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Abstract:



The large-scale simultaneous extraction and concentration of aqueous solutions of triazine analogs, and aflatoxins, through a hydrocarbon-based membrane (e.g., polyethylene, polyethylene/polypropylene copolymer) under ambient temperature and atmospheric pressure is reported. The subsequent adsorption of analyte in the extraction chamber over the lignin-modified silica gel facilitates the process by reducing the operating time. The maximum adsorption capacity values for triazine analogs and aflatoxins are mainly adsorption mechanism-dependent and were calculated to be 0.432 and 0.297 mg/10 mg, respectively. The permeation, and therefore the percentage of analyte extracted, ranges from 1% to almost 100%, and varies among the solvents examined. It is considered to be vapor pressure- and chemical polarity-dependent, and is thus highly affected by the nature and thickness of the membrane, the discrepancy in the solubility values of the analyte between the two liquid phases, and the amount of adsorbent used in the process. A dependence on the size of the analyte was observed in the adsorption capacity measurement, but not in the extraction process. The theoretical interaction simulation and FTIR data show that the planar aflatoxin molecule releases much more energy when facing toward the membrane molecule when approaching it, and the mechanism leading to the adsorption.
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1. Introduction


Heterocyclic triazine analogs are a crucial precursor for various herbicides [1,2,3]. Among them, chlorine-containing atrazine, propazine, and trietazine are, for the first time, being used on a large scale as derivatizing reagents in acetonitrile for enriching the purity of sulfur-containing acids under alkaline conditions [4]. Melamine is another example of a chemically similar symmetric triazine with numerous common nonherbicide applications [5,6,7,8,9,10,11]. These compounds have either been linked to kidney failure or are considered potential carcinogens and immunotoxins [6,7,8,12,13,14,15,16,17,18]. Previous studies have described numerous gas or liquid chromatography-mass spectrometric approaches for the accurate analysis of triazine isomers and analogs, with or without an enriching medium, to ascertain the level at which they are present in the food chain and the extent of human exposure [18,19,20,21,22,23,24]. The direct removal of only a few triazine analogs in the aqueous environment on an analytical scale, with the assistance of an adsorbent, has been studied [25,26,27,28]. The reported percentage of adsorption was only in the range of 21.9% to 82.9% for the selected triazine analog herbicides.



Agricultural commodities, especially those with high carbohydrate or fat contents, are easily contaminated with aflatoxins under high moisture and high temperature conditions, which favor the growth of the fungal species Aspergillus flavus and Aspergillus parasiticus. Typical food matrices include maize, cereals, nuts, and soybeans, which are used worldwide, mainly for human consumption [29,30,31]. Many HPLC-oriented methods have been developed for monitoring the food chain for aflatoxin contamination. These methods are usually combined with an extraction process to enrich or recover the analyte before analysis [32,33,34,35,36]. However, reports on the recovery of aflatoxins through adsorption are rare.



Lignin, whose molecular weight can exceed 10,000 daltons, is a biopolymer mixture of three monolignol monomers which have a phenylpropane structure in common. Consequently, it is relatively hydrophobic and aromatic in nature and has a large number of ether linkages and phenyl moieties, yet is unusual because of its heterogeneity and lack of a defined primary structure [37]. Lignin is the most abundant organic material of dead vegetation, is nontoxic and resistant to degradation, and thus, is an extremely versatile material for use in industrial and food processing industries [38,39,40]. However, the application of any lignin-related material for the recovery of molecular pollutants has rarely been seen, except for the metallic Au(III) ion removal from aqueous solution using structurally modified lignin [41,42]. In this study, silica gel modified with a native lignin molecule was used as an adsorbent for facilitating the subsequent process of concentrating an aqueous solution of various triazine analogs and aflatoxins on a large scale, after hydrocarbon-based membrane extraction under ambient temperature and atmospheric pressure. In this study, factors that affect the solvent permeation and the percentage of analyte extracted are discussed, namely the physical properties of the solvent, the nature and the thickness of the membrane, the structure of the analyte, the discrepancy in solubility values of the analyte between the two liquid phases, and the amount of adsorbent used in the process. Finally, the adsorption capacity is measured for several selected analytes, and its dependence on the adsorption mechanism or on the steric hindrance of the analyte is explored through the FTIR approach.




2. Results and Discussion


2.1. Effect of the Characteristics and Thickness of the Membrane on Permeation


Microscale membrane extraction has recently become the preferred option for sample preparation in numerous cases because of its simplicity, low operational costs, and high enrichment factors. Polytetrafluoroethylene- and PP-based fiber membranes are two of the most frequently used materials in these studies [43,44,45,46,47,48,49,50,51,52,53,54]. However, the use of flat-sheet membranes constructed of these and other materials in large-scale liquid extraction and concentration under ambient temperature and pressure has not yet been documented. To understand how solvent molecules pass through hydrocarbon-based membranes, and how factors such as vapor pressure, polarity, and the viscosity of the solvent affect the process, the permeation of various solvents under ambient temperature and atmospheric pressure was investigated using the device shown in Figure 1A. The membrane sealed chamber in the container in Figure 1B was designed for the percentage of extraction evaluation.


Figure 1. Devices for measuring the permeation of the solvent molecule (A) and the percentage of extraction of analytes in hexane and methylene chloride/hexane (B).



[image: Ijms 18 00801 g001]






As shown in Figure 2, more volatile, less polar, and less viscous solvents, such as hexane and cyclohexane (see Table 1 for physical properties), permeated through the hydrophobic PE/PP membrane (0.01 mm) more easily. In other words, the hydrophobic membrane was only “wettable” for methylene chloride, hexane, and cyclohexane. Figure 3 shows that the thickness of the membrane (PE) appears to be another factor that affects the permeation of a solvent such as hexane; thicker membranes exhibit lower solvent permeation because of the longer distance to migrate across the membrane. During the process, more time and difficulty would be expected. However, given the thickness of the membrane, the permeation of hexane molecules was further investigated and found to be affected by the nature of the membrane. Among the evaluated membranes, the PE membrane was the most branched, and thus the least dense. The PE/PP membrane was the least branched and the densest, because PP is higher in density, but lower in branching. Consequently, a PE/PP blended membrane should have different porosity properties compared with a PE membrane, as is fully supported by the data in Figure 4. The permeation of hexane molecules was greater for a PE membrane, and lowest for a PP membrane, indicating that a small porous size as a result of high density was an obstacle to the permeation. Despite the magnitude of the permeation, these blended hydrophobic membranes were all wettable to hexane molecules. The coefficient of determination R2 for the curves in Figure 2, Figure 3 and Figure 4 was higher than 0.999 in most cases, indicating a satisfactory polynomial fit.


Figure 2. Influence of the nature of the solvent molecule on the permeation through the PE/PP membrane. The thickness of the membrane was 0.010 mm.
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Figure 3. Influence of the thickness (in unit of mm) of the PE membrane on the permeation of the hexane molecule.
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Figure 4. Influence of the nature of the membrane on the permeation of the hexane molecule. The thickness of the membrane was approximately 0.010 mm.
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Table 1. Some of the physical properties for six selected solvents at 25 °C.







	
Solvent

	
Vapor Pressure a (mmHg)

	
Dielectric Constant

	
Water Solubility

	
Boiling Point (°C)

	
Viscosity (mPa·s)






	
Water

	
23.7

	
80.10

	
-

	
100

	
0.89




	
Hexane

	
151.2

	
1.88

	
9.5 mg/L

	
68.7

	
0.29




	
Cyclohexane

	
97.6

	
2.02

	
55 mg/L

	
80.7

	
0.90




	
Ethanol

	
58.8

	
24.30

	
1 kg/L

	
78.2

	
1.07




	
Diethyl ether

	
532.7

	
4.33

	
60.4 g/L

	
34.6

	
0.22




	
Acetonitrile

	
91.2

	
37.5

	
1 kg/L

	
81.6

	
0.34




	
Dichloromethane

	
352.5

	
9.1

	
13 g/L

	
39

	
0.43








a Vapor pressure is calculated based on the Antoine equation.









2.2. Viscosity and Polarity Effects


Of the examined solvents, water is the most viscous and polar, but the least volatile. Consequently, no permeation for a time period of more than 13 h was observed. Acetonitrile is not as viscous. However, no permeation was measured during the same time period, owing to its high polarity. Conversely, hexane appeared to be the most effective solvent for the permeation process, considering all of the aforementioned properties. Under an aqueous environment, hexane molecules tended to permeate through the hydrophobic membrane and extract the analyte at the interface. Owing to the presence of water molecules, hexane molecules do not permeate further to leave the surface of the membrane because of the incompatibility between the two solvents. In addition, viscous and dense water molecules form a barrier layer to the permeation of hexane molecules at the interface. Thus, water and hexane appear to be an ideal combination in membrane-assisted extraction applications. Acetonitrile is less favorable in that respect. The other practical consideration for a successful extraction process is that the adsorption of triazine analogs on the lignin-modified absorbent was only observed in hexane [55]. The solvent mixture of hexane and methylene chloride (1:1, v/v) was also used in the evaluation of adsorbing aflatoxins in this study.




2.3. Factors Affecting the Extraction Process and Adsorption Capacity Measurement


The purpose-made device designed for evaluating the percentage of extraction of triazine analogs and aflatoxins is shown in Figure 1B. The membrane, which is sealed with an O-shaped ring, and then a piece of paraffin film, is attached to a support to form the extraction chamber, and is replaceable. A lignin-modified adsorbent can be optionally present in the chamber to facilitate the extraction process. The entire device was sealed, even at the time of sampling for HPLC analysis, to minimize the loss of liquid phase in the chamber. Figure 5 shows the chromatograms for the enrichment of ametryne in the extraction chamber (A) without the presence of an adsorbent, the residual ametryne outside the chamber (C) after a three-day time period, and the standard ametryne solution before the extraction process (B), for comparison under ambient temperature and atmospheric pressure. As can be seen, ametryne was markedly enriched in the extraction chamber. The corresponding percentage of extraction with a PE membrane in this case was calculated to be 87.70%, according to the difference in peak areas. By adding an adsorbent of 20 mg to the extraction chamber, this percentage was reached considerably faster and finally improved to 100% over a 12-h time period. Numerous other triazine analogs examined in this study are listed in Table 2, with data such as the percentage of extraction with or without the presence of the lignin-modified adsorbent in the chamber, and the characteristics of the membrane used in the process. The solubility data for the analyte in both water and hexane at different temperatures are also included for reference and discussion purposes. Upon a close examination of the extraction data in Table 2, a dependence on the characteristics of the membrane was noticed. A more favorable percentage of extraction for a given analyte was always obtained when using the PE/PP membrane. A typical example for the comparison between using the PE and the PE/PP membranes for ametryne extraction without an adsorbent in the chamber is demonstrated in Figure 6. The difference in the percentage of extraction was estimated to be approximately 10% for a three-day extraction in this case. The hydrophobicity, but not the porosity of the membrane, is believed to be one of the factors leading to these results, because a membrane that is relatively hydrophobic should drive the analyte to the surface more easily and efficiently. The analyte near the surface should be further attracted to the liquid phase inside the extraction chamber, as a result of the discrepancy in solubility (see Table 2). However, this driving force was not as effective in the extraction of aflatoxins according to the solubility data shown in Table 3. Note that the percentage of adsorption for aflatoxins was near 100% in a hexane/methylene chloride mixture (1:1, v/v). Two adsorption mechanisms reported previously were thought to be responsible for the extraction results, and also led to the variation in the adsorption capacity values for these analytes, as shown in Table 3 [55,56]. The availability of binding sites on the lignin-modified adsorbent (i.e., ether linkage in hexane) and the size of the analyte molecule are factors believed to be particularly responsible for the extraction results, according to the proposed structure of lignin [37,42,56,57,58]. However, little evidence was produced that smaller molecules such as triazine analogs were under such a negative influence. Consequently, higher adsorption capacity values were measured because small molecules generated an insignificant steric hindrance during adsorption.


Figure 5. Chromatograms showing the enrichment of ametryne without the presence of an adsorbent in the chamber (A) and the residual ametryne outside the extraction chamber (C) after a three-day time period, and the standard ametryne solution before the extraction process (B) for comparison. A PE membrane was used in the measurement.
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Figure 6. Influence of the nature of the membrane on the percentage of extraction of ametryne in hexane with/without the presence of a lignin-modified adsorbent in the chamber. The thickness of the membrane was about 0.009 (PE), 0.010 (PE/PP) mm respectively. The amount of adsorbent used was 20 mg. Note that the adsorption is irreversible, and the permeation of the analyte molecules in the chamber is counteracted and thus minimized.
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Table 2. The percentage of extraction for various triazine analogs with a low-density hydrophobic hydrocarbon-based membrane between the aqueous and the n-hexane phases at room temperature.







	
No.

	
Compound a

	
Analyte Structure

	
Percent b Extraction (%)

	
Percent c Adsorption (%)

	
Adsorption d Capacity (mg)

	
Solubility e (H2O/HEX)






	
1

	
Prometon

	
 [image: Ijms 18 00801 i001]

	
42.23 (1)

41.52 (3)

47.47/77.13 * (2)

	
~100

	
-

	
620/12,000

-




	
2

	
Anilazine

	
 [image: Ijms 18 00801 i002]

	
62.13 (1)

55.06 (3)

84.88/~100 * (2)

	
~100

	
0.419

	
8/1700

8/-




	
3

	
Ametryne

	
 [image: Ijms 18 00801 i003]

	
87.70 (1)

90.10 (3)

~100 (2)

	
~100

	
0.429

	
200/14,000

209/-




	
4

	
Tebuthiuron *

	
 [image: Ijms 18 00801 i004]

	
19.66 (1)

27.72 (3)

57.03/86.47 * (2)

	
~100

	
-

	
-

2500/6100




	
5

	
Atraton

	
 [image: Ijms 18 00801 i005]

	
20.97 (1)

28.56 (3)

41.93/67.12 * (2)

	
~100

	
-

	
1800/-

-




	
6

	
Prometryne
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88.60 (1)

98.35 (3)

~100 (2)

	
~100

	
0.417

	
-/5500

33/6300




	
7

	
Terbutryne
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49.36 (1)

86.47 (3)

~100 (2)

	
~100

	
0.424

	
25/9000

-




	
8

	
Metribuzin

	
 [image: Ijms 18 00801 i008]

	
49.14 (1)

51.43 (3)

63.37/89.74 * (2)

	
~100

	
-

	
1050/1000

-




	
9

	
Terbumeton

	
 [image: Ijms 18 00801 i009]

	
~100 (1)

~100 (3)

~100 (2)

	
~100

	
0.432

	
130/220,000

-




	
10

	
Atrazine

	
 [image: Ijms 18 00801 i010]

	
29.59 (1)

7.70 (3)

28.83/55.56 * (2)

	
~100

	
-

	
28/-

33/110




	
11

	
Methoprotryne

	
 [image: Ijms 18 00801 i011]

	
49.09 (1)

59.56 (3)

63.56/91.48 * (2)

	
~100

	
-

	
320/5000

-




	
12

	
Dipropetryn

	
 [image: Ijms 18 00801 i012]

	
~100 (1)

~100 (3)

~100 (2)

	
~100

	
0.426

	
16/9000

-




	
13

	
Simetryn

	
 [image: Ijms 18 00801 i013]

	
38.04 (1)

42.43 (3)

54.10/79.68 * (2)

	
~100

	
-

	
400/4000

-




	
14

	
Procyazine

	
 [image: Ijms 18 00801 i014]

	
2.33 (1)

1.54 (3)

1.05/- (2)

	
~100

	
-

	
-/50

248/-








a Compound with asterisk (*) is not the atrazine analog; however, it is included for discussion by comparison. b The analyte is extracted to the hexane phase from the aqueous solution for a three-day time period. The percentage of extraction is calculated based on the difference in peak areas. The volume ratio (H2O/hexane) is 6/1. The percent extraction with an adsorbent (20 mg) present in the chamber is marked with asterisk and evaluated over a 12-h time period; however, using the PE/PP membrane only. The mobile phase for HPLC elution is acetonitrile. The type (thickness) of membrane, 1: PE (0.009 mm), 2: PE/PP (0.010 mm), or 3: PE/linear PE (0.022 mm), is expressed in parentheses. According to the information from the providers, PP and linear PE are the minor components in the copolymer products. The linear PE is a four-carbon-based polymer. c The adsorption evaluation is completed in 1 h in hexane. d Only available for several selected triazine analogs. e The solubility data at 20 (above) and 25 °C (below) in unit of mg/L are included for comparison. The acronym HEX stands for hexane.








Table 3. The percentage of extraction for aflatoxins with low-density hydrophobic hydrocarbon-based membranes between the aqueous and the organic phases at room temperature.







	
No.

	
Compound

	
Analyte Structure

	
Percent a Extraction (%)

	
Percent b Adsorption (%)

	
Adsorption c Capacity (mg)

	
Solubility d H2O/Solvent






	
1

	
Aflatoxin G1

	
 [image: Ijms 18 00801 i015]

	
41.76/68.55 (1)

50.14/83.13 (2)

	
~100

	
0.290

	
(10–20) × 10−3/5




	
2

	
Aflatoxin G2

	
 [image: Ijms 18 00801 i016]

	
40.76/71.94 (1)

51.13/82.37 (2)

	
~100

	
0.293

	
(10–20) × 10−3/5




	
3

	
Aflatoxin B1

	
 [image: Ijms 18 00801 i017]

	
39.56/69.72 (1)

49.82/81.64 (2)

	
~100

	
0.297

	
(10–20) × 10−3/10




	
4

	
Aflatoxin B2

	
 [image: Ijms 18 00801 i018]

	
37.56/66.97 (1)

47.03/80.17 (2)

	
~100

	
0.295

	
(10–20) × 10−3/5








a The analyte is extracted to the liquid phase from the aqueous phase for a three-day time period. The percentage of extraction is calculated based on the difference in peak areas. The volume ratio (H2O/solvent) is 6/1. The percent extraction after the slash is obtained with an adsorbent (30 mg) in the chamber over a 12-h evaluation. Membranes indicated are the followings: 1: PE (0.009 mm), 2: PE/PP (0.010 mm). According to the information provided by the suppliers, PP is the minor component in PE/PP copolymer product. The mobile phase used for HPLC elution is a mixture of acetonitrile, methanol, acetic acid, and triethylamine (475/25/1/2, v/v). b The liquid phase used in the evaluation is hexane/methylene chloride (1:1, v/v). c The amount of adsorbent used in the measurement is 10 mg. The liquid phase is hexane/methylene chloride (1:1, v/v). d The solubility data, in unit of mg/mL, are from chemical suppliers. Aflatoxins are freely soluble in moderately polar solvents, such as chloroform, methanol, and dimethyl sulfoxide, and dissolve in water to the extent of 10–20 mg/L.









2.4. Adsorbent Amount and the Extraction Efficiency


The mass transfer of the analyte in the extraction process was found to be facilitated by placing an adsorbent in the chamber, to irreversibly adsorb the analyte. As shown in Table 2 and Table 3, an improvement in the extraction for several selected analytes was observed. The improvement was enhanced by increasing the amount of adsorbent from 20 to 30 mg. Figure 6 also demonstrates that the extraction percentage for ametryne was accomplished more effectively in a considerably shorter time period by placing an adsorbent in the extraction chamber. The percentage of extraction was improved to nearly 96.2% for a 12-h extraction with 20 mg of adsorbent. A simplified diagram in Figure 6 describes a plausible cause for the extraction improvement resulting from the presence of an adsorbent in the chamber. The irreversible adsorption of the analyte minimized the existing equilibrium between the two liquid phases, thus facilitating the process. This equilibrium could be minimized one step further, or even interrupted, by shifting towards the hexane phase because of almost 100% adsorption, if the major driving force resulting from the discrepancy in the solubility values of the analyte between water and hexane was sufficient. The examples, in Table 2, which include ametryne, prometryne, terbumeton, and dipropetryn, show that the percentage of extraction for a three-day time period reached nearly 100%, which could be accomplished in a shorter time period by adding the lignin-modified adsorbent to the chamber. However, procyazine exhibited the opposite extreme in this particular case, producing nearly no extraction, mostly because of an insufficient discrepancy in the solubility values. The extraction percentage for the analytes in Table 3 was not as marked for the same reason. Interestingly, the extraction process was not noticeably dependent on the size of the analyte. A representative example of this is anilazine, which has three chlorine atoms and one aromatic ring, the percentage of extraction for which reached nearly 85% with the PE/PP membrane, which is higher than that for most of the smaller analytes under the same conditions (see Table 2).




2.5. Theoretical Interaction Simulation and FTIR Data


These conclusive results and the foregoing discussion are further supported by the theoretical simulation of the single-molecule interaction between PE and PP membranes, and the analyte molecules in Figure 7A,B. More energy (−2379.57 vs. −2253.90 kJ/mol) was released as a terbumeton molecule approached the PP membrane. The oxygen atom (shown in red) in an ether bond was repelled away from the polymer molecule owing to the inconsistency in polarity, and the terbumeton molecule therefore pointed toward the polymer segment from the opposite end. However, in the interaction simulation of planar aflatoxin and antibiotic drug molecules with the PP membrane shown in Figure 7C, the molecules were facing toward the membrane segments, resulting in the release of much higher energies according to the theoretical calculations (−2625.00 and −2840.99 kJ/mol, respectively). Consequently, analytes that are near the surface of the membrane and pointing toward it, but not facing toward it with a maximum contact area like the aflatoxins in Table 3, should more easily, and with a greater likelihood, permeate through the membrane. Subsequently, they should be driven to, and extracted into, the chamber in hexane, because of the discrepancy in the solubility values of the analyte between the two liquid phases. Thus, protonating the analyte to change its characteristics by lowering the pH value of the matrix would be expected to deteriorate the permeability, and thus lower the percentage of extraction (not shown).


Figure 7. The energy minimization through theoretical computational simulation of the mutual interaction between the membrane (PE: (A); PP: (B)) and terbumeton molecules (compound 9 in Table 2). A designated area was magnified for a better view. In simulating the interaction between planar aflatoxin G1 ((C), left) and PP membrane molecules, only the designated areas were shown after magnification. Note that the aflatoxin G1 molecule is facing toward the membrane segment with a maximum contact area as it approaches it. Antibiotic ofloxacin ((C), right), similar in shape to aflatoxin G1, is included for comparison. The red arrows indicate the distance between two designated atoms. Except for the carbon atom in dark grey, oxygen, nitrogen atoms are colored in red, light yellow, respectively. Hydrogen atom is omitted for clarity
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However, the FTIR data in Figure 8 for lignin-modified adsorbent (A), ametryne (B), ametryne/lignin-modified adsorbent (C), and aflatoxin G1/lignin-modified adsorbent (D) revealed a significant dipole-dipole oriented interaction that occurred between the analyte and lignin molecules. Upon closely examining these spectra, red-shift measurements were observed for C–O (1103 cm−1) and C=O (~1650 cm−1) stretching or N–H bending vibrations. In the case of ametryne, data indicated that the sulfur atom, along with the secondary amines in the substituent, were involved in the interaction with the lignin molecule [59]. These secondary amines were the only available sites responsible for the high adsorption with the lignin molecule for triazine analogs containing no sulfur atom. Note that lignin is a supramolecule containing a number of ether linkages for the dipole-dipole interaction with the analyte. Based on the interaction simulation results (not shown), it seemed reasonable enough to consider that one lignin molecule was capable of adsorbing more than one analyte molecule. It also related the lignin-modified adsorbent to the high adsorption capacity and percentage of adsorption in a shorter time period, and to the complexity in the FTIR data after adsorption.


Figure 8. FTIR spectra for lignin-modified adsorbent (A), ametryne (B), and ametryne/lignin-modified adsorbent (C), aflatoxin G1/lignin-modified adsorbent after adsorption (D).
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3. Experimental Procedures


3.1. Apparatus


The HPLC system used in this study was a Hitachi Model L-7100 (Hitachi, Tokyo, Japan), coupled to a D-2500 Chromatopac data station (Shimadzu, Kyoto, Japan), and a UV detector with the detection wavelength set at 260 and 330 nm, for the measurement of triazine analogs and aflatoxins, respectively. A C18 column (150 mm × 4.6 mm internal diameter; 5-μm particle diameter) was used for HPLC analysis at a flow rate of 1.0 mL/min in all measurements. The mobile phases for HPLC elution were acetonitrile and a mixture of acetonitrile, methanol, glacial acetic acid, and triethylamine. The FTIR spectra were obtained with a Shimadzu Model FTIR-8400 system. The lignin-modified adsorbent, after the adsorption evaluation, was washed with fresh hexane before being dried and then pelleted with KBr for FTIR measurements. The volume of analyte solution was 100 μL.



Two devices were designed to measure the solvent permeation and the percentage of analyte extracted, as shown in Figure 1. The opening area of the seal perforation for the permeation analysis (top) and the contact area of the membrane for measuring the percentage of extraction (below) were 0.26 and 28.27 cm2, respectively.




3.2. Chemicals


All chemicals employed in this study, including the lignin (Mn = 1750, Mw = 14,200), organosilane reagent used as a linker in the chemical immobilization reactions, and the triazine analogs and aflatoxins for the extraction evaluation were purchased from Sigma (St. Louis, MO, USA). The reagents used in the chemical derivatization reactions were purchased from Aldrich Chemical Co. (Milwaukee, WI, USA). The purchased lignin (Mn = 1750, Mw = 14,200), without further purification, was first immobilized on irregular silica gel (5 μm particle diameter, 100 Å porosity, with a specific surface area of 400 m2/g) from Silicycle (Quebec City, QC, Canada), and was then used as the solid phase in the permeation, extraction evaluations, and adsorption capacity measurements at ambient temperatures under atmospheric pressure, according to previously reported chemical derivatization procedures [60,61]. The HPLC grade solvents used to wash the lignin-modified silica gel after preparation and to act as the mobile phase in the HPLC analysis (e.g., toluene, acetonitrile, methanol, triethylamine, methylene chloride, hexane, and ethyl ether), were purchased from Fisher Scientific (Pittsburgh, PA, USA) and Merck Taiwan (Taipei, Taiwan, ROC). In all cases, filtered (0.2 μm) and distilled water was used. Polyethylene (PE), polypropylene (PP), PE/PP, and PE/linear PE membranes with thicknesses of 0.009, 0.010, 0.010, and 0.022 mm, respectively, were obtained from a local supermarket and used without further preparation in this study. Other thicknesses of PE were purchased from Kao-Chia Plastics Co. (Kaohsiung, Taiwan, ROC).




3.3. Conditions for Solvent Permeation and Volume Loss Evaluations


To evaluate the solvent permeation, a screw-top vial was filled with 3 mL of solvent and the opening was capped with the membrane, as shown in Figure 1A. The device was placed upside-down during evaluation, to ensure full contact between the solvent and the membrane, and was weighed every half hour to monitor the loss of solvent due to permeation. The weight loss data were then divided by the solvent density to convert the value back to the volume loss.




3.4. Conditions for Measuring the Percentage of Extraction of Analyte


A weighed analyte (1 or 0.2 mg) was dissolved in 6 mL of filtered and distilled water, to prepare the solution for measuring the percentage of extraction in hexane. The volume of liquid phase inside the extraction chamber was 1 mL in all cases. In some cases, 10 to 30 mg of lignin-modified adsorbent was added to the extraction chamber to facilitate the process. For a consistent analysis of the results, the membranes examined in the solvent permeation evaluation were also used in the percent extraction study, but with a different device, as shown in Figure 1B. Before the extraction process, the aqueous solution was sampled, and then resampled after a specified period of extraction time under ambient temperature and atmospheric pressure for HPLC analysis. The percentage of extraction was calculated on the basis of the difference in peak areas.




3.5. Conditions for Measuring the Percentage of Adsorption and the Adsorption Capacity


A 100-μL quantity of a 2.57 × 10−3 M standard solution of selected analyte was added to 10 mg of the lignin-modified adsorbent for a controlled time period. For each measurement, the solution was sampled for HPLC analysis, both before and after the adsorption process, to calculate the percentage of adsorption on the basis of the difference in peak areas. A standard solution was continually added to the matrix in 100 μL increments, until a detectable UV signal was recorded. The HPLC measurement was repeated three times, to obtain an average in all cases. Liquid phases, including hexane and methylene chloride/hexane (1:1, v/v), were evaluated. The data were then used in the discussion of the extraction and adsorption process.




3.6. Theoretical Computational Calculation with Spartan’14 Software


A theoretical calculation for the single point energy was conducted according to a semi-empirical molecular orbital calculation method (Parameterized Model 3), by using Spartan’14 software (Wavefunction, Irvine, CA, USA). The molecular energy was first minimized by modifying the bond lengths and angles until a minimum energy conformer was found prior to the calculation simulation. Atoms on both the membrane and the analyte were simulated to interact with each other, to determine the lowest formation energy at the ground state (i.e., the heats of formation). Segments of PE and PP with molecular weights of 1545 and 1685 amu, respectively, were used in the interaction simulation.





4. Conclusions


Emulsion is commonly observed in two or more solvents that are normally immiscible and can be prevented through the use of a membrane. A further application for such an arrangement is to create a confined space in which an adsorbent can simultaneously extract and preconcentrate the analyte. The existing equilibrium of an analyte between two liquid phases can be minimized through irreversible adsorption. This equilibrium can be one step further minimized, or even interrupted, by shifting toward the hexane phase if the discrepancy in the solubility values of the analyte between the water and hexane are marked. Consequently, the extraction process can be facilitated, and thus completed, with a higher percentage of extraction, in a considerably shorter time period. Other factors, such as the nature and the thickness of the membrane, affect the permeation of the solvent molecules and thus the percentage of extraction of the analyte. Notably, the data generated in this study indicate that the influence of the size of the analyte on the percentage of extraction is unclear. However, a steric hindrance effect was observed in the adsorption capacity measurement. Furthermore, the contact area of the analyte permeating the membrane affects the percentage of extraction.







Acknowledgments


This research was conducted with the financial support of Ministry of Science and Technology (MST) under grant number 105-2113-M-415-007-.




Author Contributions


Shun-Wei Hu synthesized the adsorbent and performed the adsorption evaluations; Shushi Chen conceived and designed the experiments, analyzed the data, and wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Rippen, G. Handbuch Limueltchemikalien, 3rd ed.; 16 Erg Lfg.; Ecomed: Landsberg/Lech, Germany, 1992. [Google Scholar]

	2. 
Environmental Protection Agency. Cyanazine; notice of final determination to terminate special review of cyanazine; notice of voluntary cancellation and cancellation order of cyanazine product registrations. Federal Register 1996, 61, 39024–39029. [Google Scholar]

	3. 
Buser, H.R. Atrazine and other s-triazine herbicides in lakes and in rain in Switzerland. Environ. Sci. Technol. 1990, 24, 1049–1058. [Google Scholar] [CrossRef]

	4. 
Bann, B.; Miller, S.A. Melamine and derivatives of melamine. Chem. Rev. 1958, 58, 131–172. [Google Scholar] [CrossRef]

	5. 
Lim, L.O.; Scherer, S.J.; Shuler, K.D.; Toth, J.P. Disposition of cyromazine in plants under environmental conditions. J. Agric. Food Chem. 1990, 38, 860–864. [Google Scholar] [CrossRef]

	6. 
Dobson, R.L.; Motlagh, S.; Quijano, M.; Cambron, R.T.; Baker, T.R.; Pullen, A.M.; Regg, B.T.; Bigalow-Kern, A.S.; Vennard, T.; Fix, A. Identification and characterization of toxicity of contaminants in pet food leading to an outbreak of renal toxicity in cats and dogs. Toxicol. Sci. 2008, 106, 251–262. [Google Scholar] [CrossRef] [PubMed]

	7. 
Gupta, R.C. Veterinary Toxicology, 2nd ed.; Academic Press: Waltham, MA, USA, 2012; Chapter 96; pp. 1257–1280. [Google Scholar]

	8. 
Huang, P.; Yang, J.; Song, Q. Atrazine affects phosphoprotein and protein expression in MCF-10A human breast epithelial cells. Int. J. Mol. Sci. 2014, 15, 17806–17826. [Google Scholar] [CrossRef] [PubMed]

	9. 
Terman, G.; DeMent, J.; Hunt, C.; Cope, J., Jr.; Ensminger, L. Fertilizer nitrogen sources, crop response to urea and urea pyrolysis products. J. Agric. Food Chem. 1964, 12, 151–154. [Google Scholar] [CrossRef]

	10. 
González-Rodríguez, R.; Rial-Otero, R.; Cancho-Grande, B.; Gonzalez-Barreiro, C.; Simal-Gándara, J. A review on the fate of pesticides during the processes within the food-production chain. Crit. Rev. Food Sci. Nutr. 2011, 51, 99–114. [Google Scholar] [CrossRef] [PubMed]

	11. 
Corcia, A.D.; Marchetti, M. Method development for monitoring pesticides in environmental waters: Liquid-solid extraction followed by liquid chromatography. Environ. Sci. Technol. 1992, 26, 66–74. [Google Scholar] [CrossRef]

	12. 
Di Corcia, A.; Marchetti, M. Multiresidue method for pesticides in drinking water using a graphitized carbon black cartridge extraction and liquid chromatographic analysis. Anal. Chem. 1991, 63, 580–585. [Google Scholar] [CrossRef] [PubMed]

	13. 
Allen, D.T.; Cohen, Y.; Kaplan, I.R. Intermedia Pollution Transport: Modelling and Field Measurements; Plenum: New York, NY, USA, 1989. [Google Scholar]

	14. 
López-Blanco, C.; Gómez-Álvarez, S.; Rey-Garrote, M.; Cancho-Grande, B.; Simal-Gándara, J. Determination of pesticides by solid phase extraction followed by gas chromatography with nitrogen–phosphorous detection in natural water and comparison with solvent drop microextraction. Anal. Bioanal. Chem. 2006, 384, 1002–1006. [Google Scholar] [CrossRef] [PubMed]

	15. 
Ulrich, M.M.; Mueller, S.R.; Singer, H.P.; Imboden, D.M.; Schwarzenbach, R.P. Input and dynamic behavior of the organic pollutants tetrachloroethene, atrazine, and NTA in a lake: A study combining mathematical modeling and field measurements. Environ. Sci. Technol. 1994, 28, 1674–1685. [Google Scholar] [CrossRef] [PubMed]

	16. 
Kolpin, D.W.; Kalkhoff, S.J. Atrazine degradation in a small stream in Iowa. Environ. Sci. Technol. 1993, 27, 134–139. [Google Scholar] [CrossRef]

	17. 
Hauser, B.; Schellin, M.; Popp, P. Membrane-assisted solvent extraction of triazines, organochlorine, and organophosphorus compounds in complex samples combined with large-volume injection-gas chromatography/mass spectrometric detection. Anal. Chem. 2004, 76, 6029–6038. [Google Scholar] [CrossRef] [PubMed]

	18. 
Zhang, K.; Wong, J.W.; Yang, P.; Tech, K.; DiBenedetto, A.L.; Lee, N.S.; Hayward, D.G.; Makovi, C.M.; Krynitsky, A.J.; Banerjee, K. Multiresidue pesticide analysis of agricultural commodities using acetonitrile salt-out extraction, dispersive solid-phase sample clean-up, and high-performance liquid chromatography–tandem mass spectrometry. J. Agric. Food Chem. 2011, 59, 7636–7646. [Google Scholar] [CrossRef] [PubMed]

	19. 
Koeber, R.; Fleischer, C.; Lanza, F.; Boos, K.-S.; Sellergren, B.; Barceló, D. Evaluation of a multidimensional solid-phase extraction platform for highly selective on-line cleanup and high-throughput LC-MS analysis of triazines in river water samples using molecularly imprinted polymers. Anal. Chem. 2001, 73, 2437–2444. [Google Scholar] [CrossRef] [PubMed]

	20. 
Matsui, J.; Goji, S.; Murashima, T.; Miyoshi, D.; Komai, S.; Shigeyasu, A.; Kushida, T.; Miyazawa, T.; Yamada, T.; Tamaki, K. Molecular imprinting under molecular crowding conditions: An aid to the synthesis of a high-capacity polymeric sorbent for triazine herbicides. Anal. Chem. 2007, 79, 1749–1757. [Google Scholar] [CrossRef] [PubMed]

	21. 
Ferrer, I.; Lanza, F.; Tolokan, A.; Horvath, V.; Sellergren, B.; Horvai, G.; Barceló, D. Selective trace enrichment of chlorotriazine pesticides from natural waters and sediment samples using terbuthylazine molecularly imprinted polymers. Anal. Chem. 2000, 72, 3934–3941. [Google Scholar] [CrossRef] [PubMed]

	22. 
Chen, J.; Bai, L.-Y.; Liu, K.-F.; Liu, R.-Q.; Zhang, Y.-P. Atrazine molecular imprinted polymers: Comparative analysis by far-infrared and ultraviolet induced polymerization. Int. J. Mol. Sci. 2014, 15, 574–587. [Google Scholar] [CrossRef] [PubMed]

	23. 
Pensabene, J.W.; Fiddler, W.; Donoghue, D.J. Supercritical fluid extraction of atrazine and other triazine herbicides from fortified and incurred eggs. J. Agric. Food Chem. 2000, 48, 1668–1672. [Google Scholar] [CrossRef] [PubMed]

	24. 
Carabias-Martinez, R.; Rodriguez-Gonzalo, E.; Dominguez-Alvarez, J.; Hernández-Méndez, J. Cloud point extraction as a preconcentration step prior to capillary electrophoresis. Anal. Chem. 1999, 71, 2468–2474. [Google Scholar] [CrossRef] [PubMed]

	25. 
Qiu, Y.; Xiao, X.; Cheng, H.; Zhou, Z.; Sheng, G.D. Influence of environmental factors on pesticide adsorption by black carbon: pH and model dissolved organic matter. Environ. Sci. Technol. 2009, 43, 4973–4978. [Google Scholar] [CrossRef] [PubMed]

	26. 
Yang, Y.; Chun, Y.; Sheng, G.; Huang, M. pH-dependence of pesticide adsorption by wheat-residue-derived black carbon. Langmuir. 2004, 20, 6736–6741. [Google Scholar] [CrossRef] [PubMed]

	27. 
Konstantinou, I.; Albanis, T. Adsorption-desorption studies of selected herbicides in soil-fly ash mixtures. J. Agric. Food Chem. 2000, 48, 4780–4790. [Google Scholar] [CrossRef] [PubMed]

	28. 
Arias-Estévez, M.; Soto-González, B.; López-Periago, E.; Cancho-Grande, B.; Simal-Gándara, J. Atrazine sorption dynamics in acid-surface soils. Bull. Environ. Contam. Toxicol. 2005, 75, 264–271. [Google Scholar] [CrossRef] [PubMed]

	29. 
Mushtaq, M.; Sultana, B.; Anwar, F.; Khan, M.Z.; Ashrafuzzaman, M. Occurrence of aflatoxins in selected processed foods from Pakistan. Int. J. Mol. Sci. 2012, 13, 8324–8337. [Google Scholar] [CrossRef] [PubMed]

	30. 
Nilüfer, D.; Boyacıoǧlu, D. Comparative study of three different methods for the determination of aflatoxins in tahini. J. Agric. Food Chem. 2002, 50, 3375–3379. [Google Scholar] [CrossRef] [PubMed]

	31. 
Shephard, G.S. Aflatoxin analysis at the beginning of the twenty-first century. Anal. Bioanal. Chem. 2009, 395, 1215–1224. [Google Scholar] [CrossRef] [PubMed]

	32. 
Khayoon, W.S.; Saad, B.; Yan, C.B.; Hashim, N.H.; Ali, A.S.M.; Salleh, M.I.; Salleh, B. Determination of aflatoxins in animal feeds by HPLC with multifunctional column clean-up. Food Chem. 2010, 118, 882–886. [Google Scholar] [CrossRef]

	33. 
Afsah-Hejri, L.; Jinap, S.; Arzandeh, S.; Mirhosseini, H. Optimization of HPLC conditions for quantitative analysis of aflatoxins in contaminated peanut. Food Control 2011, 22, 381–388. [Google Scholar] [CrossRef]

	34. 
Wei, R.; Qiu, F.; Kong, W.; Wei, J.; Yang, M.; Luo, Z.; Qin, J.; Ma, X. Co-occurrence of aflatoxin B 1, B 2, G 1, G 2 and ochrotoxin A in Glycyrrhiza uralensis analyzed by HPLC-MS/MS. Food Control 2013, 32, 216–221. [Google Scholar] [CrossRef]

	35. 
McCullum, C.; Tchounwou, P.; Ding, L.-S.; Liao, X.; Liu, Y.-M. Extraction of aflatoxins from liquid foodstuff samples with polydopamine-coated superparamagnetic nanoparticles for HPLC-MS/MS analysis. J. Agric. Food Chem. 2014, 62, 4261–4267. [Google Scholar] [CrossRef] [PubMed]

	36. 
Lai, X.W.; Sun, D.L.; Ruan, C.Q.; Zhang, H.; Liu, C.L. Rapid analysis of aflatoxins B1, B2, and ochratoxin A in rice samples using dispersive liquid–liquid microextraction combined with HPLC. J. Sep. Sci. 2014, 37, 92–98. [Google Scholar] [CrossRef] [PubMed]

	37. 
Sakakibara, A. Chemical structure of lignin related mainly to degradation products. In Recent Advances in Lignin Biodegradation Research; Higuchi, T., Chang, H.M., Kirk, T.K., Eds.; UNI Publisher: Tokyo, Japan, 1983; pp. 12–33. [Google Scholar]

	38. 
Fang, Z.; Smith, R.L., Jr. Production of Biofuels and Chemicals from Lignin; Springer Science + Business Media Singapore: Singapore, 2016; Chapter 1; pp. 3–33. [Google Scholar]

	39. 
Valencia, Z.; Chavez, E. Lignin as a purified dietary fiber supplement for piglets. Nutr. Res. 1997, 17, 1517–1527. [Google Scholar] [CrossRef]

	40. 
Kay, R. Dietary fiber. J. Lipid Res. 1982, 23, 221–242. [Google Scholar] [PubMed]

	41. 
He, Z.-W.; He, L.-H.; Yang, J.; Lü, Q.-F. Removal and recovery of Au (III) from aqueous solution using a low-cost lignin-based biosorbent. Ind. Eng. Chem. Res. 2013, 52, 4103–4108. [Google Scholar] [CrossRef]

	42. 
Hu, S.W.; Chen, S. A Multipurpose Lignin-based Adsorbent for Metallic Ions, Nanoparticles and Various Organophosphate Pesticides in Hexane. J. Chin. Chem. Soc. 2015, 62, 875–888. [Google Scholar] [CrossRef]

	43. 
Alcudia-León, M.; Lucena, R.; Cárdenas, S.; Valcárcel, M. Stir membrane extraction: A useful approach for liquid sample pretreatment. Anal. Chem. 2009, 81, 8957–8961. [Google Scholar] [CrossRef] [PubMed]

	44. 
Bedendo, G.C.; Jardim, I.C.S.F.; Carasek, E. A simple hollow fiber renewal liquid membrane extraction method for analysis of sulfonamides in honey samples with determination by liquid chromatography–tandem mass spectrometry. J. Chromatogr. A 2010, 1217, 6449–6454. [Google Scholar] [CrossRef] [PubMed]

	45. 
Chen, H.; Wang, Y.; Jiang, H.; Zhao, G. A novel method for determination and quantification of 4-methyloctanoic and 4-methylnonanoic acids in mutton by hollow fiber supported liquid membrane extraction coupled with gas chromatography. Meat Sci. 2012, 92, 715–720. [Google Scholar] [CrossRef] [PubMed]

	46. 
Cukrowska, E.; Chimuka, L.; Nsengimana, H.; Kwaramba, V. Application of supported liquid membrane probe for extraction and preconcentration of organotin compounds from environmental water samples. Anal. Chim. Acta 2004, 523, 141–147. [Google Scholar] [CrossRef]

	47. 
Grzenia, D.L.; Dong, R.W.; Jasuja, H.; Kipper, M.J.; Qian, X.; Wickramasinghe, S.R. Conditioning biomass hydrolysates by membrane extraction. J. Membr. Sci. 2012, 415, 75–84. [Google Scholar] [CrossRef]

	48. 
Grzenia, D.L.; Schell, D.J.; Wickramasinghe, S.R. Membrane extraction for removal of acetic acid from biomass hydrolysates. J. Membr. Sci. 2008, 322, 189–195. [Google Scholar] [CrossRef]

	49. 
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