
Colloids and Surfaces A: Physicochemical and Engineering Aspects 699 (2024) 134658

Available online 28 June 2024
0927-7757/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

Designing strategically functionalized hybrid porous polymers with 
octavinylsilsesquioxane/dibenzo[g,p]chrysene/benzo[c]-1,2,5-thiadiazole 
units for rapid removal of Rhodamine B dye from water 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The OVS-DBC-PO and OVS-DBC-BT 
POIPs were synthesized. 

• The OVS-DBC-BT POIP exhibited a Td10 
of 543 ◦C, char yield of 77 wt% and SBET 
of 386 m2 g− 1. 

• The OVS-DBC-PO and OVS-DBC-BT 
POIPs provide an adsorption capacity 
of 65 and 66 mg g− 1.  
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A B S T R A C T   

Because of their large surface area and persistent pores that have exceptional adsorption capabilities, porous 
organic/inorganic polymers (POIPs) with octavinylsilsesquioxane (OVS) units have attracted much interest 
recently. In this study aimed at removing Rhodamine B (RhB) from wastewater, we utilized OVS nanoparticles 
synthesized through the Heck coupling process to produce two distinct types: OVS-DBC-PO and OVS-DBC-BT 
POIPs. OVS and a variety of chemical compounds containing Br, such as tetrabromodibenzo[g,p]chrysene 
(DBC-Br4), 2,6-bis(4-bromophenyl)pyridine 1-oxide (PO-Br2), and 4,7-dibromobenzo[c][1,2,5]thiadiazole (BT- 
Br2) were involved in the reactions. Thermogravimetric analysis (TGA) results revealed that the high thermal 
decomposition temperature (Td10) of OVS-DBC-PO and OVS-DBC-BT POIPs were 447 ◦C and 543 ◦C, respectively. 
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Additionally, the OVS-POIPs demonstrated significant porosity, with the OVS-DBC-BT POIP exhibiting the 
highest specific BET surface area (SABET) of 386 m2 g− 1. OVS-DBC-PO and OVS-DBC-BT POIPs exhibit excep
tional porosity character. Based on dye adsorption measurements, RhB interacts with functional groups on the 
OVS-POIP samples’ surface and penetrates their pores, enhancing the number of contact sites and the effec
tiveness of adsorption. Both OVS-DBC-PO and OVS-DBC-BT POIPs demonstrated maximum adsorption capacities 
of 65 and 66 mg g− 1, respectively, at a pH of 4 and a temperature of 25 ◦C. As a result, OVS-DBC-PO and OVS- 
DBC-BT POIP materials could be viewed as efficient absorbents for removing RhB from aqueous solutions and 
this study presents a novel way of making POIPs, which are adsorbents used in the filtration and treatment of 
water.   

1. Introduction 

Since the onset of the industrial era, the discharge of water pollution 
from factories has emerged as a pressing issue [1–3]. Illegal dumping of 
industrial and textile wastewater has escalated, presenting serious risks 
to human health and the environment [4–8]. The existence of dyes in 
bodies of water has sparked concerns regarding potential harm to 
various organisms, including humans [1–3]. Consequently, global 
attention has pivoted towards addressing the proper management of 
hazardous substances in wastewater. Alongside governmental policies 
integrating water management with human activities and ecosystem 
preservation, there’s a growing focus on advancing wastewater treat
ment techniques. Methods such as membrane filtration, coagulation, ion 
exchange, adsorption, catalysis, sedimentation, and biodegradation are 
being explored as effective strategies to tackle this problem [9–11]. 
Among these, ion exchange and adsorption stand out for their simplicity, 
cost-effectiveness, and high efficiency in sewage treatment. Wastewater 
typically harbors numerous organic dyes, extensively utilized in in
dustries ranging from textiles to pharmaceuticals, plastics, and paints. 
Discharging untreated toxic dye wastewater into aquatic environments 
remains a primary cause of environmental degradation [12]. 

Rhodamine B (RhB) stands out among numerous organic dyes for its 
high toxicity in textile wastewater, despite its widespread use in the 
textile sector owing to its good stability and resistance to biodegradation 
[13–19]. Not only does RhB pose a significant environmental threat, but 

it also poses serious health risks to humans, classified as a carcinogenic 
and neurotoxic substance. Given these hazards, it’s crucial to explore 
effective methods for eliminating Rhodamine B dye from water [13–20]. 
There are several traditional techniques for treating wastewater, such as 
aeration, coagulation, chemical flocculation, sedimentation, and filtra
tion [9–11]. However, these techniques have drawbacks such as the 
generation of energy consumption, odors, and the need for extensive 
disposal areas. In recent years, several new dye removal methods have 
emerged, including electrochemical treatment, advanced oxidation 
processes (AOPs), adsorption, and biological treatment which are now 
commonly utilized. Among these, the adsorption method has gained 
significant traction for dye removal from wastewater [20–25]. In com
parison to biotechnological approaches with their inherent limitations, 
adsorption stands out because of its great effectiveness, versatility, and 
affordability. Furthermore, the recent development of alginate, natural 
adsorbents, and porous organic polymers has introduced highly efficient 
organic sorbents to eliminate dyes from water solutions [26–36]. 

Because they may combine the benefits of both organic and inor
ganic materials, hybrid polymeric porous materials, or HPPs, have 
attracted a lot of interest. One significant type of 3D organic-inorganic 
hybrid nanosized compounds among them is cage-like organosilane 
[37–44]. These molecules, typically structured in the cubic R8Si8O12 
configuration, referred to as cage silsesquioxanes (SQs), have a 
silica-like core and substituents connected to each vertex of the cage 
[45–48]. SQs units have mechanical characteristics similar to inorganic 

Fig. 1. Synthetic approach of (a) OVS-DBC-PO and (b) OVS-DBC-BT POIPs.  
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materials and great thermal stability [49–56]. Moreover, SQs offer the 
potential for further functionalization through organic methods. Among 
the various derivatives of caged sesquisiloxane, OVS stands out for its 
versatility. OVS could be utilized to produce porous materials through 
different synthesis routes, including the click reaction, hydrosilylation, 
Friedel-Crafts process, and Heck reaction [48,49,52]. The hybrid poly
mers synthesized using these methods retain the excellent optical and 
electrical properties of OVS. Porous organic polymers and OVS have 
gained increasing attention as adaptable building parts for fabricating 
porous materials due to their high stiffness and diverse functionality, 
offering numerous potential applications [48,49,52,57–62]. Notably, 
the Fu group successfully fabricated HPPs containing polyhedral oligo
meric silsesquioxanes (POSS) with various sizes, such as T8, T10, and T12, 
for the removal of RhB [39]. Liu et al. [63] reported that HPP-3, con
taining OVS and TPE units, achieved adsorption capacities of 
1666 mg g− 1 for RB. Furthermore, the same researchers demonstrated 
that RhB could be removed by hybrid porous polymers (THPP) with an 
adsorption capacity of approximately 1402 mg g− 1 [64]. Recently, our 
group reported the RhB adsorption capacities of OVS-TBN-THS HPP to 
be 42.12 mg g− 1, respectively [65]. DCB is a type of discotic DPAH and 
possesses a distinct helical configuration [66]. Due to their fascinating 
photophysical and electronic characteristics, such as extended excited 
state lifetimes and superior quantum yields, derivatives of dibenzo[g,p] 
chrysene have found applications in organic light-emitting diodes 
(OLEDs) [67], and various other fields in energy storage and H2 pro
duction[68–70]. Benzothiadiazole (BT) commonly features π-bridges 
composed of benzene and thiophene rings [71–73]. In organic elec
tronics, BT is widely used as an acceptor heterocycle. Identical config
urations are referred to as BT rings with the same substituents at the 4 
and 7 positions [74,75]. These structures are often utilized as monomers 
to create small molecules with diverse optoelectronic properties and 
donor-acceptor polymers [74,75]. 

Research on OVS-based POIP materials for water dye removal has 
been limited to date. Therefore, this study aims to utilize POIPs doped 
with OVS nanoparticles for rhodamine B elimination from wastewater. 
Two different POIPs were synthesized through the Heck coupling reac
tion, namely OVS-DCB-PO POIP and OVS-DCB-BT POIP. In these re
actions, OVS with DBC-Br4/PO-Br2 and DBC-Br4/BT-Br2 were employed, 
using DMF as the solvent along with K2CO3 and Pd(PPh3)4 around 110 
◦C for 3 days [Fig. 1]. The surface morphologies, porosity, and molecular 
chemical structures of both OVS- POIPs were thoroughly studied and 
determined using SEM, solid-state NMR [including 13C and 29Si and 13C 
NMR], and BET. OVS-DBC-PO and OVS-DBC-BT POIPs were found to 
have a char yield of 77 wt% and a Td10 value of 447 and 543 ◦C, 
respectively, based on the TGA results. Both OVS-DBC-PO and OVS- 
DBC-BT POIPs exhibited maximum capacity for adsorption of 65 and 
66 mg g− 1, respectively. The dye results revealed that RhB not only 
interacts with the functional group on the surface of OVS-POIP samples 
but also permeates into their pores, thereby increasing the number of 
contact sites and improving adsorption effectiveness. 

2. Experimental section 

2.1. Materials 

Nitromethane (CH3NO2), Pd(PPh3)4 (99 %), octavinylsilsesquioxane 
(OVS), 2,6-dibromopyridine N-oxide (PO), 2,1,3-benzothiadiazole (BT), 
4-bromophenyl)boronic acid (Ph-BrB(OH)2), HBr solution (48 %), iron 
(III) chloride (FeCl3), potassium carbonate (K2CO3, 99 %), Br2 (99.5 %), 
and AcOH (99.7 %), were purchased from Sigma–Aldrich. 

2.2. Synthesis of PO-Br2 

In a nitrogen environment, a mixture of PO (1.3 g), Ph-BrB(OH)2 
(4.13 g), K2CO3 (5.69 g), and Pd(PPh3)4 (0.3 mg) was placed into a 
flask. Then, THF (65 mL) and water (26 mL) were used as solvents. The 

reaction temperature was maintained at 75 ◦C and stirred for 2 days. 
Several filtration stages were conducted using water and methanol to 
remove excess monomer. The collected PO-Br2 powder appeared white 
[Scheme S1]. FTIR analysis showed peaks at 3097 (C-H aromatic), 1517, 
and 651 cm− 1. In the 1H NMR spectrum [Figure S1], peaks were 
observed at 7.4, 7.8, and 7.9 ppm. In the 13C NMR spectrum [Figure S2], 
peaks were observed in the range of 123–129, 132, and 148 ppm. 

2.3. Synthesis of BT-Br2 

158 g of Br2 solution and HBr (240 mL, 48 %) were mixed with BT 
(30 g). The resultant mixture was refluxed up to 90 ◦C. This solution was 
added to a 0 ◦C NaOH solution. The combination was then processed 
with DCM, resulting in a white powder (7.5 g, Scheme S2). 1H NMR: 
7.75 ppm [Figure S3]. 13C NMR: 154–115 ppm [Figure S4]. 

2.4. Synthesis of DBC-Br4 

Under an N2 atmosphere, 40 mL of dry DCM and 1.0 g of TPE-Br4 
(1.54 mmol) were combined. Subsequently, a solution of FeCl3 
(27.2 mmol) in 20 mL CH3NO2 was introduced into the reaction mixture 
using a septum. The resulting liquid was refluxed for 24 h. The product, 
DBC-Br4 solid, appeared yellow solid in MeOH solution (0.81 g, yield: 
81 %) [Scheme S3]. FTIR analysis revealed peaks at 3078, 1594 (C––C), 
and 591 cm− 1. In the 1H NMR spectrum [Figure S5], peaks were 
observed at 7.77, 8.42, and 8.73 ppm. 

2.5. Synthesis of OVS-DBC-PO and OVS-DBC-BT POIPs 

TBN-Br4 (0.015 g), OVS (0.5 g), PO-Br2 (0.88 g), K2CO3 (1.75 g), and 
Pd(PPh3)4 (49.33 m g) in DMF (20 mL) were combined, mixed and 
heated 110 ◦C for 3 days under a N2 environment. After three days of 
reaction. After that, the solution cooled to 25 ◦C. The solid was sepa
rated by several filtration stages using washing agents such as H2O, 
MeOH, THF, and acetone. The resulting OVS-TBN-PO POIP formed a 
cream powder that could be isolated during purification. The synthesis 
method for OVS-DBC-BT POIP is identical to that of the previously 
mentioned OVS-DBC-PO POIP, with the exception that PO-Br2 is 
substituted with BT-Br2. The resulting OVS-DBC-BT POIP formed a 
cream powder that could be isolated during purification. FTIR analysis 
showed peaks at 1607 and 3063 cm− 1. 

3. Results and discussion 

3.1. Synthesis and characterization of OVS-DBC-PO and OVS-DBC-BT 
POIPs 

The synthesis of two distinct POIPs, namely OVS-DBC-PO and OVS- 
DBC-BT POIPs, involved the preparation of structural unit monomers, 
including PO-Br2, BT-Br2, and DBC-Br4. PO-Br2 was synthesized by 
reacting the PO monomer with Ph-BrB(OH)2 in THF/water solution, 
resulting in a white powder [Scheme S1]. BT-Br2 was obtained as a light- 
yellow powder from the BT monomer, HBr, and an excess of Br2 solution 
[Scheme S2]. TPE-Br4 was reacted with FeCl3/CH3NO2/DCM to create 
DBC-Br4, which is a white powder [Scheme S3]. In Figs. 1(a) and 1(b), 
the synthesis of OVS-DBC-PO and OVS-DBC-BT POIPs involved the Heck 
coupling reaction. These reactions utilized OVS, DBC-Br4/PO-Br2, and 
DBC-Br4/BT-Br2 as the initial materials. As depicted in Fig. 1, the Heck 
coupling reaction occurred in DMF at 110 ◦C, with Pd(PPh3)4 and K2CO3 
serving as catalysts. Spectroscopic analyses were performed on DBC-Br4, 
PO-Br2, and BT-Br2 compounds, including NMR and FTIR. Figures S1 
and S2 display the recorded 1H and 13C NMR spectra of PO-Br2, while 
Figures S3 and S4 show those of BT-Br2 (measured in DMSO-d6). Clear 
peaks were observed for the chemical transitions of 7.93, 7.66, and 
6.54 ppm in the 1H NMR spectra of PO-Br2 due to the aromatic ring’s 
protons (Figure S1). This analysis was corroborated by the 13C NMR 
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spectrum depicted in Figure S2, which displayed notable signals for 
aromatic rings at 148.4, 140.3, 131.8, 126.7, and 122.0 ppm. Similarly, 
in the 1H NMR spectrum of BT-Br2 (Figure S3), a proton’s signal is at 
7.7 ppm. In contrast, the 13C NMR spectrum (Figure S4) exhibited three 
clear peaks at 153.9, 132.6, and 153.9 ppm, corresponding to carbon 
atoms in the aromatic ring. The peaks observed at 7.77, 8.42, and 8.73 
ppm in the 1H NMR spectrum of DBC-Br4 [Figure S5] correspond to the 
aromatic rings. 

Fig. 2(a) displays the OVS’s FTIR spectrum revealing clear 

absorption peaks. The absorption peak of the Si-O-Si group is identified 
at 1108 cm− 1, the C––C absorption peak is observed at 1600 cm− 1, and 
the absorption peak for the C––C-H unit is situated at 3065 cm− 1. 
Furthermore, the FTIR spectrum of DBC-Br4 (Fig. 2(a)) exhibits char
acteristic peaks for the C––C unit (1596 cm− 1). The C––C stretching vi
bration is prominent at 1517–1578 cm− 1 for PO-Br2 and BT-Br2 (Figs. 2 
(a) and 2(b), respectively). After the Heck reaction, the Si-O-Si signal of 
OVS initially positioned at 1100 cm− 1 undergoes broadening, showing 
that a cross-linked network is developing to create OVS-DBC-PO and 

Fig. 2. FTIR profiles of (a) OVS, DBC-Br4, PO-Br2, and OVS-DBC-PO POIP, (b) FTIR profiles of OVS, DBC-Br4, BT-Br2, and OVS-DBC-BT POIP, (c) Solid-state 13C CP/ 
MAS NMR and (d) 29Si MAS NMR spectra of OVS-DBC-PO, and OVS-DBC-BT POIPs. 

Fig. 3. TGA profiles of (a) OVS, DBC-Br4, PO-Br2, and OVS-DBC-PO POIP, and (b) OVS, DBC-Br4, BT-Br2 and OVS-DBC-BT POIP.  
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OVS-DBC-BT POIPs framework. Additionally, the OVS-POIPS’s FTIR 
spectra (Figs. 2(a) and 2(b)) show absorption bands for C––C stretching 
vibration in the region of 1580–1560 cm− 1, and for C––C-H, the ab
sorption band is in the range of 3065–3070 cm− 1. Solid-state NMR was 
utilized to determine the structure of OVS following the Heck reaction. 
In Fig. 2(c), the 13C solid-state NMR spectra of OVS-DBC-PO and OVS- 
DBC-BT POIPs display signals for the aromatic units in the range of 
150–125 ppm. The OVS cage in OVS-DBC-PO and OVS-DBC-BT POIPs 
was further confirmed using 29Si NMR as shown in Fig. 2(d). No T2 signal 
was observed in the 29Si NMR, indicating that the OVS cage remained 
intact after the synthesis reaction and did not collapse. Based on these 
results, the successful formation of OVS-PO and OVS-BT POIPs is 
confirmed through spectral analysis. 

The thermal properties of OVS, PO-Br2, BT-Br2, DBC-Br4, OVS-DBC- 
PO, and OVS-DBC-BT POIPs were analyzed through TGA measurements 
[Figs. 3(a) and 3(b)]. It is evident from the curves that after the Heck 
coupling reaction, the thermal stability of the two HPPs is higher 
compared to their corresponding monomers [OVS, DBC-Br4, PO-Br2, and 
BT-Br2]. Because of the internal cross-linked structure that was created 
during the reaction, thermal stability has increased. Among these two 
POIP structures, OVS-DBC-BT POIP exhibits the largest thermal stability. 
Td5 and Td10 were measured at 438 ◦C and 543 ◦C, respectively. The 
thermal behavior for OVS, PO-Br2, BT-Br2, DBC-Br4, OVS- DBC-PO, and 
OVS- DBC-BT POIPs were summarized in Table S1. 

The porosity of OVS-DBC-PO and OVS-DBC-BT POIPs was evaluated 
through N2 adsorption and desorption at 77 K and the Brunauer- 
Emmett–Teller (BET) theory was used to transform the original data. 
The rapid adsorption of both OVS-POIPs at low and high P/P0 values 
indicates the predominance of micropores and mesoporous, as illus
trated in Figs. 4(a) and 4(b). According to the IUPAC categorization of 
adsorption isotherms, OVS-DBC-PO and OVS-DBC-BT POIPs are classi
fied as Type I and Type IV, respectively. OVS-DBC-BT POIPs exhibit a 
higher specific BET surface area (386 m2 g− 1) compared to OVS-DBC-PO 
POIPs (265 m2 g− 1) [Figures S6, S7, and Table S2]. The predicted total 

pore volumes (Vtotal) of OVS-DBC-PO and OVS-DBC-BT POIPs are 0.45 
and 1.06 cm− 3 g− 1, respectively. Figs. 4(c) and 4(d) reveal that the pore 
size diameters of OVS-DBC-PO and OVS-DBC-BT POIPs are 2.30 and 
1.90 nm, respectively [using the nonlocal density functional theory 
(NLDFT) approach], demonstrating that the pores are predominantly 
microporous in both OVS-POIP materials. These findings prove that 
building OVS-based POIPs via the Heck coupling process is feasible. 

To confirm the morphological features of OVS-DBC-PO and OVS- 
DBC-BT POIPs, HR-TEM and FE-SEM imaging techniques were 
employed. Fig. 5(a-d) present FE-SEM images of OVS-DBC-PO and OVS- 
DBC-BT POIPs, displaying aggregated spherical particles. In HR-TEM 
images, partially ordered porosity is observed for both OVS- POIPs, 
suggesting an organized configuration with organic linkers, as demon
strated in Fig. 5(e-i). 

The elemental mapping depicted in Fig. 6 and S8 illustrates a 
consistent distribution of elements. It confirms the existence of C, N, O, 
and Si in OVS-TBN-PO POIP [Figure S8] and C, N, O, S, and Si in OVS- 
TBN-BT POIP [Fig. 6]. 

XPS scans were conducted to determine the relative chemical com
positions and electronic states of carbon, nitrogen, oxygen, silica, and 
sulfur on the surface of the POIP materials. High-resolution XPS spectra 
plots for C1s, N1s, O1s, Si2p, and S2p for the two POIP samples are 
shown in Figure S9. The deconvoluted C1s spectra of OVS-DBC-PO and 
OVS-DBC-BT POIPs reveal four distinct peaks. The fitting results for 
these C1s spectra [Figure S9(a)] identify four types of carbon states in 
both OVS-DBC-PO and OVS-DBC-BT POIPs: sp2 carbons bonded to ox
ygen (C-O, 286.55 eV), sp2 carbons bonded to nitrogen (C-N, 
285.50 eV), carbon atoms bonded to other carbon atoms (C––C, 
284.90 eV), and carbons bonded to silicon atoms (C-Si, 284.23 eV). It 
has been reported that the C1s state cannot precisely distinguish be
tween C–O and C–S due to their similar binding energies. Quantitatively, 
there is an observed increase in the C-O band percentage in OVS-DBC-BT 
POIP compared to OVS-DBC-PO POIP, which may suggest the inclusion 
of S-C in the BT ring of the former [Table S3]. Additionally, the 

Fig. 4. . (a-b) N2 adsorption and desorption and (c-d) pore size profiles of OVS-DBC-PO (a, c), and OVS-DBC-BT POIPs (b, d).  
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deconvolution of the N1s spectra for OVS-DBC-PO and OVS-DBC-BT 
POIPs reveals the presence of two nitrogen forms in each POIP 
[Figure S9(b)]. For OVS-DBC-PO POIP, the N1s spectra deconvolutes at 
approximately 402.94 eV and 399.32 eV, corresponding to incorporated 
N-O and sp2-nitrogen bonded to carbon atoms (N-C), respectively (In 
contrast, the N1s spectra for OVS-DBC-BT POIP deconvolutes at 
approximately 400.28 eV and 399.32 eV, corresponding to incorporated 
N-S and sp2-nitrogen bonded to carbon atoms (N-C), respectively. 
Furthermore, the surfaces of both POIPs exhibit three types of oxygen 
states [Fig. 9(c)] located at 534.21 eV, 533.02 eV, and 532.05 eV, which 
can be attributed to oxygen atoms in O-H, O-C, or O-N, and Si-O, 
respectively. Notably, the presence of nitrogen in our POIPs can 
induce structural defects in unsaturated carbons at carbon edges. These 
defects are highly reactive with physically absorbed oxygen, forming 
oxygen-containing groups when exposed to air, as we have shown 
above. These oxygen species are in addition to those originating from 
the OVS moiety. Furthermore, the deconvolution of the XPS signal for 
the Si atom within OVS-DBC-PO and OVS-DBC-BT POIPs reveals three 
Si2p states: Si-O at 104.76 eV, Si-OH at 103.64 eV, and Si-C at 102.66 eV 
[Figure S9(d)]. Importantly, the high-resolution XPS of the OVS-DBC-BT 
POIP shows the S2p state at 167.36 eV [Figure S9(e)], which originates 
from the N-S-N incorporated in the BT ring. 

3.2. The adsorption of RhB dye using OVS-DBC-PO and OVS-DBC-BT 
POIPs 

Based on prior literature, RhB exists in three different pronated 
variants with varying charges: RhBH+, RhBH2

2+, and the zwitterion 
(RhB±), appearing at different pH values. RhBH2

2+ predominates at pH 
values below one, RhBH+ is more common between pH 1 and 3, and 
RhB± dominates at pH values greater than 4. Additionally, RhB mole
cules can combine to form dimers, with the degree of dimerization 
varying depending on the protonation forms; RhB± exhibits a greater 
propensity for dimerization compared to positively charged cations. The 
degree of adsorption effectiveness is strongly influenced by the pH of the 
solution. In this work, we examined the POIPs’ adsorption impact in 
solutions ranging in pH from 2 to 7. The results shown in Fig. 7 show that 
the synthesized OVS-DBC-PO and OVS-DBC-BT POIPs’ RhB removal 
effectiveness is significantly influenced by the pH value of the solution. 
Both POIPs achieve a 100 % removal rate when the pH ranges from 2 to 
4. However, as the pH increases, the removal rate gradually decreases. 
The observed trend is attributed to differences in the carbon material’s 
surface charge and the structural changes induced by varying pH levels 
on distinct ionic species. 

RhB ions carry a positive charge and remain as monomeric molecules 
at pH levels below 4, enhancing their ability to permeate the pore 

Fig. 5. . (a-d) SEM and (e-i) TEM images of (a, b, e, f) OVS-DBC-PO, and (c, d, g, h, i) OVS-DBC-BT POIPs.  
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structure of adsorbent materials. As the pH exceeds 4, RhB molecules 
aggregate and transition into a zwitterionic state, resulting in the 
development of bigger molecules known as dimers [76,77]. These 
macromolecular dimers are challenging to enter the pores due to their 
size, resulting in decreased adsorption efficiency. The efficiency of the 
adsorbent decreases with increasing pH, but at pH 7, the removal rate of 
OVS-DBC-BT POIP (57.0 %) is higher than that of OVS-DBC-PO POIP 
(46.5 %). This is attributed to the higher surface area of OVS-DBC-BT 
POIP compared to OVS-DBC-PO POIP, resulting in a relatively higher 
removal rate. OVS-DBC-BT POIP demonstrates excellent performance in 
RhB removal across various pH values. The zero-potential charges of 
OVS-DBC-PO and OVS-DBC-BT POIPs are 6.37 and 6.52, respectively 
[Figure S10]. The surfaces of the sorbents were negatively charged at a 
pH range of 2–5, resulting in electrostatic attraction between the sor
bents and RhB in solution, which favored RhB capture. At pH levels 
higher than 7, the zeta potential of the sorbents’ surfaces was positive, 

indicating that the sorbents carried a positive charge. Consequently, 
physical π-π stacking attraction occurred between the sorbents and RhB 
dyestuff in the aqueous solution, contributing to RhB adsorption. 
Notably, at higher pH values, the adsorption capacities of RhB dyestuff 
using OVS-DBC-PO and OVS-DBC-BT POIPs decreased due to the con
version of cationic RhB dyestuff into its zwitterion form (RhB±), which 
supports electrostatic repulsion. Thus, we can infer that electrostatic 
interaction plays a significant role in the adsorption of RhB dyestuff by 
OVS-DBC-PO and OVS-DBC-BT POIPs. Optimizing contact time is crucial 
to guarantee the whole equilibrium of the dye-adsorbent system in 
adsorption experiments. The superior adsorption effect of OVS-DBC-BT 
POIP compared to OVS-DBC-PO POIP could be attributed to the former’s 
higher specific surface area. To confirm the efficiency of the materials in 
the adsorption process, the removal of RhB by the two OVS-POIP at 
different contact times was evaluated, as shown in Figs. 8(a) and 8(b). 
Fig. 8(b) illustrates the effect of interaction duration on RhB effective
ness of adsorption on OVS-DBC-PO and OVS-DBC-BT POIPs. At the 
initial stage, both OVS-DBC-PO and OVS-DBC-BT POIPs rapidly absorb 
dyes. Subsequently, the adsorption efficiency continues to increase, and 
after 48 h of adsorption, the curve reaches a plateau. This suggests that 
both adsorbents possess abundant adsorption sites and can effectively 
adsorb dyes even after an extended period. 

3.3. The adsorption isotherm on the removal of RhB using OVS-DBC-PO 
and OVS-DBC-BT POIPs 

Studying adsorption isotherm models is crucial for knowing the 
adsorption procedure and evaluating the efficiency of the used adsor
bent. In batch mode studies, a sequence of RhB different concentrations 
of dye solutions ranging from 10 to 150 mg/L were prepared. Equal 
amounts of two POIPs were added to each dye solution and stirred at a 
steady temperature until the point of equilibrium was attained. Then, 
using a UV–visible spectrophotometer, the RhB equilibrium concentra
tion in the solution was determined. The connection between the qe 
(adsorption capacity) and Ce (equilibrium adsorbate concentration) of 
OVS-DBC-BT and OVS-DBC-PO POIPs for the adsorption of RhB is 

Fig. 6. SEM-EDS analyses [C, O, N, S, and Si atoms] in the OVS-DBC-BT POIP framework.  

Fig. 7. Illustrates the impact of the initial pH of the solution on the adsorption 
process of RhB onto OVS-DBC-PO and OVS-DBC-BT POIPs. Dye concentration =
25 ppm; adsorbent mass = 0.5 g/L; contact time= 24 h. 
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presented in Fig. 9. It was observed that increasing the concentration of 
RhB resulted in higher adsorption capacities of the OVS-POIPs, reaching 
stability at higher Ce values. As the RhB concentration increased, the 
mass driving force also increased, leading to a higher adsorption ca
pacity of the POIPs. Consequently, with increased adsorption capacity, 
more adsorbate molecules could be absorbed on the surface of the OVS- 
POIPs. These findings demonstrate the potential of OVS-POIPs in 
removing Rhodamine B from the solution. 

The isotherm model is the most complete and direct equation utilized 
to explain the adsorption process. In Fig. 10(a-d), the RhB adsorption 
data by POIPs is analyzed using the Langmuir and Freundlich isotherm 
models. Eq. (1) is the linearity of the Langmuir model: 

Ce

qe
=

1
qmax × KL

+
Ce

qmax
(1) 

The maximum adsorption capacity of OVS-POIPs is denoted by qmax, 
which is also quantified in mg/g. The adsorption energy and capacity are 
correlated with the Langmuir isotherm constants, expressed as KL (L/ 
mg). Eq. (2) is the linear equation of the Freundlich model, The 
adsorption energy and capacity are related to the Freundlich (KF, mg1− n 

Ln/g). The relevant calculated values are recorded in Table 1. 

logqe = logKF +
1
n
logCe (2) 

According to the Freundlich isotherm model, both correlation co
efficients (R2) of OVS-DBC-PO and OVS-DBC-BT POIPs are 0.97 and 0.98 
which is significantly larger than the Langmuir isotherm (R2 is 0.90, and 
0.94 respectively). This demonstrates that rhodamine B’s adsorption by 

the two POIPs occurs in multiple layers [78]. 
Non-linear fittings of the adsorption isotherm data of RhB onto OVS- 

DBC-PO and OVS-DBC-BT POIPs to the examined adsorption isotherm 
models are depicted in Figure S11. The resulting R2 values, isotherm 
parameters (KF, n, KL, qm, AT, B, KR, bR, and g), chi-square (χ2), and 
standard errors are presented in Table S4. It is evident that the Redlich- 
Peterson model not only achieved the highest correlation coefficient 
values (R2 = 0.949 for OVS-DBC-PO POIP and 0.995 for OVS-DBC-BT 
POIP), but also the lowest χ2 and standard error values. Therefore, the 
adsorption isotherms of RhB are best described by the Redlich-Peterson 
equation. This hybrid isotherm model effectively represents adsorption 
equilibria across a broad range of concentrations and applies to both 
homogeneous and heterogeneous systems. The g values from the 
Redlich-Peterson model in this study (Table S4) fall between 0 and 1 (g 
= 0.918 for OVS-DBC-PO POIP and 0.724 for OVS-DBC-BT POIP), 
indicating favorable adsorption of RhB onto the OVS-POIP materials. 

3.4. The kinetic studies on the removal of RhB dye using OVS-DBC-PO 
and OVS-DBC-BT POIPs 

To investigate the mechanisms of substance removal from aqueous 
solutions, particularly dye adsorption, different models of mathematics 
are commonly utilized for kinetic data analysis [79,80]. Among these 
models, the Lagergren rate equation (Eq. 3) is widely utilized. Here is the 
representation of the Lagergren rate equation: 

dq1

dt
= k1(qe − qt) (3) 

Eq. (1) shows that the dye concentration (mg/g) during the 
adsorption process at equilibrium and at a certain moment is denoted by 
the variables qe and qt, respectively. The dye’s pseudo-first-order 
adsorption equilibrium rate constant is represented by the value k1. To 
obtain Eq. 4, restrict the integration of Eq. 3 to the intervals t = 0 to t and 
q = 0 to qt. 

ln(qe − qt) = lnqe − k1t (4) 

To find k1 for RhB adsorption capacity on the two OVS-POIP ad
sorbents, ln(qe-qt) is plotted against time (t) in Figs. 11(a) and 11(b).  
Table 2 displays the computed values. Ho and McKay’s suggested 
equation is used to determine the pseudo-second-order dynamics. The 
following is the expression for the differential Eq. 4: 

dqt

dt
= k2(qe − qt)

2 (4) 

The pseudo-secondary adsorption equilibrium’s rate constant is k2 
(g/(mg.min)). When Eq. (4) is integrated from t = 0 to t = qt, Eq. 5 is 
obtained. 

Fig. 8. (a) RhB’s adsorption process using OVS-DBC-PO and OVS-DBC-BT POIP, and (b) kinetic information for that procedure. Dye concentration = 25 ppm; 
adsorbent mass = 0.5 g/L; pH=4. 

Fig. 9. Adsorption isotherm of RhB dye onto OVS-DBC-PO and OVS-DBC-BT 
POIPs. adsorbent mass = 0.5 g/L; pH=4; contact time= 24 h. 
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1
qe − qt

=
1
qe

+ k2t (5) 

Eq. 6 illustrates a pseudo-second-order reaction’s integral rate law. A 
linear form can be obtained by rearranging it [70]: 

t
qt

=
1

k2q2
e
+

(
1
qe

)

t (6) 

Figs. 11(c) and 11(d) depict linear graphs of time versus t/qt. These 
graphs facilitate the calculation of k2, qe, and correlation coefficient 
values for the solution of dye, which are listed in Table 2. It is demon
strated that pseudo-first-order kinetics describe the adsorption of RhB by 
OVS-DBC-PO and OVS-DBC-BT POIPs more correctly than pseudo- 
second-order kinetics. This observation implies that physical adsorp
tion mechanisms primarily control the adsorption process. The non- 
linear fittings of the kinetic data for the studied RhB to the three ki
netic models (pseudo-first-order, pseudo-second-order, and Elovich) are 
illustrated in Figure S12. The calculated kinetic parameter values are 
listed in Table S5. This table shows that the kinetic models fit the kinetic 
data of RhB well with the two polymers, achieving high correlation 

coefficient values (R2 ≈ 0.97 and 0.99) for OVS-DBC-PO and OVS-DBC- 
BT POIPs, respectively. To identify the most suitable kinetic model for 
the current data, standard error values were considered. By comparing 
these error function values, it is evident that the Elovich model had the 
lowest values. This suggests that the Elovich model is the best fit for 
describing the kinetic data of RhB with OVS-DBC-PO POIP and OVS- 
DBC-BT POIP. The recyclability assessments for the samples OVS-DBC- 
PO POIP and OVS-DBC-BT POIP, which are highlighted as the most 
promising, indicate that these samples maintained high RhB removal 
efficiencies of up to 96 % even after six experimental cycles, as depicted 
in Figure S13. To evaluate the stability of both POIPs over six cycles, as 
illustrated in Figures S14 and S15, the absorption bands associated with 
aromatic CH, C––C, and O-Si-O remain present in the frameworks of 
OVS-DBC-PO POIP and OVS-DBC-BT POIP. Table S6 displays a contrast 
between the dye adsorption capacities of OVS-DBC-PO and OVS-DBC-BT 
POIPs and those of other materials. When the system was exposed to 
varying temperatures, a notable trend emerged: the adsorption of 
Rhodamine B onto OVS-DBC-PO and OVS-DBC-BT POIPs significantly 
increased as the temperature rose from 30 to 70 ◦C [Figs. 12(a) and 12 
(b)]. This finding highlights the temperature-dependent nature of the 
adsorption process, indicating that temperature directly influences the 
adsorption behavior of Rhodamine B on OVS-DBC-PO and OVS-DBC-BT 
POIPs. 

To gain a deeper understanding of the thermodynamics of this 
adsorption process, various thermodynamic parameters were calculated 
using Eqs. (7–9). These crucial parameters include the enthalpy change 
(ΔH◦), entropy change (ΔS◦), and free energy (ΔG◦). These thermody
namic analyses offer essential insights into the energetics and sponta
neity of the adsorption of Rhodamine B onto OVS-DBC-PO and OVS- 
DBC-BT POIPs, providing a clearer understanding of the mechanisms 
underlying this interaction. 

Fig. 10. . (a-b) Langmuir and (c-d) Freundlich fitting of (a, c) OVS-DBC-PO and (b, d) OVS-DBC-BT POIPs.  

Table 1 
Rhodamine B adsorption isotherm parameters on OVS-DBC-PO and OVS-DBC- 
BT POIPs.  

Adsorbent Langmuir Freundlich 

qmax (mg 
g− 1) 

KL (L/ 
mg) 

R2 KF (mg1-n 

Ln/g) 
1/n R2 

OVS-DBC-PO 
POIP  

66.80  0.0626  0.90  17.548  0.24861  0.97 

OVS-DBC-BT 
POIP  

72.57  0.042  0.94  9.999  0.38274  0.98  
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lnKd =
ΔSo

R
−

ΔHo

RT
(7)  

Kd =

(
Ci − Cf

Af

)

×
V
M

(8)  

Fig. 11. . (a-b) Pseudo-first-order kinetic and (c-d) Pseudo-second-order kinetic fitting of (a, c) OVS-DBC-PO and (b, d) OVS-DBC-BT POIPs.  

Table 2 
Rhodamine B adsorption kinetic parameters on OVS-DBC-PO and OVS-DBC-BT 
POIPs.  

Adsorbent Pseudo-first-order Pseudo-second-order 

qe1 (mg 
g− 1) 

k1 

(min− 1) 
R2 qe2 (mg 

g− 1) 
k2 (g mg− 1 

min− 1) 
R2 

OVS-DBC- 
PO POIP  

31.26  0.000166  0.98  9.01  0.000216  0.78 

OVS-DBC-BT 
POIP  

31.71  0.000359  0.98  40.37  0.0000061  0.24  

Fig. 12. Plot of lnKd versus 1/T for adsorption of Rhodamine B onto (a) OVS-DBC-PO and (b) OVS-DBC-BT POIPs.  

Table 3 
Thermodynamic parameters for adsorption of Rhodamine B onto OVS-DBC-PO 
and OVS-DBC-BT POIPs.  

Polymer ΔGo (kJ mol¡1) ΔHo (kJ 
mol¡1) 

ΔSo (kJ 
mol¡1 

K¡1) 

R2  

303 K 323 K 333 K 

OVS-DCB- 
PO POIP  

-22.512  -24.314  -25.357  5.986  0.094  0.968 

OVS-DCB- 
BT POIP  

-22.479  -24.039  -24.809  1.069  0.078  0.996  
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ΔGo = − RTlnKd (9) 

The linear plot of lnKd against 1/T, shown in Fig. 12, was instru
mental in determining the thermodynamic parameters of interest. The 
slope and intercept of this plot were used to calculate the enthalpy 
change (ΔH◦) and entropy change (ΔS◦), respectively. Table 3 summa
rizes the computed thermodynamic values for the adsorption of 
Rhodamine B onto OVS-DBC-PO and OVS-DBC-BT POIPs. The negative 
values of ΔG◦ at various temperatures indicate that the adsorption 
process is both feasible and spontaneous. The positive ΔH◦ value sug
gests that the adsorption is endothermic. Additionally, the positive ΔS◦

value implies an increase in randomness or entropy during the adsorp
tion of Rhodamine B onto OVS-POIPs [81,82]. This indicates that the 
system becomes more disordered as adsorption occurs, providing in
sights into the thermodynamic nature of the process. 

The mechanism of adsorption was examined to understand the na
ture of the adsorption process. This was accomplished through the 
intraparticle diffusion model. The rate of adsorption is influenced by 
three controlling factors: (i) mass transfer across the external boundary 
(the dye molecule moved to the outer surface of adsorbent polymer), (ii) 
adsorption at the internal and external surfaces (the dye gets into the 
pores of adsorbent polymer) which depends on the binding process, and 
(iii) movement of the adsorbate to the adsorption site (the adsorption 
takes place on the surface on the polymer). A linear relationship was 
observed in the plot of qt against t0.5 for the uptake of RhB, although it 
did not intersect the origin, as shown in Fig. 13. This suggests that 
boundary layer diffusion contributes to the adsorption of RhB onto the 
polymer, indicating that intraparticle diffusion is not the sole rate- 
controlling step in the adsorption process. 

The constituents of the OVS-DBC-PO and OVS-DBC-BT POIP contain 
various active functional groups that significantly affect the adsorption 
or removal of dyes. This process involves interaction or binding between 
the solid surface of the absorbent and the adsorbate. There are two 
primary factors affecting the adsorption process: the structure of the 
adsorbate and the functional groups present on the adsorbent surface. 
RhB, a cationic dye, contains two amino groups and one carboxylic 
group. These functional groups could facilitate the uptake of positively 
charged RhB molecules. The π electrons in the POIPs and the cationic 
dyes participate in electrostatic interactions. The planar structure of the 
RhB molecule facilitates its adsorption due to π-π interactions between 
the aromatic backbones of the dyes and the POIP materials, as illustrated 
in Figures S16 and S17. 

4. Conclusions 

In summary, the Heck reaction was employed to synthesize two 
distinct types of OVS POIPs: OVS-DBC-PO and OVS-DBC-BT POIPs. Upon 
comparison, OVS-DBC-BT POIP outperforms OVS-DBC-PO POIP in terms 

of SABET (386 m2 g− 1) and Td10 is 543 ◦C. Following an adsorption 
experiment, It was noted that the amount of RhB present in the watery 
solution was lower for OVS-DBC-BT POIP compared to OVS-DBC-PO 
POIP, indicating a higher adsorption capacity for the former. Under 
optimal conditions, the maximal adsorption capacities of the OVS-DBC- 
PO, and OVS-DBC-BT POIPs precursors were confirmed to be 65 and 
66 mg/g, respectively. This was achieved by employing 0.5 g/L of OVS- 
POIP materials with RhB (25 ppm) at 25 ◦C. In the kinetics and 
isothermal adsorption studies, both OVS-DBC-PO and OVS-DBC-BT 
POIPs exhibited a better fit with the pseudo-first-order kinetics and 
the Freundlich isotherm. These results suggest that physical multilayer 
adsorption mechanisms primarily dominate the adsorption processes. 
Motivated by the remarkable findings of this study, our group is inspired 
to explore efficient synthetic methods for the development of OVS-based 
POIP materials aimed at treating and purifying water. We are particu
larly interested in leveraging the favorable high porosity resulting from 
the distinctive molecular characteristics of these building monomers 
[OVS, DBC, PO, and BT]. 
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