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ABSTRACT 

Comprehensive two-dimensional liquid chromatography (LC×LC) offers increased peak 

capacity, resolution and selectivity compared to one-dimensional liquid chromatography. 

It is commonly accepted that the technique produces the best results when the separation 

mechanisms in the two dimensions are completely orthogonal, which necessitates the 

use of gradient elution for each second-dimension fraction. Recently, the use of similar 

separation mechanisms in both dimensions has been gaining popularity, but full or shifted 

gradients are still used for each second dimension fraction. In this thesis, we argued that 

when the separation mechanisms are partially correlated in the two dimensions, the best 

results can be obtained with the use of parallel gradients in the second dimension, which 

makes the technique nearly as user-friendly as comprehensive two-dimensional gas 

chromatography. This has been illustrated in the second chapter through the separation 

of a mixture of 39 pharmaceutical compounds using reversed phase in both dimensions. 

Different selectivity in the second dimension was obtained through the use of different 

stationary phase chemistries and/or mobile phase organic modifiers. The best coverage 

of the separation space was obtained when parallel gradients were applied in both 

dimensions, and the same was true for practical peak capacity.  

The ever-growing demand for protecting the environment necessitates reducing or 

eliminating hazardous solvents to improve the environmental friendliness of analytical 

procedures. Acetonitrile is one of class II solvents which are hazardous to the 

environment and should be phased out and replaced by eco-friendlier alternatives. In the 

third chapter of the thesis, we introduced the use of propylene carbonate as an eco-

friendly mobile phase component in comprehensive two-dimensional liquid 
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chromatography to confirm the possibility of using this green solvent as an alternative to 

hazardous organic solvents. In this chapter, two sets of experiments were developed to 

separate the same mixture of 39 pharmaceutical compounds which used in the second 

chapter using Solvent-X (propylene carbonate: ethanol, 60:40) as a green organic 

modifier in the first dimension (1D) and ethanol in the second dimension (2D). Upon 

comparing the separation performance of these LC×LC systems to two systems 

described in the second chapter that used acetonitrile and methanol instead, no 

significant differences in terms of selectivity, peak capacity and orthogonality were found. 

Another set of comprehensive LC×LC systems were developed using Solvent-X or 

acetonitrile in the first dimension, while ethanol or methanol were used in the second 

dimension. The same stationary phases were used in the three systems, but the organic 

modifiers were changed in one or both dimensions in order to confirm that acetonitrile can 

be replaced by a green alternative without losing separation efficiency. There was no 

significant difference in terms of selectivity, peak capacity and orthogonality between the 

three systems.  

Finally, the fourth chapter introduced an application using propylene carbonate as a green 

mobile phase component to analyze complex natural product samples, such as grape 

juices and wine samples. In this chapter, novel green RPLC×RPLC-DAD and 

RPLC×RPLC-MS methods were developed for the first time to identify phenolic 

compounds in five samples (two red grape juice samples, two white grape juice samples 

and one dealcoholized wine sample). Four different RPLC×RPLC systems were 

developed; three systems were connected to a diode array detector (RPLC×RPLC-DAD), 

while the forth system was connected to DAD and MS detectors (RPLC×RPLC-DAD-ESI-
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MS). Solvent X (propylene carbonate: ethanol, 60:40) was adopted as a green organic 

modifier in the first dimension (1D) and methanol in the second dimension (2D). The 

practical peak capacity and the surface coverage were calculated as metrics to measure 

the separation performance of all proposed systems. The results revealed that the 

phenolic compounds were separated efficiently with good coverage of the 2D separation 

space and high peak capacity. A total of 70 phenolic compounds were tentatively detected 

based on MS data and information from the literature. 
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CHAPTER 1  
INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction 

Liquid chromatography (LC) plays a quintessential role in the identification, quantification 

and separation of the components of complex mixtures. It is regarded an unprecedented 

separation technique for samples whose components can be dissolved in common 

solvents. Nearly all analyte pairs can be separated by adjusting the separation conditions 

including temperature, pH, mobile and/or stationary phases or the use of additives. 

Conventional one-dimensional liquid chromatography (1D-LC) has been developed in the 

past decades to achieve better separation of compounds. Some of the advancements 

include sub-2 µm particles, which enable separation of compounds in shorter time without 

efficiency loss but require higher pressures. Other developments include columns packed 

with fused-core particles, which are able to separate components efficiently at 

conventional pressure limits. However, 1D chromatography is still unable to satisfactory 

separate many co-eluting compounds in complex mixtures including environmental, 

natural products, or biological samples which contain thousands of metabolites that 

cannot be separated as single peaks by 1D-LC.  Also, some mixtures that contain closely 

related compounds (such as enantiomers, and structural isomers) cannot be separated 

by 1D-LC even though they are not necessarily complex. 

Consequently, alternative techniques based on multidimensional liquid chromatographic 

systems with higher peak capacity have been explored to be able to separate compounds 

in complex matrices. In 1944, multidimensional chromatography was first described by 
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Martin et al., who extracted 19 amino acids from potato and successfully separated them 

using two-dimensional paper chromatography [1]. In 1978, Erni et al. introduced the first 

truly instrumental form of comprehensive two dimensional liquid chromatography 

(LC×LC) and used it in the analysis of plant extract [2]. In 1984, Giddings et al. developed 

the perspective for LC×LC techniques, outlined the concept, laid the foundations and 

described limitations of 2D separations for the first time [3]. According to this concept, 

LC×LC separation is performed first in the first dimension (1D) column, the effluent from 

which is then periodically transferred into the second dimension (2D) column for further 

separation. Thus, the compounds in a mixture are exposed to two separation 

displacements, and if they are properly resolved in the 1D, they should be resolved in the 

2D [4].  

Undoubtedly, additional complexity will be added to the system if an extra separation 

dimension is added. In comparison to conventional 1D-LC, new challenges arise, 

including the selection of suitable stationary phases in the two dimensions, compatibility 

of the separation mechanism, optimization of separation conditions, mobile phases, 

detection sensitivity, and data analysis. There would be no clear restrictions if the 

dimensionality increased to more than two dimensions, other than the excessive dilution 

of sample which detrimentally impacts the detection sensitivity. 

1.2 General aspects of 2D-LC 

1.2.1 2D-LC classification based on number of fractions analyzed 

2D-LC can be classified based on the number of fractions from the 1D column that are 

separated in the 2D column into heart-cutting 2D-LC, comprehensive 2D-LC and selective 

comprehensive 2D-LC (sLC×LC) [5]  . Figure 1-1 illustrates these 2D-LC approaches. 
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Figure 1-1: 2D-LC approaches according to number of fractions analyzed in the 2D: (a) Heart-
cutting, (b) Comprehensive 2D-LC and (c) Selective comprehensive 2D-LC. Reprinted from ref. 
[5] with permission. 

 

1.2.1.1 Heart-cutting 2D-LC (LC-LC) 

This approach is the earliest and simplest form of two dimensional liquid chromatography 

that has been used extensively and has been denoted as LC-LC. In the traditional “heart-

cutting” setup, a restricted number of the 1D effluent fractions (often just one) is directly 

introduced to the 2D column for further separation. In this setup, a capillary with a sufficient 

volume to hold the fraction of interest eluting from the 1D column is connected via a valve. 

The remaining effluent from the 1D column, which is not introduced to the 2D column, is 

directed to the 1D detector (if equipped) or to waste. The separation efficiency of the heart-

cutting and off-line 2D-LC is usually not sufficient for the separation of mixtures that 

contain more than 100 - 200 closely related compounds [6].  
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Heart-cutting is not ideal for the global characterization of a sample, but it is usually 

adopted for target analysis of a limited number of compounds, regardless of the detection 

system. Although this technique is an easy and simple form of 2D-LC, it has restrictions 

in terms of the number of analytes of interest that can be determined in a given sample 

and in terms of the scope of applications. It has been used in the last decades for the 

analysis of low concentrations of analytes in biological and environmental samples, such 

as analysis of acidic pesticides in soils [7], analysis of compounds that disrupted 

endocrine secretions in water [8] and determination of estrogens in sediments [9]. 

1.2.1.2 Comprehensive 2D-LC (LC×LC) 

In comprehensive 2D-LC (LC×LC), the main objective is usually to carry out a non-

targeted screening of a given sample. In this approach, the entire effluent (or its equal 

proportions) from the 1D column is repeatedly collected in subsequent small volume 

fractions, which are then transferred in multiple cycles into the 2D column, before they 

eventually reach the detector inserted after the 2D column. In this technique, the LC×LC 

separation time is the same as that of the 1D analysis. Also, the separation achieved in 

the 1D should not be lost in the 2D [3, 10].  

LC×LC can be carried out either online or offline. Online LC×LC is more technically 

challenging than its offline counterpart because it generally requires the use of an 

automated switching system (e.g., a 6, 8 or 10-port valve), which connects the 1D and 2D 

columns, collects fractions from the effluent of 1D column and introduces them into the 2D 

column. Indeed, the development of adequate modulators (interfaces) between the two 

separation dimensions has been the most important goal of many chromatographers in 

LC×LC research field. Most of the progress and efforts have been exerted in this research 
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area [11]. This is because the modulation interface is the centerpiece for a successful 

LC×LC separation, in parallel to the challenge of combining two solvent systems in order 

to prevent detrimental effects of the 1D eluent on the 2D separation. 

1.2.1.3 Selective comprehensive mode (sLC×LC) 

In this approach, only some areas from the 1D separation are sampled and directed to 

the 2D column. This approach was considered a trade-off between heart cutting and 

comprehensive LC and it was introduced by Groskreutz et al. [12] in 2012. In the sLC×LC 

mode, effluent from the 1D column is fractionated into fractions which are temporarily 

stored until the separation on the 1D column is completed. The fractions are collected at 

very short 1D sampling times, with values as low as 1 second. The separation achieved 

by the 1D can be maintained in the 2D regardless of the widths of peaks in the 1D (no 

matter how narrow the peaks are). In contrast, in LC × LC approach, the sampling time is 

typically 15 seconds or more, and the analytes that separated in the 1D might be remixed 

during fraction collection and transfer to the 2D and might not be re-separated again in 

the 2D. That is why, one significant advantage of sLC×LC is that the resolution of certain 

analytes achieved in 1D cannot be lost after sampling of the 1D separation. The loss of 

resolution achieved in the 1D due to sampling process is called undersampling effect [13]. 

As the 1D peaks are sampled multiple times in sLC×LC, sophisticated chemometric 

algorithms have to be used to mathematically resolve chromatographically coeluting 

peaks. However, this approach has allowed highly efficient 2D separations as it solves 

the issue related to the 1D peak widths as explained in the previous few lines. This 

technique has been used for the characterization and separation of sample components 
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with related structures, including structural isomers and stereoisomers. For example, 

isomeric pyrrolizidine alkaloids in plants have been analyzed using sLC×LC system [14]. 

1.2.2 2D-LC classification based on instrumental approaches 

LC×LC analysis can be performed in different modes called off-line, online, or stop-flow 

mode. In the off-line mode, a traditional liquid chromatographic instrument can be 

employed for the two-dimensional separation without any need for any special equipment. 

The fractions from the 1D column can be gathered in vials and stored. Then the 2D column 

is connected to the same HPLC system and the fractions can be reinjected for further 

separation. The mobile or/and stationary phases in both dimensions can be changed to 

achieve different selectivity between the two dimensions, hence better separation of 

sample components. The off-line mode offers some advantages including possible 

treatment of fractions before injection into the second dimension, and it can be operated 

without any time constraint in the 2D. Nevertheless, this approach is poorly reproducible, 

it cannot be automated, and is time consuming. Moreover, the fractions collected are 

more prone to loss or contamination during or after collection [5]. 

The online mode has some interesting features compared to the offline mode. It is more 

reproducible, faster, and easy to be automated. In online LC×LC, there is an interface 

inserted between the two dimensions. The fractions eluted from the 1D column are 

periodically introduced to the 2D column for further separation via this interface. 

Nevertheless, there are some disadvantages for the online LC×LC in comparison to 

offline LC×LC such as peak capacity, which is better than that in 1D-LC, but less than 

that in off-line LC×LC. Another issue is the theoretical resolving power in online LC×LC, 

which is not as high as in offline LC×LC; on the other hand, the total practical resolving 
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power per unit run time is usually better than in the offline technique. The main drawback 

of this approach is its complexity and difficulty of method development and optimization. 

This is because of solvent compatibility issues that can be encountered in some cases 

depending on the conditions in both dimensions[15].  

The stop-flow mode is an intermediate mode. In this mode, the fractions are directly 

transferred from 1D column to the head of the 2D column, usually without sampling loops. 

While analyzing fractions injected to the 2D column, the flow in the 1D is paused. As the 

analysis time in the 2D is not limited, the peak capacity of this approach is dramatically 

enhanced. However, this approach also suffers from solvent compatibility issues and is 

more time consuming than the on-line approach. 

1.3 Instrumental setups of 2D-LC  

In general, the on-line 2D-LC system separates samples on columns in two dimensions 

that are connected by switching interfaces. Most of on-line 2D-LC systems typically 

consist of an autosampler, a pump, one or more switching valves, two or more columns, 

a detector and a software control system. After elution of compounds from the 1D column, 

the fractions are stored in the switching interface prior to further separation on the 2D 

column. In contrast, in offline 2D-LC, a switching interface is not required. The switching 

interface consists of one or more two-position switching valves with six, eight, ten or 

twelve ports. In LC-LC, the targeted fractions can be automatically transferred from 1D to 

2D via a 6-port switching valve. However, other types of valves can be used in both 

comprehensive and heart-cutting approaches. The illustration of offline and on-line 

approaches is shown in Figure 1-2. 
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Figure 1-2: Typical 2D-LC configuration: (A) an offline system (B) an online system, reprinted from 
ref. [13] with permission.   

 

There are various methods that have been used to transfer fractions from1D to 2D such 

as direct transfer of fractions, storing fractions temporarily in sample loops or in trapping 

columns, as well as using parallel columns in the 2D [16]. Due to the great convenience, 

sample loops are the most widely used approach if compared to the two other ones. 

Furthermore, when sampling loops are used, method development is less complex. This 

is because column focusing is less critical with sample loops than with direct transfer. 

Regarding the trapping columns, evaluation of their trapping efficiency is required before 

using them in the interface [5]. In some situations, various switching methods are 

combined for better separation efficiency.  

1.3.1 Direct transfer 

In heart cutting approach, a 2-position 6-port switching valve is typically employed to 

directly transfer fractions from 1D to 2D. A fraction of 1D effluent is transferred to the 2D 

column by switching the valve from the first to the second position (as illustrated in Figure 

1-3). Compounds are separated and eluted by the 2D mobile phase after the valve 
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switches back to its initial position. Direct transfer was widely used in most 2D-LC set-ups 

till 2000s [17-32]. At that time, direct transfer with heart-cutting mode under isocratic 

condition was extensively applied in about 90% of 2D-LC separations. In comparison to 

other transfer modes (trapping columns, sample loops), direct transfer approach offers 

some advantages, including straightforward optimization of 2D-conditions. When trapping 

columns are used, the trapping efficiency should be studied, while loop volumes have to 

be taken into account if sample loops are used for fraction transfer. Although the 

popularity of direct transfer decreased after the extensive use of gradient elution in both 

dimensions, it is still applied to chiral separations which are generally carried under 

isocratic conditions [33]. 

 

Figure 1-3: Direct transfer of fractions from 1D to 2D via two positions 6-port switching valve. 
Reprinted from ref. [5] with permission. 
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1.3.2  Loop transfer 

In heart cutting (LC-LC), a sample loop interface consists of a valve equipped with only 

one loop because only a single fraction has to be transferred from the 1D column to the 

2D column. In LC×LC, two loops of the same volumes are attached to the valve. The valve 

switches alternately between fraction collection from 1D column and reinjection into the 

2D column. Notably, in contrast to direct transfer, isocratic and programmed elution can 

be used with loop transfer. An interface consisting of two sample loops attached to an 8-

port valve was first used by Erni and Frei [2] who combined SEC×RPLC systems to 

separate complex plant extracts. Loop storage interface was employed for heart-cutting 

and multiheart-cutting applications [30, 34-44]. Also, they have been used in selective 

comprehensive and comprehensive 2D-LC [45-48]. 

Various types of 2D-LC systems have adopted this switching technology to carry fractions 

from 1D to 2D. However, in some situations, sample loops are not suitable to store 

fractions in the interface, for example when mobile phases in the two combined 

chromatographic systems are immiscible, such as when combining NPLC and RPLC. 

Another case is when eluent strength between 1D and 2D mobile phases is significantly 

different such as when combining HILIC and RPLC. In this case, the separation efficiency 

may be seriously affected due to peak broadening that occurs in the second dimension 

[49]. In other cases where the mobile phases are compatible, the sample loop volume is 

a critical issue. The sample loops’ volume controls the 2D injection volume, which limits 

the 1D mobile phase flow rate and the 2D sampling time. If the sample loops are small, 

the time allowed for the 2D separation is very restricted and resolution of peaks in the 2D 

is rather limited. On the other hand, if larger sample loops are used, the volume of the 1D 
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effluent introduced to the 2D column is large and the separation in the 2D suffers. This is 

the reason why small-particle, narrow bore columns which allow low flow rates are 

typically used for the 1D separation. In the 2D, monolithic or core-shell columns which 

permit higher flow rates are typically used. This typical setup of 2D-LC columns ensures 

an optimum flow rate that is compatible with the injection volume into the 2D. 

Consequently, the mobile phase consumption is reduced, and high separation power is 

accomplished [50-52]. 

Figure 1-4 shows two different 8-port valves as parts of two 2D-interfaces equipped with 

sample loops for on-line LC×LC analysis. Figure 1-4a shows a conventional 8-port valve 

which suffers from asymmetric configuration in which one loop is being emptied in the 

backflush mode, while the other one is emptied in the forward-flush mode. As highlighted 

in ref. [53, 54], this asymmetry may complicate data processing due to slight differences 

in retention times of the analytes in consecutive fractions. Figure 1-4b shows an 8-port 

valve which was designed recently as a dual 4-port valve to allow symmetrical 

configuration [55]. 

2D-LC systems with sample loop interfaces have been used in heart-cutting and multi-

heart-cutting 2D-LC applications [30, 34-44]. They have also been used in selective 

comprehensive and comprehensive 2D-LC applications [45-48] for trace analysis or for 

chiral applications [56-64] and for biological samples [65].  
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Figure 1-4: Online comprehensive 2D-LC system with two identical sample loops; (a) conventional 
8-port valve and (b) dual 4-port valve. Reprinted from ref. [5] with permission. 

 

1.3.3 Trapping columns 

Trapping columns are another way to transfer fractions from 1D to 2D. The interface based 

on trapping columns is similar to the interface with sample loops, with two symmetrical 

trapping columns substituting for the sample loops and attached to a multiport switching 

valve. Figure 1-5 illustrates an interface with two trapping columns coupled to a 10-port 

valve. In this approach, compounds that elute from 1D are trapped prior to flushing to the 

2D. According to the analyte properties and the mobile phases used in 1D and 2D, the 

adsorbent packed in the trapping columns is selected to efficiently trap the analytes. A 

small volume of the mobile phase is then used to elute them. As a result, band broadening 

can be minimized, and detection sensitivity can be highly enhanced [66-68]. Trapping 

columns are regarded as a better transfer mode to improve sensitivity by reducing 
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injection issues and concentrating the sample. However, there is a trade-off between the 

trapping power and the speed of desorption of the trapped compounds, which leads to 

complicated method development [69]. Some applications of 2D-LC using interfaces with 

trapping columns to transfer fractions between the two dimensions have been reported in 

ref. [70-77]. 

 

Figure 1-5: Online comprehensive 2D-LC system with two symmetrical trapping columns attached 
to two position 10-port switching valve. Reprinted from ref. [5] with permission. 

 

1.3.4 Parallel columns in the second dimension 

In this technology, two or more columns attached to one or two switching interfaces are 

used to separate the fractions eluting from 1D. The consecutive fractions are analyzed in 

parallel on the two columns. The fractions are collected from the 1D and transferred via 

an interface with trapping columns or sampling loops. This interface usually consists of 

either one 12-port or two 10-port switching valves. Figure 1-6a and b show a diagram of 

both valves used for this technique.  This setup offers a significant advantage in terms of 

separation efficiency: as the 2D separation time is doubled, the peak capacity of this 

dimension increases.  
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Nevertheless, this approach suffers from some limitations, including the necessity of 

having two identical columns in respect to both separation efficiency and retention power. 

Moreover, a complex 2D-LC instrument with another detector and additional pump is 

necessary to perform the separation on the two parallel columns. The extra pump and 

detector increase the complexity of the system. The use of two parallel columns was 

reported for many applications [47, 48, 74, 78-83]. Some applications used more than two 

columns in the 2D to enhance the 2D separation, e.g. the analysis of intact proteins using 

three columns in the 2D [84], identification of peptides from human blood using four 

parallel columns in the 2D [85], proteomic analysis using ten parallel columns in the 2D, 

and twelve columns in the 2D for the analysis of intact proteins [86]. 

 

Figure 1-6: (a) Two 10-port switching valves and (b) one 12-port switching valve equipped with 
parallel columns in the 2D dimension. Reprinted  from ref. [5] with permission. 
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1.3.5 Stop flow interface 

In this technique, a multiport switching valve is utilized as an interface to connect the 1D 

and 2D columns as shown in Figure 1-7. In comparison with the online comprehensive 

2D-LC interfaces with a sample loop or trapping column, the stop-flow interface offers 

some advantages including enhancing separation capacity by lengthening the time for 

the separation in the 2D [87, 88]. While fractions from the 1D are collected by sample loops 

or trapping columns, the starting 2D mobile phase composition passes through the 2D 

column. Then, the valve is switched to transfer the trapped components in the back-flush 

direction into the 2D column for further analysis. At this time, while the 2D analysis is 

performed, the flow of the eluent in the 1D is paused temporarily. These procedures can 

be repeated several times and the 2D separation can be sped up by increasing the 

temperature of the 2D  [89]. This approach is quintessential in some cases, such as when 

the 2D separation cannot keep up with the sampling frequency of the 1D.  

 

Figure 1-7: A 2D-LC system with stop-flow interface. Reprinted from ref. [90] with permission. 
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1.4 Method development 

In LC×LC, method development for the two dimensions is not straightforward. To make 

the comprehensive LC system design less complicated for the operator, a simple protocol 

was formulated by Schoenmakers et al. [91]. As per this protocol, chromatographic 

guidelines, such as dimensions of the columns, flow rates and sampling times should be 

optimized. A theoretical basis for the instrumental design and chromatographic 

parameters was also suggested by Bedani et al. [92]. According to his suggestion, a 

shallow gradient is typically used in the 1D (a slow 1D separation), allowing the 1D effluent 

to be sampled multiple times before being directed to the 2D column. To select the 

columns for 1D and 2D, multiple factors should be considered. The separation power of 

the 1D should be high to separate the sample mixture components, while in the 2D, 

separation should be efficient, quick and compatible with the detector attached to the 

system.  The analyst should define the maximum analysis time in the 1D and the desired 

peak capacity for the separation, and then derive the optimum parameters for the 1D and 

2D.  

1.4.1 Physical considerations 

To consider a 2D-LC separation comprehensive, the entire effluent from the 1D column 

must be subject to separation on the 2D column. To avoid a so-called wrap-around 

phenomenon (which occurs when the 2D retention times of some components are longer 

than the modulation period), all components transferred to the 2D column ought to be 

entirely eluted from this column to the detector during the time required for collecting the 

subsequent fraction. This is why the 2D separation has to be fast. If the 2D separation is 

slow, it might offer too short a time for all components in the fraction to be entirely eluted 
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from the 2D column before the next fraction is injected. On the other hand, if it is too fast, 

the separation time may not be sufficient to achieve adequate resolution of peaks. 

The flow rate in the 1D must be adjusted accordingly to the modulator requirements and 

the 2D separation. The sampling loops volume has to be appropriate to accommodate the 

fractions eluting from 1D for the span of the sampling time. These requirements impose 

physical restrictions on the sample loops volume, 1D and 2D eluent flow rate, and the 

geometry of 1D and 2D columns (particle size, length and internal diameter). 

1.4.1.1 Selection of the column dimensions 

1.4.1.1.1 The first dimension 

As the analysis time is not restricted, optimal resolution should be achieved in the 1D; the 

1D column is usually selected to provide a higher peak capacity than the 2D column. In 

order to boost the separation efficiency of an LC×LC systems, the 1D column is typically 

relatively long (10–25 cm) [93]. Also, it should be a narrow-bore column which can be 

operated under low flow rates. This means that small volumes of fractions will be injected 

into the 2D column, which is typically a conventional bore column of 4.6 mm internal 

diameter. Operating 1D columns under low flow rates leads also to a significant reduction 

in signal interferences and band broadening caused by mobile phase incompatibilities 

between 1D and 2D. In some applications, a wider bore column can be utilized in the 1D, 

but the volume of the collected fractions is large and cannot be entirely injected into the 

2D column. In such cases splitting the effluent coming from the 1D column is mandatory 

to reduce the volume injected into the 2D column. However, since a large proportion of 

the 1D effluent is directed to waste, this negatively impacts the sensitivity. Moreover, if a 

wide-bore column is adopted in the 1D, the optimum flow rate according to the Van 
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Deemter equation is higher than the flow rate which is compatible with the 2D column. 

That is why, to sample the 1D peaks with sufficient frequency, the flow rate of this column 

is usually minimized to values less than the optimum ones. In some applications, multiple 

columns have been serially coupled in the 1D to allow focusing and achieve efficient 

separation. Depending on the application, gradient or isocratic conditions can be applied 

in the 1D.  

1.4.1.1.2 The second dimension 

The speed of the analysis in the 2D is of a great importance. The flow rate of a 1D mobile 

phase and sampling frequency determine the analysis time in the 2D. To maintain the 

separation achieved in 1D, chromatographic peaks eluting from 1D should be sampled at 

least 2-3 times before being introduced to the 2D column for further analysis [91]. In order 

to introduce large fraction volumes (equal to the volume of effluent eluting from the 1D per 

sampling time) into the 2D column, a typical column used in the 2D is 4.6 mm internal 

diameter. These wide-bore 2D columns offer other advantages, such as minimization of 

the delay of gradient delivery due to dwell volumes of the system if they are operated at 

high flow rates. Nevertheless, high 2D flow rates result in large consumption of the 2D 

mobile phase, leading to dilution of the analytes and decreasing the sensitivity. That is 

why the dilution factor should always be considered in such cases [91, 94].  A compromise 

between the analysis time, peak capacity and dilution factor should be accomplished. As 

a rule, the internal diameter of the 2D column ought to be 4-8 times bigger than the internal 

diameter of the 1D column [91].   
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1.4.1.2 Selection of the stationary phase morphology 

Silica based fully porous particles are still the most popular stationary phases used in 

LC×LC separations. These particles are modified by changing the chemistry according to 

the requirements of the separation mode. Other kinds of columns used in certain 

applications include monolithic columns (silica based or organic), polymeric beads, and 

partially porous particles (core shell).  In the 2D separation, the stationary phases with 

higher permeability can achieve high peak capacity at a lower pressure drop in the short 

2D analysis time, which does not necessitate the use of an UHPLC instrument. For 

instance, longer monolithic columns have been used in the 2D and have offered some 

advantages in contrast to particle-packed ones which run at the same pressure, including 

the possibility of injecting fractions with larger volumes collected from the 1D, and quick 

2D separation with good resolution.  Another stationary phase type which allows achieving 

fast analysis in the 2D is fused core (porous shell particles) with 2.7 μm diameter or less. 

Compared to totally porous particles, fused core particles of the same diameter offer 

similar separation efficiency at a lower pressure drop. The one-dimensional peak capacity 

of the column is highly enhanced when gradient elution is adopted.   

The restricted 2D separation time is dependent on the 2D column hold-up time, tm. With 

conventional LC instruments, where the maximum instrumental pressure is 400 bars. the 

column length in the 2D is limited to avoid pressures that exceed this limit. Columns 

packed with particles < 2 μm provide a high number of theoretical plates which contributes 

to efficient performance and short analysis time at a cost of increased pressure. Recently, 

a UHPLC system with sub-2 μm columns have been adopted in both separation 

dimensions. UHPLC systems have offered some other advantages, including reduction 

of dispersion which leads to shorter dwell times and reduced extra column band 
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broadening [94].  The 2D column in LC×LC separation is prone to severe strain which is 

caused by rapid gradients which usually reach the column at higher temperature (more 

than 50 °C), and high flow rates in numerous injection cycles (with corresponding 

pressure pulses) in the analysis of each fraction. As a result, robustness of the 2D-LC 

system is considered a quintessential parameter with regard to the 2D column. 

1.4.2 Practical considerations 

There are other factors which significantly affect the 2D-LC separation performance, such 

as viscosity of the mobile phase at different mobile phase compositions and temperature. 

These two parameters should be taken into account during method optimization as they 

impact the optimization physically (efficiency) and chemically (selectivity). To design and 

develop an LC×LC system, the analyst should initially test the system efficiency. It is 

recommended to use a mixture of representative standards or a reference sample in the 

initial testing to avoid consumption of the original sample. In the 1D separation, a long 

column (15 cm) with an internal diameter of 1 or 2.1 mm and with 3–5 μm particles is 

typically used. The gradient should be shallow (60-200 min), and the flow rate of the 

mobile phase should be adjusted to 0.01–0.1 ml/min. To collect fractions, the sample loop  

volume ought to be 20 – 60 μL [6]. 

In the 2D separation, a 5 cm, sub-2 μm UHPLC column with an internal diameter of 

4.6 mm is an ideal column for initial testing if the run can be performed on a UHPLC 

instrument to accommodate the increase in pressure. This column can be run at high flow 

rate of 5 ml/min or more if the 2D mobile phase consumption is not a concern. Also, the 

sampling time should be adjusted to allow sufficient time in the 2D for analysis of the 

injected fraction and column re-equilibration before introducing the subsequent fraction 
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(typically 20-120 seconds). This initial setup usually provides an ideal LC×LC separation 

with high peak capacity if separation conditions and gradients are adjusted properly and 

if other parameters like temperature and mobile phases’ viscosities are considered [6].  

In some situations, running lower flow rates of mobile phases is mandatory in the 2D such 

as when coupling a 2D-LC system to the MS detector, coupling to detectors with low flow 

limits, or the sample availability is a big concern from the beginning. In these situations, 

5 cm UHPLC column with 2.1 mm internal diameter is recommended in the initial testing 

of the 2D-LC separation. This column can be operated at flow rates of 0.5 - 0.7 mL/min, 

so the analytes will not be as diluted as when 4.6 mm diameter columns are used. This 

setup offers advantages including reduction of the mobile phase consumption and higher 

sensitivity; however the peak capacity may suffer to some extent [95]. 

1.4.3 Modulator-loop size 

The size of the sampling loop is of great importance. It controls the volume of 1D effluent 

that should be stored in it before sending it to the 2D column. It also determines the 

injection volume into the 2D column, which should not be more than 15% of the dead 

volume of the column in order to avoid column overloading leading to injection band-

broadening  [96]. The appropriate volume of the sample loop can be determined using 

equation 1.1.  The storage volume is a product of the sampling time, ts and the 1D flow 

rate, F1. 

V = ts . F1 1.1 

 

When a fraction moves from the 1D column to the sample loop, a proportion of the fraction 

may be lost. The main cause of that is the parabolic flow profile inside an unperturbed, 



22 
 

laminar system. This happens when the mobile phase and the sample are pushed 

through narrow passages (column interstitial channels, connecting capillaries and 

sampling loops) driven by pressure applied by the pumps, which leads to friction near the 

walls. With this flow profile, the linear velocity in the middle of the tubing is double the 

average velocity. That is why, if the loop volume is equal to the exact volume of the 

fraction stored in it as calculated by equation 1.1, part of the fraction which moves 

predominantly along the central streamlines will be lost. As a result, the loop volume 

should be 30% larger than the fraction volume calculated by equation 1.1 to avoid loss of 

sample. In other words, the fractions eluting from 1D should fill about 65 % of the sample 

loop to avoid loss of analytes [97]. Nevertheless, this rule is not absolute, and overfilling 

of the sample loop is not detrimental when the analysis is qualitative rather than 

quantitative. What is the most important is the volume of the two loops attached to the 

valve. The volume should be exactly the same in order to maintain two similar flow paths 

[97]. 

1.5 Method optimization 

In order to design an LC×LC system, two individual 1D-LC separations should be selected 

carefully, as any 2D-LC system is a combination of two 1D-LC experiments. As a result, 

understanding the behavior of retention of analytes on the stationary phases is of a great 

importance.  

1.5.1 Isocratic vs. gradient elution 

The analytes in complex mixtures of natural products or biological samples are physically 

and chemically different. The retention behavior of the analytes and selectivity are 

impacted by chemical parameters during the run. If isocratic elution is adopted in 2D-LC 
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separation, the chemical parameters would be constant, and this may result in an 

unsatisfactory separation of analytes. For instance, in RPLC separations, if high % of 

organic modifier is used, weakly retained analytes are poorly resolved. However, if lower 

% of organic modifier is employed, strongly retained analytes would elute after a long time 

as very broad peaks which might not be detectable. In comparison to isocratic elution, 

gradient elution offers greater peak capacity, hence it should be employed in 2D-LC 

separations whenever possible [98]. Gradient elution is adjusted according to the 

separation mechanism. For instance, in RP-LC, the % of the organic modifier is gradually 

increased, while in ion exchange chromatography, the pH or the ionic strength is gradually 

changed. Also, the gradient can be modified and adjusted, e.g., to be a stepwise gradient 

or to be simple linear gradient.  

In LC×LC, gradient elution is universally used in both dimensions. In the initial testing of 

an LC×LC separation, a slow gradient that covers the entire mobile phase range is used 

in 1D, while a quick steep gradient that covers the entire mobile phase range is adopted 

for each individual fraction transferred to the 2D to ensure the elution of all analytes in 

each fraction before injection of next fraction to the 2D column. Programmed elution in the 

²D allows the elution of strongly retained analytes during the sampling time and helps 

prevent the wraparound phenomenon. On the other hand, there should be time allotted 

for reconditioning of the column at the initial mobile phase composition when programmed 

elution is adopted in the 2D. This reconditioning time has negative impact on the 

achievable 2D peak capacity because it has to be deducted from the time available for 

the 2D separation.  
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To conclude, programmed elution offers many advantages, including covering a wide 

range of retention times of compounds and similar peak widths for early and late eluting 

compounds, which results in higher peak capacity. However, there is a trade-off between 

the analysis time and the equilibration time.  

1.5.2 Types of ²D gradients  

1.5.2.1 Full gradient 

In full gradient, a broad range of mobile phase composition is used for each fraction and 

then repeated for each modulation period. In RPLC×RPLC for example, the gradient is 

started with a very low percent of organic modifier, which is then risen to a higher percent, 

then reduced again to the starting composition of the mobile phase to re-equilibrate the 

²D column prior to injection of the next fraction. As a steep gradient is used for each 

fraction, a high theoretical peak capacity can be achieved thanks to the narrow peaks 

obtained in the 2D. Nevertheless, using full gradient has important disadvantages. When 

the separation mechanisms in the two dimensions are correlated, compounds eluting 

from the 2D column are arranged in a diagonal line along the 2D separation space. For 

instance, in RPLC×RPLC separations, compounds which are weakly retained in 1D are 

also weakly retained in 2D, while compounds, which are strongly retained in 1D RP column 

are also strongly retained in the 2D RP column. This detrimentally impacts the 2D-LC 

system orthogonality because a large portion of the 2D plane is not occupied with 

compounds.  Figure 1-8 shows an example of LC×LC separation employing full gradient 

in 2D. 
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Figure 1-8: LC×LC separation of phenolic acids and flavones on a PEG column in the 1D and C18 
column in the 2D when full gradient was adopted in the 2D. Compound identification: 1- Gallic acid. 
2- Protocatechuic acid. 3- p-Hydroxy benzoic acid. 4- Salicylic acid. 5- Vanillic acid. 6- Syringic 
acid. 7- 4-Hydroxyphenylacetic acid. 8- Caffeic acid. 9- Sinapic acid. 10- p-Coumaric acid. 11- 
Ferulic acid. 12- Chlorogenic acid. 13- Epicatechin. 14- Catechin. 15- Flavone. 16- 7-
Hydroxyflavone. 17- Apigenine. 18- Lutheoline. 19- Quercetine. 20- Rutine. 21- Naringine. 22- 
Biochanin A. 23- Naringenine. 24- Hesperetine. 25- Hesperidine. 26- Morine. 27- 
Hydroxycoumarine. 28- Esculine. 28- Vanillic aldehyde. Reprinted from ref. [99] with permission. 

1.5.2.2 Segmented gradient  

This kind of gradient has been employed to avoid the alignment of compounds along a 

diagonal line which occurs when full gradient is used in the 2D and the separation 

mechanisms are similar in both dimensions.  In this case, the gradient is segmented in 

two (or more) different sections. The first section covers a narrower range of mobile phase 

composition suitable for compounds eluting early from 1D, while the next segment(s) has 

a gradient suitable for the late eluting compounds. Column re-equilibration is required for 

each fraction. This type of gradient offers advantages such as minimization of wrap-
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around phenomenon, improvement of bandwidth suppression effect and better coverage 

of the available separation space [99]. Figure 1-9 shows LC×LC separation employing 

segmented gradient in the 2D. The improved coverage of the separation space is clearly 

visible compared to Figure 1-8.  

 

Figure 1-9: LC×LC separation of phenolic acids and flavones on a PEG  column in the 1D and 
C18 column in the 2D when segmented gradient was adopted in the 2D. Compound identification 
as in Figure 1-8. Reprinted from ref. [99] with permission. 

 

1.5.2.3 Shift gradient 

This kind of gradient employs narrow ranges of mobile phase composition whose strength 

is gradually increased according to the retention of compounds eluting from 1D. Similarly 

to segmented gradient, this approach reduces wraparound, improves bandwidth 

suppression effects and further improves coverage of the separation space. Not only a 

single shift gradient, but multi-segmented shift gradients or multiple shifted gradients can 
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be applied throughout the 2D separation space using recent instruments. This type of ²D 

gradient is considered the most effective one in terms of orthogonality (fractional 

coverage) and peak capacity by many chromatographers. However, to run a shift 

gradient, a special instrument with complicated software is required, which is not available 

for everyone [100]. Figure 1-10 shows an example of LC×LC separation that employed 

shift gradient in the 2D. 

 

Figure 1-10: LC×LC analysis of herbal medicine on a Luna CN column in the 1D and C18 column 
in the 2D when shift gradient was adoptedin the 2D. Reprinted from ref. [100] with permission. 

 

1.5.2.4 Parallel gradients 

In this approach, a programmed gradient is used in the ²D that matches the 1D gradient 

according to retention of compounds. This kind of gradient can be applied when the same 

separation mechanisms are in used in both dimensions. For instance, in RPLC×RPLC, 
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the 1D gradient typically starts with low % of organic modifier and then the % increases 

gradually according to the retention of compounds. The parallel gradient can be linear or 

segmented, with one or more isocratic segments according to the elution characteristics 

of the compounds in ²D. This approach may lead to larger peak widths in the 2D [99]; this, 

however, is often counteracted by the improved orthogonality of the separation. Parallel 

gradient advantages include better utilization of the available separation space as the 

column re-equilibration is not required. Also, the approach can be implemented with 

conventional instruments without the need for a special software. Figure 1-11 shows 2D 

separation that employed parallel gradient in the 2D. 

 

Figure 1-11: LC×LC separation of phenolic acids and flavones on a PEG column in the 1D and 
C18 column in the 2D when parallel gradient was adopted in the 2D. Compound identification as 
in Figure 1-8. Reprinted from ref. [99] with permission. 
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1.6 Technical problems in LC×LC 

1.6.1 Delay volumes, valves, and column connections 

In LC×LC, the setup of the 1D and 2D columns, as well as of the switching valve, are 

sensitive and critical procedures which require attention. In order to reduce extra-column 

broadening of peaks, the volumes of column connections, capillaries, and the parts inside 

valve ports have to be minimized. The 1D effluent should be moved to the 2D in a reliable 

and quick fashion. Furthermore, in order to prevent problems with the identification or 

quantification of peaks, peak capacity and data processing, the separation of the sample 

analytes on 1D and 2D columns ought to be reproducible with regard to band widths and 

retention times. In some situations, the increased complexity of the system increases the 

delay volume in the 2D such as when parallel columns are used in the 2D [69]. 

1.6.2 Compatibility of mobile phases 

The mobile phase compatibility between the 1D and 2D is of a great importance in LC×LC. 

It is recommended that the elution strength of 1D mobile phase is lower  than that of the 

2D mobile phase to enhance focusing of compounds [101].  

1.6.2.1 Mobile phase immiscibility 

In some LC×LC systems, if the mobile phases used in the 1D are immiscible with the 

mobile phases used in the 2D, detrimental effects arise rendering the separation in ²D 

difficult or impossible without special strategies. For instance, in RPLC×NPLC or 

HILIC×NPLC combinations, the effluent from the 1D is an aqueous solution, whereas the 

2D mobile phase in is a non- or weakly polar organic solvent. As a result, the fractions 

with high water content are not miscible with the 2D mobile phase. Such solvent 
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incompatibility issues have also been reported in 1D-LC when the initial composition of 

the mobile phase was significantly different from the solvents in which the sample was 

dissolved in.  

Numerous research groups have studied this issue and tried to find solutions. One 

example was the LC×LC analysis of polymer samples by coupling NPLC×RPLC.  In this 

application, the effluent from the 1D column was a non-polar NP solvent like n-hexane, 

which is immiscible with the aqueous mobile phases used in the 2D. Consequently, signal 

interference occurred due to solvent immiscibility, and the data was corrected by 

subtracting the blank [45, 102]. In addition to this problem, other subtler mobile phase 

incompatibilities often arise, as described below. 

1.6.2.2 Viscous fingering effect 

When the two mobile phases in the 1D and 2D are very different in terms of viscosities, 

the less viscous solvent will penetrate or displace the more viscous solvent at the 

interface, causing flow instability. As a result, finger-shaped patterns which percolate 

through the porous particles that pack the 2D column led to what is called viscous fingering 

(VF) phenomenon. Notably, this phenomenon can detrimentally impact the separation 

performance and cause serious issues if there is a huge difference between the 

viscosities of the two mobile phases [103]. This phenomenon leads to splitting of peaks 

which elute in many bands and to peak distortion [104, 105].  

1.6.2.3 Breakthrough effect 

When there is a mismatch in the solvent strength between the 1D and 2D, problems may 

arise in many applications [106]. If the solvent strengths of the mobile phases differ 

significantly, peaks may be distorted or split. In some situations, if the fractions from 1D 
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are eluted in a solvent stronger than the 2D mobile phase they are injected to, the 

compounds will be weakly retained on the 2D stationary phase. For instance, in the 

coupling of fully organic SEC×RPLC, the 1D effluent with high organic solvent content is 

injected into the hydrophobic 2D reversed phase, which prevents the hydrophobic 

compounds’ retention on the 2D stationary phase. In this combination, at the injection 

plug, larger molecules migrate at a speed of the mobile phase. Before the plug, the 

compounds migrate slower as the eluent is weak, and ultimately they are captured by the 

strong solvent plug. However, at the back end of the plug, compounds diffuse in the 

weaker 2D mobile phase and are retained by the stationary phase. When the unretained 

peak elutes with the dead volume and another much smaller real peak elutes at the 

expected retention time, this phenomenon is called “breakthrough” [107]. The reverse 

coupling of RPLC×SEC may also result in problems due to adsorption effects after 

injection of aqueous RPLC effluent into the 2D [108].  

1.6.3 Detector incompatibility 

Detection incompatibility may be caused by the mobile phase of the 1D even after the 2D 

separation. For instance, if Evaporative Light-Scattering Detector (ELSD) or mass 

spectrometric detector (MS) is connected to the 2D-LC system and salts are used in the 

1D separation, the salt in the fractions from the 1D reaches the detector as a concentrated 

band and causes strong interference.  

1.6.4 Column degradation 

Column degradation in the 2D may be caused by the effluent from the 1D column. For 

example, when ion chromatography is coupled to reversed phase, the 1D mobile phase 

with sodium hydroxide may quickly degrade the 2D column stationary phase (silica-based 
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ODS columns) because silica may dissolve at high pH. That is why, it is not recommended 

to couple these two systems with the previously mentioned conditions to avoid column 

decomposition. Another cause of column degradation is the pressure pulses produced by 

the frequent switching of the valve at short sampling time. Consequently, the valve should 

be built in a way that decreases the pressure pulses and increases the 2D column lifetime 

[109].   

1.6.5 Detection and sensitivity 

Dilution of analytes detrimentally impacts the sensitivity and detectability of these 

compounds. In chromatographic separations, the analytes are usually diluted by the 

mobile phase. In LC×LC, the analytes are additionally diluted at the interface where the 

fractions are injected into the 2D column, and this leads to increased detection limits and 

loss of sensitivity. To minimize the effect of dilution in LC×LC, some interfaces offer 

concentration and focusing of analytes before re-injecting them into the 2D column. 

Nevertheless, selection of adequate focusing interface is not a straightforward process. 

Various interfaces with trapping capabilities have been used in many applications to focus 

the analytes before injecting them to the 2D.  

One of the simple options, to concentrate the analytes was to use reversed osmosis [87]. 

In this technique, the effluent from the 1D was pushed by applying high pressure through 

a semi-permeable membrane. Only the smallest molecules could cross the membrane, 

including those of the mobile phase. In terms of membrane stability, differential pressure 

is of a great importance in the two dimensions and should be considered.  
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Another concentrating procedure involved partially evaporating the 1D mobile phase from 

the collected fractions. As the volatility of mobile phases is usually higher than that of the 

sample components, the mobile phase can typically be evaporated from the 1D effluent. 

Nonetheless, loss of some analytes is a big concern which should be taken into account 

[69]. The third option involves the use of trapping loops which are packed with stationary 

phase or trap columns to trap the analytes rather than storing them in empty sample 

loops, as described in section 1.3.3. A small volume of the mobile phase is used to elute 

the compounds from the trap into the 2D column. There is always a trade-off between the 

trapping power and the speed of desorption of the trapped compounds, which leads to 

complicated method development.  

1.7 Modulation and switching interfaces in the past and present 

The modulating interface is considered the heart of any LC×LC system. As mentioned 

earlier, a 2-position 8- or 10-port valve attached to two similar sample loops, which 

“passively” samples the 1D effluent, is the most popular interface as shown before in 

Figure 1-4b. In this setup, the injection solvent of the 2D is the 1D effluent, and this might 

lead to incompatibility issues. As a result, the order in which the two separation 

mechanisms are coupled is of importance. It is universally accepted that to achieve the 

maximal orthogonality in 2D-LC analysis, two different separation mechanisms should be 

combined, which may lead to combining two incompatible solvent systems. To circumvent 

this problem, research efforts have been exerted to modify the modulation interface. 

Instead of “passively” collecting fractions of the 1D column, other actions may be taken 

such as adjusting the matrix of the 1D effluent before sending it to the 2D column to avoid 
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the probable incompatibility concerns. Some examples of these modifications to the 

modulation interface are mentioned in the next sections. 

1.7.1 Vacuum evaporation interface (VEI) 

Guan and co-workers designed this interface for coupling of NPLC and RPLC [50, 110] 

to minimize the impact of solvent incompatibility. For NPLC×RPLC separations, signal 

interference and peak dispersion mainly occurred due to the difference in viscosity 

between 1D and 2D mobile phases, and their immiscibility. In the VEI interface shown in 

Figure 1-12, the effluent from the 1D is introduced into a sampling loop heated to a high 

temperature and connected to a vacuum outlet. The solvents used in normal phase 

evaporated rapidly under vacuum at high temperature, while the non-volatile compounds 

in the effluent precipitated on the walls of the sampling loop. When the valve was switched 

to the other position, the mobile phase of the 2D passed through the sampling loop and 

re-dissolved the sample components deposited inside the loop to be introduced to the 2D 

column. The evaporation process occurred easily in this interface as the boiling point of 

1D mobile phase used in NPLC was relatively low. Nevertheless, not all analytes could 

be fully recovered. Volatile or semi-volatile analytes with low boiling points may have been 

accidentally lost under the evaporation conditions. The recovery of non-volatile analytes 

did not exceed 60% [69]. Recovery of sample components in this interface was also 

dependent on the rate of dissolution of these analytes inside the sample loop. 
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Figure 1-12: Vacuum evaporation interface (VEI). Reprinted from ref. [69] with permission. 

 

1.7.2 Vacuum evaporation assisted adsorption (VEAA) interface 

This interface was recently introduced to allow removal of NPLC solvents under vacuum 

conditions and at elevated temperature. It was employed in LC×LC analysis on 

preparative scale [111]. In this design, two 2-position 10-port switching valves (Valve A 

and valve C) were used under vacuum and at elevated temperature. Another 6-port valve 

was placed in the middle between these two valves, as shown in Figure 1-13. Valve A 

was equipped with two identical normal phase trap columns. Valve C was equipped with 

two identical reversed phase trap columns. The effluent from the 1D NP column was 

collected by the NP trapping column which was connected to vacuum. At higher 

temperature and under vacuum conditions, the sample components were adsorbed on 

the silica gel after evaporation of the normal phase eluent. After focusing of the analytes, 

valve A was switched to the other position and the analytes from the 1D effluent were 
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trapped on the other NP trap column attached to the same valve. Simultaneously, the 

analytes trapped on the first NP trap column were washed from the column with 

acetonitrile pumped from the pump connected to the middle valve (valve B). These 

analytes were then diluted with water and injected to the RP trap column connected to 

valve C under vacuum conditions. When valve C was switched to the other position, the 

analytes trapped on the RP trap column were washed to the preparative RP 2D column 

for further 2D analysis. Finally, by using a fraction collector, the effluent from the 

preparative RP column was collected after detection by a DAD detector. 

 

Figure 1-13: Vacuum evaporation assisted adsorption (VEAA) interface for NPLC×RPLC. 
Reprinted from ref. [111] with permission. 

1.7.3 Make-up flow (assistant flow) technique  

In this technique, after the 1D separation, a flow of a solvent with low elution strength is 

added to dilute the effluent from the 1D column. This dilution reduces the eluent strength 

of the fractions prior to sending them to the 2D column. As a result, the sample 

components are focused at the head of the 2D column and injection-related issues are 

reduced. The principle of makeup flow technique is shown in Figure 1-14. This technique 

has been adopted with direct transfer of fractions and also when sample loops are used 

to store fractions in some applications [37, 38, 112, 113] . In addition, in other applications, 

make-up flow strategy was employed with trap columns [71-73] to boost their trapping 
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efficiency. Other research findings introduced similar set-ups to make-up flow approach 

[114, 115].  

 

Figure 1-14: Make-up flow setup for 2D-LC system. Adapted from ref. [5] with permission. 

1.7.4 Fixed solvent modulator (FSM) 

This modulator was developed by Petersson et al. [44] to transfer the entire 1D effluent to 

the 2D.   As shown in Figure 1-15, no additional pump is required to dilute the fractions. 

This is because the 2D mobile phase flow is divided into two portions. One portion 

bypasses the modulator, while the other portion passes through the sample loop. After 

the modulator, a capillary tee is used to merge both flows again. The diluted fractions are 

then introduced into the 2D column. The main advantage of this modulator is dilution of 

fractions by the weaker 2D mobile phase without sample loss. The major disadvantage is 

shifting of the baseline during the analysis which leads to masking of smaller peaks of 

less abundant analytes. This issue results from the difference of time between the mobile 

phases that move in these two pathways, thus the ratio of the mobile phases after merging 

them again is changed. To mitigate this problem, Stoll et al. introduce what is called active 

solvent modulation (ASM) to avoid FSM related issues.  
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Figure 1-15: Fixed solvent modulator (FASM). Reprinted from ref. [116] with permission. 

 

1.7.5 Active solvent modulation (ASM) 

This modulator was developed by Stoll et al. who tried to solve the issues related to fixed 

solvent modulator (FSM). The main idea of this modulator was to be able to control the 

bypass portion of the 2D mobile phase during each sampling period by turning it on and 

off [117].  The valve used with this modulator has 8-ports and 4-positions, as shown in 

Figure 1-16. Positions A and C are functionally similar to the two positions of the 

conventional two position 8- or 10-port valve used in passive modulation, as shown earlier 

in Figure 1-4b. In the other switching positions (B and D), the flow from the 2D pump is 

divided into two portions, one of which is passed through the bypassing connection. This 

portion joins the flow of fractions exiting the sample loop to dilute them with the 2D eluent 

before sending them into the 2D column. With this modulator, the 2D eluent is only split at 

the stage of fraction transfer, unlike FSM where the 2D eluent is split continuously. This 

reduces the detrimental impact on the baseline in the 2D separation. 
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Figure 1-16: Active solvent modulation (ASM) in 2D-LC system. Reprinted from ref. [118] with 
permission.  

 

1.7.6 Stationary-Phase-Assisted Modulation (SPAM)  

This modulation technology is widely used to enhance focusing of analytes. It was first 

proposed by Vonk et al. [119], and is also known as focusing modulation [120]. It is a form 

of active modulation technology using two low volume trap columns instead of storage 

loops (as shown in Figure 1-17). These two identical trapping columns are packed with 

the same packing as the 2D column.  After the 1D separation, the effluent from the 1D 

column is sampled by the modulator and the sample components are trapped on the trap 

column while the 1D solvents are not trapped and exit the chromatographic system. When 

the valve switches to the other position, the 2D eluent washes the trapped compounds 

into the 2D column for further analysis. In some setups, the 1D effluent is diluted with a 

weaker solvent before passing through the trapping column to minimize its elution 
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strength and enhance trapping. A mixer can be optionally inserted after the dilution of the 

1D flow to ensure complete mixing of the 1D effluent and the diluent.  

The advantages of SPAM include minimization of the effect of solvent incompatibilities as 

most of 1D eluent is removed after trapping of sample component. As analytes are 

enriched on the trapping cartridges, SPAM enhances sensitivity of detection [121, 122]. 

In addition, the volume of 2D eluent used to wash the trapped analytes can be controlled 

to decrease the 2D injection volume, which permits the use of shorter columns in the 2D 

separation. Consequently, the separation time of 2D-LC can be shortened effectively 

without any efficiency loss [121]. Nevertheless, SPAM has some pitfalls. For one, the 

trapping efficiency of the two traps may not be exactly the same even if they have the 

same history. The robustness of the system may potentially be reduced by the trapping 

columns due to asymmetric performance of alternating modulations [123]. Another 

potential pitfall is the accidental loss of sample components due to insufficient retention 

in the traps during the modulation or due to incomplete recovery of the compounds after 

trapping. This usually happens when the diluent of the fractions cannot guarantee efficient 

trapping, or when sample components are significantly different in their chemical 

properties, and consequently their retention behavior on the traps. 
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Figure 1-17: Stationary-phase-assisted modulation (SPAM). Reprinted from ref. [118] with 
permission. 

 

1.7.7 Longitudinal on-column thermal modulation device 

This is a novel modulation technology which was proposed by Creese et al. in 2017 [124] 

(Figure 1-18). The longitudinal thermal modulator (LTM) consists of three parts: (i) a trap 

column of titanium tubing, (ii) LTM resistively heated sleeve, and (iii) a modified 

longitudinally modulated cryogenic system (LMCS) used to support the LTM sleeve. A 

brace was added to mechanically stabilize the trap in order to keep the alignment and 

allow free movement of the sleeve. Cold jets were employed to bring temperature down 

to trapping conditions between mobilization steps in the modulation process. The jets 

were purging cooled air continuously throughout the analysis.  The periodical movement 

of the sleeve from the inlet end to the outlet end of the modulation column achieves the 

modulation process efficiently. 

The thermal modulator has some advantages over the valve modulator, including 

minimization of pressure fluctuation. Also, with the thermal modulator, the mobile phase 

refractive index changed less, the baseline disturbance was decreased, and signal-to-

noise was enhanced by a factor of up to 14. In addition, 2D peaks were about 30-55% 

narrower than the peaks obtained with the “conventional” valve modulator. 
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Figure 1-18: Longitudinal thermal modulator. Reprinted from ref. [124] with permission.. 

 

1.7.8 Fractionized stacking and sampling (FSS) 

In 2013, this novel strategy was introduced to prevent distortion and broadening of peaks 

caused by excess solvents with high elution strength, which was a major drawback when 

sample preparation techniques were hyphenated with ultra-high performance liquid 

chromatography (UPLC). FSS was based on dividing a sample solution into portions by 

plugs of weak mobile phase, followed by head-column stacking process [125]. 

This modulation was recently applied in 2D-LC to fractionize the 1D effluent into segments 

before sampling and injection into the 2D column [126]. The 1D eluate is diluted with weak 

solvent plugs to avoid distortion and broadening of peaks caused by excessive co-eluates 

with high elution strength. In FSS, various dilution modes were adopted, including a time-

serial dilution method. This approach bypassed the pumping capacity problems because 

the dilution ratios can be adjusted at relatively low flow rates according to different dilution 

times. 
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1.7.9 Evaporative membrane modulation (EMM) 

This recent modulation technique was developed in 2018 (Figure 1-19) [127] to decrease 

the transfer volume between dimensions. In this modulator, an evaporation device 

containing a hydrophobic porous membrane of polytetrafluoroethylene is connected in-

line between the 1D separation column and the fraction collection valve. The membrane 

is sandwiched between a liquid and a gas channel and attached to both the inlet of a 

vacuum pump and an 8-port valve. Four infrared LEDs are used to heat and support the 

vacuum evaporation process. Fractions are collected in a loop whose outlet is connected 

to a flow meter. Since temperature-based flow meters are sensitive to solvent and solute 

composition in the stream, a water reservoir coil is placed at the inlet of the flow meter so 

that only water flows through the meter during measurement. When the valve is switched 

after collection, the loop contents are injected into the 2D separation column.  
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Figure 1-19: Online 2D-LC system with evaporative membrane modulation (EMM) (a) 
chromatogram before evaporation and (b) chromatogram after evaporation. Reprinted from ref. 
[127] with permission. 

It is worth mentioning that EMM is beneficial not only with chromatographic systems using 

incompatible solvents like NPLC×RPLC, but also with fully compatible RPLC×RPLC 

combinations [128]. EMM system was applied for the RPLC×RPLC analysis of a standard 

mixture of phenolic acids. In this application, the EMM system successfully reduced the 

2D-injection volume by a factor of 10 compared to the injection volume with conventional 

modulation, and this improved peak intensity. Other advantages of EMM include higher 
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peak capacity and better quantification capabilities when compared to conventional 

modulation. This is because 1D peaks are sampled 2-3 times with the conventional 

switching valve, but 3-4 times with the EMM. As a result, the 1D separation is better 

preserved. As the 1D solvent is evaporated and does not interfere with the 2D analysis, 

peak identification is enhanced.  Moreover, EMM system prevents contamination 

between fractions which usually occurs with in-loop evaporation approaches. In addition, 

it decreases the injection volume into the 2D which results in easier 2D method 

optimization and allows broader range of conditions. Nevertheless, this modulation has 

some pitfalls, including limited applicability and the efficiency which relies on solvent 

volatility. Another issue is irregular rate of evaporation which is detrimental for 2D 

sampling, but this could be circumvented by optimizing the heating conditions and flow 

rate. Finally, there is the possibility of pressure increase in 2D and baseline drifts due to 

precipitation of analytes before 2D analysis.  

1.7.10 Multivalve modulation  

A dual-valve modulator was developed by Taihyun's group to couple NPLC with RPLC 

for the analysis of block copolymers [129]. The 1D effluent from NP column was collected 

in the sample loop, as shown in Figure 1-20A. The collected fraction was rapidly sent to 

a trapping column by switching the valve six times in each modulation cycle. Thus, the 1D 

effluent collected in a modulation cycle was cut into six segments by the high water 

content mobile phase provided by an additional pump. This resulted in a sufficient solvent 

exchange and effective accumulation on the trapping column of the analytes from the 1D 

effluent. 
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In another work, Qiu's group developed a complex multi-valve modulator to couple NPLC 

with RPLC for the analysis of a traditional Chinese medicine (Figure 1-20B) [130]. Three 

parts, including NP separation and enrichment unit, NP-RP transition unit and RP 

enrichment and separation unit were involved in the three valve modulator. Two of these 

valves were 2-position 10-port valves, each equipped with NP and RP trapping columns, 

and the third one was a 2-position 6-port valve. One of the 2-position 10- port valves was 

connected to a vacuum system. The 1D NP effluent was collected on the NP trapping 

column located at valve A (Figure 1-20B). Meanwhile, the vacuum was connected to the 

outlet of the 1D to remove the residual non-polar mobile phase from the NP trapping 

column. After that, desorption of the captured analytes with hot ACN was done and then 

water was used to dilute the desorption solution, resulting in solvent exchange from NP 

to RP. Analytes dissolved in the aqueous solvent were transported to the RP trapping 

columns, where they were successfully trapped producing an enrichment of the 

transferred fraction.  
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Figure 1-20: Multi-valve modulation with assistant technology for 2D-LC systems. NP/RP system 
(A and B); IEX/RP system (C and D). Reprinted from ref. [116] with permission. 

 

The design of the dual enrichment unit and the solvent exchange unit allows large 

volumes to be transferred from the 1D to 2D. The high ratio of the effective transfer volume 

and the 2D flow rate results in high 2D detection sensitivity and the possibility of carrying 

out an independent optimization of the two dimensions. Apart from the combination of 

NPLC×RPLC, the solvent exchange is also necessary for 2D systems that combine 

IEX×RPLC, especially when a high salt content mobile phase is applied in the 1D 

separation. As shown in Figure 1-20C, a dual valve modulator was developed to couple 

IEX×RPLC [119]. Ji et al. [126] developed a multi-valve modulator for HILIC×RP 

combination with a two position 10-port valve and two sample loops attached to it, and a 

two position 6-port valve where the 2D pump was connected. The novelty of this 

configuration was the very fast switching of the 6-port valve during the 2D analysis. With 

this strategy, the 2D mobile phase passed to or bypassed the loops alternately. Thereby, 
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the stream containing the fraction collected from the loop was interrupted continuously by 

the plug of 2D mobile phase, creating “sandwich dilution”. 

1.7.11 At-Column Dilution Modulator (ACD) 

This modulator was recently developed to circumvent solvent incompatibility in 2D-LC 

systems that couple two orthogonal dimensions. An additional transfer pump was added 

to the traditional interface to transfer the fractions. As a result, the pump that should pump 

the 2D solvents was not flowing through the interface including the sample loop. Instead, 

a T-connector was inserted to combine the 2D pump flow and the transfer flow, and then 

a mixer was inserted to mix these two flows before sending them to the 2D column. When 

the valve switched, the transferred fraction in the transfer flow was diluted with the weak 

elution solvent from the 2D pump in the mixer, which ensured the at-column dilution, as 

illustrated in Figure 1-21. In comparison to the fixed solvent modulation and active solvent 

modulation, ACD modulator controls the flows in the 2D pump and transfer flow. Owing 

to this, accurate regulation of fractions’ dilution factor could be achieved [131].  
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Figure 1-21: 2D-LC interface with a conventional modulator and at-column dilution (ACD) 
modulator. Reprinted from ref. [131] with permission. 

1.7.12 Total breakthrough strategy 

This strategy was proposed for the analysis of peptides in 2020 [132] and for any 

protonated compound  in general [133]. It was concluded that the injection volume is 

critical and beyond this injection volume, peaks are symmetrical while if the volume of 

injection was less than the critical one, this would lead to peak distortions (breakthrough, 

peak splitting, fronting). Figure 1-22 shows the RPLC analysis of leucine encephalin when 

volume of injection increased. A HILIC×RPLC system was proposed for the analysis of 

tryptic digests of proteins based on breakthrough strategy without any need for additional 

devices [132]. Breakthrough strategy has enabled efficient separation without online 

dilution or splitting of the flow. It was also possible to use the same column diameter in 

the 1D and 2D, for instance a column with 2.1 mm internal diameter, and this made the 

2D-LC design more convenient.  Upon using this column in HILIC×RPLC system, large 

amounts of strong 1D eluent were injected to the RP column in the 2D.  
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For peptides, the critical injection volume depended on the kind of solvent injected and 

the retention. When injection volume was high enough, total breakthrough phenomenon 

impacted all peptides in the mixture, and this made efficient HILIC×RPLC separation 

possible. Peak capacity of 1500 was achieved in 30 minutes owing to the narrow, 

symmetric peak shapes obtained in the 2D [132]. It was concluded that breakthrough 

strategy performed better in terms of peak shape and capacity when compared to other 

conventional modulation approaches, including online dilution or flow splitting [134]. 

Nevertheless, because of the existence of breakthrough peaks for all components in the 

mixture, the sensitivity was lower than could be achieved with online solvent dilution. 

Figure 1-23 shows the 3D plots and contour plots of HILIC×RPLC analysis of a tryptic 

digest showing the variance between online dilution, flow splitting and the total 

breakthrough strategy. Breakthrough peaks were observed in all cases even though they 

were not anticipated with dilution and flow splitting. 
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Figure 1-22: Breakthrough phenomenon and the obtained peak shape after RPLC analysis of 
leucine encephalin when injection volumes increased. (a) 1.5% column dead volume (V0), (b) 
2.5% V0, (c) 5% V0, and (d) 10% V0. The breakthrough peak is indicated by an asterisk. Reprinted 
from ref. [128] with permission. 
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Figure 1-23: 3D-plots and contour plots of online HILIC×RPLC analysis of a tryptic digest showing 
the differences between (A) total breakthrough strategy, (B) flow splitting, and (C) online dilution. 
Adapted from [128] with permission. 

 

1.8 Separation modes of LC×LC and applications 

There are different separation modes for separation of mixtures by LC. The mode is 

determined by the type of interaction between the compounds in the mixture and the 

mobile/stationary phase. For instance, in NPLC, the separation is based on polar 

interaction, while in RPLC it is based on non-polar interaction. However, in HILIC, a fairly 

polar column is required like in NPLC, while the mobile phase is a blend of organic solvent 

and water like that in RPLC. Ion exchange chromatography (IEC) can be employed for 

separation of almost all charged molecules based on their electrostatic interactions. In 
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size exclusion chromatography (SEC), molecules are separated according to their sizes. 

Prior to designing a 2D-LC system, all information about the mixture should be acquired 

to select the best combination of separation modes, especially if different polar 

compounds are present in the mixture. 

RPLC is considered the most effective separation mode in liquid chromatography. Using 

RP in one dimension of a 2D-LC system has many advantages because of the wide 

applicability of reversed phase columns, their compatibility with mass detectors and fast 

equilibration [135]. For example, with C18 columns in the 2D of 2D-LC systems for the 

separation of complex samples, high efficiency and great resolution capabilities were 

achieved [136]. The separation modes are selected in 2D-LC analysis depending on the 

characteristics of sample components. For instance, for samples with charged molecules, 

IEC×RP is a practical combination to separate the sample components; this includes 

mixtures of peptides and proteins. For mixtures with large molecular weight natural or 

synthetic polymers, a SEC×RPLC system is the first option. For other complex samples 

that have uncharged compounds of equal sizes differing in in hydrophobicity and polarity, 

NPLC×RPLC combination is ideal for 2D-LC analysis. In some cases, RPLC×HILIC or 

HILIC×RPLC are possible options. A number of mode combinations have been 

introduced in hundreds of applications, such as RPLC×RPLC, RPLC×HILIC, 

HILIC×RPLC, NP×RPLC, IEC×RPLC, SEC×RPLC, etc. 

1.8.1 RPLC×RPLC   

RPLC×RPLC is regarded the most effective LC×LC system for the separation of mixtures 

containing small molecules with similar structures, polarities and molecular weights. It 

offers wide applicability and good mobile phase compatibility. Reversed phase columns 
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provide significant variation in selectivity, which have led to more effective RPLC×RPLC 

separations than other combinations [137].  

RPLC×RPLC has been employed in many applications. The following review covers 

applications published between 2010 and 2021. The applications which are related to 

Chinese herbal medicine, food safety issues and analysis of dangerous substances in 

food and food products are illustrated in Table 1-1. Some other applications in 

environmental analysis are illustrated in Table 1-2. Other applications in 

biopharmaceutical analysis are listed in Table 1-3. Applications in pharmaceutical 

analysis are summarized in Table 1-4. A variety of applications in proteomics, lipidomics, 

metabolomics, peptides and metabolites are illustrated in Table 1-5.  
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Table 1-1: 2D-LC applications employing RPLC in both dimensions in food, natural products and traditional Chinese medicine analysis. 

Sample 1D column 2D column Detection Ref. 
Polyphenols and pesticides in 

red wine 

Cyano (1 mm × 25 cm, 5 µm) C18 (4.6 mm × 5 cm, 2.7 µm) UV-VIS 

QqQ- MS 

[138] 

Aflatoxins in maize and other 

cereal-based baby food 

C18 (2.1 mm × 5 cm, 3 µm) Phenyl (2.1 mm × 5 cm, 3 µm) QqQ-MS [139] 

Analysis of pyrrolizidine 

alkaloids in roots and plants 

C18 (1 mm × 10 cm, 1.7 µm) C18 (2.1 mm × 5 cm, 1.8 µm) QTOF-MS [14] 

Determination of fluoxetine 

drug in colostrum and mature 

human milk 

C8 (2.1 mm × 3 cm, 10 µm) Phenyl-hexyl (2.1 mm × 10 cm, 

2.7 µm) (mature milk) 

C18 (2.1 mm × 10 cm, 2.7 µm) 

colostrum) 

QqQ-MS [140] 

Analysis of mutagen 3-6-

dinitrobenzo[e]pyrene in tea 

leaves 

Phenyl-hexyl (4.6 mm × 25 cm, 5 µm) PAH (4.6 mm × 25 cm, 5 µm) UV-Vis  

FLD 

[141] 

Analysis of mycotoxins in 

coffee, corn, red wine and 

beer. 

L-phenylalanine functional monomer 

derived (4.6 mm × 15 cm, monolithic) 

C18 (4.6 mm × 15 cm, 5 µm) FLD [142] 

Analysis of compounds that 

are responsible for bitter and 

sweet flavors in aniseed 

C4 (32 mm × 15 cm, 12 µm) Phenyl-hexyl (21.2 mm × 25 

cm, 5 µm) 

ELSD-DAD [143] 

Analysis of flavor enhancers 

in milk powder  

C4 (4.6 mm × 10 cm, 5 µm) C18 (4.6 mm × 15 cm, 5 µm) DAD [144] 
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Detection of carbohydrates 

as flavor enhancers in milk 

powder  

C4 (4.6 mm × 10 cm, 5 µm) Carbohydrate analysis column 

(4.6 mm × 25 cm, 5 µm) 

RI [145] 

Analysis of triacylglycerols in 

edible oils 

Phenyl-hexyl (4.6 mm × 25 cm, 5 µm) Phenyl-hexyl (4.6 mm × 25 cm, 

5 µm) 

QTrap-MS [146] 

Analysis of metabolites in 

mushroom 

Cyano (4.6 mm × 15 cm, 5 µm) C18 (4.6 mm × 15 cm, 5 µm) DAD-QTrap-

MS 

[147] 

Identification of burnt flavor- 

responsible compound in 

soybean sauce 

C18 (10 mm × 25 cm, 5 µm) Phenyl (10 mm × 25 cm, 5 µm) UV-VIS [148] 

Analysis of bitter peptides in 

whey protein hydrolysate 

C18 (21.2 mm × 25 cm, 5 µm) C18 (21.2 mm × 25 cm, 2.5 

µm) 

UV-VIS [149] 

Detection of food additives in 

yogurt 

C4 (4.6 mm × 10 cm, 5 µm) C18 (4.6 mm × 15 cm, 5 µm) DAD [150] 

Analysis of additives and 

proteins in dairy products 

C4 (4.6 mm × 10 cm, 5 µm) C18 (4.6 mm × 15 cm, 5 µm) DAD [151] 

Sample profiling of Pueraria 

thomsonii and Pueraria 

lobate roots 

C18 (2.1 mm × 10 cm, 1.7 μm) Phenyl-Hexyl (3.0 mm × 5 cm, 

2.7 μm) 

DAD and MS [152] 

Analysis of 280 compounds 

in Chinese medicine formula 

C18 (2.1 mm × 10 cm, 1.7 μm) Phenyl-Hexyl (3.0 mm × 5 cm, 

2.7 μm) 

UV-MS [153] 

Analysis of phenolic acids, 

flavonoids, saponins and 

lignin in Chinese medicine 

C8 (2.1 mm × 10 cm, 3.5 μm) C18 (4.6 mm × 5 cm, 1.8 μm) UV-MS [154] 
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Analysis of Curcuma 

kwangsiensis 

PTAS (2.1 mm × 15 cm, 5 µm) C18 (3.0 mm × 5 cm, 1.7 µm) DAD and MS [155] 

Profiling of Glycyrrhiza glabra 

extract 

Cyano (1.0 mm × 15 cm, 2.7 μm) C18 (2.1 mm × 5 cm, 2.7 μm) DAD and MS [156] 

Chemical profiling of pellet 

extracts and hop cones 

C18 (1.0 mm × 15 cm, 5.0 μm) C18 (3.0 mm × 5 cm, 1.7 μm) DAD and MS [157] 

Furanocoumarins in 

apiaceous vegetables 

PFP (2.1 mm × 10 cm, 2.7 μm) C18 (3.0 mm × 5 cm, 1.8 μm) DAD [158] 

Phenolic compounds in red 

raspberry shoots 

C18 (3.0 mm × 15 cm, 3 μm) PFP (4.6 mm × 10 cm, 2.6 μm) DAD and MS [159] 

Analysis of citrus juice 

flavones 

PEG (2.1 mm × 25 cm, 5 μm) C18 (4.6 mm × 5 cm; 2.7 μm) DAD and MS [160] 

Quantification of phenolic 

acids in Lamiaceae herbs 

C18 (2.1 mm × 15 cm, 3 μm) Cyano (4.6 mm × 7.5 cm, 

3 μm) 

 

MS [161] 

Analysis of phenolic and 

flavone natural antioxidants 

PEG (2.1 mm × 15 cm, 5 µm) C18 (4.0 mm × 3 cm, 3 µm) 

fully porous column 

C18 (4.6 mm × 5 cm) 

monolithic column 

C18 (3.0 mm × 3 cm, 2.7 µm) 

superficially porous column. 

UV-MS [162] 

Analysis of café espresso CN (4.6 mm × 15 cm, 5 μm) C18 (4.6 mm × 15 cm, 5 μm) UV 

Chemilumine

scence 

[163] 
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Analysis of leaves of Ginkgo 

biloba 

Luna CN (2.0 mm × 15 cm, 3.0 μm) C18 (3.0 mm × 5 cm, 2.6 μm) IM-qTOF [164] 

Flavonoids Brownlee Choice C18 (2.1 mm × 

5 cm, 5 μm) 

Xbridge Shield C18 (2.1 mm × 

5 cm, 5 μm) 

UV-VIS [165] 

Analysis of flavone and 

phenolic antioxidants 

Zorbax Eclipse Plus C18 (2.1 mm × 

5 cm, 1.8 μm) 

Chromolith Performance NH2 

(4.6 mm × 1 cm) in reverse-

phase mode 

UV-VIS [127] 

Bioactives in plant extract C4 (20 mm × 20 cm, 10 μm) C18 (10 mm × 25 cm, 5 μm) 

C18 (10 mm × 15 cm, 5 μm) 

ELSD [166] 

Synthetic cannabinoids Poroshell 120 Bonus-RP (2.1 mm × 

15 cm, 2.7 μm) 

Ascentis Express biphenyl 

(2.1 mm × 10 cm, 2.7 μm) 

MS [167] 

Analysis of Ochratoxin A and 

aflatoxin B1, B2, G1, G2 in a 

smokeless tobacco product 

Hypersil GOLD C18 (0.5 mm × 10 cm, 

3 μm) 

ACQUITY UHPLC PFP (2.1 

mm × 10 cm, 1.7 μm) 

MS [168] 

Separation of effective 

compounds from Oxytropis 

falcata 

ODS C18 preparative column (20 mm 

× 25 cm, 10 μm). 

XAqua C18 prep column (20 

mm × 25 cm, 10 μm) 

UV-VIS [169] 

Separation of diterpenoids 

and phenolic in Danshen 

(Salvia miltiorrhiza) 

Hypersil gold CN (1.0 mm × 15 cm, 

3 μm) 

Accucore C18 (4.6 mm × 5 cm, 

2.6 μm) 

MS [170] 

Separation of different 

estrogens, ginsenosides, 

alkaloids and peptides in 

PTAS (phenyl/tetrazole sulfoether 

bonded stationary phase (4.6 mm × 

15 cm, 5 μm) 

XBridge C18 (4.6 mm × 15 cm, 

5 μm) 

XCharge C18 (4.6 mm × 15 

cm, 5 μm) 

Q-TOF-MS [171] 
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corydalis tuber and curcuma 

zedoary extracts 

Separation of triterpenoid 

saponins in Gleditsia sinensis 

Zorbax Eclipse plus C18 (2.1 mm × 

15 cm, 1.8 µm) 

Poroshell 120 phenyl-hexyl 

(3.0 mm × 5 cm, 2.7 µm) 

MS [172] 

Separation of carbohydrates 

from lignocellulosic biomass 

Hypercarb column (1.0 mm × 10 cm, 

5 µm) 

Eclipse Plus C18 (2.1 mm × 5 

cm, 1.8 µm) 

MS [173] 

Separation of water and fat-

soluble vitamins. 

Zorbax SB-C18 (2.1 mm × 

10 cm,1.8 µm) 

Zorbax SB-C18 (2.1 mm × 5 

cm, 1.8 µm) 

DAD [174] 

Analysis of cynaroside and 

chlorogenic acid in Lonicerae 

Japonica flos 

Zorbax RRHD Eclipse Plus C18 

(2.1 mm × 10 cm,1.8 µm) 

Zorbax RRHD SB-Phenyl 

(3.0 mm × 5 cm, 1.8 µm) 

DAD [175] 

Analysis of polyphenolic 

compounds of Pistacia vera 

extracts 

Ascentis Express Cyano (ES-CN) 

(1.0 × 10 cm, 2.7 μm) 

Ascentis Express C18 column 

(2.1 mm × 5 cm, 2.7 μm). 

UV 

MS 

[176] 

Analysis of alkaloids in 

Gelsemium elegans Benth 

XCharge C18 column (2.1 mm × 

15 cm, 3 μm) 

BEH Shield C18 column (3 mm 

× 5 cm, 1.7 μm) 

DAD 

MS 

[177] 

Analysis of metabolite 

content of Brassica juncea 

cultivars 

Ascentis ES-Cyano (1.0 mm × 25 cm, 

5 μm) 

Ascentis Express RP-Amide 

(4.6 mm × 5 cm, 2.7 μm) 

PDA 

MS 

[178] 

Analysis of coumarin 

compounds in radix 

angelicae dahuricae 

Lichrospher C18 (10 mm × 10 cm, 

5 µm) 

ODS-C18 (10 mm × 25 cm, 

5 µm) 

DAD  

MS 

[179] 

Pyranocoumarins in 

Peucedani Radix 

Capcell core RP-C18 (2.1 mm × 

15 cm, 2.7 μm) 

Chiralpak AD-RH (4.6 mm × 

15 cm, 5.0 μm) 

MS/MS [180] 
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Analysis of iridoid glycosides 

and flavonoids in Hedyotis 

diffusa 

Luna CN (2.0 mm × 15 cm, 3.0 μm) Kinetex C18 (3.0 mm × 5 cm, 

2.6 μm) 

DAD 

MS 

[181] 

Extract of Rheum hotaoense. Cosmosil ODS gel (22 mm × 30 cm, 

75 μm) 

Cosmosil ODS-PAQ (20 mm × 

25 cm, 5 μm) 

MS [75] 

Screening of antioxidants in 

Ginkgo biloba extract 

C18 (2.1 mm × 15 cm, 5 μm) Phenyl HD (3.0 mm × 5 cm, 

3 μm) 

UV 

MS 

[182] 

Analysis of triterpenoid 

saponins and phenolic 

compounds in licorice. 

Acquity CSH C18 (2.1 mm × 10 cm, 

1.7 μm) 

Poroshell Phenyl-Hexyl (3.0 

mm × 5 cm, 2.7 μm) 

UV 

MS 

[183] 

Analysis of Hedyotis diffusa 

(Chinese herbal medicine) 

Luna CN (2.0 mm × 15 cm, 3.0 μm) Kinetex C18 (3.0 mm × 5 cm, 

2.6 μm) 

UV [41] 

Analysis of Angelicae 

sinensis (Chinese herbal 

medicine) 

CN (2.0 mm × 25 cm, 3 µm); CN 

(2.0 mm × 15 cm, 3 µm); PFP 

(2.1 mm × 15 cm, 1.7 µm) 

C18 (3.0 mm × 5 cm, 2.6 µm) UV 

MS 

[184] 

Analysis of Dracaena 

cochinchinensis 

Ultimate XB-CN (4.6 mm × 25 cm, 

5 μm) 

Ultimate XB-C18 (4.6 mm × 

25 cm, 5 μm) 

UV [185] 

Phenolic acid and flavonoids 

(8 setups) 

BIGDMA-MEDSA (RP) (0.53 mm × 

20 cm).  

BIGDMA-MEDSA (RP) (0.53 mm × 

20 cm) 

BIGDMA-MEDSA (RP) (0.53 mm × 

20 cm) 

Chromolith Flash (RP) (4.6 mm 

× 2.5 cm) 

Chromolith Fast Gradient (RP) 

(3.0 mm × 5 cm) 

Chromolith High Resolution 

(RP) (4.6 mm × 5 cm) 

DAD [186] 
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BIGDMA-MEDSA (RP) (0.53 mm × 

16 cm) 

BIGDMA-MEDSA (RP) (0.53 mm × 

20 cm) 

BIGDMA-MEDSA (RP) (0.53 mm × 

20 cm) 

BIGDMA-MEDSA (RP) (0.53 mm × 

20 cm) 

BIGDMA-MEDSA (RP) (0.53 mm × 

20 cm) 

Kinetex XB C18 (3.0 mm × 5 

cm, 2.6 μm) 

Chromolith Flash (RP) (4.6 mm 

× 2.5 cm) 

Chromolith Fast Gradient (RP) 

(3.0 mm × 5 cm) 

Chromolith High Resolution 

(RP) (4.6 mm × 5 cm) 

Kinetex XB-C18 (RP) ((3.0 mm 

× 3 cm) 

Fructus schisandrae 

chinensis components 

β-CD (4.6 mm × 15 cm, 5 μm) ACQUITY UHPLCTMBEH 

(2.1 mm × 10 cm, 1.7 μm) 

UV [187] 

Analysis of components of 

Lycium barbarum leaves 

C18 (30 mm × 25 cm, 10 μm) XAqua C18 (20 mm × 25 cm, 

10 μm) 

UV-MS [188] 

Phenolic acids Zorbax Eclipse Plus C18 (2.1 mm × 

5 cm, 1.8 μm) 

Chromolith Performance NH2 

(4.6 mm × 1 cm) in RP mode. 

UV [127] 

Analysis of β2-adrenoceptor 

agonists in Curcuma 

Zedoaria 

C18 (50 mm × 26.5 cm, 7 μm) XCharge C18 (4.6 mm × 25 

cm, 7 μm) 

UV [189] 

Separation of traditional 

Chinese medicine (Uncaria 

rhynchophylla) 

C8-SAX (4.6 mm × 15 cm, 5 μm) C8-SAX (4.6 mm × 15 cm, 5 

μm) 

UV [190] 

Polar compounds from Radix 

isatidis 

XTerra MS C18 (50 mm × 15 cm, 

5 μm) 

XAqua C18 (10 mm × 15 cm, 

5 μm) 

UV-MS [191] 
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Mycotoxins in beer Biobasic C8 (2.1 mm × 15 cm, 

2.6 μm) 

Kinetex Biphenyl (2.1 mm × 5 

cm, 2.6 µm) 

MS [192] 

Identification of flavonoids Click CD (4.6 mm × 15 cm, 5 μm) Click OEG (4.6 mm × 15 cm, 

5 μm) 

XTerra MS C18 (2.1 mm × 15 

cm, 5 μm) 

UV-MS [193] 

Compounds from the stem of 

Lonicera japonica Thunb 

XAqua C3 (10 mm × 26 cm, 15 μm) XAqua C18 (20 mm × 25 cm, 

10 μm) 

UV [194] 

Analysis of scorpion Buthus 

martensi Karsch venom 

Click OEG (4.6 mm × 15 cm, 5 μm) Sunfire C18 (4.6 mm × 15 cm, 

5 μm) 

UV-MS [195] 

Analysis of antioxidative 

extracts and phenols from 

Saxifraga tangutica Engl. 

RP-C3 (100 mm × 25 cm, 10 μm) XAqua RP-C18 (20 mm × 25 

cm, 10 μm) 

UV-MS [196] 

Polyphenolic compounds in 

pomegranate samples 

CN (1.0 mm × 15 cm, 2.7 μm) Ascentis Express C18 (2.1 mm 

× 5 cm, 2.0 μm) 

PDA 

MS 

[197] 

Analysis of fenugreek seeds  Nucleodur Sphinx (1 mm × 10 cm, 

5 μm) 

Discovery HS RP-18 (2.1 mm 

× 7.5 cm, 3 μm) 

UV-MS [198] 
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Table 1-2: 2D-LC applications employing RPLC in both dimensions in environmental analysis. 

Sample 1D column 2D column Detection Ref. 

Sewage treatment plant 
effluents 

C18 (2.1 mm × 15 cm, 1.8 μm) Phenyl Hexyl (4.6 mm × 5 cm, 
2.7 μm) 
PFP (4.6 mm × 5 cm, 2.6 μm) 

UV-MS [199] 

Drug metabolites, pesticides, 
flame retardants and 
plasticizers in laundry dryer 
lint and household dust. 

C18 (2.1 mm × 15 cm, 1.8 μm) Pentafluorophenyl (PFP) 
(4.6 mm × 5 cm, 2.6 μm) 

TOF-MS [200] 

Analysis of contaminants in 
wastewater 

Hypercarb (0.1 mm × 5 cm, 5 μm) C18 (0.3 mm × 5 cm, 2.6 μm) MS [201] 

Analysis of contaminants in 
wastewater 

Hypercarb (0.1 mm × 5 cm, 5 μm) C18 (0.3 mm × 5 cm, 2.6 μm) MS [202] 

Screening of 
acetylcholinesterase 
inhibitors in wastewater 

C18 (2.1 mm × 15 cm, 1.8 μm) PFP (4.6 mm × 5 cm, 2.6 μm)  MS, UV−Vis [203] 

Emerging contaminants Hypersil GOLD PFP (0.075 mm × 15 
cm, 5 μm)  
Bio Basic CN (0.075 mm × 10 cm, 
5 μm)  
Hypercarb PGC (0.1 mm × 5 cm, 
5 μm)  

RP-AQUA C28 (0.3 mm × 
5 cm, 2.6 μm) 

MS [204] 

Polycyclic aromatics POLAR-RP (2.0 mm × 10 cm, 4 μm) RP-Amide (2.1 mm × 3 cm, 2.7 
μm) 

UV-VIS [205] 

Profiling of maltenes in heavy 
oil 

Cyanopropyl (2.1 mm × 10 cm, 
3.5 μm) 

Zorbax C18 (3.0 mm × 5 cm, 
1.8 μm) 

DAD 
CAD 

[206] 
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Pentafluorophenyl (3.0 mm × 10 cm, 
2.6 μm) 
Biphenyl column (3.0 mm × 10 cm, 
2.6 μm) 

Separation of complex 
industrial samples 

Six Phenomenex F5 (2.1 mm × 15 
cm, 2.6 µm) coupled columns. 

Zorbax PAH polymeric C18 
(3.0 mm × 5 cm, 1.8 µm totally 
porous particle) 

MS [207] 

Analysis of vacuum gas oil Cortecs UHPLC C18 (2.1 mm × 3 cm; 
1.6 μm) 

Acquity HSS PFP (2.1 mm × 
10 cm; 1.8 μm) 

PDA [121] 

Analysis of water extract from 
Flos Carthami 

Cosmosil PAQ C18 (4.6 mm × 25 cm, 
5 μm) 

Kinetex XB-C18 (4.6 mm × 
5 cm, 5 μm) 

DAD [76] 

https://www.sciencedirect.com/topics/chemistry/biphenyl
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Table 1-3: 2D-LC applications employing RPLC in both dimensions in biopharmaceutical analysis 

Sample 1D column 2D column Detection Ref. 
Profiling of antibody drug 

conjugates 

Poroshell 120 SB-Aqueous (3.0 mm × 

15 cm × 2.7 μm) 

C18 (3.0 mm × 5 cm, 2.5 μm) UV-VIS [208] 

Pharmaceuticals and 

biomarkers in wastewater 

C18 (3.0 mm × 5 cm, 1.7 µm) Synergi Max-RP column (3.0 

mm × 15 cm, 4µm) 

ESI-MS/MS [209] 

Analysis of the lysine 

conjugated antibody-drug 

conjugate  

ZORBAX Bonus-RP (2.1 mm × 15 cm, 

3.5 μm) 

ZORBAX Eclipse Plus C18 

(4.6 mm × 5 cm, 3.5 μm) 

MS, UV-Vis [210] 

Quantification of glaucoma 

biomarkers in human serum 

ZORBAX SB-C18 Rapid resolution 

HD (2.1 mm × 10 cm 1.8 μm) 

Peptide XB-C18 (2.1 mm × 10 

cm 1.7 μm) 

MS/MS [211] 

Analysis of impurities 

in leucomycin 

ZORBAX SB-C18 (4.6 mm × 15 cm, 

3.5 μm) 

GISS C18 (2.1 mm × 5 cm, 

1.9 μm) 

DAD 

MS/MS 

[212] 

Determination of impurities in 

biopharmaceuticals 

Poroshell HPH C18 (2.1 mm × 15 cm, 

2.7 μm 

Poroshell HPH C18 (2.1 mm × 

5 cm, 2.7 μm 

DAD [44] 

Sulphonamides, β-agonists 

and steroidal hormones in 

animal urine 

Cyano (1.0 mm × 15 cm, 1.8 μm) 

C18 (1.0 mm × 15 cm, 1.8 μm) 

Phenyl (1.0 mm × 15 cm, 1.8 μm) 

C18 (1.0 mm × 15 cm, 2.6 μm) 

Phenyl (2.1 mm × 5 cm, 1.7 

μm) 

DAD and MS [213] 

Separation of bovine insulin Poroshell HPH C18 (2.1 mm × 15 cm, 

2.7 μm) 

Poroshell HPH C18 (2.1 mm × 

5 cm, 2.7 μm) 

DAD [117] 
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Levetiracetam in human 

plasma 

C18 (4.6 mm × 15 cm, 3 μm) PFPP (4.6 mm × 15 cm, 5 

μm). 

UV [214] 

Peptide biomarkers in rat 

urine 

Xbridge C18 (4.6 mm × 25 cm, 3 μm) C18 self-packed capillary LC 

column (75 μm ×10 cm). 

MS [215] 

Neurotransmitters in blood 

and brain of rats and pigs 

SNCB column (4.6 mm × 5 cm, 5 μm) SBR3 column (4.6 mm × 20 

cm, 5 μm) 

UV  [216] 

Valproic acid in human 

serum 

Diamonsil C18 (4.6 mm × 2.5 cm, 

5μm) 

C18 column (4.6 mm × 10 cm, 

5 μm) 

UV [217] 

BVT2938, Tolterodine, 

Amperozide & metabolites in 

biological samples 

Amide RP column (2.1 mm × 15 cm, 

5 μm) 

PFPP column (2.1 mm × 10 

cm mm, 3 μm) 

MS [70] 
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Table 1-4: 2D-LC applications employing RPLC in both dimensions in pharmaceutical analysis 

Sample 1D column 2D column Detection Ref. 
Separation of unknown 

impurities in cefonicid sodium 

(antibiotic)  

Alltima C18 (4.6 mm × 25 cm, 5 μm) Shimadzu C18 (2.1 mm × 5 

cm, 1.9 μm) 

MS [218] 

Profiling of polymerized 

impurities in mezlocillin 

sodium (β-lactam antibiotic) 

Kromasil C18 (4.6 mm × 25 cm, 5 μm) Shimadzu C18 (2.1 mm × 5 

cm, 1.9 μm) 

MS [219] 

Analysis of impurities in 

josamycin antibiotic. 

ZORBAX SB-C18 analytical column 

(4.6 mm × 15 cm, 3.5 μm). 

Shimadzu C18 (2.1 mm × 5 

cm, 1.9 μm) 

MS [220] 

Separation of impurities in 

erythromycin azithromycin. 

Xbridge RP18 (4.6 mm × 25 cm, 

5 μm) 

Shimadzu C18 (2.1 mm × 5 

cm, 1.9 μm) 

MS [221] 

Profiling impurities in 

cephapirin sodium antibiotic. 

C18 (4.6 mm × 25 cm, 5 μm) Shimadzu C18 (2.1 mm × 5 

cm, 1.9 μm) 

DAD 

MS 

[222] 

Separation of impurities in 

cefpirome sulfate antibiotic. 

Kromasil C18 (4.6 mm × 25 cm, 5 μm Shimadzu C18 (2.1 mm × 5 

cm, 1.9 μm; 

MS [223] 

Separation of cefsulodin and 

its impurities.  

Kromasil (4.6 mm × 25 cm, 5 μm). Shimadzu C18 (2.1 mm × 5 

cm, 1.9 μm). 

MS [224] 

Separation of unknown 

impurities in rutin tablets 

Thermo Acclaim 120™ C18 (4.6 mm × 

25 cm, 5 μm) 

Shimadzu C18 (2.1 mm × 5 

cm, 1.9 μm) 

MS [225] 

Separation of impurities and 

isomers in cefpiramide 

antibiotic 

Kromasil C8 (4.6 mm × 25 cm, 5 μm). Shimadzu C18 (2.1 mm × 5 

cm, 1.9 μm) 

MS [226] 
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Characterization of two 

unknown impurities in 

roxithromycin 

Xbridge C18 (4.6 mm × 15 cm, 

3.5 μm) 

Shimadzu C18 (2.1 mm × 5 

cm, 1.9 μm). 

MS [227] 

Determination of desonide 

cream impurities  

Kinetex C8 (4.6 mm × 15 cm, 2.6 μm) Shimadzu Shim-pack GISS 

C18 analytical column (2.1 mm 

× 5 cm, 1.9 μm) 

MS [228] 

Profiling impurities during 

drug development 

Xselect HSS PFP (2.1 mm × 5 cm, 3.5 

μm) 

Xbridge BEH C18 (2.1 mm × 5 cm, 5 

μm) 

Acquity BEH Phenyl (2.1 mm × 5 cm, 

1.7 μm) 

 

Acquity CSH C18 (2.1 mm × 

3 cm, 1.7 μm) 

 

UV 

MS 

[229] 

Quality control testing of 

pharmaceutical materials 

Eclipse XDB-C18 (4.6 mm × 15 cm, 

3.5 μm) 

Xselect CSH Phenyl-hexyl 

(4.6 mm × 15 cm, 3.5 μm) 

UV  [39] 

Analysis of pharmaceutical 

effluents (wastewater 

treatment in a pharmaceutical 

plant) 

Acquity CSH PFP (2.1 mm × 5 cm, 

1.7 µm) 

Acquity CSH-C18 (2.1 mm × 

3 cm, 1.7 µm) 

MS [230] 

Screening of pharmaceuticals 

in multicomponent reaction 

mixtures 

XBridge BEH C18 (3.0 mm × 5 cm, 

2.5 µm) 

Supelco Ascentis Express C18-PCP 

(4.6 mm × 10 cm, 2.7 µm) 

Waters Atlantis T3 (4.6 mm × 

15 cm, 3 µm) 

SIELC Primesep D (4.6 mm × 

15 cm, 5 µm) 

DAD 

MS 

[231] 
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FluoroSep-RP phenyl (4.6 mm 

× 15 cm, 3 µm) 

Quantitative analysis of 

pharmaceuticals. 

Xselect HSS PFP (2.1 mm × 5 cm, 

3.5 µm) 

Xbridge BEH C18 (2.1 mm × 5 cm, 

5 µm) 

Acquity BEH Phenyl (2.1 mm × 5 cm, 

1.7 µm) 

Acquity CSH C18 column 

(2.1 mm × 3 cm; 1.7 µm) 

DAD 

MS 

[232] 

Identification of degradation 

impurities of polyethylene 

glycol (PEG) formulation in 

medical devices. 

Zorbax Eclipse XDB-C18, (4.6 mm × 

15 cm, 5 μm) 

Poroshell EC-120 C18, (3.0 

mm × 15 cm, 2.7 μm) 

UV 

MS 

[233] 

Vancomycin in human 

plasma 

Diamonsil C18 (4.6 mm × 10 cm, 

5 μm) 

Inertsil ODS-3 column (4.6 mm 

× 15 cm, 5 μm) 

UV-VIS [234] 

Analysis of tripterygium 

glycosides tablets 

Agilent Polaris 3 C8-ether (3.0 mm × 

10 cm, 3 μm) 

Agilent Poroshell 120 SBC18 

(3.0 mm × 5 cm, 2.7 μm) 

UV-MS [235] 

Analysis of ramelteon in 

human serum 

Eclipse Plus C18 (2.1 mm × 5 cm, 5 

μm) 

Restek Ultra pentafluorophenyl 

propyl (PFPP) (4.6 mm × 15 

cm, 5 μ) 

UV [65] 

Vancomycin in human 

plasma 

ASTON C18 (4.6 mm × 10 cm, 5 μm) ACR C18 (4.6 mm × 25 cm, 

5 μm) 

UV [72] 

Determination of impurities in 

pharmaceutical batches. 

CAPCELL PAK ACR C18 (10 mm × 

25 cm, 5 µm) 

CAPCELL PAK MG-II (3.0 mm 

× 15 cm, 5 µm) 

DAD [71] 
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Impurities in pharmaceutical 

compounds 

Waters XTerra RP18 (4.6 mm × 

15 cm, 3.5 μm) 

Waters Symmetry C18 (4.6 

mm × 15 cm, 3.5 μm) 

UV [35] 

Impurities in pharmaceutical 

compounds  

Eclipse Plus C18 (2.1 mm × 15 cm, 

1.8 μm) 

Eclipse Plus Phenyl-Hexyl 

(3.0 mm × 5 cm, 1.8 μm) 

UV [34] 

Impurities in pharmaceutical 

compounds 

Symmetry Shield C18 (4.6 mm × 25 

cm, 5 μm) 

ACE Phenyl column (4.6 mm × 

25 cm, 5 μm) 

UV [236] 

Impurities in pharmaceutical 

compounds 

Ace C18 (3.0 mm × 15 cm, 3.0 μm) Primesep-B (4.6 mm × 10 cm, 

5.0 μm) 

UV [48] 

Impurities in pharmaceutical 

compounds 

Zorbax Bonus-RP (2.1 mm × 15 cm, 

1.8 μm) 

Zorbax Extend C18 (3.0 mm × 

15 cm, 3.5 μm) 

UV [36] 

Impurities in pharmaceutical 

compounds and related 

isomers 

Eclipse XDB-C18 HPLC column (4.6 

mm × 15 cm, 3.5 μm) 

Xselect CSH Phenyl-Hexyl 

HPLC column (4.6 mm × 15 

cm, 3.5 μm) 

DAD [39] 

Stereoisomers (from anti-

HCV therapeutic) 

Cortecs C18 (2.1 mm × 15 cm, 

1.8 μm) 

FPP (4.6 mm × 5 cm, 1.9 μm) UV [40] 

Synthetic intermediates Chiralcel OJ-3R (2.1 mm × 15 cm, 3 

µm) 

Chiralcel OD-3R (4.6 mm × 5 

cm, 3 µm) 

UV [40] 

Naproxen & degradants Poroshell 120 Bonus RP (2.1 mm × 

15 cm, 2.7 μm)  

Poroshell 120 SB-C18 (2.1 

mm × 3 cm, 2.7 μm) 

UV [112] 

Mixture of active 

pharmaceutical compounds 

XBridge C18 OBD (30 mm × 7.5 cm, 5 

μm) 

XBridge C18 OBD (30 mm × 

7.5 cm, 5 μm) 

UV 

MS 

[43] 
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Table 1-5: 2D-LC applications employing RPLC in both dimensions in proteomics, lipidomics, metabolomics, peptides and 
metabolites.  

 

Sample 1D column D column2 Detection Ref. 
Analysis of proteome 

samples 

Peptide ES-C18 (2.1 mm × 15 cm, 2.7 

μm) 

Peptide ES-C18 (4.6 mm × 3 

cm, 2.7 μm) 

DAD and MS [237] 

Analysis of a tryptic digest C18 (2.1 mm × 15 cm, 3.0 μm) fully 

porous column 

C18 (4.6 mm × 3 cm, 2.7 μm) 

partially porous column 

DAD [238] 

Peptides Ascentis Express C18 (2.1 mm × 

5 cm, 2.7 μm) 

Xbridge C18 (2.1 mm × 5 cm, 5 μm) 

Kinetex C18 (2.1 mm × 3 cm, 

1.3 μm) 

UV-VIS 

MS 

[239] 

Proteomic analysis of protein 

digests in rheumatoid arthritis 

patients’ plasma  

Narrow-Bore (2.1 mm × 15 cm, 5 μm) C18 (75 μm × 2 cm, 3 μm)  MS [240] 

Identification of changes in 

proteins of oil palms due to 

fatal yellowing illness. 

BEH C18 (300 μm × 5 cm, 5 μm) Acquity UHPLC M-Class CSH 

C18 (100 μm × 1 cm, 1.8 mm) 

MS [241] 

Proteomic analysis of 

metabolic changes of 

Flammulina velutipes 

mushroom 

Narrow-Bore NX-C18 (2.1 mm × 

15 cm, 5 μm) 

C18 (75 μm × 15 cm, 2 μm) MS [242] 

Identification of candidate 

protein biomarkers in human 

tissues 

C18 (75 μm × 15 cm, 3 μm) C18 (75 μm 15 cm, 3 μm) MS [243] 
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Systematic Identification of 

proteins in Proteus mirabilis 

XBridge Prep C18 (4.6 mm × 25 cm, 5 

μm) 

C18 (50 μm × 15 cm, 2 μm) MS [244] 

Peptide impurities Ascentis Express Phenyl Hexyl 

(4.6 mm × 15 cm, 2.7 μm) 

Bonus RP column (2.1 mm × 5 

cm, 1.8 μm) 

MS 

UV-VIS 

[245] 

Peptides    [246] 

Biomass by-product 

standards and real bio-oil 

samples  

PLRP-S (2.1 mm × 5 cm; 3 μm) 

Hypercarb (2.1 mm × 5 cm; 3 μm) 

Hypercarb (1.0 mm × 10 cm; 5 μm) 

Acquity Shield C18 (2.1 mm × 

5 cm, 1.7 μm) 

Kinetex Phenyl Hexyl (2.1 mm 

× 5 cm; 1.7 μm) 

Acquity CSH Phenyl Hexyl (2.1 

mm × 5 cm; 1.7 μm) 

UV [247] 

Extract of bio-oil Hypercarb (1.0 mm × 10 cm, 5 μm) Acquity CSH Phenyl-Hexyl 

(2.1 mm × 5 cm, 1.7 μm) 

UV [248] 

Analysis of bio-oil X-Bridge amide (2.1 mm × 15 cm, 

3.5 μm) 

Poroshell EC-C18 (4.6 mm × 3 

cm, 2.7 μm) 

DAD [249] 

Analysis of bio-oils X-Bridge amide column (2.1 mm × 15 

cm, 3.5 μm) 

Poroshell EC-C18 (4.6 mm × 3 

cm, 2.7 μm) 

DAD 

MS 

[250] 

Analysis of intact proteins Acquity UHPLC BEH C4 column 

(1.0 mm × 15 cm, 1.7 μm) 

Halo protein C4 column (3.0 

mm × 3 cm, 2.7 μm) 

MS [251] 

Microalgae peptidomics C18 Bioshell peptide (2.1 mm × 

15 cm, 2.0 μm) 

Bioshell peptide C18 (3.0 mm 

× 5 cm, 2.7 μm)  

MS [252] 

Analysis of nucleosides in 

DNA of porcine and human 

tissues 

Kinetics C18 (2.1 mm × 15 cm, 

1.7 µm) 

X-select C18 CSH (2.1 mm × 

15 cm, 1.7 µm) 

UV 

MS 

[253] 
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Clenbuterol analysis in pork 

urine and liver tissues. 

Homemade MIC, (4.6 mm × 10 cm) C18 column UV [254] 

Analysis of nucleosides in 

urine samples and cell 

cultures. 

Zorbax Eclipse Plus C18 (2.1 mm × 

15 cm, 1.8 μm) 

Zorbax Bonus-RP (4.6 mm × 5 

cm, 1.8 μm) 

MS [255] 

Metabolites and lipids in 

plasma 

Acquity BEH C8 (2.1 mm × 5 cm, 

1.7 µm) 

Acquity BEH C18 (2.1 mm × 5 

cm, 1.7 µm) 

MS [256] 

Acyl-Coenzyme-A in mouse 

liver 

An Acquity HSS T3 column (2.1 mm × 

5 cm, 1.7 μm) 

An Acquity BEH C18 column 

(2.1 mm × 10 cm, 1.7 μm) 

MS [257] 

Shikimate-producing 

Escherichia coli metabolite 

Ascentis Express ES-CN (1.0 mm × 

15 cm, 2.7 μm) 

Three Ascentis Express C8 

(3.0 mm × 3 cm, 2.7 μm) 

MS 

UV−VIS 

[258] 

Analysis of microbial 

metabolites from 

Chaetomium globosum 

SNSHI-5 

Three COSMOSIL C18 (4.6 mm × 25 

cm, 5 μm) 

COSMOSIL C18 (3.0 mm × 5 

cm, 2.6 μm) 

UV-VIS [259] 

Profiling of metabolites of 

vitamin D in human serum 

Pursuit PFP (4.6 mm × 10 cm, 3 μm) Poroshell 120 C18 (4.6 mm × 

5 cm, 2.7 μm) 

MS [260] 

Lipids and metabolites in 

human plasma 

An Acquity BEH C18(2.1 mm × 5 cm, 

1.7 μm) 

Acquity HSS T3 (2.1 mm × 5 

cm, 1.7 μm) 

MS [256] 

Analysis of anabolic steroid 

residues in bovine urine 

Ascentis Express C8 (2.1 mm × 

15 cm, 2.7 μm) 

Zorbax SB-CN (4.6 mm × 3 

cm, 1.8 μm) 

MS [122] 

Analysis of testosterone in 

human serum 

Acquity CSH phenyl- hexyl (2.1 mm × 

10 cm, 1.7 μm) 

Acquity BEH Shield (2.1 mm × 

10 cm, 1.7 μm) 

MS [261] 
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1.9 Evaluation of performance of 2D-LC separation 

In LC×LC, peak capacity and orthogonality are used as the main characteristic metrics to 

measure the performance of 2D-LC separation.  

1.9.1 Orthogonality 

The degree of orthogonality is used as a characteristic tool to describe the efficiency of a 

2D chromatographic system. It can be calculated by different methods to compare the 

performance of 2D-LC separations. Some representative methods are described below. 

1.9.1.1 Determination of orthogonality by vectors  

In this method, the degree of orthogonality O is calculated based on the ratio of the 

effective surface area to total area of two-dimensional retention space according to the 

method reported by R. Dück [184] as in equation 1.2: 

𝑂𝑂 =  
𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒

1𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔 .2 𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔
 1.2 

 

where Aeff is the effective peak distribution area (the area of the space that is occupied by 

the analytes in a two-dimensional chromatogram, as shown in Figure 1-24), while 1ngrd 

and 2ngrd are the theoretical total peak capacities of the 2D-LC system. 

The peak distribution of all 2D-LC systems is determined with the pentagonal model by 

using equations 1.3 and 1.4: 

 

𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 =  
1
2

|
𝑎𝑎 
→ .

𝑔𝑔
→ | +

1
2

|
𝑔𝑔 
→ .

𝑐𝑐
→ | + 

1
2

|
𝑐𝑐
→ .

𝑏𝑏
→ | 

 

1.3 
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𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 =
1
2
� 𝑛𝑛𝑎𝑎. 𝑛𝑛21 𝑔𝑔 − 𝑛𝑛𝑎𝑎. 𝑛𝑛12 𝑔𝑔� +

1
2
� 𝑛𝑛𝑔𝑔 . 𝑛𝑛21 𝑐𝑐 − 𝑛𝑛𝑔𝑔 . 𝑛𝑛12 𝑐𝑐�

+
1
2
� 𝑛𝑛𝑐𝑐 . 𝑛𝑛21 𝑏𝑏 − 𝑛𝑛𝑐𝑐 . 𝑛𝑛12 𝑏𝑏� 

1.4 

 

 

 

Figure 1-24: 2D chromatogram illustrating the determination of effective surface coverage by 
vectors; reprinted from ref. [184] with permission. 

 

1.9.1.2 Determination of orthogonality by the minimum convex hull method 

This method was first reported by Semard et al. It calculates the degree of orthogonality 

based on the ratio of the effective surface area to total area of two-dimensional retention 

space [262]. Each 2D chromatogram is modeled with Matlab software using retention 

times in 1D and 2D. This method assumed that the whole 2D separation plane was 

accessible and considered all possible wrap-around peaks. In practice, a rectangular area 

of usable space (as shown in Figure 1-25 ) is calculated using 1t0 and 1tR of the last eluted 

compound and the modulation period.  
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Figure 1-25: 2D chromatogram illustrating the determination of effective surface coverage by the 
minimum convex hull method; reprinted from ref. [262] with permission. 

1.9.1.3 The asterisk equations method 

This method was recently proposed by Camenzuli et al [263].  The degree of orthogonality 

calculation is not based on the ratio of the effective surface area to total area of 2D 

retention space as in the methods described above. The asterisk equations estimate the 

orthogonality of 2D system based on the distribution of peaks in the 2D space. To 

illustrate, the 2D separation plane is crossed by four lines as illustrated in Figure 1-26. 

These lines have been given the arbitrary names of the Z-, Z+, Z1 and Z2. Regardless of 

the compound’s location in the separation plane, their positions are compared with each 

of the Z lines. If the compounds in the sample are evenly distributed around these lines, 

higher orthogonality is achieved. The distribution of sample compounds around the Z- 

and Z+ lines is affected by the 1D and 2D separation mechanisms.  
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The Z1 line considers the distribution of components in 1D, while the spread around the 

Z2 line is related to 2D only. Equations 1.5 - 1.8 were used to compute the spread of peaks 

around these four lines. In these equations, the expression in brackets is computed for 

each peak in the separation. These bracketed expressions calculate the distance of a 

peak from a given Z line. Hence, for each bracketed expression, there is a series of values 

or distances, one for each peak within the chromatogram. These distances are orthogonal 

to the respective Z lines for which they were calculated. The standard deviation of these 

distances is calculated and describes the standard deviation of the peaks around the Z 

line. By calculating the standard deviation of these distances, the degree of spreading of 

peaks around the four Z lines is determined. That is why, the values computed by 

Equations 1.5 – 1.8 are named Szx, where S refers to “spreading” around the Zx line. 

𝑆𝑆𝑆𝑆_ = 𝜎𝜎 � 𝑡𝑡𝑅𝑅,𝑛𝑛𝑛𝑛𝑔𝑔𝑛𝑛(𝑖𝑖)
1 − 𝑡𝑡2 𝑅𝑅,𝑛𝑛𝑛𝑛𝑔𝑔𝑛𝑛(𝑖𝑖)� 1.5 

𝑆𝑆𝑆𝑆+ =  𝜎𝜎� 𝑡𝑡𝑅𝑅,𝑛𝑛𝑛𝑛𝑔𝑔𝑛𝑛(𝑖𝑖)
2 − �1 −  𝑡𝑡𝑅𝑅,𝑛𝑛𝑛𝑛𝑔𝑔𝑛𝑛(𝑖𝑖)

1 � � 1.6 

𝑆𝑆𝑆𝑆1 =  𝜎𝜎� 𝑡𝑡𝑅𝑅,𝑛𝑛𝑛𝑛𝑔𝑔𝑛𝑛(𝑖𝑖)
1 − 0.5� 1.7 

𝑆𝑆𝑆𝑆2 =  𝜎𝜎� 𝑡𝑡𝑅𝑅,𝑛𝑛𝑛𝑛𝑔𝑔𝑛𝑛(𝑖𝑖)
2 − 0.5� 1.8 

 

S is the standard deviation of the values of the bracketed equations for all the peaks within 

a chromatogram, while 1tR,norm(i) and 2tR,norm(i) are the normalized first and second 

dimension retention times of a component (i) given by equation 1.9: 

𝑡𝑡𝑅𝑅,𝑛𝑛𝑛𝑛𝑔𝑔𝑛𝑛(𝑖𝑖) =  𝑡𝑡𝑅𝑅(𝑖𝑖) − 𝑡𝑡𝑅𝑅,𝑓𝑓𝑖𝑖𝑓𝑓𝑓𝑓𝑓𝑓
𝑡𝑡𝑅𝑅,𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓 − 𝑡𝑡𝑅𝑅,𝑓𝑓𝑖𝑖𝑓𝑓𝑓𝑓𝑓𝑓

 1.9 

 

where tR(i) is the retention time of component i, and tR,first and tR,last are the retention times 

of the first and last eluting components, respectively. The computed Sz-, Sz+, Sz1 and Sz2 
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values are then entered into equations 1.10 to 1.13 to produce what is called the Z 

parameters. These values range from 0 to 1, and they can readily be expressed as a 

percentage. 

 𝑍𝑍− = �1 − 2.5|𝑆𝑆𝑆𝑆− − 0.4|� 1.10 

𝑍𝑍+ = �1 − 2.5|𝑆𝑆𝑆𝑆+ − 0.4|� 1.11 

𝑍𝑍1 = 1 −  �2.5 ∗ 𝑆𝑆𝑆𝑆1 ∗ √2 − 1� 1.12 

𝑍𝑍2 = 1 −  �2.5 ∗ 𝑆𝑆𝑆𝑆2 ∗ √2 − 1� 1.13 

 

The Z parameters describe the use of the separation space with respect to the 

corresponding Z line. It follows that in terms of orthogonality, the spread of peaks around 

each of these lines is equally important. Therefore, we bundle the Z parameters into the 

main asterisk equation 1.14 which gives the value which measures the degree of 

orthogonality. This value is designated AO and is expressed as a percentage. The more 

orthogonal two separation mechanisms are with respect to each other, the higher the 

value of the Z parameters, and in turn the higher the AO value. A completely orthogonal 

separation will have a AO value of 100%. 

𝐴𝐴𝑛𝑛 =  �𝑍𝑍− ∗ 𝑍𝑍+ ∗ 𝑍𝑍1 ∗ 𝑍𝑍2 1.14 
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Figure 1-26: Schematic representation of the principles of orthogonality determination using the 
asterisk equations; reprinted from ref. [263] with permission. 

 

1.9.2 Peak capacity 

Theoretical peak capacity (n2D) of an LC×LC system can be calculated using equation 

1.15, where 1nc and 2nc represent the theoretical peak capacities of 1D and 2D, 

respectively. 

𝑛𝑛2𝐷𝐷 =  𝑛𝑛𝑐𝑐 . 𝑛𝑛21 𝑐𝑐 1.15 

 

According to the literature, this equation usually overestimates the peak capacity. Firstly, 

1D undersampling must be taken into consideration. As analytes are remixed in the 

sample loop after fraction collection, some of the resolution achieved in 1D is usually lost. 

This effectively reduces the peak capacity of this dimension in the 2D separation. Under 

ideal conditions, with the resolution achieved in 1D being maintained during collection of 

fractions of 1D effluent and injection of them to the 2D column, the total peak capacity of 
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an LC×LC system is the product of the peak capacities of the 1D and 2D separations. The 

remixing of fractions during collection makes it practically unattainable. If the sampling 

time is longer than the width of 1D peaks, the analytes that were well resolved by the 1D 

column will be remixed again before introducing them to the 2D separation.  

Secondly, the effective surface coverage (fc) or the 2D space which is occupied by the 

analytes must be considered. The theoretical peak capacity equation assumes that peaks 

from the samples under investigation cover the entire 2D separation space (100% surface 

coverage), but this is almost never the case with real LC×LC systems. Various factors 

control the distribution of peaks in the 2D separation space, the main ones being sample 

composition and the method used, including the gradient time, plate count, initial and final 

mobile phase composition and flow rate. Practically, some parts from the 2D separation 

space are not occupied with analytes, and this effectively reduces the peak capacity of 

this dimension in the 2D separation. That is why so-called practical peak capacity have 

been introduced instead of theoretical peak capacity to evaluate the performance of 2D-

LC separations because it takes into account both the effects of orthogonality (effective 

surface coverage (fc)) and 1D undersampling [264]. 

The practical peak capacity is determined by equation 1.16 as follows:   

 

n’c, 2D = 𝑛𝑛𝑐𝑐 . 𝑛𝑛21 𝑐𝑐 .𝑓𝑓𝑐𝑐  /𝛽𝛽 1.16 

           

 Where:  

 fc    is the orthogonality 
1nc      is the theoretical peak capacities of first dimensions 
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2nc    is the theoretical peak capacities of second dimension 

The β parameter accounts for 1D undersampling, and is defined by equation 1.17: 

 β= �1 + 3.35 � 𝑡𝑡𝑓𝑓1   . 𝑛𝑛𝑐𝑐1

𝑡𝑡𝑔𝑔1 �
2
 1.17 

 

Where: 

 1ts                      is the sampling time 

 1tg                     is the 1D gradient time 
 

1.10  Green liquid chromatography1 

In recent years, awareness about the impacts of harmful chemicals on the environment 

and health has grown, therefore numerous efforts have been made to lessen these. 

According to Brundtland Report published in “Our Common Future” book, sustainable 

development is defined as the development that meets the requirements of the present 

without compromising the future generation needs [266]. The major goal of sustainable 

development is improving the quality of human life even if this demands certain limitations 

to human activities. Recently, terms including “Green Chemistry”, “Clean Chemistry”, 

“Ecological Chemistry”, “Ecochemistry”, etc., have been used to describe approaches 

aiming to protect the environment in the area of chemistry. 

The concept of green chemistry was first introduced by Anastas and Warner in 1998, who 

introduced the 12 principles of green chemistry [267]. These principles have become 

guidelines for many chemists to design new chemical products, reagents and 

                                                 
 
1 This section is based on our publication (ref. [265] A.A. Aly, T. Górecki, Green Approaches to Sample 
Preparation Based on Extraction Techniques., Molecules 25(7) (2020) 1719.   
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methodologies that are environmentally benign. Green analytical chemistry (GAC) is a 

part of the sustainable development concept and is closely related to the trend towards 

implementation of these principles in analytical laboratories. The main objective of GAC 

is to reduce or eliminate the harmful impacts of chemical substances on the environment 

and substituting them with more ecofriendly alternatives without sacrificing method 

performance.  GAC is concerned with different aspects of chemical analysis, including 

chromatographic techniques which are used to separate and determine the components 

of complex mixtures in various matrices. 

Liquid chromatography consumes large volumes of organic solvents. For example, a very 

simple chromatographic separation with a conventional LC column (4.6 mm internal 

diameter, I.D.), 15–25 cm in length, packed with 5 µm particles) operated 24 hrs a day at 

a flow rate of 1 mL/min produces about 1500 mL of waste daily. This volume of waste 

could be considered negligible if compared to the amount of wastes generated by a large 

industrial company; however, some companies use dozens of liquid chromatographs in 

their research laboratories, resulting in the production of large volumes of toxic wastes 

every day. Thus, elimination, or at least a significant reduction of the amount of toxic 

solvents used for LC separations is preferred to protect the environment. There are 

several strategies to make LC methodologies greener such as (i) reducing mobile-phase 

consumption; and (ii) using ecofriendly mobile phases. Figure 1-27 shows different 

pathways for greening liquid chromatography. 
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Figure 1-27: Green approaches to liquid chromatography 

 

1.10.1 Reduction of solvent consumption 

A good strategy to reduce the volume of organic solvents consumed, and consequently 

the organic wastes produced, is to optimize column-related parameters such as the 

diameter and length of the analytical column, stationary phase particle size, and mobile 

phase temperature.  

1.10.1.1 Reducing the diameter of the analytical column  

When the column I.D. is reduced, the mobile phase flow rate is also reduced, resulting in 

a significant reduction in mobile phase consumption. To maintain the same linear velocity 

when the column I.D. is reduced, the flow rate has to be lowered according to equation 

1.18: 

𝐹𝐹𝑔𝑔𝑒𝑒𝑔𝑔𝑟𝑟𝑐𝑐𝑒𝑒𝑔𝑔 = 𝐹𝐹𝑐𝑐𝑛𝑛𝑛𝑛𝑐𝑐𝑒𝑒𝑛𝑛𝑡𝑡𝑖𝑖𝑛𝑛𝑛𝑛𝑎𝑎𝑐𝑐(
𝐼𝐼.𝐷𝐷.𝑔𝑔𝑒𝑒𝑔𝑔𝑟𝑟𝑐𝑐𝑒𝑒𝑔𝑔

𝐼𝐼.𝐷𝐷.𝑐𝑐𝑛𝑛𝑛𝑛𝑐𝑐𝑒𝑒𝑛𝑛𝑡𝑡𝑖𝑖𝑛𝑛𝑛𝑛𝑎𝑎𝑐𝑐
)2 1.18 
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The most commonly used LC columns with I.D. ranging from 3.0 to 5.0 mm (conventional 

LC column) allow flow rates of 300–10,000 µl/min, resulting in consumption of significant 

amounts of the mobile phase. LC columns with I.D. from 2.1 to 3.0 mm (called narrow-

bore LC columns) allow flow rates of 200–1000 µl/min and can be easily used with 

conventional equipment with little modification. These narrow bore LC columns lower 

solvent consumption and increase mass sensitivity  ]268[ . 

If the internal diameter ranges from 2.1 to 1.0 mm, the columns are called microbore. 

When the I.D. ranges from 0.1 to 1.0 mm, the columns are classified as capillary LC 

columns. Finally, if the I.D. ranges from 0.025 to 0.1 mm, which offers lower flow rates 

and significant mobile phase volume reduction, these columns are called nanocapillary 

LC columns. The flow rates employed in the microbore LC range from 50-400 μL/min, in 

capillary LC range from 0.4 to 200 μL/min, while those of the nano LC range from 

2.5×10−5 µL to 4.0×10−3 μL/min [268] . Nanocapillary LC is considered a nearly solvent-

free method. Reduction of the column I.D. often increases the analytical sensitivity 

(especially when UV, fluorescence and electrospray ionization mass spectrometry 

detectors are used) owing to the lower dilution of the solutes in the mobile phase, resulting 

in the production of more concentrated bands at the detector. On the other hand, reducing 

the column I.D. dramatically reduces the sample capacity, which is the most important 

limitation of this approach.  

The advantages of using reduced diameter LC columns in green chromatography are 

illustrated in Figure 1-28, which shows how capillary LC can be used to achieve fast 

separation with decreased solvent consumption. In this example, only 39 µL of solvent 

was consumed in the separation of an alkylbenzene mixture on a 300 µm I.D. capillary 
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LC column, while 12 mL was required when the separation of the same mixture was 

performed on a conventional column of 4.6 mm I.D [269]. Examples of microbore LC 

applications include drug analysis  [270-272] protein and peptide analysis ]273[ , hormone 

analysis [274], toxin analysis [275, 276] and inorganic analysis ]277[ . Capillary columns 

have been applied among others for drug analysis ]278[ , environmental analysis ]279[ , 

nucleotide analysis ]280[ , flavonoid analysis [281, 282], and pesticide analysis  ]283[ . 

Sample applications of nanobore columns include biosample analysis [284], drug analysis 

]285[ , enantiomeric separation ]286[ , flavonoid analysis ]287[ , and lipid analysis  ]288[ .  

 

Figure 1-28: Chromatograms of an alkyl benzene mixture separated on a) a conventional 
LC column (4.6 mm I.D.) at a flow rate 1.5 mL/min; 12 mL of solvent were required per 
analysis; and b) Capillary LC column (0.3 mm I.D.) at a flow rate of 6 μL/min; only 39 μL 
of solvent were consumed per analysis. Chromatographic conditions: Gradient elution: 
50–95% acetonitrile in water over 5 min, and then 95% for 1 min. Agilent SB-18, 150 mm, 
3.5-μm particle size. UV detection at 220 nm. Reprinted from ref. [269] with permission. 
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1.10.1.2 Using shorter analytical columns with small particle size packing 

materials 

The reduction of column length with concomitant use of packing materials with smaller 

particle sizes leads to fast and efficient separations in LC. Column efficiency is dependent 

on column length and the packing materials particle size according to equation 1.19: 

𝑁𝑁𝑒𝑒𝑒𝑒 =
L

2 ∙ dp
 1.19 

 

Where L is length of the column, dp the packing material particle diameter, and Neq is the 

number of theoretical plates.  

When the particle size is decreased by a factor of two at constant flow rate, the pressure 

drop generated by the column increases by a factor of four. Consequently, standard 

HPLC instruments typically cannot be used with small particle columns due to excessive 

backpressure.  As particle size reduction cannot be implemented without instrumental 

modifications, ultraperformance LC (UPLC, also called UHPLC) instruments were 

introduced to provide higher pressures than conventional HPLC systems (up to 1200 bar) 

while minimizing extracolumn band broadening. The advantages of UHPLC methods 

include reducing the analysis time and reducing the waste generation, which makes the 

separation greener. UPLC found numerous applications, examples of which are 

described in ref. [289].  

1.10.1.3 New packing material technologies 

The use of new packing material types is a promising trend toward greener separations. 

Fused core particles (also called superficially porous or core shell particles)  ]290[ 
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approximate the performance of sub-2 µm fully porous particles, but without inducing 

comparably high backpressures. Consequently, columns packed with such particles can 

usually be used with standard HPLC instruments ]291[ . Fused core technology uses silica 

particles typically consisting of a solid inner core of a 1.7 μm O.D., with a bonded porous 

outer shell of 0.5 μm thickness (dp = 2.7 μm). This packing material provides high 

separation efficiencies due to enhanced mass transfer, low internal porosity, smaller 

diffusion distances and narrow particle size distribution. Columns packed with 

superficially porous particles can be used for greening LC with standard HPLC 

instruments (400-600 bar maximum pressure). For example, fused core particles were 

compared to fully porous sub-2 μm particles in the analysis of a mixture of sulfonamides 

at two different column temperatures  ]291[ . The chromatograms showed in Figure 1-29 

illustrate the possibility of using superficially porous particles as an alternative to sub-

2 μm fully porous particles in terms of speed and efficiency. In addition, the separation 

was faster at elevated temperature.  

Monolithic columns offer an alternative to packed columns, with the goal of overcoming 

the compromise between column pressure drop and efficiency of separation. A monolith 

is a porous rod structure characterized by larger macropores and smaller mesopores. 

These pores offer large number of channels (thus high permeability) and high surface 

area for separation. Monolithic columns allow the use of high mobile phase flow rates with 

low pressure drop, resulting in shorter analysis times compared to conventional HPLC 

]292[ . However, unless the column diameter is reduced, this does not lead to solvent 

savings. 
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Figure 1-29: Chromatograms of sulfonamides separated on 150 mm x 4.6 mm columns at 
a flow rate of 1.2 ml/min; (a) fused-core Kinetex® C18 column (2.6 μm) at 30 °C; (b) 
fused-core Kinetex® C18 column (2.6 μm) at 60 °C; (c) sub-2 μm Zorbax Stable Bond 
C18 column (1.8 μm) at 30 °C, and (d) sub-2 μm Zorbax Stable Bond C18 column (1.8 
μm) at 60 °C. The mobile phase: water with 0.5% acetic acid: acetonitrile (75/25,v/v). 
Detection: UV at 254 nm. Peak identification: 1– uracil, 2– sulfanilamide, 3– sulfacetamide, 
4– sulfapyridine, 5– sulfamerazine and 6– sulfamethazine. Reprinted from ref. [265] with 
permission. 

 

1.10.1.4 Elevated temperature 

HTLC (high temperature liquid chromatography) was introduced in 1969. In HTLC, liquid 

chromatographic separation is performed at temperatures higher than ambient, but lower 

than the critical temperature of the solvent [293]. Elevated temperature is a popular 

strategy to make HPLC greener and to decrease solvent consumption. In comparison to 

other experimental parameters, such as mobile phase pH and composition, changing 

temperature during the method development stage is much easier. Using higher 

temperature in LC requires some instrumental modifications, such as preheating the 

mobile phase before entering the column and cooling it after eluting from the column (with 

javascript:popupOBO('CHEBI:35358','c2ay25202c','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=35358')
http://www.chemspider.com/Chemical-Structure.1141.html
http://www.chemspider.com/Chemical-Structure.5142.html
http://www.chemspider.com/Chemical-Structure.5129.html
http://www.chemspider.com/Chemical-Structure.5145.html
http://www.chemspider.com/Chemical-Structure.5134.html
http://www.chemspider.com/Chemical-Structure.5136.html
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most detectors), supplying a column with a thermostat, and using thermally stable 

stationary phases ]294[ . Elevated temperature in HPLC offers many benefits, especially 

for users of conventional systems (400-600 bar). Elevated temperatures decrease the 

viscosity of the mobile phase, resulting in a reduction of column backpressure, which in 

turn allows the use of higher flow rates, longer columns, or using columns packed with 

smaller particles providing higher efficiency separations ]295[ . There are many other 

benefits arising from using higher temperature, such as decreasing the polarity of ethanol 

and water so they can be used as green ecofriendly mobile phases in LC analysis, 

decreasing secondary interaction of analytes with silica improving peak symmetry, 

enhancing mass transfer from the mobile phase to the stationary phase allowing the use 

of higher flow rates without efficiency loss, and development of new, temperature 

responsive stationary phases which contribute to green chromatography. 

Since HTLC leads to reduction of organic solvent consumption and shorter analysis times, 

it is often adopted as a green technique for routine HPLC analysis. The use of HTLC has 

been reported in many publications. For instance, high temperature liquid 

chromatography (HTLC) and inductively coupled plasma mass spectrometry (ICPMS) 

were applied for the determination of selenium metabolites in urine samples ]296[ . 

Selenosugar 1, selenosugar 2 and trimethylselenonium ion were efficiently separated and 

the analysis time decreased markedly by increasing the column temperature. Figure 1-30 

shows the effect of the column temperature on the chromatographic separation and the 

analysis time.  

Although elevated temperature offers many benefits in liquid chromatography, it also has 

some limitations. For instance, decomposition of thermally labile compounds might occur 
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at higher temperatures. In addition, thermal stability of the stationary phase should be 

considered. For example, silica-based columns under RP conditions should not be heated 

to higher than 60 °C in most cases, especially with acidic or basic buffered eluents. 

Because of these drawbacks, the characteristics of the stationary phases and the 

analytes must be considered before applying HTLC ]297[ . 

 

Figure 1-30: Effect of the column temperature on the chromatographic separation of 
trimethylselenonium ion and, selenosugars 1 and 2. Column: Hypercarb (100 mm × 
4.6 mm, 5µm); mobile phase: ultrapure water + 2% (v/v) methanol; flow rate: 1.0 mL/min.  
Reprinted from ref. [265] with permission. 

1.10.2 Using green mobile phases 

Acetonitrile/water and methanol/water mixtures are the most popular and typical mobile 

phases used in HPLC. Acetonitrile has low acidity, minimal chemical reactivity, low boiling 

point, low viscosity and low UV cutoff (190 nm) ]298[ . Acetonitrile and methanol are 

miscible with water, therefore they are ideal solvents for RPLC ]299[ . However, both 

acetonitrile and methanol cause acute and chronic toxicity to aquatic life [269]. The latter 

has lower toxicity and lower disposal costs; hence it should be selected over acetonitrile 
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as a mobile phase whenever possible. According to the GAC principles, it is mandatory 

to search for alternative green mobile phases to protect the environment. 

1.10.2.1 Superheated Water  

Water is the greenest alternative to all organic solvents in liquid chromatography. It is 

safe, non-flammable, nontoxic, inexpensive and recyclable. The main limitation of using 

pure water as a solvent in analytical procedures is the poor solubility of many hydrophobic 

organic compounds. Using pressurized hot water (also referred to as subcritical water or 

superheated water) is a direct way to greening liquid chromatography. This approach to 

separation has been called superheated water chromatography (SHWC). In SHWC, liquid 

water is used under elevated pressure at temperatures between the atmospheric boiling 

point and the critical temperature of water (374 °C)  ]300[ . By increasing the temperature 

and pressure of water, the polarity of superheated water markedly decreases and 

becomes similar to those of organic solvents (methanol or ethanol), resulting in enhanced 

solubility of organic analytes. SHWC was adopted as a green technique in many 

applications. For example, superheated water was used at different temperatures for the 

separation of the standard paraben solution ]013[ . The separation was performed faster 

at higher temperature. At 180 °C, the separation was done in 10 min as shown in Figure 

1-31. This study confirmed that SHWC is an eco-friendly alternative to conventional HPLC 

methods in terms of efficiency and speed. Many other applications have been 

documented, including analysis of pharmaceutical compounds [302, 303], hormones 

]304[ , and enantiomer separation ]305[ . 
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Figure 1-31: Chromatograms obtained from SHWC separation of the standard paraben 
solution at column temperatures of: A) 120 °C, B) 140 °C, C) 160 °C, D) 180°C. 
Chromatographic conditions: ZirChrom Diamondbond-C18 (150 mm× 2.1 mm, 3 μm) 
column; mobile phase flow rate 0.5 mL/min; UV detection at 254 nm. Peak identification: 
1-Methylparaben, 2- Ethylparaben, 3- Isopropylparaben, 4- Propylparaben, 5- 
Isobutylparaben, 6- Butylparaben.  Reprinted from ref. [306] with permission. 

1.10.2.2 Ethanol 

Due to environmental hazards related to the use of acetonitrile as a mobile phase in 

RPLC, more ecofriendly alternative solvents have been introduced such as ethanol. 

Ethanol is a natural product with properties similar to acetonitrile and methanol, but offers 

some advantages including lower toxicity, volatility and disposal costs. It has been 

successfully used with water as a mobile phase to substitute methanol and acetonitrile in 

RPLC without compromising separation efficiency ]307[ , However, the higher 

backpressure induced by ethanol due to its higher viscosity hinders its use as a mobile 
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phase with conventional HPLC systems. To avoid this backpressure problem, UPLC 

instruments and/or high mobile phase temperatures could be used. Ethanol has been 

used as a green organic modifier in numerous applications achieving highly efficient 

separations.  

1.10.2.3 Propylene Carbonate 

Propylene carbonate (PC) is a polar aprotic solvent that has been used in 

chromatographic analysis as a green alternative to acetonitrile without compromising the 

separation efficiency. PC offers various advantages over acetonitrile such as a lower 

toxicity, higher biodegradability, and lower capacity to bio-accumulate, resulting in easy 

disposal of its waste. PC also has higher boiling point and flashpoint temperature than 

those of acetonitrile; consequently, the risk of accidental fires is minimized in chemical 

laboratories. However, PC has two major drawbacks. Firstly, it is not completely miscible 

with water, which is why a third solvent, such as methanol or ethanol, must be added to 

enhance the miscibility. Ethanol is preferred because of its green characteristics. 

Secondly, PC is characterized by higher density and viscosity compared to standard 

solvents, which induces high backpressure in chromatographic systems. Using ethanol 

as the ternary solvent with PC increases the backpressure markedly. This problem can 

be avoided by using UPLC and/or increasing the temperature of the mobile phase to 

decrease its viscosity. PC/methanol mixtures have been used as a green alternative to 

acetonitrile in most HPLC applications involving PC [308-312]. PC/ethanol/water mobile 

phase was also adopted as an alternative to acetonitrile/water in some pharmaceutical 

applications without compromising separation performance or changing elution order of 

the analytes [313-315]. Figure 1-32 demonstrates the possibility of using PC/ethanol as 
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alternative organic modifiers to acetonitrile in RPLC for the separation of compounds 

having acidic, neutral, and basic characteristics without sacrificing the separation 

performance nor changing the elution order of the analytes. In addition, an ion pair liquid 

chromatography (IPLC) method was developed for the separation of Betaxolol related 

impurities at 70 °C. The chromatograms shown in Figure 1-33 show that the analysis time 

could be decreased by 25% when PC/ethanol was used instead of acetonitrile as organic 

modifiers with no detrimental impact on resolution, efficiency, or peak symmetry. 

 

Figure 1-32: Chromatograms demonstrating the possibility of using PC/ethanol as alternative 
organic modifiers to acetonitrile in RPLC in the separation of some compounds having acidic, 
neutral, and basic characteristics. Chromatographic conditions: Purospher® RP-C18 column 
(75 mm x 4 mm, 3 μm); flow rate: 0.5 mL/min; column temperature 25 °C. Reprinted from ref. 
[314] with permission. 
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Figure 1-33: Separation of Betaxolol-related impurities by ion-pairing liquid chromatography 
(IPLC) using PC/ethanol as organic modifier to replace acetonitrile in the mobile phase. 
Chromatographic conditions: Zorbax SB-C18 column (50 mm x 4.6 mm, 1.8 μm) at 70 °C with a 
flow rate of 2 mL/min and UV detection at 273 nm.  Reprinted from ref.  [314] with permission. 

 

1.10.2.4 Acetone 

According to the classification by Snyder et al. [316], acetone belongs to the same group 

as ACN. Although they have similar viscosities (0.33 mPa for ACN and 0.31 mPa for 

acetone at 25 °C) and other physicochemical properties, such as solubility and miscibility 

with other solvents, acetone is less toxic and easily biodegradable, therefore can be used 

as a green alternative to acetonitrile in some RPLC applications.   

In comparison to acetonitrile, acetone is characterized by much higher UV cut-off 

(340 nm), which severely limit its use as a mobile phase with UV detectors. Furthermore, 

it is highly volatile, and difficult to be pumped. However, recent developments in MS- and 

aerosol-based detectors in liquid chromatography offer new opportunities to use acetone 

in RPLC. Funari et al. investigated the possibility of substituting acetonitrile with acetone 
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as the mobile phase in the analysis of complex plant extracts with double detection by UV 

and corona-charged aerosol detector (CAD). The separation efficiency, the number of 

detected peaks and peak capacity were similar with both solvents using the CAD detector 

]317[ . In addition, ACN was replaced with acetone in the analysis of peptides by HPLC/MS 

[318, 319]. However, as UV detectors remain the most popular choice in many HPLC 

applications, acetone is not considered the favorite green alternative to acetonitrile in 

RPLC. 

1.10.2.5 Ionic liquids (ILs) 

Ionic liquids (ILs) or room-temperature ionic liquids (RTILs), composed of various organic 

cations and inorganic or organic anions, are effectively molten salts that remain liquid at 

ambient temperatures [320]. ILs are widely used as extraction solvents in sample 

preparations, as surface-bonded stationary phases in ion exchange and as mobile phase 

additives in LC ]321[ . ILs are recyclable, produce smaller amounts of waste, dissolve both 

organic and inorganic compounds and catalysts, have low vapor pressure, are non-

flammable and miscible with water and organic solvents. However, they are expensive 

and hazardous to the aquatic environment. 

The use of ionic liquids as mobile phase additives in liquid chromatography has gained a 

great interest as a way to make LC greener. They are usually added in a small amount to 

reversed phase mobile phases as a silanol-blocking agent to enhance the separation of 

basic compounds. Indeed, ILs can suppress interactions between anionic free silanols of 

the stationary phase and the positively charged compounds at low pH, which are the main 

cause of peak tailing and peak broadening. Larger amounts of ILs can also be added to 

an aqueous mobile phase as an organic modifier instead of conventional organic 
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modifiers.  ILs have been used among others as mobile phase additives in RPLC for the 

analysis of pharmaceutical compounds, including antidepressants in urine samples ]322[ , 

β-lactam antibiotics ]323[ , β-blockers ]324[ , fluoroquinolones in bovine, ovine and caprine 

milk  ]325[ , thiamine (vitamin B1) ]326[ , ephedrine ]327[ , and urazamide in pharmaceutical 

preparations ]328[ .  

1.10.2.6 Supercritical fluids  

Supercritical fluids (SF) are considered environmentally friendly solvents in 

chromatographic separations. The most popular SF used as a mobile phase in 

supercritical fluid chromatography (SFC) is carbon dioxide. It is non-flammable, non-toxic 

and has low disposal cost. Supercritical CO2 is also characterized by high solubilizing 

power, very low viscosity, and high diffusivity, leading to efficient and quick separations.  

Supercritical fluid chromatography (SFC) typically utilizes carbon dioxide (critical 

temperature 31.1 °C, critical pressure 72.9 atm) as the mobile phase. In most 

applications, organic modifiers, e.g., methanol, are added to CO2. Modifiers increase 

mobile-phase polarity and density, which increases the solubilizing power of the fluid, 

especially for polar compounds. They also help with stationary-phase deactivation, 

leading to improved peak shapes. SFC has the potential to replace HPLC in some 

pharmaceutical applications, e.g. enantiomeric separation of antiulcer drugs ]329[ . In this 

application, although both SFC and HPLC in general could provide good 

enantioselectivity, SFC provided remarkable benefits in terms of the mobile phase flow 

rate, resolution, analysis time and reduced consumption of hazardous organic solvents. 

Figure 1-34 illustrates the separation of pantoprazole enantiomers by HPLC and SFC, 
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respectively. The latter could achieve resolutions higher than 2, and the retention times 

were markedly shorter than those obtained by HPLC. 

Recently, SFC has been re-gaining popularity not only because of its greener character, 

but also because of wider availability of commercial instrumentation, including 

accessories that convert a standard HPLC system to one with SFC capability. SFC 

columns are similar to those used in NP-HPLC. However, in order to improve the 

selectivity of separations, specific stationary phases such as 2-ethyl pyridine have been 

developed. SFC has a wide range of applications, including chiral separations [330, 331]    

analysis of pharmaceuticals [332-334], plasticizers in medical devices  ]335[ and polymers 

]333[ . The years 2014–2021 have witnessed a great expansion of SFC use in bioanalysis 

applications ]336[ , forensic applications [337, 338], drugs of abuse [339-342], lipidomic 

analysis [343, 344], analysis of natural products [345-348], food science [349-352], 

contaminants in food [353-360], environmental analysis [361-369], cosmetic analysis 

[370, 371], enantioseparations [372] and analysis of complex samples [373]. 
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Figure 1-34: a) Enantiomeric HPLC separation of pantoprazole. Separation performed at 35 °C; 
mobile phase: 75:25 hexane/2-propanol at a flow rate of 1 mL/min. b) Enantiomeric separation of 
pantoprazole by SFC. Separation performed at 35 °C, 20 MPa; mobile phase: 25% 2-propanol at 
a flow rate of 2 mL/min. Column: Chiralpak AD, 250 mm × 4.6 mm, packed with the 3,5-
dimethylphenylcarbamate derivative of amylose, coated on 10 µm silica-gel support.  Reprinted 
from ref. [265]. 

1.10.2.7 Enhanced fluidity (EF) mobile phases 

EF liquid mixtures are organic solvents or organic–aqueous solvents mixed with high 

proportions of liquefied gases, such as carbon dioxide. These subcritical solvents share 

the positive attributes of both supercritical fluids (fast diffusion rates and low viscosities) 

and commonly used liquids (high solvent strength). EF liquid mixtures are used as green 

mobile phases for the separation of moderately polar to polar compounds in LC. These 

mixtures offer many advantages including the ability to tune the polarity by changing the 

pressure, lower pressure requirements to maintain a single phase, improving 

chromatographic separation efficiency and shortening the analysis time. In addition, the 

lower viscosity of EF liquids enable the use of longer capillary columns (1 m or more) to 

achieve efficient separations ]374[ . These solvent properties provide enhanced efficiency 

for NPLC, RPLC, HILIC and size exclusion separations, and make EFLC more selective 
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and efficient than conventional HPLC or SFC. EFLC was applied among others for chiral 

separations ]375[ , separation of inulin fructans from chicory [376], and protein analysis 

]377[ . 

1.10.3 Green hydrophilic interaction liquid chromatography (HILIC) 

HILIC is a variant of NPLC, in which the separation is performed by partitioning between 

a water-enriched layer adsorbed on the surface of a polar stationary phase and the mobile 

phase. These mobile phases contain higher amount of organic solvents such as methanol 

or acetonitrile, therefore HILIC is generally considered a non-green mode of separation. 

In order to make HILIC a green separation technique, ecofriendly solvents were 

introduced to replace acetonitrile and methanol. For instance, amino acids and 

catecholamines were separated by using a water/ethanol mixture as the mobile phase, 

and this method demonstrated that the eco-friendly ethanol can successfully substitute 

acetonitrile in HILIC [378]. Recently, certain proportions of EFL, e.g., carbon dioxide, were 

added to mobile phases to increase the diffusivity and decrease the mobile phase 

viscosity, leading to efficient separations in a shorter time. This technique, known as 

enhanced fluidity hydrophilic interaction liquid chromatography (EFL-HILIC), has been 

used for the separation of analytes such as nucleosides and nucleotides [379, 380], and 

oligosaccharides [381]. The features of EFL-HILIC are illustrated by the analysis of 

oligosaccharides [381] shown in Figure 1-35. It has been shown that the addition of CO2 

to a mobile phase composed of methanol/water allows replacing acetonitrile/water mobile 

phases in HILIC separations. 
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Figure 1-35: Separation of 13 oligosccharides by HILIC using two mobile phases (A) ACN; H2O: 
B- H2O, 0.2 vol % TEA, 80 ᵒC, Flow rate: 1.5 mL/min (B) MeOH:H2O:CO2; B- 82.5:17.5 
MeOH:H2O, 3 vol % TEA, 90 ᵒC, flow rate: 2.5 mL/min. Peak identification: (1) Fructose, (2) 
Glucose, (3) Sucrose, (4) Maltose, (5) Melezitose, (6) Raffinose, (7) Maltotriose, (8) 
Isomaltotriose, (9) Maltotetraose, (10) Stachyose, (11) Mal-topentaose, (12) Maltohexaose, (13) 
Maltoheptaose.  Reprinted from ref. [381] with permission. 

1.10.4 Micellar liquid chromatography (MLC) 

Micellar liquid chromatography is a RPLC mode in which the stationary phase is non-

polar, and the mobile phase is an aqueous solution of a surfactant at a concentration 

above the critical micellar concentration (CMC) [382]. In MLC, a surfactant is added to 

the mobile phase forming a pseudo-stationary phase into which compounds can partition. 

The retention and separation of analytes depend on the differential partitioning between 

the three phases: stationary phase, bulk solvent, and the micellar pseudo-phase.  

MLC has been considered an interesting technique for GAC due to the advantages it 

offered. Firstly, it uses mobile phases consisting mainly of aqueous solutions of a 
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surfactant and a small proportion of an organic modifier (3-15%, v/v). In addition, the 

micellar mobile phases are less toxic, non-flammable, safe to work with and do not 

generate hazardous wastes owing to biodegradability of the surfactants [383]. For 

instance, sodium dodecyl sulfate (SDS), the most popular surfactant used in MLC, is a 

fatty alcohol sulfate which is aerobically degraded. However, in order to enhance MLC 

separations, it is necessary to add an organic modifier such as propanol, butanol or 

pentanol to the aqueous solution of micelles. These modifiers  are less toxic than 

acetonitrile and methanol [384]. Micelles possess a great solubilizing ability allowing the 

direct injection of drugs in complex matrices (biological fluids and dosage forms) without 

prior sample treatment other than filtration. Furthermore, MLC is compatible with 

conventional HPLC instruments in analytical chemistry laboratories, so there is no need 

for instrumental modifications. Due to all previously mentioned advantages of MLC, it is 

used as a green alternative to RPLC in the analysis of numerous analytes in different 

matrices [385-396]. 

1.11 Scope of the thesis 

The objective of the thesis was to produce the best possible LC×LC separations using 

the simplest possible system with a minimum impact on the environment. The scope of 

thesis includes:  

1. Making LC×LC simpler by using the same separation mechanisms in both 

dimensions (RPLC×RPLC). As a result, solvent incompatibility can be avoided, 

baseline disturbance can be minimized, there will be no need to use trap columns as 

a method to transfer fractions from 1D to 2D, and sampling loops can be used without 

any complexity.  
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2. Improving the orthogonality and peak capacity for RPLC×RPLC system by adopting 

parallel gradient in the 2D. As a result:  

a) maximum orthogonality is achieved. 

b) No re-equilibration of the 2D column is required after the separation of each 

fraction. 

c) Longer time is available for the separation in the 2D dimension. 

d) Simpler instrumentation, and simpler software can be used. 

e) Ability to sample the 1D much more frequently, which reduces undersampling of 

1D, and can potentially dramatically improve the effective peak capacity. 

3. Greening LC×LC separations by replacing ACN and methanol, solvents which are 

commonly used in RPLC×RPLC, with green alternatives such as propylene 

carbonate without losing system selectivity, peak capacity, resolving power and 

orthogonality. 

4. Applying the green method developed to the analysis and separation of natural 

products such as analysis of phenolic compounds in grape juices and wine samples.  
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CHAPTER 2  
PARALLEL GRADIENTS IN COMPREHENSIVE 

MULTIDIMENSIONAL LIQUID CHROMATOGRAPHY 
ENHANCE UTILIZATION OF THE SEPARATION SPACE AND 

THE DEGREE OF ORTHOGONALITY WHEN THE 
SEPARATION MECHANISMS ARE CORRELATED 2 

2.1 Introduction 

Comprehensive two-dimensional liquid chromatography (LC×LC) is a powerful technique 

for the analysis of complex samples because of its ability to achieve higher peak 

capacities and greatly increased resolving power compared to one-dimensional liquid 

chromatography. The first LC×LC system was implemented by Erni and Frei [2] who 

analyzed a complex plant extract. In the recent years, In the recent years, LC×LC 

methods have been developed and applied among others to separate different kinds of 

polycyclic aromatic compounds [205], pharmaceuticals [397], protein [398], synthetic 

polymers [399], natural products [400] and in proteomics [215]. Many applications have 

been reported in food analysis, including soybean [401], corn oil [402], wholegrain bread 

extracts [403] and plant extract [404].  Other applications included the determination of 

phenolic acids [127] and flavonoids [405]. The large number of applications demonstrates 

the growing interest in this technique [95]. 

                                                 
 
2 This chapter is the manuscript of our publication (ref. [113] A.A. Aly, M. Muller, A. de Villiers, B.W.J. 
Pirok, T. Górecki, Parallel gradients in comprehensive multidimensional liquid chromatography enhance 
utilization of the separation space and the degree of orthogonality when the separation mechanisms are 
correlated, Journal of Chromatography A 1628 (2020) 461452. 
https://doi.org/https://doi.org/10.1016/j.chroma.2020.461452. 
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Ever since Giddings laid the foundations for comprehensive multidimensional separations 

[3, 4], it has been universally accepted that the best results are always obtained when the 

separation mechanisms used in the two dimensions are completely orthogonal, i.e. not 

correlated with each other. LC offers numerous separation mechanisms, including normal 

phase, reversed phase, ion exchange, size exclusion, affinity chromatography, etc., and 

all of them are characterized by different selectivity [406]. Consequently, LC×LC can in 

theory be deployed in a vast number of combinations [3]. However, certain LC modes 

cannot be easily combined due e.g. to the immiscibility of the mobile phases or the 

incompatibility between the mobile phase from the first dimension and the stationary 

phase of the second dimension [406]. In addition, the use of orthogonal separation 

mechanisms necessitates the use of gradient elution in the second dimension, as with no 

correlation between the mechanisms, it is likely that compounds that are both weakly and 

strongly retained in the second column may be present in the same fraction. Gradient 

elution in the second dimension (2D) is technically challenging, as it needs to happen on 

a time scale of a single fraction separation. It also reduces the available separation space, 

as the 2D column must be re-equilibrated after each fraction, during which time no analyte 

should be eluting from it. 

Comprehensive two-dimensional gas chromatography (GC×GC) offers a stark contrast 

to LC×LC with orthogonal separation mechanisms. In GC×GC, the separation 

mechanisms in the two dimensions are never fully orthogonal, as they are always at least 

partially correlated through analyte volatility. Simply put, it is impossible that analytes with 

both very low and very high volatility be present in a single fraction. While this might seem 

disadvantageous, GC×GC has enjoyed considerable success over the years. With 
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analytes pre-separated based on their volatility in the first dimension, separation in the 

second dimension can fully explore the different selectivity of the stationary phase. 

Moreover, since the 2D retention differences of analytes in a given fraction cannot be 

extreme, the separation in this dimension can be carried out under practically isothermal 

conditions. This makes the system overall less complicated (various issues with 

modulation aside). The price for this simple approach is the increased probability of peak 

wraparound, a phenomenon occurring when the retention time of an analyte is longer 

than the modulation period. Over the years, the GC×GC community has learned how to 

reduce the impact of wraparounds, which are considered these days more or less normal 

occurrence. Generally speaking, wraparounds create problems when they lead to 

coelutions. In all other cases, they help fill the separation space, including areas not 

normally accessible to separation (2D retention times shorter than the dead time) [407].  

In 2007, Cacciola et al developed a comprehensive two-dimensional liquid 

chromatography system for separation of phenolic and flavone antioxidants in beer and 

wine samples using reversed phase in both dimensions with parallel gradient, in which 

the gradient started at a low concentration of organic modifier and then this concentration 

increased gradually over the time [67]. Afterwards, in 2008, Jandera et al confirmed that 

adopting parallel gradients in the first and second dimension increased the use of the 

available second-dimension separation time and remarkably boosted the regularity of the 

coverage of the available separation space in RPLC × RPLC separations [408]. In 2009, 

Česla et al developed an almost fully orthogonal LC×LC system for the separation of 

phenolic and flavone natural antioxidants by using reversed phase stationary phases and 

parallel gradients in both dimensions [409]. They demonstrated that parallel gradients in 
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the second dimension improved the coverage of the 2D retention plane, and thus 

orthogonality. In the same year, Bedani et al. proposed a new type of 2D gradient called 

shifted gradients, in which each individual 2D gradient had a narrow range of mobile phase 

composition varying according to the 1D retention time of compounds [410]. The main 

limitation of this approach was the need for specialized software to generate different 2D 

gradients for each 1D fraction; this problem was solved by Li et al [411], who introduced 

software dedicated to shifted gradients in 2013. In spite of the growing popularity of shifted 

gradients, full gradients, in which the gradient covers a wide range of mobile-phase 

compositions in a very short time, are still mostly being used in numerous applications 

[118, 208, 218, 228].  

There is still no consensus about which type of 2D gradient works the best when it comes 

to maximizing the utilization of the separation space, especially when the same 

separation mechanisms (e.g., reversed phase × reversed phase) are used in both 

dimensions in LC×LC systems. Shifted gradients are generally considered the best 

approach in the second dimension in spite of the fact that they require special software 

and hardware, which is not available in many laboratories. Recently, the merits and 

demerits of different second dimension gradient strategies have been studied by Leme et 

al. for the determination of the polyphenolic content of sugarcane leaves. They concluded 

that the use of parallel gradients was the least effective approach [52]. Herein, we argue 

that LC×LC can be carried out in a manner similar to GC×GC when the separation 

mechanisms in the two dimensions are correlated, using reversed phase LC 

(RPLC×RPLC) as an example. With analytes pre-separated in the first dimension based 

on their hydrophobicity, the second-dimension separation can be carried out practically 
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isocratically. This can be accomplished by using simple parallel gradients. With no need 

to re-equilibrate the 2D column after each fraction, the space available for the separation 

in 2D increases significantly, leading to higher overall peak capacity. What is more, we 

argue that parallel gradients by definition lead to the best utilization of the two-dimensional 

separation space if compared to full or shifted gradients when the separation mechanisms 

are correlated. The degree of orthogonality was calculated for all proposed systems and 

the results proved that the highest orthogonality was achieved when parallel gradients 

were adopted in both dimensions.  

An emulated on-line LC×LC system and a state-of-the-art on-line LC×LC system were 

used for the separation of a mixture of pharmaceutical compounds using RP mode in both 

dimensions, thus minimizing the mobile phase mismatch problems. The use of reversed 

phase in both dimensions is very advantageous because the separation efficiency is 

much higher than that in other modes. The conditions in both dimensions were optimized 

to accomplish good coverage of the separation space, which is considered a measure of 

orthogonality, and high peak capacity. In addition, the PIOTR program developed at the 

University of Amsterdam was used to simulate separations using shifted and parallel 

gradients. The simulation results obtained using the program confirmed that the best 

utilization of the separation space can be achieved when par- parallel gradients are used 

in both dimensions. 

2.2 Experimental 

2.2.1 Materials and reagents 

HPLC grade acetonitrile, methanol and acetic acid were purchased from Sigma-Aldrich. 

Ultra-pure water was obtained using a Milli-Q water purification system from Millipore 
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(Bedford, MA, USA). The pH of the mobile phase was adjusted with the help of a pH-

meter (SevenEasy pH, Mettler Toledo, Switzerland). The mixture of pharmaceutical 

compounds used in the study contained 39 components of varying properties. It contained  

1-sulfanilamide, 2-theophylline, 3-sulfacetamide, 4-caffeine, 5-sulfadiazine, 6-

sulfathiazole, 7-sulfapyridine, 8-sulfamerazine, 9-sulfamethazine, 10-

sulfamethoxypyridazin, 11-sulfamonomethoxine, 12-acetylsalicylic acid, 13-

sulfamethoxazole, 14-sulfadimethoxine, 15-sulfaphenazole, 16-ethylparaben, 17-

propylparaben, 18-ketoprofen, 19-propranolol, 20-estrone, 21-fenoprofen, 22-

flurbiprofen, 23-diclofenac, 24-ibuprofen, 25-phenylbutazone, 26-meclofenamic acid, 27-

diflunizal,  28-indomethacin, 29-naproxen, 30-sulfisomidine, 31-sulfaisoxazole, 32-

butylparaben, 33-nicotinamide, 34-terbutaline, 35-thiamine, 36-acetaminophen, 37-

atenolol, 38-metoprolol and 39-nadolol. All components were purchased from Sigma-

Aldrich with purity greater than 98%. The stock solutions of these compounds were 

prepared by dissolving 25 mg of each standard in 10 mL purified water or methanol 

according to their solubility. The working standard solutions were prepared by serial 

dilution of the stock solutions.  All solutions were stored in the dark at 4 °C.  

2.2.2 Equipment 

In the emulated on-line LC×LC experiments, an Agilent model 1200 HPLC system 

(Agilent Technologies, Waldbronn, Germany) equipped with a micro-flow binary pump, 

degasser, autosampler, thermostatted column compartment and UV diode array detector 

was used for the separations. Agilent Chemstation Software was used for instrument 

control and data acquisition. The column used in the first dimension was a PhenomenexTM 

Kinetex C18 (4.6 x 150 mm, 2.6 µm particle size). The columns used in the second 
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dimension depending on the setup were RestekTM Raptor C18 (4.6 x 30 mm, 2.7 µm 

particle size) or RestekTM Pinnacle DB PFPP (4.6 x 30 mm, 3.0 µm particle size) column. 

A Rheodyne manual sample injector (Rheodyne, USA) with a 20 µL sampling loop was 

used for manual injection of the fractions into the second-dimension column. The data 

from two-dimensional liquid chromatography runs were processed using GC Image 

LLCTM software to generate contour plots. 

In the online LC×LC experiments, a Waters Cap LC 920 autosampler connected to a 

10 μL sampling loop and pump was used in the first dimension. An Agilent 1290 Infinity II 

binary pump and DAD detector were used in the second dimension. The first-dimension 

column was Zorbax SB-C18 (1.0 x 150 mm, 3.5 µm particle size), whereas the second-

dimension column was Zorbax Eclipse plus C18 (3.0 x 50 mm, 1.8 µm particle size). An 

Agilent 2-position/8-port valve was used as the interface between the first and the second 

dimensions. Dilution of the fractions collected from the first dimension was performed 

using an Agilent 1100 isocratic pump adding a 20 µL/min flow of 0.5% acetic acid in water 

to a T-piece prior to the valve. MassLynx software (Waters) was used to control the Cap 

LC, while the rest of the setup including the valve was controlled by OpenLab CDS 

software (Agilent). LC Image (v2.6, GC Image LLC, Nebraska, USA) was used to 

construct the contour plots. 

2.2.3 Methods 

Ten experimental setups with different column combinations, mobile phases and 

gradients were tested in our work with the emulated on-line RPLC×RPLC system. Only 

eight setups will be presented in this chapter, while the rest will be described in the 

Appendix A. The chromatographic separations were carried out at 30 °C for all 
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experimental setups. Table 2-1 and Table 2-2 show the experimental conditions used, 

including the stationary phases, the mobile phase compositions, the gradients and flow 

rates used in both dimensions for the eight setups discussed in the paper. Table 2-S1 in 

Appendix A presents the experimental parameters for the other two setups. 

In setups 1, 2, 3 and 4A, parallel gradients were adopted in both dimensions. In the first 

step, 30 seconds fractions of the effluent from the first-dimension column (10 µL injection 

volume) were collected, yielding 100 fractions in total. Every fraction was then diluted 1:1 

with ultrapure water to reduce the elution strength of the mobile phase. To emulate on-

line LC×LC separation, the separation in the second dimension was carried out using a 

single continuous run. In order to do this, a manual sampling loop was installed between 

the pump and the 2D column. The pump started, and the first fraction was manually 

injected after 30 seconds (20 µL injection volume), following which consecutive fractions 

were injected every 30 seconds into the flowing stream of the mobile phase. In this way, 

the second-dimension separation was completed in exactly the same time as the first-

dimension separation, illustrating the potential of using the method in an on-line fashion. 

The UV diode array detector was set to 272 and 254 nm to monitor the compounds in the 

effluent from the second-dimension column. After the end of each run, the columns were 

equilibrated with the initial mobile phase composition for 15 min. 

In setup 4B, the same columns and mobile phases were used as in setup 4A, but full 

gradients in the second dimension were used rather than parallel gradients. 120 seconds 

fractions of the effluent from the 1D column (10 µL injection volume) were collected, 

yielding 25 fractions in total. Every fraction was then diluted 1:1 with ultrapure water. The 

same procedure used in setups 1, 2, 3 and 4A was used to emulate on-line LC×LC 
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separation, except that the first fraction was injected after 120 seconds (80 µL injection 

volume). The consecutive fractions were then injected every 120 seconds into the flowing 

stream of the mobile phase. This long modulation period was due to the necessity to re-

equilibrate the 2D column to the initial mobile phase composition after the separation of 

each fraction. 

In setup 4C, the separations were carried out as in setup 4B, except that 30 seconds 

fractions of the 1D effluent (10 µL injection volume) were collected, yielding 100 fractions 

in all. Every fraction was then diluted 1:1 with ultrapure water. In this case, on-line LC×LC 

separation could not be emulated, as the 30 seconds modulation period was not long 

enough to re-equilibrate the 2D column after each fraction. Consequently, the analysis 

was performed in offline mode. Each fraction (20 µL) was injected, and the separation 

was carried out over 30 seconds, following which the run was stopped and the 2D column 

was re-equilibrated with the initial concentration of the mobile phase used in full gradients 

program.  

In setup 4D, the same columns and mobile phases were used as in setup 4A but shifted 

gradients in the second dimension were used instead of parallel gradients. 60 seconds 

fractions of the 1D effluent (10 µL injection volume) were collected, yielding 50 fractions. 

Every fraction was then diluted 1:1 with ultrapure water. To emulate on-line LC×LC 

separation, the manual sampling loop used in setups 1 – 4A was inserted between the 

pump and the 2D column. The pump was started, and the first fraction was injected after 

60 seconds (40 µL injection volume), following which the consecutive fractions were 

injected every 60 seconds into the continuously flowing stream of the mobile phase. This 
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relatively long modulation period was necessary to re-equilibrate the 2D column after each 

fraction.  

In setup 4E, the separations were carried out as in setup 4D, except that 30 seconds 

fractions of the 1D effluent (10 µL injection volume) were collected, yielding 100 fractions 

in total. Every fraction was then diluted 1:1 with ultrapure water. Similarly, to setup 4C, 

on-line LC×LC separation could not be emulated, and the separation was carried out in 

offline mode to be able to re-equilibrate the 2D column after each fraction.  

With the on-line RPLC×RPLC system, six setups (5a – 5f) were tested. The same 

stationary and mobile phases were used in all experiments, and three types of gradients 

in the second dimension (parallel, shift and full gradients) were tested. As a result, the 

modulation period varied depending on the time required to re-equilibrate the 2D column. 

All the experimental conditions, including the stationary phases, the mobile phase 

compositions, the gradients and flow rates used in both dimensions are listed in Table 

2-3.  

In setup 5a, full gradients were used in the second dimension. The effluent from the first 

dimension was diluted 1:1 on-line with 0.5% acetic acid, collected automatically every 

0.5 min via a 2-position/8-port valve and then injected into the second dimension. The 2D 

gradient was carried out in 0.4 min, while re-equilibration of the column to the initial 

concentration of the mobile phase was performed during the remaining 0.1 min. The 

same gradient was repeated for each fraction.  
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In setup 5b, shifted gradients were used in the second dimension. Details on the shifted 

gradients are presented in Table 2-3; otherwise, the conditions were the same as for setup 

5a.  

In setup 5c, parallel gradients were used in the second dimension. The conditions were 

the same as with setups 5a and b, except that the 2D separation lasted full 0.5 min, as 

there was no need for 2D column re-equilibration after each fraction. 

In setup 5d, full gradients were used in the second dimension as in setup 5a, but the 

effluent from the first dimension was collected for 1 min. The 2D gradient and the actual 

separation time for each fraction was 0.6 min, while re-equilibration of the column was 

performed during 0.4 min. 

In setup 5e, shifted gradients were adopted in the second dimension as in setup 5b, but 

the modulation time was 1 min. The 2D gradient and the separation time was 0.6 min, 

while re-equilibration of the column was performed during 0.4 min. 

In setup 5f, parallel gradients were used in the second dimension as in setup 5c, but the 

modulation time was 15 seconds.  
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Table 2-1: Experimental conditions used with setups 1 - 3. 

Set-up Column 1D mobile 
phase 

2D mobile 
phase 

Modulation 
period 

1D Gradient and flow rate  2D gradient and 
flow rate  

1 
Parallel 
gradients 

1D column: 
Kinetex C18 
(4.6 x 150 mm, 
2.6 µm) 
2D column: 
RaptorTM C18 
(4.6 x 30 mm, 
2.7 µm) 

A: 0.5% 
acetic 
acid in 
H2O 
 
B: 0.5% 
acetic 
acid in 
ACN 

 
 
 
 
 
 
 
A: 0.5% 
acetic acid in 
H2O 
B: 0.5% 
acetic acid in 
MeOH 

0.5 min 
 
(Gradient 
run over full 
0.5 min) 
 
20 µL loops 
 

 0.00 min: 10% B, 1F= 0.7 mL/min 
 2.60 min: 11% B, 1F= 0.4 mL/min 
 10.0 min: 11% B, 1F= 0.4 mL/min 
 30.0 min: 36% B, 1F= 0.5 mL/min 
 50.0 min: 75% B, 1F= 0.5 mL/min 

0.00 min: 2 % B  
8.00 min: 10% B 
34.0 min: 55% B 
50.0 min: 80% B 
52.0 min: 80% B 
 
2F=2.5 mL/min 

2 
Parallel 
gradients 

1D column: 
Kinetex C18 
(4.6 x 150 mm, 
2.6 µm) 
2D column: 
Pinnacle DB 
PFPP (4.6 x 
30 mm, 3.0 µm 

A: 0.5% 
acetic 
acid in 
H2O 
 
B: 0.5% 
acetic 
acid in 
ACN 

0.5 min 
 
(Gradient 
run over full 
0.5 min) 
 
20 µL loops 
 
 

 0.00 min: 10% B, 1F= 0.7 mL/min 
 2.60 min: 11% B, 1F= 0.4 mL/min 
 10.0 min: 11% B, 1F= 0.4 mL/min 
 30.0 min: 36% B, 1F= 0.5 mL/min 
 50.0 min: 75% B, 1F= 0.5 mL/min 
 
 

0.00 min: 6 % B  
8.00 min: 20% B 
35.0 min: 60% B 
50.0 min: 80% B 
52.0 min: 90% B 
53.0 min: 90% B 
 
2F=2.8 mL/min 
 

3 
Parallel 
gradients 

1D column: 
Kinetex C18 
(4.6 x 150 mm, 
2.6 µm) 
2D column: 
Pinnacle DB 
PFPP (4.6 x 
30 mm, 3.0 µm  

A: 0.5% 
acetic 
acid in 
H2O 
 
B: 0.5% 
acetic 
acid in 
MeOH 
 

0.5 min 
 
(Gradient 
run over full 
0.5 min) 
 
20 µL loops 
 

0.00 min: 5% B, 1F= 1.0 mL/min 
5.00 min: 20% B, 1F= 0.4 mL/min 
25.0 min: 24% B, 1F= 0.8 mL/min 
30.0 min: 55% B, 1F= 0.8 mL/min 
40.0 min: 75% B, 1F= 0.8 mL/min 
50.0 min: 80% B, 1F= 0.8 mL/min 
 

0.00 min: 3 % B  
4.00 min: 4.5% B 
5.00 min: 8 % B 
15.0 min: 38% B 
20.0 min: 43% B 
40.0 min: 73% B 
45.0 min: 78% B 
50.0 min: 78% B 
52.0 min: 80% B 
 
2F=2.5 mL/min 
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Table 2-2: Experimental conditions used with setups 4A – E. 

Set-up 4 Column 1D mobile 
phase 

2D 
mobile 
phase 

Modulation period 1D Gradient and flow 
rate  

2D gradient and flow rate  

(4A) 
Parallel 
gradients 

 
 
 
 
 
 
 
1D column: 
Kinetex C18 
(4.6 x 150 
mm, 2.6 µm) 
2D column: 
Pinnacle DB 
PFPP (4.6 x 
30 mm, 
3.0 µm) 

 
 
 
 
 
 
 
A: 0.5% 
acetic acid 
in H2O 
 
B: 0.5% 
acetic acid 
in MeOH 

 
 
 
 
 
 
 
A: 0.5% 
acetic 
acid in 
H2O 
 
B: 0.5% 
acetic 
acid in 
ACN 

0.5 min 
(Gradient run over 
full 0.5 min) 
 
20 µL loops 
 

 
 
 
 
 
 
 
0.00 min: 5% B, 1F= 
1.0 mL/min 
5.00 min: 20% B, 1F= 
0.4 mL/min 
25.0 min: 24% B, 1F= 
0.8 mL/min 
30.0 min: 55% B, 1F= 
0.8 mL/min 
40.0 min: 75% B, 1F= 
0.8 mL/min 
50.0 min: 80% B, 1F= 
0.8 mL/min 
 
 
 
 

0.00 min: 0.0% B   
5.00 min: 5.0% B   
15.0 min: 20.0% B  
20.0 min: 21.5% B  
40.0 min: 51.5%B  
50.0 min: 61.5% B  
52.0 min: 85.0% B 
2F=2.5 mL/min 

(4B) 
Full 
gradients 

2.0 min 
(Gradient from 0-
1.0 min, equilibrate 
from 1.0-2.0 min) 
20 µL loops 

Gradient time:  
1.00  min 
0.0-1.0 min: 10-90 %B 
1.0-2.0 min: 10 %B 
2F=2.5 mL/min 

(4C) 
Full 
gradients 

0.5 min 
(Gradient from 0-
0.45 min, 
equilibration made 
when stop the run 
as it is an offline 
mode) 
20 µL loops 

Gradient time:  
0.45 min  
0.0-0.45 min: 10-95 %B 
0.45-0.5 min: 10 %B 
2F=2.5 mL/min 

(4D) 
Shifted 
gradients 

1 min 
(Gradient from 0-
0.75 min, 
equilibrate from 
0.75-1.0 min) 
 
20 µL loops 

Gradient time:  
0.75 min 
Start percentage for first 
fraction: 
0.00 min  2 
0.75 min 42 
1.00 min 3 
End percentage for the last 
fraction: 
0.00 min  52 
0.75 min 92 
1.00 min 53 
2F=2.5 mL/min 



117 
 

(4E) 
Shifted 
gradients 

0.5 min 
(Gradient from 0-
0.49 min, 
equilibration made 
when stop the run 
as it is an offline 
mode) 
 
20 µL loops 

Gradient time:  
0.49 min 
Start percentage for first 
fraction: 
0.00 min  2% B 
0.49 min 42% B 
0.50 min 2.5% B 
End percentage for the last 
fraction: 
0.00 min  27% B 
0.49 min 67% B 
0.50 min 27.5% B 
2F=2.5 mL/min 
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Table 2-3: Experimental conditions for online LC×LC setups. 

Setup  Column 1D mobile 
phase 

2D mobile 
phase 

Modulation 
time 

Dilution 
flow 

1D gradient and flow 
rate 

2D gradient and 
flow rate 

(5a) 
 Full 
gradients 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1D column:  
Zorbax SB-
C18 
(1.0x150, 3.5 
µm) 
2D column:  
Zorbax 
Eclipse plus 
C18 (3.0x50, 
1.8 µm) 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A: 0.5% 
acetic acid 
in H2O 
 
B: 0.5% 
acetic acid 
in MeOH 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A: 0.5% 
acetic acid 
in H2O 
 
B: 0.5% 
acetic acid 
in ACN 
 
 
 
 
 

0.5 min 
(Gradient from 
0-0.4 min, 
equilibrate 
from 0.4-0.5 
min) 
 
60 µL loops 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
20 µL/min 
0.5% acetic 
acid in H2O 

0-10 min: 5-20 %B 
10-15 min: 20-25 %B 
15-30 min: 25-65 %B 
30-40 min: 65-85 %B 
40-45 min: 85-98 %B 
45-50 min: 98 %B 
1F=20 µL/min 

0-0.4 min: 5-90 %B 
0.4-0.5 min: 5 %B 
 
2F=2.4 mL/min 

(5b) 
 Shifted 
gradients 

0.5 min 
(Gradient from 
0-0.4 min, 
equilibrate 
from 0.4-0.5 
min) 
 
60 µL loops 

0-10 min: 5-20 %B 
10-15 min: 20-25 %B 
15-30 min: 25-65 %B 
30-40 min: 65-85 %B 
40-45 min: 85-98 %B 
45-50 min: 98 %B 
1F=20 µL/min 

Gradient time:  
0.4 min 
Start percentage:  
0-8 min: 2 %B 
8-50 min: 2-42 %B 
End percentage:  
0-8 min: 42 %B 
8-50 min: 42-82 %B 
2F=2.4 mL/min 

(5c) 
Parallel 
gradients 

0.5 min 
(Gradient run 
over full 0.5 
min) 
 
60 µL loops 

0-10 min: 5-20 %B 
10-15 min: 20-25 %B 
15-30 min: 25-65 %B 
30-40 min: 65-85 %B 
40-45 min: 85-98 %B 
45-50 min: 98 %B 
1F=20 µL/min 

0-8 min: 0 %B 
8-30 min: 0-28 %B 
30-50 min: 28-65 %B 
 
2F=2.4 mL/min 

(5d) 
 Full 
gradients 

1 min 
(Gradient from 
0-0.6 min, 
equilibrate 
from 0.6-1 
min) 
 
80 µL loops 

0-10 min: 5-20 %B 
10-15 min: 20-25 %B 
15-30 min: 25-65 %B 
30-40 min: 65-85 %B 
40-45 min: 85-98 %B 
45-50 min: 98 %B 
1F=20 µL/min 

0-0.6 min: 5-90 %B 
0.6-1 min: 5 %B 
 
 
2F=2.4 mL/min 

(5e) 
Shifted 
gradients 

1 min 
(Gradient from 
0-0.6 min, 
equilibrate 

0-10 min: 5-20 %B 
10-15 min: 20-25 %B 
15-30 min: 25-65 %B 
30-40 min: 65-85 %B 

Gradient time:  
0.6 min 
Start percentage:  
0-8 min: 2 %B  
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from 0.6-1 
min) 
 
80 µL loops 

40-45 min: 85-98 %B 
45-50 min: 98 %B 
 
1F=20 µL/min 

8-50 min: 2-42 %B 
End percentage:  
0-8 min: 42 %B 
8-50 min: 42-82 %B 
2F=2.4 mL/min 

(5f) 
 Parallel 
gradients 

0.25 min 
(Gradient run 
over full 0.25 
min) 
 
40 µL loops 

0-10 min: 5-20 %B 
10-15 min: 20-25 %B 
15-30 min: 25-65 %B 
30-40 min: 65-85 %B 
40-45 min: 85-98 %B 
45-50 min: 98 %B 
 
1F=20 µL/min 

0-8 min: 0 %B 
8-22 min: 0-19 %B 
22-50 min: 19-72 %B 
 
2F=2.4 mL/min 
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2.3 Evaluation of the performance of the systems 

Two common metrics used to characterize the performance of LC×LC systems are the 

degree of orthogonality of the separation and the practical peak capacity. Numerous 

approaches have been proposed in the literature to estimate the orthogonality of 2D 

chromatographic methods, and there is no consensus with regard to which method 

performs the best. This makes comparison between reported orthogonality values 

challenging. Herein, the degree of orthogonality of each LC×LC setup was calculated 

using three different metrics: the vector method reported by Schmitz and co-workers 

[184], the convex hull method [262] and the asterisk method [263]. The first two of these 

methods measure the portion of the 2-dimensional space which is accessible to analytes 

(the surface coverage, fc), while the asterisk method uses a set of equations that estimate 

orthogonality based on the distances of experimental retention times from four lines 

bisecting the separation space. Each of these methods was used to compare the 

performance of LC×LC separations using different types of gradients in the second 

dimension. As orthogonality values obtained using each of these methods were generally 

similar, especially in the case of the two metrics measuring fc (see Table 2-4), the following 

discussion will be based mainly on orthogonality values obtained using the vector method.  

The practical peak capacity of a 2D separation provides another good metric to evaluate 

the performance of a 2D separation system. While the theoretical 2D peak capacity is 

simply the product of the peak capacities of the individual dimensions, practical peak 

capacity also takes into account undersampling of the first dimension and the utilization 

of the separation space. The equations used to calculate the practical peak capacity are 

shown in the footnote of Table 2-4. 
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Table 2-4: Estimated orthogonality metrics and practical peak capacities of the LC×LC setups 
tested. 

 

 

 
1nc and 2nc  are the peak capacities of the 1D and 2D separations. 

nc,2D is the theoretical 2D peak capacity. 
1tg    is the 1D gradient time. 
1ts is the sampling time. 

β accounts for 1D undersampling according to equation: 
 

 

 

Orth are orthogonality values determined using the vector (Vect), convex hull (CH) and asterisk 
(Ast) methods.   

n´c,2D  is the practical peak capacity taking into account 1D undersampling and surface coverage 
calculated as the average of the values determined using the vector and convex hull 
methods: 

 

          

Setup 
1nc 2nc nc,2D 

1tg 
(min) 

1ts 
(min) ᵦ OrthVec OrthCH OrthAst n´c,2D 

Setup 1 142 18.13 2565 47.2 0.5 2.92 0.76 0.78 0.60 678 
Setup 2 142 13.67 1934 47.2 0.5 2.92 0.90 0.89 0.73 594 
Setup 3 125 13.576 1693 43.2 0.5 2.83 0.80 0.90 0.74 510 

Setup 4A 125 14.25 1777 43.2 0.5 2.83 0.77 0.73 0.74 471 
Setup 4B 125 35.8 4464 43.2 2 10.62 0.44 0.48 0.41 192 
Setup 4C 125 21.16 2639 43.2 0.5 2.83 0.59 0.68 0.51 595 
Setup 4D 125 19.7 2457 43.2 1 5.38 0.61 0.67 0.66 292 
Setup 4E 125 12.891 1608 43.2 0.5 2.83 0.67 0.57 0.57 353 
Setup 5a 137 52.8 7234 45 0.5 2.96 0.23 0.22 0.34 548 
Setup 5b 137 46 6302 45 0.5 2.96 0.41 0.37 0.46 831 
Setup 5c 137 33.9 4644 45 0.5 2.96 0.75 0.55 0.69 1017 
Setup 5d 137 76.4 10467 45 1 5.66 0.26 0.22 0.37 447 
Setup 5e 137 60.2 8247 45 1 5.66 0.43 0.38 0.47 585 
Setup 5f 137 22.3 3055 45 0.25 1.71 0.77 0.69 0.92 1296 

β =�1 + 3.35 �
𝑡𝑡𝑠𝑠1   . 𝑛𝑛𝑐𝑐1

𝑡𝑡𝑔𝑔1 �
2
 

 

𝑛𝑛𝑐𝑐,2𝐷𝐷
′ =

𝑛𝑛1 𝑐𝑐 ∙ 𝑛𝑛2 𝑐𝑐 ∙ 𝑓𝑓𝑐𝑐
𝛽𝛽
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2.4 Results and discussion 

In LC×LC, separation selectivity is determined by the stationary and mobile phases used 

in the first and the second dimensions. Mobile phase compatibility and its effect on the 

fraction transfer between the two dimensions should be considered when developing a 

new LC×LC system. In this study, an RPLC×RPLC system was used to avoid mobile 

phase incompatibility issues. Ten different emulated online LC×LC setups were tested for 

the separation of a mixture of pharmaceutical compounds with different combinations of 

columns and mobile phases. Six setups using parallel gradients in the first and the second 

dimension were tested in all, but only four of them will be presented in this paper. Two 

setups adopted full gradients, whereas the other two setups applied shifted gradients in 

the second dimension. In all setups, the stationary phase used in the first dimension was 

Kinetex C18. The stationary phases used in the second dimension were either C18 or 

PFPP (pentafluorophenyl propyl) using different mobile phase organic modifiers 

(acetonitrile or methanol). The conditions are summarized in Table 2-1 and Table 2-2. 

Another six online LC×LC setups were tested for the separation of the same mixture using 

Zorbax SB-C18 column (1 x 150 mm, 3.5 µm) in the first dimension, and Zorbax Eclipse 

plus C18 column (3 x 50 mm, 1.8 µm) in the second dimension. The conditions are 

summarized in Table 2-3. 

Figure 2-1 illustrates 2D separation obtained using the same stationary phase chemistry 

in both dimensions (C18), but different organic modifiers. In spite of the minor difference 

between the two dimensions, the coverage of the separation space was reasonably good, 

especially at longer retention times. The calculated surface coverage of this system was 

0.76 using the vector method and 0.78 using the convex hull method, as shown in Table 
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2-4. This reasonably high value was obtained thanks to the good distribution of 

compounds in the separation space achieved by using parallel gradients in both 

dimensions. With parallel gradients, analytes elute from the second dimension under 

nearly isocratic conditions, increasing peak resolution in the second dimension (assuming 

no undue peak broadening) and the coverage of the separation space. The gradual 

increase in the elution strength of the 2D mobile phase manifests itself through the 

characteristic shape of tailing bands (see e.g., analyte 19). Also, because of software 

limitations, some of the peaks split between two fractions were not properly combined 

into a single peak; analyte numbers are repeated twice in such cases. This limitation could 

be overcome by using a selective detector (e.g., MS), which would facilitate identification 

of analytes in the individual fractions, or by using a shorter modulation period resulting in 

smaller differences between analyte retention times in consecutive fractions. Very short 

modulation periods can be easily accomplished with parallel gradients, but are not 

practical using any kind of repetitive gradients in the second dimension. Overall, Figure 

2-1 illustrates the flexibility of the system, where different selectivity can be easily obtained 

simply by changing the organic phase modifiers.  

Figure 2-2 illustrates the separation obtained using different stationary phase chemistries 

and organic modifiers in both dimensions (ACN in 1D, MeOH in 2D). This chromatogram 

illustrates the great potential of the approach proposed. It shows practically complete 

coverage of the separation space (fc = 0.9 using both vector and convex hull methods), 

indicating excellent orthogonality. Some peak wraparounds are evident (e.g., peak no. 

33), but they do not interfere with the separation of other analytes.  
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Figure 2-1: Comprehensive LC×LC separation of the mixture of pharmaceutical compounds using 
setup 1 (same stationary phase chemistry in both dimensions, different organic modifiers: ACN in 
1D, MeOH in 2D). The modulation time was 30 seconds. 

 

Figure 2-2: Comprehensive LC×LC separation of the mixture of pharmaceutical compounds using 
setup 2 (different stationary phase chemistries, ACN in 1D, MeOH in 2D). The modulation time 
was 30 seconds. 
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Figure 2-3 illustrates the separation obtained using different stationary phases, but the 

same organic modifier in both dimensions (MeOH). It is quite evident that the same 

organic modifier in both dimensions led to a slight increase in peak wraparound compared 

to the previous setup, but the coverage of the separation space remained good (fc = 0.80 

and 0.9 calculated by vector and convex hull methods, respectively). Overall, Figure 2-3 

illustrates the flexibility of the system, where different selectivity can be easily obtained 

simply by changing the organic phase modifiers. 

 

Figure 2-3: Comprehensive LC×LC separation of the mixture of pharmaceutical compounds using 
setup 3 (different stationary phase chemistries, MeOH in 1D and 2D). The modulation time was 30 
seconds. 

 

In setup 4, different types of gradients were adopted in the second dimension to compare 

the effect of gradient type on the distribution of compounds in the second dimension and 

so the coverage of separation space. In all subcategories of setup 4, the difference in the 

degree of orthogonality calculated for each system demonstrated that the maximum 
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utilization of the retention space was achieved when parallel gradients were used. Figure 

2-4A illustrates the separation obtained using different stationary phase chemistries and 

organic modifiers in both dimensions (MeOH in 1D, ACN in 2D), and parallel gradients in 

the second dimension (Setup 4A). The chromatogram shows very good coverage of the 

separation plane (fc = 0.77 and 0.73 calculated by the vector and the convex hull methods, 

respectively), indicating good orthogonality. As the 2D column did not need to be re-

equilibrated before the injection of the next fraction, the second dimension separation 

time was used efficiently.  

     On the other hand, it should be pointed out that any kind of repetitive gradient in the 

second dimension leads to the reduction of the separation space accessible to the 

analytes. Setup 4B, in which the same stationary and mobile phases were used as in 

setup 4A, but full gradients were applied in 2D, will be used as an example. The 

modulation period in this setup was 120 seconds to provide sufficient time to re-equilibrate 

the 2D column. Since the same separation mechanism (reversed phase) was used in both 

dimensions, analytes that were weakly retained in 1D, thus eluting early from this 

dimension, tended to also elute early from 2D, and vice versa. As a result, all analytes 

would fall along a diagonal line, which is a hallmark of non-orthogonality as shown in 

Figure 2-4B (the fc value was 0.44 and 0.48 calculated by the vectors and the convex hull 

methods, respectively). Moreover, the 1D fractions collected every 120 seconds contained 

larger numbers of compounds compared to the fractions collected every 30 seconds in 

setup 4A. This led to numerous analyte coelutions caused by re-mixing of components 

already separated in 1D and exacerbated by the fact that the steep gradient of the mobile 

phase used in 2D resulted in poor resolution of peaks in this dimension. Finally, it should 
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be emphasized that only about half of the total 2D cycle time was devoted to analyte 

separation, with the rest spent on column re-equilibration. This leads to very inefficient 

use of the total separation time.  

     In setup 4C, we emulated a 30 second modulation period in an RPLC×RPLC system 

using full gradients in the second dimension and calculated the degree of orthogonality 

of this system (Figure 2-4C). In reality, 30 seconds modulation with full gradients in 2D 

would be very difficult to accomplish with a conventional HPLC instrument, hence this 

separation was performed in an offline mode. 30 seconds fractions of the 1D effluent were 

first collected and diluted 1:1 with water. Each fraction was then subjected to 30 seconds 

2D separation carried out off-line. The 2D column was re-equilibrated before injecting the 

next fraction. The re-equilibration time was ignored during data processing. The average 

fc for this hypothetical system calculated by the vector and the convex hull methods was 

0.64, indicating that even if full gradients in 2D could be accomplished using very short 

modulation periods on state-of-the-art UHPLC instrumentation (refer to the discussion on 

setups 5a-f below), better utilization of the separation space would still be achieved with 

parallel gradients in both dimensions. 

In setup 4D, shifted gradients were used in the second dimension. The modulation period 

in this setup was 60 seconds to provide sufficient time to re-equilibrate the 2D column to 

the initial conditions of the next fraction. As shown in Figure 2-4D, the coverage of the 

separation space was better than in Figure 2-4B when full gradients were used, but still 

worse than in Figure 2-4A when parallel gradients were used. With shifted gradients, each 

fraction would be subject to too low elution strength at the beginning, and too high elution 

strength at the end. Thus, less retained compounds in each fraction would elute slightly 
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later, while more retained ones slightly earlier, leading to overall compression of the band 

of analytes and reducing the resolution in the second dimension. The average of the fc 

values calculated by the vector and the convex hull methods of this setup was 0.64.  

In setup 4E, we emulated a 30 second modulation period with shifted gradients in the 

second dimension and calculated the degree of orthogonality of this system. This 

experiment was again carried out in offline mode. Fractions of 1D effluent collected every 

30 seconds were separated in the second dimension in 30 seconds. The run was stopped 

and the 2D column was re-equilibrated before injecting the next fraction. As before, the 

re-equilibration time was ignored during data processing. The average of the fc values 

calculated by the vector and the convex hull methods was 0.62 (Figure 2-4E). When 

comparing setups 4A, 4C and 4E, which all used the same gradient time, it is clear that 

the surface coverage, hence orthogonality, increased in the order full gradients < shifted 

gradients < parallel gradients, indicating again that the best utilization of the separation 

space and the best resolution of peaks can be achieved when parallel gradients are used. 

Figures 2-S1 and 2-S2 in Appendix A illustrate the separations obtained using the 

remaining two emulated online LC×LC setups.  
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Figure 2-4: Comprehensive LC×LC separation of the mixture of pharmaceutical compounds using 
different stationary phase chemistries, MeOH in 1D and ACN in 2D. (A) setup 4A: modulation time 
30 seconds, parallel gradients; (B) setup 4B: modulation time 120 seconds, full gradients used in 
2D; (C) setup 4C: modulation time 30 seconds, full gradients used in 2D; (D) setup 4D: modulation 
time 60 seconds, shifted gradients used in 2D; (E) setup 4E: modulation time 30 seconds, shifted 
gradients used in 2D. 
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The experiments described thus far were carried out using standard HPLC 

instrumentation, which can be easily adopted to on-line LC×LC using parallel gradients 

but is not suitable for LC×LC separations using full or shifted gradients in 2D with short 

gradient times (e.g., 30 seconds as in setups 4C and 4E). However, this is possible with 

modern, dedicated LC×LC instrumentation, hence it was important to verify whether the 

conclusions from the study applied also when such instrumentation was used. It is for this 

reason that similar experiments were carried out on an Agilent 1290 dedicated LC×LC 

system. Since these experiments (setups 5 a-f) were carried out in a different laboratory, 

the stationary phases used in the two dimensions were different than in the original study. 

Nevertheless, the conclusions are still applicable. Table 2-4 summarizes the results 

obtained using the on-line system. The noticeably higher 2D peak capacities measured 

for setups 5 a-f were a consequence of the smaller particle size of the 2D column used in 

these experiments, and the use of a dedicated UHPLC instrument with reduced extra-

column volume and a fast DAD detector. The experiments confirmed that parallel 

gradients in the second dimension provided very good coverage of the separation plane, 

leading to better orthogonality compared to full or shifted gradients, as shown in Figure 

2-5a-f. The highest surface coverage was obtained with setups 5c (0.67) and 5f (0.79), in 

which parallel gradients were used in both dimensions. This confirms the conclusions 

from the experiments carried out using the emulated on-line system.  

Setup 5f deserves particular attention. In this setup, the modulation period was only 

15 seconds, which is practically unheard of in LC×LC separations. Such a short 

modulation period was only possible because of the use of parallel gradients in both 

dimensions, which do not necessitate column re-equilibration before the injection of each 
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fraction. This setup produced clearly superior results approaching the quality of GC×GC 

separations, with minimal 1D undersampling and the highest surface coverage and peak 

capacity of all the setups tested.  

In addition to orthogonality evaluation through surface coverage determined using the 

vectors and the convex hull methods, Table 2-4 also reports orthogonality estimates 

obtained using the asterisk equation. As mentioned before in section 2-3, this method 

estimates orthogonality based on the distances of experimental retention times from four 

lines bisecting the separation space, hence rather than focusing on surface coverage, it 

looks for the undesirable clustering of peaks. The results obtained using this method 

confirmed the conclusions drawn based on the two other methods. As before, the highest 

degree of orthogonality was achieved when parallel gradients were used in both 

dimensions. The calculated orthogonality was 0.74 for the emulated online setup 4A, 0.69 

for the online LC×LC setup 5c using 30 seconds modulation period, and 0.92 for the 

online LC×LC setup 5f using the modulation period of 15 seconds.  

Another very useful metric used to characterize the performance of an LC×LC system is 

the practical 2D peak capacity [184]. It depends not only on the degree of orthogonality, 

but also on the undersampling of 1D peaks [412]. Table 2-4 shows the practical peak 

capacities for all setups using the average fc values determined using the vector and 

convex hull methods. Also in this case, the performance of the system was the best when 

parallel gradients were used in both dimensions. The practical peak capacity reached a 

maximum value of nearly 1300 in the on-line system when the sampling time was 15 

seconds in setup 5f, compared to ~1000 when the sampling time was 30 seconds (setup 

5c). The 15 seconds sampling time is only practical with parallel gradients, as there is no 
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need to re-equilibrate the column after the separation of each fraction. Decreasing the 

sampling time thus enhances the practical peak capacity and improves the resolution of 

peaks. 

 

Figure 2-5: Comprehensive online LC×LC separation of the mixture of pharmaceutical 
compounds using the same stationary phase chemistry in both dimensions and different organic 
modifiers (MeOH in 1D, ACN in 2D) (a) setup 5a: modulation time 30 seconds; full gradients used 
in 2D; (b) setup 5b: modulation time 30 seconds; shifted gradient used in 2D; (c) setup 5c: 
modulation time 30 seconds; parallel gradients; (d) setup 5d modulation time 60 seconds, full 
gradients used in 2D; (e) setup 5e: modulation time 60 seconds, shifted gradient used in 2D; (f) 
setup 5f: modulation time 15 seconds, parallel gradients. 
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2.5 PIOTR Model 

PIOTR is a program developed at the University of Amsterdam for interpretive 

optimization of two-dimensional resolution [413]. It facilitates rapid development of LC×LC 

methods. Using input data from chromatograms recorded under specific, known 

conditions, the program can model retention of the analytes in a given chromatographic 

system as a function of the mobile phase composition. Figure 2-6 illustrates the graphical 

interface of the software.  

 

Figure 2-6: User interface of the PIOTR program where the method parameters are specified for 
the prediction of 24000 different shifting gradients. 

 

In this study, chromatograms were recorded using three different gradient elution 

programs for two stationary phase systems that were used in the first and second 

dimensions in the offline and online setups. One of them was a Phenomenex Kinetex C18 

column (150 × 4.6 mm, 2.6 μm), and the other one was a Restek Pinnacle DB PFP 

column (30 × 4.6 mm, 3 μm). To determine the retention parameters of these two 
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systems, the method and system information were supplied to the program. The dwell 

volume was assumed to be roughly 1.0 mL. The resulting retention parameters were 

recorded for all analytes in both chromatographic systems.  Retention curves for each 

analyte were then plotted. 

Having established the retention behavior of all analytes, the two individual sets were 

combined to allow hypothetical prediction of retention in an LC×LC system. Due to the 

fact that the physical dimensions of both columns were different (150 × 4.6 mm and 30 × 

3.0 mm for the C18 and PFP column, respectively), the dead volumes for all following 

LC×LC predictions were adjusted to reflect those of 150 × 1.0 mm and 50 × 3.0 mm 

columns, respectively. This was possible because the retention parameters are 

independent of the physical column dimensions as long as the stationary phase material 

is identical. The efficiency of the columns is expected to be different, but this should 

mainly affect peak shapes rather than the location of the peaks in the retention space. 

Using the PIOTR interface, 24000 different regular shifted gradients, and 1240 parallel 

gradients were simulated. In the case of the shifted gradients, the total number of gradient 

assemblies possible was the product of all of the steps per parameter (i.e., 

5*4*4*3*5*5*4=24000 different methods). Table 2-S2 and 2-S3 in Appendix A show the 

method parameter ranges used for the prediction of 24000 shifting gradients and 1240 

parallel gradients. The modulation time in all simulations was set to 0.5 min, as this was 

the modulation period already used in the experiments. The length of the boundary 

gradients was defined as 60 min minus the dead time of the first dimension = 56 min. The 

flow rate in the first dimension was set to 0.02 mL/min, and in the second dimension to 
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2.4 mL/min. Using just one processor on a regular computer, PIOTR required about 7 min 

to simulate 24000 LC×LC methods with these analytes. 

For each simulated chromatogram, the algorithms calculated the performance 

parameters and separation quality criteria. These can be presented in what is called a 

Pareto-optimal plot, in which two or more objective criteria are plotted against each other. 

In this plot, the analysis times (defined as the retention times of the last eluting peak) are 

plotted against the two-dimensional resolution. For each chromatogram, the resolution of 

each peak with each of its neighbors was calculated by using the metric introduced by 

Schure et al. [414]. The resolution was then normalized to a value between 0 and 1 by 

using a Derringer desirability function [415-417]. In this case, the desirability function was 

described in equation 2.1: 

𝑑𝑑�𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗� = �
𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗
1.5

 𝑖𝑖𝑓𝑓 𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗 < 1.5

1       𝑖𝑖𝑓𝑓 𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗 ≥ 1.5
 2.1 

 

Where 𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗 is the resolution between peaks i and j, and 𝑑𝑑�𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗� is the desirability function 

that varies between 0 (complete overlap) and 1 (no overlap, i.e., resolution 1.5 or higher). 

Note that the equation above has a ceiling. It considers that a resolution of 1.5 is 

satisfactory and that it is not worth it to put extra effort into separating peaks i and j further 

when such a resolution is achieved. Finally, the algorithm was set to take the product of 

all obtained resolution values to assess the overall separation quality, 𝑂𝑂𝑅𝑅𝑆𝑆 where m is the 

total number of compounds considered as shown equation 2.2: 
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       𝑂𝑂𝑅𝑅𝑅𝑅 = ��𝑑𝑑�𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗�
𝑚𝑚

𝑗𝑗=1

𝑚𝑚

𝑖𝑖>𝑗𝑗

 2.2 

 

In the software tool, individual points can be selected in the interactive plot shown in 

Figure 2-7.  

 

Figure 2-7: Pareto-optimality plot showcasing all 25240 simulations carried out in this study. The 
blue points represent simulations of parallel gradients, whereas the purple points represent 
simulations from experiments using shifting-gradient assemblies. The symbols refer to the 
corresponding simulated 2D-LC chromatograms shown in Figure 2-8. The orange data point 
represents chromatogram C from Figure 2-8. 

 

Several have been selected and shown in Figure 2-8. Figure 2-8A and Figure 2-8B 

illustrate the results for two different generic shifting gradient assemblies. For Figure 2-8A, 

the 1D gradient ran from 15% to 80% MeOH in 60 min, whereas that in the 2D varied from 

15-85% (initially) to 25-100% MeOH (at the end). For Figure 2-8B, the 1D gradient ran 

from 20% to 90 MeOH in 60 min, while in the 2D it varied from 15-70% (initially) to 35-

100% MeOH (at the end). In both cases, the separation space was underused. 
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Figure 2-8C shows the separation using parallel gradients with the 1D gradient running 

from 20% to 90% MeOH in 45 min, and the 2D one from 10% to 85% MeOH in 56 min. 

This set of very simple, nearly perfectly parallel gradients (when correcting the 2D gradient 

for the dead time), already resulted in a major improvement in the utilization of the 

separation space. In this separation, even though the separation of each fraction in the 

second dimension was carried out under essentially isocratic conditions, peak 

wraparound was not present. However, if wraparound is mildly allowed, such as shown 

in Figure 2-8D, then the separation space is utilized even more efficiently. For this 

experiment, the 1D gradient ran from 20% to 95% MeOH in 35 min and the 2D from 20% 

to 75% MeOH in 56 min. Peak wraparound is normally considered an undesirable 

phenomenon, and most LC×LC practitioners try to avoid it. However, as GC×GC 

chromatographers have demonstrated numerous times, wraparound is only detrimental 

to the separation when it leads to coelutions with components of successive fractions. If 

coelutions can be avoided, wraparound often leads to more efficient utilization of the 

separation space. Figure 2-8E and 8F display the results of simulations where 

wraparound was strongly encouraged. In fact, both reflect Pareto-optimal points 

according to the plot in Figure 2-7. Here, the full separation space was effectively utilized. 

The simulation in Figure 2-8E used parallel gradients with the 1D gradient running from 

20% to 70% MeOH in 35 min and the 2D gradient from 5% to 75% MeOH in 56 min. For 

Figure 2-8F, the 1D gradient ran from 20% to 65% MeOH in 30 min, and the 2D from 5% 

to 75% MeOH in 56 min.  

Overall, the simulation results illustrated in Figure 2-7 show that in many cases parallel 

gradients can produce results as good as shifted gradients in comparable time, while 
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being achievable using much simpler setups. The best results overall were obtained with 

parallel gradients allowing for peak wraparound, which led to the best use of the available 

separation space. 

 

Figure 2-8: Simulated LC×LC separations of the analyte mixture using different forms of mobile-
phase composition programs. Figures (A and B) used shifted gradients, while (C, D, E, and F) 
used parallel gradients. 
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2.6 Conclusions 

It is not necessary to have completely different separation mechanisms in the first and 

second dimensions to have a good LC×LC system. The degree of orthogonality between 

both dimensions is an important factor, but it is not sufficient to evaluate the full potential 

of a given system [418]. In Giddings’s intent in the definition of orthogonality, full 

orthogonality implies that the separation space must be fully accessible [264]. In the 

RPLC×RPLC systems developed, partial or full surface coverage could be achieved 

through various combinations of stationary and mobile phase chemistries. Using different 

columns, organic modifiers and different gradients in each dimension increased the 

dissimilarity of the two dimensions and enhanced the orthogonality of the system.  The 

potential of the systems was maximized in each case through the use of parallel 

gradients, which led to nearly-isocratic elution conditions for each fraction in the second 

dimension. When two-dimensional parallel gradients are adopted, simultaneous increase 

in the elution strength in the two dimensions with partially correlated retention makes it 

possible for the analytes in a given fraction to be eluted without using gradients in 2D. 

With the analytes pre-separated according to their hydrophobicity in 1D, the second 

dimension can better explore the specific interactions between the analytes, the 

stationary phase and the mobile phase. This decreases the correlation between the two 

dimensions, leading to better coverage of the retention space and hence higher 

orthogonality. In addition, the use of parallel gradients eliminates the need for repeated 

2D column re-equilibration, which results in more efficient utilization of the cycle time. This, 

in turn, increases the available separation space, and the practical peak capacity. Without 

the need to run repeated gradients in 2D, the approach proposed makes it possible to 
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perform LC×LC separations using simpler instrumentation and software, making the 

technique nearly as user-friendly as comprehensive two-dimensional gas 

chromatography. It also shows how the 2D separation space can be efficiently used when 

the separation mechanisms are correlated. The hypothesis that the best utilization of the 

separation space when using similar separation mechanisms in both dimensions can be 

accomplished with parallel gradients was not only confirmed through experimentation, but 

also through the results of simulations using the PIOTR program. 
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Chapter 3  
GREEN APPROACHES TO COMPREHENSIVE TWO-

DIMENSIONAL LIQUID CHROMATOGRAPHY (LC×LC) 3 

3.1 Introduction: 

Comprehensive two-dimensional liquid chromatography (LC×LC) is one of the most 

important separation techniques for the separation of complex mixtures as it provides 

more resolving capability compared to standard one-dimensional (1D) LC. In 1978, Erni 

introduced the first LC×LC system to separate a complex plant extract [2]. Recently, 

LC×LC systems have become popular in proteomics [420], as well as in the separation 

of polymers [421], phenolic acids [422] and natural products [89, 423-426]. They also 

found numerous applications in the pharmaceutical field. For example, an LC×LC method 

was developed to identify and quantify drugs and their metabolites in urine and plasma 

[427]. Other LC×LC systems were used to detect and identify impurities in drug 

ingredients and final dosage forms [428-430]. In addition, LC×LC systems were applied 

to screen pharmaceutical samples in stress and stability studies [431]. 

Acetonitrile (ACN) is the most popular solvent in liquid chromatography owing to its low 

viscosity, low UV cut-off (192 nm), low boiling point, low acidity, and water miscibility. On 

the other hand, ACN is toxic to humans and aquatic life [432]. The green analytical 

chemistry (GAC) concept is based on minimizing the hazardous solvents or eliminating 

them from analytical procedures, and using eco-friendly solvents that minimally impact 

                                                 
 
3 This chapter is a manuscript of our publication (ref. [419] A.A. Aly, T. Górecki, M.A. Omar, Green 
approaches to comprehensive two-dimensional liquid chromatography (LC × LC), Journal of 
Chromatography Open 2 (2022) 100046. https://doi.org/https://doi.org/10.1016/j.jcoa.2022.100046. 
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the environment upon their use or disposal [428].  In 1D LC, several strategies have been 

used to reduce or exclude toxic solvents and reagents to minimize the deleterious 

repercussions on humans and the environment without compromising efficiency [433, 

434]. In spite of the growing development of analytical methodologies in research centers 

around the world, chemists thus far have paid less attention to make LC×LC more eco-

friendly using environmentally benign solvents. Although LC×LC was evaluated as a 

green eco-friendly approach according to GAC principles due to generation of low 

volumes of analytical wastes [435], it is noteworthy that most solvents used with this 

technique pose a risk to operators’ safety and the environment due to their volatility, 

flammability, and toxicity [265]. Excluding these hazardous solvents is highly desirable to 

protect the environment even if they are used in low volumes.  

In RPLC, the selection of organic modifiers in the mobile phases is rather limited. The 

most popular ones are ACN, methanol (MeOH), isopropanol (IP), and tetrahydrofuran 

(THF) [436]. Many solvents cannot be utilized because of high UV cut-off or high viscosity 

when mixed with water. In most previously mentioned LC×LC applications, ACN in 1D 

and MeOH in 2D (or vice versa) were adopted to accomplish different selectivity of the 

mobile phases in the two dimensions. The selectivity between the two dimensions might 

be altered if unusual organic modifiers are used. As a result, both practical peak capacity 

and the orthogonality of LC×LC systems will be negatively impacted [437].  Retaining 

different selectivity between the first and the second dimensions might be the reason why 

researchers usually use MeOH and ACN as organic modifiers in LC×LC. 

According to the green solvent selection guide, ethanol is considered an environmentally 

friendly solvent for LC applications [438]. It possesses many advantages over ACN such 
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as easy biodegradability, low volatility, low toxicity and low disposal cost [438]. However, 

it has higher viscosity compared to other solvents such as MeOH and ACN. Nevertheless, 

most modern HPLC pumps can work with ethanol at higher pressure. The advantages of 

using ethanol as benign solvent outweigh the disadvantages of it, especially with modern 

HPLC instrumentation.  

Propylene carbonate (PC) is a green aprotic solvent which is  characterized by fairly high 

dielectric constant and a strong dipole-dipole interaction, which help in chromatographic 

separation [439]. Owing to its advantages over ACN and MeOH, it has been used to 

replace them as a component of mobile phases in LC. Under aerobic conditions, it is 

easily biodegradable by activated domestic sludge, therefore it is considered a “green” 

solvent [310]. PC is a safe solvent for humans to work with as its LD50 value is very high 

compared to ACN [440]. Moreover, the boiling point and flashpoint temperature of PC are 

much higher than those of ACN, hence accidental fire incidence is greatly reduced with 

PC in laboratories [310]. Finally, ACN, according to the Environmental Protection Agency 

(EPA), is classified as a hazardous air pollutant and a volatile organic compound (VOC), 

whilst PC is regarded as a VOC exempt solvent [310]. 

Herein, we propose the use of propylene carbonate/ethanol mixture as an 

environmentally friendly mobile phase to replace ACN or MeOH in LC×LC without 

affecting the peak capacity or orthogonality. As PC is not completely miscible with water 

over the entire concentration range, a ternary component must be added to increase its 

miscibility with water. In 2011, PC was used for the first time as a component of a mobile 

phase in 1D LC by Suvarna et al., who experimented with various proportions of PC in 

MeOH. They found that Solvent X [propylene carbonate: MeOH, 60:40 (v/v)] is completely 
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miscible with some organic solvents and water under all conditions with acceptable 

viscosity [439]. Several researchers used Solvent X as a component of mobile phases in 

one-dimensional RPLC separations to make LC more eco-friendly  [308, 310, 440]. To 

make RPLC even greener, Tache et al. used propylene carbonate: ethanol, 60:40 (v/v) 

as a component of the mobile phase to substitute ACN without affecting separation 

efficiency [314]. 

The objective of this work was to illustrate the possibility of replacing ACN or MeOH, 

commonly used solvents in LC×LC, with propylene carbonate/ethanol mixture without 

sacrificing method efficiency. To the best of our knowledge, propylene carbonate has not 

been used as a green organic modifier in LC×LC separations to date. To ensure that 

propylene carbonate/ethanol mixture can replace the conventional solvents as mobile 

phase in LC×LC without losing selectivity, peak capacity, resolving power and 

orthogonality, we developed two sets of LC×LC systems. Firstly, we developed two 

emulated on-line LC×LC systems for the separation of a mixture of pharmaceutical 

substances adopting RP modes in the two dimensions. The two new systems were 

compared in terms of orthogonality and peak capacity to selected setups published in our 

previous paper [113] that adopted ACN and MeOH as organic modifiers in the first and 

second dimension, respectively. Secondly, three comprehensive on-line LC×LC systems 

were developed for the separation of the same mixture adopting RP modes in the two 

dimensions. The three systems were identical in almost all conditions including the 

stationary phases in 1D and 2D, the analysis time, and the additives to the mobile phases, 

but the organic modifiers were changed in one or both dimensions. These three systems 

were compared to each other in terms of orthogonality and peak capacity.  
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3.2 Experimental 

3.2.1 Reagents 

HPLC grade water, ethanol, methanol, propylene carbonate (racemic mixture), acetic 

acid, and formic acid were purchased from Sigma-Aldrich (Oakville, ON, Canada). The 

analyte mixture used contained sulfanilamide, theophylline, sulfacetamide, caffeine, 

sulfadiazine, sulfathiazole, sulfapyridine, sulfamerazine, sulfamethazine, 

sulfamethoxypyridazin, sulfamonomethoxine, acetylsalicylic acid, sulfamethoxazole, 

sulfadimethoxine, sulfaphenazole, ethylparaben, propylparaben, ketoprofen, propranolol, 

estrone, fenoprofen, flurbiprofen, diclofenac, ibuprofen, phenylbutazone, meclofenamic 

acid, diflunizal, indomethacin, naproxen, sulfisomidine, sulfaisoxazole, butylparaben, 

nicotinamide, terbutaline, thiamine, acetaminophen, atenolol, metoprolol and nadolol. 

The analytes were supplied by Sigma-Aldrich (Oakville, ON, Canada) with purity greater 

than 98%. Stock solutions of 2.5 mg mL−1 of the drugs were prepared by dissolving the 

powder of each drug in purified water or a small amount of methanol with the help of 

ultrasonic bath, and then diluting with ultrapure water. The working standard solutions 

and the mixture were prepared from the stock solutions by serial dilution. All working 

solutions were stored in the dark at 4 °C.  

Since propylene carbonate is not completely miscible with water over the entire mixing 

range [439], it was mixed with ethanol in a 60:40 ratio and then this mixture (Solvent X) 

was used to replace acetonitrile as a green alternative.  
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3.2.2 Chromatographic system and columns 

3.2.2.1 Emulated on-line LC×LC systems 

The LC system consisted of an Agilent 1200 HPLC (Agilent Technologies, Waldbronn, 

Germany), equipped with a thermostatted column compartment set at 30 °C, a degasser, 

an autosampler, a binary pump and a UV diode array detector. Data acquisition was 

performed using Agilent Chemstation Software. The data from the UV diode array 

detector were collected and then imported into Chromspace Version 1.5.1 (Markes 

International, Llantrisant, UK) to generate a contour plot. 

A Kinetex C18 column (4.6 x 150 mm, 2.6 µm particle size, Phenomenex, Torrance, CA, 

USA) was used in 1D. In 2D, either Raptor C18 (4.6 x 30 mm, 2.7 µm particle size) or 

Pinnacle DB PFPP (pentafluorophenyl propyl) (4.6 x 30 mm, 3.0 µm particle size) 

columns were used (Restek, Bellefonte, PA, USA). In order to inject fractions manually 

into 2D, a Rheodyne manual sample injector (Rheodyne, Berkeley, CA, USA) with a 20 µL 

sampling loop was used. 

3.2.2.2 Comprehensive on-line LC×LC systems 

The on-line LC×LC system consisted of an Agilent 1200 liquid chromatograph (Agilent 

Technologies, Waldbronn, Germany) equipped with a thermostatted column 

compartment set at 45 °C or 60 °C according to the conditions in each method, a 

degasser, an autosampler, a binary pump, and a UV diode array detector. A Restek Ultra 

C18 (1.0 x 250 mm, 5 µm particle size) column was used for 1D separation while a Restek 

Pinnacle DB PFPP (4.6 x 30 mm, 3.0 µm particle size) column was used for 2D 

separation. 
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The 1D and 2D columns were connected via an electronically controlled 10-port 2-position 

valve (Agilent Technologies, Waldbronn, Germany) equipped with two identical 100 µL 

sampling loops. Valve switching was controlled via an external controller developed in 

our laboratory. An additional LC-10AD-VP pump (Shimadzu, Kyoto, Japan) was used to 

dilute fractions eluting from the 1D column with water before injecting them to the 2D 

column. The outlet of the 2D column was connected to the UV diode array detector. The 

detector data were collected continuously and then imported into Chromspace to 

generate a contour plot. 

3.2.3 Experimental design 

3.2.3.1 Emulated on-line LC×LC systems     

RP×RP separation was used to separate a mixture of 39 compounds. In the first 

dimension, Kinetex C18 column was used with Solvent X/water/0.5% acetic acid as the 

mobile phase at a flow rate of 0.6 ml/min to substitute for ACN that was previously used 

in setups 1 and 2 published in our previous paper [113]. To create a fair comparison with 

the results reported in that paper, emulated on-line LC×LC separations were carried out 

as before. After injecting 10 µL of the sample, 1D effluent was collected manually every 

30 seconds, yielding 63 fractions. Every fraction was then diluted with ultrapure water in 

50:50 ratios to reduce the elution strength of the mobile phase. 

In method A, the fractions collected were injected manually every modulation period into 

the Raptor C18 column running a continuous gradient and the mobile phase used was 

ethanol/ water (with 0.5% acetic acid) at flow rate of 2.2 ml/min. In method B, the fractions 

were injected into a PFPP column, and the mobile phase was ethanol/water (with 0.5% 

acetic acid) at a flow rate of 2.3 ml/min. The detailed experimental procedure has been 
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described in ref. [113], hence only a summary is presented here.  In brief, to emulate an 

on-line LC×LC system, a manual sampling injector was placed after the 2D pump and 

before the 2D column. The pump was started, and the first fraction was injected manually 

after 30 seconds (20 µL injection volume). The consecutive fractions were then injected 

every 30 seconds into the continuously flowing mobile phase. Consequently, the 

separation in the second dimension was performed as in an on-line system, and the 

separations in both dimensions were completed in real time. The emulated on-line system 

is shown in Figure 3-1. 

 

Figure 3-1: Emulated online LC×LC system. 

 

In order to monitor the elution of compounds from 2D column, the UV diode array detector 

was set to collect data at 254 and 272 nm. The total analysis time was 32 min in both 

methods. After each first- or second dimension run, the initial mobile phase composition 

flushed the columns for at least 15 min. The detailed information about the 

chromatographic conditions is provided in Table 3-1. 
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Table 3-1:  Experimental conditions used in methods A and B, as well as setups 1 and 2 from ref. [113].

Exp. Column 
1D mobile 

phase 

2D 
mobile 
phase 

Modulation 
period 

1D Gradient and flow rate 
2D gradient and flow 

rate 

Method 
A 

1D column: 
Kinetex C18 (4.6 
x 150 mm, 2.6 
µm) 
2D column: 
RaptorTM C18 
(4.6 x 30 mm, 2.7 
µm) 

 
 
A: H2O 
(0.5% 
acetic acid) 
 
B: Solvent 
X 
(Propylene 
carbonate: 
Ethanol, 
60:40) with 
0.5% 
acetic acid. 

 
 
A: H2O 
(0.5% 
acetic 
acid) 
 
B: 
Ethanol 
(0.5% 
acetic 
acid) 
 
 

0.5 min 
(Gradient run 
over full 
0.5 min) 
 
20 µL loops 
 
 

 
 
0.00 min: 6 % Solvent X 
5.00 min: 10% Solvent X 
12.0 min: 25% Solvent X 
16.0 min: 37% Solvent X 
20.0 min: 53% Solvent X 
21.0 min: 55% Solvent X 
25.0 min: 55% Solvent X 
26.0 min: 70% Solvent X 
31.5 min: 70% Solvent X   
 
F = 0.6 ml/min  

0.00 min          3 % Ethanol           
7.00 min          6 % Ethanol 
9.00 min          6 % Ethanol 
10.0 min          8 % Ethanol 
13.0 min          8 % Ethanol 
15.5 min          28% Ethanol                                            
32.0 min          63% Ethanol 
 
F=2.2 ml/min 
 

Method 
B 

1D column: 
Kinetex C18 (4.6 
x 150 mm, 2.6 
µm) 
2D column: 
Pinnacle DB 
PFPP (4.6 x 30 
mm, 3.0 µm 

0.5 min 
(Gradient run 
over full 
0.5 min) 
 
20 µL loops 
 

0.00 min         0 % Ethanol                
32.0 min         70% Ethanol    
 
F=2.3 ml/min      

Setup 1 
[113] 

1D column: 
Kinetex C18 (4.6 
x 150 mm, 2.6 
µm) 
2D column: 
RaptorTM C18 
(4.6 x 30 mm, 
2.7 µm) 

A: H2O 
(0.5% 
acetic acid) 
B: 
Acetonitrile 
(0.5% 
acetic acid) 

 
 
 
 
 
 
 
A: H2O 
(0.5% 
acetic 
acid) 
 
B: 
Methanol 
(0.5% 
acetic 
acid) 

0.5 min 
(Gradient run 
over full 
0.5 min) 
 
20 µL loops 
 

 0.00 min: 10% Acetonitrile, 1F= 0.7 mL/min 
 2.60 min: 11% Acetonitrile, 1F= 0.4 mL/min 
 10.0 min: 11% Acetonitrile, 1F= 0.4 mL/min 
 30.0 min: 36% Acetonitrile, 1F= 0.5 mL/min 
 50.0 min: 75% Acetonitrile, 1F= 0.5 mL/min 

0.00 min: 2 % Methanol 
8.00 min: 10% Methanol 
34.0 min: 55% Methanol 
50.0 min: 80% Methanol 
52.0 min: 80% Methanol 
 
F=2.5 mL/min 

Setup 2 
[113] 

 

1D column: 
Kinetex C18 (4.6 
x 150 mm, 2.6 
µm) 
2D column: 
Pinnacle DB 
PFPP (4.6 x 
30 mm, 3.0 µm 

A: H2O 
(0.5% 
acetic acid) 
B:  
Acetonitrile 
(0.5% 
acetic acid) 

0.5 min 
(Gradient run 
over full 
0.5 min) 
 
20 µL loops 
 

 0.00 min: 10% Acetonitrile, 1F= 0.7 mL/min 
 2.60 min: 11% Acetonitrile, 1F= 0.4 mL/min 
 10.0 min: 11% Acetonitrile, 1F= 0.4 mL/min 
 30.0 min: 36% Acetonitrile, 1F= 0.5 mL/min 
 50.0 min: 75% Acetonitrile, 1F= 0.5 mL/min 
 
 

0.00 min: 6 % Methanol 
8.00 min: 20% Methanol 
35.0 min: 60% Methanol 
50.0 min: 80% Methanol 
52.0 min: 90% Methanol 
53.0 min: 90% Methanol 
 
F=2.8 mL/min 
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3.2.3.2 Comprehensive on-line LC×LC systems 

RP×RP separation was used to separate the same mixture of 39 compounds. To have a 

fair comparison between these three comprehensive online LC×LC systems, the same 

combination of Restek Ultra C18 column (1.0 x 250 mm, 5 µm) in 1D and Pinnacle DB 

PFPP column (4.6 x 30 mm, 3.0 µm) in 2D was used in the three methods, C, D and E. 

The 1D column was at room temperature and the injection volume was 5 µL of 100 ppm 

mixture of the pharmaceutical compounds. In method C, the mobile phase in 1D was 

acetonitrile/water containing 0.1 % formic acid at a flow rate of 0.1 ml/min, while in the 

second dimension the mobile phase was methanol/water containing 0.1 % formic acid at 

a flow rate of 2 ml/min. The 2D column was heated to 45 °C.  

In method D, the conditions of method C were maintained including column temperature 

in both dimension, injection volume and analysis time, but acetonitrile in 1D mobile phase 

was replaced with Solvent X and the gradients adjusted to optimize the separation of the 

components of the same mixture.  Method E was a fully green LC×LC method in which 

all conditions of method D were maintained in 1D. However, in the 2D, ethanol replaced 

methanol as an environmentally friendly organic solvent. As ethanol viscosity is higher 

than methanol, the 2D column was heated to 60 °C, the flow rate of ethanol was 

1.5 ml/min, and the gradient was adjusted to optimize the separation. 

The two dimensions in these online LC×LC systems were connected by a 10-port 2-

position valve equipped with two identical 100-µL sampling loops. This valve was 

switched automatically every 30 seconds. A tee was inserted after the 1D column to dilute 

the fractions eluting from 1D with water pumped by the additional pump at a flow rate 

80 µl/min (Figure 3-2). The fractions were diluted in order to decrease the elution strength 
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of the 1D mobile phase before injecting them into the 2D column. Parallel gradient profiles 

were run simultaneously in 1D and 2D for each method. The UV diode array detector was 

set to collect data at 254 and 272 nm. The total analysis time was 40 min in all methods. 

After each first- or second dimension run, the initial mobile phase composition was used 

to flush the columns for at least 15 min. The detailed information about the 

chromatographic conditions is provided in Table 3-2. 
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Table 3-2: Experimental conditions used in methods C, D and E. 

Exp. Column 
1D mobile 

phase 
2D mobile 

phase 
Modulation 

period 
1D Gradient and flow 

rate 
2D gradient and flow 

rate 

Method 
C 
 

1D column: 
Restek Ultra C18 (1.0 
x 250 mm, 5 µm) at 
room temperature. 
2D column: Pinnacle 
DB PFPP (4.6 x 30 
mm, 3.0 µm) at 45 
degrees 
 

A: H2O (0.1% 
formic acid) 
  
B: Acetonitrile 
(0.1% formic 
acid) 

A: H2O (0.1% 
formic acid) 
 
B: Methanol 
(0.1% formic 
acid) 

0.5 min 
 
(Gradient run 
over full 0.5 min) 
 
100 µL loops 

 0.00 min: 4 % Acetonitrile 
35.0 min: 75% Acetonitrile 
40.0 min: 80% Acetonitrile 
 
F = 0.1 ml/min 

0.00 min: 4 % Methanol 
35.0 min: 75% Methanol 
40.0 min: 78% Methanol 
 
F = 2.0 ml/min 

Method 
D 

1D column: 
Restek Ultra C18 (1.0 
x 250 mm, 5 µm) at 
room temperature. 
2D column: Pinnacle 
DB PFPP (4.6 x 30 
mm, 3.0 µm) at 45 
degrees 
 

A: H2O (0.1% 
formic acid) 
  
B: Solvent X 
(Propylene 
carbonate: 
ethanol 60:40) 
with (0.1% 
formic acid) 
 

A: H2O (0.1% 
formic acid) 
 
B: Methanol 
(0.1% formic 
acid) 
 

0.5 min 
 
(Gradient run 
over full 0.5 min) 
 
100 µL loops 
 

0.00 min: 4 % Solvent X 
35.0 min: 75% Solvent X 
40.0 min: 80% Solvent X 
 
F = 0.1 ml/min 

0.00 min: 4 % Methanol 
35.0 min: 70% Methanol 
40.0 min: 85% Methanol 
 
F = 2.0 ml/min 

Method 
E 

1D column: 
Restek Ultra C18 (1.0 
x 250 mm, 5 µm) at 
room temperature. 
2D column: Pinnacle 
DB PFPP (4.6 x 30 
mm, 3.0 µm) at 60 
degrees 
 

A: H2O (0.1% 
formic acid) 
 
B: Ethanol 
(0.1% formic 
acid) 
 

0.5 min 
 
(Gradient run 
over full 0.5 min) 
 
100 µL loops 
 
 

0.00 min: 4 % Solvent X 
35.0 min: 75% Solvent X 
40.0 min: 80% Solvent X 
 
F = 0.1 ml/min  

0.0 min: 4 % Ethanol 
20.0 min: 29.7% Ethanol 
35.0 min: 58% Ethanol 
40.0 min: 85% Ethanol 
 
F = 1.5 ml/min  
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Figure 3-2: Comprehensive Online LC×LC system. 

 

3.3 Results and discussion 

3.3.1 Emulated on-line LC×LC systems     

LC×LC separation selectivity is controlled by the mobile and stationary phases used in 

both dimensions. In order to retain different selectivity between both dimensions, suitable 

combinations of 1D and 2D columns and mobile phases with large differences in 

separation selectivity should be selected. 

In the first set of experiments, two different RPLC×RPLC systems with different 

combinations of columns were tested in the separation of a mixture of pharmaceutical 

products using parallel gradients in 1D and 2D. The stationary phase used in 1D was 

Kinetex C18. The stationary phases used in 2D were either C18 (Method A) or 

pentafluorophenyl propyl (Method B). Solvent X was used as a component of the mobile 

phase in 1D, while ethanol was used in 2D in both methods to substitute for ACN and 

MeOH that were used in setups 1 and 2 described in our previous publication [113]. Table 
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3-1 shows the summary of the conditions adopted in methods A and B, as well as setups 

1 and 2 [113]. 

To confirm the feasibility of using Solvent X as a green organic modifier alternative to 

ACN in LC×LC separations without compromising system selectivity, peak capacity and 

resolution, two metrics, the degree of orthogonality and practical peak capacity, were 

used to compare the separation efficiency of the LC×LC systems. This comparison was 

conducted between the LC×LC separation that used Solvent X as a green organic 

modifier in 1D, and setups 1 and 2, which used ACN in 1D [113]. 

3.3.1.1 The degree of orthogonality 

The orthogonality of LC×LC systems is evaluated by different approaches in the literature. 

Herein, we used three different metrics to calculate the degree of orthogonality of each 

system. First was the vector method, which measures the area of the two dimensional 

space in which the analytes are distributed (the surface coverage, fc) [184]. Second was 

the convex hull method [262], which is based on a similar principle to vector method and 

measures the surface coverage of the analytes in the 2D separation space. The third was 

the asterisk method, which measures the orthogonality by using a series of equations to 

calculate the distance of separated compounds to four lines bisecting the separation 

plane [263].  

When designing an LC×LC system, one of the primary concerns is the selectivity of the 

system. The selectivity can be modified not only by combining different columns in both 

dimensions, but also by changing the mobile phases. In our work, PC was used as an 

eco-friendly organic modifier in 1D to replace ACN, and ethanol (EtOH) was adopted as 
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a benign organic modifier in 2D. The question was whether PC as an organic modifier in 

1D retained selectivity differences between both dimensions without compromising the 

efficiency of separation achieved using the usual organic modifiers. To answer this 

question, the orthogonality of the emulated online LC×LC systems proposed in this study 

was compared to those of setups 1 and 2 described in our previous paper  [113] as a tool 

to measure separation efficiency.   

Figure 3-3A and B illustrate the 2D separations obtained with method A and setup 1 with 

C18 as the stationary phase in the two dimensions. Figure 3-3A shows the separation 

achieved with method A with Solvent X used in 1D and ethanol in 2D. Figure 3-3B shows 

the separation achieved with setup 1 [113] using ACN as the organic modifier in 1D and 

MeOH in 2D. As both method A and setup 1 used the same stationary phases but different 

organic modifiers, the calculated surface coverage was compared for both LC×LC 

systems. The average of the calculated surface coverages for method A (Figure 3-3A) 

was 0.84, illustrating that the distribution of compounds was improved, resulting in 

enhancement of surface coverage compared to that achieved in setup 1 (0.71) when ACN 

and MeOH were used instead. Consequently, PC can be considered a suitable organic 

modifier that retains different selectivity between the first and the second dimensions, 

providing comparable coverage of the two-dimensional separation plane (orthogonality) 

to that obtained with ACN.  

Figure 3-4A and B illustrate the 2D separations obtained in method B and setup 2, 

respectively, using different stationary phase chemistries (C18 column in 1D, PFPP 

column in 2D). Figure 3-4A shows the separation achieved with method B when Solvent 

X  was used in 1D and ethanol in 2D. Figure 3-4B shows the separation achieved in setup 
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2 with ACN in 1D and MeOH in 2D [113]. The average of the calculated surface coverage 

for method B (Figure 3-4A) was 0.85, which is almost the same as the average of surface 

coverage (0.84) in setup 2 (Figure 3-4B). This meant that there was practically no 

difference in selectivity achieved between 1D and 2D in both method B and setup 2.  

To sum it up, using PC as an organic modifier not only made the methods greener, but 

also enhanced the separation selectivity under some conditions (method A). The peak 

distribution comparison revealed that PC can substitute the most popular organic modifier 

in LC×LC separations, ACN, without any loss in separation efficiency. In addition, when 

PC was used in method A and B, the separation of the same mixture of pharmaceutical 

compounds was achieved in a shorter analysis time (32 min) with better orthogonality 

compared to setups 1 and 2 using ACN and MeOH, which required longer separation 

time (52-53 min) [113]. 
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Figure 3-3:   Emulated online LC×LC separation of the mixture of pharmaceutical compounds using:  

A. Method A (same stationary phase chemistry in both dimensions, Solvent X in 1D, ethanol in 2D). Compound identification: 1-
sulfanilamide, 2-theophylline, 3-sulfacetamide, 4-caffeine, 5-sulfadiazine, 6-sulfathiazole, 7-sulfapyridine, 8-sulfamerazine, 9-
sulfamethazine, 10-sulfamethoxypyridazin, 11-sulfamonomethoxine, 12-acetylsalicylic acid, 13-sulfamethoxazole, 14-
sulfadimethoxine, 15-sulfaphenazole, 16-ethylparaben, 17-propylparaben, 18-ketoprofen, 19-propranolol, 20-estrone, 21-fenoprofen, 
22-flurbiprofen, 23-diclofenac, 24-ibuprofen, 25-phenylbutazone, 26-meclofenamic acid, 27-diflunizal,  28-indomethacin, 29-naproxen, 
30-sulfisomidine, 31-sulfaisoxazole, 32-butylparaben, 33-nicotinamide, 34-terbutaline, 35-thiamine, 36-acetaminophen, 37-atenolol, 
38-metoprolol and 39-nadolol.  

B. Setup 1 (same stationary phase chemistry in both dimensions, ACN in 1D, MeOH in 2D). Compound identification as in Figure 3-3A.  
Reprinted from ref. [113]. For detailed conditions see Table 3-1.
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Figure 3-4: Emulated online LC×LC separation of the mixture of pharmaceutical compounds using: A. Method B (different stationary 
phase chemistries, Solvent X in 1D, ethanol in 2D); B. Setup 2 (different stationary phase chemistries, ACN in 1D, MeOH in 2D; 
reprinted from ref. [113]. Compound identification as in Figure 3-4A. For detailed conditions see Table 3-1
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3.3.1.2 Practical peak capacity  

Practical 2D peak capacity is another important metric of LC×LC separation performance. 

It is preferred to the theoretical peak capacity because it takes into account both 1D 

undersampling and limited surface coverage [441]. Table 3-3 shows the practical peak 

capacities for methods A and B. It also shows the practical peak capacity for setups 1 

and 2 [113]. 

The analysis time used in methods A and B (32 min) was shorter than that used in setups 

1 and 2 (52 and 53 min) published previously [113]. That is why directly comparing the 

practical peak capacities of methods A and B to those of setups 1 and 2 is impractical. 

What can be compared, though, is peak capacity production rate, i.e., peak capacity 

obtained per unit time. The calculated practical peak capacities of methods A and B were 

461 and 415, respectively. As the analysis time in methods A and B was approximately 

0.62 the analysis time in setups 1 and 2, the practical peak capacity per unit time was 

higher than with setups 1 and 2 as shown in Table 3-3. Thus, using PC as a green organic 

modifier improved the practical peak capacity production rate. 
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Table 3-3: Estimated degree of orthogonality, practical peak capacities and practical peak capacity production rates of the emulated 
online LC×LC systems and Setups 1 and 2 [113]. 

 

 

 1nc and 2nc  are the peak capacities of the 1D and 2D separations 

Nc,2D             is the theoretical 2D peak capacity  
1tg                 is the 1D gradient time 
1ts                 is the sampling time 

β                  accounts for 1D undersampling according to equation [442]: 

n´c,2D       is the practical peak capacity taking into account 1D undersampling and surface coverage calculated as the average of the values 
determined using the vector and convex hull methods: 

 

 

 

n´c,2D/min     is the practical peak capacity per unit time (practical peak capacity production rate).

Experiment 1nc 2nc nc,2D 1tg(min) 1ts(min) β  OrthVec OrthCH OrthAst Orthavg n´c,2D n´c,2D/min 

Method A 108 18 1950 28.3 0.5 3.60 0.87 0.85 0.79 0.84 461 16.28 

Method B 108 16.2 1951 28.3 0.5 3.60 0.96 0.77 0.83 0.85 415 14.65 

Setup 1 142 18.1 2565 47.2 0.5 2.92 0.76 0.78 0.60 0.71 678 14.36 

Setup 2 142 13.7 1934 47.2 0.5 2.92 0.90 0.89 0.73 0.84 594 12.52 

β =�1 + 3.35 �
𝑡𝑡𝑠𝑠1   . 𝑛𝑛𝑐𝑐1

𝑡𝑡𝑔𝑔1 �
2

  
 

𝑛𝑛𝑐𝑐,2𝐷𝐷
′ =

𝑛𝑛1 𝑐𝑐 ∙ 𝑛𝑛2 𝑐𝑐 ∙ 𝑓𝑓𝑐𝑐
𝛽𝛽

 
[441]. 
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3.3.2 Comprehensive on-line LC×LC systems 

In the second set of experiments, we designed three comprehensive online LC×LC 

systems. To achieve better selectivity between first and second dimensions, different 

columns were combined (C18 column in 1D and Pinnacle DB PFPP column in 2D). To 

fairly compare the performance when Solvent X was used as a green alternative to 

acetonitrile, all conditions were kept constant in methods C and D. In method C, ACN was 

used as the organic modifier in 1D, while in method D, Solvent X was used instead. 

Method E represented a fully green LC×LC system which used Solvent X in 1D and 

ethanol in 2D as green organic modifiers. The orthogonality and peak capacity of the 

separations obtained using these online LC×LC systems were calculated in the same way 

as for the emulated online experiments.   

Figure 3-5A illustrates the 2D separation obtained with method C when ACN was used in 

1D and methanol in 2D. Figure 3-5B shows the separation achieved with method D using 

Solvent X as the organic modifier in 1D and MeOH in 2D. The average of calculated 

orthogonality for method C (Figure 3-5A) was 0.76, while it was 0.82 for method D (Figure 

3-5B). Upon comparing the orthogonality of both systems, it can be concluded that Solvent 

X can be considered a suitable alternative to ACN that retains different selectivity between 

the separation dimensions, providing good coverage of the two-dimensional separation 

plane, hence good orthogonality.  

Figure 3-5C illustrates the 2D separation obtained with method E when Solvent X was 

used in 1D and ethanol in 2D. Upon comparing the average of calculated orthogonalities 

for this method (0.91) to that in method D (0.82), it was clear that when ethanol was used 

in the second dimension to replace methanol, there was an enhancement in surface 
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coverage compared to that achieved in method D and method C as well. This may be 

due to the fact that some peaks in method E wrapped around, as shown in Figure 3-5C, 

and used some of the space which was not used in method D. It can thus be reiterated 

that ethanol can replace methanol in the 2D with comparable orthogonality and separation 

efficiency. 

The practical peak capacities for the three online systems were calculated and compared 

to each other as a metric to evaluate separation performance [184]. As the analysis time 

was the same in the three methods (40 min.), there was no need to calculate the practical 

peak capacity production rate. The highest practical peak capacity was achieved with 

method D (379) when Solvent X was used in 1D and methanol in 2D. It was higher than 

that achieved in method E (337) when ethanol was used in 2D because of the greater 

difference in selectivity provided by methanol in method D. Even though the orthogonality 

provided by method E was slightly higher, it was accomplished at the cost of larger peak 

widths. The practical peak capacity in method C was 276. Table 3-4 shows the practical 

peak capacities for all three methods. 

It should be mentioned that attempts were also made to use Solvent X in the second 

dimension, but the solvent peaks of propylene carbonate and ethanol were more 

prominent and masked the peaks of some of the analytes. Consequently, Solvent X was 

only used in 1D in all the setups mentioned. 
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Table 3-4: Estimated degree of orthogonality and practical peak capacities of the comprehensive 
online LC×LC systems 

Experiment 1nc 2nc nc,2D 
1tg 

(min) 
1ts 

(min) ᵦ Orth 
Vec 

Orth 
CH 

 
Orth 

Ast 
Orth 

avg n´c,2D 

Method C 68.5 9.3 636 40 0.5 1.86 0.77 0.85 0.66 0.76 276 

Method D 69.5 11.8 822 40 0.5 1.88 0.96 0.78 0.73 0.82 379 

Method E 69.5 9.9 685 40 0.5 1.88 0.97 0.88 0.88 0.91 337 
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Figure 3-5: Comprehensive online LC×LC separation of the mixture of pharmaceutical compounds using: A.  Method C (ACN in 1D, 
MeOH in 2D); B. Method D (Solvent X in 1D, MeOH in 2D); C. Method E (Solvent X in 1D, Ethanol in 2D). For detailed conditions see 
Table 3-2. 



165 
 

3.4 Conclusions 

It is not necessary to use conventional solvents such as ACN, which is hazardous to the 

environment, to achieve different selectivity between the two dimensions of RPLC×RPLC 

systems. Propylene carbonate:ethanol was used in this work to substitute for ACN as a 

green organic modifier in 1D, while ethanol was used as organic modifier in 2D to make 

LC×LC separations more eco-friendly without compromising the separation power. The 

effective peak distribution and peak capacity were comparable to those obtained using 

ACN and MeOH as organic modifiers in LC×LC separations. PC proved to be a very good 

substitute to other hazardous organic modifiers used previously in LC×LC applications 

even with the same stationary phase chemistries adopted in both dimensions. It provided 

sufficiently large differences in the separation selectivity and retention mechanisms 

between 1D and 2D. Therefore, the use of PC as an organic modifier in an RPLC×RPLC 

system can be advantageous in the analysis of complex samples without harming the 

environment. To the best of our knowledge, this work is the first demonstration of the use 

of PC as an organic modifier in RPLC×RPLC separations in an attempt to make LC×LC 

greener without compromising the separation power of the technique. We believe that 

this approach can be widely applicable, as will be illustrated in an upcoming contribution.
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CHAPTER 4  
GREEN COMPREHENSIVE TWO-DIMENSIONAL LIQUID 
CHROMATOGRAPHY (LC×LC) FOR THE ANALYSIS OF 

PHENOLIC COMPOUNDS IN GRAPE JUICES AND WINE 4 

4.1 Introduction 

Polyphenols in grape juices and wines are natural metabolites that are formed by plants 

responding to harsh conditions during normal development. They comprise of a wide 

range of compounds with an aromatic ring carrying one or more hydroxy substituents. 

Grape juices and wines are rich in numerous groups of polyphenolic compounds such as 

anthocyanins, proanthocyanidins, phenolic acids (benzoic- or cinnamic-like derivatives), 

flavonoids (flavan-3-ols, flavonols, flavones) and stilbenes [444]. It has been 

demonstrated that foods and beverages that contain phenolic compounds offered 

beneficial physiological and anti-carcinogenic properties for human health [445].  

The extracts of natural products like grape juices and wines are rich in many phenolic 

compounds covering a broad range of molecular characteristics. The complexity of such 

natural product samples poses a challenge when trying to identify the content of these 

samples. Some HPLC-UV methodologies have been successfully applied for the analysis 

of phenolic content in wine and other beverages [446-449]. HPLC methods combined 

with mass spectrometric detection have been proposed for the analysis of the phenolic 

                                                 
 
4 This chapter is a manuscript of our publication reprinted with permission from Springer Nature (ref. [443] 
A.A. Aly, T. Górecki, Green comprehensive two-dimensional liquid chromatography (LC × LC) for the 
analysis of phenolic compounds in grape juices and wine, Analytical and Bioanalytical Chemistry  (2022). 
https://doi.org/10.1007/s00216-022-04241-x.) 
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content [450-452], but separating all compounds in such complex samples is challenging. 

That is why, new approaches have been proposed to analyze the content of these 

complex samples by two-dimensional liquid chromatography (2D-LC).  

Comprehensive two-dimensional liquid chromatography (LC×LC) is considered a 

quintessential technique in the separation of complex samples containing many 

compounds, including natural products. Compared to standard one-dimensional liquid 

chromatography (1D-LC), 2D-LC is characterized by the ability to separate compounds 

in complex mixtures with higher peak capacity and resolving power [113]. In LC×LC, 

fractions from the 1D column are continuously sampled and introduced into the 2D column 

for further analysis, typically by means of a switching interface [453]. Many theoretical 

and practical aspects of such technique and various applications have been recently 

reviewed [5, 11, 13, 15, 55, 90, 118, 454-458]. To achieve better separation of 

compounds, 2D-LC coupled with MS have been used in many applications for the 

analysis of polyphenols in grape seeds [459, 460], juices [461] and wines [138, 412, 461-

463].  

The chromatographic detection techniques that have been used to study the polyphenols 

in grape juices and wine samples include mass spectrometry (MS), tandem mass 

spectrometry (MS/MS) and diode array detection (DAD) [464]. As these phenolic 

compounds are characterized by unique ultraviolet–visible absorption spectra, the UV 

DAD can be used to tentatively distinguish between the main phenolic structures. 

Coupling of 2D-LC-DAD systems to MS detectors offers remarkable advantages in the 

identification of polyphenolic compounds as it provides detailed structural information and 

higher sensitivity in comparison to LC–DAD. The electrospray ionization (ESI) interface 
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is the most popular ionization technique in these applications. When trying to identify 

structurally similar compounds and provide details on the structure of these compounds, 

tandem mass spectrometry is the best approach. MS detection can be done in negative 

or positive ionization mode according to the nature of the compounds; for instance, 

proanthocyanidins, catechins, hydroxycinnamic acids and hydroxybenzoic acids are 

detected in the negative ion mode, while anthocyanins are usually detected in the positive 

ion mode as their native form (positive flavylium cation) [465].  

Propylene carbonate (PC) which is characterized by fairly high dielectric constant and a 

strong dipole-dipole interaction, that helps in chromatographic separations [439] is 

considered a green aprotic solvent because it is nontoxic, is not classified as air pollutant 

and easily biodegradable. Owing to its advantages over acetonitrile (ACN) and methanol 

(MeOH), it has been used to replace them as a component of mobile phases in LC [419]. 

As PC is not completely miscible with water over the entire concentration range, a ternary 

component must be added to increase its miscibility with water [439]. Several researchers 

used Solvent X as a component of mobile phases in one-dimensional RPLC separations 

to make LC more eco-friendly [308, 310, 440]. To make RPLC even greener, Tache et al. 

used propylene carbonate: ethanol, 60:40 (v/v) as a component of the mobile phase to 

substitute ACN without affecting separation efficiency [314]. In LC×LC, propylene 

carbonate was first introduced by our research group as a green organic mobile phase 

component in 1D in the analysis of a mixture of pharmaceutical compounds [419].   

In this study, novel green LC×LC-DAD and LC×LC-DAD-MS methods were developed to 

identify phenolic compounds (flavan-3-ols, flavanonol, flavonol glycosides, phenolic 

acids, esters, pyranoanthocyanin, oligomeric procyanidines and stilbenoids) in two red 
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and two white grape juice samples, as well as one dealcoholized wine sample. Four 

different RPLC×RPLC setups were developed, three of which were connected to UV 

photodiode array detector (RPLC×RPLC-DAD), while the fourth setup was connected to 

DAD and MS detectors (RPLC×RPLC-DAD-ESI-MS). To the best of our knowledge, this 

is the first time the use of green LC×LC methods has been demonstrated in the analysis 

of natural products. Solvent X (propylene carbonate: ethanol, 60:40) was used as a green 

organic modifier in 1D, while methanol was used in 2D. As in many LC×LC configurations, 

refocusing of analytes at the head of the 2D column was challenging due to the transfer 

of 1D mobile phase with high elution strength to the 2D column. To overcome this issue, 

make-up flow strategy was used to dilute the 1D effluent with water before injecting 

fractions into the 2D column [419]. This decreased the potential for peak broadening and 

improved peak capacity. 

4.2 Experimental 

4.2.1 Reagents 

HPLC grade water, ethanol, methanol, propylene carbonate (racemic mixture), and formic 

acid were purchased from Sigma-Aldrich (Oakville, ON, Canada). Caffeic acid, gallic acid, 

cinnamic acid, epi-catechin and myricetin were supplied by Sigma-Aldrich with purity 

greater than 98%. A stock solution of 2 mg mL-1 of each standard was prepared by 

dissolving the powder of each drug in methanol with the help of ultrasonic bath, followed 

by serial dilution with methanol. In the final step of dilution to obtain 10 µmol L-1 solution 

of each standard, a mixture of methanol /water with 0.1% formic acid was used. Standard 

solutions were injected to MS detector. The working standard solutions were stored in the 

dark at 4 °C. Since propylene carbonate is not completely miscible with water over the 
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entire mixing range [439], it was mixed with ethanol in a 60:40 ratio and then this mixture 

(Solvent X) was used in 1D as a green organic mobile phase component.  

4.2.2 Samples 

Four samples of grape juice and one of dealcoholized wine were analyzed. The grape 

juices included 100% red and white grape juices by Welch Foods Inc. (Concord, USA) 

made with Welch’s Own Concord grapes, as well as 100% red and white grape juices 

made with selected Italian red grapes by Gavioli (Gattatico, R-E, Italy). The fifth sample 

was dealcoholized red wine (President’s Choice, Brampton, ON, Canada) made with 

Merlot grapes.  All samples were purchased from local supermarkets and stored at 4 °C 

until analysis. Aliquots were collected for the analysis from freshly opened bottles. Prior 

to analysis, all samples were filtered to remove any particles using 0.45 µm syringe filters 

(Acrodisc Syringe Filter, 0.45 µm Supor Membrane, Low Protein Binding, Non-Pyrogenic; 

VWR International, Mississauga, ON, Canada). The samples were used without any 

dilution in setups 1, 2, and 3, while in setup 4 the samples were diluted 1:50 with ultrapure 

water before MS detection.  

4.2.3 Chromatographic system and columns 

4.2.3.1 LC×LC-DAD setups 1-3 

The LC×LC system consisted of an Agilent model 1200 HPLC (Agilent Technologies, 

Waldbronn, Germany), equipped with a thermostatted column compartment set at 50 °C 

in both 1D and 2D in all setups, a degasser, an autosampler, a binary pump, and a UV 

diode array detector.  
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The 1D and 2D columns were connected via an electronically controlled 10-port, 2-position 

valve (Agilent Technologies, Waldbronn, Germany) equipped with two identical 100 µL 

sampling loops. Valve switching was controlled via an Arduino-based external controller 

developed in our laboratory. An LC-10AD-VP pump (Shimadzu, Kyoto, Japan) was used 

to dilute fractions eluting from 1D column with water before sending them to the 2D column. 

The outlet of the 2D column was connected to the UV diode array detector. The UV DAD 

data were collected continuously at 220, 254, 280, 320 and 520 nm, and then imported 

into Chromspace (Version 1.5.1, Markes International Ltd, Llantrisant, UK) to generate 

contour plots. Solvent X (propylene carbonate: ethanol, 60:40) was used as a green 

organic modifier in 1D, while methanol was used in 2D in all setups. The injection volume 

in the 1D was 25 µL in setup 1 and 35 µL in setup 2 and 3. The flow rate in the 1D was 

0.1 ml/min while in the 2D, it was 2 ml/min. The LC×LC system used in this study is shown 

in Figure 4-1 (it was the same LC×LC system that was used before in Chapter 3 and 

shown in Figure 3-2). Table 4-1 lists the columns and mobile phases used in all setups, 

while Tables 4-S1 to 4-S4 in the Appendix B present the experimental conditions used in 

all setups. 

 

Figure 4-1: Comprehensive online LC×LC system.  
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Table 4-1: Chromatographic columns and mobile phases used in all setups  

 

4.2.3.2 LC×LC-DAD-MS setup 4 

The same system was used as in section 4.2.3.1. A Hypersil Gold aQ column (2.1 x 

50 mm, 1.9 µm particle size) was used for 1D separation, while a Restek Pinnacle DB 

PFPP column (2.1 x 30 mm, 3.0 µm particle size) was used for 2D separation. Solvent X 

(propylene carbonate: ethanol, 60:40) was used as a modifier in 1D, while methanol was 

used in 2D in all setups. The injection volume in the 1D was 35 µL. The flow rate in the 1D 

was 0.1 ml/min while in the 2D, it was 1 ml/min. The outlet of the 2D column was connected 

to the UV diode array detector. Its outlet was connected in turn to a stainless-steel tee, 

Setup Column 1D mobile phase 2D mobile phase 

1 

 

LC×LC-UV 
 

1D column: 

Restek Ultra C18 (1.0 x 250 mm, 5 µm) 
2D column: Pinnacle DB PFPP (4.6 x 
30 mm, 3.0 µm) 

A: H2O (0.1% formic 
acid) 

  

B: Solvent X 
(Propylene 
carbonate: ethanol 
60:40) with (0.1% 
formic acid) 

 

A: H2O (0.1% 
formic acid) 

B: Methanol 
(0.1% formic 
acid) 

 

2 

 

LC×LC-UV 
 

1D column: 

Hypersil Gold aQ (2.1 x 50 mm, 1.9 µm) 
2D column: Pinnacle DB PFPP (4.6 x 
30 mm, 3.0 µm) 

3 

 

LC×LC-UV 
 

1D column: 

Hypersil Gold phenyl (2.1 x 50 mm, 1.9 µm) 
2D column: Pinnacle DB PFPP (4.6 x 
30 mm, 3.0 µm) 

4 

 

LC×LC-MS 

1D column: 

Hypersil Gold aqueous (2.1 x 50 mm, 
1.9 µm) 
2D column: Pinnacle DB PFPP (2.1 x 
30 mm, 3.0 µm) 
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which split the flow between waste and the MS detector at a 4:1 ratio. The UV DAD data 

were collected continuously at 220, 254, 280, 320 and 520 nm, and then imported into 

Chromspace to generate the contour plots. The MS outlet of the tee was connected to 

the ESI interface of the MS detector. As the flow rate in 2D was 1 mL/min, 200 µL/min 

were introduced into the ESI after splitting. The negative ion electrospray LC/MS was 

performed with a ThermoFisher Scientific Q-Exactive hybrid quadrupole-orbitrap mass 

spectrometer. The mass spectral range in full scan mode was 133.0 to 1,995.0 m/z with 

mass resolution of 70.000, and the spray voltage was 2.50 kV. A summary of all MS 

conditions is presented in Table 4-S5 in Appendix B. LC–MS in the negative scan mode 

was used for the screening of phenolic compounds in all samples and for tentative 

compound identification based on the elution order and molecular ion information.  

Thermo Scientific Xcalibur Qual Browser (Version 3.0) was used to generate total ion 

chromatograms and further process the MS data.  

4.3 Results and discussion 

The phenolic constituents of wine and grape juices beneficially affect human health due 

to their anti-carcinogenic, anti-inflammatory and antioxidant characteristics [466]. 

Polyphenols also impact sensorial characteristics of juices and wines, such as flavor, 

bitterness, color, and astringency of the product [467]. Polyphenols in different grape 

juices and wines may vary due to factors such as ripening, variety, climatic conditions 

and treatment of grape seeds [468]. The large number of possible polyphenolic 

compounds makes their separation using conventional one-dimensional LC analysis 

nearly impossible. Consequently, the best approach to separate these compounds is the 

use of two-dimensional liquid chromatography. While this has been described in the 
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literature [67, 463, 469], only conventional LC solvents which are hazardous to the 

environment have been used thus far. The main objective of this work was to analyze the 

phenolic compounds in complex samples of grape juices and wine by green ecofriendly 

LC×LC methods. The mobile phase and columns used in both dimensions control the 

LC×LC separation selectivity. In order to retain different selectivity between 1D and 2D, 

combinations of 1D and 2D columns and mobile phases with large differences in 

separation selectivity should be selected.  

4.3.1 LC×LC setups 

In the first three setups, RPLC×RPLC systems with different column combinations were 

tested in the separation of the samples of grape juices and dealcoholized wine using 

parallel gradients in 1D and 2D with UV detection. Different stationary phases were tested 

in 1D, while only one column (Restek Pinnacle DB PFPP) was used in 2D. After testing 

the three setups in the separation of all samples with UV detection, the best performing 

one was selected to be combined to high-resolution mass spectrometer to tentatively 

identify the phenolic compounds in the samples. Setup 4 comprised of the same 

combination of stationary phases used in setup 2, except that the 2D column was narrower 

(2.1 mm I.D.) to allow lower flow rates into the MS, hence less dilution of the fractions and 

better sensitivity. Solvent X was used as the organic component of the mobile phase in 

1D, while methanol was used in 2D in all setups.   

Solvent X as a green alternative to ACN in LC×LC was proposed for the first time by our 

research group [419]. It was used for the separation of a mixture of pharmaceutical 

compounds without compromising system selectivity, peak capacity and resolution. The 

current study’s aim was to confirm the feasibility of applying this system for natural product 
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analysis without loss of separation performance. Different gradients were tested in both 

1D and 2D to obtain good separation of the large number of compounds in these complex 

samples. The fractions from the 1D column were continuously collected in 100 µL sample 

loops and diluted with 40 µL/ min ultrapure water before injection into the 2D column for 

further separation. A modulation period of 30 seconds was used in all setups, which was 

enough to allow total emptying of the sample loops. Tables 4-S1 to 4-S4 illustrate the 

details of gradients, flow rates and remaining conditions in 1D and 2D. To measure the 

separation performance of the LC×LC setups, the degree of orthogonality and practical 

peak capacity were used as metrics to compare the 2D separations.  

4.3.1.1 The degree of orthogonality 

The orthogonality of LC×LC systems is measured by different approaches in the literature. 

Herein, we used two different metrics to calculate the degree of orthogonality of each 

system. First was the convex hull method [262], which is based on measuring the 2D 

separation space that is covered by the analytes (surface coverage, fc). The second was 

the asterisk method, which measures the orthogonality by using a series of equations to 

calculate the distance of the separated compounds to four lines bisecting the separation 

plane [263].  

When designing an LC×LC system, one of the primary concerns is the selectivity of the 

system. The selectivity can be modified not only by combining different columns in both 

dimensions, but also by changing the mobile phases. In our work, PC was used as an 

eco-friendly organic modifier in 1D, and MeOH was used in 2D. The question was whether 

PC as an organic modifier in 1D retained the different selectivity between both dimensions 

without compromising the efficiency of separation of complex natural product samples 
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like grape juices and wine. To answer this question, the orthogonality of all 

comprehensive online LC×LC setups proposed in this study was calculated as a tool to 

measure separation efficiency.  

In setup 1, the column used in the 1D was C18. The 2D chromatograms obtained with this 

setup are illustrated in Figure 4-S1 in Appendix B. The gradients in 1D and 2D were 

optimized to achieve good separation for each sample. Both columns were kept at 50 °C, 

which resulted in good peak shapes in both dimensions. The 2D chromatograms were 

visually inspected for good spread of the phenolic compounds’ peaks and adequate 

coverage of the separation plane. This was confirmed by calculating the degree of 

orthogonality by the convex hull and asterisk equation methods. In setup 2, the column 

used in 1D was Hypersil Gold aQ. The 2D chromatograms obtained with this setup are 

illustrated in Figure 4-2. In setup 3, the column used in the 1D was Hypersil Gold phenyl. 

The 2D chromatograms obtained with this setup are illustrated in Figure 4-S2 in Appendix 

B. It should be pointed out that the separations presented in these Figures are not clearly 

visible because of the scaling of the chromatograms. To show minor peaks, it would be 

necessary to zoom very close to the baseline, which would cause the separation of major 

peaks to effectively disappear. The actual distribution of peaks in these chromatograms 

can be more clearly seen in the apex plots used for the Convex Hull method in the 

Appendix B (Figure 4-S3). These plots illustrate the large number of coelutions that could 

not be resolved by standard RPLC but were well resolved by RPLC×RPLC. 

The calculated degree of orthogonality values for all LC×LC-DAD setups, shown in Table 

4-2, indicated that the compounds in these complex samples were successfully separated 

and distributed well in the 2D space. This confirmed that Solvent X can be used as a 
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green alternative to hazardous organic solvents in 1D, allowing good selectivity between 

the two dimensions. As the composition of the phenolic compounds in the samples 

depends on many factors (e.g., grape variety, geographical origin, processing, etc.), the 

calculated orthogonality values differed from sample to sample. This was also affected by 

the different gradients used (especially in 2D), which led to different retention times and 

distribution of compounds in the 2D separation plane.  

Table 4-2: Estimated degrees of orthogonality, practical peak capacities and practical peak 
capacity production rates of the LC×LC systems 

 

Setup Sample 1nc 2nc nc,2D 
1tg 

(min) 
1ts 

(min) ᵦ 
Orth 

CH 

Orth 

Ast 
n´c,2D n´c,2D/m

in 

1 Wine sample 150.5 21.6 3253 50 0.5 2.93 0.72 0.64 796 15.92 
 Welch's red 99.7 24.2 2414 45 0.5 2.26 0.86 0.67 914 20.32 
 Gavioli red 119.2 18.4 2189 45 0.5 2.62 0.79 0.68 656 14.58 
 Welch's white 149.9 21.8 3267 45 0.5 3.21 0.66 0.61 675 15.01 
 Gavioli white 137.5 22.9 3148 45 0.5 2.97 0.92 0.75 975 21.68 
2 Wine sample 136.3 20.6 2804 50 0.5 2.69 0.79 0.68 821 16.42 
 Welch's red 188.6 20.7 3909 45 0.5 3.96 0.73 0.69 717 15.94 
 Gavioli red 176.9 25.5 4509 45 0.5 3.73 0.72 0.59 864 19.19 
 Welch's white 176.3 23.9 4205 45 0.5 3.72 0.71 0.60 802 17.82 
 Gavioli white 140.7 25.8 3631 45 0.5 3.03 0.71 0.67 851 18.90 
3 Wine sample 111.4 21.0 2336 50 0.5 2.27 0.85 0.68 875 17.49 
 Welch's red 92.8 29.6 2745 45 0.5 2.14 0.74 0.60 951 21.14 
 Gavioli red 176.0 20.0 3515 45 0.5 3.72 0.85 0.80 804 17.87 
 Welch's white 189.8 21.7 4119 45 0.5 3.99 0.79 0.64 814 18.10 
 Gavioli white 131.1 21.8 2853 45 0.5 2.85 0.73 0.61 732 16.26 
4 Wine sample 136.3 21.3 2902 50 0.5 2.69 0.72 0.62 776 15.53 
 Welch's red 188.6 26.1 4918 45 0.5 3.96 0.72 0.61 893 19.85 
 Gavioli red 176.9 30.9 5461 45 0.5 3.73 0.66 0.59 965 21.45 
 Welch's white 176.3 27.6 4873 45 0.5 3.72 0.64 0.57 838 18.62 
 Gavioli white 140.7 34.1 4799 45 0.5 3.03 0.64 0.54 1013 22.52 

 

 

nc,2D        is the theoretical 2D peak capacity 
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1tg          is the 1D gradient time 
1ts           is the sampling time 

β            accounts for 1D undersampling according to equation: [442]:  

Orth    are orthogonality values determined using convex hull (CH) 
and asterisk (Ast) methods 

n´c,2D       is the practical peak capacity taking into account 1D undersampling and surface coverage 
calculated using the convex hull method: 

 

 

 

n´c,2D/min  is the practical peak capacity per unit time (practical peak capacity production rate). 

β =�1 + 3.35 �
𝑡𝑡𝑠𝑠1   . 𝑛𝑛𝑐𝑐1

𝑡𝑡𝑔𝑔1 �
2

  
 

𝑛𝑛𝑐𝑐,2𝐷𝐷
′ =

𝑛𝑛1 𝑐𝑐 ∙ 𝑛𝑛2 𝑐𝑐 ∙ 𝑓𝑓𝑐𝑐
𝛽𝛽

 
[441] 
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Figure 4-2: LC×LC separation using setup 2. A - Wine sample, B - Welch’s red grape juice, C - 
Gavioli red grape juice, D - Welch’s white grape juice, and E - Gavioli white grape juice. 

 

4.3.1.2 Practical peak capacity 

The separation capabilities of LC×LC systems were also evaluated in terms of practical 

peak capacity. Since it takes into account both 1D undersampling and the surface 

coverage of the 2D space in each experiment, practical peak capacity is preferred to the 

theoretical peak capacity [441]. Table 4-2 illustrates the calculated practical peak 

capacities for all setups in this study. As the analysis time for the wine sample (50 

minutes) was longer than that for other samples (45 minutes) in all setups, the peak 
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capacity production rate (peak capacity per unit gradient time) was also calculated and is 

shown in Table 4-2. From the calculated degree of orthogonality and practical peak 

capacity for all LC×LC systems in this study, the separation performance using Solvent X 

as a green organic modifier in 1D in the analysis of phenolic compounds in grape juice 

products was satisfactory and comparable to the results obtained previously for a 

pharmaceutical mixture using a similar approach  [113]. The phenolic compounds were 

separated with good 2D separation space coverage and high peak capacity, which for the 

first time confirmed the possibility of greening LC×LC in the analysis of complex natural 

product samples.  

4.3.2 LC×LC-UV-MS setup 

In this setup, the main goal was to tentatively identify the compounds in all samples by 

MS detection. Setup 2 was selected to be combined to the MS detector. However, as the 

ESI does not tolerate high flows, the 4.6 mm I.D. 2D column used in setup 2 was replaced 

by a narrower one (2.1 mm diameter). This allowed lower flow rates of the mobile phases 

in 2D making this column combination more compatible with the ESI, while at the same 

time improving detection sensitivity thanks to lower degree of dilution of the fractions 

eluting from 1D. Analytes were detected first by the UV detector. The UV DAD effluent 

was then split in a 1:4 ratio between the MS and waste, respectively. The 2D plot was 

prepared for each sample based on the UV DAD data. 

Total ion chromatograms were recorded for each sample during LC×LC analysis. A list of 

phenolic compounds that were detected in grape juices and wines was prepared from the 

literature. The chemical formula of each compound was used to calculate the mass of the 

quasi-molecular ion of each compound in the negative ion mode. Afterwards, the quasi-
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molecular ion of each compound was extracted from the total ion chromatogram and the 

compound’s retention time was identified in each sample. Figure 4-3 illustrates the total 

ion chromatogram (TIC) and the mass spectrum obtained after LC×LC analysis of 

Welch’s White grape juice sample as an example. The phenolic compounds were 

identified with mass accuracy better than 10 ppm in the raw chromatogram. They were 

then located on the UV DAD-based 2D plots of all samples based on their raw retention 

times and the length of the modulation period. It should be pointed out that due to software 

limitations, it was not possible to export the MS data so that they could be processed 

directly by Chromspace. Figure 4-4 illustrates the extracted ion chromatogram of caffeic 

acid, which was detected with mass accuracy of 8 ppm. Its retention time in 1D was 

21.85 min. The 2D chromatograms obtained for all samples with this setup are shown in 

Figure 4-5A-E. The phenolic compounds were tentatively identified by combining the 

information from the literature, RP retention behavior and MS spectra. 
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Figure 4-3: TIC (total ion chromatogram) of Welch’s white grape juice obtained after LC×LC 
analysis of this sample using conditions in setup 4. 

 

 

Figure 4-4: Extracted ion chromatograms of caffeic acid in a Welch’s white grape juice sample. 
The signals with m/z 179.03-179.04 were extracted from the TIC. Caffeic acid was detected at a 
retention time of 21.85 min. 
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Figure 4-5: LC×LC separation using setup 4. A - Wine sample, B - Welch’s red grape juice, C - 
Gavioli red grape juice, D - Welch’s white grape juice, and E - Gavioli white grape juice. The 
phenolic compounds were tentatively identified by merging the complementary information of RP 
retention behavior, MS spectra and literature data. For compound identification see Table 4-3. 

 

Based on the MS data, a total of 70 compounds were tentatively identified and are listed 

in Table 4-3, which also shows the retention times of these compounds in the five samples 

of grape juices and wine. Eleven compounds were flavonols (myricetol 3-O-glucuronide, 

myricetol 3-O-glucoside, laricitrin-3-O-glucoside, quercetin-3-O-galactoside, quercetin-3-
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O-glucuronide, kaempferol glucuronide, kaempferol glucoside (astragalin), isorhamnetol 

3-glucoside, myricetin, quercetin, and kaempferol), five flavanols (epicatechin, catechin, 

gallocatechin, epigallocatechin, and epicatechin gallate), two flavanonols (astilbin, and 

engeletin), eight stilbenoids (piceatannol, resveratrol, dihydro-resveratrol, pallidol, delta-

viniferin, epsilon-viniferin,  piceids, and astringin). Also, four B-type procyanidins, two 

procyanidin dimer monogallates, three procyanidin trimers and one procyanidin trimer 

monogallate were detected. In addition, hydroxycinnamic acid derivatives including 

caffeic acid, ferulic acid, and p-coumaric acid, as well as hydroxybenzoic acid derivatives 

including gallic acid, syringic acid, phloroglucinol, vanillic acid, gentisic acid, 

protocatechuic acid and p-hydroxybenzoic acid were also identified. Other compounds 

tentatively identified by the MS detection included esters of hydroxycinnamic acids, an 

ester of gallic acid, esters of protocatechuic acid, esters of coumaric acid and tartrate 

esters. Moreover, phenolic aldehydes were tentatively identified including protocatechuic 

aldehyde, vanillin, coniferyl aldehyde, and sinapic aldehyde, in addition to tannins like 

ellagic acid, hydroxycoumarin including aesculetin and scopoletin, as well as 

pyranoanthocyanin like oxovitisin A.  

Information from the literature was of a great help. For example, aglycones of flavonoid 

in RPLC follow this elution order: flavanols elute first, then flavanones, flavonols, and 

finally flavones [469]. This was confirmed here for the flavanols, flavonols and flavones 

found. This elution order is determined by the hydrophobicity of the molecules, which is 

affected by the number of hydroxyl and methoxy groups in these compounds. Also, it was 

reported that galactosides elute before glucosides in RPLC [470], and this was of a 

paramount help in data interpretation.  In accordance with literature, in the present work, 
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flavonol-glucosides and/or galactosides were detected in the wine sample and in Welch’ 

red and white grape juices. However, in Gavioli red and white grape juices, some of the 

flavonol-glucosides and galactosides were not detected. Based on MS data only, it is not 

easy to differentiate between glucoside and galactoside isomers if they are not 

chromatographically resolved. The elution order of these two moieties in RPLC 

(galactoside < glucoside) could be helpful in identifying them. In our study, two signals 

were found for galactoside and glucoside of myricetin, kaempferol, isorhamnetin, and 

quercetin. According to the elution order of these moieties in RPLC, it was assumed that 

the earlier eluting analyte referred to the galactoside variant.  

The hydroxycinnamic and hydroxybenzoic acids were mostly identified in free forms 

rather than the esterified ones, with the exception of chlorogenic acid, gallic acid, caffeic 

acid, protocatechuic acid and the tartaric acid ester of caftaric, coutaric and fertaric acid. 

All hydroxybenzoic acids mentioned previously were tentatively detected in all samples, 

with the exception of protocatechuic acid which was not detected in the Gavioli white 

grape juice. Hydroxycinnamic acids were detected mainly in the wine sample and some 

of them in other samples of grape juices. It is noteworthy to mention that flavan-3-ol 

compounds like catechin or epicatechin were detected in all samples in this study, while 

other flavan-3-ol compounds like gallocatechin, epigallocatechin and gallocatechin-O-

gallate were detected in some samples only.  

Interestingly, the wine sample and the grape juices of the Welch brand were richer in 

flavonol and flavanonol compounds compared to the grape juices from the Gavioli brand. 

This may be due to differences in origin, climate, soil conditions, fertilizers or the 

processing of grapes used to prepare these products. A large number of stilbenoids were 
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detected in wine, Welch’s red and Gavioli red grape juices, while Gavioli white grape juice 

lacked all stilbenoids other than piceatannol. Procyanidin B dimers and procyanidin 

trimers were detected in most of samples other than Gavioli white grape juice. Phenolic 

aldehydes were mainly found in the wine sample, while only some of them were detected 

in red grape juices and white grape juices. As a result, it can be concluded that the wine 

sample and red grape juices were richer in the phenolic compounds compared to white 

grape juices, especially the Gavioli white grape juices. 

The degree of orthogonality and practical peak capacity values were calculated for this 

setup using the same methods as before, and the results are shown in Table 4-2. The 

calculated orthogonality was different from sample to sample for two main reasons. First, 

different gradients were used for the analysis of each sample, which led to different 

retention times and distribution of compounds in the 2D separation plane. Second, the 

presence of a larger variety of phenolic compounds in samples including wine and 

Welch’s red grape juice meant that they were better distributed in the 2D space, which 

led to higher orthogonality. Regarding the practical peak capacity for this setup, the 

obtained results were comparable to those obtained in setup 2, showing efficient 

separation.  

It should be mentioned that when the LC×LC system was combined with the Orbitrap MS 

detector in setup 4, propylene carbonate ions persisted in the background for several 

days after the analysis. The system was flushed with methanol to eliminate the 

background signal, but its intensity was reduced only slowly, and it took several days to 

eliminate it.  
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Table 4-3: Tentative identification of the phenolic compounds in grape juices and wine by LC×LC-DAD-MS in negative ion mode 

 Welch's 
white 

Gavioli 
white 

Wine 
sample*** 

Welch's 
red 

Gavioli 
red 

Peak 
number 

Phenolic 
compounds 

M. 
Formula 

Exp. 
mass [M-
H]-(m/z) 

Retention time in 1D (min.) 

Hydroxybenzoic acids 

1 Gallic acid* C7H6O5 169.0142 
 2.79 2.8 2.79 2.76 

3.8*     

2 Phloroglucinol* C7H6O5 169.0143 
 2.79 2.81 2.79 2.99 

3.8*     

3 
Vanillic acid or 

other 
compounds* 

C8H8O4 167.0350 

   3.29 3.34 

 5.79* 5.73*   

4.8*     

4 
Syringic acid or 

other 
compounds* 

C9H10O5 197.0456 

   3.3 3.3 

 5.7* 6.39*   

4.8*     

5 Gentisic acid* C7H6O4 153.0193 
 3.9 3.89 3.82 3.34 

5.85*     

6 Protocatechuic 
acid C7H6O4 153.0193 7.34 Not found 9.37** 7.5 6.5 

7 C7H6O3 137.0244  21.61  21.5 23.5 
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p-
Hydroxybenzoic 

acid* 

26.9*     

  34.8*   

Cinnamic acid and Hydroxycinnamic acids 

8 p-Coumaric acid C9H8O3 163.0401 Not found 4.95 5.29 5.95 5.42 

9 Caffeic acid C9H8O4 179.0350 21.85 Not found Not found Not found Not 
found 

10 Ferulic acid C10H10O4 193.0506 Not found Not found 31.01** Not found 25.5 

11 Cinnamic acid C9H8O2 147.0452 Not found Not found 36.29 Not found Not 
found 

Flavan-3-ol monomers 

12 Gallocatechin C15H14O7 305.0667 3.8 Not found 3.4 3.2 Not 
found 

13 Epigallocatechin C15H14O7 305.0667 8.8 Not found Not found Not found 8.87 

14 Catechin C15H14O6 289.0718 21.8 22.3 25.3** 21.3 20.8 

15 Epicatechin C15H14O6 289.0718 Not found Not found 27.3** 22.8 21.3 

16 epicatechin-3-O-
gallate* C22H18O10 441.0827 

 Not found Not found Not found 27.3 

28.8*     

Flavonols 

17 Myricetin 3-O- 
glucuronide C21H18O14 493.0624 Not found Not found 25.3** 24.4 Not 

found 

18 
Myricetin 3-O-

glucoside/ 
galactoside 

C21H20O13 479.0831 Not found Not found 25.9 and 
26.3** 

24.3 and 
26.8 

Not 
found 

19 
Laricitrin-3-O-

glucoside/ 
galactoside 

C22H22O13 493.0988 Not found Not found 25.86** 24.35 Not 
found 

20 
Quercetin-3-O-

galactoside/ 
galactoside 

C21H20O12 463.0882 28.8 and 29.3 27.8 29.9 and 
30.4** 

26.8 and 
27.3 

27.7 and 
28.3 
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21 quercetin-3-O-
glucuronide C21H18O13 477.0000 Not found Not found 30.35** 26.82 Not 

found 

22 Kaempferol 
glucuronide C21H18O12 461.0726 Not found Not found 33.3** 28.82 29.29 

23 
Kaempferol 
glucoside 

(astragalin)/ 
galactoside 

C21H20O11 447.0933 30.31 Not found 33.3** 28.8 two 
peaks 

29.3 two 
peaks 

24 
Isorhamnetin 3-

glucoside / 
galactoside 

C22H22O12 477.1039 Not found Not found 33.3 and 
33.8** 

28.8 and 
29.3 27.8 

25 Myricetin C15H10O8 317.0303 30.84 Not found 33.8** 29.89 Not 
found 

26 Quercetin C15H10O7 301.0354 33.82 not found 37.82** 32.83 31.84 

27 Kaempferol C15H10O6 285.0405 36.34 Not found 40.84** Not found Not 
found 

Flavanonol 

28 Astilbin C21H22O11 449.1089 Not found Not found 30.36** 26.82 25.4 

29 Engeletin C21H22O10 433.1140 28.3 Not found 33.8** 28.8 28.79 

Stilbenoids 

30 Piceatannol C14H12O4 243.0663 3.8 3.3 3.4 3.3 3.3 

31 Resveratrol C14H12O3 227.0714 Not found Not found 34.77 Not found Not 
found 

32 Dihydro-
resveratrol C14H14O3 229.0870 Not found Not found 34.8 Not found Not 

found 

33 Pallidol C28H22O6 453.1344 Not found Not found 33.28** 22.3 22.27 

34 delta-Viniferin C28H22O6 453.1344 Not found Not found 32.97** 22.8 22.28 

35 Epsilon-Viniferin C28H22O6 453.1344 Not found Not found 35.75** 24.8 24.78 

36 Piceids C20H22O8 389.1242 28.3 Not found 33.8** 28.8 Not 
found 
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37 Astringin   31.31 Not found 33.79** 30.3 30.3 

Esters 

Ester of hydroxycinnamic acids 

38 Chlorogenic 
acid C16H18O9 353.0878 2.7 2.7 Not found 2.7 2.2 

39 Ethyl caffeate C11H12O4 207.0663 Not found Not found 36.8** 32.3 31.8 

Ester of Gallic acid 

40 
Methyl gallate* C8H8O5 183.0299 

   3.32 3.33 

 4.8* 4.9* 6.39*   

41 
Ethyl gallate* C9H10O5 197.0456 

5.78 Not found  5.4 5.68 

   11.6*   

Ester of Protocatechuic acid 

42 Ethyl 
protocatechuate C9H10O4 181.0506 27.8 Not found 29.42** 28.8 Not 

found 
Ester of Coumaric acid 

43 Ethyl coumarate C11H12O3 191.0714 39.3 39.33 40.8** Not found 38.3 

Tartrate esters 

44 Caftaric acid C13H12O9 311.0409 Not found 3.3 3.81 3.8 3.32 

45 Coutaric acid C13H12O8 295.0459 Not found 4.4 4.5 Not found 4.5 

46 Fertaric acid C14H14O9 325.0565 24.3 Not found Not found Not found Not 
found 

Phenolic aldehyde 

47 Protocatechuic 
aldehyde C7H6O3 137.0244 3.3 2.9 3.9 2.9 2.9 
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48 Vanillin C8H8O3 151.0401 7.35 Not found Not found 7.48 Not 
found 

49 Coniferyl 
aldehyde* C10H10O3 177.0557 

Not found Not found 5.3 Not found  

     6.7* 

50 Sinapic 
aldehyde C11H12O4 207.0663 Not found Not found 36.8 Not found Not 

found 
Xanthylium pigment 

51 Compound NJ2 C32H25O13 616.1222 Not found 3.5 3.81 3.9 Not 
found 

Hydroxycoumarin 

52 Aesculetin C9H6O4 177.0193 5.85 Not found 5.89 Not found Not 
found 

53 Scopoletin C10H8O4 191.0350 Not found not found 32.44** 29.3 Not 
found 

Pyranoanthocyanin 

54 Oxovitisin A C25H24O13 531.1144 Not found 29.38 34.8** 29.8 30.26 

Tannins 

55 Ellagic acid C14H6O8 300.9990 28.3 28.32 30.3** 27.3 Not 
found 

Oligomeric procyanidins 

56 Procyanidin B1 
dimer C30H26O12 577.1352 21.77 Not found 23.8** 20.8 21.27 

57 Procyanidin B2 
dimer C30H26O12 577.1352 23.27 Not found 26.77** 23.28 24.75 

58 Procyanidin B3 
dimer C30H26O12 577.1352 24.28 Not found 28.79** Not found Not 

found 

59 Procyanidin B4 
dimer C30H26O12 577.1352 26.8 Not found 31.29** 27.3 27.8 

Procyanidin dimer monogallate 

60 B1-3-O-gallate C37H30O16 729.1461 25.79 Not found Not found Not found Not 
found 

61 B2-3-O-gallate C37H30O16 729.1461 26.78 Not found Not found Not found Not 
found 
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* The differences in retention times could not be entirely explained by the different gradients used with different samples, 

which indicates that some of the tentative identifications were incorrect due to the presence of compounds with similar m/z.  

** Different retention times of the analytes due to different gradients used in the separation of different samples (as shown 

in Table S4 in the Supplementary Information Section) 

*** As the wine sample was the richest in polyphenolic compounds in this study, the gradients used were slower than those 

used for the other samples to extend the separation time and avoid crowding of peaks. This caused the retention times to 

be generally longer than in the other samples.  

Procyanidin trimers 

62 Procyanidin C1 C45H38O18 865.1985 23.27 Not found 26.77** 22.8 Not 
found 

63 Procyanidin C2 C45H38O18 865.1985 26.28 Not found 30.26** 25.3 Not 
found 

64 Procyanidin T2   27.32 Not found 31.78** 28.3 Not 
found 

65 
Procyanidin 

trimers 
monogallate 

C52H42O22 1017.2095 27.32 Not found Not found Not found Not 
found 

Other compounds 

66 Grape reaction 
product (GRP) C23H27N3O15S 616.1090 Not found 3.5 3.3 Not found Not 

found 

67 4-Ethylguaiacol C9H12O2 151.0765 Not found Not found 9.81** 9 Not 
found 

68 Castavinol C4 C27H32O13 563.1770 Not found Not found 31.5 Not found Not 
found 

69 Castavinol C3 C26H30O14 565.1563 Not found Not found 33.25** 28 Not 
found 

70 Castavinol C1 C27H32O13 563.1770 26.4 26.98 33.79** 26.48 26.54 
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4.4 Conclusions 

Hazardous organic solvents pose a threat to life. Substituting these solvents with green 

alternatives is essential, especially in techniques which utilize large volumes of organic 

solvents. Liquid chromatography falls into this category, as it consumes large volumes of 

organic solvents that are hazardous to the environment and to the chemists in 

laboratories. In LC×LC, achieving adequate selectivity between 1D and 2D is challenging 

and requires careful selection of the mobile phases and columns in both dimensions, 

especially for the analysis of very complex samples like natural products. Greening 

LC×LC was proposed for the first time by our research group to analyze a mixture of 

pharmaceutical compounds. In this study, this idea was applied to the analysis of 

polyphenols in five commercial samples of grape juices and wine by RPLC×RPLC-DAD 

and RPLC×RPLC-DAD-ESI-MS using Solvent X (propylene carbonate: ethanol, 60:40) in 

1D and methanol in 2D. The calculated degree of orthogonality and peak capacity for all 

setups examined revealed the possibility of using this green solvent in the analysis of 

complex samples without harming the environment. Phenolic compounds were tentatively 

identified based on the MS data and information from the literature. This study represents 

the first attempt to analyze phenolic compounds in grape juices and wine sample by green 

RPLC×RPLC in an attempt to make LC×LC greener without compromising the separation 

power of the technique. 
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CHAPTER 5  
SUMMARY AND FUTURE WORK 

Comprehensive two-dimensional liquid chromatography is a powerful technique for the 

analysis of complex samples because of its ability to achieve higher peak capacities and 

greatly increased resolving power compared to one-dimensional liquid chromatography. 

It has been universally accepted that the best results are always obtained when the 

separation mechanisms used in the two dimensions are completely orthogonal, i.e., not 

correlated with each other. However, certain LC modes cannot be easily combined due 

e.g., to the immiscibility of the mobile phases or the incompatibility between the mobile 

phase from the 1D and the stationary phase of the 2D.  

In the work presented in this thesis, the same separation mechanisms (reversed phase 

in both dimensions) were used to avoid issues related to solvent incompatibility. Recently, 

the use of similar separation mechanisms in both dimensions has been gaining popularity, 

but full or shifted gradients are still typically used for each 2D fraction. We argued that 

when the separation mechanisms are partially correlated in the two dimensions, the best 

results can be obtained with the use of parallel gradients in the 2D, and this makes the 

two dimensional liquid chromatography nearly as user-friendly as comprehensive two-

dimensional gas chromatography. This has been illustrated through the separation of a 

mixture of 39 pharmaceutical compounds using reversed phase in both dimensions. 

Different selectivity in the 2D was obtained through the use of different stationary phase 

chemistries and/or mobile phase organic modifiers. The performance of the separation 

was evaluated by the degree of orthogonality and practical peak capacity. When 

comparing the calculated degree of orthogonality for the setups which used the same 
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gradient time but different types of gradients (full gradient, shifted gradient and parallel 

gradients) to each other, it was clear that the surface coverage, hence orthogonality, 

increased in the order full gradients < shifted gradients < parallel gradients.  This has 

been confirmed by using the PIOTR model, which is software developed at the University 

of Amsterdam for interpretive optimization of two-dimensional resolution [413] using input 

data from chromatograms recorded under specific, known conditions. The program can 

model retention of the analytes in a given chromatographic system as a function of the 

mobile phase composition. The simulation results showed that in many cases parallel 

gradients can produce results as good as shifted gradients in comparable time, while 

being achievable using much simpler setups. The best results overall were obtained with 

parallel gradients allowing for peak wraparound, which led to the best use of the available 

separation space.  

It was concluded that when two-dimensional parallel gradients are adopted, simultaneous 

increase in the elution strength in the two dimensions with partially correlated retention 

makes it possible for the analytes in a given fraction to be eluted without using gradients 

in 2D. With the analytes pre-separated according to their hydrophobicity in 1D, the 2D can 

better explore the specific interactions between the analytes, the stationary phase and 

the mobile phase. This decreases the correlation between the two dimensions, leading to 

better coverage of the separation space and hence higher orthogonality. In addition, the 

use of parallel gradients eliminates the need for repeated 2D column re-equilibration, 

which results in more efficient utilization of the cycle time. This, in turn, increases the 

available separation space, and the practical peak capacity. Without the need to run 

repeated gradients in 2D, the approach proposed makes it possible to perform LC×LC 
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separations using simpler instrumentation and software, making the technique nearly as 

user-friendly as comprehensive two-dimensional gas chromatography. It also shows how 

the 2D separation space can be utilized most efficiently when the separation mechanisms 

are correlated. The hypothesis that the best utilization of the separation space when using 

similar separation mechanisms in both dimensions can be accomplished with parallel 

gradients was not only confirmed through experimentation, but also through the results 

of simulations using the PIOTR program. 

In the next step, in the third chapter, we proposed greening of LC×LC separations for the 

first time by introducing propylene carbonate to the LC×LC analysis as a green organic 

mobile phase component to substitute for ACN in 1D, while ethanol was used as organic 

modifier in 2D to make LC×LC separations more eco-friendly without compromising the 

separation power. The degree of orthogonality and effective peak capacity were used to 

evaluate the separation performance and compare the performance of separation of 

these green LC×LC systems to the systems that used conventional hazardous solvents 

in the previous chapter. The effective peak distribution and peak capacity were 

comparable to those obtained using ACN and MeOH as organic modifiers in LC×LC 

separations. PC proved to be a good substitute to other hazardous organic modifiers used 

previously in LC×LC applications even with the same stationary phase chemistries 

adopted in both dimensions as it provided sufficiently large differences in the separation 

selectivity and retention mechanisms between 1D and 2D. Therefore, the use of PC as an 

organic modifier in an RPLC×RPLC system can be advantageous in the analysis of 

complex samples without harming the environment.  
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Finally, in the fourth chapter, the green LC×LC system with propylene carbonate was 

applied for the analysis of polyphenolic compounds in grape juices and wine samples. In 

this study, five commercial samples of grape juices and de-alcoholized wine were 

analyzed by RPLC×RPLC-DAD and RPLC×RPLC-DAD-ESI-MS using Solvent X 

(propylene carbonate: ethanol, 60:40) in 1D and methanol in 2D. The calculated degree 

of orthogonality and peak capacity for all setups examined revealed the possibility of 

using this green solvent in the analysis of complex samples without harming the 

environment. Phenolic compounds were tentatively identified based on the MS data and 

information from the literature. This study represents the first attempt to analyze phenolic 

compounds in grape juices and wine samples by green RPLC×RPLC in an attempt to 

make LC×LC greener without compromising the separation power of the technique. 

The work presented in the thesis demonstrated that while LC×LC approaches a mature 

technique status, there is still room for improvement. In particular, while the paradigm is 

that repeated gradients should always be used in the second dimension, it has been 

demonstrated that when the separation mechanisms are correlated in the two 

dimensions, parallel gradients are often more advantageous, and this has the potential to 

make LC×LC nearly as user-friendly as comprehensive two-dimensional gas 

chromatography. It should be pointed out, though, that this is not a universal advice, and 

practitioners should always consider their particular separation before deciding which 

approach to use. Another area of improvement is the environmental impact of LC×LC, 

which can be significantly reduced by switching to more environmentally friendly solvents. 

It was demonstrated that this is possible, but it is just a first step on the road to green 

LC×LC. 
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 Future work will be aimed at making LC×LC separations greener by replacing ACN and 

other dangerous solvents with green alternatives without losing system selectivity, peak 

capacity, resolving power and orthogonality. Some possible options include the use of 

ionic liquids (ILs) and micellar liquids. The newly developed green methods will then be 

applied to the analysis of environmental pollutants and natural products. 
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APPENDIX 

APPENDIX A: CHAPTER 2  
TOWARDS SIMPLER LC×LC: RPXRP SEPARATIONS WITH 
PARALLEL GRADIENTS IN THE SECOND DIMENSION TO 
ENHANCE UTILIZATION OF THE SEPARATION SPACE AND 
THE DEGREE OF ORTHOGONALITY 
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Table 2-S1: Columns, mobile phase compositions and gradients used in emulated on-line setups 6 and .7 

 

Set-up Column 
1D mobile 

phase 
2D mobile 

phase 
Modulation 

period 
1D Gradient and flow rate Gradients used in 

the 2D 

6 
Parallel 

gradients 
 
 

1D column: 
Kinetex C18 
(4.6 x 150 mm, 
2.6 µm) 
2D column: 
Pinnacle DB 
PFPP (4.6 x 
30 mm, 3.0 µm 

A: 0.5% 
acetic acid 
in H2O 

 
B: 0.5% 
acetic acid 
in ACN 

A: 0.5% 
acetic 
acid in 
H2O 
 
B: 0.5% 
acetic 
acid in 
ACN  

0.5 min 
 
(Gradient run over 
full 0.5 min) 
 
20 µL loops 

  0.00 min:  10% B, 1F= 0.7 mL/min 
  2.60 min:  11% B, 1F= 0.4 mL/min 
  10.0 min:  11% B, 1F= 0.4 mL/min 
  30.0 min:  36% B, 1F= 0.5 mL/min 
  50.0 min:  75% B, 1F= 0.5 mL/min 
 

0.00 min:  10% B        
15.0 min:  18% B 
30.0 min:  35% B 
50.0 min:  55% B 
52.0 min:  80% B 
53.0 min:  80% B 
 
2F=2.8 mL/min 

7 
Parallel 

gradients 

1D column: 
Kinetex C18 
(4.6 x 150 mm, 
2.6 µm) 
2D column: 
RaptorTM C18 
(4.6 x 30 mm, 
2.7 µm) 

A: 0.5% 
acetic acid 
in H2O 
 
B: 0.5% 
acetic acid 
in MeOH 

A: 0.5% 
acetic 
acid in 
H2O 
 
B: 0.5% 
acetic 
acid in 
ACN 

0.5 min 
 
(Gradient run over 
full 0.5 min) 
 
20 µL loops 

0.00 min:    5% B, 1F= 1.0 mL/min 
5.00 min:  20% B, 1F= 0.4 mL/min 
25.0 min:  24% B, 1F= 0.8 mL/min 
30.0 min:  55% B, 1F= 0.8 mL/min 
40.0 min:  75% B, 1F= 0.8 mL/min 
50.0 min:  80% B, 1F= 0.8 mL/min 
 

0.00 min:  0.0% B          
15.0 min:  15% B 
30.0 min:  30% B 
35.0 min:32.5% B 
40.0 min:  55% B 
50.0 min:  70% B 
52.0 min:  70% B 
 
2F=2.5 mL/min 
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Figure 2-S1: LC×LC separation of the mixture of pharmaceutical compounds using setup 6. The 
modulation time was 30 seconds. For conditions see Table 2-S1. 

 

 

Figure 2-S2: LC×LC separation of the mixture of pharmaceutical compounds using setup 7. The 
modulation time was 30 seconds. For conditions see Table 2-S1. 
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Table 2-S2: Method parameter ranges used for the prediction of 24000 shifting gradients. 

 

Parameter Min Max Increment # of Steps 
𝝋𝝋𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊
𝟏𝟏  0.05 0.25 0.05 5 
𝝋𝝋𝒇𝒇𝒊𝒊𝒊𝒊𝒇𝒇𝒇𝒇
𝟏𝟏  0.70 1.00 0.10 4 
𝒊𝒊𝑮𝑮𝟏𝟏  (min) 30 60 10 4 
𝝋𝝋𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝑳𝑳𝑳𝑳
𝟐𝟐  0.05 0.15 0.05 3 
𝝋𝝋𝒇𝒇𝒊𝒊𝒊𝒊𝒇𝒇𝒇𝒇𝑳𝑳𝑳𝑳
𝟐𝟐  0.15 0.35 0.05 5 
𝝋𝝋𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝑼𝑼𝑳𝑳
𝟐𝟐  0.65 0.85 0.05 5 
𝝋𝝋𝒇𝒇𝒊𝒊𝒊𝒊𝒇𝒇𝒇𝒇𝑼𝑼𝑳𝑳
𝟐𝟐  0.85 1.00 0.05 4 

 

 

 

Table 2-S3: Method parameter ranges used for the prediction of 2×620 parallel gradients. Due 
to the equality of the upper and lower boundary, the program simulates an isocratic experiment 
for each modulation. 

 

Parameter Min Max Increment # of Steps 
𝝋𝝋𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊
𝟏𝟏  0.05 0.25 0.05 5 
𝝋𝝋𝒇𝒇𝒊𝒊𝒊𝒊𝒇𝒇𝒇𝒇
𝟏𝟏  0.70 1.00 0.10 4 
𝒊𝒊𝑮𝑮𝟏𝟏  (min) 30 60 1 31 
𝝋𝝋𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝑳𝑳𝑳𝑳
𝟐𝟐  0.20 0.20 - 1 
𝝋𝝋𝒇𝒇𝒊𝒊𝒊𝒊𝒇𝒇𝒇𝒇𝑳𝑳𝑳𝑳
𝟐𝟐  0.75 0.75 - 1 
𝝋𝝋𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝑼𝑼𝑳𝑳
𝟐𝟐  0.20 0.20 - 1 
𝝋𝝋𝒇𝒇𝒊𝒊𝒊𝒊𝒇𝒇𝒇𝒇𝑼𝑼𝑳𝑳
𝟐𝟐  0.75 0.75 - 1 

 

Parameter Min Max Increment # of Steps 
𝝋𝝋𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊
𝟏𝟏  0.05 0.25 0.05 5 
𝝋𝝋𝒇𝒇𝒊𝒊𝒊𝒊𝒇𝒇𝒇𝒇
𝟏𝟏  0.70 1.00 0.10 4 
𝒊𝒊𝑮𝑮𝟏𝟏  (min) 30 60 1 31 
𝝋𝝋𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝑳𝑳𝑳𝑳
𝟐𝟐  0.05 0.05 - 1 
𝝋𝝋𝒇𝒇𝒊𝒊𝒊𝒊𝒇𝒇𝒇𝒇𝑳𝑳𝑳𝑳
𝟐𝟐  0.75 0.75 - 1 
𝝋𝝋𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝑼𝑼𝑳𝑳
𝟐𝟐  0.05 0.05 - 1 
𝝋𝝋𝒇𝒇𝒊𝒊𝒊𝒊𝒇𝒇𝒇𝒇𝑼𝑼𝑳𝑳
𝟐𝟐  0.75 0.75 - 1 

 

*LB and UB stand for the lower and upper boundaries in between a shifting gradient move as a function 
of the first-dimension time. 
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APPENDIX B: CHAPTER 4  
GREEN COMPREHENSIVE TWO-DIMENSIONAL LIQUID 
CHROMATOGRAPHY (LC×LC) FOR THE ANALYSIS OF 
PHENOLIC COMPOUNDS IN GRAPE JUICES AND WINE 
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Table 4-S1: Experimental conditions and gradients used in setup 1 (LC×LC-UV) 

 

 

Sample and 
conditions conditions 1D Gradient 2D Gradient 

Dealcoholized wine 
sample 

 
 
 

Injection volume: 25 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D = 2.0 mL/min 
 

0.00 min: 1 % B 
7.50 min: 1 % B 
10.0 min: 7 % B 
15.0 min: 10 % B 
20.0 min: 20 % B 
30.0 min: 35 % B 
32.5 min: 80 % B 
35.0 min: 100 % B 
50.0 min: 100 % B  

0.00 min: 7 % B 
10.0 min: 17 % B 
17.0 min: 18 % B 
20.0 min: 26 % B 
22.5 min: 27 % B 
30.0 min: 43 % B 
32.5 min: 72 % B 
35.0 min: 80 % B 
37.5 min: 90 % B 
40.0 min: 100% B 
50.0 min: 100% B 
 

Welch’s red grape 
juice 

 
 
 

Injection volume: 25 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D =2.0 mL/min 
 

0.00 min: 1 % B 
7.50 min: 1 % B 
10.0 min: 7 % B 
15.0 min: 10 % B 
20.0 min: 20 % B 
30.0 min: 35 % B 
32.5 min: 80 % B 
35.0 min: 100 % B 
45.0 min: 100 % B 
 
 

0.00 min: 7 % B 
10.0 min: 18 % B 
17.0 min: 19 % B 
20.0 min: 27 % B 
22.5 min: 29 % B 
30.0 min: 45 % B 
32.5 min: 74 % B 
35.0 min: 80 % B 
37.5 min: 90 % B 
40.0 min: 100% B 
45.0 min: 100% B 
 

Gavioli’s red grape 
juice 

 
 
 

Injection volume: 25 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D =2.0 mL/min 
 

0.00 min: 1 % B 
7.50 min: 1 % B 
10.0 min: 7 % B 
15.0 min: 10 % B 
20.0 min: 20 % B 
30.0 min: 35 % B 
32.5 min: 80 % B 
35.0 min: 100 % B 
45.0 min: 100 % B 

0.00 min: 7 % B 
10.0 min: 18 % B 
17.0 min: 21 % B 
20.0 min: 29 % B 
22.5 min: 29.5 % B 
30.0 min: 45 % B 
32.5 min: 76 % B 
35.0 min: 80 % B 
37.5 min: 90 % B 
40.0 min: 100% B 
45.0 min: 100% B 
 

Welch’s white grape 
juice 

 
 
 

Injection volume: 25 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D =2.0 mL/min 
 

0.00 min: 1 % B 
7.50 min: 1 % B 
10.0 min: 7 % B 
15.0 min: 10 % B 
20.0 min: 20 % B 
30.0 min: 35 % B 
32.5 min: 80 % B 
35.0 min: 100 % B 
45.0 min: 100 % B 
 
 

0.00 min: 7 % B 
10.0 min: 19 % B 
17.0 min: 20 % B 
20.0 min: 28 % B 
22.5 min: 30 % B 
30.0 min: 46 % B 
32.5 min: 77 % B 
35.0 min: 80 % B 
37.5 min: 90 % B 
40.0 min: 100% B 
45.0 min: 100% B 
 

Gavioli’s white grape 
juice 

 
 
 

Injection volume: 25 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D = 2.0 mL/min 
  

0.00 min: 1 % B 
7.50 min: 1 % B 
10.0 min: 7 % B 
15.0 min: 10 % B 
20.0 min: 20 % B 
30.0 min: 35 % B 
32.5 min: 80 % B 
35.0 min: 100 % B 
45.0 min: 100 % B 
 

0.00 min: 7 % B 
10.0 min: 17 % B 
17.0 min: 20 % B 
20.0 min: 28 % B 
22.5 min: 29 % B 
30.0 min: 44 % B 
32.5 min: 76 % B 
35.0 min: 80 % B 
37.5 min: 90 % B 
40.0 min: 100% B 
45.0 min: 100% B 
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Table 4-S2: Experimental conditions and gradients used in setup 2 (LC×LC-UV) 

 

 

Sample and 
conditions conditions 1D Gradient 2D Gradient 

Dealcoholized wine 
sample 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D = 2.0 mL/min 
 

0.00 min: 1 % B 
11.6 min: 1 % B 
13.8 min: 7 % B 
18.2 min: 10 % B 
22.6 min: 20 % B 
31.5 min: 35 % B 
33.7 min: 80 % B 
35.9 min: 100 % B 
50.0 min: 100 % B 
  

0.00 min: 7 % B 
13.8 min: 19 % B 
20.0 min: 20 % B 
22.6 min: 29 % B 
24.9 min: 31 % B 
31.5 min: 43 % B 
33.7 min: 73 % B 
35.9 min: 80 % B 
38.0 min: 90 % B 
40.0 min: 100% B 
50.0 min: 100% B 
 

Welch’s red grape 
juice 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D =2.0 mL/min 
 

0.00 min: 1 % B 
6.50 min: 1 % B 
9.00 min: 7 % B 
13.0 min: 10 % B 
17.5 min: 20 % B 
26.5 min: 35 % B 
28.5 min: 80 % B 
31.0 min: 100 % B 
45.0 min: 100 % B 
 
 

0.00 min: 7 % B 
9.00 min: 19 % B 
15.0 min: 20 % B 
18.0 min: 28 % B 
20.0 min: 29 % B 
26.0 min: 43 % B 
29.0 min: 73 % B 
31.0 min: 80 % B 
33.0 min: 90 % B 
35.0 min: 100% B 
45.0 min: 100% B 
 

Gavioli’s red grape 
juice 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D =2.0 mL/min 
 

0.00 min: 1 % B 
6.50 min: 1 % B 
9.00 min: 7 % B 
13.0 min: 10 % B 
17.5 min: 20 % B 
26.5 min: 35 % B 
28.5 min: 80 % B 
31.0 min: 100 % B 
45.0 min: 100 % B 
 
 

0.00 min: 7 % B 
9.00 min: 19 % B 
15.0 min: 20 % B 
18.0 min: 28 % B 
20.0 min: 29 % B 
26.0 min: 44 % B 
29.0 min: 72 % B 
31.0 min: 80 % B 
33.0 min: 90 % B 
35.0 min: 100% B 
45.0 min: 100% B 
 

Welch’s white grape 
juice 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D =2.0 mL/min 
 

0.00 min: 1 % B 
6.50 min: 1 % B 
9.00 min: 7 % B 
13.0 min: 10 % B 
17.5 min: 20 % B 
26.5 min: 35 % B 
28.5 min: 80 % B 
31.0 min: 100 % B 
45.0 min: 100 % B 
 
 

0.00 min: 7 % B 
9.00 min: 20 % B 
15.0 min: 21 % B 
18.0 min: 29 % B 
20.0 min: 30 % B 
26.0 min: 45 % B 
29.0 min: 72 % B 
31.0 min: 80 % B 
33.0 min: 90 % B 
35.0 min: 100% B 
45.0 min: 100% B 
 

Gavioli’s white grape 
juice 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D = 2.0 mL/min 
 

0.00 min: 1 % B 
6.50 min: 1 % B 
9.00 min: 7 % B 
13.0 min: 10 % B 
17.5 min: 20 % B 
26.5 min: 35 % B 
28.5 min: 80 % B 
31.0 min: 100 % B 
45.0 min: 100 % B 
 

0.00 min: 7 % B 
9.00 min: 20 % B 
15.0 min: 21 % B 
18.0 min: 29 % B 
20.0 min: 30 % B 
26.0 min: 45 % B 
29.0 min: 72 % B 
31.0 min: 80 % B 
33.0 min: 90 % B 
35.0 min: 100% B 
45.0 min: 100% B 
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Table 4-S3: Experimental conditions and gradients used in setup 3 (LC×LC-UV) 

 

Sample and 
conditions conditions 1D Gradient 2D Gradient 

Dealcoholized wine 
sample 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D = 2.0 mL/min 
 

0.00 min: 1 % B 
11.6 min: 1 % B 
13.8 min: 7 % B 
18.2 min: 10 % B 
22.6 min: 20 % B 
31.5 min: 35 % B 
33.7 min: 80 % B 
35.9 min: 100 % B 
50.0 min: 100 % B 
  

0.00 min: 7 % B 
5.0 min: 14 % B 
14.0 min: 20 % B 
20.0 min: 21 % B 
22.5 min: 29 % B 
25.0 min: 30 % B 
31.5 min: 46 % B 
33.5 min: 75 % B 
36.0 min: 80 % B 
38.0 min: 90 % B 
40.0 min: 100% B 
50.0 min: 100% B 
 

Welch’s red grape 
juice 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D = 2.0 mL/min 
 

0.00 min: 1 % B 
6.50 min: 1 % B 
9.00 min: 7 % B 
13.0 min: 10 % B 
17.5 min: 20 % B 
26.5 min: 35 % B 
28.5 min: 80 % B 
31.0 min: 100 % B 
45.0 min: 100 % B 
 
 

0.00 min: 7 % B 
9.00 min: 20 % B 
15.0 min: 21 % B 
18.0 min: 29 % B 
20.0 min: 30 % B 
26.0 min: 43 % B 
29.0 min: 75 % B 
31.0 min: 80 % B 
33.0 min: 90 % B 
35.0 min: 100% B 
45.0 min: 100% B 
 

Gavioli’s red grape 
juice 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D = 2.0 mL/min 
 

0.00 min: 1 % B 
6.50 min: 1 % B 
9.00 min: 7 % B 
13.0 min: 10 % B 
17.5 min: 20 % B 
26.5 min: 35 % B 
28.5 min: 80 % B 
31.0 min: 100 % B 
45.0 min: 100 % B 
 
 

0.00 min: 7 % B 
8.80 min: 21 % B 
15.0 min: 24 % B 
17.6 min: 30 % B 
19.9 min: 31 % B 
26.6 min: 46 % B 
28.7 min: 75 % B 
30.9 min: 80 % B 
33.0 min: 90 % B 
35.0 min: 100% B 
45.0 min: 100% B 
 

Welch’s white grape 
juice 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D = 2.0 mL/min 
 

0.00 min: 1 % B 
6.50 min: 1 % B 
9.00 min: 7 % B 
13.0 min: 10 % B 
17.5 min: 20 % B 
26.5 min: 35 % B 
28.5 min: 80 % B 
31.0 min: 100 % B 
45.0 min: 100 % B 
 
 

0.00 min: 7 % B 
9.00 min: 20 % B 
15.0 min: 21 % B 
18.0 min: 29 % B 
20.0 min: 30 % B 
26.0 min: 45 % B 
29.0 min: 72 % B 
31.0 min: 80 % B 
33.0 min: 90 % B 
35.0 min: 100% B 
45.0 min: 100% B 
 

Gavioli’s white grape 
juice 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D = 2.0 mL/min 
 

0.00 min: 1 % B 
6.60 min: 1 % B 
8.80 min: 7 % B 
13.2 min: 10 % B 
17.6 min: 20 % B 
26.5 min: 35 % B 
28.7 min: 80 % B 
30.9 min: 100 % B 
45.0 min: 100 % B 
 

0.00 min: 7 % B 
8.80 min: 20 % B 
15.0 min: 21 % B 
17.6 min: 29 % B 
19.9 min: 30 % B 
26.6 min: 45 % B 
28.7 min: 72 % B 
30.9 min: 80 % B 
33.0 min: 90 % B 
35.0 min: 100% B 
45.0 min: 100% B 
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Table 4-S4: Experimental conditions and gradients used in setup 4 (LC×LC-UV-MS) 

 

Sample and 
conditions conditions 1D Gradient 2D Gradient 

Dealcoholized wine 
sample 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D=1.0 mL/min 
 

0.00 min: 1 % B 
11.6 min: 1 % B 
13.8 min: 7 % B 
18.2 min: 10 % B 
22.6 min: 20 % B 
31.5 min: 35 % B 
33.7 min: 80 % B 
35.9 min: 100 % B 
50.0 min: 100 % B 
  

0.00 min: 7 % B 
13.8 min: 21 % B 
20.0 min: 22 % B 
22.6 min: 30 % B 
24.9 min: 32 % B 
31.5 min: 44 % B 
33.7 min: 75 % B 
35.9 min: 80 % B 
38.0 min: 90 % B 
40.0 min: 100% B 
50.0 min: 100% B 
 

Welch’s red grape 
juice 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D=1.0 mL/min 
 

0.00 min: 1 % B 
6.50 min: 1 % B 
9.00 min: 7 % B 
13.0 min: 10 % B 
17.5 min: 20 % B 
26.5 min: 35 % B 
28.5 min: 80 % B 
31.0 min: 100 % B 
45.0 min: 100 % B 
 
 

0.00 min: 7 % B 
9.00 min: 20 % B 
15.0 min: 21 % B 
18.0 min: 29 % B 
20.0 min: 30 % B 
26.0 min: 45 % B 
29.0 min: 75 % B 
31.0 min: 80 % B 
33.0 min: 90 % B 
35.0 min: 100% B 
45.0 min: 100% B 
 

Gavioli’s red grape 
juice 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D=1.0 mL/min 
 

0.00 min: 1 % B 
6.50 min: 1 % B 
9.00 min: 7 % B 
13.0 min: 10 % B 
17.5 min: 20 % B 
26.5 min: 35 % B 
28.5 min: 80 % B 
31.0 min: 100 % B 
45.0 min: 100 % B 
 
 

0.00 min: 7 % B 
9.00 min: 20 % B 
15.0 min: 21 % B 
18.0 min: 29 % B 
20.0 min: 30 % B 
26.0 min: 45 % B 
29.0 min: 75 % B 
31.0 min: 80 % B 
33.0 min: 90 % B 
35.0 min: 100% B 
45.0 min: 100% B 
 

Welch’s white grape 
juice 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D=1.0 mL/min 
 

0.00 min: 1 % B 
6.50 min: 1 % B 
9.00 min: 7 % B 
13.0 min: 10 % B 
17.5 min: 20 % B 
26.5 min: 35 % B 
28.5 min: 80 % B 
31.0 min: 100 % B 
45.0 min: 100 % B 
 
 

0.00 min: 7 % B 
9.00 min: 20 % B 
15.0 min: 21 % B 
18.0 min: 29 % B 
20.0 min: 30 % B 
26.0 min: 45 % B 
29.0 min: 72 % B 
31.0 min: 80 % B 
33.0 min: 90 % B 
35.0 min: 100% B 
45.0 min: 100% B 
 

Gavioli’s white grape 
juice 

 
 
 

Injection volume: 35 µL 
FR in 1D = 0.1 mL/min 
Sample loop = 100 µL 
Water dilution after 1D = 40 µL/min 
Modulation period: 30 seconds 
FR in 2D=1.0 mL/min 
 

0.00 min: 1 % B 
6.50 min: 1 % B 
9.00 min: 7 % B 
13.0 min: 10 % B 
17.5 min: 20 % B 
26.5 min: 35 % B 
28.5 min: 80 % B 
31.0 min: 100 % B 
45.0 min: 100 % B 
 

0.00 min: 7 % B 
9.00 min: 18 % B 
15.0 min: 20 % B 
18.0 min: 29 % B 
20.0 min: 30 % B 
26.0 min: 42 % B 
29.0 min: 75 % B 
31.0 min: 80 % B 
33.0 min: 90 % B 
35.0 min: 100% B 
45.0 min: 100% B 
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Table 4-S5: MS operating conditions. 

 

 

 

 

 

 

 

 

 

 

 

Scan parameters Values 

Ionization process ESI (electrospray ionization) 

Ionization mode Negative  

Scan type Full MS 

Scan range 133.0 m/z to 1,995.0 m/z 

Fragmentation None  

Resolution 70.000 

ESI source parameters  
Spray voltage 2.50 kV 

Spray current 6.70 µA 

Capillary temperature  280 
 
◦C 

Flow rate to ESI 200 µL/min 

Sheath gas flow (N2) 38 

Auxiliary gas flow 5 

Auxiliary gas heater temperature  300 ◦C 
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Figure 4-S1: Comprehensive LC×LC separation using setup 1. A- Wine sample, B- 

Welch’s red grape juice, C- Gavioli red grape juice, D- Welch’s white grape juice, and E- 

Gavioli white grape juice. 
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Figure 4-S2: Comprehensive LC×LC separation using setup 3. A- Wine sample, B- 

Welch’s red grape juice, C- Gavioli red grape juice, D- Welch’s white grape juice, and E- 

Gavioli white grape juice. 
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Figure 4-S3: Calculation of the degree of orthogonality by the Convex Hull method for 

LC×LC separation of A- Wine sample, B- Welch’s red grape juice, C- Gavioli red grape 

juice, D- Welch’s white grape juice, and E- Gavioli white grape juice using setup 2. 
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