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Particles, Pressure, and System
Contribution: The Holy Trinity of
Ultrahigh-Performance Liquid

Chromatography

Ken Broeckhoven, Jelle De Vos, and Gert Desmet, Vrije Universiteit Brussel, Department of Chemical Engineering,

Brussels, Belgium

The last decade has witnessed how liquid chromatography columns and instruments changed from long
bulky columns with relatively large fully porous particles operated at modest pressures (100—200 bar), to
short compact columns with small superficially porous particles operated at ultrahigh pressures
(1200-1500 bar). This (r)evolution has resulted in a tremendous increase in achievable separation
performance or decrease in analysis time, but requires a good knowledge of optimal chromatographic
conditions for each separation problem and, concomitant, the right instrument configuration.

The improvements in separation power achieved over
the past decade (a 10-fold decrease in separation

time and threefold increase in efficiency) were only
possible through the combined advancement of three
aspects of chromatographic technology: improved
columns with smaller particles, higher operating
pressures, and systems with decreased extracolumn
dispersion (1). From a column technology perspective,
the introduction of smaller (sub-2-pym) particles made

it possible to achieve the same separation efficiency in
a much shorter timescale, proportional to the square

of the inverse particle size (1/a,?) (2). In addition, the
introduction of so-called superficially porous particle
(SPP) (also known as core-shell or solid core) columns
that achieve reduced plate heights 25% lower than
traditional fully porous particles (FPP) made a reduction
in analysis time of 40% or an increase in efficiency

of 25% possible (3). To operate smaller particles

in reasonable column lengths (L) at their optimal
velocity (Uppy), the introduction of equipment able to
operate at pressures beyond the traditional 400 bar
limit of high performance liquid chromatography
(HPLC) instrumentation (ultrahigh-performance liquid
chromatography [UHPLC] pressures were originally up
to 1000 bar and are now up to 1500 bar) and sufficiently
well-packed columns to withstand the steeper and
higher pressure cycles were required. Typically, shorter
columns (3-10 cm) are used versus the traditional HPLC
columns (5-25 cm) because of the higher efficiencies
obtained with smaller particles. To manage the viscous
heating effects that prevail at elevated pressure drops
(4), in addition to reducing solvent consumption at the
higher optimal flow rates for smaller particles, the internal
diameter (i.d.) of the columns was also reduced from
4.6 mm for HPLC to 2.1 mm for UHPLC columns. This
reduction in column volume requires a concomitant

smaller instrument contribution to band broadening to
maintain the separation quality. Therefore, in order to
achieve ultrahigh-performance, it is required to have both
state-of-the art instrumentation with a high operating
pressure and novel columns (2,5). In this article, the
advances made over the last decade in (U)HPLC are
illustrated, the limitations from maximum instrument
pressure and instrument contribution highlighted, and the
possibilities for further development in instrumentation
and operating pressure investigated.

Performance Improvements as a Result of
Particle Size and Morphology

Figure 1(a-c) shows simulated chromatograms of the
separation of 4 peak pairs (first component of each at

KEY POINTS

¢ LC columns and instruments have changed from
long bulky columns with relatively large fully
porous particles operated at modest pressures
(100-200 bar), to short compact columns with small
superficially porous particles operated at ultrahigh
pressures (1200-1500 bar).

The advances made over the last decade are
illustrated, the limitations from maximum instrument
pressure and instrument contribution highlighted,

and the possibilities for further development in
instrumentation and operating pressure investigated.
All three cornerstones of UHPLC need to be improved
to achieve a higher separation performance: smaller
and better particles, higher operating pressures, and
reduced system contributions.
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Figure 1: Simulated chromatograms obtained for different
column dimensions and particle sizes: (a) 4.6 X 250 mm,
5-um FP; (b) and (e) 2.1 X 100 mm, 2-um FP; (c)

3.0 X 100 mm; 2.7-um SP, (d) 2.1 X 250 mm, 2-uym FP. Plate
heights calculated according to h = H/d, = a+b/vy+cvg
With vy = Ug0p/Dino) With Doy = 10° m?/s and a = 0.75 or
0.5, b =4, and ¢ = 0.1 or 0.075 for FP and SP, respectively.

All columns in (a—c) were assumed to be operated at Uopt
yielding a hyi, = 2 for the FP and 1.6 for the SP particles

respectively; column (d) was operated at 0.76-Uqp; and (e) at

1.9:Uypr- Column pressure drops were calculated according
t0 AP = [mUqy/Ky, with viscosity n = 103 Pa-s,drp = 800,
dgp = 650, and K, = d,?/d. Injection volume was scaled
according to column cross-section.
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Figure 2: Comparison of the kinetic performance
limits of HPLC (black) and UHPLC (red) instrumentation
and columns for different particle sizes and column
morphologies (FP = full symbols, SP = open symbols).
Pressure limit: HPLC = 400 bar, UHPLC = 1500 or
1200 bar for 1.5-pm (SP) /2-um (FP) and 2.7-um (SP)
particles, respectively. Retention factor k = 9, hence

tr = 10-ty. Other parameters same as Figure 1.

k= 1,3, 5, and 7 and selectivities of 1.080, 1.053, 1.048,
and 1.046, respectively to obtain the same resolution

RS). Column 1 (Figure 1[a]) has the typical dimensions

of routinely used columns on HPLC instrumentation, that
is, 25-cm long with a 4.6 mm i.d. and packed with 5-um
FPPs (see Table 1 for an overview of the properties of the
different columns). Column 2 (Figure 1[b]) represents its
UHPLC equivalent (same plate count) of 10-cm long, but
packed with 2-um FPPs, each operated at its optimum
velocity and assuming a reduced plate height h = H/

dp = 2. It becomes immediately clear that the same
separation efficiency and resolution is achieved in both
separations, but 6.25 times faster on Column 2. The latter
separation, however, also requires the same increase in
operating pressure, exceeding that of standard HPLC
instrumentation (400 bar). The corresponding flow

rate for Column 2 was calculated assuming a narrow
internal diameter (2.1 mm) column typically used in
UHPLC. As mentioned earlier, besides a reduction in
solvent consumption, these narrower internal diameter
columns are required to compensate for the increased
viscous heating effects that occur at elevated pressure
drops required to operate them at or above their optimal
velocity. A good compromise between gain in analysis
time and increase in pressure drop can be obtained when
switching from a FPP column to a column packed with
2.7-um SPPs (Figure 1[c], Column 3). These particles

not only typically have minimum reduced plate heights
closer to 1.5, but also, because of the lower porosity

and lower flow resistance ¢ (15-20%) require lower
pressure drops for similar velocities. As a result, with
much larger particles (2.7 ym versus 2 um) roughly

the same efficiency (-6.5%) can be obtained for only a
small increase in analysis time (+17%), as can be seen
when comparing Figure 1(c) (Column 3) with Figure 1(b)
(Column 2). The main advantage lies in the much lower
operating pressure for the 2.7-um particles (versus the

LCeGC Asia Pacific February/March 2018



2 um particles) required to run this
column at its optimum flow rate (3).
The required pressure is in fact only
2.4 times higher than for the 5-uym
FP particles. For this reason a 3 mm
i.d. was considered for Column 3
because the issue of viscous heating
at these lower pressures is much
less pronounced (3). Recently, it
was demonstrated that FPPs with

a narrow particle size distribution
can reach minimum reduced plate
heights of 1.7-1.9, that is, in between
those of traditional fully porous

(h = 2) and SPPs (h = 1.5) (6).

Gains in Analysis Time and
Efficiency With Operating
Pressure
Figure 1 shows how the same
separation quality is achieved in a
shorter time by changing particle type
and size. However, it is also possible
to keep the same analysis time (or
have a smaller gain in analysis time),
but increase the separation quality
by using longer columns. Figure 1(d)
shows the separation on a 25-cm
long column with 2-um FPPs
(Column 4). If run at the optimal
velocity, this would require an
operating pressure above 1500 bar.
To represent more realistic conditions,
the flow rate was limited to that
corresponding with a pressure limit
of 1200 bar (which all UHPLC
instruments can currently reach),
resulting in a velocity slightly
(-24%) below the optimal velocity.
Nevertheless, the 2-um particles can
be operated at twice the velocity
as the 5-um particles (2.5 times
faster in the absence of the pressure
limitation), yielding a reduction in
analysis time of a factor of two, a gain
in efficiency of 2.4, and an increase
in resolution of 1.6 (since Rg ~ NO-5).
An additional benefit of using small
particles is that they can be operated
at velocities above their optimum
and only experience a small loss in
performance because the C-term
contribution to H is proportional to dpg.
This is illustrated in Figure 1(e), where
Column 2 is operated at almost twice
(1.9X) its optimal velocity (limited to
AP = 1200 bar). Whereas little or no
efficiency and resolution is lost, the
separation is performed almost twice
as fact.

To combine the optimization of
mobile phase velocity, column

www.chromatographyonline.com

length, and particle size and at the
same time take into account the
pressure limitations of a system or
column, the so-called kinetic plot
methodology (7-11) provides a

more concise way to compare the
separation performance in
(U)HPLC. By plotting the kinetic
performance limits (KPL), that is,
the shortest possible time to reach a

certain performance, or, equivalently,

the highest possible performance
that can be reached for a given

Desmet et al.

analysis time, the most optimal
conditions for each chromatographic
support (particle size and type)

are compared (8,10). These limits
are obtained by operating at the
maximum pressure (400 bar for
HPLC, 1200-1500 bar for UHPLC)
and optimizing the column length.
Such KPLs are plotted in Figure 2(a),
which is an updated version
(simplified) of figure 1 in reference

9 and figure 3 in reference 12. The
figure provides an historic overview
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Figure 3: (a—b): Experimental demonstration of the kinetic
time-gain factor that can be achieved in isocratic mode

for the separation of alkylphenones when going from (a) a
system with three coupled columns packed with 2.6-pm
particles operated at 486 bar to (b) an optimized system

of two coupled columns packed with 1.5-um particles
operated at 1402 bar. A separation of wastewater pollutants

by applying a linear gradient (ratio gradient time tg over
column void time t, as fg/ly = 12, gradient range D, = 0.75),
while maintaining the same peak capacity, conducted on
(c) two coupled columns packed with 1.5-um core-shell
particles operated at 495 bar and (d) one column packed
with 1.5-pum core—shell particles operated at 1399 bar.
Adapted with permission from reference 13.
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Figure 4: Similar conditions as Figure 1(a—d), but now
assuming extracolumn volumetric dispersion contribution of

50 pl2, typical for HPLC instruments, and assuming a total
tubing length of 50 cm with an internal diameter of 170 um
for the calculation of the pressure.
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Table 1: Overview of the parameters of the different simulated

columns (Figures 1, 4, and 5)

Column L?:ng;h Di?:r:;er sl?:ert(i;::) Particle Type
1 25 4.6 5.0 Fully porous
2 10 2.1 2.0 Fully porous
3 10 3.0 2.7 Superficially porous
4 25 2.1 2.0 Fully porous

of the progress made from HPLC (black, 3.5-5-pm
FPP, and 2.7-um SPP) towards UHPLC particles and
conditions (red, 2-um FPP, 1.5- and 2.7-um SPP) by
plotting analysis time i (calculated as tg = fye(1 + k)
with k = 9) versus efficiency N. The advantage of a
higher operating pressure is clear because the red
curves are located lower (faster analysis) and more to
the right (higher efficiency) (8,9). In addition, the higher
operating pressure favours the use of smaller particles.
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For HPLC, the advantage of SPPs clearly stands out
because they outperform 3.5-pm particles over the entire
relevant range of efficiencies (the range where 3.5-pym
particles have a better kinetic efficiency than 5-um
particles) (8). A similar conclusion can be drawn for the
UHPLC separations, where the SPPs outperform their FPP
counterparts, even though for the 2.7-um particles a lower
pressure limit (1200 bar) is assumed than for the 2-um
FPPs (where we took 1500 bar—currently the highest
commercially available instrument pressure—as for the
1.5 um SPPs). It can also be shown that the benefits of

an increase in operating pressure and the use of more
efficient superficially porous columns are additive.

This methodology also allows kinetic gain factors that
quantify the gain in analysis time (G,) (for the same N) or
efficiency (Gy) (for the same t) that can be reached by
switching from one (old) operating pressure, particle type,
and size to another (new) combination to be defined (1,9).

_ to/d Eo/d AEEW

G, =0 - —Zold
tnew Enew APO/C/
N, Eo AFn)ew
GN - new _ id . [1]
No/d Enew AFojld

2
ain E< 1 _ h-@
K\/O

In these expressions, E represents the separation
impedance determined by the square of the plate
height H (at the chosen flow rate) divided by the column
permeability Ko based on the velocity ug of an unretained
compound (K,q = dy®/, with ¢ the flow resistance).

For the arrows given in Figure 2 (N4 = 30000,

Ir.oig = 13.6 min), both starting (AP, 4 = 400 bar) and
ending (AP, = 1500 bar) on a kinetic plot, the gains
when switching from HPLC with 3.5-um FPPs to UHPLC
with 1.5-um SPPs are G; = 7.6 (fg ney = 1.8 min) and
Gn = 2.48 (N, oy = 74500). For these analysis times
and conditions, the 3.5-pm FPP column at 400 bar

for tg = 30 min is operated at a velocity close to the
optimum regime (h = 2.12; E = 3596). This is also the
case for the 1.5 pym particles operated at 1500 bar such
that tg = 2.79 min (h = 1.66; E = 1791). For the 1.5 ym
tr = 13.6 min case, slightly larger particles would be
better suited because the column is operated just
below the optimal velocity, that is, in the B-term regime
(h = 1.84; E = 2200).

Figure 3(a) and 3(b) represent results from an
experimental investigation of these gain factors in
isocratic mode (13). By switching from three coupled
10-cm columns (30 cm) packed with 2.6-pm core—shell
particles operated at almost 500 bar (H, g = 5.46 pm,
K,o = 14.8 101 m2, Figure 3[a]) to two coupled 10-cm
columns (20 cm) with 1.5-um core—shell particles
operated at 1402 bar (H,q,, = 3.96 um, K,q = 3.8 10°1°
m2, Figure 3[b]), a nearly equivalent separation efficiency
was measured (N, 4 = 54,900 versus N, = 50,500,
respectively), but a kinetic time gain factor of 1.6 was
achieved. The gain in analysis time by a factor of 1.6 is
slightly higher than the theoretically calculated value,
which is only G; = 1.4, but this theoretical value assumes

www.chromatographyonline.com
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Figure 5: (a—d) Similar conditions as Figure 4(b—c), but now
assuming a volumetric extracolumn dispersion contribution
of 10 pL2 (a-b) and 2 uL2 (c—d), typical for an UHPLC

and a fully optimized UHPLC instrument respectively, (e)
0.5 uL? volumetric extracolumn dispersion at typ/3.4
(APax = 1200 bar). Tubing length of 50 cm with an internal
diameter of 75 pm (a—b), 50 um (c—d), and 25 pm (e).
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Figure 6: (a) Plot of plate number (N) versus retention factor (k) for a series of alkylphenones (aceto-, propio-, butyro-, benzo-,
and valerophenone) showing the effect of the internal diameter of the post-column connection tubing in isocratic mode at a flow

rate of 0.8 mL/min on an 2.1 X 50mm column packed with 1.3-um superficially porous particles. (b) Overlay of a zoom-in on
benzophenone eluting in gradient mode at a kyaq = (fr-1o)/fy of 4.5 and keytion Of 1.8 at a flow rate of 0.6 mL/min using the same

column. Adapted with permission from reference 20.
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that exactly the same efficiency N is reached for both
separations. However, as the separation efficiency in

the improved (“new”) system is around 10% lower than
for the “old” system because of practical limitations
(available column lengths), a larger gain in analysis time
is found for slightly less efficiency. To obtain the same

N, a slightly longer column (~10% larger, corresponding
to a 22-cm column) should have been used at a slightly
lower flow rate (also ~10% smaller), resulting in a time
gain closer to 1.4 than the experimental value of 1.6.
Figure 3(c) and 3(d) demonstrate the kinetic-time gain
that can be achieved by optimizing a gradient separation
of wastewater pollutants. A linear gradient from 20:80%
(v/v) acetonitrile—water to 95:5% (v/v) acetonitrile—water
was applied with ig/fy = 12. By using 1.5-uym core—-shell
particles, and going from two coupled columns operated
at 500 bar (Figure 3[c]) to one column operated at

1400 bar (Figure 3[d]), a kinetic time-gain factor of almost
13 was achieved. Although almost exactly the same
peak capacity of around 190 was achieved (13), some
differences in selectivity and resolution can be seen on
the two chromatograms. These deviations are the result
of pressure and temperature (viscous heating effects)
gradients that induce changes in retention factor that can
affect separation quality (4,14,15).

Requirements Regarding Instrumentation
Contribution to Dispersion

For the sake of comparison, it was assumed that for the
separations in Figure 1 the instrument did not contribute
to the overall band broadening. However, it is obvious
that the size of the injection plug (volume), diameter

of the connection tubing, and volume of the preheater
and detection cell all have an impact on the separation
efficiency (16). Figure 4 therefore represents the same

column performance (N =~ 25000) as considered in
Figure 1, but assuming an additional system contribution
to dispersion of 50 yL2, which is a typical value for a
standard HPLC instrument (5,17) and assuming connection
tubing with an internal diameter of 170 ym and a total
length of 50 cm to calculate the total system operating
pressure. Whereas for Column 1 (the long wide-bore
column packed with large 5-pm particles) little or no effect
of extracolumn dispersion can be observed, the separation
quality on the shorter narrow bore Column 2 with 2-pm
particles is completely gone, showing a complete
overlap for the early eluting pair and still a significant
loss in resolution for late-eluting compounds. Since both
columns are operated on the same system, Column 2
is much more affected because it has a much smaller
volumetric dispersion as a result of the smaller column
volume (1/12th) (18). For Column 3, packed with SPPs,
the loss in performance from extracolumn dispersion
is still significant, but smaller because a larger internal
diameter (3 mm) can be used. The large internal diameter
of the connection tubing ensures that little or no additional
pressure is required at the represented flow rates. For
the case of Column 4 (25-cm long with 2-um particles),
a significant loss in resolution is observed, but, as the
longer and thus larger volume column is less affected by
extracolumn dispersion and the superior performance
already resulted in a higher resolution than necessary, the
baseline separation (Rg = 1.5) is only compromised for
the first eluting pair. Figure 4 illustrates how the switch to
smaller particles or more efficient particle morphologies
(SPPs) alone is not sufficient to obtain a better
separation performance, but that the dispersion in the
chromatographic system also needs to be considered (5).
Figures 5(a) and 5(b) show the obtained performance
for Column 2 and Column 3 (the performance of
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Column 1 was only negligibly affected by the system
and is not shown), but now with the typical dispersion
(17) for a UHPLC instrument—10 pL2—and assuming
this requires the same tubing length as in Figure 4

(50 cm) but now with an internal diameter of 75 pm. A
significant improvement of the separation, especially for
the early-eluting compounds, can be observed (18-21).
Nevertheless, the early-eluting compounds are not yet
baseline resolved. In addition, a significant increase in
operating pressure from the narrower tubing is obtained.
This increase is larger for Column 3 packed with SPPs
because of the larger flow rate (see Figure 1). To get the
full benefits from the narrow internal diameter columns,
it is thus required to operate them on a fully optimized
UHPLC system with reduced extracolumn dispersion.

A number of groups have reduced the extracolumn
dispersion to values as low as 2 pL.2(20,21,22,23). This
allowed them to obtain more than 90% of the intrinsic
column efficiency for retention factors > 3. This is
illustrated in Figures 5(c) and 5(d), which show little or
no loss in separation resolution for all peaks except at

k = 1. However, there is a steep increase in operating
pressure as a result of the reduced internal diameter

of the connection tubing. Once again, this is more
pronounced for the 3-mm i.d. column (Column 3) where
more than 60% of the total pressure drop is a result of the
connecting tubing (versus around 30% for Column 2, with
a 2.1 mmi.d.). In fact, for this case, the further decrease
in extracolumn dispersion results in only a small gain in

Desmet et al.

resolution but at a large cost in pressure drop. When a
reduction in extracolumn volume results in such a cost

in pressure drop that column length or flow rate has

to be decreased, it will never be advantageous from a
performance perspective. As an example, Figure 5(e)
assumes connecting tubing of 25 um i.d. and a system
dispersion of 0.5 pL2 for Column 2. The excessive
pressure drop (at a fixed flow rate AP, ,~d*) meant
that the mobile phase velocity had to be decreased by

a factor of 3.4 and therefore the column was operated

far into the B-term regime. As can clearly be seen, this
results in a significant increase in analysis time and

a decrease in separation resolution. As an alternative
(results not shown), one could opt for a 4.6 mm i.d.
column packed with 2.7-um SPPs, in which case even on
the HPLC system with 50 uL? a resolution of 1.29 is found
for the first peak pair, but, with the 170-um tubing, only an
operating pressure of 247 bar is required. The price to be
paid is however a higher solvent consumption because
the flow rate increases by a factor of around 2.4 and,
although the pressure drop is limited, viscous heating
related performance can become more pronounced if
larger internal diameter columns are used.

Examples of System Contributions in Gradient
and Isocratic Elution

Figure 6(a) and 6(b) illustrate how the optimization of
extracolumn volumes can affect separation performance
in both (a) isocratic and (b) gradient separations (20).
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In this case, a small volume column (2.1 X 50 mm)
packed with very small SPPs (1.3 um) was run on a fully
optimized chromatographic system (on-column focusing
with POISE [24], 80 nL UV detector cell, minimized
pre-column tubing) except for the short (14 cm) tubing
connecting the column end with the detector cell. For
this tubing, different internal diameters were chosen
from 65 to 250 pym. For the isocratic case, the variation
of the obtained separation efficiency (represented by
the plate number N) versus retention factor is plotted.
Even if only one part of the flow path—in this case the
short 14-cm tubing from the column to the detector—is
not optimized, a significant loss in performance already
occurrs as for k < 4 a much lower efficiency than the
expected N = 20,000 is found. As was illustrated in

the previous simulated chromatograms, the first eluting
compounds suffer most from the extracolumn band
broadening (18,19,21). The slight downward trend in
efficiency at higher retention factors results from the
effect of retention factors on plate height and optimum
velocity (20). In Figure 6(b), a zoom-in on one peak
(benzophenone) in gradient elution mode is shown

for the different tubing internal diameters. This
compound elutes around an (apparent) gradient
retention factor kg.,q Of 4.5. It can readily be seen that
the wider tubing has a significant impact on the peak
widths and heights. It is also clear that, contrary to
what is often assumed, extracolumn band broadening
can also have a significant impact in gradient mode
because postcolumn dispersion is not minimized as a
result of the typical on-column focusing at the start of a
gradient run. For example, Spaggiari et al. demonstrated
that when coupling UHPLC with MS, the interface
tubing has to be minimized to have negligible impact on
performance for k values greater than 7 for a standard
system (25) and optimal MS settings need to be applied
(18,25).

Conclusions

Faster or better separations can be obtained by
switching to smaller particles and by using superficially
porous particles. However, smaller particles require
higher operating pressures. To avoid pressure drop
limitations caused by viscous heating and to reduce
solvent consumption, these small particles are packed
in short columns with a narrower internal diameter.

As a consequence, the performance of these small
volume columns is strongly affected by the extracolumn
dispersion in the chromatographic system. This article
has shown that all three cornerstones of UHPLC need
to be improved to achieve the expected higher
separation performance: smaller and better particles,
higher operating pressures, and reduced system
contributions.
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Peak Purity in Liquid
Chromatography, Part 1. Basic
Concepts, Commercial
Software, and Limitations
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LC TROUBLESHOOTING

Is that peak “pure”? How do | know if there might be something hiding under there?

If we approach our data with a sceptical
mindset, as chromatographers we

know that there is always the possibility
that a peak in a chromatogram that we
perceive as a “pure peak” (that is, only
one chemical component is eluted at that
time) is actually composed of multiple
coeluted components. From the point of
view of quantitative analyses—answering
the question “how much is there?"—this
possibility is always a concern because
assuming that a peak is pure when in fact
it is not will lead to inaccurate quantitative
determinations for the compound

of interest. From the point of view of
qualitative analyses—answering the
question “what is it?"—it is a concemn too,
because if we think we have identified 10
components when in fact 11 components
are present, we will have missed

one, and that could have significant
consequences (for example, impacts on
health or profits). Given the importance
of this issue, which we commonly refer

to as “peak purity”, an immense amount
of research has been dedicated to the
development of concepts and tools

that can increase our confidence that

we know what we are looking at in our
chromatograms. However, 50+ years
after the introduction of what we now call
high performance liquid chromatography
(HPLC), we arguably still do not have a
one-size-fits-all solution to this problem.
In this instalment of “LC Troubleshooting”,
we are tackling the peak purity topic

in part 1 of a multi-part series where

we will explore some of the concepts
behind peak purity assessments,

describe some tools that are used in
commercially available software for
these assessments, and highlight some
of the limitations of these tools using
real-world examples. For this purpose, |
have enlisted two experts in data analysis
and pharmaceutical analysis to work
with me in addressing these issues. In
subsequent instalments, we will expand
our discussion of the peak purity topic
to include advanced data analysis
strategies that can be used in cases
where simpler tools are inadequate, as
well as the potential for two-dimensional
liquid chromatography (2D-LC) to provide
robust answers to questions about peak
purity.

Dwight Stoll

Peak Purity: An Introduction

Of all of the application areas where the
concept of peak purity is relevant, it has
received the most concentrated attention
in the pharmaceutical industry, and thus
much of our discussion in this instalment
is set in this context. Ensuring drug
product quality and patient safety is the
primary objective of the pharmaceutical
industry and regulatory agencies around
the world. Regulators expect that the
pharmaceutical industry complies

with the International Conference on
Harmonization of Technical Requirements
for Registration of Pharmaceuticals

for Human Use (ICH) guidelines (ICH
Q3A - Q3D) (1-4) on impurities in new
drug substances and drug products,
including residual solvents and elemental
impurities. Significant effort on the part

of both companies and regulators is
dedicated to the delivery of safe and
efficacious medications of desired quality
and strength.

Various analytical tests that include
methods to assess attributes ranging
from appearance, identity including
form, assay (weight or weight against
a standard), impurities (organic and
inorganic, including residual solvents),
water content, and particle size analysis
are performed on active pharmaceutical
ingredients (APIs). Similarly, oral drug
products (that is, the API plus excipients)
are tested for appearance, identity, assay
(weight or weight against a standard) and
impurities, uniformity of dosage units,
dissolution, microbial content, and water
content. Among these tests, those for
determinations of assay and impurities,
including chiral impurities if applicable,
are the most critical because they have
the most potential to impact the safety
and efficacy of the drug product.

Developing a specific, so-called
“stability indicating method” to determine
the drug substance and drug product
content (weight or weight assay),
quantitate impurities, and determine
potential degradation products is
extremely important because it provides
evidence that the method is adequate to
monitor the quality of the material during
its shelf time. Developing this type of
method usually starts with screening
columns of different selectivity, using
mobile phases at different pH values,
and the analyses of samples of the drug
product stressed by different means
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(for example, acid, base, peroxide, light, and heat). Stressed
samples are used upfront to assess the adequacy of the method

to support long-term stability studies of drug products justifying
their shelf life (or expiry). In addition, it can help to identify

the likely degradation products and hence the degradation
pathways. Increasingly, it is expected that method optimization

software tools are used to ensure that methods are robust from C H ROMATOG RA P HY SO FTWA RE
the start—this is the spirit of the so-called quality-by-design
(QbD) approach to method development (5). Typically, in these
methods diode-array detection (DAD) or mass spectrometry
(MS) is used to detect compounds as they are eluted from

the column. To the extent that the spectrum (ultraviolet [UV]

or mass) of a particular compound is characteristic of that
compound, examination of the evolution of the spectrum across
a peak provides a means to assess peak purity. However,
impurities and degradation products eluted in the proximity

of the main component are usually structurally similar. This,

in turn, means that their DAD spectra are often highly similar,
and great care is required in the interpretation of spectral

purity assessments and consideration of complementary data
that support the peak purity assessment (for example, elution
patterns observed with complementary column selectivities,
and MS data).

in the dosage form can impact the biological activity of drug
products. There are several well-known examples from the
history of drug development that illustrate the importance

of detecting coelutions. (S)-(+)-naproxen is effective in the
treatment of arthritis, whereas its enantiomer causes liver
poisoning. Similarly (S,S)-(+)-ethmbutol is effective in the
treatment of tuberculosis, whereas its enantiomer causes
blindness (6). Finally, R-thalidomide was known to be effective
in the treatment of morning sickness; however, the enantiomer
is a teratogen (7). Thus, accurate assessment of peak purity
is critical to the assurance of the safety and efficacy of drug
products.

Principles of Peak Purity

Assessment Using DAD

As a chromatographer, the question most often asked when

it comes to peak purity is: Is this chromatographic peak
comprised of a single chemical compound? Unfortunately, there
is no definitive answer for this question using the conventional
peak purity methods that are available in commercial software.
Rather, these software tools provide an answer to the question:
Is this chromatographic peak composed of compounds having
a single spectroscopic signature? This concept, typically
referred to as spectral peak purity, can be addressed to varying
degrees by most commercially available data systems for LC.
Theoretical Basis of Spectral Peak Purity Assessment:

The concept of spectral peak purity, as embodied in most s Data SO| ution fOt’ GC/H PLC and MS systems
chromatographic data systems, is based on viewing a spectrum
as a vector in n-dimensional space, where nis the number of - Chinese Iocalization

data points in the spectrum (8). To more easily visualize this
concept, let us take an example of a spectrum measured at just £

three wavelengths, A\, Ay, and A3, as shown in Figure 1(a). We - Wlde range Of COﬂ’[I’O[ mOdU'@S
can plot this spectrum as a vector in three-dimensional (3D)
space as shown in Figure 1(b), where the vector terminates at
a point with coordinates that are the absorbance values for the
three wavelengths. Then, given a second spectrum, shown

in red in Figure 1(c), we are interested in a way to quantify the
similarity of the two spectra. A convenient means of assessing

= OEM and instrument control development

= Tools for regulated environment

A Data Apex www.dataapex.com
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Figure 1: (a) Depiction of a three-point spectrum; (b) representation of this spectrum as
a vector in 3D space; (c) depiction of two, similar three-point spectra; (d) representation

of these two spectra as vectors in 3D space, with the angle between the vectors

representing the spectral similarity.

—~
Q
~
(=4
-
Ul

e
—

0.05

Absorbance

>

w

—~

A 0.15

0.1

0.05

Absorbance

spectral similarity is to determine the
angle between the two vectors that
represents the spectra in n-dimensional
space, as shown in Figure 1(d). If the
angle © between the two vectors is

zero, the shapes of the two spectra are
identical (even if the overall intensities

of the two spectra are different). If we
denote the blue spectrum (vector) as
spectrum a and the red spectrum (vector)
as spectrum b, the spectral similarity can
be calculated as the cosine of the angle
O as follows:

0= ab  Xap
l[all [lbll  var Vb

(1]

where the bold face, lowercase

letters denote vectors, or a list of the
coordinates for the vector (three values
in the present illustration; n values for
the general n-dimensional case). The
numerator represents the dot product
of the two vectors, and the || || notation
represents the vector norm, or in more
conventional terms, the length of the
given vector. Dividing by the length of
the vectors results in a value for the
spectral similarity that is independent
of the amplitude of the signal and only
dependent on the shape of the spectrum,
as mentioned above.

An alternate means of determining
the spectral similarity used by some
chromatographic data systems involves
the correlation coefficient between the

two spectra, which is calculated as
follows:

S(a-a)(b-b)
V'3 (a-ay 3(b-by

(2]

where the g and b; values indicate the
absorbance values at the ith wavelength.
As long as the vectors are mean-centred
prior to applying equation 1, it turns out
that

r= cosf [3]

so that the two measures of similarity are
equivalent.
lllustration of Spectral Similarity
Determination Using Real Spectra: We
next turn to a comparison of two similar,
but not identical spectra to see how this
concept of spectral similarity applies
in practice. Figure 2 shows the spectra
of two isomeric compounds, angelicin
(blue) and psoralen (red). Applying mean
centring, the cosine of the angle between
them (and equivalently the correlation
coefficient) is 0.980, and the angle
(sometimes called the spectral contrast
angle) is 11.4°. Without mean centring,
the cosine of the angle is 0.988 and
the corresponding angle is 8.97°. From
inspection, it can be seen that these
spectra, while similar, are not identical.
We now explore how to determine
whether or not a particular
chromatographic peak is pure using

this metric. Figure 3(a) shows a
chromatographic peak for which we
would like to know the peak purity,

and Figure 3(b) shows the contour

plot for this peak, where the coloured
contours indicate the absorbance at
each time or wavelength point. The
peak purity software provided by many
chromatographic data system vendors
points out the importance of baseline
removal before peak purity analysis; this
baseline is shown in Figure 3(a) as running
from the peak start and stop limits (red
hatch marks) from 9.9 to 12.7 min.

We then select the spectrum at the
peak apex to serve as the reference
spectrum (one option of several typically
provided by the chromatographic data
system vendor). It is often recommended
to choose the apex from the “max”
chromatogram (constructed using
largest absorbance observed for each
spectrum). Then, the similarity between
this apex spectra and all the spectra
across this peak (denoted by the index j)
is evaluated, as shown in equation 4:

2(aapex,/’ - éapex ) (a/,/_ g/)

V3(a a,. ) 2(a-a)

apex,i apex

r=cos 0=

(4]

The evolution of this similarity value
across the peak is shown in Figure 3(c)
by the green curve (shown as 100072,
this is the match factor used by Agilent
software; also note the inverted y-axis
used in the Agilent software as well)
(9,10). Although the correlation is
quite high across the top of the peak,
correlation values are lower on the
leading edge of the peak, leading to the
question of whether or not this peak is
“spectrally pure”. To more adequately
address this question, we need to
establish a threshold to determine
whether or not this correlation is
sufficiently high enough to conclude that
this is a pure peak. It is at this point where
the different vendors of chromatographic
data systems apply slightly different
approaches.

In the Agilent software, the threshold
curve is calculated as shown in equation
5:

.
Threshold, = 1000 (1,0,5(V&fw/ + Varme/ ))
i Varl Va’mx
[5]

where the variance of the noise (Var,gise)
is calculated from a default or user
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Figure 2: Spectra for angelicin (cyan) and psoralen (red). Spectral similarity expressed

as © = 11.4°% r = 0.980.
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Figure 3: () Chromatographic peak with the reference spectra selected at the apex of
the peak (green circle) and the noise spectra used for determination of the noise variance
(Var,oise) (purple circle). (b) Representation of this chromatogram as a contour plot where
the y-axis is the UV-vis absorbance spectrum and the x-axis is the chromatographic

time axis. (c) Spectral similarity as compared to the apex (given by 1000r2) across the
chromatographic peak profile (green) and the corresponding noise threshold (blue).
Based on this plot we would conclude that the chromatographic peak is affected by a
significant impurity before about 10.7 min.

Apex spectrum‘

Noise spectra

Absorbance at
212 nm (mAU)

999.7 ¢

999.8 ¢

1000 *
10.5

T
I
]
1
1
1
1
: 999.9 |
1
1
[}
1
]

9.5 10 10.5 1
Time (min)

specified range of spectra where no
analytes absorb, indicated by the purple
circle in Figure 3(a). The Var;is the
variance of the jth spectrum and Var,,e,
is the variance of the apex spectrum (or
another reference spectrum as specified
by the user). This threshold curve is
shown in purple in Figure 3(c). The inset
figure shows an expanded view and
indicates that this peak appears to be
affected by an impurity at elution times
earlier than about 10.7 min. In fact, this
peak is composed of 50 ppm of psoralen
(spectrum shown in red in Figure 2),

with a retention time at 10.8 min, and

5 ppm of angelicin (spectrum shown

in cyan in Figure 2), with a retention

time at 10.4 min, which is the “impurity”
detected by the software. In addition

to providing a peak purity plot such as
that shown in Figure 3(c), vendors often
provide an overall peak purity measure
and threshold for the entire peak. For
example, Agilent determines the total
number of spectra within the peak that
are judged as impure by comparison

of the match factor and threshold, and
averages the match factor and thresholds
for these spectra. For the example shown
above, 1446 out of the 2430 spectra
across the peak had match factors

that were less than the corresponding
threshold values, where the average
match factor for these spectra was 992.8
and the average threshold was 999.0,
again leading to the conclusion that this
is an impure peak.

Other vendors of chromatographic
data systems use variations on this
general approach to quantify peak purity.
For example, Shimadzu (11) uses the
cosine of the similarity angle to quantify
purity, and uses the following expression
for the threshold

noise

llal”

Threshold, = “’( Varenm)( var

lla

apex”2

Varznoise

ladilial g

Meanwhile, Waters Empower software
uses the similarity angle directly, and
calculates a threshold based on both
solvent and noise contributions (12). In
using any of the chromatographic data
system methods for assessing peak
purity, it is critical to follow their guidance
for baseline subtraction and noise
estimation to get the most robust results
for a spectral purity conclusion.
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Equipment for Analytical, Preparative and Flash Chromatography:

The concept of spectral similarity for assessment of peak
purity using DAD is very useful in many situations, and it is
attractive because of its low cost. A low spectral similarity value
or match factor can provide an indication to the analyst that an
impurity is present; however, high spectral similarities or match
factors that indicate that the spectra across a peak are not
significantly different may still occur for impure peaks for one or
more of the following reasons:

e impurities are present at much lower concentrations

(absorbances) than the main compound,

e the spectra for the main compound and the impurity are
identical or very similar, and

e the impurity is coeluted with the main compound with a
retention profile that has the same shape and retention time

as the main compound (9).

Examples from Analyses of Real Pharmaceutical
Materials

In the following case study we show examples from the analysis
of a linker drug intermediate that highlights both the strengths
and limitations of the spectral purity approach to assess peak
purity. In this case, all peak purity calculations were carried

out using Waters Empower 3 software. Synthesis and analysis
of linker drug intermediates is extremely challenging because
of their high reactivity, chemical instability, multistep synthetic
routes, and relatively high molecular weight for a small molecule
pharmaceutical (13). They are key component of antibody—drug
conjugates (ADCs) used in oncology.

HPLC separations of three synthesis lots of linker drug
intermediate are shown in Figure 4, with an expanded scale
around the main linker drug peak. This plot shows lot-to-lot
variability with multiple components eluted in the proximity of
the main component. Developing an HPLC method to resolve
these structurally similar compounds is challenging and
requires peak purity assessment using DAD data along with MS
detection, and screening of complementary column selectivities
to minimize the likelihood of impurities coeluted with the main
component.

Figure 4(a) shows the chromatographic profile of sample lot A
with no noticeable peaks eluted in the trailing edge of the main
component (retention time at 23.015 min) whereas sample lot B
(Figure 4[b]) shows an impurity at a retention time of 23.354 min.
In this example, only peaks in the trailing edge of the main
component are integrated. The area percent of the impurity
peak is 0.13% (Figure 4[b]). Sample lot C shows multiple
components eluted in the trailing edge of the main component
with a major impurity at 1.4% relative area (Figure 4[c]).

The results of peak purity analysis of sample lot A are shown
in Figure 5. The purity angle of the main component (0.054) was |~ ) Ty
less than the threshold (0.235), and the purity curve is below . . . .
the threshold curve across the entire peak, indicating spectral Visit us at Analytlca Shangha' 2018, booth E3.3710
homogeneity across the peak.

Figure 6(a) shows peak purity analysis of sample lot B. The
main component peak (that is, the peak at 23.036 min) in this
case passes spectral peak purity (false negative) even though
a visibly noticeable impurity is present in the trailing edge of
the peak as shown in Figures 4(b) and 6(b). The overall peak
purity was determined to be 0.078 and the overall threshold
was 0.235, indicating that the peak is spectrally pure. Possible
explanations for this false negative include high spectral
similarity between the main component and impurity peak,
or the low level of the impurity relative to the main component

Americka 3, 120 00 Praha 2, Czech Republic
WWWw.ecomsro.com

www.chromatographyonline.com
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Figure 4: Chromatograms focused on the region of interest for sample lots A, B, and C.

Peak purity assessment was limited to the peaks integrated in this window.
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Figure 5: Peak purity analysis of sample lot A showing spectral purity across the

integration limits of the peak: (a) Main component peak at 23.009 min; (b) expanded

scale showing purity and threshold curves. The purity curve (green) is below the
threshold curve (blue) across the peak (expanded plot).
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(~0.13%). The high degree of similarity in
the normalized UV spectra of the main
component and impurity peak (inset
in Figure 6[a]) suggests that spectral
similarity is likely to be the cause of
the false negative. However, a closer
examination of the purity and threshold
curves as shown in Figure 6(b) indicates
that impurities may be present throughout
the tail of the peak. This evidence, along
with the clear presence of the small
peak in the tail, would allow the analyst
to conclude that the peak is spectrally
impure, despite the overall purity test
indicating that the peak is pure.
Additionally, the impurity peak
shown in Figure 6(b) (that is, the peak
at about 23.35 min in Figure 4[b]) fails
spectral purity at the leading edge of
the peak, with a purity angle of 0.436
and a threshold of 0.272 (Figure 6[c]).
This failure is probably because of the
impact of the main component on the
leading edge of the impurity peak or the
presence of other impurities. It is clear
in this example that a chromatographer
would conclude an impurity is present,
because of the chromatographic
evidence and the peak purity plot,
despite the conclusion of the spectral
peak purity test. Further insights
may be gained by inspection of the
chromatogram for sample lot C shown
in Figure 4(c). Here, several impurity
peaks are evident in the tail of the main
peak, and it is probably the presence
of all these impurities (albeit at lower
concentration levels) that led to the
observed discrepancy between the
threshold and purity curves for sample
lot B, Figure 5(b). And interestingly,
the purity and threshold curves are
very close together for sample lot A at
23.35 min (Figure 5[b]), indicating that
this impurity is probably also present in
this lot, although at a lower concentration,
such that both chromatographic and
spectroscopic evidence lead to the
conclusion that this is a pure peak.
The important implication is that if this
impurity peak was not as well resolved
as in the present case, but was eluted
completely underneath the main peak,
there would be no chromatographic or
spectroscopic evidence that an impurity
is present, even for sample lots B and C.

Concluding Thoughts

This discussion of the principles of peak
purity assessments using diode-array
spectral data highlights both the
capabilities and limitations of this type of
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Figure 6: Peak purity analysis of sample lot B shows spectral purity across the peak
irrespective of a peak eluted in the trailing edges of the peak: (a) Main component peak

at 23.036 min; (b) expanded view showing the details of the purity and threshold curves
for the main component; (c) expanded view showing the details of the purity and threshold

curves for the impurity at 23.350 min.
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approach. Although the approach has

a tremendous upside because of its low
cost and relative ease of implementation,
great care must be used especially in the
interpretation of results from borderline
cases where impurities may be present
at relatively low levels.

In a subsequent instalment in this
series, we will review the principles of
advanced curve resolution techniques,
and demonstrate how they can be
used to provide more robust analyses
of peaks composed of both a major
and minor component, but still using
diode-array spectral data. Finally, we will
review the concept of applying 2D-LC
separations to the problem of peak purity
assessment, which is particularly useful
in cases of coeluted compounds that are
isomeric or chiral.
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A Compendium of GC

Detection, Past and Present

John V. Hinshaw, GC Connections Editor

Gas chromatography makes use of a wide variety of detection methods. In addition to the most often used
flame-ionization detection (FID), electron-capture detection (ECD), thermal conductivity detection (TCD), and
mass-selective detection (MSD), the list of other detection methods is long. They really shine when deployed
properly, but their properties and applications can be a bewildering alphabet soup. This instalment presents
a compendium of gas chromatography (GC) detection methods, both past and vanished as well as those that
are current and relevant to today’s separation challenges.

In the six and a half decades since
its inception, gas chromatography
(GC) has seen a wide variety of
detection methods. Four of them
arguably account for greater than
90% of applications today (1):
flame-ionization detection (FID),
thermal conductivity detection
(TCD), electron-capture detection
(ECD), and mass-selective detection
(MSD). Many more detectors are
found in modern chromatography
laboratories in smaller quantities, and
a few have found their way into the
dusty closet of retirement. Ranging
from FID to electroantennographic
detection (EAD), which uses insect
antennae as the sensing elements,
GC detection methods cover a wide
range of sensitivity and selectivity
that is unsurpassed by any other
separation method. In 2015,

McNair and Schug, writing in “GC
Connections” (2), addressed the
history and capabilities of eight major
GC detection methods, ranging from
TCD to the newest member: vacuum
ultraviolet (VUV) detection. Along
with these mainstream detection
methods, the sheer number that are
in active use or have been in the
past is remarkable—nearly 30 are
listed here in Tables 1 and 2. This

is not a comprehensive list. Some
chromatographers have chosen to
use other names and abbreviations,
and certainly other varieties may

be found that are not as visible to
literature searches.

Detector Taxonomy
The International Union of Pure and
Applied Chemistry (IUPAC) recently
published updated recommendations
regarding separation science
terminology (3). The publication
defines three general types of
chromatographic detector. A universal
detector, such as the thermal
conductivity detector, responds to
any compound in the column effluent
that is different than the carrier gas.
A specific detector responds only to
certain chemically related materials.
The electron-capture detector with
halogenated compounds, or the
aptly named nitrogen—phosphorus
detector with nitrogen or phosphorus
compounds, are both specific
detectors. Selective detectors
respond to groups of compounds
that possess a common measurable
characteristic such as mass or
spectral absorbance. MSD falls
into this group along with VUV and
infrared detection (IRD or GC-IR).
The boundaries between these
classification are not always clearly
defined. Flame photometric detection
(FPD), for example, responds to
selected spectral emission lines of
eluted compounds, and might be
considered a selective detection
method, but the spectral lines are
emitted only by molecules containing
certain elements, and thus FPD also
is a specific detection method. In a
practical sense, FPD is used for its
element-specific characteristics, not
its spectrally selective nature, so it is

best considered a specific detection
method. The same logic can be
applied to other detection methods.

There is no standard for naming
chromatographic detection methods.
GC detection method names most
often reflect modes of selectivity
and specificity. FID, photoionization
detection (PID), and many others
are generally named after their
operating principles. NPD, named for
its element specificity, has an alias
that refers to its physics: thermionic
specific detection (TSD). The latter
name is broader and encompasses
other operating modes of thermionic
detection that are sensitive to other
heteroatoms.

Scientists have a love—hate affair
with acronyms and abbreviations.
They are convenient, short, and easy
to misuse. Gas chromatographers
have their own unique set that
fortunately are related almost
one-to-one with GC devices,
detectors, inlets, columns, and so-on.
For the new (gas) chromatographer
the sheer number of terms is
bewildering. Perhaps this list can be
of assistance navigating the detector
bazaar.

Gas chromatography continues to
evolve. Every year new GC-related
devices appear in publications and
in the marketplace. Three new GC
detectors have appeared in recent
years—vacuum ultraviolet and
barrier ionization detectors, and a
postcolumn reaction detector. The
bulk of GC detectors continues to
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Conserve bench space while providing
on-demand hydrogen to 1000 mL/min

and zero air to 5 Ipm

VICI DBS FID Tower Hydrogen + Air Generator

il
i

Fits neatly
next to GC on bench
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sales@vicidbs.com

Continuous GC gas supply

(no helium, hydrogen and zero air cylinders)
Deionized water is automatically loaded from smart
internal system tanks with a 3 liter capacity, providing
up to 3000 liters of H2 before a refill is required.

Improves workplace safety and lab efficiency
Ultra high purity carrier grade gas with convenient
software control and safety alarm

capability. It gives the GC user the option for
on-demand hydrogen gas while managing safety
concerns. Flow rate from 100 to 1000 mL/min

Increases GC performance and sensitivity
Electrolytic dissociation separates the water into its
two main components: hydrogen ready for analytical
use, and oxygen that is released into the air.

Ultra high gas purity without the use of
dessicants, caustics or palladium

No acid or alkaline solutions are used in the
hydrogen generation cycle and the patented
automatic drying system ensures the maximum grade
of hydrogen purity.

DBS

www.vicidbs.com e +41(41)9256200
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Table 1: GC detection methods

Atomic

Atomic emission detection excites eluted compounds in a helium microwave-induced
plasma. The resulting atomic emission is detected with an optical spectrometer in the

emission detection AED 160-800 nm range. AED is element-specific by observing selected emission lines, much
like FPD but with simultaneous multiple emission monitoring. It has sensitivity on par with
FID.
Barrier BID BID uses near-UV light from a dielectric-barrier discharge plasma to ionize eluted
ionization detection compounds. It has sensitivity similar to FID while exhibiting near-universal response.
An electron-capture detector ionizes solutes by collision with metastable carrier-gas
Electron-capture ECD molecules produced by p-emission from a radioactive source such as 63Ni. ECD is one
detection of the most sensitive detection methods, and responds strongly to halogenated solutes
and others with a high electron-capture cross-section.
A flame-ionization detector ionizes hydrocarbon solutes in a hydrogen-air flame. The
Elemetonizziien resulting electrons are collected and measured with a sensitive electrometer. FID is a
dBiEsiien FID nearly universal detection method that responds strongly to most classes of organic
compounds. Little to no response occurs for CO, CO,, water, and other compounds that
lack C-H bonds.
The flame-photometric detector burns eluted solutes in a hydrogen—-air flame. The
Flame-photometric FPD resulting atomic emission lines for sulphur, tin, or phosphorus are selected with an
detection optical interference filter and detected with a photomultiplier. Different optical filters are
substituted to observe the emission lines of each specific element.
In its reductive mode, the electrolytic-conductivity detector catalytically reacts
(Hall) Electrolytic- halogen-containing solutes with hydrogen to produce strong acid by-products that
conductivity HECD, EICD are dissolved in a working fluid. The acids dissociate, and the increased electrolytic
detection conductivity of the solution is measured. Other operating modes modify the chemistry for
response to nitrogen- or sulphur-containing substances.
The helium ionization detector operates by creating a helium plasma using
Helium ionization HelD HID radio-frequency excitation; the plasma emits energetic photons that ionize eluted
detection, discharge DID ' ' compounds. Additional electrons and metastable helium atoms may also contribute to
jonization detection the response. Earlier versions of these detectors used a radioactive beta particle source
similar to ECD. See also PDD.
A GC-IR detector obtains mid-infrared spectra of eluted solutes either by direct
IRD or absorption in a light pipe for gas-phase transmission spectra, or by cryogenic solute
Infrared detection GC-IR trapping on a rotating gold-plated drum or Zn-Se disk for solid-state spectra. IRD
distinguishes and identifies eluants by their spectra and by library search. Some peak
deconvolution is possible but good peak resolution is preferable.
MSD provides searchable mass spectra of chromatographic peaks. A variety of mass
analyzers have been used, including quadrupole, electric and magnetic sector, ion trap,
and time of flight (TOF). Various characteristic mass-fragmentation patterns are provided
Mass-selective by sources such as electron ionization (El) and chemical ionization (Cl), both positive
detection, MSD and negative (NCI). Total ion current (TIC) chromatograms resemble those from other
mass-spectral ionization detectors like the flame-ionization detector. Single-ion monitoring (SIM) and
detection multiple-ion monitoring (MIM) measure selected ions to deduce structural information or to
deconvolve coeluted peaks. A second mass analyzer can be added for tandem GC-MS/
MS, which engenders further differentiation via selected-reaction monitoring (SRM) and
multiple-reaction monitoring (MRM).
yg{ggﬁg;ﬁﬂgfg?oo;i%s NPD catalytically ionizes N- or P-containing solutes on a heated rubidium or cesium
specific detection NPD, TSD, surface in a reductive atmosphere. NPD is hllghly speqﬂc with sensitivity somewhat
(heritonie femizite TID better than FID. Other modes of operation give selectivity for a variety of other
dEesiion heteroatoms.
The photoionization detector ionizes solute molecules with photons in the ultraviolet (UV)
Photoionization PID energy range from a discharge lamp. PID is a specific detection method that responds
detection to aromatics and olefins when operated in the 10.2 eV range, and can respond to other
materials with a more energetic light source.
Postcolumn reactors convert eluted compounds to others that have different detection
characteristics. The most familiar postcolumn device is a nickel-based reducing catalytic
converter that produces methane from CO and CO,, commonly known as a methanizer.
Postcolumn reactors PCR The device makes sensitive detection of these compounds possible with a FID. A

recent development, the Polyarc reactor (Activated Research Company) converts all
carbon-containing peaks to methane in a two-step process of oxidation to CO, followed
by reduction to CHy,.
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Table 1: (continued) GC detection methods

Pulsed discharge
detection PDD

Sulphur
chemiluminescence SCD
detection

In its helium ionization mode, PDD uses a pulsed, high-voltage direct current ionization
source and helium gas to create photons that ionize eluted peaks. The resulting electrons
are collected across biased electrodes. In this mode, PDD is a universal detection method
with sensitivity in the low parts-per-billion (ppb, 10-9) range. The addition of a noble gas
(Ar, Xe, Kr) can produce specific responses to aromatics and other chemical species.
PDD also can be operated in a halogen-specific electron-capture mode, similar to ECD.

A specific detection method that responds to sulphur-containing compounds by
generating and measuring light from chemiluminescence. Compounds are combusted at
high temperature to form SO, which then reacts with ozone to produce chemiluminescent
emission in the 300-400 nm range.

Thermal-conductivity

TCD measures the differential thermal conductivity of column effluent with reference
to pure carrier gas. TCD is a universal detection method with moderate sensitivity.

detection, also TCD Katharometer is an older name that refers to the use of heated filaments to respond
katharometer to changes in thermal conductivity. Some thermal conductivity detectors make use of
thermistor beads for this function.
The vacuum ultraviolet detector measures the near-UV absorption spectrum of eluted
Vacuum ultraviolet VUV compounds at wavelengths from 115 to 240 nm. It responds to compounds that FID
detection does not, such as CO, O,, and water, while yielding unique spectra that can deconvolve

difficult-to-separate peaks such as m- and p-xylene.

Table 2: Less common or obsolete GC detection methods

Acoustic flame detection

The acoustic flame detector is a unique device built to monitor the oscillation
frequency of an unstable flame jet as compounds are eluted through it. AFD also
has found application in supercritical fluid chromatography (SFC).

Electroantennographic
detection

Perhaps the most unique GC detection method, EAD has been used to identify
the pheromones of moths, bees, beetles, and other insects (5). A single insect
antenna or single sensilla is attached to electrodes and exposed to humidified
column effluent. Elution of an active compound results in a neuroelectrical
response. Compound identification can then be performed with MSD or other
selective detection methods.

Gas density balance

The gas density balance was an early GC detector that used a thermistor-based
anemometer to measure differences in the density of pure reference carrier

gas and the GC column effluent. It was supplanted by the thermal conductivity
detector.

Laser optoacoustic
detection

LOD used the photoacoustic effect with a tunable CO, laser to produce
limited-range IR spectra of eluted compounds. The sensitivity of LOD was up
to 10 times better than FID (4), but it lacked sufficient selectivity to be useful for
discrimination of coeluted peaks.

Nuclear magnetic
resonance

A number of researchers have interfaced GC with NMR, either by stopped-flow

GC-NMR gas-phase spectral measurement or by semipreparative liquid-phase collection

in NMR tubes. Both 'H and 8C NMR spectral data have been used to elucidate
ancillary structural information for unknown compounds.

Ultrasonic detection

see significant application, while only
a few have really fallen away into

disuse.
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Purification columns

Centrifugal partition
chromatography columns
offer high-injection
capacities of milligrams

to multi-kilograms in the
natural product purification
process, resulting in 95%

recoveries with 99% purity.

www.gilson.com/en/Al/Products/80.320/Default.

aspx#.Wh19sVWnFaQ
Gilson, Middleton, Wisconsin, USA.

Degasser

Biotech’s latest Degasi Plus is a further
development of Degasi Classic, Degasi
GPC, Degasi Micro, and Degasi
Semi-Prep. This system can be equipped
for various applications. According to the
company, the benefits include:

¢ Smaller footprint

* Weight 1.5 kg (6-channel)

* New vacuum pump using a smart board
* Very quiet

* 1-6 channels

e Parallel connected vacuum chambers

* Ease of troubleshooting and part replacement
¢ Short lead-time

www.biotech.se

Biotech AB, Onsala, Sweden.

MALS detector

+288000

e |

The new Postnova

PN3621 Maximum Angle
MALS detector sets a

high standard for precise
multi-angle light scattering
detection for size-exclusion

chromatography (SEC) and

field-flow fractionation (FFF), according to the company.

The detector simultaneously measures the scattering

intensity at a maximum of 21 angles, which enables
determination of absolute molecular weight and size of

proteins, polymers, and nanoparticles.
www.postnova.com

Postnova Analytics GmbH, Landsberg, Germany.

Solid-phase extraction

The hydrophilic-lipophilic balanced -
polymeric SPE adsorbent Chromabond HLB e
is specially designed for the enrichment of

hydrophilic analytes, including pesticides g

and pharmaceuticals, from polar matrices )

such as water, blood serum, or food. Linked
hydrophilic groups of the HLB copolymer
interact with polar functional groups of

the analytes while the lipophilic backbone J S
interacts with nonpolar hydrocarbon /
residues to provide enhanced retention.
Macherey-Nagel offers a broad range of
columns, cartridges, and 96-well plates
packed with Chromabond HLB adsorbent.
www.mn-net.com

Macherey-Nagel GmbH & Co. KG, Diiren, Germany.

FID gas station

VICI's DBS range of FID gas
stations with software control
and alarm capability allows GC
users to reap the benefits offered
by hydrogen carrier gas, whilst
overcoming the safety concerns,
according to the company. The
company reports that this system
combines the reliability of the
VICI DBS hydrogen and zero air
generators into one compact and
convenient FID package.
www.VICIDBS.com

VICI AG International, Schenkon, Switzerland.

Preparative system

Quattro countercurrent and centrifugal
partition chromatographs and extractors
are designed to work with, and
complement, standard flash and HPLC
laboratory and process instrumentation.
When appropriate, replacing the solid—
liquid columns with unique liquid—liquid
instrumentation allows preparations
from milligram to tonnes every year. No on-column adsorption or
degradation will occur, according to the company. A mass-balance
is the norm for CCC/CPC. Typically a 50—80% solvent saving
occurs. Standard biphasic solvents, ionic liquids, liquid chiral
selectors, and ion exchangers may all be used. According to the
company, crude material that would poison standard columns can
be injected without causing contamination.
www.quattroprep.com

AECS-QuikPrep Ltd., London, UK.

LC*GC Asia Pacific February/March 2018



Microchip column

MPAC is PharmaFluidics’
chip-based -
chromatography

column for nano-liquid
chromatography. Perfect
order in the separation
bed is achieved by
etching a regular pattern of pillars into a silicon wafer
using micromachining technology. The column allows
high-resolution separation of tiny, complex biological
samples, with an unprecedented robustness. yPAC is
suitable for lipidomic, metabolomic, and peptide profiling,
according to the company.

www.pharmafluidics.com

PharmaFluidics, Ghent, Belgium.

Thermal desorption tubes

Designed for material emissions-,
flavour-, and air analysis, the TD 3.5+
processes 3.5” tubes or Gerstel plus
tubes and offers enhanced recovery
and sensitivity, according to the
company. The liner-in-liner design
without transfer line reduces analyte
loss and memory effects. Up to 240
samples are processed automatically.
In combination with DHS 3.5+,
dynamic headspace from 10 mL up to
1 L volume is performed.
www.gerstel.com

Gerstel GmbH & Co. KG, Miilheim an de Ruhr, Germany.

PDA detector

Ecom has developed a
mini-PDA monochromator;
assembled in an OEM
built-in detector with
dimensions 220 X 120 X
110 mm (8.66” X 4.72” X
4.33”). The instrument is
produced in three versions
with wavelength ranges 200—400 nm, 200—600 nm,
and 200—800 nm as two-channel, four-channel, or
four-channel with scan. A wide assortment of flowcells
are available.

www.ecomsro.com

Ecom spol. s r.o., Prague, Czech Republic.

www.chromatographyonline.com

PRODUCTS

MALS detector

The pDAWN is,
according to the
company, the world’s
first multi-angle light
scattering (MALS)
detector that can be
coupled to any UHPLC
system to determine
absolute molecular weights and sizes of polymers, peptides,
and proteins or other biopolymers directly, without resorting
to column calibration or reference standards. The WyattQELS
Dynamic Light Scattering (DLS) module, which measures
hydrodynamic radii “on-the-fly”, reportedly expands the
versatility of the uDAWN.

www.wyatt.com

Wyatt Technology, Santa Barbara, California, USA.

Nitrogen generator

Peak Scientific’s new Infinity XE 50
Series nitrogen generator system W~ 00!
is designed to cater for numerous
applications across a typical
laboratory. Delivering a variable flow
of nitrogen gas ranging from 11 L/ Ul
min to 432 L/min at purities up to
99.5%, the system is ideally suited for
a wide range of applications including
LC-MS, ELSD, sample evaporation,
NMR, FTMS, and gloveboxes.
www.peakscientific.com/infinityxe50
Peak Scientific Instruments Ltd, Glasgow,
Scotland, UK.

Chromatography software

Clarity enables users to A b ol
control hundreds of different -
instruments from one
environment. The wide range
of data acquisition interfaces
allows connection to virtually
any chromatograph, according
to the company. Clarity is

multilingual and users can
switch between six languages. Clarity reportedly offers easy
operation, outstanding user support, and optional extensions for
various applications, including PDA, MS, GPC, or NGA. A free
demo of the software is available on the company’s website.
www.dataapex.com

DataApex, Prague, Czech Repubilic.
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THE ESSENTIALS

Optimizing SEC for Biologics Analysis

An excerpt from LCGC’s e-learning tutorial on optimizing size-exclusion chromatography (SEC) for biologics

analysis at CHROMacademy.com

Parameters such as pore size, column
dimensions, temperature, flow rate, and
mobile phase are important to consider
when developing robust size-exclusion
chromatography (SEC) methods because
many of these can impact the level of
aggregation detected.

Choosing the optimum pore size
for your molecules of interest is very
important. You need to ensure the protein
monomers and dimers are physically able
to permeate the pore structure to obtain a
separation. One rule of thumb is that the
pore size of the column should be three
times the diameter of the molecules of
interest. If the pore size is too small, the
protein molecules will be excluded from
the pores and will be eluted in the void
volume of the column, which will result in
inaccurate quantitative data. Conversely,
if the pore size is too large all of the
proteins will be able to fully permeate
the particles and there will be very little
separation. Because the choice of pore
size influences the resolution obtained
when using SEC, testing a range of pore
sizes to match this to the analytes is
worthwhile.

Column internal diameter affects the
flow rate and injection volume. There are
two common column internal diameters
in SEC: 4.6 and 7.8 mm. Since the
separation mechanism is purely based on
diffusion into and out of the pores of the
stationary phase, the greatest separation
comes from having larger column
sizes. Using a slow flow rate allows the
molecules sufficient time to diffuse into
and out of the static pool of mobile phase
contained within the pore structure. The
normal flow rate for a 7.8-mmi.d. SEC
column is 1.0 mL/min. This translates
to 0.35 mL/min when using a smaller
4.6-mm i.d. column. The internal diameter
difference also means the amount of
sample injected on a 4.6-mm i.d. column
can be reduced by a similar amount
(~33%), which is useful if you have a
limited amount of sample available. It is
important to recognize that operating

4.6-mm i.d. columns at 0.35 mL/min

can lead to differences in performance
related to the extracolumn dead volume in
the system; peaks can become broader
if long capillaries with wide bores are
used to connect the injection valve to the
column or the column to the detector.
Longer columns provide more resolution,
but require longer run times. Shorter
columns produce shorter run times,
greatly increasing throughput (for even
faster separations, use higher flow rates).
Since separation relies on the available
pore volume, using longer columns or
multiple columns in series increases

the available pore volume and therefore
increases resolution. Going from a 30-cm
column to a 15-cm column means the run
time can be cut in half. As long as you still
have the required amount of resolution,
using a shorter column can greatly
improve sample throughput. Sample
throughput may be particularly important
to you if you are screening multiple
samples during early development
phases, or taking regular measurements
from a fermentation.

Temperature is sometimes overlooked
in simple approaches such as the
isocratic methods used in SEC. Methods
often state the temperature simply as
ambient. However, it is highly desirable
to use a column oven if you are looking
at ensuring good reproducibility. In a
laboratory environment where the ambient
temperature could change more than
10 °C during the course of the day or
night, you will see a noticeable impact.
This difference in temperature will
change the viscosity of the mobile phase
significantly, which in turn will change
the column operating pressure, and the
diffusion process into and out of the pore
structure will also change. The temptation
is to increase the temperature—higher
temperatures will mean significantly lower
viscosity, much lower operating pressures,
and much faster diffusion, giving sharper
peaks and better resolution. However,
if the temperature is too high, more

aggregation is likely to result—precipitation
of the sample before analysis may even
occur because of exposure to excessive
temperature.

Chromatographers who work with
reversed-phase separations are used to
operating at high flow rates and achieving
optimum plate counts for small molecules
(for example, 1.1-1.2 mL/min on a
300 mm X 7.8 mm column). However,
when you start to look at the column
efficiency for larger molecules, such as
proteins, the optimum flow rate is much
lower (in this case, 0.6 mL/min compared
to 1.2 mL/min for the previous example).
This flow rate difference of course means
that the run times will be considerably
different.

Mobile-phase selection can have a
noticeable effect on some proteins, with
differences in ionic strength, pH, and
buffer composition resulting in changes
in resolution, selectivity, and peak shape.
It is therefore essential to consider what
effect even minor changes in buffer
composition may have to demonstrate
method robustness and method
optimization. Particular care needs to
be taken with detergents and other
denaturants because they can cause
proteins to unfold and become larger in
solution, or can bind to such an extent
that molecular weight and size in solution
increase dramatically, which leads to
shorter retention times. Different columns
might behave differently too; most are
silica-based and it is common to see
undesirable interactions occurring at low
ionic strength. However, as you increase
ionic strength you may also begin to see
other effects; hydrophobic interactions
may start to occur as you move towards
conditions that begin to look like
hydrophobic interaction chromatography.

> fors e

Get the full tutorial at
www.CHROMacademy.com/Essentials
(free until 20 April).
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Run, Run, Run!

The GC/MS lab is inundated with samples... A few weeks later ...

How am | ever going to get this done?
With sample prep! And evaluation!
I'll never get home tonight. ..

Don'’t despair! With the MPS
and MAESTRO, you can easily

automate everything. Now I can evaluate the results, the

|
\\ ﬁ% ~ MPS runs new samples overn;'yht,
4 and I'll be home on time!

T 1 }
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The MultiPurpose Sampler MPS automates
your sample preparation and introduction for
GC/MS & LC/MS in the easiest possible way.

In the integrated MAESTRO Software, just
enter your sample preparation method by
mouse-click, step by step.

The daily analysis sequence is set up in no time
and automatically checked and verified, making
sure that your work gets done on time.

What can we do for you?

‘% Agilent Technologies I G ERSTEL i

——Premier Solution Partner

www.gerstel.com




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[Press Quality]'] Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 0
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


