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Abstract 

In this study, Portulaca oleracea L. plant, a low-cost biomass, was used as a stationary phase. The dispersive surface energy, 

acidic-basic character, enthalpy of adsorption, and Gibbs free energy of the surface of Portulaca oleracea L. were measured using 

a range of organic solvents with retention times in the infinite dilution. Using the Dorris-Gray (48.15 – 44.11 mJ/m2), Donnet-Park 

(46.55 – 42.59 mJ/m2), and Schultz (46.31 – 40.67 mJ/m2) methods, the dispersive surface free energy was determined to decrease 

linearly as temperature increased. For acid-base surface interactions, the specific enthalpy of adsorption and specific adsorption-

free energy were found. Portulaca oleracea L.'s acidic and basic characteristics were calculated with the numbers of organic solvent 

donors and acceptors. According to the measured values and characteristics, Portulaca oleracea L. has an acidic character (KD/KA 

= 0.21). 
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1. Introduction

     The inverse gas chromatography (IGC) technique is a highly effective, fast, easy-to-apply, and high throughput 

method used for the physicochemical characterization of various materials such as polymers [1], lignocellulosic 

materials [2], composites [3], clays [4] [5], pharmaceutical active ingredients [6], microorganisms [7], polymer 

blends [8], and recently various biomasses [9] [10]. The surface properties (surface energy, heat of adsorption, and 

acidity-basicity parameters) of such materials can be easily determined by using various solvents in volatile form 

and with specific properties and under conditions approaching infinite dilution of these solvents [11] [12] [13]. The 

IGC technique uses a solid stationary phase filled with a support material in a stainless-steel column and the 
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column is placed in an oven. Infinitely dilute samples of solvent molecules are injected and the movement of the 

solvent molecules along the column and adsorption on the solid stationary phase is monitored through an inert 

mobile phase. As a result, net retention volumes are calculated using the retention times obtained, from which the 

physicochemical parameters that determine the surface properties of the solid stationary phase can be easily 

determined [14] [15].  

     One of the most important physicochemical parameters determining the surface chemistry of solid materials is 

the London dispersive component (𝛾𝑆
𝐷) of the surface energy. The 𝛾𝑆

𝐷 value is considered a measure of the forces of

attraction between molecules due to fluctuations in the electron density of the molecules. This value can be easily 

determined by the IGC technique at infinitely dilute concentrations and is an extremely important parameter for 

characterizing the surface of the material and diversifying its uses [16] [17]. Other parameters that can be 

determined by the IGC technique and are very important for characterizing the surface of the material are the 

surface free energy of the organic molecules adsorbed on the solid surface and the acidity and basicity constants 

calculated based on specific interactions. The acidity-basicity constants are very important for the material surface. 

With the help of these parameters, it is especially important in determining which functional groups can be on the 

surface, the acidity-basicity behavior of the surface, and under which conditions it can be studied and provides 

important preliminary information in various studies, especially adsorption studies [18] [19] [20]. Although the 

acidity-basicity behavior of the surface can be determined by various methods such as pHpzc [21], isoelectric point 

[22], and Boehm titration method [23], the IGC technique can give faster and more accurate results than these 

methods and addition to these parameters, many parameters such as dispersive surface energy and surface free 

energy can be easily calculated with this technique. 

     Natural plant-based materials and agricultural wastes have been widely used in various industrial fields, 

especially adsorption, due to their chemical composition, being completely natural, abundant, sustainable waste, 

high surface area, functionalization, antioxidant, and antimicrobial properties. To use plant-based materials in 

various industrial fields and to improve their properties, it is extremely important to know and determine their 

surface properties [24] [25] [26] [27] [28]. One such plant-based material that is abundant in nature is purslane, also 

known as pirpirim, whose Latin name is Portulaca oleracea L. This plant belongs to the family Portulacaceae and is 

an herbaceous annual plant that grows in warm climates. Purslane has been used as a folk remedy in many 

countries, acting as an antipyretic, antiseptic, and so on [29] [30].  

     Portulaca oleracea L. was used as a stationary phase in this work, and the surface characteristics of this plant were 

ascertained using the IGC technique employing infinitely dilute concentrations and solvents with distinct 

properties. By passing several organic solvents through the stationary phase and the inert mobile phase, retention 

periods were obtained. These results were used to compute the net retention volumes. This data was used to 

determine the surface properties of Portulaca oleracea L. and to build linear retention diagrams with the aid of the 

net retention volumes. 

2. Materials and methods

     Portulaca oleracea L. was purchased from herbalists in Istanbul, Turkey. All chemical materials used in the 

experimental studies were demonstrated in Table 1. The organic solvents given in Table 1 were used as organic 

solvents for the physicochemical characterization of Portulaca oleracea L. stationary phase and their retention 

behaviors were investigated by passing through the stationary phase. 

Table 1. All chemical materials used in this study. 

Chemicals Abbreviation Source CAS No Purity (%) 

n-Hexane Hx Sigma Aldrich 110-54-3 ≥ 99.7% 

n-Heptane Hp Sigma Aldrich 142-82-5 ≥ 99.7% 

n-Octane O Sigma Aldrich 111-65-9 ≥ 99.0% 

n-Nonane N Sigma Aldrich 111-84-2 ≥ 99.0% 

n-Decan D Sigma-Aldrich 124-18-5 ≥ 94.0% 

Ethyl acetate EA Sigma Aldrich 141-78-6 ≥ 99.8% 9



Acetone Ace Sigma Aldrich 67-64-1 ≥ 99.8% 

Dichloromethane DCM Sigma Aldrich 75-09-2 ≥ 99.8% 

Tetrahydrofuran THF Sigma Aldrich 109-99-9 ≥ 99.8% 

Chloroform  TCM Sigma Aldrich 67-66-3 ≥ 99.8% 

Diethyl ether DEE Sigma Aldrich 60-29-7 ≥ 99.7% 

     Portulaca oleracea L. plants were purchased from the herbalist and washed thoroughly with distilled water to 

remove external impurities. It was then dried in a vacuum oven at 105 C for 24 h. After this process, the dry 

Portulaca oleracea L. plant was ground with the help of a grinder and passed through a sieve with a particle size 

range of 80-100 mesh. The powdered plant was again kept at 105 C for 24 h to remove excess moisture from its 

structure and then stored in a desiccator. 

     Portulaca oleracea L. in dry powder form was filled into a 0.5-meter long Alltech Associates, Inc. stainless steel 

column in an amount of approximately 0.6 g. The ends of the stainless-steel column were plugged with a certain 

amount of glass wool from the same company and the surface was completely silanized. The stationary phase-

filled chromatographic column was installed in Agilent Technologies 6900N gas chromatograph and conditioning 

was carried out at 140 C for 24 h. During the conditioning process, the inert and high-purity Helium mobile phase 

was passed through the stationary phase for 24 h. Non-polar and polar organic solvents were injected into the 

device with a 1 L Hamilton syringe and the solvents were allowed to drift along the column through the mobile 

phase and their retention behavior was investigated. To increase the accuracy of the experimental results and to 

ensure measurement precision, all measurements were repeated at least four times, and all results were averaged. 

All experimental studies were carried out at infinitely dilute concentrations. For this purpose, 0.1 L of solvent was 

withdrawn with a syringe and the volume was filled to 1 L with air and injected into the device and the retention 

behavior was studied. 

3. Results and discussion

     Physicochemical characterization of the surface of Portulaca oleracea L. plant was carried out in the temperature 

range of 30 to 55 C. Non-polar and polar organic solvents were passed over Portulaca oleracea L. prepared as 

stationary phase and their retention behaviors were investigated and retention times were determined. Net 

retention volumes (𝑉𝑁) were calculated by Equation (1) using the retention times of organic solvents [31] [32] [33].  

𝑉𝑁 = (𝑡𝑅 − 𝑡𝑜) × 𝐹𝑓 × (
𝑇

𝑇𝑓
) × 𝐽  (1) 

     In this equation, 𝑡𝑅 and 𝑡𝑜 represent the solvent and air retention time (min), respectively; 𝐹𝑓 represents the flow 

rate, 𝑇 and 𝑇𝑓  represent the chromatographic column and ambient temperature (K); 𝐽 represents the James-Martin 

pressure compressibility correction factor [34]. With the help of the 𝑉𝑁 values calculated using Equation (1), non-

polar and polar linear retention diagrams were drawn and illustrated in Figure 1. 

Fig. 1. The linear retention plots for non-polar and polar organic solvents on Portulaca oleracea L. 
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     The 𝑉𝑁 values were observed to decrease with increasing temperature, as can be seen from the linear retention 

diagrams in Figure 1. The 𝑉𝑁 values in the n-alkane series were likewise found to rise as the number of carbons 

increased. This circumstance makes sense when considering that it was found that the adsorbent retained n-alkanes 

more successfully as the number of carbons increased. Depending on how polar the solvents are that are utilized, 

retention durations in polar solvents can change. 

     The adsorption of non-polar and branched hydrocarbons on the surface of a zero-density, solid mobile phase in 

solution occurs as a result of dispersive interactions of solvent molecules on the surface. These interactions are 

usually due to London-Lifshits-Van der Waals forces, also known as London dispersion forces. When non-polar 

organic solvent molecules adsorb at infinitely dilute concentrations, the solid adsorbs flat on the stationary phase. 

As a result of this adsorption process, the adsorption free energy of non-polar molecules was calculated using 

Equation (2) [31] [35].  

∆𝐺𝑎𝑑𝑠(𝐶𝐻2) = −𝑅 × 𝑇 × ln(𝑉𝑁) + 𝐶  (2) 

     In this equation, 𝑅 represents the ideal gas constant (8.314 J/mol.K), 𝑇 represents the ambient temperature (K), 

and 𝐶 represents the unidentified constant. The ∆𝐺𝑎𝑑𝑠(𝐶𝐻2) values can be calculated from linear plots drawn 

between the carbon number of non-polar solvents and the 𝑅𝑇𝑙𝑛(𝑉𝑁) values. When the ∆𝐺𝑎𝑑𝑠(𝐶𝐻2) values found in 

Figure 2 were investigated, it was determined that they decreased depending on the temperature. 

Fig. 2. The ∆𝐺𝑎𝑑𝑠(𝐶𝐻2) values for non-polar solvents on Portulaca oleracea L. surface at different temperatures. 

The dispersive component of the surface energy (𝛾𝑆
𝐷) was calculated according to three different methods:

Dorris-Gray [36], Donnet-Park [37] [38], and Schultz [39]. The 𝛾𝑆
𝐷 values were calculated using Equation (3)

according to the Dorris-Gray method and Equation (4) according to the Schultz method. 

𝛾𝑆
𝐷 =

[∆𝐺𝑎𝑑𝑠(𝐶𝐻2)]2

4 × 𝑁𝐴
2 × (𝑎𝐶𝐻2

)
2

× 𝛾𝐶𝐻2

 (3) 

−∆𝐺𝑎𝑑𝑠 = 𝑅 × 𝑇 × ln 𝑉𝑁 = 2 × 𝑁𝐴 × 𝑎 × (𝛾𝑆
𝐷 × 𝛾𝐿

𝐷)0.5 + 𝐾                                                                                                         (4)

In these equations, 𝑎𝐶𝐻2
 represents the cross-section area of one methylene group (0.06 nm2), 𝑁𝐴 represents

Avogadro’s number, 𝑎 represents the molecular surface area of solvents, 𝛾𝐿
𝐷 represents the dispersive surface

energy of solvent,  𝛾𝐶𝐻2
 represents the dispersive surface energy of one methylene group calculated according to 

Dorris-Gray (Equation (5)) and Donnet-Park (Equation (6)) methods, respectively from following equations. 

𝛾𝐶𝐻2
= 35.6 − 0.058𝑡  (5) 

𝛾𝐶𝐻2
= 35.6 − 0.058(𝑡 − 20)  (6) 
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The 𝛾𝑆
𝐷 values of Portulaca oleracea L. were calculated by substituting the ∆𝐺𝑎𝑑𝑠(𝐶𝐻2) values obtained from Figure

2, 𝑎𝐶𝐻2
 values and 𝛾𝐶𝐻2

 values calculated from Equations (5) and (6) according to the Dorris-Gray and Donnet-Park 

methods, respectively, into Equation (3), and all results were listed in Table 2. According to the Schultz method, 

the 𝛾𝑆
𝐷 values for different temperatures were calculated from the slope of the linear graphs (Figure 3 for 30 C)

drawn between 𝑅𝑇 ln 𝑉𝑁 and 𝑎(𝛾𝐿
𝐷)0.5 using Equation (4) and listed in Table 2.

Fig. 3. The linear Schultz plot of 𝑅𝑇 ln(𝑉𝑁) vs 𝑎(𝛾𝑆
𝐷)0.5 for n-alkanes and polar solvents on Portulaca oleracea L. at 30

C.

Table 2. Dispersive surface energy (𝛾𝑆
𝐷, mJ/m2) values obtained from the Dorris-Gray, Donnet-Park, and Schultz

methods of Portulaca oleracea L. 

Dorris-Gray Donnet-Park Schultz 

T (C) 𝜸𝑪𝑯𝟐
 (mJ/m2) ∆𝑮𝒂𝒅𝒔(𝑪𝑯𝟐) (kJ/mol) 𝜸𝑺

𝑫 (mJ/m2) 𝜸𝑪𝑯𝟐
 (mJ/m2) 𝜸𝑺

𝑫 (mJ/m2) 𝜸𝑺
𝑫  (mJ/m2)

30 33.86 -2.92 48.15 35.02 46.55 46.31 

35 33.57 -2.89 47.51 34.73 45.92 45.32 

40 33.28 -2.85 46.67 34.44 45.10 44.13 

45 32.99 -2.79 45.08 34.15 43.55 42.29 

50 32.70 -2.75 44.18 33.86 42.67 41.10 

55 32.41 -2.73 44.11 33.57 42.59 40.67 

Table 2 illustrates that, in the temperature range of 30 to 55 C, the 𝛾𝑆
𝐷 values obtained using the Dorris-Gray

and Donnet-Park methods were higher than those obtained using the Schultz approach. This can be attributed to 

the way that the cross-sectional area of organic solvents varies with temperature. There are further comparable 

studies in the literature [40] [41] [42] [43]. Temperature dependence was discovered to be the cause of the 

discrepancy between the Dorris-Gray, Donnet-Park, and Schultz techniques, as the 𝛾𝑆
𝐷 values drop with increasing

temperatures. Stated differently, removing a substance that is attached to the surface will be considerably simpler 

when the temperature is high. Applying more energy will be necessary at lower temperatures. There is a difference 

between the two methods because the Schultz technique determines the surface area of hydrocarbon solvent 

molecules assuming that they are spherical, which is commonly specified as a constant. It was discovered that this 

disparity matched research findings from the literature [7] [44] [45].  

     The adsorption process of several organic solvents on the surface of Portulaca oleracea L. is significantly 
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influenced by thermodynamic factors. 

The properties and dynamics of adsorption processes taking place on solid surfaces can be better understood by 

examining these parameters. The graph presented in Figure 3 was utilized to compute the ∆𝐺𝑎𝑑𝑠  values for polar 

solvents. These values, which were determined by measuring the polar solvents' separation from the hydrocarbon 

linear line in Figure 3, are summarized in Table 3. As seen in Table 3, polar solvents typically adsorb spontaneously 

on Portulaca oleracea L. surfaces. Taking into account their magnitudes, it was also observed that ∆𝐺𝑎𝑑𝑠 values 

dropped with rising temperatures. Thus, it can be said that in this case, the adsorption of polar solvents onto the 

surface of Portulaca oleracea L. occurs more spontaneously at low temperatures. 

Table 3. The variation of −∆𝐺𝑎𝑑𝑠 (kJ/mol), between Portulaca oleracea L. and the polar solvents for the studied 

temperatures. 

T (C) EA Ace DCM TCM THF DEE 

30 4.32 3.74 2.56 2.60 4.09 1.96 

35 4.27 3.64 2.54 2.66 3.82 1.52 

40 4.05 3.53 2.47 2.63 3.53 1.26 

45 3.86 3.20 2.53 2.65 3.20 0.60 

50 3.66 3.13 2.44 2.63 3.00 0.27 

55 3.31 2.70 2.26 2.27 2.62 -0.67

     From the ∆𝐺𝑎𝑑𝑠  values, the adsorption enthalpy (∆𝐻𝑎𝑑𝑠) and entropy (∆𝑆𝑎𝑑𝑠) values for polar solvents were 

determined from the following equation [46] [47]:  

−
∆𝐺𝑎𝑑𝑠

𝑇
= −

∆𝐻𝑎𝑑𝑠

𝑇
+ ∆𝑆𝑎𝑑𝑠  (7) 

     The ∆𝐻𝑎𝑑𝑠  values were determined from Equation (7) and the results were given in Table 4. From Table 4, it was 

found that there is an order between ∆𝐻𝑎𝑑𝑠  values as follows: DEE > THF > EA > Ace > DCM > TCM. ∆𝐻𝑎𝑑𝑠  values 

were found to be negative for polar solvents. This situation illustrates that the adsorption process of polar solvents 

has an exothermic nature. From this order, DEE interacts more with basic surfaces because it is an acidic solvent, 

while TCM interacts less because it is a basic solvent. 

Table 4. −∆𝐻𝑎𝑑𝑠 (kJ/mol) values of Portulaca oleracea L. for the polar solvents. 

Polar Solvents Ace EA THF DCM TCM DEE 

∆𝐻𝑎𝑑𝑠  (kJ/mol) 15.91 16.50 21.83 5.51 5.47 32.27 

     Determination of the acidity-basicity behavior of the surface of Portulaca oleracea L. is extremely important for 

the prediction of the functional groups that may be present on the surface and to have an idea about which types 

of organic pollutants can be removed from wastewater in adsorption studies [48] [49] [50] [51]. The acidity or 

basicity behavior can be investigated from the following equation according to the approach proposed by Gutmann 

[52].  

−∆𝐻𝑎𝑑𝑠 = 𝐾𝐴 × (𝐷𝑁) + 𝐾𝐷 × (𝐴𝑁∗)                                                                                                                                                    (8)

In this equation, 𝐾𝐴 and 𝐾𝐷 are the Lewis acid and base constant, respectively, 𝐷𝑁 and 𝐴𝑁∗ are the Gutmann’s

donor number and acceptor number, respectively. From Equation (8), a linear plot was drawn between 𝐷𝑁 𝐴𝑁∗⁄  

and −∆𝐻𝑎𝑑𝑠 𝐴𝑁∗⁄  values using the −∆𝐻𝑎𝑑𝑠  values in Table 3 and was given in Figure 4. From the slope and
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intersection point of the linear plot in Figure 3, 𝐾𝐴 and 𝐾𝐷 values were determined as 0.2549 and 0.0536, respectively. 

The 𝐾𝐷 𝐾𝐴⁄  value obtained by dividing these two values was calculated as 0.21. In this case, since 𝐾𝐷 𝐾𝐴⁄ = 0.21 <

1, it can be said that the Portulaca oleracea L. surface has acidic character. 

Fig. 4. The plot of −∆𝐻𝑎𝑑𝑠 𝐴𝑁∗⁄  vs 𝐷𝑁 𝐴𝑁∗⁄  of Portulaca oleracea L. 

4. Conclusions

     In this study, the Portulaca oleracea L. plant was used as a stationary phase and its surface properties were 

characterized by the IGC method at infinitely dilute concentrations. The retention behavior of organic solvents over 

the Portulaca oleracea L. stationary phase was investigated and linear retention diagrams were drawn. From these 

diagrams, the 𝛾𝑆
𝐷 values of Portulaca oleracea L. were calculated according to four different methods: Dorris-Gray,

Donnet-Park, and Schultz. It was found that the 𝛾𝑆
𝐷 values ranged between 48.15 – 44.11 mJ/m2 according to the

Dorris-Gray method, 46.55 – 42.59 mJ/m2 according to the Donnet-Park method, and 46.31 – 40.67 mJ/m2 according 

to the Schultz method. The 𝛾𝑆
𝐷 values calculated according to different methods were found to be high and

decreased linearly with increasing temperature. The KD/KA value of 0.21 indicated that the surface of Portulaca 

oleracea L. has an acidic structure. Negative ∆𝐻𝑎𝑑𝑠  and ∆𝐺𝑎𝑑𝑠 values showed that the adsorption of polar organic 

solvents on Portulaca oleracea L. was exothermic and spontaneous. 
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