
Regenerable stimuli responsive grafted polymer-clay sorbent for 

filtration of water pollutants 

Ido Gardi, Yael G. Mishael* 

Department of Soil and Water Science, The Robert H. Smith Faculty of Agriculture, Food 

and Environment, Hebrew University of Jerusalem, Rehovot 76100, Israel.  

Supporting information  

Table of Contents 

1. Preparation and characterization of poly(4-vinylpyridine) brushes grafted to 

montmorillonite................................................................................................................... 1 

GPC Adsorption Performances in Comparison with Other Sorbents ................................. 6 

Adsorption Capacity at Equilibrium ............................................................................... 6 

Filtration Performances, Compared with Commercial Sorbents. ................................... 9 

Bibliography for supporting information .......................................................................... 10 

 

1. Preparation and characterization of poly(4-vinylpyridine) brushes grafted to 

montmorillonite.  

Preparation of GPC involves: acid activating of montmorillonite (aa-MMT), grafting 

ATPES (aa-MMT-ATPES), surface initiating with BIB (aa-MMT-ATPES-BIB) and 

finally, polymerizing of 4-VP by surface-initiated atom transfer radical polymerization 

(SI-ATRP). We validated the four stages of the synthesis by X-ray photoelectron 

spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction 



(XRD), thermal gravimetric analysis (TGA), elemental analysis and zeta potential 

analysis.  

Figure S 1: A. presents the effect of suspension pH on the zeta potential of the different 

intermediate products of GPC synthesis. Zeta potential of both MMT and aa-MMT is 

negative at the pH range of 2-11. B. X-ray diffraction (XRD) patterns of oriented samples 

of intermediate products of GPC synthesis. 

The zeta potential of MMT is constantly negative, reflecting the constant charge 

originating from the isomorphic substitutions in the mineral structure. The zeta potential 

of aa-MMT slightly increased with decreasing pH, indicating an increase in protonated 

sites (mainly Si-OH) which facilitated the grafting of APTES to the clay surface. The 

change in surface chemistry did not compromise the crystal structure of the clay, as the 

X-ray diffractions presented  typical basal spacings (d=001) of 12.9 Å for both MMT and 

aa-MMT (Figure  S 1B) [1].  

ATPES was added to a suspension of aa-MMT in an ethanol/water mixture (75/25) [2] 

and as a result the zeta potential of aa-MMT-ATPES exhibited a high pH dependency, 

with charge reversal at pH~7.5 (Figure S 1A). At pH 10, the zeta potential of aa-MMT-
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ATPES is -30 mV (like that of aa-MMT) because of deprotonation of the ATPES 

(pKa=10.2). This indicated that the primary amine is not associated with the clay surface, 

but rather exposed to solution, supporting grafting to the clay surface via the silanol 

groups. The XRD of aa-MMT-ATPES revealed an increase in the clay basal spacing to 

21 Å (compared with 12.9 Å for aa-MMT) due to the grafting of ATPES in between the 

clay platelets (Figure S 1). The mass percent of ATPES grafted to MMT reached 17%, as 

determined with TGA (Figure 4A). Shen et al. reported similar loadings and basal 

spacings for montmorillonite grafted with ATPES [1].  

These results were also supported by FTIR measurements of aa-MMT-ATPES. A doublet 

peak (3311 and 3373 cm-1), assigned to the primary amine, as well as peaks at 2850 and 

at 2930 cm-1 assigned to CH3CH2- stretching, appeared upon ATPES grafting (Figure S 

2A). Elemental analysis of aa-MMT-ATPES confirmed a reduction in C/N molar ratio 

from 9 in C9H23NO3Si (ATPES) to 3.2 in aa-MMT-ATPES, which resulted from the 

condensation of three ethanol groups (theoretically C/N = 3) (Table S 1).   

Binding BIB initiator to aa-MMT-ATPES changed the amine band in the FTIR spectra 

(Figure S 2B), in which the primary amine doublet disappears and only one peak, 

assigned to secondary amines, at 2933 cm-1 is present. Furthermore, the peak at 2976 cm-

1, assigned to CH3 stretches, further supports the presence of the initiator on the surface. 

But, the zeta potentials of aa-MMT-ATPES-BIB are only slightly lower than aa-MMT-

ATPES, suggesting that the BIB initiator did not fully modify the grafted ATPES (Figure 

S 1A). In fact, assuming full initiation should yield a C/N ratio of 6, based on Table S 1 

we can roughly estimate that BIB attached to 57% of the ATPES.   



Confirmation of vinylpyridine polymerization was obtained from the spectrum of aa-

MMT-ATPES-BIB which was characterized by peaks at 1500 and at 1600-1640 cm-1, 

corresponding to aromatic N=C and C=C, respectively (Figure S 2C). The loading of 

poly(4-vinylpyridine) brushes was 35% (w/w), determined from the substantial mass loss 

in the GPC thermogram at a temperature range of 200-500 ˚C (Figure S 3A). Similar 

values were reported for vinylpyridine SI-ATRP grafting on halloysite [3].  The 

theoretical C/N ratio of the polymer is 6, similar to the results in Table S1. Unreacted 

initiators and residual solvents can explain the slightly higher experimental values. 

Furthermore, polymerization gave rise to clay exfoliation, as revealed from the X-ray 

diffractogram (Figure S 1B). In the case of poly(ethyl acrylate) brushes grafted to 

montmorillonite [4] the magnitude of d spacing increased as a function of the grafted 

amount with exfoliation obtained only upon SI-ATRP.  

Table S 1: Element analysis after each of the four stages of synthesis.  

Sample name % N % C N (mmol/g) C (mmol/g) 
C/N 

(mol:mol) 

aa-MMT 0.0 0.0 0.0 0.0 - 

MMT-ATPES 2.7 7.4 2.0 6.2 3.2 

aa-MMT-ATPES-BIB 3.6 14.8 2.6 12.4 4.8 

GPC 5.6 31.8 4.0 26.5 6.6 

 



Figure S 1: FTIR-ATR spectra of the four stages of synthesis. A. aa-MMT and aa-MMT-

ATPES, B. aa-MMT-ATPES and aa-MMT-ATPES-BIB. C. aa-MMT-ATPES-BIB and 

GPC. 
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Figure S 3: Derivative thermal analysis (DTG) of GPC from an acidic pH and from a 

basic pH. 

 

GPC Adsorption Performances in Comparison with Other Sorbents  

Adsorption Capacity at Equilibrium  

The adsorption capacity deduced from the Langmuir model (Qm) in mmol per kg sorbent 

is presented in Table S 2. The capacity of GPC is significantly high or among the highest 

reports towards selenate and eosin-Y respectively. The removal of methyl blue (0.0025-

0.2 mM) was almost complete by 2 g/L GPC, therefore fitting was not possible, and the 

capacity reported below is the measured amount.    
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Figure S 4: A. Adsorption isotherms (pH 3) of the inorganic oxyanions selenate and 

arsenate. B. Adsorption isotherms (pH 3) of the organic pollutants atrazine, 

sulfentrazone, eosin Y and methyl blue on 2 g L-1 GPC.  

 

Table S  2: Comparison to the Langmuir adsorption capacity of reported sorbents for 

selenate, eosin Y and methyl blue. 

Sorbent Qm (mmol kg-1) R2 Reference 

Selenate Removal 

Aluminum Oxide Coated 

sand (pH 4.9) 
11.95 0.97 [5] 

Chitosan–Clay 

Composite 
233.03 0.97 

[6] Fe-oxide 103.85 0.97 

Al-oxide 217.83 0.97 

iron-coated GAC 32.67 0.99 [7] 

Iron Oxide 107.27 0.99 

[8] 

Silicon Oxide 89.41 0.99 
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Functionalized graphene 

Oxide 

771.27 0.98 [9] 

Zirconium-based MOF 1076.5 0.97 [10] 

modified magnetic 

graphene Oxide 

1490 0.88 [11] 

conjugate adsorbent 1184 0.99 [12] 

MgO nanosheets 1310 0.99 [13] 

chitosan based 

nanocomposite 

197.88 0.99 [14] 

hematite modified 

magnetic 

316.6 0.99 [15] 

GPC 1232 0.99 This study 

Eosin Y removal 

Anaerobic Sludge 28.02 0.98 [16] 

Chitosan Hydrobeads 116.76 ~0.99 [17] 

MWCNT's 158.78 0.99 [18] 

TEPA Modified 

Sugarcane Bagasse 
576.64 0.98 [19] 

PEDEA Modified 

Bentonite 
127.74 0.99 [20] 

Nickel Nanoparticles 0.88 0.98 [21] 

N-doped Zinc Oxide 1.85 0.83 [22] 

Polyaniline 620 0.99 [23] 

polydopamine 

microspheres 
<14 NA [24] 



a Measured capacity   

 

Filtration Performances, Compared with Commercial Sorbents. 

The removal of selenate and eosin-Y by sorbent-filled filtration columns is described 

below in Table S 3. For the removal of selenate, a commercial ion exchange resin 

recommended for oxyanions removal was selected. Activation of the resin column was 

performed by flowing the manufacturer instructions and the activation of GPC columns is 

described in the materials and methods section. The removal of eosin-Y by GPC columns 

was compared to granular activated carbon columns as it is the commonly used sorbent 

for adsorption in filtration columns. The removal of selenate by GPC was higher than by 

the commercial resin while the removal of eosin-Y was significantly higher by GPC than 

by GAC (Table S 3).  

Table S 3: Column filtration of selenate by GPC and by PWA resin and eosin-Y by GPC 

and granular activated carbon (GAC) in the first filtration cycle.  

Selenate Removal  

Filtrated volume mL Se Adsorbed % 

Sol-Gel γ-Al2O3 69.09 0.99 [25] 

GPC 123.3 0.94 This study 

Methyl Blue removal 

Magnetic Chitosan 

Grafted Graphene 
142.39 0.99 [26] 

strontium and barium 

phosphate nanorods 

 

2114 0.99 [27] 

GPC a >196.29 n.a This study 



GPC PWA Resin GPC PWA Resin 

86 93 100 ± 0 91 ± 1 

157 170 100 ± 0 90 ± 0 

229 247 100 ± 0 91 ± 1 

415 448 100 ± 0 91 ± 0 

515 556 100 ± 0 91 ± 1 

Eosin-Y Removal  

Filtrated volume mL Se Adsorbed % 

GPC GAC GPC GAC 

33 26 100 ± 0 7 ± 0 

59 61 100 ± 0 4 ± 1 

138 138 100 ± 0 4 ± 1 

170 182 100 ± 0 5 ± 1 

275 338 30 ± 0 4 ± 1 
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