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Abstract

Alkyl amines are surfactants used as quartz collectors in the reverse flotation of phosphate ores. It is important in both
research and industrial practice to quantify amine concentration in the solution and/or wastewater. A simple and rapid method
using high-performance liquid chromatography (HPLC) was developed to quantitatively determine the concentration of
amine collectors (including dodecylamine, tetradecylamine, hexadecylamine, and octadecylamine) in a mineral flotation
system. The method involved a sample derivatization procedure with 9-fluorenyl methoxycarbonyl chloride (FMOC-CI)
and separation/determination by HPLC coupled with a fluorescence detector. The calibration curves showed good linearity
(R*>0.9956) in the range of 0.20-5.00 ug/mL, and the recoveries of dodecylamine, tetradecylamine, hexadecylamine, and
octadecylamine were in the ranges of 84.93-97.64%, 89.93-101.92%, 85.29-98.37%, and 93.57-103.26%, respectively. The
method was successfully used to quantify amines in wastewater from flotation experiments and artificial flotation wastewater
(amine solution after activated carbon adsorption). The results from the analysis of four amines in the solution demonstrated
that the proposed method is suitable for the simultaneous determination of amines in flotation pulp and wastewater.

Keywords Amines - Derivatization - Phosphate flotation - HPLC - 9-Fluorenylmethyl chloroformate

Introduction

Phosphate ores contain variable amounts of carbonate and
silicate gangue minerals. According to the major gangue
mineral content, phosphate ore can be classified into sili-
ceous phosphate ore, in which the main gangue mineral is
silicate such as quartz [15], calcareous phosphate ore, which
contains mainly carbonate gangue minerals (such as calcite
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and dolomite) [2, 8], and calcareous—siliceous phosphate
ore [35, 44]. Flotation technology depends on the type of
phosphate mineral and associated gangue minerals. For sili-
ceous phosphate ore, silicate/quartz are the dominant gangue
minerals; in general, silicate gangue will float using cationic
amine-type collectors at weakly acidic or neutral pH, which
also refers to reverse flotation processing [1, 9, 24].

It has been reported that alkyl amines have been widely
used in reverse flotation to remove gangue minerals, i.e.,
quartz and silicate, from siliceous phosphate ore [3, 19, 29].
Unfortunately, residual amines in flotation wastewater will
have a detrimental influence on flotation performance when
recycled water is reused. Moreover, direct discharge of flo-
tation wastewater without treatment will result in eutrophi-
cation of water bodies and is a waste of water resources
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[32]. Therefore, appropriate technologies are needed for the
treatment and reuse of flotation wastewater. In addition, the
adsorption behaviour of amines is important for understand-
ing flotation behaviour [10, 21]. The function of flotation
reagents is primarily to regulate the surface properties of
valuable minerals and gangue minerals to improve the speed
and selectivity of flotation separation [34, 37]. The interac-
tion between mineral particles and reagents is studied indi-
rectly by macroscopic methods such as adsorption density
and adsorption heat calculation [40]. One common method
to determine the adsorption of collectors is the concentration
depletion method. For example, total organic carbon (TOC)
analysis was used to determine the residue concentration in
the solution and then calculate the adsorption of collectors
on the surface of mineral particles [11, 16]. However, the
amines commercially available for flotation commonly con-
tain several alkyl amines with different carbon chain lengths
(C8-C18). Furthermore, the combination of collectors is
becoming an important research subject for flotation [30,
39]. Therefore, it would be helpful in both industry practice
and research if the proportions of different amines in solu-
tion could be quantified. In this regard, a simple and accurate
method for determining the concentration of alkyl amines in
water and/or pulp is needed.

Diverse analytical methods have been developed for the
analysis of aliphatic amines, including gas chromatogra-
phy (GC) [46], liquid chromatography—mass spectrometry
(LC-MS) [25], high-performance liquid chromatography
(HPLC) [4, 13, 42], and ultraviolet spectroscopy (UV)
[27]. Recently, HPLC has been the most commonly used
technique due to its convenience, excellent reproducibility,
and reliability. Fluorescence detection (FD) is a good tech-
nique for coupling with HPLC for aliphatic amine detection
in complex samples due to its high sensitivity. However,
the aliphatic amines under consideration here have no UV
absorption spectra or fluorescent signal, and thus, chemical
derivatization becomes a necessary procedure. Successful
results have been recently reported with a variety of deri-
vatization reagents. For the detection of aliphatic amines, a
variety of derivatization reaction strategies have been used
to produce highly sensitive and stable fluorophore-tagged
aliphatic amines, and different reagents are being attempted
to obtain a rapid, selective, stable and direct method, such
as o-phthalaldehyde (OPA) [5], dansyl chloride (DNS-CI)
[25], naphthalene-2,3-dicarboxaldehyde (NDA) [38], and
4-chloro-7-nitrobenzofurazan (NBD-Cl) [12]. However,
OPA does not react with secondary amines and cannot
exhibit satisfactory reproducibility, stability, and detection
sensitivity, nor is DNS-CI an ideal derivative reagent, since
it is not stable and the derivatized products have the fluores-
cence quenching phenomenon, thereby reducing the detec-
tion sensitivity. NDA needs to react with primary amines in
the presence of cyanide (CN). The reagent NBD-Cl requires
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a high derivatization temperature and long reaction times.
The fluorogenic reagent 9-fluorenylmethyl chloroformate,
also known as 9-fluorenylmethyloxycarbonyl chloride
(FMOC-CI), has advantages of rapid reaction, high detection
sensitivity, and ability to derive primary amine and second-
ary amine compounds [18, 20, 28, 36, 47]. The derivatives
are formed in a reaction time of less than 1 min in a buff-
ered aqueous solution at room temperature and yield stable
derivatives. Thus, a sample can be immediately stabilized
by derivatization.

There are few references dealing with the use of FMOC-
Cl for chromatographic separation of aliphatic amines,
although its application to amino acid separation has been
well documented [6, 26]. Lopez et al. [23] described an
FMOC-CI derivatization method for dimethylamine separa-
tion in groundwater. Juan Xie [43] described a method based
on ultrasound-assisted dispersive liquid-liquid microextrac-
tion after pre-column derivatization coupled with high-per-
formance capillary electrophoresis for the determination of
methylamine, ethylamine, dimethylamine and diethylamine
in aquatic samples. However, FMOC-CI has not been pre-
viously applied to the chromatographic determination of
dodecylamine, tetradecylamine, hexadecylamine, and octa-
decylamine. This study intended to develop a simple and
rapid HPLC method for the simultaneous determination of
amines in flotation systems based on FMOC-CI derivatiza-
tion. The fluorogenic reagent 9-fluorenylmethyl chlorofor-
mate has been used, because alkyl amines react with this rea-
gent very rapidly, producing highly fluorescent derivatives.

Materials and Methods
Materials and Reagents
Reagents and Solutions

All chemicals were of analytical or reagent grade or the high-
est purity available from several suppliers and were used as
received. Standard amines (C12: dodecylamine; C14: tetra-
decylamine; C16: hexadecylamine; C18: octadecylamine)
were purchased from Chengdu Aikeda Chemical Reagent Co.
Ltd. (Chengdu, China), and 9-fluorenylmethyl chloroformate
was purchased from GL Biochem (Shanghai) Ltd. (Shang-
hai, China). Supergradient HPLC grade methanol, acetoni-
trile and isopropanol were obtained from Aladdin Reagent
(Shanghai) Co., Ltd. (Shanghai, China). Glacial acetic acid
(GR) was obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China), whereas sodium tetraborate (AR) was
obtained from Tianjin Yongda Chemical Reagent Co., Ltd.
(Tianjin, China). Sulfuric acid was purchased from Chongqing
Chuandong Chemical (Group) Co., Ltd. (Chongqing, China),
while powdered activated carbon was obtained from Tianjin
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Guangfu Technology Development Co., Ltd. (Tianjin, China).
Deionized water with a resistivity of over 18.2 MQ-cm was
used in the experiments.

The FMOC-CI solutions were prepared daily by dissolving
20 mg of pure compound in 10 mL of acetonitrile to obtain a
final concentration of 2 mg/mL. A 0.1 mol/L sodium tetrab-
orate solution was prepared by dissolving 9.53 g of sodium
tetraborate in 250 mL of DI water.

Standard stock solutions (1000 pg/mL) of four amines were
prepared by separately dissolving 0.1 mg of each compound in
1 mL of glacial acetic acid and then diluting to 100 mL with
DI water. The same volume of stock solution of four amines
(dodecylamine, tetradecylamine, hexadecylamine, and octa-
decylamine) was taken and then mixed to obtain a 100 pg/
mL working solution of mixed standards. Then, the standard
working solution was diluted with DI water to six concentra-
tions (0, 0.2, 0.5, 1.0, 2.0, and 5.0 pg/mL). All solutions were
stored in a dark refrigerator at 4 °C.

Sample Preparation

Flotation wastewater: A flotation test was conducted on sili-
ceous phosphate ore (quartz is the dominant gangue mineral).
Microflotation tests were carried out in an XFGCII flotation
machine (Jilin Exploration Machinery Plant, China) with a
volume capacity of 40 mL. First, 2.0 g of mineral samples were
placed in a plexiglass cell in which 40 mL of water was added.
H,SO, solution was added to adjust the pH of the slurry. The
amines were added to the cell with a 3 min conditioning time,
and then, flotation was conducted for another 4 min. Approxi-
mately 10 mL of pulp was taken from the flotation cell and
filtered using filter paper to remove most of the particles. The
filtrate was filtered again using 0.45 pm millipore filters to
obtain a clear solution. The 10 times diluted solution with DI
water was used as the sample for determination of different
types of amines present in the solution.

Artificial flotation wastewater adsorbed by activated car-
bon [17]: A weighed amount (0.1 g) of powder activated car-
bon was added to amine solutions (50 pg/mL, 100 mL) and
shaken continuously for 10 min in a Heheng TS-100C oscil-
lator (Shanghai, China). Approximately 10 mL of pulp was
taken from the carbon-amine solution as artificial flotation
wastewater. The pulp was filtered using filter paper to remove
most of the carbon particles. The filtrate was filtered again
using 0.45 pm Millipore filters to obtain a clear solution for
determination of the amine type and content in the solution.

Derivatization Procedure

For the solution derivatization method, 50 pL of the sample
or the standard working solution, 50 uL of isopropanol, and
50 pL of 0.1 mol/L sodium tetraborate were placed in 2 mL
glass vials, and then, 50 pL of the FMOC-CI (2 mg/mL) solu-
tion was added with immediate mixing and allowed to react
at 40 °C for 1 min. Then, 50 pL glacial acetic acid was added
into the mixed solution to quench the reaction. Finally, a 5 uL.
aliquot of this mixture was injected into the HPLC for analysis.

Instrumentation and Analytical Conditions

Derivatization of the samples at temperatures up to 40 °C was
conducted in 2 mL vials in a DLAB HB120-S (Beijing, China)
thermostatic metal bath. Quantitation was performed using a
reversed-phase HPLC system equipped with a fluorescence
detector. Specifically, chromatography was optimized on an
Agilent 1260 HPLC system comprising quaternary pumps
(G7111B), an autosampler (G7129A), a thermostatic col-
umn compartment (G7116A), and a fluorescence detector
(G7121A). Chromatograms and spectral data were collected
and processed with Agilent OpenLAB CDS ChemStation soft-
ware. Separation occurred on a ZORBAXEclipse XDB-C18
analytical column (250 x4.6 mm, 5 pm) at 30 °C. The C18
column was equilibrated with the mobile phase for 30 min
before analysis. Injections (5 pL.) were made on the system
equilibrated with 93% mobile phase A (methanol) and 7%
mobile phase B (DI water) at a constant flow rate (1.0 mL/
min). Gradient elution was used to separate the amine deriva-
tives, and the gradient elution programme is listed in Table 1.
FMOC-Cl-derivatized analytes were detected using excitation
and emission wavelengths of 265-310 nm, respectively [7,
23,36, 45].

Results and Discussion
Optimization of the HPLC Method

The derivatization reagent FMOC-C1, which reacts with alkyl
amines and yields highly fluorescent and stable derivatives,
has been used for the derivatization of alkyl amines. The
chemical reaction of FMOC-CI with alkyl amines is illustrated
in Fig. 1 [22, 41].

The experimental chromatographic variables were opti-
mized by utilizing the standard solution derivatized using
the procedure mentioned before for the best separation in

Table 1 Gradient elution

. . Time/min 0 15 16 30 31 40
programme for amine analysis
DI water/% 7 7 0 0 7 7
Methanol/% 93 93 100 100 93 93
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9-fluorenylmethyl chloroformate

Fig. 1 The derivatization scheme of alkyl amines with FMOC-CI
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Fig.2 Chromatograms obtained for a standard sample contain-
ing each of the analytes at 1.0 mg/L after derivatization by the pro-
posed procedure: (1) dodecylamine, (2) tetradecylamine, (3) hexa-
decylamine, and (4) octadecylamine

the shortest time with the highest sensitivity. Chromatogra-
phy was performed in the mode of gradient elution ensuring
that there was no overlap with additional peaks arising from
the derivatization process. A chromatogram obtained for a
standard solution containing each of the analytes at 1.0 mg/L
is shown in Fig. 2. All tested derivatives were successfully
eluted within 26 min, and satisfactory peaks were observed
for the FMOC-CI analyte derivatives. The peak shapes of the
four amine derivatives were symmetrical without impurity
interferences, suggesting that the mobile phase elution gradi-
ent met the requirement of simultaneously determining the
four amine derivatives. Additional peaks were also observed
at 6.8 min, 7.7 min, and 9.6 min. Since none of these peaks
interfered with the analyte peaks, elimination of the excess
reagent was found to be unnecessary.

Optimization of Derivatization Conditions
As described in the literature, FMOC-CI derivatization reac-
tions are typically carried out in an alkaline aqueous phase at

ambient temperature for 2-30 min, [14, 31, 33]. The reaction
conditions of derivatization were optimized with respect to
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reaction time and temperature, FMOC-CI concentration, and
pH (Fig. 3). The derivatization reactions were conducted at
25 °C, 40 °C, and 50 °C for 1-45 min. The detected deriva-
tive peak areas demonstrated that a mild difference was
observed from 25 to 50 °C. However, the best results were
obtained at 40 °C, which was selected for subsequent experi-
ments. A reaction time of 1 min was sufficient for complete
derivatization of the four amines. After heating for 1 min at
40 °C, maximal conversion to the derivative was achieved.
However, extending the reaction time from 5 to 45 min did
not obtain enhancement; in contrast, longer heating times
reduced the peak area. The effect of pH on derivatization
at 40 °C is shown in Fig. 3d. No significant changes in the
derivative yield were observed when the reaction mixture
was buffered at various pH values between 7.4 and 10.0
by different proportions of H;BO;—Na,B,0, buffer. In this
pH range, the reactions of the amino groups of the amines
with FMOC were well developed, and all peaks were well
resolved. However, when the pH value was lowered to 8.2,
the derivative was unstable. The detected derivative peak
areas decreased significantly over storage time. Therefore, a
borate buffer with pH 9.18 was chosen for the analysis. The
optimal values for pH, derivatization reagent concentration,
reaction time, and temperature were 9.18, 2.0 mg/mL, 1 min,
and 40 °C, respectively.

Reproducibility of the Proposed Method

FMOC-CI was used as a derivatization reagent for different
amines because of the stability of the derivatives and the
mild conditions under which derivatization takes place. The
reproducibility of the separation method was evaluated by
replicate determinations with direct injection of amines after
six derivatizations. Each derivative was evaluated in terms
of the reproducibility of retention time and peak area. The
results presented in Table 2 show that the relative standard
deviations (RSDs) of retention time and peak area for indi-
vidual amine derivatives were consistently below 0.60%.
Thus, the reproducibility of the measurements for all ana-
lytes was acceptable.

Linearity, Detection Limit, and Quantification Limit

To verify the linearity of the response of different deriva-
tives, standard solutions of 4 amines at concentrations from
0.2 pg/mL to 5.0 ug/mL were prepared and analysed in
duplicate. The peak area was calculated to develop the stand-
ard curve for standard solutions with corresponding con-
centrations. The obtained standard curve regression equa-
tions and correlation coefficients are summarized in Table 3.
Linearity was evaluated by determining the coefficient of
the least square regression (R?). The coefficient of regres-
sion exceeded 0.9956 for all standard calibration curves with
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Fig.3 Condition influence on the response of amine-FMOC derivative: a, b the effect of reaction temperature and time; ¢ the effect of concen-
tration of FMOC-CI; d the effect of pH

Table2 Reproducibility of the Compound Retention time Peak area Concentration
proposed method
“tg+SD RSD% ~A+SD RSD% Added (ug/mL) C,,+SD RSD%
Dodecyl amine  13.65+0.08 0.55 374.29+1.99 0.53 1.00 0.98+0.006 0.57
Tetradecylamine 19.62+0.03 0.13 313.53+1.11 0.35 1.00 1.01+0.004 0.42
Hexadecylamine 22.41+0.03 0.13 379.75+1.88 0.50 1.00 1.02+0.006 0.57
Octadecylamine 26.12+0.03 0.13 163.39+0.85 0.52 1.00 0.95+0.007 0.70

detection limits of 0.013 pg/mL and quantitation limits of
0.05 ug/mL, indicating the high sensitivity of our method
and its competence for simultaneous determination. Method
limits of detection (MLODs) and method limits of quantita-
tion (MLOQs) were achieved by analysing the spiked blank
samples at levels that provided signals at 3 and 10 times,
respectively, above the background noises. The MLOQs
were lower than those in previous studies [12] (MLOQ:s:
dodecylamine, 0.46 pg/mL,tetradecylamine, 0.53 pg/mL;
hexadecylamine, 0.60 ug/mL; and octadecylamine, 0.67 pg/
mL), while the MLODs (MLODs: dodecylamine, 0.009 pg/

mL; tetradecylamine, 0.010 pg/mL; hexadecylamine,
0.012 pg/mL; and octadecylamine, 0.013 ug/mL) were
almost consistent. In this sense, relatively high analytical
sensitivity could be obtained.

Application of the Method

Alkyl amines are surfactants used as quartz collectors in the
reverse flotation of phosphate ore. It is important in both
research and industrial practice to quantify amine concentra-
tion in the solution and/or wastewater. To evaluate the HPLC
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Tab.le 3 i Linear ranges, . Compound R? Calibration curves Linear MLODs (ug/mL) MLOQs

Calzlbratlon cur.ve§, c0¥relat10}1 ranges(ug/ (ug/mL)

(R?), methpd .hmlts of detection, mL)

and quantitation (MLODs and

MLOQs) of four amines Dodecylamine 0.9997  y=35443x+2691  0.2-5.0 0.013 0.05
Tetradecylamine 0.9956 y=258.64x+51.29 0.2-5.0 0.013 0.05
Hexadecylamine 0.9986 y=324.41x+49.42 0.2-5.0 0.013 0.05
Octadecylamine 0.9999 y=127.53x+41.62 0.2-5.0 0.013 0.05

In the linear equations, y represents the peak area; x represents the concentration of standard solutions (pg/

mL)

method described above for practical applications, flotation
wastewater and artificial flotation wastewater adsorbed by
activated carbon were used for analysis. The results are illus-
trated in Figs. 4 and 5.

QC (quality control) solutions (1.0 pg/mL, 1.5 ug/mL,
and 2.0 ug/mL) were spiked into three batches of matrix
blank samples to evaluate the matrix effect: matrix effect
(%)=Sp/Ss x 100%, where Ss and Sp are the peak areas of
the known QC solution and the matrix blank sample spiked
with the QC solution, respectively. The results for the matrix
effect showed a satisfactory range from 95.24% to 104.79%
(Table 4). Spiked recovery is an important measure of
method accuracy and is typically determined by spiking a
known quantity of the analyte into a water sample. Recov-
ery was calculated as recovery (%) =100x (C-C,)/C, where
C, represents the mean measured value before spiking, C
represents the mean measured value after spiking, and C,
represents the spiked amount (see Table 5). Based on the
results for spiked samples, good recoveries were obtained
for all amines, with mean recoveries for dodecylamine, tet-
radecylamine, hexadecylamine, and octadecylamine in the

Fig.4 HPLC chromato-
grams of a blank (a), flota-
tion wastewater sample (b),

ranges of 84.93-97.64%, 89.93-101.92%, 85.29-98.37%,
and 93.57-103.26%, respectively. The RSD values were
lower than 3.38%. These data indicated that the proposed
method can reliably quantitate the four amines in flotation
water samples. The application of the developed method will
be of great value in interpreting the results of amine flota-
tion tests and guiding future work, as well as in flotation
wastewater treatment.

Conclusion

In this study, a rapid and accurate method was developed to
quantify alkyl primary amines (C12—C18) in flotation sys-
tems by derivatizing amine solution samples with 9-fluore-
nyl methoxycarbonyl chloride (FMOC-CI), separating the
derivatized amines by HPLC, and measuring the concentra-
tion of each derivatized amine by a fluorescence detector.
The mobile phases methanol and DI water were chosen for
separating the amines during HPLC analysis. The proposed
method has various advantages, such as good correlation

N

spiked with amines 1.0 pg/
mL (c), spiked with 1.5 ug/mL
amines (d), and spiked with
2.0 ug/mL amines (e). Peak
number: (1) dodecylamine,

=

(2) tetradecylamine, (3)
hexadecylamine, and (4) octa-
decylamine

>4>

Fluorescence intensity (mV)

= &

>w

[
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Fig.5 HPLC chromatograms 150 5 2 3
of a blank: (a) artificial 100 E)
flotation wastewater sample 50 - “ “ A /\ 4
adsorbed by activated carbon 0] /\ AN
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Table 4 Matrix effects (n=3) Compound spiked (ug/mL)

Matrix effects/%

Flotation wastewater

Artificial flotation wastewater
adsorbed by activated carbon

1.0 1.5 2.0 1.0 1.5 2.0
Dodecylamine 100.46 101.84 104.49 101.29 100.79 104.24
Tetradecylamine 95.24 101.61 101.57 97.29 98.51 100.28
Hexadecylamine 103.52 95.27 99.46 103.59 95.54 99.53
Octadecylamine 104.79 101.54 102.26 100.74 102.20 102.53

coefficients (R2 >0.9956), low limits of detection (0.013 pg/
mL) and quantification (0.05 pg/mL), and high recoveries
(84.93-103.26%). The utility of the described approach was
evaluated by analysing flotation wastewater and artificial

flotation wastewater adsorbed by activated carbon. The
proposed method is applicable to the determination of the
concentration of the four amines in solutions from flotation

pulp.
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Table 5 Contents of amines in samples, relative standard deviation and recovery (n=3)

Compound Spiked (ug/mL) Flotation wastewater Artificial flotation wastewater adsorbed by
activated carbon
Found (ug/mL) Precision Accuracy Found (ug/mL) Precision Accuracy
(RSD %) (recovery %) (RSD %) (recovery
%)
Dodecylamine 0.00 0.60 0.15 - 1.24 0.36 -
1.00 1.43 0.97 84.93 2.16 1.09 94.77
1.50 1.85 1.39 85.09 2.65 0.77 96.80
2.00 2.45 0.18 95.13 3.13 0.40 97.64
Tetradecylamine 0.00 1.98 2.89 - 1.39 0.57 -
1.00 2.90 1.11 100.34 2.37 1.95 99.79
1.50 3.26 0.61 89.93 2.82 1.01 98.00
2.00 3.94 0.67 101.92 3.16 1.16 91.75
Hexadecylamine 0.00 2.40 0.07 - 1.38 0.11 -
1.00 3.27 0.80 90.59 2.30 0.54 94.58
1.50 3.62 0.64 85.29 2.75 0.49 93.93
2.00 4.16 0.27 92.36 3.28 1.20 98.37
Octadecylamine 0.00 4.75 0.05 - 1.06 0.48 -
1.00 5.68 0.68 97.98 2.07 1.80 102.64
1.50 6.07 1.01 93.57 2.52 0.87 99.37
2.00 6.63 0.33 100.39 3.07 3.38 103.26
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