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Abstract The present study investigates the possibility of using low cost agriculture waste as

doum-palm seed coat for the removal of nickel ions from aqueous solutions. Two activated carbons

had been prepared from raw doum-palm seed coat (DACI and DACII); as well, the raw material

was used as an adsorbent (RD). Batch adsorption experiments were performed as a function of pH

of solution, initial nickel ions concentration, dose of adsorbent and contact time. Adsorption data

were modeled using Langmuir, Freundlich, Temkin and D–R Models. Different error analysis con-

forms that the isotherm data followed Freundlich models for all adsorbents. Adsorption kinetic

data were tested using pseudo-first order, pseudo-second order and Elovich model. Adsorption

mechanism was investigated using the intra-particle diffusion model. Diffusion coefficients were cal-

culated using the film and intraparticle diffusion models. Kinetic studies showed that the adsorption

of Ni2+ ions onto RD, DACI and DACII followed pseudo-second order kinetic model, and indi-

cates that the intra-particle diffusion controls the rate of adsorption but it is not the rate limiting

step.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria

University.
1. Introduction

The pollution of heavy metals has gained worldwide attention
due to their toxicity, difficult degradation, and accumulation in
the living organisms. Therefore, treatment of wastewater con-
taminated by heavy metals is an important environmental con-
cern [1]. Nickel was selected as an adsorbate because its

compounds have widespread applications in many industrial
processes such as non-ferrous metal, mineral processing, paint
formulation, electroplating, batteries manufacturing, porcelain
enameling, copper sulfate manufacture and steam-electric

power plants leading to relatively high concentrations in aqua-
tic environment [2]. Some nickel compounds, such as nickel
carbonyl, are carcinogenic and easily absorbed by the skin.

The exposure to this compound, at an atmospheric concentra-
tion of 30 mg/l for half an hour, is lethal [3]. High concentra-
tion of nickel causes cancer of lungs, nose and bone [4,5]. At

https://core.ac.uk/display/82489499?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aej.2014.03.014&domain=pdf
mailto:olaabdelwahab53@hotmail.com
http://dx.doi.org/10.1016/j.aej.2014.03.014
http://www.sciencedirect.com/science/journal/11100168
http://dx.doi.org/10.1016/j.aej.2014.03.014


400 M. El-Sadaawy, O. Abdelwahab
very high levels of exposure, nickel salts are known to be car-
cinogenic [2]. Consequently, there is a need to treat industrial
effluents polluted with Ni2+ ions before their discharge into

the receiving water bodies. The US EPA has set specific nickel
limits for wastewater effluent which are 2 mg/l for short-term
effluent reuse and 0.2 mg/l for long-term effluent reuse [6].

Many conventional methods including oxidation, mem-
brane filtration, coagulation, reverse osmosis, adsorption, ion
exchange, precipitation have been reported in the literature

to remove heavy metals from waste water. These methods
may be ineffective or extremely expensive especially when the
waste stream contains relatively low concentration of metal
(1–100 mg/l) dissolved in large volume [7]. However, adsorp-

tion can be regarded as one of the most popular methods for
the removal of heavy metals from the wastewater due to its
low cost, easy availability, biodegradability, simplicity of

design and high removal efficiency [8]. Activated carbon has
been found the most promising and widely used adsorbent in
wastewater pollution control throughout the world and has

been successfully utilized for the removal of diverse types of
pollutants including metal ions. However, the high capital
and regeneration cost of activated carbon limits its large scale

applications for the removal of metals and other aquatic pol-
lutants, which has encouraged researchers to look for low-cost
alternative adsorbents. The utilization of agro-wastes as adsor-
bent is currently receiving wide attention because of their

abundant availability and low-cost owing to relatively high
fixed carbon content and presence of porous structure [2].

The present study aims to investigate the adsorption of

Ni2+ions from aqueous solutions onto activated carbon pre-
pared from a low cost agricultural by product such as doum
palm seed. The effect of initial metal ion concentration was

studied and the relationship between pH and removal effi-
ciency was also analyzed. The Langmuir, Freundlich, Temkin
and The Dubinin–Radushkevich models were utilized for anal-

ysis of the adsorption equilibrium. Kinetic models were tested
to identify the potential adsorption process mechanisms. FTIR
study was carried out to understand surface properties and
available functional groups involved in sorption mechanism.

2. Materials and methods

2.1. Chemicals

All reagents were of AR grade chemicals. A stock solution of

nickel (1000 mg/l) was prepared in double distilled water using
nickel nitrate. All other solutions were prepared by diluting
stock solution. The pH of the solution was adjusted with

NaOH or HCl solutions and measured by pH meter (Model
744, metrohm). Nickel ions concentrations were determined
with an atomic absorption spectrophotometer (Perkin Elmer

2380).

2.2. Preparation of adsorbent

Doum palm, Hyphaene thebaica L. (Palmae), is growing wild

throughout the dry regions of tropical Africa, the Middle East
and Western India [9]. The doum seed-coats were collected
locally from Upper Egypt. They were first freed of the doum

kernels by filling. Then, they were washed with distilled water
and dried in an oven at 105 �C for 2 h. The dried seed coats
were crushed and sieved to a suitable particle size. Activated
carbons have been prepared from the above material using
the method as described by Amin and Abdelwahab [10], i.e.,

by application of pyrolysis activation, and by application of
chemical followed by physical activation. Part of crushed
row doum seed coats was used as adsorbent termed (RD),

while the other parts of the raw materials were subjected to
two types of activation (i) physical activation by carbonization
in a muffle furnace at 300 �C for 1 h, the absorbent obtained

after carbonization is termed as DACI, (ii) Chemical treatment
followed By soaking in 28% H3PO4 for 24 h, and then it was
filtered and carbonized in the absence of air at 300 �C in a muf-
fle furnace for 1 h, the absorbent obtained after carbonization

is termed as DACII.

2.3. Adsorption isotherm

Batch adsorption experiments were carried out in a 250 ml
stopper conical flask by adding 0.1–1.0 g of adsorbent and
100 ml of nickel nitrate solution of specific concentration.

The concentration of Ni2+ solution was varied from 10 to
40 mg/l. All experiments were done at room temperature.
The samples were shaken in a mechanical shaker for a contact

time ranging from 5 to 180 min. The pH of the solutions was
ranged from 1 to 7. After each experiment, the contents were
filtered through a filter paper neglecting the first 5 ml of the fil-
trate in order to saturate the filter paper with nickel nitrate

solution. Concentrations of nickel ions in the filtrate were then
determined by atomic absorption spectrophotometer.

The amount of nickel adsorbed using the three adsorbents

(RD, DACI and DACII) at equilibrium, qe (mg/g), was calcu-
lated by the following mass balance relationship

qe ¼ ðC0 � CeÞ �
v

w
ð1Þ

where C0 and Ce are the initial and equilibrium liquid-phase

concentrations of nickel, respectively (mg/l), V the volume of
the solution (l), and W is the weight of the adsorbate used (g).

3. Results and discussion

3.1. The effect of pH

The pH of the aqueous solution is an important parameter for
the adsorption of both anions and cations at the liquid–solid

interface. The binding of metal ions with surface functional
groups was strongly pH dependent [11]. To determine the
influence of pH, experiments were performed at various initial
pH, ranging between 2 and 7. It is evidence from Fig. 1 that

maximum adsorption of Ni2+ was (40.68%, 49.15% and
50.68%) for (Raw, DACI and DACII respectively) at pH
7.0. The pH dependency is both related to the surface proper-

ties of the activated carbon and nickel species in solution [12].
At low pH values, metal cations and protons compete for
binding sites on adsorbent surface which results in lower

uptake of metal. It has been suggested that at highly acidic
condition, adsorbent surface ligands would be closely associ-
ated with H3O

+ that restricts access to ligands by metal ions
as a result of repulsive forces [13]. It is to be expected that with

the increase in pH values, more and more ligands having
negative charge would be exposed which result in increase in



Figure 1 Effect of initial pH on the removal of Ni2+ ions using

different adsorbents (dose of adsorbent: 5 g/l, concentration of

Ni++ solution: 20 mg/l, time of agitation: 2 h).

Figure 3 Effect of adsorbent dose on Ni++ percentage removal

[solution pH:7, initial concentration of Ni2+ solution: 20 mg/l,

contact time 2 h].
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attraction of positively charged metal ions [14]. In addition, at
higher pH, more than 7, the lower binding is attributed to

reduced solubility of the metal and its precipitation [13].

3.2. Effect of initial concentration

The initial concentration of metal ion provides an important

driving force to overcome all mass transfer resistances of metal
ions between the aqueous and solid phases [15]. The sorption
of Ni2+ ions onto various adsorbents was carried out at differ-

ent initial Ni2+ ion concentrations ranging from 10 to 40 mg/l,
at pH 7. Fig. 2 clearly shows that by increasing the concentra-
tion gradually there is a decrease in the percentage removal. As

the ratio of sportive surface to ion concentration decreased
with increasing metal ion concentration and so metal ion
removal was reduced. At low initial concentration of metal
ions, more binding sites are available. But as the concentration

increases, the number of ions competing for available binding
sites in the biomass increased [16].

3.3. Effect of adsorbent dose

Adsorption assays using different masses of adsorbent to
adsorbate solution were carried out in order to assess the effect

of adsorbent amount on Ni2+ removal. It is obvious from
Fig. 3 that an increase in the removal percentage is noted as
the amount of adsorbent used increases for RD, DACI and

DACII, respectively. That is expected because at a fixed initial
Figure 2 Adsorption of Ni2+ as a function of initial nickel

concentration for different adsorbents [contact time: 2 h, adsor-

bent dose: 5 g/l and pH 7].
concentration of sorbate the increase in the adsorbent amount

provides a larger surface area or adsorptive sites [17]. The
decrease in adsorbed amount per unit mass of adsorbent is a
generally observed behavior which is also reported by the

many researchers [18–20]. This may be attributed to two rea-
sons: (i) a large adsorbent amount effectively reduces the
unsaturation of the adsorption sites and correspondingly, the
number of such sites per unit mass comes down resulting in

comparatively less adsorption at higher adsorbent amount,
and (ii) higher adsorbent amount creates particle aggregation,
resulting in a decrease in the total surface area and an increase

in diffusional path length both of which contribute to decrease
in amount adsorbed per unit mass [21].

3.4. Adsorption isotherms

3.4.1. Adsorption isotherm models

Analysis of the equilibrium data is important to develop an

equation which accurately represents the results and can be
used for the design purposes [22]. Several isotherm equations
have been used for the equilibrium modeling of adsorption sys-

tems. The sorption data have been subjected to different sorp-
tion isotherms, namely; Langmuir, Freundlich, Dubinin–
Radushkevich (D–R) and Temkin. An adsorption isotherm

is characterized by certain constants which values express the
surface properties and affinity of the sorbent and can also be
used to find the capacity of different sorbents. Based on ideal

assumption of a monolayer, adsorption of adsorbate on adsor-
bent surface the Langmuir isotherm model [23] is expressed in
linear form as follows:

1

qe
¼ 1

KlQm

� �
1

Ce

þ 1

Qm

ð2Þ

where Qm is the maximum monolayer adsorption capacity
(mg/g) and Kl is the Langmuir constant which is related to

the heat of adsorption (l/ mg). The values of Langmuir con-
stants are presented in Table 1. The essential features of the
Langmuir isotherm can be expressed in terms of dimensionless

separation factor (RL) given by [24]:

RL ¼
1

ð1þ KlC0Þ
ð3Þ

The value of separation factor RL indicates either the
adsorption isotherm to be unfavorable (RL > 1), favorable
(0 < RL > 1), linear (RL = 1) or irreversible (RL = 0). The



Table 1 Isotherm constants for Ni2+ adsorption onto RD,

DACI and DACII.

Isotherm model Type of adsorbent

RD DACI DACII

Langmuir

Qm (mg/g) 3.24 4.93 13.51

Kl (l/mg) 0.28 0.289 0.296

R2 0.776 0.947 0.896

Frundlich

KF (l/g) 0.98 0.8 0.36

nF 2.39 2.27 1.75

R2 0.992 0.986 0.896

Tempkin

BT (l/g) 2790 2878 3164

A (mg/l) 0.157 0.145 0.272

bT 77.79 101.88 195.66

R2 0.959 0.953 0.975

D–R

qm 2.78 3.64 11.93

E 0.03 0.022 0.02

R2 0.724 0.753 0.839
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values of separation factor RL at different conditions were
found to be in the range between 0 and 1, indicating the favor-

able adsorption of Ni2+ on RD, DACI and DACII,
respectively.

The Freundlich sorption isotherm [25], one of the most

widely used mathematical descriptions, usually fits the experi-
mental data over a wide range of concentrations. This iso-
therm gives an expression encompassing the surface

heterogeneity and the exponential distribution of active sites
and their energies. The Freundlich adsorption isotherms were
also applied to the removal of Ni2+ on RD, DACI and
DACII.

ln qe ¼ lnKF þ
1

nF
lnCe ð4Þ

where KF and 1/nF are the Freundlich constants. The values of
KF and nF were calculated from the slope and intercept of the
linear plot ln qe versus ln Ce and reported in Table 1. The val-

ues of nF > 1, reflecting the favorable adsorption conditions
[26].

The Temkin isotherm equation assumes that the fall in the

heat of adsorption of all the molecules in the layer decreases
linearly with coverage due to adsorbent–adsorbate interac-
tions, and that the adsorption is characterized by a uniform

distribution of the binding energies up to some maximum
binding energy [27]. The Temkin isotherm has been applied
in the following form:

qe ¼ BT lnAþ BT lnCe ð5Þ

where BT = (RT)/bT, T is the absolute temperature in Kelvin

and R is the universal gas constant (8.314 J/mol K). The model
constants BT and A are determined by the linear plot of qe ver-
sus ln Ce. The Temkin isotherm assumes that the heat of

adsorption of the molecules in a layer decreases linearly due
to adsorbent–adsorbate interaction and that the binding ener-
gies are uniformly distributed [28]. Temkin constants are pre-
sented in Table 1.
The Dubinin–Radushkevich (D–R) model is given by [29]:

ln qe ¼ ln qm � KDe2 ð6Þ

e ¼ RT ln 1þ 1

Ce

� �
ð7Þ

where qm is the maximum sorption capacity of the adsorbent

(mg/g), e is the Polanyi sorption potential and KD (mol2/J2)
is a constant related to the mean energy of sorption per mole
of adsorbate as it is transferred from the bulk solution to the
surface of the solid. This energy E is determined by the follow-

ing equation [30]:

E ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2KDÞ

p ð8Þ

It is known that magnitude of apparent adsorption energy E is

useful for estimating the type of adsorption and if this value is
below 8 kJ/mol the adsorption type can be explained by phys-
ical adsorption, between 8 and 16 kJ/mol the adsorption type

can be explained by ion exchange, and over 16 kJ/mol the
adsorption type can be explained by a stronger chemical
adsorption than ion exchange [31,22]. The values of E are

found to be below 8 kJ/mol (Table 1) which corresponding
to physical adsorption [32,33].

3.4.2. Error functions

Due to the inherent bias resulting from linearization, alterna-

tive isotherm parameter sets were determined by non-linear
regression. This shows a mathematical method for determining
isotherm parameters using the original form of the isotherm

equation. In the single component isotherm studies, the opti-
mization procedure requires an error function to be defined
in order to be able to evaluate the fit of the isotherm to the

experimental equilibrium data [34]. The choice of error func-
tion can affect the parameters derived-error functions based
primarily on absolute deviation bias the fit toward high con-
centration data and this weighting increases when the square

of deviation is used to penalize extreme errors. This bias can
be offset partly by dividing the deviation by the measured
value in order to emphasize the significance of fractional

deviation.
In this study, five different error functions were examined

and in each case the isotherm parameters were determined

by minimizing the respective error function across the concen-
tration range studied using the Solver add-in with Microsoft
Excel. The error functions studied were detailed in the follow-

ing sections.
The average percentage errors (APE) calculated according

to Eq. (9) indicated the fit of between the experimental and
predicated values of adsorption capacity used the plotting iso-

therm curves [35].

APEð%Þ ¼ 100

N
�
XN
i¼1

qe;isotherm � qe;exp
qe;isotherm

����
����
i

ð9Þ

where qe,isotherm and qexp are the values of qe (mg/g) calculated
by isotherm model and experimental equilibrium measure-

ment, respectively.
The chi-square test statistic is basically the sum of the

squares of the differences between the experimental data and

data obtained by calculating from models, with each squared
difference divided by the corresponding data obtained from
by calculating from the models.



Adsorptive removal of nickel from aqueous solutions 403
x2 ¼
XN
i¼1

ðqe;isotherm � qe;expÞ
2

qe;isotherm
ð10Þ

If the data from the model are similar to the experimental data,
v2 will be a small number, while if they differ; v2 will be a big-
ger number. Therefore, it is necessary also to analyze the data

set using the non-linear chi-square test to confirm the best-fit
isotherm for the sorption system [36].

Marquardt’s percent standard deviation (MPSD) error func-

tion was used previously by a number of researchers [37]. It is
similar in some respects to a geometric mean error distribution
modified according to the number of degrees of freedom of the
system.

MPSD ¼ 100�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N� P

XN

i¼1

ðqe;isotherm � qe;expÞ
2

i

qe;isotherm

s
ð11Þ

The root mean square errors (RMS) are given as the following
equation [35]:

RMS ¼ 100�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i¼1
1�

qe;exp
qe;isotherm

 !2
vuut ð12Þ

The average relative error (ARE) is an error function attempts
to minimize the fractional error distribution across the entire

concentration range [35]:

ARE ¼ 100

P
�
XP
i¼1

qe;isotherm � qe;exp
qe;isotherm

����
���� ð13Þ

The data obtained from different error functions are summa-
rized in Table 2.

By comparing the values of different error functions, it was

found that Freundlich isotherm model best fits the Ni2+

adsorption onto RD, DACI and DACII, respectively. The
model shows high correlation coefficients and low% error

value. Meanwhile, Fig. 4(a–c) shows plots comparing different
isotherm equations with experimental data for RD, DACI and
DACII, respectively. The figure shows an excellent fit of Fre-

undlich model with experimental data for the adsorption of
Ni2+ onto RD, DACI and DACII, while Langmuir isotherm
Table 2 The best-fit isotherm models to the experimental

equilibrium data by several different errors functions.

Isotherm model APE% X2 MPSD RMS ARE

RD

Frundlich 0.005 0.000 0.015 0.013 0.005

Langmuir 2.119 0.378 6.633 5.606 2.119

Tembkin 0.012 0.000 0.037 0.031 0.012

D–R 1.567 0.207 4.905 4.145 1.567

DACI

Frundlich 0.013 0.000 0.040 0.034 0.013

Langmuir 7.375 4.308 23.087 19.512 7.375

Tembkin 0.016 0.000 0.051 0.043 0.016

D–R 0.277 0.006 0.868 0.733 0.277

DACII

Frundlich 0.015 0.000 0.047 0.039 0.015

Langmuir 78.003 328.846 244.187 206.376 78.003

Tembkin 0.008 0.000 0.024 0.020 0.008

D–R 0.235 0.003 0.735 0.621 0.235
model shows the lowest fit onto different adsorbents which
confirms the results obtained by error analysis.

The comparison of Ni+2 adsorption capacities (Qm) by var-

ious adsorbents is summarized in Table 3. The activated car-
bon used in this research showed higher adsorption capacity
compared with some other activated carbon. Thus the utiliza-

tion of doum-palm seed for the preparation of activated
carbon for Ni+2 removal from aqueous solutions shows
promising results.

3.5. Adsorption kinetics

The adsorption kinetics is one of the most important data in

order to understand the mechanism of the adsorption and to
assess the performance of the adsorbents. Different kinetic
models including pseudo-first-order, pseudo-second-order
and Elovich model were applied for the experimental data to

predict the adsorption kinetics of nickel onto RD, DACI,
and DACII.

3.5.1. The pseudo-first-order equation

The Lagergren’s rate equation [53] is one of the most widely
used rate equation to describe the adsorption of an adsorbate
from the liquid phase. The linear form of pseudo-first-order

equation is given as:

logðqe � qtÞ ¼ log qe �
k1

2:303
t ð14Þ
Figure 4 Equilibrium isotherms for the removal of Ni2+ ions on

RD, DACI and DACII.



Table 3 Adsorption capacities of different adsorbents for

nickel removal from aqueous solutions.

Adsorbent Adsorption

capacity (mg/g)

References

Chabazite 4.5 [38]

Clinoptilolite 0.9 [38]

Fly ash 0.03 [39]

Sheep manure waste 7.2 [40]

Banana peel 6.8 [41]

Hazelnut shell 10.1 [42]

Baker’s yeast 11.4 [43]

Waste of tea factory 18.42 [44]

Alternanthera Philoxeroides biomass 9.73 [45]

Cone biomass of Thuja orientalis 12.42 [46]

Protonated rice bran 46.51 [47]

Rice husk 8.86 [13]

Natural iron oxide-coated sand 1 [48]

Calcined Bofe bentonite clay 3.893 [17]

Punica granatum peel waste 52.2 [49]

Aspergillus niger 28.1 [50]

Nano-hydroxyapatite 46.17 [51]

Nano-hydroxyapatite 40.00 [52]

RD 3.24 Present study

DACI 4.93 Present study

DACII 13.51 Present study

Table 4 Kinetic rate constants related to the sorption of Ni2+

onto RD, DACI and DACII.

Kinetics model RD DACI DACII

Pseudo first order

k1 (l/min) 0.02 0.025 0.027

r2 0.87 0.868 0.769

Pseudo second order

k2 (g/mg min) 0.04 0.08 0.05

r2 0.992 0.996 0.985

Elovich equation

a 5.1 91.21 1.65

b 3.48 6.17 4.42

r2 0.946 0.841 0.915

Intraparticle diffusion

Kdif (mg/(g min1/2)) 0.091 0.051 0.072

C (mg/g) 1.226 1.25 0.762

r2 0.962 0.86 0.938

Figure 5 Pseudo-second order sorption kinetics of nickel ions

onto RD, DACI and DACII.
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where qt (mg/g) is the amount of nickel ions adsorbed at time t
and k1 (min�1) is the rate constant of the pseudo-first-order

adsorption model. The experimental results of the first order
rate constants are presented in Table 4. The adsorption data
have a poor regression coefficient (Table 4), which suggests

that the adsorption of Ni2+ on activated carbon does not fol-
low entirely the pseudo-first order adsorption kinetics.

3.5.2. The pseudo-second-order rate equation

The linear form of pseudo-second-order model is given by
equation [54]:

t

qt
¼ 1

k2q2e
þ t

qe
ð15Þ
where k2 (g/(mg min)) is the rate constant of the pseudo-
second order kinetic model. The relationship shows a good

compliance with the pseudo second-order equation (Fig. 5).
The correlation coefficient for the linear plot, r2, suggests a
strong relationship between the parameters and also explains

that the process of adsorption follows pseudo-second-order
kinetics (Table 4).

3.5.3. Elovich model

The Elovich model is employed to describe chemisorption and
is given by the equation [55]:

qt ¼
1

b
lnðabÞ þ 1

b
lnðtÞ ð16Þ

where a is the initial sorption rate (mg/(g min)) and b is the de-
sorption constant (g/mg). The plot qt versus ln t having slope

1/b and intercept [(1/b) ln(ab)]. The values of a and b are given
in Table 4 with a correlation coefficient ranging from 0.841 to
0.946.

In the view of these results, second order kinetic model pro-
vided a good correlation for the adsorption of Ni2+ ions onto
RD, DACI, and DACII, in contrast to the pseudo-first-order
and Elovich models.

3.6. Adsorption mechanism

Diffusion models were also employed to describe the nickel

adsorption process. Three main steps are involved in the
solid–liquid sorption process between the metal ions and the
adsorbent [56]; (a) the metal ions are transferred from the bulk

solution to the external surface of the adsorbent. This is known
as film diffusion, (b) the metal ions are transferred within the
pores of the adsorbent. This is known as intraparticle diffu-

sion, occurring either as pore diffusion or as a solid surface dif-
fusion mechanism, (c) the active sites on the surface of the
adsorbent capture the metal ions.

The intraparticle diffusion model is given by the following

equation [57]:

qt ¼ Kdift
1=2þ C ð17Þ

where Kdif is the intra-particle diffusion rate constant (mg/
(g min)), and C is a constant that gives an idea about the
boundary layer thickness (mg/g).

The intraparticle diffusion plots of the experimental results,
qt versus t

1/2 for different adsorbent are shown in Fig. 6. The
values of Kdif and correlation coefficients (r2) obtained from



Figure 6 Intra-particle diffusion plots for the removal of nickel

ions onto RD, DACI and DACII.

Table 5 Diffusion coefficients for Ni2+ sorption onto various

adsorbents.

Type of

adsorbent

Diffusion parameters

Film diffusion Df (m
2/s) Particle diffusion Dp (m2/s)

RD 3.0447 · 10�07 2.754 · 10�07

DACI 4.1932 · 10�07 3.765 · 10�07

DACII 5.9076 · 10�07 4.098 · 10�07
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intraparticle diffusion plots are given in Table 4. The values of
C obtained from intraparticle diffusion model indicate that

intraparticle diffusion may not be the controlling factor in
Figure 7 Micrograph photo of the surfac
determining the kinetics of the process and film diffusion con-
trols the initial rate of the adsorption, it also indicates the
thickness of the boundary layer.

To identify weather external mass transfer (boundary layer
diffusion) or intraparticle diffusion, or both combined is suit-
able to the Ni2+ biosorption onto RD, DACI, and DACII, the

two diffusion coefficients Df and Dp were calculated using the
film and intraparticle diffusion models presented by the follow-
ing equations respectively [58];

ln 1� qt
Qm

� �
¼ �2kpt ð18Þ

ln 1� qt
Qm

� �
¼ �kft ð19Þ

where qt is the Ni2+ amount removed at time t (mg/g); Qm is
the maximum amount of Ni2+ removed (mg/g); kp and kf
are the rate constants which values are as (Dp p2 r�2) and
(Df Ce Cb

�1 h�1) respectively; r is the radius of adsorbent
(cm); t is the time (s); h is the thickness of film, given as

10�4 cm for poorly stirred solution (cm); Ce and Cb are the
concentrations of Ni2+ in the solution and in the biosorbent,
respectively. The values of diffusion coefficients given in

Table 5 indicate that for all adsorbents, the Ni2+ biosorption
is governed by film diffusion process in the initial stages of
adsorption then intraparticle diffusion.

3.7. Characterization of the biosorbent

3.7.1. Morphology analysis

In order to get an idea of the microscopic structure of the bio-
sorbent surface and to estimate the biosorption mechanisms,
e of (a) RD; (b) DACI and (c) DACII.
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Figure 8 FTIR spectra of (a) RD; (b) DACI and (c) DACII adsorbents.
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the surface of RD, DACI, and DACII was determined by
magnification. Fig. 7(a–c) shows a photo of RD, DACI, and

DACII, respectively, indicating that all adsorbent surfaces
are very rough with the presence of cracks and cavities which
very likely play a major role in the biosorption and intraparti-

cle diffusion.

3.8. FTIR analysis

FTIR spectral analysis was done before and after modification
of adsorbents RD, DACI and DACII to find out the involve-
ment of functional groups in different adsorbents (Fig. 8(a–c)).

A broad band between 3100 and 3700 cm�1 indicates the pres-
ence of both free and hydrogen bonded OH groups on the
adsorbent surface. This stretching is due to both the silanol
group (Si OH) and adsorbed water on the surface of adsorbent
(Fig. 8a). The bands appearing in spectra of RD at 3452 cm�1

indicate hydrogen bonding. The peak at 1039 cm�1 may be

assigned to vibration of the hydroxyl group combined with
Mn atoms [59]. The peaks at 1100–1200 cm�1 could indicate
the presence of alcohols and phenolic groups in both carbon-

ized samples DACI and DACII (Fig. 8(b and c)) samples.
The peak at 1025 cm�1 indicative –CO,–C–O, –COO– indi-
cates of existing groups involved in sorption mechanisms. In

addition to the P–O stretching modes, a deformation mode
has been detected, at 1250 for DACII due to the treatment
of H3PO4 acid before carbonization (Fig. 8c).

4. Conclusions

Doum-palm seed coat (RD) and two activated carbons had
been prepared from it (DACI and DACII) were used as
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adsorbents for Ni2+ ions removal. The process parameters were
optimized; initial Ni2+ ion concentration and dose of adsorbent
were found to have significant effects on Ni2+ adsorption, at

optimum initial pH of the solution. DACII has been found to
have themaximum adsorption capacity. Under optimum condi-
tions, 1 g of DACII can remove around 13.51 mg of nickel ions

from aqueous solution. The adsorption process follows
Freundlish isotherm model for all adsorbents. The results were
analyzed by the modeling equations which indicated that the

external transport is favored by the initial timewhile the internal
transport is more favored after long time. The use of DACII in
the treatment of wastewater for the removal of Ni2+ ions could
be a low cost technology and a promising recycling strategy of

corps wastes and nutrients in wastewater.
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