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Abstract 

We report the chemical synthesis of poly(aniline-co-aniline-2,5-disulfonic acid)) and its composite containing L-hexuronic 
acid and metallic Ag/SiO2 nanoparticles as a new thermally stable anionic polyelectrolyte for removing safranin dye. 
The composite was characterized by IR, UV, cyclic voltammetry, SEM, TEM, TGA, DSC, EDXS and elemental analyses. 
Microscopic images exhibited intensified spherical particles dispersed over almost the entire surface. The XRD exhibited 
peaks of the partially crystalline material at many 2θ values, and their interatomic spacing and sizes were calculated. 
The cyclic voltammograms exhibited characteristic redox peaks relative to the quinoid ring transition states. The 
uptake rates up to 82.5% adsorption were completed within 75 min and the equilibrium time was 45 min. The isotherm 
of dye adsorption interprets the interaction with the adsorbent and explain the relationship between the dye removal 
capacity and the initial dye concentration. In the current, the Langmuir isotherm model was the optimum to interpret 
both the dye/copolymer and the dye/composite interactions. The uptake of safranin by copolymer/SiO2@Ag nanocomposite 
was well defined by pseudo second order model with rate constant K2 = 0.03 g− 1 mg− 1 min− 1 for 19 mg safranin. 
A comparison of safranin adsorption efficiency of the synthesized material with other reported material in the same 
domain suggested that the present composite has a higher adsorption rate and capacity. The ongoing research 
is devoted to improving the removal percentage of the dye by using 1,3,5-triazine based sulfonated polyaniline/
Ag@ SiO2 nanocomposite.

Keywords  Adsorption, Dyes, Ag@SiO2 nanocomposite, Sulfonated polyaniline, Safranin, Response surface

Introduction
Water pollution due to the dyeing of textile fibers, paper, 
leathers, plastics, and pharmaceuticals is one of the 
most challenging problems in industrial waste manage-
ment because of its complexity, which directly influ-
ences drinking water [1, 2]. Some aromatic organic dyes 
are extremely hard-to-degrade and have toxic natures as 

exemplified by the cationic dye safranin; 3,7-diamino-
2,8-dimethyl-5-phenylphenazinium chloride, Fig.  1 [3]. 
Several techniques have been applied to remove dyes 
and water pollutants from water as possible methods to 
avoid their side effect. These techniques include adsorp-
tion, advanced oxidation, filtration, coagulation, floc-
culation, and microbial degradation [4]. Photocatalytic 
degradation of safranin dye from water using mineral 
clay photocatalysts has been considered as a suitable 
and efficient method. Bentonite/polyaniline/Ni2O3 com-
posite photocatalytic removal of safranin-O dye under 
sunlight exposure revealed better dye removal percent-
ages than its individual components [5]. Natural zeolite 
heulandite/polyaniline composite displayed high stability 
and photocatalytic efficiency after 5 runs [6]. Polypyrrole 
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nanofiber/Zn-Fe layered double hydroxide was assessed 
as efficient safranin dye adsorbent. The adsorption of 
safranin by the composite occurred in a multilayer form 
and the complete photocatalytic removal of 5 mg/L of the 
dye achieved after 120 min illumination time using 0.05 g 
of the composite as photocatalyst and the best results can 
be obtained at neutral to alkaline conditions [4]. Among 
many approaches employed for the removal of dyestuff, 
the adsorption approach exhibits interesting advantages 
such as high efficiency, ease of use, low energy con-
sumption, and cost-effectiveness [7]. Nevertheless, the 
reported shortcomings of the investigated adsorbents 
such as unacceptable reusability; and weak adsorption 
rate and capacity, highlight the need for new adsorbents 
with improved capabilities [8].

According to the literature reports, polymeric adsor-
bents exhibit a high surface area with pore size distribu-
tion, mechanical rigidity, and easy regeneration under 
mild conditions [9]. Polyaniline and its derivatives 
exhibit potent environmental stability and high adsorp-
tion capacities [10]. Polyaniline composites have often 
been used instead of neat polyaniline in the search 
for various application forms [11]. Polymeric com-
posites with metal oxides improved adsorption sites, 
adsorption capacity, and surface area; and decreased 
the polymer-dye equilibrium time [12]. Notably, the 
poor conductivity of such polymers never disquali-
fies them as being good adsorbents. Polyaniline-silicon 
is a traditional adsorbent for rapidly removing many 
dyes such as amido black 10B, methylene blue or reac-
tive orange 16 from aqueous solutions [13, 14]. Poly-
aniline/mesoporous silicate efficiently removed acid 
blue 62, acid violet 90, reactive red 2 and reactive blue 
194 [15]. A polyaniline/silver nanocomposite, using 
the reductive properties of this conducting polymer 
on silver ions, was used for the adsorption of brilliant 
green [16]. Substituted polyanilines have been used in 

the adsorption of adsorbed anionic azo dyes, acid red 
4, direct red 23 and reactive red 198 [15]. Polymeriza-
tion of aniline derivatives containing sulfonic groups 
leads to self-doped polyaniline, which is independent 
of external protonation in a broad pH range [16]. The 
expected promising sulfonated polymer–dye interac-
tion may open a new pathway to address such pollution 
threats [17]. Notably, dyes containing functionalities 
such as -OH, −NH2, −NR2, and -SO3H facilitate vari-
ous interactions with the polyelectrolyte which may 
be electrostatic, hydrophilic/hydrophobic, H-bonding, 
covalent, or nonbonding.

As a part of an ongoing project directed to new find-
ings in the field of water treatment using functionalized 
polyanilines as highly promising candidates [18, 19, 
20, 21], we investigated the use of (aniline-co-aniline-
2,5-disulfonic acid)/L-hexuronic acid/Ag@SiO2 nano-
composites as a new highly anionic polyelectrolyte with 
an enhanced adsorptive effect for removing the cationic 
dye safranin. The incorporation of disulfonated units 
into the polymer chain should double the sulfonate 
groups on the backbone and produce regular molecu-
lar structure polymers with a higher sulfonation degree 
[22]. The silver-doped silica-complex spheres were pre-
pared by the first hydrolysis of ethanol-diluted tetra-
ethyl orthosilicate (TEOS) followed by the subsequent 
addition of silver nitrate and NaBH4. The composite 
was characterized with IR, UV, XRD, cyclic voltam-
metry, scanning and transmission electron microscopy, 
thermogravimetric and differential scanning calorim-
etry measurements. The effects of experimental param-
eters such as pH, adsorbent dose, contact time, and dye 
concentration were investigated for safranin adsorp-
tion. To the best of our knowledge, no studies on the 
use of polyaniline derivatives/silica nanocomposites as 
adsorbents for the removal of heavy metal ions/dyes 
from aqueous solutions have been reported to date.

Experimental
Materials
Commercial aniline (AlGomhoria Chemicals Co.; 
Egypt), 2-aminobenzene-1,4-disulfonic acid (ICI, Man-
chester, UK), ammonium persulfate (Oxford Lab Fine 
Chemicals, India), and tetraethyl orthosilicate (TEOS) 
(98%, Sigma-Aldrich, Steinheim, Germany) were used. 
Silver nitrate (99.9%, HOLPRO ANALYTICS DIVI-
SION, Midrand, INDIA), sodium borohydride (95%, 
Fluka, Switzerland), and ascorbic acid (99.7%, Riedel-
De Haen AG, Seelze-Hannover). Ethanol and ammonia 
solution (30%) were used as purchased. All chemicals 
were used without further purification.

Fig. 1  Chemical structure of safranine
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Measurements
Infrared spectra (IR, KBr pellets; 3 mm thickness) were 
recorded on a Perkin-Elmer Infrared Spectrophotometer 
(FTIR 1650). All spectra were recorded within the wave-
number range of 4000–600 cm− 1 at 25 °C. Absorption 
spectra were measured with a UV 500 UV–Vis spectrom-
eter at 16 °C (rt) in DMSO with a polymer concentration 
of 2 mg/10 mL. Elemental analysis of the as-synthesized 
copolymer was performed at the Microanalytical Unit, 
Cairo University. Inherent viscosities (ηinh) were meas-
ured at a concentration of 0.5 g/dL in H2SO4 at 30 °C by 
using an Ubbelohde viscometer. Thermogravimetric (TG) 
and differential thermogravimetric (DTG) analyses were 
carried out in the temperature range from 20 °C to 400 °C 
in a nitrogen atmosphere by a Shimadzu DTG 60H ther-
mal analyser. The experimental conditions were platinum 
crucible, nitrogen atmosphere with a 30 mL/min flow 
rate and a heating rate of 10 C/min. Differential scanning 
calorimetry (DSC-TGA) analyses were carried out using 
SDT-Q600-V20.5-Build-15 at the microanalytical unit, 
Cairo University. Cyclic voltammetry was performed 
using an eDAQ system (www.​eDAQ.​com, Australia) con-
sisting of an ER466 potentiostat connected to an e-corder 
that was inputted to eChem software (running on a PC 
using Microsoft Windows 10). The working electrode 
was a 3 mm diameter glassy carbon electrode; the refer-
ence electrode was Ag/AgCl; and the auxiliary electrode 
was a 0.25 mm diameter Pt wire. The applied potentials 
ranged from − 500 to + 500 mV, and the scan rate during 
one cycle was 100 mV s− 1. The volume of the voltammet-
ric cell was approximately 15 ml. The polymer powder 
was pressed to form discs with diameters of 10 mm and 
thicknesses of 1 mm. Silver electrodes were deposited on 
both sides of the sample surface by thermal evaporation, 
and two copper wires were fixed on the sample using 
conducting silver paint. Energy-dispersive X-ray spec-
troscopy (EDXS) and the morphologies of the polymers 
were observed by scanning electron microscopy (SEM) 
(JEOL-JSMIT 200, Japan) and transmission electron 
microscopy (TEM) (JEOL-JTM-1400 plus, Japan) at the 
E-Microscope Unit, Faculty of Science, Alexandria Uni-
versity. The samples were sonicated in deionized water 
for 5 min, deposited onto carbon-coated copper mesh 
and allowed to air-dry before examination.

Preparation of silver‑doped silica‑complex nanocomposite 
3
The synthesis of silver-doped silica-complex spheres is 
slightly modified from the reported method [23]. In a 
100 mL round bottom flask, a mixture of EtOH (25 ml) 
and NH4OH (40 mL, 30%) was magnetically stirred for 
10 min. TEOS 1 (10 ml) dissolved in EtOH (20 ml) was 

slowly added and stirring was continued for 10 min. Then, 
TEOS 1 (5 ml) diluted in EtOH (5 ml) was added, and 
the mixture was magnetically stirred for an additional 
3 h at rt. After that, silver nitrate (0.5 g, 2.94 mmol) dis-
solved in distilled water (10 mL) was added to the stirred 
solution. After 30 min., NaBH4 (250 mg, 6.61 mmol) was 
subsequently added and stirring was continued for an 
additional 10 h. The mixture was centrifuged at 2000 rpm 
for 20 min., and nanoparticle 3 was collected as a brawn 
solid which was repeatedly washed with distilled water 
and acetone to remove the unreacted and undesired 
byproducts. The obtained nanosized solid 3 was dried in 
a vacuum oven at 80 °C for 24 h. IR (KBr, υ cm− 1): 3468, 
3459, 3449, 3437, 1635, 1500, 1459, 1420, 1402, 1385, 
1364, 1281, 1081, 798, 465. UV─Vis (λmax nm): ~ 400 nm. 
EDXS elemental analysis: O, 35.57; Si, 15.87; Ag, 45.28; 
Cl, 0.16; Na, 0. XRD (2θ): 23.5°, 38.5°, 44.8°, 64.3°, and 
77.2°.

Synthesis of (aniline‑co‑aniline‑2,5‑disulfonic acid) 
polymer 6
The titled compound 6 was prepared and characterized, 
Additional file 4: Supplementary 1.

Synthesis of poly (aniline‑co‑aniline‑2,5‑disulfonic acid)/
L‑hexuronic acid/Ag@SiO2 nanocomposite 7
Silver doped silica 3 (1.0 g), aniline-2,5-disulfonic acid 
4 (12.65 g, 0.05 mol), aniline 5 (2.00 g, 0.0215 mol, 15.8% 
weight of 1) and L-ascorbic acid (2.00 g, 0.011 mol, 15.8% 
weight of 1) were subsequently added to an aqueous 10% 
HCl (500 ml), and a solution of ammonium persulfate 
(15.0 g, 0.0657 mol) dissolved in water (50 ml) was sub-
sequently added over a period of 30 min. The mixture 
was mechanically stirred for 24 h at rt., and the color 
change pattern observed during the polymerization 
from the light yellow to light green and then finally dark 
green-brawn precipitate was observed from t ¼ 0 to 24 h. 
Polymerization was stopped by the addition of metha-
nol (50 ml). The resulting precipitate was subsequently 
washed with water (3x), aqueous 1 M HCl (1x), water 
(1x) and acetone (1x) to remove the unreacted starting 
materials and short oligomers. Finally, the precipitate was 
dried in a vacuum oven at 50 °C. Yield: 4.15 g. IR (cm− 1, 
u): 3480, 3468, 3400, 1640, 1609, 1586, 1570, 1493, 1405, 
1385, 1303, 1235, 1145, 1018, 881, 819, 802, 707, 667, 632, 
597, 563, 550, 540, 506, 454. UV–vis (λmax nm): 245, 375, 
640. Calc. for C42H46N6S2O26: (1115); C, 45.24; H, 4.16; N, 
7.54; S, 5.75 S/2 N ratio 0.38; Found: C, 46.03; H, 4.58; N, 
7.99; S, 5.33; S/2 N ratio 0.33.

Batch adsorption studies
A stock solution of safranine dye (1000 ppm) was pre-
pared by dissolving 1.0 g of dye in 1.0 L distilled water. 

http://www.edaq.com
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The working solutions were obtained by diluting the 
stock solution. Typically, different amounts of oli-
gomer 3 and nanocomposite 7 were added to 100 mL 
solutions with different dye concentrations under 
shaking conditions (300 rpm) at 25 °C for a particu-
lar time. Before adsorption, the pH value of each dye 
solution was measured. Different pH values were stud-
ied that were adjusted by using NaOH and HCl solu-
tions (0.1 mol / L). Then, the nanocomposite and liquid 
phases were separated via centrifugation. The concen-
tration of safranine dye was measured with a UV–vis 
spectrophotometer (Analytik Jena SPECORD 250, 
Germany). Equations (1) and (2) were used to deter-
mine the adsorption capacity (q, mg/g) of 3 and 7 and 
the removal percentage (% R), respectively. Equilibrium 
isotherms and adsorption kinetics for safranine dye 
were obtained by performing batch adsorption studies.

where Co is the initial dye concentration (ppm), Ce is the 
concentration of dye at equilibrium (ppm), Ct is the dye 
concentration at different times (ppm), m is the adsor-
bent dosage (mg) and V is the solution volume (L). All 
chemicals used in the experiments were of analytic rea-
gent grade.

Parameters affecting adsorption experiments

Effect of pH value  The influence of pH on the sorption 
process was investigated for safranin adsorption onto 6 
and nanocomposites 7 by shaking 2 g / L of sorbent in 
conical flasks with varied pH values (3–11) at 25 °C and 
100 rpm with 50 mL of initial aqueous safranin dye solu-
tion (30 ppm). Both HCl and NaOH were used to modify 
the pH, and the equilibration time was set at 75 min.

Effect of various concentration of safranin dye verses con-
tact time  Study the effect of adding a various concen-
tration of safranin dye with contact time was examined 
for 100 ml solutions with 20, 30, 40, and 50 ppm concen-
trations and containing 2 g/L adsorbent dose of 6 and 7 
for 80 mins.

Effect of adsorbent dose  Effect of adsorbent dose on dye 
uptake was investigated with 1, 2, 3, and 4 g / L of 30 ppm 
aqueous safranin dye solution for 75 min.

(1)q =
(Co− Ce)V

m

(2)%R =
(Co− Ct) x100

Co

Adsorption kinetics and isotherms studies  Different 
kinetic models are used to analyze the experimental 
data of different concentrations of safranin dye (20, 30, 
40, 50 ppm for 75 min, 25 °C, 2 g / L adsorbent dose) for 
copolymer 6 and nanocomposite 7 according to equa-
tions of pseudo first order and pseudo second order, dis-
cussed later in the results section. Also, Langmiur and 
Freuindish isotherm types were investigated for different 
concentrations of safranin dye for copolymer 6 and nano-
composite 7 according to its equations, discussed later in 
the results section.

Results and discussion
Preparation of poly (aniline‑co‑aniline‑2,5‑disulfonic 
acid)/L‑hexuronic acid/Ag@SiO2 nanocomposite 7
As shown in Fig.  2, the silver-doped silica-complex 
spheres Ag@SiO23 were prepared by hydrolysis of tetra-
ethyl orthosilicate (TEOS) 1 in ethanolic ammonia 
followed by subsequent addition of silver nitrate and 
NaBH4. The copolymer 6 was chemically prepared from 
commercial aniline-2,5-disulfonic acid 4 and aniline 5 
(10 wt% of 4) in low pH 1.5 aqueous HCl medium using 
1.25x equivalent of ammonium persulfate as an oxidiz-
ing agent [24], Fig.  2. The elemental compositions of 
polymer 6 were: C, 28.73; H, 2.70; N, 9.09; S, 22.83; S/2 N 
ratio 1.25 [Calc. for C36H41N11S10O35: (1492); C, 28.97; H, 
2.77; N, 10.32; S, 21.48; S/2 N ratio 1.04]. According to 
the elemental results, the S/2 N ratio is (1:1.25); in other 
words, every 0.75 aniline unit corresponds to one disul-
fonated aniline unit, in accordance with their reported 
analogues [18, 19, 25]. The calculated stoichiometry is 
close to the theoretical stoichiometry for a repeat unit of 
copolymer 6. The atomic composition of nitrogen is dif-
ferent than the theoretical value. This discrepancy might 
be related to the presence of ammonium hydrogen sul-
fate and/or ammonium chloride that were not able to 
fully wash out from the precipitated polymer during the 
working-up step. Targeted Ag@SiO2 nanocomposite 7 
was chemically prepared at rt. by stirring a mixture of 
Ag@SiO2 nanoparticles 3, aniline-2,5-disulfonic acid 
4, aniline 5 (10 wt% of 4) and L-ascorbic acid (10 wt% 
of 4) in a 10% HCl/H2O solution using 1.25x equivalent 
of ammonium persulfate, Fig.  2, eq. (III). Incorporation 
of L-ascorbic acid played a dual purpose: as an oxidant 
and a reactant. The hydrolysis of persulfate is initiated 
by the homolytic dissociation into the radical anion 
[(NH4)2S2O8↔2NH4

++S2O8
2−↔2SO4

· ̵)], which sub-
sequently propagates the radical chain reaction with 
sulfonated aniline as shown in Fig.  2. In the meantime, 
persulfate oxidation of ascorbic acid initiated by the 
in situ formed radical anion and subsequently, the result-
ing ascorbo- radical reduced another persulfate molecule 
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to generate a new radical anion, propagating the chain 
reaction [26]. The elemental compositions of poly (ani-
line-co-aniline-2,5-disulfonic acid)/L-ascorbic acid/Ag@
SiO2 nanocomposite 7 were C, 46.03; H, 4.58; N, 7.99; S, 

5.33; S/2 N ratio 0.33 [Calc. for C42H46N6S2O26: (1115); C, 
45.24; H, 4.16; N, 7.54; S, 5.75 S/2 N ratio 0.38]. Accord-
ing to the experimental elemental results the S/2 N ratio 
is (1:0.33); in other words, every three aniline units 

Fig. 2  Chemical synthesis of poly (aniline-co-aniline-2,5-disulfonic acid)/L-hexuronic acid/Ag@SiO2 nanocomposite 7
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corresponds to one disulfonated aniline unit, in accord-
ance with their reported analogues [18, 19, 25]. The 
0.33 S/2 N ratio found (Calc. 0.38) agrees with the theo-
retically predicted values. Interestingly, elemental analy-
sis data confirmed the regular presence of the L-ascorbic 
in the oligomer indicating the electrolytic-rich function-
ality of the product.

Structure characterization and property measurements
Infrared spectra
The FT-IR spectrum of copolymer 6, Additional file 4: Sup-
plementary 2, exhibited a broad band at approximately υ 
3421 cm− 1 assigned to unresolved NH stretching modes. 
The N-H bending of aromatic secondary amines also 
gives an absorption band in the υ 1567 cm− 1 region. The 
aromatic C-H peak is seen at υ 1610 cm− 1. The peaks at υ 
1184 cm− 1 υ 1042 cm− 1 correspond to C-H in-plane and 
out-plane deformations, respectively [18, 19]. The stretch-
ing of the benzenoid and quinoid structures is observed at 
υ 1610 and υ 1582 cm− 1, respectively. The aromatic C-N 
stretching absorption bands appeared at υ 1303 and υ 
1239 cm− 1. The bands observed at υ 1385 and υ 819 cm− 1 
are due to the C=N stretching of secondary aromatic 
amines. Absorption between υ 880 and υ 802 cm− 1 cor-
responds to C=C bending in 1,2,4,5-tetrasubstituted 
aromatic structures. Strong asymmetric and symmetric 
O=S=O stretching vibrations of SO3

− groups appeared at 
υ 1144 and υ 1017 cm− 1, respectively. The S-O stretching 
band appeared at υ 726 cm− 1, and the peak at υ 663 cm− 1 
corresponds to the C-S stretching vibrational mode. The 
weak characteristic peaks corresponding to ascorbic acid 
appeared at υ 3469 cm− 1 (−OH), υ 1700 (C=O), υ 1639 
(C–O stretching), υ 1382, υ 1378 (C–O–C stretching), 
and υ 670, υ 597 (−OH out of plane deformation). Some 
additional weak absorption bands appearing at υ 632, 
υ 622, υ 563, υ 538, and υ 506 cm− 1 were not assigned. 
SiO2@Ag nanocomposite 3, Additional file 4: Supplemen-
tary 2, exhibited two characteristic bands at υ 1081 and υ 
798 cm− 1 attributed to stretching of Si–O–Si and Si–O 
(silanol), respectively. The absorption bands at υ 1459 and υ 
1635 cm− 1 indicate the formation of Ag nanoparticles. The 
observed small broad band located at υ 3458–3437 cm− 1 
is attributed to the stretching vibration of the O–H bonds 
confirming the presence of Si–OH and/or adsorbed water. 
The bands at υ 1500 cm− 1 and υ 1402–1281 cm− 1 are 
attributed to NO3

− ions and those at υ 465 cm− 1 are due 
to Si–O rocking vibrations. The copolymer/L-hexuronic 
acid/SiO2@Ag nanocomposite 7, Additional file  4: Sup-
plementary 2, exhibited two characteristic bands at υ 
1145 and υ 802 cm− 1 which are attributed to stretching of 
Si–O–Si in SiO4 and Si–O (silanol), respectively. The peak 
at υ 563 cm− 1 is due to the bending vibrational mode of 
the Si–O–Si bond. The absorption bands at υ 1493 indicate 

the formation of Ag nanoparticles. The observed small 
band located at υ 3400 cm− 1 is attributed to the stretch-
ing vibration of the Si–OH bond. The small band at υ 
454 cm− 1 is due to Si–O rocking vibrations. Copolymer 6 
in the composite exhibited a broad band at approximately 
υ 3468 cm− 1, which was assigned to NH stretching. The 
N-H bending of aromatic amines gives an absorption band 
in the υ 1586 cm− 1 region. The aromatic C-H bond is seen 
at υ 1609 cm− 1. The peaks at υ 1018 cm− 1 and υ 1405 cm− 1 
correspond to C-H in-plane and out-plane deformations, 
respectively [16]. The stretching of the benzenoid and qui-
noid structures is observed at υ 1609 and υ 1570 cm− 1, 
respectively. The absorption bands at υ 1303 and υ 
1235 cm− 1 are characteristic of aromatic C-N stretching. 
Absorption between υ 881 and υ 819 cm− 1 was attributed 
to C=C in 1,2,4,5-tetrasubstituted aromatic structures. The 
O=S=O vibrations of SO3

− groups appeared at υ 1144 and 
υ 1017 cm− 1. The S-O band is seen at υ 667 cm− 1, and the 
peak at υ 632 cm− 1 corresponds to the C-S stretching vibra-
tional mode. The weak characteristic peaks corresponding 
to ascorbic acid appeared at υ 3480 (−OH), υ 1640 (C–O 
stretching), υ 1385, υ 1235 (C–O–C stretching), υ 707 and 
υ 597. Some additional weak absorption bands appearing 
at υ 538, υ 550, υ 540 and υ 506 cm− 1 were not assigned. 
Through comparisons, the FT-IR spectrum of copolymer 
composite 7 was quite similar to that of copolymer 6, which 
confirmed the formation of a polymer in the composite. 
Raw IR data are attached as Additional file 1.

UV absorption
The bandgap energy is calculated from the equa-
tion ΔE = hc/λ, where ΔE is the bandgap energy (eV), 
h = 6.625 × 10− 34 JS, c = 3 × 108 m/s, and λ is the 
wavelength. The UV─Vis spectrum of the SiO2@Ag 
nanocomposite, Additional file  4: Supplementary 3, 
exhibited the presence of a surface plasmon band in 
the visible region at λ 420 nm, and its bandgap energy 
was 2.88 eV which provided evidence for silver compos-
ite nanoparticle formation [27]. The electronic spec-
trum of copolymer 6, Additional file 4: Supplementary 
3, shows absorption bands at λ 355 nm, and λ 640 nm, 
and their bandgap energies were 3.49 eV, and 1.94 eV, 
respectively. The former peak at λ355 nm is due to the 
π–π* transition of the benzenoid ring in the extent of 
conjugation of the adjacent phenyl rings in the chain. 
Absorption at λ 640 nm is attributed to the quinoid ring 
transition, and charge transfer from the HOMO of the 
benzenoid ring to the LUMO of the quinoid ring. This 
specific absorption is dependent on the overall oxida-
tion state of the polymer [28]. The electronic spectrum 
of copolymer/SiO2@Ag nanocomposite 7, Additional 
file  4: Supplementary 3, shows absorption bands at 
λ 245 nm, λ 375 nm, and λ 640 nm, and their bandgap 
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energies were 5.06 eV, 3.31 eV, and 1.94 eV, respectively. 
The peak at 245 nm is due to the π–π* transition of 
the benzenoid ring in the extent of conjugation of the 
adjacent phenyl rings in the chain. The absorption peak 
near 400 nm confirmed the presence of silver nano-
particles. Absorption at λ 640 nm is attributed to the 
quinoid ring transition, and charge transfer from the 
HOMO of the benzenoid ring to the LUMO of the qui-
noid ring.

Energy‑dispersive X‑ray spectroscopy (EDXS) analyses
EDXS is a microanalysis of a chemical composition of 
elements. It is associated with SEM imagery of a speci-
fied area to characterize surface morphology. Qualita-
tive analysis involves the identification of the lines in the 
spectrum, and it is straightforward. Quantitative analy-
sis (determination of the concentrations of the elements 
present) entails measuring line intensities for each ele-
ment in the sample and for the same elements in cali-
bration standards of known composition. The chemical 
composition (wt%) of the sample according to the EDXS 
spectra of SiO2@Ag 3, Additional file  4: Supplementary 
4; was O, 35.57; Si, 15.87; Ag, 45.28; Cl, 0.16; Na, 0, and 
that of composite 7, Additional file 4: Supplementary 4; 
was C, 35.86; N, 8.22; S, 5.58; O, 35.19; Si, 9.82; Ag, 3.76; 
Cl, 1.57. Through comparison, it can be concluded that 
both elemental and EDXS analyses confirmed the suc-
cessful synthesis of copolymer/SiO2@Ag nanocomposite 
7. Interestingly, both analyses were identical confirming 
the participation degree of the disulfonated aniline moi-
ety in copolymer backbone 7 by the S/2 N ratio which is 
equal to 0.33.

Electron microscopy studies
Scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) were used as suitable tools 
to compare and investigate the morphologies of SiO2/Ag 
composite 3, copolymer 6, and copolymer/L-hexuronic 
acid/SiO2@Ag nanocomposite 7. As shown in Fig. 3, the 
surface morphology of copolymer 6 was marked by the 
presence of hemispherical well-separated particles, with 
an average particle size of 21.5 nm, rather than spheri-
cal particles. In the dense area of the image, the sample 
shows large different sizes and distributions of aggre-
gated spherical morphology. SEM images of SiO2@Ag 
composite 3 are shown in Fig. 3. The particles are ordered 
spherical in shape and well separated from each other, 
and the average particle size is 19 nm. Silver particles 
can be clearly seen embedded in the SiO2 matrix in the 
samples with higher Ag concentrations, Fig.  3, as sup-
ported by the EDXS results given above. SEM images 
of copolymer/L-hexuronic acid/SiO2@Ag composite 7 
are shown in Fig. 3. The composite displayed intensified 

spherical particles that were dispersed over almost the 
entire surface. Specifically, the microstructure of the 
sample was found to display particles having a spherical 
shape with a relatively uniform size, 30 nm, on the surface 
of the SiO2/Ag matrix. These surface characteristics indi-
cate that the SiO2/Ag particles penetrated the copolymer 
hemispherical phase, thereby promoting the formation of 
the targeted composite as the dominant phase. The par-
ticle shapes, compared to copolymer 6, appear almost 
spherical with a relatively larger average size of 30 nm. In 
the dense area of the image, the sample shows aggrega-
tion of large different sizes and distributions of spheri-
cal morphology. Figure 4 shows TEM images of SiO2/Ag 
composite 3, copolymer 6, and copolymer/L-hexuronic 
acid/SiO2@Ag nanocomposite 7. The size of SiO2/Ag 
composite 6 was in the range of 12–13 nm, while that 
of copolymer 6 was 21.7 nm. As shown in Fig.  3(c), the 
silver nanoparticles are not fixed on the composite sur-
faces and, correspondingly, the number of SiO2 particles 
in solution is increased; thus, the particle size further 
increases to form aggregations of increased particle size. 
As supported by the EDXS results, a fraction of silver 
particles breaks away from the composite surfaces [29]. 
Raw SEM images are attached as Additional file 2.

XRD analyses
The XRD spectra in the 2θ range of 5–80° of Ag@
SiO2 nanocomposite 3, copolymer 6 and copolymer/L-
ascorbic/SiO2@Ag nanocomposite 7  are shown in 
Additional file  4: Supplementary 5. The spectrum of 3 
exhibited the characteristic peaks of amorphous silica 
and crystalline silver at 2θ values of 23.5°, 38.5°, 44.8°, 
64.3°, and 77.2° [30], their calculated interatomic spac-
ing values (d) were 0.38 nm, 0.23 nm, 0.20 nm, 0.15 nm, 
and 0.12 nm, while their crystallite (grain) sizes were 
16.96 nm, 17.58 nm, 17.97 nm, 19.61 nm, and 21.25 nm, 
respectively. The former values are calculated using 
Bragg’s law [31]: order of reflection (n) x wavelength 
(l) = 2 x interplanar spacing (d) x sin θ, where (n) = 1 
and default laser is set at l = 0.15418. The crystallite 
size values are calculated using the Scherrer eq. [32] 
Dp = (0.94 x l)/ (b x cos θ); where Dp = average crys-
tallite size, b = line broadening irradiation, θ = Bragg 
angle, and l = X-ray wavelength. The most intense peak 
of Ag shows that the crystallinity of Ag increases with 
increasing Ag concentration. It is suggested that the 
presence of Ag particles favors crystallization on the 
formed amorphous silica during the reaction, however, 
there is no reaction between them to form a new phase. 
The XRD spectrum of 6 exhibited the characteristic 
peaks at 2θ values 8.58°, 9.94°, 17.65°, 20.20°, 22.78°, 
26.36°, 27.48°, 30.73°, 32.01°, 33.52°, 36.38°, 38.96°, 
43.39°, 45.03°, 50.28°, 54.55°, 57.13°, their calculated 



Page 8 of 17Hassan and Fattah ﻿Functional Composite Materials             (2023) 4:1 

Fig. 3  SEM images of: (upper) Copolymer 6 [scale bar (a) 5 μm; b) 500 nm]; (middle) The composite SiO2@Ag 3 [scale bar (a) 2 μm; b) 500 nm]; and 
(bottom) the copolymer/L-ascorbic/SiO2@Ag composite 7: (a) solid state; (b) suspension in dioxane
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interatomic spacing values (d) are 1.03 nm, 0.89 nm, 
0.50 nm, 0.44 nm, 0.39 nm, 0.34 nm, 0.32 nm, 0.29 nm, 
0.28 nm, 0.27 nm, 0.25 nm, 0.23 nm, 0.21 nm, 0.20 nm, 
0.18 nm, 0.17 nm, 0.16 nm, while their crystallite 
(grain) size are 16.65 nm, 16.66 nm, 16.80 nm, 16.86 nm, 
16.93 nm, 17.05 nm, 17.09 nm, 17.22 nm, 17.27 nm, 
17.34 nm, 17.47 nm, 17.61 nm, 17.87 nm, 17.97 nm, 
18.34 nm, 18.68 nm, and 18.90 nm, respectively. The 
XRD spectrum of 7 in the 2θ range exhibited the 
characteristic peaks at 2θ values 9.46°, 18.93°, 20.60°, 
24.84°, 27.67°, 32.64°, 33.65°, 37.48°, 44.21°, 46.09°, 
54.56°, 57.38°, 64.27°, 67.36°, 74.37°, and 76.58°, their 
calculated interatomic spacing values (d) are 0.93 nm, 
0.47 nm, 0.43 nm, 0.36, 0.32 nm, 0.27 nm, 0.24 nm, 
0.20 nm, 0.20 nm, 0.17 nm, 0.16 nm, 0.14 nm, 0.14 nm, 
0.13 nm, 0.12 nm, while their crystallite (grain) size 
are 16.66 nm, 16.83 nm, 16.87 nm, 17.00 nm, 17.10 nm, 
17.30 nm, 17.34 nm, 17.53 nm, 17.92 nm, 18.04 nm, 
18.68 nm, 19.61 nm, 19.94 nm, 20.84 nm and 21.16 nm, 
respectively. As reported, the characteristic 2θ value 
corresponds to van der Waals distances between stacks 
of phenylene rings to adjacent chains is equal to 25.5° 
[33, 34]. However, the copolymer 6 and its metallic 
composite 7 exhibited 2θ values at 26.36° and 27.67°, 
respectively. This change may be induced by increased 
separation of the polymer chains due to the presence 
of side groups and hence, lower the crystallographic 
order. The side chain -SO3

− group is likely to force the 
chain out of planarity by twisting the phenyl rings rela-
tive to one another [35]. Generally, the crystallinity and 
orientation of polymeric chains have been of much 
interest, because more highly ordered systems strongly 

influence the composite performance [36]. Raw XRD 
data are attached as Additional file 3.

Thermal analysis
TG-DTG and DSC curves for poly (aniline-co-aniline-
2,5-disulfonic acid) 6 and copolymer/L-hexuronic acid/
Ag@SiO2 nanocomposite 7  are shown in Additional 
file  4: Supplementary 6 and 7, respectively. The TG 
thermal degradation curve of copolymer 6 exhibited an 
interesting model of the stability of the polymer, and 
its subsequent weight losses could be divided into four 
steps. The first minor peak from rt. to 225 °C (weight 
loss 0.59%) could be attributed to the loss of absorbed 
water. The second minor weight loss at 418 °C (weight 
loss 23.34%); the strong differential thermogravimetric 
endothermic peak at 403 °C is likely due to decomposi-
tion and/or elimination processes of the side-chain sub-
stituents. The third oxidative thermal decomposition of 
the polymer backbones was suggested to occur above 
770 °C (weight loss 25.97%). The remaining polymeric 
residues (50.09%) were used as the final weight residue. 
In the DSC curve, the polymer shows an endothermic 
peak with an energy of 105.15 J/g at 74.6 °C, an endother-
mic peak of energy 9.23 J/g at 273.4 °C, an endotherm 
peak of energy 30.87 J/g at 360 °C, two endotherm peaks 
of energy 81.83 J/g at 404 °C and 34.19 J/g at 482 °C, cor-
responds to decomposition or elimination processes 
of the side-chain substituents and the subsequent mor-
phological change in the polymer [37]. DSC of the ligand 
6 exhibited gradual endothermic change over a wide 
range of temperature from room temperature to 780 °C. 
The first endothermic peak was observed in the range 
42 °C – 70 °C resulted from the vaporization of adsorbed 

Fig. 4  TEM images of: a copolymer 6; b SiO2/Ag composite 3; and c copolymer/L-hexuronic acid/SiO2@Ag nanocomposite 7
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moisture and volatile molecules in polymer matrix. The 
two exothermic peaks at 74.6 °C and 110 °C correspond to 
glass transition and material crystallization, respectively, 
indicating partially crystalline material, and this result 
was further confirmed by the above-mentioned crystal-
lization peaks in x-ray diffraction. In addition, the sam-
ple exhibited successive endothermic degradations at 
250 °C, 343 °C and 384 °C attributed to loss of substituents 
and removal of low molecular weight polymer/oligomer 
from the polymer matrix. The remaining endotherms at 
450 °C and 720 °C are due to the complete degradation 
and decomposition of the polymer backbone. The TG 
thermal degradation curve of nanocomposite 7 exhibited 
an interesting model of the stability of the polymer, and 
its subsequent weight losses could be divided into three 
steps. The first minor peak from rt. to 180 °C (weight loss 
--2.65%) could be attributed to the loss of absorbed water. 
The second minor weight loss at 414 °C (weight loss 
− 5.16%) and the third strong differential thermogravi-
metric endothermic peak at 780 °C (weight loss 8.96%) 
are likely due to decomposition and/or elimination pro-
cesses of the side-chain substituents. The DTG spectrum 
exhibited three endotherm peaks at 130 °C, 305 °C, and 
472 °C. The remaining polymeric residues (83.22%) were 
the final weight residue. In the DSC curve, the poly-
mer shows a weak endothermic peak with an energy of 
140.91 J/g at 186 °C and a weak broad endothermic peak 
centered at 380 °C up to 600 °C. DSC of the composite 7 
exhibited an endotherm peak at 93.5 °C attributed to the 
loss of adsorbed moisture and volatile molecules in com-
posite matrix. The sample exhibited two broad, nearly 
linear, endothermic degradations at 306 °C, 472 °C attrib-
uted to loss of the metallic composite ingredients and the 
removal of low molecular weight polymer/oligomer from 
the polymer matrix. The remaining broad endotherm 
centered nearly at 800 °C is due to the complete backbone 

decomposition. Worthy to note, DSC curve did not 
exhibit any exothermic effect, while the above mentioned 
XRD analysis indicated less ordered and less intense 
crystalline pattern. This could be attributed to the slow 
crystallization and the evolved heat flow over large tem-
perature range was lost in the baseline scatter. Because 
the gradual melting peaks of the metallic composite 7 are 
higher than that of the organic copolymer 6, it is rational 
to conclude that the presence of Ag@SiO2 contents in the 
composite 7 increased its thermal stability.

Cyclic voltammetry
It is well known in the literature that polyaniline in both 
doped and intrinsic states can exist in three different dis-
crete oxidation states at the molecular level depending 
on the relative number of benzenoid and quinoid units 
in the polymer. These states are known as the completely 
reduced leucoemeraldine, emeraldine and fully oxidized 
pernigraniline states, which all become protonated 
after doping. Therefore, its redox processes in 1 M HCl 
have two redox peaks: the first peak (leucoemeraldine 
↔ emeraldine) has an E1/2 = 0.18 V vs Ag/AgCl (satu-
rated) and the second (emeraldine ↔ pernigraniline) an 
E1/2 = 0.77 V [35]. The cyclic voltammogram of copoly-
mer 6, Fig.  5(a), exhibited two pairs of redox peaks at 
− 0.11 μA /0.06 V and 0.14 μA /0.24 V, while the two 
pairs of redox peaks are in 0.25 μA /0.14 V and 0.04 μA 
/− 0.14 V. The cyclic voltammogram of copolymer/L-
ascorbic/SiO2@Ag nanocomposite 7, Fig. 5 (b), exhibited 
three redox peaks at − 0.14 μA/0.004 V, − 1.47 μA /0.11 V 
and − 2.85 μA /0.18 V, and the other four redox peaks 
are at − 1.92 μA /0.22 V, − 0.007 μA /0.160 V, 1.30 μA 
/0.069 V and 2.81 μA /0.007 V, respectively. The influence 
of the presence of aniline disulfate copolymerized with 
aniline is similar to that of the aniline/orthanilic acid 
copolymer reported by Xu et al. [25]. The redox potential 

Fig. 5  Cyclic voltammetry (50 mV/s) of: (a) copolymer 6; and (b) copolymer/L-hexuronic acid/SiO2@Ag nanocomposite 7 in DMSO solutions
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of aniline/orthanilic acid copolymer (1:1), (1:2) and (1:4) 
was similar to polyaniline, whose first transition poten-
tial is 0.18 V and the second one is 0.7 V. However, in 
the cases of aniline/orthanilic acid copolymer (1:6) and 
(1:8) in 1.0 mol/L H2SO4 media, there were two pairs of 
redox peaks in the former at 0.29 μA /0.17 V and 0.56 μA 

/0.45 V, while the latter exhibited two pairs of redox 
peaks at 0.32 μA/0.23 V and 0.53 μA/0.43 V, respec-
tively. This means that the difference in the (aniline: 
orthanilic acid) ratios in the copolymer strongly affects 
the redox potential values of the product. For instance, 
the higher incorporation of sulfonated aniline units into 

Fig. 6  Effect of contact time on: (a) Copolymer 6 (2 g/L), and (b) Composite 7 (2 g/L) on % removal of safranine dye at different concentrations, 
pH = 7.2, 25 °C
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the copolymer leads to a lower potential energy for the 
second redox process [25]. This result is attributed to 
the steric hindrance and ineffective delocalization of 
the positive charge around nitrogen atoms could lead 
to an increase in the energy barrier to bipolaron forma-
tion, i.e., difficulty in the oxidation of the nitrogen atoms 
which results in a more positive potential energy for the 
first transition and a more negative potential energy for 
the second transition. With comparison to the inser-
tion of a unit of orthanilic acid, the insertion of a unit 
of aniline disulfate results in two sulfonate side-groups 
in the same benzene ring and the second process in the 
aniline-aniline disulfate copolymer is more effective than 
that in the aniline-orthanilic acid copolymer [25].

Adsorption studies of safranine dye

Effect of contact time  To establish an equilibrium time 
for maximum uptake and to determine the kinetics of 

the adsorption process, the adsorption of safranine dye 
on 6 and 7 as adsorbents was studied as a function of 
contact time and the results are shown in Fig.  6. It was 
found that the rate of uptake of safranine dye using 6 is 
rapid in the beginning in the range of 34% to 67% for dif-
ferent dye concentrations, Fig. 6 (a), and in the range of 
53.5% to 82.5% adsorption is complete within 75 min. 
The time required to achieve equilibrium is 45 min. For 
7, the rate of uptake of safranine dye is faster than using 
6, that is in the range of 56.8% to 69.2% in the beginning 
for different dye concentrations, Fig. 6 (b), and in range 
of 53.5% to 82.5% adsorption is complete within 75 min. 
The time required to achieve equilibrium is 45 min in the 
range of 75.8% to 81.7%, attributed to more vacant sites 
in adsorbent active surface until reach equilibrium state 
and higher interaction between the safranin cations and 
sequestering adsorbent sites. These results are qualita-
tively in good agreement with those reported in the lit-
erature [38].

Fig. 7  Effect of pH on the % removal of 30 ppm safranine dye for copolymer 6 and composite 7 (2 g/L) at 25 °C within 45 min

Fig. 8  Effect of adsorption dosage on % removal of 30 ppm safranine dye for copolymer 6 and composite 7 (2 g/L), pH 6.5, at 25 °C within 45 min
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Effect of pH  The influence of pH on the adsorption 
properties of safranin using 6 and 7 was studied as one 
of the main factors that control the adsorption mecha-
nisms of the studied solid adsorbents. The initial pH of 
the operating systems affects the speciation of the pre-
sent pollutant ions in the solutions as well as the sur-
face properties of the solid adsorbent as it can promote 
the protonation or deprotonation of the dominant surfi-
cial chemical functional groups [39]. The adsorption of 
safranin dye on 6 and 7 was monitored over a range of 
pH values from 3 to 11 of individual solutions, Fig. 7. Low 
percent removal was observed at pH 3. The removal effi-
ciency of safranin reached maximum values of 73.6% for 
6 and 59.3% for 7 at pH 9. The safranin’s amino groups 
(−NH2) are protonated at low pH values by acidic aque-
ous medium, while the sulfonic acid groups on the adsor-
bent under such conditions are intact in the dye solu-
tion. Therefore, a low electrostatic attraction exists and 
hence, acidic low pH values do not favor the adsorption 
of the cationic dye. As the pH of the system increases, 
free unpaired electrons become available on the terminal 
dye’s amino groups, which in turn will increase the elec-
trostatic attraction forces with the adsorbent sulfonate 
sites resulting in a high adsorption capacity at higher pH 
values [40].

Effect of adsorbent dosage  The adsorbent dosage is an 
essential parameter because it determines the maximum 
capacity of an adsorbent for a given dye concentration. 
The % removal for safranin dye as a function of adsorbent 
dosage using 6 and 7 was investigated, Fig. 8. The maxi-
mum percentages of dye removal were 55% and 68.3%, 
respectively, and then decreased with the adsorbent 
dose up to 4 g/L. The reduction in the removal percent-
age of safranin dye could be attributed to overcrowding 
of adsorbent molecules that may prohibit accurate dye/
adsorbent particle binding [41].

Adsorption isotherm study
The isotherm of dye adsorption interprets the interac-
tion with the adsorbent and highlights its importance 
to optimize the application of adsorbents. Therefore, 
the adsorption isotherms can explain the relation-
ship between the dye removal capacity and the ini-
tial dye concentration at constant temperature and 
equilibrium.

Langmuir isotherm  The Langmuir isotherm model [42] 
specifies monolayer adsorption of safranin dye onto 6 
and 7  without interaction between adsorbed ions. The 
linear form of the Langmuir isotherm equation is repre-
sented by eq. (3):

where Q0 is the maximum metal ion uptake per unit 
mass of adsorbent (mg/g) related to adsorption capac-
ity, b is the Langmuir constant (L/mol) related to the 
energy of sorption, Ce: is the equilibrium concentration, 
mg/l and qe: is the equilibrium adsorption capacity, mg/g. 
Therefore, a plot of Ce/qe versus Ce, gives a straight line 
of slope 1/Q0 and intercept 1/(Q0b). The results obtained 
from the Langmuir model for the removal safranine dye 
shown in table (1) indicate that the safranin dye is mostly 
adsorbed as a monolayer onto the adsorbents and the 
results reflected very high fitness which was reflected 
clearly in the values of the determination coefficients (R2 
more than 0.9) for polymers 6 and 7. Thus, the maximum 
adsorbed quantities for the dissolved contaminants can 
be achieved after saturation of all the present adsorption 
receptor sites by the captured pollutants from water [43]. 
Hence, the Langmuir isotherm is the optimum model to 
represent the uptake of safranin dye by copolymer 6 and 
composite 7.

(3)
Ce

qe
=

1

Q0b
+

1

Q0
Ce

Table 1  Langmuir and Freundlich models for the removal 
safranin dye by copolymer 6 and composite 7

Isotherm model 6 7

Langmuir model

  Q0 (mg g−1) 71.43 82.64

  b (L mg−1) 0.027 0.027

  R2 0.93 0.91

Freundlich model

  1/n 0.712 0.697

  kf 2.822 3.348

  R2 0.852 0.815

Table 2  Different kinetic model parameters for the removal of 
safranin dye by copolymer 6 and composite 7

Isotherm model 6 7

Pseudo first-order kinetics model (safranine dye50ppm)
  k1 (min− 1) 0.1088 0.0699

  qe exp. (mg/g) 17.5 18.2

  qe cal (mg/g) 17.7 18.6

  R2 0.91 0.957

Pseudo second-order kinetics model (safranine dye50ppm)
  k2 (g/mg. min) 0.0259 0.0192

  qe exp. (mg/g) 17.5 18.2

  qe cal (mg/g) 17.7 18.6

  R2 0.9975 0.994
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The Freundlich isotherm  The Freundlich isotherm [42] 
describes the adsorption equation for nonideal adsorp-
tion that involves heterogeneous adsorption and multi-
layer coverage of safranin dye onto 3 and 7 surfaces. This 
empirical isotherm is expressed by eq. (4):

The equation is conveniently used in the linear form by 
taking the logarithm of both sides as:

(4)qe = KFC
1
n
e

Fig. 9  Pseudosecond-order plot for oligomer 6

Fig. 10  Pseudosecond-order plot for composite 7
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The Freundlich constants, KF and 1/n, are related to the 
adsorption capacity and intensity of adsorption, respec-
tively. The values of n and KF can be calculated from the 
slope and intercept of the plot of log qe versus log Ce 
derived from Eq. (5). The magnitude of the exponent 1/n 
gives an indication of the favorability of adsorption; for 
a perfect heterogeneous surface, the value of 1/n should 
be close to zero. Theoretical calculations indicated that 
R2 = 0.852 and 0.815 for 6 and 7, respectively, Table 1.

Kinetic studies
Different kinetic models are used to analyze the experi-
mental data. The pseudofirst-order model is conceptual-
ized on the capacity of adsorbents for dye uptake, Eq. (6). 
It also assumes that the absorption on the sorption sites 
depends on the empty, i.e., unoccupied adsorbent sites, 
and these are directly proportional [44]. The rate con-
stant (k1) is estimated by plotting ln (qe-qt) against time 
[45]. The pseudosecond-order model presumes that dye 
is removed through chemisorption and physisorption 
[46]. Data fitting in this model determines the rate-con-
trolling step’s feasibility [47]. The rate constant(k2) is esti-
mated by plotting t/qt against t, as shown in Eq. (7). High 
R2 values (more than 0.99) and little difference between 
expected and calculated qe specify that kinetic data, 
Table 2, are best fitted in pseudosecond-order model for 
safranin dye removal using 6, Fig. 9, and 7, Fig. 10.

where qt and qe are the amounts of the adsorbate 
adsorbed at any time and equilibrium (mg/g), respec-
tively, k1 is the pseudo 1st order adsorption rate constant, 
and k2 is the pseudo 2nd order adsorption rate constant.

Comparison with literature
A comparison of safranin adsorption efficiency of the 
synthesized material with other reported material in the 
same domain suggested that the present composite was 
more efficient because it was able to remove 19 mg of the 
dye using 0.02 g within 75 min, while the photocatalytic 
removal of only 5 mg / L of the dye using polypyrrole 
nanofiber/Zn-Fe layered double hydroxide was achieved 
after 120 min illumination time using 0.05 g of the com-
posite [4].

(5)log qe = logKF +
1

n
logCe

(6)ln (qe + qt) = ln qe − k1t

(7)
t

qt
=

1

q2e k2
+

t

qe

Conclusion
We report the chemical synthesis of sulfonated 
polyaniline/L-hexuronic acid/Ag/SiO2 nanocomposite 
as a new highly anionic polyelectrolyte with an enhanced 
adsorptive effect for removing the cationic dye safranin. 
The composite structure was characterized with various 
analytical techniques like IR, UV, cyclic voltammetry, 
SEM, TEM, TGA, and DSC. Interestingly, elemental and 
EDXS results were identical to unambiguously confirm 
the participation degree of the disulfonated aniline moi-
ety in the copolymer backbone. SEM and TEM images 
of the SiO2@Ag nanospheres exhibited well-separated 
spherical particles with an average size of 10 nm. The sur-
face morphology of the organic copolymer was marked 
by the presence of hemispherical well-separated particles 
with an average size of 21.5 nm. SEM and TEM images of 
the targeted nanocomposite displayed intensified spheri-
cal particles that were dispersed over almost the entire 
surface, and the SiO2/Ag particles were distributed on the 
composite surface. The XRD spectrum exhibited peaks of 
amorphous silica and crystalline silver at many 2θ values, 
and their interatomic spacing values (d) and crystallite 
(grain) sizes were calculated. The 2θ values indicated that 
the side chain sulfonic group is likely to force the poly-
meric chain out of planarity by twisting the phenyl rings 
relative to one another and lower crystallographic order. 
The thermal degradation curve of the organic copoly-
mer or the composite exhibited an interesting model of 
the stability of the polymer, and their subsequent weight 
losses were completed in four steps, leaving more than 
50% of their weights as a remaining residue. The detected 
glass transition and crystallization peaks in DSC curves 
further confirmed the composite partial crystalline 
nature and the presence of Ag@SiO2 contents increased 
its thermal stability. The cyclic voltametric results indi-
cated that the prepared organic copolymer or its Ag@ 
SiO2 nanocomposite exhibited redox peaks like that 
reported of its analogue derived from aniline/orthanilic 
acid copolymer.

To evaluate the efficiency of copolymer and its Ag@
SiO2 composite as adsorbents for safranin-dye in aque-
ous medium, the effects of experimental parameters such 
as pH, adsorbent dose, contact time, and dye concentra-
tion were studied, and results are summarized as follows:

•	 The dye uptake rate using nanocomposite was rapid 
than using the organic copolymer and the maximum 
dye removal achieved was 82.5% within 75 min.

•	 The safranin removal efficiency reached maximum 
values of 73.6% and 59.3% by the two tested absor-
bents at pH 9.
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•	 The maximum percentage dye removal as a func-
tion of adsorbent dosage 2 g/L by the two tested 
absorbents were 55% and 68.3% and then decreased 
at higher adsorbent doses.

•	 The Langmuir isotherm model was optimum to 
optimize the application of adsorbents and the 
calculated maximum adsorption capacities of 
the copolymer and its metallic composite were 
71.43 mg g− 1 and 82.64 mg g− 1, respectively, at 
room temperature.

•	 The uptake of safranin by the copolymer and 
its Ag@SiO2 composite was well defined by 
pseudo second order model, with rate con-
stant K2 = 0.03 g mg− 1 min− 1 for 17.5 mg g− 1 and 
0.02 g mg− 1 min− 1 for 18.2 mg g− 1, respectively.

A comparison of safranin adsorption efficiency using 
the synthesized sulfonated polyaniline copolymer or its 
Ag@ SiO2 nanocomposite with other reported mate-
rial in the same domain suggested that the present 
crystalline composite has a higher adsorption rate and 
capacity. The ongoing research is devoted to improv-
ing the removal percentage of the dye by using sym-
metric 1,3,5-triazine based sulfonated polyaniline/Ag@ 
SiO2 nanocomposite. The 1,3,5-triazine unit has been 
used as a key functional group in host-guest chemistry, 
mainly based on generation of organized aggregates via 
strong three simultaneous hydrogen bonds formation.
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