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A B S T R A C T   

In this study, we employed the Heck reaction method to synthesize three types of hybrid porous organic/inor-
ganic polymers (HPPs) incorporating octavinylsilsesquioxane (OVS) units. Specifically, we synthesized OVS-TBN- 
DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs by reacting OVS with different brominated organic com-
pounds, namely, 2,7,10,15-tetrabromodibenzo[g,p]chrysene (TBN-Br4)/2,8-dibromodibenzo[b,d]thiophene 
(DBTH-Br2), TBN-Br4/2,3,7,8-tetrabromothianthrene (THS-Br4), and TBN-Br4/2,3,7,8-tetrabromothianthrene- 
5,5,10,10-tetraoxide (THSO2-Br4). Based on thermal analysis (TGA), the onset decomposition temperatures 
(Td10) for these HPPs were as follows: OVS-TBN-DBTH at 575 ◦C, OVS-TBN-THS at 313 ◦C, and OVS-TBN-THSO2 
at 490 ◦C. Additionally, these HPPs exhibited high char yields, with values of 83, 53, and 67 wt% for OVS-TBN- 
DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs, respectively. Furthermore, when analyzed using nitrogen 
adsorption–desorption measurements, both OVS-TBN-DBTH and OVS-TBN-THSO2 HPPs demonstrated impres-
sive specific surface areas (SBET) of up to 380 m2/g. In addition, the OVS-TBN-DBTH and OVS-TBN-THSO2 HPPs 
provide an adsorption capacity of 70.62 and 77.1 mg g− 1 (qmax from Langmuir isothermal Mode) toward RhB 
dyestuff at room temperature. In this adsorption system, after calculation, the OVS-TBN-THS HPP could be 
inferred that the adsorption is a pseudo-first order adsorption model. The OVS-TBN-THS HPP and OVS-TBN- 
THSO2 HPP in the pseudo-secondary order model have a better representation of the adsorption system for 
rhodamine B. This study introduces an innovative method for developing HPPs as adsorbents for water treatment 
and purification.   

1. Introduction 

Industrial wastewater has become a pervasive threat in numerous 
countries, presenting a widespread risk of environmental pollution 
[1–5]. Various organic contaminants find their way into water systems 
through multiple channels. The introduction of organic contaminants 
into natural water bodies poses a significant environmental threat, 
causing adverse effects on both aquatic ecosystems and human well- 
being [6–8]. Among these contaminants, dyes, which encompass a 
range of organic chemicals, present notable challenges due to their 
extensive application in various industries such as textiles, 

pharmaceuticals, plastic manufacturing, and the production of paints 
[9,10]. The release of toxic and deeply colored wastewater containing 
these dyes into aquatic environments is a major contributor to envi-
ronmental pollution [9,10]. 

Rhodamine B (RhB) is a widely used dye in multiple sectors, 
including textiles and clothing, leather, and food processing [11–13]. 
However, this pigment is notorious for its significant toxicity, known to 
have carcinogenic and mutagenic properties, posing a threat to various 
life forms. It’s worth highlighting that RhB presents a substantial and 
enduring risk to aquatic ecosystems, particularly concerning the health 
of plant organisms [11–13]. Its impact includes obstructing light 
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penetration and subsequently reducing photosynthesis, disrupting nat-
ural purification processes. Thus, the complete removal of RhB from 
industrial wastewater is imperative to mitigate its adverse environ-
mental effects. Various conventional methods have been employed for 
the removal of color molecules in wastewater, such as reverse osmosis, 
filtration, photodegradation, sedimentation, and coagulation, as well as 
adsorption techniques [14–20]. 

Nevertheless, many of these approaches have their limitations, 
including low removal efficiencies when dealing with non- 
biodegradable and resistant organic dyes, as well as the need for 
extended treatment durations and subsequent processing steps. Among 
the available methods, adsorption has emerged as the most effective 
means of eliminating dyes from wastewater. Its appeal lies in its 
simplicity, adaptability, cost-effectiveness, and high efficiency. Conse-
quently, a range of adsorbent materials have been harnessed for dye 
removal from water-based solutions, encompassing clays [21], activated 
carbons[22,23], biomaterials, and metal oxides [24]. Notably, several 
organic polymers have recently surfaced as effective organic adsorbents 
for removing dyes from aqueous solutions [25–28]. 

Cage silsesquioxanes (SQs), often in the cubic R8Si8O12 configura-
tion, are highly coveted as structural elements for porous crafting ma-
terials due to their rigidity, strong functionalization capabilities, and 
remarkable resistance to heat and water. These SQ units offer the 
advantage of excellent thermal stability (inorganic) and the potential for 
further functionalization (organic) by incorporating both inorganic and 
organic components [29–40]. Among the numerous derivatives of cage 
silsesquioxanes (SQs), octavinylsilsesquioxane (OVS) shines as an 
exceptionally versatile monomer. OVS presents a superb choice for 
manufacturing porous materials through a range of synthetic methods, 
such as click reactions, hydrosilylation, Friedel-Crafts processes, and 
Heck reactions [41–51]. What adds to its appeal is the ease of accessi-
bility and affordability of OVS. OVS stands out as the perfect starting 
material for crafting hybrid polymers, thanks to its unique attributes. 
These materials inherit outstanding optical and electrical characteristics 
from OVS, which also enables the adjustment of their energy gap 
[52,53]. Furthermore, OVS is exceptionally suitable for large-scale 
production due to its cost-effectiveness [52,53]. Organic and inorganic 
OVS have garnered growing interest as versatile building blocks for 

creating porous materials, thanks to their substantial rigidity and 
extensive functionalization. OVS-based porous organic polymers (POPs) 
have shown exceptional properties such as surface area, pore size, 
thermal stability, and electrochemical performance [54–60]. 

As far as our current understanding goes, there is a limited number of 
reports available regarding the utilization of octavinylsilsesquioxane 
(OVS) materials for the purpose of dye removal. In this study, consid-
ering the potentially dangerous characteristics and adverse impacts, 
Rhodamine B was removed from wastewater through the utilization of 
hybrid porous particles (HPPs) incorporating OVS nanoparticles. We 
synthesized three different HPPs, namely OVS-TBN-DBTH, OVS-TBN- 
THS, and OVS-TBN-THSO2, through Heck coupling reactions. These 
reactions involved OVS and various brominated organic compounds 
(TBN-Br4/DBTH-Br2, TBN-Br4/THS-Br4, and TBN-Br4/THSO2-Br4) in the 
presence of K2CO3 and Pd(PPh3)4 in DMF at 110 ◦C for 72 h (as depicted 
in Fig. 1(a-c). To investigate the attributes of OVS-HPP materials, a 
variety of analytical techniques were employed, encompassing FTIR, 
solid-state NMR, TGA, SEM, TEM, and BET analyses. Based on TGA, Td10 
for OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs were 
found to be 575, 313, and 490 ◦C. Both OVS-TBN-DBTH and OVS-TBN- 
THSO2 HPPs exhibited remarkable SBET that reached up to 380 m2/g. 
Due to their favorable surface area and pore size characteristics, The 
HPPs, OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2, have 
proven to be efficient in the removal of RhB from aqueous solutions. 

2. Experimental section 

2.1. Materials 

Bromine solution (Br2, 99.5 %), glacial acetic acid (AcOH, 99.7 %), 
Pd(PPh3)4 (99 %), m-chloroperoxybenzoic acid (m-CPBA, 77 %) nitro-
methane (CH3NO2), benzophenone (99 %), zinc powder (Zn, 99.99 %), 
titanium chloride (TiCl4), dichloromethane (DCM), benzo[b,d]thio-
phene (DBTH), iron(III) chloride (FeCl3, 97 %), thianthrene (THS, 97 
%), and potassium carbonate (K2CO3, 99 %) were purchased from Sig-
ma–Aldrich. Tetraphenylethene (TPE) and tetrakis(4-bromophenyl) 
ethylene (TPE-Br4) were synthesized using the methods previously 
described [61–67]. synthesis of 2,8-dibromodibenzo[b,d]thiophene 

Fig. 1. Using Heck reaction to prepare (a) OVS-TBN-DBTH, (b) OVS-TBN-THS, and (c) OVS-TBN-THSO2 HPPs.  
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(DBTH-Br2), 2,3,7,8-tetrabromothianthrene (THS-Br4), 2,3,7,8-tetrabro-
mothianthrene 5,5,10,10-tetraoxide (THSO2-Br4) and 2,7,10,15-tetra-
bromodibenzo[g,p]chrysene (TBN-Br4) was discussed in the detail in 
the Supporting information with their spectroscopic analyses [Scheme 
S1-S4 and Figures S1-S9]. 

2.2. Synthesis of OVS-TBN-DBTH HPP 

In a dry one-neck flask, a mixture of OVS (0.3 g), TBN-Br4 (30.6 mg), 
DBTH-Br2 (0.62 g), K2CO3 (1.05 g), and Pd(PPh3)4 (29.6 mg). To this 
mixture, 20 mL of DMF was added. For three days, the resultant reaction 
solution was agitated at 110 ◦C in a nitrogen environment. After cooling 
the solution back to room temperature, the precipitate present in the 
solution was separated through a series of filtration steps, using THF, 
water, MeOH, and acetone as washing agents. The purification pro-
cedure resulted in the separation of OVS-TBN-DBTH HPP in the form of a 
yellow powder. FTIR [Fig. 2(a)]: 1604 (C = C stretching), and 3061 (C 
= C–H stretching). 

2.3. Synthesis of OVS-TBN-THS HPP 

In a dry one-neck flask, a mixture of OVS (0.3 g), TBN-Br4 (30.6 mg), 
THS-Br4 (0.96 g), K2CO3 (1.05 g), DMF (20 mL), and Pd(PPh3)4 (29.6 
mg). For three days, the resultant reaction solution was agitated at 110 
◦C in a nitrogen environment. After cooling the solution back to room 
temperature, the precipitate present in the solution was separated 
through a series of filtration steps, using THF, water, MeOH, and acetone 
as washing agents. This purification process led to the isolation of OVS- 
TBN-THS HPP as a yellow powder. FTIR [Fig. 2(b)]:1605 (C = C 
stretching). 3062 (C = C–H stretching). 

2.4. Synthesis of OVS-TBN-THSO2 HPP 

In a dry one-neck flask, a mixture of OVS (0.3 g), TBN-Br4 (30.6 mg), 
THSO2-Br4 (1.07 g), K2CO3 (1.05 g), and Pd(PPh3)4 (29.6 mg). To this 
mixture, 20 mL of DMF was added. The resulting reaction solution was 
stirred at 110 ◦C for three days under a nitrogen atmosphere. After 
cooling the solution back to room temperature, the precipitate present in 
the solution was separated through a series of filtration steps, using THF, 
water, MeOH, and acetone as washing agents. This purification process 
led to the isolation of OVS-TBN-THSO2 HPP in yellow-green power. FTIR 
[Fig. 2(c)]: 1604 (C = C stretching). 3064 (C = C–H stretching). 

3. Results and discussion 

3.1. Characterization of OVS-TBN-DBTH, OVS-TBN-THS, and OVS- 
TBN-THSO2 HPPs 

In this work, we delineate the synthesis procedure for three distinct 
types of hybrid porous polymers (HPPs), specifically OVS-TBN-DBTH, 
OVS-TBN-THS, and OVS-TBN-THSO2 HPPs, as depicted in Fig. 1. The 
synthesis process involves the preparation of building block monomers, 
which include DBTH-Br2, THS-Br4, THSO2-Br4, and TBN-Br4. DBTH-Br2 
was created by reacting Br2 with the DBTH monomer in AcOH as the 
solvent [Scheme S1]. This reaction resulted in the formation of a white 
solid product. THS-Br4 was prepared by reacting THS molecules with an 
excess of Br2 in AcOH, leading to the formation of a white solid product 
[Scheme S2]. Conversion of THS-Br4 to THSO2-Br4 [Scheme S3]: THS- 
Br2 was subsequently subjected to a reaction with m-CPBA in DCM at 40 
◦C, resulting in the desired THSO2-Br4 product. TBN-Br4 was synthesized 
by reacting TPE-Br4 with a combination of FeCl3 and CH3NO2 in DCM, 

Fig. 2. FTIR profiles of (a) OVS, TBN-Br4, DBTH-Br2 and OVS-TBN-DBTH HPP, (b) FTIR profiles of (a) OVS, TBN-Br4, THS-Br2 and OVS-TBN-THS HPP, and (c) OVS, 
TBN-Br4, THSO2-Br2 and OVS-TBN-THSO2 HPP. Solid-state C CP/MAS NMR s spectra of OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs. 
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leading to the formation of a white powder of TBN-Br4 [Scheme S4]. To 
create OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs, a 
Heck coupling reaction was employed. This reaction involved the use of 
TBN-Br4/DBTH-Br2, TBN-Br4/THS-Br4, and TBN-Br4/THSO2-Br4 as 
starting materials, with OVS as the partner molecule. As shown in Fig. 1, 
the Heck reaction took place at 110 ◦C in DMF with K2CO3 and Pd 
(PPh3)4 acting as a catalyst. 

In the experimental section and supporting information, compre-
hensive spectroscopic analyses, including FTIR and NMR analyses, have 
been provided for the synthesized TBN-Br4, DBTH-Br2, THS-Br4, and 
THSO2-Br4 compounds. Figure S2 and Figure S3 display the recorded 
1H and 13C NMR spectra of DBTH-Br2 in DMSO‑d6. In the 1H NMR 
spectrum of DBTH-Br2 (Figure S2), distinct signals were observed at 
chemical shifts of 8.76, 8.02, and 7.71 ppm, corresponding to the pro-
tons in the aromatic rings. This observation was further confirmed by 
the 13C NMR spectrum shown in Figure S3, which exhibited prominent 
peaks at 139.08, 136.79, 131.14, 126.04, 125.72, and 118.92 ppm, also 
corresponding to the carbon atoms within the aromatic rings. The sig-
nals at 8.01 and 8.04 ppm are indicative of aromatic rings in both THS- 
Br4 [Figure S6] and THSO2-Br4 [Figure S7]. In Fig. 2(a), the FTIR 
spectra of OVS exhibited distinctive absorption peaks associated with 
different functional groups. Specifically, absorption peaks were detected 
at 1108 cm− 1 for Si-O-Si, at 1600 cm− 1 for C = C, and at 3065 cm− 1 for C 
= C–H units. Furthermore, Fig. 2(a) displayed the FTIR spectrum of 
TBN-Br4, which showed characteristic peaks at 1594 cm− 1 for C = C 
stretching and 3078 cm− 1 for C–H aromatic vibrations. In the case of 
DBTH-Br2, THS-Br4, and THSO2-Br4 (Fig. 2(a), 2(b), and 2(c) respec-
tively), the C–H aromatic absorption peaks were observed in the range of 
3064 to 3057 cm− 1, and the C = C stretching vibrations were prominent 
at 1550 cm− 1. Following the Heck coupling reaction, as expected, the 
FTIR spectra of OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 
HPPs (Fig. 2(a), 2(b), and 2(c)) exhibited absorption bands in the range 
of 1590 to 1550 cm− 1 for C = C stretching vibrations and 3064 to 3070 
cm− 1 for C = C–H. Additionally, the Si-O-Si absorption peak in these 

spectra appeared broader compared to OVS, indicating the formation of 
cross-linked networks as a result of the reaction [44,45,51]. In Fig. 2(d), 
significant signals, which corresponded to the carbon resonance within 
the aromatic units, were identified in the 13C solid-state NMR spectra of 
the HPPs OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2. The 
range in which these signals were seen was 142–125 ppm for OVS-TBN- 
DBTH, 142–119 ppm for OVS-TBN-THS, and 147–125 ppm for OVS- 
TBN-THSO2 HPPs. 

Confirmation of the OVS cage within OVS-TBN-DBTH, OVS-TBN- 
THS, and OVS-TBN-THSO2 HPPs was achieved using 29Si NMR. In Fig. 3 
(a), a distinctive peak corresponding to Si-C = C was observed at − 15.9 
ppm. The T3 (Tn: CSi(OSi)n(OH)3-n) signals in the NMR spectra for OVS- 
TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs were found at 
− 83.73, − 82.11, and − 83.47 ppm, respectively. Notably, the absence of 
T2 signals in all three synthesized HPPs indicated that the OVS cage 
framework remained intact within these materials. Collectively, the 
spectroscopic results provided compelling evidence for the successful 
synthesis of OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 
HPPs, confirming the framework structure of these materials. Thermal 
analysis of the samples was conducted using TGA to assess the thermal 
properties of the synthesized monomers, OVS-TBN-DBTH, OVS-TBN- 
THS, and OVS-TBN-THSO2 HPPs (as depicted in Fig. 3(b-d)). The TGA 
results depicted in Fig. 3(b-d) reveal that these HPPs exhibited enhanced 
thermal stability compared to OVS, TBN-Br4, DBTH-Br2, THS-Br4, and 
THSO2-Br4. This improvement in the thermal stability of OVS-TBN- 
DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs can be attributed to 
the cross-linking structures within the HPPs. Among the HPP materials, 
OVS-TBN-DBTH HPP demonstrated the highest thermal stability. It 
exhibited thermal degradation temperatures (Td5 and Td10) of 507 ◦C 
and 575 ◦C, respectively, along with a char yield of 83 wt%. For a 
comprehensive summary of Td5, Td10, and char yield values for OVS, 
TBN-Br4, DBTH-Br2, THS-Br4, THSO2-Br4, OVS-TBN-DBTH, OVS-TBN- 
THS, and OVS-TBN-THSO2 HPPs [Table S1]. 

The SBET, Vtotal, and pore size distribution, along with additional data 

Fig. 3. solid state 29Si MAS NMR of (a) OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs. TGA profiles of (b) OVS, TBN-Br4, DBTH-Br2 and OVS-TBN- 
DBTH HPP, (c) OVS, TBN-Br4, THS-Br2 and OVS-TBN-THS HPP, and (d) OVS, TBN-Br4, THSO2-Br2 and OVS-TBN-THSO2 HPP. 
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for OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs, were 
determined through nitrogen (N2) adsorption/desorption measurements 
conducted at 77 K and 1 bar, as presented in Fig. 4(a-f) and Table S2. 
Prior to the BET analysis, each of the three samples underwent an 8-hour 
vacuum degassing process. Fig. 4(a-c) show that, in accordance with the 
IUPAC classification, the adsorption isotherms for OVS-TBN-DBTH, 
OVS-TBN-THS, and OVS-TBN-THSO2 HPPs are categorized as type I 
isotherms. Among these, OVS-TBN-DBTH HPP exhibited the highest 
surface area, measuring 387 m2/g, while OVS-TBN-THS HPP displayed 
the lowest surface area at 75 m2/g. The SBET of 

OVS-TBN-THSO2 HPP was found to be 381 m2/g. Fig. 4(d-e) reveal 
that the pore sizes for OVS-TBN-DBTH and OVS-TBN-THS fall within the 
range of 2.24 to 9.43 nm and 2.28 to 9.43 nm, respectively. In contrast, 
OVS-TBN-THSO2 HPP displayed a broader pore size distribution, 
ranging from 1.88 to 9.43 nm, indicating the presence of micropores to 
mesopores in its structure. Regarding Vtotal, OVS-TBN-DBTH HPP 
exhibited the highest value at 1.22 cm3 g− 1, surpassing the other two 
HPPs, with OVS-TBN-THSO2 HPP at 1.05 cm3 g− 1 and OVS-TBN-THS at 
0.3 cm3 g− 1. The morphological characteristics of OVS-TBN-DBTH, OVS- 
TBN-THS, and OVS-TBN-THSO2 HPPs were investigated using HR-TEM 
and FE-SEM. HR-TEM images revealed the presence of partially ordered 
porosity, indicating an organized arrangement of organic linkers, as 
illustrated in Figure S10. 

Fig. 5 clearly illustrates, based on the FE-SEM images, that OVS-TBN- 
DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs consist of aggregated 

spherical particles with comparable irregular shapes, exhibiting a dense 
aggregation pattern. 

Furthermore, the elemental mapping depicted in Fig. 6 indicates a 
uniform distribution of elements such as silicon (Si), carbon (C), oxygen 
(O), and sulfur (S) across the entire region of interest in all HPP mate-
rials. The atomic compositions of carbon (C), oxygen (O), silicon (Si), 
and sulfur (S) in the OVS-TBN-DBTH HPP [Table S3] were 48.82 %, 
11.79 %, 34.36 %, and 5.03 %, respectively. In the case of the OVS-TBN- 
THS HPP, these compositions were 30.71 % for C, 22.73 % for O, 40.18 
% for Si, and 6.38 % for S. Finally, in the OVS-TBN-THSO2 HPP, the 
atomic compositions were 47.62 % for C, 11.72 % for O, 32.21 % for Si, 
and 8.45 % for S. 

3.2. The adsorption of Rhodamine B dye using OVS-TBN-DBTH, OVS- 
TBN-THS, and OVS-TBN-THSO2 HPPs as adsorbents 

According to existing literature, Rhodamine B (RhB) can exist in 
three protonated forms with different charges: the zwitterion (RhB±), 
RhBH+, and RhBH22+. These forms predominate under specific pH 
conditions, with RhB± being more prevalent at pH levels above 4, 
RhBH+ dominating in the pH range of 1–3, and RhBH22+ being more 
common at pH values below 1. Additionally, RhB molecules have the 
capacity to combine and form larger molecular structures called dimers, 
and the extent of dimerization varies depending on the type of RhB 
species present; RhB± has a higher tendency to dimerize compared to the 

Fig. 4. (a-c) BET and (d-f) pore size analyses of OVS-TBN-DBTH (a, d), OVS-TBN-THS (b, e), and OVS-TBN-THSO2 HPPs (c, f).  
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positively charged cations. One critical factor influencing the adsorption 
behavior is the pH of the solution. The study investigated how the pH 
affects dye removal, conducting experiments across a range of pH con-
ditions (2)–(7), as illustrated in Fig. 7(a-c). The results clearly indicate 
that the effectiveness of the synthesized OVS-TBN-DBTH, OVS-TBN- 
THS, and OVS-TBN-THSO2 HPPs in dye removal is strongly influenced 
by the pH of the solution. Initially, the dye removal rate is relatively low, 
but it gradually increases as the solution pH rises, reaching its peak at 

around pH 4. Subsequently, the dye removal rate experiences a signifi-
cant decrease as the pH continues to rise. This observed trend is likely 
due to the pH-induced formation of different ionic species and alter-
ations in the surface charge of the carbon material. When the pH is 
below 4, RhB ions exist in a positively charged state, and they remain as 
monomeric molecules, facilitating their easy penetration into the pore 
structure of the adsorbent material. In contrast, at pH values above 4, 
RhB undergoes a transformation into a zwitterionic form in the aqueous 

Fig. 5. SEM analyses of OVS-TBN-DBTH (a, B), OVS-TBN-THS (c, d), and OVS-TBN-THSO2 HPPs (e, f).  

Fig. 6. SEM-EDS analyses (silicon (Si), carbon (C), oxygen (O), and sulfur (S) atoms) of OVS-TBN-DBTH (a-e), OVS-TBN-THS (f-j), and OVS-TBN-THSO2 HPPs (k-o). 
The scale bar is 4 µm in all SEM images. 

C.-W. Hsiao et al.                                                                                                                                                                                                                               



Separation and Purification Technology 332 (2024) 125771

7

solution [Fig. 7(d)]. This transformation promotes the aggregation of 
RhB molecules, leading to the formation of larger molecular structures 
known as dimers [68]. Consequently, these aggregated zwitterionic 
forms face difficulty in accessing the pore structure due to their 
increased size. The enhanced aggregation of the zwitterionic form is 
primarily driven by attractive electrostatic interactions occurring be-
tween the carboxyl and xanthene groups of the individual monomers 
[22]. Interestingly, OVS-TBN-DBTH displayed notably high efficiency in 
dye removal (86 %) even at low pH conditions (pH 2), surpassing the 
performance of OVS-TBN-THS and OVS-TBN-THSO2 HPPs (26.5 % and 
24.5 %, respectively), as illustrated in Fig. 7. The low performance can 
be attributed to the protonation of the heteroatoms (S and O) in the 

polymers at low pH, resulting in repulsive forces between the positively 
charged heteroatoms and the cationic RhB. 

3.3. Effect of contact time on the adsorption of Rhodamine B dye using 
OVS-based HPPs 

Optimization of contact time is essential for the adsorption studies, to 
ensure complete equilibrium between the dye-adsorbent system. The 
effect of contact time on Rhodamine B dye removal is given in 
Figure S11. The effectiveness of the adsorption process using the syn-
thesized materials was evaluated by examining the removal of RhB at 
various contact times, as depicted in Fig. 8(a) and 8(b). Prior to the 

Fig. 7. Effect of initial pH solution on the adsorption of RhB onto (a) OVS-TBN-DBTH, (b) OVS-TBN-THS, and (c) OVS-TBN-THSO2 HPPs. (d) Molecular form of RhB 
(cationic and zwitterionic form). 

Fig. 8. (a) Adsorption of RhB with OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs; (b) kinetic data for the adsorption of RhB with three adsorbents.  
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adsorption experiments, a blank sample was conducted to establish the 
contribution of the as-synthesized materials to the adsorption process. 
As illustrated in Fig. 8(b), the influence of contact time on the adsorp-
tion efficiency of RhB on three distinct adsorbents, namely OVS-TBN- 
DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs. The results indicate 
that the removal of RhB dye from these adsorbents proceeded rapidly 
during the initial phase, followed by a more gradual decline in dye 
removal until equilibrium was achieved, as shown in Fig. 8(b) and S11. 
This behavior can be attributed to the abundance of available adsorption 
sites during the initial phase, which gradually becomes depleted over 
time. 

3.4. Kinetic studies of removal Rhodamine B dye using OVS-TBN-DBTH, 
OVS-TBN-THS, and OVS-TBN-THSO2 HPPs as adsorbents 

Kinetic models are often used to uncover the mechanisms behind the 
removal of substances from aqueous solutions and facilitate process 
engineering. Various mathematical models can be employed to analyze 
the kinetic data of adsorption, with the Lagergren rate equation being 
the most frequently used. In this study, the pseudo-first-order rate 
equation was utilized to examine the kinetics of the adsorption process, 
as presented below: 

dq1

dt
= k1(qe − qt) (1)  

In this equation, qe and qt represent the concentrations of the dye (in 
mg/g) at equilibrium and at the given time during the adsorption pro-
cess, respectively. The parameter k1 corresponds to the equilibrium rate 
constant associated with pseudo-first-order adsorption for the dye. On 
integration with limits from t = 0 to t and q = 0 to qt, we have 

ln(qe − qt) = lnqe − k1t (2  

The adsorption rate constant (k1) for rhodamine B adsorption on the 
three adsorbents was obtained by plotting ln (qe-qt) against time (t), as 
shown in Fig. 9(a-c), and the resulting values are presented in Table 1. 

However, the experimental data demonstrated considerable non- 
linearity, as evidenced by low correlation values and low qe values. 

The kinetic data were evaluated using the pseudo-second-order ki-
netic model proposed by Ho and McKay. The corresponding differential 
equation is represented as: 

dqt

dt
= k2(qe − qt)

2 (3)  

The rate constant for pseudo-second-order adsorption equilibrium, 
represented as k2 (in g/(mg min)), is defined. To transition from t = 0 to 
t = qt, the integration of Equation (4) is required. 

1
qe − qt

=
1
qe

+ k2t (4)  

which is the integrated rate law for a pseudo-second-order reaction. Eq. 
(5) can be rearranged to obtain a linear form: 

t
qt

=
1

k2q2
e
+

(
1
qe

)

t (5)  

To determine the rate parameters, t/qt was plotted against time and the 
resulting linear plots were used, as shown in Fig. 9(d-f). From these 

Fig. 9. (a)-(c) Pseudo-first-order kinetic fitting of OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs, respectively and (d)-(f) Pseudo-second-order kinetic 
fitting of OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs, respectively. 

Table 1 
Kinetic parameters for adsorption of rhodamine B onto OVS-HPPs.  

Adsorbent Pseudo-first-order Pseudo-second-order 

qe1 

(mg/ 
g) 

k1 

(min− 1) 
R2 qe2 

(mg/ 
g) 

k2 

(g mg− 1 

min− 1) 

R2 

OVS-TBN- 
DBTH HPP  

30.24  0.00114  0.975  44.64  0.00002  0.815 

OVS-TBN-THS 
HPP  

16.11  0.00012  0.663  3.63  0.00143  0.995 

OVS-TBN- 
THSO2 HPP  

15.28  0.00093  0.607  21.65  0.00023  0.980  
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plots, the values of k2, qe, and correlation coefficients (R2
2) for the dye 

solution were calculated and are presented in Table 1. 
In the case of RB adsorption onto OVS-TBN-DBTH HPP, the pseudo- 

first-order model provided the best fit to the data, indicating that the 
adsorption process is primarily driven by physisorption. As the number 
of sulfur atoms increased, the pseudo-second-order model proved to be a 
better representation of the adsorption system for rhodamine B by OVS- 
TBN-THS, and OVS-TBN-THSO2 HPP. In contrast to pseudo-first-order 
kinetics, it was observed that the correlation coefficients for pseudo- 
second-order kinetics were closer to unity. 

3.5. Diffusion study of RhB dye onto OVS-HPPs 

The adsorption process of an adsorbate from an aqueous solution 
onto an adsorbent encompasses several sequential steps, including bulk 
diffusion, film diffusion, pore diffusion, and binding to active sites on the 
adsorbent. The rate of this process is determined by the slowest step, 
which can either be film diffusion or intraparticle diffusion. To discern 
the underlying diffusion mechanism, kinetic data for the adsorption of 
RhB dye onto OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 
HPPs were evaluated using the intraparticle (Eq. (6) diffusion model 
proposed by Weber and Morris, as expressed by the respective 

equations. 

qt = Kit0.5 +C (6)  

The intraparticle diffusion rate constant (Ki) and the intercept (C), 
related to the boundary layer thickness, are integral parameters in these 
models. According to the Weber and Morris model, intraparticle diffu-
sion is considered the rate-controlling step if the plot of qt (amount of 
adsorbate adsorbed) against t1/2 (square root of time) forms a linear 
relationship passing through the origin. 

The analysis of time-dependent data for RhB dye adsorption onto 
OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs was pre-
sented in Fig. 10(a-c). Fig. 10 displayed a multilinear pattern in the plot 
of qt versus t1/2, indicating distinct stages of the adsorption process. The 
initial linear stage was attributed to external surface adsorption, 
denoting film diffusion, while the subsequent stage suggested intra-
particle diffusion. The third stage corresponded to the equilibrium, 
where intraparticle diffusion began to decelerate due to the exceedingly 
low concentration of RhB dye remaining in the solution with a decrease 
in interior active sites. The calculation of Ki and C values was carried out 
from the slope and intercept of the second linear stage, and the results 
were documented in Table 2. However, the plot of qt versus t1/2 from 
Fig. 10 did not exhibit a linear relationship passing through the origin, 

Fig. 10. Intraparticle diffusion of RhB dye onto (a) OVS-TBN-DBTH, (b) OVS-TBN-THS, and (c) OVS-TBN-THSO2 HPPs.  
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which is a requirement for the Weber and Morris model, signifying the 
inapplicability of this model. Consequently, intraparticle diffusion was 
not identified as the rate-controlling step during the adsorption of RhB 
dye onto OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs. 

3.6. Adsorption isotherm studies of removal of Rhodamine B dye using 
OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs as 
adsorbents 

Adsorption isotherms play an important role in explaining the way 
adsorbents react with an adsorbent. It is very important in showing the 
effectiveness of the use of adsorbents. Thus, it is necessary to examine 
the results obtained from studies on isotherms, as this evaluation allows 
us to determine the degree of attraction between an adsorbate and a 
given adsorbent. The adsorption experiments were conducted in batch 
mode. A series of Rhodamine B dye solutions with varying concentra-
tions were prepared (10–150 mg/L). A predetermined amount of each 
HPP was added to the dye solution, and the mixture was agitated at a 
constant temperature until equilibrium was reached. The equilibrium 
concentrations of Rhodamine B dye in the solution were determined 

spectrophotometrically. 
The concentration-dependent adsorption study of Rhodamine B onto 

OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HHPs demon-
strates the relationship between equilibrium adsorbate concentration 
(Ce) and adsorption capacity (qe) as shown in Fig. 11(a-c). The results 
show that increasing the adsorbate concentration enhances the 
adsorption capacity of HPPs, reaching a plateau at higher Ce values. This 
increase in adsorption capacity can be attributed to the higher mass 
driving force at elevated adsorbate concentrations, allowing more RhB 
molecules to be adsorbed onto the HPPs’ surfaces. The maximum 
adsorption capacities of 65.78 mg/g, 42.12 mg/g, and 62.48 mg/g were 
obtained for OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 
HPPs, respectively (Fig. 11), indicating their potential as efficient ad-
sorbents for Rhodamine B removal from aqueous solutions. 

The Langmuir isotherm model and the Freundlich isotherm model 
[Fig. 12(a-f)] were employed to match the observed RhB adsorption 
data. These isotherm models are the most comprehensive and straight-
forward equations used to describe the adsorption phenomenon. Equa-
tions (7) and (8) represent the linear representations of the Langmuir 
and Freundlich models, respectively, and the associated parameters can 
be found in Table 3. 

Ce

qe
=

1
qmax × KL

+
Ce

qmax
(7)  

logqe = logKF +
1
n

logCe (8)  

Where Ce represents the concentration of RhB in the liquid phase (mg/ 

Table 2 
Intraparticle diffusion parameters of RhB dye onto OVS-HPPs.  

Adsorbent Ki C R2 

OVS-TBN-DBTH HPP  0.927  3.692  0.999 
OVS-TBN-THS HPP  0.049  1.242  0.946 
OVS-TBN-THSO2 HPP  0.655  3.167  0.986  

Fig. 11. Adsorption isotherm of RhB dye onto (a) OVS-TBN-DBTH, (b) OVS-TBN-THS, and (c) OVS-TBN-THSO2 HPPs.  
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L). qe refers to the equilibrium adsorption of RhB by OVS-HPPs (mg/g), 
while qmax represents the maximum adsorption capacity of OVS-HPPs 
(mg/g). The Langmuir (KL, L/mg) and Freundlich (KF, mg1− n Ln/g) 
isotherm constants are related to the adsorption energy and the 
adsorption capacity, respectively. 

The correlation coefficient (R2) for the Freundlich isotherm model, 
with a value of 0.99, was significantly greater than that of the Langmuir 
isotherm (R2, 0.96) for OVS-TBN-DBTH HPP, indicating that the 
adsorption of RhB by OVS-TBN-DBTH HPP occurs in multiple layers. 
Nevertheless, for OVS-TBN-THS and OVS-TBN-THSO2 HPP, the corre-
lation coefficient (R2) of the Langmuir isotherm model, standing at 0.99, 
exceeded that of the Freundlich isotherm (R2, 0.98 and 0.97, respec-
tively). suggesting that the adsorption of RhB by OVS-TBN-THS, and 
OVS-TBN-THSO2 HPP occurs in a monolayer (Fig. 12). 

3.7. Adsorption of Rhodamine B onto OVS-TBN-DBTH, OVS-TBN-THS, 
and OVS-TBN-THSO2 HPPs as adsorbents: Temperature dependence and 
thermodynamic parameters 

The adsorption of Rhodamine B onto OVS-TBN-DBTH, OVS-TBN- 
THS, and OVS-TBN-THSO2 HPPs has been investigated across a range of 
temperatures, specifically within the range of 30 to 70 ◦C. This 

temperature variation was examined due to the potential influence of 
Brownian motion on the adsorption process. Upon subjecting the system 
to differing temperatures, a remarkable trend emerged. The adsorption 
of Rhodamine B onto the three distinct OVS-HPPs exhibited a significant 
increase as the temperature was elevated from 30 to 70 ◦C. This obser-
vation underscores the temperature-dependent nature of the adsorption 
process, suggesting that temperature plays a direct role in shaping the 
adsorption behavior of Rhodamine B on OVS-HPPs. 

To gain deeper insights into the thermodynamics of this adsorption 
process, various thermodynamic parameters were computed using 
Equations (9), (10), and (11). These key parameters include the enthalpy 
change (ΔH◦), entropy change (ΔS◦), and free energy (ΔG◦). These 
thermodynamic analyses provide essential information for understand-
ing the energetics and spontaneity of the adsorption of Rhodamine B 
onto OVS-HPPs, shedding light on the underlying mechanisms govern-
ing this interaction. 

lnKd =
ΔSo

R
−

ΔHo

RT
(9)  

Kd =

(
Ci − Cf

Af

)

×
V
M

(10)  

ΔGo = − RTlnKd (11)  

where Ci and Cf, which denote the initial and final concentrations of the 
Rhodamine B solution, respectively; V, representing the volume of the 
solution (in mL); M, signifying the weight of OVS-HPPs (in grams); R, 
denoting the ideal gas constant (where R = 0.008314 kJ/mol); and T, 
representing the absolute temperature (in Kelvin). 

The linear plot of lnKd against 1/T, as depicted in Fig. 13, served as a 
valuable tool for determining the thermodynamic parameters of inter-
est. Specifically, the slope and intercept of this plot were employed to 
calculate the values of the enthalpy change (ΔH◦) and entropy change 
(ΔS◦), respectively. Table 4 provides a concise summary of the 

Fig. 12. (a)-(c) Langmuir fitting of OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs, respectively and (d)-(f) Freundlich fitting of OVS-TBN-DBTH, OVS- 
TBN-THS, and OVS-TBN-THSO2 HPPs, respectively. 

Table 3 
Isotherm parameters for adsorption of rhodamine B onto OVS-HPPs.  

Adsorbent Langmuir Freundlich 
qmax 

(mg/ 
g) 

KL 

(L/ 
mg) 

R2 KF 

(mg1-n Ln/ 
g) 

1/n  R2 

OVS-TBN-DBTH 
HPP  

70.62  0.061  0.96  14.16  0.313  0.99 

OVS-TBN-THS HPP  50.20  0.038  0.99  4.99  0.458  0.98 
OVS-TBN-THSO2 

HPP  
77.10  0.033  0.99  5.53  0.533  0.97  

C.-W. Hsiao et al.                                                                                                                                                                                                                               



Separation and Purification Technology 332 (2024) 125771

12

computed thermodynamic values pertaining to the adsorption of 
Rhodamine B onto OVS-HPPs. Notably, the negative values of ΔG◦ at 
various temperatures suggest that the adsorption process is both feasible 
and spontaneous. The observation that ΔH◦ is positive indicates that the 
adsorption is an endothermic process. Furthermore, the positive value of 
ΔS◦ implies that there is an element of randomness or increased entropy 
during the adsorption of Rhodamine B onto OVS-HPPs [69]. This in-
dicates that the system becomes more disordered as the adsorption takes 
place, shedding light on the nature of the adsorption process from a 
thermodynamic perspective. As depicted in Figure S12, the results from 
the recyclability assessments of the most promising sample, OVS-TBN- 
DBTH HPP, demonstrate that even after six experimental cycles, the 
RhB removal rate by OVS-TBN-DBTH HPP consistently remained at a 
high level. 

Table S4 presents an analysis of the dye adsorption abilities of OVS- 
TBN-DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HHPs compared to 
other materials. 

4. Conclusions 

To summarize, three distinct OVS materials, namely OVS-TBN- 
DBTH, OVS-TBN-THS, and OVS-TBN-THSO2 HPPs, were synthesized 
using the Heck reaction. Among these materials, OVS-TBN-DBTH HPP 
exhibits superior characteristics in terms of surface area (387 m2/g), 
pore size (2.3 nm), and thermal stability with a Td10 of 57 5 ◦C. 
Following 48 h of adsorption experiments using rhodamine B, OVS-TBN- 

DBTH HPP displays the lowest concentration of rhodamine B in solution, 
indicating its stronger adsorption capability compared to the other two 
samples. Under optimal conditions (utilizing 5 mg of each HPP material 
and subjecting them to 25 mg/L of rhodamine B at 25 ◦C), the maximum 
adsorption capacities were determined to be 65.78 mg/g, 42.12 mg/g, 
and 62.48 mg/g for OVS-TBN-DBTH, OVS-TBN-THS, and OVS-TBN- 
THSO2 HPPs, respectively. The kinetic studies for the OVS-TBN-DBTH 
HPP adsorption system are best described by the pseudo-first-order 
model, indicating that physisorption predominantly governs the 
adsorption process. On the other hand, the pseudo-second-order model 
provides the best fit for OVS-TBN-THS, and OVS-TBN-THSO2 HPPs, 
mainly due to the increased presence of S atoms in these materials. 

This effective synthetic technique, combined with the advantageous 
surface area derived from the unique structural features of these build-
ing blocks [OVS nanoparticles, TBN, DBTH, THS and THSO2], un-
derscores the significant potential of these HPPs for water treatment 
applications. 
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Fig. 13. Plot of lnKd versus 1/T for adsorption of Rhodamine B onto OVS-HPPs.  

Table 4 
Thermodynamic parameters for adsorption of Rhodamine B onto OVS-HPPs.  

Polymer ΔGo (kJ/mol) ΔHo 

(kJ/mol) 
ΔSo 

(kJ/mol K− 1) 
R2  

303 K 323 K 333 K 343 K 

OVS-TBN-DBTH  –22.762  − 28.087  –32.419  − 34.463  81.871  0.344  0.969 
OVS-TBN-THS  –22.748  − 24.822  − 26.622  − 28.915  22.539  0.148  0.848 
OVS-TBN-THSO2  –22.637  − 27.392  − 28.931  − 31.255  41.885  0.213  0.987  
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