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Abstract: Zinc Oxide nanoparticles functionalized with APTES were obtained to evaluate their CH4 

and CO2 adsorption and separation behavior. First, ZnO nanoparticles were obtained by a 

precipitation method and subsequently coated with (3-aminopropyl)-triethoxysilane (APTES). The 

nanoparticles sample was characterized by UV-Vis, FT-IR spectroscopy, TGA, XRD, TEM/EDX, XPS 

and N2 adsorption at 77 K. CH4 and CO2 adsorption experiments were carried out at 298 K in a range 

between 0-10 bar. It was observed that the amount of gas adsorbed on the surface of the 

nanostructure is very small in comparison with other materials traditionally used for this purpose 

but slightly higher than those obtained in naked nanoparticles evaluated in previous studies. 
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1. Introduction 

Zinc oxide (ZnO) is one of the most widely used semiconductors in everyday life; it can be called 

a multifunctional material due to its unique physical and chemical properties. The hexagonal 

wurtzite-type crystalline structure takes place in nature, although it may also occur with cubic 

blende-type structure. 

The nanostructured ZnO presents a gap of 3.37 eV at room temperature, with an exciton energy 

of 60 meV. The strong exciton binding energy (25 meV) and thermal energy at room temperature (26 

meV) can ensure efficient exciton emission at the above conditions. As a consequence, this material 

may be used in photoelectronics [1] and electronic equipment [2], in sensors [3–8], in UV laser [9], as 

well as in solar cells [10]. Also, it is known that ZnO photoluminescence properties depend on the its 

crystal size , defects in its crystalline structure and temperature [11]. 

Other applications in which ZnO has played a fundamental role have been in catalytic processes 

[12]. On the other hand, the antibacterial, disinfectant and drying properties of zinc oxide allows its 

use in the production of various types of pharmaceutical products [13,14]. 

The separation of CH4 and CO2 from natural gas has generated great interest in recent years. 

There are different materials capable of achieving this objective with higher or lower effectiveness, 

such as zeolites, activated carbons, MOFs, among others [15–17]. Moreover, metal oxides have been 

studied for this purpose [18]. 

In this study, a preliminary evaluation of CO2 adsorption by ZnO nanoparticles functionalized 

with (3-aminopropyl)triethoxysilane (APTES) will be carried out. The obtained results will be 
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compared with a previous study where the adsorption and separation of CH4 and CO2 by naked ZnO 

naanoparticles were discussed [19].  

Results 

2.1. Synthesis and Characterization of ZnO and ZnO@APTES Nanoparticles 

ZnO nanoparticles (ZnONPs) were obtained by a method similar to the one previously reported 

by Hariharan [20]. The ZnONPs were functionalized with APTES by a post-synthesis procedure 

(ZnONPs@APTES). The naked and functionalized nanostructures were then characterized using 

different techniques to provide information on their structural, morphological and surface 

characteristics.  

The UV-Vis spectra of both synthesized samples are shown in Figure 1a, suggesting the 

formation of ZnO. The presence of characteristic bands of APTES on the surface of ZnO may be 

observed in the FT-IR spectra (Figure 1b). 

 

Figure 1. UV-Vis absorption spectrum (a) and FTIR (b) of ZnO and ZnO@APTES nanostructures. 

A thermogravimetric measurement was performed on the naked and functionalized ZnONPs to 

determine the amount of organic matter in the APTES-coated ZnO (Figure 2).  

 

Figure 2. Thermogravimetric curves of ZnONPs and ZnONP@APTES nanostructures. 

The structural characterization of the synthesized nanostructures was performed by XRD. The 

obtained XRD patterns of naked and functionalized ZnONPs with APTES are shown in Figure 3. 
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Figure 3. Diffraction patterns of ZnONPs and ZnONPs@APTES nanostructures. 

The HRTEM and elemental mapping images for both nanostructures are shown in Figures 4 and 

5, respectively.  

 

Figure 4. HRTEM images of ZnONPs and ZnONPs@APTES. 
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. 

Figure 5. Elemental mapping of ZnONPs and ZnONPs@APTES. 

The weight and atomic percentage of Zn, O, Si and N are summarized in Table 1, with oxygen 

as the major element, as expected. 

Table 1. Total weight and atomic percentage of each element present in the samples, obtained from 

EDX analysis. 

Elements/Series Weigth (%) Atomic (%) 

 ZnO ZnONPs@APTES ZnO ZnONPs@APTES 

Zn/K-series 70.89 59.12 37.34 23.51 

O/K-serie 29.11 20.50 62.66 33.31 

N/K-serie - 0.34 - 0.62 

Si/K-serie - 0.66 - 0.62 

C/K-serie - 19.38 - 41.94 

The surface and the chemical state of the constituent element for samples ZnONPs and 

ZnONPs@APTES were studied by XPS. The high resolution C 1s, O 1s and Zn 2p3/2 core level spectra 

for both samples, as well as the N 1s core level spectrum for the ZnONPs@APTES sample, are 

displayed in Figure 6. The binding energy values of the constituent elements and the surface chemical 

composition are shown in Table 2.  

 
 

a b 
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Figure 6. C 1s (a), O 1s (b), Zn 2p3/2 (c) and N 1s (d) core level spectra of the studied samples. 

Table 2. Binding energy values in eV of the constituent elements of the studied samples, where the 

values in parentheses are the % of each contribution, and surface chemical composition (in atomic 

concentration %). 

Sample C 1s N 1s O 1s Si 2s Zn 2p3/2 

ZnONPs 

284.8 (88)  530.1 (69) 

- 

 

285.9 (7) - 531.2 (17) 1021.3 

288.8 (5)  532.2 (14)  

ZnONPs@APTES 

284.8 (73) 

285.9 (23) 

288.0 (4) 

399.7 

530.1 (42) 

531.6 (40) 

532.4 (18) 

 

153.1 

 

 

1021.4 

ZnONPs 20.02 - 42.73 - 37.25 

ZnONPs@APTES 39.31 7.16 32.32 8.84 11.38 

2.2. Gas Adsorption Experiments for ZnONPs@APTES  

The adsorption isotherm of N2 at 77 K in the ZnONPs@APTES sample is shown in Figure 7a. 

From the N2 adsorption measurements, the surface area and pore volume were calculated (see Table 

3). Also, the CO2 experimental adsorption isotherm at 298 K up to 10 bar is shown in Figure 7b. The 

CH4 adsorption isotherm at similar conditions was also measured, but no significant adsorption was 

observed.  

Table 3. Specific surface area and pore volume in samples of ZnONPs and ZnONPs@APTES obtained 

from BET equation. 

Sample Surface area (m2g-1) Pore volume(cm3g-1) C 

ZnONPs [19] 7 0.018 2.11 

ZnONPs@APTES 8 0.011 27.4 

 

Figure 7. Adsorption isotherms of N2 at 77 K (a) and adsorption isotherm of CO2 at 298 K up to 10 bar 

(b) in the ZnONPs@APTES sample. 

b a 

d c 
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3. Discussion 

The naked and APTES coated ZnO nanoparticles have a characteristic band in the UV-Vis 

spectrum, which allows their identification. An absorption band is observed around 375 nm, which 

could be assigned to the transition from the valence band to the conduction band (O2p → Zn3d) (Figure 

1a) [21]. This band is exhibited at a shorter wavelength than that of the bulk ZnO, which is reported 

to arise at 385 nm [22]. It has been previously studied that the absorption maximum can shift to 

shorter wavelengths by decreasing the particle size [23,24].  

The FT-IR spectrum of the ZnONPs@APTES sample is shown in Figure 1b. The presence of 

APTES was verified by comparing the FT-IR spectra of both samples. The band corresponding to the 

Zn-O valence vibration (around 450 cm-1) can be observed in the spectrum of ZnONPs@APTES which 

indicates the presence of ZnO. The broad band towards 3395 cm-1 refers to the NH valence vibration 

(N-H), while the band located at 1635 cm-1 is assigned to the dubbing vibration HNH (H-N-H) of the 

free amino groups [25]. The signal that appears at 1110 cm-1 corresponds to the Si-O valence vibration 

(Si-O) of the silanol groups present as a result of the functionalization. The bands (N-H, H-N-H and Si-

O) confirm the presence of APTES at the ZnONPs surface. 

The thermogram obtained for the ZnONPs and ZnONPs@APTES samples is shown in Figure 2. 

The thermogravimetric curve of ZnONPs@APTES exhibits two stages of weight loss. A first stage 

occurs around 115 °C, corresponding to the loss of 6.5 % of water adsorbed on the surface of ZnO 

nanoparticles. The second weight loss (13.2 %) takes place at 388 °C, which could be ascribed to the 

decomposition and degradation of organic matter (APTES). These results may be related with the 

analysis of the FTIR spectrum that exhibits characteristic bands corresponding to the presence of 

APTES at the ZnONPs surface. 

The structural characterization of the synthesized nanoparticles was performed by XRD. The 

obtained XRD patterns of naked and functionalized ZnONPs with APTES are shown in Figure 3. The 

diffraction peaks are assigned to the (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (1 1 2) planes, 

characteristic of the structure of the hexagonal wurtzite ZnO (P63mc space group) (JCPDS No. 79-

2205) [26]. Narrow diffraction peaks are observed in both samples, which suggest good crystallinity 

[27]. 

High-resolution TEM images of both samples are shown in Figure 4, where particles with quasi-

spherical or hexagonal shape may be observed (particle sizes between 35–170 nm of diameter in both 

cases). The elemental mapping of the ZnONPs@APTES sample (Figure 5) shows the distribution of 

Zn, O, Si and N, which are well dispersed in all areas of the particles, indicating that APTES is 

incorporated uniformly on the entire surface of the ZnO particles. The weight and atomic percentage 

of Zn, O, Si and N are summarized in Table 1, with oxygen as the major element, as expected. 

The presence and surface concentrations of N, O, Si and Zn was studied by XPS analysis. The C 

1s spectrum of ZnONPs sample can be decomposed in three contributions at 284.8, 285.9 and 288.8 

eV. The more intense contribution at 284.8 eV is assigned to adventitious carbon, and the other weak 

contributions at 285.9 and 288.8 eV to C-OH and carbonate groups respectively. The C 1s spectrum 

of the sample functionalized with APTES also shows three contributions. However the contribution 

at 285.9 eV exhibits a relative intensity much more intense than the naked ZnONPs which could be 

ascribed to the presence of C-N bonds of the amino group [28]. The high-resolution O 1s core level 

spectrum of ZnONPS can be decomposed in three contributions at 530.1, 531.2 and 532.2 eV assigned 

to lattice oxygen of ZnO, Zn-OH group and carbonate, respectively [29]. Upon functionalization with 

APTES, a contribution at 531.6 eV with a high relative intensity is observed due to the presence Zn-

O-Si bonds (Figure 6b), confirming the grafting of APTES on the ZnO nanoparticles. Figure 6c also 

includes the Zn 2p3/2 spectra for both solids. The observed binding energy values are similar and 

typical of ZnO [29], but the intensity of this signal in the case of ZnONPs@APTES is much less intense 

due to that APTES is covering the ZnO nanoparticles. In fact, the atomic concentration % of Zn 

decreases from 37.25 % for the naked ZnONPs to 11.38% for the functionalized ZnONPs@APTES. 

Finally, the high-resolution N 1s spectrum for ZnONPs@APTES shows a single peak at 399.7 eV. This 

value is similar to those found in the case of materials coated with APTES [30,31]. 
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The chemical surface composition (Table 2) shows a clear increase of the carbon content upon 

functionalization from 20.02 to 39.31 %. The presence of N and Si was detected and N/Si atomic ratio 

of 7.16/8.84 = 0.81 is relatively close to the theoretical values of 1.00. In summary, the formation of a 

covalent bonding between ZnO nanoparticles and APTES is verified by XPS. 

The adsorption isotherm of N2 at 77 K in the ZnONPs@APTES sample is shown in Figure 7a. The 

isotherms were of type II with hysteresis loop H3 according to the IUPAC classification [33]. This 

type of isotherm is characteristic of non-porous or macroporous adsorbents and represents 

adsorption in monolayer-multilayer without restrictions. The specific surface area obtained value 

using the BET method [34] was similar to the naked NPs (Table 3). The pore volume value decreased 

slightly after functionalization which could be ascribed to the partial block of the porosity by APTES 

molecules (Table 3). C constant was higher in the functionalized material which indicates a stronger 

interaction with the adsorbate due to the silanol groups of APTES contribution. 

The CO2 experimental adsorption isotherm at 298 K up to 10 bar in the ZnONPs@APTES sample 

is exposed in Figure 7b, showing a Langmuit type I behavior. The maximum adsorbed amount was 

0.277 mmol g-1, slightly higher than the previously reported value for naked ZnONPs (0.240 mmol g-

1) [19]. A Langmuir fit is also shown in Figure 7 with maximum adsorbed quantity (qmax) values and 

the bi parameter, related to the adsorbent-adsorbate interaction, estimated at 0.277 ± 0.001 mmol g-1 

and 5.847 ± 0.218 bar-1 respectively. In both cases, regression coefficients (r2) were higher than 0.978, 

indicating that the Langmuir equation represents the experimental values with good precision. 

Therefore, only one molecule is adsorbed at each site; sites are energetically homogeneous and there 

is no interaction between adsorbate molecules (lateral interactions) [32]. CO2 adsorption takes place 

especially on APTES molecules dispersed on the surface and also explains why CH4 is not adsorbed. 

The amines groups located on the external surface of the nanoparticles are the energetic active sites 

where CO2 is adsorbed due to the high affinity of CO2 molecules by these groups. On the other hand, 

the studied material did not absorb any significant CH4 quantity (it falls within the error of the 

balance) which could be probably ascribed to the weak interaction of CH4 molecule with amines 

groups of APTES present at the ZnO nanoparticles after functionalization. 

As can be seen, the amount of gas adsorbed on the surface of the nanoparticles is very small 

compared to the materials traditionally used for this purpose (zeolites, clays and active charcoals) 

[34–38]. This behavior may be due to the low values of surface area and pore volume obtained by 

adsorption of N2 at 77 K. To improve these results, the functionalization with ligands capable of 

increasing the surface areas of the evaluated nanostructures is convenient. In that sense, it would be 

possible to improve the adsorbate-adsorbent affinity with the incorporation of energy-stronger sites 

and consequently upgrade the amount adsorbed. 

Another explanation related to the adsorption of CO2 and the null adsorption of CH4 by the 

nanoparticles functionalized with APTES could be the fact that the APTES amino groups (which are 

responsible for the capture) are selective to CO2. Since the acidic CO2 molecules interact with the basic 

surface groups, the formation of ammonium carbamate species occurring under anhydrous 

conditions and ammonium bicarbonate species in the presence of water [39,40]. Therefore, given the 

activation conditions previously explained, with the subsequent absence of water, the formation of 

ammonium carbamate would be favored. The advantage of using coatings that have amino groups 

in their structure is that they could provide selectivity in process of CO2/CH4 separation. 

Adsorption of CO2, as well as none CH4 adsorption by the nanostructures functionalized with 

APTES is related to the fact that the amino groups present in APTES (which are responsible for the 

capture) are selective for CO2, since the acidic CO2 molecules interact with the basic surface groups. 

Thus the formation of ammonium carbamate species in anhydrous conditions and ammonium 

bicarbonate species take place (Figure 8) [39,40]. The advantage of using coatings with amino groups 

in their structure is providing selectivity to the separation process of these types of gases. 
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Figure 8. Representation of interaction mechanism between CO2 molecule and amino groups present 

at ZnONPs@APTES surface. 

Amino groups have been of great interest in organic functionalization due to their high reactivity 

and selectivity towards CO2 and other acid gases. The mechanism of this reaction was proposed by 

M. Caplow 1968 [39] and reintroduced by Danckwertz in 1979 [40], who described the reaction 

between CO2 and amino groups (primary and secondary) through the formation of an unstable 

amphoteric salt (zwitterion) followed by deprotonation of the base. The reaction mechanism is 

defined in two stages: 

1. Nucleophilic attack of the amino group on the carbon of CO2 and formation of the intermediate 

zwitterion (R1R2NH+COO-) 

R1R2NH + CO2 ® R1R2NH+COO- eq. III 

2. Acceptance of the proton by a base. Under anhydrous conditions, this function is performed by 

an adjacent amino group (primary or secondary) leading to the formation of the carbamate. 

(R1R2NCOO-) 

R1R2NH+COO- + Base (B) ® BH+ +R1R2NCOO- eq. IV 

The deprotonation of the zwitterion can be favored by the presence of any molecule of a basic 

nature. Therefore, the maximum CO2/N ratio theoretically achievable is 0.5 in anhydrous conditions 

(one molecule of CO2 for every two amino groups, active site).  

4. Materials and Methods 

4.1. Materials 

Zinc acetate and oxalic acid were supplied by Merck (Darmstadt, Germany). Ethanol, acetone 

and nitric acid were purchased from Panreac. APTES was supplied by Fluka AG, Chem. All reagents 

were used without pretreatment or further purification and were purchased under the categories 

“pure for synthesis” or “pure for analysis”.  

4.2. Synthesis of ZnO Nanoparticles (ZnONPs) 

ZnO nanoparticles were prepared by sligthly modifying the method used by Hariharan [20]. 

1.09 g of zinc acetate were dissolved in 30 mL of ethanol at 60 °C. The salt was dissolved completely 

in 10 min. Simultaneously, 1.2600 g of oxalic acid were dissolved in 20 mL of ethanol at 50 °C. The 

oxalic acid solution was slowly added to the hot ethanolic solution of zinc acetate, maintaining the 

stirring of the reaction mixture. A white gel was formed, which was dried at 80 °C for 20 h. The 

xerogel was calcined at 800 °C for 2 h to obtain the ZnO nanostructures [19]. 

4.3. Synthesis of ZnO Nanoparticles Functionalized with APTES (ZnONPs@APTES) 

1.500 g of the previously synthesized ZnONPs were dispersed in 50 mL of distilled water. HNO3 

(2 mol L-1) was added dropwise, under magnetic stirring and subsequently NaOH (1 mol L-1) was 
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added until reaching a pH = 6.5. The dispersion was kept under constant stirring for one hour. 

Subsequently, 1 mL of APTES was added. The pH after the addition was maintained in the range 

between 8.9 and 9.2. The reaction mixture was left under stirring for 24 h. The particles were filtered 

and washed with ethanol and acetone. The powder was dried at 60 °C under vacuum. 

4.4. Spectroscopic, Morphological and Thermogravimetric Characterization of ZnONPs and 

ZnONPs@APTES 

UV-Vis measurements were performed using an Amershan-Biosciences Ultrospec 2100 pro 

Spectrophotometer with a Wavescan auxiliary software. For the recording of the spectra, quartz 

cuvettes with an optical step of 1 cm were used. The sample was dispersed in dimethylsulfoxide 

(DMSO) with ultrasound during 10 min, prior to the registration of the spectrum. 

FT-IR spectra were recorded in a FT-IR WQF-510 spectrophotometer, using pellets in KBr. The 

FT-IR spectra were registered between 400 and 4000 cm-1. 

Thermogravimetric analysis (TGA): The rate of change of the material weight as a function of 

temperature was continuously recorded when heating the sample in the range between 30 and 800 

ºC at a constant sweep speed (5.0 ºC/min). The thermogram was obtained on a NETZSCH STA 409 

PC/PG. Aluminum oxide was used as a reference. 

X-ray powder diffraction pattern of the sample was taken on a Rigaku diffractometer, Miniflex 

model, with a Bragg-Brentano geometry using a monochromatic CuKα radiation (λ=1.5408 Å). The 

monochromator was operated at 35 Kv and 25 mA. The samples were scanned in the range 2θ = 2 - 

80°. ZnONPs@APTES XRD data was refined by Rietveld method [41]. 

An equipment TALOS F200x was employed to analyze the morphology by High-Resolution 

Transmission Electron Microscopy (HRTEM), also operating in STEM mode (Scanning Transmission 

Electron Microscopy), and the microanalysis was carried out with an EDX Super-X system provided 

with 4 X-ray detectors and an X-FEG beam. 

XPS studies were carried on a Physical Electronics spectrometer (PHI Versa Probe II Scanning 

XPS Microprobe, Physical Electronics, Chanhassen, MN, USA) with monochromatic X-ray Al Kα 

radiation (200 μm, 100 W, 20 kV, 1,486.6 eV) and a dual beam charge neutralizer. XPS spectra were 

analyzed using PHI SmartSoft software and processed using MultiPak 9.3 package. The binding 

energy values were referenced to adventitious carbon C 1s signal (284.8 eV). 

4.5. N2, CO2 and CH4 Adsorption Experiments 

N2 adsorption isotherms were collected at 77 K and P/P0 = 0.01-0.99 using Accelerated Surface 

Area and Porosimetry system (ASAP 2050 model from Micromeritics). Samples activation was 

carried out at 250 °C under vacuum for 12 h. Specific surface area of all materials was evaluated using 

Brunauer-Emmett-Teller (BET) model [33]. 

The CH4 and CO2 adsorption measurements were carried out on a magnetic suspension balance 

Rubotherm (Bochum, Germany). The monocomponent isotherms of CH4 and CO2 were carried out 

at 298 K in the pressure range of 0 - 10 bar. Samples were degassed prior to obtaining the adsorption 

isotherms at 300 °C for 12 hours using a heating ramp of 2 °C min-1 until the final temperature. 

The equilibrium data determination consists of exposing the sample to successive increases in 

pressure after the degassing stage, in which the mass variations are quantified in relation to the 

pressure, until the equilibrium is reached. The equilibrium condition established was for a mass 

variation lower than 0.1 mg for 30 min. From the recorded mass variation, the amount of gas adsorbed 

can be calculated using the eq. I. 

���(�, �) = ∆�(�, �) + (�� + ��) ∗ �(�, �) eq. 1 

Where ∆m is the mass variation, mex is the amount of gas adsorbed in excess and [(VB + VS) . g] is the 

buoyancy effect, where VB is the volume of balance components, VS is the volume of the sample solid 

and g is the adsorbate density [42]. 

The adjustment of the CO2 isotherms was made using the non-linear Langmuir model according 

to the eq. II. 
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q =
������ �

�����
 eq. II 

Where qmax is the amount adsorbed at infinite pressure or the amount adsorbed at saturation (mmol 

g-1) and bi is related to the adsorbent-adsorbate affinity (bar-1). 

5. Conclusions 

The ZnONPs@APTES material was obtained in two steps: ZnONPs were synthesized from 

precipitation by hydrolysis of zinc acetate, which were functionalized with APTES in a second step. 

The obtained ZnONPs@APTES nanostructures were characterized by UV-Vis, FT-IR spectroscopy, 

TGA, XRD, TEM/EDX, XPS and N2 adsorption at 77 K. The grafting of APTES on ZnO nanoparticles 

is clearly evidenced by XPS. The adsorption isotherm of CO2 at 298 K was obtained up to 10 bar, 

showing a maximum adsorbed amount of 0.28 mmol g-1. No significant quantity of methane 

adsorption was obtained, probably due to the fact that the APTES amino groups are more selective 

to CO2 molecule. 
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