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a b s t r a c t

A high specific surface area amine-modified polymer of intrinsic microporosity (NH2-PIM-1) was 
synthesized by reducing nitriles to amines in the polymer of intrinsic microporosity (PIM-1) as an 
adsorbent to remove sunset yellow FCF (SY) from aqueous solution. The physicochemical proper-
ties of NH2-PIM-1 were characterized by infrared spectra (IR), scanning electron microscope (SEM), 
thermogravimetric analysis (TGA), nuclear magnetic resonance (NMR) and N2 adsorption-desorp-
tion isotherms measurement. The effect of initial solution pH value, dosage of adsorbent, contact 
time and initial SY concentration were systematically investigated. The sunset yellow FCF adsorp-
tion equilibrium was attained after 10 min and the adsorption capacity could reach 348.16 mg/g, 
which was superior to most of the other adsorbents previously reported. Kinetics and isothermal 
model experiments indicated that the adsorption of sunset yellow matched the pseudo-second-order 
kinetic model and Langmuir model, respectively. Thermodynamic analysis showed that the adsorp-
tion was endothermic, spontaneous and physical adsorption process. These results suggested that 
the NH2-PIM-1 was a rapid and efficient kind of adsorbent for removal of sunset yellow FCF.
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1. Introduction

Dye effluents discharged from dye industries, including 
textile, printing, food, etc., have become one of the major 
pollution sources of water [1]. Excessive colorful dyes and 
their derivatives in the water are difficultly degradable, 
highly toxic, mutagenic and teratogenic effects on aquatic 
life, which constantly threaten ecological equilibrium and 
human health [2,3]. Thus, it becomes necessary to remove 
these dyes before they are mixed with natural and unpol-
luted water bodies [4]. 

So far, various methods of treating dye wastewater are 
reported, such as focculation [5], oxidation [6], coagula-
tion [7], enzymatic catalysis [8], photocatalytic degradation 
[9], biodegradation [10], membrane separation [11], ion 
exchange [12,13] and adsorption [14]. Among these technol-

ogies, adsorption is the most common due to high efficiency, 
low cost, non-toxicity and simplicity. The preparation of 
adsorbent was critical for adsorption. Therefore, the devel-
opment of new modified adsorbing material and its appli-
cation are receiving more and more attention. Nowadays, 
agricultural solid wastes [15], chitosan [16], silica gels [17] 
and activated carbons [18,19] have been tested to remove 
dyes from aqueous solution. Wu [16] synthesized Fe3O4/
ZrO2-CMCS nanocomposite, and the adsorption capacity 
of SY over this nanocomposite was 143.2 mg/g. Liu [17] 
synthesized polyaspartate-modified silica gels (SG-pA) as 
an adsorbent for methylene blue (MB) removal with a max-
imum adsorption capacity of 90.2 mg/g, and the adsorption 
reached to equilibrium in 540 min. However, these adsor-
bents were deficient in adsorption capacities or efficiencies. 
The preparation of the efficient, fast, stable, low-cost and 
environment-friendly absorption materials is still research 
main task. Goscianska [19] synthesized ordered mesoporous 
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carbons modified with cerium as a high surface area adsor-
bent (908–987 m2·g–1) for sunset yellow (SY) removal with a 
maximum adsorption capacity of 323.91 mg/g. Therefore, 
the large surface area and many adsorption sites materials 
may provide a new way to solve this problem [20–23]. 

Polymer of intrinsic microporosity (PIM) is a new class 
of porous polymer that possesses high free volume, high 
specific surface area and a high affinity for organic species 
[24], which make it successfully applied in membrane gas 
separation, organics adsorption [25,26], heterogeneous 
catalysis and hydrogen storage [27]. Satilmis [28] modified 
PIM-1 with ethanolamine and diethanolamine to enhance 
CO2/N2 selectivity,and the dye adsorption study showed a 
good selectivity for anionic dye for 72 h of adsorption time. 
Zhang [28] prepared electrospun PIM-1 fibers to remove 
95% oil red o and solvent blue 35 from methanol in less than 
20 min. As its structure advantages of pore structure and 
available chemical modification, PIMs can be also used as 
a promising adsorbent for dye removal. In the adsorption 
process, the groups of -NH2 on the surface of the adsorbents 
can be protonated by the proton reaction and the groups 
of -NH3

+ with cationic charges can absorb the anionic pol-
lutants through electrostatic adsorption [29–32]. Thus an 
efficient adsorbent can be obtained by utilizing amine-mod-
ified PIM-1. However, to the best of our knowledge, there 
are a few reports on utilizing amine-modified PIM-1 (NH2-
PIM-1), as an effective adsorbent for fast removing sunset 
yellow FCF food dye (SY) with high capacity.

In this study, we synthesized NH2-PIM-1 via reducing 
nitriles to primary amines by borane tetrahydrofuran com-
plex and used as adsorbents to remove anionic dye sunset 
yellow FCF (SY) (Fig. 1). The physicochemical properties 
of NH2-PIM-1 were characterized by different instruments 
such as SEM, BET, TGA and FTIR. The effects of the param-
eters during the removal process including pH, dosage of 
adsorbent, contact time and initial SY concentration were 
systematically investigated in batch experiments to opti-
mize the adsorption conditions. The kinetics, isotherms 
and thermodynamics of sunset yellow FCF adsorption 
onto NH2-PIM-1 have also been discussed. The experimen-
tal results showed that NH2-PIM-1 could remove SY from 
aqueous solution efficiently. This study can provide a ref-
erence to treat dyes wastewater by using inexpensive, effi-
cient and easily-obtained the modified composites.

2. Materials and methods

2.1. Reagents and apparatus

5,5´,6,6´-Tetrahydroxy-3,3,3´,3´-tetramethyl-1,1´-spiro-
bisindane (TTSBI, 96.0%) was purchased from Tokyo 

Chemical Industry (Shanghai, China). Tetrafluorotere-
phthalonitrile (TFTPN, 99%), sunset yellow FCF (SY, 87%) 
and borane-tetrahydrofuran (1.0 mol/L in THF, with <0.005 
mol/L sodium borohydride stabilizer) were purchased 
from Aladdin Chemistry Co., Ltd. Anhydrous potassium 
carbonate, dimethylformamide (DMF), methanol, tetrahy-
drofuran (THF), dioxane and acetone with the analytical 
reagent grade were brought from Sinopharm Chemical 
Reagent Company (Shanghai, China).

All pH value adjustments were measured with a dig-
ital pHS-10C pH meter (Xiaoshan Instrument Factory, 
Hangzhou, China). The FT-IR spectra was measured on 
a Nicolet 5700-Fourier transform infrared spectrometer 
(Thermo Electron Scientific Instruments Corp. America) 
at room temperature. Scanning electron microscope (SEM) 
pictures was measured on ZEISS SUPRA 55 (Germany). 
The specific surface area was measured at 77K by nitro-
gen adsorption-desorption isotherms with a surface area 
analyzer (ASAP 2020, Micromeritics Instrument Corp., 
America), which was calculated with the Brunauer−
Emmett−Teller (BET) method. NMR spectra were mea-
sured using a Bruker Avance III 400 MHz instrument using 
an adamantane reference.

2.2. Preparations

2.2.1. Preparation of PIM-1

PIM-1 was synthesized at 65°C according to the proce-
dure described by Bekir Satilmis [25]. Briefly, TTSBI (5.1062 
g, 15 mmol) and TFTPN (3.0013 g, 15 mmol) were stirred 
and dissolved in 100 mL DMF at 65°C under nitrogen. Then, 
anhydrous potassium carbonate (5.1248 g, 37.08 mmol) was 
added to the system and the reaction mixture was stirred 
for 72 h. When the reaction finished, the mixture was cooled 
down then poured into 150 mL H2O. The crude yellow prod-
uct was collected by filtration. The filter cake was stirred in 
350 mL H2O for 15 min, recollected by filtration under vac-
uum and dried in an oven at 110°C for 12 h. Subsequently, 
the product was successively washed and filtered by 300 
mL dioxane, 100 mL acetone, 200 mL H2O and a further por-
tion of 100 mL acetone. The final product was obtained after 
dried at 110°C for 12 h.

2.2.2. Amine modification of PIM-1

The primary amines on NH2-PIM-1 were obtained by 
reducing nitriles on PIM-1 with borane tetrahydrofuran 
complex [33]. Specifically, PIM-1 solid (2 g) was added 
in THF (130 mL) with magnetic stirring in a nitrogen 
atmosphere at room temperature. Then the system was 
cooled down to 0°C for 15 min. With continuous stirring, 
borane-tetrahydrofuran (1.0 mol/L, 25 mL) was added by 
dropwise into the reaction mixture. And the mixtures react 
In the reflux device for 12 h with the help of magnetic stir-
ring. Then the system was cooled to room temperature. To 
get rid of the excess borane, ethanol (80 mL) was added to 
the system drop by drop. The crude product was filtered 
under vacuum and then stirred in methanolic HCl solution 
(1.0 mol/L, 120 mL) for 12 h. Subsequently, the filter cake 
was washed to neutral. Similarly, the solid was washed 
again by 5% NaOH solution (200 mL) for 3 h. And the solid 
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Fig. 1. Structure of sunset yellow FCF.
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was rinsed with water to adjust value of pH to neutral. The 
final product was obtained after dried at 110°C for 12 h.

The synthetic process is shown in Fig. 2.

2.3. Adsorption experiments 

Batch experiments were performed to investigate the 
effects of important parameters such as initial solution pH 
value, dosage of adsorbent, contact time and initial SY con-
centration on removal of SY dye by NH2-PIM-1. In order to 
optimize these parameters, 10 mL of SY solution (100 mg/L) 
and 5 mg adsorbent were added into a 50 mL centrifuge tube, 
and then the pH was adjusted to the desired value with 0.1 
mol/L HCl. The adsorption process was in the assist of a 
magnetic stirrer and a centrifuge for an appropriate period of 
time. The SY solution was withdrawn for analysis by using 
an UV-Vis spectrophotometer (UV-2450, Shimadzu) at 482 
nm. The extraction percentage (E, %) and the adsorption 
capacity (Q, mg/g) at equilibrium and each time segment 
were calculated by the following equations [32], respectively:

E C C Ce= −100 0 0( )/  (1)

Q C C V me= −( ) /0  (2)

where C0 and Ce are the initial and equilibrium dye concen-
trations in solution, respectively (mg·L–1), m is the mass (g) 
of the adsorbent and V is the volume of the solution (L).

3. Results and discussion

3.1. Characterization of NH2-PIM-1

3.1.1. FTIR and 13C NMR

The process of converting nitrile into amino groups 
can be confirmed by IR. As shown in Fig. 3, the bands at 
2241 cm−1 and 1263 cm−1 were attributed to the character-
istic nitrile and ether stretches in the spectrum of PIM-1. In 
addition, aliphatic and aromatic C-H stretches can be seen 
in the region 2800–3010 cm−1 which were consistent with the 
literature [25]. But in the spectrum of NH2-PIM-1 products, 

the new bands’ appearence of N-H stretch vibration (3382 
cm−1) and N-H bending vibration (813 cm−1) revealed that 
the nitrile groups were reduced into amino groups respec-
tively, complying with the literature [33]. Solid-state 13C 
NMR spectra of PIM-1 and NH2-PIM-1 were shown in Fig. 
4. Compared with peaks of PIM-1, the aromatic peak (94 
ppm)labeled 11 shifted to the peak (118 ppm) of NH2-PIM-1. 
And the peak labeled 12 was merged in –CH3, which was 
consistent with the literature [25]. Therefore, it can be rea-
sonably concluded that polymer of intrinsic microporosity 
(PIM-1) have been successfully modified with amine.

3.1.2. SEM and BET

Scanning electron microscopy (SEM) images of the mor-
phology of PIM-1 (a–c) and NH2-PIM-1 (d) were depicted 
in Fig. 5, respectively. It was shown that PIM-1 (a) was 
rough heterogeneous agglomerate microspheres with each 
spherical diameter of a couple hundred micrometers. And 
the broken parts of spheres (b-c) revealed an irregular inter-
connected porous network structures inside the particles. 
After amino modification, as shown in Fig. 5d, the spherical 
morphology was destroyed and the cellular frame was col-
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Fig. 3. FTIR spectra of PIM-1and NH2-PIM-1.
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lapsed and squeezed. This was consistent with N2 adsorp-
tion isotherms. Compared to PIM-1, although the surface 
area of NH2-PIM-1 was slightly decreased, the active sites 
increased due to the introduction of amine groups. There-
fore, NH2-PIM-1 could be used as an efficient adsorbent.

3.1.3. TGA

Thermal analysis experiments of PIM-1 and NH2-PIM-1 
were employed and the results were shown in Fig. 6. There 

was total weight loss of 31.2%for PIM-1 at 425–600°C which 
attributed to the decomposition of the skeletal structure. 
While two weight-loss stages of NH2-PIM-1 were observed 
as the temperature was increased from 50°C to 800°C. The 
first one was from 350 to 425°C with a total weight loss 
of 5.2% which attributed to the degradation of the amine 
groups and residual solvent. The second weight loss (425–
600°C) with a total weight loss of 30.1% could be ascribed 
to the decomposition of the skeletal structure which was 
similar to PIM-1.
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Fig. 5. SEM images of PIM-1 (a–c) and NH2-PIM-1 (d).
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3.3. Betch experiments

3.3.1. Effect of pH

The initial pH of the dye solutions was an important fac-
tor to controls the adsorption process, because it can change 
the charge of the adsorbents’ surface and ionization of dyes 
[24]. The effects of initial solution pH on SY adsorption onto 
NH2-PIM-1 was studied by varying the pH value from 2.0 
to 5.0 at room temperature. With increasing the acidity of 
the solution, the functional group (–NH2) of NH2-PIM-1 
could change into ammonium cation(–NH3

+). As shown in 
Fig. 7, percentage adsorption of SY increased gradually with 
decreasing pH from 5.0 to 2.0. As the pH value decreased 
from 5.0 to 3.0, the trend was that the extraction percentage 
of SY significantly increased from 23.05% to 99.90%. The 
protonation degree of –NH2 on the surface of the adsor-
bents increased with decreasing pH value, thereby further 
increase of SY adsorption might be due to the electrostatic 
attraction on the positively charged sites of NH2-PIM-1 [34]. 
However, with the solution pH value reducing below 3.0, 
the extraction percentage was still 99.90%. The reason may 
be attributed to the amine (–NH2) on NH2-PIM-1 could 
be completely protonated to cationic group, and the elec-
trostatic attractions between the adsorbent and adsorbate 
would keep constant. Thus pH 2.5 was selected as the pH 
condition for the following studies.

3.3.2. Effect of adsorbent dosage 

To investigate the effect of the amount of NH2-PIM-1 on 
the extraction percentage for SY, 10 mL solution containing 
100 mg/L of SY at pH 2.5 was stirred for 1 h with differ-
ent amount of NH2-PIM-1 ranging from 1.0 to 9.0 mg. The 
results indicated that the adsorption effect for SY increased 
significantly by increasing the dosage of adsorbent from 1.0 
to 9.0 mg, with 5.0 mg as the inflection point. From 1.0 to 
5.0 mg, the promotion of the extraction percentage was sig-
nificantly while the increase of extraction was not obvious 
after 5.0 mg. Therefore, 5.0 mg was the optimal amount of 
adsorbent.

3.3.3. Effect of contact time 

The effect of the contact time on the adsorption of SY was 
investigated at room temperature, with initial concentration 
of 100 and 300 mg/L respectively (as shown in Fig. 8). For 
both concentrations, the extraction percentage increased 
with high slope during the initial stage. But after inflection 
point, the growth rates become lower. The equilibrium was 
achieved after 10 min, which was faster than most of the pre-
vious works (shown in Table 1). The possible explanation for 
the observed curve could be that most vacant surface sites 
are available for adsorption at the initial stage, while the SY 
molecules were difficult to load on the remaining vacant 
surface sites with the increasing of contact time due to the 
increasing repulsive forces between the SY molecules and 
NH2-PIM-1. In this experiment, the adsorption equilibrium 
time was selected for the contact time of 10 min.
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3.3.4. Effect of initial SY concentration

The initial concentration of SY was an important fac-
tor to affect the capacity of adsorption. To further investi-
gate the maximum adsorption capacity of NH2-PIM-1, the 
experiments with SY concentrations ranging from 100 to 
500 mg/L were designed at three temperatures (283, 298 
and 313K), respectively. As shown in Fig. 9, the adsorp-
tion equilibria were obtained after 200 mg/L for different 
temperatures. The maximum adsorption capacities were 
304.38, 348.16 and 372.43 mg/g, respectively, corresponding 
to 283, 298 and 313K, which indicates that higher adsorp-
tion capacity can be obtained at higher temperature. It was 
found that the maximum adsorption capacity at room tem-
perature of NH2-PIM-1 was higher than most of the previ-
ous reported adsorbents (shown in Table 1), which could be 
attributed to (the high surface area and functional groups) 
the addition of amino groups. Thus, NH2-PIM-1 could be 
applied as a very efficient adsorbent of sunset yellow FCF 
with high adsorption capacity and low time cost.

3.4. Adsorption kinetics

Adsorption kinetics were studied by fitting the experi-
mental data with the pseudo-first-order kinetic model and 
pseudo-second-order kinetic model [40], respectively. The 
model equations are as follows:

ln( ) lnQ Q Q k te t e− = − 1  (3)

t Q t Q k Qt e e/ / /( )= + 1 2
2  (4)

In Eqs. (3) and (4), Qe and Qt are the amounts of 
adsorbed SY at equilibrium and at time t (min), respec-
tively, k1 and k2 are the equilibrium rate constant of pseu-
do-first-order sorption (min–1) and pseudo-second-order 
sorption (g·mg–1·min–1), respectively.

The plots of the linearized form of these models for 
the adsorption were showed in Fig. 10. As depicted in 
Table 2, in the calculation of pseudo-second order equa-
tion and pseudo-first-order equation, inaccurate sam-
pling and inaccurate testing within the error range may 
result in the difference between Qcal value and Qexp value 
[41]. However, the pseudo-second-order equation was 

more consistent with the experimental kinetic data than 
pseudo-first-order equation because of the larger value 
of linear regression coefficients (R2) in treating 100 mg/L 
and 300 mg/L of the SY concentration, which indicated 
the adsorption process of SY by NH2-PIM-1 from aqueous 
solution can be well described by the pseudo-second-or-
der model.

3.5. Adsorption isotherms

The adsorption isotherm model revealed the mecha-
nism of interaction between adsorbates and adsorbents 
[40]. Langmuir and Freundlich isotherm models [42] were 
studied to analyze the equilibrium adsorption data. The 
models could be described by the following equations, 
respectively.

C Q C Q bQeq eq eq/ / /( )max max= + 1  (5)

lg ( / )lg lgQ n C Keq eq= +1  (6)

Table 1
Comparison of SY adsorption performance of various adsorbents

Adsorbents Contact time (min) Adsorption capacity  (mg/g) Ref.

Cd(OH)2-NW-AC 15–30 80.6 [3]
MWCNT-PATMSPEDA-Pd-NPs 4 59.7 [18]
Ce/CKIT-6 70 223.91–323.91 [19]
CaAl-LDH-NO3 50 398.41 [26]
Zn(OH)2-NP-AC 5.2 115 [35]
PMO-IL 2 192.3–208.3 [36]
PDVB-IL 300 734.62 [37]
ZnO-NPs-AC 10 142.85 [38]
CdTN-AC 28 61.31 [39]
NH2-PIM-1 10 348.16 This study
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In Eqs. (5) and (6), Qeq is the amount of adsorbed SY 
in the adsorbent (mg/g), Ceq is the equilibrium concen-
tration in solution (mg/L), Qeq is the maximum adsorp-
tion capacity (mg/g), b is the Langmuir constant (L/
mg), K and n are the Freundlich constants. The adsorp-
tion isotherms were simulated by the Langmuir and Fre-
undlich isotherm models (Fig. 11), and Table 3 showed  
the parameters of the Langmuir and Freundlich iso-
therms. The Langmuir adsorption model had a higher 

R2 value and the adsorption capacity was calculated  
by Langmuir adsorption model conform to the exper-
imental value, indicating the adsorption isotherm can  
be depicted by the Langmuir isotherm model at three 
temperatures and the active sites on NH2-PIM-1 were 
homogeneous.

3.6. Thermodynamic studies

The thermodynamic parameters such as standard free 
energy change ΔGº (kJ/mol), standard entropy change ΔSº 
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Table 2
Adsorption kinetic parameters of SY on NH2-PIM-1

Concentration ( mg/L) Qexp

(mg/g)
Pseudo-first-order model Pseudo-second-order model

R2 Qcal (mg/g) k1 (min–1) R2 Qcal (mg/g) k2×102 (g/(mg·min))

100 199.80 0.8378 50.65 0.1856 0.9996 208.33 0.72
300 348.16 0.9841 238.05 0.2485 0.9989 370.38 0.17
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4. Conclusions

In this work, an efficient adsorbent (NH2-PIM-1) with 
a high specific surface area (593.03 m2·g–1) was successfully 
synthesized by reducing nitriles to amines in the polymer 
of intrinsic microporosity (PIM-1), which was applied to 
remove anionic dye sunset yellow FCF (SY) from aqueous 
solutions. The physicochemical properties of NH2-PIM-1 
were characterized by different techniques such as SEM, 
BET, TGA and FTIR. The adsorption process could be bet-
ter modeled by Langmuir isotherm equation and pseu-
do-second-order kinetic equation, providing R2 > 0.997.The 
adsorption capacity of SY on NH2-PIM-1 could reach 348.16 
mg/g within 10 min, which was probably contributed by 
the porous structure and the amine modification. Owing to 
the high surface areas, low-cost and high efficiency, NH2-
PIM-1 had great potential application as efficient adsorbent 
to solve environmental pollution in possible real work.
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