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ABSTRACT: High sulfur content polymers were prepared through the copolymerization of sustainable triglycerides and sulfur.
The products of the so-called “inverse vulcanization” contain 50% sulfur by mass and were evaluated in the removal of inorganic
and alkylmercury compounds from water. The structurally distinct triglycerides found in canola oil, castor oil, and rice bran oil
were all examined as co-monomers in the inverse vulcanization reaction to determine how each influences the rate and capacity of
mercury uptake. It was found that the high percentage of hydroxylated ricinoleic acid in castor oil improves both wetting and the
rate of uptake of mercury(Il) chloride into the polymer, in comparison to the polymers made from canola oil and rice bran oil. For
the castor oil, the initial rate of uptake of mercury(Il) chloride was more than three times the initial rate of uptake of the canola oil
polymer, with a mercury removal efficiency exceeding 99.99%. The affinity of the castor oil polymer for HgCl, was also excellent,
with a distribution coefficient (K,) on the order of 10° mL/ g. In contrast, the polymer made from the inverse vulcanization of canola
oil and sulfur had an initial rate of uptake more the twice the rate of the castor oil copolymer in experiments involving sorption of
the mercury-based fungicide 2-methoxyethylmercury chloride (MEMC). In addition to kinetics, sorption isotherms were obtained
for all polymer sorbents and fit to both Langmuir and Freundlich isotherm models. In terms of sustainability, this work advances
the use renewable monomers such as triglycerides sourced from plants and inexpensive industrial byproducts such as sulfur to make
affordable mercury-binding materials.

ter.”” In a recent report from our laboratory, we specifically
employed canola oil or even used cooking oil in the polymeri-

INTRODUCTION

Mercury pollution is a persistent threat to the environment and
human health."” Mercury emissions originate from a variety of
sectors, but pollution from artisanal gold mining6 and coal
combustion’ are especially problematic, with the majority of
anthropogenic mercury emissions originating from these activ-
ities.® With the Minamata Convention recently coming into
force,9 there is an urgent need to develop cost-effective
measures for stemming mercury pollution. Indeed there has
been extensive work on mercury decontamination of air, water
and soil," including the development of high performance
sorbents based on activated carbon'' and other porous materi-
als."” Nevertheless, these materials are often not suitable in
developing nations because of prohibitive cost, limited scale,
or difficulty in deployment. And while mercury sorbents based
on abundant bio-based materials have been reported,13 their
performance in mercury capture is often limited in rate, selec-
tivity and capacity. Thus, there remains a need for sustainable
and low-cost mercury sorbents that can be easily prepared and
deployed in areas with limited economic resources. To address
this need, polymeric sorbents for mercury made from ele-
mental sufur and renewable plant oils have emerged as attrac-
tive materials.'**' The plant-derived monomers are renewable
and there is a surfeit of sulfur produced during petroleum re-
fining, so these polymers can be prepared sustainably and on a
large scale.”>” These high sulfur content polymers, prepared
by “inverse vulcanization,””**” have been shown to be effec-
tive in the capture of mercury metal, mercury gas, inorganic
mercury, organic mercury and mercury bound to humic mat-

zation so that the resulting mercury sorbent would be made
from inexpensive and sustainable starting materials.">** We
have since explored this polymer system in a variety of envi-
ronmentally-focused applications including oil spill remedia-
tion,22 metal sorption,ls’zg water ﬁltration,23 and controlled-
release fertilisers.”’ Additionally, methods to tune the thermal
and mechanical properties of these polymers have recently
been explored to further increase their versatility.”' In this
study, we investigate the inverse vulcanization of two addi-
tional plant oils—rice bran oil and castor oil—and compare
their mercury sorption performance in aqueous media to the
original canola oil and sulfur copolymer (Figure 1).
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Key question in this study:
Does the triglyceride structure influence mercury sorption?

Figure 1. Plant-derived triglycerides can be copolymerized with
clemental sulfur to form sustainable, low-cost mercury sorbents.



The hypothesis at the outset of the study was that the hydrox-
ylated triglyceride in castor oil would improve wetting and
mass transfer of aqueous mercury to the polymer (Figure 2). It
was also of interest to determine if the rice bran oil—with its
greater unsaturation from high linoleic acid content—would
affect mercury sorption. More generally, our goal was to ap-
ply inverse vulcanization to other renewable triglycerides that
are widely available so that they could be used in environmen-
tally beneficial applica1'[ions.26’27

RESULTS AND DISCUSSION
POLYMER SYNTHESIS AND CHARACTERIZATION

The composition of the three plant oil triglycerides was first
analyzed to determine the identity and quantity of the unsatu-
rated components. To do this analysis, the triglyceride was
reacted with sodium methoxide in methanol to produce glyc-
erol and the corresponding fatty acid methyl ester (Supporting
Information S3). The methyl esters were extracted into ethyl
acetate and then characterized further by infrared and 'H NMR
spectroscopy and GC-MS (Supporting Information S3-S7).
The canola oil triglyceride used in this study contained oleic
acid (74%) and linoleic acid (18%) as the major constituents
(Figure 2). Rice bran oil also contained oleic acid as the major
component of the triglyceride (46%), but had greater amount
of linoleic acid (30%) and palmitic acid (21%). Castor oil, in
contrast, is structurally distinct in that 92% of the triglyceride
is comprised of ricinoleic acid (Figure 2).
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Figure 2. The fatty acid compositions in the plant-derived triglyc-
erides canola oil, rice bran oil and castor oil were determined by
GC-MS after transesterification to the methyl ester (Supporting
Information S5). The major fatty acid components are shown.
These triglycerides were used as monomers for inverse vulcaniza-
tion with subsequent testing as mercury sorbents.

Determining the structural differences of these triglycerides is
important because the degree of unsaturation might affect the
crosslink density in the polymer. Furthermore, the hydroxyl
groups in the castor oil triglyceride might facilitate wetting
and mass transfer of contaminated water to the polymer sur-
face. There is also the possibility that these hydroxyl groups
could also bind to mercury.

With the composition of the triglycerides known, each was
subject to copolymerization with sulfur (Supporting Infor-
mation S8-S9). First, the triglyceride was added to an enam-
eled cast iron reactor and heated to 170 °C, with mixing im-
parted from an overhead stirrer. An equal mass of sulfur was
then added to the heated triglyceride at such a rate that the
reaction temperature did not drop below 159 °C—the tempera-
ture at which sulfur undergoes ring-opening polymcrization.24
After the addition of sulfur, the reaction mixture is two-phases
with the molten sulfur as the higher density phase on the bot-
tom of the reactor and the oil on the top. At this stage the reac-
tion temperature was increased to 175 °C. Sodium chloride
was then added to the reaction mixture, serving as a porogen
that could be removed after polymerization to provide a higher
surface area polymer.ls’22 After the addition of sodium chlo-
ride, the reaction mixture solidifies after 12 minutes for canola
oil, 25 minutes for rice bran oil, and 21 minutes for castor oil
(for a 30 gram polymerization). The polymer-salt composite
was then removed from the reactor, ground to small particles
(0.2-10 mm diameter) and then washed repeatedly in water to
remove the sodium chloride. After drying the polymer in air,
the isolated yields for all polymers were typically between 84-
97%. The final product presented as a soft, rubbery solid vary-
ing in color from brown (copolymers made from the inverse
vulcanization of canola oil and rice bran oil) to yellow/tan
(copolymer made from inverse vulcanization of castor oil)
(Scheme 1). Subsequently, these polymers will be referred to
by the following names: poly(S-r-Canola), poly(S-r-Rice
Bran), and poly(S-r-Castor). This nomenclature is adapted
from Pyun’s conventions for preparing random () copolymers
from sulfur (S) and a polyene (the triglyceride).>*”*

Spectroscopic characterization of the copolymers revealed
reaction of the triglyceride alkenes, as expected for inverse
vulcanization (Supporting Information S10-S13). In the infra-
red spectrum, for instance, the C-H sp2 stretch at 3010 ¢cm™
clearly observed in the triglyceride (Figure 3A) is absent in all
of the copolymers (Figure 3B). The IR spectrum for poly(S-#-
Castor) also contained a broad OH stretch between 3550 and
3200 cm™, indicating that the hydroxyl groups of the ricinoleic
acid component of the castor oil triglyceride were unaltered by
the polymerization. 'H-NMR spectroscopy of the copolymers
in deuterated pyridine was used to quantify the consumption
of alkenes. This analysis was achieved by comparing the ratio
of the integrated signal of the alkenes to terminal methyl group
in the triglyceride for both the unreacted triglyceride and the
polymer (Supporting Information S11-S13). For poly(S-7-
Canola), 86% of the alkenes were consumed and for poly(S-r-
Rice Bran), 93% of the alkenes had reacted. In contrast,
poly(S-r-castor) reached its gel point at a lower alkene conver-
sion, with only 77% of the alkenes consumed in the inverse
vulcanization.



Scheme 1. Inverse vulcanization of plant-derived triglycerides. A. Equal masses of sulfur and a triglyceride were copolymerized at
175 °C in the presence of a sodium chloride porogen. The reaction was removed from the heat upon vitrification (12-25 minutes).
The sodium chloride (70% of the mass of the reaction mixture) was then removed by a water wash. B. Digital image of the copoly-
mers prepared from each triglyceride and an equal mass of sulfur. The image was obtained after grinding, washing, and drying the

polymer particles (0.2 to 10 mm).
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Figure 3. A. FTIR spectra of the triglyceride monomers. B.
FTIR spectra of the copolymer formed after inverse vulcaniza-
tion of the triglyceride. The castor oil and corresponding pol-
ymer display the expected OH stretch from the ricinoleic acid.
The alkene C-H stretch is absent in the polymer IR spectrum,
consistent with reaction at the triglyceride olefin.

Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy were next used to analyze both the surface
and cross-sections of the copolymers (Figure 4 and Supporting
Information S14-S15). On the surface of these polymers, crys-

tals of unreacted sulfur were typically observed, as previously
noted by our previous work on poly(S-r-Canola) and also the
work of Theato on related polymers."”® The free sulfur was
particularly prevalent for poly(S-r-Castor) (Figure 4A), which
did indeed contain a higher percentage of unreacted sulfur (20
wt%) as determined by DSC (see below). However, SEM and
EDS analysis of a cross-section of the bulk polymer showed a
smooth, sulfur rich polymer with only small regions of crystal-
line sulfur (Figure 4B and 4C).

Thermogravimetric analysis (TGA) of the sulfur polymers
showed two major mass losses (Figure 5 and Supporting In-
formation S16-S17). The first mass loss at 230 °C was due to
the thermal decomposition of free sulfur and the weak S-S
bonds in the polymer backbone, as previously described for
related polymers.ls’33 The second mass loss at 325 °C is at-
tributed to the remaining triglyceride domain and C-S bond
cleavage in the polymer.

Differential Scanning Calorimetry (DSC) revealed an endo-
therm between 100 and 130 °C, which corresponds to the tran-
sition of sulfur from an orthorhombic to monoclinic crystalline
state and then melting and conversion to liquid sulfur (Figure
6).34 An estimation of free, non-polymeric sulfur content was
made by integrating the area of these endothermic peaks after
constructing a standard curve with crystalline Sg standards
(Supporting Information S18-S19). Consistent with the higher
amounts of crystalline sulfur observed by SEM (Figure 4A),
poly(S-r-Castor) contained the most free sulfur (20 wt%).
Poly(S-r-Canola) and poly(S-r-Rice Bran) were found to con-
tain 12 wt% and 14 wt% of free sulfur, respectively.
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Figure 4. A. An SEM micrograph of the surface of the poly(S--
Castor) polymer, revealing sulfur crystals on the surface of the
polymer. B. An SEM micrograph of a cross section of the same
material, indicating a smooth surface of the bulk sulfur-
triglyceride copolymer. C. EDS mapping of the cross section re-
vealed high sulfur and carbon content in the bulk polymer. Addi-
tional SEM micrographs and EDS analysis for all three copoly-
mers are provided in the Supporting Information (S14-S15).
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Figure 5. Thermogravimetric Analysis (TGA) of the sulfur poly-
mers. Two mass losses are observed in the thermal decomposition
of all polymers, consistent with previous reports on related mate-
rials.'>** The first mass loss corresponds to extrusion of sulfur (as
SO,, for instance) following scission and reaction of weak S-S
bonds. The second mass loss corresponds to any remaining organ-
ic matter and other sulfurized material.
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Figure 6. Differential Scanning Calorimetry (DSC) of the sulfur
polymer at the range of sulfur endotherm peak. Integration of
these transitions was used to estimate the amount of unreacted
residual sulfur in the copolymers (Supporting Information S18-
S19).

While the free sulfur content of these polymers has not pre-
cluded their use as oil spill sorbents,” new cathode materials,*
support for activated carbon for organic micropollutant reme-
diation,23 and components of fertilisers,m’35 the amount of free
sulfur might affect the performance in mercury sorption. Ac-
cordingly, poly(S-r-Canola), poly(S-r-Rice Bran), poly(S-r-
Castor), and elemental sulfur were all evaluated next in their
removal of inorganic and organic mercury from water.

MERCURY SORPTION STUDIES

Poly(S-r-Canola), poly(S-r-Rice Bran), and poly(S-r-Castor)
were tested in the sorption of two types of aqueous mercury
solutions: HgCl, and 2-methoxyethylmercury chloride
(MEMC). The former is a common model for inorganic mer-
cury contamination and the latter is an organomercury com-
pound still used widely as a fungicide by sugarcane, potato
and rice growers."*® Because MEMC dip and spray solutions
are released directly and intentionally into the environment, it
is important to have methods to treat runoff or spent solutions
of the fungicide. In the sorption experiments, one gram of each
powdered polymer (particle size <5.0 mm) was added to a
plastic centrifuge tube. All experiments were done in triplicate
and elemental sulfur was used as a control sorbent for compar-
ison to the sulfur polymers. Next, the solution of mercury was
added: 20 mL of HgCl, solution (107 ppm) or 20 mL of the
MEMC solution (130 ppm — near the working concentration of
the fungicide). The concentrations of these mercury stock so-
Iutions were determined by cold vapor atomic absorption
(CVAA) spectroscopy. The samples were capped and then
rotated at 25 rpm on an end-over-end mixer at 20 °C. Aliquots
of 0.5 mL were sampled from each tube at 1, 2, 4, 6, and 24
hours and analyzed by CVAA spectroscopy (Supporting In-
formation S20-S22).

The mercury concentrations at equilibrium (24 hour treatment)
were first used to assess each sorbent’s affinity for the heavy
metal. Accordingly, the distribution coefficient (K,) was calcu-
lated using Equation 1, where C; is the initial mercury concen-
tration and C; is the final mercury concentration (mg/L), re-
spectively; V' is the volume of mercury solution (mL) and m is
the mass of the sorbent used in the experiment (g): *"*
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For HgCl, sorption, the poly(S-r-Castor) sorbent had the high-
est calculated K, of 2.0 x 10° mL/g. The K, for poly(S-r-
Canola) was lower at 3.4 x 10° mL/g and the K, for poly(S-r-
Rice Bran) was 1.49 x 10° mL/g. High performance and com-
mercial mercury sorbents typically have a K, > 10° mL/g for
Hg(11),’** so the affinity for inorganic mercury is very good
for these polymer sorbents. In particular, the affinity of
poly(S-r-Castor) for HgCl, is particularly excellent, as its K, is
on the same order of some recently reported high performing
porous sorbents.”® This result is particularly striking when
considering that the poly(S-r-Castor) sorbent is prepared in a
single chemical step from inexpensive and sustainable castor
oil and sulfur. It is also worth noting the elemental sulfur had a
far lower affinity for the HgCl, (K, = 0.39 x 10" mL/g), indi-
cating the polymeric sulfur sorbents are far superior in their
affinity for inorganic mercury (Figure 7). This result also indi-
cates that the polysulfides in the polymer, rather than any re-
sidual free sulfur, are responsible for the high mercury affini-
ty. For MEMC sorption, the K, values were lower than those
for HgCl,. The poly(S-r-Castor) still exhibited the highest
affinity, with a K,; value of 1.3 x 10° mL/g. The K; values of
Poly(S-r-Canola) and poly(S-r-Rice Bran) for MEMC were
both on the order of 10 mL/g. This result indicates that it is
important for a sorbent to be evaluated against multiple types
of mercury, as the affinities can vary with mercury speciation.
Again, elemental sulfur had a very low affinity for MEMC and
removed essentially no mercury from solution after 24 hours
(Figure 7C).

To determine the equilibrium sorption capacity, q. (mg/g), of
the sulfur polymer sorbents, the following mass balance equa-
tion was used (Equation 2):*

\%4
Ge = (CO_Ce)Xm_

S

Eq.2

where C, and C, are the initial and the equilibrium con-
centration (mg/L), respectively, V' is the volume of mercury
solution (L) and m, is the amount of the sorbent used in the
experiment (g). It was found that all three polymer sorbents
had a similar equilibrium uptake of HgCl,: 2.02 mg/g for
poly(S-r-Canola), 2.13 mg/g for poly(S-r-Rice Bran), and 2.13
mg/g for poly(S-r-Castor). For MEMC, these sorption capaci-
ties were 2.23 mg/g for poly(S-r-Canola), 2.19 mg/g for
poly(S-r-Rice Bran), and 2.56 mg/g for poly(S-r-Castor).

The mercury removal efficiency (R) was obtained using Equa-
tion 3, where Cjis the initial mercury concentration in solution
and C, is the mercury concentration at time .

R(%) =% x100  Eq.3
0

The mercury removal efficiency over the first hour is graphed
in Figure 7A and over 24 hours in Figures 7B and 7C. Nota-
bly, the poly(S-r-Castor) sorbent was the most efficient, re-
moving 94% of the HgCl, in one hour and >99.99% over 24
hours (reducing 107 ppm HgCl, to 1.1 ppb HgCl,). Interest-
ingly, poly(S-r-Canola) was the most efficient of the sorbents
in the first hour of MEMC capture with 65% removal efficien-
cy (Figure 7A). However, after 24 hours of treatment, the
poly(S-r-Castor) was still superior with 99% removal efficien-
cy over this time (reducing 130 ppm MEMC to 194 ppb).
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Figure 7. Removal of mercury from water using polymers made
from sulfur and triglycerides. All experiments were carried out at
20 °C using 1.0 g of the polymer in 20 mL of the aqueous solution
of mercury (either 107 ppm of HgCl, or 130 ppm of 2-
methoxyethylmercury chloride, MEMC). A. Mercury removal
efficiency after 1 hour. B. Percentage of HgCl, removed over 24
hours. C. Percentage of MEMC removed over 24 hours.



The kinetics of the mercury sorption were investigated further
using both a Lagergren pseudo-first order kinetic model
(Equation 4)***' and also a pseudo-second order kinetic model
(Equation 5).*"*

q: = q.(1 —e~*1t) Eq. 4
_ qikyt
= Tt Eq.5

Here ¢, is the amount of absorbed mercury per sorbent (mg/g)
at time t, and ¢, is this value at equilibrium. The parameters k;
and k, are the pseudo-first order and pseudo-second order rate
constants, respectively. These parameters, for both models,
were evaluated by non-linear regression analysis using
OriginPro 9.0 software. The resulting models are plotted in
Figure 8 for both HgCl, and MEMC sorption, with the raw
data set and additional modeling details provided in the Sup-
plementary Information (S16-S21). The calculated parameters
and the accuracies of fit (rz) are compiled in Table 1. Addi-
tionally, initial rates or sorption (H, mg/geh) were calculated
according to Equation 6.7

H=k,q2 Eq. 6

As shown in Table 1, > values for both non-linear kinetic
equations were close to unity, showing good fitting between
the experimental data and model. Analysis using linear kinetic
equations was also carried out (Supporting Information S23-
S24), but the fit of the non-linear analysis (Supporting Infor-
mation S25-S26) was superior and therefore presented here.
Additionally, it is clear that the pseudo-second order model
better describes the kinetics of sorption with generally higher
r*, which is thought to be consistent with a chemisorption pro-
cess.”” Indeed we have shown previously that polymers pre-
pared by inverse vulcanization are indeed reactive sorbents
that do not merely bind to mercury, but participate in redox
processes that generate mercury sulfide species on the surface
of the polymer.m’15

In the kinetic analysis, several interesting results were re-
vealed. First, poly(S-r-Castor) had a higher initial rate of up-
take of HgCl, (~3 fold faster in the pseudo-second order mod-
el) than both poly(S-r-Canola) and poly(S-r-Rice Bran). This
may reflect the ability of the poly(S-r-Castor) polymer to wet
more efficiently and therefore improve mass transfer of the
mercury. Indeed, the poly(S-r-Castor) was found to take up
more water per mass over 1 hour (448 + 11 mg/g) than either
poly(S-r-Canola) (299 + 7 mg/g) or poly(S-r-Rice Bran) (248
+ 4 mg/g) (Supporting Information S27). In MEMC sorption,
poly(S-r-Canola) had superior initial rates of uptake (6.5
mg/geh) in comparison to poly(S-r-Castor) (2.86 mg/geh) and
poly(S-r-Rice Bran) (0.8 mg/geh). As seen in Figure 7, how-
ever, poly(S-r-Castor) still displayed the best mercury removal
efficiency when the system reached equilibrium.

Next, Langmuir and Freundlich isotherm models were used to
describe the sorption process for HgCl, (Supporting Infor-
mation S28-S3 1).43 The Langmuir model is based on Equation
7, where ¢, is the maximum sorption capacity (mg/g) and K,
is a Langmuir isothermal constant (L/mg).

__ amKLCe

Qe = Tikic

L%e

Eq.7

The Freundlich isotherm model is based on Equation 8

1
qe = KpC} Eq. 8

where K is a Freundlich isothermal constant and # is a dimen-
sionless constant related to sorption intensity.43 For both mod-
els, g. and C, are the corresponding sorption capacity (mg/g)
and the concentration of mercury solution at equilibrium, re-
spectively. Sorption isotherm data was obtained by submerg-
ing 50 mg of the powdered sulfur polymers in separate poly-
propylene plastic vials containing 20 mL of a HgCl, solution
and mixing for 24 hours at 15 °C in an end-over-end mixer.
Separate experiments were carried out for mercury concentra-
tions of 0.5, 1, 5, 10, 50, and 100 mg/L. The concentration of
mercury left in the solution after the sorption was determined
by CVAA. The sorption data was then analyzed by non-linear
regression using OriginPro 9.0 software. Model parameters are
summarized in Table 2, along with the 1* values and root mean
square error (RMSE). The isotherm curves are shown in Fig-
ure 8.

In the modeling, it was revealed that the Freundlich model was
a better fit than the Langmuir model for all three polymer
sorbents (Table 2 and Figure 8). This may reflect the hetero-
geneous nature of the sorbents.” Nonetheless, important in-
formation can be gleaned from both models. From the Lang-
muir isotherm data, a dimensionless separation factor (R;) can
be calculated (Supporting Information S30) and used to de-
termine if the sorption process is favorable: the sorption pro-
cess is favorable when 0 < R; < 1 and it is unfavorable when
R, > 1.% In this study, all sulfur polymer sorbents have separa-
tion factors between 0 and 1, indicating that the mercury sorp-
tion process is favorable (S24). Additionally, the Langmuir
equilibrium constant (K;) values for all sulfur polymer
sorbents indicate a strong affinity towards mercury(Il) chlo-
ride, as expected for a sorbent with high sulfur content. It is
also important to note that the Langmuir model indicated that
the maximum capacity of the three sorbents were all similar at
8.99 mg/g for Poly(S-r-Canola), 10.99 mg/g for Poly(S-r-Rice
Bran), and 8.15 mg/g for Poly(S-r-Castor). It should be noted
that these capacities are related to amount of active sites avail-
able for mercury binding on the surface of the polymer. By
increasing the surface area of these polymer materials (by
foaming or preparing the polymers on a high surface area sup-
port, for instance), an increase in capacity is likely possible—a
strategy that has been validated for other polymers made by
inverse vulcanization.”! Finally, from the Freundlich model,
the sorption intensity parameter (n) can be used to assess if the
metal uptake is favorable. Values >1 reflect a favorable pro-
cess and indeed all the sorbents analyzed displayed sorption
intensity parameters of n > 2 (Table 2).

CONCLUSIONS

Three polymers were prepared by the direct copolymerization
of sulfur and renewable triglycerides (canola oil, castor oil,
and rice bran oil). These polymers were then evaluated as low-
cost sorbents for mercury removal from water. It was found
that the copolymer made from sulfur and castor oil was the
fastest in uptake of inorganic mercury. This rate enhancement
was attributed to the hydroxylated ricinoleic acid content,
which increased wettability. The hydroxyl group may also
participate in mercury chelation with the sulfur groups in the
sorbent. The polymer made from sulfur and canola oil, in con-
trast, was the fastest in the uptake of MEMC. These results
indicate that it is not only the sulfur that is important in these



sorbents, but also the comonomer. The subtle difference in
sorption performance can help guide the deployment of these
sorbents in mercury remediation, while also providing flexibil-
ity in the specific triglyceride used to make the polymer. More
generally, this study demonstrates how renewable and surplus
feedstocks (triglycerides and sulfur, respectively) can be con-
verted in a single step into new, low-cost sorbents for the re-
mediation of mercury.
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Figure 8. Kinetic models for mercury sorption. A. Pseudo-first-order non-linear model for HgCl, sorption. B. Pseudo-first-order non-linear
model for MEMC sorption. C. Pseudo-second-order model for HgCl, sorption. D. Pseudo-second-order model for MEMC sorption. Pa-
rameters for the model are listed in Table 1.

Table 1. Pseudo-first-order and pseudo-second-order kinetic parameters obtained by using non-linear equation for mercury sorp-

tion.
Pseudo-first order model Pseudo-second order model
Sulfur Mercury | q.(exp) Initial rate
: : k q. (calc) ) k, . (calc) ,
polymer species (mg/g) 1 r r uptake (H)
(h™) (mg/g) (g/mgeh) | (mg/g)
(mg/g+h)
Poly(S-r-Canola) HgCl, 2.02 1.97 1.87 0.9851 2.22 1.96 0.9947 8.55
MEMC 2.23 1.82 1.94 0.9549 1.51 2.08 0.9769 6.53
Poly(S-r-Rice Bran) HgCl, 2.13 2.12 2.03 0.9912 2.51 2.12 0.9980 11.25
MEMC 2.19 0.27 2.15 0.9917 0.13 2.47 0.9999 0.80
Poly(S-r-Castor) HgCl, 2.13 2.95 2.11 0.9992 6.54 2.14 0.9999 29.97
MEMC 2.56 0.79 2.32 0.9666 0.43 2.59 0.9955 2.86




Table 2 Sorption isotherm parameters of Langmuir and Freundlich models for mercury(Il) chloride sorption by sulfur polymer

sorbents
Isotherm . Standard error 2
Sulfur polymer Parameter Unit Value r RMSE
Model (SE)
L i Poly(S-r-Canol / 8.99 1.83
angmuir oly(S-r-Canola) Im mg/g 0.9517 0.70
Ky L/mg 0.04 0.03
Poly(S-r-Rice B / 10.99 1.94
oly(S-r-Rice Bran) A me/e 0.9554 | 0.8
Ky L/mg 0.06 0.04
Poly(S-r-Cast / 8.15 1.08
oly(S-r-Castor) qm mg/g 0.9146 1.11
Ky L/mg 0.22 0.16
Freundlich Poly(S-r-Canola 1
¥ ) Ke (mg/g)(L/mgyn | 110 0.18 09897 | 033
n _ 2.36 0.23
Poly(S-r-Rice Bran 1
¥ ) K (mg/g)(L/mg)n 175 033 09836 | 0.54
n _ 2.63 0.35
Poly(S-r-Castor 1
¥ ) Ke (mg/g)(L/mg)yn | 238 0.37 09795 | 054
n _ 3.51 0.49
Supporting Information. Full experimental details including
A Langmuir isotherm sorption model polymer synthesis and characterization, mercury sorption proto-
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Figure 8. A. Non-linear fitting of the Langmuir isotherm model
for HgCl, sorption. B. Non-linear fitting of Freundlich isotherm
model for HgCl, sorption. Model parameters are listed in Table 2.
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The copolymerization of sulfur and renewable triglycerides provides low-cost materials that are effective at removing mercu-
ry from water. In this study it was found that the hydroxylated triglyceride in castor oil improves wetting and the rate of Hg*"
uptake.
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