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A TECHNOLOGY LEVEL COMPARISON

One Industrial Challenge, Two Separation Logics



CHAPTER1

Chromatography is often unavoidable in the industrial purification of complex, high-value molecules, especially when
structurally similar impurities resist crystallization and simple extraction [1-3]. Industrial downstream purification is
driven by the need for high selectivity, yet selectivity (a) is not an abstract property of the target alone; it is created by
the physicochemical environment of the separation system [4-9]. At preparative scale, the decisive question is not
simply whether a target can be resolved from its impurities, but whether the retention mechanism, transport regime,
loading behavior and scale-up burden of the separation system remain compatible with throughput, recovery,
productivity and process control. For that reason, a comparison should begin at the level of separation physics, rather
than at the level of named equipment platforms [4-9].

Chromatography emerged in the early twentieth century and evolved from a laboratory method into a core industrial
purification technology as demands for selectivity, reproducibility and scale increased. Modern high-pressure liquid
chromatography (HPLC) marked a decisive step in that evolution. Csaba Horvath, a Hungarian-born scientist,
contributed directly to that transition through the development of the first modern HPLC and through the
demonstration that rapid, high-efficiency liquid separations could be achieved by combining high pressure with
small-particle column packings [10, 11].

Complex active pharmaceutical ingredient (API) streams rarely contain a single dominant impurity class. Instead, the
target is embedded in a chemically crowded matrix comprising closely related structural derivatives, hydrolysis
products, deprotection byproducts, oligomeric forms [1-3]. Industrial purification therefore depends on selective,
controllable, well-controlled chromatographic operations, frequently arranged as a multistep cascade, combining a first
enrichment or burden-reduction step with a later polishing step [3].




1. Governing descriptors of retention
behavior and transport constraints

1.1 Liquid-solid chromatographic environment

Any preparative chromatography system is ultimately
judged by the same governing descriptors: retention
factor (k’.), resolution (R,), efficiency (N, theoretical plate
number) and selectivity factor (a). Retention factor (Eq.
1.) is given by
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where t; is the retention time of the solute and t, is the
dead time (hold-up time) of an unretained species. Thus,
k’ expresses how strongly a solute is retained relative to
the passage of the mobile phase through the system. A
value close to zero indicates little retention, whereas
larger values indicate stronger retention, longer residence
time and therefore longer retention times in the
separation environment; under otherwise fixed operating
conditions, this often also implies a longer cycle time.

For more than one solute, chromatographic
discrimination is commonly expressed through the
selectivity factor (Eq. 2.)
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(Eq. 2.)

where k’; and k', are the retention factors of the less
retained and more retained component, respectively.
When a = 1, the two solutes are not chromatographically
distinguished, as a increases above unity, separation
becomes progressively feasible. This is why even modest
changes in selectivity can have major practical
consequences.

Chromatographic efficiency (Eq. 3. and 4.) is commonly
expressed through the theoretical plate number (N),
which describes how strongly solute bands broaden as
they migrate through the system.
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when the baseline peak width, W,, is used, or as
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when the peak width at half maximum, W, ,, is used (Eq.
4.). In other words, efficiency describes how effectively a
column or separation system limits dispersion while the
solute band migrates.

(Eq. 4.)

RotaChrom

Purified Solutions

The theoretical plate number is directly related to plate
height (Eq. 5.), H, through

N L (Eq. 5.)
" H

where L is the effective separation length and H is the
height equivalent to a theoretical plate. Plate height is
therefore a measure of how much band broadening
occurs per unit length of the separation path. Smaller H
values correspond to more efficient separations, whereas
larger H values indicate greater dispersion and poorer
efficiency. A higher N corresponds to narrower peaks at a
given retention and therefore to a greater ability to
separate closely eluting components. In packed-bed
systems, N is strongly influenced by particle size,
longitudinal diffusion, eddy dispersion, mass-transfer
resistance and is therefore closely linked to both column
architecture and operating conditions.

In packed-bed chromatography, plate height is commonly
interpreted through the van Deemter relationship (Eq. 6.),

B (Eq.6.)
H=A+E+Cu

where u is the linear mobile phase velocity. The A-term
describes eddy dispersion arising from multiple flow
pathways through the packed bed, the B/u-term
represents longitudinal diffusion and the Cu-term
accounts for finite mass transfer kinetics between
phases. This relationship makes clear that efficiency is
not a purely geometric property, but a transport-
dependent outcome shaped by bed structure, flow regime
and phase-transfer resistance. For that reason, attempts
to increase productivity by increasing flow rate do not
improve efficiency indefinitely, beyond a certain point,
mass transfer limitations dominate and plate height
increases.

This has direct consequences for the engineering logic of
preparative HPLC (high performance liquid
chromatography). High efficiency is commonly pursued
through small particles and tightly packed beds, but both
choices increase hydraulic resistance and make pressure
drop a central scale-up burden. As column diameter and
throughput increase, the bed must remain mechanically
uniform under substantially greater loading and flow
demand, while still limiting void formation, channeling
and asymmetry drift. This is precisely why dynamic axial
compression (DAC) column technology became
important in preparative HPLC, not because it changes
the chromatographic mechanism, but because it helps
preserve bed integrity and efficiency as packed-bed
operation is pushed toward industrial scale.




The combined effect of retention, selectivity and
efficiency on peak separation is commonly expressed by
the approximate resolution equation (Eq. 7.)

(Eq.7.)

where N represents theoretical plate number and k’is the
representative retention factor of the solute pair. This
expression makes clear that resolution is not controlled
by a single property, but by three coupled contributions:
column efficiency (N), chemical discrimination between
the solutes (a) and the degree of retention (k). In
practical terms, difficult separations in HPLC are often
improved by increasing efficiency, that is, by generating
narrower peaks through higher plate numbers.

In one broad class of preparative systems, the solute
migrates in a flowing liquid while repeatedly interacting
with a porous solid stationary phase. Retention is
therefore generated in a heterogeneous interfacial field
defined not only by the mobile phase and bonded
stationary phase chemistry, but also by residual surface
functionalities, pore structure and hardware surfaces.
The observed chromatographic behavior is not a pure
equilibrium partitioning phenomenon, but a composite
outcome of solvation, adsorption-desorption equilibria,
electrostatic contributions, pore accessibility, local
surface heterogeneity and mass-transfer resistance. This
has direct consequences for selectivity: discrimination
between closely related solutes is not governed solely by
their intrinsic molecular properties, but by how differently
those properties are expressed at the solid-liquid
interface. Residual silanol groups, ligand density, pore
topology, adsorbed solvent layers, local ionization
phenomena and hardware interactions may therefore all
contribute to effective retention and selectivity. In such
systems, selectivity can be highly powerful, but it remains
structurally coupled to the surface chemistry and
transport properties of the packed bed.

Optimizing the performance of solid stationary
phase has its limitation due to cumbersome control
of particle morphology, porosity and surface
chemistry.
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1.2 Liquid-liquid environment

By contrast, in liquid-liquid preparative systems the
retention problem is reformulated entirely: the solute is
not retained by repeated interaction with a solid surface,
but by preferential distribution between two immiscible
liquid phases. The governing descriptor (Eq. 8.) is
therefore the partition coefficient, K,

Cs (Eq. 8.)

K, =
DCM

where Cs and C,, are the equilibrium concentrations of the
solute in the stationary and mobile liquid phases,
respectively. In this case, retention is governed primarily
by the free-energy difference associated with mass
transfer between the two liquid phases. The dominant
contributions are therefore differential solvation, polarity,
H-bonding balance, ionization state and specific
intermolecular associations within one phase or the
other.

Because this distribution is an equilibrium property, it is
directly linked to the Gibbs free energy of transfer
between the two phases (Eq. 9.):

AGiransfer = —RT InK)p (Eq.9.)

where AG,,..sw, IS the Gibbs free energy associated with
transfer of the solute from the mobile liquid phase to the
stationary liquid phase, R is the universal gas constant, T
is the absolute temperature and InK, is the natural
logarithm of the partition coefficient. This relationship
makes it explicit that liquid-liquid retention is
thermodynamic in origin. A solute is retained not because
it repeatedly interacts with a solid surface, but because
mass transfer between two immiscible phases is
associated with a well-defined free energy difference.
Selectivity therefore reflects differences in Gibbs free
energy of transfer between solutes, i.e. differences in how
favorably each component is solvated by the two
competing liquid environments.

However, thermodynamic preference alone is not
sufficient to generate chromatographic retention. For the
partition equilibrium to be expressed
chromatographically, the solute must repeatedly transfer
across the liquid-liquid interface while the two phases
are brought into dynamic contact inside the rotor. The
practical retention behavior of the system therefore
depends not only on Kp, but also on the extent of
interfacial mass transfer and on how much stationary
liquid phase is retained in the column. In this sense, K
defines the thermodynamic driving force of retention,
whereas stationary phase retention (S;) determines how
strongly that retention can be realized under operating
conditions.




Chromatographic retention in CPC (centrifugal partition
chromatography) is therefore governed not only by
partition thermodynamics, but also by how much
stationary liquid phase is retained in the column (more
specifically in the rotor unit). For a liquid-liquid
chromatographic instrument, as CPC, the stationary
phase retention (Eq. 10.), S5 is commonly expressed as

. Vs (Eqg. 10.)
f = VC

where Vg is the stationary phase volume retained in the
rotor or column and V. is the total column volume.

Since the mobile-phase hold-up is correspondingly
reduced as Vs increases, S; determines the effective
phase ratio available for partitioning. Under idealized
conditions, the retention volume (Vi Eq. 11.) may be
approximated as

VR =VM+KDVS (Eq11)

where V,, is the mobile phase hold-up volume.
Chromatographic retention in liquid-liquid systems
therefore depends jointly on partition thermodynamics
and retained stationary phase volume: K, determines the
preference of the solute for one phase over the other,
while S; determines how much stationary liquid is
available for that preference to be expressed
chromatographically.

This has direct implications for process design.
Maximizing S; is not a thermodynamic goal, but an
operational one: a higher retained stationary phase
fraction increases the effective phase ratio, strengthens
retention for a given Kp,, improves loading capacity and
reduces the risk that stationary phase loss (column
bleed) will erode separation performance. For that reason,
stationary phase retention is a central engineering
variable in CPC, shaped by rotor design, rotational speed,
flow rate, viscosity, density difference and interfacial
tension between the two phases.

This distinction is also structural. In packed-bed systems,
part of the column volume is occupied by the solid
support itself and is therefore unavailable for liquid-liquid
partitioning. By contrast, in CPC the column volume is
distributed only between the mobile and stationary liquid
phases, with no inert solid skeleton consuming
separation volume. As a result, the effective phase ratio is
governed directly by stationary phase retention rather
than by the fixed geometric penalty of a porous support
(Fig. 1.). This is one reason why maximizing S; is so
important in CPC: it determines how much of the rotor
volume is actually available for thermodynamically driven
partitioning.
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Figure 1. Schematic comparison of phase-volume distribution in
packed-bed liquid chromatography and support-free liquid-liquid
chromatography. In packed-bed systems, part of the column
volume is occupied by solid support, reducing the volume
available for stationary and mobile liquid phase interactions. In
CPC, the column volume is shared only between the two liquid
phases, so the effective phase ratio depends directly on stationary
phase retention.

Unlike in packed-bed systems, retention behavior is
therefore linked more directly to measurable phase
partition and retained stationary phase fraction than to a
complex superposition of surface-mediated
physicochemical events. This difference has important
implications for selectivity engineering.

In liquid-liquid systems, selectivity is generated
mainly by solvent design. Composition, phase ratio,
ionic strength, pH and dissolved selectors or
ligands can shift the partition coefficient and
thereby alter the relative retention of solutes. The
central design variable is therefore not only column
chemistry, but the thermodynamic and
hydrodynamic environment in which mass transfer
between the two immiscible phases occurs.




1.3. Comparison of the interactions on a molecular
level

This contrast becomes industrially decisive when the
same impurity problem is evaluated not only in terms of
nominal resolution, but in terms of how retention,
selectivity, efficiency and transport are physically
generated.

The contrast between the separation environments is
thus fundamental. In liquid-solid chromatography,
retention and selectivity are generated in a structured
interfacial field with significant transport constraints
imposed by the packed bed. In liquid-liquid
chromatography, retention and selectivity are generated
by phase partitioning within a matrix-free environment,
where the main design leverage lies in solvation
thermodynamics and stationary phase retention. The first
environment tends to favor very high efficiency when
bed structure and transport can be tightly controlled.
The second offers a different route to performance by
changing how selectivity itself is generated. Although,
solvent system development for LLC is as time
consuming as for HPLC, once it is found, however, CPC
scale-up is typically straightforward and close to linear,
because the same partition logic, stationary phase
retention and phase behavior can be carried across rotor
scales.

In industrial practice, these two separation environments
are embodied by the two major preparative platforms
discussed: HPLC, which operates through a liquid—solid
separation architecture and centrifugal partition
chromatography (CPC), which operates through a liquid—
liquid separation architecture.

The comparison between them should therefore
begin not with instrument labels, but with the fact
that they solve chromatographic problems through
different separation logics, different transport
regimes and different routes to selectivity.

As defined in Eq. 2, the selectivity factor a describes how
differently two solutes are retained by the separation
system. When a is close to unity, practical separation
becomes difficult, as a increases, chromatographic
discrimination becomes progressively more feasible. In
liquid—-liquid systems and under comparable phase-ratio
conditions, a may be approximated by the ratio of
partition coefficients of the two solutes. This makes clear
why solvent system design is so critical in CPC:
composition, phase ratio, pH, ionic strength, additives,
dissolved selectors and temperature can all shift partition
behavior and thereby alter selectivity. Proper CPC method
selection is therefore not based on finding acceptable K,
values alone, but on finding a system that simultaneously
provides a workable K, range and sufficient selectivity for
the compound of interest (Col) and its impurities that
defines the purification problem.
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2. Selectivity engines and accessible
operation modes

Once the retention environment is defined, the next
question is the accessible mode space. In liquid—solid
preparative chromatography, the dominant interaction
field is largely prescribed by stationary phase chemistry.
The developer selects among hydrophobic, polar
adsorption, ionic, zwitterionic, chiral, affinity, mixed-mode
or exclusion mechanisms and then tunes gradient profile,
pH, ionic strength, temperature and modifier composition
within that structural framework. Before comparing mode
space, however, one fundamental difference in separation
capacity must be stated plainly. Preparative HPLC,
particularly with modern sub-2-um or superficially porous
particles, routinely generates 10,000—100,000 theoretical
plates under optimized conditions. CPC, by contrast,
typically achieves 200-3,000 theoretical plates under
standard operating conditions [7, 9, 22].

1E+7 ] Rs=1.5
1E+6

1E+5

=
m
+
=

Theoretical plate number
= =
m m
+ H
N} [}

1E+1

1 1.2 1.4 1.6 1.8 2
Selectivity

Figure 2. Theoretical plate number (Eq. 3.) required to achieve a
fixed resolution (R, = 1.0, solid; R, = 1.5, dashed) as a function of
selectivity, from the resolution equation (Eq. 4). The hyperbolic
divergence as a — 1 shows that efficiency requirements become
prohibitive for low-selectivity separations. Conversely, the curve
flattens at higher selectivity: once a is sufficiently large, the
required plate number falls to a few hundred and becomes largely
insensitive to further gains in efficiency, so a high-selectivity
separation can be resolved with a modest plate count, and
additional plates yield diminishing returns.

Projected onto the resolution requirement (Fig. 2.), this
gap maps directly onto selectivity. At a target resolution
of R, = 1.0, the 104-10° plates available to modern
preparative HPLC suffice to baseline-resolve solute pairs
with selectivities as low as a = 1.02-1.05, whereas the
200-3,000 plates typical of CPC require a to reach
roughly 1.1-1.5 to achieve the same resolution. The
hyperbolic divergence as a — 1 shows that efficiency
requirements become prohibitive for low-selectivity
separations; conversely, at higher selectivity the
requirement collapses to a few hundred plates and
flattens, so favorable selectivity can compensate for a
low plate number.




The unresolved-peak problem is therefore answered
differently by the two platforms. In preparative HPLC, the
usual route is to increase efficiency, that is, to generate
narrower peaks through higher plate number and kinetic
optimization of the packed bed. In CPC, the usual route is
to increase selectivity, that is, to change the relative
partitioning of the solutes through solvent system design.
In other words, preparative HPLC often solves difficult
separations by pushing N upward, whereas CPC solves
them by pushing a upward (Eq. 7.). This is why the lower
theoretical plate number of CPC is not, by itself, a
disqualifying limitation: if solvent system design
produces sufficiently favorable selectivity, the separation
problem can be solved by a different route (Fig. 3.).
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Figure 3. Two routes to improved separation performance for the
same unresolved impurity pair: preparative HPLC primarily by
increasing efficiency (N) through kinetic optimization and CPC
primarily by increasing selectivity (a) through solvent-system
design.

This means that CPC cannot replicate HPLC performance
in separations where selectivity is low (a close to 1.0) and
resolution therefore depends critically on high N. When a
is sufficiently large (a = 1.5), or when the selectivity
achievable by solvent system design exceeds what is
accessible in the liquid—solid environment, the efficiency
gap becomes practically irrelevant. This distinction
between efficiency-dependent and selectivity-driven
separations is the correct frame for platform selection
and it will be developed further in the performance
comparison that follows.

In liquid-liquid chromatography (LLC), the dominant
interaction field is created by the solvent system
composition itself. The system is therefore tuned by
choosing the two-phase composition, hydrophobicity, pH,
ionic strength, additives, ligands or dissolved selectors
and by defining which phase is stationary and which is
the mobile phase. Because phase roles can be inverted, a
single solvent system can often generate mirrored
normal-phase-like and reversed-phase-like behavior,
depending on the application or the economy-driven
target of the final product. Changing between operation
mode (ascending or descending) can influence the final
solvent next to the Col, the elution order of critical
impurities vs. Col to minimize cross contamination.
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In addition to the operational mode options, LLC can also
offer further setup similar to MCSGP (multicolumn
countercurrent solvent gradient purification), SMB
(simulated moving bed) or other continuous
chromatographic operation as well [7-9].

The liquid-liquid platform does not reproduce every
liquid—solid mode one-to-one, but it does address a
surprisingly large fraction of the same industrial problem
space through different physical levers, each with a
distinct industrial application [18-21]. More broadly,
liquid-liquid partition chromatography has also been
extended into continuous and hybridized process
configurations, reinforcing that its relevance is not limited
to classical batch operation [18]. At the same time, any
implementation of CPC in place of preparative HPLC
should be understood not as a simple equipment
substitution, but as a manufacturing process change
requiring comparability, validation and an appropriate
control strategy [19-21]. pH-zone refining is a
displacement-like technique in which a titratable sample
is loaded at high concentration and separated by pH
gradient across the two phases; it is particularly powerful
for ionizable compounds at preparative and semi-
industrial scale, where it can produce sharp, concentrated
fractions at high loading [22, 23]. Elution-extrusion
addresses the practical problem of strongly retained
components: once elution is complete, the stationary
phase itself is pushed out, recovering material that would
otherwise remain bound in a conventional column [7, 9].
Increasing the applicable polarity range when compared
to traditional column chromatography gradient setup.
Furthermore, extraction protocol at the end of each loop
limits potential batch-to-batch carryover and provides
consistent performance throughout the entire process
since the immobilized liquid acting as stationary phase is
replenished between each run, eliminating the slow decay
of stationary phase performance, experienced in HPLC
regime.

Dual-mode protocols exploit phase inversion to change
selectivity mid-run, allowing the same solvent system to
separate compounds with very different partition
coefficients in a single operation [7]. Charge-sensitive
separations not amenable to standard pH control can be
addressed through ion-pairing or ionic selectors dissolved
directly in one phase, without need for ion-exchange
media. Chiral discrimination and affinity-like selectivity
can both be introduced through selectors or ligands
dissolved in one phase of the biphasic system, rather
than through immobilized functionalities bound to a solid
matrix, which means the chiral selector loading and
identity can be varied between runs without column
replacement. Aqueous two-phase systems (ATPS) extend
the platform into gentle biomolecule-oriented partitioning
space, where polyethylene glycol-salt or polymer—
polymer systems can selectively partition proteins,
nucleic acids, or cell organelles without organic solvent
exposure [9].




It is equally important to note the practical limitation
common to all CPC solvent system development: unlike
HPLC, where extensive stationary-phase libraries,
retention prediction tools, and method databases exist,
solvent system selection in CPC remains substantially
more empirical.

To address this technical gap, RotaChrom and NLR
(National Laboratories of the Rockies, US) are developing
solvent libraries and computational workflows to support
CPC solvent system selection. NRL has reported an HPC-
enabled (high performance computing) tool for in silico
high-throughput screening of CPC solvent systems, while
recent NLR work has combined partition coefficient
measurements with CUP (cell utilized partitioning) model-
based refinement to guide solvent-system selection and
optimization [24-26].

3. From retention mechanism to purification
duty

Industrial purification in sequence must tolerate dirty
feeds, high impurity burden, low solubility margins, and
high mass throughput. Afterwards, discriminating
between structurally similar species at low relative
abundance while preserving final purity, recovery and
control. Two further process metrics deserve explicit
attention here, because they govern industrial platform
selection as much as separation performance does:
loading capacity and cycle productivity. In preparative
HPLC, column loading is constrained by competitive
displacement and stationary phase saturation; at
preparative and pilot scale, typical mass loadings in
overloaded gradient mode depending on the system and
solubility in the mobile phase often imposes an additional
practical ceiling.

CPC loading is governed by the partition coefficient and
the volume of retained stationary phase and because
there is no solid surface to saturate, the system can in
principle tolerate crude, concentrated feeds without the
peak shape distortion associated with solid—phase
overloading. At preparative scale, reported CPC mass
loadings for favorable systems commonly reach higher
concentration in stationary phase [7, 22] and loading
tolerance for complex matrices is generally broader than
in packed-bed systems. The scalability principle of CPC
instruments is engineered for linear scale-up, meaning
that separation performance, retention and selectivity
developed at laboratory scale translate predictably to
larger rotors by maintaining the same S, flow rate per unit
volume and rotational speed [7, 9]. This is a significant
industrial advantage. In preparative HPLC, scale-up is not
linear: bed geometry, packing uniformity, pressure drop
and wall effects all change non-trivially as column
diameter increases and substantial re-optimization is
typically required at each scale transition.
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In CPC, the rotor volume is the primary scale variable and
the separation logic does not change with it. This means
that a method developed at 250 mL rotor scale can be
transferred to industrial scale instruments with high
confidence in outcome, substantially reducing scale-up
risk and development time. Productivity, expressed as
mass of purified product per unit time and system
volume, is a more complex comparison. CPC flow rates
are constrained by the need to retain the stationary phase
under centrifugal force and are generally lower per unit
volume than those achievable in modern preparative
HPLC.

For resolution-demanding, low-selectivity separations,
this flow rate limitation reinforces the efficiency gap and
makes HPLC the higher-throughput choice, though the
productivity can only be enhanced if the bed size
increases significantly as the concentration of the feed
kept at low level (which is directly impacting
CAPEX/OPEX).  For  high-loading, high-selectivity
separations where CPC's partition-driven discrimination is
sufficient, the productivity comparison favors CPC,
particularly when HPLC cycle time includes solvent
switching, re-equilibration and column regeneration steps.
Neither platform dominates productivity universally, the
comparison depends on the specific selectivity, loading
and operational context of each separation (Fig. 4.).

Define the separation problem
Sufficient selectivity?
yes* * no

Loading/selectivity issues? Resolution demanding?
yes* no * * yes * no

CPC HPLC Re-engineer
liquid-liquid solid-liquid solvent system

Figure 4. Decision framework for choosing CPC over preparative
HPLC. Selection branches on solvent-system selectivity, then on
loading/surface-sensitivity or resolution demand. High-loading,
high-selectivity or adsorption-sensitive separations favor CPC;
resolution-demanding, low-selectivity separations favor HPLC,
though its throughput gain is conditional on larger bed volumes at
low feed concentration (CAPEX/OPEX impact).

The liquid—solid route is often attractive when high
efficiency, mature method culture and a clearly
defined stationary phase chemistry are required.
The liquid-liquid route is often attractive when the
purification problem benefits from solvent system
flexibility, thus selectivity engineering, orthogonal
selectivity, broad loading tolerance, or avoidance of
uncontrolled interactions with solid surfaces.
Neither route is inherently confined to a supporting
role, both can function as stand-alone purification
systems when their governing mechanism and
separation logic matches the impurity problem and
process context.




For that reason, comparison should not begin and end
with nominal plate number. A higher theoretical plate
number is valuable, but it does not by itself eliminate
surface-driven losses, loading constraints, solubility
mismatch, pressure-drop burden, or scale-up fragility. The
real question is whether the separation problem is limited
by insufficient selectivity or by the cost of achieving
resolution. If a remains too low, there is no real substitute
for HPLC: the separation depends on high efficiency and
CPC is unlikely to compensate for the gap in N. If a is
sufficiently large, however, the logic changes. In that
regime, CPC may outperform HPLC not by generating
more plate number but by delivering the required
purification with lower burden, broader loading capacity
and more favorable CAPEX/OPEX economics.

4. Stationary phase burden in packed bed
preparative systems

In packed-bed chromatography, the solid matrix is not a
passive support. Its particle morphology, pore
architecture, surface chemistry, packing behavior,
chemical stability and lifetime under use all become
process variables. At analytical scale, these constraints
may remain manageable. At process scale, they translate
directly into pressure, downtime, cleaning restrictions,
replacement burden, reproducibility risk and cost. The
comparison between HPLC and CPC is whether the
separation depends on the continuous packing,
protection, cleaning, regeneration and eventual
replacement of a solid stationary phase at all [1, 3-6, 12,
13].

In the following sections the main pitfalls of the
stationary phase are detailed, which reinforces the need
for careful evaluation of a proper purification strategy.

4.1. Silica: high efficiency built on narrow chemical
and manufacturing tolerances

Silica remains the dominant matrix of HPLC because it
offers exactly the combination that makes packed-bed
efficiency possible: rigid particles, high surface area, and
chemically modifiable surfaces. Yet this performance
rests on a narrow and demanding manufacturing window.
High-efficiency operation requires highly spherical
particles with tight size distribution, but producing such
material reproducibly is expensive, especially as particle
size decreases. Smaller particles improve plate count, but
they also intensify manufacturing difficulty, increase
pressure requirements during use and raise the likelihood
of fines generation. Those fines are not merely a
production issue; later they contribute to frit clogging,
disturbed flow and pressure rise inside the column [4, 12,
13].
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A second limitation lies in pore architecture. Silica
performance depends on balancing pore size, pore
uniformity and internal surface area, but these variables
do not scale independently. High surface area is typically
associated with smaller pores, whereas larger pores
required for larger molecules reduce accessible area.
Maintaining a consistent pore diameter across a batch is
technically demanding and internal functionalization
becomes harder as pores narrow and access to the inner
surface becomes more restricted. Silica therefore always
operates inside a structural compromise: it can be
optimized but not maximized in every direction at once [4,
5].

Chemical stability imposes a further constraint. Standard
silica is not broadly stable across the full pH range
relevant to many industrial purification environments.
Under alkaline conditions the matrix gradually dissolves,
whereas under strongly acidic conditions bonded phases
may degrade or cleave. Residual silanol groups remain
another persistent limitation. Even after end-capping, they
contribute to secondary interactions, peak tailing,
nonspecific adsorption and progressive fouling. Moisture
control adds yet another layer of sensitivity, since silica
surface hydration influences chromatographic behavior
and must be controlled tightly if reproducibility is
maintained.

At analytical scale, those tolerances are often acceptable;
at process scale, they become operational constraints [4,
5].




4.2. Process-scale HPLC: when the packed bed
becomes the burden

Despite its high resolving power and established
industrial status, preparative HPLC becomes increasingly
burdened as throughput and scale are increased. Large-
diameter packed beds must be produced and maintained
with high uniformity if acceptable efficiency and
asymmetry are to be preserved. For this reason,
compression-based column designs such as dynamic
axial compression (DAC) were introduced to stabilize the
bed and compensate for packing relaxation during
operation. Even so, bed packing remains a critical
variable: packing non-uniformity promotes peak
asymmetry, void formation may develop during continued
operation and the development of robust packing
procedures at large scale is time-consuming and costly.
The bed therefore ceases to be just a medium for
selectivity and becomes a mechanical system that must
be packed reproducibly, stabilized under flow, and
protected against degradation. This is the first major
burden of packed-bed preparative chromatography: the
separation may still be chemically powerful, but the bed
itself must continuously be defended against mechanical
failure [12, 13].

Additional limitations arise from feed handling and
repeated column use. In preparative RP-HPLC, limited
solubility in mobile-phase-compatible solvents often
forces the use of large injection volumes, while volume
overload may distort peak shape and reduce effective
utilization of the bed [14]. This is especially problematic
when crude feeds are impurity-rich and purification must
be repeated across many cycles. What begins as a
loading problem quickly becomes a throughput and
process-economics problem [3, 14].

At the same time, column performance cannot be
assumed to remain constant indefinitely. Regeneration,
cleaning, re-equilibration and in some cases repacking or
media replacement are required if acceptable
chromatographic performance is to be maintained [3, 12,
13]. HPLC therefore remains a powerful high-resolution
platform, but at industrial scale its packed-bed
architecture imposes a significant burden through
maintenance, downtime and process economics.

Moreover, at industrial scale, the burden of preparative
HPLC extends beyond separation performance to
substantial solvent consumption and waste generation.
RP-HPLC is commonly operated with aqueous buffers
and organic modifiers, most often acetonitrile and solvent
demand increases markedly with scale, repeated cycling,
washing, re-equilibration and column cleaning. Solvent-
rich waste streams therefore add both economic and
environmental burden through storage, recovery,
segregation, treatment and disposal; and have been
identified as major contributors to process mass intensity
and downstream sustainability challenges [15-17].
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Taken together, these limitations do not diminish the
value of HPLC as a high-resolution industrial platform, but
they do clarify where its logic becomes burdensome: the
separation performance of the method is inseparable
from a packed solid bed that must be packed, stabilized,
protected, cleaned, regenerated and eventually replaced.
At scale, the question is therefore no longer only whether
HPLC can deliver the required purity, but at what process
cost that purity is achieved [3, 12-17].

4.3. Polymeric beads and monoliths: different
matrices, different liabilities

Silica is not the only stationary phase option at process
scale, but the alternatives do not remove the trade-off;
they shift it. Polymeric beads dominate bioprocessing
because they solve problems that silica handles poorly.
Their broader pH tolerance allows aggressive clean-in-
place procedures that silica cannot survive. Their
hydrated three-dimensional structure gives large
biomolecules more usable internal binding volume and
their hydrophilic background reduces nonspecific
adsorption and lowers the risk of denaturing fragile
proteins. In biologics manufacturing, these are decisive
advantages.

However, polymeric matrices solve one burden while
intensifying another. Their principal weakness is
mechanical softness. Under higher flow and pressure,
many polymeric beds deform, compact or shift.
Interstitial space collapses, pressure rises and the bed
becomes less stable under precisely the conditions where
higher throughput would be desirable. Their separation
efficiency is also typically lower than that of silica
because polymeric beads deliver broader peaks and
fewer theoretical plates. Mass transfer remains diffusion-
limited, which often forces slower flow rates if acceptable
separation is to be maintained. Synthetic polymers
introduce an additional instability through solvent-
dependent swelling and shrinking, while natural polymer
matrices add storage and microbial vulnerabilities that
must also be managed [1-3].

Monoliths reformulate the problem again. Because they
replace packed particles with a continuous porous
structure, they offer convective mass transport and low
pressure drop. This makes them attractive for very large
biomolecules such as plasmids, viral vectors and related
systems where diffusion-limited bead beds struggle. They
also avoid classical slurry packing, which is a real
operational advantage. Yet monoliths carry their own
constraints. Large-scale manufacture is difficult because
in situ polymerization generates exothermic heat that is
hard to dissipate evenly, leading to structural defects,
pore heterogeneity and cracking. For peptides and many
smaller or mid-sized targets, monoliths often lack
sufficient binding capacity because their usable surface
area is too limited. They are also unforgiving to fouling:
once the front face is blocked, there is usually no
practical unpacking or partial remediation route. Instead
of packing burden, the process inherits a disposable-
module cost burden [1, 2].




4.4. Performance decay: why packed-bed
performance does not remain static

A final limitation is reproducibility, which is in reality a
lifecycle issue: process-scale packed-bed
chromatography does not operate at fixed performance.
From the first crude injection onward, the column enters
a state of progressive drift.

Retention times shift because strongly retained impurities
progressively blind active sites. Selectivity narrows
because fouled regions no longer behave like the fresh
bed originally validated. Peak shapes broaden and tail as
frit fouling, pore blockage, ligand loss and bed
disturbance degrade mass-transfer behavior. Baseline
pressure rises because fines accumulate or the bed
physically deforms. Yield then becomes entangled with
purity control: to maintain specification, collection
windows must be tightened and as they are tightened,
recovery falls. If they are not tightened, purity drifts
instead [3, 12, 13].

This means that a process-scale HPLC column often
becomes economically worse before it becomes
technically unusable. It may still function chemically, but
no longer efficiently enough to justify the solvent use,
cycle count, labor and recovery loss required to keep the
process within specification. Performance decay is
therefore not just an operational inconvenience. It is part
of process economics [3, 12, 13, 15-17].

Manufacturing manages this  through lifecycle
qualification rather than any assumption of static
performance. Columns are validated conservatively,
monitored through pressure, plate-height and asymmetry
trends and retired before catastrophic failure. But that
does not remove the burden; it formalizes it. Every
repacking event means unpacking, cleaning, slurry
preparation, repacking, validation and the risk of failed
qualification. At large scale, this is measured in days of
disruption rather than hours [12, 13].

whether HPLC can deliver the required purity, but at

At scale, the question is therefore no longer only
what process cost that purity is achieved.

5. Conclusion

CPC and HPLC are not interchangeable tools, but
different separation logics. The real industrial question
is that which one is carrying the right purification duty. In
many downstream trains, that means keeping HPLC
where very high resolution is genuinely needed, while
using CPC where matrix-free, partition-driven separation
can remove burden earlier, tolerate higher loading and
improve the overall economics of purification.
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  N =  L H


  H = A +  B u + C u


   k ′ =    t R −  t 0   t 0


  N = 16    (    t R   W b ) 2


  𝛼 =    k 2 ′   k 1 ′    (  k 2 ′ >  k 1 ′ )


  N = 5 . 54      (    t R   W   1 2 ) 2


   R s ≈    N 4 ·   𝛼 − 1 𝛼 ·   k ̄ ′  1 + k ̄ ′


   K D =    C S   C M


  𝛥  G  t r a n s f e r = − R T   l n ⁡   K D


   S f =    V S   V C


   V R =  V M +  K D  V s

