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Abstract 
A new complexing adsorbent was prepared by chemical modification of mesoporous silica 
Kieselgel 60 (dp = 37–63 μm, average pore size 6 nm, specific surface area 425 m2 g−1) with 3-
glycidoxypropyltrimethoxysilane and 2-[(phosphonomethyl)amino]acetic acid (PMA), commonly 
known as glyphosate. The prepared adsorbent was fully characterised using elemental analysis, 
thermal gravimetric analysis (TGA), acid–base potentiometric titration, Fourier Transform Infrared 
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), nitrogen adsorption isotherms at 
77 K (BET), scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS). 
The concentration of bonded PMA groups calculated from the nitrogen content was 0.38 mmol per 
gram. The adsorption of transition metal ions on PMA functionalised silica (HEPMAS) was studied 
from aqueous solutions having different pH and the following selectivity was established, 
Zn(II) < Co(II) < Cd(II) < Mn(II) < Ni(II) < Cu(II). The calculated values of distribution 
coefficients D for the adsorption of ecotoxic metal ions on HEPMAS are 5.0 × 104, 4.9 × 105 and 
2.6 × 104 for Zn(II), Pb(II) and Cd(II), respectively. 

Keywords: Chemically modified silica; Glyphosate; 2-[(Phosphonomethyl)amino]acetic 
acid; Functionalisation; Metal removal; Chelation 

 

1. Introduction 
Chemically modified silicas (CMS) represent a significant class of versatile adsorbents, used 
intensively over the past decades for various applications, including stationary phases in different 
modes of liquid chromatography, adsorbents for solid phase extraction, catalysts, uses within 
sensors, and many other such areas [1]. Obviously, the properties of CMS are defined by the type 
and porous structure of the silica matrix and the bonded layer, and by the chemical properties of the 
immobilised functional groups. The immobilisation of various complexing or chelating ligands at 
the surface of mesoporous silica was explored in detail in the pioneering work of Leyden et al., 
published in 1975 [2] and [3], following which many such materials have been prepared as highly 
selective adsorbents for the pre-concentration and separation of various metal ions from complex 
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mixtures [4], [5], [6] and [7]. There are several reviews which have been published on the 
application of chemically modified silicas in inorganic analysis [8], [9], [10] and [11]. 

One of the most effective means of exploiting the superior selectivity and separation efficiency of 
complexing CMS, is via their application as stationary phases in high-performance chelation ion 
chromatography (HPCIC) [12] and [13], which has now become a useful ion chromatographic 
method for the determination of trace metals in high salinity samples. Since the establishment of 
this separation method in 1992 [14], the chromatographic properties of silica bonded with 
ethylenediamine, 8-hydroxyquinoline, N,N′-iminodiacetic acid, amidoxime, N-hydroxamic acid, 
and β-diketone, together with many other such chelating reagents, have all been studied and 
documented [12] and [13]. As a rule, complexing adsorbents containing immobilised acidic ligands 
(e.g. iminodiacetic acid or IDA) have provided significantly higher chromatographic efficiencies 
when applied to the separation of transition and heavy metals, as compared with complexing 
adsorbents having immobilised basic ligands (e.g. 8-hydroxyquinoline). The reason for this effect is 
related to the higher diffusion speeds of metal cations from the “external” solution, towards the 
surface of the adsorbent with bonded acidic or negatively charged functional groups, and with 
notably faster kinetics of complex association/dissociation. As a result, silica based adsorbents with 
grafted IDA [15] and [16], amino acids (Asp, Glu) [17] and [18], nitrilotriacetic acid [19], 
(poly)itaconic [20] and (poly)butadiene-maleic [18] acids, demonstrated superior separation 
efficiency in HPCIC. All of the above listed reagents are classed as amino carboxylic or 
dicarboxylic ligands, and each contain at least one carboxylic group within the molecule. For this 
reason, selectivity exhibited by this class of complexing adsorbents often appears similar, which 
provides a significant reason to explore the preparation of complexing adsorbents with other types 
of acidic functional groups, which can provide alternative and perhaps more specific selectivity. 

A possible alternative to aminocarboxylic and dicarboxylic acid containing chelating ion-
exchangers for the separation of metal ions, could be silica with immobilised phosphonic and 
aminophosphonic acid derivatives. Sumskaya et al. reported the application of N-
propylimino(dimethylphosphonic) acid bonded silica for the micro-column chromatography of 
copper (II) [21]. Due to the large sized particles, 40–100 μm, and a short column length, the authors 
studied the elution of only one metal in a frontal mode of column liquid chromatography. Garcia-
Valls et al. [22] however used a chromatographic column of dimensions 150 mm × 4.6 mm I.D., 
packed with silica particles of diameter 9.5–11.0 μm, with covalently attached ethylphosphonic 
acid, and applied this to the separation of seven heavy lanthanides in a separation time of 15 min. 
The column demonstrated very good selectivity but quite poor efficiency, in this instance once 
again related to the relatively large particle size and additionally a broad particle size distribution. 
Shaw et al. used a dual phosphonate- and carboxylate-functionalised ion-exchange column, Dionex 
CS-12A, for the separation of alkaline-earth, transition and heavy metals and lanthanides 
[23] and [24], and Nesterenko et al. [25], [26] and [27] have investigated the retention of various 
metal ions on columns packed with 5 μm silica particles bonded with aminomethylphosphonic acid 
silica (APAS). In the latter example, under optimised conditions both excellent selectivity and high 
separation efficiencies were achieved, as demonstrated by the baseline separation of eight metal 
ions on a 250 mm × 4.6 mm I.D. column in 20 min. APAS was synthesised via the reaction of 
aminopropylsilica with hypophosphorous acid and formaldehyde, resulting in a surface 
concentration of 0.10 mmol g−1 of phosphonic acid groups and 0.35 mmol g−1 of unreacted 
aminopropyl groups. The authors postulated the presence of the latter groups were responsible for 
the observed broad peak shape of copper(II), due to possible involvement in the coordination of 
Cu2+ ions. More recently, an impressive isocratic separation of 11 metal ions in 20 min was 
obtained using a 150 mm × 4.0 mm I.D. column packed with 3 μm APAS [12], however once again 
a relatively broad peak was recorded for Cu2+. 
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Given the above observations with APAS, clear potential exists for the development of new 
improved schemes for surface modification of silica particles with such ligands, to minimise 
secondary equilibria between separated metals and chelating groups, and for the characterisation 
and immobilisation of new phosphonic acid containing ligands, for application to selective metal 
ion complexation. In relation to the latter challenge, the following paper reports upon the use of 2-
[(phosphonomethyl)amino]acetic acid (PMA) as a potential chelating ligand, and its immobilisation 
on a silica surface. The aim therefore of the present work was to explore the preparation and 
characterisation of such a new silica based adsorbent, with covalently bonded PMA (glyphosate). 

2. Experimental 

2.1. Chemicals 

All reagents were of analytical reagent grade obtained from Sigma–Aldrich (Sydney, NSW, 
Australia) and were used as supplied unless stated otherwise. Solutions were prepared in Milli-Q 
water (Millipore, Bedford, MA, USA.). The 37% solution of HCl was purchased from Scharlau 
(Gillman, SA, Australia). Stock solution of cadmium, lead, beryllium and zinc were prepared from 
Titrisol standard solutions (Merck, Darmstadt, Germany) or Spectrosol standard solutions (BDH 
Laboratory Supplies, Poole, UK). 

Aqueous solutions of metals were prepared using copper, nickel, cadmium, cobalt, zinc, and 
manganese nitrates or chlorides, purchased from Sigma–Aldrich (Dublin, Ireland). Glacial acetic 
acid, nitric acid sodium acetate trihydrate, boric acid and sodium hydroxide (all from Sigma–
Aldrich) were used for preparation of acetate and borate buffers. 4-(2-pyridylazo) resorcinol (PAR) 
was purchased from Acros Organics (Dublin, Ireland) and a 0.025% solution in 0.05 M borate 
buffer solution (pH 9.18) was used for the spectrophotometric determination of metals. Deionised 
water was supplied from a Milli-Q system (Millipore, Bedford, USA). 20 mM dipicolinic acid 
(Sigma–Aldrich, Dublin, Ireland) was used for the removal of adsorbed metal ions if required. 

2.2. Instrumentation and methods 

Scanning electron microscopy (SEM) images were obtained with a JEOL JXA-8600 (JEOL Italy, 
Milan, Italy). FTIR spectra of the PMA bonded silica or, more correctly, 2-hydroxyethyl-PMA 
bonded silica (HEPMAS), were obtained with a Bruker Equinox 55 (Milan, Italy) spectrometer 
equipped with a mercury cadmium telluride (MCT) cryodetector at a resolution 2 cm−1. Silica 
powders were pressed into thin self-supporting wafers, then placed into a quartz cell and degassed 
for 2 h under dynamic vacuum (residual pressure/10−3 mbar) at 150 °C before spectra recording. X-
ray photoelectron spectroscopy (XPS) analysis was performed with a VersaProbe 5000 (Physical 
Electronics Instruments, Chanhassen, MN, USA). The source of radiation was the monochromatic 
Al Kα radiation. 

Low-temperature nitrogen adsorption/desorption measurements were performed using a 
Quantachrome Autosorb 1 (Boynton Beach, FL, USA) instrument, following a 1 h degassing step at 
150 °C. Pore size distribution was calculated from nitrogen adsorption/desorption measurements 
using the DFT/Monte-Carlo method. The Brunauer–Emmett–Teller (BET) method was used to 
measure specific surface area and mesopore volumes of bare silica and the HEPMAS. 

The acid–base potentiometric titration of adsorbents was performed with Titrando 809 autotitrator 
(Metrohm, Herisau, Switzerland) equipped with a combined glass electrode, Metrohm 6.0262.100, 
having an built-in reference Ag/AgCl electrode. The mass of the adsorbent used for titration was 



0.3 g in all experiments and 26.12 mmol L−1 HCl was used for the titration in the presence of 0.5–
1.0 M NaCl. 

To evaluate the adsorption capacity of the adsorbents, tests were performed by suspending 100 mg 
of silica substrate into 50 mL of sodium acetate buffer solution (pH 4.75) containing 0.18 mg L−1 of 
Be2+, 1.3 mg L−1 of Zn2+, 4.14 mg L−1 of Pb2+ and 2.14 mg L−1 of Cd2+. The adsorbent-metal 
mixtures were kept on a mixer platform for 24 h to allow the powder to adsorb the maximum 
quantity of metal possible and to reach a condition close to equilibrium. 

The solutions were then centrifuged and the supernatant separated. To calculate the residual metal 
concentrations, a 710-ES Varian (Lexington, MA, USA) inductively coupled plasma–optical 
emission spectrometer (ICP-OES) was used. The spectrometer is provided with a radio frequency 
(RF) generator (40 MHz), a glass cyclonic spray chamber, a concentric glass nebuliser, and a charge 
coupled device (CCD) detector. 

The HPLC instrument used for the PMA purity check was a Waters model 2695 Separation 
Module, coupled with a Waters model 430 conductivity detector (Waters, Milford, MA, USA) for 
direct (non-suppressed) detection of PMA and isopropylammonium. 

For the absorbance measurements, a Shimadzu UV/mini 1240 UV/Vis spectrophotometer 
(Shimadzu, Duisburg, Germany) was used. 

2.3. Isolation of PMA from commercial herbicide formulation 

One litre of liquid glyphosate based herbicide (GBH), produced by Multicrop Ltd. (Bayswater, Vic, 
Australia) under thetrade name, Glyphosate 360 Weed Killer, was obtained. Note: As a commercial 
herbicide with concentration limit in drinking waters of 0.7 mg L−1 (US EPA), some environmental 
issues should be considered during its use to limit any possible environmental impacts [28]. Pure 
glyphosate or PMA is relatively expensive (around 200 US$ per gram), so the isolation procedure 
of PMA from the GBH preparation was considered to reduce the cost of the synthesis of the 
required adsorbent (particularly if larger batches are to be produced in future work). Common GBH 
costs around 10–25 US$ for 1 litre, that corresponds to less than 0.05 US$ per gram of purified 
PMA. 

According to the GBH product label, this particular preparation contained 360 g L−1 solution of the 
isopropylammonium salt of PMA, which after calculation corresponds to 266 g L−1 of free PMA. 
The difference between the solubility of isopropylammonium salt (500 g L−1) in water, and the 
solubility of acidic/protonated form of PMA (0.05 g L−1) in ethanol was used for the isolation of 
pure substrate [29]. This purification of PMA is required, as isopropylamine can interfere with the 
immobilisation reaction at the silica surface, through competitive reaction with the oxirane ring 
from 3-glycidoxypropyltrimethoxysilane (see further discussion on synthesis in Section 3.4). The 
purification procedure included 4-steps. The first step consisted of the precipitation obtained 
following the addition of two volumes of ethanol, which caused a dramatic drop in the solubility of 
the isopropylammonium salt of PMA. Following this, concentrated HCl was added to the resultant 
suspension until a full clear supernatant was observed, together with the formation of a thick white 
precipitate at the bottom of beaker. Acidification leads to further decrease in PMA solubility and 
promotes the formation of its protonated form from the original isopropylammonium salt. The third 
step involved washing the white precipitate with ethanol in a volume close to the volume of the 
precipitate, with vigorous stirring of the mixture to remove the rest of the isopropylammonium 
chloride. Finally, the ethanol was slowly evaporated from the beaker with the mixture thermostated 
at 50 °C in a water bath. 
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The washed precipitate was re-crystallised from water after dissolution at 50 °C for 1 h. The 
obtained crystal powder was finally dried at room temperature for 1 day. This method allowed the 
isolation of approximately 25 g of pure PMA from 100 mL of original GBH, which contained 
26.6 g of PMA according to the manufacturer. 

To investigate the actual isolation of PMA from the purification steps, the residual reactive solution 
was analysed by ion chromatography (IC) using a Dionex AS16 anion-exchange column (Thermo 
Scientific, formally Dionex, Sunnyvale, CA, USA) according to the method described by Guo et al. 
[30]. The obtained chromatogram was compared to those recorded for GBH and for the PMA 
extract from GBH ( Fig. 1). The peak of PMA is no longer present within the chromatogram of the 
solution left after its isolation, demonstrating the completeness of the proposed isolation procedure. 

 
Fig. 1.  
Comparison of the chromatograms obtained for the 50 mg L−1 solutions of residual reactive 
mixture, weed killer and purified glyphosate. Sample volume: 10 μL. Eluent: 20 mM citric 
acid. Flow rate: 1 mL/min. Detection: conductimetric, without suppression. 

2.4. Synthesis of HEPMAS 

The mesoporous silica gel, Kieselgel 60 (Merck, Germany), with particles size 37–63 μm, was used 
as a matrix for the synthesis of the adsorbent. At the first step, 20 g of silica was activated by the 
overhead stirring in of 800 mL of boiling deionised water for 24 h, in order to increase the 
concentration of reactive silanol groups at the surface. Then silica was filtered, washed and dried on 
a filter at room temperature, ready for further modification. 

The reaction mixture for the modification process consisted of 21 g of PMA powder (isolated as 
described in Section 2.3), 13 mL of 3-glycidoxypropyltrimethoxysilane and 34.5 mL of 50% (w/w) 
solution of NaOH (both from Sigma–Aldrich, Sydney, NSW, Australia), added to keep the pH at 
11. The mixture was stirred at 70 °C for 1 h to allow the reaction of secondary amino groups within 
the PMA molecule with the epoxy groups from the silane. Following this, the pH of the reaction 
mixture was adjusted to a value of around 5 by titration with glacial acetic acid. The resulting 
mixture was finally added to a beaker with 20 g of the previously activated silica gel and 160 mL of 
water and stirred at 80 °C for 24 h. The prepared adsorbent was filtered and washed by water and 
acetone and dried. A reaction scheme is shown in Fig. 2. The resultant bonded chemistry can now 
be correctly referred to as N-(2-hydroxyethyl)-N-(2-[phosphonomethyl)amino]acetic acid 
(HEPMA). 
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Fig. 2.  
Scheme of HEPMAS synthesis. 

2.5. Investigation of the adsorbtion dependence on pH 

The metal salt working solutions were prepared by adding 1 mL of 0.4 mM metal stock solution to 
9 mL of the 0.2 M acetate buffer solution (pH 6.87, 5.95, 5.00, 3.94, 3.14) or HNO3 solutions with 
pH 2.0 and 1.4. Calibration solutions were prepared by adding 1 mL of 0.3, 0.2, 0.1, 0.05, 0.02 or 
0.01 mM metal solution and 1 mL of PAR to 8 mL of water. 

The HEPMAS (0.103 g) was placed in a glass 5 mm I.D. column with a frit at the bottom (column 
bed height ∼6 mm), and prior to experiments washed with 20 mL of 20 mM dipicolinic acid 
followed by 150 mL of 0.1 M HNO3 and deionised water. After this the column was equilibrated 
with the 10–20 mL of the buffer, adjusted to the required pH. Then 10 mL of the metal-containing 
sample of the same pH was passed through the prepared column at a flow rate 1 mL/min. The 
effluent was collected in a plastic test-tube. Then column was washed twice with 10 mL of 1 M 
HNO3. Each of these fractions were also collected in two separate containers; after that the column 
was washed twice with water and finally re-equilibrated at the next desired pH. Prior to the 
photometric measurements the pH of all the collected samples was adjusted to pH ≈ 9 and the 
absorbance of all samples was measured at 540 nm against the blank which was prepared by mixing 
1 mL solution of PAR and 9 mL of water. 

3. Results and discussion 

3.1. Choice of the ligand for immobilisation 

Glyphosate or 2-[(phosphonomethyl)amino]acetic acid (PMA) (see the structure of PMA in Fig. 3) 
is a broad-spectrum herbicide, which is widely used in gardening for killing weeds. Glyphosate is 
produced in large scale, inexpensive and is available commercially in the form of concentrated 
360 g L−1 solutions of isopropylammonium salt in water. PMA has three functionalities, namely, 
phosphonic group with pKa1 = 0.78 and pKa3 = 5.69, carboxylic group with pKa2 = 2.34, and 
secondary amino group with pKa4 = 10.2 [31]. The presence of the latter group in the molecule 
allows the use of oxirane chemistry for the immobilisation of PMA on hydroxylated silica surfaces, 
according to the reaction scheme shown in Fig. 2. 
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Fig. 3.  
Structures of iminodiacetic acid (IDA), 2-[(phosphonomethyl)amino]acetic acid (PMA), and 
corresponding structures N-hydroxyethyliminodiacetic (HEIDA) and N-(2-hydroxyethyl)-N-
(2-[phosphonomethyl)amino]acetic (HEPMA) in immobilised-to-silica form. 

PMA has a structure similar to the popular complexing reagent IDA (Fig. 3), except containing a 
phosponic acid group in place of a carboxylic acid. Similarly to IDA, PMA is a relative strong acid, 
exhibiting a high complexing affinity towards most common transition metal ions (Table 1). 
However, from the stability constants data shown in Table 1, it can be seen that PMA exhibits a 
higher selectivity towards aluminium, iron (III), cadmium and zinc, as compared with IDA. 
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Table 1.  
Stability constants of complexes of metal ions with IDA and PMA at 25 °C [31] and [37]. 
 
Metal ion IDA 

pKa1 = 1.77 
pKa2 = 2.98 

 

PMA 
pKa1 = 0.78 
pKa2 = 2.09 
pKa3 = 5.69 

 
 log β1 log β2 log β1 log β2 

Na+ 0.36 – 1.4 – 
Mg2+ 2.98 4.85 3.28 5.47 
Ca2+ 2.60 5.90 3.29 5.87 
Mn2+ 4.72 7.82 5.50 7.80 
Cd2+ 5.71 10.10 7.29 10.91 
Fe2+ 5.80 10.10 6.87 11.18 
Co2+ 6.97 12.22 7.23 11.12 
Zn2+ 7.15 12.40 8.74 11.69 
Ni2+ 8.30 14.60 7.90 12.30 
Cu2+ 10.56 16.30 11.86 15.94 
Fe3+ 10.72 19.15 16.09 23.0 
La3+ 5.88 9.97 6.7 10.1 
VO2+ 9.0 – 10.69 15.9 
Al3+ 8.18 15.33 13.7 16.2 

 

3.2. Immobilisation of PMA on silica surface 

Mesoporous silica gel Kieselgel 60, having a developed surface area of 411 m2 g−1 and a pore 
diameter of 8.2 nm (see data in Table 2), was used for the immobilisation of PMA. Such a porous 
structure should provide grafting at concentration levels sufficient for the further characterisation of 
the prepared adsorbent. An SEM image of the HEPMAS is shown in Fig. 4. Shape and size of the 
particles look the same as for the bare silica (BS), meaning that the PMA bonding process does not 
change the morphology of adsorbent. 

 

Table 2. 
Parameters of porous structure evaluated for BS, AS and HEPMAS by using BET and DFT 
models. 
 

 BS AS HEPMAS 
BET Area, m2 g−1 411 409 280 
C factor 116 118 65 
Pore size, nm 8.2 10.9 9.8 
Pore volume, cm3 g−1 0.86 0.98 0.67 
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Fig. 4.  
SEM image of HEPMAS. 

In this study comparative physico-chemical measurements were performed for three materials 
namely bare silica (BS), activated silica (or hydroxylated) via boiling in water for 24 h (AS) and 
HEPMAS. The elemental analysis of HEPMAS gave the following contents for nitrogen, carbon 
and hydrogen: 0.53% N; 5.25% C; 1.12% H. These values correspond to 0.38 mmol g−1 bonded 
HEPMA groups (calculation based on nitrogen content) and 0.17 mmol g−1 of diol groups, from 
covalently bonded 3-glycidoxypropyltrimethoxysilane residues having unreacted epoxy-groups. 
The latter value was calculated from carbon content after subtraction of carbon included in bonded 
HEPMA groups. 

Thermogravimetric analysis shows two mass losses for HEPMAS at temperature ranges from 80 to 
120 °C, and again at 250 to 400 °C (Fig. 5). The first loss of 5–7 mass % is observed both for bare 
and modified silica, and can be attributed to the evaporation of physically adsorbed water. The 
second mass loss of approximately 8% is due to thermal decomposition of bonded HEPMA groups. 
The obtained value is slightly higher than the total mass of carbon, nitrogen and hydrogen (∼7 mass 
%), as detected by elemental analysis of HEPMAS. Obviously, the higher value of mass loss in 
TGA includes the weight of chemisorbed water removed from silica surface at higher temperatures. 
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Fig. 5. 
Thermo gravimetric analysis plot of AS (dotted line) and HEPMAS (solid line). 

Other techniques including acid–base potentiometric titration, FTIR, isotherms of nitrogen 
adsorption at 77 K, and XPS were also used for physico-chemical characterisation of HEPMAS and 
its comparison with properties of bare silica. 

3.3. Characterisation of prepared adsorbent 

3.3.1. Acid-base potentiometric titration 

The acid-base properties of ionogenic molecules can be changed after immobilisation on silica. 
Herein, conversion of secondary amino groups within PMA, to tertiary amino groups within its 
bonded-to-silica state (see HEPMA structure in Fig. 3) are one such example. Additionally, the 
chemical heterogeniety of the surface of porous silica, and possible hydrogen bonding and 
electrostatic interactions between bonded ligands themselves, and with polar silanols groups, can 
also effect both acidity and basicity of functional groups [32]. For this reason titration in the 
presence of strong electrolytes is recommended to suppress secondary equilibria in the bonded layer 
of adsorbent and to increase the accuracy of the resultant titration data. 

Acid-base titration of BS and HEPMAS in the presence of 0.5–1.0 M NaCl was performed, for the 
determination of both concentration and the pKa3 value of the bonded PMA residues. The results are 
shown in Fig. 6. The calculated concentration of bonded PMA was found to be 0.23 mmol g−1 and 
the pKa3 value for HEPMAS at approximately 5.1. The autotitrator measures pKa values as the pH at 
the half of the volume of titrant used to achieve the End Point (EP), while differention of the 
titration curves provides a more clearly defined EP. 
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Fig. 6. 
Titration curves of bare silica in presence of 1 M NaCl (3) and HEPMAS in presence of 
0.5 M NaCl (2) and 1 M NaCl (1). The differential form of curves is marked 6, 5 and 4, 
respectively. 

3.3.2. FTIR spectroscopy 

Fig. 7 shows FTIR spectra of both AS and HEPMAS. It was not possible to observe the presence of 
the phosphonic group itself due to the spectral saturation arising from the silanols under 1300 cm−1, 
but the presence of several clear peaks provided evidence of the presence of PMA and 3-
glycidoxypropyltrimethoxysilane. Firstly, aliphatic CH2 groups belonging to both compounds have 
2 observable bands: stretching is clearly visible at 2873 cm−1 (symmetric) and 2935 cm−1 
(asymmetric), with symmetric bending giving a small shoulder at 1435 cm−1. Secondly, the 
carbonyl group from the PMA residue can be detected as three bands, at 1732 cm−1 (C O of free 
COOH), 1434 cm−1 (COO− symmetric stretching) and 1605 cm−1 (COO− asymmetric stretching). In 
general, the FTIR spectrum observed corresponded well to the data reported in literature for PMA 
(reported as glyphosate) [33]. 
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Fig. 7.  
FTIR spectra of AS (dotted line) and HEPMAS (solid line). 

3.3.3. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was performed to prove the presence of key elements, 
such as nitrogen, within HEPMAS. In fact, the nitrogen can be detected in the adsorbent solely due 
to the immobilised PMA, and the high resolution of XPS analysis can provide additional 
information on the chemical form of the functional groups. 

A high-resolution XPS spectrum showing the N 1s line is seen within Fig. 8. The deconvolution of 
the high-resolution peak gave two main components at 399.7 and 401.9 eV. These energies 
correspond to the presence of a deprotonated amine group and a protonated amine group, 
respectively, [34]. The presence of the charged amine provides evidence for the ionic form of the 
ligand at the interface, which would increase the complexation capabilities and retention 
characteristics of the modified sorbent. 
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Fig. 8.  
N 1s line in XPS spectrum of HEPMAS. High resolution signal (solid line) and 
deconvoluted components (dotted lines). 

The XPS method was also used to evaluate the concentration of bonded HEPMA, which resulted in 
a value of 0.468 mmol g−1. This value is higher than that calculated from the elemental analysis 
data, as the XPS response is representative of the composition of only the very surface layer, of 
only a few hundred nanometers thickness or depth. This means that the functionalisation of silica 
occurred with greater efficiency at outer surface of HEPMA-silica, but not as completely inside of 
the silica's pores. 

3.4. Porous structure and surface area 

The nitrogen adsorption isotherms obtained at low temperatures (Fig. 9) have the shape typical for 
mesoporous materials, exhibiting the hysteresis loop around 0.7–0.8 P/P0 values. The 
corresponding calculated parameters characterising porous structure are presented in Table 2. 

 
Fig. 9. 
N2 adsorption isotherms of as BS (empty circles), AS (filled squares) and HEPMAS 
(crosses). 
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A decrease of both surface area and of mean pore diameter was noted for HEPMAS, as compared 
with AS, indicating the modification of the surface within pores. In fact, the steric hindrance effect 
of the grafted chain makes the surface less available for the nitrogen adsorption. Higher values of 
BET constant C were noted for the 2 unmodified silicas, confirming the same information about the 
surface. HEPMAS has indeed a lower value, indicative of a lower polarisation of the surface due to 
the presence of the alkyl chain from silane molecules, which convert the hydrophilic silanols to 
hydrophobic groups. 

The same consideration can be applied to the pore volume value, which is lower for the HEPMAS. 
Interestingly, the pore volume measured for AS was higher than for BS, meaning boiling of silica in 
water for 24 h may not only increase the concentration of reactive silanols at the surface, but also 
can modify the porous framework. This hypothesis is confirmed by the changes in pore size, which 
was higher for AS. 

3.5. Metal removal tests 

The complexing properties of the prepared adsorbent were demonstrated through the adsorption of 
zinc, lead, beryllium and cadmium, which are of interest due to their well known toxicity to a range 
of living organisms. Table 3 listed the potential effects of these metals at long exposure and their 
maximum contaminant levels (MLCs) according to US EPA regulations. 

Table 3.  
Concentration limits and potential effects of the studied metals (US EPA). 
 
Metal MLC 

(mg L−1) 
Potential health effects from long-term exposure above the 

MCL 
Pb 0 Infants and children: Delays in physical or mental development; 

children could show slight deficits in attention span and learning 
abilities 
Adults: Kidney problems; high blood pressure 

Be 0.004 Intestinal lesions 
Cd 0.005 Kidney damage 
Zn 5 Secondary contaminant, cause metallic taste and turbidity 

The adsorption tests were performed using 20 μmol L−1 solutions for each metal or 0.18 mg L−1 for 
Be(II), 1.3 mg L−1 for Zn(II), 4.14 mg L−1 for Pb(II) and 2.14 mg L−1 for Cd(II). Prior to use, 
100 mg of HEPMAS was washed with 200 mL of 20 mM HNO3 to remove any pre-adsorbed 
metals, followed by water and then dried at 40 °C for one day. Table 4 shows the results obtained 
for the adsorption of the above metals on the HEPMAS, as compared with that for unmodified BS. 

Table 4.  
Data on adsorption of metals from aqueous solutions using HEPMAS. 
 
Metals BS AS HEPMAS HEPMAS, R 
Be(II) 24.7* 23.3 100 99.0 
Zn(II) 1.1 0.0 99.0 94.8 
Pb(II) 0.0 0.0 99.9 95.4 
Cd(II) 0.0 0.0 98.1 91.3 

*– was calculated as 100 × (C0 − C1)/C0, where C0 and C1 are equal to the concentration of 
metal ion in solution before addition of HEPMAS and after, respectively. 
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The Table shows no adsorption of selected metals on BS, except for the beryllium. According to the 
results of a previous study [35], the adsorption of beryllium from aqueous solutions on silica takes 
place at pH > 6.0. However, there is a possibility that some amount of beryllium acetate was 
precipitated from the acetate buffer used in these experiments. HEPMAS shows excellent removal 
results for all of the 4 metals, with an order of affinity that appears to be, 
Be(II) > Pb(II) > Zn(II) > Cd(II). The results on adsorption of Zn(II) and Cd(II) are in agreement 
with the stability constants shown in Table 1. The second round of adsorption-desorption (see 
repeat data for HEPMAS, R in Table 4) shows slightly lower outcomes for all the metals, although 
with recovery still close to 100%. The affinity order was the same, confirming the presence of PMA 
in the sorbent and adsorption by a chelating mechanism. 

The prepared adsorbent has a strong affinity towards to all studied metals and can be used for their 
removal from contaminated waters. The calculated values of distribution coefficients D for the 
adsorption of toxic metal ions on HEPMAS (see data in Table 4) are 5.0 × 104, 4.9 × 105 and 
2.6 × 104 for Zn(II), Pb(II) and Cd(II), respectively. 

3.6. pH-dependence for metal adsorption 

The adsorption of Mn(II), Co(II), Cd(II), Ni(II), Zn(II) and Cu(II) on HEPMAS was studied under 
dynamic conditions by passing diluted solutions of metal through glass column of internal diameter 
5 mm. The height of the bed formed by 0.103 g of HEPMAS was 6 mm and flow rate was about 
1.0 mL/min in all experiments. 

The adsorption of metals increases with pH increase in all cases (Fig. 10). The complete adsorption 
(85–99%) occurred at pH of solutions above 3. According to obtained data, HEPMAS interacts with 
studied metal ions within a narrow pH range indicating possibility of their separation under isocratic 
elution with more efficient chromatographic column. The pH values of 50% adsorption of metals 
show the selectivity of metal binding with chelating groups from HEPMAS. In general, the 
observed order Zn(II), Cd(II) > Ni(II), Co(II) > Mn(II) > Cu(II) correlates with the order of 
increasing stability constants of metal complexes with PMA (Table 1). HEPMAS shows a stronger 
binding capability for Mn(II), which may be attributed to difference in the structures of PMA and 
HEPMA. For the latter ligand the additional coordination of metal cation by OH- group is possible. 
A similar change in the selectivity has been observed for 2-hydroethyl-iminodiacetic acid (HEIDA) 
compared with iminodiacetic acid (IDA) [36]. Unfortunately, there are no reported stability 
constants for HEPMA. The desorption of all metals from the column can be achieved by flushing 
with 20 mM dipicolinic acid or with 1 M HNO3. 
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Fig. 10.  
pH dependences for metal adsorption on HEPMAS. 

HEPMAS adsorbs quantitatively Mn(II), Co(II), Cd(II), Zn(II), Ni(II) and Cu(II) from aqueous 
solutions at pH > 3.0, which indicates a stronger binding capability of this chelating substrate as 
compared with IDA-silica [9]. At the same time the pH values corresponding to 50% adsorption of 
these metals are in narrow pH range from 1.0 to 2.5. This is an important property of HEPMAS to 
be used as chelating stationary phase for the chromatographic separation of metals. 

4. Conclusions 
A procedure for the extraction of PMA (glyphosate) from a commercial weed killer has been 
developed. The purified PMA was used for the surface modification of silica particles. The prepared 
adsorbent was characterised by several methods showing successful immobilisation of PMA. The 
prepared HEPMAS was tested for the extraction of four metals of environmental concern and 
demonstrated a high affinity and adsorption capacity. 

Further work will be focused on in situ modification of monolithic mesoporous silica column with 
PMA glyphosate and on the evaluation of its chromatographic performance in high performance 
chelation ion chromatography. 
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