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ABSTRACT: Separation and characterization of complex mixtures are of crucial
importance in many fields, where extremely high separation power is required. Three-
dimensional separation techniques can offer a path toward achieving high peak capacities. In
this Review, online three-dimensional separation systems are discussed, including three-
dimensional gas chromatography, and hyphenated combinations of two-dimensional gas
chromatography with liquid chromatography or supercritical-fluid chromatography. Online
comprehensive two-dimensional liquid chromatography provides detailed information on complex samples and the need for higher
peak capacities is pushing researchers toward online three-dimensional liquid chromatography. In this review, an overview of the
various combinations are provided and we discuss and compare their potential performance, advantages, perspectives, and results
obtained during the most recent 10−15 years. Finally, the Review will discuss a novel approach of spatial three-dimensional liquid
separation to increase peak capacity.
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1. INTRODUCTION

Multidimensional separation methods are very attractive and
widely used in the separation of complex samples. The past
decades have seen the frontiers of analytical sciences expand to
the analysis of increasingly complex samples, with system set-
ups capable of reaching ever-increasing peak capacities.
According to Davis and Giddings, the concept of peak capacity
provides a means for calculating the maximum number of
resolvable components in a chromatographic run.1 However,

the number of components that are likely to be resolved in a
chromatogram is only a fraction of the total peak capacity.
Therefore, extremely high values of the peak capacity are
required for the separation of complex samples. Ideally, the
peak capacity of a multidimensional separation system is
simply the product of the peak capacities of each dimension. In
practice, several factors during multidimensional separation
(listed in Table 1), such as undersampling of the first-
dimension effluent and injection band broadening in the
second dimension are minimized,2 which can undermine the
final peak capacity (see Table 1).
Besides achieving peak capacity, other factors, such as

orthogonality, detectability and analysis time, also play a role in
achieving adequate conditions to separate complex mixtures.
Sample complexity is not only related to the number of
components in a sample, but also to the number and range of
different chemical classes. Consequently, the analysis of
complex mixtures would require high selectivity, high
sensitivity, a wide dynamic range, and high separation power.
In liquid chromatography (LC), the researcher is confronted

with a trade-off between the peak capacity and the analysis
time.5 When using one-dimensional LC, high peak capacities
(of 1000 or more) are achievable only at the expense of very
long analysis times. A way to overcome this problem is to use

Special Issue: Frontiers of Analytical Science

Received: November 24, 2020
Published: April 20, 2021

Reviewpubs.acs.org/CR

© 2021 The Authors. Published
byAmerican Chemical Society

12016
https://doi.org/10.1021/acs.chemrev.0c01244

Chem. Rev. 2021, 121, 12016−12034

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 A

M
ST

E
R

D
A

M
 o

n 
Ju

ne
 1

0,
 2

02
2 

at
 1

4:
46

:0
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noor+Abdulhussain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suhas+Nawada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Schoenmakers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemrev.0c01244&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01244?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01244?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01244?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01244?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/chreay/121/19?ref=pdf
https://pubs.acs.org/toc/chreay/121/19?ref=pdf
https://pubs.acs.org/toc/chreay/121/19?ref=pdf
https://pubs.acs.org/toc/chreay/121/19?ref=pdf
https://pubs.acs.org/toc/chreay/121/19?ref=pdf
https://pubs.acs.org/toc/chreay/121/19?ref=pdf
pubs.acs.org/CR?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c01244?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/CR?ref=pdf
https://pubs.acs.org/CR?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


comprehensive multidimensional chromatography. To effi-
ciently make use of the increased resolving power in
multidimensional chromatography, the retention mechanism
for each dimension must be sufficiently different. We, then,
speak of an “orthogonal” separation if the retention times in
the two dimensions are independent. This could aid with
analyzing the increasingly complex samples. In online
comprehensive two-dimensional chromatography, the first
dimension effluent is divided in a large number of fractions,
ideally such that the first-dimension separation remains intact,
with the resolution obtained in the first dimension being
maintained upon modulation to the second dimension. All
these fractions are then subsequently and in real-time
separated on a fast second-dimension system. If only one
fraction is singled out for separation in the second dimension
we speak of heart-cut 2D-LC. If a small number of fractions is
subjected to a second-dimension separation, we speak of
multiple heart-cut 2D-LC or selective-comprehensive 2D-LC.6

Online comprehensive two-dimensional liquid chromatog-
raphy (LC × LC) has become an attractive method to provide
information on sample components and sample classes taking
into account the sample dimensionality7 by using various
chromatographic modes. It is now commonly used for the
analysis of complex samples, such as in proteomics studies,
polymer science or petroleum analysis. There are some
challenges within the LC × LC system, which is that LC ×
LC separations might take longer than 1D-LC separations and
undersampling problems may occur. Analytes can be resolved
by 1D separation can be mixed back together if the fractions
collected are larger in volume (or time) than the volume of the
peaks as they elute the 1D column. Undersampling results in
loss of 1D resolution and quantitative and qualitative
information. Several reviews explore the current state of the
art and challenges in two-dimensional LC (2D-LC).8−11

Although 2D-LC, and especially LC × LC methods have
proven powerful, the potential of further gain in peak capacities
has pushed researchers to explore three-dimensional (3D)
separations. In conventional time-based gradient-elution 1D-
LC, the peak capacity (1nc) can be approximated by eq 1,
which can be rewritten as

≈
· · + ·

+n
t
t

L
R k H4 (1 )

11
c

G

0 s e (1)

where tG is the duration of the gradient, t0 the column hold-up
time, Rs is the desired resolution, ke the retention factor at the
moment of the elution, L the column length, and H the

(average) plate height. In a time-based 3D-LC system, the total
peak capacity (3nc) can be approximated as the product of the
peak capacities of each dimension. The implementation of a
comprehensive 3D chromatographic system is extremely
challenging and such separations have yet to be proven as a
method accepted by the industry. Guiochon et al. studied the
possibilities of coupling three separations in terms of practical
application, anticipated performance, and technical chal-
lenges.11 So far, 3D-online liquid-phase separations have rarely
been reported. The first such separation was performed by
Moore and Jorgenson who applied it for the separation of
peptide digests.12 This was achieved by coupling a slow (5 h)
size exclusion chromatography (SEC) separation as the first
dimension, with a faster (6 min) separation by reversed-phase
liquid chromatography (RPLC) in the second dimension, and
a very fast (2 s) separation by capillary electrophoresis (CE) in
the third dimension. Although this three-dimensional liquid-
phase separation system is impressive, the analysis time and the
extreme demands on the speed and robustness of the third-
dimension separation proved to be prohibitive. Over the years
the technology for coupling the different separation stages,
known as modulation has improved, allowing renewed
attempts to realize comprehensive 3D-LC systems mostly for
separation of peptides in the field of proteomics. The
realization of heart-cut 3D-LC systems is much less challenging
and such systems have found applications in, for example, the
purification of biopharmaceuticals for analytical or preparative
purposes. This Review will cover recent developments in
comprehensive 3D-LC systems.
Comprehensive two-dimensional gas chromatography (GC

× GC) has become an established technique in many domains,
such as the food industry13,14 and petroleum industries.15 GC
× GC provides more separation power than one-dimensional
(1D)-GC, increased sensitivity, and chemical selectivity by the
addition of the second dimension. GC × GC benefits greatly
from the large peak capacity compared to 1D-GC. The peak
capacity, 1nc, in a 1D separation at the resolution, Rs = 1 can be
approximated as the separation time, 1t, divided by the average
width-of-base (4σ), 1W.

=n
t

W
1

c

1

1 (2)

The ideal peak capacity for GC × GC can be approximated by
the product of the peak capacities of the individual dimensions.

Table 1. Critical Factors Influencing the Actual, Effective Peak Capacity in Comprehensive Two-Dimensional
Chromatography

GC × GC LC × LC

undersampling of the
first-dimension
separation

four cuts per peak may be approached by very fast 2D
separations

undersampling is the norm, with 2 or 3 cuts per peak thought optimal
from a time perspective2,3

many LC × LC applications involve fewer 2D runs and massive
undersampling

second-dimension
injection effect

effects can be minimized by effective modulation methods passive modulation causes large 2D injection volumes, which may be
compensated by high 2D flow rates (requiring large amounts of
solvent)2,4

active modulation may alleviate these issues
suboptimal conditions usually, the mass flow of carrier gas is the same in both

dimensions, causing suboptimal conditions in either or
both

1D effluent may be a poor 2D injection solvent
active modulation may mitigate such effects

orthogonality limited orthogonality leaves a part of the separation space unoccupied and part of the theoretical peak capacity unused
orthogonality may be enhanced by choosing different
stationary phases

many different retention mechanisms may be applied for different samples
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Here, 12tmod is the time per modulation (or modulation period)
from the first (1D) to the second (2D) dimension, which equals
the second-dimension analysis time (2t). The same approach
can be applied for the addition of a third separation dimension.
The ideal peak capacity for comprehensive 3D-GC (GC × GC
× GC) can be approximated as
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mod

23

3

(4)

where 23tmod is the modulation period for coupling the 2D and
3D separations. The average peak width at the base (4σ) for
each dimension is given by 1W, 2W, and 3W, respectively. In
terms of modulation periods instead of separation run times of
2D and 3D, eq 4 can be obtained. If a mixture features clear
and dominant sample dimensions, as is the case in mineral oils,
structured chromatograms can be obtained that facilitate
qualitative analysis. A third GC dimension may be added to
create comprehensive three-dimensional gas chromatogra-
phy,16−20 but the chemical selectivity may be enhanced further
by adding different dimensions. For example, the online
coupling of LC,21−24 or supercritical fluid chromatography
(SFC)25−27 to GC × GC may enhance so-called “group-type”
separations of different classes of compounds.
Mass spectrometry (MS) is arguably also a separation

method. If soft-ionization methods are employed, such as
chemical ionization in combination with GC or electrospray
ionization (ESI) in combination with LC, MS yields a
separation based on analyte molar mass (or, more precisely,
based on the mass-to-charge ratio), as well as valuable
qualitative molecular-weight information or molecular-formula
information when using HRMS. When using more harsh
ionization techniques, such as electron ionization in combina-
tion with GC or when tandem-MS techniques are used,
attention shifts toward more qualitative information. In most
cases, it is highly advisable to use MS in combination with
multidimensional liquid-phase or gas-phase separations
because much more information can be obtained within the
same analysis time. An exception is the use of GC × GC for
group-type separations and class-based quantitation.
In recent years, ion-mobility spectrometry has emerged as an

additional method to obtain separation of and quantitative
information on the analytes. The fundamental difference is
that, whereas MS ions move in a vacuum, in IMS they move
into a counter flow of inert gas (typically helium). In
combination with MS, IMS yields additional and different
selectivity, creating possibilities to separate isomers. As an
interim step in GC-IMS-MS or LC-IMS-MS IMS offers little
additional selectivity. IMS-MS is very much faster than GC-MS
or LC-MS, but much more likely to suffer from serious matrix
effects. While there is something to be said for treating MS and
IMS as separation techniques, it is not common to refer to the
ubiquitous LC-MS techniques as two-dimensional separations.
Therefore, we feel it is inconsistent to refer to, for example, GC
× GC-MS, LC × LC-MS, or LC-IMS-MS as three-dimensional
separations.
As a consequence, we will focus in this review on

chromatographic separations. We aim to cover the state of
the art in 3D-separation with various combinations of GC, LC,
or SFC, as well as liquid-phase spatial separations. We will

cover online GC × GC × GC, LC × LC × LC, and SFC × GC
× GC techniques. Regarding LC-GC × GC techniques, we are
discussing off-line technique because of the limited online
techniques available in the literature. We will discuss and
compare the potential performance of these combinations,
their advantages and limitations, results obtained, and future
perspectives. The Review will then progress to discuss a novel
approach of spatial separation aimed at increasing peak
capacity. This Review is largely limited to online 3D separation
systems and as such does not cover off-line methods. These
have already been extensively discussed elsewhere.28

2. MULTIDIMENSIONAL-GC

Comprehensive two-dimensional (2D) gas chromatography
(GC × GC) was conceptually described by Giddings29 and
experimentally realized by Liu and Philips.30 The modern GC
× GC platform provides highly effective methods for the
separation of complex volatile samples. In addition, GC × GC
provides a much-enhanced chemical selectivity through the use
of the second-dimension separation, which results in better
(group-type) separation. Typical peak capacities of 1D-GC
separations are of the order of 1000, whereas GC × GC may
readily provide peak capacities in excess of 20 000. Multiple
reviews on GC × GC have been published recently covering
many aspects of the field from application and instrumentation
to data analysis.31,32 To further enhance chemical selectivity, it
is intriguing to consider higher-order instruments, specifically
to provide comprehensive three-dimensional (GC × GC ×
GC) separations. Notable literature has been summarized in
Table 2, which lists all the online 3D-GC platforms published
to our knowledge so far. The applications are grouped into
several categories based on the type of sample. Comprehensive
couplings of two dimensions are denoted with “×”, while heart-
cutting methods are denoted with “−”. Further, we classified
through the type of modulation used between 1D and 2D
(mode 1) and between 2D and 3D (mode 2). Within each
dimension, the type of retention mechanism, stationary phase,
and the dimension of the column are included. The
modulation types are abbreviated as follows, three/six-port
valves (PV), thermal modulation (TM), (high-temperature)-
diaphragm valves ((HT)-DV), cryogenic trapping (CT), Dean
switch (DS), pulse flow valve (PFV), thermal desorption
(TD), and differential flow modulator (DF). Also, for each
application, the reported peak capacity is listed, which will be
discussed further in this review.

2.1. Instrumentation Design

The GC × GC × GC experiment requires three separation
columns connected online through two modulators, ideally
assembled with a minimal complication of hardware. It should
be able to produce chromatographic bandwidths narrow
enough to generate large data sets in reasonable analysis
times, and it requires robust and user-friendly software for
visualizing and interpreting GC data.33 To realize GC × GC
and GC × GC × GC, it is crucial that the subsequent
dimension is much faster than the previous one. If the next
dimension is 100 times faster, the initial chromatogram can be
divided in 100 fractions. In GC × GC × GC, the third
dimension should then be 10 000 times faster than the first
dimension. The best way to drastically influence the speed of
analysis in open-tubular (capillary) GC is by changing the
column diameter. However, the optimal volumetric flow rate
scales roughly with the column diameter (the two are
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proportional if gas compression is neglected). In GC × GC
experiments with thermal modulation the entire flow of carrier
gas (and sample) typically passes through all columns, which
calls for a rather awkward compromise in selecting the same
mass-flow rate for the relatively wide 1D column and the
relatively narrow 2D column. This problem is greatly
aggravated in GC × GC × GC, where a relatively very narrow
3D column is added. Regarding the instrument setup, the
modulation interface that connects columns between separa-
tion dimensions is one of the most important features of any
multidimensional chromatography system. Modulators in 3D-
GC can be divided in three categories, viz. thermal modulators,
valve-based modulators and flow modulators. A recent detailed
review on modulators, covering thermal and valve-based
modulators, including the principles of modulation, are
discussed by Bahaghighat et al.41

The first reported GC × GC × GC system was described in
2000 by Ledford and Billesbach.33 They used two staggered
heated sweeper modulators to connect the three separation
columns. The heated sweeper was popular during the first few
years of GC × GC in the 1990s, but it was soon replaced by
cold-jet (cryogenic) modulations36 and valve-based modu-
lators. An advantage of the latter is thatin principlethe
mass-flow rate can be different in different dimensions.42

Current designs based on valve-based modulators in GC × GC
× GC mostly used are 6-port diaphragm valves,17−19,35 in
which the effluent from the preceding column is collected in
sample loops, before being flushed with a carrier gas to the
following column. In early developments of GC × GC × GC
with diaphragm-valve modulators, a flame-ionization detector
(FID) was implemented for detection to demonstrate
enhanced selectivity in GC × GC × GC and proof-of-principle
separation of chemical compound classes. However, the
diaphragm valves used had some drawbacks regarding the
temperature which could not exceed 175 °C. Also, FID has
limitations regarding the specificity of analyte detection and
the possibilities for identification. In a later study by Watson et
al. these drawbacks were overcome by replacing the FID with a
time-of-flight mass spectrometer (ToF-MS) and implementing
high-temperature diaphragm valves, which allowed increased
operating temperatures and decreased sample splitting. The
new design added mass-spectral information and led to higher
peak capacities.35

Another unique valve-based modulator that has gained
popularity over the years is the pulse flow modulator that was
introduced by Cai et al. in 200443 and has been used mostly in
the group of Synovec. The technique utilizes partial
modulation by adding narrow pulses of carrier gas (down to
50 ms) to the regular gas flow in a Y-shaped connector. This
allowed the creation of very narrow peaks superimposed on the
largely unaffected one-dimensional chromatogram. Providing
both 1D-GC and GC × GC information in a single run. The
effect of modulation development and techniques will be
described in the following section.
As mentioned before a typical GC × GC × GC instrument

comprises three capillary columns connected in-series using
two modulators, with the final (3D) column interfaced with a
detection system. However, some groups developed other
interesting configurations. Chen et al. developed an ingenious
3D-GC system, which consisted of three sets of columns of
different polarities, representing three dimensions of separation
(1 × 3 × 6-channel 3D-GC configurations)34 as shown in
Figure 1. It allowed for independent control over eachT
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dimension of separation. The 1D separation acted as a pre-
separation stage, in which analytes were regrouped before
entering the 2D-GC subsystem, which increased the time
available for 2D and 3D separation and improved the overall
performance of the system. The 1D and 2D columns were
equipped with optical vapor detectors, followed by a flow-
routing module consisting of a three-port valve and a thermal
injector. The system may be attractive for multiple-heart-cut
3D-GC separations, if the interface between the columns
maintains the integrity of the separation and the sample. For
comprehensive GC × GC × GC separations, there may be a
data-analysis challenge to merge the different data sets that
represent parts of the sample. Moreover, the time gained to
perform the different separations is not dramatic. Since a 2D
separation should typically be 100 times faster than a 1D
separation, it should still be some 30 times faster if three
parallel 2D columns are installed and the six 3D columns
should still operate 1700 times faster than the 1D column
(instead of 10 000 times faster). In combination with the
merging of data sets and the possible variations in conditions,
the challenges are enormous.
Systems equipped with Dean-switch modulators have been

successfully used in heart-cutting GC methods.36,38,39

Sciarrone et al. presented the use of a 3D-preparative GC
system consisting of three GC systems, equipped with Deans-
switch devices, to couple the different columns. They showed
it to be an effective tool for the isolation of a target compound
at milligrams level from a complex sample matrix for further
investigation through other analytical techniques.
2.1.1. Physical Considerations. Many additional param-

eters should be taken into account when setting up a 3D-GC
instrument. For example, column temperature has a significant
effect on retention, but also on selectivity, especially for polar
phases and compounds. Some 3D-GC systems utilize a dual-
oven setup,19,33,35,36,39 in which the 1D column is placed in the
main oven and the 3D column in a secondary oven. The 2D
column may be position in the main oven with the 1D column

or in the secondary oven with a 3D column. Mommers and van
der Wal31 investigated how the overall selectivity could be
tuned by varying the temperature offset of the secondary oven
relative to the main system oven. A temperature program was
used in a 3D-GC setup to resolve complex samples that
featured a broad range of analyte retention and this was found
to aid in the development of a high-throughput 3D-GC system
that was fast without showing a significant loss in resolution.

2.2. Column Considerations

The stationary phases and column dimensions in a multi-
dimensional system should be selected carefully. The choice of
GC × GC column sets has been discussed in many
reviews.31,44,45 However, for GC × GC × GC, the
stationary-phase chemistry and the order of columns have
not been fully investigated to achieve maximal orthogonality.
Moreover, the column dimensions and operating conditions
(temperature programs, flow rates) have not been optimized to
attain the highest possible peak capacity. In this section, we
highlight some important issues raised in the literature. The
choice of the stationary-phase chemistries of the column-set
depends on the sample characteristics and should be based on
the expected types and strengths of the molecular interactions
between the analytes and the stationary phase. The latter has
been discussed in detail in a review by Mommers and van der
Wal.31 Ionic liquidsor liquid saltsare a relatively novel
type of stationary-phases, which are commercially available and
are claimed to offer several advantages. These include high
thermal stability resulting in very low column bleed, a high
polarity, and a broad range of applications. Siegler et al.18 were
the first to use a triflate ionic-liquid column as the 2D column
in their GC × GC × GC setup, showing high selectivity for
phosphonated compounds. They studied a diesel sample
spiked with three different phosphonated compounds to
demonstrate the separation power of their GC × GC × GC
system. They found that a GC × GC instrument with a
suitable column combination was adequate to separate the
matrix, but that all three dimension columns were needed to

Figure 1. Schematic overview of a so-called “smart three-dimensional gas chromatograph”: (A) 3D-GC configuration with 1 × 3 × 6- channels and
(B) schematic configuration of 1 × 1 × 1-channel 3D-GC setup. Reprinted with permission from 34. Copyright 2013 American Chemical Society.
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separate the phosphonated compounds, while still providing
useful information on the entire sample. Other interesting
stationary-phase chemistries are needed to create a column
with chiral selectivity. Wong et al.36 described an automated
online 3D-GC system that integrated several GC methods in
one instrument to study on-column isomerization reactions.
The enantioselective 1D column allowed the separation of
diastereo- and enantiopure isomers, which were further
separated using an ionic liquid 2D column. The pure isolated
enantiomers were then selectively heart-cut, cryofocused, and
subjected to a reactor column. After the reactor, these fractions
were injected on the 3D column for achiral separations, which
was said to allow for quantification of each E and Z isomer of
each pair of enantiomers. Using different selectivities allowed
the authors to isolate the region of interest from the sample
matrix for online conversion, which resulted in the enrichment
of enantiomers. The use of different columns with retention
characteristics makes it important to also consider the order in
which the different stationary phases are applied in a column
set based on the expected analytes and their anticipated
molecular interactions with the stationary-phases.31 Many
examples can be found in literature in which “non-polar ×
medium-polar × polar” column-sets are used for the analysis of
mixtures of small molecules, allergens, or volatile and essential
oils derived from natural products. Mostly, these samples
concerned less polar analytes in polar matrices. By using a
nonpolar 1D column, the separation is according to the boiling
point. The following 2D and 3D columns, which exhibit polar
interactions, will then provide separation according to polarity
ranges yielding group-type information on both the sample and
the matrices. It is recommended to use the least polar columns
that provide sufficient retention, separation, and orthogonality.
Highly polar columns are inferior in terms of robustness, and
thermal stability and are prone to show more bleeding. Ionic
liquid columns may suffer less from these disadvantages.
However, as in GC × GC, where polar × nonpolar
combinations exist as exceptions to the much more common
nonpolar × polar combinations. Several studies have been
published in which the column order was the opposite from
the conventional nonpolar × medium polar × polar18,19,35,38

(see Table 2).

2.3. Peak Capacity

One motivation for the development of multidimensional
separation systems, such as GC × GC, is to obtain greater
separation power (i.e., higher peak capacities), to obtain as
much chemical information as possible on complex samples.
The addition of a 2D column that shows different retention
characteristics (e.g., a different polarity) allows for an enhanced
selectivity, improved separation and a great increase in peak
capacity. Any coeluting analytes in the first dimension may be
resolved in the second dimension to approach more complete
separations. The same motivatorsseparation power and
selectivityhave spurred researchers to progress from GC ×
GC to GC × GC × GC. The group of Synovec et al.17 first
reported a peak capacity for their GC × GC × GC-FID
instrument. At that point, their GC × GC × GC setup yielded
a peak capacity of 3500 during a total analysis time of 60 min
(58 peaks/min). Improvements in the stationary phases, such
as the use of ionic liquids have allowed them to enhance the
peak production rate by about 3-fold to resolved peaks/min in
a 20 min separation of diesel fuel.18 However, their GC × GC
× GC-instrument yielded a similar peak capacity compared

with the GC × GC system. Under-sampling (i.e., too few
modulations across a peak) and lack of instrument
optimization were reported to affect the peak capacity. The
instrument was improved by replacing the FID detector with
ToF-MS and the face-mounted diaphragm valves of the
modulator with a high-temperature diaphragm valve. This
resulted in an average peak capacity of 7000 (140 peaks/min)
for 10 representative analytes during a 50 min separation on
the GC × GC × GC-ToF-MS instrument.35 Yan et al.40

created a GCNP−GCPEG × GCIL system, where the subscripts
indicate nonpolar (NP), poly(ethylene glycol) (PEG), and
ionic liquid (IL) stationary phases. They obtained a peak
capacity of about 5000 (40 peaks/min) for the analysis of
agarwood oleoresin. This separation power was very similar to
those achieved in state-of-the-art GC × GC studies, in which
the peak capacities ranged from 4000 to 7000. However, GC ×
GC × GC is expected to yield a gain in peak capacity in
comparison to GC × GC, although the gain is not expected to
be quite as large as the 20- to the 30-fold gain obtained when
progressing from 1D-GC to GC × GC. In recent years, the
group of Synovec has focused on improving the GC × GC ×
GC instruments. To increase the 3D peak capacities
specifically concentrated on modulator technology, which is
arguably the heart of comprehensive multidimensional GC
systems. In 2018, they implemented a pulse-flow-valve
modulator between the second and third dimensions, which
provided ultrafast modulation pulses of 60 ms and allowed
them to achieve an average peak capacity for a 115-component
test mixture of about 10 000 across an 11 min separation
window.20 More recently, they achieved a peak capacity of
30 600 in 40 min (765 peaks/min) with the same 3D-system
setup.37 The authors focused on the relative phase ratios of the
columns in the different separation dimensions to maximize
the peak capacity. Using partial modulation using a pulse flow
valve operated in a negative pulse mode to create extremely
narrow, local analyte concentration pulses, the same group
obtained 3D peaks with a peak width-at-base of 15 ms resulted
in a GC × GC × GC peak capacity of about 35 000 in a 45 min
separation.16 The gain in peak capacities, thus, demonstrated
during the past few years is extremely promising. Further gains
in peak capacities can be expected as ongoing developments in
GC × GC × GC instrumentation are made.

2.3.1. Data-Analysis Algorithms. Over many years,
chemometric deconvolution techniques have been used in
conjunction with set-ups that produce three-dimensional data.
A leading such technique has been the Parallel Factor Analysis
(PARAFAC) method, which is a natural expansion of
principal-component analysis (PCA) for multivariate data.46

A GC × GC × GC system produces multivariate data, which
are compatible with PARAFAC methods. PARAFAC is
suitable to analyze the 3D analyte signals and to resolve
these from whatever overlap with any interfering components
in all three separation dimensions. It provides deconvolution of
analyte peaks for each separation dimension, which signifi-
cantly increases the effective 3D-GC peak capacity.17

Previously, PARAFAC was shown to provide benefits for
dealing with overlapped ellipsoids when implemented in GC ×
GC × GC-FID systems.17,18 Watson et al.17 showed that the
PARAFAC algorithm could mathematically resolve compo-
nents that were not sufficiently separated chromatographically.
For example, they were able to completely resolve heptane and
2-pentanol ellipsoids in their sample data, which showed no
chromatographic resolution in any separation dimensions.
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Since analytes at much lower chromatographic resolution can
be mathematically separated, they concluded that PARAFAC
allowed for an increase in the effective peak capacity of the
instrument. Moreover, Watson et al. showed an approximately
10-fold increase in signal-to-noise ratio from the raw data to
the deconvoluted data, because the PARAFAC algorithm
removed a large portion of the noise as a factor separate from
the analyte-signal factor. Later, Watson et al.19 implemented
the PARAFAC algorithm in their GC × GC × GC-TOFMS
system, which added another dimension to the data. They
applied it for targeted analyte discovery and deconvolution
analysis cyclohexyl benzene, which occurs naturally in diesel
fuels. The algorithm proved to resolve the cyclohexyl benzene
signal from the coeluting peaks in the chemical background.
Moreover, mass-spectral matching of the PARAFAC loadings
to library spectra yielded high similarity values for 40 different
analytes. However, the down-side of this technique was that
the user needed sufficient prior knowledge on the target
analyte. Ferreira et al.47 have used PARAFAC for both
qualitative and quantitative analyses using the GC × GC ×
GC-FID system for allergens in perfumes. They were able to
resolve peaks of carvone and geraniol, which were coeluting in
all three separation dimensions, but were successfully
deconvoluted with the use of PARAFAC.

2.4. Coupling to Various Chromatographic Approaches

Limitations in group-type separation for the analysis of
mineral-oil samples with GC × GC, based on the polarity
and volatility of analytes, have pushed researchers to couple
various other chromatographic approaches, such as liquid
chromatography (LC) or supercritical-fluid chromatography
(SFC) to GC × GC. Characterization of complex oil and
petrochemical samples has been a key application of GC × GC
from the beginning. Additional separation within a group, such
as the separation between linear and cyclic alkanes is hard to
accomplish. Since saturated cyclic hydrocarbons (naphthenes)
are considered of great importance for the petrochemical
industry, the need for the separation of these compounds is
evident. It is possible to separate naphthenic compounds from
acyclic alkanes using a stationary phase that exhibits phenylic
interactions. However, Beens et al.48 reported that the
application of these types of stationary phases resulted in an
overlap of naphthenes and aromatic compounds. By gaining
resolution and selectivity between linear and cyclic alkanes,
resolution and selectivity between cyclic alkanes and aromatics
were reduced. GC × GC fails to separate the naphthenes from
the aromatics. Additional selectivity is required, besides
volatility and polarity as sample dimensions. Other analytical
methods, based on GC × GC techniques hyphenated with
liquid chromatography (LC) fractionation, have been consid-
ered as good alternatives for oil fractions, such as vacuum gas
oils (VGOs) and essential oils. Table 3 shows a detailed
overview of 3D separations based on LC or SFC techniques
hyphenated with GC × GC. The applications are categorized
as off-line (F) and online (N) set-ups. As seen in Table 2, for
comprehensive coupling of each dimension is denoted with
“×” and heart-cutting methods are denoted with “−”.
Furthermore, we classified methods through the type of
modulation used between the 1D and 2D columns (mode 1)
and between the 2D and 3D columns (mode 2). The
modulation types are abbreviated, as indicated in the table
heading. For NPLC separations, we specified the retention

mechanism in Table 3, also this will be discussed later in the
review.
Frysinger et al. examined the chemical composition of

unresolved complex mixtures (UCM) of hydrocarbons in oil-
contaminated marine sediments.49 The UCM hydrocarbons
were extracted and liquid-chromatographically separated on a
silver-impregnated silica-gel column into four fractions, prior to
GC × GC analysis. Compared to the nonfractionated samples,
this approach provided a better resolution and improved peak
identification. However, a complete separation of classes was
not achieved, since some hydrocarbon groups were distributed
across more than one fraction. Edam et al.21 used an amino-
bonded silica HPLC column, for prefractionation based on the
regulatory IP391 method. The many (104 for one sample)
collected fractions were subsequently analyzed by GC × GC.
Group-type separation was achieved for both cycloalkanes and
aromatics. The Edam method provided a separation of
naphthenic classes, such as dinaphthenic and trinaphthenic
alkanes, which would have overlapped with monoaromatic
compounds in a GC × GC separation. Figure 2A shows an
LC−GC × GC chromatogram of the saturated fraction,
showing the naphthenic classes to be resolved according to the
number of naphthenic rings. Unfortunately, this method was
less suited for polycyclic aromatic hydrocarbons (PAHs)
beyond diaromatics because of their late elution and associated
band broadening, which causes a serious dilution. Also, the
elution pattern of certain groups, such as alkenes, was not
investigated in this method, due to their absence from
common oil products. However, when characterizing oil-
contaminated soils, processed oils with a high-alkene content
may be encountered. Therefore, an LC-GC × GC/FID
method using a silver-loaded HPLC column as a prefractio-
nation step before the GC × GC analysis has been developed
by Mao et al.23 They used their method to separate oil
hydrocarbons into alkane, cycloalkane, alkene, and (poly)-
aromatic fraction, which could be further separated according
to boiling point or equivalent carbon (EC) numbers, as shown
in Figure 2B. The band-broadening and dilution problems
observed when using silica or amino-bonded-silica columns
were overcome using silver-based columns. The dilution was
reduced, thanks to the narrow peaks obtained. Adding a
prefractionation step significantly improved the group-type
separation of oil hydrocarbons in comparison with the two-
dimensional GC × GC method. Also, improved quantitative
results were obtained with the LC-GC × GC method than
with the direct GC × GC analysis, thanks to the improved
separation. In another study, this method was used to study the
biodegradation and detailed monitoring of petroleum hydro-
carbons in soil.22,23

GC × GC has also been used to analyses heavy oil fractions,
such as vacuum gas oils (VGOs). However, many coelutions
occur owing to the very high number of compounds and the
limited second-dimension selectivity at high temperatures,
revealing significant drawbacks of the GC × GC method. To
resolve the coelution problem, Dutriez et al.53,54 implemented
an off-line LC separation step prior to GC × GC analysis. LC
column filled with silica and alumina was used to carry out a
separation between saturated, aromatic, and more-polar (resin)
compounds. By avoiding coelutions between saturates and
monoaromatics and improving the GC × GC conditions, an
extensive characterization of poly and mononaphhenic
compounds was achieved. Using high temperatures in the
comprehensive two-dimensional gas-chromatography stages
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(LC-HT-GC × GC) made it possible to obtain near-molecular
details on saturated and aromatic compounds in heavy oil
fractions. This approach was applied to various VGOs and a
wide range of other samples. It is noteworthy that all the
above-mentioned LC-GC × GC studies were carried out in an
off-line manner. Collecting multiple fractions off-line induces
risks of analyte loss and contamination or degradation of
sample components during the collection and reconcentration
steps. This would suggest that an online prefractionation step
would be desirable. However, such methods have rarely been
reported. Recently, Zoccali et al. developed a method based on
an online combination of normal-phase liquid chromatography
(NPLC) hyphenated to comprehensive GC × GC with triple-
quadrupole (QqQ) MS detection (i.e., NPLC-GC × GC-
QqQ-MS) for the analysis of coal tar.56 The NPLC stage
separated three classes of coal-tar compounds, namely,
nonaromatic hydrocarbons, unsaturated compounds (with
and without sulfur in the molecules), and oxygenated
compounds. These three fractions were transferred via a
syringe-based interface mounted on the autosampler of the GC
× GC instrument, which had been described in detail in an
earlier study.59 Zoccali et al. claimed that their system could be
used in a variety of configurations, depending on specific
analytical requirements. However, coupling an LC dimension
online to a GC × GC system to construct an online three-
dimensional system is not trivial. An important factor to
consider concerns the large volumes resulting from the HPLC
separation, which are unsuitable for direct transfer to GC.
Special interfaces are needed to remove the HPLC solvent.
Another drawback is that the solvents used in the LC method
resulted in dilution of the sample and possible contamination
with impurities present in the solvent.
Supercritical-fluid chromatography (SFC) utilizes carbon

dioxide (CO2) as the main component of the mobile phase.
This appears to be more compatible with a gas-phase
separation than LC. Therefore, the hyphenation of SFC to
GC × GC is easier to realize as demonstrated by several
groups, as shown in Table 3. The same groups that developed
LC-GC × GC instruments also introduced the hyphenation of
SFC with the GC × GC system for similar applications of oil
regarding analysis,25,27,57 creating new prospects for online
hyphenated 3D techniques. Potgieter et al. developed an online
hyphenated SFC-GC × GC system to comprehensively
characterize the chemical classes, such as (linear and cyclic)
saturates, (linear and cyclic) unsaturates, oxygenates, and
aromatics fractions, present in light-oil samples obtained from
a high-temperature Fischer−Tropsch (HT-FT) process.58 The
SFC setup (Figure 3) consisted of an oven equipped with two
six-port two-position switching valves. Switching these allowed
group-type separations by forward-flushing and back-flushing
of the columns. The SFC columns-set used consisted of a silica
column coated with poly(vinyl alcohol) (PVA) that was used
to retain the oxygenates, a Petrosil silica column used to
separate the aromatic from unsaturates, and a PetroAG silver-
loaded cation-exchange column used to retain all the
unsaturates. The SFC effluent was directed through an external
six-port, two-position switching value to either the FID
detector of the SFC instrument or to the GC × GC
instrument. Once the retention ranges for each group were
determined using the FID detector, the external valve could be
a switched at appropriate times to transfer the SFC fractions to
the GC × GC setup. The column-set for the latter consisted of
a polar first-dimension column and a nonpolar second-T
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dimension column, connected with the aid of a cryogenic
modulator. The choice of a polar × nonpolar column-set in
contrast to the conventional nonpolar × polar combination
was based on previous work by the same group, in which the
advantages of the polar × nonpolar combinations for the
analysis of oil products was discussed (see also section 2.2). In
regions where HPLC mobile phases interfered with the GC ×
GC analysis, the SFC-GC × GC systems was free of
interferences as can be seen in Figure 4. It can also be seen
that similar contour plots are obtained for the saturated and
unsaturated hydrocarbons are observed from the LC-GC ×
GC and SFC-GC × GC combinations. A similar attempt to
realize three-dimensional SFC × GC × GC was made by

Dutriez et al.27 This shows that SFC was just effective as the
separation obtained using HPLC. In general, this 3D-
instrument opens up a new prospect for the implementation
of a fully online 3D-separation within the field of gas-phase
dimensions with three orthogonal retention mechanism.

3. THREE-DIMENSIONAL-LIQUID
CHROMATOGRAPHY

Comprehensive two-dimensional liquid chromatography (LC
× LC) was first described by F. Erni and R.W. Frei60 and has
emerged during the last two decades as a strong candidate for
separating complex samples that require more separation
power that can be provided by 1D-LC. It is among the most

Figure 2. LC-GC × GC chromatograms of oil samples. (A) LC-GC × GC chromatogram of saturated fractions with structured elution within
naphthenic classes. (B) LC-GC × GC chromatogram of unsaturated fractions (O = alkenes, MA = monoaromatics, NMA = naphthenic
monoaromatics, DA = diaromatics, NDA = naphthenic diaromatics, TA = triaromatics). Windows defined by every two equivalent carbon (EC)
numbers in the first dimension. Panel A: Reprinted with permission from ref 21. Copyright 2005 Elsevier. Panel B: Reprinted with permission from
ref 23. Copyright 2009 Elsevier.

Figure 3. SFC column configurations for the elution of four fractions from light-oil samples.( A) Valve A operated in forward-flush mode,
oxygenates fractions are retained on PVA column. (B) Valve A switched to negative position, PVA column operated in back-flush mode, while silica
and silver column are in stop-flow mode (saturates). (C) Aromatics retained on silica column, valve A switched off, valve B switched on, to
backflush the PVA and silver column for unsaturated fraction. (D) Both valves switched on for the forward-flush mode to elute aromatics.
Reprinted with permission from ref 58. Copyright 2013 American Chemical Society.
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powerful methods in many fields, such as polymer analysis,
food analysis, environmental science, and most notably, in life
science, including the field of proteomics. Usually, LC × LC is
performed in a “temporal” column-based format, (tLC × tLC).
The sample is first separated in the 1D column, the effluent of
which is divided into many fractions by a modulator. These
fractions are then sequentially transferred to the 2D column for
further separation. Many different retention mechanisms can
be combined and LC × LC can be coupled with various
detectors for online characterization. Although LC × LC
methods are now well established and quite powerful,
exhaustive separations of very complex samples are still
challenging. This has motivated researchers to investigate the
potential benefits of adding a third dimension (3D) LC
column to an LC × LC system, creating column-based LC ×
LC × LC as an alternative separation method. In
comprehensive 3D-LC (LC × LC × LC) the entire 1D and
2D effluents must be transferred to the next dimension
separation. This implies that a full second-dimension run
should be completed during each modulation of the 1D
effluent, so that the 2D separation should be very much faster
than the 1D separation, and that the 3D separation should be
even much faster than the 2D separation to realize a complete
LC × LC × LC separation online in real-time. Physical
parameters, such as column dimensions (internal diameter,

length), particle sizes, and flow rates must therefore be finely
tuned to realize optimal LC × LC × LC separations. Because
the 2D and, especially, the 3D separation has to be repeated
many times during each analysis, columns packed with very
small particles for ultrafast analysis must also be very robust
and resistant to very high pressures, fast gradients and very
high linear velocities, while providing sufficient efficiency to
contribute significantly to the overall peak capacity of the
system. Currently, sub-2-μm particles are commonly used with
ultrahigh pressure LC (UHPLC) systems. Such systems also
cause minimal extra-column band broadening and exhibit very
short dwell times. Vivo ́ Truyols showed that smaller particles
generally allow higher peak capacities to be achieved, rendering
them well-suited for fast separations in the second and or third
dimensions of multidimensional LC set-ups.61 This conclusion
is also readily apparent from the kinetic-plot concept,
propagated by Desmet’s group62

At the early stages of developing 3D-LC, several systems
were developed by the modification of the MudPIT 2D-LC
approach to bottom-up proteomics (i.e., ion-exchange
chromatography directly coupled with reversed-phase liquid
chromatography for separating peptides63 or offline 3D-LC
systems. Recently, an elaborate review was published
specifically on the topic of 3D separations for bottom-up
proteomics, in which existing offline, and online 3D-LC

Figure 4. Comparison between the contour plots obtained from the HPLC GC × GC−TOF-MS analysis of the (A1) saturate and (A2) unsaturate
fractions and the SFC−GC × GC−TOF-MS analysis of the (B1) saturate and (B2) unsaturate fractions of the same kerosene sample. (The circle
indicates the area of concern where HPLC mobile phase elutes.) Reprinted with permission from ref 58. Copyright 2013 American Chemical
Society.
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platforms and combinations of both approaches in this field
were summarized.28 In the present Review, all existing online
column-based 3D-LC methods for various applications will be
discussed. Two-dimensional column-based (time-based) liquid
chromatography (tLC × tLC) has verifiably produced much
greater separation powers in much shorter analysis times than
1D-LC. However, an alternative approach to gain higher peak
capacities is to conduct spatial two- and three-dimensional
systems (xLC × xLC and xLC × xLC × xLC), whichin
principlemay offer much higher separation power and short
analysis time. Various approaches of spatial separation are
described in this section. The reader is also referred to a recent
review on the spatial based separations.64

To our knowledge, the first elaborate and powerful liquid-
phase comprehensive three-dimensional separation method
was described by Moore and Jorgenson12 for the separation of
hen-ovalbumin-derived peptides (see Figure 5). They coupled
size-exclusion chromatography (SEC) and reversed-phase
liquid chromatography (RPLC) in the first and second
dimensions, respectively, and implemented capillary zone
electrophoresis (CZE) in the third dimension. In conventional
time-based gradient-elution 1D-LC, the peak capacity (1nc) can
be approximated by eq 1, which can be rewritten as

≈
· · + ·

+n
t
t

L
R k H4 (1 )

11
c

G

0 s e (5)

where tG is the duration of the gradient, t0 the column hold-up
time, Rs is the desired resolution, ke the retention factor at the
moment of the elution, L the column length, and H the
(average) plate height. In a time-based 3D-LC system, the total
peak capacity (3nc) can be approximated as the product of the
peak capacities of each dimension. Unfortunately, Moore and
Jorgenson achieved modest peak capacities in each dimension,
namely, 5 for 1D SEC, 23 for 2D RPLC, and 24 for 3D CZE,
resulting in a total peak capacity of about 2800. The authors
encountered several challenges, such as high sample dilution
during the three separation methods, which necessitated large
sample injection volumes to achieve reasonable detection
limits. The fractions obtained after the SEC separation (using
methanol as mobile phase) had to be diluted with water prior
to injection on the RPLC column. Moreover, the temperature
needed rigorous control in all three dimensions, to avoid
retention time drift caused by changes in temperature during
the analysis. Another challenge faced was the presentation of
the data and, in 1995, the need for a faster computer able to
acquire data sufficiently fast and control the instrument so as to
achieve more accurate timing. The overall comprehensive SEC

Figure 5. Three-dimensional representation of the data obtained from the three-dimensional separation of a peptide mixture, featuring 1D size-
exclusion chromatography (SEC) plotted in the vertical direction, 2D reversed-phase liquid chromatography (RPLC; front to back), and 3D
capillary zone electrophoresis (CZE, horizontal axis). Sizes of the disks indicate band intensity. Reprinted with permission from 12. Copyright 1995
American Chemical Society.

Table 4. Overview of Time-Based LC3 Platformsa

application 1D mode 1 2D mode 2 3D detection ref

organic compounds in
wastewater

RPLC (mixed-mode RPLC/weak
cation exchange phase)

N − P RPLC (carbon-clad
zirconia phase)

N − P RPLC (C18) UV 66

peptides RPLC (pH 10, C18) N × P SAX (pH 10) N × P RPLC (pH 3,
C18)

MS 67

THI analysis in caramel
colors class III

RPLC (C18) N − S IEX N − S RPLC
(PGC)

UV 68

soybean extract HILIC N × S RPLC (fluorophenyl) N × S RPLC (C18) ToF-MS 69
amino acids
(enantiomers)

RPLC N − P WAX N − P chiral FLD 70

aThe couplings are N = online, × = comprehensive, − = heart-cut. The modulation types are P = passive, S = active stationary-phase assisted
modulation (SPAM), QToF-MS = quadrupole time of flight mass spectrometer, and FLD = fluorescence detector.
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× RPLC × CZE separation required about 5 h analysis time,
almost entirely due to the 1D SEC separation (280 min). The
2D RPLC separation took about 6 min and the 3D CZE
separation about 6 s (see Figure 5). Despite the impressive
results obtained in this pioneering work, few serious attempts
were reported at tackling a full liquid-phase 3D-separation until
about 15 years later.
Since then the implementation of online 3D-LC systems has

covered a wide range of applications (see Table 4) and various
combinations of retention mechanisms have been employed in
such setups. In this Review, we focus on 3D-LC based system
without electro-driven dimensions, although some researchers
have used electro-driven separations in combination with LC-
based techniques.65 Chen et al. developed a three-dimensional
SCX-RPLC-CZE platform (where SCX indicates strong cation
exchange) for the analysis of a mouse-brain-proteome digest.
With this method, an estimated peak capacity of about 7000
was achieved. However, other references do not mention the
number of peak capacity; therefore, it is not included in this
table.
The first selective heart-cutting 3D-LC method developed

for targeted analysis was described by Simpkins et al.66 The
method was applied for the analysis of four different organic
target compounds in aqueous samples using three functionally
different reversed-phase HPLC columns. The choice of
columns was based on the Hydrophobic Subtraction Model
(HSM) for reversed-phase selectivity. The model indicates
whether a pair of columns show sufficient differences in
retention based on a specified set of solutes.71 The authors
achieved excellent separation of the target compound from the
matrices, with relatively minor modifications to the separation
conditions. Furthermore, a quantitative comparison of the 3D-

LC method with conventional (LC-MS/MS) methodology for
trace analysis revealed no statistically significant difference
between the concentrations of the target compound when a
standard-addition method was used. Although the method
showed promise, it was only suitable for a limited set of
analytes with well-defined chemical structures. The group of
Wang et al. developed an online LC3 system for untargeted
analysis of a complex soybean-extract sample by coupling a
pre-separation column with comprehensive LC × LC using a
stop-flow interface.69 This latter interface was selected to
overcome the challenges associated with long analysis time.
The soybean extract served as a proof-of-principle to
demonstrate the usefulness of the LC3 system. This complex
sample contained many classes of compounds, including
nonpolar nonpolar lipids, weakly polar compounds, polar
glycosylated compounds, flavonoids, oligosaccharides, etc. Pre-
separation on the 1D amide column, divided the soybean
extract into two fractions according to analyte polarities.
Nonpolar and weakly polar analytes were collected in the first
fraction and polar compounds in the second fraction. The
fractions were captured on a trap column before being
transferred to the 2D fluorophenyl and fractions from the
2D effluent were transferred to the 3D (C18) RPLC column,
which finally was coupled to an MS detector. The LC3 method
established allowed identification of a number of important
flavonoids within a total analysis time of less than 1 h. A total
of 83 flavonoids were characterized, including many difficult-
to-identify flavonoid isomers and low-abundance components.
In total, some 30% more flavonoids were identified than had
been found with a two-dimensional LC × LC method.
Another interesting 3D-LC setup was developed by

Moretton et al. for the analysis of tetrahydroxybutyl imidazole

Figure 6. Experimental device for heart-cutting three-dimensional liquid chromatography: (A) separation on column 1 and column 2, (B) heart-cut
at the outlet of column 1 and column 2, and (C) separation on column 3. Reprinted with permission from ref 68. Copyright 2016 American
Chemical Society.
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(THI), a minor unwanted byproduct in class III caramel
colors.68 The heart-cutting 3D-LC system was based on the
coupling of RPLC (C18), SCX, and RPLC (porous graphitic
carbon, PGC) as 1D, 2D, and 3D stages, respectively (see
Figure 6)
A single heart-cut of the 1D separation was stored in a 1 mL

sample loop for a duration of 60 s, which was placed between
the 1D column and a 10-port two-position valve. After
switching the valve, the mixture trapped in the sample loop was
subjected to the 2D separation and directed to the second 10-
port two-position switching valve, which was integrated with a
10 mm × 4.0 mm i.d. PGC trap column, demonstrating the
stationary-phase-assisted modulation (SPAM) technique.8

Finally, after switching the second valve, the analytes focused
on the trap column were eluted into the 3D column for the
final separation. The total analysis time was 45 min. The
mobile phases consisted of methanol/water (10/90 v/v) for
the 1D system, 10 mmol/L ammonium formate adjusted to
pH 2.5 with formic acid for the 2D system, and an ACN/water
gradient with a final composition of 10/90 v/v for the 3D
system. The authors took advantage of the hydrophobicity of
the molecule both in the 1D and 3D separations, which might
limit the orthogonality of the three dimensions. However, the
separation of THI in a complex matrix was successfully
achieved using the three separation mechanisms. The authors
opted to maintain the same internal diameter for the columns
of all dimension columns while varying the particle sizes. This
may not concur with theoretical approaches to 2D-LC.9

Conventional (passive) modulation, in which the effluent of
one column is transferred unaltered to the next dimension.
Active modulation techniques, such as SPAM or active-solvent
modulation (ASM)8 are aimed to focus the analyte band in a
smaller volume, so that the diameter of the next column may
be equal to or smaller than that of the previous one.
The single-heart-cut 3D-LC system proposed by Moretton

et al. is far less constrained in terms of physical parameters
than an online comprehensive LC3 system would be. The main
constraint for a single heart-cut 3D-LC system is that the
volume of the sample loop needs to be sufficiently large to
store the entire heart-cut effluent. The system contributions to
band broadening need to be minimized. This, and the need to
obtain sufficient sensitivity, may require active-modulation
techniques, such as SPAM or ASM to be applied. In case
trapping columns are used, their capacity and the conditions
that allow rapid release of the analytes need to be considered as
well.
The performance of the Moretton et al. 3D-LC method was

evaluated in terms of precision and accuracy in a concentration
range varying between 5 and 50 mg/kg of THI. When
compared the heart-cut 3D-LC method for analysis of THI in
caramel color class III to two 2D-LC methods for the same
purpose, the 3D-LC system was found to be superior in terms
of bias, precision, and accuracy. The heart-cut 3D-LC system
was demonstrated to be advantageous for the analysis of a
target compound in a very complex sample. However, the
performance of such a system depends on the types of columns
(stationary phases) and mobile phases that provide sufficient
selectivity and orthogonality, (active) modulations, column
dimensions and operating conditions, etc. The long analysis
time remains an issue. This may potentially be addressed by
introducing spatial two-and three-dimensional systems.

4. SPATIAL 3D SEPARATION

Two-dimensional column-based (time-based) liquid chroma-
tography (tLC × tLC) has verifiably produced much greater
separation powers in much shorter analysis times than 1D-LC.
However, even the peak capacities of 5000−10 000 that are
readily achieved by tLC × tLC do not suffice for a number of
applications. Limited progress has been made in the develop-
ment and application of comprehensive three-dimensional LC,
as discussed above. An alternative approach is to conduct
spatial two- and three-dimensional systems (xLC × xLC and
xLC × xLC × xLC), whichin principlemay offer much
higher separation power and short analysis time.5 To perform a
spatial separation a body with two or more unified sets of
separation parts needs to be constructed. Wouters et al.
designed a spatial 3D-LC device where the three separation
dimensions were fitted within a reasonably small area, namely,
a microchip.72 Another potential design for spatial 3D-LC was
proposed by Adampoulou et al.73 The analytes are first
separated in a 1D channel, such that all analytes are positioned
somewhere within the separation body. After developing the
separation in the 1D channel, the analytes are transferred from
the 1D channel in a perpendicular direction to the 2D region
through the aid of a 2D flow-distributor. After developing the
next separation in the 2D region, the analytes will then be
further transferred to the 3D region using a 3D flow-distributor
located on the top of the 2D region as shown in Figure 7.
The main advantage of this format in comparison with

column-based LC3 (tLC × tLC × tLC) is that first all second-
dimension separations and then all three-dimensional separa-

Figure 7. Simplified geometry for spatial LC3 with the incorporation
of a 3D flow distributor. (A) Spatial 2D-LC geometry, (B) simplified
geometry for spatial 3D-LC, where K2 represents the 2D bed
permeability and K3 represents the 3D cube permeability (C) a
simplified geometry for spatial 3D-LC with the addition of a type-A
flow distributor, (D as C), except with 3D-flow distributor, K3DFDB
is the permeability of the imposed porous zone in the top part of the
3D-flow distributor. Reprinted with permission from ref 73. Copyright
2020 American Chemical Society.
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tions are performed simultaneously rather than sequentially.
Therefore, the time required for an xLC × xLC separation is
the sum of the 1D and 2D analysis times. This is unlike tLC ×
tLC, where the total analysis time is the product of the 2D run
time and the number of fractions taken, which are often longer
than the analysis time of the first dimension separation when
performed on its own. Performing all separations in parallel
presents an even greater advantage in the third dimension.
Moreover, spatial separations should theoretically outperform
column-based separations in terms of peak capacity. Davydova
et al. used a Pareto-optimization approach to calculate the
potential performance of various types of systems in terms of
peak capacity. It was concluded that xLC × xLC × xLC may
reach peak capacities in the order of one million in a
reasonable time and at very modest pressures.5 To develop
such a 3D separation body a number of challenges must be
overcome. According to Guiochon et al., the three major
problems that should be solved are (i) the packing of a
homogeneous stationary phase in the different separation
regions to ensure orthogonal retention mechanisms, (ii) the
flow control and confinement, and (iii) the detection of the
separated components of the sample.11 During the past decade,
several aspects of these challenges have been investigated,
including chip fabrication,74 design of flow-distributors,73,77

and creation of stationary phase in different formats.78,79

Computational fluid dynamics (CFD) has been a key tool in
many of these studies. It offers a means to simulate liquid flow
and mass transfer in a specific geometry. CFD is a reliable and
powerful method to study the optimal conditions before
experimental testing of a device. CFD has been used for
studying the flow confinement and mass transfer in xLC × xLC
and xLC × xLC × xLC designs.73 Adamopoulou et al.
investigated the possibility to employ permeability differences
to guide the flow and reduce analyte loss within different
compartments in xLC × xLC and xLC × xLC × xLC devices. In
several studies, the synergy between CFD and prototype
manufacturing was exploited to create optimal conditions prior
to practical testing of microfluidic devices for spatial
separation.
A novel way to create separation devices may be developed

through the use of 3D-printing technology. During a relatively
short time, 3D-printing technology has greatly advanced, and it
has been adapted to a broad range of materials (e.g.,
thermoplastics, metals). These developments could not stay
unnoticed in the field of chromatography.80 Titanium is a
strong material with high thermal conductivity and suitable
surface chemistry to fabricate monolithic material within the
housing. The strength was exploited in printed devices
described by Passamonti et al.79, who demonstrated a method
to create thermally initiated polymeric monolithic stationary
phases within discrete regions of 3D-printed titanium devices.
Monolithic stationary phases have gained a great deal of
attention for incorporation in microfluidic devices. Passamonti
et al.79 were able to fabricate monoliths using several different
approaches. One of these was based on recirculating jackets,
which could be used for localized heating and cooling. This
approach resembles a recirculation based on the freeze−thaw
valve method.81 Nawada et al. have used the latter method as a
means for flow control in 3D-printed fluidic devices for spatial
LC.82 These studies have contributed to progress in spatial 3D-
LC and the knowledge gained in these studies should
contribute to the realization of successful spatial separation
devices in the near future.

5. CONCLUSIONS
The need for further gains in peak capacities and enhanced
chemical selectivity to separate very complex samples has
motivated researchers to explore online 3D-separations.
Interesting configurations have been developed in which
three different separation dimensions are coupled online.
Major progress has been made in modulation technology for
GC, which has made efficient GC × GC × GC separations
possible. Notably, the group of Synovec has used partial
modulation through a pulse-flow valve, to achieve peak
capacities of about 35 000the highest values reported so
far. Developments in GC × GC × GC instrumentation and
column sets are still ongoing and there is still room for
improvement, guided by a better understanding of the factors
that govern 3D peak capacity. Coupling GC × GC to another
chromatographic separation, such as SFC, has created new
prospects for integrated online 3D set-ups for much-improved
(group type) separations. The development of online 3D-LC
systems with various combinations of retention mechanisms
has been reported for a wide range of applications. Successful
implementations of column-based (time-based) 3D-LC
concern almost exclusively heart-cut systems. The require-
ments for successful time-based comprehensive LC × LC ×
LC have drastic consequences, such as extreme demands on
the speed and robustness of second-dimension and, especially,
third-dimension separations, very long overall analysis times,
major constraints on modulators and significant data-handling
and data-analysis challenges. Therefore, researchers have begun
to explore alternative formats, such as spatial two- and three-
dimensional systems, which potentially offer much greater peak
capacities, along with short analysis time. However, some key
challenges must be addressed to make spatial 3D-LC live up to
its great promise for the separation of complex samples
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