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1. Experimental methods

Sorbent materials and characterization. The physicochemical properties of sorbent materials are
shown in Table S5. PA12 (Arkema Inc., France) was supplied as nonporous spherical microspheres with
a mean size of 5 + 1 pm and a specific surface area of 9.1 m? g-1. A commonly used AC sorbent (Norit®
1240W, Norit Netherlands B.V.) and a macroreticular PS-DVB adsorbent resin (AMBERLITE™ XAD4,
Dow Chemical Co., USA), were used as benchmark sorbents in this study. PA12 microspheres were
rinsed in acetone (Scharlau Chemie S.A.) and 18.2 MQ-cm deionized water (Milli-Q), and dried in
vacuum at 303 K for 24 h before use. The moisture content of PS-DVB resin was verified by drying 3
samples in vacuum overnight at 303 K and measuring the weight differences. ATR-FTIR spectra of PA12
microspheres were recorded on a Perkin-Elmer Spectrum 1000 FTIR spectrometer. Sample scanning
was performed at a resolution of 4 cm-! with a minimum of 4 scans for each sample. The spectral data
was acquired by the Spectrum™ 6.3.1 program. Specific surface areas were determined by N
adsorption isotherms using a Micromeritics TriStar 3000 system. Samples were degassed at 343 K in
vacuum before adsorption measurements. The specific surface areas and pore volumes of sorbents
were determined from the N; adsorption data using the BET method.

Sorption isotherm, Kinetics and selectivity. Agitated batch sorption experiments were conducted
to establish the sorption isotherm of TCS on each sorbent. Each batch used a series of 200 mL TCS
(Irgasan®, 297%, HPLC grade, Sigma) solutions with a range of initial concentrations and a constant
dosage of 10 mg sorbents on a dry weight basis. Due to the low aqueous solubility of TCS (< 10 mg L-1)
and high sorption capacities of the sorbents used, the sorbent dosage was optimized to obtain a
gradient of TCS equilibrium concentrations after sorption equilibrium. Each batch of sorbent-containing
solutions was agitated at 225 rpm for 48 h in an incubator shaker to reach equilibrium at 298 K. The
agitation speed was carefully selected to maintain the fluidization of AC and PS-DVB particles in the
solution with no attrition-induced particle breakage after 48 h of agitation. After the equilibrating
period, sample were extracted from the solutions and filtered by 0.2-um pore size regenerated cellulose
(RC) membrane filters (13 mm dia., Phenomenex) for chromatography analysis.

The sorption kinetics of TCS by PA12, PS-DVB and AC sorbents was studied by dosing 100 mg
sorbents into 500 mL TCS solution (1.0 mg L-1) and monitoring the time profile of free TCS
concentrations in the agitated solution. Samples were collected at pre-set time intervals and each
sample was filtered immediately after extraction. The sorption behavior of TCS, TCS-methyl (analytical
standard, Fluka) and phenol (299%, Aldrich) was comparatively studied on the three sorbents. Sorption
equilibrium was obtained by dosing 100 mg sorbents into 500 mL sorbate compound solution (TCS and
phenol: 3.45 puM; TCS-methyl: 1.0 pM) and measuring the compound concentration after 48 h of
agitation at 225 rpm. The influence of NaCl (ACS reagent, Sigma-Aldrich), phenol and humic acid
(technical grade, Aldrich) on TCS sorption was studied by dosing 100 mg sorbents into 500 mL mixed

solutions containing 1 mg L1 TCS and a background compound. In a different set of control
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experiments, the sorption of TCS in glass vessels, polypropylene sampling syringes and 0.2-um RC
filters (with first 2.0 mL filtrate disposed) was determined which verified negligible loss of TCS analyte
during the entire sampling process.

Sorbent regeneration. Equilibrated solutions from sorption isotherm experiments were stored
and sampled to analyze residual TCS concentrations in the solutions. The results were used to
determine the total amount of TCS sorbed by sorbents thereby establish a basis to calculate the sorbent
regeneration efficiency. TCS was desorbed from exhausted sorbents by hydrothermal treatment (at
75°C), alkaline elution (0.01-0.04 wt. % NaOH) and solvent elution (35-50 vol. % acetone), respectively.
A maximum desorption period of 2 h was allowed for each desorption trial and the free TCS
concentration was monitored in the regenerant solution during the desorption process.

Analytical method. TCS solutions were analyzed by high-performance liquid chromatography
(HPLC) on a Shimadzu Prominence® HPLC system equipped with a UV detector. Triplicate
measurements were performed for samples collected from single-concentration TCS sorption and
desorption experiments to minimize measurement error. Analysis was performed at 205 nm
wavelength using a C18 reverse-phase column (5 um, 4.6x150 mm, Agilent) with 2.5-50 pL sample
injection. Acetonitrile (UV190, HPLC) and deionized water (18.2 MQ-cm, Milli-Q) were mixed at 65:35
(v:v) and used as the mobile phase at a flow rate of 1.0 mL min-%. The method yielded high signal-to-
noise ratios and a detection limit <1 pg L-1 for TCS in water.

Computational chemistry calculations. Quantitative structure-property relationship (QSPR)
calculations were performed on the MARVIN® 5.9.3 Suite (ChemAxon) to determine molecule geometry,
octanol-water partitioning coefficient, atomic charge and microspecies distribution. Quantum
mechanical calculations were performed on the Gaussian® 03 program! to model the hydrogen bonding
interactions between TCS and PA12 amide groups by calculating the bond distances and complexation
energies of intermolecular hydrogen bonds between TCS, N-methylacetamide (NMA) and water
molecules. Molecular conformation and equilibrium structures were optimized using the B3LYP
exchange functional? and 6-31G+(d,p) basis sets. Single point energy calculations were performed on
both B3LYP/6-31+G(d,p) and MP2/6-31+G(d,p) levels. Basis set superposition errors were estimated

using counterpoise correction3 with the 6-31+G(d,p) basis set at both levels.
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2. Description of the isotherm and kinetics models used in this study

Sorption isotherm data in this study were fit to the Langmuir and Freundlich isotherm models by
linear regression method. The Langmuir and Freundlich isotherm models represent two of the most
extensively adopted models for describing sorption phenomena in aqueous media. The Langmuir
isotherm model is a theoretical equation based on the assumptions of limited sorption sites, monolayer
sorption and reversible sorption at equilibrium. The model can be expressed as:

ge = qobC/(1+bC.)
or in its linear form,
Ce/qe=1/qob + (1/q0)Ce

where g. (mg g-1) represents the amount of solute sorbed by per unit weight of sorbent at equilibrium;
C. (mg L-1) represents the equilibrium concentration of solute compound; gy (mg g-!) represents the
maximum sorption capacity of sorbent; and b (L-! mg) is an constant indicative of binding energy. The
parameters of the Langmuir isotherm model can be determined from the slope and intercept of the plot
between Ce/q. and C..

The Freundlich isotherm model is an empirical equation which can be expressed as:

qe = KiCol/n

or in its linear form,
logq. = logKs + (1/n) logC.

ge (mg g1) and C. (mg L-1) represent the same parameters as in Langmuir isotherm model. The
Freundlich capacity factor Kr ((mg g-1)/(mg L-1)¥/n) is a measure of sorption capacity, and the
Freundlich intensity parameter 1/n (dimensionless) is indicative of the strength of sorptive interactions.
The parameters of the Freundlich isotherm model can be determined from the slope and intercept of
the plot between logq. and logC..

The pseudo-second order kinetics model is accurate for describing elementary reversible sorptive
reactions on solid phases in aqueous media.* The model can be expressed by the following equation,

t/q =1/kqe + t/q.

where t (min) is the sorption time; k (g mg-! min-1) is the sorption rate constant; q and q. (mg g-1) are
the sorption capacity at a particular time (t) and sorption equilibrium, respectively. Detailed theoretical

analysis and mathematical derivation of the model are available from literature.
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3. Figures

Fig. S1 Typical morphologies of PA12 microspheres observed under a scanned electron microscope

Discussion: The micrographs above show typical surface morphologies of PA12 microspheres used in
this study. It can be seen that PA12 microspheres have a slightly roughened surface morphology, with
submicro- to micro-sized cavities on their surfaces. These microspheres, although they may appear to
be somewhat “porous” at first glance, are in fact nonporous as shown in Fig. S1c under a higher
magnification. This is also evidenced by their low specific surface areas (9.1 m? g-1), large cavity size
(avg. 213 A), and negligible pore volume (0.05 cm3 g-1) compared to the real porous sorbent media, as
determined by BET surface area measurements (Fig. 1). These measurements reflect the nature of the
surface cavities on PA12 microspheres as opposed to a rich pore structure.
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Fig. S2 TCS molecular geometry computed by MARVIN® 5.9.3 Suite. Image displays the lowest energy

conformer of TCS molecule.
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Fig. S3 Sorption isotherm of TCS on PA12, AC and PS-DVB in aqueous solutions. Data are fitted to
Freundlich and Langmuir isotherm models. Sorbent dosage: 10 mg (dry weight basis), 200 mL;
agitation: 225 rpm, 48 h; at 298 K. C. (mg L-1) represents TCS equilibrium concentration and g. (mg g-1)

represents the corresponding sorption capacity.
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Fig. S4 Structures and atomic charges of amide groups in N-methylacetamide (NMA) and aliphatic

polyamides (APA). After Dasgupta et al. 5; Mirkin and Krimmeé.
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Fig. S5 Sorption isotherms of TCS on PA6 and PA12 microspheres in aqueous solutions. Sorbent dosage:

10 mg (dry weight basis), 200 mL; agitation: 225 rpm, 48 h; at 298 K.
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Fig. S6 Structural formula and atom numbering schemes of TCS, TCS-methyl and phenol molecules

(above); chemical repeating unit in PA6 and PA12 (below).
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Fig. S7 Sorption kinetics of TCS by PA12, AC and PS-DVB in aqueous solutions. Sorption data are fitted
to the pseudo second-order kinetics model. Initial TCS concentration: 1.0 mg L-1; sorbent dosage: 100

mg (dry weight basis), 500 mL; agitation: 225 rpm; at 298 K.
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Fig. S8 Sorbent regeneration via hydrothermal treatment, alkaline elution and solvent elution
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Fig. S9 Microspecies distribution of TCS solutes in water at different pH levels as predicted by
calculations using MARVIN® 5.9.3 Suite
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4. Tables

Table S1 ATR-FTIR spectrum of PA12 microspheres and comparison with standard PA12 spectral data

FTIR spectrum of PA12 microspheres FTIR Standard Peak
peaks PA12 FTIR assignments*
(cm-1) peaks (cm-1)*
ﬂ ‘ 3300 3320 (a-form) | Hydrogen-bonded
‘H‘ CH_ vibration 3310 (y-form) |N-H stretching
nl
“‘ ‘\ ‘”\ 3094 3080 (a-form) |Fermi-resonance of
o 3090 (y-form) |N-H stretching,
I with an overtone
) [ .
Amide A [ amide II
N-H stretch v 2919 2930 (a-form) | CH, asymmetric
I - 2930 (y-form) |stretching
/N / \
L g I S | 2850 2860 (a-form) | CHz symmetric
2860 (y-form) |stretching
3600 3400 3200 3000 2800 2600
(i) Amide A region
" amide 1636 1635 (a-form) | Amide [, C=0
C=Osstretch || 1640 (y-form) |stretching
\ Amide I 1542 1540 (a-form) |Amide II, C-N
//\ CH, 1563 (y-form) |stretching + C=0 in
I / \\ R plane bending
/ \ ‘/ﬁ \\ \\
/ / N/ TS 1467 1470 (a-form) |N-vic. CH; bend
a ~ - N 1466 (y-form)
1800 1700 1600 1500 1400
(i) Amide I and II region
1370 1370 (a-form) |CH bend, CH;
1368 (y-form) |twisting
1269 1272 (a-form) | Amide III (C-N
1268 (y-form) |stretching + C=0 in
plane bending)
1159 1160 (a-form) | Skeletal motion
‘\ 1160 (y-form) |involving CONH
N 1119 1120 (a-form) |C-C stretching
[N 1122 (y-form)
J\ 945 936 (a-form) |CONH in plane
i [ WA 946 (y-form)
N\ S VA 718 720 (a-form) |CH; rocking
1 721 (y-form)
624 627 (y-form) |Amide VI, N-H out-
of-plane bending
1400 1200 1000 800 600 40 577 578 (a-form) |Amide VI, N-H out-
of-plane bending
(iii) Fingerprint region (1400-500 cm-1)

*More detailed IR band assignments available from literature.”® Minor variations exist in literature.
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Table S2 Comparison with relevant literature data on the sorption capacity for TCS in water

Part I: Literature data - Synthetic sorbent materials, modelled by Langmuir isotherm model

nanotubes

Part II: Literature data - natural sorbent materials, data modelled by Langmuir isotherm model

Sorbent material Details of sorbent material BET surface Maximum sorption capacity Surface-normalized maximum | Refs
area (m2g-1) (qo,mgg1) sorption capacity (mg m-2)
PA12 PA12 microspheres 9.1 131.8 (experimentally obtained 14.5 (experimentally obtained
value); 151.5 (model derived value); 16.6 (model derived This work
maximum) maximum)
AC Activated carbon, charcoal based 739 18.5-70.4 0.025-0.095 . Lo
i Behera et al.
(DC Chemical Co, Korea) (pH 3-10)
Single-walled carbon nanotubes 1020 558.2 (atpH 7) 0.55
Carbon nanotubes Multiwalled carbon nanotubes 283 434.7 (atpH 7) 1.54 Cho et al. 10
Oxidized multiwalled carbon 287 105.4 (atpH 7) 0.37
nanotubes
Molecularly Triclosan-imprinted core-shell Not specified 2.941 - Gaoetal 11
imprinted core-shell | carbon nanotubes
carbon nanotubes
Non-imprinted core-shell carbon Not specified 0.957 -

particles

containing clay (13%-26%), silt
(15%-46%) and sand (27%-72%).
Size <1.0 mm

Sorbent material Details of sorbent material BET surface Maximum sorption capacity Surface-normalized maximum | Refs
area (m2g1) (qo, mgg1) sorption capacity (mg m-2)
Montmorillonite Montmorillonit, in the form of 34.3 0.24-3.3 (at pH 3-10) 0.007-0.096
Bentonite, Yakuri Pure Chemicals
Co., Japan Beheraetal. ®
Kaolinite Junsei Chemical Co., Japan 2.3 4.95-22.02 (at pH 3-10) 2.15-9.57
Sieved dry sediment | River sediments from 3 sites, 583-704 0.261-0.285 <0.001 Lin et al. 12

Part III: Literature data - natural sorbent materials, data modelled by Freundlich isotherm model

WWTPs in Australia

(median value: 2.32 ug g1)

Sorbent material Details of sorbent material BET surface Comparison of equivalent sorption capacities Refs
area (m2 g-1)
Sandy loam and silt Sandy loam consisted of 74% sand, | Not specified Sorption capacity of PA12: ca. 124 mg g-tat C. = 1.5 mg L1 Karnjanapi-
. O o o ;
loam soils 10 /o.sﬂt and 16% clay. Silt loa-m Equivalent sorption capacity: ca. 0.35-0.45 mg g at C, = 1.5 mg L. as boonwong et al.
consisted of 34% sand, 54% silt raphically determined from the sorption data shown in the stud h
and 12% clay. Both were sieved (4 grap y p Y.
mm) prior to use.
Silt clay and sandy Silt clay and sandy loam soils. Air- | Not specified Sorption capacity of PA12: 61.7 mgg1atC.=0.17 mg L1 Wu et al. 14
Loalr)r;ossocﬁisdasmended f;::f;gﬁzgrg;iaitgi’ S;)eizzgli(czls Equivalent sorption capacity: <0.04 mg gt atC.=0.17 mgL-1as
y y graphically determined from the sorption data shown in the study.
Agricultural soils Hanford loamy sand (HLS), Not specified Sorption capacity of PA12: 61.7 mg g-'at C. = 0.17 mg L-! Xu et al. 15
A1rllngton.sandy loam (ASL), Highest adsorption obtained with PSL. Equivalent sorption capacity:
Imperial silty clay (ISC) and _ _ . .
. <0.02 mg g1 at C, = 0.17 mg L1 as graphically determined from the
Palouse silt loam (PSL). ) :
sorption data shown in the study.
Activated sludge Activated sludge collected froma | Not specified Sorption capacity of PA12: 131.8 mg g-tat C. = 1.94 mg L-! Wick et al. 16
&W?;ng zone of a municipal Equivalent sorption capacity: 0.427 mgg-lat C. = 1.94 mg L1 as
extrapolated from the Freundlich isotherm established in the study, i.e.
y=0.5543x+3.8084 where C. is in pg L-1 and g. is in pg Kg-1 (dry weight
basis).
Biosolids Biosolids collected from 19 Not specified Low sorption capacities: 0.09-16.79 pug g-! on dry weight basis Kookana et al. 17
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Table S3 Quantum mechanical modelling of the bond distances and energies of intermolecular hydrogen bonds in a ternary system consisting of NMA, TCS and H>0 molecules

NMA-TCS NMA-NMA

H donor-acceptor CO(NMA)-HO(TCS) NH(NMA)-CI1(TCS) NH(NMA)- CI2(TCS) NH(NMA)-CI3(TCS)/O0(TCS) CO(NMA)-HN(NMA)

Molecular conformations

Bond distance 1.709 A 2.783 A 3.458 A 2.463 - 2.458 A 1.993 A
Complexation energy -51.6876 -4.47679 -1.21171 -11.2759 -25.5027
(4E) (B3LYP) (k] mol-1)
Basis set superposition errors 6.421589 1.048764 0.400331 2.516462 1.3267
(BSSE) (K] mol-1)
Corrected complexation energy -45.266 -3.42803 -0.81138 -8.75944 -24.1760
(4E") (B3LYP) (k] mol-1)
Complexation energy -46.9544 -4.90056 -2.88518 -12.8299 -37.9123
(4E) (MP2) (k] mol-1)
Basis set superposition errors 12.00997 7.18824 2.061276 15.47184 6.7096
(BSSE) (K] mol-1)
Corrected complexation energy -34.9444 2.28768 -0.8239 2.64194 -31.2027
(4E") (MP2) (K] mol-1)

NMA-H:0 H,0-TCS
H donor-acceptor CO(NMA)-HO(H20) | NH(NMA)-OH(Hz0) HO(H20)-HO(TCS) OH(H20)-CI1(TCS) OH(H20)-CI2(TCS) OH(H20)-CI3(TCS)/ O(TCS)
Molecular conformations )‘/

A{!"‘ e ¢

o o Y 3 R s o "

9

Bond distance (A) 1.866 A 2.056 A 1.819 A 2.695 A 4,487 A 21214

Complexation energy -30.1307 -18.5192 -38.8755 -9.72731 -1.03103 -18.8809
(4E) (B3LYP) (k] mol-1)

Basis set superposition errors 2.1124 3.4071 3.609647 1.903821 0.093405 5.18666

(BSSE) (k] mol-1)

Corrected complexation energy -28.0183 -15.1121 -35.2659 -7.82349 -0.93763 -13.6942

(AE’) (B3LYP) (k] mol-1)

Complexation energy -35.0029 -23.6311 -34.0521 -7.93816 -2.31746 -17.0328
(4E) (MP2) (k] mol-1)

Basis set superposition errors 6.1028 7.7116 11.37989 5.927191 0.403468 11.95123
(BSSE) (k] mol-1)

Corrected complexation energy -28.9001 -15.9195 -22.6722 -2.01097 -1.91399 -5.08157
(4E") (MP2) (K] mol-1)

Notes:
1. Calculations were based on lowest energy conformers of molecules. C, N, O, H, Cl atoms are marked in black, yellow, red, white and green, respectively.
2. Calculations of complexation energies by the DFT-B3LYP method showed a higher degree of reliability for the ternary system.
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Table S4 Effects of water chemistry constituents on the sorption of TCS by PA12, AC and PS-DVB

Materials Chemistry A

Water matrix constituents

Initial concentration

After sorption? (ug L-1)

(ngL-1) PA12 PS-DVB  |AC
Blank (Milli-Q water) 1000 28+0.1 [80%02 [3.4%0.1
NaCl 1M (60 g L-1) 1000 n.d. n.d. 9.8+0.4
Phenol (10 mg L-1) 1000 2603 [95+0.1 [53%0.2
Humic acid (0.5 mg L-1) 1000 34%02 |1068%13 [117.7+4.9

aSorbent dosage: 100 mg (dry weight basis), 500 mL; agitation: 225 rpm, 48 h; at 298 K.
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Table S5 Physicochemical properties of sorbent materials

Sorbent Product name Chemical Morphology BET surface Particle Size |Average
composition area (m2g1) (mm) pore size
(nm)

Activated NORIT® 1240Wa Carbon, Porous granules 989.2 0.6-0.7 3.2
carbon (AC) activated
Macroreticular | AMBERLITE™ Divinylbenzene- |Porous 814.3 0.49 - 0.69 7.4
polymeric XADA4b crosslinked macroreticular
sorbent resin polystyrene spheres
(PS-DVB)

ORGASOL® 2001¢ | Polyamide 12 Nonporous 9.1 0.005+0.001 |Nonporous
Aliphatic microspheres (51 um)
polyamides (PA) | roray® TR1d Polyamide 6 Nonporous 2.8 0.013 (13 um) |Nonporous

microspheres

aNorit Netherlands B.V., Datasheet - Norit GAC 1240W, Document No. 124WD, 25 May 2011
bRohm and Haas Company, AMBERLITE™ XAD4 Industrial Grade Polymeric Adsorbent, Jun 2001.
cArkema Inc., Orgasol® Polyamide Powders - General Bulletin. www.arkema-inc.com/literature/pdf/91.pdf (Accessed on Nov 24, 2012)

dKobo Products Inc., Polymer microspheres. www.koboproductsinc.com/Microspheres.html (Accessed on Nov 24, 2012)
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