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Abstract — The cyclomatrix phosphazenes-co-3,3'-sulfonyldianiline PSD-NH>
microspheres with active amino groups on the surface were prepared by
precipitation which was used to removal organic dyes from aqueous solution. The
synthesized amino cyclomatrix phosphazenes (PSD-NH.) microspheres were
characterized by FT-IR, SEM, XPS and XRD. The effects of different pH, sorbent
dosage, contact time, initial Congo red (CR) concentration and different
temperature on the adsorption of Congo red by the cross-linked microspheres
were studied. The experimental data show that the adsorption capacity of
PSD-NH2 microspheres on Congo red reaches 186.70 mg/g under the optimal
adsorption conditions. It conforms to the pseudo-second-order Kinetic equation
and Langmuir isotherm model. The selective adsorption mechanism for Congo red
dye can be summarized as intermolecular electrostatic interaction, hydrogen bond
between PSD-NH microspheres adsorbed on the surface and Congo red, n-n and
C-H...w stacking and other molecular forces. Thermodynamic studies have shown
that the adsorption of Congo redon PSD-NH> microspheres is endothermic and
spontaneous in nature. Thus, amino polyphosphazene (PSD-NH2) microspheres
have excellent adsorptionperformance for Congo red.

INTRODUCTION

In this day and age, the industrial wastewater produced and discharged by plastics, printing, prevention,
papermaking, electroplating and other industries contains a large amount of toxic azo dyes and heavy
metal ions, which are easy to accumulate in the ecological environment due to their poor biodegradability,

thus causing great harm to human health and ecological environment.: Organic compounds have widely
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in the dye, paper, textile and other industrial fields.* However, the highly water-soluble Congo red has a
high loss rate during the production and use process, which easily enters the water body and has
difficulty to degrade, and even it can transform into carcinogenic and toxic aromatic amines under
anaerobic conditions, which is harmful to the environment, aquatic organisms and human health.> At
present, the commonly used methods for treating dye wastewater include adsorption,® condensation,®
photocatalytic degradation,’® biodegradation and so on.22 Commonly used organic dye adsorbents are
mainly various types of porous materials with high specific surface area, such as activated carbon,®
zeolite,* clays,*> porous metal oxides,'> carbon-based materials,'® chitosan’ and composite materials
etc.1819

For the past few years, the use of polymer nanomaterials for dye adsorption has received extensive
attention from researchers. The main reason is that these nanomaterials not only have more active sites to
adsorb dyes, but we can also control their surface functional groups and internal structure, etc. Such as
polydopamine materials,? polypyrrole-based composite materials,? polyurethane materials,?2 porous
polyurea?® and other polymer materials as adsorbents to remove dyes have achieved good results. In
addition, polyphosphazene base materials are functional materials.2* The side chain substituents are
determined by the selected comonomers, so this type of material has a strong designability.? By adjusting
the polymerization reaction conditions,? it is possible to synthesize polyphosphazene materials with
different morphologies. This led us to develop a new type of adsorbent-amino polyphosphazene material.
In this experiment, amino polyphosphazene microspheres were prepared by one-step precipitation
polymerization.2® By using hexachlorocyclotriphosphazene (HCCP) and 3,3'-sulfonyldianiline as the
comonomer and triethylamine as the acid binding agent, precipitation polymerization takes place under
mild conditions. In this paper, the effects of different experimental conditions such as the equilibrium
time, the amount of adsorbent, the initial concentration of dye and the isotherm model (Langmuir,
Freundlich) and analyzes the thermodynamics and kinetics of PSD-NH; adsorption of Congo red, and

studies the PSD-NH2 micro mechanism of ball removal of dye.

RESULTS AND DISCUSSION

In this experiment, hexachlorocyclotriphosphazene (HCCP) and 3,3'-sulfonyldianiline were used to
synthesize an amino-containing polymer through one-step precipitation polymerization. The microsphere
is used to adsorb Congo red dye in the waste liquid, and its characteristics and stability are studied by
FT-IR, XPS, SEM, etc. Evaluate its application in removing dyes from wastewater. The experimental data
show that when pH=3.5, adsorption time is 120 min, mass is 5 mg, and the initial concentration of Congo
red is 120 mg/L, the optimal adsorption capacity of Congo red is 186.70 mg/g. At the same time,

according to the experimental parameters of adsorption isotherms and kinetics, the results show that the
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adsorption process live up to the Langmuir isotherm adsorption model (showing single-layer adsorption)
and the pseudo-second-order kinetic model (chemisorption process). Thermodynamic experiments show
that the adsorption behavior of Congo red on the PSD-NH: is an endothermic and spontaneous process.

Characterization of poly(cyclotriphosphazene-co-3,3'-sulfonyldianiline). Figure 1 shows the FT-IR of
monomer hexachlorocyclotriphosphazene, 3,3-sulfonyldianiline and PSD-NH> microspheres. The
absorption bands at 3393-3451 cm™ is the stretching vibration absorption bands of ~NHz which indicates
that the polymerized PSD-NH; microspheres contain a certain amount of —NH2 groups.?’ The strong
absorption peaks of 1600 and 1470 cm™ correspond to C=C in aromatics, 1300 m™* and 1150 cm™ are the
characteristic absorption peaks of O=S=0O telescoping vibration of the sulfonic diphenol group, the
absorption peak of P=N at 1211 cm™ and the stretching vibration peak of Ar-N-P at 958 cm™? 22 due to
the formation of Ar-N-P it can be preliminarily inferred that hexachlorocyclotriphosphazene and
3,3"-sulfonyldianiline have precipitated and polymerized to form new substances.®? The XPS spectrum of
the PSD-NH2 microspheres is shown in Figure 1d, which indicates the presence of O, N, C, S ,Cl and P
elements in this microspheres and the weight ratios are 13.0%, 17.0%, 52.6%, 5.3%, 2.6% and 9.5%
which in line with the theoretical values of ring cross-linked microspheres, thus indicating that PSD-NH>

microspheres have been successfully prepared.
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Figure 1. FTIR spectra of different monomers: (a) hecachlorocyclotriphosphazene (HCCP). (b)
3,3"-sulfonyldianiline, and (c) PSD-NH2 microspheres. (d) XPS Spectrum of PSD-NH2 microspheres

It can be seen from Figure 2a that the material exhibits a regular and relatively uniform spherical shape.
Figure 2b shows that the adsorbed microspheres show a rough spherical structure. XRD was used to
characterize the synthesized poly(cyclotriphosphazene-co-3,3'-sulfonyldianilide) PSD-NH2 microspheres
and their changes after adsorption of Congo red. The XRD spectrum is shown in Figure 2c. The
characteristic diffraction peak appears in the range of 22.02°, indicating that there is a local layer spacing
of the (sulfonyl)diimide layers in the microspheres, and the appearance is a ring-crosslinked amorphous
structure.®> After mixing with the aqueous solution containing Congo red, it was found that the
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characteristic diffraction peak became stronger, indicating that the molecular structure didn't change after
the dye was adsorbed.
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Figure 2. (a) and (b) respectively correspond to the SEM before and after PSD-NH> adsorption of Congo
red solution. (c) XRD patterns of before and after loaded with Congo red

Effect of pH. Accurately 10 mL (120 mg/L) Congo red aqueous solution with different pH conditions
(2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5) were added to an Erlenmeyer flask, and 5 mg PSD-NH. microspheres
were added under ultrasonic dispersion. The mixture was dispersed at a shaking rate of 120 rpm and room
temperature (30 °C) for 2 h. After centrifuge (4000 rpm) for solid-liquid separation, a WF-J2100 was
used to measure Congo red concentrations in the filtrate. The adsorption capacity (Q, mg/g) and removal

rate (R,%) of Congo red were calculated according to equations(1) and (2):32

Co—-Co)V
Q(mg /g) ={Co=Se N W
m
R(%):(C()_Cﬂ 2)
0

Where Cq is the initial concentration of Congo red (mg L™); Ce the concentration after adsorption (mg
L1); V is the solution volume (L) and m is the quantity of PSD-NH. (mg).

The pH value of the solution will affect the surface charge, space structure, adsorption site and the
performance of the solution.®® It can be seen from Figure 3 that when the pH value between 2.0 and 3.5,
the adsorption reaches the maximum value (the adsorption capacity is 179.18 mg/g). This is mainly due to
the anionic dyes being positively charged on the surface by protonation of the adsorbent under strong acid
conditions. These positively charged hydrogen ions combine with the adsorption sites in the PSD-NH>
microspheres, thereby obtaining a good adsorption effect through the electrostatic adsorption of dye
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molecules. Simultaneously, as the pH value of the solution increases, the amino groups on the surface of
the adsorbent will protonate and become negatively charged, and a mass of hydroxide ions will compete
with the dye ions to generate electrostatic repulsion, which is consistent with the trend reported in the
literature.>*2> The experimental results show that adsorption is favorable under acidic conditions, but
considering the actual situation the greater the acidity, the higher the requirements for equipment and the
stronger the corrosiveness. Therefore, the optimum adsorption condition is pH 3.5.
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Figure 3. The effect of pH on adsorption of Congo red by PSD-NH microspheres, (PSD-NH: dosage of 5
mg, the concentration of 120 mg/L, time of 120 min, temperature of 313 K and volume 10 mL)

Effect of adsorbent dosage. The experiment was used different adsorbent masses (3- 8 mg) under the
constant condition of Congo red solution (10 mL, 120 mg/L), time of 120 minutes, pH of 3.5. The
adsorption effect of the adsorbent on the Congo red solution is shown in Figure 4. The removal rate of
Congo red escalate with the increase of the adsorbent. This is because the number of adsorbed active sites
increase with the increases of the adsorbent, thereby improving the adsorption effect. That, under a
certain concentration of adsorbate, the addition amount of adsorbent is too small, the adsorption is
incomplete, and the removal rate is low; if the amount is too much, there are too many adsorption sites on
the adsorbent surface of the adsorbent, and the adsorption can not reach saturation low capacity.
Therefore, considering the relationship between the removal rate and the adsorption capacity, 5 mg of

PSD-NH2 was selected as the optimal adsorbent dosage.
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Figure 4. The effect of the amount of adsorbent on the adsorption of Congo red by PSD-NH> (The
concentration of Congo red dye was 120 mg/L, pH 3.5, time of 120 min, temperature of 313 K and
volume 10 mL)
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Effect of initial Congo red concentration. The relationship between adsorption capacity and initial
concentration is shown in Figure 5a. It can be seen from the figure that when the concentration of Congo
red is 80 to 140 mg/L, the adsorption capacity increases. This is because PSD-NH2 microspheres
introduce amino groups, and the Congo red dye molecule contains anions such as sulfonate. The active
groups such as amino can generate electrostatic attraction with the sulfonate of the dye molecule though
physical and chemical adsorption processes. More dye molecules occupy the active sites on the surface of
the adsorbent, thereby increasing the adsorption capacity. When the content of Congo red in the solution
is greater than 110 mg/L, the adsorption capacity gradually slows down. This may be for the adsorption
sites on the adsorbent have reached saturation after the Congo red solution reaches a certain concentration,
and the adsorbent can no longer adsorb more Congo red dye.®® Therefore, 120 mg/L was selected as the
optimal adsorption condition. Figure 5b is a schematic diagram of before and after Congo red adsorption.
It is obvious from the figure that the Congo red solution after adsorption becomes almost limpidity.

Therefore, it shows that PSD-NH2 microspheres are a kind of highly efficient adsorption material.
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Figure 5. (a) The effect of initial concentration on adsorption of Congo red by PSD-NH>. (b) PSD-NH>
microspheres adsorption Congo red solution (120 mg/L) comparison chart (PSD-NH: dosage of 5 mg, pH
3.5, time of 120 min, temperature of 313 K and volume 10 mL)

Adsorption isotherm. In order to further explain the adsorption mechanism of Congo red by PSD-NHo,
Langmuir and Freundlich isotherm were used to fit the experimental data, which are represented by

equations(3) and (4),%’ respectively:

C. C, 1

— =" ®)
Je  Omax  DOmax

In g, = InK; + InCe 4)

Where C. is the equilibrium concentration of Congo red in the filtrate solution (mg L), ge is the
equilibrium adsorption capacity (mg g), gmax is the maximum adsorption capacity (mg g2), b is the

Langmuir adsorption equilibrium conatant (L mg™), K is the Freundlich adsorption conatant and 1/n is
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the adsorption intensity constant.

The adsorption isotherm of PSD-NH2 microspheres on Congo red is shown in Figure 6, and the relevant
parameters calculated by the fitting equation are shown in Table 1. We found that the Langmuir isotherm
model (R?=0.9991) fits better than the Freundlish isotherm model (R?=0.9207). By fitting the curve, and
the gmax value (194.55 mg g?) of Langmuir isotherm model was close to the experimental gmax value of
186.70 mg g?, which shows that the process of adsorbing anionic dyes by our prepared amino
microspheres follows the Langmuir isotherm adsorption model. The adsorption active sites on the surface
of the aminocyclomatrix phosphazene microspheres are consistent and with the single-layer adsorption.*
Its maximum adsorption capacity is higher than the maximum adsorption capacity of Congo red by
bamboo hydrochars, metal oxide, composite material, solid phase adsorbent, chitosan and other

adsorbents reported in the literature (Table 2)
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Figure 6. (a) and (b) Langmuir and Freundlich plots for the Congo red adsorption on PSD-NH>
microspheres (The concentration of Congo red dye was 120 mg/L ,PSD-NH. dosage of 5 mg, pH 3.5,
time of 120 min, temperature of 313 K and volume 10 mL)

Table 1
The isothermal adsorption model parameters
Isotherm Parameters Congo red
Omax (MY 97 194.55
Langmuir b(Lg?l) 0.586
R2 0.9991
Kt (mg g)/(mg L™)*" 129.91
Freundlich % 0.101

R2 0.9207
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Table 2

Comparison of the maximum adsorption capacity of different adsorbents for Congo red dye
Adsorbents Adsorption capacity (mgg™) References
Bamboo Hydrochars 33.7 39
Mg-Al-layered double 37.16 40
hydroxide
Cetyltrimethyl ammonium 27.32 41
bromide (CTAB)
MWCNTs/Calcined 139.99 42
eggshell
[Zn(BDC)(TIB)]-3H,0 60 43
Solid-phase
Chitosan hydrobeads 92.59 44
PSD-NH2 microspheres 186.70 This experiment

Adsorption kinetic. Through the adsorption kinetics, the effect of PSD-NH2 microspheres on the
adsorption of Congo red dye at different times was studied, as shown in Figure 7(a). The experimental
results show that the adsorption capacity of Congo red reaches the maximum after 2 h of reaction, and
basically remains unchanged which can be considered as adsorption equilibrium. So, 2 h is chosen as the
optimum adsorption time in the following experiments. The experimental data were fitled with

quasi-first-order kinetic model (5) and quasi-second-order kinetic model (6).4>4¢

In(qe - qt) =In Q. — k1t ®)
l :;-FL (6)
0 ko (G)* 0

ki (minY) and k. (g mg! min') are the rate constant of quasi-first-order and
quasi-second-order,respectively, ge represents the adsorption capacity at equilibrium and q: is a certain
time adsorption capacity. The rate constants (ki, k2) and correlation coefficients obtained by linear fitting
are shown in Figures 7(b) and 7(c).

As shown in Table 3, the linear fitting of the quasi-second-order kinetic (R?=0.9979) is better than that of
the quasi-first-order kinetics (R?=0.7201), and the theoretical value of the second-order kinetic model is

e (194.17 mg g?), it is close to the experimental value ge (186.70 mg g*), from which we can infer that
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the adsorption behavior of PSD-NH2> microspheres on Congo red basically follows the quasi-second-order
kinetic model.
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Figure 7. (a) Effect of oscillating time on the adsorption of Congo red by PSD-NH. microspheres. (b) and
(c) pseudo-first-order kinetic and pseudo-second-order kinetic plots for the Congo red adsorption on
PSD-NH2 microspheres (the concentration of Congo red dye was 120 mg/L, PSD-NH2 dosage of 5 mg,
pH 3.5, time of 120 min, temperature of 313 K and volume 10 mL)

Table 3
Kinetic parameters of the adsorption
Pseudo-first-order Value Pseudo-second-order Value
de(Mmg g™ 43.84 de (Mg g) 194.17
¢l 0.015 k2 0.0005
R2 0.7201 R2 0.9979

Thermodynamics Research. To further investigate the adsorption thermodynamics of Congo red on
PSD-NH_, adsorption experiments at different temperatures (293.15-333.15K) are studied, this is shown
in the following Egs. (7), (8) and (9).

K, = COC_Ce x% @
0 0

K, = AS° AH .
R RxT

AG? =AH®-T xAS° )

Where Kgq is the equilibrium constant (mL g?), V is the solution volume (mL), m is the amount of
adsorbent (mg), T is the absolute temperature in Kelvin (K) and R is the ideal gas constant (8.314 J mol*
K1). The values of AH? and AS® were calculated from the slopes and intercepts of plots of Figure 8, and
AGYis calculated by the formula (7), and the relevant parameters of adsorption thermodynamics are in
Table 4.
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Experimental data show that the adsorption capacity of PSD-NH> microspheres on Congo red gradually
increases with temperature. It can also be said that increasing the temperature of the solution can increase
the adsorption effect of PSD-NH; microspheres on Congo red. AH? is a positive value, the adsorption
process of Congo red by PSD-NH. microspheres is an endothermic process, and increasing the
temperature of the solution is beneficial to the adsorption reaction. AG® is negative at different
temperatures, indicating that the adsorption of Congo red by PSD-NH2 microspheres is a spontaneous

process.
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Figure 8. (a)Effect of different initial temperatures on adsorption of Congo red dyes. (b)Thermodynamic
function graph (The concentration of Congo red dye was 120 mg/L ,PSD-NH2 dosage of 5 mg, pH 3.5,
time of 120 min and volume 10 mL)

Table 4
Thermodynamic parameters of Congo red on PSD-NH, microspheres

T(K) AG° (kJ mol?) AH° (kJ mol?t) AS® (kJ mol-1 K1)
293.15 -2.629

298.15 -3.164

303.15 -3.699 28.722 0.107
313.15 -4.769

323.15 -5.839

333.15 -6.909

Adsorption Mechanism. There are many factors that play a decisive role in the phenomenon of dye
adsorption, such as structural properties, dye structure, surface chemistry of adsorbent and the
relationship between specific interaction of adsorbent and adsorbent molecules.*” There are —-SO* and
—NH: groups in the Congo red molecular structure. When the pH decreases, -NH> on the surface of the

adsorbent and on the Congo red molecule are protonated to -NH3* and the electrostatic attraction between
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the two is weakened, resulting in a decrease in the adsorption capacity. It can be seen from Figure 3,
under suitable pH conditions, some Congo red molecules flocculate on the surface of the adsorbent,
indicating that a certain amount of flocculation occurs while adsorption.*® The adsorption process may
include a certain adsorption bridging effect. Congo red molecules form molecules interaction force.
Congo red with the largest molecular size is linear, and has a high negative charge and largest number of
aromatic rings. Therefore, the selective adsorption mechanism for Congo red dye can be summarized as
intermolecular electrostatic interaction, hydrogen bond between PSD-NH2 microspheres adsorbed on the

surface and Congo red, n-m and C-H...n stacking and other molecular forces,*? such as Figure 9 shows.

PSD-NH,

Figure 9. Schematic diagram of the possible interactions between PSD-NH and Congo red: electrostatic
attraction and 7-m interaction

EXPERIMENTS

Starting Materials. Hexachlorocyclotriphosphazene (HCCP) and triethylamine (TEA) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. 3,3'-Sulfonyldianiline was obtained from
Shanghai Haohong Biomedical Technology Co., Ltd. Anhydrous ethanol and Congo red (CR) dyes were
obtained from Hebei Industrial Analytical Reagent Factory and Shanghai Maclean Biochemical
Technology Co., Ltd. Respectively all chemical reagents were analytical pure and were used directly .
Synthesis of amino polyphosphazene (PSD-NH2) microspheres. Typically, 2.1429 g (6.1637 mmol) of
3,3"-sulfonyldianiline (MW: 248.30) and 0.7572 g (3.0495 mmol) of HCCP (MW: 347.66) were dissolved
in 100 mL of MeCN, then the mixed solution was poured into a three-necked flask, shaken to dissolving
it completely and 3 mL of triethylamine (TEA) was added to the solution dropwise. Use nitrogen as the
protective gas, set the reaction temperature to 65 °C, and place the three-necked flask in an ultrasonic
instrument (200 W, 40 KHz) for 12 h, then the reaction system was transferred to an oil bath and the
reaction mixture stir for 12 h, the process is repeated twice (Ultrasound and heating). After the reaction
was over, the products were centrifuged in a centrifuge machine (4000 r/min) for 5 min, and the separated

precipitate was washed 3 times with absolute ethanol and deionized water, respectively. At last, the
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washed product was dried in an oven (65 °C) for 24 h to obtain pale yellow solid PSD-NH>
microspheres.>® The synthesis of PSD-NH, microspheres was shown in Figure 10.
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Figure 10. The synthetic schematic diagram of PSD-NH2 microspheres

Characterization. On the Shimadzu (Japan) IR Prestige-21 infrared spectrometer, KBr solid tablets was
used to measure the infrared spectra in the range of 400-4000 cm™, and the material was initially
qualitatively analyzed. Observation of the size and morphology of PSD-NH2 microspheres with S-3400N
scanning electron microscope (SEM). The phase analysis of the sample was carried out with D8Advance,
Bruker AXS, Germany an X-ray diffraction spectrometer, Cu-Ka radiation was selected, and the scanning
rate was 8°/min. Elemental analysis of PSD-NH2 microspheres were performed by XPS (Escalab 250 Xi).
Before starting the adsorption experiment, different concentrations of Congo red (20-160 mg/L) were
prepared, and the Congo red solution of different concentrations was measured to obtain the
corresponding absorbance. The wavelength of Congo red under different pH values was tested, and the
maximum characteristic absorption wavelength (499 nm) (pH=5.0-12.0), the value under the condition of
580 nm (pH=2.0-5.0) [pHS-2C pH meter]( (Shanghai Dazhong Analytical Instruments Co., Ltd.) were
selected. The equation origin was obtained by linear extrapolation of the standard curve of Congo red.
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