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            Greening analytical chromatography Christopher J. Welch, Naijun Wu, Mirlinda Biba, Robert Hartman, Tanja Brkovic, Xiaoyi Gong, Roy Helmy, Wes Schafer, James Cuff, Zainab Pirzada, Lili Zhou We review recent approaches for greening analytical separation technolo- gies. Whereas conventional analytical separation technologies produce as much as 50 mL of waste per analysis, greener options considerably reduce the amount of waste generated per analysis, ranging from simply adoptable small-particle stationary-phase technologies and reduced column diameters to more specialized technologies [e.g., ultra-high-pressure liquid chroma- tography (UHPLC), supercritical-ﬂuid chromatography (SFC) and microscale or nanoscale HPLC]. In addition, greener eluents and chromatography con- ditions can also be used, including substitution of ethanol for acetonitrile in reversed-phase HPLC and the use of water alone as an eluent at elevated temperatures. We describe the merits of these emerging technologies, and discuss the factors inﬂuencing the decision to move from conventional an- alytical separation methodologies to greener alternatives. ª 2010 Elsevier Ltd. All rights reserved. Keywords: Acetonitrile; Analytical separation; Ethanol; Fast chromatography; Green analytical chemistry; Microflow chromatography; Solvent saving; Supercritical-fluid chromatography; Superheated water chromatography; Waste 1. Introduction In recent years, the subject of green chemistry has gained increasing attention and acceptance from researchers in both industry and academia [1–3]. Under- standably, early efforts targeted improving process economy, waste reduction, and elimination of risks and hazards in those large-scale industrial processes where the greatest environmental impact could be realized. There has been recent growing interest in the application of green-chem- istry principles to all aspects of laboratory work, where more modest savings, multi- plied by a greater number of individual researchers, can have a signiﬁcant cumulative impact [4]. Consequently, the previous focus on greening chemical pro- duction and puriﬁcation technologies has recently expanded to include other labo- ratory technologies as well. The nascent ﬁeld of green analytical chemistry, recently reviewed by de la Guardia [5], is concerned with the reduc- tion or elimination of the use or genera- tion of reagents or byproducts that are harmful to human health or the environ- ment. Green analytical chemistry can take many forms, but most segments of this emerging ﬁeld minimize the amount of waste associated with either the sample preparation or analysis. The greening of sample preparation is an exciting ﬁeld that has recently been reviewed by Namiesnik and co-workers [6]. In this review, we survey recent advances in the greening of analytical separation technologies. 2. Greening analytical separation technologies High-performance liquid chromatography (HPLC) and related chromatographic techniques are the most widely utilized analytical tools in chemical research. In its most common current incarnation, ana- lytical HPLC is performed using a station- ary-phase column of 4.6 mm internal diameter (i.d.) and 25 cm length at a mobile-phase ﬂow rate of about 1–1.5 mL/ min [7]. Under these conditions, each operating HPLC instrument generates on a daily basis well over 1 L of efﬂuent that must be disposed of as chemical waste. While 1 L of waste solvent may be incon- sequential in the industrial manufacturing realm, the pervasiveness of analytical HPLC instrumentation makes the cumu- lative effect substantial. For example, it is not uncommon for a single pharmaceuti- cal company to have well over 1000 Christopher J. Welch*, Naijun Wu*, Mirlinda Biba, Robert Hartman, Tanja Brkovic, Xiaoyi Gong, Roy Helmy, Wes Schafer, James Cuff, Zainab Pirzada, Lili Zhou Merck & Co., Inc., Separation & Purification Center of Excellence, RY 801, A100 Rahway, NJ 07065, USA * Corresponding authors. E-mail: christopher_welch@ merck.com Trends in Analytical Chemistry, Vol. 29, No. 7, 2010 Trends 0165-9936/$ - see front matter ª 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.trac.2010.03.008 667 
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Trends in Analytical Chemistry, Vol. 29, No. 7, 2010 Trends
 Greening analyticalchromatographyChristopher J. Welch, Naijun Wu, Mirlinda Biba, Robert Hartman,
 Tanja Brkovic, Xiaoyi Gong, Roy Helmy, Wes Schafer, James Cuff,
 Zainab Pirzada, Lili Zhou
 We review recent approaches for greening analytical separation technolo-
 gies. Whereas conventional analytical separation technologies produce as
 much as 50 mL of waste per analysis, greener options considerably reduce
 the amount of waste generated per analysis, ranging from simply adoptable
 small-particle stationary-phase technologies and reduced column diameters
 to more specialized technologies [e.g., ultra-high-pressure liquid chroma-
 tography (UHPLC), supercritical-fluid chromatography (SFC) and microscale
 or nanoscale HPLC]. In addition, greener eluents and chromatography con-
 ditions can also be used, including substitution of ethanol for acetonitrile in
 reversed-phase HPLC and the use of water alone as an eluent at elevated
 temperatures. We describe the merits of these emerging technologies, and
 discuss the factors influencing the decision to move from conventional an-
 alytical separation methodologies to greener alternatives.
 ª 2010 Elsevier Ltd. All rights reserved.
 Keywords: Acetonitrile; Analytical separation; Ethanol; Fast chromatography; Green
 analytical chemistry; Microflow chromatography; Solvent saving; Supercritical-fluid
 chromatography; Superheated water chromatography; Waste
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 1. Introduction
 In recent years, the subject of greenchemistry has gained increasing attentionand acceptance from researchers in bothindustry and academia [1–3]. Under-standably, early efforts targeted improvingprocess economy, waste reduction, andelimination of risks and hazards in thoselarge-scale industrial processes where thegreatest environmental impact could berealized. There has been recent growinginterest in the application of green-chem-istry principles to all aspects of laboratorywork, where more modest savings, multi-plied by a greater number of individualresearchers, can have a significantcumulative impact [4]. Consequently, theprevious focus on greening chemical pro-duction and purification technologies hasrecently expanded to include other labo-ratory technologies as well.
 Elsevier Ltd. All rights reserved. doi:10.1016/j.trac.2010.03.008
 The nascent field of green analyticalchemistry, recently reviewed by de laGuardia [5], is concerned with the reduc-tion or elimination of the use or genera-tion of reagents or byproducts that areharmful to human health or the environ-ment. Green analytical chemistry can takemany forms, but most segments of thisemerging field minimize the amount ofwaste associated with either the samplepreparation or analysis. The greening ofsample preparation is an exciting field thathas recently been reviewed by Namiesnikand co-workers [6]. In this review, wesurvey recent advances in the greening ofanalytical separation technologies.
 2. Greening analytical separationtechnologies
 High-performance liquid chromatography(HPLC) and related chromatographictechniques are the most widely utilizedanalytical tools in chemical research. In itsmost common current incarnation, ana-lytical HPLC is performed using a station-ary-phase column of 4.6 mm internaldiameter (i.d.) and 25 cm length at amobile-phase flow rate of about 1–1.5 mL/min [7]. Under these conditions, eachoperating HPLC instrument generates on adaily basis well over 1 L of effluent thatmust be disposed of as chemical waste.While 1 L of waste solvent may be incon-sequential in the industrial manufacturingrealm, the pervasiveness of analyticalHPLC instrumentation makes the cumu-lative effect substantial. For example, it isnot uncommon for a single pharmaceuti-cal company to have well over 1000
 667
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Figure 1. The three Rs of green separation technologies. Mostgreen separation technologies focus on reduction and replacement,with recycling being important primarily in larger scale preparativeseparation technologies.
 Trends Trends in Analytical Chemistry, Vol. 29, No. 7, 2010
 operating HPLC instruments. In addition, HPLC isbecoming more intensively used in recent years, withautomated technologies gaining favor to allow round-the-clock operation of instruments.
 HPLC is a workhorse analytical tool that delivers tre-mendous benefit to the chemical-research community.For many applications, the value produced by an HPLCinstrument in a day of operation easily exceeds the com-bined cost of the purchase of 1 L of solvent, and the asso-ciated waste disposal. However, a fundamental questionremains: ‘‘Could these same results be obtained with de-creased waste generation?’’. Recent technological ad-vances have shown that the answer to this question is aresounding, unequivocal ‘‘Yes!’’. A variety of new, re-cently available, analytical separation technologies candeliver the required analytical results while significantlyreducing solvent consumption, waste generation, or both.
 3. The three Rs of green analytical chemistry
 In addition to the well-known 12 principles of greenchemistry [1], three Rs (Reduce, Replace, Recycle)(Fig. 1) are commonly mentioned in connection withgreen analytical chemistry. To date, most of the efforts atgreening analytical chromatography have focused oneither replacement of existing solvents with greeneralternatives or on overall reduction in the amount ofsolvent used and waste generated. Solvent recycling viadistillation [8] or other methods [9] has received onlylimited investigation in analytical chromatography, al-though the technique is widely used in industrial-scalechromatography.
 4. Solvent reduction: fast chromatography is green
 4.1. Fast separation using conventional HPLC withelevated pressuresThe most straightforward and easiest way to reduce thesolvent consumption of an HPLC separation is to reducethe run time. The mobile-phase consumption (V) for agiven separation can be expressed as:
 V ¼ F� t ð1Þwhere F is the volumetric flow rate and t is the run timeof the separation. A fast, efficient separation can easily beachieved by using a short column packed with smallerparticles, since column efficiency per unit length in-creases with decreasing particle size. The column length,L, required for a given separation is proportional to theparticle size [10]:
 L ¼ 2Nreq � dp ð2Þwhere Nreq is the required column efficiency for a givenseparation and dp is the particle size of the packing
 668 http://www.elsevier.com/locate/trac
 material. For example, a 100 · 4.6-mm column packedwith 1.8-lm particles can provide column efficiencysimilar to a 250 · 4.6-mm column packed with 5-lmparticles (as illustrated in Fig. 2). It can be seen that,while both columns provide similar separation, the sep-aration speed for the 100 · 4.6-mm column (1.8-lmparticles) is approximately 2.5 times faster than for the250 · 4.6-mm column (5-lm particles) simply becausethe former is 2.5 times shorter. As a result, solventsavings of about 2.5-fold can be achieved by reducingthe column length and the particle size. However, itshould be noted, that the column pressure for the100 mm, 1.8 lm column is much higher even thoughthe same flow rate was used, since the pressure drop fora packed column increases faster with decreasing par-ticle size than it decreases by reducing column length[11]. Nevertheless, the pressure is still within allowablepressure ranges for a conventional instrument.
 4.2. Fast separation using ultra-high performanceliquid chromatography (UHPLC) systemsRecent years have seen a veritable explosion in new andimproved methods for speeding up chromatographicanalysis, mostly based upon increased use of smallerparticle (sub-2 lm) stationary phases operating athigher back-pressures [11–13]. Theoretically, muchhigher flow rates can be used for sub-2 lm particles toachieve faster separation, since the optimum linearvelocity is inversely proportional to the particle size [12].For example, a flow rate as high as 3.3 mL/min can beused for the 100 · 4.6-mm column packed with 1.8-lmparticles from the previous example. Obviously, no wastereduction can be achieved by this approach, since thesolvent saving through reducing the separation time arecompensated for by the solvent increase through using ahigher volumetric flow rate, as shown in the Equation(1). Furthermore, such high volumetric flow rates on a4.6-mm column can result in a frictional heating be-tween the mobile phase and the stationary phase, which
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 Figure 2. A shorter column packed with smaller particles and operating at higher pressure affords comparable resolution of a drug candidate andprocess impurities in shorter time, leading to a 2.5· reduction in solvent use and waste generation. Conditions: (a) 250 · 4.6 mm, 5 lm, ZorbaxSB C18, 210 nm, 10 lL injection, 40�C, 1.2 mL/min, 1730 psi, 75/25 to 5/95 0.1%H3PO4/MeCN in 40 min, 10 min post run, Agilent1100. (b)100 · 4.6 mm, 1.8 lm, Zorbax SB C18, 210 nm, 5 lL injection, 40�C, 1.2 mL/min, 5600 psi, 5/25 to 5/95 0.1%H3PO4/MeCN, in 15 min,5 min post run, Agilent1100.
 Trends in Analytical Chemistry, Vol. 29, No. 7, 2010 Trends
 can negatively impact column performance [14]. Toreduce solvent consumption and minimize the frictionalheating effect, a smaller i.d. column can be used withsub-2 lm particles to achieve higher optimum linearvelocity. Reducing the i.d. of the column can dramati-cally reduce the generation of waste solvent, as describedin a modified form of Equation (1):
 V ¼ p4
 d2c � u� t ð3Þ
 where dc is the column i.d. and u is the linear velocity. Aflow rate of 0.25 mL/min can therefore be used for a100 · 2.1-mm column packed with 1.7-lm particles toachieve the same linear velocity, separation speed andefficiency (as shown in Fig. 3a), affording about five-foldadditional solvent savings. For a given instrument,extra-column volume effects become more significant asthe column diameter is reduced and as the peak widthdecreases, so, for optimal performance, extra-columnvolume should decrease commensurate with decreasesin column volume.
 In addition, the separation speed can be further in-creased by using higher flow rates, which require muchhigher back-pressures. Recently, several commercialUHPLC systems have been introduced to overcome thehigh back-pressures generated by small particles whileminimizing extra-column volume effects for smallerdimensional columns. Fig. 3b shows a separation that
 employed a Waters UPLC system using a 100 · 2.1-mmcolumn (1.7-lm particles) operating at 0.65 mL/min.The separation is three times faster than in Fig. 2A, dueto the use of a higher flow rate. By comparing Fig. 2aand Fig. 3b, it can be seen that 60-mL mobile phase wasconsumed per analysis by a conventional LC system witha 250 · 4.6-mm, 5-lm column, while only 4.9-mLmobile phase was used per analysis by UHPLC with a100 · 2.1-mm, 1.7-lm column – an overall 92%reduction in solvent use and waste generation, with onlyminor differences in selectivity observed between the twoseparations.
 In general, these advantages can be obtained irre-spective of separation method or analyte structure, and,while some variation in the savings may be observed, itis evident the UHPLC fast analysis technologies usingsmaller particles, higher pressures and shorter columnswith smaller diameters offer a greener alternative toconventional HPLC. Chen and Kord recently reportedthat a UPLC system with a 2.1-mm i.d. column couldafford solvent savings overall of �80% compared toconventional HPLC [15].
 4.3. Conventional HPLC systems with minormodifications for greener separationIt is important to note that the purchase of new UHPLCinstruments is not essential for implementing greener
 http://www.elsevier.com/locate/trac 669
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 Figure 3. Fast separation of a drug candidate with its in-process impurities using ultra-high-performance liquid chromatography (UHPLC). Oper-ation at higher flow rate and pressure affords faster chromatography, although solvent use remains unchanged. Conditions: (a) 100 · 2.1 mm,1.7 lm Shield C18, 210 nm, 2 lL injection, 40�C, 0.25 mL/min, 6020 psi, 75/25 to 5/95, 0.1%H3PO4/MeCN, in 5 min, 5 min post run, Agilent1200. (b) 100 · 2.1 mm, 1.7 lm Shield C18, 210 nm, 2 lL injection, 40�C, 0.65 mL/min, 14,500 psi, 75/25 to 5/95 0.1%H3PO4/MeCN in 5 min,2 min post run, Acquity UPLC.
 Trends Trends in Analytical Chemistry, Vol. 29, No. 7, 2010
 analytical HPLC in the laboratory. Simple approaches(e.g., use of new column technologies or minor plumbingmodifications of existing HPLC instrumentation) canoften enable significant reductions in generation of wastesolvent.
 Significant solvent savings can be obtained simply bychanging column dimensions. In order to maintain theseparation speed or the linear velocity, while reducingcolumn i.d., the flow rate must be reduced proportionallyto the square of the ratio of the two radii, as described byEquation (4):
 F2 ¼ F1
 r2
 r1
 � �2
 ð4Þ
 where F2 and r2 are the flow rate and the radius for thesmaller i.d. column, and F1 and r1 are the flow rate andthe radius for the larger i.d. column. A reduction incolumn i.d. from 4.6 mm to 3.0 mm with constantlength requires the flow rate to be reduced by a factor of0.43 [i.e. (3.0/4.6)2], affording a 57% reduction in sol-vent consumption and waste generation for any isocraticseparation.
 In Fig. 4, we present an example of a greener sepa-ration using a conventional HPLC system. The gradientseparation of six process impurities from a drug-substance intermediate was initially achieved on a C18,
 670 http://www.elsevier.com/locate/trac
 100 · 4.6-mm, 2.7-lm column at a flow rate of 1.5 mL/min, with a combined separation and equilibration timeof 27.5 min, resulting in consumption of 41.3 mL ofmobile phase and generation of an equivalent volume ofwaste. By simply changing the i.d. of the column from4.6 mm to 3.0 mm and scaling the flow rate with respectto the column and the system dwell volume, the solventconsumption and subsequent waste stream were re-duced by 47% with virtually no change in the quality ofthe separation.
 In combination with the use of smaller particle col-umns and operation at slightly elevated pressure, sig-nificant solvent savings can be realized. As discussedpreviously, re-plumbing such systems is often requiredfor optimal performance, as decreasing dwell volume andextra-column volume to the absolute minimum isessential for optimal performance at these lower flowrates to avoid overly long re-equilibration times andextra-column band broadening, respectively. Whilethese types of instrument modification have long beenperformed by expert users, conventional HPLC instru-ments with optimized and improved dwell volumes havebegun to appear in the marketplace in recent years (e.g.,Agilent�s model 1200 RRHT). Presumably, this trendwill continue, leading to a continuing decrease in col-umn diameter and solvent utilization in LC.
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Figure 4. Significant reduction in solvent consumption and waste generation can be achieved with conventional HPLC instrumentation bysimply reducing column diameter from 4.6 mm to 3.0 mm. a) 100 · 4.6-mm column operating at 1.5 mL/min, total solvent consumption =41.3 mL. b) 100 · 3-mm column operating at 0.8 mL/min, total solvent consumption = 22.0 mL. Both columns are packed with C18 stationaryphase, 2.7 lm, and have a total run time per assay of 27.5 min.
 Trends in Analytical Chemistry, Vol. 29, No. 7, 2010 Trends
 4.4. Newer HPLC column technologies for greenerseparationIn addition to the use of HPLC columns packed with sub-2 lm stationary-phase particles, there has also been anincreased interest in employing superficially porouspackings, also known as Fused-Core particle columns,which provide the advantage of small-particle columnswithout the need for ultra-high pressures. These col-umns employ a solid core surrounded by a 0.5–0.34 lmporous silica layer.
 Cunliffe and Maloney recently compared the perfor-mance of columns packed with Fused-Core particles tothose packed with sub-2 lm particles under isocratic andgradient conditions [16]. The Fused-Core columns of-fered lower back-pressure compared to the sub-2 lmcolumns typically employed in UHPLC with only a slightsacrifice in peak efficiency. In addition, these columnscan provide higher column efficiency per unit lengthcompared to 3-lm or 5-lm-particle packed columns.Consequently, more efficient, fast separations and thussolvent savings can often be achieved using relativelyshorter columns on a conventional HPLC system.
 It is important to note that not all fast chromato-graphic techniques are sparing in solvent use. Forexample, monolithic columns have a long history ofusage for speeding chromatographic analysis, theadvantage of the technique being that the columns canbe operated at elevated flow rates without generatingexcessive back-pressure [17–20]. Faster chromato-graphic analysis is often possible using this approach,although the amount of waste generated per data pointis typically the same as or even greater than conven-tional HPLC, when columns of comparable dimensions
 are used. Unfortunately, the availability of commercialnarrow-bore monolithic columns is limited.
 5. Solvent reduction: microflow and capillaryHPLC
 Another approach for green analytical chemistry focuseson dramatically reducing the overall scale of the ana-lytical chromatographic experiment. HPLC technologywas first commercialized around 1970, and subsequentindustry standardization on 4.6-mm i.d. columns withflow rates in the neighborhood of 1 mL/min is somethingof a historical relic driven by equipment limitations fromthat time period, rather than by performance consider-ations [21]. We have seen in Section 4 how reducingcolumn diameter can reduce solvent consumption andwaste generation. The use of microscale columns andlower flow rates for HPLC has been known for manyyears, and a number of early researchers, particularlyNovotny, have long pointed out the important solventsavings that can be gained with such columns whenflow rates are reduced to only a few mL/min [22].
 Microflow chromatography has gained renewedinterest in recent years, driven largely by considerationshaving little to do with waste reduction and environ-mental responsibility. However, as these instrumentsbecome more intensively utilized, the green-chemistryadvantages are beginning to have an impact in labora-tories [23]. As a case in point, our entry into the useof microflow HPLC technologies for supportingpharmaceutical-process research stems from our interestin creating new capabilities for carrying out high-
 http://www.elsevier.com/locate/trac 671
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Trends Trends in Analytical Chemistry, Vol. 29, No. 7, 2010
 throughput analysis to support high-throughput exper-imentation workflows. As part of this effort, we collab-orated with Eksigent Technologies on the development ofa multi-parallel microflow HPLC instrument utilizingeight columns of 300-lm i.d., each under independentbinary pump flow control [24,25]. In this instance, thechoice of lL rather than conventional mL HPLC flowrates stemmed from a need to co-locate the required 16high-pressure pumps for the device in a reasonably-sizedinstrument console. By using miniaturized pumpscapable of accurately delivering flows of a few lL/min, itwas possible to develop an instrument with a reasonablelaboratory footprint. Subsequent studies have shown theutility of this instrument for not only high-throughputanalysis, but also multi-parallel method-developmentstudies, where different columns and mobile phases aresimultaneously investigated [26,27]. With increasedusage of this equipment, it soon became evident that notonly time, but also substantial amounts of solvent can besaved compared with conventional HPLC equipment.Not only can the instrument complete analysis work-flows more than eight times faster than conventionalchromatography, but it also does so with at least a99.5% reduction in solvent consumption and wastegeneration. The resulting advantage can be quite sig-
 Figure 5. Separation of an alkyl benzene mixture on a) conventional HPLCper analysis; and, b) microscale HPLC using 0.3 mm i.d. column at 6 lL/mi18, 150 mm, 3.5-lm particles, UV detection @ 220 nm, Gradient elution
 672 http://www.elsevier.com/locate/trac
 nificant for laboratories carrying out the analysis ofhundreds or thousands of microplates each year. Fig. 5shows a representative chromatogram illustrating howmicroflow chromatography can be used to afford fastseparations with decreased solvent usage. In thisexample, an analyte mixture is purified on a 300-lm i.d.column using only 39 lL of solvent, as opposed to 12 mLof solvent required per analysis using a conventionalcolumn. The somewhat faster elution observed with themicrocolumn stems from the much smaller (about seventimes) proportional gradient dwell volume of themicroflow HPLC system, a property that enables fastgradient separations [24].
 We have investigated microflow chromatography forother analytical applications outside the high-through-put analysis area, and have generally been pleased withthe technique. We have collaborated with EksigentTechnologies on production of a small, mobile, single-channel microflow HPLC instrument that can performon-line analysis of organic reactions [28]. The instru-ment can withdraw reaction aliquots at specified times,perform a precise dilution, and carry out HPLC analysiswith graphical representation of the results. We haverecently applied this tool to on-line analysis of flowingstreams coming from flow-chemistry reactions, with
 using 4.6 mm i.d. column at 1.5 mL/min requiring 12 mL of solventn requiring only 39 lL of solvent per analysis. Conditions: Agilent SB-50–95% acetonitrile in water over 5 min, then 95% in 1 min.
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 Figure 6. Preparative chromatography-modeling experiments carried out on microcolumns accurately predict performance at million-fold scale,thereby significantly reducing the amount of material and solvent required for a modeling study.
 Trends in Analytical Chemistry, Vol. 29, No. 7, 2010 Trends
 good results [29]. This small, mobile instrument operatesin an automated, unattended fashion, and generates lessthan 10 mL of waste during 24 h of analysis.
 An additional green-chemistry advantage of micro-flow HPLC is that only a small fraction of thechromatographic stationary phase needed for a con-ventional column is required to pack a microcolumn,as pointed out by Novotny and others more than 25years ago [22]. Microflow chromatography can there-fore obtain the same results using only a fraction ofvaluable stationary-phase material. While this canclearly lead to dramatic cost savings for analyses usingexpensive chromatographic stationary phases (e.g.,chiral stationary phases, or affinity or other biomole-cule-containing stationary phases), the impact can beeven more dramatic, as commercialization of stationaryphases in the microcolumn format is possible for exoticmaterials that would simply be cost prohibitive in theconventional column format [30]. Similarly, as illus-trated in Fig. 6, preparative chromatographic loadingstudies carried out using microcolumns can afford re-sults with <1% of the material typically required forsuch studies, meaning that the necessary informationfor purification scale-up can be obtained faster andwithout the need for re-synthesis that is typically re-quired today [31].
 Our experience with microflow HPLC has thus farbeen restricted to the somewhat specialized areas ofhigh-throughput analysis, high-throughput methoddevelopment, and on-line analysis. We have, of course,
 considered the broader implementation of the technol-ogy to replace the more routine HPLC analysis thatforms the bulk of the HPLC utilization within the phar-maceutical industry. While solvent savings are undeni-able, there are also some negatives, including the basicunfamiliarity of traditional HPLC users with microflowHPLC equipment and control software. In addition,microflow HPLC currently has a slightly lower limit ofdetection arising from UV-detector limitations. This istypically not a problem for workflows where plenty ofsample is available, but is more problematic for the low-level quantitation required in metabolite and trace-impurity studies.
 Nevertheless, the adoption of microflow HPLC iscertain to increase in coming years. As noted previ-ously, recently introduced HPLC instruments are wellsuited to the use of not only conventional columns,but also smaller columns in the 2-mm i.d. range. Thisnew capability is largely due to minimization ofplumbing connections that affords the low extra-col-umn volumes required for good chromatographic per-formance with microcolumns. In addition, currentissues with UV-detector sensitivity are likely to goaway as further technical advances are made. Further,as mass spectrometry (MS) continues to grow as apreferred approach to chromatographic detection,microcolumn HPLC becomes even more attractive, asevidenced by the growing widespread use of nano-HPLC approaches in the field of proteomics analysis[32,33].
 http://www.elsevier.com/locate/trac 673
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 Figure 7. Different scenarios for greening analytical separation science.
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 6. Solvent replacement
 6.1. General considerationsIn addition to solvent-reduction strategies, other greenanalytical chemistry efforts focus on replacing toxic orflammable solvents with greener alternatives. A varietyof options exist, as summarized in Fig. 7. The worstpossible case, from a green analytical chemistry per-spective, is illustrated in Fig. 7a, where two non-greensolvents are used to carry out the chromatographicseparation, with the waste generated in the experimentalso being non-green. Fig. 7b shows a preferred option,as one of the solvents used in the chromatographicexperiment has been replaced with a greener alternative(e.g., water, ethanol, or carbon dioxide). Fig. 7c showsthe ideal, as all solvents used are green, as is the wastegenerated in the experiment. In principle, such a tech-nology would not generate any waste at all, as theeffluent could be directly sewered. However, we mustpoint out that, when dealing with analytes that are toxicor radioactive, the best-case scenario would be Fig. 7d,where green eluents are used, but the chromatographiceluent becomes contaminated as a result of exposure tothe analytes, and thus must be disposed of as laboratorywaste.
 6.2. Replacement of acetonitrile with ethanol inRP-HPLCThe most common form of analytical separation tech-nology carried out in laboratories is reversed-phase (RP)HPLC using a hydrophobic stationary phase and amobile phase comprising acetonitrile with water con-
 674 http://www.elsevier.com/locate/trac
 taining additives to adjust pH and ionic strength (Fig. 7aor 7b, depending on the nature of the water additives).The use of acetonitrile as an organic modifier in RP-HPLC has long been preferred by HPLC users, based onthe remarkable combination of physical properties thatthis solvent possesses, including low viscosity, completemiscibility with water, and very low UV absorbance atwavelengths of interest to the HPLC analyst, especially atlower wavelengths in the 200-nm range, where othersolvents often have strong background absorbance. De-spite these remarkable properties, acetonitrile possessesother properties that make it less preferred from a greenanalytical chemistry standpoint, namely, acetonitrile isflammable, volatile and toxic. Consequently, HPLC wastestreams containing acetonitrile must be disposed aschemical waste, which is costly and adds to the envi-ronmental waste-disposal burden of the laboratory. Inaddition, acetonitrile is an expensive solvent, as broughtto the fore during a worldwide shortage in 2009, wherelimited availability caused prices to skyrocket [34].
 In a recent study, we investigated the potential forreplacing acetonitrile in RP-HPLC with the greener sol-vent, ethanol [35]. While it is well known that ethanol isinferior to acetonitrile as an RP-HPLC eluent, we wereinterested, as other investigators had been previously[36–38], in investigating whether, in combination withstate-of-the-art high-performance column technologies,ethanol could deliver satisfactory results. In other words,we were interested in exploring how bad ethanol wouldbe as an RP-HPLC eluent, and whether satisfactoryperformance might be possible. The question is especiallyimportant when one considers that chromatography
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 carried out with the two green solvents, ethanol andwater, could afford the best-case scenario, as depicted inFig. 7c and 7d.
 The study clearly showed that ethanol performs rea-sonably well as an RP-HPLC solvent, and may be suitablefor replacing acetonitrile in some instances. Fig. 8 depictsa representative example, where reversed-phase HPLCwas carried out under limiting pressure conditions for theseparation of a test mixture of alkylbenzene. While theresults with acetonitrile (Fig. 8a) were clearly superior,the results obtained with ethanol were surprisingly good(Fig. 8b), particularly when modern column and instru-ment technologies and elevated temperatures were used(Fig. 8c).
 Use of the greener solvent ethanol may therefore be anoption for some analytical laboratories, particularlythose where the poorer elutropic strength and UV cut-offwould not be a significant problem (e.g., within labora-
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 Figure 8. Comparison of ethanol and acetonitrile in the reversed-phase Hwhile inferior to acetonitrile as an HPLC eluent, ethanol can sometimesand instrument technologies and elevated temperatures are used. Conditiograms; temperature = 25�C, except as noted; aqueous 0.1% H3PO4; UV d
 tories that specialize in the analysis of compounds withstrong UV chromophores, such as aromatic hydrocar-bons, pigments, dyes and most drugs). In addition, as MScontinues to supplant UV as the preferred detectiontechnique for HPLC, the higher UV cut-off of the alcoholsolvents may become less important over time.
 One of the most exciting opportunities relating to theuse of ethanol as a modifier for RP-HPLC is the possibilityfor the ideal green analytical chemistry scenario depictedin Fig. 7c, where all incoming solvents and outgoingwaste are environmentally compatible, opening up thepossibility of using HPLC instrumentation outside thenormal boundaries of the chemical laboratory. Thewidespread availability of ethanol in all areas of theglobe suggests that this solvent could be ideal forinstruments deployed in environmentally-sensitive areas(e.g., laboratories within ecological preserves, or schoolsand universities in developing countries), where chemi-
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 PLC separation of an alkylbenzene test mixture demonstrates that,obtain surprisingly good results, particularly when modern columnns: column = Ascentis Express C18; flow rates as noted in chromato-etection at 220 nm; gradient = 80–100% organic in 0.5 min.
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 Trends Trends in Analytical Chemistry, Vol. 29, No. 7, 2010
 cal-waste disposal is not yet established or is prohibi-tively expensive. Fig. 9 illustrates this point, with anexample of HPLC separation using inexpensive vodka asthe eluent. One could imagine that, in coming years,such benign analysis technology could be deployed inthe offices of doctors, dentists, farmers, and many otherindustries that do not currently utilize HPLC-analysistools. In combination with current trends in miniaturi-zation and decreased cost, HPLC using benign solventscould even find applications in the home.
 6.3. Solvent replacement: superheated waterchromatographyIn recent years, there has been a considerable interest inthe use of neat water, especially superheated water(SHW) or pressurized water, as a mobile phase in liquidchromatography (LC) [39–45]. SHWLC can be consid-ered a green alternative for conventional RP-LC sepa-rations where water-methanol and water-acetonitrileare generally used as eluents, since water is readilyavailable, inexpensive, non-flammable and certainlyenvironmentally acceptable. In addition, water has nosignificant flame-ionization-detector (FID) response, so itis potentially promising as a mobile phase for LC when a‘‘universal’’ FID is desirable for UV-transparent com-pounds. However, water often cannot elute many or-ganic analytes at room temperature in LC [46,47], sohigh temperature is usually needed to increase elutionstrength instead of organic composition in the mobilephase. Recently, Hartonen and Riekkola provided acomprehensive review on SHWLC in terms of columntechnologies, detection, and applications [48].
 676 http://www.elsevier.com/locate/trac
 High-temperature water (>100�C) possesses reactiveproperties, so it is incompatible with most conventionalsilica-based stationary phases (e.g., ODS silica). Moretemperature-resistant packing materials are usually re-quired for SHWLC, including polymeric phases [e.g.,polystyrene-divinylbenzene (PS-DVB)] or zirconia-basedmaterials [e.g., zirconia particles with polybutadiene(PBD), polystyrene or a carbon coating)] [48]. SHW wasinvestigated as a mobile phase for LC using not only UVand FID, but also various other detectors [e.g., refractiveindex (RI), nuclear magnetic resonance (NMR), MS, andinfrared (IR)] [49–54]. The applications of SHWLC in-clude natural products, pharmaceuticals, and environ-mental samples [48]. The limitation of SHWLC includespotential on-column degradation of thermally-labilecompounds and insolubility of hydrophobic compoundsin neat water.
 6.4. Solvent replacement: carbon dioxide-basedchromatographySupercritical fluid chromatography (SFC) utilizes pres-surized carbon dioxide in the subcritical or supercriticalstate as a chromatographic eluent [55–59]. Somewhatsurprisingly, pressurized carbon dioxide has solventproperties similar to petrochemical-derived hydrocar-bons, so it affords a greener replacement for commonly-used normal-phase chromatography solvents (e.g., hex-ane or heptanes). Carbon dioxide is typically used with apolar modifier solvent, usually methanol, although thegreener alternative, ethanol, is often used. In addition,very small amounts of acid or base additives are oftenadded to improve the peak shape of acidic or basic
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 analytes. Pressure must be maintained on an operatingSFC system through the use of a back-pressure regulatorin order to keep the carbon dioxide in the liquid orsupercritical form; however, upon depressurization,carbon dioxide again returns to gas form, allowingconvenient recovery of all non-volatile components. Itshould be noted that this addition of carbon dioxide tothe atmosphere is not a net addition to the environment,as industrial carbon dioxide is typically derived as abyproduct from refining natural gas or alcohol fermen-tation.
 The critical parameters for pure carbon dioxide are31.1�C temperature and 73.8 bar pressure, meaningthat, at temperatures and pressures above these values,carbon dioxide exists as a supercritical fluid. Carbondioxide is environmentally friendly, and, in the liquid orsupercritical fluid state, has a low viscosity that allowshigh flow rates and faster separations, and a high dif-fusivity that allows efficient separations. The optimallinear velocity for SFC is approximately three timesgreater than for HPLC, and SFC also generally loses lessefficiency at high velocities than HPLC [60]. For a gra-dient separation, the faster diffusion of SFC means fasterre-equilibration and thus a shorter cycle time [61]. Be-cause of these speed advantages in analysis, savings inorganic solvent consumption can be 88–98% comparedto normal-phase HPLC, even when 5–35% organic sol-vent additives are used. Due to these advantages in SFC,very fast separations are possible and very impressiveseparations of the order of a few seconds have been re-ported (Fig. 10) [62,63].
 Analytical SFC has made significant inroads in dis-placing normal-phase HPLC as the preferred techniquefor chromatographic separation of enantiomers on chiralstationary phases. The combined advantages of speed,convenience and environmental friendliness have madeSFC the preferred instrumental approach for stereo-
 Fast SFCChiralcel OF(50 x 4.6 mm)
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 Figure 10. Fast chiral supercritical fluid chromatography (SFC) separati(50 · 4.6 mm); isocratic 30% methanol/70% CO2, 4 mL/min; 35�C; 200 ba
 chemical analysis in many laboratories [64,65], and avariety of approaches have been described for fast chiralmethod development and analysis [66–69]. Despite thecontinued success in the past decade, analytical SFC isfar from the robust, reliable technology that HPLC hasevolved into over four decades. The problem is com-pounded by instrument companies focusing primarily onthe preparative SFC market segment, rather than ana-lytical SFC, as the considerable advantages in purifyingcompounds have driven recent instrument sales.
 In addition to its use in chiral analysis, SFC has provenuseful for achiral separations. Recent interest in devel-oping a universal purification platform to replace mass-directed preparative RP-HPLC as the preferred tool forhigh-throughput purification has focused on the promiseof SFC [70]. In addition to green-chemistry advantages,this emerging focus on high-throughput mass-directedSFC has been driven by the considerable speed advan-tage for sample recovery that comes from avoiding theneed to evaporate aqueous fractions. The results to dateare promising, but, in order for this approach to matchthe universality of RP-HPLC, the development of moregeneral stationary phases and chromatographic condi-tions will be needed – an area of considerable interest incurrent research [71].
 SFC represents one of the true success stories of greenchemistry, where the replacing technology is bothgreener and better. The improved performance ofthe technique has driven a widespread implementa-tion in chiral chromatography, for both analysis andsmaller-scale preparative separation, where considerableadvantages in speed and performance can be obtained.
 In a recent article, SFC was criticized for not beingtruly green, or at least not as green as generally depicted[72]. While the authors of this study raised someimportant points about the need to consider total energycosts in the production and the distribution of carbon
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 http://www.elsevier.com/locate/trac 677

Page 12
						

Trends Trends in Analytical Chemistry, Vol. 29, No. 7, 2010
 dioxide, they focused their analysis on a single pre-parative chromatography example where productivity ismuch higher with normal-phase solvents than with SFC.While occasional examples of this type can be found, SFCtypically has better chromatographic productivity thanHPLC [73]. The authors also based much of their anal-ysis on the energy costs of recycling organic solvents bydistillation vs. recycling of carbon dioxide by chilling.While these considerations are indeed important foroperation at manufacturing scale, almost all discoveryand development-scale preparative chromatography iscarried out without recycling solvent.
 As the popularity of SFC has grown in recent years,there has been an increasing interest in bringing ana-lytical SFC instruments to market. First commercializedaround 20 years ago, analytical SFC instrumentation islargely based upon older HPLC technology, and has beenslow to keep pace with instrument improvements thathave taken place in the HPLC field. For example, one ofthe greatest promises of SFC is the ability to carry out fastchiral separations, with many compounds being resolv-able in 1 min or less. Consequently, the technique shouldbe amenable to high-throughput analysis of chirality,but many instrument limitations have made it difficult torealize this potential. For example, analytical SFCinstruments were, until recently, unable to inject frommicroplates, and current capabilities in this area are farfrom what is standard in the HPLC realm. Analytical SFCinstruments are generally unable to carry out multipleinjections within a single experimental run. A flow-injection analysis technique commonly used in HPLC isvery important for fast analysis. In addition, existing SFCinstruments have historically had extremely long auto-sampler delays, ranging up to several minutes betweensamples. Clearly, a 30-s SFC method with a 5-minautosampler delay would be sub-optimal for high-throughput chiral analysis.
 Poor detection sensitivity in SFC has historically pre-vented the technique from being embraced by analystscarrying out regulatory testing, where low-level impu-rity quantitation is important. We showed in a recentstudy that this limitation can easily be overcome bysimple instrument modifications and plumbing changes,allowing SFC to achieve the level of sensitivity requiredfor analytical release testing [74].
 Finally, control software for analytical SFC instru-mentations has been problematic for a number of years,with none of the available choices being comparable inease of use with what has become standard in the HPLCrealm.
 On the positive side, all of these limitations of analyt-ical SFC technology can be overcome using solutionsthat have already proved to work in the HPLC arena. Inaddition, other current trends in HPLC-instrumentdesign (e.g., minimization of extra-column volume,reduction of column diameter, use of higher back-pres-
 678 http://www.elsevier.com/locate/trac
 sures and use of smaller stationary-phase particles) couldalso be applied with benefit to SFC-instrument design.Consequently, there are new product entries that addresssome of the historical limitations of analytical SFCinstrumentation.
 We recently carried out a comparative evaluation ofseveral new commercial analytical SFC instruments. Intypical Good Manufacturing Practice (GMP) tests [e.g.,detection linearity, injection precision, retention repro-ducibility, low level of detection (LOD) and low level ofquantitation (LOQ)], we found some products to besubstantially improved relative to the previous genera-tion of SFC instruments, while others were worse.However, we found that most new models had signifi-cant detection-sensitivity improvement compared withprevious instruments, with signal-to-noise (S/N) ratios of3–6 achieved with 0.02–0.05% of target 1 mg/mL-sample concentration, nearly 10 times better than pre-vious analytical SFC instruments. This significantimprovement in LOD allows use of new-generationanalytical SFC instruments for GMP release testing.
 In an evaluation of features [e.g., back-pressure reg-ulator (BPR) stability, gradient-delay volume, systemrobustness and mobile-phase-pumping stability at bothlow and high modifier percentages], we found several ofthe new product offerings to be superior to older models.The Jasco analytical SFC instrument, for example, dem-onstrated excellent pumping stability with the ability torun as low as 2% modifier (with typical 40�C tempera-ture and 200 bar outlet pressure), representing a sig-nificant improvement over previous instruments with alow-level modifier cut-off of 4% or 5%. When consideringsoftware and instrument ease of use, as well as theperformance criteria described above, the Aurora SFCFusion A5 system showed a distinct advantage. Thissystem comprises a carbon-dioxide handling module thatis ‘‘piggy-backed’’ onto an existing HPLC instrument,allowing SFC operations using robust and familiar HPLCsoftware, which is a considerable advantage, especiallyfor newer SFC users. While none of the new offeringspossesses all of the attributes that would be desired in anideal analytical SFC instrument, recent progress isencouraging, suggesting that analytical SFC instru-mentation may soon show the degree of robustness andperformance required for broader implementation of thisimportant green analytical chemistry technology.
 7. Implementation of green analytical chemistrytechnologies
 We have shown in the preceding sections that greenanalytical chemistry technologies can afford greeneranalytical separations. But, under what conditions, doadoption and implementation become compelling? Justbecause a new technology has been shown to consume
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 less solvent and generate less waste than traditionalHPLC, a switch to the greener alternative may or maynot be justified. For example, a new HPLC instrumentthat consumes 90% less solvent and generates 90% lesswaste over a projected 10-year lifetime, but costs 10times more than a conventional HPLC instrument,would probably not be cost effective from the perspectiveof ‘‘total cost of ownership’’. Similarly, a change to alike-priced, but greener alternative instrument that lacksrobustness, dependability, and user friendliness may notbe warranted, as the costs for repairs and down-timemust be factored into the total cost of ownership.
 In general, while it may be reasonable to pay a smallpremium for a greener technology, the best green-chemistry solutions are often characterized by beingboth cheaper and greener. Finally, even when thereplacement technology is clearly superior from both acost and performance perspective, there can still beadditional impediments to change. For example, whileinstruments that have reached the end of their useful lifeare obvious candidates for greener replacements, shouldwe replace well-functioning instruments projected toremain useful for 5 or even 10 years? Clearly, replacingsuch equipment is a luxury that few can afford, andthrowing away such equipment is certainly not envi-ronmentally responsible. In addition, there can some-times be additional costs involved in changing over to anew, greener technology alternative, especially wheresubstantial changes in operating software and useraccessibility are issues, or in a heavily regulated envi-ronment, where revalidation of a separation methodmay be required.
 As a result of all these considerations, we can expectto see the uptake of green analytical chemistrytechnologies lag behind what has already been dem-onstrated to work. However, the future for this field isclear. We can project that, in the next few years, therewill be continuing decline in the amount of solventusage and waste generation associated with collecting asingle analytical measurement, and we can look for-ward to a time in the not-too-distant future when theidea of generating 50 mL of chemical waste for everyanalytical data point will be viewed as a carelessanachronism from a bygone era.
 8. Conclusion
 In this review, we have shown that the amount of wastegenerated per data point for analytical separation tech-nologies can be decreased dramatically by a number ofgreen analytical chemistry technology alternatives. Asthese newer, greener analytical separation technologiesbecome more widely utilized, they are having a dra-matic, beneficial impact in the workplace, allowing morework to be performed with fewer instruments and
 greatly reducing the amount of waste solvent associatedwith the collection of highly-valued analytical HPLCdata.
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