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Table 4.1: Online CME-HPLC data for nucleotides and pesticides extracted on four 

different sol-gel sorbents: (a) sol-gel niobia sorbent, (b) electrically neutral sol-gel niobia 

sorbent carrying a C18 ligand, (C) sol-gel niobia sorbent carrying positively charged C18 

ligand, and (d) sol-gel titania sorbent carrying positively charged C18 ligand.  
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Desorption efficiency for all three niobia-based sol-gel sorbents was found to be in 

between 94-96% (including Nb2O5-C18 (+ve)).  Desorption efficiency of TiO2-C18 (+ve) was 

found to be ~90%. This higher desorption efficiency provided by Nb2O5-C18 (+ve) compared to  

TiO2-C18 (+ve) can be attributed to the higher strength of  surface acidity on titania compared to 

niobia, which makes it more difficult to desorb extracted OPCs from TiO2-C18 (+ve) coating 

[44].  Limit of detection was in ng/l concentration for all analytes.  

4.4 Conclusion 

A niobia-based sorbent was designed for CME to provide efficient online enrichment of 

organophosphate analytes by simultaneously exploiting three different types’ molecular level 

interactions:  Lewis acid-base-, van der Waals-, and electrostatic interactions. Sol-gel chemistry 

was effectively utilized to synthesize such a sorbent with the following structural and functional 

features: (a) Nb2O5 – an inorganic component with Lewis acid sites capable of providing Lewis 

acid-base interactions with the analyte phosphate group, a Lewis base; (b) an octadecyl ligand 

capable of providing various types of van der Waals interactions with OPCs; and (c) a positively 

charged quaternary amine group which is capable of undergoing electrostatic interaction with the 

negatively charged phosphate groups on organophosphate analytes. Since titania-based sorbents 

are recognized as the state-of –the-art extraction media for OPCs, the CME performance of the 

newly developed sol-gel niobia sorbent (Nb2O5-C18 (+ve)) was compared with that of an 

analogously synthesized titania-based sorbent with the same structural characteristics (TiO2-C18 

(+ve)). Online CME-HPLC analysis of OPCs using these sorbents revealed that Nb2O5-C18 (+ve) 

provided 40-50% higher extraction efficiency ((SE) over (TiO2-C18 (+ve)). This enhanced 

extraction capability of Nb2O5-C18 (+ve) for OPCs may be accounted for by the presence of both 

Lewis- and Bronsted acid sites on this niobia-based sorbent but essential lack of Bronsted acid 
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sites on the titania-based sorbent.  During online CME-HPLC analysis of OPPs and nucleotides, 

Nb2O5-C18 (+ve) also provided superior desorption efficiency over (TiO2-C18 (+ve)):  96% vs. 

90%. This can be explained by the fact that titania presents a stronger Lewis acid than niobia, 

making it easier for the HPLC mobile phase to desorb organophosphate analytes (Lewis bases) 

from the weaker Lewis acid sites present on the niobia-based sorbent.  

4.5 References 

[1] S. Mohammadiazar, N. Fallahpour, A. Roostaie, B. Ebrahimi, Improvement of solid‐phase 

microextraction efficiency by the application of a carbon‐nanotubes‐based ternary microextraction 

fiber composite. J. Sep. Sci. 2017. 

[2] Y. Lei, B. Chen, L. You, M. He, B. Hu, Polydimethylsiloxane/MIL-100(Fe) coated stir bar 

sorptive extraction-high performance liquid chromatography for the determination of triazines in 

environmental water samples. Talanta. 2017, 175, 158-167. 

[3] S. Azimi, Z. Es' haghi, G.R. Bardajee, Dendrimer‐reinforced sol–gel based hollow fiber solid‐
phase microextraction for citalopram determination using response surface methodology. J. Sep. 

Sci. 2017, 40, 2246-2252. 

[4] J. Zhou, Z. Zeng, Novel fiber coated with β-cyclodextrin derivatives used for headspace solid-

phase microextraction of ephedrine and methamphetamine in human urine. Anal. Chim. Acta. 

2006, 556, 400-406. 

[5] Z. Zeng, W. Qiu, M. Yang, X. Wei, Z. Huang, F. Li, Solid-phase microextraction of monocyclic 

aromatic amines using novel fibers coated with crown ether. J. Chromatogr. A. 2001, 934, 51-57. 

[6] J. Yu, C. Wu, J. Xing, Development of new solid-phase microextraction fibers by sol–gel 

technology for the determination of organophosphorus pesticide multiresidues in food. J. 

Chromatogr. A. 2004, 1036, 101-111. 



 

 144

[7] S.L. Chong, D. Wang, J.D. Hayes, B.W. Wilhite, A. Malik, Sol− gel coating technology for 

the preparation of solid-phase microextraction fibers of enhanced thermal stability. Anal. Chem. 

1997, 69, 3889-3898. 

[8] S. Bigham, J. Medlar, A. Kabir, C. Shende, A. Alli, A. Malik, Sol− Gel Capillary 

Microextraction. Anal. Chem. 2002, 74, 752-761. 

[9] R. Eisert, J. Pawliszyn, Automated in-tube solid-phase microextraction coupled to high-

performance liquid chromatography. Anal. Chem. 1997, 69, 3140-3147. 

[10] A. Namera, T. Saito, Advances in monolithic materials for sample preparation in drug and 

pharmaceutical analysis. TrAC, Trends Anal. Chem. 2013, 45, 182-196. 

[11] Y. Shintani, X. Zhou, M. Furuno, H. Minakuchi, K. Nakanishi, Monolithic silica column for 

in-tube solid-phase microextraction coupled to high-performance liquid chromatography. J. 

Chromatogr. A. 2003, 985, 351-357. 

[12] Y. Fan, Y.-Q. Feng, S.-L. Da, Z.-G. Shi, Poly (methacrylic acid–ethylene glycol 

dimethacrylate) monolithic capillary for in-tube solid phase microextraction coupled to high 

performance liquid chromatography and its application to determination of basic drugs in human 

serum. Anal. Chim. Acta. 2004, 523, 251-258. 

[13] P. Georgakopoulos, R. Zachari, M. Mataragas, P. Athanasopoulos, E.H. Drosinos, P.N. 

Skandamis, Optimisation of octadecyl (C 18) sorbent amount in QuEChERS analytical method for 

the accurate organophosphorus pesticide residues determination in low-fatty baby foods with 

response surface methodology. Food Chem. 2011, 128, 536-542. 

[14] P.-G. Su, S.-D. Huang, Determination of organophosphorus pesticides in water by solid-phase 

microextraction. Talanta. 1999, 49, 393-402. 



 

 145

[15] C. Jia, X. Zhu, J. Wang, E. Zhao, M. He, L. Chen, P. Yu, Extraction of pesticides in water 

samples using vortex-assisted liquid–liquid microextraction. J. Chromatogr. A. 2010, 1217, 5868-

5871. 

[16] M.A. Farajzadeh, S.E. Seyedi, M.S. Shalamzari, M. Bamorowat, Dispersive liquid–liquid 

microextraction using extraction solvent lighter than water. J. Sep. Sci. 2009, 32, 3191-3200. 

[17] T. Berhanu, N. Megersa, T. Solomon, J.Å. Jönsson, A novel equilibrium extraction technique 

employing hollow fibre liquid phase microextraction for trace enrichment of freely dissolved 

organophosphorus pesticides in environmental waters. Int J Environ Anal Chem. 2008, 88, 933-

945. 

[18] Y. Zhang, R. Wang, P. Su, Y. Yang, Ionic liquid-based solvent bar microextraction for 

determination of organophosphorus pesticides in water samples. Anal Methods. 2013, 5, 5074-

5078. 

[19] W. Guan, Y. Wang, F. Xu, Y. Guan, Poly (phthalazine ether sulfone ketone) as novel 

stationary phase for stir bar sorptive extraction of organochlorine compounds and 

organophosphorus pesticides. J. Chromatogr. A. 2008, 1177, 28-35. 

[20] W.A.W. Ibrahim, K.V. Veloo, M.M. Sanagi, Novel sol–gel hybrid methyltrimethoxysilane–

tetraethoxysilane as solid phase extraction sorbent for organophosphorus pesticides. J. 

Chromatogr. A. 2012, 1229, 55-62. 

[21] M.A. Jaoudé, J. Randon, Capillary monolithic titania column for miniaturized liquid 

chromatography and extraction of organo-phosphorous compounds. Anal.Bioanal.Chem. 2011, 

400, 1241-1249. 



 

 146

[22] W.A.W. Ibrahim, H. Farhani, M.M. Sanagi, H.Y. Aboul-Enein, Solid phase microextraction 

using new sol–gel hybrid polydimethylsiloxane-2-hydroxymethyl-18-crown-6-coated fiber for 

determination of organophosphorous pesticides. J. Chromatogr. A. 2010, 1217, 4890-4897. 

[23] X. Huang, J. Wang, C. Liu, T. Guo, S. Wang, A novel rGR–TiO 2–ZrO 2 composite nanosheet 

for capturing phosphopeptides from biosamples. J. Mater. Chem. B. 2015, 3, 2505-2515. 

[24] Y. Yao, J. Dong, M. Dong, F. Liu, Y. Wang, J. Mao, M. Ye, H. Zou, An immobilized titanium 

(IV) ion affinity chromatography adsorbent for solid phase extraction of phosphopeptides for 

phosphoproteome analysis. J. Chromatogr. A. 2017, 1498, 22-28. 

[25] T. Saito, H. Aoki, A. Namera, H. Oikawa, S. Miyazaki, A. Nakamoto, S. Inokuchi, Mix-mode 

TiO-C18 monolith spin column extraction and GC-MS for the simultaneous assay of 

organophosphorus compounds and glufosinate, and glyphosate in human serum and urine. Anal. 

Sci. 2011, 27, 999-999. 

[26] S.B. Ficarro, J.R. Parikh, N.C. Blank, J.A. Marto, Niobium (V) oxide (Nb2O5): application 

to phosphoproteomics. Anal. Chem. 2008, 80, 4606-4613. 

[27] H.-Y. Lin, W.-Y. Chen, Y.-C. Chen, Iron oxide/niobium oxide core–shell magnetic 

nanoparticle-based phosphopeptide enrichment from biological samples for MALDI MS analysis. 

J Biomed Nanotechnol. 2009, 5, 215-223. 

[28] J.D. Hayes, A. Malik, Sol–gel chemistry-based Ucon-coated columns for capillary 

electrophoresis. J Chromatogr B Biomed Sci Appl. 1997, 695, 3-13. 

[29] Occidental Chemical Corporation, Methylene chloride temperature vs density table, in, 2014. 

[30] T.-Y. Kim, K. Alhooshani, A. Kabir, D.P. Fries, A. Malik, High pH-resistant, surface-bonded 

sol–gel titania hybrid organic–inorganic coating for effective on-line hyphenation of capillary 



 

 147

microextraction (in-tube solid-phase microextraction) with high-performance liquid 

chromatography. J. Chromatogr. A. 2004, 1047, 165-174. 

[31] A. Alhendal, S. Mengis, J. Matthews, A. Malik, Nonhydrolytic sol-gel approach to facile 

creation of surface-bonded zirconia organic-inorganic hybrid coatings for sample preparation. Ι. 

Capillary microextraction of catecholamine neurotransmitters. J. Chromatogr. A. 2016, 1468, 23-

32. 

[32] A. Malik, Sample preconcentration tubes with sol-gel surface coatings and/or sol-gel 

monolithic beds, in, Google Patents, 2004. 

[33] A. Malik, D. Wang, Solid phase microextraction fiber structure and method of making, in, 

Google Patents, 2004. 

[34] S.S. Segro, A. Malik, Sol–gel coatings with covalently attached methyl, octyl, and octadecyl 

ligands for capillary microextraction. Effects of alkyl chain length and sol–gel precursor 

concentration on extraction behavior. J. Chromatogr. A. 2009, 1216, 7677-7686. 

[35] L. Fang, S. Kulkarni, K. Alhooshani, A. Malik, Germania-based, sol− gel hybrid organic− 

inorganic coatings for capillary microextraction and gas chromatography. Anal. Chem. 2007, 79, 

9441-9451. 

[36] W. Li, D. Fries, A. Alli, A. Malik, Positively Charged Sol−Gel Coatings for On-Line 

Preconcentration of Amino Acids in Capillary Electrophoresis. Anal. Chem. 2004, 76, 218-227. 

[37] J. Livage, M. Henry, C. Sanchez, Sol-gel chemistry of transition metal oxides. Prog. Solid 

State Chem. 1988, 18, 259-341. 

[38] G. Balakrishnan, P. Kuppusami, S. Murugesan, C. Ghosh, R. Divakar, E. Mohandas, D. 

Sastikumar, Characterization of Al 2 O 3/ZrO 2 nano multilayer thin films prepared by pulsed 

laser deposition. Mater. Chem. Phys. 2012, 133, 299-303. 



 

 148

[39] A. Aronne, E. Marenna, V. Califano, E. Fanelli, P. Pernice, M. Trifuoggi, A. Vergara, Sol–

gel synthesis and structural characterization of niobium-silicon mixed-oxide nanocomposites. J. 

Sol-Gel Sci. Technol. 2007, 43, 193-204. 

[40] P. Griesmar, G. Papin, C. Sanchez, J. Livage, Sol-gel route to niobium pentoxide. Chem. 

Mater. 1991, 3, 335-339. 

[41] H. Liu, J. Zhou, H. Huang, Amine-functionalized TiO2 nanoparticles for highly selective 

enrichment of phosphopeptides. Talanta. 2015, 143, 431-437. 

[42] M.A. Aegerter, Sol–gel niobium pentoxide: A promising material for electrochromic coatings, 

batteries, nanocrystalline solar cells and catalysis. Sol. Energy Mater. Sol. Cells. 2001, 68, 401-

422. 

[43] M. Tamura, K.-i. Shimizu, A. Satsuma, Comprehensive IR study on acid/base properties of 

metal oxides. Appl. Catal., A. 2012, 433, 135-145. 

[44] A.M. Alsalme, P.V. Wiper, Y.Z. Khimyak, E.F. Kozhevnikova, I.V. Kozhevnikov, Solid acid 

catalysts based on H 3 PW 12 O 40 heteropoly acid: acid and catalytic properties at a gas–solid 

interface. J. Catal. 2010, 276, 181-189. 

 

 

 

 

 

 

 

 



 

 149

Appendix 

 

1.  Permission for Figure 1.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 150

2. Permission for Figure 1.3 
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3.  Permission for figure 1.4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 152

4. Permission for Figure 1.5 
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