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On-line separation/analysis of Rhodamine B dye
based on a solid-phase extraction high
performance liquid chromatography self-designed
devicet

Jun Wu,? Wei Liu, Rui ZhuP and Xiashi Zhu @ *a°

A special self-designed device based on poly-1-vinyl-3-pentylimidazole hexafluorophosphate (PlLs-Cs)
solid-phase extraction and high performance liquid chromatography (HPLC) is proposed as a novel
method for the on-line separation and analysis of Rhodamine B (RhB) dye. Single factor experiment
design and orthogonal experiment design were used to optimize the experimental parameters, such as
pH, the amount of PILs-Cs, sample volume, flow rate, eluent type, eluent concentration, eluent volume,
and the flow rate of eluent. Under the optimized conditions, the linear range was 0.02-2.4 ug mL™%,
with the correlation coefficients (R%) of 0.997. The limit of detection (LOD) and limit of quantification
(LOQ) were 0.004 ug mL™ and 0.02 pg mL™%, respectively. The extraction capacity was 6.22 mg g7,
and enrichment ratio was 15. The extraction mechanism and the post-treatment method of PILs-Cs
were also studied. This method was applied to analyze RhB in a wide variety of real samples with

rsc.li/rsc-advances satisfactory results.

Introduction

Rhodamine B (RhB) as a kind of red synthetic dye, has been
used as a colorant in plastics, leather, printing, dyeing, paper,
textile industries and other industries. The wastewater con-
taining RhB should be analysed and treated carefully. It has
been regarded as a notable carcinogenic dye which is capable of
causing severe genetic disorders, organ damage, anaemia and
several other destructive disorders in the human body and
poses great challenges to the environment.” Therefore, it is
necessary to develop simpler, faster, cheaper, and more efficient
methods to detect and remove RhB.

The detection methods of RhB are as follows: high-
performance liquid chromatography (HPLC),** electro-
chemical detection (EC),® fluorescence spectrometry (FL),* and
ultraviolet visible spectrometry (UV),” etc. Because of the low
content or complex matrix, separation/enrichment techniques
such as liquid-liquid extraction® and solid-phase extraction
(SPE)**® are usually carried out before determination. Among
them, SPE is the better choice because it has the advantages of
less organic reagents, faster speed, and lower cost.*"
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SPE includes off-line**** and on-line methods."**® The use of
on-line techniques has made the development of faster
methods possible by reducing the sample preparation time and
thus increasing the sample throughput. It can decrease the risk
of contamination of the sample or sample extract, eliminate the
analyse losses by evaporation or by degradation during sample
preconcentration, and improve precision and accuracy. On-line
methods are SPE-HPLC,'® SPE-atomic fluorescence spectros-
copy (AFS),"” and SPE-UV* etc. On-line SPE was finished with
manually control the injection valve.”*** However, to the best of
our knowledge, there are few reports on on-line analysis RhB
with SPE-HPLC.

Poly(ionic liquid)s (PILs) exhibit the characteristics of an
ionic liquid on each repetitive monomer,” and they have
numerous potential applications.**>” In our previous publica-
tion, Fe;O,@ionic liquids-B-cyclodextrin cross-linked polymer
SPE reported coupled with FL to assay RhB.*® PILs are easily
separated and recovered in SPE, which expands the application
of ionic liquids in SPE. This manuscript reports the first
application of poly-1-vinyl-3-pentylimidazole hexa-
fluorophosphate (PILs-Cs) for the extraction of RhB.

In this paper, PILs-C5 was synthesized and characterized. It
was used to fill a microcolumn that was linked to a special
designed device for the separation/analysis of RhB. The device
could be easily used in combine with other analytical instru-
ments, such as UV, FL, EC, and so on. The extraction and
elution parameters were optimized by single factor experiment
design (SFED) and orthogonal experiment design (OED). The
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extraction mechanism was studied by Gaussian simulation.
From the point of view of green chemistry, the post-treatment
method of the PILs was proposed. The optimized method was
used to analyze RhB in a variety of foods and daily chemicals
with satisfactory results.

Experimental
Instrumentation, reagents and materials

Instrumentation. A 1200 high performance liquid chroma-
tography (Agilent, USA) was used to analyse RhB. A Tensor 27
Fourier transform infrared spectrometer (FTIR) (Bruke, Ger-
many) was used to characterize organic matter. All weight-
average molecular weights were determined by a PL-GPC50
gel permeation chromatography system (Agilent, USA).
Thermal correlation analyses were performed with a TGA8000/
CLARUS thermogravimetric-infrared detector (PerkinElmer,
USA) and TG 209 F3 Tarsus thermogravimetric analyzer
(Netzsch, Germany). Liquid samples were transported through
a 3110 flow injector (Beijing Jitian, China). A DZF vacuum
drying oven (Shanghai Kuntian, China) was used to dry prod-
ucts. A DF-101S thermostatic water-bath (Shanghai Licheng,
China) was used to control temperature. Deionized water was
produced by a Milli-Q ultra-pure water generator (Millipore,
USA)

Self-designed device: the scheme of the device was displayed
in Fig. 1 which included a microcolumn, two peristaltic pumps,
a glass tube with lid, a HPLC cup and two valves. Details could
be found in the experimental process.

Reagents and materials. The RhB (>99.0%), Rh6G (>99.0%),
Rh123 (>99.0%), sunset yellow (>95.0%), Congo red (>98.0%),
fuchsin (>90.0%), neutral red (>90.0%), and 2,2'-azobis-1-
vinylimidazole (>99.0%) were obtained from Shanghai Aladdin
Bio-Chem Technology Co., Ltd (China). The RhB standard
(DC16813550) was purchased from national standard network.
All other chemicals and reagents (methyl-n-butyl-bromide, n-
amyl-bromide, n-hexane bromide alcohol, ethyl ethanol,
acetone, ethyl acetate, hydrochloric acid, sodium hydroxide,

benzene, acetonitrile, chloroform, n-hexane, ethyl ether,
W,
A
P,
S
M
Ny
W, Py :
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potassium hexafluorophosphate, sodium chloride, magnesium
sulfate, zinc chloride, iron sulfate) were of analytical grade and
purchased from Sinopharm Chemical Reagent Co., Ltd (China).
Aqueous solutions were prepared by using ultra-pure water
obtained from a Milli-Q ultra-pure water generator.

Experimental method
Synthesis of PILs-Cs

The synthesis of PILs-Cs was as follows. 9.44 g (0.1 mol) 1-
vinylimidazole were added into a three-necked flask (250 mL),
followed by the addition of 15.2 g (0.1 mol) n-amyl bromide
under agitation. The mixture was stirred for 120 min at 70 °C in
a water bath until the formation of the viscous and yellowish 1-
vinyl-3-pentylimidazole bromide ([VPIM]Br). The obtained
product was washed three times by ethyl acetate and dried in
a vacuum drying oven at 65 °C. Then 100 mL water and 18.8 g
(0.1 mol) KPF, were added into the [VPIM|Br, and the mixture
was stirred at room temperature for 5 h. The ionic liquid phase
was separated and washed with water (10 mL) three times.
Then, it was baked at 100 °C for 4 h to obtain yellowish viscous
ionic liquid 1-vinyl-3-pentylimidazolium hexafluorophosphate
(ILs-Cs).

Proper amount of ILs-C;5 and acetone was mixed in a 100 mL
three-neck flask. Appropriate amount of 2,2’-azobis was added
slowly under nitrogen protection and agitation. The reaction
was kept at 80 °C for 1 h, yielding a yellow brittle solid. The solid
was ground, filtered through 80 mesh screen, washed with
deionized water three times, and stored after drying.

Experimental process

As shown in Fig. 1, the tube (T) and HPLC cup (C) were both
specially designed with two holes opened on the opposite of the
bottom, so solution could be flowed through T into C. A proper
amount of PILs was added to a tetrafluoroethylene micro-
column (length 6 cm, inner diameter 0.35 cm). Sample stream
(S), elution stream (E), air stream (A) and 2 peristaltic pumps
(P,, Pp) in parallel, run by a program, were used to control the
extraction and elution of samples.

Fig. 1 Self-designed SPE-HPLC system. Air stream (A), HPLC cup (C), eluent stream (E), extraction microcolumn (M), peristaltic pump a (P,),
peristaltic pump b (Py), sample stream (S), tube (T), valve a (V,), valve b (Vy), liquid waste (W,), liquid waste (W,,).
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Fig. 2 GPC analysis of PILs-Cs.

Extraction: turn off P, and V, and let the sample flow into
the M from the S, and out from the V. Elution: only turn on P,,
and then let the elution flow into T from E. At the same time, A
was pumped into T to mix the eluent evenly by bubbling.
Determination: T was capped, the eluent flowed into C and was
taken by HPLC automatic sampler to be analysed at 554 nm.

Sample preparation

Shampoo: 10.0 g of red shampoo was dissolved in 30.0 mL
water. The mixture was transferred to a 50 mL bottle, volume it
to scale with deionized water, and shook it evenly.

Red pencil core: 20.0 mg crushed red pencil core was mixed
with 5.0 mL n-hexane and extracted by ultrasonication for
5 min. After filtration, 5.0 mL n-hexane was added to the
filtration slag, followed by ultrasonic extraction for 5 min. The
two filtrates were combined together and was evaporated using
avacuum drying oven at 40 °C to remove n-hexane residual. The
extracted RhB was dissolved with 10.0 mL distilled water.
Finally, the solution was transferred to a 50 mL bottle, diluted
with deionized water to the calibration line, and shook
thoroughly.
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Fig. 3 Optimization of PILs synthesis.
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Match head: 30 mg of the crushed red match head was took,
and was treated as those of the pencil core treatment.

Eye shadow: 200.0 mg of eye shadow was mixed with 5 mL n-
hexane and extracted by ultrasonication for 5 min. After filtra-
tion, 5 mL n-hexane was added to the filtration slag, followed by
ultrasonic extraction for 5 min. Then, two times of filtrate were
merged together. n-Hexane was evaporated by a vacuum drying
oven at 40 °C, and the extracted RhB was dissolved with 5 mL
deionized water. Finally, the solution was transferred into
10 mL capacity bottle, diluted with deionized water to the cali-
bration line, shook well, and set aside.

Lipstick: 500.0 mg Lipstick was mixed with 5 mL carbon
tetrachloride and extracted by ultrasonication for 5 min. After
filtration, 5 mL carbon tetrachloride was added to the filtration
slag, followed by ultrasonic extraction for 5 min. Then, two
times of filtrate were merged together. Carbon tetrachloride was
evaporated by a vacuum drying oven at 40 °C, and the extracted
RhB was dissolved with 5 mL deionized water. Finally, the
solution was transferred into 10 mL capacity bottle, diluted with
deionized water to the calibration line, shook well, and set
aside.

Chili powder: Take the crushed samples 1.00 g, the other
treatment procedures were the same as those of eye shadow.

Lao Gan Ma spice sauce: Take the crushed samples 1.00 g,
the other treatment procedures were the same as those of eye
shadow.

Chromatographic conditions

All the measurements were analyzed by an HPLC with a UV
detector at 554 nm and a injector with a 10.0 pL loop. Chro-
matography was performed C18 reversed-phase column
(150 mm x 4.6 mm L.D., 5 pm, Shimadzu Corporation, Japan) at
35 °C. The mobile phase was consisted of methanol and water

(70 : 30, v/v). The flow rate was set at 1.0 mL min "

Results and discussion
Optimization of PILs synthesis

The monomer, ILs-Cs, is a yellowish viscous liquid at room
temperature. After polymerization, it is transformed into
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a yellowish solid. Fig. 2 shows the dw/dlog M curve of gel
chromatography (GPC) analysis of PILs-Cs. It shows that the
molecular weight (MW) of the PILs-Cs is mainly distributed in
the range of 8000-15 500. Therefore, the formation of PILs-Cs
was confirmed.

The side chain length of the ionic liquid monomer and the
amount of initiator greatly influence the extraction perfor-
mance of PILs. So, taking the extraction ratio (ER) of RhB as an
index, the synthesis of PILs was optimized. The results were
presented in Fig. 3. Fig. 3 showed that the highest ER was ob-
tained when the side chain length of the ionic liquid monomer
was 5 (Cs) (Fig. 3a) and when Rm (the molar ratio of initiator
and monomer) was 3.0 : 20 (Fig. 3b).Therefore, PILs-C5 and Rm
3.0 : 20 were selected for the following experiment.

Optimization of extraction conditions

In the experiment, the parameters were optimized by SFED first,
and then by OED on the basis of SFED optimization.
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Fig. 4 Optimization of extraction parameters by SFED.
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Optimization of extraction parameters by SFED. SFED
means that although there are many factors affecting the index,
under the assumption that there is no interaction between these
factors, change only one of the factors, and the other conditions
remain unchanged.

The optimization of pH, amount of PILs-C5, RhB volume,
and pump speed using SFED are shown in Fig. 4. The optimum
extraction conditions are as follows: pH 4.0, 0.30 g PILs-Cs,
30 mL sample volume, and pump speed of 30 rpm. Under the
optimized conditions, the ER was greater than 90%.

Optimization of extraction parameters by OED. It is simple
to use the SFED method when optimizing the experimental
conditions. However, incorrect results may be obtained if there
is a cross-effect between different factors. OED was utilized for
further optimization. OED is commonly employed in studying
behaviors of parameters, which involve multivariate and
multilevel factors. Based on orthogonality, representative
samples of test points were selected from comprehensive test
variables. These representative test points were uniformly
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Table 1 Optimization of extraction parameters by OED
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Pump speed Volume of RhB

Level pH (rpm) (mL) Amount of PILs-Cs (g) Empty column ER (%)
1 3.0 10 30 0.20 1 79.8
2 3.0 20 40 0.25 2 83.2
3 3.0 30 50 0.30 3 85.9
4 3.0 40 60 0.35 4 92.5
5 3.5 10 40 0.30 4 94.7
6 3.5 20 30 0.35 3 96.3
7 3.5 30 60 0.20 2 60.4
8 3.5 40 50 0.25 1 73.6
9 4.0 10 50 0.35 2 92.4
10 4.0 20 60 0.30 1 86.8
11 4.0 30 30 0.25 4 91.4
12 4.0 40 40 0.20 3 72.5
13 4.5 10 60 0.25 3 79.7
14 4.5 20 50 0.20 4 70.8
15 4.5 30 40 0.35 1 99.3
16 4.5 40 30 0.30 2 92.5
K1 85.350 86.650 90.000 70.875 84.725 —
K2 81.250 84.275 87.275 81.975 82.125 —
K3 85.775 84.100 80.675 89.975 83.600 —
K4 85.425 82.775 79.850 95.125 87.350 —
Range 4.525 3.875 10.150 24.250 5.225 —

dispersed and neatly comparable. This statistical analysis
technique has been demonstrated to be a highly efficient,
accurate, fast, and economical in experimental design
methods.”?* In general, if the optimization factors do not
influence each other, the results of SFED and OED may be
consistent with each other.

In this paper, on the basis of the results obtained by SFED,
factors such as pH, amount of PILs-Cs, RhB volume, and pump
speed were optimized by OED, and the details are shown in
Table 1.

The optimum conditions obtained by OED are as follows: pH
4.0, 0.35 g PILs-C5, 30 mL sample volume, and pump speed of
10 rpm. Compared with the SFED results, the pump speeds are
different (30 rpm (SFED) and 10 rpm (OED)). From Table 1, the
order of factors affecting ER is as follows: amount of PILs-Cs >
volume of RhB > pH > pump speed. Thus, the pump speed has
the least effect on ER. Although reducing the pump speed is
beneficial to improve ER, it has little effect on the increase of
ER. Therefore, to decrease analysis time, the pump speed of
30 rpm was selected.

Optimization of elution conditions

Selection of eluent types. In this experiment, methanol,
ethanol, acetone, benzene, hydrochloric acid, and sodium
hydroxide were used to elute the extracted RhB. It was found
that hydrochloric acid, sodium hydroxide, and benzene could
not elute RhB. Acetone could elute RhB, but it damaged PILs-Cs
and affected the reusability of the material. The elution effect of
methanol was the same as ethanol. In consideration of green
chemistry methods, ethanol was chosen as the eluent.

Optimization of elution parameters by SFED. The optimi-
zation of the elution parameters with SFED is shown in Fig. 5.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The optimized elution is as follows: eluent concentration 35%,
volume of eluent 2.0 mL, and rotation of pump 40 rpm.

Optimization of elution parameters by OED. Similar to the
optimization of extraction parameters, factors such as eluent
concentration, volume of eluent, and rotation of the pump were
optimized by OED, and the elution condition was consistent
with the optimal experimental scheme obtained by the SFED.
The results showed that there was no cross-effect among these
factors. Under the optimized conditions, the elution rate was
reached to 99.4%.

Reusability of PILs-C;

The reusability of PILs-Cs was studied. The experimental results
are shown as Fig. 6.

Fig. 6 shows that the ER was greater than 85% after 15
consecutive uses, indicating PILs-Cs had good reusability.

Effect of interferences

Under the condition that the relative error is not more than
+5%, the potential interference of Rhodamine 6G, Rhodamine
123, and other dyes was studied. The results in Table 2 show
that when the concentration of these dyes were 100 times that of
RhB, there was no interference in the extraction and detection
of RhB.

Analytical figures of merit

The proposed method was evaluated with particular focus on
linear range, detection limit, extraction capacity, and enrich-
ment ratio. The experimental results showed that under the
optimized conditions, the linear range was 0.02-2.4 pug mL™},
and the correlation coefficients (R*) was 0.997. The LOD was

RSC Adv, 2021, 11, 8255-8263 | 8259
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Table 2 The effects of potential interference from other dyes
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Foreign substances Tolerance limits (interferences/RhB)

Rh6G 100
Rh123 100
Sunset yellow 100
Neutral red 100
Fuchsin 100
Congo red 100
Ccl™ 500

0.004 pg mL™" (signal-to-noise ratio (S/N) was 3) and LOQ was
0.02 ug mL™" (S/N was 10), respectively. The extraction capacity
was 6.22 mg g ', and the enrichment ratio is 15.

The analysis of real samples

Under the optimal experimental conditions, the chromato-
grams of the lipstick samples before (curve e) and after (curve c)
SPE were measured (Fig. 7). It could be found that (1) the
retention time of RhB was about 7.2 min (curve a); (2) the peak
in the real samples were significantly enhanced after the SPE
(curve b and c); (3) the peak at 9.2 min of curve c disappeared
after extraction. The results of chromatographic experiments

8260 | RSC Adv, 2021, 11, 8255-8263

SO~ 500
Na* 1000
K" 1000
cu** 1000
Mg** 1000
Zn** 1000
Fe** 1000

show that PILs-Cs; has strong enrichment ability and good
selectivity.

Under the optimized conditions, this method was applied to
the detection of RhB in a variety of practical samples, such as
foods and daily chemical products using the standard addition
method. The results were shown in Table 3. It was found that
the recovery was between 91.0% and 110.0%.

Comparison of the present method with others

Table 4 lists the comparison of this method with those reported
in the literature. It can be seen that the recovery ratio and linear
range of this method are better than or on the same order of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(after extraction); (c) lipstick (after extraction); (d) shampoo (before
extraction); (e) lipstick (before extraction).

magnitude of the references. It is necessary to point out that
this method achieves automated on-line separation and anal-
ysis in all processes with less than 3 minutes determination
time. All in all, this method has the advantages of simple
operation process, short analysis time, and labor-saving.

Mechanism discussion

During extraction optimization, it was found that the ER in
acidic environment was significantly higher than in alkaline
environment, and the highest ER was found at pH 4.0 (see
Fig. 4a). This was due to the protonation of PILs-Cs under acidic
conditions. A hydrogen bond is formed with two oxygen atoms
of carboxylic acid on RhB. This leads to an increase in ER in
acidic environment.

The conclusions obtained by Gaussian simulation show that
hydrogen (on PILs-Cs) and oxygen (on RhB) may form hydrogen

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Determination of RhB in real samples

RhB added RhB found £ Recovery
Sample (ngL™ SD (ng LY (%) RSD (%)
RhB standard 0 0.81 £ 0.01 — 1.3
1.00 1.83 +0.03 103.0 2.2
2.00 2.92 £ 0.03 105.5 1.8
3.00 3.77 £ 0.07 98.0 1.9
Lipstick 0.00 0.22 + 0.01 — 4.5
0.20 0.44 £+ 0.02 110.0 5.1
0.40 0.60 £ 0.02 95.0 3.8
0.60 0.81 £ 0.03 98.3 4.1
Shampoo 0.00 2.78 £ 0.09 — 3.3
2.00 4.79 + 0.19 100.5 4.2
3.00 5.84 + 0.22 102.0 3.7
5.00 7.92 £0.34 102.8 4.6
Red pencil core  0.00 2.73 + 0.07 — 2.5
2.00 4.58 £ 0.15 92.5 3.2
3.00 5.80 4 0.31 102.3 5.3
5.00 7.85 + 0.23 102.4 2.8
Match head 0.00 1.81 4+ 0.08 — 4.4
2.00 3.63 £ 0.15 91.0 4.2
3.00 4.92 £ 0.15 103.7 3.0
5.00 6.70 £ 0.18 97.8 2.7
Eye shadow 0.00 0.25 + 0.01 — 4.7
2.00 2.19 £ 0.09 97.0 4.1
3.00 3.22 £0.11 99.0 3.3
5.00 5.23 + 0.16 99.6 3.0
Chili powder 0.00 0.00 — —
2.00 1.95 + 0.09 97.5 4.7
3.00 3.10 £ 0.13 103.3 4.3
5.00 5.17 £ 0.27 103.4 5.4
Lao Gan Ma 0.00 0.00 — —
spice sauce 2.00 2.08 £ 0.14 104.0 5.3
3.00 2.97 £0.12 99.0 3.8
5.00 4.85 £ 0.20 97.0 4.1

Table 4 Comparison of the present method with other reported
methods?

Method LR (ug L") LOD (ugL™") Recovery (%) Reference
SPE-UV 250-3000 3.14 96.0-118.0 10
SPE-HPLC 100-8000 3.4 78.47-101.6 33
SPE-HPLC 200-5000 107 81.9-97.5 34

MSPE-FL 100-9000 5.2 97.0-100.7 28
SPE-HPLC 20-2400 4.0 91.0-110.0 Present work

¢ LR: line range; LOD: limit of detection.

bonds. Fig. 8 shows the calculated bond lengths are O1-H2:
2.136 A, 01-H3: 2.703 A, and 02-H1: 2.164. Since these bond
lengths are less than 3 A, it proves that two oxygen atoms on
RhB have formed hydrogen bonds with hydrogen on PILs-Cs.

The post-treatment of PILs-C5

In the study of PILs, it is rarely shown how to treat used PILs.
However, PILs may bring harm to the environment if discarded
casually. Therefore, the post-treatment of PILs is a problem
worthy of consideration. In order to explore the post-treatment
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Fig. 8 Gaussian simulation.

of PILs-Cs synthesized in this paper, proper amounts of PILs-Cs
and PILs-C; extracted from RhB were transferred to a platinum
crucible. After slowly heating to 800 °C and maintaining for
10 min, PILs-Cs had decomposed completely, and there was no
residue in the crucible. The thermal decomposition was
analyzed by TG-FTIR at 10 °C min~ ', and the infrared stacking
curve (Fig. 9) showed that a number of gaseous products were
produced. According to the molecular structure and compar-
ison with an infrared analysis spectrum database, these gaseous
substances were identified as hydrogen fluoride (peak a),
phosphorus pentafluoride (peak d, g), phosphorous trifluoride
(peak g), fluorohydrocarbon (peak b, e, f), nitrile (d), and carbon
dioxide (peak c).***” The TG diagram (Fig. S27) also confirms
the complete decomposition of PILs-Cs at temperatures higher
than 800 °C. Therefore, the PILs-C5 used in this study can be
post treated by burning. The waste gas from combustion can be
washed by lye and organic solvent.

60

Transmittance(%)
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80
90
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1000

Time(m) 50- 0 3000 Wavenumber(cm)

70.0

Fig. 9 TG-FTIR analysis of PILs-Cs.
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Conclusion

In this work, PILs-Cs with the advantages of excellent selectivity
and simple separation/enrichment was synthesized and char-
acterized. The polymer was used as a solid-phase extraction
material in a novel self-designed device for the automated on-
line determination of trace RhB. The method has the advan-
tages of high sensitivity, low cost, simple operation, and
minimal interference. It can be applied to the analysis of RhB in
real samples. The PILs, used in the experiment, could be treated
by burn, realizing the post-treatment. This novel and small
device could be easily used in combination with other analytical
instruments, such as HPLC, UV, FL, EC, and so on. It provides
a simple way for the on-line sample pretreatment and analysis.
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