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Abstract 5-Methyl-2-thiophenecarboxaldehyde (MTC)-

derived Schiff base was immobilised over SBA-15 (TS-

SBA-15) via a two-step modification procedure. Initially,

(3-aminopropyl)triethoxysilane (APTES) was hetero-

genised over SBA-15 (NH2-SBA-15), and the Schiff base

formation was followed by a reaction with MTC in hot

methanol. X-ray diffraction and transmission electron

microscopy showed that the SBA-15, NH2-SBA-15 and

TS-SBA-15 materials had mesoscopically ordered, hexag-

onal symmetry and well-defined morphologies. 29Si magic-

angle spinning nuclear magnetic resonance (MAS NMR)

spectroscopy revealed a change in the silicon environment

during modification. The N2 sorption experiments showed

that the material has a large surface area (623 m2 g-1),

acceptable pore diameter (6.5 nm) and reasonable pore

volume (1.23 cm3 g-1) to accommodate the guest mole-

cules inside the pore channels. Organic functionalisation

was determined successfully by Fourier transform infrared

and 13C cross-polarisation magic-angle spinning NMR

spectroscopy. The optimal condition for the removal of

Cr(III), Pb(II) and Zn(II) from water was explored by

varying the parameters, such as pH, stirring time, initial

concentration and amount of adsorbent. The results sug-

gested that TS-SBA-15 can achieve the adsorption

maximum within 6 h at pH 6.5. The adsorbent exhibited

moderate-to-good adsorption ability towards the three

metal ions under these experimental conditions. The

selective adsorption performance of TS-SBA-15 from

binary mixture was examined by keeping equal concen-

trations of metal ions in the mixture. TS-SBA-15 was more

selective towards Cr(III) ions from both the binary and

ternary mixtures at pH 6.5. The effect of the metal ion

concentration over mole adsorption selectivity in the

ternary mixture was examined by doubling the concentra-

tion of at least one metal ion in the mixture. The result was

compared with the ternary mixture containing equal con-

centrations of metal ions. The reusability test showed that

TS-SBA-15 can be recycled for at least six consecutive

cycles without losing its adsorption ability.
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1 Introduction

Since the discovery of mesoporous silica M41S, which is

prepared via sol–gel chemistry, mesoporous materials have

attracted considerable attention because of their potential

applications in catalysis, membrane filtration and separa-

tion technology and the adsorption of ions or organic

compounds of large sizes [1–5]. These solids exhibit high

specific surface areas, high crystallinity, high thermal sta-

bility and uniformity of the hexagonal cylindrical pores,

narrow pore distribution and regulated pore diameter

ranging from 15 to 100 Å. Moreover, the silica wall sur-

face can be modified with organic groups to tailor their

properties and achieve specific purposes. The organic

functionalisation of these mesoporous inorganic materials

has attracted considerable interest because of the appeal of

combining a wide range of organic compound properties

with the robust thermal and mechanical stabilities of

inorganic solids. SBA-15 is one of the most popular

mesoporous silica because of its large pore size, which

allows easier accessibility to the inner surface of the

material, indicating many applications [6]. Over the last

few decades, huge effort has been made to modify the

SBA-15 surface with a range of functional groups because

the material is considered to have great potential for

adsorption/separation applications [7]. Mineral processing

and metal-finishing industries produce large amounts of

waste effluent containing chromium, copper, nickel, cobalt,

zinc, lead, cadmium and other harmful elements [8].

A wide variety of techniques can be used to remove

heavy metals from water, such as ion exchange, reverse

osmosis and nanofiltration, precipitation, coagulation/co-

precipitation and adsorption [9–12]. The adsorption of

heavy metals by functionalised mesoporous materials is a

relatively recent and popular method owing to its sim-

plicity and low cost. Therefore, increasing pressure from

environmental authorities has forced the establishment of

discharge limits, which in turn requires more effective

decontamination and purification methods, such as the use

of porous materials to remove metal ions from aqueous

solution. For adsorption purposes, chelating agents should

be immobilised on solid carriers. This type of adsorbent

may potentially extract heavy metal ions from both acidic

and basic media [13–16].

Schiff base compounds, which can be prepared easily by

condensation between aldehydes and amines, are very

efficient chelating agents. In addition, Schiff bases, which

contain nitrogen, sulphur and oxygen donor atoms, tend to

show high selectivity towards the complexation of heavy

metal ions under optimal conditions. The ability of a

material to chelate with metals is controlled in part by the

number of available functional groups used for metal ion

chelation [17, 18]. Previous studies suggested that the

immobilisation of Schiff base ligands onto mesoporous

solid supports led to the formation of materials, which are

efficient adsorbents for heavy metal ions [19, 20]. Note that

solid-phase extraction techniques have numerous advan-

tages, such as flexibility, high preconcentration factors,

high capture capacity, speed and simplicity, possibilities

for field sampling and ease of automation [21]. To date,

researchers have proposed different chelating ligand-im-

mobilised materials for the removal of Cr(III), Zn(II) and

Pb(II) from different sources of water [22–24]. In partic-

ular, heterogeneous 2-thiophenecarboxaldehyde Schiff has

been used extensively by researchers to capture a wide

spectrum of metal ions from aqueous sources under a range

of pH conditions [25, 26]. Chemically bonded 2-thio-

phenecarboxaldhyde to silica gel surface through mono-

amine, ethylenediamine and diethylenetriamine was found

to be highly efficient for adsorbing metal ions such as

Ca(II), Fe(III), Co(II), Ni(II), Cu(II), Zn(II), Cd(II), Hg(II)

and Pb(II) under various pH conditions [25] and was highly

selective for Hg(II) ions. In another report, 2-thio-

phenecarboxaldhyde immobilized to mesoporous MCM-41

through monoamine was also found to be active for Pd(II)

from water. Also the adsorption of Pd(II) was found to be

independent on the presence of various co-existing ions in

the adsorption medium [26]. It was observed that the pre-

vious researchers were mainly focused on the adsorption

efficiency of 2-thiophenecarboxaldehyde Schiff base-

modified heterogeneous systems, and the selectivity was

not much concerned. Also it is important to consider the

selective removal of Cr(III), Pb(II) and Zn(II) metal ions

from water sources as a matter of environmental concern

especially. The Schiff base complexes are highly active

towards these metal ions under various pH conditions. In

order to attain better selectivity for such metal ions, it is

necessary to modify the 2-thiophenecarboxaldehyde Schiff

without compromising the activity. Therefore, the presence

of an electron donor, such as –CH3, in the thiophene ring

should increase the metal adsorption efficiency and selec-

tivity of the Schiff base ligand.

Based on this background, this paper describes the

immobilisation of 5-methyl-2-thiophenecarboxaldehyde on

aminopropyl-functionalised SBA-15 through Schiff base

formation, which provides a simple and potential electron

donor ligand for accommodating metal ions from aqueous

mixtures. Moreover, the post-synthesis method allows a

high loading and dispersion of functional molecules per

gram to capture larger amounts of metal ions from various

aqueous mixtures using much smaller amounts of support

material. This study examined the effects of various
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parameters, such as pH, stirring time, initial concentration

and amount of adsorbent on adsorption. The adsorption

performance of the obtained material was investigated

from individual, binary and ternary metal solutions with or

without varying the metal ion concentration, because the

dependence of selectivity on the concentration of metal ion

in a mixture was the main concern in this study.

2 Experimental

2.1 Reagents and materials

Tetraethylorthosilicate (TEOS), Pluronic P123, (Mw =

5800, EO20PO70EO20), (3-aminopropyl)triethoxysilane

(APTES), 5-methyl-2-thiophenecarboxaldehyde (MTC),

chromium(III)nitrate nonahydrate [Cr(NO3)3�9H2O], zinc

(II)nitrate hexahydrate [Zn(NO3)2�6H2O], lead(II)nitrate

[Pb(NO3)2] and anhydrous toluene were purchased from

Sigma-Aldrich (Germany). All chemicals were used as

received.

2.2 Synthesis of SBA-15

Siliceous SBA-15 was synthesised via a sol–gel reaction

using the procedure reported elsewhere [27] with the fol-

lowing initial molar compositions, 0.043 TEOS:4.4 g P123

Mavg = 5800 [EO20-PO70-EO20]:8.33 H2O:0.24 HCl.

Typically, 4.4 g of triblock co-polymer was dispersed in

30.0 g distilled water and stirred for 1.5 h. To the resulting

solution, 120.0 g of 2 M HCl was added with stirring, and

the stirring was continued for 2 h. Finally, 9.0 g of TEOS

was added drop-wise, and the mixture was maintained at

35 �C for 24 h without stirring. The resulting heteroge-

neous mixture was submitted to a hydrothermal treatment

at 100 �C for 48 h under static conditions before recover-

ing the solid material. The crystallised product was filtered,

washed with distilled water and dried in air for 12 h, and in

an oven at 70 �C for 12 h. Calcination was carried out at

450 �C for 8 h in air to remove the template completely.

The structure of the SBA-15 was confirmed by small-angle

X-ray scattering (SAXS) and N2-sorption analysis.

2.3 Preparation of NH2-SBA-15

The APTES-functionalised SBA-15 (NH2-SBA-15) was

prepared using the method described elsewhere [7].

APTES (1.0 g, 4.5 mmol) was added drop-wise to vacuum-

dried SBA-15 (1.0 g) dispersed in toluene (50.0 ml) with

vigorous stirring in a nitrogen atmosphere. The mixture

was then heated under reflux for 24 h. The final product

was filtered, washed several times with toluene,

dichloromethane and ethanol and dried at 60 �C in vacuum

for 12 h. The product is called NH2-SBA-15 (Scheme 1).

2.4 Preparation of TS-SBA-15

MTC Schiff base formation was carried out using the

methodology reported in the literature [28]. NH2-SBA-15

(1.0 g) was dispersed in 100.0 ml dry methanol, followed

by the addition of a solution of MTC (0.58 g, 5.0 mmol) in

dry methanol (10.0 ml) drop-wise under a nitrogen atmo-

sphere. The mixture was homogenised by stirring for 1 h at

room temperature under a nitrogen atmosphere. The entire

mixture was placed in an oil bath and heated to 65 �C for

12 h with stirring. The product was filtered, washed several

times with methanol and dried at 60 �C in vacuum for

12 h. The product was called TS-SBA-15 (Scheme 1).

2.5 Competitive adsorption from a multiple metal

ion solution

Competitive adsorption by TS-SBA-15 from a solution con-

taining 1 mM each of Mn(II), Co(II), Ni(II), Cr(III), Zn(II),

Pb(II) and Cd(II) ions at pH 6 was conducted to select the

metal ions for the detailed adsorption study. The solution pH

was adjusted by adding a 0.1 M NaOH solution. In total,

0.01 g of TS-SBA-15 was added to 10 ml of the above

solution and shaken for 24 h to establish the adsorption

equilibrium. The mixture was filtered, and the amount of

various metals adsorbed was measured by inductively cou-

pled plasma atomic emission spectroscopy (ICP-AES).

2.6 Adsorption from individual metal ion solutions

A solution containing Cr(III)/Pb(II)/Zn(II) ions was prepared

by dissolving a known amount of the corresponding nitrate

salt in distilled water. The concentration of metal ions ranged

from 1 to 5 mM, and the adsorption experiments were con-

ducted by suspending 0.01 g of TS-SBA-15 in 10.0 ml of an

aqueous metal ion solution at pH 6.5. The effect of pH on the

metal ion uptake was examined by performing equilibrium

sorption experiments by varying the solution pH from 3.0 to

6.5. The solution pH was adjusted by adding either 0.1 M

HNO3 or 0.1 M NaOH. TS-SBA-15 (0.01 g) was added to

the aqueous metal solution (10.0 ml, 1.0–5.0 mM) and sha-

ken for the desired time at 25 �C. The adsorbent was filtered
out through a polypropylene microfilter, and the amount of

Cr(III)/Pb(II)/Zn(II) adsorbed by TS-SBA-15 was measured

by ICP-AES. The amounts of Cr(III)/Pb(II)/Zn(II) adsorbed

were calculated from the difference between the initial (Co)

and equilibrium (Ce) concentrations in the supernatant after

centrifugation. The adsorption percentage [adsorption

(%) = (Co - Ce)/Co 9 100] was derived from the differ-

ence between Co and Ce.
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2.7 Adsorption from binary and ternary metal ion

solutions

The competitive metal adsorption efficiency of TS-SBA-15

was assessed using binary and ternary metal ion solutions

containing 1.0 mmol of Cr(III), Pb(II) and Zn(II) nitrate

salts in distilled water. The effects of the concentration of

the component metal ions in a mixture on the adsorption

selectivity were examined using three ternary solutions for

adsorption, in which the concentration of at least one

component was doubled. The pH of the solution was

adjusted to 6.5 using a 0.1 M NaOH solution. TS-SBA-15

(0.01 g) was suspended in the binary or ternary solution

(10.0 ml) and shaken mechanically at 25 �C for 6 h. The

mixture was filtered out, and the amount of various metals

adsorbed was determined by ICP-AES analysis.

2.8 Characterisation

Small-angle X-ray scattering (SAXS) was performed at the

Pohang Accelerator Laboratory (PLA), POSTECH, Korea,

with Co Ka (k = 1.608 Å) radiation. Scanning electron

microscopy (SEM, JEOL 6400) was conducted at an accel-

eration voltage of 20 kV. Transmission electron microscopy

(TEM, JEOL2010)was performed at an accelerating voltage

of 200 kV. The N2 adsorption–desorption isotherms were

measured using a Nova 4000e surface area and pore size

analyser. The samples were degassed at 120 �C for 12 h

before the measurements. The Brunauer–Emmet–Teller

(BET)methodwas used to calculate the specific surface area.

The pore size distribution curve was obtained from an

analysis of the adsorption branch using the Barrett–Joyner–

Halenda (BJH) method. Fourier transform infrared (FTIR,

JASCO FTIR 4100) spectroscopy was performed using KBr

pellets in the frequency range, 4000–400 cm-1. Thermo-

gravimetric analysis (TGA, PerkinElmer Pyris Diamond)

was carried out at a heating rate of 10 �Cmin-1 in air. 13CCP

and 29Si magic-angle spinning (MAS) NMR (Bruker DSX

400) spectroscopywas performedwith a 4-mmzirconia rotor

spinning at 6 kHz (resonance frequencies of 79.5 and

100.6 MHz for 29Si and 13C CP-MAS NMR, respectively;

90� pulse width of 5 ms, contact time of 2 ms, recycle delay

of 3 s for both 29Si MAS and 13C CP-MAS NMR). Quanti-

tative determination of the metal ion content was performed

by ICP-AES (ACTIVA, JYHORIVA, Japan).

3 Results and discussion

3.1 SAXS analysis

The SAXS patterns of the (a) SBA-15 shown in Fig. 1

exhibited a well-resolved diffraction peak at q (scattering

vector) values = 0.6 nm-1 and two weak peaks at 1.09 and

1.29 nm-1 due to (100), (110) and (200) reflections,

respectively, indicating the existence of a hexagonal

mesophase within the samples. The same trend was

observed on the SAXS patterns of the (b) NH2-SBA-15 and

(c) TS-SBA-15 samples compared to the SBA-15 support

[29]. The intensity of the diffraction peaks of SBA-15 was

higher than that of NH2-SBA-15 and TS-SBA-15. This

suggests that the former possessed a more ordered meso-

phase than the latter. The position of the (100), (110) and

(200) reflections in the NH2-SBA-15 and TS-SBA-15

samples was shifted slightly to a high q value compared

with the same of the SBA-15, indicating small pore con-

traction due to functionalisation and further modification.

The q values of the (100), (110) and (200) reflections were

0.65, 1.13 and 1.31 nm-1 for NH2-SBA-15 and 0.66, 1.15

and 1.35 nm-1 for TS-SBA-15, respectively. The sharp-

ness of the reflections indicated the quality of the materials.

On the other hand, the framework of the samples was not

changed and the porous channels remained in a hexagonal

array, even after chemical modification [30]. The TS-SBA-

15 sample had lower reflection intensity than SBA-15

because the pore channels were filled with a MTC Schiff

base.

3.2 SEM and TEM analysis

The morphology and texture of mesoporous silica are

extremely important and can vary with the synthesis

parameters. The external morphology of the (a) SBA-15,

(b) NH2-SBA-15 and (c) TS-SBA-15 was characterised by

SEM, which can be observed from Fig. S1. All the samples

showed rope-like shapes with a typical diameter and length

of the rope segment of approximately 0.35 and 1 lm,

Fig. 1 SAXS patterns of (a) SBA-15, (b) NH2-SBA-15 and (c) TS-

SBA-15
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respectively [31]. The morphology was intact even after

aminopropyl functionalisation and subsequent Schiff base

modification. The surface morphology of (a) SBA-15,

(b) NH2-SBA-15 and (c) TS-SBA-15 was observed by

TEM (Fig. S2). The TEM images of SBA-15 and modified

SBA-15 revealed a honeycomb-like array (Fig. S2a, c and

e) and strip-like patterns (Fig. S2b, d and f); the black strips

represent the silica walls, whereas the white ones are

associated with the hollow mesopores [27, 32]. Regular and

extended pore periodicity along with an ordered hexagonal

pore structure was observed. After functionalisation with

aminopropyl and MTC Schiff base, the textural properties,

such as the particle size, morphology, long-range pore

order and hexagonal pore structure, of the SBA-15 material

were not altered, indicating the persistence of uniform

ordered mesoporous materials.

3.3 Nitrogen adsorption/desorption isotherms

The N2 sorption isotherms were measured for the pure

support and immobilised molecules, representing a com-

parison of the sorption isotherms and textural characteris-

tics of pure and immobilised molecules. Figure S3A and B

presents the low-temperature nitrogen adsorption–desorp-

tion isotherms and pore size distributions of the 2D

hexagonal (p6mm) (a) SBA-15, (b) NH2-SBA-15 and

(c) TS-SBA-15, respectively. All the isotherms displayed

type IV patterns with steep capillary condensation/evapo-

ration steps in the range, P/Po = 0.44–0.83 and obvious

H1 hysteresis loops characteristics of mesoporous materials

with cylindrical pores according to the IUPAC classifica-

tion. The typical regions could be discerned in the isotherm

of SBA-15, which clearly indicates the formation of a

SBA-15 material [27]. In addition, SBA-15 exhibited a

sharp capillary condensation step in the adsorption and

desorption curve at partial relative pressures P/Po of

0.62–0.83. Similarly, Type IV curves with H1 hysteresis

loops were also obtained in the NH2-SBA-15 and TS-SBA-

15 samples with hysteresis loops shifting gradually to

lower relative pressures and the volumes of nitrogen

adsorbed decreasing after functionalisation. The phe-

nomenon is typical of pore-plugging, suggesting that the

partial channels are filled with guest species [33]. The BET

surface areas of SBA-15, NH2-SBA-15 and TS-SBA-15

were 623, 485 and 396 m2 g-1, the pore volumes were

1.23, 0.67 and 0.41 cm3 g-1, and the pore diameters were

6.5, 5.8 and 5.5 nm, respectively (Table 1). These values

indicated the expected decrease in surface area, pore

diameter and pore volume as a result of the modifications.

The decrease in surface area during the surface modifica-

tion process is responsible for the decrease in pore volume

and pore diameter. The specific surface area decreased

from 623 to 485 m2 g-1 (*22 % decrease), while func-

tionalisation with (3-aminopropyl)triethoxysilane on cal-

cined SBA-15 clearly points out the anchoring of a

considerable amount of tethering molecule, which aims to

passivate the hydroxyl groups inside the pores of the cal-

cined silica support [34]. A further but small decrease in

surface area for TS-SBA-15 (396 m2 g-1) was attributed to

ligand immobilisation over NH2-SBA-15, which indicated

that the undisturbed silica surface remained even after

functionalisation and ligand immobilisation. SBA-15

shows a narrow pore size distribution with a mean value of

6.5 nm. The modified materials (NH2-SBA-15 and TS-

SBA-15) also showed partially narrow and lower pore size

distributions, which suggest that the Schiff base molecule

is distributed uniformly all over the SBA-15 channel sur-

face. The insertion of organic molecules inside the chan-

nels of the mesoporous materials was further evidenced

from the measurements of the pore volume of the synthe-

sised materials. The pore volume decreased considerably

after the functionalisation of propylamine and its conver-

sion to Schiff base to pure SBA-15, indicating the progress

of anchoring of the organic moieties inside the channels

[35]. But only a small amount of decrease in pore volume

during the conversion of NH2-SBA-15 to TS-SBA-15 was

observed, which is further supported from the pore diam-

eter values of these materials that also have not been

changed considerably during the Schiff base formation.

3.4 FTIR spectral studies

Figure 2 shows the FTIR spectra of (a) NH2-SBA-15 and

(b) TS-SBA-15. The entire spectra showed a broad and

strong vibrational band between 3700 and 3200 cm-1,

which can be assigned to the O–H stretching vibration of

adsorbed water molecules and hydrogen bonded surface

silanol in the SBA-15 matrix [27, 35]. The small band due

to the Si–OH bond stretching vibration of the silanol

groups was observed at 970 cm-1. This smaller amount of

silanol groups indicates the utilisation of a major portion of

the silanol groups for functionalising the APTES on the

Table 1 Physico-chemical

properties from N2-sorption

analysis of SBA-15 materials

before and after modifications

Material Specific surface area (m2 g-1) Pore diameter (nm) Pore volume (cm3 g-1)

SBA-15 623 6.5 1.23

NH2-SBA-15 485 5.8 0.67

TS-SBA-15 396 5.5 0.41
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surface of SBA-15. In addition, the characteristic band for

the aliphatic –C–H stretching vibrations was observed due

to the pendant alkyl chains at approximately

3000–2800 cm-1 [36]. The strong peaks at 1084 and

795 cm-1 were assigned to the asymmetric stretching

vibration of Si–O–Si present in the framework of the SBA-

15 [37]. The peak at ca. 1630 cm-1 might be due to the –

OH bending vibration from adsorbed water. In addition, the

stretching vibration of ethoxy groups was observed at

2999 cm-1. This can be explained by the interaction of

APTES with the isolated silanol groups, where not all

ethoxy groups were condensed to the silica matrix. Fur-

thermore, the IR spectra strongly support the presence of

absorption bands due to N–H bonds (1713, 1645 and

3400 cm-1), while the relatively broad peaks at 780 and

1160 cm-1 indicate the presence of an N–H wagging

vibration in the NH2-SBA-15 material [37]. The bending

vibration of primary amine groups –NH2 can be observed

between 1650 and 1580 cm-1, which could only be visible

in a primary amine compound. In addition, this band is

considered the vibrational band of the protonated form of

amino groups, e.g. –NH3
?, which could be formed due to

the presence of adsorbed water or neighbouring silanol

groups. The absorbance of the C–N stretching vibration is

normally observed at 1000–1200 cm-1. On the other hand,

this peak was not observed because of its overlap with the

absorbance of the Si–O–Si and Si–CH2 stretch in the

1000–1300 cm-1 range. The TS-SBA-15 displayed a

strong band near 1650 and 794 cm-1 due to azomethine

(C=N) and thiophene ring C–S stretching vibrations,

respectively [38]. Additionally, the presence of a peak at

1704 cm-1 in TS-SBA-15 sample indicates the –C=O

stretching vibration of the unattached MTC molecule in the

pore channels [39]. The above FTIR bands confirmed the

successful anchoring of APTES and subsequent tailoring to

the MTC Schiff base on the SBA-15 surface.

3.5 Solid-state 29Si MAS and 13C CP-MAS NMR

analyses

Information on the silicon environment and the degree of

functionality was obtained from the 29Si MAS NMR

spectra (Fig. 3) of (a) SBA-15 and (b) NH2-SBA-15. In the

spectrum of SBA-15, the signals due to SiO2(OH)2 (Q2

sites) at -92 ppm, SiO3–OH (Q3 sites) at -100 ppm and

SiO4 (Q4 sites) at -109 ppm were observed. Prior to

functionalisation, the most intense peak was Q3 (at ca.

-100 ppm), which suggests that the predominant silicon

species are (SiO)3Si–OH, as expected from a SBA-15-type

material [40]. This confirmed the formation of a perfect

porous material with a highly cross-linked silica frame-

work and the presence of sufficient surface silanol groups

for functionalising the material. After functionalisation

with propylamine over SBA-15, the intensity of the Q3

peak decreased and the intensity of Q4 increased. In addi-

tion, three additional broad and overlapping signals

appeared at d & -59 and -66 ppm, which were assigned

to T2 and T3 organosilica species, respectively, with T3 as

the major peak [40, 41]. The 13C CP-MAS NMR spectra of

(a) NH2-SBA-15 and (b) TS-SBA-15 (Fig. 4) showed the

successful functionalisation of aminopropyl and subse-

quent formation of MTC Schiff base in the SBA-15

material. NH2-SBA-15 showed three sharp peaks at 9.8

(C1), 27.1 (C2) and 44.6 (C3) ppm corresponding to

methylene groups in the propyl chain [40, 41]. The addi-

tional less intense peaks in the spectrum were attributed to

the presence of uncondensed ethoxy groups in the func-

tionalised molecule, which was clearly observed by the

presence of T2 sites in the 29Si MAS NMR spectrum of

NH2-SBA-15. TS-SBA-15 also revealed the resonances

corresponding to the propyl carbon atoms in shifted posi-

tions, which were 10.2, 23.9 and 50.2 ppm for C1, C2 and

C3, respectively. Additional resonances were observed in

the spectrum of TS-SBA-15 at 10.1, 63.1, 153.5, 129.1,

124.4, and 142.5 ppm for C4, C5, C6, C7, C8, and C9,

respectively [34, 42].

3.6 Thermogravimetric analysis

The TGA curves of (a) NH2-SBA-15 and (b) TS-SBA-15

(Fig. S4) revealed 1 and 2 % weight losses, respectively, at

temperatures up to ca. 120 �C, which were attributed to the

desorption of physically adsorbed water. The decomposi-

tion of NH2-SBA-15 and TS-SBA-15 began slowly from

150 �C, followed by a sudden weight loss between 230 and

600 �C is due to the combustion of 5-methyl-2-thio-

phenecarboxaldehyde Schiff base present in the material

Fig. 2 FTIR spectra of (a) NH2-SBA-15 and (b) TS-SBA-15
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[40, 43, 44]. The total weight loss in this region was 16 and

29 wt% for NH2-SBA-15 and TS-SBA-15, respectively.

The amount of MTC Schiff base was calculated to

1.47 mmol g-1 considering the molecular weight of func-

tionalised molecule after losing the ethanol molecules

during the immobilisation process. The degradation pro-

cess was completed at 700 �C and the rather extended

temperature range was caused by several chemical reac-

tions, such as oxidation reactions, ‘‘channel metamorpho-

sis’’ via proton transfer from silanols to methylene groups

and also due to an increase in the number of siloxane

bridges (Si–O–Si) caused by isolated silanol condensation

[34, 45].

3.7 Adsorption of metal ions from aqueous solutions

using TS-SBA-15

3.7.1 Adsorption selectivity of metal ions

from a multimetal ion mixture

Before selecting the metal ions for the adsorption study,

competitive adsorption from a mixture containing 1 mM

each of Mn(II), Co(II), Ni(II), Cr(III), Zn(II), Pb(II) and

Cd(II) ions at pH 6 was conducted. TS-SBA-15 (0.01 g)

was added to 10 ml of the above solution and shaken for

24 h to establish the adsorption equilibrium. The experi-

ment was conducted to determine the suitable metal ions

for the adsorption study. Figure 5 shows the weight and

mole adsorption selectivity of the metal ions after adsorp-

tion from the above mixture using TS-SBA-15. TS-SBA-15

is more selective towards Cr(III), Pb(II) and Zn(II) under

the specified experimental conditions. The mole adsorption

selectivity was in the order of Cr(III)[ Pb(II)[Zn(II).

3.7.2 Adsorption of Cr(III), Pb(II) and Zn(II) from single

metal ion solutions

Adsorption processes are normally considered intermolec-

ular interactions among the solute and solid phases. In the

case of organic molecule-immobilised porous materials,

the adsorption of metal ions from solution is an interaction

of the solute molecule with the surface functionality by

electrostatic, hydrogen bonding, weak Van der Waals force

of attraction or even complexation. All mechanisms depend

greatly on the pH, contact time, initial ionic strength, and

adsorbent dosage. Therefore, it is important to determine

the effects of such factors on the adsorption nature and

mechanism during the adsorption process.

The initial solution pH is an important factor affecting

the adsorption of heavy metal ions; because it not only

influences the surface charge of the adsorbents, but also the

type of metal ions in solution. Therefore, a study was

conducted to optimise the pH with the other parameters,

such as the TS-SBA-15 dose, metal ion concentration and

contact time, kept constant. The effects of pH on the

adsorption of Cr(III), Pb(II) and Zn(II) from water samples

was studied over the pH range, 3–6.5, for initial concen-

trations of 1 mM onto TS-SBA-15, as illustrated in Fig. 6a.

Higher pH values were not studied due to the precipitation

limitation of metal ions and the instability of functionalised

mesoporous silicates in alkali solutions. All three metal

ions exhibited similar adsorption behaviour over the entire

pH range. As shown in the figure, the adsorption capacity

was increased considerably when the pH was increased

Fig. 3 29Si MAS NMR spectra of (a) SBA-15 and (b) NH2-SBA-15

Fig. 4 13C CP-MAS NMR spectra of (a) NH2-SBA-15 and (b) TS-

SBA-15
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from 3.0 to 6.5 [34, 46]. This can be explained by the

protonation effect of H? ions present at higher concentra-

tions in solution on the N and S atoms of the MTC Schiff

base adsorbent. At very low solution pH, the concentration

of H? ions in adsorption medium is very high, which was

competing directly with the heavy metal ions for active

binding sites [47, 48]. Additionally, due to the smaller size

of the H? than metal ions, it can approach the ligand atoms

very easily. As a result, the adsorption of metal ions will

decrease with respect to an increase of the acidic strength

in the solution. At higher pH, the surface of the adsorbent

had a higher negative charge, resulting in higher attraction

towards the cations. As an explanation, TS-SBA-15

adsorbed Cr(III), Pb(II) and Zn(II) ions from the aqueous

solutions with a maximum of 31, 82 and 22 mg g-1 at pH

6.5. In addition, the maximum number of active sites was

estimated to be 1.47 mmol g-1, and the maximum

adsorption of Cr(III), Pb(II) and Zn(II) ions was 0.60, 0.40

and 0.34 mmol g-1. This suggests that the adsorption fol-

lows a mechanism corresponding to Scheme S1. At very

high pH, metal hydroxides are formed, which resulted in

precipitation; therefore, the separation may not have been

achieved due to adsorption. When the pH was increased

from 3 to 6.5, the removal efficiency of TS-SBA-15 for

Cr(III), Pb(II) and Zn(II) was increased from 35 to 60, 20

to 40 and 12 to 34 %, respectively. To explain this

observation, at pH\ 7, all the metal ions in solution exist

as Mn? and M(OH)?. Therefore, most ions are accessible

to the adsorbent at a pH near to neutral condition, resulting

in an increase in removal efficiency [34, 49].

To determine the suitable contact time for the maximum

removal efficiency of TS-SBA-15, the equilibrium contact

time was examined. A 0.01-g sample of TS-SBA-15 was

suspended in a Cr(III)/Pb(II)/Zn(II) solution (10 ml,

1 mM) and the mixture was stirred mechanically at 25 �C
for times, ranging from 0.25 to 24 h at pH 6.5. Subse-

quently, the mixture was filtered, and the concentration of

heavy metal ions remaining in solution was determined by

ICP-AES. Plots of the amount of adsorption versus stirring

time (Fig. 6b) suggested that the adsorption of all metal

ions increased with time. All three metal ions showed

adsorption equilibrium within 6 h. The reasonably fast

kinetics of the matrix–metal ions interaction reflects the

good accessibility of the chelating sites of the modified

matrix and high binding ability of the metal ions [26, 34].

The metal ion removal efficiency by a mesoporous

material depends greatly on the bonding strategy between

the metal ion and the donor atoms of the anchored mole-

cule on the surface. In addition, the adsorption equilibrium

can be altered in the adsorbent or adsorbate by merely

altering the concentration of metal ions. To examine the

effects of the initial metal ion concentration, a 0.01-g

sample of TS-SBA-15 was suspended in 10 ml of Cr(III)/

Pb(II)/Zn(II) solution with a concentration in the range,

1–5 mM, at pH 6.5. The mixture was stirred mechanically

at 25 �C for 6 h. The mixture was filtered, and the con-

centration of heavy metal ions remaining in solution was

determined by ICP-AES. Figure 6c shows the amount of

Cr(III)/Zn(II)/Pb(II) ion adsorption as a function of the

initial metal ion concentration in solution. The change in

the initial metal ion concentration had a significant effect

on the removal efficiency [50, 51]. At low metal ion con-

centrations, the ratio of surface active sites to the total

metal ions in the solution was high; hence, a major portion

of the metal ions in solution may interact with the adsor-

bent and be removed from solution. At higher initial metal

ion concentrations, there was a slight increase in the

amount of adsorption. On the other hand, the rate of the

increase in adsorption was reduced at very high initial

concentrations. In contrast, TS-SBA-15 could adsorb a

maximum of 0.71, 0.62 and 0.50 mmol g-1 Cr(III), Pb(II)

and Zn(II) ions, respectively, from aqueous solutions with

an initial metal ion concentration of 5 mM. The slower rate

of increase in adsorption is the result of the adsorption/

desorption equilibrium achieved between metal ions in

solution and the adsorbent [28, 34]. The maximum amount

of all metal ions adsorbed from a 5 mM solution also

strongly supports the adsorption mechanism corresponding

to Scheme S1.

Figure 6d shows the effects of the adsorbent dosage on

the adsorption efficiency of Cr(III), Pb(II) and Pb(II) onto

TS-SBA-15 at pH 6.5. 0.01, 0.02, 0.03, 0.04 and 0.05 g of

adsorbent were selected for the uptake of Cr(III), Pb(II) and

Fig. 5 Adsorption selectivities of TS-SBA-15 from a mixture

containing Mn(II), Co(II), Ni(II), Zn(II), Cr(III), Pb(II) and Cd(II)

ions. Adsorption conditions—initial concentration: 1.0 mM (each

metal ions), volume of metal solution: 10.0 ml, amount of adsorbent:

0.01 g, time 24 h, pH 6, and temperature: RT
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Zn(II) from an initial metal ion solution of 2 mM. The

percentage removal was increased from 30 to 92, 23 to 72

and 20 to 56 % for Cr(III), Pb(II) and Zn(II), respectively,

when the adsorbent dosage was increased from 0.01 to

0.05 g. A higher adsorbent dose indicates more active

functional groups for the uptake of metal ions onto the TS-

SBA-15 surface, which results in a high removal

percentage. The maximum removal of 92 % was achieved

for Cr(III) at a dose of 0.05 g TS-SBA-15. The maximum

removal of 1.84, 1.45 and 1.12 mmol g-1 were achieved

for Cr(III), Pb(II) and Zn(II), respectively, when 0.05 g of

adsorbent was used. These results also showed that the

metal removal percentage is strongly dependent on the

optimal increase in adsorbent dose, due to a consequential

Fig. 6 Effect of various factors on Cr(III), Pb(II) and Zn(II)

adsorption; a pH of the metal solution (concentration: 1.0 mM,

adsorbate volume: 10 ml, adsorbent dosage: 0.01 g, time: 24 h),

b stirring time (concentration: 1 mmol, adsorbate volume: 10.0 ml,

adsorbent dosage: 0.01 g, pH: 6.5), c initial metal ion concentration

(adsorbate volume: 10.0 ml, adsorbent dosage: 0.01 g, pH: 6.5, time:

6 h) and d adsorbent dosage (concentration: 2.0 mM, adsorbate

volume: 10.0 ml, pH: 6.5, time: 6 h)

Scheme 1 Synthesis of 5-methyl-2-thiophenecarboxaldehyde Schiff base-immobilized SBA-15
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increase in interference between the binding sites at the

higher dose or an insufficiency of metal ions in solution

with respect to the available binding sites [15, 52].

3.7.3 Adsorption selectivity of metal ions from binary

and ternary mixtures

Finally, the selective affinity of TS-SBA-15 for metal ion

adsorption from binary and ternary mixtures of Cr(III),

Pb(II) and Zn(II) ions was investigated. The competitive

adsorption of coexisting ions to the binding sites is nor-

mally a severe problem when using adsorbents with

organic functional groups as the active sites for the removal

of heavy metals. Figure 7 shows the weight and mole

adsorption selectivities of binary solutions of (a) Cr(III)

and Pb(II), (b) Cr(III) and Zn(II) and (c) Pb(II) and Zn(II).

Binary metal ion mixtures containing nitrate salts of

Cr(III), Zn(II) and Pb(II) with 1 mM concentration of each

metal ion in water were prepared. A total of 10 ml of the

above solution was mixed with 0.01 g of the TS-SBA-15

and shaken for 6 h to achieve the adsorption equilibrium.

The competitive adsorption from the binary mixtures

(a) and (b) revealed the higher affinity of TS-SBA-15

towards Cr(III) ions. The mole adsorption selectivities of

Cr(III) in these mixtures are 65 and 72 % (Fig. 7a, b),

respectively. Also TS-SBA-15 exhibited (Fig. 7c) a higher

affinity towards Pb(II) ion (69 %), when considering the

mole adsorption selectivities of the component metal ions

in the binary mixture of Pb(II) and Zn(II). The adsorption

selectivity of Zn(II) ion was slightly higher when the

adsorption occurred in a mixture with Pb(II) than Cr(III).

The adsorption from binary mixtures revealed the superior

adsorption selectivity of Cr(III) ions, suggesting the strong

binding ability of Cr(III) ions with the chelating bidentate

ligand [34].

In order to find out the effect of the increased concen-

tration of Pb(II)/Zn(II) over the selectivity of Cr(III)

adsorption from binary mixtures, we have conducted the

selective adsorption from Cr/Zn with 1:2 and 1:5 mM

concentrations and Cr/Pb with 1:2 mM concentration. TS-

SBA-15 exhibited a mole and weight selectivities for

Zn(II) of 28 and 33 % (Fig. 7b), respectively, when the

adsorption occurs from the binary mixture of Cr/Zn with

1:1 mM concentration. When increasing the concentration

of Zn(II) from 1.0 (Fig. 7b) to 2.0 mM (Fig. 8a) in Cr/Zn

mixture, a nominal increase in mole selectivity of 31 %

was observed. But an increase of Zn(II) concentration from

1.0 (Fig. 7b) to 5.0 (Fig. 8b) mM in Cr/Zn mixture trig-

gered a mole selectivity increase in Zn(II) from 28

(Fig. 7b) to 46 % (Fig. 8b). Interestingly, when increasing

the concentration of Pb(II) from 1.0 (Fig. 7a) to 2.0 mM

(Fig. 8c) in Cr/Pb mixture, both mole and weight selec-

tivities were markedly increased from 35 and 68 %

(Fig. 7a) to 63 and 87 % (Fig. 8c), respectively. This

experiment confirmed the marked effect of concentration

on the metal adsorption selectivity of TS-SBA-15 from

aqueous mixture.

Figure 9 presents the adsorption selectivity profiles of

TS-SBA-15 in the ternary metal ion solution with respect

to the combination in concentration of component ions. To

examine the effects of concentration on the adsorption

selectivity, the concentration of at least one component in

Fig. 7 Adsorption selectivities of TS-SBA-15 from binary mixtures

of a Cr/Pb, b Cr/Zn and c Pb/Zn with 1:1 mM concentration.

Adsorption conditions—volume of metal solution: 10.0 ml, amount

of adsorbent: 0.01 g, time: 6 h, pH 6.5, and temperature: RT
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the mixture was doubled. The result was compared with the

ternary solution containing equal concentrations of com-

ponent metal ions. The behaviour of adsorption can be

observed by analysing the mole selectivity of each metal

ion after adsorption from each combination. The adsorption

selectivity from a 1:1:1 (Cr/Pb/Zn) combination showed

that TS-SBA-15 was adsorbed 63, 35 and 2 mol% of Cr, Pb

and Zn ions, respectively (Fig. 9a). In addition, the mole

selectivity of Zn(II) ion was increased to 6 % (Fig. 9b)

when the concentration of Zn(II) in the ternary solution

(1:1:2) was doubled. Interestingly, Zn(II) did not show any

adsorption from the 2:1:1 and 1:2:1 mixtures. The mole

selectivity of Cr(III) and Pb(II) increased from 63 to 91 and

35 to 47 mol%, respectively, when their concentrations

were doubled (Fig. 9c, d). Every combination exhibited

dominant adsorption selectivity to the Cr(III) ion. These

results strongly support the higher binding ability of Cr(III)

with TS-SBA-15 than Pb(II) and Zn(II). In addition, the

concentration, combination and number of component ions

in a mixture have a solid effect on the adsorption selec-

tivity over the TS-SBA-15 adsorbent.

From the selectivity experiments, TS-SBA-15 was more

selective for Cr(III) ions. The mole adsorption selectivity

from aqueous mixtures will be always a factor of the nature

of the ligand, chelation effect, ionic size, and ionic

potential (charge to radius ratio) of metal ions. The com-

plexation ability of the MTC Schiff base is due mainly to

the chelation property of N and S donor atoms in such a

molecule. A chelated complex will be always stable due to

the significant gain in entropy. Moreover, thiophene bear-

ing an electron-donating methyl group adjacent to the

sulphur atom imparts a high electron density over the

sulphur atom, which will increase the ligation efficiency of

the ligand. As a result, the MTC Schiff base can adsorb

metal ions more strongly and efficiently from solution,

even though it will introduce a small amount of steric

hindrance at the active site compared to the ligand without

a methyl group, which was reported previously [25, 26].

The ionic potential of Cr(III), Zn(II) and Pb(II) ions are

4.83, 2.7 and 1.69, respectively. In addition, Cr(III) has a

more positive charge, smaller ionic radius and greater ionic

potential than the other two ions. As a result, Cr(III) can

make a strong dative bond with the MTC Schiff base ligand

more easily than Zn(II) and Pb(II). Therefore, TS-SBA-15

was found to be more active for Cr(III) from the metal ion

mixture.

3.7.4 Reusability of TS-SBA-15

The effectiveness and stability of the sorbent were evalu-

ated by a reusability test, which could be done by an acid,

base or salt treatment with or without an organic stripping

agent. A series of sorption/desorption experiments was

performed under acid conditions to understand the

adsorption efficiency in multiple regeneration. Figure 10

presents the Cr(III)/Pb(II)/Zn(II) adsorption efficiency of

TS-SBA-15 after six recycle steps. After sorption, the

sorbent was treated with a mixture containing NHO3 and

thiourea with 1.0 mol l-1 individual concentration to des-

orb Cr(III)/Pb(II)/Zn(II), and this sorption/desorption pro-

cedure was repeated six times [52]. After each desorption

Fig. 8 Adsorption selectivities of TS-SBA-15 from binary mixtures

of a Cr/Zn, b Cr/Zn and c Cr/Pb with 1:2, 1:5 and 1:2 mM

concentrations, respectively. Adsorption conditions—volume of

metal solution: 10 ml, amount of adsorbent: 0.01 g, time: 6 h, pH

6.5, and temperature: RT
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step, the sorbent was washed with doubly distilled water to

remove the metal salt and thiourea generated from the pore

channels. A negligible decrease in sorption capacity was

observed after six consecutive uses of 0.05 g of TS-SBA-

15.

3.7.5 Equilibrium study

The adsorption isotherm models are normally used to

describe the interaction between adsorbents and adsorbates,

providing most important parameters for designing a

desired adsorption system. Therefore, the Cr(III), Pb(II)

and Zn(II) removal capacity of the TS-SBA-15 was

determined, where the Langmuir and Freundlich adsorption

models were applied to evaluate the effectiveness of the

adsorbent [53].

The Langmuir model is based on the assumption that the

maximum adsorption occurs when a saturated monolayer

of solute molecules is present on the adsorbent surface, the

energy of adsorption is constant and there is no migration

of adsorbate molecules in the surface plane. Figures S5a,

S6a and S7a show the experimental result of the Langmuir

isotherms of Cr(III), Pb(II) and Zn(II) adsorption, respec-

tively, on TS-SBA-15.

According to the Langmuir isotherm,

Fig. 9 Adsorption selectivities

of TS-SBA-15 from the ternary

mixture, Cr/Pb/Zn with a 1:1:1,

b 1:1:2, c 2:1:1, and

d 1:2:1 mM concentrations.

Adsorption conditions—volume

of metal solution: 10.0 ml,

amount of adsorbent: 0.01 g,

time: 6 h, pH 6.5, and

temperature: RT

Fig. 10 Adsorption cycles of Cr(III), Pb(II) and Zn(II) on TS-SBA-

15. Adsorption condition—pH of the metal solution: 6.5, concentra-

tion of metal solution: 1.0 mM, adsorbate volume: 10.0 ml, adsorbent

dosage: 0.01 g, time: 6 h
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qe ¼
qmKLCe

1þ KLCe

The constants in the Langmuir isotherm can be determined

by plotting Ce versus Ce/qe and making use of the above

rewritten as:

Ce

qe
¼ 1

KLqm
þ Ce

qm

where qm and KL are the Langmuir constants, representing

the maximum adsorption capacity for the solid-phase

loading and the energy constant related to the heat of

adsorption, respectively.

The Freundlich isotherm model is an empirical rela-

tionship describing the adsorption of solutes from a liquid

to a solid surface and assumes that different sites with

several adsorption energies are involved. The Freundlich

adsorption isotherm is the relationship between the

amounts of Cr(III), Pb(III) and Zn(III) adsorbed per unit

mass of adsorbent, qe, and the concentrations of the Cr(III),

Pb(II) and Zn(II) at equilibrium, Ce, as shown in Fig. S5b,

S6b and S7b, respectively.

qe ¼ KfC
1=n
e

The logarithmic form of the equation becomes

ln qe ¼ lnKf þ
1

n
lnCe

where Kf and n are the Freundlich constants, the charac-

teristics of the system. Kf and n are the indicators of the

adsorption capacity and adsorption intensity, respectively.

The ability of the Freundlich model to fit the experimental

data was examined. In this case, a plot of ln Ce versus ln qe
was used to generate the intercept of Kf and the slope of n.

Table S1 lists the values of the parameters for the

Langmuir and Freundlich isotherm models. The R2 values

of Cr(III), Pb(II) and Zn(II) adsorption were 0.998, 0.995

and 0.999, respectively. The values of qm and KL of Cr(III)

adsorption over TS-SBA-15 were 37 mg g-1 and 0.026

L mg-1, respectively at pH 6.5 [54]. Also the qm values of

127 and 32 mg g-1 and KL values of 0.002 and 0.027

L mg-1, respectively, for Pb(II) and Zn(II) ions. The Fre-

undlich constants Kf for Cr(III), Pb(II) and Zn(II) adsorp-

tion were 0.070, 0.223 and 0.210 mg L g-1, respectively. It

was also noticed that the R2 values of Cr(III), Pb(II) and

Zn(II) adsorption were 0.920, 0.993 and 0.994, respec-

tively. The R2 value of Freundlich isotherm was found to

be lower than the same of Langmuir isotherm. As a result,

the adsorption mechanism is more fit into the Langmuir

than Freundlich model. The magnitudes of Kf and n show

the easy separation of all the three metal ions from the

aqueous solution and favourable adsorption. The intercept

Kf is an indication of the adsorption capacity of the

adsorbent; the slope 1/n indicates the effect of concentra-

tion on the adsorption capacity and represents the

adsorption intensity. As shown above, the n value was

found to be high enough for separation. In addition, TS-

SBA-15 gives the adsorption energy for adsorbing Cr(III),

Pb(II) and Zn(II). The Langmuir isotherm fitted very well

with a high correlation coefficient for all the metal ions,

showing that the adsorption followed the Langmuir model

[55, 56].

4 Conclusions

Covalently functionalised MTC Schiff base onto the SBA-

15 surface was achieved successfully using a two-step post-

synthetic grafting method. The physico-chemical proper-

ties of SBA-15, NH2-SBA-15 and TS-SBA-15 were

explored using a range of spectroscopic techniques. The

formation of the uniform and ordered mesoporous materi-

als was confirmed by SAXS, N2-isotherm and TEM. The

surface area, pore diameter and pore volume decreased,

whereas the organic functionality inside the SBA-15

material increased. 29Si MAS NMR provided a clear pic-

ture regarding the changing silica atmosphere in the sup-

port material with modification. 13C CP-MAS NMR

spectroscopy revealed the unambiguity in the anchoring of

the (3-aminopropyl)triethoxysilane and 5-methyl-2-thio-

phenecarboxaldehyde over SBA-15. FTIR spectroscopy

further supported the NMR results. The mesoporous SBA-

15-supported MTC Schiff base ligand was used for the

adsorption of Cr(III), Zn(II) and Pb(II) from aqueous

solutions. The hydrophilic and bidentate characteristics of

the functional organic moiety over SBA-15 rendered the

modified mesoporous material useful for adsorption

applications. The experiments showed that the best pH is

6.5 and time of adsorption for achieving the maximum

level of adsorption was 6 h. In addition, TS-SBA-15 was

highly active for the effective adsorption of metal ions

under consideration. The selectivity study from binary and

ternary mixtures showed that the ligand was selective in the

order of Cr(III)[ Pb(II)[Zn(II). In addition, the selec-

tivity scenario is strongly dependent on the concentration

of the component metal ions in a mixture. The regeneration

studies showed that the TS-SBA-15 adsorbent synthesised

in this study exhibited good regeneration efficiency up to

six cycles.
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