
 1 

Grafted zeolites for the removal of metal cations from crude oil hydrotreatment extract 

 

R. E. Kukwaa, *S.E. Dannb  
a Department of Chemistry, Benue State University, Makurdi, Benue State- Nigeria 

Email: erdoo_r@yahoo.com 

Phone number: +448123287224 
b Department of Chemistry, Loughborough University, Loughborough, Leicestershire UK 

Email: S.E.Dann@lboro.ac.uk 

Phone number: +441509222568 

Abstract 

 

Surface-modified zeolite Y has been synthesised and studied for potential application as an adsorbent 

for the removal of metal cations from aqueous solutions.  Zeolite Y was synthesised under hydrothermal 

conditions at 100 °C in an autoclave and characterised by elemental analysis and thermogravimetric 

analysis to determine the chemical formula of the host material as Na54.91Al56Si136O384.246.5H2O.   

3-Aminopropyltriethoxysilane (APTES) grafted zeolite Y was prepared by first preparing proton-

exchanged zeolite Y using an 0.1 M ammonium nitrate solution followed by calcination at 350 o C.  The 

APTES ligand was then grafted onto the protonated zeolite using three different solvent media. CHN 

analysis, FTIR spectroscopy, SSNMR and TG analysis indicated that the ligand was bonded covalently 

to zeolite Y attaching onto the inorganic surface through the available silanol groups. CHN analysis 

showed that hexane was the most effective solvent for carrying out ligand grafting, as indicated by the 

highest proportion of carbon present in the product after removal of free solvent (5.08%). APTES 

grafted zeolite Y was exposed to aqueous solutions containing different concentrations of divalent 

nickel cations (0.01 M to 0.1 M). An increase to 73.8% Ni (II) removal compared to 18.1% uptake by 

the parent zeolite Y without any graft was observed when the concentration of nickel was 0.01 M. The 

selectivity study using a solution containing five different transition metal cations; Ni (II), V (IV), Cu 

(II), Zn (II), and Fe (II) to mimic the species most often observed in hydrotreatment extract from crude 

oil, showed proportional removals of 83.7%, 91.3%, 82.8%, 70.6% and 85.7% respectively.  This study 

indicates that APTES modified zeolite Y could be a useful material for the removal of catalytic poisons 

in hydroprocessing solutions during the processing of heavier crude oils. 
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1. Introduction 

Various human activities such as industrial works, burning of fossil fuels and hydrotreating of 

heavy crude oil amongst other anthropogenic activities are found to be responsible for release of metal 

cations into the environment beyond permissible levels [1]. Heavy crude oil contains higher proportions 

of impurities such as sulfur and asphaltenes (including occluded metal cations) than lighter crude oil 

which makes the processing of the heavier crude oils more difficult and thus the oil itself less desirable 

[2]. These impurities, in addition to polluting the crude oil, also present a disposal problem to the 

environment. Current methods used for the removal of asphaltenes and their associated metal cations 

to upgrade and lighten the crude oil include distillation, solvent refining and hydrotreating processes. 

The conventional hydrotreating processes use catalysts and hydrogen to facilitate the refining process 

and increase the value of the oil by reducing the viscosity and removing the impurities [2]. The catalysts, 

which are the major active components of the process, can be poisoned by the metal cations that are 

released when the asphaltenes in the crude oil break down.  The poisoning process is a result of the 

irreversible binding of cations such as nickel (II) and vanadium (IV) to the catalysts which gradually 

reduce their efficacy. In order to prolong the life span of the catalysts, removal of the metal cations 

from the crude oil extract is necessary before the ions come into contact with the active materials [2].  

The scale of the refining process means that this removal process has to be simple, cost effective and 

generate minimal waste during its operation [2].  The harmful and damaging effects of these metal 

cations in aqueous systems as well as their release from heavier crude oil during hydroprocessing has 

prompted the need to search for materials that can effectively and safely remove these cations.  

Zeolitic materials, due to their porous frameworks, high surface areas and good thermal stability 

are utilized in many industrial applications such as heterogeneous catalysis, separation and 

environmental remediation. The ion exchange capability that leads to water softening for detergents 

through exchange of hard water ions such as Ca2+ with exchangeable Na+ cations inside the zeolite 

could theoretically be utilized for the removal of transition metal cations from the hydroprocessing 

solutions before they can poison the active catalysts.  Zeolites are characterized by highly porous 

structural textures that are based upon frameworks that are constructed from TO4 tetrahedra, where T = 

Si or Al. These tetrahedra are joined together through their oxygen atoms to form subunits such as rings 

and cages. The subunits then join together form lattices by repeating identical building blocks [3-4]. 

 

The composition of a zeolite can be represented by the general formula given in Equation 1 

 

Comp. of a Zeolite = m/xx+ [(SiO2)n(AlO2)m] ·yH2O    (1) 

 
 The Si/Al ratio has a large effect on the ion exchange capacity of a given zeolite as it controls the 

number of exchangeable cations within the pores in the framework. If no aluminium is present in the 

framework, the framework will be neutral and there are no cations inside the framework to exchange. 
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The lower the Si/Al ratio, the higher the charge imbalance on the framework and the more M+ counter 

ions must be available to counter balance the excess charge on the framework. This arises from the 

isomorphous substitution of Al3+ for Si4+ in the framework of vertex-linked tetrahedra generating a 

negative charge for each silicon cation replaced. This negative charge is compensated by the cations 

that are present during synthesis and held in the interstices of the structure on crystallization [5]. Thus, 

in theory, a large factor of the effectiveness of a zeolite as an ion exchanger is a low Si/Al ratio. Zeolites 

such as zeolite Y and ZSM-5 with high Si/Al ratios are not considered as excellent ion exchangers due 

to the small number of exchangeable cations, however they have the ability to additionally act as 

inorganic supports due to their high silanol group concentration, good porosity and large surface area 

[6-10]. In their protonic forms they are able to make available high concentration of surface hydroxyl 

groups that can serve as adsorption sites [11-12]. These zeolites can thus be used as inorganic supports 

to attach organic ligands which can then be used for the irreversible immobilization of metal cations 

through coordination of these cations to the donor atoms on the organic ligands. Nitrogen- and sulfur- 

containing ligands which are known to demonstrate high selectivity towards heavy metal ions when 

attached on zeolites surfaces, are able to immobilize the metal cations from solution without the need 

for waste processing and disposal [13-14].  This means surface modified zeolites can immobilise cations 

not only by ion exchange and electrostatic interaction of the cations within the negatively charged 

framework, but also by coordination of cations to the donor groups on the ligands grafted onto their 

surface. 

Zeolites and clays are low cost materials and are considered environmentally benign since they 

are capable of breaking down to natural materials such as quartz and feldspars on decomposition.  

Exchanged materials can also be easily recycled for the original application by flooding with a solution 

concentrated in the cations (normally sodium) [2] which were exchanged. Many different natural and 

synthetic zeolitic materials have been used to remove species which are harmful or damaging to 

industrial processes such as the natural zeolite, clinoptilolite, for removal of caesium and strontium in 

the SIXEP effluent plant at Sellafield or the synthetic zeolite, Linde 4A, used in washing powder [15-

16].    

Surface functionalization of ordered porous inorganic materials has attracted interest as a result 

of their use as supports for organic grafts to create inorganic/organic composite materials for various 

purposes [17-22]. Modified mesoporous materials such as the ligand grafted clay mineral composites, 

silica and cellulose have been successfully used to selectively immobilise metal cations from solutions 

of their salts [17-22].   

Although much work has been reported previously on functionalizing mesoporous materials, 

where the aim has been to maximise the surface functionalization through surface roughening via 

chemical/physical treatment, less attention has been given to analogous studies on the related 

microporous materials; the zeolites.   Comparable studies, using zeolites with high Si/Al ratios such as 

zeolite Y, where attempts to modify the materials surface with grafting agents to improve metal cation 
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uptake capabilities in relation to the pure zeolite host are rare as the surface area available for 

modification is low, inherently meaning that the available sites for modification is also low.  However, 

this study concentrates on low concentrations of species in aqueous media where high uptake capability 

is less important than the stability of the grafting host in the water medium.  Using zeolite Y, a common 

zeolite used extensively in the petrochemical industry and the common ligand APTES (3-

aminopropylsilane) as a graft, a composite sequestering agent for removal of harmful cations from 

hydroprocessing water is prepared.  APTES was chosen as a flexible ligand as there are various 

published studies which describe both the efficacy and stability of APTES grafted supports for the 

removal of different ions in different environments [23-24].  This study describes experiments to 

maximise the loading of APTES on zeolite Y using different solvent media, the effectiveness of using 

the modified zeolite Y in removing nickel (II) cations from solution as compared with the parent zeolite 

Y and contrasts the differences in removal of five transition metal cations from a mixture of species in 

hydrotreatment extract.  

 

 

2. Experimental 

2.1 Materials 

Zeolite Y (Si/Al = 2.6) and surface modified zeolite Y were synthesized and characterized, 

heavy crude oil with significant impurities levels was obtained from SNEPCO. 3-

aminopropyltriethoxysilane, Ni(NO3)2.6H2O, Cu(NO3)2.5H2O, VOSO4.4H2O, ZnSO4.7H2O and 

FeCl2.4H2O were all purchased from Sigma Aldrich, UK. 

 

2.2 Synthesis of zeolite Y 

Zeolite Y was synthesised following the method described by Ginter, Bell and Radke [25]. The 

batch compositions for the synthesis are given by; seed gel (5% of Al): 10.67Na2O: Al2O3: 10SiO2 

:180H2O; Feedstock gel (95% of Al): 4.30Na2O: Al2O3: 10SiO2: 180H2O; Overall gel: 4.62 Na2O: 

Al2O3:10SiO2:180H2O. The seed gel was prepared by mixing 19.95 g water, 4.07 g NaOH and 2.09 g 

sodium aluminate with continuous stirring in a 50 mL conical flask until dissolved. The solution was 

added to 22.72 g sodium silicate solution, stirred for 10 min and allowed to age at room temperature for 

a day. Similarly, the feedstock was also prepared by mixing 130.97 g water, 0.14 g NaOH and 13.09 g 

sodium aluminate solution with continuous agitation in a 500 mL beaker until dissolved. The solution 

was then added to 142.43 g sodium silicate solution and stirred vigorously until the gel appeared 

smooth. The seed gel prepared was then slowly added to the feedstock under vigorous stirring for 20 

min. The overall gel was finally transferred into 200 mL capacity Parr digestion bombs and crystallised 
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at 100 o C for 7 h. The wet solid product was filtered under vacuum, washed with deionised water until 

the pH of filtrate was below 9 and dried at 100 o C overnight. The product was then characterised. 

2.3 Synthesis of the ligand attached zeolites 

The ligand attachment on the as-synthesized zeolite Y was carried out as shown by the 

schematic diagram in figure 1. The ligand grafting was carried out in three different solvents (hexane, 

toluene and acetone) following the procedure described in the literature [26] with slight changes in 

reaction conditions. 5 g of zeolite Y was converted into the protonic form by exchanging with 0.1M 

NH4NO3 solution and heating the product at 350 o C to drive off NH3 leaving behind H+. Exactly 2.5 g 

(1.455x10-4 moles) of the protonic zeolite Y was suspended in 40 mL of the appropriate solvent in a 

round bottom flask and stirred under reflux for 1 h at 40 o C. 6 mL (2.568x10-2moles) of APTES was 

added drop wise to the mixture under stirring using a dropping pipette. The mixture was then refluxed 

for 24 h at 40 o C. Once the reaction was complete, the functionalized zeolite Y was filtered, washed 

with the appropriate solvent followed by distilled water and dried at 80 o C overnight.  

2.4 Characterization 

The as-synthesized and the ligand grafted zeolite Y were characterized by PXRD, FTIR, SEM-

EDS, CHN, thermogravimetric analysis (TGA) and solid-state NMR. 

The CHN data were collected on an Exeter analytical ink (EAI) CE-440 elemental analyzer to 

determine the extent of the ligand grafted.  

The powder X-ray Diffraction data of the zeolites were collected on a Bruker D8 Advance. The 

PXRD data were collected using Cu Kα1 (1.5406Å) radiation, over 2θ range between 5 - 60 o using a 

step size of 0.022 o and step time of 178s for 43 minutes. 

Solid-state NMR spectra were recorded on Bruker Avance 500MHz NMR spectrometer, 

equipped with a 4mm MAS HX probe, 100W proton amplifier and 500W X amplifier. Cross-

polarisation used a 1H pulse of 2 us (at −5.5 dB), a ramped proton CP pulse of 2ms (at −4.0 dB) and a 

carbon CP pulse of 2ms (at −3.1 dB). 1H →29Si and 13C cross-polarization (CP)/MAS NMR experiments 

were carried out to selectively enhance the signals of Si and C atoms strongly when attached via 

hydroxyl groups to the surface. TPPM15 proton decoupling was applied during the 30ms acquisition 

time. FIDs contain 3k data points which were Fourier transformed into 16k data points; an exponential 

function of 20 Hz was applied to the FID using Bruker TOPSPIN (1.3) software. Spectra were 

referenced to external TMS (1H, 13C, 29Si) and the magic angle was set up using KBr. Magic angle 

spinning of 10 kHz was used. CP-MAS 29Si used a relaxation delay of 5 s between each scan; DP-MAS 
29Si used a relaxation of 10s. Direct polarisation was used for 1H and 27Al spectra (4 us at 1 dB). 
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The infra-red spectrum of the as-synthesised zeolite sample was obtained using a Perkin-Elmer 

Paragon 1000 FT-IR spectrophotometer over the IR region 400-1400 cm-1.  Measurements for the ligand 

modified zeolite Y were carried out as a subtraction of that of the parent zeolite from the grafted zeolite 

over the IR region of 1000-4000 cm-1.  

The thermal analysis of the zeolites after synthesis and ligand loading was carried out under the 

flow of nitrogen while monitoring the weight loss and thermal behaviour of the zeolites on a Q600 SDT 

V20.9 Build 20 thermogravimetric analyser. A small amount of sample (ca. 10 mg) was used for the 

analysis and an indium standard was used for the temperature calibration.  

The SEM-EDS spectra were produced on an EDAX Phoenix, EDX with a Carl Zeiss 1530 VP 

Field Emission Gun Scanning Electron Microscope (FEG-SEM) microanalysis system. The samples 

were sprinkled onto 12mm aluminium stubs using ‘’carbon sticky tabs’’. These were then gold coated 

using an Emitech SC 7640 gold/palladium sputter coater to reduce the static charges during the analysis. 

2.5 Extraction of trace metal ions from crude oil 

Water (H2O), 99% isopropyl alcohol [CH3CHOHCH3 (IPA)], 0.05M EDTA or 0.05M H3PO4 

were used to extract metal cations from crude oil. 50 mL crude oil was measured into a round bottom 

flask containing 100 mL H2O and refluxed for 24 h at 110 o C. The mixture was then transferred into a 

250 mL separating funnel and left standing overnight. Distinct layers were carefully separated; the 

organic layer was ashed for XRF analysis and the solution was analysed by ICP. The same procedure 

was repeated for aqueous solutions of H3PO4 and EDTA. A ratio of 1:1 for CH3CHOHCH3 (IPA) and 

water was used in the case of IPA and the rest of the procedure remained the same.   

2.6 Uptake behaviour of metal cations by modified and unmodified zeolite Y 

Following completion of the grafting experiments, the efficacy of APTES modified zeolite Y 

for removing nickel (II) cations from solution was examined; nickel (II) has been shown to consistently 

be the most abundant and catalyst-damaging impurity present in crude oil of all the metal species 

detected.  Nickel (II) ions uptake by the modified and unmodified zeolite Y was investigated by 

immersing 0.5g of the parent and modified zeolite with  excess solutions of nickel (II) ions at three 

different concentrations (0.01 M, 0.05 M, and 0.1 M).  The mixture was left to equilibrate at room 

temperature (18 o C) on a roller mixer for 24h and the resultant zeolitic products were filtered and 

washed with distilled water after 24h of equilibration. The zeolite materials were then dried overnight 

at 80 o C. Characterisation of the solid product was carried out using PXRD to examine any changes to 

the structure, while the concentration of nickel cations remaining in solution were determined by ICP-

OES.  

A similar procedure was carried out for a solution containing a mixture of five metal cations Ni 

(II), V (IV), Zn (II), Cu (II) and Fe (II) as described in literature by Keane et al [27]. 10 mL of 0.05 M 
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solutions each of Ni (II), V (IV), Zn (II), Cu (II) and Fe (II) were measured into polyethylene bottles 

containing 0.5 g each of the modified zeolite Y and left to equilibrate at room temperature on the roller 

mixer for 24 h. This process was carried out in triplicate. The mixture was filtered after equilibration 

for 24 h, washed and dried overnight at 80 o C. The crystallinity of the solid product and the amounts 

of cations remaining in solution were determined by PXRD and ICP-OES respectively.  

3. Results and discussion 

3.1. Synthesis of zeolite Y 

3.1.1. PXRD 

The PXRD data from the zeolite Y product matched against the ICDD database pattern (01-70-

4285) for zeolite Y phase is shown in Figure 2.   The PXRD pattern for the zeolite shows that the 

material crystallised as a single phase with good crystallinity as shown by the excellent match between 

the ICDD database pattern and the sharp reflections seen in the experimental data. No unmatched 

reflections were observed, indicating a pure product.  The low background on the data suggests that 

minimal amorphous/poorly crystalline material is present.    The formula of the product was determined 

using elemental analysis (Table 1) and the number of water molecules in the product by 

thermogravimetric analysis; vide infra. 

3.1.2. FTIR 

FTIR results for the synthesised zeolite showed that the syntheses formed the targeted zeolite 

Y (Figure 3). A broad band was observed in the region 1019 cm-1 which was attributed to the 

asymmetric vibrations of Si-O bridging and Si-O non-bridging bonds. The band in the range 717 cm-1 

was due to the symmetric stretching of internal vibrations while the internal vibrations due to the 

bending of the T-O tetrahedra occurred at 455cm-1. Vibrations of the double six rings (D6R) connecting 

the sodalite cages occurred around 579 cm-1 while that around 666 cm-1 was assigned to the symmetric 

stretching of external T-O linkages in the zeolite. The band at 1150 cm-1 was attributed to the 

asymmetric stretching of external T-O linkages in the zeolite respectively [28]. 

3.1.3. TGA 

The percentage weight loss for the parent zeolite Y by thermogravimetric analysis reveals the 

loss of water in a single temperature range 20 - 300 o C (Figure 4). The thermogravimetric analysis for 

zeolite Y generated a calculated water loss of 246.5 moles per formula unit  

3.1.4. SEM-EDS 

The energy dispersive X-ray spectroscopy analysis of the as synthesised zeolite Y was carried 

out to determine the elemental composition of the zeolite. From the elemental composition, the Si/Al 
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ratio of the zeolite calculated was 2.6. Table 1 shows the elemental composition as determined by the 

EDS and the Si/Al ratios of the zeolite. 

 

3.2. Ligand attachment on zeolite surfaces 

3.2.1. Elemental analysis 

The CHN analysis of the grafted zeolite Y showed the highest loading of the ligand on the 

zeolite in hexane, closely followed by toluene. The ligand loading for acetone was significantly lower 

(Table 2). This indicates that solvent polarity plays an important role in the successful grafting of 

ligands on the zeolite host. Less polar solvents appear more effective at attaching the APTES to the 

host.  This is in full agreement with previous studies on APTES which indicates that APTES is strongly 

affected by ionising solvents during the grafting stage [26, 30]. The higher % C, % H and % N indicates 

that ligand attachment on the zeolite Y had occurred.  

3.2.2 PXRD 

PXRD data of the grafted zeolite Y did not differ significantly from that of the parent zeolite Y 

(Figure 2). This could be due to the small amount of ligand loading on the zeolite meaning that there is 

no ordered long-range structure associated with the low level of graft. No additional crystalline 

impurities were formed on grafting and there was not a significant change in background after grafting; 

this implies that the framework was stable to grafting and did not break down to form amorphous 

material. The only phase observed in the PXRD pattern was that for crystalline zeolite Y. The data 

compared against the ICDD database for the theoretical phases (01-070-4285, Na54.91Al56Si136O384. 

246.5H2O) clearly suggest that the zeolite framework structure is kept intact after the modification. This 

is in good agreement with earlier investigations into the preparation of surface functionalised 

framework materials [26, 30]. 

3.2.3 Solid state NMR 

The 29Si MAS NMR spectrum of the ligand grafted zeolite Y is shown in Figure 5. The 29Si 

MAS NMR spectra of zeolitic materials shows up to five resonances (-105)-(-107) = Q4, (-95)-(-105) = 

Q3, (-88)-(-95) = Q2, (-86)-(-92) = Q1, (-80)-(-86) = Q0 depending on the silicon environment; Q4 

represents a silicon tetrahedron surrounded by four other silicon tetrahedra whereas for Q0, all the 

silicon tetrahedra have been replaced by aluminium tetrahedra [31-33]. The cross polarisation (CP) 

spectrum for zeolite Y following the grafting (Figure 5) clearly shows additional signals at about -50 

and -60 besides in addition to signals at Q1, Q2, Q3 and Q4. The additional signals correspond to T2 = 

[Si (OSi) 2 (OH) R] and T3 = [Si (OSi) 3 R] where R= (CH2)3 NH 2 [32-34]. The signal with the highest 

intensity (T3) is an indication that most of the ligand molecules are covalently bonded to the zeolite Y 
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by tridentate bonds (figure 1c). This result is in good agreement with earlier studies on inorganic-

organic hybrids between this ligand and vermiculite [34].    

The 13C CP/MAS NMR spectrum for the ligand loaded zeolite Y is presented in Figure 6. The 

CP/MAS NMR spectrum for zeolite Y gave broad peaks at 9 ppm, 23 ppm and 44 ppm which can be 

attributed to propyl spacer chain [35-36], again suggesting that there has been some surface 

modification which is due to the ligand grafting.   

3.2.4 FTIR 

The infrared spectroscopy studies of the grafted zeolite showed good evidence of successful 

grafting of the ligand on zeolite Y (Figure 7) as shown by the absorption bands typical of functional 

groups present in the ligand. The broad absorption band at 3491cm-1 was attributed to the OH stretching 

modes of the surface water and silanol groups. The band at 1644cm-1 was assigned to the angular 

vibration of the water bonded to the zeolite framework while the weak bands at 1384 cm-1 and 1476cm-

1 were assigned to N-C and N-H bonds corresponding to the amine group in the ligand, thus agreeing 

to the success of the ligand grafting in the final product.  

3.2.5. Thermal analysis 

The data from the TGA further supports the observations made from the solid-state NMR and 

FTIR. There was an observed weight loss for zeolite Y at two distinct temperatures in the profile (Figure 

8) after the ligand grafting, whereas only a single weight loss at low temperature was observed before 

the graft (Figure 4). The two distinct weight losses for the modified zeolite Y suggest two different 

species are lost.  The temperature at which the losses occur are appropriate for occluded water and the 

APTES ligand respectively. PXRD data of the thermally treated sample of the ligand attached zeolite 

Y showed that the zeolite framework remained intact at both 200 o C and 400 o C where the weight 

losses occurred in the TGA.  These data indicate that the weight loss was not as a result of a phase 

change e.g. decomposition of the zeolite framework and the two weight losses at 200 o C and 400 o C 

are associated with the loss of occluded water and the ligand (APTES) respectively. 

3.3. Comparative uptake behaviour of metal cations by modified and unmodified Zeolite Y 

Analysis of the modified and unmodified zeolite Y and the sample solutions after treatment 

with nickel (II) at three different concentrations (0.01M, 0.05M, and 0.1M) showed that Ni (II) was 

adsorbed by both the modified and unmodified zeolite Y (Figure 9). The nickel removal by modified 

zeolite Y (73.8%) was however much higher than that by parent zeolite Y (18.1%) under identical 

experimental conditions.  An increase in the nickel (II) solution concentration lowered the affinity of 

the zeolite for the in-going nickel ions which is in good agreement with literature data [26]. This was a 

general trend observed for both the modified and unmodified zeolite Y. The marked increase in the 

uptake of nickel (II) for the modified zeolite Y could be attributed to the additional immobilization 

effect of the ligand (APTES) grafted on the zeolite. Data from these analyses showed that the metal 
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loading on the grafted zeolite was higher than the ligand loading (Table 2) which agrees well with 

previous reports [22], where Ni (II) ion uptake has not only been immobilized by the ligand, but has 

also exchanged with counter-ions present in the zeolite.  

Analysis of the modified zeolite Y after treatment with a mixture of metal cations Ni (II), V(IV), 

Cu (II), Zn (II) and Fe (II) to investigate the selective adsorption of these metals showed adsorption for 

all the metals tested (figure 10).  In the experimental process, the uptake capacity of Ni (II) was 83.7% 

at 24h contact, V(IV) was 91.3% at 48h contact, Cu (II) was 82.8% at 48h contact, Zn (II) was 70.6% 

at 48h contact and Fe (II) was 85.7% at 48h contact. The V (IV) and Fe (II) removal were observed to 

be higher than Ni (II) and Cu (II) while that for Zn (II) was much lower. This result suggests that Fe 

(II) could be a competing ion in the selective zeolitic removal of the Ni (II) and V(IV) from solution 

and hence from crude oil. The graph displayed in Figure 10 showed that time has very little or no effect 

on the adsorption of the metal ions by the modified zeolite Y. This result is in good agreement with 

recent work on the adsorption kinetic of nickel ions on Fe3O4/CD [37].  It was not possible to determine 

whether or not iron (II) was oxidized to iron (III) or vanadium (IV) was oxidized to vanadium (V) 

during the exchange process due to the complexity of this multicomponent system.  However, of key 

importance is whether or not the ions can be removed from solution rather than what the oxidation state 

of the species is in the product.  In the case of both iron and vanadium cations, both species are first 

row transition metals and according to hard/soft acid/base theory both Fe (II) and Fe (III) and V (IV) 

and V(V) will be coordinated by the APTES ligand (N/O donors). 

3.4. Extraction of trace metal ions from crude oil 

Nickel, iron and zinc cations were the three trace metal species extracted in the highest concentration 

from the crude oil.  This is an expected outcome, because they were the most abundant metal ions found 

in the ashed crude oil analysis by ICP analysis. The results of the extraction of trace metal ions from 

crude oil is as shown in table 4. The results show that all the metal ions could be extracted by the 

solvents and aqueous solutions used. The degree of extraction of metal cations however varies 

according to the following series in order of increasing % extraction; H2O ˂ H3PO4 ˂ EDTA ˂ IPA, 

except for Fe2+ where the extraction in H3PO4 is higher than that in EDTA. The amounts of cations 

extracted by IPA as compared to the other extracting media, shows the alcohol could serve as an 

extracting medium for the zeolitic removal of metal cations from crude oil.   

4. Conclusion 

The present study demonstrates the efficacy of modified zeolite Y for the removal of metal ions 

from solution and hence from hydroprocessing concentrate derived from crude oil. APTES grafted 

zeolite Y was prepared and characterized using CHN, NMR, PXRD and IR. Successful ligand grafting 

was achieved for zeolite Y. Adsorption studies of the grafted zeolite Y using nickel (II) solution showed 
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the grafted zeolite Y gave higher nickel (II) removal efficiency (73.8%) compared to the parent zeolite 

Y (18.1%).  
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Figure captions 

Figure 1: Schematic representations of ligand attachment to one (a), two(b) and three(c) silicon sites 

on a zeolitic surface 

Figure 2: PXRD pattern for zeolite Y with anhydrous formula (Na54.91, Al56Si136)384
25 (black 

experimental pattern) matched with the ICDD reference  01-070-4285 (blue vertical tick marks) .25 

Figure 3: FTIR spectrum of the as synthesised zeolite Y 

Figure 4: TGA thermogram showing the weight loss and thermal behaviour of zeolite Y 

Figure 5: 29Si CP and DP MAS NMR spectra for zeolite Y and APTES bonded zeolite Y 

Figure 6: 13C CP and DP MAS NMR spectra for APTES bonded to zeolite Y  

Figure 7: FTIR spectrum of APTES modified zeolite Y compared to as synthesised  zeolite Y 

Figure 8: Thermogram of ligand grafted zeolite Y showing the stages of weight loss 

Figure 9: Nickel adsorption by modified and unmodified zeolite Y at varying concentrations between 

0.01 to 0.1 M 

Figure 10: Removal of transition metals ions by APTES modified zeolite Y as a function of time.  
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Figure 8:  

 

 

 

Table captions 

Table 1: Elemental composition of the as synthesised zeolite Y 

Table 2: Elemental analysis of the modified zeolites 

Table 3: Comparison of the ligand loading and metal loading for zeolite Y 

Table 4: Original concentration of metal ions in crude oil before and after extraction 

Table 5: Metal cations from heavy crude oil hydrotreatment extract 

 

 

 

  

0

10

20

30

40

50

60

70

80

90

100

% Ni % V % Cu % Zn % Fe

Pe
rc

en
ta

ge
 re

m
ov

al

Metals

Zeolite Y- APTES 24hr

Zeolite Y-APTES 48hr



 20 

Tables 

 

Table 1: Elemental composition of the as synthesised zeolite Y 

Elements Zeolite Y 

 Atomic % Wt. % 

O 61.3 48.7 

Na 8.1 9.2 

Al 8.6 11.5 

Si 22.0 30.7 

Si/Al 2.6 2.67 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2: Elemental analysis of the modified zeolites 

Zeolite Hexane Toluene Acetone 

%C %H %N %C %H %N %C %H %N 

Y 5.08 2.11 1.82 4.97 2.24 1.64 1.52 1.89 0.00 
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Table 3: Comparison of the ligand loading and metal loading for zeolite Y 

Sample moles present 

(moles) 

Ligand loading 

(moles) 

Metal loading 

(moles) 

Ligand/Metal 

ratio 

Ligand-zeolite Y/0.5g - 0.000235 - - 

0.01M Ni/300mL 0.0025 - 0.001845 0.127371 

0.05M Ni/300mL 0.0125 - 0.001663 0.141311 

0.1M Ni/300mL 0.025 - 0.000019 12.368421 

 

 

Table 4: Original concentrations of metal ions in crude oil before and after extraction  

Crude oil samples before 
and after metal ion 

extraction 

Metal ions concentration (ppm) 

Ni  Fe  Zn  V Cr Cu As Mn Pb 

Crude sample 14.06 15.06 4.67 0.51 0.49 0.53 0.6 0.49 0.22 

Sample + H2O 13.54 14.70 3.63       

Sample + H3PO4(0.05M) 10.93 3.59 2.59       

Sample + EDTA (0.05M) 9.89 3.23 1.04       

Mixed crude + IPA 9.37 3.21 1.04       

 

 

 Table 5: Metal cations from heavy crude oil hydrotreatment extract. 

Extracting Media % Extracted 

 Ni (II) Fe (II) Zn (II) 

 H2O 3.70 2.39 22.27 

 H3PO4(aq.) 22.30 76.16 44.54 

EDTA (aq.) 29.66 78.55 77.73 

IPA (aq.) 33.36 78.69 78.59 
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