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Nowadays the removal of heavy metals from wastewater is essential due to their high toxicity and impact on human health. In
the present study, branches of palm trees were converted into activated carbon by chemical and physical activation. �e prepared
samples were used for the removal of Cr(VI) from their aqueous solution. Chemical activation was carried out using (20 and
50%) H3PO4 and K2CO3, and physical activation was performed using steam. Batch adsorption experiments were carried out to
examine the removal process under factors such as pH and pHpzc.�emetal ion removal was pH dependent and reachedmaximum
removal at pH 2. Experimental data were analyzed using Langmuir, Freundlich, and Flory-Huggins isotherms. �e adsorption
studies revealed that the removal of Cr(VI) ions was well 	tted with Langmuir isotherm. �e adsorption kinetics well 	tted using
a pseudo second-order kinetic model. Column studies revealed that the highest bed volume (60 BV) was observed for the sample
activated with 50% H3PO4. �e adsorption e�ciency was enhanced with acid treatment (50% H3PO4) and reduced by steam.

1. Introduction

�e discharge of heavy metals into the environment has been
increasing continuously due to rapid industrialization and
has created amajor global concern.�e release of these heavy
metals causes a signi	cant hazard to human health and the
environment because of their toxicity, accumulation in living
tissues, and consequent biomagni	cations in the food chain
[1, 2].

Among the di�erent heavy metals in concern is
chromium. Compounds of chromium mainly occur in the
environment as trivalent Cr(III) and hexavalent Cr(VI).
Trivalent chromium is an essential element in human
nutrition (especially in glucose metabolism) and is less
toxic than the hexavalent state, which is recognized as a
carcinogenic and mutagenic agent [3]. Acute exposure to
high levels of Cr(VI) can produce nervous system damage
and liver disorder. EPA (Environmental Protection Agency)
has set the maximum level of total Cr concentration
allowed in drinking water at 0.1mg L−1 [4]. Chromium
and its compounds are widely used in electroplating,
leather tanning, cement, dying, metal processing, wood
preservatives, paint and pigments, textile, steel fabrication,

and canning industries. In Egypt, about 2000–5000 tons
of chromium pollute the environment annually from
several industries in the aqueous e
uent compared to the
recommended permissible discharge limits of 2mg L−1 [5].

Conventional methods for removing dissolved heavy
metal ions include chemical precipitation, chemical oxida-
tion or reduction, 	ltration, ion exchange, electrochemical
treatment, and membrane technology [6]. However, these
processes have signi	cant disadvantages such as incomplete
metal removal, high reagent and energy requirements, and
generation of toxic sludge or other waste products that
require disposal [7].

Adsorption is an economical alternative to conventional
metal removal techniques [8]. �e most widely used indus-
trial adsorbent is activated carbon. Activated carbon adsorp-
tion has proved to be the least expensive treatment option,
particularly in treating low concentrations of wastewater
streams. Activated carbons are carbonaceous materials that
have highly developed porosity, internal surface area, and
relatively high mechanical strength [9, 10]. In recent years,
investigations have been carried out for the e�ective removal
of large quantities of Cr(VI) from wastewater using low-cost,
nonconventional adsorbent [11, 12].
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Egypt is one of the largest countries which produce Palm
trees. Palm trees represent 6.32% of the fruit cultivated area
in Egypt. �ey are mainly located in the Nile Delta, Nile
Valley, and South and North Sinai [13]. Palm tree branches
have the characteristic of exchange sorption properties due
to the presence of some functional groups such as carboxylic,
hydroxyl, and lactone which have a high a�nity for metal
ions.

In the present investigation, di�erent types of activated
carbon were prepared using Palm tree branches for the
removal of Cr(VI) from prepared aqueous solutions. �e
methods used for activation of Palm tree branches can be
carried out in two di�erent methods, which are physical
and chemical activation. In physical activation, the precursor
is 	rst carbonized in an inert atmosphere (N2 gas) and
then activated in a stream of steam, whereas for chemical
activation, the precursor was impregnated with (20 and 50%)
H3PO4 and K2CO3. Chemical activation was characterized
by low energy cost and also has better development of
porous structure [14]. �e main objective of this research
is to evaluate the e�ciency of carbon adsorbents prepared
from Palm tree branches for the removal of Cr(VI) ion
from aqueous solutions. �e e�ect of pH and pHpzc was
investigated. Adsorption, kinetics, column, and desorption
studies were also conducted.

2. Materials and Methods

2.1. Sample Collection andTreatment. �ePalm tree branches
were collected from the institute campus. �e biomass was
extensively washed with distilled water to remove dust and
soluble impurities. �e branches were then cut into small
pieces and kept dried in an oven at 80∘C for overnight. �e
dried biomass was ground in a laboratory blender and sieved
to desired mesh size of 2-3mm.

2.2. Preparation of Adsorbent Materials. For chemical activa-
tion, the samples were prepared by mixing 40 gm of Palm
tree branches with 100mL of 20% and 50% H3PO4 (m/v),
respectively. �e phosphoric acid soaked samples are le�
overnight in ambient environment and the excess water was
evaporated in oven 100∘C to ensure complete absorbance of
the phosphoric acid onto the Palm tree branch. �e acid
soaked samples were dried in a hot air oven at 110∘C for
1 h. �en, the materials were activated in a mu
e furnace
at 500∘C for 2 h. �e activated carbon samples were washed
with distilled water, respectively, until pH∼7 was attained to
remove any acid content. �e samples were then dried in an
oven at 110∘C to remove any moisture content. �e samples
obtained were labeled as APBH20 and APBH50. As for the
second activating agent, 50 g of K2CO3 was added to 50 g of
Palm tree branch (w/w). A�erwise, 100mL of distilled water
was added to the beaker and then dehydrated in an oven at
110∘C followed by heating in a mu
e furnace at 800∘C for 1 h.
�e sample obtained was labeled as APBK.

For physical activation, the Palm tree branches were
prepared by introducing 40 g of the dried ground material
into a quartz vertical tube 	tted with an internal perforated

Table 1: Characteristics of di�erent adsorbents investigated.

Parameter
Adsorbents

RPB APBH 20 APBH 50 APBS APBK

�BET
(m2 g−1)

147 157 401.3 90 215

Pore volume
(cm3 g−1)

0.014 0.070 0.134 0.029 0.091

Pore radius (Å) 7.4 7.2 7.3 7.1 7.2

pHpzc 4.1 4.3 3.7 6.7 7.5

quartz diaphragm. Steam was generated in a round-bottom
�ask placed in a heating mantle and directly admitted at
the top of the carbonization tube. �e pyrolysis reactor was
surrounded by a temperature controlled electrical furnace.
�e gas steam product exited to a water-cooled condenser,
and the noncondensable gases were vented through a gas
hood (fume cupboard). Heating was conducted at about

10∘min−1 until 350∘C, and then steam was introduced and
heating continued at a slower rate 5∘min−1 until the required
temperature 700∘C was attained for 1 h. A�er cooling, the
product was weighed to estimate the yield. �e sample
obtained was labeled as APBS.

2.3. Characterization of the Adsorbents. �e textural charac-
teristics of the di�erent biosorbents studied were determined
by N2 adsorption isotherm at 77K isotherm using BET
analyzer (Quantachrome AS1 Win, Version 2.01, USA). FTIR
analysis was conducted using a Perkin Elmer Spectrum RX

FTIR within a range of 400–4000 cm−1. �e morphology of
the biosorbents was analyzed by scanning electron micro-
scope using JEOL 56OLV SEM at 20KeV with background
subtraction and a summation of 60 scans. �e physical
parameters of the di�erent activated carbons studied are
shown in Table 1.

2.4. Batch Adsorption Experiments. A stock solution of
Cr(VI) was prepared by dissolving 2.8 g of potassium dichro-
mate (99.9% K2Cr2O7) in 1 L distilled water. �is solution is
diluted as required to obtain solutions containing di�erent

concentrations (20–100mg L−1) of Cr(VI). 1M HCl and 1M
NaOH solutions were prepared for pH adjustment. �e
batch experiments were carried out in 100mL conical �asks
by agitating a preweighed amount of the Palm-activated
carbon adsorbents with 50mL of the aqueous Cr(VI) solu-
tions. �e test solutions were agitated on a rotary shaker

at 250 rpmmin−1. A purple-, violet-colored complex was
developed in the reaction between Cr(VI) and 1, 5 diphenyl-
carbazide in acidic condition. �e absorbance of the purple
violet color for Cr(VI) was determined spectrophotometri-
cally (Shimadzu UV-Vis 1204PC) at 540 nm a�er 20min [15].

�e pH measurements were done with a pH electrode
(Systronics); however, the pHpzc was determined by pH dri�
method [16]. �is method was conducted to determine the
pHpzc of Palm tree activated carbons. �e pHpzc is the point
in which the pH (initial) = pH (	nal).
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�e amount of Cr adsorbed by the di�erent activated
carbons studied was calculated using the following equation:

�� = (�� − ��) �	 , (1)

where �� is the amount of Cr(VI) adsorbed by the adsorbent

(mg g−1),�� and�� are the initial and equilibrium concentra-

tion of Cr(VI), respectively, (mg L−1), � is the initial volume
of Cr solution (mL), and	 is the weight of the adsorbent (g).

2.5. ColumnAdsorption Studies. Continuous �ow adsorption
studies were conducted in a glass column of inner diameter
2 cm, 30 cm height, and 60mm bed height. �e adsor-
bents containing Cr(VI) solution with initial concentration

100mg L−1 was pumped into the column with constant �ow

rate 2mLmin−1. �e pH of the solution was kept constant
throughout the experiments (pH = 2) using 1M NaOH or
1M HCl. �e e
uent solution was collected at regular time
intervals, and the equilibrium concentration was measured
using UV-vis spectrophotometer.

2.6. Desorption Studies. In order to determine the reusabil-
ity of the adsorbents, adsorption-desorption cycles were
repeated consecutively three times. �e regeneration study
was performed using a glass column with inner diameter
20mm and 300mm length. �e column was packed with
1 g of each of the di�erent adsorbents and loaded with

100 gmL−1 Cr(VI) solution at a constant speed of 2mLmin−1.
Desorption of Cr(VI) ions was performed by using 0.1MHCl
solution.�e 	nal Cr(VI) concentration in the aqueous phase
was determined by using a spectrophotometer. A�er each
cycle of adsorption-desorption, distilled water was passed
through the column to remove any traces of undesorbed
Cr(VI).

3. Results and Discussion

3.1. Scanning Electron Microscopy Studies. Scanning electron
microscopy was used to study the surface morphology
and pore size of the untreated and treated modi	ed Palm
tree branches (Figures 1(a)–1(e)). Comparing all the 	gures,
Figure 1(c) has the highest development of pores which was
attributed to the increase in H3PO4 concentration.�is led to
the creation of new pores and widening of the existing pores
[8]. However, as shown in Figure 1(d) the white particles that
appear for the Palm tree branches activated with K2CO3 may
be due to the residue of the activating agent which was not
completely reacted during the activation process. Figure 1(e)
for steam activation shows that some componentsmight have
interfered with the surface of the treated sample and thus lead
to shrinkage of the wider pores.

3.2. Fourier Transform Infrared Spectroscopy (FTIR) Analysis.
�e FTIR spectra provide valuable information about the
chemical compositions of the materials. Figure 2 shows the
FTIR spectra of the raw and the di�erent activated carbons.
Although the samples were prepared via various activation

methods, therewas a similarity in the FTIRpatterns. Basically
all the samples showed a very weak broad peak around 3412–

3452 cm−1 which indicates the presence of hydroxide group in
the samples. A slight shi� in the pattern was due to the e�ect
of modi	cation process on the surface of the adsorbents.
It was suggested that the samples trap moisture on their
surface during sample handling due to their adsorptive nature

[17]. �e peak at 2934 cm−1 was found only in the raw

sample, which corresponds to the C–H sp3 stretching. A
strong conjugated C=C peak was also observed around 1623–

1633 cm−1 for the raw and sample treated with K2CO3. All
samples show a peak around 1446 cm−1 which represent C–H
deformation.�e peaks at 1174 cm−1 and 1090 cm−1 represent
C–O stretching in alcohols and phenols.�e shoulder and the

bands at lower wave numbers ranging from 600 to 400 cm−1

might be related to out-of-plane bending models [17]. �e
presence of these functional groups may be responsible for
good adsorptive behavior of the di�erent modi	ed samples
towards Cr(VI) removal.

3.3. E�ect of pH. �e pH of the solution is one of the prime
factors that drastically in�uence the adsorption behavior,
which a�ects surface charge of the adsorbentmaterial, degree
of ionization and speci	cation of adsorbate [18]. In the
present study, the e�ect of pH was examined by varying the
solution pH from 2 to 12 using initial metal ion concentration

of 100mg L−1 at room temperature. Figure 3 displays the
variation of solution pH on the percentage removal of the
metal ions from the solution for the di�erent adsorbents
studied. Cr(VI) may exist in the aqueous phase in di�er-

ent anionic forms such as chromate (CrO4
2−), dichromate

(Cr2O7
2−), or hydrogen chromate (HCrO4

−). �e following
reaction mechanism for adsorption of Cr(VI) at di�erent pH
is proposed by Bayat [19]:

2H+ + 2HCrO4
− 2H⨁←→ 2H2CrO4 2H

⨁←→ 2H2O + Cr2O72−
2H⨁←→ 2CrO3 +H2O

(2)

It is well known that the dominant form of Cr(VI) at lower
pH is HCrO4

− [20]; therefore, the electrostatic attraction
occurred between the positively charged of the adsorbent and
negatively charged HCrO4

−. However, increasing the pH will

shi� the concentration of HCrO4
− to other forms (CrO4

2−

and Cr2O7
2−). �e decrease in Cr(VI) ions removal might

be due to the competition between OH− ion and chromate
(CrO4

2−), where the former being the dominant species wins
the race. Inspection of Figure 3 revealed that Cr(VI) was
found to exhibit di�erent pH dependence with the highest
percentage removal occurring at pH = 2.

3.4. 	e pH��� of the Adsorbents. �e pHpzc is de	ned as the
pH of the suspension at which the surface acidic (or basic)
functional groups of adsorbents no longer contribute to the
pH value of the solution [21].�e relationship between pHpzc

and adsorption capacity is that cations adsorption on any
adsorbent will be expected to increase at pH value higher
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Figure 1: SEM micrographs for (a) raw Palm shell, (b) 20% H3PO4, (c) 50% H3PO4, (d) K2CO3, and (e) steam.

than the pHpzc while anions adsorption will be favorable at
pH values lower than pHpzc. It has been reported by earlier
researchers [22] that the pHpzc of an adsorbent decreases with
increase in acidic groups on the surface of the adsorbents.
From these results, it can be concluded that acid activation
of the Palm tree branches enhanced positive surface charges
on the adsorbent surface since the pHpzc for the adsorbents
treated with 20% and 50% H3PO4 was found to be 4.3 and

3.7, respectively. However, for the steam and K2CO3 activated
Palm tree branches, the increase in pHpzc relative to the
raw sample is due to the modi	cation of the surface a�er
activation [22].

3.5. Adsorption Isotherms. Adsorption isotherms indicate
how the adsorption molecules distribute between the liquid
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Figure 2: FTIR spectra of raw and di�erent treated adsorbents.

0

20

40

60

80

100

0 2 4 6 8 10 12

R
em

o
va

l 
(%

)

pH

Raw

APBH 50

APBH 20

APBS

APBK

Figure 3: Variation of solution pH on percentage removal of Cr(VI)
for di�erent adsorbents.

phase and the solid phase when the adsorption process
reaches an equilibrium state. Several adsorption isotherms
are available and readily adopted to correlate with adsorption
equilibrium. In the present study, adsorption of Cr(VI)
removal was modeled using the Langmuir, Freundlich, and
Flory-Huggins isotherm models. To appreciate which model
describes better the sorption of Cr(VI) onto di�erent treated
modi	ed adsorbents, the values of the regression correlation

coe�cients (�2) were compared.

3.5.1. Langmuir Isotherm. Langmuir adsorption isotherm
model [23] is based on an assumption that the adsorption
occurs at speci	c homogeneous sites within the adsorbent
and the monolayer adsorption onto a surface containing a
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Figure 4: Langmuir isotherm plot for adsorption of Cr(VI) onto
di�erent treated adsorbents.

	nite number of adsorption sites with no transmigration of
adsorbate in the plane of surface. �e Langmuir isotherm is
expressed as

1
�� =

1

����� +

1

� , (3)

where �� is the equilibrium concentration of the adsorbate
(mg L−1), �� is the amount of adsorbate per unit mass of

adsorbent (mg g−1), 
� is the maximum adsorption capacity

(mg g−1), and �� is Langmuir constant related to energy of

adsorption capacity (Lmg−1).
�e linear plot of 1/�� versus 1/�� is shown in Figure 4.

�e constants 
� and �� can be calculated from slope and
intercept of the plot and the values are tabulated in Table 2.
�e essential characteristics of the Langmuir isotherm can be
expressed in terms of a dimensionless equilibrium parameter
(��) which is de	ned by

�� = 1
1 + ���� . (4)

�e calculated values of �� are included in Table 2.�e value
of �� indicates the type of the isotherm to be either favorable
(0 < �� < 1), unfavorable (�� > 1), linear (�� = 1),
or irreversible (�� = 0). �e value of �� was found to
be less than one in all cases and this con	rmed that the
Langmuir isotherm model was favorable for adsorption of
Cr(VI) onto the activated carbons used in this study. Most
of the studies from literature reported that the Langmuir
model was more suitable for describing the adsorption
isotherm of Cr(VI) onto adsorbents [24, 25]. Di�erences in
Cr(VI) adsorption capacities of the di�erent activated Palm
tree branches resulted from the properties of adsorbents
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Table 2: Equilibrium isotherm constants of Cr(VI) adsorption onto raw and di�erent activated adsorbents.

Model
Adsorbents

RPB APBH 20 APBH 50 APBS APBK

Langmuir


� 25 37 59 20 50

�� 0.023 0.037 0.037 0.031 0.023

�2 0.99 0.99 0.98 0.99 0.98

Freundlich

�	 0.23 2.3 4.5 2.7 6.02

� 1.03 1.05 1.1 1.75 1.14

�2 0.91 0.93 0.92 0.93 0.92

Flory-Huggins

�FH 0.02 0.017 0.027 0.019 0.045

� 3.4 0.79 1.5 1.2 1.68

�2 0.91 0.90 0.90 0.92 0.92

Δ�� −32.2 −31.1 −32.7 −33.0 −34.8

such as high speci	c surface area, porous structure, surface
characteristics, and operating conditions of the adsorbent.
Typically the larger the surface area of the adsorbent, the
higher the adsorption capacity [26]. �is is found to be in
good agreement with the results given in Table 1.

Table 2 lists the comparison of the di�erent equilib-
rium isotherm constants of Cr(VI) on various adsorbents
adsorbed. Inspection of Table 2 reveals that the highest
adsorption capacity was observed for the activated sample
with 50% H3PO4. �is can be explained on the basis that
acid activation increased the porosity of the activated carbon.
However, for steam activation, the lowest adsorption capacity
could be naturally attributed to the presence of high ash
content which contributes negatively to the porosity. Also,
steam activation was noticed to destruct the internal porosity
of the activated carbon.�is result is also con	rmed from the
SEM results in the previous section of this paper [27].

3.5.2. Freundlich Isotherm. Freundlich isothermassumes that
the uptake of metal ions occurs on a heterogeneous surface
by multilayer adsorption and that the amount of adsorbate
adsorbed increases in	nitely with an increase in concentra-
tion [28].

�e well-known linear form of Freundlich model is
expressed by

log �� = log�	 + 1� log��, (5)

where �	 (Lmg−1) and 1/� are Freundlich constants repre-
senting the adsorption capacity and intensity of adsorption,
respectively. Isotherms with � > 1 are classi	ed as L-type
isotherms re�ecting a high a�nity between adsorbate and
adsorbent and are indicative of chemisorption. �e values of
�	 and � were obtained from the slope and intercept of the
plot of log �� versus log�� and are given in Table 2. From
Table 2, the value of � is greater than unity, indicating that
Cr(VI) ions were favorably adsorbed on the activated carbons
investigated.

3.5.3. Flory-Huggins Isotherm. �eFlory-Hugginsmodel was
used to determine the degree of surface coverage character-
istics of the adsorbate on the adsorbent [29]. �e linear form
of the Flory-Huggins equation is expressed as

log( ���) = log�FH + �FH log (1 − �) , (6)

where � = (1 − ��/��) is the degree of surface coverage of
the adsorbent by adsorbate and �FH and �FH are the Flory-
Huggins constants.�ese constants can be obtained from the
plot of log(�/��) versus log(1 − �) (	gure not shown). �e
data is represented in Table 2. Furthermore, the equilibrium
constant �FH, obtained from the Flory-Huggins equation, is
used to compute the Gibbs free energy for the adsorption
process. �e Gibbs free energy is related to the equilibrium
constant by the following equation:

Δ�∘ = −�� ln�FH, (7)

where � is the universal gas constant = 8.314 Jmol−1, � is the
absolute temperature (K), and�FH is the Flory-Huggins equi-
librium constant. �e negative values of Δ�∘ (Table 2) indi-
cate that the adsorption of Cr(VI) onto Palm tree branches is
spontaneous in nature and supports an exothermic reaction.
From the correlation coe�cients (�2) reported in Table 2, the
Langmuir adsorption isotherm yielded best 	t as indicated

by the highest (�2) values (>0.98) for the di�erent activated
carbon adsorbents studied.

4. Kinetic Studies

�ree simpli	ed kinetic models, namely, pseudo-	rst-order,
pseudo-second-order, and intraparticle di�usion models,
have been discussed to identify the rate and kinetics of
sorption of Cr(VI) removal onto di�erent activated Palm tree
branches [30].

4.1. Pseudo-First-Order Kinetic Model. �e pseudo-	rst-
order reaction equation (Lagergren’s rate equation) is one
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Table 3: Kinetic parameters for the adsorption of Cr(VI) onto di�erent activated Palm tree branches.

Kinetic model
Adsorbents

RPB APBH 20 APBH 50 APBS APBK

Pseudo-	rst-order

�1 (min−1) 0.013 0.015 0.062 0.013 0.017

�� (mg g−1) 79.0 36.3 120 100 66.1

�2 0.91 0.90 0.92 0.91 0.92

Pseudo-second-order

�2 (gmg−1 min−1) 9.1 × 10−5 2.9 × 10−3 2.2 × 10−4 1.3 × 10−4 1.4 × 10−3
�� (mg g−1) 187 91.8 157 113 83.0

�2 0.99 0.98 0.99 0.99 0.98

Intraparticle di�usion
�� (mg g−1min−1/2) 8.40 2.30 13.8 3.60 8.20

�2 0.90 0.91 0.91 0.90 0.92

of the most widely used rate equations to describe the
adsorption of an adsorbate from the liquid phase [31]. �e
	rst-order rate equation is represented as

log (�� − �
) = log �� − �12.303 �, (8)

where �� and �
 are the amount of adsorbed Cr(VI) on the

adsorbent at equilibrium and at time �, respectively (mg g−1),
and�1 is the 	rst-order adsorption rate constant (min−1).�e
values of �� and �1 for the pseudo-	rst-order kinetic model
were determined from the intercepts and slopes of the plots of
log(�� −�
) versus � (	gure not shown).�e calculated results
of the 	rst-order rate equation are given in Table 3.

4.2. Pseudo-Second-Order Kinetic Model. �is model
assumes that two reactions are occurring; the 	rst one is fast
and reaches equilibrium quickly and the second is a slower
reaction that can continue for a long period of time [32].

�e kinetics of adsorption can be represented by the
pseudo-second-order equation in the following form [33]:

�
�
 =
1
�2�2� +

1
�� �, (9)

where �2 is the rate constant of the pseudo-second-order
adsorption (gmg−1min−1). �e plot of �/�
 versus � is a
straight line as shown in Figure 5. �e �2 and �� values
determined from the slope and intercept of the plot are given
in Table 3 along with the correlation coe�cients. As can be

seen from Table 3, the correlation coe�cients (�2) obtained
from pseudo-second-order model were found to be higher
than 0.98 for all activated Palm tree branches which were
larger than those of the pseudo-	rst-order model.�e results
revealed that the pseudo-second-order model was the best
one in describing the kinetics of Cr(VI) adsorbed onto the
di�erent modi	ed samples.

4.3. Intraparticle Di�usion. Kinetic data was further analyzed
using the intraparticle di�usion model based on the theory
proposed by Weber and Morris [34].

�e adsorbate transport from the solution phase to the
surface of the adsorbent particles occurs in several steps. �e
overall adsorption process may be controlled either by one
or more steps, for example, 	lm di�usion, pore di�usion,
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Figure 5: Pseudo-second-order kinetics for adsorption of Cr(VI)
onto di�erent treated adsorbents.

surface di�usion, and adsorption on the pore surface, or
a combination of more than one step. �e rate parameters
for intraparticle di�usion (��) for Cr(VI) removal were
determined by using the following equation:

�
 = �id�1/2 + �, (10)

where �id is the rate constant of intraparticle di�usion

parameter (mg g−1min−1/2) and � is the intercept. �e
values of �id and � can be determined from the slope and

intercept of the plot �
 versus �1/2 and are listed in Table 3
(Figure 6). Values of � give an idea about the thickness of
boundary layer; that is, the larger the intercept, the greater
the contribution of the surface sorption in the rate controlling
step [35]. Based on this plot (Figure 6), it was concluded that
the sorption process of Cr(VI) is comprised of two phases,
suggesting that intraparticle di�usion mechanism is not the
rate limiting step for the whole reaction. �e initial portion
of the plot indicated an external mass transfer whereas the
second linear portion is due to intraparticle or pore di�usion.
�e two phases in the intraparticle di�usion plot suggest that
the adsorption of Cr(VI) ions proceed by surface sorption
and intraparticle di�usion.
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Figure 6: Intraparticle di�usion plots for Cr(VI) adsorption onto
di�erent adsorbents studied.

5. Column Studies

Breakthrough curves are very important characteristics for
determining the operation and the dynamic response of
an adsorption column. �e loading behavior of Cr(VI) to
be removed from the solution in a 	xed bed is usually
expressed in terms of�
/�� where (�
 = e
uent ofCr(VI) ion
concentration and �� = in�uent of Cr(VI) ion concentration
in mg L−1).�
/�� is then plotted against bed volume in order
to obtain the breakthrough curve. �e maximum column
capacity, �total (mg), for a given feed concentration and �ow
rate is equal to the area under the plot of the adsorbed Cr(VI)
concentration and is calculated as follows [11]:

�total = 
�1000 =


1000 ∫


=
total


=0
�ad �� , (11)

where �ad = �� − �
, �total is the total �ow time (min),

 is the volumetric �ow rate (mL/min), and � is the area
under the breakthrough curve. �e equilibrium uptake (�eq)
is calculated as follows:

�eq = �total� , (12)

where � is the total dry weight of modi	ed palm tree
branches in column (g). �e total amount of Cr(VI) sent to
the column (�total) is calculated from the equation below:

�total = ��
�total1000 . (13)

�e total removal is calculated from the following equation:

Total removal% = �total�total × 100. (14)
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Figure 7: Breakthrough curves for Cr(VI) adsorption onto di�erent
adsorbents.

Table 4: Column parameters for the adsorption of Cr(VI) onto raw
and di�erent activated carbon samples.

Sample �total (min) �total (mg) �total (mg)
Total metal
removal (%)

RPB 250 50 7 13.6

APBH 20 300 60 10 18.6

APBH 50 420 85 39 55.1

APBS 355 71 28 47.2

APBK 175 35 7 11.9

Figure 7 shows the dynamic adsorption of Cr(VI) in columns
packed with raw and di�erent activated carbon samples. It
can be seen from the curve that the breakthrough of the
Cr(VI) was 60 bed volumes (BV) for the sample activated
with 50% H3PO4, while that activated with K2CO3 reached
50 BV. However, for the raw and activated samples with 20%
H3PO4 and steam, the bed volumes were found to be 3 BV,
2 BV, and 1 BV, respectively. It appears that the Palm branches
activated with 50% H3PO4 are more selective for Cr(VI)
adsorption than the other activated Palm tree branches [11]
as shown in Table 4.

6. Desorption Studies

Desorption is a phenomenon or process where some of the
adsorbed substance is released. �e adsorption of solute on
any sorbent can be carried out either by physical bonding,
ion exchange, or combination of both. �e desorption can
be e�ected by stronger desorbate like acid or alkali solutions.
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�edesorption e�ciency results revealed 93%, 42%, 23%, and
20% for samples activated with 50% H3PO4, K2CO3, raw,
and 20%H3PO4, respectively, with 1MHCl while the sample
activated with steam showed 8%.

�e desorption of Cr(VI) on the di�erent treated acti-
vated carbons can be explained on the basis of forces (physical
and chemical) involved in the adsorption process. Physically
bonded molecules get desorbed easily by 1M HCl while
chemically bonded molecules were not desorbed completely.
�is may be due to the formation of a strong complexation
compound on the surface of the activated carbon [16].

7. Conclusion

�e present study focused on the adsorption of Cr(VI)
from aqueous solution using activated Palm tree branches
as e�ective adsorbents. Adsorption of Cr(VI) was found to
be e�ective in the lower pH range, being attributed to the
presence of excess positive charge on the surface of palm
tree branches activated with 50% H3PO4. Adsorption of
Cr(VI) could be adequately described by Langmuir (�2 >
0.98) isotherm. Kinetic study showed that the pseudo-
second-order is appropriate to describe the experimental
and controlled by both 	lm and pore di�usions that might
be involved in the sorption process. Desorption of Cr(VI)
was promising for the Palm tree branches treated with 50%
H3PO4.
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