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Abstract: The capture of heavy metal pollution in water is important for ensuring environmental 
and public health. In this study, a sorbent comprised of powdered activated carbon and a sustainable 
polysulfide polymer made by inverse vulcanization was used to remove lead from water. The 
dynamic S-S bonds in the polysulfide polymer were then used to form a composite block by 
reactive compression molding: a process that confines the pollution and prevents leaching. 
Leaching was prevented or reduced when the composite was submerged in water. The reactive 
compression molding technique is a simple method for preventing leaching during the transport and 
storage of spent sorbents. 
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Abstract: The capture of heavy metal pollution in water is important for ensuring environmental 

and public health. In this study, a sorbent comprised of powdered activated carbon and a sustainable 

polysulfide polymer made by inverse vulcanization was used to remove lead from water. The 

dynamic S-S bonds in the polysulfide polymer were then used to form a composite block by 

reactive compression molding: a process that confines the pollution and prevents leaching. 

Leaching was prevented when the composite was submerged in water for 1 week. The reactive 

compression molding technique is a simple method for preventing leaching during the transport and 

storage of spent sorbents. 

Introduction: The remediation of water contaminated with heavy metals is essential for public and 

environmental health. Lead pollution poses a substantial health risk, with harm to child 

development an ongoing concern [1-3]. Activated carbon is a common sorbent to remove Pb2+ from 

water [4], but there have been few reports on the full life cycle management of the spent sorbents. 

For persistent pollution such as heavy metals, there is a need for strategies to prevent leaching and 

contamination during the transport and storage of spent sorbents. In this study, we report a simple 

and effective method to confine lead to a powdered activated carbon sorbent. The method involves 

using a surface-reactive polymer to form a barrier around the spent carbon. The key polymer was 

made by inverse vulcanization—a copolymerization of sulfur and polyenes that provides organic 

polysulfides [5-7]. We have previously shown that this polymer, when blended with powdered 

activated carbon (PAC), reduced dust plumes of the finely powdered carbon, making PAC safer to 

handle [8]. The polysulfide support also prevented PAC from caking and blocking filters in 

continuous purification of water contaminated with per- and polyfluoroalkyl substances (PFAS) [8]. 

In this study, we report a new capability of the polymer support that takes advantage of the reactive 

S-S bonds contained in the material. Specifically, the polymer could be used as a barrier to contain

lead-contaminated PAC. The barrier is formed by dynamic exchange of the S-S bonds in the

polymer that convert it from a powder to a monolithic block. This process is referred to as reactive

compression molding, a technique recently reported as a method to make a variety of composite

materials [9]. Here, this processing technology was applied to the confinement of a spent carbon



sorbent to prevent leaching. The concept is illustrated in Figure 1. The key polymer used in the 

reactive compression molding is also sustainable because it is made from renewable canola oil and 

elemental sulfur (a byproduct of petroleum refining). The barrier of the poly(S-r-canola) polymer 

was found to prevent lead leaching from the sorbent when submerged in water for one week.  

 

 
Figure 1. Reactive compression molding [9] was used to encapsulate a spent sorbent and prevent 

leaching of captured lead. The sorbent was made from a blend of a polysulfide polymer and 

powdered activated carbon (PAC). The polymer reduces dust plumes by binding to the PAC, 

rendering it safer to handle [8]. The polymer in the sorbent has a reactive surface that becomes the 

mortar that allows adhesion to the final polymer casing. The adhesion occurs through metathesis of 

the S-S bonds in the polysulfide polymer [9]. 

 

Materials and Methods: 

Poly(S-r-canola) synthesis. The polymer was prepared as previously described by the co-

polymerization of sulfur and canola oil [10]. Briefly, canola oil (450.0 g) was added to a 4.7 L, 20 

cm diameter stainless steel reactor and heated to 170 ºC. The canola oil was stirred with an 

overhead stirrer equipped with a stainless steel impellor and the oil temperature was monitored 

using a thermocouple placed directly in the reaction mixture. Sulfur (450.0 g) was then added over 

a period of 10 minutes. Care was taken so that the reaction temperature remained at least 155 ºC. 

After the sulfur addition was complete, the thermostat of the reaction vessel was set to 180 ºC and 

sodium chloride (2.10 kg) was added over the course of 15 minutes. The reaction was heated for an 

additional 10-15 minutes with continuous stirring until the torque meter on the overhead stirrer 

registered 40 N•cm. At that stage, the stirring was stopped and the reactor was removed from the 

hot plate and cooled on a trivet. The polymer was removed from the reactor and mechanically 

ground to particles < 3 mm in size. The sodium chloride porogen was then removed by stirring the 

ground polymer in 17 L of water. The polymer was isolated by filtration and washed twice more 



with water in the same manner. The washed polymer was dried in a fume hood, providing 850-900 

grams of poly(S-r-canola) product. All characterization data including thermal analysis (DSC and 

TGA) and spectroscopic analysis (IR and NMR) were fully consistent with that previously reported 

for this polymer [11-13]. 

Polymer-carbon sorbent preparation. The sorbent was made as previously described [8]. 

Briefly, 800 g of the poly(S-r-canola) polymer and 200 g powdered activated carbon (PGW 150 

MP, Kuraray) were added to a plastic container and inverted repeatedly. The powdered activated 

carbon adheres to the polymer, forming a homogeneous and free-flowing blend. This sorbent was 

used for all lead sorption experiments. 

Lead concentration measurements. Lead concentrations in water were measured by ICP-

MS by Envirolab Services Pty Ltd, with accreditation by the National Association of Testing 

Authorities, Australia (NATA Accreditation Number 2901).  

Lead sorption using the polymer-carbon blend. A solution of Pb2+ was prepared by 

adding 250 mg of Pb(NO3)2 to a 500 mL volumetric flask and dissolving in deionized water. After 

diluting to the 500 mL mark, an aliquot of the solution was filtered (25 µm nylon syringe filter), and 

the concentration was measured to be 560 ppm by ICP-MS using a certified commercial service as 

described above. In the sorption experiment, 250 mL of the Pb2+ solution was added to a 1 L plastic 

container along with 20 g of the polymer-carbon blend. The mixture was stirred for 1 hour at 20 ºC 

before isolating the carbon-polymer blend by filtration. The Pb2+ concentration of the filtrate was 

measured after an additional filtration through a syringe filter (25 µm, nylon). The carbon-polymer 

blend (with bound lead) was dried in a fume hood for 24 hours before proceeding to the leaching 

experiments. 

Control experiment using only polymer as a lead sorbent. An aqueous solution of 

Pb(NO3)2 prepared at a concentration of 560 ppm as described above, with the concentration 

verified by ICP-MS. Next, a 100 mL aliquot of this solution was added to a 500 mL plastic 

container along with 6.4 g of the poly(S-r-canola) polymer. This experiment was performed in 

triplicate and no carbon was used. The mixture was stirred for 1 hour at 20 ºC before isolating the 

polymer by filtration. The Pb2+ concentration of the filtrate was measured after an additional 

filtration through a syringe filter (25 µm, nylon). The final lead concentration was measured by 

ICP-MS using a certified commercial service as described above.  

Reactive compression molding to confine the spent sorbent. Polymer mats were prepared 

from poly(S-r-canola) by reactive compression molding, as previously described [9]. Briefly, 5.0 g 

of the powdered poly(S-r-canola) was placed between two poly(tetrafluoroethylene) (PTFE) sheets 

in a 10 × 10 cm mold. The mold was placed in a heat- and pressure-controlled press and then 

processed at 100 ºC and 40 MPa for 10 minutes. The resulting polymer mats were then used as a 



barrier in which the spent polymer-carbon sorbent could be contained. To encapsulate the spent 

sorbent, one of the pre-formed polymer mats was placed on a PTFE sheet in the mold. Next, the 

polymer-carbon blend (5.0 g of the spent sorbent bound to lead) was placed in the center of one of 

the pre-formed polymer mats. Then, 2.0 g of powdered poly(S-r-canola) was added around the 

perimeter of the mat. Next, the top polymer mat was added, followed by another PTFE sheet. The 

mold was placed in the heat- and pressure-controlled press and then processed at 100 ºC and 40 

MPa for 10 minutes. After cooling to room temperature, the polymer-encapsulated sorbent was 

removed from the mold and tested in leaching experiments. 

 Leaching of lead from the spent polymer-carbon blend. All leaching tests were carried 

out in triplicate. A 1.0 g sample of the spent polymer-carbon blend (with bound Pb2+) was added to 

a 50 mL plastic centrifuge tube along with 50 mL of deionized water. The sealed tubes were mixed 

at 20 ºC using an end-over-end mixer operating at 25 rpm. After 1 week, the water was filtered (25 

µm nylon syringe filter) and then the concentration of lead was determined by ICP-MS.  

 Leaching lead from the polymer encapsulated sorbent. All leaching tests were carried 

out in triplicate. The polymer mats encapsulating the spent sorbent were submerged in 250 mL of 

water in a 500 mL plastic container. The sealed container was placed on a rocker table at 20 ºC for 

8 weeks. The water was sampled and filtered (25 µm nylon syringe filter) after 1 week and 8 weeks 

and the concentration of lead was determined by ICP-MS.  

 

Results and discussion:  

 An excess of a concentrated lead solution (560 ppm Pb2+) was used so that lead could be 

rapidly bound to the carbon-polymer blend for the purpose of generating a spent sorbent. After 1 

hour of exposure of the polymer-carbon blend (16.0 g polymer and 4.0 g PAC) to the aqueous 

solution of lead (250 mL), it was found that 10 mg of Pb2+ was bound to the sorbent based on the 

reduction of lead in solution, as measured by ICP-MS. In a control experiment in which only 

polymer was used in the lead sorption experiment, an average of 0.2 mg of lead was bound per 

gram of polymer in triplicate experiments at the same lead concentration. This result indicates that 

the lead removal for the polymer-carbon blend is due primarily the activated carbon (1.8 mg of lead 

bound per g activated carbon), though the polymer is also a minor contributor to lead binding. The 

amount of sorbent and type of carbon was not optimized as the goal of this study was to focus on 

preventing leaching rather than the water remediation step. After isolating the spent sorbent by 

filtration, it was air-dried in a fume hood for 24 hours before proceeding to leaching experiments. 

 To test leaching of the spent sorbent, 1.0 g of the carbon-polymer blend was placed in 50 

mL of deionized water in a plastic centrifuge tube. This experiment was carried out in triplicate. 

After rotating for 1 week, the water was filtered and analyzed by ICP-MS. The lead concentration 



due to leaching was 46.7 ± 0.5 ppb. While this corresponds to leaching of only 2.3 µg of the 500 µg 

bound to the 1.0 g of sorbent, the concentration of leached lead is well above acceptable 

concentrations for drinking water. In Canada, for instance, the maximum acceptable concentration 

of lead in water is 5 ppb [14]. Therefore, exposure of the spent sorbent to water results in sufficient 

leaching to pose a health risk.  

To prevent this leaching, the spent sorbent was encapsulated in a barrier of the poly(S-r-

canola) polymer (the same polymer used to support the PAC in the sorbent). The polymer barrier 

was made through reactive compression molding—a process in which pressure is applied with mild 

heating to provoke S-S metathesis and covalent bonding between the polymer pieces [9]. The 

poly(S-r-canola) polymer used for this purpose is unique in that it does not form a liquid phase 

during reactive compression molding. Rather, the flexible polymer is compressed and the reactive 

faces are forced into contact and bond via S-S metathesis. To completely encapsulate the spent 

sorbent, 5.0 g of the sorbent (bound to lead) was placed between two 5.0 g poly(S-r-canola) 

polymer mats (made by reactive compression molding). An additional 2.0 g of powdered poly(S-r-

canola) was added to the perimeter of the spent sorbent and used as chemical mortar to bind 

together the two mats. The polymer from the sorbent was also designed to facilitate covalent 

bonding to the top and bottom mats. The encapsulated sorbent was then placed in a mold between 

two PTFE sheets and compressed at 40 MPa and 100 ºC for 10 minutes. After this time, the spent 

sorbent was completely confined to the inside of the polymer block (Figure 2). 

 

 



Figure 2. A. Reactive compression molding allows a spent lead sorbent to be encapsulated in a 

polymer barrier. The mold is 10 × 10 cm. B. The polymer barrier prevents lead leaching after 

submerging in water for 1 week. 

  

 To determine if the polymer barrier could prevent leaching, the encapsulated sorbent mat 

from Figure 2 was placed in 250 mL of deionized water and placed on a rocking table for 8 weeks. 

The water was sampled and measured for lead content by ICP-MS after 1 week and 8 weeks. After 

1 week, the levels of lead were below the limits of detection. After 8 weeks completely submerged 

in water, the concentration of leached lead was a mere 1.5 ppb. This result indicates that only 0.38 

µg of lead was leached from a possible 2500 µg of lead in the 5.0 g of spent sorbent bound in the 

polymer mat. This is a promising finding that illustrates how reactive compression molding can 

effectively confine spent sorbents containing toxic heavy metals and prevent leaching. It should 

also be noted that for storage and transport, the polymer encapsulated sorbent would likely not be 

stored in water so leaching would very likely be negligible in such a situation.  

  

Conclusions: Reactive compression molding was used to create a polymer barrier around a 

spent sorbent bound to lead. The barrier greatly reduced the amount of lead leached from the 

sorbent when it was completely submerged in water. The reactive compression molding takes 

advantage of the reactive S-S bonds on the poly(S-r-canola) surface, which allows the formation of 

a polymer mat or block via S-S metathesis. The polymer is multifunctional in this strategy of water 

remediation: it is a support for the carbon sorbent that lowers dust and serves as a hydraulic 

lubricant [8], the polymer can also bind to pollutants such as hydrocarbons [10] and mercury 

[11,13], and it has a reactive surface that enables reactive compression molding [9] to confine the 

spent sorbent. This is yet another environmentally beneficial application of the unique polysulfide 

polymers made by inverse vulcanization [15-18]. The encapsulation and stabilization of toxic heavy 

metals is of increasing interest as the use and trade of these substances becomes more restricted and 

regulated [19]. Confining these contaminated materials in polysulfide polymers is a promising 

option to address this challenge. 
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