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Abstract In this study, the adsorption behavior of Ni(II) in

an aqueous solution system using natural adsorbent Peganum

harmala-L was measured via batch mode. The prepared sor-

bent was characterized by scanning electron microscope,

Fourier transform infrared spectroscopy, N2 adsorption–

desorption and pHzpc. Adsorption experiments were carried

out by varying several conditions such as contact time, metal

ion concentration and pH to assess kinetic and equilibrium

parameters. The equilibrium data were analyzed based on the

Langmuir, Freundlich, Temkin and Dubinin–Radushkevich

isotherms. Kinetic data were analyzed using the pseudo-first-

order, pseudo-second-order and intra-particular diffusion

models. Experimental data showed that at contact time

60 min, metal ion concentration 50 mg/L and pH 6, a maxi-

mum amount of Ni(II) ions can be removed. The experimental

data were best described by the Langmuir isotherm model as is

evident from the high R2 value of 0.988. The adsorption

capacity (qm) obtained was 68.02 mg/g at an initial pH of 6

and a temperature of 25 �C. Kinetic studies of the adsorption

showed that equilibrium was reached within 60 min of contact

and the adsorption process followed the pseudo-first-order

model. The obtained results show that P. harmala-L can be

used as an effective and a natural low-cost adsorbent for the

removal of Ni(II) from aqueous solutions.

Keywords Adsorption � Isotherm � Kinetic � Natural

adsorbent � Ni(II) � Peganum harmala-L

Introduction

Modernization and industrialization have led to a heavy influx

of pollutants into the environment. Contamination of the

environment by heavy metal ions is a serious problem due of

their toxic effects on human health and living organisms. The

metals are of special concern because they are non-degradable

and, thus, persistent. Heavy metals such as cadmium, lead,

zinc, nickel, copper, mercury and chromium or their com-

pounds have been recognized as hazardous pollutants. Because

of their toxicity, the presence of any of these metals in exces-

sive quantities in water will spoil it (Kalavathy et al. 2010).

Nickel is a toxic metal found in wastewaters. More than

40 % of the produced nickel is used in steel factories and in

nickel batteries. The production of some alloys causes an

increase of the Ni(II) burden on the ecosystem and dete-

rioration in water quality. Its concentrations in industrial

wastewaters range from 3.4 to 900 mg/L, and the maxi-

mum contaminant limit for nickel in potable water has

been fixed at 50 lg/L by the European Economic Com-

munity (Demirbas et al. 2002).
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Among the many available methods to reduce heavy

metal concentration from wastewater, the most commonly

used are chemical precipitation (Zhang et al. 2009), ion-

exchange (Dai et al. 2010), adsorption and reverse

osmosis (Zou et al. 2010). Most of these methods suffer

from some drawbacks such as high capital and opera-

tional costs as well as the problem of the disposal of

residual metal sludge (Hui et al. 2005). However,

adsorption has been found to be superior to other tech-

niques for wastewater treatment in terms of initial cost,

simplicity of design, ease of operation and insensitivity of

toxic substances (Mahmoodi et al. 2011). Activated car-

bon adsorbents are widely used in the removal of heavy

metal contaminants. Its usefulness derives mainly from its

large micropore and mesopore volumes and the resulting

high surface area. Biosorption of heavy metals from

aqueous solutions is a relatively new process that has

been confirmed to be a very promising process in the

removal of heavy metal contaminants. The major

advantages of biosorption are its high effectiveness in

reducing the heavy metal ions and the use of inexpensive

biosorbents (Fu and Wang 2011). Peganum harmala-L is

a perennial, bushy and wild-growing flowering plant with

short-creeping roots which may grow up to 30–100 cm

high (Darabpour et al. 2011). It is a common plant in the

Middle Eastern countries such as Pakistan, India and Iran,

and it is still used traditionally to treat several diseases

(El Gendy and El-Kadi 2009). The plant has also been

used as an antimicrobial, antitumoral, in curing malaria

and has insecticidal potential (Goel et al. 2009).

The main goal of this study was to remove Ni(II) from

aqueous solutions by using Peganum harmala-L as a natural

adsorbent (PHNA) and to investigate the influence of different

parameters involved during the sorption process such as

contact time, metal ion concentration and pH. This adsorbent

was characterized using scanning electron microscope

(SEM), Fourier transform infrared spectroscopy (FTIR), N2

adsorption–desorption and pHzpc. The kinetic and equilibrium

parameters were determined. The parameters of adsorption

isotherm models were also investigated. This study was car-

ried out in October 2011 in the laboratory of the Department of

Chemistry Islamic Azad University, Arak branch.

Materials and methods

Adsorbent

Peganum harmala-L seeds were collected in Arak, Iran.

Biomass was air-dried, washed several times with deion-

ized water to remove the impurities and then dried in an

oven at 105 �C for 12 h. Biomass was grounded into

powdered form and sieved to the particle size 0.707 mm.

Adsorbate

A stock solution of 2,000 mg/L of Ni(II) was prepared by

dissolving a necessary amount of analytical reagent grade

Ni(NO3)2�6H2O salt in twice distilled water. Working solutions

of the desired concentration were then prepared by successive

dilution. Before mixing the adsorbate with the adsorbent, the

initial pH of each solution was adjusted to the required value by

adding 0.1 M H2SO4 and 0.1 M NaOH solutions.

Characterization of the adsorbent

The microstructure of the adsorbent was examined by

scanning electron microscope (SEM, Hitachi S4160). FTIR

analysis of the used adsorbent was performed using FTIR-

FDU-3, DR-11. In total, 5 mg of sample was mixed with

500 mg of KBr powder and then the mixture was carefully

ground and well mixed. The N2 adsorption–desorption

isotherms were measured at -196 �C (Model: Belsorb)

volumetric adsorption analyzer. For pHpzc determination,

0.1 M NaCl was prepared and its pH was adjusted in the

range of 2–10 by adding NaOH or HCl. Each flask was

filled with 20 mL of NaCl solution and 0.1 g of PHNA.

These flasks were kept for 2 h, and the final pH of the

solution was measured by using a pH meter. Graphs were

then plotted for pH final versus pH initial.

Adsorption experiments

The effect of pH on Ni(II) adsorption was investigated by

agitating 0.1 g of adsorbent and a series of 20 mL Ni(II)

solutions with a concentration of 50 mg/L at different pH

values, ranging from pH 2–10. The samples were agitated

for 60 min to reach equilibrium. The effects of initial metal

concentration 50–2,000 mg/L and contact time 1–60 min

were investigated at fixed values of pH 6, adsorbent size

and dosage 0.707 mm and 0.1 g, respectively, and shaking

speed 150 rpm.

The equilibrium studies were carried out by adding

0.1 g of the adsorbent with 20 ml of different concentration

of Ni(II) solutions 50–2000 mg/L, pH 6, for 14 h at

150 rpm and 25 �C. After a preset contact time, the sam-

ples were separated from the solution by filtration through

the filter paper. The exact concentration of the residual

metal ion in the filtrate was analyzed by an atomic

absorption spectrometer (Shimadzu AA-680, Japan).

In order to obtain the sorption capacity qe, the amount of

ions adsorbed per unit mass of adsorbent (mg g-1) at

equilibrium contact time was calculated by using the fol-

lowing Eq. (1):

qe ¼
CO � Ce

m
� V ð1Þ

1836 Int. J. Environ. Sci. Technol. (2014) 11:1835–1844

123



where Co is the initial metal ion concentration (mg/L), Ce is

the equilibrium metal ion concentration (mg/L), V is the

volume of the aqueous phase (L), and m is the amount of

the adsorbent used (g).

Results and discussion

Characterization of Peganum harmala-L

The SEM is widely used to study the morphological features

and surface characteristics of adsorbent materials (Huang

et al. 2011). The surface functional groups of the adsorbent,

besides the porous structure, are of vital importance in

understanding the sorption process and the adsorption

capacity of an adsorbent (Lalhruaitluanga et al. 2011). SEM

micrograph with different magnification of PHNA is shown

in Fig. 1a, b. The surface morphology of PHNA indicated

that its surface was porous and smooth which could be seen

clearly. Figure 1c, d showed the adsorbent’s FTIR spectra,

before and after adsorption of nickel. The samples showed a

wideband located around 3,401 and 3,414 cm-1, which was

ascribed to O–H stretching. The bands around 2,925 and

2,929 cm-1 were usually caused by the C–H stretching

vibration of CH2 (Zhu et al. 2012). The IR spectra indicated

weak and broad peaks about 1,631 and 1,635 cm-1 corre-

sponding to –C–OH groups stretching from aldehydes and

ketones. Peaks around 1,460 cm-1 are indicative of CH2 and

CH3 groups are observed in sample before adsorption. The

peaks at the 1,383 and 1,384 cm-1 band may be attributed to

the aromatic CH and carboxyl–carbonate structures and to

silanol groups (Gupta et al. 2012). The FTIR spectrum of

PHNA indicates significant changes after adsorption. These

shifts in peak frequencies indicate that there were binding

processes taking place on the surface of carbon (La-

lhruaitluanga et al. 2011). The N2 adsorption–desorption

isotherm gives information about the porosity of the adsor-

bent. The isotherm-powdered PHNA shows IUPAC Type IV

adsorption isotherm which is the characteristic of mesopor-

ous materials (Fig. 1e). The pHZPC, determined as the pH at

which the adsorbent surface has a net electrical neutrality, is

a very important surface characteristic of an adsorbent. The

pHpzc value of the studied adsorbent is lower than 7 (Fig. 1f).

It can be seen from Fig. 1f, PHNA surface is negatively

charged at solution pH values above 7 and at pH values

below 7, the surface of PHNA is positively charged.

Effect of contact time and initial metal ion

concentration

Figure 2a shows the results for the effect of contact time

on the uptake Ni(II) from aqueous solution at an initial

concentration of 50 (mg/L). The obtained results show

that the adsorption increases by increasing contact

time. It is clear from the graph that a rapid uptake of

Ni(II) ions occurred during the first 20 min of agita-

tion, after which the rate of sorption became slower,

attaining equilibrium in 60 min. Further increase in

contact time had negligible effect on the amount of

ions adsorbed.

Figure 2b indicates that the uptake of Ni(II) ions

increases with the increment of initial Ni(II) ions concen-

tration from 50 to 2,000 mg/L. According to SenthilKumar

et al. (2011), at lower metal ions concentrations, the per-

centage uptake was higher due to the larger surface area of

the adsorbent being available for adsorption. When the

concentration of Ni(II) ions became higher, the percentage

removal decreased since the number of available sites for

adsorption reduced due to saturation of adsorption sites. At

a higher concentration of Ni(II) ions, the ratio of initial

number of moles of Ni(II) ions to the adsorption sites

available was higher, resulting in lower adsorption

percentage.

Effect of pH

The effect of pH on the adsorption of Ni(II) by PHNA in

the range from 2 to 10 is presented in Fig. 3. The bio-

sorption capacity was found to be affected by equilibrium

pH, although it is not easy to control the equilibrium pH at

the end of the reaction (Ho and Ofomaja 2006). The pH of

the aqueous solution was an important parameter that

controlled the adsorption process. Adsorption of different

metals is optimized at different pH values (Wahi et al.

2010). The type of biomass used also influences the opti-

mum pH for metal adsorption (Jamali et al. 2009). The

maximum value of metal retention occurred approximately

at pH 6.0. It can be observed that there is an increase in

uptake of Ni ions from 0.172 to 6.38 mg/g in solution with

increased pH from 2 to 6 (Carvalho et al. 2008). A com-

petition for the surface sorption sites occurred between

protons and heavy metal ions. A higher pH value ([7) can

lead to more precipitation of metal hydroxides that make a

predominant contribution to the removal of metal ions

(Colak et al. 2013).

Adsorption isotherms

The analysis of the isotherm data is important to develop an

equation which accurately represents the results and could

be used for design purposes. In order to investigate the

sorption isotherm, four equilibrium models were analyzed:

Langmuir, Freundlich, Temkin and Dubinin–Radushkevich

(D–R) isotherm equations.
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Langmuir isotherm model

The Langmuir sorption isotherm is the best known of all

isotherms describing sorption (Hui et al. 2005; Langmuir

1918) and is based on assumptions:

(a) Maximum adsorption corresponds to a saturated

monolayer of adsorbate molecules on the adsorbent

surface

(b) The energy of adsorption is constant

Fig. 1 a, b FESEM image of the PHNA with different magnification, c FTIR spectra of PHNA before, d after adsorption, e N2 adsorption–

desorption isotherm of PHNA, f plot of pH final against the initial pH of PHNA
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(c) There is no transmigration of adsorbate in the plane of

the surface linear expression of this model has been

demonstrated as follows:

Ce

qe

¼ 1

bqm

þ Ce

qm

ð2Þ

where qe is the amount of Ni(II) ions adsorbed at equilib-

rium (mg/g), Ce is the concentration of Ni(II) ions at

equilibrium (mg/L), qm is the maximum adsorption

capacity (mg/g), and b is the Langmuir isotherm constant

related to the energy of adsorption (L/mg). The values of

qm and b can be determined from the linear plot of Ce/qe

versus Ce (Esmaili-Sari et al. 2013). The linear plot of the

Langmuir isotherm at a temperature 25 �C is shown in

Fig. 4a, and the model parameters at 25 �C are listed in

Table 1.

According to ALzaydien (ALzaydien 2009), the essen-

tial characteristics of the Langmuir isotherm can be

expressed in terms of a dimensionless constant separation

factor RL, which is given in Eq. (3):

RL ¼
1

1þ bCO

ð3Þ

The value of the separation factor RL indicates the shape

of the isotherm that can be represented by following

Table 2 (Ghasemi et al. 2014). The RL values were

calculated using the equilibrium sorption data obtained at

25 �C, and the RL values obtained were in the range of 0

and 1, which indicated a favorable isotherm shape for

adsorption of Ni(II) ions onto PHNA in the concentration

range studied (Fig. 4b).

Freundlich isotherm model

The Freundlich isotherm is most frequently used to

describe the adsorption of inorganic and organic compo-

nents in a solution (Namasivayam et al. 2003). This fairly

satisfactory empirical isotherm can be used for a non-ideal

sorption that involves heterogeneous sorption. Linear

expression of this model is given by the following

equation:

log qe ¼ log kf þ
1

n
log Ce ð4Þ

Where Kf is roughly an indicator of the adsorption

capacity and n is the adsorption intensity. The values of

n could give an indication on the favorability of sorption,

where n \ 1, 1 \ n \ 2 and 2 \ n \ 10 represent poor,

moderately difficult and favorable adsorption conditions,

respectively (Chen et al. 2010). By plotting log qe versus

log Ce (Fig. 5a), values of Kf and n can be determined from

the slope and intercept of the plot. The values of Kf and n

obtained from the plot were 1.018 and 1.779, respectively

(Table 1). The value of n showed the moderate difficulty of

Fig. 2 a Effect of contact time on the adsorption of Ni(II) by

PHNA(condition: 25 �C; 150 rpm; 20 ml of 50 mg/L of Ni(II)

solution; pH 6; 0.1 g of PHNA). b Effect of initial concentration on

the adsorption of Ni(II) by PHNA(condition: 25 �C; 150 rpm; pH 6;

20 ml of 50–2,000 mg/L of Ni(II) solutions; 0.1 g of PHNA)

Fig. 3 Effect of pH on the adsorption of Ni(II) by PHNA(condition:

25 �C; 150 rpm; 20 ml of 50 mg/L of Ni(II) solution; 0.1 g of PHNA)

Fig. 4 a Langmuir isotherm on the adsorption of Ni(II) by PHNA

and b the RL values obtained for adsorption of Ni(II) by PHNA in the

concentration range studied
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adsorption for Ni(II) ions onto PHNA in the concentration

range studied.

Temkin isotherm model

The Temkin (Kalavathy et al. 2010; Temkin and Pyzhev

1940) isotherm assumes that the fall in the heat of

adsorption is linear rather than logarithmic, as implied in

the Freundlich equation. The Temkin isotherm has gener-

ally been applied in the following form:

qe ¼ B ln Aþ B ln Ce ð5Þ

where

B ¼ RT

b
ð6Þ

A plot of qe versus ln Ce enables the determination of

the isotherm constants B and A from the slope and the

intercept, respectively (Fig. 5b). Constant A is the

equilibrium binding constant (L/mg) corresponding to the

maximum binding energy, and constant B is related to the

heat of adsorption (Table 1).

Dubinin–Radushkevich isotherm

The D–R isotherm is an empirical model initially con-

ceived for the adsorption of subcritical vapors onto

micropore solids following a pore-filling mechanism

(Dubinin and Radushkevich 1947). The D–R isotherm is

more general than the Langmuir isotherm, because it does

not assume a homogenous surface or constant sorption

potential (Oguz 2005). In order to estimate the character-

istic porosity of the adsorbent and the apparent energy of

adsorption, the Ni(II) adsorption data were also fitted to the

D–R isotherm in the following form (Jnr and Spiff 2005):

qe ¼ qm exp �Ke2
� �

ð7Þ

Where qe is the amount of Ni(II) ions adsorbed at

equilibrium (mg/g), K is a constant related to the mean-free

energy of adsorption, and qm is the maximum sorption

capacity. The values of qm and K were determined by

plotting lnqe versus e2 (Fig. 5c), and e is the Polanyi

potential expressed as follows:

e ¼ RT ln 1þ 1

Ce

� �
ð8Þ

Where R is the gas constant (kJ/mol.K) and T is the

temperature (K). The values of sorption energy Es (kJ/mol)

can be calculated from the Eq. (9):

Es ¼
1
ffiffiffiffiffiffi
2K
p ð9Þ

The adsorption parameter, K, was found to be 0.435 kJ/

mol2 with high adsorption capacity, qm = 34.22 mg/g. The

mean sorption energy, Es, was 0.033 kJ/mol. The values of

Es between 1 and 8 kJ/mol are typical of physisorption,

whereas values in excess of this range indicate that ion-

Table 1 Isotherms constants for Ni(II) adsorption onto PHNA at different initial concentrations

Metal Langmuir constants Freundlich constants Temkin constants D–R constants

Ni qm b R2 n kf R2 B A R2 K qm R2 Es

68.02 0.002 0.988 1.779 1.018 0.979 12.81 -25.27 0.964 435.3 34.22 0.689 0.033

Table 2 RL values for Langmuir isotherm

Value of RL Type of adsorption

RL = 0 Irreversible

0 \ RL \ 1 Favorable

RL = 1 Linear

RL [ 1 Unfavorable

Fig. 5 a Freundlich isotherm, b Temkin isotherm and c Dubinin–

Radushkevich isotherms on the adsorption of Ni(II) by PHNA
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exchange and chemisorption could be the dominant

adsorption mechanisms. The D–R isotherm therefore

related to the heterogeneity of energies of the adsorbent

sites in PHNA which was consistent with electrostatic

interactions between adsorbent sites and Ni(II) ions.

The sorption isotherm parameters are listed in Table 1.

By comparing the squared correlation coefficients (R2)

obtained from the four isotherm models, the Langmuir

model gave the best correlation for the sorption process.

The Langmuir model is in agreement with the experimental

value, which suggests monolayer coverage of Ni(II) ions

on the outer surface of the adsorbent. This means that the

adsorption of ions takes place at specific homogeneous

sites. The greatest equilibrium adsorption capacity obtained

for Ni(II) is 68.02 mg/g.

Comparison of PHNA with other adsorbents

The values of maximum monolayer adsorption capacities

of PHNA adsorbent for the removal of Ni(II) ions have

been compared with those of other adsorbents are shown in

Table 3. The results in Table 3 indicate that PHNA has

comparable adsorption capacities compared with other

adsorbents.

Kinetic studies

There are essentially three stages in the adsorption process

by porous adsorbents (Mckay 1984): (a) film resistance:

Solute transfer from the bulk solution to the external surface

of the sorbent through a liquid boundary layer; (b) intra-

particle resistance: Solute transfer from the sorbent surface

to the intra-particle active sites and (c) reaction resistance:

Interactions of the solute with the available sites on both the

external and internal surfaces of the sorbent. One or more of

the mentioned stages may control the rate at which the

solute is adsorbed and the amount of solute that is adsorbed

onto the sorbent. Several models can be used to express the

mechanism of solute sorption onto a sorbent. In order to

design a fast and effective model, investigations were made

on adsorption rate. For the examination of the controlling

mechanisms of the adsorption process, such as chemical

reaction, diffusion control and mass transfer, several

kinetics models are used to test the experimental data.

The conformity between the experimental data and the

model predicted values was expressed by the correlation

coefficients (R2). A relatively high R2 value indicates that

the model successfully describes the kinetics of the nitro-

benzene adsorption (Wen et al. 2012).

The pseudo-first-order or Lagergren (1898) and pseudo-

second-order or Ho and Mckay (1999) kinetic models were

selected to test the adsorption dynamics in this study due to

their good applicability in most cases in comparison with

the first- and second-order models.

The pseudo-first-order kinetic model assumes that the

rate of occupation of sorption sites is proportional to the

number of unoccupied sites (Salam 2013).

The pseudo-first-order equation is generally represented

as follows:

dqt

dt
¼ K1 qe � qtð Þ ð10Þ

After integration by applying conditions, qt = 0 at t = 0

and qt = qt at t = t, then Eq. (10) becomes:

log qe � qtð Þ ¼ log qe �
K1

2:303
t ð11Þ

Data were applied to the pseudo-second- order kinetic rate

equation which is expressed as follows:

dqt

dt
¼ K2 qe � qtð Þ2 ð12Þ

By applying the boundary conditions and integrating Eq.

(12) gave:

t

qt

¼ 1

K2q2
e

þ 1

qe

t ð13Þ

where qt is the amount of Ni(II) (mg/g) adsorbed at time t,

qe is the amount of Ni(II) (mg/g) adsorbed at equilibrium,

and k1 (min-1) and k2 (mg/g.min) are the rate constants of

the first- and second-order kinetic equations of the

adsorption.

The uptake of a sorbate onto the adsorbent is involves

film diffusion, pore diffusion and intra-particlar diffusion

(Nadeem et al. 2006). The intra-particlar diffusion and the

pore diffusion are often rate limiting in a batch reactor

(Goswami and Ghosh 2005).

Table 3 Maximum monolayer adsorption capacities of various

adsorbent

Adsorbent qm (mg/

g)

Reference

Parthenium 54.35 Kadirvelu et al. (2002)

Hevea brasiliensis 17.21 Kalavathy et al. (2010)

Almond husk 37.10 Hasar (2003)

Pomegranate peel 52.20 Bhatnagara and Minochaa

(2010)

Waste of tea factory 18.40 Malkoc and Nuhoglu (2005)

Hazelnut shell 10.10 Demirbas, et al. (2002)

Maize cob 57.50 Selvakumari et al. (2002)

Litchi chinensis seeds 66.62 Flores-Garnica et al. (2013)

Watermelon rind 35.30 Lakshmipathy and Sarada

(2013)

Fungal biomass

isolated

33.00 Aytar et al. (2014)

Peganum harmala-L 68.02 This study
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For porous adsorbents, the diffusion of the adsorbate

molecules or ions into the pores is also to be taken into

account to find a suitable kinetic model for the process

(Ghasemi et al. 2013a, b). Intra-particular diffusion (Argun

and Dursun 2008) is characterized by the relationship

between specific sorption (qt) and the squared root of time

(t1/2). This relation is shown as follows:

qt ¼ kdt1=2 þ y ð14Þ

Where qt is the amount of Ni(II) ions adsorbed at time

t (mg/g), kd is the initial rate of intra-particular diffusion

(mg/g min0.5), and y is the intercept. Value of y gives an

idea about the thickness of the boundary layer as the larger

the intercept the greater the boundary layer effect.

According to this model, the plot of uptake should be

linear if intra-particular diffusion is involved in the adsorp-

tion process and if these lines pass through the origin then

intra-particular diffusion is the rate-controlling step. When

the plots do not pass through the origin, this is indicative of

some degree of boundary layer control and shows that the

intra-particular diffusion is not only the rate-limiting step,

but also other kinetic models may control the rate of

adsorption, all of which may be operating simultaneously

(Mahmoodi et al. 2011). The parameters obtained from these

models, pseudo-first-order (Fig. 6a), pseudo-second-order

(Fig. 6b) and Intra-particular diffusion (Fig. 6c) plots for

Ni(II) are compared in Table 4. It shows a good agreement

between the calculated qe and the experimental data. Thus,

the results of experiments show that the pseudo-first-order

model fits the experimental data quite well, as most of the R2

values were greater than 0.98. This indicates the applicability

of the Lagergren kinetic model to describe the adsorption

process of Ni(II) onto PHNA.

Figure 6c shows that the intra-particular adsorption plots

are not linear over the whole time range and can be sepa-

rated into two linear regions. No plots of intra-particle

diffusion passed through the origin that indicates intra-

particle diffusion was not only rate-controlling step

although it was involved in the process. These plots repre-

sent the two different stages viz. external mass transfer

followed by intra-particle diffusion signified that the ions

were transported to the external surface of the PHNA par-

ticle through film diffusion (rate very fast step). After that,

ions were entered into PHNA particles by intra-particle

diffusion through pores (slowest one and rate-determining

step). As shown in Fig. 6c, it could be inferred that external

surface adsorption (stage 1) was completed before 20 min

after which the stage of intra-particle diffusion (stage 2)

commenced and continued from 20 to 60 min. Final equi-

librium adsorption (stage 3) started after 60 min, the Ni(II)

ions were slowly transported into the particles via intra-

particle or pore diffusion and finally retained in the mi-

cropores of the PHNA. Generally, when adsorption steps

are not dependent of one another, the plot of qt against t1/2

should give two or more intercepting lines depending on the

actual mechanism (Dawood and Sen 2012).

Conclusion

Natural adsorbent was prepared by pretreatment of P.

harmala-L. Its adsorption performance was evaluated

using Ni(II) in an aqueous solution. The results showed that

Fig. 6 a Pseudo-first-order kinetic, b pseudo-second-order kinetic

and c intra-particular diffusion for adsorption of Ni(II) by PHNA

Table 4 Kinetics constants for the adsorption of Ni(II) on PHNA

Absorbent Peganum harmala-L

qeexp (mg/g) 5.86

Pseudo-first-order kinetics qe cal 5.991

K1 0.066

R2 0.986

Pseudo-second-order kinetics qe cal 6.609

K2 0.016

R2 0.958

Intra-particle mass transfer kd,1 0.983

Y 0.020

R2 0.982

kd,2 0.253

Y 3.750

R2 0.860
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the adsorption is a rather fast process. The adsorption

process could be represented by a pseudo-first-order rate

model for metal ion. The rate constant (K1) was

0.066 min-1 for 50 mg/L. In terms of removal percentage,

for Ni(II), the removal percentage remains approximately

58.622 %. Langmuir adsorption isotherm model describes

adsorption behavior. The maximum adsorption capacity of

the PHNA adsorbent for Ni(II) was equal to 68.02 mg/g.
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