surface of the monolith wabsequently reacted with
Na,SO; at 70°C allowing the attachment of sulfonated groups through ring opening
of the epoxy groups. In this work, the authors demonstrated the abilitgrease the
ion exchange capacity of the polymer monolith by varying the conditised during
sulfonation (such as reaction time, concentration ofSRg and solution pH).
Increasing the reaction time from 1 hour to 12 hours resulted imreas&in the ion
exchange capacity of the polymer monolith from 19 pequiv/mL to 92 weajui
respectively. The ion exchange capacity was further inale&3@0 pequiv/mL)
when the solution pH was increased from pH 6 to more alkalineguiditions (pH
11). As expected, an increase in the ion exchange capacitjecegulan increased
retention of all metal cations studied. The separation wagdarut using a 10 M
copper sulphate eluent and a flow-rate of 3 puL/minute as shown ureFig15.
Detection was carried out using indirect UV detection at 210 Awerage peak

efficiencies of 20,000 N/m were obtained.
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0 Elution time (mins) 30

Figure 1.15: Separation of selected cations using a sulphonated polymer monolith.
Separation conditions: Eluent: 10 mM copper sulphate, flow-rate3 ({)/min, (B) 6
pL/min, (C) 9 puL/min, (D) 12 pL/min and (E) 15 uL/min, ddten: indirect UV at

210 nm, injection volume: 0.2 uL. Reproduced from [49].

In 2007, Kanatyevaet al. [99] prepared a GMAo0-EDMA monolith and
functionalised the surface using three different methods, thst firvolved
modification with polyethylenimine (PEI), the second involved modifca with
dimethylamine (DMA) and the third monolith was modified with a om&tof PEI
and DMA (1:1). The authors noted that the monoliths modified witH PE
demonstrated the lowest retention and selectivity for seleatéohs, while the
monolith modified with DMA vyielded long retention times and low edficy. The
monoliths modified with the mixture of PEI and DMA gave optimusules in terms

of selectivity and retention time. The anions used in this sugg fluoride, chloride,
nitrate, nitrite and bromide and the separation can be seen in Big@reAlthough
inproved separation was obtained using the polymer monolith prepared aising
mixture of PEI and DMA, a run-time of 80 minutes was requiresefmarate all six

anions.
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Figure 1.16: Separation of selected cations using a GMA-co-EDMA polymer
monolith modified with a mixture of PEI and DMA. Separation conditid&igent:
potassium phthalate, detection: UV detection at 254 nm. Reprodocedo].

In 2011, Bruchett al. [92] prepared a GMA0-EDMA monolith in 100 pum fused
silica capillary. The surface of the monolith was modified logHing a solution of
triethylamine (TEA) in 50:50 v/v ethanol/water through the polymenolith for 4
hours at 85C at 1 pL/min. The final monolith modified with quaternary ammonium
functionalities was applied to the separation of iodate, bromdti#e, bromide and
nitrate as shown in Figure 1.17. The ion exchange capacity easuned using break
through experiments and found to be 8 nequiv/cm. Calculated efieseot 75,000
N/m for nitrate, bromate and nitrite were obtained using a sodiuaohlpeate eluent
at a flow-rate of 100 nL/min. At 700 nL/min peak efficiencies dfg;000 N/m were

reported.
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Figure 1.17: Separation of (1) iodate, (2) bromate, (3) nitrite, (4) bromiu® &)
nitrate using a GMA-co-EDMA polymer monolith functionalised with tguaary
ammonium functionalities. Eluent: 10 Mn NaClQ,, injection volume: 10 nL,

detection: UV at 210 nm, column dimensions: 100 pm x 750 mm. Reprodooed fr
[92].

1.5.3.3 Photo-grafting

To avoid re-optimising of the polymerisation conditions a second metasdeen
studied. The second method involves the fabrication of a generic ithoiaiibwed
by modification of the surface chemistry of the monolith (post pehsgation) via
photo-grafting methods. This method has the advantage in thahealgrafted
functionalities are available on the surface of the monolittheCadvantages of using
this method include that fact that grafted functionalities lba precisely placed on
different sections of the monolith by masking off other sectionier go the
application of UV energy [100], or the ability to functionaltitferent sections of the
monolith with different surface chemistries [101].

Research has also been carried out on the photografting of funt¢tsnalto the

surface of a polymer monolith structure. As mentioned previoustyséparation of
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small ions on polymer monoliths is challenging, due to the reduatidhei surface
area in comparison to silica based monoliths. This reduction isutiace area in
polymer monoliths results in a limited number of reactivessagailable on the
surface of the monolith, resulting in limited access for ith@rporation of ion
exchange functionalities. One method to increase the number ditdgaites is the
growth of highly branched polymer chains from each reactiveositthe monolith

surface.

In 1999, Ranby [101] demonstrated the surface photografting (on a lowydensit
polyethylene film) of a polymer (acrylic acid) in the presentehe free radical
initiator, benzophenone using UV energy. In 2003, Rsthal. [102] applied this
benzophenone initiated surface polymerisation chemistry to BuMBDMA
polymer monoliths, where the authors modified the surface of tmliths with a
solution of 2-acrylamido-2-methyl-1-propanesulfonic a@d§PS) in the presence of
benzophenone. Following the application of UV energy, benzophenone is
immobilised onto the monolith surface through hydrogen abstraction ngsirtthe
formation of free radicals on the surface of the polymer mdmaiihich then initiates
propagation reactions leading to grafting from the surface ofribweolith. As the
polymer chains also contain abstractable hydrogens, the chainsueomdi grow
forming a highly branched polymer structure from each reactieesithe surface of
the polymer monolith. The subsequent monolith was applied to the sepaohti
peptides.

To date, the use of surface grafting techniques to increaseaplaeity of the final
functional groups on polymer monoliths for the separations of smalhisseceived
little attention. Connollyet al. [103] introduced poly[2(methacryloyloxy)ethyl]
trimethylammonium chloride poly(META) onto the surface of a GRAEDMA
polymer monolith in 100 um UV transparent fused silica capillarimgusJV
irradiation to produce a strong anion exchanger. This was carriedyofltishing
META in a solution of t-butanol/water in the presence of tlee fradical initiator
benzophenone through the monolith followed by irradiation with UV energy. The
resultant poly(META) monolith was applied to the separation &f mmon
inorganic anions as shown in Figure 1.18, using aM lbenzoate eluent which

facilitated the use of on-column®C detection. The authors separated six common
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anions in a run-time of 13 minutes and reported efficiencies of 15,000 fof
fluoride at 1 pL/min and 29,500 N/m using a flow rate of 100 nL/min w&i&0 nL
injection volume. The authors also reported excellent retentionidforide with a

retention factork) of 2.5.
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Figure 1.18: Separation of 6 common anions using a GMAEDMA polymer
monolith modified with grafted polymer chains of META. Eluent: ®msodium
benzoate, flow rate: 1 pL/min., detection: on-columfD Cdetection, injection
volume: 50 nL, peaks: (1) 0.7 mg/L fluoride, (2) 3 mg/L chloritg) 3 mg/L,
bromate, (4) 0.7 mg/L chloride, (5) 0.7 mg/L nitrite, (6) 3 migromide. Reproduced
from [103].

1.5.3.4 Latex coated polymer monoliths

Another method that has appeared in the literature for theceutiactionalisation of
polymer monoliths is the covalent attachement of latex pasticln 2004, Hildeet

al. [83] prepared a BuMAo-EDMA-co-AMPS polymer monolith using a porogenic
system consisting of 1-propanol, 1,4-butanediol and water ensuring setfonat

functionalities were available due to the AMPS used in the lirptidymerisation
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mixture. This was followed by the attachment of quaternary arfuinetionalised
latex particles (60 nm diameter) via electrostatic intévast The authors found an
increase in the surface area of the monolith from 35 to #g following the
attachment of the latex nanoparticles. This monolith was applidteteeparation of

carbohydrates.

Following on from this, Zakariat al. [104] fabricated a BuMAco-EDMA polymer
monolith and attached AS18 particles. The latex nano-particlee &&rnm in
diameter with quaternary ammonium functionalities. Using aHK&uent with
suppressed conductivity detection, a peak efficiency of 5,400 N&nolained for
iodate. Figure 1.19 shows the separation of iodate, bromateg,nirtmide and
nitrate using indirect non-suppressed conductivity detection (the ciwviguof the
eluent was higher than that of the anions and as the anions lpasght the

conductivity detector, a decrease in conductivity was observed).
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Figure 1.19: Separation of common anions using an AS18 latex functionalised

polymer monolith. Separation conditions: eluent: M ®OH, flow-rate: 18 pL/min,
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detection: non-suppressed conductivity detection, peaks: (1) i¢@ateromate, (3)

nitrite, (4) bromide and peak (5) nitrate. Reproduced from [104].

From Figure 1.19, baseline resolution was not achieved. Due togihdackground

conductivity of the KOH eluent, the sensitivity of indirect condutti was poor,

therefore the authors incorporated a hollow fibre suppressor tatteseparation

column. Figure 1.20 shows the separation of the same five anioarepixbtained

using suppressed conductivity detection. This separation wascdcatit using

varying concentrations of KOH eluents. In Figure 1.23, the eluesdt wais 1 mM

KOH and baseline resolution was not achieved. Using the sariveKI@H eluent

with suppressed conductivity (Figure 1.20) resulted in the bassdip@ration of the

five anions.
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Figure 1.20: Separation of 5 anions using an AS18 latex functionalised polymer

monolith. Separation conditions: Eluent: 0.5 - B1nKOH, flow-rate: 18 pL/min,

detection: suppressed conductivity detection, peaks: (1) io@tebromate, (3)
nitrite, (4) bromide and (5) nitrate. Reproduced from [104].
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Hutchinsonet al. [105] prepared a PS-DVB polymer monolith using 1-decanol and
toluene as the porogens. The authors sulfonated a PS-DVB monoiitigs twe
different reaction methods namely (1) by reaction with sulfacid and silver sulfate
at 95°C and (2) through reaction with a 50 % (v/v) solution of chlorosulforitt @
dichloromethane followed by the attachment of AS18 latex nano-eartic®olymer
monoliths with 8 % DVB resulted in a sulfonated monolith with a dp#tat was
two times higher than a polymer ion exchanger prepared by the saupeusing co-
polymerisation with AMPS as described above [104owever, due to the low
concentration of the cross linker used in the polymerisation of thenpolsnonolith,
the use of this column as a chromatographic support was not feasiBi8-DVB
monolith with 20 % cross linker was also prepared and sulfonatdgshugh a 10 %
increase in capacity was obtained relative to the BwddADMA-co-AMPS
monolith described above [104], the separation of anions was naivetpupon and
the authors concluded that the direct sulfonation of PS-DVB monokitss not

practical.

In the same body of work, Hutchinsen al. [105] prepared three GMAe-EDMA
polymer monoliths (250 um 1.D.), the surface of which were satfxh using three
different methods. The first method involved flushing a solution of 4-
hydroxybenzenesulfonic acid and triethylamine dissolved in acetenfiilowed by
coating with AS18 latex nano-particles (quaternary ammonium furadities). The
second method used involved flushing a solution of thiobenzoic and lzieting
dissolved in acetonitrile. The generated thiol groups were oxidisedy usrt-
butylhydoperoxide and following a washing step, the monolith was coatied\S18
latex nano-particles. Finally, Hutchinsenhal.[105] also prepared a GMés-EDMA
polymer monolith and sulfonation was carried out using a solutiondiiirsosulfate
followed by attachment of AS18 latex nano-particles. The GidA&DMA polymer
monolith prepared using the first method yielded an ion exchangeityapbd5
nequiv/cm, method 2 had an ion exchange capacity of 6.9 nequaridrmethod 3
had an ion exchange capacity of 12.6 nequiv/icm. The modified polymeolins
were applied to the separation of iodate, bromate, nitricenide, nitrate, iodide and
benzenesulfonate using a sodium perchlorate eluent with UV dete&libough the
GMA-co-EDMA polymer monolith sulfonated using method one yielded the highest

ion exchange capacity, significant peak tailing was observelleiozesulfonate and
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baseline resolution of all anions was not achieved. The polyroeplith prepared
using method two yielded the lowest ion exchange capacity of the mhoaoliths
prepared. In this case, the authors concluded that the loexalrange capacity may
have resulted in the in the retention of the anions due to hydropmidiadtions of
the anions with the monolith surface rather than the latex natiolps Using the
third method of sulfonation, the authors obtained improved peak shdpfeiency,
particularly for the later eluting peaks. The increased iorhan@e capacity also
allowed the elution of the anions using a NaOH gradient up to M0 revious
work carried out by the same authors [104], only allowed a graelieton profile up
to a concentration of 5 Mh NaOH. Therefore an improvement in the ion exchange
capacity resulted in enhanced suitability of the latex coptdymer monolith in ion
exchange chromatography. Figure 1.21 shows a separation of 7 asiogsan

NaOH gradient elution (1 mM NaOH initial concentration rachpg® to 100 mM
NaOH at 10 minutes).
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Figure 1.21: Separation of 7 anions using a AS18 latex nano-particle modified
GMA-co-EDMA polymer monolith. Separation conditions: Eluent: NaOH gradie
flow-rate: 3.2 pL/min, detection: UV detection at 220 nm, KBed¢1) iodate, (2)

bromate, (3) nitrite, (4) bromide, (5) nitrate, (6) iodide and (#)zbeesulfonate.
Reproduced from [105].
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1.5.4 Silica monoliths

1.5.4.1 Fabrication of silica monoliths

As with polymer monoliths, silica monoliths can be fabricated imauld such a
column, capillary or in the channel of microfludic channeldic& monoliths are
prepared by a sol gel process [106]. This process consists of hyadgolyzilane
compound, such as tert alkoxysilanes, in the presence of a posaggnas poly
ethylene glycol (PEG). This is a polycondensation reaction i.echamical
condensation that leads to the formation of a polymer by the linkipgthter of the
molecules of a monomer. During polycondensation, the viscosity ofdhgion
increases. The polymer becomes insoluble and precipitates, &dtiparticles or as a
monolithic mass with large pores. Urea is added to the polyatiensmixture to
maintain an alkaline pH, as the basic pH helps the mesoporeustutd form. The
silica monolith is subjected to higher temperatures ({0which allows mesopore
formation through hydrolysis of the urea resulting in the formatiomrofmonia.
Following the drying step, the monolith is then heat treat@3@°C for 25 hours.

1.5.4.2 Silica monoliths for the separation of small ions

As with polymer monoliths, the surface of silica monoliths canmulified to
introduce ion exchange functionalities. In 2005, Sugetieal. [107] modified a
commercially available bare silica monolith (100 mm x 4.6 mnth Wysine to
produce a stationary phase with zwitterionic characteristics was carried out by
activating the surface of the silica monolith with hot waea column water bath at
60 °C for 4 hours. Modification of the monolith with lysine took place bycéog a
solution of -glycidoxypropyltrimethoxysilane, lysine and water. The resultant
monolith was applied to the separation of nitrite, bromide, bromatate, iodide and
thiocyanate using a phosphate buffered eluent as seen in Figure PeadR.
efficiencies ranged from 41,000 N/m for iodate to 55,900 N/m for thioate using a
10 mM phosphate buffer (pH 3.0) and a flow-rate of 2 mL/min.
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Figure 1.22: Separation of selected anions using a lysine modifiezhsitionolith.
Separation conditions: Eluent: 50Mmphosphate buffer, detection: UV detection at
214 nm and flow-rate: 4.9 mL/min. Reproduced from [107].

The main applications in the use of silica monoliths for the aiparof small ions

has been carried out using surfactant modified monoliths.

1.5.4.3 Surfactant coating

The use of surfactants is an inexpensive way of rendering aseelvphase column
suitable for ion exchange chromatography. Long chain carboxybetaifsetants
such as DDMAU andN-dodecyl N,N-dimethylammonio)butyrate (DDMAB) have
been used to modify standard bore packed particulate columns andrsilicdiths

for the separation of small anions. While this has been well doteden the
literature[108, 109], a number of research groups have also investigated tloé use
capillary silica monoliths surface modified with surfactantsl aapplied to the

separation of small ions.

Using a cetyltrimethylammonium (CTAC) coated silica monplBhzukiet al.[110]

separated five anions (iodate, bromate, nitrite, bromide andefitratiess than 1
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minute (Figure 1.23) with a 50vhsodium eluent (and 0.1 mM CTAC) at a flow-rate
of 11.1 pL/min. The authors noted a decrease in the retentmtraie over time with
an eluent containing no CTAC and found that the stability of the anientie@n could
be stabilised through the addition of CTAC to the eluent. Thativel standard
deviation (% RSD) was < 0.61 % for six successive injectiontdefstandard mix.
The CTAC coated silica monolith was applied to the deternoinatf bromide in
seawater with results showing that the high ionic strength thensalt anions in the

seawater did not affect the retention time of bromide.

NOy

0.002 Abs

0 0.5 1

Time / min

Figure 1.23: Separation of common anions using a CTAC modified silica monolith
(100 pm x 200 mm I.D.). Eluent: 50NhNaCl and 0.1 il CTAC, flow-rate: 11.1
puL/min, detection: UV detection at 210 nm. Reproduced from [110].

Following on from this, Suzukiet al. [111] coated a silica monolith with
dilauryldimethylammonium bromide (DDAB) and applied the modified mitimab
the separation of the same five anions (Figure 1.24) and founthéheetention time
of the 5 anions were almost double those obtained using the CTAC cdmizd s
monolith. In this work, the authors concluded that the silica monotiied with
DDAB was more stable than that coated with CTAC. The BDe¢oated silica
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monolith was also applied to the determination of bromide in seaasmdeas before,
the retention time of the bromide standard was the same astéimtian time of the

bromide in the seawater sample.

Syst10; _
\ NO;
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I < O Br
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Figure 1.24: Separation of anion standards using a DDAB modified capididica
monolith (top chromatogram) and determination of bromide in seawad¢tom
chromatogram). Separation conditions: Eluent: 500 NaCl, flow-rate: 2.1 pL/min,
detection: UV detection at 210 nm and injection volume: 20 nL. HRepsd from
[111].

In 2007, O’'Riordairet al.[37] coated an Onyx { capillary silica monolith  withN-
dodecylN,N-(dimethylammonio)undecanoate (DDMAU). This modified silica
column was used for the separation of iodate, bromate, nitricenid, nitrate,
iodide, sulphate, thiocyanate and perchlorate using a O045pinthalate eluent as
shown in Figure 1.25. On-columr'l® was used as the mode of detection with all 9
anions separated in a run-time of 30 minutes (effective colungthlevas 8 cm).
Average peak efficiencies of 35,000 N/m were reported. Retefactor data was

also obtained for a range of other anions.
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Figure 1.25: Separation of common anions using a DDMAU coated silica aapill
monolith. Separation conditions: eluent: 0.Mmhthalate, flow-rate: 0.3 pL/min,

detection: on-columnD. Reproduced from [37].

Gillespie et al. [112] carried out the separation of Mg(ll), Ca(ll), Sr@nd Ba(ll)
using asodium dioctyl sulfosuccinatdd©SS) coated capillary silica monolith (150
mm X 100 um 1.D.). This monolith was applied to the determinatidvggfl), Ca(ll),
Sr(ll) and Ba(ll) using a 0.5 ki ethylenediamine eluent (pH 4.5) and on-colunib C
detection. The flow-rate used was 1 pL/min with a 10 nL inpectiolume. Absolute
detection limits (of the 10 nL injection) were in the picogmnamge (from 1.0 pgram
for Mg(ll) to 9.0 pgram for Ba(ll)). A peak efficiency of 48,400nNWvas obtained for
Sr(ll) and 46,900 N/m for Ba(ll). The DOSS coated silica moneliis used for the

determination of alkaline earth metals in bottled and @amsamples.
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1.6 Characterisation of monolithic stationary phases.

A number of methods have been used to characterise the pore morphology of
monolithic stationary including scanning electron microscopy [90tcumg intrusion
porosimetry [113, 114], inverse size exclusion chromatography [113, drid]

scanning ¢D.
1.6.1 Scanning ¢D

The applications of scanning“@ within capillary chromatography have been
highlighted in a recent review by Connoéy al. [45]. These applications include the
evaluation of packing homogeneity of particulate packed columnsyagical of
structural homogeneity of monolithic rods and the ability to deternairial
homogeneity of grafted functional groups on the surface of monoliths2007,
Connolly et al. [116] demonstrated the visualisation of discrete bands of aharge
functional groups photo-grafted onto a monolithic column usifig. CBy scanning
the length of the column, zones grafted with 2-acrylamido-2-mdthyl
propanesulfonic acid (AMPS) could be detected. This was followed upllep<Ee et

al. [100] who functionalised increasing concentration of AMPs albagronolith by
varying the amount of UV energy applied. By scanning the lengtheo€olumn in
mm increments, the authors were able to obtain an increas¢errta response (mV)
on the sections of the monolith that was functionilised with AMRs.increase in

detector response was obtained with an increase in appliesheidgy.

As mentioned in Section 1.4, the packing of particles in capilalumn formats is a
difficult task. Poorly packed columns can lead to band broadening andgaom
efficiency [117]. In 2009, Connollgt al.[118] used scanning”D techniques for the
characterisation and visualisation of packing homogeneity in agpil@cked
columns. In this work, the authors packed two 100 um |.D fusech silapillary
monoliths with Dionex OmniPac PAX-100, 8.5 um diameter partickepgred as a
slurry in acetonitrile. Following the placement of a monolithicdt one end of the
column, the slurry was pumped into the capillary at 0.1 mh/rrollowing the
packing of the capillary column, a monolithic frit was fabricaa¢dhe other end of

the capillary, ensuring that the packing material was keptartsie capillary column.
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The packed capillary column was scanned using scannfiyt€chniques. The
capillary column was scanned in predefined increments and the cerd@sponse
noted. The resultant plot of on-column detector position versus the cweduct
response can be seen in Figure 1.26. From this plot, differemd¢be conductive
response were noted. Void volumes (denoted as (a) in Figure 1.26present and
can be seen at the head of the column. A void area wasiated at the end of the
column between the packing material and the monolithic frit. fepa Figure 1.26
was the scanning“D profile obtained during the scan of the packing material in the
capillary column. A change in the conductive response can bebségeen 10 mm
and 15 mm in comparison to the conductive response obtained duringuthef $he
column from 15 mm to 35 mm demonstrating a deviation in the axiabpeneity of
the packing material. This work demonstrated the simplmityisualising the axial

homogeneity of stationary phase packings in capillary columnafistm
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Figure 1.26: Scanning ¢D profile where (a) depicts void regions, (b) depict thesarea
where the monolith frits are situated and (c) is the areacthathins the packing

material. Reproduced from [118].

Section 1.5.4.3 discusses the use of surfactant coatednsdiwalith in IC. One of the
main disadvantages of using surfactant coated monoliths ishthabating tends to
bleed off the column, thus affecting retention time precisMethods to overcome
this problem include, re-coating the column at regular interadl$ing the surfactant

to the eluent, known as dynamic coating [119] or to include a pre-cotoated with
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the surfactant, before the separation column [120]. Another drawbadisiog
surfactant coating is the non-uniform coverage of the surfactarthe stationary
phase. In capillary columns, the use of scannifig i&as been used to determine the

homogeneity of the coverage of the surfactant on the statiphase.

In 2006 Gillespieet al.[121] coated a 150 mm x 0.1 mm 1.D silica capillary column
with sodium dioctyl sulfosuccinate (DOSS). The authors used swar®D to
characterise surfactant coatings on monolithic columns for agiplicto capillary ion
chromatography. The longitudinal homogeneity and temporal stabilityeofoating
was investigated. A capillary column was coated with D&@&ctant in the forward
direction (i.e. from one end of the capillary column to the othésjng CD, the
column was scanned and the detector response noted. From Fjubelbw, it can
be seen that the detector response after the first coatingtediian uneven coverage
of the surfactant. The column was re-coated in the reverseiaireand the scan
repeated. The second coating gave a more uniform coveragehthdinst coating.
Although the surfactant coverage was improved after the secondgsahis plot
shows the uneven coverage of the surfactant along the length o088 Doated
monolith.
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Figure 1.27: C'D scan of an unmodified monolith, a scan after the first suanfact

coating and a scan after the second surfactant coatingodReed from [121].
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The work described so far in this literature review has focasdatie used of capillary
columns (particulate and monolithic) for the separation of anindscations. In the
following sections, this review will focus on the separation ofaineations by ion

chromatography and also introduce high performance chelation ion cbgrayhy.

1.7 High performance chelation ion chromatography (HPCIC)

1.7.1 The separation of metal cations using monolithic columns

The use of monoliths (in standard bore formats) for the determnatimetal cations
by ion chromatography has been studied. &Xual. [122] modified an ODS silica
monolith (100 mm x 4.6 cm) with lithium dodecylsulfate. The restlteation
exchanger was used for the separation of N&l,", K" and H using a 60 i LiCl
eluent and conductivity detection. The column was appled tadtermination of
metal cations in acid rain samples. Conndatyal. [123] modified a commercially
available silica monolith with the surfactant DOSS and usedethdtant column was
used for the separation of Cu(ll), Mg(ll), Ca(ll), Sr@nd Ba(ll). Sugruet al.[124]
separated transition earth metals and transition metals on a dicasmonolith
using solvent enhanced ion chromatography. In this case, weak iomangech
interactions are responsible for retention of the metal catiadsthese interactions
become stronger when high concentrations of organic solvents edewithin the
eluent. The authors successfully separated a range eaftestltransition metals, as
shown in Figure 1.28 using an eluent consisting of 80 % acetonitrild@&Bdnivi

ammonium acetate buffer at pH 4.6.
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Figure 1.28: Separation of transition metals on a bare silica monolith @sirgjuent
consisting of 80 % acetonitrile and 10.3Vimammonium acetate buffer at pH 4.6.
Analysis was carried out using flow-rates of 1 mL/min, 3 mk/and 5 mL/min.
Reproduced from [124].

The examples of metal cation separations in Section 1.7.1alerarried out using
monolithic columns. An alternative method for the separation efalncations is
through the use of high performance chelation ion chromatography (HPI&i @gte,

the only work carried out using HPCIC where the separations eaered out using
monolithic columns has been performed by Sugrtal. [125, 126], therefore the
research reviewed will include various stationary phases imithobilised chelating

ligands.

1.7.2 Introduction to HPCIC

Retention in HPCIC is based on the formation of ion exchange itiaracin
conjugation with the formation of a coordinate bond. It differs fromerochange
chromatography in that a new bond is formed and separation is dependdr
stability of metal complex formation and subsequent dissocigiibja Advances in
stationary phases with immobilised chelating ligands have eflofer the direct
determination of trace metals in complex sample matrices HER@JC. There are a
number of requirements for the use of chelating ligands in @Pidtluding

mechanical stability to withstand periods of applied pressure afrolipgic stability,
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to withstand changes in the pH of the eluent employed in the anfBy{$. Acidic
eluents are normally used in HPCIC, as the acidic environrpesients the
hydrolysis of the metals of interest, therefore the chelasobstrate must be
structurally stable to withstand such acidic conditions. Thelisyadii the chelating
substrate should also be stable at high temperatures. Irxcieasenperature have
been shown to improve selectivity and efficiency in HPCIC Gaaion 1.7.5.3). As
separation in HPCIC is based on the formation of surface compexesen metal
ions and an immobilised ligand, ideally for efficient separe, there should be fast
kinetics of complexation. Chelating ligands that form relatyvieleak stability
constants have been shown to deliver the most efficiparagons of metals cations,
as low stability constants result in faster dissociation efithmobilised chelating
ligand. Finally, the homogeneous distribution of the chelating ligaluig) the entire
length of the column is important as chelate formation providing ¥taldigand

interactions are desirable, as this allows for faster &gsmvdissociation kinetics.

Aminopolycarboxylates are often employed as chelating ligand®@IC. The most
common aminopolycarboxylate used is iminodiacetic acid (IDA). I®aommonly
used in HPCIC, as the complexes formed between the meiah @nd the IDA
ligand are relatively weak, therefore strong eluentshaterequired for their elution.
Large stability constants of metals with chelating ligands cause broad peaks
[127]. The use of IDA as a chelating ligand bound to a sdidastrate has been
shown to be useful for the separations of alkaline earth metai-131] and
transition and heavy metals [132-133]. Other chelating ligands msdede 8-
hydroxyquinoline [134] dye coated columns [135-137] and aminomethylphosponic
acid [127].

The determination of trace metals in high concentration sahneples suffer from
interferences from high salt concentrations, which swampthexchange sites if ion
exchange chromatography is used. A preconcentration step may bedeuuor to
the separation of the metal cations. In HPCIC, the alkatalshéorm weak coordinate
bonds with the chelating ligand, therefore reducing the interferéom these salts
and allowing the determination of trace metals in high satpgamatrices. In 1994,
Paull et al.[136] used a dye (xylenol orange) impregnated silica particle colamn f

the pre-concentration and separation of metals in coastal seaseabples (Figure
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1.29). Xylenol orange contained carboxylic acid groups, allowinghtafdrmation of

complexes with sample metals.
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Figure 1.29: Pre-concentration and separation of metals in coastal teras@anples
(b). A blank sample (a) showed small concentrations of Zn(ll) Gundl), possibly
due to leaching from the eluent pump. Reproduced from [136].

In 2001, Bashiet al. [130] used an IDA bonded silica column for the determination
of trace alkaline earth metals in brines. Samples analysédied a 0.9 % eyewash
saline solution and 0.8 KCI solutions for the determination of Mg(ll) and Ca(ll).
Through the use of optimised eluent conditions, the authors successfpéyated
ug/L levels of Mg(ll) and Ca(ll) in high ionic strength saegpWwithout the presence

of large matrix peaks as shown in Figure 1.30.
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Figure 1.30:(a) Separation of Mg(ll) and Ca(ll) in a saline eyewashe overlaid
with a spiked 200 pg/L sample. (b): separation of Mg(ll) and La(ID.5M KCI
overlaid with a spiked 300 pg/L sample, column used: IDA bondexh SB50 x 4.0
mm [.D). Reproduced from [130].

1.7.3 Monoliths in HPCIC

The use of monolithic stationary phases with immobilised chelédityagds for the
direct separation of metal cations has received litttenabn over the years,
particularly in the case of polymeric monoliths, where no repoxts ppeared in the
literature. Sugruet al. [125] first reported the use of a silica monolithic column for
the separation of alkaline earth metals in high ionic strengttiices. The authors
modified a commercially available 100 mm x 4.6 mm I.D. bdreasmonolith with
IDA. Briefly, the surface of the silica was firsttaated by washing the monolith
with distilled water at 60°C in a thermostated water bath. Modification of the

monolith  with IDA took place by recycling a mixture of -
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glycidoxypropyltrimethoxysilane, IDA and water through the column atC7for 4
hours. Finally, the column was washed with ON)1nitric acid followed by the
eluent, resulting in a chelating ion exchanger with covalefmibnded IDA

functionalities.

The authors successfully separated Mg(ll) and Ca(ll) inM KCI brine solution
using flow rates of 1.0, 2.0 and 3.5 mL/min usogresolphthalein complexone-(
CPC) as a post column reagent and UV-Vis detection at 572 nntamke seen in
Figure 1.31, no system peak was observed fosliowing the excellent selectivity
demonstrated bg-CPC for the separation the of alkaline earth metals. oM-fates
of 3.5 mL/min, separation occurred in < 1 minute demonstratingval IDA silica
modified monolith for the fast separation of alkaline earth meei@l high ionic

strength samples.

Following on from this work, Sugruet al.[126] carried out a more comprehensive
study, using the same IDA bound silica monolith, for the sdpasabf alkaline earth
and transition metals. The IDA immobilised silica monolith calu(@00 mm x 4.6
mm 1.D.) was also compared to an IDA bound silica partieut@lumn (250 mm x
4.0 mm 1.D.). Using either a 2MHNO; or a 2 nM methanesulfonic acid (MSA)
eluent, the authors obtained elution orders of Mg(ll) < Sr(Ila€lIC < Ba(ll), with
the MSA eluent. Baseline resolution of Ca(ll) and Sr(Il) wasachieved using either

the IDA-monolith or the IDA-silica particulate column.
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Figure 1.31: Overlay of separations of Mg(ll) and Ca(ll) inM. KCI solutions at
various flow-rates using the IDA immobilised monolith column. €hent used in
the analysis was a HN@Iluent (pH adjusted to 4.85). Peaks: (1) 10 ppm Mg(ll) and
(2) 10 ppm Ca(ll). Detection used was UV-Vis at 570 nm afteR R@h o-CPC.
Reproduced from [126].

Separations of transition and heavy metals, namely Mn(IDINCdq(ll) and Pb(ll)
with 0.2 M KCI eluents (pH 2 — 2.5) were carried out using the IDA imnisxil
silica monolith and the IDA-silica particle column and bothtisteary phases
compared. It was found that the eluent with the higher pH, eesuit complete
retention of the later eluting metal Pb(ll) using the partieulpacked column.
However, using the same separation conditions with the monolithienoglPb(ll)
eluted after 15 minutes. The capacity of both columns were measwitdle capacity
of the IDA monolith column was lower than that exhibited by thdigulate packed
column, thus demonstrating an advantage in the use of lower gapaainns for the
elution of the more strongly retained metals in the same sukrgll) and Cd(ll)

using isocratic elution conditions.
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As mentioned previously, Sugreeal.[107] modified a commercially available silica
monolith (100 mm x 4.6 mm) with lysine to produce a stationary phade wit
zwitterionic characteristics. As well as studying themgon of common anions, the
authors also studied the retention of alkali, alkalinenegndnsition and heavy metals.
While the retention of the alkali and alkaline earth metals duasto ion exchange,
the retention of the transition and heavy metals was a re$uibetal complex
formation. Figure 1.32 shows an overlay of transition and heavylanetmg the
lysine bonded silica monolith.
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Figure 1.32: Overlay of chromatograms obtained for various transition amgyhe
metals using the lysine bonded silica monolith. Separation conditbesnt: 3 nM
KCI pH 4.5, flow-rate: 2 mL/min, detection: UV-Vis detectiah 495 nm following
reaction with PAR. Reproduced from [107].

Rahmiet al.[139] reported the use of GM&o-EDMA monoliths modified with IDA,
fabricated in commercially available syringe filter tiffSgure 1.33), for the solid
phase micro-extraction of 29 transition/heavy metals and ratfe él@aments prior to
their determination by ICP-MS. A polymerisation mixture consistof GMA,
EDMA and a porogenic system consisting of either cyclohexanol/toleeng-
proponol/1,4-butanediol/water was used. In all cases the initiater AIBN.

Following de-oxygenation of the polymerisation mixture, an aliqua @vawn into a
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predefined space in the tip of the syringe and sealed. The eymiag placed in a
water bath for thermal polymerisation. Following washingh&f syringe tip, IDA
was immobilised onto the surface of the monolith by reacting anithDA solution
consisting of IDA and NaCl in a ratio of 5:1 inN2 N&CO; and the pH adjusted to
the required pH. The chelating syringe monolith tips wereddsy measuring the %
recoveries of various transition and heavy metals in two vixer certified reference

materials. Recoveries of > 80 % were obtained for athin tested.

Figure 1.33: (left) Schematic demonstrating the chelating monolith solid phase
extraction module prepared in a syringe tip. (right) Dimensiorsyrifige tip filter.
Reproduced from [139].

1.7.4 Polymer monoliths with immobilised chelating ligands forimmobilised
metal affinity chromatography (IMAC).

The uses of capillary polymer monoliths with immobilised chelatipgnds have
been reported in the literature. However, these monoliths havebeaty used in the
IMAC form for the separations of proteins. No reports haveargal in the literature
using capillary polymer monoliths for the direct separation ofsiteon and heavy
metals. Lucet al [80] immobilised IDA groups onto a GM&e-EDMA monolith via
the ring opening reaction of the epoxy groups on the surface of thelitho The
resultant IDA immobilised polymer monolith was loaded with Cu(Mli{ll) or Zn(Il)

resulting in an IMAC separation column which was used for therrdetation of
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proteins in egg white samples. In 2004, Chuabal. [138] prepared a PS-DVB
polymer monolith with IDA functionalities, followed by the additiohQu(ll) for the
IMAC separations of amino acids and oligopeptides. A polymesisathixture
consisting of 4-vinylbenzyl chloride, diethyl iminodiacetate andidoye was
prepared, followed by the addition of DVB, toluene, n-proponol and AlBhe
polymerisation mixture was filled into previously silanised fusédascapillary (75
um 1.D.) followed by thermal polymerisation at 7G for 24 hours. Following
washing of the polymer monolith to remove any unreacted polymensatixture,
hydrolysis of the functionalised diethyl iminodiacetate was redupgor to the

loading of the column with Cu(ll).

1.7.5 Factors effecting retention in HPCIC
1.7.5.1 Eluent pH

As the pH of the eluent controls the dissociation/protonation ofirttmeobilised
chelating ligand, it is the most important parameter &ffgcretention in HPCIC.
Decreasing the eluent pH results in a decrease in @teotiall metal cations, as a
decrease in the eluent pH induces protonation of the immobiliséatingdigand on
the surface of the stationary phase. This results in eceddoumber of charged
functional groups, therefore leading to a reduction in retention. A4 ofothe
chelating ligands used in HPCIC contain weak acidic or basic gsugbsas IDA, the
conditional stability constants formed between the metal iont@dmmobilised
chelating will also depend on the pH of the eluent [140]. Conditictetbility
constants decrease with decreasing pH, therefore to obtaownpeaks and short
retention times, eluents with pH values between 1-3 are commady #ots of log
k versus — log [eluent] should be linear with slopes equal tauh&er of protons
replaced by each metal coordinated to the chelating ligand imssabibn the

stationary phase surface [51].

Bashiret al.[141] showed the effects of eluent pH on the separation of akahrth
and transition and heavy metals using weak nitric acid eluentsraitdcanic acid
cation exchange column. Itaconic acid contains two carboxylicgroigps and the
authors noted that the selectivity exhibited by this stationargegphas similar to that

89



shown on other dicarboxylated stationary phases such as IDA. Statiphasg
selectivity was found to be Li < Na < NH K < Cs < Mg(ll) < Ca(ll) < Sr(ll) <
Mn(ll) < Ba(ll) < Cd(Il) < zZn(ll) < Co(ll) << Pb(Il) <<Cu(ll) using a weak nitric
acid eluent. The elution order obtained by Bashir et al. [14Mgifl) < Ca(ll) <

Sr(ll) < Ba(ll) corresponds to known stability constants for IDkabne earth metals
complexes [51]. Using nitric acid eluent varying in concerdrafrom 0.6 — 2 i,

the authors successfully separated Mg(ll), Ca(ll), Mn@gi(ll), Zn(Il) and Co(ll),

however the run times were excessive (30 minutes) and peak sasgmor. Pb(ll)
and Cu(ll) were completely retained under these conditions. &fltag k versus log
[HNOg3] were linear and slopes ranging from -1.8 for Mn(ll) to -1.98 fo(li. As

mentioned previously, the slopes should be equal to the numipeotofs replaced
by each metal coordinated to the chelating ligand immobilised cstdtienary phase
surface and in this case of this work, the slopes should be 2. citheoacentration
of the eluent was increased, however this resulted iodfedution of the early eluting
metals Mg(ll), Ca(ll) and Mn(ll). Finally, the authors agpli an ionic strength
gradient to the separation using 2Mi{Cl increased up to W KCI and successfully
obtained a separation of Mg(ll), Ca(ll), Mn(ll), Cd(Il)n@), Co(ll) and Pb(ll) in

under 20 minutes, however Cu(ll) was still retained.

Sugrueet al. [126] also showed the effect of eluent pH on the selectivitthef
alkaline earth metals using an IDA modified silica monolitb@lumn. Using a
NaNG; eluent, the pH was varied from 4.7 — 6.7 with results showingthatcrease
in the eluent pH resulted in an increase in the retention ohetihls studied. The
authors also noted that the selectivity, under the conditions stwdssddifferent to
that obtained by other cation exchangers, such as those employiogaedf
functionalities. The change in selectivity obtained by the IDAdifred silica

monolith was due to the suppression of the ion exchange interactions ttireugde

of electrolytes in the eluent.

Barronet al. [52] demonstrated the effect of eluent concentration on theticetesf
metal ions using a Dionex ProPac IMAC-10 polylDA polymer resine Ruthor
found that by increasing the eluent concentration from 0.25 — Ni5nitric acid,
therefore decreasing the eluent pH resulted in a decredse ietention of all metals

studied. Plots of log versus —log [HNG] were linear and parallel for all the metal
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cations showing that the selectivity did not change with a changieeieluent pH.
Optimum selectivity of Mn(ll), Fe(ll), Co(ll), Cd(ll) andrZll) was obtained using a
0.25 nmM nitric acid eluent, however, at this eluent pH, Pb(ll) and ICwiere

strongly retained and the authors were unable to separatevah snetal cations

isocratically.

1.7.5.2 lonic strength

To ensure that chelation is the dominant separation mechanigctrostatic
interactions must be suppressed. This can be carried by themddielectrolytes,
such as salts of the alkali metals, to the eluent. TH#&ian of these salts to the eluent
produces a shield of counter ions around the negatively chargedemaet the
chelating ligand, therefore preventing electrostatic intenastwith the metal cations.
The addition of electrolytes to the eluent to suppress ion exchategactions to
make chelation the dominant separation mechanism has been répaonedterature
and has been illustrated by Basgiral. [130]. Using an IDA bonded silica column,
the authors studied the effect on selectivity of alkaline eadtals using high ionic
strength eluents. Fig 1.34(a) shows a separation of the alledinh metals using a
0.1 M KNOs eluent (for all eluents the pH was kept constant at 4.2 wdloge
HNOz3). An elution order of Mg(ll) < Sr(ll) < Ca(ll) < Ba(ll) as obtained showing
that using the 0.M KNOs eluent, separation occurred due to a combination of ion
exchange and chelation. Using a 042KNOs eluent, the selectivity of Ba(ll) and
Ca(ll) was reversed as shown in (b). Examination of (c) si{bw that the retention
of Ba(ll) is mainly due to ion exchange as Ba(ll), which wes last eluting peak
using a 0.1M KNOs eluent, became the first eluting peak when their ioniagtre
was increased to 1/ KNOs This demonstrates that the use of high ionic strength
eluents resulted in suppression of ion exchange interactions,réBulting in a
decrease in the retention ability of Ba(ll) when chelation Wwasibminant separation
mechanism. The authors also concluded that the retention Ibf, €alting as the last
peak when eluent concentrations > MZKNO3; were used, showed that retention of

Ca(ll) was possibly due to complexation, rather than simplexchange.
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Figure 1.34: Separation of alkaline earth metals using an IDA bonded silica
particulate column using (a) OM KNOg3, (b) 0.2M KNOg, (c) 0.3M KNOsg, (d) 0.5
M KNOsg, (e) 1.0M KNO3 and (f) 1.5M KNOs eluents. Reproduced from [130].

The changes in selectivity observed by Bagtiral. [130] were also observed by
Sugrueet al. [125] using an IDA modified silica monolith. In this work, thehars

investigated the selectivity of the alkaline earth isetasing eluents varying in
concentration from 0.M KNOs; to 1.0 M KNO;z; and noted that retention of the
alkaline earth metals using an IDA modified silica monolith daes to a combination

of both ion exchange and chelation.

92



Following on from this work, Bashiet al. [132] studied the effect of the ionic
strength of the eluent on the retention of transition andyhewtals using the same
IDA bonded silica particulate column that was used for the iatkadarth metal
analysis [130]. The authors studied the effect on the selgativitansition and heavy
metals using a 0.M or 1.0M KNO3;, NaNQ;, KCI or NaCl eluents. In all cases the
pH of the eluent was kept constant with HlNONo change in selectivity for Mn(ll),
Cd(n, Co(ll), Zn(I1) or Pb(ll) was observed when KNOr NaNQ was used as the
eluent and the same trend was observed when the eluentshaeged to KCI and
NaCl. However, the authors did notice differences in selgctdetween the nitrate
eluent and the chloride eluent. Using the Blitrate eluent, an elution order of
Mn(ll) < Cd(ll) = Co(ll) < Zn(ll) was obtained and Pb(ll) wdseavily retained,
however with the 0.9V chloride eluent, the Cd(Il) co-eluted with Mn(ll) and the
retention of Pb(Il) was reduced. The change in selectivityCd{ll) and Pb(ll)
observed between the nitrate eluent and the chloride eluent was theeformation
of stable chloro complexes between the chloride eluent and Rixd) Cd(ll).
Formation constants for Pb(ll) with chloride is 0.9 and for Cd(ID.& as opposed
to other metals, such as Mn(ll), where the formation constab0#& and Zn(ll) is
0.11 (values at 0.5 —M ionic strength and 2%). Unlike the alkaline earth metals
shown previously [130], changes in selectivity were not observed wigemonic
strength of the eluent was increased. This was also odsbyw@lesterenkat al.
[133] using a single column method for the trace metal analysisnplex samples

using an IDA bonded silica particulate column.

Shawet al. [142] showed the retention of alkaline earth metals and transitéials
using an lonPac CS12A pellicular column with attached carboxylic anglpbiois
acid groups. The authors studied the effect of ionic strength inltleateon the
retention of various alkaline earth metals and transition metakcreasing the
potassium content of the KNluent resulted in a decrease in the retention of all
metals and through manipulation of the eluent pH, the authors sudlyessparated
Mg(ll), Sr(ll), Ba(ll), Mn(ll), Co(ll), Ni(ll) and Zn(l) which was not possible
through simple ion exchange alone. The authors also showed theoéffemieasing
the CI ion concentration in the eluent, on retention. Similiar to thaerebsg by
Bashiret al.[132], the retention of Cd(Il) and Pb(Il) was greatly redueath Cd(ll)

eluting as the least retained metal.
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1.7.5.3 Temperature effects

Increasing the column temperature has proven to be benefiti®@@C, as increases
in temperature can result in improved column efficiency and clsangetention and
selectivity [51]. However, the effect of temperature angbparation of metal cations
in HPCIC and IC is not widely used, despite its ease of incatipar into a

chromatographic system.

The effect of temperature on retention can be shown by the vafiftdduation
(Equation 1.3).
lk=- H/RT+ S/R+In Eqution 1.3

wherek is the retention factor,H is the enthalpy change for the exchange reaction, R
is the universal gas constant, T is the absolute temperatdins, the entropy change
and is the column phase ratio (which is constant for a given columr8. is

assumed to be constant, therefore the equation becomes:

K - H/RT Equation 1.4

Plots of Ink versus 1/T should be linear and have a slope /R [123].

The changes in retention and selectivity due to increasesnperature are related to
both thermodynamic properties and kinetic properties. Generallyhencase of
separation due to ion exhange interactions, the adsorption process hsreot
(negative values of H) and an increase in temperature results in a decrease in
retention. In HPCIC, both exothermic and endothermic behaviourgessdbserved.
Generally, for complexation of metals with IDA ligands, endotherbghaviour is
exhibited and an increase in temperature generally resultsimceease in retention
[51]. In relation to kinetic properties, an increase in teatpee can result in the
formation of complexes with a higher denticity and therefore aesla@issociation

rate, thus leading to an increase in retention with aeaser in temperature [51].
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In 2001, Hatsi®t al.[143] studied the effect of temperature on the retention of alkali
and alkaline earth metals using a Dionex CS12A analyticahoglwith attached
surface carboxylic and phosphonate functionalities. Using a metiifmmes acid
eluent, separations of various alkali metals, alkalineheawtals and amines were
carried out at temperatures ranging fron?@3o 60°C. In all cases, the authors noted
a decrease in retention with an increase in temperaturbisloase, retention was due
to ion exchange interactions. The authors noted, that while no chasgéectivity
was observed within the same group of metals studied, a changelectivity
between each group of analytes was observed. Figure 1.35 [lefts syan’t Hoff
plots obtained for various alkali, alkaline earth metals amdnes showing that
changes in selectivity were obtained with an increase impdeature. Figure 1.35
(right-top trace) shows a chromatogram for the separationdgifl), Ca(ll),
butylamine (BuA) and Sr(ll) carried out at 2Z and the same separation carried out
at 46°C. Clearly a change in selectivity was obtained at the higimeperature and
this demonstrates the improvement in the separation of thdéeskkatalytes through

the implementation of temperature (bottom trace).

27 °C
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T-BuA Ca?* Sr?*

s 0.15 S
25 A BuA Ca2*
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Figure 1.35:(left): Van't hoff plots of alkali metals, alkaline elannetals and amines
showing changes in selectivity as the temperature is incte@sght): Separation of
selected alkaline earth metals and BuA carried out 3€fop) and 46C (bottom)
demonstrating the benefits of the use of temperature to alparation selectivity.
Reproduced from [143].
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Following on from this work in 2003, Shaet al. [142] studied the effect of
temperature on the retention of selected transition and heawasnusing the same
CS12A analytical column as Hatss al. [143]. Using a 0.2V KCI with 0.9 v
nitric acid eluent, Shawt al. [142] observed an increase in retention with an increase
in temperature for all transition and heavy metals studiaduf& 1.36). The
temperature range studied was®g5to 55°C. Changes in the retention of Sr(ll) and
Ba(ll) were considered negligible over the range of tempesatitelied due to the
fact that complex formation between Sr(Il) and Ba(ll) and the phosplacid ligand
on the stationary phase surface were the weakest of athétals studied. This
allowed for changes in selectivity with an increase in teatpeg which led to
improvements in the separation of 8 alkaline earth and tramsiid heavy metals as
shown in Figure 1.36 (right). At 2%, Ba(ll) co-eluted with Zn(ll), however at 50
°C, an increase in the retention of Zn(ll) and with the changestiention due to
increase in temperature proving negilible for Ba(ll), allowee $eparation of both
metals with optimised temperature conditions. Also worth menmijpris the
improvements in the separation of Mn(ll) and Sr(Il) which exhibgniliar k values

at 25°C but clear separation of both metals afG0
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Figure 1.36: (left): Van't Hoff plots for alkaline earth metals, traien and heavy
metals cations obtained by increasing the temperature frof 26 55°C. (right):

Separation of selected alkaline earth metals, transition aady heetals using
optimised temperature conditions (80). The eluent used was V2 KCI and 0.9

mM nitric acid. Reproduced from [142].
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A comprehensive study on the effects of temperature on theioet®f metal cations
using cation exchange and chelation chromatography was carried out byrithul
Bashir [131]. The effect of temperature on the retention dlialalkaline earth and
transition metals was studied using four different stationarggghaamely, a Dionex
CS10 (sulfonated) column, a CS14 (carboxylated) column, a HamiltéhX8R0
(itaconic acid — dicarboxylated) column and a silica based Isy#cal column. In
the case of the alkali metals, an increase in temperag¢sulted in a decrease irf,Li
Na’, NH;", K and C$ on all four columns. Generally, in chromatographic systems
where chelation in the dominant separation mechanism, heatisaipton ( H) are
higher than those observed for simple ion-exchange mechanisms atsd ofiea
absorption obtained for ion exchange separations do not exceed 35 hholPaull

et al. [131] reported H values for all columns, which were consistent with expected
values when ion exchange was the mode of retention. The aatBorstudied the
effect of temperature on the retention of alkaline eartfals\esing the four columns
mentioned earlier. Unlike the alkali metals, the eftédemperature on the retention
of the alkaline earth metals was more complicated. The authard that using the
CS10 column (sulphonated) and a H{N#uent, an increase in retention was observed
with an increase in temperature. However, using the CSlidofcdated) column, an
increase in temperature resulted in a decrease in reteridioa.to differences in the
capacity of the two columns, a higher eluent concentratiareguired to elute the
metals using the CS10 column and under these acidic conditions, tije deasity
of the CS10 column was higher than that of the CS14 column. Agianed
previously, an increase in temperature resulted in a decreassention of all
alkaline earth metals studied using the CS14 column. However, wigenon
exchange interactions were suppressed (through the addition of K@l étuent), the
opposite trend was observed and an increase in temperature res@tetiease in
retention. Heats of adsorption, which were calculated to beeka -3.34 to -6.25
using the nitric acid eluent, were 2.17 to 6.51 when ion exchaageuppressed and
chelation became the dominant separation mechanism. Thelcéeaye in H values
supported the change in retention mechanism from ion exchange usiagidie
eluent to chelation when high ionic strength eluents were. useding acidic
conditions the effect of temperature on the IDA bound silica hadtaconic acid
columns was minimal, however using eluents with increasing itr@ngth, the effect

of temperature on both columns was more pronounced. Increasing therdéume
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resulted in a clear increase in retention of all metaldiesd. As for the CS10 and the
CS14 columns, H values support the change from retention due to ion exchange
under acidic conditions to chelation with the ionic strength of thene was
increased. Finally, the authors studied the effect of teatyoer on the retention of
transition metals using the four different stationary phasesall tmses, using eluents
with increasing ionic strength, an increase in temperaturdtedsin an increase in
retention of the transition metals studied. In conclusion theoesibbserved that for
strong cation exchangers, such as the sulphonated column, undecawditons, an
increase in temperature resulted in an increase in @teatid for the weak cation
exchanger (carboxylated) under acidic conditions, an increase ier@ume resulted
in a decrease in retention. For the functional groups capablerrainy complexes
with metal cations, using eluents with high ionic strength suppdethe ion exchange
interactions and an increase in temperature resulted in andadreeetention. More
recently, Barroret al. [52] demonstrated the effect of temperature on thetiete of
metals on a Dionex ProPac IMAC-10 analytical column (poly(IDA) fiometised
polymer resin) and observed an increase in retention for &lsneFe(Il) and Mn(ll)
co-eluted at ambient temperatures, however resolution of Hegit) Mn(ll) was
obtained at higher temperatures, demonstrating the use of taorpeto improve

separation.

1.8 Conclusions

The use of caplC has grown in popularity over the last number of yksr to
improvements in instrumentation and stationary phase technologyexXikasive
analysis carried out using monolithic stationary phases oveetirs has ensured that
the topic is well understood. Due to the lack of caplC instruamtientcommercially
available (until 2011), the use of[@ detection has ensured that caplC is widely used
for the separation of anions and cations. From reviewing thatlitey, it is clear that
polymer monoliths are less efficient than their silica based equarts for the
separation of small ions. The work carried out in the follovdngpters of this thesis
aim to further improve on the methods currently available fdasermodification of
polymer monoliths for the separation of small ions as weliragg to fabricate the
first capillary polymer monolith with immobilised chelating Iigis for the separation

of metal cations.
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Chapter 2.0:

Experimental
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2.0 Materials and Reagents

Glycidyl methacrylate (GMA), butyl methacrylate (BuMA)auryl methacrylate
(LMA), ethylene dimethacrylate (EDMA), propan-1-ol, butane-1gl;diecanol, 1-
dodecanol, cyclohexanol, 2,2-dimethoxy-2-phenolacetophonone (DAP), boric acid,
nitric acid, copper sulphate, 3-sulfopropyl methacrylate (SPM(2-pyridylazo)
resorcinol (PAR), o-cresolphthalein complexone o-CPC), acetone, sodium
hydroxide, sodium benzoate, benzophenone, hydrochloric acid, methanol,
[2(methacryloyloxy)ethyl] trimethylammonium chloride (META), imodiacetic acid
(IDA) and 3(trimethoxysilyl)-propyl methacrylate were all pursbé from Sigma
Aldrich (Gillingham, UK). Vinyl azlactone (VAL) was purchasé@m TCI Europe
(Boerenveldseweg, Belgium).

Fluoride, chlorite, bromate, chloride and nitrite were purchasetheir sodium or
potassium salts from Sigma Aldrich (Gillingham, UK). Theiara used for the
chromatographic separations were magnesium, calcium and bariumwersd
purchased as their chloride salts from Sigma Aldrich and prepaeakly to stock
concentrations of 1000 mg/L. Dilutions of the stock standards wetriecaut to the
required concentrations with deionised water and filtered priarseo The metal
standards used were copper nitrate, cobalt chloride (Siddme), cadmium nitrate,
nickel chloride, manganese, magnesium sulfate-hepta-hydratgunecalkchloride

dihydrate, barium chloride dihydrate and strontium nitrate (VWR, Dubigiand),

zinc chloride (Merck, Darmstadt, Germany) and were prepam@d stbck

concentrations of 1000 mg/L using IMmitric acid. The PCR used was 0.4/m
PAR dissolved in 0.M ammonia, pH 10.6 and was prepared daily.

All eluents and standards were prepared using a Millipore at#ication system
(Bedford, MA, USA) and filtered through a 0.45 pm nylon membraher.fiuVv
transparent Teflon coated 100 um internal diameter fused silghaca (375 pm
outer diameter) was purchased from CM Scientific Ltd. (Shiplkg),
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2.1 Instrumentation

2.1.1 Instrumentation for fabrication and surface modificationof polymer

monoliths

The pump used for the vinylisation of the fused silica capilleag a KDS-100-CE,
KD Scientific syringe pump from Cole Parmer (lllinois, A)S Polymerisation of the
polymer monoliths (using thermal polymerisation) was carried aogwswater bath
at 60°C (GFL 1002, VWR International, Dublin, Ireland) and the polymer morsolith
prepared using UV polymerisation was carried out using a Spectrokhk&000 UV
Crosslinker at 254 nm (Spectronics Corp. NY, USA).

For photo-grafting of the monolithic columns, a Spectrolinker XL-1000 UV
Crosslinker at 254 nm (Spectronics Corp. NY, USA) was usedacumodification
of the polymer monoliths were carried out using a Knauer SmartlinehiyO
pressure analytical pump (Knauer, Bedforshire, UK). The polymerohtlos were
connected to the pumping system using low dead volume capilléingditfrom
Upchurch Scientific (Oak Harbour, WA, USA). An Orion pH metethwa glass

electrode was used for all pH measurements (Thermo Oreverly, MA, USA).

2.1.2 Commercially available capillary ion chromatography system

The system used for the chromatographic separation of anions wassex Dltimate
3000 capillary chromatography system, (Sunnyvale, CA, USA) witml5@artial

loop injection volume, using a 1 pL injection loop. The eluent flow iwaeduced
using a calibrated flow splitter (101:1) to deliver an accutate-rate of 1 pL/min.

The polymer monolith was connected to the injector valve udtngm fused silica
capillary (25 cm x 25 pm, internal volume of ~ 120 nL) using a leaddvolume
MicroTight union with a swept volume of 17 nL (Upchurch Scientifick ®arbour,

WA, USA). Detection was carried out using on-columiD @letection (Innovative
Sensor technologies, GmbH, Innsbruck, Austria). The recording andsgiog of
chromatograms was carried out electronically using Chromslefbrare.

Chromatograms were processed using the following equations:
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Asymmetry A=RW+ LW Equation 2.1
2 X LW,

where RW = width of right hand side of peak, LW = width of lefidhaide of peak

measure at 5 % peak height.

Resolution Rs-_ 2(tp—ta) Equation 2.2
Wiz + Waiy2

where f, and t, are the retention time of solute b and a andawd W, is the peak

widths measured at 50 % peak height.

Efficiency N=5.5 19_2 Equation 2.3

where tis the retention time of the peak of interest ang W the peak width as 50 %

peak height.

2.1.3 In-house assembled capillary ion chromatography system (caplG3ed for

the separation of anions and cations.

An in-house constructed capillary ion chromatography (caplC) systems
assembled, which consisted of a Knauer Smartline 100 high pressaiytical pump
(Knauer, Bedforshire, UK) and a Cheminert fixed loop 20 nL injecadre (Global
FIA, WA, USA). Detection was carried out using on-columib@etection for anions
analysis and D detection was replaced with a capillary UV detector witB @L
flow cell (Dionex Ultimate 3000, Sunnyvale, CA, USA) for catianalysis. The
photo-grafted polymer monoliths were plumbed directly into the iojecalve as

shown in Figure 2.1.
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Figure 2.1: The in-house constructed caplC system incorporating a high pressure

analytical pump, a 20 nL injector valve, the poly(META) functiised anion
exchange polymer monolith and on-columib@etection.

2.1.4 CaplC system used for the separation of metal cations.

The IDA functionalised polymer monolith was connected to the inje@tlve using
10 cm x 25 um 1.D. fused silica capillary and a second Knauer purapused to
introduce the post-column reagent. A T-connector (Upchurch, WA, W&a)used to
connect the IDA monolith and the post-column reagent pump to the siMevi
detector equipped with a 3 nL flow-cell (Dionex, Sunnyvale, C8A) In this case,
a post-column mixer was not incorporated into the system as thectivantebing
(fused silica capillary) associated with the UV-Vis dateetas long enough so as to
allow mixing. The system also incorporated on-colunf® @etection (Innovative
Sensor technologies, GmbH, Innsbruck, Austria). The minimum anau®b pum
I.D. fused silica capillary (Composite Metal Services L #hipley, UK) was used to
connect all the separate components of the system using zaw \viddume
MicroTight unions (Upchurch, WA, USA) to reduce the effectsarfdobroadening.
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Characterisation of the IDA modified polymer monoliths was afsoied out using a
Dionex Ultimate 3000 capillary chromatography system (Dionex, SurgyGA,
USA) with a 100 nL injection volume. Similar to the set-up desdrataove (Section
2.1.4), PCR was delivered using a second Dionex Ultimate 3000 aabjygimp. The
fluidic set-up can be seen in Figure 2.2. A PCR mixing deviceshwddiowed mixing
of the column eluate with the PCR, was prepared by coiling palgirhised silica
capillary (17 cm x 25 pm ID, internal volume = 87 nL) around a @asbe (5 cm x
15 mm ID). Detection was carried out using on-colunf® @etection (Innovative
Sensor Technologies GmbH, Innsbruck, Austria) and UV-Vis dete¢baonex,
Sunnyvale, CA, USA) with a 3 nL flow-cell. Eluents of eitltet mM or 0.2 nM
nitric acid were delivered at 1uL/min. The separatiommmol was connected to the
injector valve using 20 cm x 25 pm fused silica capillary (m@erolume of 98 nL)
via a zero dead volume union (MicroTight, Upchurch Scientific, Oakbbur, WA,
USA).

Injector il | T-piece zero dead
valve cap! qry polymer P volume union
; monolith
:: < .................................................. ’ '::.' ':.. to UV_VlS
——11 . 000 M detector
PCR
BHumFsC on-column mixer 25 um FSC
zero dead c'D
volume union [j """" nano flow sensor
PCR pump

Figure 2.2: Fluidic set-up for dual detection HPCIC.

2.1.5 Temperature studies

2.1.5.1 Temperature heater used for alkaline earth metals ugj cation exchange

separations.

The capillary column oven was constructed using a polyimide flekibéging tape,
(dimensions 2.5 x 10 cm) (Kapton, Omega, UK). Figure 2.3 (a) stmvheating
tape which was folded to form a cylinder. The cylindrical ingatape was wrapped

with insulating tape and covered with aluminum foil as shown in Figi¢b). Using
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two zero dead volume unions, the column was positioned within the cdleater in
such a way that the column was suspended down the central bbee dévice and
not touching the heated walls. The ends of the column heater weggegdl and the
temperature was controlled using a variable voltage power s(alglin, Dublin,

Ireland). The temperature was monitored using a digital mukimand a

thermocouple wire (Maplin, Dublin, Ireland) placed inside the calteater.

Figure 2.3 (a) Kapton flexible heating tape used in the manufacture ofapdélary
column heater (dimensions: 2.5 cm x 10 cm) and (b): Kapton heater wdrappe
insulating tape and aluminum foil, encasing the cation exchange poiyorelith.
The column was placed in the centre of the heater with 2oWight unions

positioned at each end.

2.1.5.2 Calibration of the capillary column heater.

Calibration of the capillary column heater was carried out usingultimeter with a
temperature setting. Voltage was applied in 0.5 V incrésnand the temperature

noted. Temperature was recorded using a thermocouple wire phscbeithe heater.

2.1.5.3 Temperature heater used for metal cation separationsing chelation ion

chromatography.

Temperature studies were carried out using a capillary columaterhevhich was
constructed using a flexible heating tape (Kapton, Omega, UK&. h€ating tape (30
cm x 2 cm) was gently folded into a cylindrical shape and pushedkiasstainless
steel tube (30 cm x 1 cm 1.D.) to form a column heateshasvn in Figure 2.4 (a). A
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thermocouple wire (Maplin, Dublin, Ireland) was used (via alshole drilled mid-
way down the tube) to monitor temperature as shown in Figure 2.¥dldge (0-35
V) was applied to heat the flexible tape using an EA-PS2316-050 popler supply
(Elektro Automatik, Germany).

Empty fused silica capillary (7 cm x 25 um 1.D.) was coreedb the end of the
column to facilitate off-column D detection as shown in Figure 4.2 (b)

(a)
stainless steel tube
with heating tape /
/ polymer Zero dead
monolith volume
flexible heating union
tape
wires from
heating tape
(b)
’_» Oﬁ_COIijn C 4D
wire Capillary column detection
heater l

Figure 2.4: (a) Placement of the flexible heating tape inside a stainlesstgbseand
(b): In-house constructed capillary column heater demonstrating lofiiooC'D

detection. Temperature monitoring was carried out usingrentw®uple wire.
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2.2 Procedure

2.2.1 Vinylisation of fused silica capillary

To ensure attachment of the monolith to the walls of the capilmegreatment with
3-(trimethoxysilyl)propyl methacrylate was required. The walisthe fused silica
capillary were first activated with 200MhNaOH for 30 mins at a flow-rate of 2
puL/min followed by washing with water for 10 mins. Various solutiomsre
subsequently pumped through the fused silica capillary in the follosgagence:
200 mM solution of HCI at 2 pL/min for 30 mins, deionised water at Znih for 10
mins, acetone 2 pL/min for 10 mins, followed by purging with nitroigerl0 mins
and finally a 50 % solution of 3-(trimethoxysilyl)propyl methacrylatecetone at 2
pL/min for 30 mins. The fused silica capillary was sealech witbber septa and
placed in a water bath at 8Q for 20 hours. Following removal from the water bath,
the fused silica was washed with acetone for 30 mins at arfitevef 2 pyL/min
followed by purging with nitrogen for 10 mins [116].

2.2.2 Fabrication of polymer monoliths

2.2.2.1Fabrication of GMA-co-EDMA monolith

A GMA-co-EDMA monolith was prepared for the separation of anions accotding
the procedure described by Ueltial [49]. A polymerisation solution was prepared
consisting of30 wt % GMA and 10 wt % EDMA dissolved in a porogenic solution
consisting of 35 wt % propan-1-ol, 20 wt % butane-1,4-diol and 5 wt %atdfrwThe
polymerisation mixture also contained 4 mg of AIBN (1 % weighhwétspect to the
total monomer concentration). The mixture was de-oxygenated for diteniwith
nitrogen and allowed to fill into previously vinylised Teflon coatedeld silica
capillary (100 mm x 100 um 1.D.) by capillary action. The @lieapillary was sealed
with rubber septa and placed into a water bath d06fbr 24 hours. The resulting
monolith was subsequently washed with methanol to remove any tetteac

monomers at 1 pL/min for one hour.



2.2.2.2 Fabrication of BUuMA-co-EDMA polymer monolith

A polymerisation mixture was prepared consisting of 23 % v/v BuMdé E3 % v/v
EDMA dissolved in 63 % v/v decanol containing 4 mg DAP (1 % weigtiit respect
to total monomer concentration). The monomer mixture was vortexeastoesthe
DAP was fully dissolved followed by de-oxygenating with nitrogenIf@rminutes.
Fused silica capillary tubing (100 um x 120 mm) was filled with thenomer
mixture by capillary action and each end was sealed with a riggiptum. It was
then placed in the UV oven where 1 Jicof UV energy at 254 nm was applied.
Following irradiation, the monolith was washed with methanolait/inin for 1 hour

fo remove any excess porogen and unreacted monomer.

2.2.2.3 Fabrication of LMA-co-EDMA polymer monoliths

Monomer mixture consisting of 24 wt % LMA, 16 wt % EDMA, 45.5 wt 86
propanol, 14.5 wt % 1,4-butanediol and 4 mg of DAP (1% weight witbertgo the
monomers) was prepared as described by Caodlinal. [144]. The polymerisation
mixture was de-oxygenated for ten minutes with nitrogen and filled the
previously vinylised UV transparent fused silica capillary (30 xmri00 pum) by
capillary action and sealed with rubber septa followed by atadi with 2 J/crh of

UV energy at 254 nm.

2.2.3 Surface modification of polymer monoliths for ion exchange

chromatography.

2.2.3.1 Immobilisation of free radical initiator benzophenone aio the polymer

monolith

In all cases, benzophenone, a free radical initiator, was eralalattached to the
surface of the polymer monoliths by flushing the monolith with anfsgmL
benzophenone in methanol solution, which had been de-oxygenated with nitvogen f
10 minutes. Following irradiation with 1 J/émf UV energy at 254 nm, the monolith

was then washed with methanol at 3 uL/min for 1 hour.
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2.2.3.2 Photo-grafting of poly(META) on the surface of the polymr monolith for

anion exchange chromatography.

A 15 % wi/v poly(META) solution was prepared in water and de-oxygeindr 10
minutes with nitrogen. The monolith was flushed with the METAjesd at a flow-
rate of 1 pL/min for 30 minutes. The monolith was end cappedijatesd with 0.252
Jlenf of UV energy at 254 nm [103] and washed with methanol at 1 plftniree
hours. The column was then washed with water for 1 hour at 1 plL/mdn a

equilibrated with a 2 i, sodium benzoate eluent for 12 hours.

T
+

CH,

H

CH,

Figure 2.5: Photo-grafting of poly(META) on the surface of the polymer maholi

2.2.3.4 Surface grafting of the polymer monolith with poly(SR!) for cation

exchange chromatography

A 6 % w/v SPM solution was prepared in de-ionised water anukggenated with
nitrogen for 10 minutes. This mixture was pumped through the benzophenone
modified monolith at a flow-rate of 0.2 pL/min for 1 hour. The noidh was
irradiated with 0.25 J/chmof UV energy at 254 nm. A preliminary wash with
methanol was carried out at 1 pL/min for 10 minutes. The monolithweshed with
water at 1 pL/min for 1 hour and left to equilibrate with aNl sopper sulfate eluent

at 1 uL/min. This resulted in a polymer monolith with immobilisetfonated groups

as shown in Figure 2.6.



Figure 2.6: Photo-grafting of poly(SPM) on the surface of the polymer mtmoli

2.2.4 Surface grafting of polymer monoliths for metal cation sepat&ns using

chelation ion chromatography
2.2.4.1 Photo-grafting of poly(VAL) or poly(GMA) on the monolith suface

The monolith was flushed with a 5 % w/v solution of benzophenone in nutlees
described in Section 2.2.3.1. Following this, deoxygenated poly[\$alutions (15—
30 % v/v) in methanol of poly(GMA) solutions (15-35 % v/v) werelfadthrough
the polymer monolith at 1 pL/min for 1 hour and 1 J@hUV energy at 254 nm

was applied.

2.2.4.2 Fabrication of acetylimino-diacetic acid (AIDA) or poly(®1A) photo-

grafted polymer monolith

A 1 mg/ml aqueous solution of IDA was flushed through the monolith atrhip for

5 hours, followed by a water flush at 1 uL/min for 3 hours. IDAatently attached
to VAL as shown in Figure 2.7. Figure 2.8 shows the covalent atethof GMA

and IDA.
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Figure 2.7: Immobilisation of IDA on the VAL grafted polymer monolith.
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Figure 2.8: Immobilisation of AIDA on the poly(GMA) photo-grafted polymer
monolith
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A number of AIDA monoliths were used throughout this work and aretddras in

Table 2.1. The same naming system was used for all fdii§EDA monoliths.

Table 2.1: Description of the monoliths used throughout this work.

Monolith name VAL Effective column
(% viv) length (mm)
VAL15a 15 280
VAL15b 15 280
VAL15c 15 100
VAL20 20 100
VAL25 25 100
VAL30 30 100

2.2.5 Separation of anions using the poly(META) modified polymemonolith

Six anion standards were prepared (fluoride, chlorite, bromate, adloiirite and
bromide) to a stock concentration of 1000 mg/L. The stock solutiondileted with
deionised water to yield a six anion standard mix containing 0.7 fhgdkide, 3
mg/L chlorite, 3 mg/L bromate, 0.7 mg/L chloride, 0.7 mg/Lriteitand 3 mg/L
bromide. A number of other inorganic and organic anions were alparpreto stock
concentrations of 1000 mg/L in deionised water and chromatographic rparoe

data obtained. The eluent used for all separations wad 2dium benzoate.

2.2.6 Separation of alkaline earth metals using poly(SPM) polyan monolith

The cation exchange polymer monolith with photo-grafted sulfonated gnwaps
used for the separation of calcium, magnesium and barium Witbddtection at 210
nm. Copper sulphate was chosen as the eluent as it has beentghmasuitable for

the separation of cations [49].
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2.2.7 Separation of metal cations using poly(VAL) and poly(GMA) mafied

polymer monoliths

Stock solutions of Mn(ll), Co(ll) and Ni(ll), Zn(ll), Cd(ll) an@u(ll) were prepared
daily and diluted accordingly with 1 vh nitric acid. The eluent used for the

separation of metal cations ranged from 0.1 mM - 0.4mitNt acid.

2.2.8 Sample preparation for applications of fabricated poly(GMA) mnodified
polymer monoliths

A simulated seawater sample consisting ofNd.83,000 ppm) NaCl, 400 ppm Ca(ll)
and 1100 ppm Mg(ll) was prepared with de-ionised water. A secondlased
seawater sample was prepared as described which was spikekDvppm Co(ll), 10
ppm Cd(Il) and 10 ppm Zn(ll). Tap water samples spiked with 10 ppfh)CCd(ll)
and Zn(ll) were prepared and injected without further dilution. Atldebtwater

sample was diluted accordingly using the appropriate eluentlgerédiprior to use.

2.2.9 Characterisation of IDA modified monoliths by scanning ¢D

At selected stages during the monolith modification, scannitiy @as used to
measure the distribution of IDA functional groups along the coluemgth as
described by Connollyet al [45]. Specifically, while continuously flushing the
monolith with a 1 vl ethanolamine buffer (pH 9.8), the detector head was moved at
2 mm increments along the column and the conductive response te@trdach

detector location.
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Chapter 3.0:

Modification of capillary polymer monoliths using
photo-grafted chains of [2(methacryloyloxy)ethyl]
trimethylammonium chloride (META) for the
separation of anions
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3.1 Introduction

Polymer monoliths have been shown to be highly suited for the sepaditiarge
biomolecules, such as peptides and proteins, due to convection domimassd
transfer as opposed to diffusive mass transfer [145]. Thisegalthe eluent being
forced to flow through the monolith bed, in comparison to particle packkimns,
where separation depends on diffusion of the analytes in and out phaithele.
However, the use of polymer monoliths for the separation of soralhas proven
difficult, due to the lack of mesopores on the surface of the nibngteatly reducing
the surface area in comparison to its silica based courtelé®]. To date, little
focus has been placed on the separation of small ions using polyredrdagsllary

monoliths.

Connollyet al.[103] recently reported the use of a GMAEDMA (110 mm x 100
pum internal diameter) polymer monolith which was functionalisedth

[2(methacryloyloxy)ethyl] trimethylammonium chloride (META) to praéuan anion
exchange capillary polymer monolith with surface photo-grafted equety
ammonium functional groups. Efficiencies of 15,000 N/m were tegddor fluoride

at 1 uL/min

The aim of this work was to fabricate a high capacity ion exchpalyener monolith
for the separation of small anions. This was carried out by phatorg polymer
chains of [2(methacryloyloxy)ethyl] trimethylammonium chlori@@ETA) on a
polymer monolith previously immobilised with benzophenone. The effedhe
method of photo-grafting of poly(META) on the polymer monolith was stigated
and compared to the method of surface modification carried out by Cprcl
[103]. Separations of anions were carried out on the poly(META) mlynonolith
using a Dionex capillary LC system and an in-house assembledacapibn
chromatography system. Chromatographic performance data using s@imsyvere
compared. The selectivity of the poly(META) polymer monolitir, & wide range of

selected inorganic and organic anions, was studied.
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3.2 Results and Discussion

3.2.1 Monolith fabrication and functionalisation with poly(META)

Polymer monoliths exhibit lower surface areas in comparison to $iimia based
counterparts, due to the absence of mesopores on the monolitidscHit reduction
in the surface area of the polymer monolith requires the incorporat a large
number of functional groups for the efficient separation of sioals. This work
aimed to increase the ion exchange capacity using photo-graéimgiques. To
increase the surface coverage of poly(META), benzophenone was ihsedlon the

surface of the monolith.

The ability of benzophenone to form free radicals on surfaces hasdbeamented
by Ranby et al. [101]. This was followed by Stachowiakt al. [146] who
demonstrated the ability to form grafted polymer chains froen ghrface of the
monolith in the presence of the free radical initiator benzophenoneo®zone
abstracts hydrogen atoms exposed at the surface of the monolith argdvilork, as
the META solution was introduced and UV irradiation appliedftgpoolymerisation
is initiated from the surface of the monolith due to the presen@ source of free
radicals directly at the surface. This resulted inrangt anion exchange polymer
monolith with quaternary ammonium functionalities. This method oftionalisation
is known as a two step functionalisation procedure i.e. immobilisatibn
benzophenone was carried out in the first step followed by photorgyadd

poly(META) in a second step.

Conversely, Connolly and Paull [103] prepared a GBMAEDMA generic monolith
with which they introduced benzophenone and META onto the surface in a singl
step process. Briefly, a 15% META solution was dissolved in t@ntdutanol mix
(1:3) to which benzophenone was added (1 % relative to META). Folipwe-
oxygenation with nitrogen, the solution was flushed through the morldh0.252
Jient of UV energy at 254 nm was applied. The poly(META) photo-graftedatith

was applied to the separations of common anions.

11€



3.2.2 Effect of the method of functionalisation of the META plymer monolith on

the separation of common anions.

The method of photo-grafting of poly(META) on the polymer monolith caroed
here in this thesis was modified from that reported by Conetl&t [103]; therefore

it was important to investigate the effect of the method of pbrtiing on the
chromatographic separation of anions. An identical standard anion mikato
reported by Connollyet al. [103] was prepared and the same chromatographic
separation conditions used. The advantages of using a two-step plibtg-gnathod
over a one step procedure have been documented by Stachewalk [146],
including a greater degree of control over the grafting proassthe free radical
initiator and monomer were grafted in separate steps. Fdealsare formed on the
polymer surface which favours graft polymerisation and reducegothsation of
non-grafted polymer gel in the solution, which are removed duringshing step.
Figure 3.1 (a) shows an isocratic separation of 6 common anlaonsdé, chlorite,
bromate, chloride, nitrite and bromide) using the Dionex capillaon
chromatography system. This separation was carried out using W@1poA)
functionalised polymer monolith prepared using the two step procedure hyttiar

of this thesis. Using a 2 hbenzoate eluent, separation of the 6 anions was obtained
in 9 minutes. Retention factor precision was calculated foB injections and was

3.3 % for all six anions in the standard solution. Retention timesooe for the first
four anions was 0.45 % forn = 3 injections. Figure 3.1 (b) shows a separation of a
mixture of the same anions obtained by Connetlyal. [103] on the poly(META)
functionalised polymer monolith prepared using the one-step method of
functionalisation. The authors calculated retention time precigionhe first four
anions to be < 1.2 %n(= 5 injections). Chromatographic performance data was
compared for both methods of functionalisation i.e. the method report€drimolly

et al.[103] and the method reported in this thesis and can be seen in3Thble the
work carried out in this thesis, the polymer monolith was conndotekle injector
valve of the Dionex LC system with 25 cm x 25 um fused siligdllagy, identical to
that reported by Connollet al. [103]. As all other chromatographic separation
conditions were identical, any changes in chromatographic perfornsanoéd have
been due to differences within the polymer monolith.
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Figure 3.1:(a) Separation of 6 anions on poly(META) polymer monolith using tleestep functionalising procedure and (b) separation of the
same anion mix using the poly(META) functionalised polymer monolith usiagone step procedure. Figure 2.2 (b) reproduced from [103].
Chromatographic conditions: effective column length: 100 mm x 100 pran@)110 mm x 100 um (b), eluent: 2vitsodium benzoate,
injection volume: 50 nL, detection: on-columADG flow-rate: 1 uL/min. Peak (1) 0.7 mg/L fluoride, (2) 3 mghlorite, (3) 3 mg/L bromate,
(4) 0.7 mg/L chloride, (5) 0.7 mg/L nitrite and (6) 3 mgptiomide.
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From Table 3.1, differences in the retention of the 6 aniare woted. A decrease in
k of ~ 40 % was observed with the two-step photo-grafted monolith. ridneaised
retention shown by the poly(META) polymer monolith using the one step ggoce

suggests that an increased ion exchange capacity was dhiaing this monolith.

An increase in column efficiency was noted for chlorite, bromakdoride and
bromide using the poly(META) column prepared using the two-step prquagser
monolith prepared in this thesis). Mass transfer was enhanced th&@ngolymer

monolith resulting in improved efficiency.

Peak widths (measured at 50 % peak height) increased usingo{MpTA)
monolith prepared with the one step process. For example, ansedrepeak width
of ~ 35 % was noted for bromate and bromide when the one step mwess
compared to the two step process. Increased column effidi@?%¢y was obtained for
fluoride using the poly(META) column prepared by Connodly al. [103] (i.e.
poly(META) polymer monolith prepared using the one-step procedure). \Wémss
possible due to the close proximity of fluoride to the void peak usingadly¢META)
fabricated in this thesis. A slight decrease in efficierx§y @0) was also observed for

nitrite using the poly(META) monolith prepared using the tw gtecess.



Table 3.1: Chromatographic performance data obtained for the separatitve & anion mix on a one-step META functionalised polymer

monolith and a two- step META functionalised monolith using a Dioceillary ion chromatography system. This Table also contains

performance data for the same separation of the anion standardimgi>ansn-house constructed caplC system. Chromatographic conditions:

as in Figure 3.1.

Monolith using one step Monolith using two step Monolith using two step

functionalisation procedure. functionalisation procedure. functionalisation procedure.

Data reproduced from [103]
Instrument Dionex capillary LC system Dionex capillary IC system pl€asystem
Eluent 2mM sodium benzoate vh sodium benzoate dvhsodium benzoate
Anion N/m k Res. Asy N/m Kk Res. Asy N/m Kk Res. Asy
Fluoride 15,00( 2.€ - 1.1t 13,€0C 1.7 - 1.1¢ 12,00( 1.7 - 1.04
Chlorite 14,00( 3.€ 2.5 1.40 14,80( 2.2 1.7 1.17 11,00( 2.2 1.t 0.9¢
Bromate 13,000 5.0 2.5 1.26 16,000 3.0 2.0 1.14 11,100 3.1 1.8 0.91
Chloride 14,500 6.2 1.8 1.20 16,900 3.6 1.5 1.35 13,200 3.7 1.3 1.04
Nitrite 11,200 7.8 1.8 1.16 10,900 4.4 1.6 1.43 15,400 4.5 1.4 0.95
Bromide 6,300 10.76 2.8 2.55 10,700 8.2 3.36 2.70 - - - -

Asy — asymmetry calculated at 5 % peak height.

Res — resolution
k — retention factor
N/m- peak efficiency /m
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Baseline resolution of all anions using both monoliths was achiewttdthe one-step
monolith exhibiting slightly greater resolution for all anions, duehie increase in
column capacity. Peak asymmetries using both poly(META) monditbgs/ed slight
tailing with the more strongly retained bromide showing asymesetr 2 using both
monoliths. Improved peak asymmetries were obtained for chlaritdboeomate using

the poly(META) monolith prepared using the two step method of phaifbigy.
Peak shape for chloride, nitrite and bromate obtained for the 6 aniers w
comparable for the poly(META) monoliths prepared using both methods of

functionalisation.

Although the poly(META) functionalised polymer monolith fabricated usiegtwo-
step procedure showed improved efficiency and faster run tithes,one-step
procedure used in the preparation of the poly(META) monolith carriedbgut
Connolly et al. [103] appeared to produced a column with a higher capacity
(increased number of functional groups). This monolith was alger fes fabricate

and functionalise, as the functionalisation was carriedrmoatsingle step.

The chromatographic data discussed thus far was carried outauBiogex capillary
LC system. Table 3.1 also contains chromatographic data faathe separation on
the poly(META) monolith using an in-house assembled capillary ion chogregphy
(caplIC) system which is described in Section 2.1.3 and wiltlibcussed in greater
detail in Section 3.2.4.

3.2.3 Effect of eluent concentration on efficiencyk and peak width.

In ion chromatography, the eluent concentration is one of the most anport
parameters effecting retention. Salts of aromatic carbo=aglid are commonly used
as eluents in non-suppressed ion chromatography as dilute concentedtibiese
salts produce eluents with low background conductance, thus fauglithe use of
on-column éD detection. In this work, a weak sodium benzoate eluenvj2was
chosen. The effect of eluent concentration on the retention on timéolsawas
investigated using a series of benzoate eluents ranging in caicenfrom 0.6 rivi

to 2 mM and the resultant chromatograms can be seen in Figure 3.2
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Figure 3.2: Overlaid chromatograms of separations of the 5 anions UsniIETA
functionalised polymer monolith obtained by varying the eluent contemtrahere
(a) 2 mM sodium benzoate, (b) 1.4 mM sodium benzoate, (c) lsouim benzoate
and (d) 0.6 mM sodium benzoate. Chromatographic conditions: as in Hdure
Peaks: (1) 0.7 mg/L fluoride, (2) 3 mg/L chlorite, (3) 3 mg/brbate, (4) 0.7 mg/L
chloride, (5) 0.7 mg/L nitrite.

A decrease in eluent concentration resulted in an increade iretention of all 5
anions (Figure 3.2), as is generally the case in ion chromatogralsing the 2 i
benzoate eluent, the 5 anions were separated in a retention window ofinutes.

The run time, when the eluent concentration was reduced toM, 4vas 7 minutes.

Table 3.2 shows the chromatographic performance data obtaindxa feggaration of

the 5 anion mix by varying the concentration of the benzoate eluentlfioi to 2

mM. A comparison of the chromatographic data obtained using th®l Denzoate
eluent and the 1.4 kh benzoate eluent showed that an increase in efficiency was
obtained for all 5 anions when the eluent concentration was dedré@m 2 vl to

1.4 mM without any significant difference in peak asymmetry. As ebtqubc
decreasing the eluent concentration resulted in an incregsaknwidth. The largest
change in peak width was obtained for nitrate. Using aM2 benzoate eluent, the

peak width was 0.28 minutes and was 0.61 minutes using@maVdbenzoate eluent.
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Table 3.2 (a):Effect of eluent concentration on efficiency, retention and pedkhwi

using the META functionalised polymer monolith using Mrand 1.4 vl benzoate

eluents and (b) 1 M and 0.6 Ml benzoate eluents.

(@) 2 mM benzoate 1.4 mM benzoate
Anion | N/m k Peak Asy Res N/m k Peak Asy Res
width width
F 13,000 1.7 0.16 1.2 - 13,400 2.2 019 1.2 -
ClO; | 15,00 2.z 0.17 1.2 1.7 15,24 2¢ 021 1.2z 1.7
BrOs | 15,50C 3.C 0.21 1.2 21 15,70 3.& 0.28 1.z 2.1
cr 16,500 3.6 0.24 1.2 15 17,100 46 029 13 16
NO; | 15,500 4.4 0.28 1.3 15 15,900 55 034 13 15
(b) 1 mM benzoate 0.6 mM benzoate
Anion | N/m k Peak Asy Res N/m k Peak Asy Res
width width
F 13,200 3.0 0.23 11 - 12,700 4.7 031 11 -
ClO; | 15,20C 3.€ 0.2¢ 1.1 1€ 14,80 5.¢ 0.3t 11 1.¢
BrOs | 15,850 5.0 0.31 1.2 21 14,700 7.7 045 12 22
Ccr 16,750 6.0 0.36 1.3 17 16,000 94 051 13 1.7
NOs | 15,500 7.1 0.43 1.3 15 15,300 11 061 1.3 15

Asy. — asymmetry calculated at 5 % peak height.

Res. — resolution

Peak width — measured at 50 % peak height in msaute
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Slight changes in resolution were noted as the eluent concentva®mlecreased.
An increase in resolution of ~ 10 % was observed between chloritBuande and
also between the bromate/chloride pair. Peak efficiencies @sgnparable using the 2
mM, 1.4 nM and 1 nM benzoate eluent. Using the 0.8/nbenzoate eluent, decreases
in efficiency of < 6 % for all anions was obtained. From a coispa of all
chromatographic data in Table 3.2, it appeared that the optielisent concentration
was 1.4 nW.

A plot of log k versus log [benzoat&jas prepared using retention data and can be
seen in Figure 3.3. This plot showed linear correlation for atiéns with R values

> 0.99. Table 3.3 shows linearity data obtained from Figure 3.théob separated
anions. The values for the slopes obtained for all 5 aniorie Aread agreement with
the theoretical slope of - 1.0 for anion exchange elution of dysaig@rged anion
using a single charged eluent ion [146]. One eluent ion disptacesinalyte ion of
the same charge. This demonstrates that the mode oasepavas predominately

ion exchange.
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Figure 3.3: Plots of logk versus log[benzoataJemonstrating that the mode of
separation was anion exchange using the META functionalised polgoreslith. (1)
nitrite, (2) chloride, (3) bromate, (4) chlorite and (5) flderi
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Table 3.3: Linearity regression data obtained on the META functionalgsggmer

monolith from a variation in the eluent concentration.

Anion Slope Intercept R
Fluoride -0.82 -1.99 0.99
Chlorite -0.80 -1.81 0.99
Bromate -0.77 -1.61 0.99
Chloride -0.76 -1.51 0.99

Nitrite -0.75 -1.40 0.99

3.2.4 Separation of inorganic anions on the poly(META) polymer maulith using
the caplC system.

Trends in recent years have seen an increase in interdst area of portable and
field deployable analytical devices, such as the portable haom@atography system
reported by Kiplagaet al. [147] used for the separation of cations and transition
metals using open tubular columns, and the portable CE system ecepmyt
Hutchinsonet al. [148] which was applied to the separation of inorganic anions and
cations in post blast explosive residues from homemade inorganic iegplevices.
Both of the systems in [147] and [148] incorporatéB @etection. Here in this thesis,
separation of anions using the poly(META) surface modified polynwerofith were
also carried out on an in-house assembled caplC system. Thisgaé@ has the

potential to be used as a field deployable, portable device.

Figure 3.4 shows a separation of the 5 anion standard mix, psgvgeparated on the
Dionex system, using the caplC system as described in Secti@ 3eparation of
the 5 anions occurred in < 2.5 minutes. Using the capl@myshe poly(META)
monolith was plumbed directly into the injector valve and on-coluffih @tection
was employed at the mode of detection accounting for differéncég run-times
observed with both systems. Table 3.1 shows the retention fémtdhe separations
carried out on the caplC system and the Dionex capillary ion ctography system.
As can be seen from Table 3.1, the retention factors arensdy comparable,

however, a difference in run time was observed due to the alioinof extra system
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dead volume. The caplIC system had a run time of < 2.5 minthfdirst five anions)
and the same separation on the Dionex capillary ion chromatograpésngysd a run
time of < 6 mins, thus demonstrating a portable caplC systeabkufor the fast ion

chromatography separation of the selected anions.
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Figure 3.4: Separation of 5 anions using an in-house constructed capIC system.

Chromatographic conditions: Column dimensions: 100 mm x 100 pm, eluemt 2 m

sodium benzoate, injection volume: 20 nL, flow rate: 1.3 pL/mich detection: on-
column CD detection. Peak: (1) 0.7 mg/L fluoride, (2) 3 mg/L chlori8,3 mg/L
bromate, (4) 0.7 mg/L chloride, (5) 0.7 mg/L nitrite.

Although faster analysis was obtained using the caplC systeetraase in column
efficiency was obtained for fluoride (13 %), chlorite (27 %), baten(30 %) and
chloride (22 %), when compared with the same separation using tmexXDLC
system. A decrease in resolution was also observed particodgaviygen bromate and
chloride where a resolution of 1.3 was obtained. As mentioned alibee,
poly(META) monolith was plumbed directly into the injector valvayd eliminating
any excess connective tubing, which would have an effect on themen A second
reason for the decrease in retention of the anions on the sggli€n may lie in the
pumping system used. The Dionex capillary ion chromatography systetained a
calibrated flow splitter, therefore ensuring an accurate fle;reven at low pL/min

levels. On the caplC system, a high pressure pump was used didhinot contain a
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flow splitter, thus anomalies in the flow-rate may have oecuriThe flow-rate was
monitored at 1 pL/min using a flow sensor (Upchurch Scientifi&s @arbour, WA,
USA) and it was discovered that the actual flow-rate wagilL/min. An increase in
the flow-rate would account for the decrease in resolution andegitigi particularly
for chlorite, bromate and chloride, obtained on the caplC systamnolly et al.
[103] obtained an efficiency of 15,000 N/m for fluoride using a flove-r&t1l pL/min

and an efficiency of 29,500 N/m when the flow-rate was redtic 100 nL/min.

An improvement in peak asymmetry was observed for the sepawitithe standard
mix on the caplC system. Peak asymmetries close to 1 et¢agned for fluoride,
chlorite, bromate, chloride and nitrite, respectively. Thedaes represent an ideal
Gaussian peak shape. The asymmetry values, obtained for thatisepaf the
standard mix using the Dionex LC system, showed some tailittgeainalyte peaks,

possibly due to the extra column volume associated with thepsaftthis system.

Limits of detection were calculated for the Dionex system hadcaplC system and
can be seen in Table 3.4. This table also shows absolute iwhith take the
injection volume into account. Signal/noise ratios of 105 for tloaé&Xd system and
10 for the caplC system were calculated (using chloride) showmtgthe Dionex
system was a more sensitive than the caplC syst&nd€tection used in both cases
was on-column and the difference in the signal/noise ratios wa® dueréase pump

noise associated with the use of the analytical pump icapkC system.

The LOD values obtained on the caplC system were comparalbles® ebtained by
Kiplagat et al. [147], who reported concentration LOD’s of 0.8 — 8 pumol/L which
corresponded to 40 - 400 fmole injected cations using a portable, dightwion
chromatography system, which employetiD@s the mode of detection. Although the
Dionex system exhibited a superior sensitivity over the caplGrysthis caplC
system showed the ability to separate the five selectedsmiithin a short retention

time window (run time < 2.5 minutes).



Table 3.4: Approximate detection limits calculated for the anions sephraethe
caplC system and for the same separation on the Dionex syStenmatographic

conditions: as in Figure 3.4.

Dionex capLC system caplC system

Anion mg/L Absolute limits mg/L Absolute limits

(pmole) (pmole)
Fluoride 0.03 0.08 0.2 0.20
Chlorite 0.1 0.07 15 0.45
Bromatse 0.2 0.08 1.3 0.20
Chloride 0.02 0.03 0.2 0.11
Nitrite 0.2 0.20 1 0.43

3.2.5 Chromatographic performance data for 30 organic and inorganic aons

using the caplC system.

Using the in-house constructed caplC system, retention data for @ gorganic
and inorganic) was carried using the poly(META) monolith. Chromatographi
performance data, including column efficiency, retention time dad peak width,
were obtained and can be seen in Table 3.5. Table 3.5 alsdes retention factor
data obtained by O’Riordaiet al. [149] using an Onyx G silica based monolithic
column (150 mm x 0.1 mm) modified with DDMAU. In this work, O’Riadrdét al.
[149] used a system similar to that described in this work (cag@)also plumbed
the capillary column directly into the injector valve. Detactivas carried out using
on-column &D detection, therefore the effects of extra column band broaderireg w
eliminated. Retention in ion chromatography depends on a numbertafsfasuch as
the charge of the analyte ion, the solvated size and thesadidity of the analyte ion
and the type of eluent used [2]. In general, retention timeases with increased
anion charge. As electroneutrality is maintained at alésinone monovalent eluent
ion displaces one monovalent analyte ion. From Table 3.5, #natioet of anions on
the poly(META) monolith is in broad agreement (with some deviatioi) this
statement whereby most of the singly charged anions wered&ssed than the

divalent anions.
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Table 3.5: k values for organic and inorganic anions using the GdADMA

polymer monolith functionalised with META.

Anion Anion k N/m k Order of
# [149] elution from
[149]
1 Methanesulfonate (GB30G;7) 0.52 8,430 - -
2 Chloroacetal (CH,CICO,)  0.7¢  9,90( 1.27 8
3 Trifluoroacetate (C§O,) 0.75 6,700 - -
4 Dichloroacetate (CH@CO,) 0.86 8,300 - -
5 CarbonateCQ3”) 1.0€ 9,90( - -
6 Acetate (CHCOO) 1.30 11,000 - -
7 Fluoride (P 1.32 12,000 - -
8 lodate (103) 1.3¢ 7,10( 0.71 3
9 Selenite (Segd) 1.48 6,700 0.49 2
10 Chlorite (CIQ) 1.52 11,000 1.32 9
11 Formati (HCOC) 1.5¢  11,30C  0.77 4
12 Bicarbonate (HC®) 1.69 9,000 0.30 1
13 Bromate (Br@) 2.16 11,600 1.00 5
14 Sulphite (S€) 2.36 10,900  7.09 13
15 Dithionate (S,047) 2.4¢ 9,20( - -
16 Chloride (C) 2.78 13,200 1.03 6
17 Nitrite (NQ) 297 15,400 1.17 7
18 Chlorate¢ (ClO5) 45  9,20C  2.2¢ 12
19 Bromide (B1) 4.81 11,100 1.39 10
20 Nitrate (NQ) 5.55 8,600 1.52 11
21 Persulphal (S;05%) 7.4(C 2,80( - -
22 Molybdate (MoGF) 11.46 1,350 - -
23 Oxalate (C;047) 15.3¢  1,51C - -
24 Thiocyanate (SCN 15.41 1,550 20.88 15
25 Dichromat (Cr,0;%) 16.97  2,30( - -
26 Hydrogen phthalate 18.37 5,500 - -
CeH(COy),”
27 Tungstat (WO4%) 19.6¢  4,50( - -
28 Perchlorate (CIQ) 2161 1,700 23.40 16
29 Thiosulphat (S,05%) 22.4C 4,90 13.1: 14
30 Chromate (Crg¥) 59.02 9,530 - -




Note: Column number 5 in Table 3.5 akevalues taking from [149] and column
number 6 compares the elution order obtained from [149] with the elutder or

obtained for the same anions in this thesis.

Retention in ion chromatography also depends on the solvated sieeafdlyte ion.
Smaller molecules, such as nitrite (NChave a smaller solvated size than larger
molecules such as nitrate (N holding water molecules more strongly. The water
molecules shield the analytes ion charge from the charge omorthexchange
functional group which results in less retention in comparison kess& hydrated
analyte ion. An increase in the hydrated ionic radii of the #mabn results in a
decrease in retention. lonic radii increase on descending a grthup periodic table,
therefore the retention order for the halogen anions sholfdb€l < Br <I. This

order of elution was observed using the poly(META) polymer monolith

From Table 3.5, an elution order of /& BrO; < NO,” < Br < NO;” was obtained
demonstrating the same selectivity for the poly(META) monolithséparations
reported in the literature using both polymer and silica monoliths.ekample,
Zakariaet al. [104] prepared a BuMAco-EDMA-co-AMPS polymer monolith (300
mm x 250 um 1.D.), which was modified with latex nano-partiblearing quaternary
ammonium functionalities. Using contactless conductivity dieteetnd a 1 i1 KOH
eluent, the authors obtained an elution order af ¥OBrO; < NO, < Br < NGs'.
This work was followed up by Hutchinson [105] wbbtained an elution order of
103 < BrOs < NO, < Br < NG;” < I'using a GMAco-EDMA polymer monolith
which was modified with the same latex nano-particles deschigedakariaet al.
[104]. An elution orders of 1©< BrOs < NO, < Br < NOs; was obtained using
silica monoliths modified with cetyltrimethylammonium chlorideTAC) [110] and

dilauryldimethylammonium bromide (DDAB) [111] surfactants, resipely.

As mentioned, Table 3.5 also contakslata obtained by O’Riordéaiet al. [149]
using an Onyx g silica based monolithic column (150 mm x 100 um |.D.) modified
with DDMAU and changes in selectivity between the poly(MERa)ymer monolith
and the DDMAU coated silica monolith were evident. The mostklyeretained
anion using the DDMAU coated silica monolith was bicarbortatd 0.30). With the

poly(META) polymer monolith, & value of 1.69 was obtained for bicarbonate, while
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the retention for a range of anions, including fluoride, chlorite, denand iodate
were eluted prior to bicarbonate. Formate, bromate, chloride aié siiowed the
same order of elution on both columns. Figure 3.5 shows an overlay of
chromatograms obtained for formate, bromate and chloride using thWeVEdIA)
polymer monolith demonstrating the possibility of the separatiadheothree anions
using the separation conditions reported in this thesis. With theADb&bated silica
monolith [149],k values of 0.80, 1.00 and 1.03 were obtained for formate, bromate
and chloride demonstrating the inability to separate the three amithsthe

chromatographic conditions used by the authors.
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Figure 3.5: Overlay of chromatograms obtained using the poly(META) polymer
monolith. Chromatographic conditions: as in Figure 2.5. Peaks: (aprhiCformate,
(b) 10 ppm bromate and (c) 10 ppm chloride. Also included in Figuras3the
chromatogram obtained for a blank injection (green trace). n@dtagraphic

conditions: as in Figure 3.4.

Chloroacetatek( of 1.23) showed a simildt value to nitrite(k of 1.17) using the
DDMAU coated silica monolith, whereas la value of 0.73 was obtained for
chloroacetate and 2.97 for nitrite using the poly(META) modified polymenolith
described in this thesis. Sulfite was retained signifigdotiger than nitrate using the
DDMAU coated silica monolith but was retained prior to nitratengisthe

poly(META) polymer monolith.
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Figure 3.6 shows an overlay of chlorate, chloride and chloritey tise poly(META)
polymer monolith. O’Riordairet al. [149] carried out a separation of chlorate,
chloride and chlorite using a silica based monolithic column modifi¢d RDMAU.
The authors reported a run time of 4.5 minutes. In this work, averlaid
chromatograms of these three anions show the potential fois#pration in a short
retention window (2.5 minutes). The retention order was chloritehlgride <
chlorate, which demonstrated a change in selectivity to thattesl by O’Riordairet

al. [149] where a retention order of chloride < chlorite < chlovede obtained using
the DDMAU coated silica monolith.
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Figure 3.6: Overlay of chromatograms obtained using the META functionalised
polymer monolith. Chromatographic conditions: as in Figure 2.6, (@8ak00 ppm
chlorite, (b) 10 ppm chloride and (c) 100 ppm chlorate. Also includ&tbumre 3.6 is
the chromatogram obtained for a blank injection (green trace). Ctographic

conditions: as in Figure 3.4.

Traditionally, anions such as fluoride are difficult to retain ttugheir high hydrated
ionic radii and their ability to attract water moleculesevious work has reported the
difficulty in the isocratic separation of these anions fromutbid peak. Glenret al.
[150] reported & value of 0.49 for fluoride using a silica monolith coated with
DDAB but failed to obtain retention for fluoride using a silicaormlith with

electrostatically bound latex nano-particles using a 4-hydroxybemtoent. In this
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work, ak value of 1.32 was obtained for fluoride demonstrating the straran a
exchange properties of the poly(META) monolith, while Conndadly al. [103]
obtained ak value of 2.6 for fluoride using the poly(META) monolith described
previously.

Small organic acid ions such as formate and acetate have phffieult to separate
isocratically due the small differences in their affirgti@51]. Short retention times
for these organic acids are generally reported and a large nwihbelute-sorbent
interaction sites are required for their separation [152JurBi@.7 shows overlaid
chromatograms of formate and acetate carried out on the MEhAtidnalised
polymer monolith using the capIC systerk.values of 1.30 and 1.56 were obtained
for acetate and formate respectively, showing the potentighéir separation under
fully optimised chromatographic conditions.
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Figure 3.7: Overlay of chromatograms obtained using the META functionalised
polymer monolith. Peak (a) = 10 ppm acetate and peak (b) = 10 ppratéor Also
included in Figure 3.7 is the chromatogram obtained for a blanktioe¢black

trace). Chromatographic conditions: as in Figure 3.4.
As mentioned previously, the one of the aims of this resethesis was to try to

improve the separation of small ions using polymer monoliths. Tablest®ws a

comparison of column efficiencies obtained for the poly(META) pay monolith
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with other capillary columns with various ionogenic functionaditicarried out by
different research groups. Peak efficiencies obtained by théMIBRA) polymer

monolith in this thesis were slightly improved upon when compared to cdipédtary
ion exchange columns.
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Table 3.6: Comparison of peak efficiencies of other anions exchangeargmiblumns.

Column Column Eluent Detection Efficiency (N/m) Anions Ref
dimensions

poly(META) photo-grafted 100 mm x 100 2 mM sodium on-column CD 10,700 - 16,900 N/m FCl, NG, Br, Present

polymer monolith pm 1.D. benzoate detection BrO; and CIQ work

(Dionex LC system)

BuMA-co-EDMA-co-AMPS 300 mm x 250 1 mM KOH suppressed 5400 N/m 1Q [9]

with attached AS18 particles pm I.D. conductivity

Particle packed AS11 500 mm x 180 electrodialytic Conductivity 21,018 - 27,300 N/m Cand S@* [22]

pm 1.D. NaOH generator detection

GMA-co-EDMA 750 mm x 100 10 mM NaClO4 UV detection at 75,000 N/m (100 nL/min) NO, BrO;, NO;y [23]

functionalised by reaction of pm 1.D. 210 nm 18,000 N/m (700 nL/min)

triethylamine

AS18 coated GMA-co-EDMA| 348 mm x 250 10 mM NaClO4 UV detection 2,680 - 4,550 N/m NABro;, NGOy, [11]

monolith sulfonated using pm 1.D. 105, Br, I,

method (ii)*

AS18 coated GMA-co-EDMA
monolith sulfonated using
method (jii)*

143 mm x 250 10 niM NaClO4
um 1.D.

benzenesulfonate

UV detection 7,980 - 11,200 N/m N®Bros, NOs, [8]
104, Br, I

benzenesulfonate

*(ii) Ring opening of the epoxy groups through reaction with thioberediit in the presence of triethylamine in acetonitriléQfC, followed
by flushing with methanol. The generated thiol groups were @ddising tert-butyl hydroperoxide before coating with the latex4particles.
*(iii) The GMA-co-EDMA monolith was sulfonated using a solutieinsodium sulfate and coated with the latex nano-particles.
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3.3 Conclusion

A GMA-co-EDMA polymer monolith was fabricated using thermally initiated
polymerisation. The surface of the polymer monolith was subseyuwgmafited with
polymer chains of poly(META) using UV irradiation, in a twcetprocedure,
following photo-grafting of benzophenone. This poly(META) polymer monaolids
compared to a similar poly(META) polymer monolith reported in literature,
whereby the benzophenone and poly(META) were photo-grafted in & stegl. To
the author’'s knowledge, the work reported by Conneliyal. [103] was the first
reported instance of the functionalisation of a polymer monolith, fmmaanalysis,
using photo-grafting techniques. Separation of the six anions wasdcaut and due
to increased retention of all anions, the poly(META) polymer mtngirepared
using the one step method of functionalisation (produced by Conetody [103])
produce a higher ion exchanger than the two-step procedure (producedliesiss
However, the poly(META) polymer monolith prepared using the two ptepess,
yielded faster run times and higher peak efficiencies whilensintaining baseline

resolution of all anions.

Characterisation of the poly(META) polymer monolith (using the step procedure)
was also carried out using an in-house assembled caplC sys$tekwvalues obtained
for the Dionex LC system were comparable with those obtausétg the caplC
system demonstrating a novel, portable system suitable fdagthseparation of the
analytes of interest. The incorporation of grafted chainsobf(META) produced a
suitable monolith for the retention of a wide range of organic aodyanic anions.
Peak efficiencies obtained using the poly(META) polymer monolithrewalso

comparable to other polymer monoliths with ion exchange functicsliti
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Chapter 4.0:

Separation of cations using a capillary polymer moalith
functionalised with 3-sulfopropyl methacrylate




4.1 Introduction

To date, limited research has been carried out on the fabricdtt@pillary polymer
monoliths for the separations of small cations. In 2004, @ekil. [49] prepared a
GMA-co-EDMA monolith in 250 pum 1.D. fused silica capillary. Sulfonatiohthe
surface of the monolith was carried out by flushing a solution g6®&athrough the
monolith at 75°C, allowing attachment of sulfonated groups through ring opening of
the epoxy groups on the monolith surface. The authors found that ingrehsi
reaction time, from 1 hour to 12 hours during the sulfonation procealloe/ed the
fabrication of sulfonated capillary monolith exhibiting ion exchanggacities. The
resultant monoliths were used for the separation of sodium,oaiam, potassium,
magnesium and calcium using a copper sulphate eluent. Columnrefigsies 20,000
N/m were obtained for all cations studied in this work. Gillegpial.[112] reported
the use of a capillary monolithic column, albeit a siliwanolith, for the separation of
alkaline earth metals. The authors modified the monolith wighidinic surfactant
DOSS, rendering it suitable for cation exchange chromatography. @efffitiencies
> 40,000 N/m were obtained for all 4 alkaline earth metals, dleasonstrating the
differences in column efficiencies when polymer monolith are costp&o silica

monoliths.

In the work in this thesis, a polymer monolith was functionalis&ll 3-sulfopropyl
methacrylate (SPM) using photo-grafting techniques, followlregformation of free
radicals on the surface of the monolith using benzophenone. Th&mésnonolith
was applied to the separation of alkaline earth metals asgupper sulphate eluent.
Temperature analysis, using an in-house constructed capillary coleater is also

presented.

4.2 Results and Discussion

4.2.1 Monolith fabrication and functionalisation with poly(SPM)

The functionalisation of the polymer monolith was carried out usinvo step
process, similar to the method described for the functionalisatitre poly(META)

polymer monolith in Chapter 3.0. The first step involved imnisdiion of
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benzophenone onto the surface of the monolith by a process of hydrogewtast
allowing the formation of free radicals, which favours the ghowift polymer chains
from the surface of the monolith [146]. This resulted in a polymer ntbnaith

surface sulfonated groups.

4.2.2 Separation of alkaline earth metals using poly(SPM) polyen monolith

The cation exchange polymer monolith (90 mm x 100 um I.D.) with phuetiteg
sulfonated groups was used for the separation of calcium, niagnesd barium
with UV detection at 210 nm. Copper sulphate was chosen asit ak it has been
shown to be suitable for the separation of cations [49]. Under thesmatographic
conditions, the elution order on the SPM functionalised BuidA&=DMA polymer
monolith was Mg(ll) < Ca(ll) < Ba(ll), as shown in Figure 4wlhich is the typical
elution order when retention is due to ion exchange [49, 112]. Negatks pere

obtained as the peaks were detected using indirect UV aetecti

Chromatographic performance data was obtained and can be seeblén 4T1.
Column efficiencies of 10,600 N/m were obtained for Mg(ll), 10,90 for Ca(ll)
and 7,600 N/m for Ba(ll). Table 4.1 also includes peak width gared at 50 % peak
height) of 0.28 mins, 0.33 mins and 0.48 mins for Mg(ll), Ca(ll) andliBa
respectively. Mg(ll) showed a peak asymmetry of 1.2 whddIand Ba(ll) showed
peak asymmetries of 0.7 and 0.8 suggesting clear fronting of bakis.pgeesolution
of 1.3 was obtained for the Mg(ll)/Ca(ll) pair showing tha¢de cations were not
baseline resolved however baseline resolution between Cafdl) Ba(ll) was
achieved (resolution of 1.5). Ueét al. [49] prepared a sulfonated GM#&-EDMA
polymer monolith and applied it to the separation of alkali and atkaarth metals
(Na", NH4", K*, Mg?* and C4"). Theoretical plates > 20,000 N/m were obtained for
all cations (figures for individual cations not given) using a 1 oopper sulfate

eluent, a flow-rate of 0.3 pL/min and indirect UV detec@&d210 nm.

Comparing the monolith in this work (BuMéo-EDMA) to that obtained by Uelét
al. [49], a clear difference in efficiency is evident. Usflogv-rates of 3 pL/min, Ueki
et al. [49] obtainedk values of 2.25 and 5.25 were obtained for Mg(ll) and Ca(ll)

respectively. In this present work,values of 2.2 and 2.9 were obtained for Mg(ll)
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and Ca(ll) using a flow-rate of 1 pL/min and an eluent of Nl oopper sulphate.
Although k values for Mg(ll) were comparable, Ue&i al. [49] showed increased
retention for Ca(ll) clearly demonstrating the differencesaipacity between the two
monoliths.

The sulfonation of the polymer monolith by ring opening of the epoxy groups
prepared by Ueket al [49] was restricted to the number of epoxy groups on the
surface of the monolith. The method of sulfonation of the polymer mbnadied by
Ueki et al [49] using NaSO; appeared to yield a higher capacity than the polymer
monolith prepared in this work. The method of photo-grafting polM)Sénto the
surface of the monolith requires further optimisation of the g@ore to improve

column capacity and in turn improve column efficiency and retent
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Figure 4.1: Separation of 100 ppm Mg(ll), 100 ppm Ca(ll) and 100 ppm Ba(ll) using
the in-house constructed caplC system. Chromatographic conditionsinc@@uMA-
co-EDMA functionalised with SPM (100 pum 1.D x 90 mm), eluent: Mmopper
sulpfate, flow-rate: 1 pL/min, injection volume: 20 nL, detactiindirect UV at 210

nm.
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Table 4.1: Chromatographic performance data for the separations of MG@l)))
and Ba(ll). Chromatographic conditions: as in Figure 4.1.

Cation N/m k Peak Asy Res.
width?
(mins)
Mg(ll) 10,600 1.8 0.28 1.2 -
Ca(ll) 10,900 2.2 0.33 0.7 1.25
Ba(ll) 7,600 2.9 0.48 0.8 1.53

4.2.3 Temperature studies.

Temperature effects are often omitted in chromatographic methetbgewent as the
retention and selectivity of a chromatographic separation can dréputated by
varying the concentration of the eluent or changing the statigase. There are a
number of advantages to using high temperatures in LC, such as swivent
viscosity, resulting in lower back-pressure generated [153].eL@olvent viscosity
allows for use of higher flow rates of the eluent, which in@sathe speed of
analysis. Increasing the temperature may also be a singyleofwarying retention

[154] or selectivity [143] and can be easily incorporated anseparation system.

4.2.3.1 Calibration of capillary column heater.

To investigate the effect of temperature on the retention andeeffy of the 3
selected cations, a column heater had to be incorporated into-lloeise assembled
caplC system. In order to determine if the flexible tape switable for use as a
capillary heater, calibration was carried out using a mutémeith a temperature
setting and a thermocouple wire placed inside the heater.g€éolteas applied in
0.5 V increments and the temperature noted. Figure 4.2 sholes af pemperature
versus voltage appliedn$4), including error bars, between 25 — 80. The
temperature was reproducible for any given voltage applied%iBSD values < 0.8
%.
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Figure 4.2: Plot of temperature versus voltage applied to the heatpeggsthowed a

linear correlation between 25 — &0.

4.2.3.2 Effect of temperature on the separation of Ca(ll), Mg() and Ba(ll)

The effect of temperature on Ca(ll), Mg(ll) and Ba(ll) wasestigated using the

sulfonated polymer monolith. Separations were carried owtrapdratures ranging

from 27°C to 70°C. The column was allowed to equilibrate for 30 minutes prior to

use. An overlay of the separations carried out 2C2and 62°C can be seen in Figure

4.3.

Response (mV)

o o o
[(e} [(e} [(e}
© © (e}
) &)} [e5)
L L L

0.992 4

ca(ll)  Ba(ll)

(@)

Mg(ll)
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Figure 4.3: Separation of Ca(ll), Mg(ll) and Ba(ll) at 2C (a) and 62C (b). All

chromatographic conditions as in Figure 4.1.
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As can be seen from Figure 4.3, an increase in temperatuiéerkin a decrease in
retention of all three metals cations. Previous studies haseshbwn a decrease in
retention of cations with an increase in temperature [143, B58in Table 4.2, an
increase in efficiency for all three cation was observed with increase in
temperature up to 67C. Decrease in retention factors of 7 % for Mg(ll), 11 % for
Ca(ll) and 15 % for Ba(ll) were observed. An increase in iefiy of 80 % was
observed for Mg(ll), 70 % for Ca(ll) and 50 % for Ba(ll) when temperature was
increased from 27C to 62°C. At ambient temperature, resolution of Mg(ll)/Ca(ll)
was not achieved (resolution of 1.25) however resolution for Cagili)Bwas
achieved (resolution of 1.53). Although an increase in efficiency achieved at

higher temperatures, baseline resolution was further commdmis

Rey et al. [154] observed a significant increase in efficiency withimgrease in
temperature, while observing a decrease in retention of comat@ng including
alkaline earth metals, using a CS12A (carboxylated and phosphontohatities)
with a methanesulfonic acid eluent. The authors reported imseims column
efficiency of 30 % for Mg(ll), 34 % for Ca(ll) and 35 % for Ba(when the
temperature was increased to’®0from 25°C . Decreases in retention factors of 13
% for Mg(ll), 19 % for Ca(ll) and 44 % for Ba(ll) were repedt. Increases in

efficiency were also noted by Hatsgisal.[143] with an increase in temperature.

Here, in this present work, increases in efficiency of 2@eaig(ll), 12 % for Ca(ll)
and 25 % for Sr(Il) were obtained when the temperature wasaised from 27C to

60 °C. Table 4.2 also contains peak width data, measured at 5@Rtpight. The
largest difference in peak width was observed for Ba(lhene a decrease from 0.48
mins at ambient temperature to 0.35 mins at®2 Differences in peak width for
Mg(ll) and Ca(ll), when the temperature was increased t&C6@ere minimal. To
determine if temperature (above 8&2) had a deleterious effect of the sulfonated
groups on the polymer monolith, the temperature was allowed to retlambient
temperature. A separation of the three cation standard nsixaraed out and no loss

of retention or efficiency was observed.
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Table 4.2: Chromatographic performance data obtained for the separatiba 8fcation standard mix using the SPM functionalised polymer
monolith. Chromatographic conditions: as in Figure 3.3.

Temp. N/m k Peak N/m Kk Res. Peak N/m k Res. Peak
(°C) width width width
Mg(l) Ca(ll) Ba(ll)
25 10,60( 1.€ 0.2¢ 10,90( 2.2 1.2F 0.3: 7,60( 2.€ 1.5% 0.4¢
29 12,700 1.8 0.28 13,100 2.2 1.24 0.31 9,600 2.94 1.57 0.45
33 15,100 1.77 0.27 16,300  2.29 1.34 0.29 10,200  2.93 1.62 0.43
39 16,200 1.76 0.25 16,100 2.20 1.34 0.32 10,000 2.86 1.55 0.45
45 16,300 1.77 0.26 15,900 2.19 1.32 0.30 10,900 2.85 1.58 0.42
52 17,00 1.8C 0.2t 16,30( 2.2t 1.37 0.3C 12,20  2.7¢ 1.3¢ 0.3¢
57 17,000 1.73 0.24 16,500 2.15 1.34 0.28 12,900 2.70 1.44 0.36
62 19,40C 1.67 0.2 18,70C  2.0<4 1.17 0.2¢ 12,80( 2.5¢ 1.3¢ 0.3¢
67 15,900 1.56 0.24 16,600 1.95 1.18 0.27 11,800 2.47 1.28 0.35
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The relationship between column temperature and retention can bibekdry the

van't Hoff equation (Equation 4.1).

Ink=- H/RT+ S/R+In Equation 4.1

wherek is the retention factor,H is the enthalpy change for the exchange reaction, R
is the universal gas constant, T is the temperatu8ds the entropy change ands
the column phase ratio (which is constant for a given colunfd)is assumed to be

constant, therefore the equation becomes:

k= - H/RT Equation 4.2

Plots of Ink versus 1/T should be linear and have a slope H/R [155]. Van't Hoff
plots were constructed for Ca(ll), Mg(ll) and Ba(ll). Postislopes for the three
metals were obtained indicating that the absorption process exhéitgtiermic
behaviour i.e. the retention of metals decreased with an indressmaperature [153].
From the linear regression data in Table 4.3, it isrdlet increasing the temperature
did not have the same effect on all three cations. The more Istretgined Ba(ll)
showed the largest van't Hoff slope in comparison to Ca(ll) ag@diMshowing that

the effects of temperature on the retention of Ba(ll)eweore pronounced.

Table 4.3: Linear regression data from van’t Hoff plots.

Slope Intercept R
Mg(Il) 56.53 0.07 0.97
ca(ll) 69.92 0.12 0.94
Ba(ll) 149.28 -0.02 0.96




Heats of adsorption generally do not exceed 3 kJ'mdien ion exchange is the
dominant separation mechanism [51]. In this present work, heatdsofption of -
0.45, - 0.58 and - 1.2 kJ mblfor Mg(ll), Ca(ll) and Ba(ll), respectively were
obtained (calculated from the linear regression data in BaB)eshowing exothermic
behaviour (a decrease in retention with an increase in tempmgraReullet al. [155]
obtained H values of -1.01 for Mg(ll) and — 0.46 for Ca(ll) using a dicarboeglat
polymeric cation exchanger and a Mmitric acid eluent. However, when a strong
electrolyte was added to the eluentl values significantly increased (17.32 for
Mg(ll) and 13.61 for Ca(ll)) showing that the ion exchange intemast were
suppressed and chelation became the dominant separation mechanism.
Kolpachnikovaet al. [129] obtained H values of - 8.5, - 8.6 and -9.1 kJ mdbr
Mg(ll), Ca(ll) and Ba(ll), respectively using a lyseisiica particulate column and
-1.1, - 1.1 and - 1.6 using a glutamic acid-silica particulatenen. In both cases a
weak perchloric acid eluent was used and under these eluenti@mndite authors
concluded that the dominant separation mechanism was ion exahamge the low
H values (as mentioned earlierH values do not exceed 3 kJ malhen ion

exchange is the dominant separation mechanism [51].

4.2.3.3 Effect of temperature on backpressure

As the temperature increases, the viscosity of the eldecreases, which in turn
reduces the backpressure of the system. Figure 4.4 shows afpiotreased
temperature versus back-pressure. The backpressure decreas&@ tvar at ambient
temperature to 34 bar at 6. An advantage of lowering the backpressure is the
ability to use higher flow-rates which reduces analysis dinidis was reported by
Chonget al [153] who showed that at 2T, run times of 8 minutes for nine alkali
and alkaline earth metals were obtained using a flow-ra@eQafL/min. However at

a temperature of 60C, a decrease in backpressure was obtained, allowing an
increased flow-rate of 1.3 mL/min to be used, this reducinguheime for the same

nine cations to 5 minutes.
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Figure 4.4: Plot of temperature versus backpressure showing linear ciome(&f =
0.99). Measurements obtained using the caplC system witlathkeressure noted as

the temperature of the column heater was increased.

4.3 Conclusion

In this present work, a BuM#&o-EDMA monolith was functionalised with 3-
sulphopropyl methacrylate (SPM) and applied to the separation dinalkearth
metals (calcium, magnesium and barium) using indirect UV tletecTemperature
studies were carried out using a novel, inexpensive capilladehwith calibration
data showing reproducible temperatures at the particular appliedj@oVan’t Hoff
plots showed that the absorption process was exothermic (decreasention with
an increase in temperature) and calculated heats of adsorptioredstibat ion
exchange was the dominant separation mechanism. A decrdaasekipressure was
also observed using higher temperature which would allow for theofusenger
columns or faster flow rates. This work demonstrates the usen ah-Aouse

constructed caplC system which incorporated an inexpensiv&@acapolumn heater.

Further work is required on the functionalisation procedure repirténis Chapter to
produce polymer monoliths exhibiting higher capacities. Increasingtieentration
of the SPM during the photo-grafting of the polymer monolith or inargathe
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photo-grafting irradiation time are some of the conditions shaiuld improve the

surface coverage of poly(SPM).

14¢



Chapter 5.0:

Separation of selected transition metals by chelatn ion
chromatography using acetyl-iminodiacetic acid modied
polymer monoliths




5.1 Introduction

Chelation ion chromatography (CIC) for the determination of megdions in
complex samples has received considerable attention over theutaber of years.
For the successful separation of metal cations using CIC, icloetdaitionary phases
must exhibit high hydrolytic stability, the complexes formed shdaddkinetically
labile and the chelating ligand should be chemically stable in dodevithstand
changes in eluent composition, pH and ionic strength [51, 160]. The afiizstnt
separations of metals ions on chelating stationary phases faigveat when the
chelating exchangers are negatively charged or have agiitidnal groups, such as

iminodiacetic acid (IDA).

Although the surface area of silica monoliths is greater tham polymer based
counterparts, at low pH, the silylether bond is hydrolysed andeasltlents used in
CIC are mainly acidic, this can lead to a loss of the bondaddigThe aim of this
work was to surface modify polymer monoliths with a chelatiggrid to produce
capillary chelation ion exchangers. The resultant monoliths wemied to the

chromatographic separations of selected metal cations. Temmgestudies were
carried out using an in-house constructed capillary column heatenovel

combination of on-column 1 detection and UV-Vis detection (following the

reaction of the eluted metals with PAR) is also presknte

5.2 Results and discussion
5.2.1 Fabrication of acetylimino-diacetic acid (AIDA) modifed monoliths.

The main requirement for the base monolith used in this work istiibgtcontain
abstractable hydrogen’s, on the monolith surface, they exhibit sufficUV
transparency as the process of surface modification of the poiyoraslith is carried
out using UV processes and they exhibit suitable pore morphologhef@eparation
of small molecules. LMA was chosen as the monomer in the ntlorfabrication as
work carried out by Collingt al. [144] demonstrated suitable pore morphology for

the reversed phase separation of small molecules (toluene,besthghe,
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propylbenzene, butylbenzene, and pentylbenzene). Following the fabricdtthe
LMA -co-EDMA polymer monolith, benzophenone was immobilised onto the surface
of the monolith by a process of hydrogen abstraction, which favourgréfngh of
poly(VAL) chains from the surface of the monolith structure [102].1P6e presence

of the poly(VAL) grafts allowed for the covalent attachment ofAIDIDA
immobilised via the amine groups of the poly(VAL) produced AIDA fioral
groups, a new method for the retention of metal ions using chelaton

chromatography.

5.2.2 Retention of transition and heavy metals using the AIDAmmobilised

polymer monolith

The retention of selected transition and heavy metals was susliegilVAL15a (see
Table 5.1), where an elution order of Mn(ll) = Co(ll) = Ni(®)zZn(Il) < Cd(ll) <
Cu(ll) was obtained using a 0.1MnHNO; eluent. Retention factors of 3.8 were
obtained for Mn(ll), Co(ll) and Ni(ll), with Zn(Il) exhibiting & value of 4.1, Cd(ll)
of 6.4 and Cu(ll) of 12.8. This was a same elution order obtaindghbynet al.
[52] using a ProPac IMAC-10 analytical column (10 um polymeric beaat®d with
a poly(acrylate) layer with covalently attached poly-IDAyps. Using a 0.25 kh
nitric acid eluent, the authors obtained an elution order of Mn(Redl) < Co(ll) <
Zn(ll) < Cd(I), however Pb(ll) and Cu(ll) were retained > 3 Iwoat this eluent
concentration. Interestingly, the selectivity exhibited by AMBA monolith in this
work and that reported by Barrat al. [52] was different to that exhibited by other
IDA stationary phases. Sugru al. [126] reported an elution order of Mn(ll) <
Co(ll) < Cd(ll) << Zn(ll) <<< Cu(ll) using a silica monolith column with
immobilised IDA functionalities. The authors used an eluent comgrizf 0.065M
KNO3 and 0.035V KCI. The order of elution showed a reversal in elution ofi X
and Cd(ll) when compared to the AIDA polymer monolith in this work, Wwhi@s
due to the tendency of the chloride ions in the eluent, used byesetgal. [126], to
form chloro complexes with Cd(Il) in comparison to Zn(ll). Barren al. [52]
observed a selectivity change for Cd(ll) and Zn(ll) when the istriength of the
eluent was increased (eluent comprising of 0.R5IHNO; and 7.5 iVl KCI). Using a
column packed with 5 um spherical IDA bonded silica particles (@B0Ox 4 mm
I.D.), Jonest al [161] observed an elution order of Mn(ll) < Co(ll) < Cd(ll) < En(
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with an 8 nM nitric acid eluent, an elution order similar to that obtdibg Sugrueet
al. [126]. Due to the use on’D detection in the work in this thesis, the use of high

ionic strength eluents was not possible.

In the work in this thesis, the change in the elution order ofl)Cat{d Zn(ll) and the
weak retention of Ni(ll) and Cu(ll) may be connected with the dmution to
retention of cation exchange under the dilute nitric acid eluentitcndised. This
change in selectivity may also be due to the presence atittbonyl group next to the
nitrogen atom in the attached AIDA ligand on the poly(VAL) grate carbonyl
groups located in this position should decrease the electron densitg oitrbgen
and reduce its capabilities to coordinate transition metaté, as Ni(ll), Zn(ll) and

Cu(ll), which have a high selectivity for coordination withrogen.

5.2.3 Effect of eluent concentration on the selectivity angtention of various

transition and heavy metals.

IDA immobilised on the surface of a substrate has the yahiliform kinetically labile
surface complexes with metal ions and retention depends on thetystabithe
complexes formed. As the stability constants for metals WRifhdre not excessively
high, strong eluents are generally not required for their Sapargdl42].
Chromatographic performance data for a range of transition ang hestals, using
VAL15a was obtained. This analysis was performed on the capténsykescribed in
Section 2.1.3 using on-column’l detection. Using weak nitric acid eluents, the
effect of eluent concentration on the retention of 6 transiti@hfeeavy metals was
investigated. The concentration of the nitric acid elwead varied from 0.2 M (pH

3.7) to 0.4 MM (pH 3.3) Increasing the concentration of the eluent resulted in a
decrease in the pH. As the chelating ligand in this work (IBAS conjugate base of

a weak acid, the chelating ligand will have a strong ayfifior hydrogen ions
therefore, changes in pH will affect the association/disgoniaof the metals
complexes formed on the stationary phase surface [142, 162]. Tab#&hdwys the
chromatographic performance data obtained when the eluent conoentveds
increased from 0.2 M to 0.4 nM nitric acid. From this data, an increase in the eluent
concentration resulted in a decrease in retention of allsstudied. As the pH of the

eluent affects the degree of dissociation of the immasalli chelating ligand, a
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decrease in the eluent pH induces protonation of the functional gacagable on

the stationary phase surface [51, 162].

Table 5.1: Chromatographic performance data for transition and heavy metals
obtained by varying eluent pH. Chromatographic conditions: Elueatm¥ — 0.4
mM nitric acid, column: VAL15a (250 mm x 100 pum I.D), injectioslume: 20 nL,

detection: on-column 1D, flow-rate: 1 pL/min.

Eluent conc Metal N/ k Asy Peak
(HNO; mM) | (conc., mg/L) width
0.2 (pH 3.70)| Mn(Il) (0.5) 4,700 3.81 1.14 0.33
0.3 (pH 3.57) 3,700 2.11 1.10 0.23
0.4 (pH 3.31) 4,400 1.39 1.23 0.17
0.2 Ni(l)  (5) 4.,00( 3.7 1.61 0.3t
0.z 4,25( 2.0¢ 1.24 0.21
04 4,35( 1.41 1.2t 0.1¢
0.2 zZn(Il) (5) 1,850 413 1.64 0.55
0.3 3,300 2.14 1.31 0.24
0.4 3,500 1.51 1.42 0.19
0.2 Co(Il) (5) 5,150 3.81 1.09 0.32
0.3 4,400 1.99 1.24 0.20
0.4 4,20( 1.3¢ 1.3 0.1¢
0.2 cd(n (5) 3,900 6.39 1.12 0.56
0.3 3,450 3.08 1.19 0.30
0.4 3,200 2.08 1.32 0.24
0.2 Cu(ll) (5) 3,200 12.84 1.19 1.12
0.3 2,350 5.74 1.27 0.60
0.4 2,300 3.81 1.32 0.44

A decrease in pH led to reductions in peak width for all mataldied. Decreases in
peak width of > 47 % were obtained for all metals studiedh Wit(ll) showing
improvements in peak width of 65 % when 0.Mmitric acid was used as the eluent
in comparison to 0.2 M. A decrease ik of ~ 65 % was noted for all metals studied,

with a decrease in pH

In all cases, narrower peaks were obtained for all met#tsandecrease in eluent pH,
however, increases in peak tailing were observed with thepéga of Ni(ll) and

Zn(ll), where decreases in peak tailing were noted. A dsergmaeluent pH resulted
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in a decrease in efficiency of Mn(ll), Co(ll), Cd(Il) and @ugvhich correlated with
increases in peak tailing. Ni(ll) and Zn(Il) showed decreaspsgak tailing of 22 %
and 13 % respectively, with a decrease in eluent pH, asaselin increase in

efficiency.

Plots of - log [HNQ] versus logk were linear as shown in Figure 5.1%(Rlues >
0.99) and changes in selectivity of the 6 metals were mininealtbe range of eluent
concentrations studied. Slopes ranging from 1.4 for Zn(Il) and Ni(l1)8 for Cu(ll)
were obtained. In theory, the slopes should be proportional twthber of protons
replaced by each metal complex formed with the immobilised ligaad 163].
Divalent metal cations, such as the metals used in this Viark, metal complexes
with the chelating ligand IDA with the release of two protonsp&é obtained for
Cd(ll) and Cu(ll) were 1.7 and 1.8 respectively and were in brgeeement with a
slope of two for the formation of surface metals complexes Wit Zn(Il), Mn(ll),
Co(Il) and Ni(ll) showed slopes between 1.4 and 1.5.

1.2

1,

0.8 -

J.6

Logk

0.4 -

0.2 -

0 T T T T T T
0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

-log [HNG]

Figure 5.1: Plots of - log [HNG@] versus logk for the 6 metals studied where=
Co(Il), =Mn(l), =Ni(l), =2zn(ll), =Cd(l) and = Cu(ll). Chromatographic
conditions: Eluent: 0.2 — 0.4vhnitric acid, all other conditions as in Table 5.1.
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5.2.4 Separation of metal cations, using the caplC system, inporating

simultaneous on-column ¢D detection and UV-Vis detection

Improvements in sensitivity using HPCIC can be obtained withutte of PCR
chemistry. PAR is one of the most widely used PCRemsgor transition and heavy
metal analysis [130, 133]. The use of post-column mixing presentsdecatse
difficulty when used at capillary scale as the incorporatioa BICR mixer increases
the system dead volume resulting in band broadening and subsecadodlg in

efficiency.

From the retention data in Table 5.2, a difference irklaetors of Mn(ll), Cd(Il) and
Cu(ll) should allow their separation using the AIDA polymer monolitierefore a
standard mix containing Mn(ll), Cd(ll) and Cu(ll) was preparedhe T
chromatographic separation of the metal mixture was performeukoraplC system
described in Section 2.1.3. This system set-up allowed foragiagem of metals using

simultaneous conductivity and UV-Vis detection.

Figure 5.2 shows a separation of Mn(ll), Cd(ll) and Cu(ll) usingukaneous on-
column CD detection (a) and UV-Vis detection (b). Chromatographicoperdince
data was obtained and can be seen in Table 5.2. An increasention was observed
using UV-Vis detection, which was due to the incorporation of thegmstan mixer
as well as the increase in effective column length (usingpamym C'D detection the
effective column length was 250 mm, which increased to 280 mm usihg U
detection) A decrease in efficiency was observed with UVeéiection, due to an
increase in peak width caused by extra column broadening associdtetievpost-
column reaction mixing device as well as the MicroTight uniong s volume of 17
nL) required in the system set-up. An increase in extrargokolume (from the end
of the column to the UV detector flow-cell) of 134 nL wakakated.

15t



Table 5.2: Chromatographic performance data showing the direct comparison of on-

column CD detection with UV-Vis detection for the separation of 5 ppm NIn{0
ppm Cd(Il) and 10 ppm Cu(ll). Chromatographic conditions: Eluent: 0/2HNOs,
all other chromatographic conditions as in Table 5.1.

Metal | Detectior N/m  Retentior Asy k Res Peak
time width
(mins)
Mn(ll) | CD 3,90( 3.6( 1.57 4.0 - 0.2¢
UV-Vis 2,10¢ 6.0¢ 1.7¢ -* - 0.5¢
cd(l | Cc'D 3,600 5.83 1.14 6.74 3.45 0.48
UV-Vis 2,400 9.25 1.45 -* 2.65 0.84
Cu(ll) | C'D 2,650 10.28 1.15 12.84 3.64 0.97
UV-Vis 2,700 14.98 0.97 -* 3.19 1.27

-* k value not obtained due to the absence ofid peak.
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Figure 5.2: (a) Separation of 5 ppm Mn(ll), 10 ppm Cd(ll) and 10 ppm Cu(ll) usifiy @tection. Chromatographic conditions: Column:
VAL15a, eluent: 0.2 M nitric acid, flow-rate: 1 pL/min, column length: 250 mm x 100 pn,linjection volume: 20 nL. (b): Same separation
using simultaneous post column reaction and UV-Vis detectionon@tographic conditions: Eluent: 0.2vmitric acid, PCR: 0.15 M PAR

in 0.5M ammonia, pH = 10.4, PCR flow-rate: 1uL/min, all other conditems Table 5.1.
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The extra column tubing associated with the post-column magiah impact on the
peak width (increase of ~ 50 % in the case of Mn(ll) and Qu(icreased peak
tailing was noted, using UV-Vis detection in comparison 1 @xcept in the case of
Cu(ll), however this result may have suffered from interfees from the pump
noise). As seen from Table 5.2, an increase in the pealgtaihd peak width, using
PCR and UV-Vis detection, led to a decrease in the resolufidheothree peaks.
From Table 5.2, it appeared thatDCdetection was a superior detection device in
comparison to UV-Vis detection. Faster elution times and imprpeadt shape were
observed. However, chromatographic performance using UV-Vistdeienay have
been improved using fully optimised PCR conditions. As can be fsg@nFigure
5.2(b), a significant amount of pump noise was present. Accordinghdo t
manufacturers, these pumps are suitable for use at flog-ra00 pL/min and a
flow-rate of 1 pL/minute were outside the recommended workingeta@ge major
advantage of using on-columr'IT is the simplicity of the overall system set-up.
Extra hardware, such as post-column mixers and extra pumps forideglittee PCR
reagent were not required. As the two high pressure eluent pisegsn the caplC
system were not suitable for use in this work, all future workrev2D and UV-Vis
were employed as the detection modes were carried out usirgjahex Ultimate
3000 capillary ion chromatography system which incorporated a seRmrkx
capillary pump for delivery of the PCR reagent.

5.2.5 Repeatability of functionalisation procedure.

The repeatability of the functionalisation procedure for attachmkttie chelating
ligand onto the surface of the monolith was investigated. Two {dd&£DMA
monoliths (denoted monoliths VAL15b and VAL15c) were fabricated and
functionalised using the procedure described in Section 2.2.2.3raSeps of the
three metals previously shown in Figure 5.2, were again daoté using VAL15b
and VAL15c and performance data compared (Table 5.3). Cledffisredces ink

can be seen from the separation of Mn(ll), Cd(ll) and Culidws in Figure 5.2(a)
(denoted VAL15a) and the same separation using VAL15b and VAL15c (BdQixe
VAL15a had an effective column length of 250 mm and VAL15b and VAL15c had
effective column lengths of 280 mm. kAvalue of 4.01, 6.74 and 12.84 were obtained
for Mn(ll), Cd(ll) and Cu(ll) using VAL15a. Table 5.3 showe thdata obtained for
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VAL15b and VAL15c. During the fabrication of the AIDA polymer monolitkise
following observation was noted; the backpressure exhibited by VAL1bg tise

0.2 mM HNO; eluent was 140 bar at 1 plL/min whereas the backpressures fo
VAL15b and VAL15c using the same conditions were 76 bar and 79 bar,
respectively. The higher backpressure observed for VAL15a indidaéduring the
polymerisation of the polymer monolith, smaller flow-through pavese formed in

the monolith structure in comparison to VAL15b and VAL15c, therefondtieg in

an increased surface area of VAL15a. This increased surfaeaewauld result in
increased sites available for the photo-grafting of benzophenone, whiaim would
result in an increase in the overall complexation capadityAL15a, following the
covalent attachment of IDA. The increase in complexation cgpaould result in an
increase in the retention of all metals, which was obsewlen compared to
VAL15b and VAL15c. As all other columns prepared during the completichis
study exhibited similak data to VAL15b and VALS5c, it can be concluded that an
error may have occurred during the fabrication of VAL15a. This heaye been
incorrect monomer/porogen ratios during the preparation of the pabatien
mixture or an increase in the UV grafting time during the polyratos of the
monolith.

Table 5.3: Chromatographic performance data obtained from the separafidhs
ppm Mn(Il), 10 ppm Cd(ll) and 10ppm Cu(ll). Chromatographic conditions:riElue
0.2 mM nitric acid, all other conditions as in Table 5.1.

Monolith | Metal k Asy N/rr Res peak
width

VAL15a | Mn(ll) 4.01 1.57 3,90( 8.14 0.2¢
Cd(n 6.74 1.14 3,600 3.45 0.48

Cu(ll) 12.84 1.15 2,700 3.64 0.97

VAL15b | Mn(ll) 0.86 1.17 4,900 6.25 0.21
Cd(I 1.4 1.08 4,700 2.35 0.28

Cu(ll) 2.€ 1.1 2,90( 3.12 0.54

VAL15c | Mn(ll) 0.8¢ 1.2¢ 5,00( 6.47 0.21
Cd(l 1.46 1.13 4,300 2.32 0.30

Cu(ll) 2.73 1.16 2,700 3.06 0.57




Figure 5.3 shows an overlay of separations of Mn(ll), Cdéid Cu(ll) using
VAL15b and VAL15c. Differences ik of < 4 % were observed between VAL15b
and VAL15c for Mn(Il) and Cd(ll), with the later eluting Cu(#xhibiting the largest
difference ink (5 %). VAL15b showed an improved efficiency over VAL15c for
Cd(Il) and Cu(ll) which correlates with improvements in peakrasgtry whereas a
difference in efficiency of 2 % was observed for Mn(ll). Ather chromatographic

data was comparable.
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Figure 5.3: Overlay of chromatograms obtained for the separation of 5 ppm Mn(ll)
10ppm Cd(ll) and 10ppm Cu(ll) using VAL15b and VAL15c. Chromatographic
conditions: Eluent: 0.2 mM HNgall other conditions as in Table 5.1.

5.2.6 Temperature studies

5.2.6.1 Development and calibration of capillary column heater

A capillary column heater was constructed as described ino8eztl.5.3 using a
flexible heating tape which emits heat when voltage is applibd. column heater
was calibrated by applying increased voltage and recordingrtipgetature increase.
Figure 5.4 shows a calibration plot, including error bars, shothiagfor an applied

voltage the temperature increase was reproduaibte), with % RSD values < 0.8
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% for all voltages tested. The separation column was plasatkithe column heater
and the use of zero dead volume unions on either end of the separatiom col
ensured that the column was not in physical contact with any pdmt dietating tape,
therefore avoiding any associated local temperature gradidre®nds of the column
heater were plugged to minimise heat loss. The resultankacgm@iblumn heater was

inexpensive to prepare and was easily incorporated into the clognagaity system.
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Figure 5.4: Calibration plot of applied voltage (V) versus temperatd@® for the

capillary column heater.

5.2.6.2 Effect of temperature on separation performance.

It has been shown previously that an increase in retention is othseithiean increase

in temperature when chelation is the dominant separationanisoh [52, 130, 142,
155]. Using a Dionex Ultimate 3000 capillary chromatography systemeffieet of
column temperature on retention of Mn(ll), Cd(ll) and Cu(ll) wasestigated. The
AIDA polymer monolith was placed inside the capillary column éredn this case,
off-column C'D was used as the AIDA polymer monolith was housed inside the
capillary heater. Figure 5.5 shows the chromatograms obtain¢ldef@eparations of
the metals carried out at 24, 34, 43 andG3Temperature analysis was carried out
using VAL15b.
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Figure 5.5: Overlay of chromatograms showing the effect of temperatumretention
where (a) = 54°C, (b) = 43°C, (c) = 34°C and (d) = 24°C. Chromatographic
conditions: column length: 230 mm x 100 pm I.D., eluent: OM nitric acid, all

other conditions as in Table 5.1.

Table 5.4 shows the chromatographic performance data obtained &ephmtions
of Mn(ll), Cd(ll) and Cu(ll) at the four selected temperatur@d(ll) and Cu(ll)
exhibited endothermic behaviour (an increase in retention with anasere
temperature), indicating the chelation was the dominant separaggchanism. A
decrease in retention with an increase in temperature wasvetdsfor Mn(ll) which
was indicative of ion-exchange being the dominant separation nigchahdecrease
in k of 8 % was observed for Mn(ll) while an increasekiaf 22 % and 50 % was
obtained for Cd(ll) and Cu(ll) respectively when the tempeeatwas increased from
24 °C to 53°C. This clearly shows that increasing the temperature ditiavat the
same effect on all three metals.

In all cases, peak asymmetries > 4.0 were observed for Mskibwing significant
tailing. Peak tailing was also observed for Cd(ll) and Cu@dbhough to a lesser
extent than Mn(ll) (peak asymmetries > 2.0 in all casese ificrease in peak width

and peak asymmetry (in comparison to the results shown in Table&s3jus to the
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use of a 0.1 M nitric acid eluent. An increase in the eluent pH resulieghiincrease
in the dissociation of the carboxylic acid groups on the IDA strucprmlucing an
increase in the conditional stability constants of the surfaetal complexes. An
increase in the conditional stability constants results in@ease in retention, which
in this case, led to an increase in peak width and asymmveey compared to the
chromatographic performance data obtained for the separations d§,Ndul(ll) and

Cu(ll) using a 0.2 el nitric acid eluent, shown in Table 5.3 above.

Table 5.4: Chromatographic performance obtained for the separation of Mn(ll
Cd(ll) and Cu(ll) with increasing column temperature. Chromapbgecaconditions:
Column: VAL15b, eluent: 0.1 mM HNS$ effective column length: 230 mm x 100

pm 1.D., all other conditions as in Table 5.1.

Column | Metal k N/rr Asy Res. peak
temp {C) width
23 Mn(ll)  1.90 1,350 4.4 3.6 1.27
Cd(Il 3.53 2,750 2.2 2.4 1.37
Cu(ll) 6.14 3,350 2.0 3.0 1.98
34 Mn(I1) 1.8t 1,30(C 4.¢ 3.€ 1.2¢€
Cd(n 3.7¢ 3,10(¢ 2.5 2.8 1.3¢
Cu(ll) 6.9¢ 4,35( 2.C 3.8 1.9¢
43 Mn(ll) 1.81 1,150 4.9 3.4 1.32
Cd(n 3.96 3,400 2.8 3.0 1.39
Cu(ll) 7.82 4,000 2.7 4.1 2.24
54 Mn(Il) 1.78 80C 4.3 3.C 1.52
Cd(Il 4.32 3,15( 2.4 3.2 1.5C
Cu(ln 9.1 3,75( 2.€ 4.4 2.5¢

From Table 5.4, a decrease in efficiency of 30 % for Mn(Hpswbserved with an
increase in temperature, whereas Cd(ll) showed increasetumre efficiency of 19

% when the temperature was increased frofC2# 43°C, followed by a decrease of
7 % when the temperature was further increased t¥C54A column efficiency of
4,350 N/m was reported for Cu(ll) at 3@, an increase of 23 % when compared to

analysis carried out at 28. At temperatures above 38, Cu(ll) showed a decrease
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in column efficiency of 14 %. A 25 % increase in resoluti@ween Mn(ll) and
Cd(ll) was observed with an increase in temperature whil2 &6 increase in
resolution was observed for Cd(Il) and Zn(ll). While the use raptrature improved

column efficiency for Cd(Il) and Cu(ll), increases in analysigime were observed.

Van't Hoff plots which relate changes in retention to changesliimn temperature
were plotted and can be seen in Figure 5.6. As mentioned preyiousiasing the
temperature did not have the same effect on all three métalk is evident from the
slopes of each metal obtained from the van't Hoff plots (Talsle S\egative slopes
of -571 and -272 were obtained for Cu(ll) and Cd(ll) respectivelyothsinating that
the sorption process was endothermic. A positive slope of +13loktaged for
Mn(ll), demonstrating that the sorption process in this caseewaihiermic. Cu(ll)
exhibited the largest slope value, showing that the effect gfdeature on Cu(ll) was
more pronounced than Cd(Il) and Mn(ll). A similar trend was also wbeddyy Bashir
et al. [130]. Using an IDA-silica packed analytical column (240 x 4 mm |
authors noted that Zn(ll) and Co(ll), the more strongly retainetnions exhibited
more rapid responses to increases in temperature in comparisun rfote weakly
retained metals such as Mn(ll). The effects of temperainrthe retention of Cd(ll)
were less pronounced than Zn(ll) and Co(ll) and the authors concludethé¢hat
effects of temperature on Cd(ll) may have been more signifid a non-chloride
eluent was used. Bastlat al. [130] did observe an increase in the retention of Mn(ll)

with an increase in temperature. In this work the opposteobserved.
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Figure 5.6: Van't Hoff plots constructed for Mn(ll) §, Cd(ll) ( ) and Cu(ll) ()

demonstrating that for Cu(ll) and Cd(ll), the sorption process exdieixethermic
behaviour and for Mn(ll) the sorption process exhibited endothermiwioeina

Table 5.5: Linear regression data from van’t Hoff plots.

Slope Intercept R
Mn(I 131 20.16 0.89
o)) 272 1.46 0.93
cu(ll) 571 2.71 0.99
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Heats of adsorption {H) were calculated and can be seen in Table 5.6. Genenally,
chromatographic systems where chelation in the dominant separatramsm,
heats of adsorption {) are higher than those observed for simple ion-exchange
mechanisms and heats of absorption obtained for ion exchange sepatatioot
exceed 3 kJ mdi[51]. In Chapter 4.0, temperature studies were carriedising a
sulfonated functionalised polymer monolith which was used for dheekchange
separation of the alkaline earth metals Ca(ll), Mg(hdl 8a(ll). Heats of absorption
( H) were calculated to be -0.45, -0.58 and -1.2 for Mg(ll), Cadhgd Ba(ll)
respectively. An increase in temperature resulted in aedse in retention for all
alkaline earth metals studied using the sulfonated polymer mondiithhis work,
heats of adsorption were 4.75 kJ ho2.26 kJ mot and -1.87 kJ mdi for Cu(ll),
Cd(ll) and Mn(ll) respectively. As mentioned earlier, Mn(@xhibited exothermic

behaviour and H was lower than that obtained for Cd(Il) and Cu(ll).

Table 5.6 also showsH values obtained using separation columns with various
ionogenic functional groups. In the case of [52] and [131], K&$ wdded to the
eluent to suppress ion exchange interactions and allow chelationthe beminant
separation mechanism. Paetlal [131] obtained H values of 0.84 for Cd(ll) using

a silica based IDA column andH values of 3.78 using the sulfonated polymeric resin
(CS10) column. Barroret al. [52] obtained H value of 2.5 for Cd(ll) using an
polymer based IDA resin while Eleftore¥ al.[162] obtained H values for Cd(ll) of
3.95, using a glutamic acid-bonded column. Glutamic acid is an aroarbdiylic
acid which can form complexes with metal cations through thegeitr and oxygen
atoms. NaCl@was used as the eluent to suppress ion exchange and allow chelation
become the dominant separation mechanism. Although the heats of iadsorpt
obtained for Cd(ll) are comparable to those obtained by Baall [131], Barronet

al. [52] and Eleftorowvet al. [162], in this present work a decrease in retention was
observed for Mn(ll) with an increase in temperature. The loatate polymeric
resin (PRP-X800) exhibited higheH values in comparison to the carboxylated resin
(CS14) due to an increase in the number of available carboxylic gavagable for

the formation of surface metal complexes.
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Table 5.6: Comparison of heats of adsorptiorH) on various analytical columns

Column IDA-polymer ProPac-IMAC CS10([131] CS14[131] PRP-X800 Silica-IDA  Glutamic
monolith [52] (Sulphonated (Carboxylated [131] [131] acid-bonded
LMA-co-EDMA  (poly-IDA polymeric polymeric (Polymeric silica [162]
, , cation cation :
(Current study) functionalised dicarboxylate .
exchange) exchange) . (5 um particle
polymer 10 pum cation )
) size)
resin) exchange)
Column 230 mm x 100 pm 50 x 2 mm 250 x 4 mm 250 x4 mm 150 x 4 mm 250 x4 mm 100 x 4.6 mm
dimensions I.D.
Eluent 0.1 nV HNOs 0.25 nM HNO; 100 mM 1.5mMMHNO; 0.3mM 10 mM 0.2M NaClO
—10 nM KCI HNO3; - 100 - 20 nM KCI HNO; — 20 HNO3;—-20 (pH 4.0)
mM KCI mM KCI mM KCI
Mn(Il) -1.87 8.3 6.95 4.02 10.59 0.73 3.01
Cd(I) 2.26 2.5 3.78 5.07 12.19 0.84 3.95
Cu(ll) 4.75 - - - - - -




5.2.7 Increasing complexation capacity of immobilised chelatinggnd.

The advantages of the method of functionalisation carried out invthis i.e. post-
polymerisation, have been highlighted in a review by Nordborg alugHi2]. The
separation of the monolith fabrication procedures and the surfacgohalisation
methods allows each of the processes to be optimised independdinthing for
changes to be made to the overall complexation capacity of ibé& Aonolith,
without re-optimisation of the entire monolith fabrication procedure. inkrease in
the photo-grafted density of poly(VAL) should lead to an increagberdensity of
the chelating ligand on the surface of the monolith. To invdstid@s, 4 monoliths
were prepared according to Table 2.1 with increased phottedrdénsity of VAL
(denoted VAL15c, VAL20, VAL25 and VAL30). In each case, the conceobsiof

benzophenone and IDA were kept constant.

5.2.7.1 Scanning ¢D

Sugrueet al.[125, 126] modified a commercially available silica monoliitthWwDA.
The authors evaluated the surface coverage of the immobilised lajong the entire
length of the monolith using atomic absorption spectroscopy (AAS)vithail
sections of the silica monolith were saturated with Cuisbwed by washing with
deionised water. The copper was desorbed using nitric acid (M and the
concentration of copper was determined using AAS. This method wapassjble
by destruction of the monolith and could only be carried out at the etine ctudy.
Since its inception as a detection device in capillary epbtresis in 1998 [36'D
has grown in popularity, expanding into the fields of liquid chromatogrgbGy.
More recently, the ability to place the detector cell aious positions along the
analytical column led researchers to investigate the nrdbon to be gained by
scanning the entire length of the column. The applications ohsm CD within
capillary chromatography have been highlighted in a recent réae@onnollyet al.
[45].
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In this present work, scanning’® was employed as a non-destructive method to
visualise axial homogeneity of the IDA ligand density alongdhtre length of the
column. By scanning the monolith before (i.e. the un-functionalised mtonahd
after immobilisation of IDA using an ethanolamine buffer (pH %8}Jear change in
the conductive response indicated the successful immobilisatidBAofonto the

surface of each of the 4 monoliths.

Figure 5.7(a) depicts a typical scannintp@rofile (VAL20) showing the increase in
conductive response following the modification of the polymer monwiithh AIDA.
Figure 5.7(b) shows an overlay of corrected scannifig @rofiles obtained for
VAL15c, VAL20, VAL25 and VAL3O (i.e. the profiles were obtained mpsacting
the conductive response obtained after modification of IDA fronstisequent base
monolith scan carried out prior to surface modification). Irs®eain conductive
response indicated that an increase in the poly(VAL) conceriratiiring photo-
grafting, resulted in an increase in the number of sitesadailfor the covalent
attachment of IDA. Gillespiet al.[100] also used scannind@to show an increase
in conductivity using polymer monoliths photo-grafted with increasomcentrations

of 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS).

Finally, the scanning  profiles also demonstrated an axial homogeneous
distribution of the chelating ligand for each monolith with % R@Blculated from

the conductive response obtained at each 2 mm incrementBd¥o all monoliths
scanned. An anomaly in conductivity was observed at the head ofothmrc
(between 3 and 4 cm) with VAL25. The average conductivity of tke4ipoints was
774 mV, a decrease in conductivity of 11 % when compared with thegeve
conductivity obtained between 5 cm and 9 cm. The use of sca@ffingechniques

in this work ensured that the monoliths could be profiled prior to any

chromatographic applications as destruction of the monolith wasreguired.
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Figure 5.7: (a) Scanning ¢D profiles obtained using a 1Nhethanolamine buffer pH
= 9.8 for VAL20 where () is the scan of the un-modified polymer monolith ang (
is the scan following modification with IDA. (b): ScannindDCprofiles where ()
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5.2.7.2 Effect of increasing the chelation capacity on the tention of selected

metals.

The effect of increasing the complexation capacity on thentien time of various
metals was investigated using the modified polymer monoliths avitbolumn CD
detection. Using a 0.1 Mh nitric acid eluent, increases kwere obtained for all
metals when the complexation capacity was increased. Taflesiows the
chromatographic performance data for the AIDA polymer monolithk imcreased
complexation capacity. With VAL15c, retention of Mn(ll), Co(INi(ll) and Zn(ll)
was not achieved. VAL20 exhibited similervalues for Mn(ll), Cd(ll), Co(ll) and
Zn(ll). However, Mn(ll) was retained using VAL20 and resolfrn Cd(ll) which

was not achieved using VAL15c.

All polymer monoliths showed poor peak shape for Zn(ll), with peak amtnes
> 4 in all cases. Co(ll) exhibited a decrease in columniefity of 13 % from
VAL15c to VAL30, while an increase in efficiency of 25 % wasted for Cu(ll).
Although Cu(ll) showed an improvement in column efficiency using VAL3O0,
increases in peak width (80 %) were obtained using a Mhitnic acid eluent due to
the increase in the chelation capacity of the column. Dubetancreased capacity
exhibited by VAL30, a stronger eluent (0.MMHNOs) was required for the elution of

the metal cations.
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Table 5.7: Chromatographic performance data for 6 metals using IDA modified
polymer monoliths with increasing complexation capacity. Chromagtbgra
conditions: eluent: 0.1 M nitric acid, metal concentrations: 1 mg/L, all other
conditions as in Table 5.1.

Monolith Metal k N/rr Asy Peak
width
VAL15c Mn(Il) - - - -
Co(ll) - - - -
Ni(11) - - - -
Zn(Il) - - - -
Cd(Il) 0.85 3,300 0.79 0.26
Cu(ll) 6.8¢ 3,48( 0.77 1.4F
VAL20 Mn(Il) 2.8 1,65( 2.4¢ 0.&
Co(ll) 2.9 1,740 4.11 0.82
Ni(ll) 2.96 1,510 1.65 0.88
Zn(Il) 3.36 956 4.33 1.22
Cd(lr) 5.63 3,245 1.61 0.97
Cu(ll) 11.76 2,990 1.65 1.97
VAL25 Mn(ll) 3.44 58C 1t 3.1¢
Co(ll) 5.01 46C 1.1t 2.07
Ni(ll) 3.79 540 1.13 3.77
Zn(Il) 5.23 1,500 0.97 2.96
Cd(n 9.93 2,920 1.4 3.5
Cu(ll) 23.5 3,780 1.29 6.85
VAL30 Mn(Il) 8.2¢ 1,08¢ 6.0¢ 2.71
Co(ll) 11.0z 1,25¢ 7.8¢€ 4.2¢
Ni(ll) 11.00 2,27( 8.€ 3.0¢
Zn(ll)  12.43 555 4.37 5.04
Cd(n 2114 2,875 5.85 4.66
Cu(ll) 45.22 4,640 5.25 7.25

- not retained
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5.2.8 Separations of selected metals using simultaneous @hsenn C*D and
UV-Vis detection.

An open tubular post-column mixer was prepared using fused siliciacagd5 pum
X 17 cm, internal volume 89 nL). Figure 5.8 shows the systerapsated for the
separation of Mn(ll), Cd(ll) and Cu(ll) incorporating on-columfDQetection and
UV-Vis detection following reaction of the column eluate with PAR T-piece was
used to allow mixing of the eluted metals with the PCR.

/;o UV-Vis

detector

<—| Mixing coil |

PCR reagentin
Column eluate mixed

~ with PCR

/ <§| IDA monolith

on-column C “D
detection

Figure 5.8: Chelation ion chromatography system set-up incorporating on-oolum
C*D and UV-Vis detection.
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The AIDA polymer monolith was used for the analysis of the comtransition and
heavy metals Cu(ll), Cd(ll) and Mn(ll) utilising a low pH mnitacid eluent (0.2 M)
and PAR as a PCR. Separations of transition and heavy metadsachieved using
the novel combination of simultaneous on-colunf® @etection (Figure 5.9(a)) and
UV-Vis detection (Figure 5.9(b)) using VAL25 and VAL30. An increas the
retention of the three metals was obtained when the complexeaioacity was
increased. Table 5.8 shows the chromatographic performancelttataed for the
separation of Mn(ll), Cd(ll) and Cu(ll) using simultaneouéDCand UV-Vis
detection. From the separation of the standard mixture using2¥Abaseline
separation of Mn(ll) and Cd(lIl) was not achieved. A resolutioh. bffor ¢Dand 1.2
for UV-Vis was obtained, however when the complexation capagity increased
(VAL30), baseline resolution between these two metals improveddd.6’D and

2.3 for UV-Vis), when the same eluent was employed.

An increase in efficiency (between VAL25 and VAL30) was obserfaedCd(Il)
using CD detection, with Mn(ll) and Cu(ll) showing similar efficieias. When both
forms of detection are compared, superior column efficiengas obtained for all
peaks using PCR and UV-Vis detection, except for Cd(ll) andlQuging VAL25.
The peak widths (measured at 50 % peak height) obtained for VAL25 were
comparable for Mn(ll) and Cd(ll), however for the later elutin@kpe&u(ll), a
significant increase in peak width was observed due to the secraa the
complexation capacity exhibited by VAL30. This trend in peak widths waigo
observed using UV-Vis detection. The peak width values obtainied uV-Vis
detection for Mn(ll), Cd(ll) and Cu(ll) increased in all casésen compared to D
detection, with the Cu(ll) exhibiting the largest increaspdaak width. This was due
to the increase in the column length due to the system s&@‘Dpwas on-column,
therefore reducing the effective column length in comparison tevid\detection)
and the increased flow path due to the PCR mixer and plumbsugiated with the
UV-Vis detector. As mentioned previously, an increase in edhamn tubing in

capillary chromatography can have a deleterious effect i In@adening.

174



1050 7
@) cad(y (b)

r’ 1 MnQn

950 - VAL25

900 - 3 VAL25

VAL30

Detector response (mV)
¢
Detctor response (mAU)

850
ca o 1- VAL30
Mn(lly

800 ! \ \ 0 ‘ ‘
0 5 10 15 20 0 10 20 30

Retention time (mins) Retention time (mins)

Figure 5.9: Separation of transition/heavy metals utilising simultaneousotmmn CD detection (a) and UV-Vis detection at 500 nm following
reaction of the eluted metals with PAR (b). Chromatograpimditions: Eluent: 0.2 mM nitric acid, Eluent flow-rate: 1 pLimPCR flow-rate:

1 pL/min, PCR: 0.4 mM PAR in 0.1 M ammonia, pH 10.7. Peak (1ppmd Mn(ll), (2) 1 ppm Cd(Il) and (3) = 1ppm Cu(ll). A 10 pt moving
average was applied to the chromatograms (using Microswet)eobtained using UV-Vis detection.
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Table 5.8: Chromatographic performance data for the comparison of IDA polyme
monoliths with varying degrees of complexation capacity usmgolumn €D and
UV-Vis detection.

CD UV-Vis
Metal | Monolith  N/m k Asy. Peak Re:. N/m Asy. Peak Re:
width width
Mn(ll) | VAL25 900 1.00 1.6 0.8 - 1,200 1.1 0.9 -
VAL30 900 246 13 0.9 - 1,300 1.8 1.0 -

Cd(ll) | VAL25 1,800 2.02 1.3 08 1.1 1,700 1.6 1.1 1.2
VAL30 2,70C 49¢ 11 0¢ 1€ 3300 11 11 2.2

Cu(ll) | VAL25 3,10C 4.0 1€ 11 1¢ 2500 12 14 2C
VAL30 3,10C 994 11 1€ 24 3,60 11 1. 3.2

5.2.9 Effect of varying the effective column length on rention.

As mentioned previously, ConnolBt al. [45] recently documented the applications
of scanning ¢D within the field of capillary chromatography. A further apation of
C*D includes the ability to place the detector cell at anytiposalong the capillary
column, thus changing the effective column length, without the neecut the
polymer monolith. Figure 5.10 shows an overlay of chromatogramsettéor the
separations of Mn(ll), Cd(ll) and Cu(ll) by varying the effee column length using
VAL30. By decreasing the effective column length from 9 &mgyre 5.10(a)) to 7
cm (Figure 5.10(e)), the run time for the separation was rddudean effective
column length of 9 cm, resolution of Mn(ll) and Cd(lIl) was 1.80 whiotrekesed to
1.58 at an effective column length of 7 cm, however resolutionnreaistained. This
demonstrates the ability to separate the three selectatsrusing a 100 pm x 70 mm

IDA immobilised polymer monolith.
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Figure 5.10: Overlay of chromatograms obtained for the separations of 0.5 ppm
Mn(ll), 1 ppm Cd(ll) and 1 ppm Cu(ll) by varying the effectiv@wmnn length where

@ =9cm, (b) =85cm, (c) =8cm, (d = 7.5 and (e) = 7 Chromatographic
conditions: Column: VAL30, eluent: 0.2 M nitric acid, all other conditions as in
Table 5.1.

5.3 Conclusions

A number of AIDA modified polymer monolith have been fabricated applied to
the direct separation of metal cations. This work exploited teeotiphoto-grafting
techniques, allowing the ability to increase in the surfacerageeof AIDA without
the requirement of re-optimisation the polymerisation conditions dseihg the
fabrication of the LMAco-EDMA polymer monolith. An increase in the
complexation capacity was investigated and resulted in an sg&ciedhe retention of
all metal cations studied. The increase in the complexatmpacity of the
immobilised ligand was achieved and verified through the use ainswy CD
techniques with results showing that the surface coverageeofIDA ligand was
homogeneous along the entire length of the column. Separations of, () and
Cu(ll) were achieved using a novel combination of on-colurid &nd UV-Vis
detection following reaction with PAR. Mixing of the PCR wittetcolumn eluate

was carried out using a capillary post-column mixing device. Teahper studies
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were also carried out using an in-house constructed capillaynooheater with
results showing that the temperature was reproducible for awsn gvoltage.
Increases in column temperature did not have the same effect aatéhéon of
Mn(ll), Cd(Ill) and Cu(ll). While the adsorption process for MnfNias exothermic
(showing that ion exchange was the dominant separation mechamiskinll)),

Cd(Il) and Cu(ll) exhibited endothermic, suggesting that the domiseparation

mechanism for both metals were due to the formation of@damplexes.

This work demonstrates a novel capillary chelating ion exchangethémdirect
separation of metal cations. In the following Chapter, L-MAEDMA polymer
monoliths were fabricated and attachment of IDA was posdiliilening the photo-
grafting of poly(glycidyl methacrylate) on the monolith surfaBeth IDA chelating
polymer monoliths, prepared using poly(VAL) and poly(GMA) were comgand

contrasted.
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Chapter 6.0:

Modification of capillary polymer monoliths with
iminodiacetic acid using poly(glycidyl methacrylate for the
separation of metal cations by high performance chation

lon chromatography




6.1 Introduction

One method to increase the overall surface area of the polgoreliths prior to the
attachment of the functional group is through the use of phottrgya¢chniques [88,
102, 103]. Photo-grafting allows the formation of branch like tires emanating
from one reactive surface site on the polymer monolith, thaeasing the surface
density of the functional group, as opposed to direct modification opdhgner
monolith with ionogenic functionalities (one functional group attachecdhéoreactive
site on the monolith scaffold) which would result in a reduced sudaeerage. The
use of polymer monoliths for the analysis of small ions, incluthegvarious methods
of surface modification rendering a monolith suitable for ion chromapdyr have

recently been reviewed by Connolly and Paull [103].

To date, no reports have appeared in the literature using GMAliaker for the
attachment of IDA onto the surface of a polymer monolith for tpars¢ions of metal
cations. The aim of this work was to modify LM#®-EDMA polymer monoliths (in
100 um internal diameter formats) with IDA functionalities.isTtwas carried out
using photo-grafting techniques to introduce branched poly(GMA) on a monolith
previously modified with benzophenone which was then reacted with $dAnning
C*D techniques were used to characterise the distribution oh#lating ligand along
the length of the column, prior to the application of the IDA-rfiedi polymer
monolith to the separations of metals cations. The fabricdigldtong ion exchanger
was applied to the determination of Mg(ll) and Ca(ll) in bottleder samples as well
as selected transition metals in spiked seawater and tap seatples. The IDA
polymer monoliths prepared in this work were also compared to DA Aolymer

monoliths prepared in Chapter 5.0.

6.2 Results and discussion

6.2.1 Fabrication of poly(GMA) IDA modified monoliths

In Chapter 5.0, a LMAo-EDMA chelating polymer monolith was prepared by

surface modification of the LMA structure with vinyl azlactq&L), following the
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immobilisation of benzophenone. IDA functionalities were covafeattiched to the
immobilised poly(VAL) grafts, allowing the separation of nietions. In this work,
LMA -co-EDMA polymer monoliths were prepared using a protocol set out byn€oll
et al. [144]. The advantages of using GMA as an IDA linker include gieater
flexibility of the linker group, reducing steric hinderance whiohld affect metal ion
complexation as well as the elimination of the amide (seen iprihgous Chapter)

and hence greater stability and coordination capabilitiietDA ligand.
6.2.2 Characterisation of IDA-modified polymer monoliths usig scanning CD

As in Chapter 5.0, characterisation of the IDA modified polymmnoliths was
carried out using D techniques according to Conno#y al. [45]. For each polymer
monolith, a €D scan was performed following the fabrication of the polymer

monolith (i.e. the un-modified polymer monolith) and after modifazawith IDA.

During the scanning process, differences in the backpressure edhigtore and
after the modification of the grafted monolith with IDA were mbtévonolith
GMAZ30 for example, showed a backpressure of 23 bar during*Bedcn of the un-
modified polymer monolith with the 1 kh ethanolamine buffer. Following the
modification with GMA and IDA, the backpressure exhibited during duesd ¢D
scan was ~ 90 bar, demonstrating a clear difference in badk@dsdowing the
attachment of IDA.

Figure 6.1(a) shows an overlay of the scannifi @rofiles obtained for GMA15,
GMA20, GMA25, GMA30 and GMA35. The data shown in this plot was obtained by
subtracting the conductivity obtained from the scan of the un-reddifiolymer
monolith from the conductivity obtained from the corresponding monfaitbwing
modification with IDA. Figure 6.1(b) shows a typical scannif® @rofile obtained

for monolith GMA30 where the bottom trace was obtained by scarthiegun-
modified polymer monolith and the top trace obtained following the matdiific with

IDA. As expected, the scan of the un-modified yielded a low coivityctlue to the
absence of charged groups on the un-modified polymer monolith sufaclear
difference in conductive response indicated the successful madificaf the

monolith surface with IDA. As mentioned previously, an ethanolarbuféer at pH
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9.8, ensured that both carboxylic groups on the IDA structure weretdeated,

ensuring the maximum stationary phase charge during the scamtiggnaeonolith.

As seen previously with the poly(VAL) IDA-modified polymer monoliths increase

in the conductive response was noted with an increase irotieerration of GMA
during photo-grafting which led to a correspondingly higher IDA ligand itdens
during the surface modification process. One of the main advant#gesing
scanning ¢D techniques is the ability to measure axial homogeneity of the
immobilised IDA along the entire length of the column. Followsagh scan, % RSD
values were calculated with results obtained as follows: @0Aas 0.24 %, GMA25
was 0.6 %, GMA30 was 0.8 % and GMA35 was 0.3 %. The longitudinal
homogeneity obtained in this present work represents an improvemetite i
longitudinal homogeneity obtained during the scans of the AIDA polyprejsared

in Chapter 5.0.

The % RSD value (calculated from the conductive responseuneeisast each detector
position) obtained for monolith GMA15 was 8 %. As can be seen figord=6.1(a),
an increase in the conductive response was noted between 13 and 13ngrihdur
scan of the IDA-modified GMA15 polymer monolith. The baseligturbance was
not observed in the scan of the polymer monolith prior to modificatlmrefore

suggesting that the anomaly occurred during the modification [groces
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Figure 6.1: (a) Overlay of scanning“D profiles obtained for GMA15 {, GMA20
( ), GMA25 (), GMA30 ( ) and GMA35 (). (b): Scanning ¢D profile obtained for
GMAS30 where () is the profile of the un-modified polymer monolith andl i6 the

profile obtained after modification with IDA. All scans werareed out using a 1 kb



The measurement of axial homogeneity by calculating % RSD valmesthe data
obtained for each scan in this work represents an improvement irhamiageneity
obtained during the scanning®lT profiles carried out for the poly(VAL) IDA-
modified polymer monoliths in Chapter 5.0. For the poly(VAL) IDA-fieadi

polymer monoliths, % RSD values of between 1.5 and 2.2 % were ethtfmneach

polymer monolith.

Figure 6.2 shows a comparison of the conductive responses obtaimegtdarscans

of all poly(GMA) IDA-modified polymer monoliths and poly(VAL) IDA-moiied
polymer monoliths. This data was obtained by calculating the gezeranductivity
obtained following the ¢D scans of each monolith, i.e. the data point for GMA15
was determined by subtracting the conductivity obtained at each 2nomement
during the €D scan of the polymer monolith after IDA from its conductiitytained
during the scan of the un-modified monolith and an average ofctinescted
conductivity values calculated. The same detector conditionsthndolamine buffer
were used during the’D scans of the poly(GMA) IDA-modified polymer monoliths
and poly(VAL) IDA-modified polymer monoliths allowing for a diresimparison of
the both methods used for the modification with IDA. VAL15 and VALBOvged an
increased conductive response in comparison to GMA15 and GMA20.ekedliffe in
conductive response of 59 % and 35 % were noted. GMA25 showed a sliglasiac

in conductivity of 15 % when compared to VAL25 whereas GMA30 and GMA35
showed larger increases in conductivity of 36 % and 40 % respgctivetn
compared to VAL30 and VAL35. A larger increase in detectgpaese was noted
between GMA15 and GMAZ35 (increase in detector response of 1930 mV) agoppos
to VAL15 and VAL35 where an increase in conductive response of 615vas/

noted.

From Figure 6.2, it appears that the attachment of IDA usolg(GMA) results in
increased IDA ligand density, when used at higher concentrationGMA30 and
GMA35. The effect of this increase in the density of the cimgldigand on the
retention of selected metal cations will be discussed in metagl dn Section 6.2.4.
Significant information was gained from the use of scannif@, @hich could be
obtained prior to the chromatographic application of the polymer monaddiththis

method of characterisation does not require destruction gidllgener monoliths.
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Figure 6.2: Differences in corrected conductive response obtained during “De C
scanning of the poly(VAL) IDA-modified polymer monoliths and GMA-I[palymer
monoliths.

6.2.3 Retention studies of transition and heavy metals using Mmodified
poly(GMA) grafted monoliths

Using the IDA-modified poly(GMA) grafted monoliths polymer mortudit retention
data for a range of transition and heavy metals were obtdiheddata can be seen in
Table 6.1. The eluent used for GMA15, GMA20 and GMA®&s 0.1 nM nitric
acid. Previously, using poly(VAL) IDA-modified polymer monolittes) increase in
the complexation capacity of each monolith resulted in an incieathe retention
times of the metal cations studied. Using GMAL15, retentiorMofll) was not
possible and no peak for Cu(ll) was observed after 45 minutes whilp @uadlCd(ll)
showed similak values. Retention of Mn(ll) was achieved using GMA20. As with
GMAL15, Co(ll) and Cd(Il) exhibited similak values using GMA20. GMA2%&lso
showed similark values for Cd(ll) and Co(ll), while Cu(ll) was retained > 120
minutes when an eluent of 0.IMrHNO; was used. Using a 0.2MnHNO; eluent,
the Cu(ll) peak was observed wittkaalue of 0.8 (data not displayed in Table 6.1).
Due to the broad peak shape exhibited by Zn(Il) using GMA25 with a®l HNO;
eluent (peak width, at 50 % peak height, was 3.71 minutes) lasasvie increased
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retention, an eluent comprising of 0.2Vmitric acid eluent was used for retention
studies of metal cations using GMA30 and GMA35. Interestingly GRWA30 and
GMAS35 resulted in significant differences in tlkevalues for Co(ll) and Cd(ll)
allowing for the possibility of the separation of these two fegtehich did not appear
to be possible using GMA25. Cu(ll) was retained > 60 minutes usvW§3B and
GMAZ35.

Table 6.1: Retention factowalues for transition and heavy metals using poly(GMA)
IDA-modified polymer monoliths with increasing complexation cépac
Chromatographic conditions: effective column length: 140 mm, detectmoolumn
C’D and flow-rate: 1 pL/min.

Monolith GMA15 GMA20 GMA25 GMA30 GMA35
Eluent 0.1 M nitric acic 0.2 M nitric acic
k k
Mn(ll) - 0.82 1.53 1.61 2.21
Co(ll) 0.72 2.19 6.77 5.85 10.02
Cd(ln 0.72 2.21 6.61 8.18 13.18
Zn(l) 1.32 4.45 13.29 11.04 19.88
Cu(ll) - - - - -

-* unretained - not eluted

6.2.4 Comparison of metal cation retention and elution order usg poly(VAL)

IDA-modified polymer monoliths and poly(GMA) IDA-modified polymer
monoliths.

Table 6.2 shows a comparison lofvalues obtained for poly(GMA) IDA-modified
polymer monoliths and poly(VAL) IDA-modified polymer monoliths. Thieent
used for the retention of the metal cations using VAL30 and GMA&$ 0.2 nv
nitric acid. For all other monoliths, the eluent used wasn@ nitric acid. Using
VAL15, the retention of Mn(lIl), Co(ll) and Zn(Il) was not possibRetention factors
of 0.85 and 6.89 were obtained for Cd(Il) and Cu(ll) respectivdyention of Mn(Il)
was also not possible using GMA15. Although retention of Co(ll) andl)4nés
achieved using GMAL15, it is worth noting that the effective coluemgth of all the
poly(VAL) IDA-modified polymer monoliths was 100 mm, while the esffive
column length of poly(GMA) IDA-modified polymer monoliths was Iif.

18¢€



Table 6.2: Comparison ok values for metal cations studied using poly(GMA) IDA-

modified polymer monoliths and poly(VAL) IDA-modified polymer monoliths.
Eluents used: VAL15, VAL 20 and VAL25: 0.1MhHNO; and VAL30: 0.2 iV

HNOs

Mn(ll)
Co(ll)
zn(l1y
cd(ll)
cu(ll)

Mn(I1)
co(ll)
zn(ll)
cd(l
cu(ll)

Mn(ll)
Co(lly
zn(ll)
cd(in
cu(lly

Mn(ll)
Co(ll)
zn(lly
cd(ll)
cu(ll)

VAL15

0.85
6.8¢

VAL20

2.8
2.9
3.36
5.63
11.76

VAL25

3.44
5.01
5.23
9.93
23.5

VAL30

2.4¢
4.9/
9.94

GMA15

0.72
1.32
0.72
*

GMA20

0.82

2.19

4.45

2.21
*

GMA25

1.5¢
6.717
13.29
6.61
*

GMA30

1.61
5.8¢
11.04
8.1¢

*

- not retained, -* retained > 60 minutes,Data not available

A number of observations were noted when the retention of the oatitahs using
VAL20 were compared to GMA20. The elution order obtained for VALZ8s w
Mn(ll) = Co(ll) < Zn(Il) < Cd(ll) (although Zn(Il) only showed slight increase in
retention in comparison to Co(ll)). The elution order for the reterdfotihe metal

cations using GMA20 was Mn(ll) < Co(ll) = Cd(ll) < Zn(ll) demstrating a change



in selectivity between the polymer monoliths as shown in Figu8e Zh(ll) eluted
before Cd(ll) using VAL20 and eluted after Cd(ll) using GMA20.

14

* Zn(ll)
12

10 - & Cd(ll)

~< * Co(ll) & Cd(ll)

< Co(ll) < Zn(ll)

& Mn(ll)

& Mn(ll)

0 T T T T
0 1 2 3 4 5

Elution order of metal cation

Figure 6.3: Order of elution of the four metal cations using monolith VAL2band

GMAZ25 (') showing the changes in selectivity.

Also worth noting is the similak values observed for Mn(ll) and Co(IK yalues of
2.8 and 2.9) which are well separated from Cd(ll), which hldaue of 5.63 using
VAL20 whereas using GMA20, Co(ll) showed similavalues to Cd(ll) K values of
2.19 and 2.21) which were separated from Mn(ll) which had \alue of 0.82.
Increasing the chelation capacity resulted in improvemerttseimetention of Mn(ll)
from Co(ll) using VAL25. Zn(ll) exhibited a similak value to Co(ll) which were
both well resolved from Cd(Il) and as with GMA20, the elution orlas Mn(ll) <
Co(ll) < Cd(ll) < zn(Il). The data for VAL30 published in Tal®e2 was obtained
using an eluent comprising of 0.2#mitric acid. However, data was only obtained
for Mn(ll), Cd(ll) and Cu(ll). Using a 0.1 M nitric acid eluent, the followindk
values were obtained: Mn(ll) 8.26, Co(Il) 11.02, Zn(ll) 12.43, C@1)14 and Cu(ll)
45.22. Using a 0.2 M nitric acid eluent, Mn(ll) had & value of 2.46, Cd(ll) was
4.94 and Cu(ll) was 9.94. As the order of elution for all poly(VADA-modified
polymer monoliths did not change with an increase in eluent concentrttis would
suggest thak values for Co(ll) and Zn(ll) using VAL30 with a 0.2Mnnitric acid
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eluent would be between 2.5 and 4.94 and it would appear that thetisepafa
Mn(11), Cd(ll), Co(ll) and Zn(Il) would not be possible.

As mentioned above, increasing the concentration of the poly(GM&) 25 % to 30
%, during the modification of the polymer monolith surface with IDésulted in
clear differences ik values for Co(ll) and Cd(Il) which co-eluted using GMA25 and
the ability to separated 4 metal cations using GMA30 and el aitric acid eluent
was possible. Finally, increased retention for Mn(ll) was obthifer VALZ20,
VAL25 and VAL30 in comparison to their equivalent poly(GMA) IDA-maelif
polymer monoliths showing an increased affinity of the poly(VAL) IDwdified
polymer monoliths for Mn(ll). With the poly(VAL) IDA-modified polyer
monoliths, it was also possible to elute Cu(ll) in the sameasulNIn(Il) and Cd(ll).
Cu(ll) forms the most stable surface complexes with IDA oftedlmetals studied in
this work, according to known stability constants of metals ikith published in the
literature [16]. Cu(ll) was retained > 60 minutes in alesausing poly(GMA) IDA-
modified polymer monoliths and it was not possible to detect Cu(tharsame run
as Mn(ll), Co(ll), Cd(Il) and zZn(ll) isocratically.

6.2.5 Comparison of elution order of metal cations using poly(VAL)IDA-
modified polymer monoliths and poly(GMA) IDA-modified polymer monoliths

with other IDA functionalised columns

As seen in Chapter 5.0, an elution order of Mn(ll) < Co(lIXr(1l) < Cd(Il) < Cu(ll)
using a VAL30 polymer monolith was achieved (using a OM mitric acid eluent).
This was a similar elution order obtained by Baretil. [52] using a ProPac IMAC-
10 analytical column (10 um polymeric beads coated with a polyéae)y layer with
covalently attached poly-IDA groups). The authors obtained an elutiom ofde
Mn(ll) < Co(ll) < zn(Il) < Cd(ll) while Pb(Il) and Cu(ll) we retained > 3 hours
using a 0.2 v nitric acid eluent. Using the GMA3@olymer monolith, an elution
order of Mn(ll) < Co(ll) < Cd(Il) < Zn(ll) <<< Cu(ll) was ohined demonstrating a
change in the selectivity between the poly(VAL) IDA-modified paody monolith and
the poly(GMA) IDA-modified polymer monolith.



The elution order exhibited by the GMA30 monolith was similathtd tbtained by
Sugrueet al.[126] and Jonest al. [161]. Sugrueet al [126] used a silica monolith,
surface modified with IDA functionalities and obtained an elutiaater of Mn(ll) <
Co(Il) < Cd(Il) < Zn(Il) <<< Cu(ll) using an eluent compngi of 0.065V KNO3; and
0.035M KCI. Jonest al [161] observed an elution order of Mn(Il) < Co(ll) < Cd(ll)
< Zn(ll) with an 8 "M nitric acid eluent, a column packed with 5 um silica paticl
with bonded IDA (150 mm x 4 mm |.D.).

Table 6.3 shows a comparison of the column efficiency obtained\izx38, VAL30
and other IDA functionalised polymer monoliths in the literatumnelg, a ProPac
IMAC-10 column consisting of 10 um diameter particles with agdclDA and a
commercially available silica monolith, surface modifiedrwiDA Clearly, there
exists a large difference in column efficiency exhibited bylw modified silica
monolith when compared to GMA30, VAL30 and the ProPac IMAC-10. Using the
IDA modified silica monolith, Co(ll) exhibited the highestaeefficiency, similar to
that observed by GMA30. The data shown in Table 6.3 for the ProPAC-INd
column were obtained using optimised eluent conditions. Calculatieteredies of
2,720 N/m and 3,900 N/m were obtained for Mn(Il) and Cd(ll) respalgtusing an
eluent consisting of 0.25 h nitric acid, similar to the eluent used with the GMA30
monolith. This demonstrated similarities in the efficien@bsained for Mn(ll) using
the ProPac IMAC-10 column and GMAS30, while Cd(Il) showed improvedieficy
with the GMA30.

Peak efficiencies obtained for GMA30 were superior to those obtaisiag VAL30
when CD was used as the mode of detection. However, an improvemenakn pe
efficiency was obtained for VAL30 using UV-Vis detection at 500 following
reaction of the eluted metals with PAR when compared top#dak efficiencies
obtained using on-column®D detection. It is worth pointing out that the effective
column length of VAL30 using on-column“D detection was 100 mm while the
effective column length using UV-Vis detection was 140 mm. Tieease in the
effective column length of VAL30 using UV-Vis detection was duehtoplacement

of a post column reactor at the end of the column, thus incre&srgplumn length.
This may have accounted for the increase in efficiency notethéometal cations

detected using UV-Vis detection.
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Table 6.3: Comparison of efficiency of poly(GMA) IDA-modified polymer
monoliths and poly(VAL) IDA-modified polymer monoliths with other IDA

functionalised columns.

GMA30 VAL30 ProPac IMAC-10 Silica monolith
(140 mmx (100 mm x 100 pm (50 mm x 2 mm (100 mm x 4.6
100 um L.O?  I.D) 1.D)° [17] mm |.Df [18]
Detection c’D C'D UV-Vis UV-Vis UV-Vis
N/m N/m N/m N/m N/m
Mn(ll) 2,310 930 1,300 3,470 16,300
Co(ll) 7,480 1,259 - 4,500 27,530
cd(l 5,900 2,700 3,300 10,060 9,400
Zn(ll) 4,579 3,100 3,600 10,420 16,450
Eluents: a=0.2 mM HN¢

b=0.1 mMHNG,
¢ =0.25 mM HNG@-10 mM KClI,
d=0.2 MKCI

6.2.6 Separation of metal cations using poly(GMA) IDA-modified plymer
monoliths

Separations of metal standard samples were carried out foreglolymer monoliths
and the chromatographic performance compared, which can be seen en6labl
Figure 6.4(a) shows an overlay of separations of Mn(ll), Cd(til Zn(ll) using
GMA15 and GMA20. Both separations were carried out using a OALHNO;
eluent. Mn(ll) was not retained using GMA15, Cd(ll) co-eludgth the void peak
and baseline resolution between Cd(Il) and Zn(ll) was 1.4anyi an increase in the
chelating capacity (from GMA15 monolith to GMA20) resulted in thienton of
Mn(ll) and the ability to separate three metal cations, thexre@esulting in improved
separation capability. Baseline resolution of Mn(ll) and GdMas achieved
(resolution of 1.6), however a resolution for Cd(ll) and Zn(ll) waly 1.2, therefore
baseline resolution was not achieved between these two metals.aBgmmetry

improved for all metals using GMA20 with Zn(Il) showing a peaknametry of 2.8
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for GMA15 and 1.5 for GMA20. Although peak shape was improved using GMAZ20,
large increases in peak width (calculated at 50 % peaktheigre observed. Peak
width for Zn(ll) using GMA15 was 0.34 minutes and for GMA20 was 1.9%utes,

an increased peak width of 82.

Baseline resolution of all three metals was achieved, witfliMwell resolved from
the void. As seen previously, an increased chelation cgpaesulted in
improvements in peak shape with Zn(ll) exhibiting a peak asymnuoétrl.1 and
Mn(ll) of 1.3. Peak shape for Cd(ll) remained unchanged at 1ehwbhmpared to
GMA20. A peak width of 3.5 minutes was observed for Zn(ll) uSMA25. Figure
6.4(b) also shows a chromatogram obtained for the retention of).Cé(lk value of
6.77 was obtained for Co(ll) which was similar to thealue of 6.78 obtained for
Cd(ll). Using GMAZ25, it was only possible to separate Mn@y(ll) and Zn(ll).
Increasing the complexation capacity resulted in a decraaselumn efficiency. A
decrease in column efficiency of ~ 50 % was observed for Zat)35 % for Cd(ll)
when GMA15 was compared to GMA25. In this case, increasing timpleration
capacity resulted in slower association/dissociation kisetvhich had a deleterious

effect on peak efficiency and peak width.
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Table 6.4: Chromatographic performance data obtained for the separation(ti,M
Cd(ll) and Zn(ll) using GMA15, GMA20 and GMA25 and separations of Mn(ll)
Co(ll), Cd(Il) and zZn(Il) using GMA30 and GMA35.

Monolith Metal k N/m Asy. Resolution
GMA15 Mn(Il) - - - -
Cd(Il 0.69 1,650 1.6 -
Zn(11) 1.32 2,600 2.8 1.4
GMA20 Mn(ll) 0.81 1,020 1.5 1.9
Cd(n 2.20 800 1.2 1.6
Zn(l) 4.40 525 1.5 1.2
GMA25 Mn(Il) 1.61 1,100 1.3 3.0
Cd(n 6.78 1,060 1.2 3.1
Zn(ll) 14.72 1,230 1.1 2.2
GMA30 Mn(I1) 1.39 2,310 4.2 3.3
Co(ll) 5.51 7,480 2.1 6.2
Cd(Il 6.89 5,900 3.2 15
Zn(ll) 10.88 4,570 3.7 2.7
GMA35 Mn(Il) 2.31 1,790 2.5 4.0
Co(ll) 10.05 4,680 1.6 7.3
cd(I 12.71 4,045 2.7 1.5
Zn(ll) 19.09 4,080 2.0 3.3
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Figure 6.4: (a) Overlay of a separation of 5 ppm Mn(ll), 10 ppm Cd(Il) and 10ppm
Zn(Il) using GMA15 and GMAZ20. (b) Separation of 5 ppm Mn(ll), 10ppm Cai
10ppm Zn(Il) using GMA25 overlaid with a 10 ppm Co(ll) standard.
Chromatographic conditions: Eluent: 0.MmMHNGOs, flow-rate: 1 pL/min, injection

volume: 100 nL, detection: on-columfLI; effective column length: 14 cm
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Figure 6.5(a) shows an overlay of separations of Mn(ll), GoQd(ll) and zZn(ll)
using GMA30 and GMA35. The chromatographic performance data careberse
Table 6.4. Due to the increased capacity of GMA30 and GMih@5eluent used was
0.2 mM HNOs. Figure 6.4(b) above shows an overlay of Co(ll) with a separation
Mn(ll), Cd(ll) and Zn(ll) using GMA25 demonstrating that the sapan of these
four metals was not possible. Using GMA30, an increase in théeamwai chelating
moieties resulted in the ability of obtain baseline resolution @fil)Cand Cd(ll).
Significant increases in column efficiency were also obsengng GMA30 when
compared t&sMA25. An increase in efficiency of 52 % was observed for Mn(ll), 87
% for Co(ll), 82 % for Cd(ll) and 73 % for Zn(ll).

A further increase in the complexation capacity (GMA35) reduitea decrease in
efficiency when compared to GMA30. A decrease in efficien®3d¥% was observed
for Mn(ll), 37 % and 31 % for Co(ll) and Cd(ll) respectively and%dor Zn(ll).
Although a decrease in efficiency was observed between GMA30GAMA35,
improvements in peak shape were noted, particularly for Magd) Zn(ll). A peak
asymmetry of 4.2 and 3.7 was noted for Mn(ll) and Zn(ll) using GMAvhereas a
peak asymmetry of 2.5 and 2.0 was obtained for Mn(ll) and Zn(lhgu&MA35.
Significant increases in peak width were also obtained when E&M#as compared
to GMA35, with Zn(Il) showing an increase in peak width of 40 %.

Cu(ll) wasretained > 60 minutes using GMA30 and GMABEh a 0.2 M HNO;
eluentand it was not possible to separate Cu(ll) in the same run d$),Mg(l1),
Cd(ll) and Zn(l1).

Figure 6.5(b) shows an overlay nf= 5 separations of Mn(ll), Co(ll), Cd(ll) and
Zn(Il) using GMA30 and an eluent consisting of 0.MnHNO;. Retention time
precision was calculated to be < 1.5 % for Mn(ll), Co(ll) and IT@fid < 1.9 % for
Zn(ll). Retention time precision was also calculated for GMAB8 was < 2 % for
Co(ll), Cd(Il) and zn(Il) and < 2.6 % for Mn(ll).
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Figure 6.5: (a) Overlay of separations of 5 ppm Mn(ll), 10 ppm Co(ll), 10 ppm
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Cd(Il) and 10 ppm Zn(ll) using GMA30 and GMA35. (b) Overlay of sepamatof

the metals standards carried out using GMABhiromatographic conditions: Eluent:

0.2 mM nitric acid. All chromatographic conditions as in Figure 6.4
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6.2.7 Column to column reproducibility

To investigate the reproducibility of the monolith fabrication andcfionalisation
procedure, 4 GMA30 monoliths and 4 GMA35 monoliths were prepared. afiepar
of Mn(ll), Co(ll), Cd(Il) and Zn(ll) were carried out on allamoliths and the
chromatograms obtained using the 4 GMA30 monoliths can be seeguire 6.6.
Retention time precision was calculated to be < 12 % for Caid) Zn(ll) and < 14
% for Mn(ll) and Cd(Il) whereas the retention time precision usheg4 GMA35
monoliths was 13 % for Cd(ll), 16 % for Co(ll) and Zn(ll) and 1%a¥dMn(ll).

1600
(b)

1550
%\ 1500 A
= 1450 | GMA30 (1)
0
s 1400 GMA30 (2)
& 1350 -
= 1300 | GMA30 (3)
(6]
% 1250 1 Co(ll) Cd(ll Zn(ll GMA3O (4)
8 1200 | o(ll)  cd(in) n(ll)

1150

1100 . . . : :

0 5 10 15 20 25 30

Retention time (mins)

Figure 6.6 Overlay of separations of 5 ppm Mn(ll), 10 ppm Co(ll), 10 ppm IEd(l
and Zn(ll) using 4 GMA30 monoliths. Chromatographic conditions: ASdare 6.4.

6.2.8 Alkaline earth metals

The retention of alkaline earth metals using GMA25, GMA30 and GBlAas
studied. The effective column length for the separationsoéition and heavy metals
shown previously was 140 mm to allow direct comparison of each rttmnofin
advantage of using on-columrTis the ability to place the detector cell at various
locations along the column, thus demonstrating a non-destructiveadnef varying
the effective column length. For the retention of alkataeth metals, the detector
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cell was placed as close to the end of the column outlet aiblpos$able 6.5 shows
the chromatographic performance data obtained for Mg(ll), C&it(ll) and Ba(ll)
using GMA25, GMA30 and GMA35.

Table 6.5: Chromatographic performance data for alkaline earth metalg warious
GMA-IDA monoliths. Chromatographic conditions: Eluent: as dpatin table,

metals standard concentration: 5 ppm. All other condition agurd=-6.4.

Monolith Metal k N/m Column dimensions Eluent
(HNGy)
GMA25 Mg(ll)  0.43 1,040 190 mm x 100 um 0.]Mm

Ca(ll) 053 1,170
srl) 055 1,110
Ba(ll 0.60 1,190

GMA30 Mg(ll) 1.48 3,300 250 mm x 100 pm 0.2vm
Ca(ll) 1.79 2,400
Sr(ll) - -

Ba(l) 1.80 2,350

GMA35 Mg(l) 229 1,290 190 mmx100pm  0.Mm
Ca(lly 3.06 1,890
Srl) 324 3,620
Ba(l) 3.76 4,460

- not injected

From Table 6.5k values obtained for GMA25 were similar for all four alkaleath
metals studied. Peaks widths (calculated at 50 % peak heigig ~ 0.3 minutes for
each metal cation and separation was not possible. As the wl®0t1 N HNOs,
it would be difficult to accurately reduce the concentration ofeflbent to a lower
concentration to try and improve resolution. Also, the column would havee
significantly longer, so as to allow separation of the alkakarth metals. Using

GMAZ30, differences in th&k values of the alkaline earth metals were obtained,
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allowing the separation of Mg(ll) and Ca(ll), which can be sedfigure 6.7. Ba(ll)
and Ca(ll) had similak values and separation was not possible. The retention of
alkaline earth metals was also studied using GMA35. Using anBI2nitric acid
eluent baseline separations of Mg(ll) and Ca(ll) wereeaetd (resolution of 1.63).
An elution order of Mg(ll) < Ca(ll) < Sr(ll) < Ba(ll) wasbtained and this shows that
ion exchange appeared to be the dominant separation mechanisnteatidrravas
due to the formation of electrostatic interactions between thlatoig ligand and the
metal cations. Mg(ll) showed significant peak tailing at 5 gpsymmetry of 5.90)
but was greatly improved when the concentration was reduced fgppwhere a
peak asymmetry of 1.62 was obtained. Figure 6.7 also showsratsapaf 0.5 ppm
Mg(ll), 1 ppm Ca(ll) and 5 ppm Ba(ll) and as can be seen frosplat, baseline
resolution between Ca(ll) and Ba(ll) was not achieved (raealubf 0.86 was

obtained). Sr(Il) co-eluted with Ca(ll) and baselineasafion was not possible.
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Figure 6.7: (left) Separation of 1 ppm Mg(ll) and 5 ppm Ca(ll) overlaid vatbpm

Ba(ll) using GMA30. (right) Separation of 0.5 ppm Mg(ll), 1 pRa(ll) and 5 ppm
Ba(ll). Chromatographic conditions: Eluent: 0.2nHNQO;, effective column length:
250 mm (GMA30) and 190 mm (GMAS35). All other conditions as in Figde



6.2.9 Application of poly(GMA) IDA-modified polymer monoliths

6.2.9.1 Determination of Mg(ll) and Ca(ll) in a bottled wate sample

Due to the ability of GMA35 to separate Mg(ll) and Ca(lg GMA35 monolith was
applied to the determination of Mg(ll) and Ca(ll) in a bottledewaample. Linearity
plots were constructed for Mg(ll) and Ca(ll) and can be seeiying6.8. R values

of > 0.999 were obtained for both calibration curves.
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Figure 6.8: Linearity plots for Mg(ll) and Ca(ll) using GMA35 of conceatton
(mg/L) of Mg(ll) and Ca(ll) versus detector response (mV)

Figure 6.9 shows the chromatogram obtained for the determinatidg@f) and

Ca(ll) in a bottled water sample (100 fold dilution) overlaid witie same
concentration of a Mg(ll) and Ca(ll) standard (0.8 ppm Ca(it) @.25 ppm Mg(ll)).
A 100 fold dilution of the bottle water sample was required to obbaiseline
resolution between Mg(ll) and Ca(ll). Using the peak areas @utdor the 100 fold
dilution of the bottled water sample, the concentration of Ca¢tj Mg(ll) were
calculated using the equation of the line obtained from the iipegraph in Figure
6.8. The concentration of Ca(ll) was calculated to be 77 ppmhamtbhcentration of

Mg(ll) was calculated to be 28 ppm. According to the manufactuckisis from the

20C



label on the bottled water sample, the concentration of Caél$) 80 ppm and the

concentration of Mg(ll) was 26 ppm.
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Figure 6.9: Overlay of chromatograms obtained for (a) blank sample (M2nitric
acid), (b) 0.8 ppm Ca(ll) and 0.25 ppm Mg(ll) standard and (c) 100ditition of
the bottled water sample. Chromatographic conditions: Eluent: K. 2itric acid. All

other conditions as in Figure 6.4.

6.2.9.2 Simulated seawater analysis

The determination of metals in seawater samples using coonahion exchangers
has the disadvantage in that the high concentration of salt iessnpiin the seawater
sample would swamp the ion exchange sites available on thenatgtphase matrix
[135]. The use of chelating ion exchange can overcome this pradlemto the
reduced affinity of the chelating ligand for the alkali metaAl&ali metals form weak
coordinate bonds with the chelating ligand. As the retention tdlroations is based
on the formation of stability constants between the metabrcatnd the chelating
ligand, the high ionic strength of seawater samples should litdee effect on

retention of the metal cations.
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Figure 6.10 shows a separation of a standard solution containing Mdg(!),
Co(ll), Cd(ll) and Zn(ll) using GMA30 with an effective columength of 250 mm.
The elongation of the effective column length, to facilitdte tesolution of Mn(ll)
from Mg(ll) and Ca(ll), resulted in an increase in the runes for the separation of
Co(ll), Cd(ll) and zn(Il). A total run-time of 40 minutes was eh®d when the
effective column length was 250 mm as opposed to a run-time of 25eminben the
effective column length was 140 mm. Due to the inability t@lvesMn(ll) from
Ca(ll) and Mg(ll), the effective column length was reduceti@® mm and the effect
of ionic strength on the retention of Co(ll), Cd(Il) and 2n¢as studied.

1500
1480 -
1460 -
1440 -
1420 -
1400 -

1380 -
1360 - co(lry ~ €d(in) Zn(ll)

Detector response (mV)

1340 - Mn(ll)
1320 | Mg(ll)
1300 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35 40
Retention time (mins)

Figure 6.10: Separation of 5 ppm Mg(ll), 5 ppm Mn(ll), 10 ppm Co(ll), Cd(iyda
Zn(ll) using GMA30. Chromatographic conditions: Eluent: 0.2 mM nitxaid,

effective column length: 250 mm. All other conditions as in FEdu4.

A simulated seawater sample was prepared to investigatdféoe of ionic strength
on the retention of the metal cations. Figure 6.11 shows a depacata 10 fold
dilution of the simulated seawater sample spiked with 10ppm C&djjl) and
Zn(ll) (a) overlaid with a standard solution containing only theatset). The plot
also shows a 10 fold dilution of the un-spiked simulated seawateresalfmpm this
plot, the effect of ionic strength (10 fold dilution, therefore cotredion of N4 is
3,300 ppm) on the retention time of the metals appears to beahifetention times
of 7.4, 8.5 and 12.6 minutes were obtained for Co(ll), Cd(ll) andl)Zsigndards
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respectively while retention times of the metals in thé&kespisimulated seawater
samples were 7.3, 8.6 and 12.4 minutes for Co(ll), Cd(Il) and)Zmfresenting a
difference of < 1.6 % in retention times. Retention factdues were not calculated
due to the inability to accurately integrate the void peakhéntigh ionic strength
samples as the conductivity reached a maximum of 2500 mV &igu2). The
spiked simulated seawater sample also contained 110 ppm Mg(I4)0amoim Ca(ll)
which were unretained (or very slightly retained).
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Figure 6.11: Overlay of 10 fold dilution of spiked pseudo seawater samplelQa
ppm Co(ll), Cd(ll) and Zn(ll) standard solution (b) and un-spiked pseudevasera
(c). Chromatographic conditions: Column: GMA30, effective colunmytle 100
mm, eluent: 0.2 il HNOs. All other conditions as in Figure 6.4.
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6.2.9.3 Separation of transition metals in seawater samples

The retention of transition and heavy metals was investigaded) real seawater
samples. The seawater samples were obtained from Quays ipe&i Clare
(seawater sample 1) and Ringsend, Co Dublin (seawater samplg2g 6.13 shows
a 10 fold dilution of a seawater sample spiked with 10 ppil)CCd(Il) and Zn(ll).

As mentioned previouslyk values could not be determined due to the high ionic
strength of the seawater sample reaching a maximum condueti\2§00 mV in the
void peak (see Figure 6.12), therefore retention times werparewh It is also worth
pointing out the error associated with the comparison of retentioes tand nok
values. For seawater sample 1, differences in retentioms .2 % for Co(ll), 1.4

% for Cd(Il) and 4.5 % for Zn(ll) were observed when the reteriioes of the
spiked seawater sample were compared to the retention dinteised for the metal
cation standard mixture. For seawater sample 2, differeanaesention times of 3.7

% for Co(ll), 2.7 % for Cd(ll) and 5.5 % for Zn(Il) were oioiad.
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Figure 6.13: Metal analysis of seawater samples from (I) Quays hé&amhClare and
(I Ringsend, Co. Dublin where (a) is unspiked seawater saripld0 ppm Co(ll),
Cd(Il) and Zn(ll) standards (b) and spiked seawater (c). Chogmegthic conditions:
Eluent: 0.2 il HNO;, column: GMA30, effective column length: 100 mm. All other

conditions as in Figure 6.4.
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Figure 6.13 demonstrates the ability of the chelating polymer ntiortol separate
Co(ll), Cd(Il) and Zn(ll) in the presence of 3,300 ppm NacCl alf agein the presence
of 40 ppm Ca(ll) and 110 ppm Mg(ll). The separation of metal catioiseawater
samples shown above could only be carried out by spiking the seavithtéhe metal

cations. As transition and heavy metals are available ire ttagels, a pre-
concentration step is required. Ralenal.[139] recently reported the use of GMA
co-EDMA monoliths, fabricated in commercially available syririger tips, for the

solid phase micro-extraction of 29 transition/heavy metals and eate elements

prior to their determination by ICP-MS.

6.2.9.4 Separation of transition metals in a tap water sample

A tap water sample was taken from within the research ledgrand spiked with 10
ppm Co(ll), Cd(Il) and Zn(ll). The sample was filtered priouse and no dilution of
the tap water sample was required. Figure 6.14 shows a separatCo(ll), Cd(Il)
and Zn(ll) in a spiked tap water sample (black trace) ovewdlda standard mixture
containing Co(ll), Cd(ll) and zZn(ll) (blue trace). Figure 6.14o0alshows the
chromatogram obtained for the un-spiked tap water (red tracdagnti®@ factors of
3.49, 4.45 and 6.81 were obtained for Co(ll), Cd(ll) and Zn(llpeesvely in the
metal standard mixture whilevalues of 3.48, 4.31 and 6.58 were obtained for Co(ll),
Cd(ll) and zZn(ll) in the spiked tap water sample. Differencek of 0.29 % were
observed for Co(ll), 3.14 % for Cd(Il) and 3.4 % for Zn(ll).

No metal peaks were observed in the un-spiked tap water sahmgrefote future

work would include a pre-concentration step prior to the determinatiometdls in

tap water samples.
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Figure 6.14: Un-spiked tap water (a), 10 ppm Co(ll), Cd(ll) and Zn(ll) stadslgb)
and tap water sample spiked with 10 ppm Co(ll), Cd(ll) and Zn(d).
Chromatographic conditions as in Figure 6.4.

6.2.10 Column stability

Throughout this work, it was noticed that the stability of the coldetariorated over
time (i.e. a loss of retention of the metal cations), theeestability of GMA30 was
closely monitored. The column volume was calculated to be 1,2(gdlculated
taking the porosity into account). Throughout the life-time of GMA30was
calculated that 7,980 pL of the eluent (0.®mitric acid) had passed through the
column before a complete loss of retention was observed, whitsldted into 6,650
column volumes. The number of column volumes that passed through thencolum

when a change in retention was observed was 5,450.

Figure 6.15 shows an overlay of chromatograms obtained for theateparof
Co(ll), Cd(ll) and zn(ll) over a 12 hour period (when a loss ofrteia was first
observed). Within this time frame, a decreask @f 26 % was observed for Co(ll),
30 % for Cd(ll) and 31 % for Zn(ll)
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Figure 6.15: Overlay of chromatograms of Co(ll), Cd(ll) and Zn(ll) obtainedrave
12 hour period. Chromatograms offset for clarity. All other clatmgraphic
conditions as in Figure 6.4.

6.3 Conclusions

LMA -co-EDMA polymer monoliths were fabricated and surface modified Vit
using photo-grafting technigues. Attachment of the IDA was podsitdagh the ring
opening of the epoxide group on the GMA structure, which was used ¢t &tz
IDA. Scanning €D techniques were used to characterise the chelating stationary
phase with results showing that an increase in the complexatacigaresulted in

an increase in the conductive response during scanning of each moRekihis also
showed that the axial distribution of the IDA groups were homogeneong #te
length of the column with % RSD values < 1 %. Increasing théA@bhcentration
from 20 % to 35 % during the grafting step resulted in a linearease in the
conductive response during théCscanning of each monolith. As the same detector
settings and ethanolamine buffer were used for tf2 &anning the poly(GMA)
IDA-modified polymer monoliths were also used during tH® Gcanning of the
poly(VAL) IDA-modified polymer monoliths in Chapter 5.0, it was pidde to
compare the tD scans obtained in both sections of work. Results showedhenat
use of higher concentrations of GMA (30 and 35 %) during the modlificaf the
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monolith surface with IDA, resulted in an increased conductivpores during
scanning ¢D profiling when compared to VAL30 and VAL35, suggesting that an
increased surface coverage of IDA was achieved using poly(GidA)e IDA linker.
The use of scanning”D profiling used throughout this work demonstrated the vast

amount of information to be gained during the fabricationes¥ stationary phases

The poly(GMA) IDA-modified polymer monoliths were used for retemtof selected
metal cations. The elution order obtained for the retention of M (1), Cd(ll)
and Zn(ll) was different that obtained using the poly(VAL) IDA-nfiedi polymer
monoliths. A reversal in selectivity of Cd(ll) and Zn(Il)as obtained using GMA-
IDA when compared to poly(VAL) IDA-modified polymer monoliths demoaishg
that the linker used in the attachment of the IDA functiomslitias an overall effect

on the selectivity of the metal cations during chromatogragipbcations.

Overall, the use of poly(GMA) for the attachment of IDA,opposed to poly(VAL),
produced a more efficient stationary phase when chromatograpfocnpence data
was compared. From the analysis carried out in this worleeiined that the most
efficient results were obtained using a polymer monolith aithincreased chelating
ligand density used in conjugation with a higher concentration of eluenGMA30
used with a 0.2 M HNO; eluent resulted in a more efficient column in comparison to
GMAZ25 used with an eluent comprising of 0.1 mM H)O



Chapter 7.0:

Final conclusions and summations
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To date, little work has focused on the incorporation of ion exchangtidnalities
on polymer monolith substrates for the separation of small iong p$ioto-grafting
techniques. In this work, polymer monoliths were fabricated andegqubstly
functionalised producing ion exchange polymer monoliths. Anion exchange thenoli
were prepared by photo-grafting chains of poly(META). The poly(MEp&lymer
monolith was applied to the separation of a six standard mix. Pecikreies were
comparable to other work carried out using other polymer monolithsntRetdime
precision was < 3 % for all six anions studied. Absolute L®ftdi between 0.1 and
0.4 pmole were obtained which were comparable to other porthldenatography
systems in the literature. The fabrication of the poly(META) pay monolith
worked well and showed the ability to retain a large number of argend inorganic

anions.

Alkaline earth metals were separated using a cation exchaoigeer monolith,
again prepared using photo-grafting techniques. Separatioreeéfycand resolution
was poor demonstrating the low capacity exhibited by these mondtithsase in the
ion exchange capacity could have been increased using an increasedt@tion of
poly(SPM) during the functionalisation procedure. Temperature stueiee carried
out using an inexpensive capillary column heater, which was cotestrusing a
flexible heating tape. The fabrication of the column heaters wasily incorporated

into the system.

lon exchange polymer monoliths with attached chelating ligands pvepared and
used for the separation of metal cations. In this work, two metfd@A attachment
were investigated. The first method involved the covaletschiment of IDA to
poly(VAL) photo-grafted on the monolith surface and the second metliolved the
attachment of IDA on a poly(GMA) polymer monolith through ring openinghef
epoxy groups. The use of photo-grafting techniques allows theyabilincrease the
surface coverage of the attached chelating ligand by inoge#is¢ concentration of

the VAL or GMA during the photo-grafting step.

C'D has been used for a number of years as a detection device illargap
chromatography and more recently it has become clear thableinformation can

be gained from scanning the entire length of the column and meash&ingnductive
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response at pre-defined intervals. As well as measuringxthedastribution of IDA
along the column length, scannindCplots also showed an increase in conductive
response with an increase in the poly(VAL) or poly(GMA) conediains used during
photo-grafting. In the work in this thesis, a wealth of knowledge atdagined from
constructed scanning“D profiles. Characterisation of the IDA modified polymer
monoliths was possible without destruction of the monolith and any aesmal
associated with the stationary phase could be detected prior dmatiographic
applications. While the longitudinal homogeneity obtained during the seaohihe
IDA monoliths prepared using poly(VAL) showed an even distributiothefIDA
groups (% RSD of 3 %), this was further improved upon when IDA maobilised
through the use of poly(GMA). Excellent longitudinal homogeneity wasredatg %
RSD of < 1 %). This improvement suggests a more quantitatverersion (to
bonded IDA groups) of available attachment sites with grafteg(®MA) than
achieved with the previous poly(VAL) grafted monoliths.

The IDA modified polymer monoliths (prepared using poly(GMA) wapplied to
the determination of Ca(ll) and Mg(ll) in a bottled watenpi. The results obtained
were comparable to the manufacturer's claims. A simpleialiuttep was required
prior to the separation of the alkaline earth metals. The(@bA) monoliths were

also used for the separation of transition metals in lgic strength samples.

The use of the chelating polymer monoliths demonstrated invthiis were useful for
the separation of metal cations. The work presented in thiss tbasthe use of
polymer monoliths with attached chelating ligands for the séparaf metal cations,
resulted in the first publication on the topic. In the future, dlse of capillary
chelating polymer monoliths may replace other method of metatrdmation, such

as atomic absorption spectroscopy.
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Appendix 1.0

Use of capillary polymer monoliths in fused silicacapillary
formats as post-column mixing devices.
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Al.1 Introduction

Post column reaction involves the reaction of the column eluate avisuitable
reagent and measuring the reaction product often using UV-visitdetide. The use
of post-column mixing presents considerable difficulty when used dtargscale,
as any extra-column band broadening in the system leads to angiabdbss in
efficiency [156]. The internal diameter of the post-column misean important
variable to consider, as this controls the mixer's contribution tw Baoadening
[157]. The internal diameter and volume should be kept as low ableosshile still
ensuring sufficient mixing. Rohet al [158] demonstrated the use of monoliths, as
post-column mixers, prepared by direct polymerisation of the mbnaithin micro-
fluidic channels. One advantage of direct polymerisation waslility to place the
monolith in specific regions in the micro-fluidic channels by maskifigther areas.
In this work, the authors demonstrated the effect of pore size aad/pome on the
ability to mix two fluorescence dyes and found that the inclusiaefmonolith in
the channels of the micro-fluidic device did improve mixing when pamed to
mixing in an open channel mixer (i.e. no monolith), and that the rbeshg was
obtained with the monoliths with large irregular flow through pokéste recently,
Mair et al. [159] demonstrated the ability to place 100 um segments of monolith
along the channel of a micro-fluidic device. In this work, th#nar mixed lysine with
fluorescamine and measured the fluorescent intensity acragsearchannel, a 1 cm
continuous monolith and a channel containing the segments of monddithfddnd
that while the continuous monolith increased mixing slightly, the migerformance
of the segmented monolith was found to be 22 % better than the opewichad the

continuous monolith and this was due to the gaps between tinesesgof monoliths.

In this present work, the fabrication of polymer monolith for rthpgitential use as
post-column mixers was investigated. The use of post-column dherhes been
shown to improve sensitivity in the analysis of alkaline earttai®ndg54]. Post-
column mixers must allow mixing of the eluted metals with lacted dye without
significant increases in band broadening. Polymer monoliths in 100gflon coated
fused silica capillary with varying pore size distributiorres prepared and analysed

for their suitablility as post-column mixers using a flow iti@e analysis system. The
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monolith mixers were compared to a commercially availablera¥flaidic nano-

mixer and the equivalent amount of open tubular fused silica aapill

Al.2 Instrumentation

Al.2.1 Flow injection analysis system to determine the suitdity of polymer

monoliths in capillary formats as post-column mixers

The flow injection system used in this analysis consistea hauer Smartline 100
high pressure analytical pump (Knauer, Bedfordshire, UK), a -flanosensor
(Upchurch, WA, USA) and a Chemiert 20 nL injector valve (Glébal, WA, USA).
A second Knauer pump was used to introduce the PCR and detect@mamiad out
using a Dionex Ultimate 3000 capillary UV detector with a 3 nL ftal (Sunnyvale,
CA, USA). The monolith mixers were compared to a commercadgilable micro-
fluidic nano-mixer purchased from Upchurch Scientific (Oak Harbor, W8A). The
minimum amount of 25 pum fused silica capillary was used to comtigbe separate
components to reduce the effects of band broadening. A Dionéxalt#t 3000
capillary chromatography system (Dionex, Sunnyvale, CA, USA3} wsed for
backpressure measurements. The PCR mixers were also compaxreldwodead
volume T-piece, where one arm of the T-piece was connected étutire pump, the
second arm connected to the PCR pump and the outlet port of the Tcpewrted
to the UV-Vis detector. The pump used for the vinylisation of tmeed silica
capillary was a syringe pump from Cole Parmer (lllinois, YSke water bath used
was a GFL 1002 (VWR International, Dublin, Ireland). The monolitoicimns were
polymerised and photo-grafted using a Spectrolinker XL-1000 UV Crosslxtkb4
nm. (Spectronics Corp., NY, USA).

Al.3 Procedure

A1.3.1 Fabrication of polymer monoliths with increased pore g for use as

monolith mixers

Six polymer monoliths with increasing pore size distribution vpeepared according

to the concentrations set out in Table A1.1 [158]. Each polymensatixture was
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de-oxygenated for 10 minutes with nitrogen and allowed to fill into 7egments of
previously vinylised Teflon coated fused silica capillary by capijlbction. The fused
silica capillary was sealed and 1 Jfcof UV energy at 254 nm was applied. The

monoliths were subsequently washed with methanol at 1 pL/muonfhour.

Table Al.1: % composition of monomer, cross-linker, porogen and initiator imsed

the preparation of the six polymer monolith mixers.

Monolith # 1 2 3 4 5 6

% concentrations
HEMA 24 18 12 9 6 3
EDMA 16 12 8 6 4 2
1-dodecanol 42 36.3 38.7 411 435 459
Cyclohexanol 18 38.7 413 439 46.5 491
DAP (%) 1 1 1 1 1 1

A1.3.2 Measurement of back-pressure of the monolith mixers

The backpressures of each of the monolith mixers prepared ire Pdbl were
measured using a Dionex capillary ion chromatography systemme&hsurements
were taken using methanol as the eluent and varying the flowfroate 0.5 — 8

pL/min in 1 pL/min increments.

A1.3.3 FIA using polymer monolith mixers as post-column mixers

Using the FIA system described in Section A1.2.1, inpestiof Mg(ll) were carried
out using each of the monolith mixers in turn. The post-columrergagnsisted of 4
mM o-CPC, 10 nM boric acid and pH adjusted to 9.8 with 250MnNaOH and
detected using UV-Vis detection (originally set to 575 nm ardviahg optimisation
of the wavelength was changed to 570 nm). The monolith mixers werecaigpared
to a micro-fluidic nano-mixer and the equivalent amount of open tubuded silica

capillary. Peak heights and peak areas were noted fomgaehtime and compared.
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Al.4 Results and Discussion

Al.4.1 Backpressure measurements

To demonstrate the effect of monomer/porogen concentrations of rthatimn on
pore formation, backpressure measurements were obtained for eaciitm The
backpressure profiles obtained can be seen in Figure Al.l. RBaskpe
measurements were not carried out on the polymer monolith prepamed a
polymerisation mixture consisting of 5 % monomer as it was obdethat the
monolith was breaking away from the walls of the fused sdagillary during the
washing procedure. The monolith was not structurally stable whithheapotential
to block the flow cell of the UV detector if used and assalt, the 5 % monolith was

omitted from any further analysis.

Backpressure (bar)

Flow-rate (uL/min)

Figure Al.1: Backpressure profile obtained for HEMA-co-EDMA polymer monoliths
with 40 % monomer (), 30 % monomer (), 20 % monomer (), 15 % monomer |

and 10 % monomer ). Measurements carried out using methanol and flow-rate
increased from 0.5 — 8 pL/min.



The linear response for the backpressure measurements obtainédtfuergpolymer
monoliths showed that the monoliths were stable and covalently boumel walls of
the fused silica capillary. As can be seen from Figure Adatkpressures obtained
for each monolith were as expected, with the monolith preparad 16i% monomer
and therefore containing the largest pores in comparison to ke otonoliths,
exhibited the lowest backpressure. The backpressure increasednwitbrease in
monomer concentration. The 40 % monomer monolith was disregardeid abint

due to the high backpressure exhibited.

Al.4.2 Scanning electron microscope imaging

Backpressure measurements obtained in Figure #stiolved that by increasing the
porogen concentration, increased pore size was achieved, letdinigcrease
backpressure. Scanning electron microsc(§#€M) imaging allowed the ability to
visualise the pore morphology within the monolith structure. Figure AL&{d (b)
shows the polymer monoliths prepared using 5 % and 10 % monomer inedpect
From these SEM images, it can be seen that the monolith onlgdonear the walls
of the fused silica capillary. Figure Al.2(c) and (d) show plaéymer monolith
prepared using a monomer concentration of 15 %. The monolith obtainedeakhibi
large, irregular pores. Figure Al.2(e) shows the SEM inoatgned for the polymer
monolith containing 20 % monomer and (f) shows the SEM image foB@h#&b
monomer monolith. These monoliths showed that a reduction in the diaofiele
pores was obtained with an increase in monomer concentratione Ei@ufg) and (h)
shows the SEM image obtained using a 40 % monomer concentration, which
exhibited the highest backpressure. As can be seen for the SEMsimeadighly
dense porous polymer monolith was obtained, which was evident bathk@ressure

measurements obtained for this monolith in Figure A1.1.
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Figure A1.2: SEM images obtained for monolith mixers: (a) 5 % monomer, (b) 10 %
monomer, (c,d) 15 % monomer, (e) 20 % monomer, (f) 30 % monomegdmd0

% monomer.



Al1.4.3 Comparison of polymer monoliths in capillary formats as pst-column

mixers to a commercially available nano-mixer
A1.4.3.1 Orientation of chip in the nano-mixer

A commercially available nano-mixer consisted of a silitep secured inside a
plastic protective holding device. The micro-fluidic nano-mixed Raonfigurations,
depending on which way the chip was placed in the chip holder. Accamlitite
manufacturers, the ‘low’ configuration had a flow path volume ohBGnd mixes
with low back pressure and the ‘high’ configuration had a flow path voingé® nL
and gives superior mixing with a higher backpressure. Figuregkib®s a picture of
the microchip, which sits inside a protective holder. The migpwas tested in the
‘high’ and ‘low’ configurations and as there was no appreciable diff® in the
backpressures exhibited, all investigative analysis usinghib-fluidic nano-mixer

was carried out in the ‘high’ configuration.

to detector

[

[Fuenmin | | — [PeR 1]

»|to detector

Figure A1.3: Micro-fluidic nano-mixer chip showing the low (red) and high (blue)
configuration.
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A1.4.3.2 Optimisation of detection wavelength.

Previous work on the analysis of alkaline earth metals us@BC as a post-column
reagent has shown that the optimum detection wavelength wasn7$54].

However, it was important to determine the optimum wavelengtiy lse conditions
described in this work. Using the nano-mixer incorporated intoFl#e system,

injections of Mg(ll) were carried out, varying the wavelgnigom 500 nm to 610 nm.
Figure Al.4 shows a plot of wavelength (nm) versus peak arepdNdsit can be
seen from this plot that the optimum wavelength was betweemfm6and 570 nm,

therefore all further work was carried using a detectionefeangth of 570 nm.

1.20

1.00 A

0.80 -

0.60 -

Peak height (V)

0.40 -

0.20 -

O .OO T T T T T T
480 500 520 540 560 580 600 620

wavelength (nm)

Figure Al.4: Plot of wavelength (nm) versus peak height (V) showing that th
optimum wavelength was between 565 nm and 570 nm. Separation conditions:
Injection volume: 20 nL, Eluent: 5Nhnitric acid, PCR: 4 ml o-CPC, 10 riv boric

acid pH adjusted to 9.8 with 250MNaOH, flow-rate: 1 pL/min (eluent and PCR).

A1.4.3.3 Effect of polymer monolith post-column mixer lendt on peak shape

The FIA system was set up using a high pressure pump, a nanseil@mor and a 20

nL injector valve. The least amount of 25 pm fused silicalleapiwas used to plumb

the injector valve into the correct port of the nano-mixesefond pump was used to
introduce the post-column reagent which was connected to another guoetrafcro-

fluidic mixer. The eluent mixed with the post-column reagerit passed through the
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channels of the nano-mixer and exited through the third port of themixieo, which

was connected to the UV-Vis detector.

Monolith mixers of various lengths were used (5 cm, 4 cm and 3.&wcdthe effect
of mixer length on peak height, area and width was investigMedolith mixers
shorter than 3.5 cm could not be incorporated into the FIA system caentbing
restrictions. The monolith mixers were also compared to the &guaivength of open
tubular fused silica capillary (i.e. fused silica capillaontaining no monolith). Table
Al.2 shows the chromatographic performance data demonstrating the raiéferm
peak width (measured at 50 % peak height), peak area and pedk, hsigg
monoliths mixers of varying flow-through pores, open tubular FSC and
commercially available nano-mixer. The peak area (V.s) irglicdhe degree of
mixing while the peak height (V) indicated the band broadening.

Table Al.2: Chromatographic performance data comparing mixing efficiency of
monoliths of varying monomer concentration and varying lengths with a

commercially available micro-fluidic nano-mixer.

PCR mixer Mixer  Peak width Peak Area Peak Height
length (V.s) (V)
(cm)
15% monomer 5 0.18 2.92 0.26
4 0.1f 3.1¢ 0.31
3.5 0.15 3.17 0.32
20% monomer 5 0.11 2.63 0.33
4 0.1¢ 2.5¢€ 0.20
3.5 0.10 2.94 0.39
30% monomer 5 0.10 2.24 0.31
4 0.11 2.3¢ 0.20
3.5 0.18 2.51 0.31
Empty fused 5 0.09 2.64 0.43
silica capillary 4 0.0¢ 2.€0 0.4¢
3.5 0.08 2.64 0.47
nano-fluidic - 0.07 3.24 0.66
mixer
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The effect of mixer length and therefore mixer volume wassinyated. From Table
Al.2, the length of the monolithic mixer had an effect on mixiagacity. Each of
the monolith mixers reported an increase in peak area (10 — 12 %pancrease in
peak height when the lengths of the monolith mixers were redfroed 5 cm to 3.5
cm), due to a decrease in the monolith mixer volume. The bio#®mer monolith
(3.5 cm) exhibited the largest peak area (3.17 V.s) when compartdte 20 %
monomer monolith (3.5 cm) which showed a peak area of 2.94 V.s arnef80t%
monomer, a peak area of 2.51 V.s was obtained. As mentioned preyviausl
comparison of peak heights indicates the level of band broadening intioolydee
monolith mixers. Peak heights of 0.32 V, 0.39 V and 0.31 V werenglotdor 15 %,
20 % and 30 % monolith mixers respectively. However, when thehpaghts from
the monolith mixers are compared to the peak heights obtained froequhelent
length of open tubular fused silica capillary (0.47 V), it becomadeat that the
introduction of the monolith into the fused silica capillary laadeffect on the band
broadening (~ 30 % increase in band broadening when compared to the 15 %
monomer monolith, 3.5 cm in length). During this analysis, it apge that the
structural integrity of the 10 % monomer monolith was not suffigiesttible and in
some cases, the porous polymer washed out of the end of the fusedtisdrefore
this monolith was ruled out as a potential monolith mixer. Althoughharease in
band broadening was observed when the monolith mixers (15 and 20 % monomer
concentration) were incorporated in the flow injection systerapmparison with the
same length of empty fused silica capillary, a closer wtgpeof peak areas indicated
an increase in mixing efficiency of ~ 20 % when the monolith mixas used.
Comparing the 15 % monomer monolith (Figure 1.5(b) to the commgraiailable
nano-mixer (Figure A1.6(b)) showed that the peak area’s obtainedcsarparable
(3.17 V.s for 15 % monolith mixer and 3.24 V.s for nano- mixer), howeavieen the
peak height's are compared, it is clear that the 15 % monwlier contributes
significantly to band broadening (~ 50 % decrease in peak height wheib the
monolith mixer is used). Figure Al1.5(c) shows FIA chromatograbtsirmed for
injections of Mg(ll) using the polymer monoliths prepared frommanomer
concentration of 20 % and Figure 1.5(d) was obtained using empty fuged si
capillary. All chromatograms shown in Figure 3.12 are to smadkit is evident that

the introduction of the monolith within the fused silica re=iliin band broadening.
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Figure A1.5: Mg(ll) peaks obtained on the FIA system using (a) the nano-niixer,
15 % monomer monolith, 3.5 cm in length, (c) 20 % monolith mixer, 3.Bdength
and (d) 3.5 cm of empty FSC.
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A1.3.3.4 Optimisation of post-column regent conditions

To show the full extent of the mixing efficiency of the monolitixens, the PCR
conditions were optimised. The@CPC concentration was varied from 0.51nto 8
mM. The boric acid concentration was kept constant at ¥0amd the pH of each
post-column reagent was adjusted to 9.8 with 280 NaOH. Injections of Mg(ll)
were carried out and it was found that the optimum concentratiarhwebhibited the
largest peak area and peak height wasM. @aCPC. This was repeated to find the
optimum boric acid concentration where, th€ PC concentration was kept constant
at 1 mM and the boric acid concentration was varied betweeMzand 20 fM. The
optimum concentration was found to be 1Mroric acid. Finally, using 1 M o-
CPC and 15 M boric acid, the pH was adjusted from 8.5 to 11.5 and the optim
pH was found to be 9.8

A1.4.3.5 Comparison of commercially available nano-mixer and monah mixers

using the optimized PCR conditions conditions.

Using the optimised conditions, the commercially availablerariluidic nano-mixer
and the 15 % monolith mixer were compared. Figure Al.6(a) showdgfip peaks
obtained using the nano-mixer, while Figure Al1.6(b) shows Mg(ll) paskg) the
polymer monolith prepared using a 15 % monomer concentration (3.5 cm)
incorporated into the flow injection system. The mixers veése compared to a 3.5
cm piece of open tubular FSC Figure A1.6(c). As all the chimgnams in Figure
Al.6 are to scale, the effects of the incorporation of the morintibhthe fused silica
capillary become clear. Reductions in peak height were clegilyle as well as
increase in peak width when the 15 % monomer mixer (b) is compakajl. tbhe
PCR mixers, mentioned previously, were replaced with a lowl gelume T-piece.
Figure A1.7 shows Mg(ll) peaks using the optimised conditions ondteifjection

analysis system with a T-piece replacing the PCR mixer.
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Figure A1.6: Mg(ll) peaks obtained using the FIA system with (a) the rdlicridic nano-mixer, (b) the 15 % monolith mixer, 3.5 cm in length
and (c) open tubular FSC, 3.5 cm in length. Injection volume: 2@Ehlent: 5 nM nitric acid, PCR: 4 m o-CPC, 10 v boric acid pH
adjusted to 9.8 with 250 MhNaOH., flow-rate: 1 pL/min (eluent and PCR).
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Figure Al1.7: Injections of 500 ppm Mg(ll) on the flow injection system usihg t
optimised conditions. Chromatographic conditions: PCR mixer: Low deladhe T-
piece, all other conditions as in Figure Al.6.

Table A1.3 Peak areas (V.s) (n=6 injections) using the micro-fluidicoraixer, 15

% monolith mixer, open tubular fused silica capillary and dead volume T-piece.

Mixer Peak width Peak Area Peak height (V)
(V.s)

15 % monomer mixer (3.5cm 0.24 5.63 0.33

Micro-fluidic nano-mixer 0.07 5.62 1.11

Open tubular FSC (3.5 cm) 0.08 4.75 0.84

T piece 0.06 5.36 1.18




As can be seen from Table Al.3, the peak areas obtamedlie nano-mixer and the
15 % monolith mixer are comparable. As mentioned previously, pason of the
peak heights suggests that the monolith mixer introduced signifiaadtbdroadening
which is evident when peak heights are compared (peak height for manolih
was 0.33 V and 1.11 V for the nano-mixer). The equivalent amounpeai tubular
fused silica capillary resulted in a reduction in the mixfficiency showing that the
incorporation of the monolith within the fused silica capillarguteed in a higher
degree of mixing, however, when the peak heights are compa2i { for 15 %
monolith mixer and 0.84 V for open tubular fused silica capillahg, mhonolith did

increase band broadening.

The use of the T-piece with the 17 nL swept volume gave arestiieg result. The
fused silica from the UV detector was connected directly it T-piece and it
seemed that the length of fused silica from the detector ctethéo the flow-cell of
the UV detector was long enough to ensure efficient mixing, whempa@u to the
micro-fluidic mixer. A reduction in band broadening was also noteeivwhe T-piece
was compared to the monolith mixer. The results obtained for thiece were

comparable to those obtained from the commercially available maes-

Al1.5 Conclusion

The use of polymer monolith as post-column mixers is presefelymer monoliths
were prepared with decreasing porogen concentrations resulting initimonih
various flow-through pore diameters. The differences in the filwaugh pores were
confirmed by obtaining back-pressure measurements and SEM irgagésnonolith
mixer was incorporated into a flow injection analysis systBasults showed that
decreasing the length of the monolith mixer from 5 cm to 3.5 cnteeldihe effects
of band broadening due to decreases in the internal volume of the mondér.
The monolith mixer was also compared with an equivalent amouopesi tubular
fused silica capillary, which showed that the incorporation ofptbigmer monolith
within the fused silica capillary did improve mixing, howeveriacrease in band
broadening was noted. The monolith mixer and open tubular fused caliGkary
were also compared to a commercially available miarwhit nano-mixer. While

peak areas of the monolith mixer and the micro-fluidic nano-mueze comparable,
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a increase in peak height of ~ 70 % was observed when the miiha-fiano-mixer
was used demonstrating the significant effect on band broadening wheorloéth
mixer was used. Finally, all post-column mixers were repladgéh a T piece with a
low swept volume with results showing that the mixing capaslitvere similar to
those exhibited by the micro-fluidic nano-mixer.

Although the results obtained in this work showed that the use of a ithoasla
mixer had a deleterious effect on band broadening, it is posisdiléhat this problem
may be overcome with the use of segmented monoliths simithose reported by
Mair et al.[159].



