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a b s t r a c t 

Polycyclic aromatic hydrocarbons are a continuing environmental and health concern. The analytical 

methods developed to analyze this class of compounds have relied on reversed phase liquid chromatog- 

raphy and are often on the order of tens of minutes. Reduction in analysis times through the application 

of sub-2 μm fully porous and superficially porous support materials can increase the throughput of these 

LC separations. Herein, we demonstrate similar selectivity between a fully porous 1.8 μm and a 2.7 μm 

superficially porous material. Separations were individually developed with in silico modeling for a given 

flow rate determined by the fully porous column’s backpressure requirements. Since the 2.7 μm superfi- 

cially porous materials inherently require less backpressure to achieve similar levels of efficiency as the 

1.8 μm fully porous materials, a marked increase in throughput is possible with elevated flow rates. Good 

resolution for a standard 16-component sample mixture is demonstrated in a sub-minute separation. 

© 2020 Published by Elsevier B.V. 
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. Introduction 

Polycyclic (or polynuclear) aromatic hydrocarbons (PAHs) are a

lass of compounds composed of only carbon and hydrogen and

ontain high levels of aromaticity [1] . They are naturally occur-

ing in traditional fuel sources and created during combustion pro-

esses of natural products [ 2 , 3 ]. Regular means of human expo-

ure to mixtures of PAHs include breathing air contaminated with

moke and ingesting charred foods [4] . Effects of PAHs on human

ealth are varied and have been shown to stretch from irritant to

utagen and carcinogen [5] . 

PAHs are widely identified in environmental samples and are

n analytical challenge due to the complexity of the matrices they

xist in and the plethora of isomeric forms [6] . This class of com-

ounds continues to attract attention as environmental change and

he depletion of conventional fossil fuels drive exploration of alter-

ative fuel sources for heat and power [7] . 

Due to the analytical complexity of real world samples, ana-

ytical analysis workflows require the use of a sample prepara-

ion method, such as liquid-liquid extraction or solid phase ex-

raction, followed by a chromatographic separation prior to detec-

ion [8] . Approaches, developed since the 1970’s, utilize reversed

hase liquid chromatography (RPLC) with UV absorbance or fluo-

escence detection or gas chromatography (GC) with mass spec-

rometry or flame ionization detection [ 8 , 9 ]. The Environmental

rotection Agency has developed PAH-related methods for a range
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f sample matrices that are often based on GC for its ability to af-

ord greater selectivity, sensitivity and resolution in comparison to

C [10] . However, LC methods are still required for a unique sepa-

ation of specific targets. For example, the GC procedure in Method

10 does not fully resolve four of the 16 target PAHs and requires

 reversed phase LC separation [11] . 

Two of the most routinely employed advances for faster LC sep-

rations are sub-2 μm fully porous particles (FPPs) and superfi-

ially porous particles (SPPs) [12] . Specific application of these ad-

ances to PAH separations has been reported. For example, differ-

nt available column chemistries and particle sizes (from 5 to 1.8

m) were compared for 7 PAHs with separation times as low as

 minutes for the sub-2 μm materials [13] . An example of core-

hell technology was presented for a separation 8 PAHs in less than

5 minutes [14] . These reports suggest that this field has yet to

ully realize the advantages of these high-throughput and ultrafast

olumn technologies. Both materials, FPPs and SPPs, uniquely al-

ow for an increase in column efficiency and reduction in exper-

mental time. Small FPPs decrease chromatographic analysis time

hile maintaining efficiency and resolution at the expense of back-

ressure, and require high-pressure tolerances of all inline compo-

ents of the LC system [15] . SPPs, alternatively, are attractive for

igh-throughput and ultrafast LC as they can often employ larger

articles, requiring lower backpressures for optimal operation. Ex-

mples in the literature highlight similar efficiencies at 60% of

he required pressure observed for sub-2 μm FPP [16] . Moreover,

PPs maintain performance in higher velocity regimes than FPPs.

n practice, these features are desirable as ultrafast separations are
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Fig. 1. Separation of 16 PAHs in 5 minutes (A) and 2.5 minutes (B) with a 4.6 × 50 

mm SPP column. The gradient for panel (A) was 50 to 100% acetonitrile in 4 min- 

utes and held until 5 minutes at 2 mL/min. The separation in panel (B) was 50 to 

100% acetonitrile in 2 minutes and held until 2.5 minutes at 4 mL/min. 
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typically conducted well in excess of the optimum column velocity,

in order to reduce separation times [17] . 

Herein we demonstrate ultrafast and high throughput LC of a

16-component PAH mixture. We compare the in silico derived gra-

dients for FPP and SPP columns and show similar selectivity and

separation times. We further make use of the reduced backpres-

sure requirements afforded by the SPP column to realize a fast sep-

aration of the PAH mixture in under 1 minute with a 1.5 minute

method time, while operating at back pressures readily tolerated

by commercial LC instruments. 

2. Experimental conditions 

2.1. Chemicals used 

All solvents used were HPLC grade. Acetonitrile, uracil, individ-

ual standards and the analytical standard containing 16 PAHs in

acetonitrile were obtained from MilliporeSigma (St. Louis, MO). The

components of this PAH sample are part of the EPA 610 method

[11] . 

2.2. Columns 

Two HALO 90 Å PAH 2.7 μm columns, a 4.6 × 150 mm and

4.6 × 50 mm, from Advanced Materials Technology, Inc. (Wilming-

ton, DE) were used in these experiments (SPP column). This phase

is a trifunctional, unendcapped, C18 on our 90 Å SPP support ma-

terial. A 4.6 × 50 mm ZORBAX Eclipse PAH column packed with

1.8 μm 95 Å FPP material with a PAH specific bonded phase (FPP

column) was obtained for comparison (Agilent, Wilmington, DE).

All columns were stored in acetonitrile between experiments. 

2.3. HPLC equipment 

LC experiments were conducted on a Shimadzu Nexera HPLC

instrument (Columbia, MD). Chromatograms were detected using

an UV diode array detector. The 254 nm wavelength is used for all

depicted chromatograms. Data analysis was performed using the

integrated LabSolutions software (Shimadzu). 

2.4. Dry lab 

DryLab 2010 (Molnár-Institute, Germany) was used for the in

silico derivation of separation conditions. Screening gradients prob-

ing the effects of temperature and gradient steepness were con-

ducted to seed the analysis program. Four scouting gradients were

run with the SPP 4.6 × 150 mm column from 50 to 100% acetoni-

trile at 2.0 mL/min. These four gradients were comprised of 2, 10

minute, and 2, 20 minute runs, one at each operating temperature

of 30 °C and 50 °C. 

An additional set of modeling gradients for rapid analysis

method development was conducted for the 4.6 × 50 mm

columns. These gradients were 50 to 100% acetonitrile in 10 and

20 minutes at 30 C and 2.0 mL/min. Results of all chromatograms

were processed and manipulated in DryLab software with con-

sideration given to balance between resolution and rapid analysis

time. In all cases peaks were tracked using spectral matching from

the UV diode array detector and peak areas. 

3. Results and discussion 

PAHs are well suited for traditional reversed phase separations

as they do not contain complicating functional groups and ex-

hibit consistent retention behaviors without mobile phase addi-

tives. Many phases have been developed and tested to improve and

simplify the separation of PAHs and best results are often cited as
 polymeric C18 [ 18 , 19 ]. To this end, we developed the HALO PAH

hase on a 2.7 μm SPP particle architecture with the ultimate goal

f reproducible and rapid separations. 

Our iterative development process was guided by DryLab soft-

are. This software allows us to streamline and facilitate the mod-

ling, understanding and design of our experimental phases. We

an rapidly screen and compare materials and conditions in silico

fter conducting limited and organized experimental gradients. The

nitial exploratory experiments were conducted with various proto-

ypes to understand bonding and experimental variables affecting

eparation. Initial modeling experiments utilized 150 mm columns

s this length eliminates plates as a restriction and highlights dif-

erences in selectivity that arise from prototype differences and ex-

erimental conditions. Importantly, the results of these modeling

xperiments indicated that adequate resolution could be obtained

ith 50 mm columns at 30 °C. 

Design of this phase was in part purposed towards the separa-

ion of a 16-component sample mix in 5 minutes with a minimum

esolution of each pair of 1.4. As seen and described in Fig. 1 A, a

imple gradient, yields results exceeding our design criteria. Due to

he gradient’s simplicity, traditional methods for increasing the ra-

idity of a separation including doubling the flow rate and main-

aining gradient steepness allow for a 2.5-minute separation. The

esults and gradient employed are shown in Fig. 1 B. Here the low-

st resolution value was for peak pair 3|4 at 1.40. 

In addition to practical utility, as described above, the SPP ar-

hitecture lends itself favorably to rapid separations. As a bench-

ark for our new material we chose a 1.8 μm FPP material bonded

ith an application specific PAH phase. We ran matching experi-

ental modeling gradients on the two 4.6 × 50 mm columns. For

irect comparison between the two materials we modeled gradi-

nts in silico for each column at an identical flow rate of 3 mL/min.

I.Molnar
Hervorheben
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Fig. 2. Resolution plots as a function of gradient time for the SPP (A) and FPP (B) for 4.6 × 50 mm columns at 3.0 mL/min at 30 °C. The blue vertical lines indicate the initial 

experimental gradients used for modeling. Both columns exhibit similar resolution profiles. Critical pairs for the SPP on either side of the inflection point are 3|4 and 14|15 

respectively. For the FPP critical pairs between inflection points are 3|4, 14|15 and 15|14. Notably, the resolution with the FPP material past 20 minutes begins to increase 

due to 14|15 critical pair inversion. 
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his flow rate was chosen as it produced a backpressure of 530 bar,

ithin 10% of the recommended maximum column backpressure

f 600 bar for the FPP column, in the initial mobile phase composi-

ion of 50/50 water/acetonitrile at 30 °C. Under these conditions the

PP column’s backpressure was 400 bar, a typical maximum back-

ressure for many standard pressure LCs. We noted that greater

esolution of the critical 3|4 pair could be achieved with an initial

socratic hold at the beginning of the separation for both columns.

oth modeled resolution vs time curves for the two 4.6 × 50 mm

olumns are similar in terms of resolution for relatively short gra-

ients under 10 minutes ( Fig. 2 ). After 20 minutes, resolution for

he FPP material begins to increase as this part of the separa-

ion condition topography appears dominated by an inversion of

he 14|15 pair. The reason for this peak inversion is unknown but

ossibly due to a difference in the proprietary bonded chemistry.

ractically, chromatographers often run as fast as possible, giving

he comparative advantage to the SPP material for resolution and

ackpressure. 

We used DryLab to model in silico gradient conditions that

ould meet a predicted minimum resolution of at least 1.5. These

radient profiles were run and the actual chromatograms are

hown in Fig. 3 . Notably both columns run under derived condi-

ions have a resolution greater than 1.5 for each pair except for

5|16 (1.133 for the SPP and 1.356 for the FPP). Surprisingly, this

esolution did not match modeling and could be due to the very
teep gradient slope and rapid switch from isocratic to gradient

ack to isocratic elution modes. Reports of the mass transfer ef-

ects of our 90 Å SPP support are well documented [ 20 , 21 ]. For

his phase, we note an approximately 10% steeper C-term for naph-

halene when compared to a traditional C18 bonded phase at a

etention factor just greater than 3. We have found this slightly

igher C-term to be specific to our PAH phase across column load-

ng methods. Moreover, nearly identical minimum reduced plate

eights of 1.5 confirm this C-term is directly related to the bonded

hase. It is likely that some of our loss in predicted resolution is

ue to this design feature. That said, this iteration of bonded phase

ffers the most apt selectivity for the PAH compound class and

urthermore, this selectivity impacts ultimate resolution more than

artially restricted mass transfer. 

The separation ordering for both the SPP and FPP

olumns is identical. In all chromatograms the elution or-

er is 1) naphthalene 2) acenaphthylene, 3) acenaphthene

) fluorene 5) phenanthrene 6) anthracene 7) fluoran-

hene 8) pyrene, 9) benzo(a)anthracene 10) chrysene 11)

enzo(b)fluoranthene 12) benzo(k)fluoranthene 13) benzo(a)pyrene 

4) dibenzo(a,h)anthracene 15) benzo(g,h,i)perylene 16) 

ndeno(1,2,3-c,d)pyrene. The FPP column offered greater reso-

ution for the 15|16 pair. This separation occurs during the 100%

cetonitrile hold post-gradient. We believe separation of this pair

s directly related to available total surface area of the support

I.Molnar
Hervorheben
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Fig. 3. Experimental chromatograms, using conditions modeled in silico , depicting 

the SPP (A) and FPP (B) columns. These gradients are both at 3 mL/min flow rate. 

For the SPP column 50% acetonitrile was held for 1 minute and increased to 100% 

acetonitrile by 1.2 minutes. For the FPP column 50% acetonitrile was held for 1.5 

minutes and increased to 100% by 1.7 minutes. Note the overall faster runtime for 

the SPP column. 
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material, or alternatively the total amount of carbon on the

material. The SPP column did successfully resolve this pair, with

modestly lower resolution. Increasing resolution of this pair for

both columns could be accomplished by reducing the limit of
Fig. 4. Replicate injections of the less than 1 minute PAH separation with a 1.5 minut

increased to 100% acetonitrile at 0.5 minute, held until 1.1 minutes, decreased back to 58
00% acetonitrile, but with a concomitant expense of a longer total

nalysis time. The separation mechanism requiring the isocratic

old at the beginning of the run to increase the resolution of

eaks 3|4 is unclear to us. However, the FPP required a longer

old than the SPP material and still did not reach the same level

f resolution. 

Given the lower backpressure for the SPP material we had an

pportunity to increase the speed of the separation further and

sed DryLab to generate gradient conditions at 5 mL/min that

ould meet resolution of 1 in under 1 minute. At this flow rate the

.6 × 50 mm SPP column produced a backpressure of 630 bar. This

ressure is well within specification for the Nexera LC (up to 1100

ar), and additionally gave us indication as to the stability and ro-

ustness of the column. Experimentally this gradient yielded a sub

-minute separation with adequate resolution for qualification be-

ween each peak pair. Peaks 3|4 yielded a resolution of 1.790 and

eak 15|16 had a resolution value of 1.08. This exemplifies our se-

ection of bonded phase for PAH separations as plate height at this

ow rate is relatively low, especially in comparison to the column’s

ptimal linear velocity. The separation was replicated in order to

est the ability of the column to regenerate between runs. A total

ethod time of 1.5 minutes is shown in Fig. 4 and the gradient

onditions are described in the caption. Reproducibility of these

hromatograms is high indicating the rapid and sufficient equili-

ration required for high throughput analysis. Under similar con-

itions of operation, employing a 100 mm column at 600 bar back

ressure, more than 500 replicate isocratic runs (14,0 0 0 column

olumes of mobile phase), exhibited no changes in back pressure,

ompound retention, efficiency, or resolution. 

. Conclusions 

As energy sources continue to draw focused attention, accu-

ate and efficient analysis of combustion byproducts will become

ver more important. Here we demonstrate a high throughput

ethod and reversed phase material for the analysis of PAHs,

hich can readily enter the biosphere, with potential environmen-

al and physiological consequences. We directly compare two col-

mn supports with a similar bonded phase and show that both

an significantly reduce total analysis time. SPP materials have an
e total method time. In this gradient, 58% acetonitrile was held until 0.4 minute, 

% acetonitrile at 1.11 minutes. Method stop was at 1.5 minutes. 
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nherent advantage in terms of increased efficiency at very high

inear velocities and reduced backpressure requirements compared

o the sub-2 μm FPP materials. Taking advantage of the larger

article size, reduced backpressure and highly-efficient SPP mor-

hology allows for the development of a robust, rapid and well

esolved PAH separation in less than 1 minute with a 1.5 min-

tes total method time. To our knowledge this is likely one of the

astest separation examples of this class of compounds using a re-

ersed phase LC method. Future developments will likely include

 significant reduction in solvent consumption and increased sen-

itivity through the use of smaller bore columns or alternatively

ompletely different hardware and modes of separation such as in

 recent report on turbulent supercritical fluid chromatography in

pen-tubular columns where a selection of 4 PAHs were resolved

n under 9 seconds [22] . 
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