
Vol.:(0123456789)1 3

Innovative Infrastructure Solutions (2021) 6:7 
https://doi.org/10.1007/s41062-020-00368-x

TECHNICAL PAPER

Catalytic adsorptive of nickel metal from Iraqi crude oil using 
non‑conventional catalysts

Ghalib Adrees Atiya Ali1 · Suha Anwer Ibrahim2  · Mohammed Nsaif Abbas2

Received: 15 May 2020 / Accepted: 10 September 2020 / Published online: 5 October 2020 
© Springer Nature Switzerland AG 2020

Abstract
The existence of heavy metals together with the essential hydrocarbon components of crude oil causes a significant issue 
that leads to harmful effects on many petroleum processes industries in addition to reducing the value of oil product pro-
duced from refineries. The current research aims to study the possibility of removing the nickel element from Iraqi crude 
oil by a simple pre-treatment method based on adsorption technology. Treating of crude oil was performed using two types 
of adsorbents, the first one that had a high surface area, namely commercial granular activated carbon (GAC) and the other 
was non-valuable material, i.e., white egg shells (WES). The adsorption process was conducted in a batch mode unit and 
at different operating parameters of the adsorbent media amount, (water/crude oil) ratio, the contact time and the agitation 
speed in order to optimize the conditions for the best removal of the nickel substance from crude oil. The results indicated 
that the GAC had a high adsorption capacity reached to 87%, while the WES had a modest efficiency of about 45% removed 
of total nickel content. The results also showed that the efficiency of the treatment was increased with increase in the amount 
of adsorbent material, the (water/crude oil) ratio, the contact time and the agitation speed to a certain limit and then fixing 
or decreasing according to the type of variable. The present paper provides a simple pre-treatment method for removing 
one of the harmful heavy metals from crude oil in an easy and eco-friendly layout accessing to zero residue level concept.
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Introduction

Petroleum is considered as one of the raw materials found 
in the nature and extracted from geological formations 
inside the ground and it is collected through a series of slow 
transitions of organic matter for very long periods of time 
spanning thousands of years [1]. When it is extracted from 
underneath the surface of the earth is called crude oil [2]. 
Crude oil appears in the form of liquid dense and viscous, its 
appearance varies according to its composition, and its color 
usually ranges from dark black to dark brown, but there are 
some types of yellow, bronze, red or green [3]. The viscosity 
of the crude oil also varies depending on its composition, 

ranging from low to very high viscosity [1, 3]. Chemically, 
crude oil is defined as a mixture of huge number of hydro-
carbon compounds that may reach up to 17,000 organic com-
pounds [4, 5]. Moreover, Iraqi crude oil also contains many 
metals, essentially nickel and vanadium, along with small 
amounts of lead, cadmium and others [6]. The presence of 
these metals even in a small percentage is forming a signifi-
cant concern and serious issue for both the oil industry and 
the environment [7]. The effect of these metals represents 
by erosion of oil refinery equipment such as turbines, pumps 
and distillation towers, poisoning the catalysts and reduc-
ing their efficiency via blocking the pores by accumulated 
carbon, rend the walls and deformation of the reactors, as 
well as environmental pollution by these toxic and hazard-
ous waste, disturbance of natural environmental balance and 
other continuous problems [7, 8]. Nickel is considered as 
one of the most important elements in most if not all types of 
crude oil in different regions of the world in general, and it 
is found by different amounts in all types of Iraqi crude oils 
especially [8, 9]. The presence of nickel in crude oil leads 
to coal accumulation on the catalysts, especially in the FFC 
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process (Fluid catalytic cracking) [8, 10]. This reduces the 
efficiency of FFC catalyst and thus reduces the efficiency of 
the process. As a result, the cost of producing oil derivatives 
of good quality will increase in refineries [10–12]. There-
fore, it is necessary to remove this metal from crude oil or 
reduce it to the lowest possible level in order to maintain the 
safety of equipment and catalysts and prolong their opera-
tional life and also improve the quality of oil products. As 
Ali and Abbas [13] noted, there are three known ways to 
remove metal elements from crude oil: physical methods, 
chemical methods and catalytic hydroprocessing. Physical 
methods include distillation, solvent extraction and filtra-
tion, while the concept of chemical treatment deals with the 
use of certain types of acids and bases to remove the effects 
of metals selectively with the lowest possible rate of con-
version in crude oil. The latter type of treatment involves 
hydrodemetallization (HDM) using hydrogen in primary 
units before basic process units like thermal cracking, cata-
lytic reforming, etc. The HDM unit may include the use of 
catalysts such as alumina, silica gel and zeolite promoted by 
other metals for instance tin, antimony or others. Although 
a number of studies have indicated the possibility of using 
adsorption technology for the removal of sulfur from crude 
oil or petroleum derivatives, it is noted through the literary 
survey that there are few attempts to use this technology to 
remove the heavy metals in general and especially nickel 
from crude oil [14–16]. Adsorption technology is one of 
the most promising technologies in the field of removing 
toxic elements and remediation of environmental pollutants 
[17–19]. It is an easy and low cost technology and does not 
need special requirements or complex equipments. It is also 
highly efficient in treating various environmental systems 
according to the adsorbent material applied and the opera-
tional conditions used [18]. However, one of the obstacles 
to this technique is the accumulation of waste after the com-
pletion of the process, which requires additional costs to 
get rid of these residues that are often dangerous or toxic 
due to contain contaminants at high concentrations [20]. But 
lately the concept of zero residue level has been introduced, 
which is proved successful in handling this problem, and has 
opened the way widely for the use of adsorption technology 
in the treatment of various pollutants from aqueous solutions 
and soils with the least possible constraints [21–23] as well 
as in different petroleum products (raw and derivatives) [24, 
25]. One of the oldest and most famous types of adsorbents 
utilized to treat various types of contaminants is activated 
carbon due to its unique specifications and high surface area 
[23]. In the last three decades, attention has been focused 
on the use of waste as an adsorbent media or as a substitute 
source for activated carbon [26, 27]. One of the most attrac-
tive materials for researchers is agricultural and industrial 
residues such as pomegranate peel [28], banana peel [29, 
30], lemon peel [31, 32], orange peel [33], potato peel [34], 

used tea leaves [35], aluminum foil [36], eggshells [24, 25], 
eggplant peel [37], rice husks [38–40] and others for their 
availability, cheapness, safety and employed it in treating 
more than one type of contaminant in aqueous solutions. 
This study investigates the susceptibility of two adsorbents, 
namely activated carbon and white egg shells (WES), to 
remove the nickel element from Iraqi crude oil/Al-Ahdab 
oilfield as a case study and to determine the best operational 
factors leading to the highest nickel removal arrival to zero 
residue level (ZRL).

Experimental work

Determination of initial nickel concentration 
in crude oil before treatment

The centrifugation of a crude oil sample supplied from Al-
Ahdab oilfield was carried out at a speed of 6000 rpm for 
1 h. After that, 10 cm3 was precisely withdrawn from the 
supernatant, separated from the previous sample and placed 
in a crucible of porcelain for burning it at 800 °C for 4 con-
tinuous hours. The remnant of the incineration process was 
digested in 50 ml flask with 4 ml solution of concentrated 
hydrochloric acid and supplemented to 50 ml with distilled 
water. The sample was filtered and the solution produced 
from the filtration process was heated to 80 °C to get rid 
of any existing excess of hydrochloric acid. The remain-
ing solution after heating was put in a glass flask, and the 
volume was completed to 100 cm3 with distilled water. The 
concentration of nickel in the sample was determined by 
the atomic absorption spectrophotometer (AAS) (Shimadzu 
AA-7000, Japan) at wavelength of λmax = 362.5 nm [41, 42]. 
Figure 1 shows the calibration curve of the nickel element 
using AAS.

Commercial granular activated carbon (GAC)

Commercial granular activated carbon (GAC) used in this 
investigation was purchased from scientific bureaus in the 
city of Baghdad, Iraq, where it supplied from the Italian 
company Unicarbo. To prepare the GAC for study, the 
adsorption of nickel metal from crude oil, it was first washed 
well with distilled water to remove the unwanted particles 
may be found and then dried at 110 °C overnight to get rid 
of the moisture completely and finally saved in a desicca-
tor until it is used in laboratory experiments. Figure 2 and 
Table 1 show details of activated GAC used.  

White eggshell (WES)

The source of white eggshells (WES) used in this research 
was the residues of some fast food restaurants in Baghdad 
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city as well as domestic leftover. In the beginning, the col-
lected residues were carefully washed with excess of the tap 
water and after being sure that it was clean and free from 
any impurities or dirt washed with distilled water. Then, 
the washed and clean WES are soaked in a 6% solution of 
commercial white vinegar of domestic use for 24 h to bleach 
the color of WES. This soaking process was followed by 
drying step of WES in the sun for 3 days and then using the 
oven at 105 °C for 8 h. Finally, WES was grinded using a 
domestic mill and sifted using the standard sieve. The WES 
used were the powder passing from a 120-mm sieve (125 
micrometers). Figure 3 and Table 2 show the specifications 
of WES used [25].

Crude oil feedstock

The crude oil used was obtained from Al-Ahdab oilfield 
which is an oil field located at 27 km west of Al-Kut city 

in Wasit province, east-middle of Iraq. The nickel content 
was 23.62 mg/l or ppm according to AAS test.

Adsorption experiments using batch mode unit

Practical tests for the study of the nickel element adsorp-
tion from Al-Ahdab oilfield were implemented in the sys-
tem of batch mode unit using GAC and WES as adsorbent 
materials. 50 cm3 of crude oil with a specific concentration 
of nickel was placed in a 100 cm3 Erlenmeyer flask, and 
the laboratory experiments were carried out under differ-
ent operating conditions of (water/crude oil), adsorbents 
amount, agitation speed and contact time varying from 
(0.1 to 0.5:1) v/v, (0.5–2.5 g of GAC and WES), (100–400) 
rpm and (10–120) minutes, respectively. The experiments 
were conducted at laboratory temperature (28 ± 2)  °C 
and triplicate, to increase accuracy and to minimize any 
experimental error. The arithmetic mean for the results of 
the three experiments was depended. In order to calculate 
the concentration of the remaining nickel in crude oil after 
the experiment ended, the samples were left for 24 h to 
separate the mixture into layers. The water was removed 
from the sample very carefully after separation in sepa-
ration funnel. The samples obtained were filtered using 
vacuum filtration to separate any residue of the adsorbent 
material that is likely to be present in the treated oil. The 
sample was then subjected to the same steps as in Sect. 2.1 
of centrifugation, incineration at 800 °C, digestion with 
hydrochloric acid, filtration and finally heating to 80 °C. 
The efficiency of nickel removal from the crude oil was 
determined by AAS; the removal percentage can be calcu-
lated using the following equation [20, 25]:

Fig. 1  The AAS calibration 
curve of the nickel ions

Fig. 2  The GAC used in this study
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where %R is the percentage removal of nickel element from 
crude oil, Co is the initial concentration of nickel in crude 
oil (ppm), and Ct is the concentration of nickel in crude oil 
at any time of treatment (ppm).

%R =
C
o
− C

t

C
o

× 100

Results and discussion

As described above, the study of adsorption technology as 
a pre-treatment method proposed for Al-Ahdab crude oil 
to remove the nickel element was achieved in the batch 
adsorption unit. The removal process was tested at different 
operating factors and using two types of adsorbent media 
which were commercially granular activated carbon (GAC) 
and white egg shells (WES) as inexpensive and available 
material. This section discusses the impact of operational 
conditions on the efficiency of nickel removal and optimal 
conditions identification for obtaining the highest efficiency 
of crude oil treatment.

Effect of (water/crude oil) ratio

The results showed that there was a direct proportion 
between the removal efficiency of nickel element and the 
water/crude ratio in until 0.4: 1 and then fixed and stabi-
lized without change. The highest percentage of nickel ions 
removal using GAC and WES was 87.38% and 45.16%, 
respectively. All other variables were confirmed at the opti-
mum value as shown in Fig. 4. The reason for this result can 
be attributed to the fact that the addition of water will play 
an important role in providing a medium for the transfer 
of nickel ions between crude oil and adsorbents. The Al-
Ahdab crude oil is classified as a heavy crude oil type and 

Table 1  The GAC characterization properties

Chemical composition

Element wt.%

Carbon (C) 89.45
Calcium (Ca) 0.35
Iron (Fe) 2.25
Molybdenum (Mo) 0.30
Magnesium (Mg) 0.10
Oxygen (O) 3.40
Phosphorus (P) 0.75
Potassium (K) 0.40
Sodium (Na) 1.80
Silicon (Si) 0.20

Physical properties

Property Value

BET surface area,  m2/g 569.50
Apparent density, g/ml 0.40–0.55
Iodine no., mg/g 1000–1027
Moisture, % 4.85–5
Porosity 0.6827
Ash, % 4.63–5
pH 9.2

Fig. 3  The WES used in this study
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has a kinematic viscosity estimated of 21.6 cSt, i.e., about 
22 times as much as the kinematic viscosity of water. So, the 
transfer of the nickel ions from the crude oil to the adsorbent 
material is very difficult, but with the presence of water, this 
transition can be made easier by the good temporary mixing 
between the two solutions (aqueous and petroleum). It will 

lead to provide a liquid medium for nickel transfer, which 
will facilitate nickel adsorption more than if the adsorption 
occurs without presence of water. Therefore, it can be seen 
from Fig. 4 that the efficiency of nickel removal is increased 
by increasing the ratio of water/crude oil, because increas-
ing the water will increase the release of nickel ions from 

Table 2  WES characterization properties [25]

Chemical composition

Compound wt.%

CaO 95.50
SO3 0.570
P2O5 0.240
Al2O3 0.020
SiO2 0.070
MgO 0.020
Na2O 0.160
NiO 0.001
Fe2O3 0.050
SrO 0.150
LOI 3.219

Physical properties

Property Value

pH 6.38
Bulk density, g/cm3 0.802
Relative density, g/cm3 1.075
Porosity 0.254
Particle size, µm 125
Pore volume,  cm3/g 0.253
BET surface area,  m2/g 25.50

Fig. 4  Effect of (water/crude 
oil) ratio on the efficiency of 
nickel removal
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the solution and thus reduce the restrictions imposed by the 
high viscosity. This means increasing the chance of adsorp-
tion of these ions on the surface of the adsorbent. It is also 
noticeable that the removal efficiency at (0.4:1) and up will 
be almost constant. This may be due to the nature of crude 
oil as its ability to mix with water will be fixed to a certain 
extent and this in turn reduces the water’s susceptibility 
and its ability to release nickel ions from the high viscosity 
bonds. Thus, the number of free and adsorbable nickel ions 
is constant, which will confirm the removal ratio at a certain 
limit. This result is consistent with the results of [43].

Effect of adsorbent dose

Figure 5 shows the relation between the nickel percentage 
removal from crude oil and the amount of material used 
as an adsorption media (GAC and WES). The above figure 
indicates clearly that the nickel removal increases with the 
increase the dose of adsorbent (GAC) or (WES) when the 
remaining operational variables keeping constants at opti-
mum values. The reason for this finding is due to the fact that 
by increasing the dose of the adsorbent material, the avail-
able surface area for adsorption of nickel ions will increase. 
Thus, the effective sites contain the functional groups that 
have the potential to bond with nickel ions on the surface of 
the adsorbent material increase, leading to increase the num-
ber of adsorbed nickel ions and their concentration in crude 
oil will be reduced, and increasing the removal efficiency. 
It is noted from Tables 1 and 2 that the surface area of GAC 
and WES is constants at 569.5 and 25.5 m2 g−1, respectively, 
meaning that the surface area will increase fivefold in both 
materials when the amount of the adsorbents increased from 
0.5 to 2.5 g. This makes the removal efficiencies rise more 
than 63% for GAC and 33% for WES. This result is agree-
ment with [20, 25].

Effect of agitation speed

For solutions, the agitation speed is considered as signifi-
cant operational conditions that directly affects adsorption 
processes, especially in units of batch mode. This factor 
will determine the method and the dispersion velocity of 
molecules or ions dissolved in solutions and their ability to 
resist the constraints and limitations imposed by the forces 
of binding and other forces existing in solutions, which 
include viscosity, attraction and dissonance forces. Figure 6 
illustrates the agitation speed effect on the susceptibility and 
effectiveness of the adsorbent material to absorb the nickel 
ions from crude oil. It is clear that increasing the agitation 
speed will improve the efficiency of nickel adsorption for 
both the materials used in this study (GAC) and (WES) at 
fixed all the remaining variables at optimum values. This 
result can be explained by the fact that the prospective rela-
tion between the agitation speed and the diffusion of mol-
ecules in crude oil is direct. This will increase the spread of 
nickel ions in the solution, which will increase their access 
to the adsorbent and its association with effective groups on 
its surface; this in turn will reduce the number of nickel ions 
in crude oil. Thus, the adsorption efficiency will be increas-
ing. Alternatively, it could be another explanation depends 
on the further agitation will reduce the thickness of the layer 
surrounding the surface of the adsorbent material allowing 
the nickel ions to penetrate that layers more easily if the 
agitation speed of the solution is low. Therefore, the number 
of nickel ions that reach the surface of GAC or WES will 
increase. Thus, the efficiency of adsorbents will increase, 
i.e., the percentage of removal will increase [25]. Figure 6 
also shows that the previous two explanations are true to a 
certain extent of 350 rpm for both GAC and WES where the 
removal efficiency reaches stability at the maximum value 
at the optimal values of the other variables. After that, it is 

Fig. 5  Effect of adsorbent dose 
on the efficiency of nickel 
removal
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not affected by the increased agitation speed by any means. 
Because the adsorption process is a superficial phenomenon, 
the layers that fall under the surface layer of the adsorbent 
material share with adsorption in particular conditions. 
Thus, the agitation speed should be appropriate to ensure 
that all binding locations are ready and available to accom-
modate nickel metal. If the agitation speed is slow, a large 
part of the nickel ions will accumulate in the bottom of the 
flask and will depart from the adsorbent material spread in 
the solution and there is not enough contact area for adsorp-
tion. Vice versa; if the agitation speed is high, the adsorp-
tion time will be less, which makes the adsorption process 
on the surface of the adsorbent material difficult because it 
does not allow sufficient time for adsorption of nickel ions 
on the material surface. Moreover, the high agitation speed 
will help to generate a centrifugation force in the solution 
that will lead to desorption process. In addition to the fact 
that increasing the agitation speed causes an increase in the 
kinetic energy of the molecules of the adsorbent surface and 
the adsorbate (nickel) to the extent that they are sufficient 
to collide with each other very quickly Thus, the adsorbent 
material will not be able to absorb new ions even if there are 
vacant active sites and ultimately the adsorption efficiency 
will be reduced [25, 34].

Effect of contact time

As is evident from Fig. 7, the efficiency of nickel removal 
is increased simultaneously with increase in the contact 
time when other remaining parameters are constant at opti-
mum values. It is known that increasing the contact time at 
constant agitation speed will lead to increase the chance of 
the arrival of dissolved nickel ions in the crude oil to the 

adsorbent material. This means that the ions of nickel metal 
will spend longer period on the adsorption surface and will 
increase the chance of these ions bonding to the existing 
active sites and thus increase the material’s susceptibility 
to adsorbing nickel ions from crude oil. On the other hand, 
increase in the contact time will result in ability of nickel 
ions reaching the layers that follow the surface layer, which 
means that the number of active sites that can be involved 
in the adsorption process will be more and the material 
efficiency to assimilate nickel ions will be greater, and 
therefore, the percentage removal of nickel will eventually 
increase. The optimum time to absorb the greatest amount 
of nickel ions from crude oil was approximately 1.5 h for 
GAC and for WES. After this time period, the percentage 
removal does not change and the efficiency of the mate-
rial remains constant. This is because the active sites in the 
surface of the adsorbent material are saturated with nickel 
ions and cannot absorb any additional ions. Therefore, any 
increase in treatment time beyond 90 min does not result in 
any change in the removal efficiency. This result is identical 
with [20, 25, 34].

Conclusions

For the first time, the removal of nickel element directly 
from the heavy Iraqi crude oil—Al-Ahdab oilfield as a case 
study—has been studied. The demetallization process was 
performed by adsorption technique in a unit of batch mode 
using GAC and WES as an adsorbent media at different 
operational conditions. The BET test for adsorbents refer 
to the surface area was 569.5 and 25.5 m2 g−1 for GAC and 
WES, respectively. The nickel content of Al-Ahdab crude 

Fig. 6  Effect of agitation speed 
on the efficiency of nickel 
removal
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oil was 23.62 ppm according to AAS test conducted. The 
results obtained from the study show that the percentage 
removal of nickel from crude oil was directly proportional 
with all operating parameters the maximum, then fixed or 
decreased depending on the variable, and %R was 87.38% 
for GAC and 45.16% for WES at 0.4:1, 2.5 g, 300 rpm and 
90 min of water/crude oil ratio, adsorbent dose, agitation 
speed and contact time, respectively.
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