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Abstract

Hexavalent chromium Cr(VI1), a constituent of wastewater from many industries, is regulated by the Environmental Protection
Agency (EPA) as one of the priority pollutants. Adsorption is an important technique that can be used for Cr(VI) removal from
wastewater. The challenge in adsorption techniques is to find a cheap, widely available adsorbent that has a high adsorption
capacity to Cr(VI). Dates stones (DS) and palm fiber (PF) are two agricultural wastes that are produced from palm trees. These
adsorbent materials were tested in batch systems to investigate the different factors that may affect the adsorption process, e.g.
adsorbent dose, initial adsorbate concentration, pH of aqueous solution and agitation time. Equilibrium models tested include
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich. Freundlich adsorption isotherm was found to best fit the
experimental data. The maximum adsorption capacities obtained for DS and PF were 16 and 6 mg/g, respectively. Kinetic studies
indicated that the adsorption of Cr(VI) on both DS and PF was fast in the first stage of the adsorption process. The equilibrium
was reached in less than 2 h for both adsorption systems. The adsorption process was found to be second order with both
adsorbent and adsorbate concentration to affect the adsorption process. Film diffusion and intraparticle diffusion models were
found to simultaneously influence the adsorption. The adsorption process was found to be favorable and of physical nature.
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1. Introduction Chromium has many adverse effects on human

beings like damage to liver, kidney, circulatory and

The excessive industrial disposal of heavy
metals represents a major source of pollution
problems (Strkalj et al., 2013). Chromium is heavily
used in many industries like tanning of leather,
cement  manufacturing, dyeing of textile,
electroplating, chromate preparation, pulp and paper,
fertilizer, alloy and steel manufacturing, and
colorants production. The wastewater from these
industries contains chromium and its compounds in
concentrations higher than the permissible limit.

Chromium has two oxidation states;
hexavalent and trivalent. Chromium (V1) is 100-1000
times more toxic to organisms than Cr (Il1).

nerve tissues (Blazquez et al., 2009; Hlihor et al.,
2009; Natarajan and Nagarajan, 2010).

The treatment of wastewater containing
chromium includes many physical and chemical
methods like solvent extraction, reverse 0smosis,
cementation onto iron, electrocoagulation (Sadeghi et
al., 2017), bioremoval (Fathima et al., 2017, Ghorbani
and Younesi, 2016), floating electrochemical
precipitation, ultra filtration, ion exchange, electro
dialysis, chemical oxidation and reduction (Gheju
and Balcu, 2011; Strkalj et al., 2013). These
conventional methods were found to be expensive
and inefficient, especially when treating wastewater
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with low concentration of heavy metals. Another
problem that must be taken into consideration is that
some of these conventional methods produce
chemical or biological toxic sludge. For example, the
chemical precipitation produces large amounts of
sludge that must be disposed of. Another drawback
of most of these methods is the difficulty of recovery
of the metals from these sludges (Attia et al., 2010).

Adsorption process represents an excellent
alternative for treatment of wastewater containing
heavy metal. Some important advantages of the
adsorption technique are low initial cost, low
operating cost, flexibility and simplicity of design,
and ease of operation compared to other techniques
(Chen et al., 2012).

Adsorption has the ability of complete
removal of pollutants even from dilute solutions. It
also does not result in the formation of harmful
substances (Rafatullah et al., 2010). Activated carbon
has high adsorption capacity for many pollutants
(Altaher and Dietrich, 2014). This is the reason why
many adsorption studies have focused on the
applications of such material for wastewater
treatment (Strkalj et al., 2013). The major drawbacks
of using activated carbon include the high cost of
production and problems of regeneration. This has
led many researchers to investigate the use of low
cost and efficient adsorbents to remove heavy metals
and other pollutants from wastewater.

Many materials have been reported as
adsorbent for the removal of heavy metals, some of
them are, grape stalk (Fiol et al., 2008), coconut
(Gonzalez et al., 2008), trunk palm fibers (Altaher et
al., 2015), rice shells (Bhattacharya et al., 2008),
carbonized Eupatorium adenophorum Spreng (Jin-fa
et al., 2018), treated oil palm fibre (Isa et al., 2008),
green tea waste (Park et al., 2008), olive stone
(Blazquez et al., 2009) seaweeds (Vijayaraghavan et
al., 2005), coconut husks (Gupta et al., 2010b), waste
rubber tire (Gupta et al., 2012), deolied mustard
(Gupta et al., 2010a), Ficus carica bast (Gupta et al.,
2013), polypyrrole (Hasaniet et al., 2015), treated
alga (Gupta et al., 2002), rice husk and its ash
(Ahmaruzzaman and Gupta, 2011), fertilizer industry
waste material (Gupta et al., 2010c), nanoparticles
(Predescu et al., 2016), orange peel (Gupta and
Nayak, 2012), and carbon nanotubes (Gupta and
Saleh, 2013).

In the current study, dates stones (DS) and
dates palm fibers (PF); two agricultural wastes from
palm trees, were investigated as low-cost adsorbents
for the removal of hexavalent chromium ions from
aqueous solutions. The experimental parameters that
may affect the adsorption process such as initial
concentration, temperature, pH, contact time, stirring
rate and the adsorbent dose were studied. Some
adsorption and Kkinetic models were applied to
investigate the validity of the produced data.

1622

2. Materials and methods

2.1. Adsorbate

Potassium dichromate stock solution was
prepared by dissolving 1 g of the solid pure reagent
(weighed to the fourth decimal point) in 1000 mL of
distilled water. The working solution was prepared
by diluting the stock solution with distilled water to
the required concentration. The initial and final
concentration of Cr(VI) was determined following
ASTM method number (3500 Cr B) based on the
reaction of the hexavalent chromium ions with
diphenyl carbazide to form a red-violet color that can
be measured at a wavelength of 540 nm. Shimadzu
UV-Spectrophotometer was  utilized for the
determination.

2.2. Adsorbent

Date stones and palm fibers were obtained
from the local market at Yanbu, Saudi Arabia. The
samples were washed several times with tap water to
remove foreign materials and dust, followed by
washing three times with distilled water. The samples
were then dried in an oven at 105°C overnight.

The samples were ground into fine powder by
a kitchen mixer. The powder was sieved to the
required size and kept in sealed glass bottles. No
chemical treatment was applied to the two
adsorbents.

2.2.1. Characterization of adsorbents

2.2.1.1. Fourier Transform Infrared (FT-IR) study

The FTIR spectra of the two adsorbents were
investigated using Infra red Spectrophotometer
Varian, USA, FT IR 800 Scimitar Series. The spectra
were recorded in the range between 4000 and 400
cm? as KBr pellets. The pressed KBr pellets were
prepared by grinding 200 mg of adsorbent samples
with 0.5 g of KBr.

2.2.1.2. Scanning Electron Microscope (SEM) study
The surface morphology of the two adsorbents

was examined using scanning electron microscope

[SEM (JEOL-JSM 5300)] at different magnification.

2.2.1.3. Zero point of charge

The zero point of charge (pHzpc) was
determined by preparing 2 series of flasks containing
0.1IN NaCl. One series was intended for DS and the
other was for PF. The pHs of the two series were
adjusted using NaOH and HCI. A fixed amount of
the adsorbent (0.15 g) was added to each flask. The
mixtures were shaken for 48 hours at room
temperature. The final pH of each solution was
determined (Kun-yu et al., 2008).
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2.2.1.4. Specific surface area, apparent density,
moisture and ash content

The specific surface area was determined by
using Sears method (Sears, 1956). According to this
method, 1.5 g of the adsorbent was added to 100 mL
dilute HCI to reach a pH value in the range 3 - 3.5.
Sodium chloride (30 g) was added to the acidic
solution with continuous stirring. The mixture
volume was made up to 150 mL using distilled water.
The suspension was titrated with standard 0.1 M
NaOH to reach a pH 4 and then 9. The added volume
(V) required to raise the pH from 4 to 9 was
recorded. The test was made in triplicate and the
value of surface area (S) was determined depending
on the average of the three obtained value.

The apparent density of each adsorbent was
determined by filling a 10 mL measuring cylinder
with the adsorbent. Gentle tapping was applied on the
cylinder wall to fill the gaps between adsorbents
particles. The apparent density was determined as the
mass of the adsorbent required to fill the cylinder
divided by the volume of the cylinder.

To determine the moisture content of the
adsorbent, 10 grams of the adsorbent (weighed to the
fourth decimal point) were placed into weighing
watch glass. The watch glass was then placed inside
an oven at 105 °C. After 5 hours of drying, the watch
glass was cooled in desiccator. The mass of the dried
adsorbent was then measured. The average moisture
content of the samples was assumed to be the mass
loss from the adsorbent sample. The experiment was
repeated five times and the average was calculated.

For determination of ash content, three clean
empty crucibles were ignited at 550°C for 30
minutes, cooled in a desiccator and then weighed.
Accurately weighed 10g of each adsorbent were
placed in each crucible. The samples were ignited at
550°C for 2 hours. The difference in weight of
crucibles before and after ignition represented the ash
content. The experiment was repeated three times
and the average was considered.

2.2.1.5. Determination of the functional groups
(Boehm’s titration)

The surface functional groups of the two
adsorbents were determined using Boehm’s titration
procedure (Boehm, 2002). This method includes
acid-base titration of the adsorbent to identify the
nature of functional groups on the surface of
adsorbent. Twenty-five milli-grams of date stones or
palm fibers were placed in 25 ml of 0.1 M solution of
each of sodium bicarbonate, sodium carbonate or
sodium hydroxide. The mixtures were shaken for 24
h then centrifuged at 6000 rpm. A given amount of
each supernatant (5 ml) was titrated with 0.1 M
hydrochloric acid solution. Similar procedures were
performed with blank samples. Triplicate of this
experiment was conducted and the average was
calculated. The number of acidic sites was
determined under the assumptions that sodium
bicarbonate neutralizes carboxylic groups, sodium
carbonate neutralizes both carboxylic and lactonic

groups and sodium hydroxide neutralizes carboxylic,
lactonic and phenolic groups.

2.3. Adsorption equilibrium studies

The adsorbate uptake at equilibrium, qe
(mg/g), was determined by (Eq. 1).

_(G,-C)N
W 1)

where C, and C. (mg/L) are the initial and final
concentration of the dye, respectively, W (g) is the
mass of the adsorbent used, and V (L) is the volume
of the solution. Percentage dye removal (R) is
determined according to (Eg. 2).

Qe

Co _Ce

R= x100 )

9]

The adsorbent capacity towards chromium
removal (effect of adsorbent mass) was investigated
by adding fixed volumes (0.05 L) of the working
solution of chromium of known concentration (50
mg/L) to 125 mL conical flasks containing different
masses of adsorbent. The flasks were stoppered and
shaken for 300 min at a rate of 300 rpm. The
solutions were filtered using 0.45 pm membrane
filters and the residual hexavalent chromium in the
filtrate was determined using the dipheny carbazide
method as described before. To investigate the other
factors that may affect the adsorption process (pH,
initial concentration and time of agitation), the
previous procedure was conducted several times. In
every experiment all factors were kept constant and
the studied factor was changed. All experiments were
conducted at room temperature (20 + 2°C). Other
experimental conditions are summarized in Table 1.

2.4. Mathematical models

2.4.1. Adsorption isotherms
The linear form of Langmuir isotherm is given

by (Eq. 3).
C 1 C
+

e e

a:qm'KL a (3)

where C. (mg/L) is the equilibrium concentration, gm
(mg/g) is the maximum adsorption capacity, ge
(mg/g) is the adsorption capacity at equilibrium, and
KL (L/mg) is a constant related to adsorption rate.
The favorability of the adsorption is determined by
the dimensionless separation factor R. which is given

by (Eq. 4).

R= @

where C, (mg/L) is the initial dye concentration and
Ky is Langmuir constant.

The value of separation factor indicates the
favorability of the adsorption process as follows:
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Table 1. Range of variables for batch experiments

. Initial concentration, Contact Adsorbent Stirring Particle Volume,
Experiment - - - pH

mg/L time, min mass, g rate, rpm | size, um mL

Effect of initial concentration 15-450 300 0.15 300 < 250 ~4.5 50

Effect of adsorbent mass 50 300 0.05-0.3 300 <250 ~4.5 50

Effect of time 50 5-360 0.15 300 < 250 =~4.5 50

Effect of pH 50 300 0.15 300 <250 2-7 50

Effect of temperature N

10, 20, 30, 40°C 50 300 0.15 300 < 250 =4.5 50

Unfavorable (R. > 1), linear (R. = 1), R is the universal gas constant in J/mol. K and

favorable (0 < R_ < 1), and irreversible (R. = 0). The
linear form of Freundlich model is given by (Eq. 5).

1
Inqezlnk,+EInCe (5)

where e and C. have the same definition as
Langmuir equation, ki (mg/g(mg/L)¥") is constant
related to the bonding energy. Ks is defined as the
adsorption coefficient, and 1/n identifies the
adsorption intensity of adsorbate onto adsorbent. If
the value of exponent n is greater than 1, the
adsorption  represents  favorable  adsorption
conditions.

The linear form of Temkin isotherm is given
by Eqgs. (6-7).

d, =B, (INK;)+B; In(C,) (6)

" (7)

where g (mg/g) and C. (mg/L) have the same
definition as in Langmuir equation, Br (J/mol) is
Temkin isotherm constant related to the heat of
adsorption, b is Temkin isotherm constant, R is the
universal gas constant (8.314 J/mol K), and T is the
absolute temperature (K). The constant Ky (L/mg) is
the equilibrium binding constant, corresponding to
maximum binding energy.

Dubinin-Radushkevich model is represented

by Eq. (8):

Ing, =Inq, - B&*

(8)
where g. is the amount of adsorbate adsorbed onto
adsorbent surface (mg/g), gm represents the

maximum adsorption capacity of adsorbent (mg/g),
and B is a constant related to the mean free energy of
adsorption per mole of adsorbate.
The Polanyi potential (¢) is given by Egs. (9-
10):
1 9
£=RT In(l+-—=) 9)
Ce

1 (10)
(2 B)O.S
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T is the temperature (K).

2.4.2. Kinetic models

Many kinetic models have been introduced to
examine the mechanism of adsorption processes.
Some of the commonly used kinetic models were
applied. These kinetic models are pseudo first order,
pseudo second order, Boyd model, intraparticle
diffusion model and Elovich equation.

The linear form of pseudo first order model is
given by Eq. (11):
In(g, - ) =Ing, —kt (11)
where ge (mg/g) and g: (mg/g) are the amounts of dye
adsorbed on the surface of the adsorbate at
equilibrium and at any time t (min), respectively; and
ki (min'?) is the rate constant of the pseudo first order
equation.

The linear form of the pseudo second order
model is given by Eq. (12):

t 1 t

Lt (12)
qt kzqm qm

where k, (g/mg.min) is the rate constant of the
pseudo second order equation, gm (mg/g) is the
maximum adsorption capacity, g: (mg/g) is the
amount adsorbed at time t (min).

Boyd model (Hu et al., 2011) is applied to
distinguish between the pore and film diffusion. This
model is expressed in Eq. (13):
B, =-0.4977-In(l-F) (13)
where B; is the mathematical function of F and F
represents the fraction of solute adsorbed at time t (h)
and F =q,/q,

According to the model, if the plot of B;
versus t passes through the origin, pore diffusion is
the rate determining step. Otherwise, the adsorption
process is film diffusion controlled.

Intraparticle diffusion model considers the
intraparticle diffusion as the rate controlling step for
adsorption. It is given by Eq. (14):

q, =k, t°° +C (14)




Removal of hexavalent chromium using two innovative adsorbents

where g: (mg/g) is the amount adsorbed at time t
(min) and kig (Mg/g.min®®) is the rate constant for the
intraparticle diffusion model.

A simplified linearized form of Elovich
equation (Malkoc and Nuhoglu, 2007) can be
introduced by Eq. (15):

q, :%In(aB) +%Int (15)

where a (mg/g min) is the initial adsorption rate and
B (g/mg) is the adsorption constant related to the
extent of the surface coverage and activation energy
for chemisorption.

2.5. Thermodynamic study

The thermodynamics data obtained from the
adsorption process can be used to introduce the
adsorption mechanism. The Gibbs free energy
change AG can be calculated by Eq. (16):

AG =-RTInK, (16)

where K is the Langmuir adsorption constant, R is
the universal gas constant and T is the absolute
temperature. The enthalpy change and the entropy
can be obtained from Van’t Hoff equation (Eq. 17):

_ AS 3 AH (17)

The enthalpy change and entropy change can
be obtained from the slope and intercept of the line
obtained by plotting In K. against 1/T, respectively.

3. Results and discussion

3.1. Infrared (FTIR) Spectral Analysis

FTIR spectra for both adsorbents are
illustrated by Figs. la-b. The figures indicate a
number of absorption peaks suggesting complex
properties of the adsorbents. Spectra are similar for
both samples. The peaks in the region 1200-1000
cm? may represent C-O stretching vibrations (Sain
and Panthapulakkal, 2006). The band at 1261 cm™ in
the spectrum of palm fibers is ascribable to the
bending modes of O-C-H, C-C-H and C-O-H
(Bouchelta et al., 2008). The peaks at 1377 and 1379
cm! are due to C-H bending vibrations. The peaks at
1516, 1523 and 1426, 1441 cm™ may be ascribed to
C=C stretching of aromatic skeletal mode (Pavan et
al., 2008; Sain and Panthapulakkal, 2006). The bands
at 1641 and 1631 cm™ may represent C=C stretching
vibration of alkenes or C=N vibrations in aromatic
region. The peak at 1743 cm™ in the spectrum of date
stones is assigned to C=0O stretching vibration of
carboxylic groups of lignin and/or hemicelluloses
(Pavan et al., 2008; Sun et al., 2005). The bands
observed at 2924 and 2860 cm™ are assigned to
asymmetric and symmetric C—H and symmetric C-H
bands, respectively, present in alkyl groups. The

dominant peaks at 3426 and 3430 cm™ respectively
for palm fibers and date stones, are attributed to O-H
stretching vibrations in hydroxyl groups and appears
in this lower region where these groups are involved
in hydrogen bonds.

The FTIR spectra of date stones and palm
fibers waste are in good agreement with the results of
Yang (Yang et al, 2007) who studied the
characteristics of cellulose, hemicellulose and lignin.
This result is in accordance with the composition of
lignocellulosic material such as date stones and palm-
trees waste, which are essentially composed of
cellulose, hemicellulose and lignin (Bouchelta et al.,
2008). Consequently, the FTIR results indicate that
the biosorbents presented different functional groups
such as hydroxyl, carboxyl and carbonyl, which may
be potential biosorption sites for the removal of
chromium.

3.2. Scanning Electron Microscope (SEM)

The results of the scanning electron
microscopy are shown in Figs. 2-3. It is quite clear
that the morphology of the two adsorbents is quite
different except for one feature which is the
macropores position. The macropores seem to be on
the surface of the two adsorbents.

Also, these macropores are connected to meso
and micropores through channels. The surface of DS
is very porous and the pores are irregular and have
different dimension. Layers of adsorbent can be
clearly seen. On the other hand, the surface of PF
showed relatively smooth regions. The pores on the
surface of PF seem to be more regular and
homogeneously distributed all over the surface.

3.3. Specific surface area, moisture, ash content and
apparent density

The proximate analyses are shown in Table 2.
The percentage moisture content (%MC) was
computed as follows (Eq. 18):

loss in weight on drying
initial massof sample before drying

% MC = x100  (18)

The moisture content is relatively high and
indicates the necessity of drying the adsorbent before
use or otherwise, taking the moisture content into
consideration during calculation. The ash content was
calculated using (Eqg. 19)

ash weight <100 (19)

Ashcontent=———~——
oven dry weight

Ash content can affect the adsorbent
efficiency, i.e. it reduces the overall affinity of
adsorbent towards adsorbate. The ash content is low
and it indicates that the adsorbent could be used in
further studies for production of activated carbon.
The specific surface area was calculated using Eq.
(20), where S and V signification is explained in the
section 2.2.1.4.
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Fig. 2. Scanning electron micrograph of DS
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Fig. 1. (a). FTIR spectrum for DS, b. FTIR spectrum for PF
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Fig. 3. Scanning electron micrograph of PF

Table 2. Physical properties of adsorbents

Specific surface area, m%/g

Ash content, %

Moisture content, %

Apparent density, g/cm?®

DS

PF

DS

PF

DS

PF

DS

PF

399

237.4

3.19

3.62

3.03

3.3

0.47

0.34
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S(m?gt)=32V -25 (20)

The specific area is comparable to many of
the agricultural wastes that are commonly used
(loannidou and Zabaniotou, 2007).

3.4. Adsorbent surface functional groups

The results of functional groups distribution
on the adsorbent surface are summarized in Table 3.
These results are based on Boehm’s titration
illustrated in previouis section. It is well known that
surface chemical groups are more complex than
shown by Boehm's titration; however, this method
gives a semi-quantitative indication about the surface
functionalities. It is clear from the results that the
acidic sites in both date stones and palm fibers are
mainly due to the presence of phenol and carboxyl
groups. Few lactones were detected on date stones
surface, whereas the palm fiber sample does not
contain any lactones.

From the results obtained by the Boehm
titration method, it can be observed that the amount
of basic groups was significantly higher than total
amount of acidic groups. These results suggest that
both date stone and palm fibers materials had a basic
character.

Table 3. Distribution of functional groups on adsorbent

surface
Basic Acidic Sites, mmol/ g
sites, Total
Adsorbent mmol/ | Carboxyl | Lactone | Phenol | acidic
g sites
Date 13 0.25 0.10 075 | 11
stones
Palm 12 0.30 000 | 075 | 1.05
fibers

3.5. Effect of adsorbent dose on adsorption
performance

One very important factor when designing an
adsorption system is the optimum adsorbent dose
required for this system. Fig. 4 and 5 indicate that
increasing the dose of adsorbent increased the
adsorption efficiency of adsorbate. Increasing the
dose from 1 to 6 g/L resulted in an increase of
adsorption removal efficiency from 23 to 69%.
However, the adsorption capacity decreased from
11.4 to 5.7 mg/g. On the other hand, for PF, the same
increase in adsorbent dose (from 1 — 6 g/L) had a
lower effect. The corresponding increase in
adsorption removal efficiency was from 15 — 35 %.
The adsorption capacity for this system increased
from 3 — 7.5 mg/g.

These results can be attributed to the effect of
the mass of adsorbent on the number of adsorption
sites. Increasing the mass of adsorbent increases the
number of active sites available for adsorption, thus
resulting in increasing removal efficiency.

Another factor that must be taken into
consideration is the aggregation of adsorbent
particles that may take place due to their high
concentration in the solution (high dose of adsorbent
in the solution). This aggregation will mask some of
the pores on the surface of the adsorbent and also
increase the diffusion path length (Ahmaruzzaman,
2008).

14 - 100
- 90
12 A
- 80
10 1 L 70
- L 60 ®
3 8] 3
E - 50 E
' 4 = # mass-
g © L 40 » g
. L 30 4 % removal
- 20
2 4
- 10
0 T T T 0
0 2 4 6 8
Dose of DS, g/L

Fig. 4. Effect of DS dose on chromium removal
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Fig. 5. Effect of PF dose on chromium removal

3.6. Comparison of adsorption capacity of DP and
PF with other adsorbents

The adsorption capacity of Cr (VI) on both
dates stones and palm fibers compared with other
agricultural wastes adsorbents reported in literature is
illustrated in Table 4. It can be noticed that the
adsorption capacity of DS (16 mg/g) is higher than
some of these adsorbents and similar to others. The
adsorption capacity of PF (6 mg/g) is lower than DS
and most of the other adsorbents. Many reasons can
explain the difference in adsorption capacity among
these adsorbents including the difference in specific
surface area, the surface functional groups, and the
pore size distribution of these adsorbents.

3.7. Effect of pH and point of zero charge on
adsorption performance

The effect of aqueous solution pH on the

adsorption capacity of chromium ion is depicted by
Fig. 6.
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Table 4. Comparison of adsorption capacity of DP and PF with other adsorbents

Operation conditions Adsorption
Adsorbent Adsorbate initial Adsorption Mass of Temp. H capacity, Reference
concentration, mg/L time, min adsorbent, g/L °C P mg/g
Gupta and
Saw dust 216 250 5.4 30 1.0 415 Babu, 2009
- Thamilarasu
Ricinus seed 10 60 50 50 2.0 8.8 etal., 2012
Pistia stratiotes Das et al.,
biomass 10 15 5 40 2.0 7.24 2013
i Gao et al.,
Rice straw 40 1440 10 47 2.0 3.15 2008
Carnation
flowers waste Vargas et
(carnation 10 180 10 18+2 | 20 6.25 al., 2012
compost)
Date stones 50 300 0.15 202 2 16 Present
Palm fiber 50 300 0.15 20+ 2 2 6 study

As shown in Fig. 6, the adsorption capacity of
both DS and PF increased with decreasing the pH of
the solution. The highest adsorption capacity was
obtained at pH 2. This result is supported by the work
of other researchers (Karthikeyan et al., 2005;
Malkoc and Nuhoglu, 2007; Sarin and Pant, 2006).

The effect of pH is due to the surface
properties of the adsorbent and properties of
chromium ions in solution (Jain et al., 2009).
Hexavalent chromium may be present in various
species in aqueous solutions, e.g.
H,CrO, , HCrO, ,CrO; and Cr,0:~ according to the

solution pH.

18 -
16 |
14 4
12 A

]
& 10 -
E
g 8 nDs
-2

6 - mPF

4_

2_

0 - -

2 4 6 7
pH

Fig. 6. Effect of initial solution pH on chromium removal

The point of zero charge gives a good
indication about the surface charge of adsorbent.
When the pH of the aqueous solution is below the
pHzpc, the surface charge of the adsorbent is
positive. Meanwhile, the surface of the adsorbent is
negatively charged when the pH of the solution is
greater than the pHzpc. The values of point of zero
charge on the surface of DS and PF are 5.5 and 6.5,
respectively as illustrated in Fig. 7. These values
represent the points at which the initial and final pH
values of the system are equal. Below these pH
values the surface of the adsorbents will carry
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positive charge, while the adsorbate will be present
mostly in its anionic form.
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Fig. 7. Zero point of charge; A: DS, B: PF

Attraction of these opposite charged species
will take place. So, it is expected to have higher
adsorption capacity at lower pH. In the pH range 2-6,

both HCro, and Cr,0% species are present in
equilibrium. At lower pH ranges, Cr,0% and
Cr40123* are produced. The adsorption of Cr(VI) may

take place through different mechanisms. The
electrostatic  attraction between the dominant
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chromium species (HCrQ; ) present in solution with

positively charged sites on the adsorbent is an
important mechanism. Chelation with acidic groups
on the adsorbent surface and exchange with anions
loaded on the residues are two other common
mechanisms (Gandhia et al., 2010).

3.8. Effect of initial concentration on adsorption

The initial concentration of the metal ion is
one of the important factors that may affect the
adsorption of metal ions in aqueous solution on the
surface of a certain adsorbent. The initial
concentration provides the driving force required to
overcome the mass transfer resistance of the metal
between aqueous solution and solid phase (Aksu and
Akpinar, 2000). Fig. 8 illustrates the effect of initial
Cr(VI) concentration on the adsorption into both
adsorbents. For DS, the adsorption capacity increased
from 1.99 mg/g to 74.5 mg/g when increasing the
initial concentration from 15 to 450 mg/L. For PF,
the increase was from 0.93 mg/g to 62.6 mg/g for the
same concentration range.
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Fig. 8. Effect of initial concentration on chromium
removal, contact time 300 min, adsorbent mass 0.15 g,
stirring rate 300 rpm, particle size <250 pm

For a fixed adsorbent dose, the number of
active adsorption sites to accommodate adsorbate
ions remains unchanged but with increasing
adsorbate concentration, the adsorbate ions to be
accommodated increases and hence many of the sites
available for adsorption will be occupied. It can be
noticed from the figure that adsorption saturation was
not reached due to high availability of free adsorption
sites on both adsorbents compared to the number of
chromium species to be adsorbed. The increase in
adsorption capacity accompanied by the increase in
initial ion concentration indicates increasing
occupation of available binding sites. As was stated
before, the initial concentration provides an
important driving force to overcome all mass transfer
resistances of all molecules between the aqueous and
adsorbents.  Another effect of high initial
concentration of the adsorbate molecules is the
probable increase of contact between chromium
molecules and adsorbent particles. Some factors must
be taken into account when studying the effect of
initial ion concentration. First, some of the active

adsorption sites are not occupied by adsorbate
molecules which lead to less adsorption capacity.
Second, aggregation of the adsorbent particles may
take place which lead masking of some of the
adsorption sites, thus decreasing the total surface area
of the adsorbent in the solution (Yasemin and Tez,
2007).

3.9. Adsorption equilibrium

The experimental data were tested with
adsorption models namely Langmuir, Freundlich,
Temkin and D-R. The characteristic parameters from
the slope and intercept of the plots are determined
using regression analysis. The parameters are
reported in Table 5. The dimensionless separation
factor R values (calculated according to Langmuir
model) for both DS and PF systems, being less than
unity, indicate that adsorption of Cr(VI) on both
adsorbents to be favorable. The maximum adsorption
capacity of DS is much higher than PF. However,
their values are not consistent with the experimental
values as indicated by the relatively low R? for both
adsorbents.

Freundlich is an empirical expression. It
assumes that adsorption takes place on multilayers on
the surface of adsorbent. As illustrated by the results
in Table 5, the Freundlich model fits the data for both
DS and PF systems better than the Langmuir model,
this is demonstrated by high correlation coefficient
(R?) for the data obtained from Freundlich model.
The value of 1/n for DS is 0.772 which indicates high
favorability of the adsorption of Cr(VI) on DS. On
the other hand, 1/n value in case of PF system is
0.362. Comparing these results indicates that the DS
adsorption system is more favorable than PF
adsorption system. Analysis of the adsorption data
using D-R model has a significant Importance. It
gives an indication about the nature of the adsorption
process; physical or chemical.

The mean adsorption energy of the D-R model
gives information about the nature of the adsorption
process; physical or chemical. If E<8 kJ/mol, the
adsorption process is physical, and if 8<E<16, the
adsorption process is ion exchange, and if E > 16
kJ/mol the adsorption process is chemical. As
indicated in Table 5, the correlation coefficients of
adsorption system for DS and PF are high (0.989 and
0.957 for DS and PF, respectively). The maximum
adsorption capacity for DS is 15.441 mg/g and that
for PF is 21.22 mg/g. The first value agrees well with
experimental data, while the other one is not
consistent. The E values being less than 8 kJ/mol
suggest the physical adsorption to be the mechanism
of adsorption.

Temkin isotherm fits well to the experimental
data as indicated by correlation coefficients. Its
constants are given in Table 5. The Temkin
adsorption potential, Ky, of DS is 0.159 compared to
0.034 for PF indicating a lower PF-metal ion
potential than DS.
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Table 5. Adsorption parameters for the applied adsorption models

Adsorbent
Isotherm Parameters DS PE
R? 0.916 0.929
. o gm, Mmg/g 35.7 2.24
Langmuir 20 °C K., L/mg 0.013 0.017
RL 0.61 0.547
R? 0.986 0.955
Freundlich 20 °C n 1.295 0.362
Kt (mg/g)(mg/L)1/n 0.71 1.7x10*

R? 0.997 0.923

Temkin 20 °C Br, mg/g 6.385 11.07
Kr, L/mg 0.159 0.034

R? 0.989 0.957

Dubinin-Radushkevich 20 °C gm, Mmg/g 15.441 21.22
E, kJ/mol 0.1 0.016

This is probably due to the difference in pore
diameter and pore shape of both adsorbents. As it is
depicted by Figs. 2-3, the shape of the DS pores is
irregular in contrast to the regular shape of PF pores.
The pore radius must be close to the ionic radius for
adsorption to take place.The Temkin constants, b
related to heat of sorption for DS and PF are 0.381
and 0.22 kJ/mol, respectively. It has been reported
that the typical range of bonding energy for ion-
exchange mechanism is 8-16 kJ/mol (Kiran and
Kaushik, 2008). The low values in this study
indicates a weak interaction between sorbate and
sorbent, supporting a physical adsorption mechanism.
This result is in agreement with that obtained from
D-R isotherm.

3.10. Kinetic study

Adsorption kinetics describes the solute
uptake rate, which governs the residence time of
sorption reaction. It also describes the reaction
pathway along times until reaching equilibrium. Fig.
9 depicts the adsorption rate of hexavalent chromium
ions on both DS and PF. The adsorption of chromium
ions on both DS and PF displays a fast adsorption
rate.
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Fig. 9. Effect of contact time on the adsorption of
chromium on DS and PF

1630

For both adsorbents equilibrium is reached
within the first two hours. The adsorption took place
in two different stages. The first one was very fast.
This is illustrated by the fact that for DS, 86 % of the
chromium ions was removed within the first 10 min
(maximum removal efficiency was 94%). The next
stage was a slow stage ending with equilibrium. A
similar behavior could be observed for PF. Within
the first 10 min, 21 of the chromium ions were
removed compared to 34% removal efficiency at
equilibrium. The rapid uptake of the metal ions at the
early stage of the adsorption process may be
attributed to the availability of active adsorption sites
on the adsorbent surface. With time, these sites got
occupied and the remaining adsorbate ions would
compete for the remaining unoccupied sites which
results in slower adsorption rate (Ozdes et al., 2011).
Another reason is the concentration gradient. As was
mentioned before the high initial concentrations
provide a driving force for chromium ions
adsorption. At early stages, a great concentration
gradient is present between the adsorbate in the bulk
of solution and on the surface of adsorbent which
easily overcomes the mass transfer resistance. With
time, the concentration gradient decreases which
decrease the driving force. The kinetic data were
evaluated using pseudo-first and second order
models. The results of fitting the experimental data to
the model are illustrated in Table 6. The data in the
table shows that the experimental data had its best fit
with the pseudo second order model with higher R?
value (0.999 and 0.995 for DS and PF, respectively)
compared with pseudo first order.

Furthermore, the values of q: predicted by the
model agree closely with those determined
experimentally. Therefore, it can be concluded that
the rate of hexavalent chromium ions adsorption is
influenced by both the metal ion concentration and
adsorbent dose (Abramian and El-Rassy, 2009). The
prediction of the rate controlling mechanism is
important in adsorption processes since it affects the
design and scale-up of the adsorption system. The
adsorption process in an aqueous solution is
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characterized by either external mass or intraparticle
diffusion or both.

Table 6. Kinetic parameters for adsorption of chromium on

DS and PF
L Adsorbate
Kinetic model Parameters DS PE
R? 0.619 | 0.503
Pseudo first order K1 0.029 0.026
Om 5.474 | 7.374
R? 0.999 | 0.995
Pseudo second order K2 0.032 0.018
Om 15.873 | 5.714
R? 0.984 | 0.947
Elovich B 2.513 1.835
o 2.31 46.64
R? 0.958 0.91
Intraparticle diffusion Kid 0.104 | 0.131
C 14.14 | 3.387
Boyd R? 0.956 0.88

Since the solution containing the adsorbent is
vigorously agitated during the adsorption period, it
can be assumed that the rate of adsorption is not
affected by mass transfer of ions from the bulk liquid
to the particle external surface. In this case, the rate
limiting step may be either film or intraparticle
diffusion (Moussavi and Khosravi, 2011). As they act
in series, the slower of the two will be the rate-
determining step. Film diffusion was analyzed using
Eq. 13). The plot of liquid film diffusion on both DS
and PF is illustrated in Fig. 10. Examining this Figure
indicates that two distinct regions can be identified
for the two adsorbents. This suggests that two
different mechanisms are involved at different
intervals. The results show that the film diffusion is
not the sole limiting step. The intraparticle diffusion
may also be involved in controlling the adsorption
process.

To gain further insight into the adsorption
behavior the Kkinetic results were analyzed by
intraparticle diffusion model. The fitting of the
experimental data to this model was examined by
applying Eq. (14). If the intraparticle diffusion is
involved in the adsorption process, the plot of the
adsorption capacity at any time (q:;, mg/g) against t
(min) should give a straight line. If the intraparticle
diffusion is the only rate controlling mechanism, the
straight line should pass through the origin. If the line
does not pass through the origin other mechanism
may be involved in the adsorption process. The he
intercepts (c) of the produced straight line gives an
indication about the thickness of the boundary layer.

The larger the intercept, the greater is the
boundary layer effect. As illustrated in Fig. 11, the
adsorption on both DS and PF can be represented by
straight line according to this mode. Experimental
data followed a linear distribution with high
correlation coefficient (R? values are 0.958 and 0.91
for DS and PF, respectively). The value of the
intercept in case of DS system is much greater than
that of PF, indicating the great effect of boundary

layer for the former. These results support the finding
obtained before from fitting the data to film diffusion
model.
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Fig. 10. Liquid film diffusion (Boyd model) representation
of adsorption of chromium; A: DS, B: PF
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Fig. 11. Intraparticle diffusion representation of adsorption
of chromium on both DS and PF

The Elovich equation is useful in describing
adsorption on heterogeneous surfaces. However, it
does not predict any mechanism. If the experimental
data fits well to this model that indicates the
heterogeneity of adsorbent surface. The data for both
DS and PF fit the model very well according to the
high correlation coefficient (Table 6 and Fig. 12).
This proves the heterogeneity of surfaces of the two
adsorbents.

3.11. Effect of temperature and thermodynamics of
adsorption

Temperature has an important effect on the
adsorption process. The increase of solution

1631



Abubeah et al./Environmental Engineering and Management Journal 17 (2018), 7, 1621-1634

temperature will decrease the viscosity of the
aqueous solution containing chromium ions.
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Fig. 12. Elovich model for adsorption
of chromium on both DS and PF

This will resilt in increasing the rate of
adsorbate diffusion across the external boundary
layer and in the internal pores of the adsorbent.
Temperature may also affect the equilibrium of the
adsorbate depending on the nature of the adsorption
process; whether it is endothermic or exothermic.
Finally, it has an effect on the stability of the metal
ion species initially placed in solution.

The adsorption capacity increased from 6.803
mg/g to 28.6 mg/g for DS and from 0.062 mg/g to
5.16 mg/g for PF (Figures not shown) when the
temperature was increased from 10 to 40°C,
indicating that the adsorption process is endothermic
in nature for both adsorbents.

The thermodynamic parameters AH and AS
are introduced in Table 7. These data were calculated
from the slope and intercept of the plot between In K¢
and 1/T. The values of AG indicate the favorability of
physical adsorption. The positive values of AH
indicate the endothermic nature of adsorption and
this governs the possibility of physical adsorption
which was also supported by the increase in
adsorption capacity with increasing temperature. The
negative values of AG in case of adsorption on DS
suggest the high favorability of Cr(VI1) adsorption on
DS. They also indicate that the metal ion adsorption
was spontaneous. On the other hand, the positive
values of AG in case of PF system indicate that this
adsorption system is less favorable. Furthermore, the
low values of AG suggest physical adsorption
(Kumar and Kirthika, 2009).

Table 7. Thermodynamic parameters of Cr(V1) adsorption
onto DS and PF

T (K) AG AH AS
(kJ/mal) (kJ/mal) (J/mol.K)
283 0.71
Dates 293 -2.54
stones 303 -2.03 31.06 108
313 -2.33
283 4.67
Palm 293 0.4
fiber 303 2.1 3361 102.6
313 1.6
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The positive values of AS may suggest that
Cr(VI) ions replace some water molecules from the
solution previously adsorbed on the surface of
adsorbent. These displaced molecules gain more
translation entropy than is lost by the adsorbate ions,
thus allowing the prevalence of randomness in the
system. The positive values of AS may also show the
increased disorder and randomness at the solid
solution interface during the adsorption process for
both systems. In addition, the positive value of AS
reflects the affinity of the adsorbents for the Cr(VI)
ions (Najm and Yassin, 2009).

3.12. Feasibility study

The two agricultural wastes used in this study
are widely available with low cost. These two
substances have no significant industrial and
commercial uses but become an issue and contribute
to environmental problems. Hence, the utilization of
such agriculture solid waste for wastewater treatment
is beneficial. The alternative of using agricultural
waste as adsorbent is activated carbon. Activated
carbon has better adsorpitivity but its cost of
production is very high.

Dates stones collected from dates processing
plant are given away for free. Its use in other
purposes is negligible. The cost of processing
including transportation, washing, drying, crushing,
sieving, and labor is SR 200/ton. No chemical
treatment is required for its processing. PF is
collected during the trimming the palm tree. It is less
available. However, its cost of processing is less; SR
100/ton. Compared with the cheapest commercial
activated carbon available in the local market (SR
4000/ton), the two adsorbents studied are very good
replacement.

4. Conclusions

Tis study indicates that DS has a better
adsorption capacity to hexavalent chromium than PF.
The adsorption of Cr(VI) on both DS and PF was
found to be pH-dependent. The highest removal
efficiency was obtained at pH 2. The initial
concentration of the metal ion in solution was found
to have a pronounced effect on the adsorption
process. Increasing the initial concentration resulted
in higher adsorption capacity. Freundlich model was
found to be the best adsorption equilibrium model
that can interpret the experimental data.

The mechanism of adsorption involves both
liquid film diffusion and intraparticle diffusion as the
rate determining mechanisms. It can be concluded
from the results demonstrated here that DS is a
potential effective adsorbent for removal of Cr(VI)
from aqueous solutions.
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