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Abstract 
The heavy metals are considered dangerous pollutants which harm 

health and environment. The adsorption process is the cost effective 

process to get-rid of heavy metal efficiently.  In this study, the adsorption 

bed of Nickel is simulated by using COMSOL Multiphysics to find the 

effect of different operating parameters namely; flow rate, temperature 

and pollutant concentration on adsorption bed efficiency.  The modeling 

of non-isothermal adsorption bed based on experimental isotherms 

kinetic of previous work is developed too. The results showed that the 

optimal conditions to generate maximum removal efficiency of heavy 

metal were at 50◦C inlet temperature, 0.1 M inlet concentration, and 80 

ml/min flow rate to achieve removal values higher than 50 % of long 

operation period time. 

Keywords: Heavy Metal Removal, Nickel, CFD, Adsorption, Operating 

Temperature. 

 

  

1. Introduction 
Heavy metals such as nickel are common hazard 

metals in environment because they are toxic and 
non-degradable biologically. Nickel (Ni) exists in 
nature as element, ion, and Ni compounds. Nickel is 
considered  one of most common elements in the 
earth, it has fifth position after Fe, O2, Si and Mg 
[1;2]. Nickel are discharged with industrial waste 
water in industrial process for manufacturing of  
supporting alloys, batteries, petroleum refineries, 
spark plugs production, industrial plumbing, 
machinery parts, production of stainless steel,  paint 
industrial process, catalyst, etc.. [3].Nickel exists in a 
range of  5-10 μg/L in drink water and Ni 
accumulates in range  7.5 - 15  μg/day for adult 
person assuming  the total drinking water 
consumption of 1.5 L for one person [4]. The 
mineral water is produced by adding 0.71-3.2 μg/L 
nickel ions to water [1]. The risk of Ni is represented 
by degradation resistance because  Ni can't be 
degradable like organic pollutants [5].  Nickel is main 
cause of  respiratory problems and Ni allergy for large 
Ni amounts (close to 0.5 g), while Ni causes heart 
arrest by inhalation of 3.3 g [6]. Kidney diseases, 
kidney damage, cardiac problems and carcinogenic 
effect  are results of Ni heavy metal inhalation with 
drinking water, heavy metals like Ni don't be able to 
treated in urine system so they accumulate in vital 
organs of human and animals [6]. Headache, lung 
cancer, respiration problems, chest pain ..etc are the 

main effects of Ni inhalation and [7].  To reduce 
toxic effects of Ni heavy metal, it is important to 
utilize Ni removal process. Nickel ions can be 
removed by using chemical deposition, coagulation, 
ion exchanging, flocculation, membrane separation, 
adsorption and electrochemical deposition, and 
physical adsorption are the most economical 
techniques among these methods [8]. Adsorption  is 
carried between suspensions and solid surface, 
adsorbate molecules (salute molecules) are attracted 
to solid surface called adsorbent of high surface area 
per gram [9]. Chemical interaction bonds, 
hydrophobic forces, hydrogen ponds and van der 
walls charge forces usually have important role in 
adsorption process [10]. Adsorbent  is selected by 
different parameters such as: adsorption loading, 
regeneration configurations, selectivity and material 
cost [8]. Adsorption has wide applications for heavy 
metal removal, a lot of investigators used different 
adsorbent to remove Ni such as: In 2000, Ajmal  et 
al [11] used orange peel to obtain 158 mg/g loading 
capacity. Faur-Brasquet et al [12], investigated in 
2002 the effect of activated carbon cloths in which 
8.85 mg/g adsorbent loading was resulted. In 2003, 
Mavrov  et al  [13]used  synthetic zeolite, the loading 
capacity was 60 mg/g. Malkoc and Nuhoglu 
[14]used in 2005 tea factory waste to obtain 15.26 
mg/g loading capacity. In 2005, Kobya et al  
[15]used apricot stone to obtain 27.21 mg/g loading 
capacity. In 2009, Chen et al. [16] used multi walled 
carbon nanotubes/ iron oxide to obtain 9.18 mg/g 
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loading capacity. Byeon et al [17] used in 2009 
modified activated carbon to have 151.3 mg/g 
loading capacity. Kasaini et al  [18]used in 2013 
activated carbon modified by oxalate ions to obtain 
50.76 mg/g loading capacity and   in 2016, 
Lakherwal et al [19]used activated carbon to obtain 
7.7 mg/g loading capacity. However, the main 
disadvantage of adsorption process is continuous 
accumulation of salute molecules (heavy metals) [20]. 
Accumulated amount of Ni can be used for industrial 
utilization staff such as catalysts [21]. 

For Ni removal from drinking water, PAC and 
GAC have higher efficiency and high economical 
function [22].Activated carbon has maximum surface 
area value of 2000 m2/g and density 500 g/ml at dry 
condition for both powder activated carbon (PAC) 
and granular activate carbon (GAC) [23].Activated 
carbon is used to remove heavy metals such as Pb, Ni 
and Cu from drinking water as motioned in 
Kadirvelu et al. [24]investigation. Activated carbon 
adsorption efficiency depends mainly upon the high 
surface area which is promotes higher amount of 
micro-size pores in additions to acidic behavior of 
adsorption solid surface forms typical bonds between 
adsorption and solute molecules such as Ni [17].In 
addition to higher surface area per gram, activated 
carbon has higher class porosity development with 
multi- spectrum of structure functional groups which 
promotes higher pollutant cleaning rate [25].  While 
activated carbon/ silica composite was used to 
remove heavy metals [25].  

Many of investigators used theoretical analysis to 
model the adsorption process by correlating simple 
numerical simulation  of heavy metal removal  from 
industrial waste water by Paliulis, [26]. Other 
investigators used numerical  solution by using CFD 
packages to obtain the concentration profile through 
adsorption bed such as: Tapia and Diaz-viera, [27] 
used COMSOL Multiphysics to model the adsorption 
solute in homogeneous matrix  to study the numerical 
effects of transport parameters on adsorption process 
in which the linear and cubic isotherms empirical 
expressions were used. Computation fluid dynamic 
(CFD) simulation of adsorption bed has a good agree 
with experimental work  as observed in Nouh et al., 
[28]who modeled CO2  removal by using adsorption 
bed by using ANSYS CFD package in which the 
validation between experimental work and the 
simulation was less than 2.5 %.  Unfortunately, most 
of adsorption simulation in previous work 
investigations assumed that the adsorption bed has 
isothermal operation  by using  empirical mechanisms 
called isotherms like Elsworth, [29] used Langmuir 
isotherm empirical kinetic in COMSOL Multiphysics 
to model sulfur adsorption. The developing of 
empirical adsorption kinetics as function of 
temperature and pH was studied by Saad et al., [30].  

The purpose of the present work is: (1) to model 
adsorption bed based on experimental data of  
Kasaini et al., [18] using adsorption mechanism 
parameter and transport equations, (2) to obtain the 
adsorption behavior for various operational 
parameters  (inlet concentration, flow rate, and inlet 
temperature),  (3) to optimize the  most appropriate 

operation condition within transient study, and  (4) to 
develop a novel modeling of adsorption bed of no-
isothermal condition from experimental data of 
isotherms parameters by using COMSOL 
Multiphysics V 5.4. 

 

2. Theoretical Analysis 
The basic physics of adsorption bed modeling are 

fluid flow through porous media and mass transport 
of diluted solution through porous media.  The heat 
transfer through porous media has been added to in 
present investigation to imitate the complexity of 
transport phenomena of three physics in adsorption 
bed.  The main transport equations of present study 
can be expressed as follows [29]: 
 
Continuity equation  

𝜕𝜌

𝜕𝑡
= −∇. (𝜌𝑈)                              (1) 

 
Momentum equation  

𝜌 [
1

𝜖
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Mass transport  

𝜕(𝜖𝐶𝑛)
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Where Sn is adsorption rate which can be 

substituted by pseudo-first order mechanism, k1 is 
first order constant and qe is capacity loading in 
equilibrium state. The experimental parameters k1 
and qe are function of temperature which is derived 
from   Kasaini et al., [2013] as data set of Nickel ions 
removal. The removal % can be expressed as 
following: 

𝑟𝑒𝑚𝑜𝑣𝑎𝑙 % =
𝐶𝑖−𝐶

𝐶𝑖
× 100                           (5) 

 
Energy equation  

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
+ 𝜌𝐶𝑝𝑈. ∇𝑇 = ∇(−𝑘∇𝑇)                (6) 

 
All the physical properties of fluid (ρ, μ, K and 

Cp) are scheduled in COMSOL Multiphysics 
database which are function of temperature.  In 
present work, the water is taken as an effluent fluid. 
The geometry and mesh analysis can be seen in figure 
1, the dimension of adsorption is 450 mm, the total 
height of column is 500 mm and the column 
diameter is 100 mm. The column has one inlet stream 
in the top of column and two outlet streams in 250 
mm height and in the bottom of column, the upper 
outlet stream line can be recycled to feed tank to 
control pressure, velocity, temperature and 
concentration of adsorption bed. The mesh analysis is 
generated automatically by set the mesh size as 
normal size according to geometry and the used 
physics especially fluid flow. The boundary 
conditions and operational parameters is illustrated in 
table 1.  
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Table 1: the used variables in present investigation. 

Operational parameters and 
boundary conditions 

Symbol values 

Inlet flow rate F 
80-200 
ml/min 

Inlet temperature Ti 30-50 ◦C 

Inlet concentration of heavy 
metal 

Ci 0.1-1 M 

Porosity ε 0. 3 

Permeability β 10-12 m2 

Diffusivity of heavy metal in 
porous media 

Dnm 
10-9 

m2/s 

Porous media density ρs 
500 

kg/m3 

Outlet gauge pressures  0 atm 

The side walls temperatures  20 ◦C 

 

 
Figure 1: The geometry and mesh analysis by using 
COMSOL Multiphysics V 5.4 interface.  
 

3.The contours Analysis  
The numerical solution results are presented as 

contour view. COMSOL generates frames for each 
time period of time dependent (transient) transport 
phenomena physics.  For fluid flow, velocity and 
pressure profiles development are rapid, the steady 
state development can be achieved in parts of second 
time period. As shown in figure 2, the velocity is 
maximum at the head region of adsorption bed 
before the entrance of porous media region. The 
stream lines are shown to describe the flow pattern of 
fluid through the porous media. For pressure case the 
pressure starts to be maximum at entrance region and 
it get reduces through the bed till become near to 
zero (pressure gauge) in downstream. The heat 
transfer and mass transfer convection depend mainly 
upon velocity distribution, and takes the same flow 
trajectory as shown in figure 2. The time dependent 
of temperature and concentration profiles are too 
clear and they need too high time to achieve the 
steady state because of their physical molecular and 
physical lump capacitance properties.  

 
a. velocity stream line          b. pressure contour. 
Figure 2: Steady state velocity and pressure profiles 
through adsorption bed. 

 

 
a. t=  0 h          b. t=0.5 h                 c. t= 2 h 

Figure 3: time dependent of temperature and heavy 
metal concentration profiles through adsorption bed 
within F=80 ml/min. 

 

4. Results and discussion 
4.1 The effect of inlet concentration on Ni 
removal efficiency 

The relation between concentration in porous 
bulk and time is logarithmic, so is for the relation 
between the concentration and porous media length 
which is observed by the simulation of present study. 
Figures 4 to 6 show the variation of removal % with 
time, bed length and inlet concentration when F=80 
ml/min and Ti=40 ◦C.  Each time period has trend of 
removal % vs. bed length from the inlet (50 cm) to 
the effluent outlet stream (0 cm).  In general, the 
performance of adsorption bed decreases by 
increasing time for whole bed in every point in 
adsorption bed.  At Ci=0.1M, the first 1 h gives the 
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removal efficiency between 75-100 % while the rest 
time gives lower efficiency till reaching to the 
minimum efficiency of 50 %. At Ci=0.5M, the time 
between 0- 0.6 h gives the removal efficiency 
between 75-100 % while the rest time gives lower 
efficiency till reaches to the minimum efficiency of 10 
% at t=3.5 h while 5 % is achieved at the same time 
at Ci=1 M.  The previous experimental investigations 
showed that the increasing of the adsorbent dose 
leads to increase of uptake load q for batch process  
[Paliulis, 2006].  The adsorption process happens 
rapidly in adsorbate surface in early operation time, 
the removal efficiency decreases due to the saturation 
of porous media when the active cites to keep Ni 
particles are not enough in high concentrations.  The 
effect of inlet concentration on effluent removal % 
(B outlet) for a period time is shown in figure 7. 
When the higher concentrations give the lower 
removal behavior.  

 
Figure 4: Removal % vs. bed height for various 
operation times for F=80 ml/min, T=40◦C, and 
Ci=0.1 M. 

 
Figure 5:  Removal % vs. bed height for various 
operation timesat F=80 ml/min, T=40◦C and Ci=0.5 
M. 

 
Figure 6:  Removal % vs. bed height for various 
operation times at F=80 ml/min, T=40◦C and Ci=1 
M. 

 
Figure 7: Removal % vs. time for various inlet 
concentrations.  
 

4.2 The effect of inlet temperature on Ni 
removal efficiency 

The temperature behavior inside porous media 
can be shown in figures 8-10. The temperature  has 
the same behavior for whole inlet temperature cases, 
time and bed heights. The significance can be seen in 
the magnitude of temperature difference between the 
inlet stream and A outlet stream can be varied with 
inlet temperature in direct proportion under steady 
state changes for whole operation time. The 
temperature difference magnitude of 1.5, 5 and 9 
degrees centigrade can be observed for inlet 
temperatures of 30, 40 and 50 ◦C. The magnitude of 
temperature difference between the region of A 
outlet and B outlet is higher than the difference 
between the inlet and A outlet because the most of 
inlet flow rates will discharge from A outlet to recycle 
to inlet again and the rest of bed height is considered 
heat transfer resistance   against the free stream fluid 
flow of low velocities.  For operation time, the drop 
in temperature trend in the region between A outlet 
and B outlet becomes more sluggish with be height 
and the becomes more sluggish by the time.  
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Figure 8: Temperature vs. bed height for various 
time at F=80 ml/min, T=30◦C and Ci=1 M. 

 
Figure 9: Temperature vs. bed height for various 
time at F=80 ml/min, T=40◦C and Ci=1 M. 

 
Figure 10:  Temperature vs. bed height for various 
operation times at F=80 ml/min, T=50◦C and Ci=1 
M. 

 
The effect of inlet temperature on concentration 

or removal efficiency can be explained by Eq. (4) 
when the adsorption rate constants (qe and k1) are 
function of temperatures , for batch studies Kasaini 
et al.,[ 2013]found that these constants increases by 
temperature increasing, and adsorption rate so is. 
Figures 11 and 12 show the removal % vs. bed height 
for various time and inlet temperature at Ci=0.1 M 
and F=80 ml/min. At Ti=30 ◦C, the column removal 
efficiency will drop to less than 50 % for whole bed 
height for whole range of operation period time.  For 
Ti=50 ◦C, the removal efficiency of adsorption bed is 
higher than Ti=40 ◦C for whole ranges of time and 
bed height. The higher temperatures deform the 
porous media micro and nano structure which 
produces more adsorption active size with higher 
Vander Walls energy, the discussion is based on the 
comparison between figures 5 and 12.  

Figure 11: Removal % vs. bed height for various 
time at F=80 ml/min, T=30◦C and Ci=1 M. 

 
Figure 12: Removal % vs. bed height for various 
operation times at F=80 ml/min, T=50◦C and Ci=0.1 
M. 
 
4.3 The effect of inlet flow rate on Ni removal 
efficiency  

The impact of flow rates on pressure drop is 
direct as shown in figures 13 and 14, the pressure 
varies with the bed length, period time and flow rates. 
The pressure drops significantly between the inlet 
region and A outlet region more than the drop 
between A out let region and B outlet region.  The 
steady state develops at F=140 ml/h faster4 than 
F=80 ml/min. Figure 14 shows the temperature vs. 
bed length for various period time operation at Ti=40 
◦C and F=140 ml/min. The comparison between 
figures 14 and 8 shows that the temperature 
difference between inlet and B outlet region in F=140 
ml/min is 3 degree centered less than=80 ml/min 
case. The drop between the two outlets regions are 
more sluggish than F=80 ml/min.  The reason of the 
impact of flow rate in temperature of adsorption bed 
is because the increasing in flow rate will shortage the 
thermal contact time in porous media. Figure 15 
illustrates the removal % vs. bed length for various 
period time operation at Ti=40 ◦C, Ci=0.1 M and 
F=140 ml/min. The comparison between figures 16 
and 5 shows that the removal efficiency of F=140 
ml/min is dramatically lower than F=80 ml/min, 
when the adsorption bed will saturate by Ni+2  faster  
than F=80 ml/min. Figure 16 shows  the schematic 
of parameters interaction of  transport phenomena in 
porous media of adsorption bed based on the results 
of present investigation. 
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Figure 13: Pressure  vs. bed height for various time at 
F=80 ml/min, T=40◦C and Ci=0.1 M. 

 
Figure 14: Pressure vs. bed height for various time at 
F=140 ml/min, T=40◦C and Ci=0.1 M. 
 

 
Figure 15: Temperature vs. bed height for various 
time at F=140 ml/min, T=40◦C and Ci=0.1 M. 

 
Figure 16: Removal % vs. bed height for various 
time at F=140 ml/min, T=40◦C and Ci=0.1 M. 

 
Table 2 shows the comparison of adsorption 

operation condition with different parameters and to 
show the optimal condition in which the % removal 
will be maximize. The highest removal % is achieved 
at operation conditions of Ti=50 ◦C, Ci=0.1 M and 
F=80 ml/min. The correlated expression has been 
obtained by applying R software package on the data 

from table 2, the data is undergone non-linear 
regression to express the behaviors of removal % for 
various operating conditions as expressed in follows: 

 

𝑟𝑒𝑚𝑜𝑣𝑎𝑙 % = 23.75 𝐶𝑖−0.9736𝐹−0.62614𝑇𝑖0.6319   
…..(7) 

R2= 99.9 % 
Rss=0.425 %  
 

Table 2: The comparison of  adsorption operation 
condition with different parameters and to show the 
optimal removal conditions 

Concentr
ation, M 

Inlet flow 
rate, ml/min 

Inlet 
temperatur

e, ◦C 

Outlet 
removal 

% 

0.1 80 40 51.1 

0.5 80 40 11.5 

1 80 40 5.4 

0.1 80 30 47.6 

0.1 80 50 57.4 

0.1 140 40 36.8 

 

5. Conclusion 
The computational fluid dynamic modeling and 

simulation of Nickel removal in adsorption bed by 
using COMSOL Multiphysics is successfully 
investigated. The velocity streamlines, pressure lines, 
temperature and concentration profiles for various 
period time have been developed.  The optimal 
adsorption operation conditions occur when F=80 
ml/min, Ti =50 ◦C and Ci=0.1 M. The removal 
efficiency is above 50 % in first 2h for the whole bed 
length, the effluent stream (B outlet) are kept to 
obtain removal efficiency above than 50 % for whole 
time interval. The effect of flow rate, temperature and 
the interaction on removal efficiency is briefly 
discussed and interpreted. The numerical model can 
be used to enhance modeling of adsorption process 
for non-isothermal process, to fulfill the real time 
operation.  The high flow rates, high concentration, 
and low temperature shorten the operating time of 
adsorption bed for a certain length. By this model, 
the adsorption bed designers will take the transport 
phenomena considerations to enhance adsorption 
bed performance through modeling, design and 
operation. 

Nomenclature 

symbol meaning unit 

C Heavy metal 
concentration 

M 

T Temperature ◦C 

U Fluid velocity m/s 

q Loading capacity mg/g 

K Thermal 
conductivity 

W/m. ◦C 

Cp Heat capacity J/kg. ◦C 

F Flow rate ml/min 

S Adsorption rate M/s 

D diffusivity m2/s 

g Gravity 
acceleration 

m/s2 
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Greek letters 

symbol meaning unit 

ρ Density  Kg/m3 

μ viscosity Pa.s 

ϵ porosity  

β Permeability  m2 

 
Subscript 

symbol meaning 

i Density  

n Heavy metal  

m fluid 

s Solid particles of porous media  
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