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ABSTRACT

Anion exchanger (Amberlite IRA-420; AMB) has been used in the removal of permanganate ions
from potassium permanganate contaminated water. Operational conditions such as permanganate
concentration, adsorption time, adsorption temperature, adsorption pH, agitation speed, and finally
adsorbent dosage have been investigated, and its impact on the removal process efficiency has been
presented. Moreover, the kinetic and equilibrium results obtained for permanganate ions sorption
with different initial concentrations onto AMB were analyzed. Kinetic modeling analysis with three
different types of kinetic sorption models (pseudo-first-order, pseudo-second-order, and simple
Elovich models) was applied to simulate the permanganate ions sorption data. The analysis of the
kinetic data indicated that the sorption was a second-order process. An ion-exchange mechanism
may have existed in the permanganate ions-sorption process with AMB. The permanganate ions
uptake by AMB was quantitatively evaluated with equilibrium sorption isotherms. To describe the
isotherms mathematically, the experimental data of the removal equilibrium were correlated with
the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich (D-R) isotherm models, and the
applicability of these isotherm equations to the sorption systems was compared by the correlation
coefficients. The maximum sorption capacities, determined from the Langmuir isotherm was 20.54
mg/g at 25°C. Moreover, diffusion mechanism of permanganate ions was described by different
adsorption diffusion models. The diffusion rate equations inside particulate of Dumwald-Wagner
and intraparticle models were used to calculate the diffusion rate. The actual rate-controlling step
involved in the permanganate ions sorption process was determined by further analysis of the sorp-
tion data applying the kinetic expression given by Boyd.

Keywords: Anion exchanger; Adsorption; Permanganate ions; Kinetics; Equilibrium; Diffusion;
Removal

1. Introduction

Manganese is an essential trace nutrient in all known
forms of life. Manganese poisoning, however, hasbeen linked
to impaired motor skills and cognitive disorders. Higher lev-

*Corresponding author.

els of exposure to manganese in water are associated with
increased intellectual impairment and reduced intelligence
quotients in school-age children [1] Heavy metal wastewa-
ter exists in various industries such as metal finishing, elec-
troplating, plastics, pigments and mining, which threatens
to the environment and human lives severely. Therefore it
is urgent to remove toxic heavy metals from waste water.
Several treatment methods have been suggested, developed

1944-3994 / 1944-3986 © 2017 Desalination Publications. All rights reserved.



M.S. Mohy Eldin et al. / Desalination and Water Treatment 72 (2017) 30-40 31

and used to remove heavy metals from wastewater. These
methods [2-7] include chemical precipitation, ion exchange,
cementation, coagulation and flocculation and membrane
processes. However, these techniques have been found to be
very expensive. So, we need effective and inexpensive pro-
cesses for removal of heavy metals.

Adsorption techniques are widely used to remove cer-
tain classes of pollutants from wastewater [8-9].

Potassium permanganate is commonly used in mul-
tidiscipline processes as a strong oxidizing agent for oxi-
dative treatment of a significant number of organic and
inorganic compounds in soil and water solutions [10-19].

Up to our knowledge, few publications addressed the
removal of permanganate ions. Adsorption is considered to
be a cheap and efficient method for the removal of Mn (VII)
from wastewater using different adsorbents such as acti-
vated orange peels powder [20], activated carbon [21-22],
Prosopis cineraria leaf powder [23], and Millet husk [24].

The aim of this work is to study the removal of Mn
(VII) ions from permanganates ions solution using strong
anion exchanger of amine quaternary cross-linked styrene/
divinylbenzene copolymer. Different operation conditions
such as permanganate concentration, adsorption time,
adsorption temperature, adsorption pH, agitation speed,
and finally adsorbent dosage have been investigated,
and its impact on the removal process efficiency has been
presented. Moreover, the kinetic and isothermal results
obtained for permanganate ions sorption with different ini-
tial concentrations were analyzed.

2. Materials and methods
2.1. Materials

Amberlite (IRA 420); A commercial Amberlite IRA-420
ion exchange resin was supplied by Rohm and Hass. It is an
amine quaternary cross-linked styrene/divinylbenzene copo-
lymer. Table 1 shows a summary of the resin properties [25].

Potassium permanganate (KMnO,), minimum assay
99%, was supplied by Sigma Aldrich, Germany.

Table 1

Properties of the resin Amberlite IRA-420
Producer Rohm and Haas
Functionality -N*-(CH,),
Matrix type Polystyrene-DVB
Standard ionic form Crr
Total exchange 3.80
capacity(meq/g)
Bed Porosity 0.32
Wet resin density (g/cm?) 1.15
Bed density (g/cm?) 0.68
pH operating range 0-14
Maximum operating 77°C
temperature
Mean wet nparticle 0.30-0.70

radius(mm)

2.2. Preparation of basic permanganate solution

Potassium permanganate, the stock solution was pre-
pared by dissolving 1 g in 1000 mL distilled water using
magnetic stirrer. The permanganate concentrations in the
supernatant and residual solutions were determined by
measuring their absorbance using 1 cm light-path cell at Max
wavelength 525 nm using UV- Visible spectrophotometer.

2.3. Standard curve of permanganate concentration

Varied Permanganate solution concentrations from 1
ppm to 100 ppm were prepared. The absorbance (A , ) of the
samples was measured using a UV-Visible spectrophotome-
ter and plotted against their concentrations. From the slope,
we can derive the following relation between absorbance
and concentration;

— ) M)
ope

Concentration(ppm) =A,X Constant[

2.4. Adsorption experiment

The adsorption experiments were carried out in a batch
process by using permanganate aqueous solution. The vari-
able parameters namely; the initial permanganate concen-
tration, the adsorbent amount, the contact time, and the
adsorption temperature have been studied. The perman-
ganate adsorption studies have been performed by mixing
0.1 g of wet Amberlite IRA 420 with 10 mL of 100 ppm per-
manganate. The mixture was agitated at R-T using magnetic
stirrer for 30 min then left to settle for 1 min to separate
the adsorbent out of the liquid phase. The permanganate
concentration at ppm, before and after the adsorption, for
each solution, was determined by measuring the absor-
bance at the maximum wavelength (£ = 525 nm) using
UV-VIS spectrophotometer and multiply by 66.67 constant
extracted from the slope of the standard curve. The perman-
ganate removal percentage was calculated according to the
following formula:

P ATE (CO B Ct)
ermanganate removal(%) = Y %100 2)
0

where C, and C, (mg L), are the initial at zero time and
the final concentration of permanganate at a specific time,
respectively.

2.5. Sorption kinetic models

Three frequently used kinetics models namely; the
pseudo-first-order, the pseudo-second-order, and finally
the Elovich have been used to follow up the kinetics of the
adsorption process.

2.5.1. Pseudo-first-order model

Langergren and Svenska [26] correlated the adsorption
rate to the adsorption capacity to follow up the kinetic of
the adsorption process from solution onto solid surface
using the following linear equation:
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In(q, —q,)=1Ing, -kt 3)

The first order reaction rate constant k, (min™') obtained
from the slope of the linear line resulted from plotting
In(q, - q,) versus time. The adsorbed amounts (mg/g) at
time t (min) defined as g, and as g, at equilibrium.

2.5.2. Pseudo-second-order model

The pseudo-second-order model describes the kinetic of
the chemisorption process using the following linear form
equation [27]:

t 1 t
R 4
qt (1+ kzqez) " qﬁ ( )

The second-order reaction rate equilibrium constant k,
(g/mg min) and g, values can be determined from the slope
and intercept of the plot of t/q, against time (min).

2.5.3. Elovich model

Despite the routine use of the simple Elovich model in
describing the kinetics of chemisorption of gas onto solid
systems, it has been also utilized in the recent times to mon-
itor the pollutants adsorption from aqueous solutions. The
simple form equation of the Elovich model is [28]:

q, = o+ fInt @)

Linear relationship normally obtained by plotting g,
versus In t where the slope and the intercept of the obtained
line expressed the initial sorption rate (o; mg/g min), and
the extent of surface coverage and activation energy for
chemisorption (§; g/mg).

2.6. Sorption mechanisms
2.6.1. Dumwald—Wagner model

The Dumwald-Wagner model describes the diffusion of
adsorbate inside particulate by the following equation [29]:

K

10g(1—F2)=—(m)*t (6)

Plotting of log (1-F?) versus t resulted in a straight line.
The diffusion rate constant is K, and the adsorption percent
is F which calculated by (9,/7,).

2.6.2. Intraparticle model
The identification of the adsorption mechanism usually
needs to use the intraparticle model [30].

g, =kt +C @)

Plotting the adsorption capacity g, against /> normally
gives dependences with two linear segments. The intrapar-
ticle diffusion rate (k) and the thickness of the boundary

layer (C) were calculated from the slope and the intercept of
the second linear part, respectively.

2.6.3. Boyd model

Boyd et al. identify the rate-controlling step involved in
the adsorption step using the following equations [31].

—1-[ \exp(-
F=1 (”z)exp( B[) 8

The percentage of solute adsorbed at time ¢ (F) given by
the following equation:

F=A 9
‘. )

The amount of adsorbed solute (mg/g) at any time ¢
and at an infinite time are defined as (g,) and (q,).

B, is a mathematical function of F and can be calculated
for each value of F using Eq. (10) obtaining from substitut-
ing Eq. (8) into Eq. (9). Plotting B, values versus time will
provide useful information to distinguish between external
transport- and intraparticle-transport controlled rates of
sorption based on the linearity of this plot.

B, = —0.4978 Ln(l - qij (10)

2.7. Sorption isotherm models

The sorption isotherm models deal with the main fac-
tors affecting the interaction between the adsorbent surface
and the adsorbate. These factors could be mentioned as:

* The homogeneity of the adsorption sites distribution,
* The limitation of adsorption levels (layers), and
¢ The indirect adsorbent/adsorbate interactions.

2.7.1. Freundlich isotherm

The Freundlich isotherm model, the oldest one, assumed
the heterogeneity of the adsorbent surface and the forma-
tion of multilayer adsorbate [32]. The linear mathematical
form of the model is expressed as:
Ing, =InK, +iLnCe (11)

g
Plotting In g, versus In C, a straight line with slope 1/1,and
intercept In K, is obtained. The g, is defined as the amount of
ions sorbed at equilibrium (mg/g). The adsorbate concen-
tration at equilibrium is C, (mg/L). The K, is an indicator of
the adsorption capacity and 7, is an indicator of the adsorp-
tion effectiveness.

2.7.2. Langmuir isotherm

The Langmuir isotherm model postulated the forma-
tion of monolayer adsorbate onto an entirely homoge-
neous distribution of adsorption sites onto the adsorbent
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surface neglecting the interaction between the adsorbate
molecules [33].
Ce :i K+ Ce
9o Gn T

Plotting of C/q, against C, presenting a straight line of
slope 1/g, and intercept 1/4, K. The Langmuir constants;
the maximum adsorption capacity g, (monolayer capacity;
mg/g) and the energy of adsorption K (L/mg) can be calcu-
lated from the slope and the intercept, respectively.

To predict the favorableness of the adsorption system,
a dimensionless separation factor (R,) was calculated (Eq.
(13)) to identify the isotherm shape [34].

R-_ 1
(1+KC,)

C, is defined as the permanganate ions initial concentration
(mg/L).

(12)

(13)

2.7.3. D-R isotherm

For describing the adsorption of single solute systems,
the D-R isotherm is usually used. The D-R isotherm in one
hand considering the formation of monolayer adsorbate, as
the Langmuir isotherm, but on the other hand, consider-
ing the heterogeneity of the adsorbent surface and unequal
adsorption potential as the Freundlich isotherm model [35].
The D-R isotherm model linear expression is:
Ing, =InV/, -K’¢ (14)

The adsorption capacity at equilibrium is g, (mg/g), the
D-R maximum sorption capacity is V! (mg/g), the adsorp-
tion energy constant is K’ (mol?/kJ?), and the Polanyi poten-
tial is €.

£= RTln(l +i] (15)
C@

The R is defined as the gas constant (8.314x107 kJ/
mol K), and T is the temperature (K). The K'is the energy
required to transfer of adsorbate molecules from the solu-
tion phase to the surface of the solid phase. The nature of the
adsorption process, physical or chemical features, extracted
from the energy value [36] which calculated according to
the following equation [37].

E=(2K’

)4).5

(16)

2.7.4. Temkin isotherm

The Temkin isotherm considers the effect of the indi-
rect interactions between the adsorbent and adsorbate, on
the adsorption process. That indirect interaction leads to
decreases linearly the adsorption’s heat of all molecules in
a layer with coverage [38]. The linear mathematical form of
the model considered as follows [39]:

= n + n
q, = BLnK, +BLnC, 17

Plotting g, against In C, a straight line, indicating the value
of B constant from its slope and the value of K constant
from its intercept, is obtained.The Temkin constant (K,)
is defined as the maximum binding energy equilibrium
binding constant and (B) is the heat of sorption related
constant.

3. Results and discussion
3.1. Adsorption process

A standard curve of permanganate concentration is pre-
sented in Fig. 1. From the curve’s slope, the constant has
been calculated and was fond equal to 66.67.

Factors affecting the permanganate ions removal pro-
cess using Amberlite have been investigated. The fac-
tors considered are the permanganate ions concentration,
the adsorption’s time, the adsorption’s temperature, the
adsorption’s pH, the agitation speed, and the adsorbent
dosage. The impact of those factors on the removal process
efficiency has been presented.

3.1.1. Effect of the permanganate concentration

The effect of variation the permanganate concentra-
tion on its removal percentage and the capacity of adsor-
bent have been presented in Fig. 2. From the illustrated
results, it is clear that the removal percentage has not been
affected significantly by variation of the permanganate
concentration. The removal percentages ranged between
86% and 93%.

On the other hand, a clear increase of the adsor-
bent capacity has been observed. That increment could
be explained by increase the concentration gradient
between the permanganate solution phase and the adsor-
bent solid phase. That gradient acting as the driving force
of the permanganate molecules towards the Amberlite
surface and the interior in addition to the hydrophobic
and the ions exchange interactions. The individual or the
synergetic effect of all the three factors leads finally to the
obtained results.
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Fig. 1. Standard curve for Permanganate concentration.
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Fig. 2. Effect of Permanganate concentration on the removal per-
centage and adsorbent capacity.

3.1.2. Effect of the adsorption time

Fast adsorption is one of the key features of the efficient
adsorbent. Accordingly, the effect of variation the adsorp-
tion time on the removal percentage and the capacity of
adsorbent has been presented in Fig. 3.

From the illustrated data in Fig. 3, it is clear that fast
adsorption process has been recognized through the
removal of 92% of the permanganate ions within 15 min
where its concentration sharply dropped to 8 ppm. The
rate of the adsorption process starts to lower after. That
behavior expected since the remaining permanganate ions
in the solution phase became very low and so the ions
exchange site over the amberlite beads (solid phase) which
represent the driving forces of the adsorption process. On
the other hand, adsorbent capacity shows a similar behav-
ior to the permanganate removal (%) where the capacity
has been increased rapidly in the early time of the adsorp-
tion process then started to level off. The reasons have
been mentioned above.

3.1.3. Effect of the adsorption temperature

Energy consumption is one of the main concerns while
performing any adsorption process from the efficiency and the
practical points of view. The effect of variation the adsorption’s
temperature within 5 min adsorption time on the removal per-
centage and the capacity of adsorbent from 100 ppm perman-
ganate ions solution have been presented in Table 2.

From the tabulated results, it is clear that the adsorp-
tion’s temperature has no significant effect on the adsorp-
tion process which reflects its slightly endothermic nature.
Both of the removal percentage and the adsorbent capac-
ity have been increased very slightly with increasing the
adsorption’s temperature. That slight increment could be
explained by the high affinity between the permanganate
liquid phase and the Amberlite solid phase. That affinity
consequently reduces the main effect of the adsorption
temperature in facilitating the diffusion of the adsorbed
permanganate ions from the liquid phase to the beads solid
phase. Such behavior has been considered as an advantage
for the adsorption process from the cost point of view.

3.1.4. Effect of the adsorption pH

Aqueous solution pH is a critical parameter as it
strongly affects the metal sorption, the surface charge of the
adsorbent, the degree of ionization and the speciation of the
adsorbate species [20]. The permanganate ions adsorption
was carried out to optimize the pH for maximum removal
efficiency. The pH of the solution varied from 2-7, at con-
stant initial concentration, contact time, and temperature.
No significant effect on the removal percentage and the
adsorption capacity was observed upon variation of the
permanganate ions solution pH. The removal percentages
ranged between 92% and 94% within 30 min adsorption
time at R-T (Table 3).

Table 2
Effect of adsorption temperature on the removal percentage
and adsorption capacity

100 - Removal Percentage - 0.12
S0 - v M - =
1]
— L 0. -
5 80 . 0.1 E‘
& 70 Adsorption Capacity 008 =
i Adsorption Capacity - O =
c 60 2
g g
« 50 [ 0.06 @
1] 9]
2 a0 5
m L 0.04 -9
3 30 R
E 5
2 20 L 0.02 5
10 <L

0 T T T T T o
0 10 15 20 25 30 35

Adsorption time (minute)

Fig. 3. Effect of adsorption time on the removal percentage and
adsorbent capacity.

Temperature Removal percentage  Adsorption capacity
(&) (%) (mg/g)
25 79.65 7965
40 81.46 8.146
50 82.13 8.213
60 83.00 8.300
Table 3

Effect of adsorption pH on the removal percentage and
adsorption capacity

pH Removal Adsorption capacity
percentage (%) (mg/g)

2.0 91.55 9.16

4.0 92.30 9.23

5.0 93.10 9.31

7.0 94.00 94




M.S. Mohy Eldin et al. / Desalination and Water Treatment 72 (2017) 30-40 35

The obtained results are agreed with the published
results by Mahmoud et al. [22]. Unlike the ammonium
ion (NHj) and the primary, secondary, or tertiary ammo-
nium cations, the quaternary ammonium cations are per-
manently charged, independent of the pH of their solution
[40]. On the other hand, KMnO, undergoes in acidic-neu-
tral pH conditions to produce Mn*?* and manganese dioxide
as illustrated by Egs. (18)—(19) [11].

In strong acidic condition:

MnOj; +8H" +5¢~ — Mn** + 4H,0 (18)
In acidic-neutral condition:
MnO; +4H" + 3¢~ - MnO, (s) +2H,0 (19)

According to Mahmoud et al. [22], in pH 1.0 solution,
removal of KMnO, was found to proceed via anion exchange
mechanism. Ata pH 7.0, the KMnO, reduction product as Mn
(IT) was removed due to the possibility of complex formation.
The same finding was earlier stated by Zhang et al. [21]. They
found that permanganate was not adsorbed but reduced by
activated carbon particles. The percent of reduction of per-
manganate was strongly pH-dependent. The reducing prod-
uct of permanganate was mainly Mn?*, which was adsorbed
onto the activated carbon particles by surface complexation.

3.1.5. Effect of the agitation speed

The effect of variation the agitation speed from 100 to
300 rpm on the removal percentage and adsorption capac-
ity of permanganate ions was studied. It was found that the
removal percentage ranged from 78.6% to 79.86% while the
adsorption capacity of the resin was found equal to 7.986
(mg/g) after 5 min contact time at 300 rpm compared with
7.86 (mg/g) at 100 rpm, respectively. The high affinity for
the ion exchange site on the ion exchanger beads and the Mn
(VII) ions in the solution eliminates the effect of the agitation
speed to a great extent. That is considered as an advantage
from the economic point of view based on saving energy.

3.1.6. Effect of the adsorbent dose

The effect of variation the adsorbent dose on the removal
percentage and the capacity of the adsorbent have been
studied and presented in Fig. 4. The illustrated results
in Fig. 4. reveal that the permanganate ions removal (%)
increases with increase the adsorbent dose. Within studied
adsorption’s time, 0.02 g of adsorbent has removed 78.5%
of permanganate ions while 0.1 g has removed about 92%
of permanganate ions. On the other hand, it is clear that the
adsorbent’s capacity decreases with increase the adsorbent’s
dose. It is logic enough since increase the adsorbent’s dose
increase the available active site for adsorption the perman-
ganate ions. The rate of capacity decrease tends to level off
due to the limitation of the available permanganate ions.

3.2. Sorption kinetic models

The kinetic study is important for an adsorption pro-
cess because it depicts the uptake rate of the adsorbate and

100 - - 12
— 95 - L 10 &8
.
3 2
T 9 g =
s 7] B3
[*]
< 2
o 85 4 F 6 m
Q 8]
g ==#=—Removal Percentage c
) 0
c B0 4 4 &
@ o
E == Adsarption capacity ‘6
& 5
75 4 - 2 =

70 T T T T T 0

0 0.02 0.04 0.06 0.08 0.1 0.12
Adsorbent amount (g)

Fig. 4. Effect of adsorbent dose on the removal percentage and
adsorbent capacity.

controls the remaining time of the whole adsorption pro-
cess. So, three different kinetic models, pseudo-first-order,
pseudo-second-order and Elovich, were selected in this
study for describing the permanganate ions sorption pro-
cess using AMB.

3.2.1. Pseudo-first-order model

The pseudo-first-order kinetic model was the earliest
model about the adsorption rate based on the adsorption
capacity. The first order reaction rate constant k, (min™)
was obtained from the slope of the linear plot resulting
from plotting In (g, — g,) vs. time; Fig. 5. The values of the
first-order rate constant k, and correlation coefficient, R?
are tabulated in Table 4. From the table, it indicated that
the correlation coefficients are good enough. However, the
estimated values of g, calculated from the equation differed
from the experimental values (Table 4).

1 - y=-0.2424x%-0.44

# 20 ppm
R* = 0.9459 ee
>|< y=-0.1954x-0.27 M40ppm
0 f R*=0.9496
y=-03379x+1.331 A60ppm
R*=0.9593
-1 y=-0.196x+ 0.807 * BOppm
R*=09223
y=-0.1074x+0.975 ¥ 100 ppm
= . | R*=009258
b
o
=2
—
53
-4
-5
-6 T T T T "
0 5 10 15 20 25

Time (minute)

Fig. 5. First order plot for Permanganate ions removal using
AMB.
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Table 4

The values of the first-order-rate constants
G K, Gear Gy R?
20 —-0.2468 0.644 1.807 0.9469
40 -0.195 0.76 3.650 0.9496
60 —-0.342 3.78 5.513 0.9593
80 -0.196 2.24 7.360 0.9223
100 -0.197 2.65 9.300 0.9258

3.2.2. Pseudo-second-order model

The chemisorption kinetics can also be given by the
pseudo-second-order rate. The pseudo-second-order kinet-
ics applies to the experimental data. The plot of t/g, versus
t gave a linear relationship as illustrated in Fig. 6. From the
figure the values of g, calculated and k, can be determined
from the slope and intercept of the plot respectively (Table
5). Also, the value of the correlation coefficients, R* was
extracted. Based on linear regression (R*> = 1) values, the
kinetics of permanganate ions sorption on to AMB can be
described well by the second-order equation; this suggests
that the rate-limiting step in these sorption processes may
be chemisorptions involving valent forces through the shar-
ing or exchanging of electrons between sorbent and sorbate
[31]. Additionally, comparing the values of g, calculated
resulted from the intersection point of the second-degree

18 - y=0.5399%+0.3845
# 20ppm R?=0.9996
16 1 40 ppm V7 02696%+0.1356
R*=0.9998
14
y=0.1759x+0.1379
12 1
- 10 4
o
S,
- 3 n
[
4 -
2 -
1] T T T ]

0 10 20 30 40
Time (minute)

Fig. 6. Second order plot for Permanganate ions removal using
AMB.

Table 5

The values of the second-order-rate constants
S K, Jear Texp. R?
20 0.38454 1.85 1.807 0.999
40 0.13565 3.71 3.650 0.999
60 0.13792 5.69 5.513 0.999
80 0.12554 77 7.360 0.999
100 0.08335 9.6 9.300 0.999

reaction kinetic curve with that obtained from the experi-
mental data indicated that the second order rate expression
fits the data most satisfactorily.

3.2.3. Elovich model

The simple Elovich model is one of the most useful models
for describing the kinetics of chemisorption of gas onto solid
systems. However recently it has also been applied to describe
the adsorption process of pollutants from aqueous solutions.
Fig. 7. illustrates the plot of g, against In ¢ for the sorption of
permanganate ions onto AMB. From the slope and intercept of
the linearization of the simple Elovich equation, the estimated
Elovich equation parameters were obtained (Table 6). The
values of B are indicative of the number of sites available for
adsorption while a values are the adsorption quantity when
In t is equal to zero; i.e., the adsorption quantity when tis 1 h.
This value is helpful in understanding the adsorption behav-
ior of the first step [32]. Also, from the figure, it was declared
that the Elovich equation does not fit well with the experimen-
tal data since the correlation coefficients are very low.

3.3. Sorption mechanisms

Since the determination of adsorption mechanism is
required for design purposes and the previously mentioned
models could not identify a diffusion mechanism, so we are
going to discuss different adsorption diffusion models in the

12 7 ¢ 20ppm y=0.1192x+1.4348

R*=0.B886

y=01988x+3.0324
10 4 ®40ppm .
R*=0.8355

}
- ;
60 ppm v-0.5031x+3.9’333/
g R®=0.7475

B }
= ¥=0.6358x+5.3965
g # 80ppm RZ:O.?BEBM
o 6 1 y= 0.7362x + 7.0249
£ 100 ppm RZ:D.BDSE,__/—"/)
4 8 —=—=—u
2 - . e ey
— -~ — —
0 T T T "
0 1 2 3 4
Lnt

Fig. 7. Simple Elovich plot for Permanganate ions removal using
AMB.

Table 6

Simple Elovich model constants
o (mg/g min) B (g/mg)
1.441 0.119
3.032 0.199
4.004 0.503
5.397 0.636
7.025 0.736
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following. It is known that a typical liquid/solid adsorption
involves film diffusion, intraparticle diffusion, and mass
action. For physical adsorption, mass action is a very rapid
process and can be negligible for kinetic study. Thus, the
kinetic process of adsorption is always controlled by liquid
film diffusion or intraparticle diffusion, i.e., one of the pro-
cesses should be the rate limiting step [33]. Therefore, adsorp-
tion diffusion models are mainly constructed to describe the
process of film diffusion and intraparticle diffusion. To illu-
minate the diffusion of permanganate ions through AMB, the
diffusion rate equation inside particulate of Dumwald-Wag-
ner and intra-particle models were used to calculate the dif-
fusion rate. On the other hand concerning the external mass
transfer, Boyd model was examined to determine the actual
rate-controlling step for the permanganate ions adsorption.

The linear plot of log (1 — F?) versus f indicates the appli-
cability of Dumwald-Wagner kinetic model (Fig. 8). The
diffusion rate constants for permanganate ions diffusion
inside AMB were tabulated in Table 7.

The intraparticle diffusion plot for permanganate ions
adsorption onto AMB was given in Fig. 9. Two separated
linear portions that represent each line could be observed
from the figure. These two linear portions in the intrapar-
ticle model suggest that the adsorption process consists of
both surface adsorption and intraparticle diffusion. While
the initial linear portion of the plot is the indicator of bound-
ary layer effect, the second linear portion is due to intra-
particle diffusion [34]. The intraparticle diffusion rate (k))
was calculated from the slope of the second linear portion

0 - y=-0.0108x-04633

RP=0.743 #20ppm
-0.1 - y=-0.0098x - 0.5309
R*=0.654 W a0ppm
-0.2 y=-0.0141x- 0.472
—~ 03 R?=0.5657 50 ppm
‘L"—; - v=-00141x-04634
ga' 04 J A R?=0.6388 PP
= 05 4 : y=-0.0142x-05063 ¥ 100 ppm
& - RI=0.6185
w  -0.6
[s])
—
-0.7
-0.8
-0.9 4
-1 T T T v
0 10 20 30 40

Time (minute)

Fig. 8. Dumwald-Wagner plot for Permanganate ions removal
using AMB.

Table 7

Dumwald-Wagner diffusion rate constants
C, K R?
20 0.025 0.743
40 0.0226 0.654
60 0.0325 0.5657
80 0.0325 0.6388
100 0.0327 0.685

10 -
420 ppm
9
W0 ppm
g 4 60 ppm ¥
7 4 # 80 ppm X bt X X
% 6 100 ppm w
)
g 9]
4 | | |
|
3 | n
2 1 . . L *
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Fig. 9. Intraparticle diffusion plot for Permanganate ions remov-
al using AMB.

(Table 8). The values of C give an idea about the thickness
of the boundary layer. The larger the intercept, the greater
is the boundary layer effect [35].

To characterize what the actual rate-controlling step
involved in the permanganate sorption process, the sorp-
tion data were further analyzed by the kinetic expression
given by Boyd et al. [36]. The value of B, can be calculated
for each value of F using Eq. (10). The calculated B, values
were plotted against time as shown in Fig. 10. The linearity

Table 8
The intraparticle diffusion constants
C, K, C R?
20 0.028 1.663 0.6456
40 0.036 3.462 0.837
60 0.037 5.316 0.5424
80 0.089 6.888 0.8956
100 0.109 8.728 0.8686
2.5 1
2
1.5 A
@ : # 20 ppm
1 & M40 ppm
60 ppm
0.5 4 * 80 ppm
¥ 100 ppm
] T T T ]
] 10 20 30 40

Time (miute)

Fig. 10. Boyd expression of the sorption of Permanganate ions
using AMB.
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of this plot will provide useful information to distinguish
between external transport- and intraparticle-transport
controlled rates of sorption. Fig. 10 demonstrates the plot
of B, versus t, which was a straight line that does not pass
through the origin, indicating that film diffusion governs
the rate limiting process [37].

3.4. Sorption isotherm models

Sorption isotherms are mathematical models that
describe the distribution of adsorbate species among solid
and liquid phases, and they are thus important for chemical
design. The results obtained for the sorption of permanga-
nate ions onto AMB were analyzed with the well-known
Freundlich, Langmuir, Temkin, and Dubinin—-Radushkev-
ich (D-R) models. The sorption data obtained for equilib-
rium conditions were analyzed with the linear forms of
these isotherms.

3.4.1. The Freundlich isotherm

The Freundlich isotherm is a widely used equilibrium
isotherm model but provides no information on the mono-
layer sorption capacity, in contrast to the Langmuir model
[38,39]. The Freundlich isotherm model assumes neither
homogeneous site energies nor limited levels of sorption.
The Freundlich model is the earliest known empirical equa-
tion and has been shown to be consistent with the exponen-
tial distribution of active centers, which is characteristic of
heterogeneous surfaces [40]. The values of Freundlich con-
stants 7, and K, estimated from the slope and intercept of
the linear plot (Fig. 11.) were 0.83 and 0.8023, respectively.
From the estimated values of n, it was found that n, < 1
dictated less favorable sorption fgr permanganate ions with
the AMB beads [41].

3.4.2. The Langmuir model

The Langmuir model is valid for monolayer sorption
onto entirely homogeneous surface with a finite number
of identical sites and with a negligible interaction between
adsorbed molecules. According to the R* value, which is

25 -
2 4 *
15 1 v=12121x-0.2202
R*=0.9967
]
o 1
c
—
0.5 4
0 T T T T ]
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LnCe
Fig. 11. Freundlich isotherm for the sorption of Permanganate
ions using AMB.

regarded as a measure of the experimental data fitting for
the isotherm model applying, the Langmuir equation for
the sorption process of permanganate ions, the R? value
obtained is 0.9327 (Fig. 12). That indicates a good mathe-
matical fit. The Langmuir parameters for permanganate
ions removal, g,, and K were calculated from the slope and
intercept of Fig. 12. The calculated values are 20.54 (mg/g)
and 23.64 (L/mg), respectively. This indicates that the AMB
was highly efficient for permanganate ions removal and
had a moderately high energy of sorption (23.64 L/mg).

On the other hand, the essential characteristics of the
Langmuir isotherm are defined by a dimensionless sepa-
ration factor (R,) that is indicative of the isotherm shape,
which predicts whether an adsorption system is favorable
or unfavorable. The calculated values of R, for perman-
ganate ions removal (Table 9) show favorable adsorption
because the R, values fall between 0 and 1 [42]. That again
confirms that the Langmuir isotherm was favorable for the
sorption of permanganate ions onto AMB under the condi-
tions used in this study.

Langmuir and Freundlich isotherms are insufficient
to explain the physical and chemical characteristics of
adsorption.

3.4.3. The D-R isotherm

The D-R isotherm is commonly used to describe the
sorption isotherms of single solute systems. The D-R iso-
therm, apart from being an analog of the Langmuir iso-

1.2 -

y=-00487x+1.1509
R*=0.9327

0.4 4

0 T T T ]
o] 2 4 6 8

C, (mem)

Fig. 12. Langmuir isotherm for the sorption of Permanganate
ions using AMB.

Table 9
R, values for different permanganate ions adsorption using
AMB

C, R,
20 0.00211
40 0.00106
60 0.0007

80 0.00053
100 0.00042
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therm, is more general than the Langmuir isotherm because
it rejects the homogeneous surface or constant adsorption
potential. The D-R isotherm model was applied to the equi-
librium data obtained from the empirical studies for per-
manganate ions removal with AMB to determine the nature
of the sorption processes (physical or chemical). A plot of In
q,against €”is given in Fig. 13. The D-R plot yields a straight
line with the R? values equal to 0.9024, and this indicates
that the D-R model is less fits the experimental data in com-
parison with the Freundlich and the Langmuir isotherm
models. According to the plotted D-R isotherm, the model
parameters V/, K', and E are equal to 8.47 mg/g, 1.53 mol?/
kJ?, and 0.57 kJ/mol, respectively. The calculated adsorp-
tion energy (E < 8 kJ/mol) indicates that the permanganate
ions sorption processes could be considered physisorption
in nature [43]. Therefore, it is possible that physical means
such as electrostatic forces played a significant role as sorp-
tion mechanisms for the sorption of permanganate ions in
this work.

3.4.4. The Temkin isotherm

The Temkin isotherm considers the effects of indirect
adsorbent/adsorbatee interactions on the adsorption pro-

2.5 -
.
2 A y=-15207x+ 21375
R=0.9024
*
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o
o
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-
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0.5 4
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Fig. 13. D-R isotherm for the sorption of Permanganate ions us-
ing AMB.
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Fig. 14. Temkin isotherm for the sorption of Permanganate ions
using AMB.

Table 10
R? Values for Permanganate removal with the different studied
equilibrium isotherms

Isotherm model R?

Freundlich 0.9967
Langmuir 0.9327
D-R 0.9024
Temkin 0.9280

cess. The heat of adsorption of all molecules in a layer
decreases linearly with coverage because of adsorbent/
adsorbatee interactions. According to Fig. 14, the calculated
value of K, is 0.6464 L/g, and this represents the equilib-
rium binding constant corresponding to the maximum
binding energy; however, constant B, which is 5.345 ] /mol,
is related to the heat of sorption.

Finally, all the R* values obtained from the four equi-
librium isotherm models applied to permanganate ions
sorption on AMB are summarized in Table 10. The Freun-
dlich model yielded the highest R? value (0.9967), and this
showed that permanganate ions sorption on the AMB was
best described by this model which assumes neither homo-
geneous site energies nor limited levels of sorption.

4. Conclusion

Successful adsorption of permanganate ions from aque-
ous solution has been achieved using Amberlite IRA-420
anion exchanger (AMB). Variation of the permanganate
ions and the adsorbent dosage was found effective and
determined in controlling the both the removal percent-
age and the adsorption capacity. Variation of the agitation
speed and the adsorption temperature and pH were found
not significant. These findings are very profitable from the
economical point of view. The bench-scale studies carried
out for permanganate ions removal with AMB showed a
moderate sorption capacity (20.54 mg/g) at 25°C accord-
ing to the Langmuir isotherm. Among the four adsorption
isotherms tested, The Freundlich model yielded the high-
est R? value (0.9967), and this showed that permanganate
ions sorption on the AMB was best described by this model
which assumes neither homogeneous site energies nor lim-
ited levels of sorption.

The kinetics of the permanganate ions sorption rate was
best explained by the pseudo-second-order kinetic equa-
tion. The kinetic model confirmed that the ion-exchange
mechanism played a significant role in all the studied per-
manganate ions sorption systems.

Moreover, diffusion mechanism of permanganate ions
was described by different adsorption diffusion models.
The diffusion rate equations inside particulate of Dum-
wald-Wagner and intraparticle models were used to cal-
culate the diffusion rate. E are less than 8 kJ/mol, so the
sorption process has a physical nature. To determine what
was the actual rate-controlling step involved in the per-
manganate ions sorption process, the sorption data was
further analyzed by the kinetic expression given by Boyd.
The obtained results indicate that the film diffusion is the
rate-limiting process.
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