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In this study, we selected two kinds of polystyrene (PS) from a whole solid waste mass, expanded (EPS) and 
extruded (XPS). These polymers were degassed in ethyl acetate (AcOEt) and sulfonated trough of two 
different methods. The sulfonated polystyrene (SPS) was characterized by IR and NMR techniques verifying it 
structure and reaching until 80 % of sulfonation degree. Finally, both PSS were used in simultaneous static 
adsorption test as potential sacrificial agent (SA) in chemical enhanced oil recovery (cEOR). The adsorption 
achieved for SEPS and SXPS were 73.002 mg/g and 131.208 mg/g, giving a 66.3 % and 37.0 % of adsorption 
reduction, respectively. Our sulfonated polymer results to be better than references SA’s, polyacrylate and 
sodium tetraborate. 

1. Introduction 

Plastics are present daily in our life necessities and widely used in different activities. One of the most 
representative plastic is the polystyrene (PS), very useful, especially in packaging process (Choi and Ohama, 
2004). Its mechanic resistance to compressive stress and heat non-conductive properties, make it a 
necessary plastic in our life (Eskander and Tawfik, 2011). However, PS short useful lifetime allow it to convert 
easily in a solid waste and it can be easily accumulated in several places (Derraik, 2002), contaminating 
natural resources as water (Shin, 2005) and soil (Taguchi and Tanaka, 2001) and due to its nil 
biodegradability became a real trouble in our environment (Kan and Demirboǧa, 2009). Therefore, scientific 
community have recognized these polymers as persistent in marine ecosystems (Browne et al., 2008) and as 
toxic material in aquatic species (Gregory, 1991). On the other hand, monomer, styrene, can be released from 
the main polymer chain because the environmental factors, sun light, rain and total solids (Eskander and 
Tawfik, 2011); affording a potential carcinogen effect in humans (Vodicka et al., 2006).  
Due to the above stated, researchers are looking for strategies to reduce the PS negative environmental 
impact. In that sense, to reuse the PS through physical transformations could be one of these ways. 
Therefore, PS has been used in concrete to strengthen it and reduce the permeability (Amianti and Botaro, 
2008), mixed with fibers to form filters (Shin and Chase, 2005) and introducing the PS to the production 
process again (Teo et al., 1997). On the other hand, chemical recycling has been emerged as an attractive 
strategy (Bajdur et al., 2002), transforming the PS in a new material with a new application and reducing the 
solid waste pollution. The most common PS chemical transformation is toward the preparation of a 
polyelectrolyte (PEL) with a sulfonate group as anion and sodium as counterion. The sulfonation process has 
been widely described by Kučera (2001) (Kučera, 2001). Sulfonated PS (SPS) has been widely employed as 
ion exchange resin to adsorb dyes (Herrera-Sandoval et al., 2013), in sewage water purification (Sułkowski et 

al., 2009), in catalysis (Harmer and Sun, 2001), among others applications. More recently the SPS (sulfonated 
polystyrene) has been used as SA in cEOR (chemical enhanced oil recovery), an important procedure to 
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increase the oil production stage (Sheng, 2013), showing successful results, reducing the surfactant and 
polymers adsorption on the mineral surface (Budhathoki et al., 2016). Despite of the SPS use in cEOR bench 
experiments have yielding good results, real minerals and PS waste have not been used in static adsorption 
tests. Therefore, in our research we wanted to use EPS and XPS obtained directly from municipal solid waste 
(MSW), submit it to a sulfonation process and used it as SA in static adsorption assays on a real mineral. 

2. Materials and methods 

All reagents were commercially obtained (synthesis degree) and were used without previous purification. 
Lumex Infralum FT-02 spectrophotometer was used to measure the IR spectra in KBr discs. NMR (1D and 
2D) spectra were recorded on Bruker Avance-400 spectrometer. Gas Chromatograph interfaced to an Agilent 
Technologies MSD 5963 Selective Detector (MSD) was used for MS identification at 70 eV using a 60 m 
capillary column coated with HP-5 [5 %-phenyl-poly(dimethyl-siloxane)].  

2.1 PS Sulfonation  

The PS was selected from MSW, degassed in ethyl acetate and dried until constant weight. Then, in a two-
neck round bottom flask, 5.2 g of PS were dissolved in 25 mL of dichloroethane (DCE), heated up (50 °C) and 
stirred. At the same time in other reactor were mixed 3 mL of acetic anhydride and 50 mL of DCE, the 
temperature was down to 5 °C and 1.5 mL of concentrated H2SO4 were dropped until acetyl sulfate formation. 
Finally, this acetyl sulfate was dropped on the PS-DCE solution and the reaction was heated during 1 h 
(Kučera and Jancář, 1996). Sulfonated PS (SPS) was characterized by FTIR and NMR. The sulfonation 
degree was performed using a volumetric titration and the equation (1) (Unnikrihnan modified formula) 
(Unnikrishnan et al., 2010). 

𝑆𝐷 =
[0.104𝑀(𝑁𝑎𝑂𝐻) × 𝑉(𝑁𝑎𝑂𝐻)]

[𝑊 − 0,081𝑀(𝑁𝑎𝑂𝐻) × 𝑉(𝑁𝑎𝑂𝐻)]
× 100 (1) 

Where: SD: sulfonation degree (%), M: NaOH molarity, V: NaOH volume consumed until neutralization, W: 
sample mass, 104: PS unit repetitive molar mass and 81: sulfonic group molar mass. 

2.2 Mineral washed 

A mineral pretreatment process was performed to avoid interferences in the surfactant measure. The mineral 
was obtained from a commercial source as common sand, it was grinded in a ball mill and sieved through 80 
net size. Then we followed a modified protocol reported by Mattigod et al. (1985). Briefly a quantity of mineral 
was dispersed into distilled water (67 g/L) and stirred during 45 min. Afterwards the pH was adjusted to 9.5 
with NaOH (0.1 M) and mixture was divided in 50 mL centrifuge tubes. The centrifuged-decanted process was 
performed five times to remove particles between 2-0.2 µm. Then the mineral was re-suspended in HCl until 
pH = 3, centrifuged and washed until constant pH = 5.5. Finally, the mineral was dried in an oven to 105 °C 
and stored in N2 inert atmosphere to avoid oxidation. This material was characterized by Scanning Electron 
Microscopy (SEM) combined with X-ray Energy Dispersive Spectrometry (EDS). 

2.3 Static adsorption test 

Static adsorption was performed mixing 1.5 g of mineral and 20 mL of sodium dodecyl sulfate (SDS) solution 
in a 50 mL centrifuge tube. The mixtures were shaken during 24 h to room temperature (25 °C). Then the 
samples were centrifuged to 3000 rpm during 30 min and supernatant was filtered through 0.45 µm filter 
(Azam et al., 2013). The remainder surfactant within the solution was determined by methylene blue active 
substances method (MBAS) (ASTM D2330-02). 

2.4 Surfactant quantification through MBAS method 

An aliquot was taken (8.3 mL) from filtered supernatant, a drop of phenolphthalein and a drop of NaOH (1 M) 
were added. The final solution was titrated with H2SO4 (2 M), a methylene blue solution was added (2.3 mL) 
and 5 mL of chloroform as well. This mixture was vigorously shaken during 30 s and the aqueous phase was 
separated. Afterwards, the washed solution (H2SO4 6 N and NaH2PO4·H2O) was added, the mixture was 
vigorously shaken during 30 s, the organic phase was separated and absorbance was measured to 652 nm 
(Clesceri et al., 1999). 

3. Results and discussion 

Before to start with the sulfonation process, was necessary to obtain the starting material, in that case, we 
selected the PS from a whole MSW. Two kind of PS, the EPS and XPS, were separated from MSW and 
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degassed with different solvents, petroleum ether (PE), dichloromethane (DCM) and ethyl acetate (EtOAc). 
Both DCM and EtOAc showed good solvent properties, however we used EtOAc because is less toxic.  
Several sulfonation processes have been reported, including sulfonation by sulfuric acid (Shibuya et al., 
1992), silver sulfate (Holboke and Pinnell, 1989), sulfur trioxide (Turbak, 1962), chlorosulfonic acid, silica 
sulfuric acid (Sułkowski et al., 2009) and acetyl sulfate (Kučera and Jancář, 1998). According to the literature, 
we compare two common methods for the PS sulfonation, liquid sulfuric acid and acetyl sulfate. In that case 
the protocol success was determined by the sulfonation degree eq(1) and workup treatment. The acetyl 
sulfate process showed the best results yielding a white solid easily isolated from the reaction crude and more 
stable (less hygroscopic).  
Therefore, we continue with the sulfonation of both, EPS and XPS solid waste, using the acetyl sulfate 
process and yielding 68 % SD for XPS and 80 % SD for EPS. Afterward structural characterization was 
performed for the polymers, identifying main changes on the polymer chain through IR. PS’s as same as 
SPS’s, were structurally elucidated observing the main stretching vibration SO3 absorption bands at 1342, 
1188 and 1126 cm-1 approximately according to the literature report (Martins et al., 2003). Due to the low 
water solubility showed by the SEPS (never affects the adsorption assays) and the pronounced vibration 
bands around 1200 cm-1, sulfone cross linker formation (Ar-SO2-Ar) could be obtained (Figure 1). 

 

Figure 1: Polymer’s Infrared spectra: (a) SEPS, (b) SXPS, (c) XPS and (d) EPS.  

The structural change was also checked by 1H NMR where the aromatic region was displaced towards high 
chemical shift frequencies due to the SO3 inclusion (Figure 2). On the other hands the main peaks related with 
the aliphatic and aromatics protons were observed, however as we expected just the aromatic region was 
altered. An additional decoupling, like a broad signal was observed to down-field for the SEPS maybe 
because SO3 can be include on para, orto and meta benzene position, regarding to C anchored to polymer 
backbone. Solvent (EtOAc) and water signals were observed as well between 3.5 and 5 ppm. 

 

Figure 2: Aromatic region of NMR (400 Hz) spectra for (a) SEPS, (b) SXPS, (c) EPS and (d) XPS. 

With sulfonated polymer in our hands we started the mineral pretreatment and the point zero charge (PZC) 
analysis. Due to the mineral was acquired from a real soil we washed it to avoid interference with another 
organic compound presents in the soil or another potential surfactant in situ formation. More quantity of 
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surfactant was determined when no mineral washing process was performed. In addition, we wanted to 
remove potential coating oxides over the mineral compounds and mostly presents colloids into suspension 
that can interfere in the static adsorption process. After mineral washing we evaluated the morphological 
structure using SEM experiments and checked the elemental composition by EDS (Figure 3).  

 

Figure 3: SEM images and EDS analysis for mineral before washing (a) and after washing (b). 

According to the composition elemental analysis, percent values change slightly between these two samples, 
around 1-2 % wt. However, some elements like iron changed from 5 to 9 % on a random selected section. The 
morphological structure shows small mineral grains more free from the big ones, different than before washing 
mineral SEM image. In this case the small grains look like sticked on the bigger microstructures. Despite of a 
DRX analysis was not performed, literature report SiO2 and Al2O3 as the major compounds to this kind of 
sands (Smialek, 1991). The mineral PZC was determined through salt addition method found it around pH = 
4.8 and pH = 12. Between this two values the mineral have negative charges but it carries a positive one from 
the media, therefore it can be attracts anionic surfactants. Below 4.8 value the mineral have positive charge 
and carries the negative from the media (Figure 4). After pH effect analysis on the mineral surface, we 
performed the static adsorption test. Mostly surfactant used in cEOR process have anionic features, therefore 
we used SDS in the static adsorption test. In the same way, we used two SA as reference compounds, the 
sodium tetraborate reported as excellent SA on berea with high SiO2 percent (Azam et al., 2013) and a 
commercial polyacrylate with 3,500 Da of MW. This last one has showed good behaviour as SA as well, in 
both static and dynamic adsorption test (Shamsijazeyi et al., 2013). 

 

Figure 4: Mineral PZC determination through salt method addition. 

SDS concentration was constant, different concentrations of SA were used (0 – 2500 ppm) and the mineral 
quantity was fixed for a same volume of mixture. The relationship between solution and mineral was 20 mL of 
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solution per 1.5 g of mineral. In addition, 1.5 % of NaCl was used to activate the mineral surface. The 
concentration of SDS was determined through MBAS assay before and after adsorption method and the 
adsorption (mg/g) was calculated employing the eq(2). 

Ads=
Co×V

W
×(Co-Cf) (2) 

Where: Ads: adsorption (mg/g), C0: initial concentration (mg/L), V: volume (L), W: mineral mass (mg), Cf: final 
concentration (mg/L). Calculation of adsorption were performed to pH = 9.5 for each SA (SEPS, SXPS, 
sodium tetraborate and sodium polyacrylate), showing good behaviors in all cases because the adsorption 
reduction was acquired. Despite of SA and SDS were used simultaneity, was possible to see a mineral 
preference by SA due to electrostatic interaction. SEPS showed better adsorption reduction than the reference 
compounds and SXPS. The adsorption achieved for SEPS were 73.002 mg/g, giving a 66.3 % of adsorption 
reduction. It activity was better than polyacrylate and tetraborate reference compounds. On the other hand, 
polyacrylate showed an adverse effect due to the adsorption to high concentrations (2500 ppm), probably 
because free polymer can interact with SDS and afford adsorption (Figure 5). Around 2000 ppm adsorption 
reduction is better acquired when polyacrylate is used, however, this reagent can result more expensive than 
PS and tetraborate.   

 

Figure 5: Adsorption curves of sulfonated polystyrenes as sacrificial agents. 

4. Conclusion 

We obtain a sample of EPS and XPS from MSW whole mass and submit it to sulfonation process through of 
acetyl sulfate method. It was characterized and used as sacrificial agent in static adsorption test to check it 
potential application in cEOR. SPSs shown better behavior like SA than recognized tetraborate and 
polyacrylate, reaching adsorption reduction until 66.3 % to SEPS and 37.0 % to SXPS. It is the first clear 
evidence about the potential of PS solid waste as feedstock in a sulfonation process towards the synthesis of 
versatile sulfonated polystyrene. 
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