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Abstract: Simultaneous removal of radiocobalt and
manganese by adsorption onto polyacrylonitrile/hex-
adecyltrimethylammonium bromide/potassium copper
hexacyanoferrate (PAN/HDTMA/KCuHCF) composite was
studied. The synthesized composite was characterized by
Fourier-transformed infrared (FT-IR), thermogravimetric
analysis (TGA) and X-ray diffraction (XRD). The influence
of the solution pH was studied in the range 1.5-7.8 and the
results showed the effectiveness of the synthesized com-
posite for simultaneous adsorption of radiocobalt and
manganese in the pH range 2.5-6 at an adsorbent mass of
4 g/L. Adsorption kinetic data of manganese at the stud-
ied concentrations were best fitted by pseudo-second-
order kinetic model and the diffusion study showed that
the adsorption process was controlled by film diffusion.
Thermodynamic parameters (AG°, AH®° and AS°) were
estimated and the results indicated that adsorption
processes of the concerned (radio)toxicants were spon-
taneous and endothermic in nature. Of the studied
isotherm models, Freundlich and Langmuir were the best
ones for describing the adsorption isotherm data of radi-
ocobalt and manganese, respectively. The adsorption
capacity of PAN/HDTMA/KCuHCF was found to be 23.629
(for radiocobalt) and 62.854 (for manganese). Desorption
of Radiocobalt and manganese loaded onto PAN/HDTMA/
KCuHCF composite was studied using various desorbing
agents at different concentrations.
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1 Introduction

Radiocobalt, ®°Co, is a well-known toxic radioactive
element because of its relatively long half-life and high
energy of gamma emission [1]. Therefore, it is vital to be
concerned. Besides its radiotoxicity, cobalt possesses
chemical toxicity which includes diarrhea, paralysis, lung
irritations and bone defects [2]. On the other hand, the
intake of manganese heavy metal resulted generally in
serious health problems particularly for nervous and blood
systems and thus it is considered one of the recognized
contaminants. Permanganate (MnO,"), one of manganese
species, is a toxic and aquatic organisms-threatening
species. At low concentrations, permanganate solution
can damage the gastrointestinal tract and can even be fatal.
Relatively high concentrations of this solution cause throat
swelling, suffocations and anemia [3]. In radioactive liquid
waste, *°Co and **Mn radionuclides are found as activation
products derived from nuclear reactor materials [4, 5]. It is
reported that these radionuclides are still contained in the
decontaminated water after the conventional decontami-
nation processes [6, 7]. Taking into consideration the
abovementioned detrimental effects, it is a very crucial to
remove cobalt and manganese from their binary aqueous
solutions.

A lot of publications are reported on the removal of
radionuclides by various treatment technologies such as
chemical precipitation, solvent extraction, adsorption,
membrane processes, reverse osmosis and foam separa-
tion [8-10]. Nevertheless, most of these publications are
concerned with the removal of a single type of species,
either cationic or anionic, and few studies are reported on
removal of cationic and anionic contaminants from their
binary aqueous solutions. Mahmoud and co-authors suc-
ceeded to simultaneously remove ®“Cs* and HCrO,™ [11],
Co®* and HCrO, [12] and Cs* and *TcO,” [13] by
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adsorption process using polyacrylonitrile/ferrocyanide
composite incorporated with cetrimonium bromide,
8-hydroxyquinoline-5-sulfonic acid-modified MCM-41 and
silica/ferrocyanide composite, respectively. By foam sep-
aration technique, Mahmoud and Lazaridis [14] efficiently
removed ®*Ni** and °'CrO,> from radioactive process
wastewater. A two-step method combining adsorption and
photoreduction was applied by Yan et al. [15] for simul-
taneous removal of Cu** and Cr,0,%. Simultaneous
removal of As>* and SO,>” was investigated by Matos et al.
[16] using immobilized non-traditional sulfate-reducing
bacteria mixed culture and alternative low cost carbon
sources. Li et al. studied the simultaneous removal of TI*
and C1” using modified ion exchange resins [17]. Yan et al.
evaluated the simultaneous adsorption of Cd** and
HAsO,* from metallurgical wastewater using titanium
dioxide, nanoscale zero-valent iron, granular ferric oxide
and activated alumina [18]. Bifunctional mesoporous sil-
ica adsorbent was synthesized by Chen et al. [19] for
simultaneous removal of Pb*" and NO5~. Simultaneous
removal and recovery of Cd** and CN~ from simulated
electroplating rinse wastewater by a strip dispersion
hybrid liquid membrane containing double carrier was
studied by He et al. [20]. Herein, it can be deduced that no
publications are found concerning the simultaneous
removal of cobalt cationic species (Co*") and manganese
anionic species (MnO,"), which is the objective of the
present investigation.

In this research, polyacrylonitrile/hexadecyltrimethyla-
mmonium bromide/potassium copper hexacyanoferrate (III),
PAN/HDTMA/KCuHCF, composite was synthesized and
characterized for removal of radiocobalt cations (*°Co?*) and
manganese anion (MnO,") from their binary aqueous solu-
tions. To achieve this goal, the effect of many variables such as
pH, contact time, adsorbate concentration, adsorbent mass
and temperature on simultaneous adsorption process of the
concerned species was evaluated. Besides, various kinetic
and isotherm mathematical models were used to analyze the
kinetic and equilibrium isotherm data, respectively, and the
thermodynamic parameters were estimated.

2 Materials and methods
2.1 Materials

Cobalt chloride (CoCl,.6H,0) was purchased from Fluka. The radio-
active ®°Co?* was obtained by irradiation of cobalt chloride hexahy-
drate in the Egypt Second Research Reactor and was used as a
radiotracer during conducting the adsorption experiments of the
present work. Potassium permanganate (KMnO,) was purchased from
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Sigma-Aldrich. Acrylonitrile (AN, 99% purity) was obtained from
Cambrian Chemicals. Potassium persulfate (KPS, K,S,0g) and hex-
adecyltrimethylammonium bromide cationic surfactant (purity >98%)
were supplied by Merck. Potassium hexacyanoferrate (III) (KHFC,
K;[Fe(CN)¢].3H,0), copper chloride (CuCl,.2H,0), ammonium sulfate
((NH,4),S0,4), aluminum nitrate (Al(NOs);.9H,0) were obtained by
Riedel-de-Haen. Sodium hydroxide (NaOH) and hydrochloric acid
(HCI) were purchased from Chem-Lab.

2.2 Synthesis of PAN/HDTMA/KCuHCF composite

PAN/HDTMA/KCuHCF was synthesized according to the schematic
representation shown in Figure 1. In a beaker, hexadecyl-
trimethylammonium bromide, HDTMA, solution (0.72 g/40 mL
distilled water) was mixed with 20 mL AN. This mixture was kept at
60 °C under magnetic stirring at 120 rpm for 10 min. Then 50 mL of
0.5 M copper chloride solution was added to this mixture followed by
the addition of 30 mL distilled water (DW) containing 1 g KPS. The
stirring was continued until the beginning of the polymerization
process which was visually observed via the formation of white par-
ticles. Potassium hexacyanoferrate(III), KHCF, solution (150 mL, 0.5M)
was then added drop-wise. The formed PAN/HDTMA/KCuHCF sus-
pension was aged at 60 °C under stirring for 2 h. Afterward, the solid
particles were allowed to settle and the liquid phase was removed by
decantation. The remained solid phase was washed several times with
distilled water. The collected solid particles were eventually trans-
ferred to a Petri dish and dried at 80 °C for 24 h and ground into fine
particles. Polyacrylonitrile (PAN) particles were also synthesized ac-
cording to the procedures illustrated in Figure 1 but in absence of
HDTMA, KHCF and copper chloride solutions. Whereas, particles of
potassium copper hexacyanoferrate (KCuHCF) were synthesized in
absence of AN, HDTMA and KPS.

2.3 Measurements

For qualitative analysis of the surface functional groups of poly-
acrylonitrile (PAN), potassium copper hexacyanoferrate (KCuHCF)
and the concerned composite (PAN/HDTMA/KCuHCF), the materials
were characterized by Fourier transform infrared spectroscopy (FT-IR)
using a Nicolet is 10 spectrometer (USA) in the range 4000-400 cm™
with 4 cm™ resolution using KBr method. X-ray diffraction patterns of
PAN, KCuHCF and PAN/HDTMA/KCuHCF were recorded using a Phi-
lips PW1830 diffractometer with Cu Ka as the incident radiation. The
thermal stability of the materials was evaluated using a Shimadzu
DTA-TG50 thermal analyzer (Japan). Thermogravimetric analysis
(TGA) was performed in the temperature range of 50-700 °C at a
heating rate of 20 ‘C/min. The radioactivity of *°Co*" radionuclides
before and after adsorption experiments was measured radiometri-
cally using a Nal scintillation counter connected to single channel
spectrometer (Spectech ST 360 to crystal, USA). While, the concen-
tration of manganese was determined spectrophotometrically using a
Spectronic-20 Uv-Vis spectrophotometer (USA). Batch adsorption ex-
periments were conducted in a temperature controlled water bath
orbital shaker (Stuart SBS40, UK). A Heidolph magnetic stirrer (MR
3001 type, Germany) was used for stirring purposes during synthesis
process of the materials. After adsorption experiments, the solid phase
was separated by centrifugation using a Chirana centrifuge (Ger-
many). A HANNA pH-meter (model HI 8519, Italy) was used for
adjustment of the solution pH.
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Figure 1: Synthesis scheme of PAN/HDTMA/KCuHCF composite.

2.4 Adsorption experiments of cobalt and manganese

The influence of the solution pH at PAN/HDTMA/KCuHCF masses of 1
and 4 g/L was studied in the pH range 1.5-7.7 by adding the required
adsorbent mass to 5 mL adsorbate solution, containing 30 mg/L cobalt
(spiked with ¢°Co) and 137 mg/L manganese, adjusted to the desired
pH. The suspensions were then shaked using an orbital water bath
shaker at a shaking speed of 120 rpm for 2 h. The solid phase was then
separated by centrifugation at 4000 rpm and the radioactivity of ®°Co
and the concentration of manganese in the liquid phase were
measured radiometrically and spectrophotometrically, respectively.
Adsorption experiments of 30 mg/L cobalt and 137 mg/L manganese at
PAN/HDTMA/KCuHCF masses in the range 1-4 g/L were performed by
contacting the adsorbent with 5 mL adsorbate solution of pH 3.5. The
stirring speed and the reaction time were kept constant at 120 rpm and
2 h, respectively. After equilibration, the contents of the glass bottles
were centrifuged the aqueous phase was radiometrically (in case of
%Co) and spectrophotometrically (in case of manganese) analyzed.
Kinetic studies of the present adsorption processes at different
adsorbate concentration were studied by adding 4 g/L. PAN/HDTMA/
KCuHCF to 5 mL adsorbate solution (30 and 60 mg/L cobalt and 55 and
137 mg/L manganese). The pH of the solution was maintained constant
at 3.5 using negligible volumes of HCl or NaOH solutions while the
shaking speed was fixed at 120 rpm. At pre-determined time intervals,
samples were withdrawn and centrifuged at 4000 rpm and the
radioactivity of ®’Co as well as the concentration of manganese in the
liquid phase was determined. The effect of temperature on adsorption
processes of cobalt and manganese was investigated at 25, 35, 45 and
60 °C using 4 g/L PAN/HDTMA/KCuHCF composite at pH 3.5. The
adsorbate and adsorbent suspension was equilibrated for 2 h at
120 rpm. The impact of the initial concentrations of cobalt and man-
ganese on their adsorption efficiency was studied by adding 4 g/L
PAN/HDTMA/KCuHCF to the adsorbate solution of the required initial
concentration adjusted at pH 3.3 and the suspensions were equili-
brated for 2 h. The suspensions were then centrifuged at 4000 rpm for
determination of ®°Co radioactivity and manganese concentration in
the supernatant.

PAN/HDTMA/KCuHCF
composite

2.5 Data presentation

Adsorption data of cobalt and manganese were represented as
removal %, adsorbed amount of adsorbate (Q) and distribution coef-
ficient (K;) which were calculated using the following relations:

Removal % of radiocobalt = A"”'L:/Ilﬂ""l x 100 1)
initial
Removal % of manganese = M x 100 @)
(Clinitiat
Q(mg/g) :Re#vgl%xcmml X% 3)
K4(ML/8)radiocobate = W X V_]l//' @
Ko (L8 anganse = -t~ [na "”"‘["‘Z];milc]f i x% )

where A is the radioactivity of (o, C is the initial concentration of
adsorbate (mg/L), V is the volume of the adsorbate solution (L) and W
is the mass of PAN/HDTMA/KCuHCF composite (g).

2.6 Desorption studies

various desorbing agents ((NH,),SO,, CaCl,, Al(NOs);, HCl and
Na,HPO,) in the concentration range 0.001-0.1 mol/L were used to
evaluate the desorption processes of cobalt and manganese ions
loaded onto PAN/HDTMA/KCuHCF at the optimum adsorption con-
ditions ([cobalt] = 30 mg/L, [manganese] = 137 mg/L, PAN/HDTMA/
KCuHCF mass = 4 g/L, pH = 3.3, stirring time = 2 h, stirring
speed = 120 rpm). Desorption experiments were conducted by adding
5 mL desorbing agent of the required concentration to PAN/HDTMA/
KCuHCF particles loaded with cobalt and manganese. The suspen-
sions were kept under stirring for 24 h at 120 rpm. And then were
centrifuged at 4000 rpm. The radioactivity of ®°Co and the concen-
tration of manganese in the supernatant, obtained by centrifugation of
the suspensions at 4000 rpm, were determined. The desorption per-
centage (desorption%) of the studied adsorbates was calculated as
follow:
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Adsorbed X Vd
—— = —x100 (6)
(Aim'tial - Afz'nal) xV

Desorption % of radiocobalt =

. [C]desorbed X Vd
Desorption % of manganese = x 100
([Clinitia = [C]final) xV

™

Where Cis the concentration of manganese, V,is volume of desorption
solution (L), A and V are previously defined.

3 Results and discussion
3.1 Characterization

The FT-IR spectra of PAN, KCuHFC and PAN/HDTMA/
KCuHCF are shown in Figure 2A. This figure demonstrates
that these materials exhibited various absorption peaks
due to the existence of different functional groups. The
broad absorption peaks around 3442 cm™ observed in the
spectra of the characterized materials are attributed to the
stretching vibration of OH groups of interstitial water. The
absorption peaks at 2924 and 2865 cm ' for PAN/HDTMA/
KCuHCF spectra are ascribed to the stretching vibration of
C-H. These peaks together with that at 1410 cm ™" (due to the
stretching vibration of C-N) confirmed the occurrence of
HDTMA in the synthesized composite. The sharp and
intense peaks at 2098 cm™ (for KCuHCF) and 2248 cm™ (for
PAN) are attributed to the stretching vibration of nitrile
(C=N) group. These absorption peaks are also coexisted in
the spectrum of PAN/HDTMA/KCuHCF. The absorption
peaks located at 1615 cm™ in the spectra of PAN, KCuHFC
and PAN/HDTMA/KCuHCF are attributed to the bending
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vibration of interstitial water molecules. The absorption
peaks at 1426 cm ™ in the spectra of PAN and PAN/HDTMA/
KCuHCF are assigned to the bending vibration of CH,
group. The absorption peaks observed at 485 and 496 cm™
in the spectra of PAN and PAN/HDTMA/KCuHCF composite
indicated the occurrence of metal-carbon bond. Regarding
the spectra shown in Figure 2A, it can be seen that the
absorption peaks of PAN and KCuFC are coexisted in that of
PAN/HDTMA/KCuHCF, which indicated the formation of
the concerned composite.

To evaluate the thermal stability of PAN/HDTMA/
KCuHCF composite, the TGA were conducted in the tem-
perature range 50—700 °C and compared with those of PAN
and KCuHCF. The obtained data are depicted in Figure 2B.
Regarding the thermogram of PAN, it can be noted that
there is no weight loss is recorded up to 300 °C, whereas a
sharp weight loss is observed in the temperature range
300-340 °C that followed by a gradual decrease in PAN
weight with increasing temperature and finally reached to
849% at 700 °C. For KCuHFC and PAN/HDTMA/KCuHCF, the
weight loss (35.5 and 24.7%, respectively) at 200 °C is
ascribed to the release of free and interstitial water mole-
cules [21]. Further temperature increase, increased the
weight loss of KCuHFC and weight loss of 51% is observed
at 388 °C which remained unchanged up to 700 °C. The
weight loss in the temperature range 200-350 °C for PAN/
HDTMA/KCuHCF can be attributed to the decomposition of
the surfactant hexadecyltrimethylammonium bromide
[13]. The weight loss observed for PAN/HDTMA/KCuHCF
composite at temperature > 350 °C is attributed to:
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Figure 2: FT-IR (A), TGA (B) and XRD (C) of
PAN/HDTMA/KCuHCF composite.
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(i) decomposition of KCuHFC to copper and iron oxides [13]
and (ii) decomposition of PAN with the release of hydrogen
cyanide and ammonia gasses [21, 22].

The XRD patterns of PAN, KCuHFC and PAN/HDTMA/
KCuHCF are shown in Figure 2C. The two diffraction peaks
observed at 20 of 17.1° and 29.8° for PAN indicates its
crystalline structure. This obtained XRD pattern of PAN
agrees well with those reported in literature [13-25]. The
XRD pattern of KCuHFC showed diffraction peaks at 26 of
17.5°, 24.9°, 35.8°, 39.9°, 43.9°, 51.3°, 54.7° and 57.8°, which
are characteristic peaks for crystalline metal ferrocyanides
[26, 27]. The coexistence of PAN and KCuFC diffraction
peaks at the XRD pattern of PAN/HDTMA/KCuHCF
confirmed the occurrence of their particles in the synthe-
sized composite.

3.2 Effect of the solution pH

The effect of the solution pH on the removal percentage of
cobalt and manganese is studied at PAN/HDTMA/KCuHCF
composite dosages of 1 and 4 g/L. The data obtained are
depicted in Figure 3A. At the studied adsorbent dosages,
the data given in this figure show that the removal per-
centage of cobalt is abruptly increased with increasing the
pH of the solution and almost complete removals are
attained at pH values = 3.3. For manganese ion, removal
percentage of about 76% are achieved below pH 3.3 using
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1g/L PAN/HDTMA/KCuHCF composite. Beyond this value,
the removal percentage is decreased with increasing the
solution pH and reached to about 56% at pH 7.8. By
increasing the adsorbent dosage to 4 g/L, removal per-
centage more than 99.5% are achieved for manganese at
the studied pH range of 1.5-7.8.

The data depicted in Figure 3A could be interpreted by
taking into consideration the speciation diagram of
cobalt(Il) and manganese(VII) demonstrated in Figure 3B,
which are calculated using the Phreeqc software. As shown
by this figure, Co?* ion is the predominant species of
cobalt(I) at pH values below 6. Further increase in the
solution pH resulted into the formation of Co(OH), insol-
uble species which became the predominant one at pH > 8.
On the other hand, MnO, " anion is the dominant species of
manganese(VII) in the pH range 1-13. This implies that
cobalt is adsorbed onto PAN/HDTMA/KCuHCF at pH below
6 via ion exchange of Co?* cations with K* and/or Cu** ions
at the adsorbent surface. Beside this adsorption mecha-
nism, precipitation of cobalt as Co(OH), participated in the
removals achieved for cobalt at pH values higher than 6.
The reduction in the removal percentage of cobalt at pH
values < 3 is attributed to the competition between H* and
Co?* ions for adsorption onto the employed adsorbent. Ion
exchange of MnO,~ with the surfactant (HDTMA) counter
anion (Br~) at the composite is considered the main reason
for adsorption of manganese onto PAN/HDTMA/KCuHCF.
It is reported that the positive charge of the quaternary
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ammonium surfactants, HDTMA among them, is unaf-
fected by the solution pH [28]. Therefore, changing the
solution pH is found to have no effect on the removal
percentage of manganese at 4 g/L PAN/HDTMA/KCuHCF
composite (Figure 3A).

Figure 3C illustrates the effect of the solution pH on the
removal percentage of cobalt and manganese in absence of
the adsorbent. In absence of manganese, removal percent-
ages less than 10% are obtained for cobalt at pH values < 4.
By increasing the solution pH, the removal percentage is
increased which reached to 47.6% at pH 8.5. This increment
in the removal percentage is attributed to precipitation of
cobalt as Co(OH),. On the other hand, the removal per-
centage of cobalt is sharply increased at pH = 3.5 in presence
of manganese and almost complete removals are attained at
pH = 6.4. The shift in the precipitation pH to a lower value
and the high precipitation percentages obtained for cobalt
is presumably attributed to oxidation of cobalt(Il) to
cobalt(Ill) by manganese(VII) and the subsequent forma-
tion of Co(OH); precipitate. Oxidation of cobalt(Il) to
cobalt(IIl) by manganese(VII) has been previously reported
in literature [29]. The speciation data of manganese(VII)
depicted in Figure 3B show that MnO," is the predominant
species of manganese in the pH range 1-13. However, about
28% of manganese is removed in presence of cobalt in the
pH range 6.2-7.1 without utilization of the adsorbent. This
finding can be ascribed to coprecipitation and/or adsorp-
tion of MnO, " by cobalt hydroxide precipitate. Based on the
results of the effect of the solution pH on removal percent-
age of cobalt and manganese in absence of the adsorbent
(Figure 3C) and the data given in Figure 3A, the subsequent
adsorption experiments were conducted at pH 3.5 to avoid
precipitation of cobalt.

3.3 Effect of PAN/HDTMA/KCuHCF dosage

The influence of the adsorbent dosage on the removal
percentages and the adsorbed amounts of cobalt and
manganese are shown in Figure 4. This figure clarifies that
both the removal percentage and the adsorbed amount of
the concerned toxicants are markedly dependent on the
adsorbent dosage. By increasing the dosage of PAN/
HDTMA/KCuHCF, the removal percentage is increased and
reached to its maximum value of about 99% at 1.5 and 3 g/L
for cobalt and manganese, respectively. On the other hand,
increasing the adsorbent dosage from 1 to 4 g/L decreased
the adsorbed amount from 99.3 to 39.1 mg/g for manganese
and from 27.8 to 7.9 mg/g for cobalt. The increase in the
number of functional groups at the surface of PAN/
HDTMA/KCuHCF composite with increasing the adsorbent
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dosage is considered the reason for increasing the removal
percentage of cobalt and manganese shown in Figure 4
[30]. On the other hand, the reduction in the adsorbed
amount could be mathematically explained. Regarding the
mathematical relation used for calculating values of the
adsorbed amount of the concerned ions (Eq. (3)), it can be
observed that this value is directly proportional to the
removal percentage while inversely proportional to the
amount of adsorbate (W). Although the removal percent-
age of adsorbates is increased with increasing the amount
of PAN/HDTMA/KCuHCF composite, this increase was low
compared to the increase in the value of W. Thus, the
adsorbed amount of the adsorbates is negatively affected
by the increase in the value of W. Since the main objective
of this investigation was to simultaneously remove cobalt
and manganese from aqueous solutions, an adsorbent
dosage of 4 g/L was therefore the most adequate one
(Figure 4).

3.4 Kinetic studies

The effect of contact time on the removal percentage of
cobalt and manganese is studied at different initial
adsorbate concentrations using adsorbent dosage of 4 g/L
at pH 3.5 (Figure 5) demonstrates that the removal per-
centages of the studied toxicants are sharply increased in
the beginning of the adsorption process and almost com-
plete removals are achieved for cobalt at the studied con-
centrations in the first minute. While most of manganese
ions, 70%, are uptaken by PAN/HDTMA/KCuHCF com-
posite in the first minute. Then, a gradual increase in its
removal percentage is observed with time and maximum

100 n ] i,,,f—xﬁf —3

- 100

////
" —=—Removal %; cobalt
—e— Removal %; manganese | gg
—0—Q,; cobalt

—0—Q,; manganese
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80—
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L 40
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60

50
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Figure 4: Effect of PAN/HDTMA/KCuHCF dosage on the removal
percentage and the adsorbed amounts of cobalt and manganese.
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100 A—————2 kinetic models. These models are the Lagergren-first-order
(Eq. (8)), the Pseudo-second-order (Eq. (9)) and the Elovich
% (Eg. (10)), which are expressed by the following equations
[12, 31, 32]:
K,
R 607 log (Qe - Q) = 108Qe1 - 5303 ) 8)
g
g t 1 1
o 40 —=—7+| =t (9)
@ Qt KZQeZz <Qe2>
20 - —=— 30 mg/L cobalt 1 1
—e— 60 mg/L cobalt Q= Bln(“ﬁ) + (ﬁ)ln t (10)
—4&— 55 mg/L manganese
137 mg/L
0 — ,+. ' m9 fnan.ganefse where Q. and Q; are the adsorbed amount of manganese
0 100 200 300 400 500 600 700 (mg/g) at equilibrium and at time ¢, respectively. The kinetic
Time (min) parameters, K; (min™) and Q.; (mg/g) for the Lagergren-

Figure 5: Adsorption kinetics of cobalt and manganese at different
concentrations on PAN/HDTMA/KCuHCF composite.

removals of about 99% (at 55 mg/L) and 80% (at 137 mg/L)
are obtained at 330 and 410 min, respectively. For
designing an effective adsorption process, determination
of the kinetic parameters is essential. The kinetic data
given in Figure 5 revealed that the equilibrium for
adsorption of cobalt onto PAN/HDTMA/KCuHCF compos-
ite is attained in the beginning of the adsorption process.
Such data could not be modeled to adsorption kinetic
models. Consequently, only the adsorption kinetic data of
manganese are analyzed by three extensively applied

0.8

first-order, Q., (mg/g) and K, (g/mg min) for the pseudo-
second-order along with 8 (g/mg) and a (mg/g min) for the
Elovich model are estimated from the slop and intercept of
linear plots of log (Q. — Q) versus t, t/Q; versus t and Q;
versus Int, respectively. Linear fittings of adsorption kinetic
data of manganese onto PAN/HDTMA/KCuHCF composite
to the aforementioned kinetic models are given in Figure 6
and the calculated kinetic parameters are tabulated in Ta-
ble 1. Figure 6 indicates that good linear plots are observed
at the studied manganese concentrations. But shedding
more light on the correlation coefficient (R?) values for each
plot recorded in Table 1, it can be obviously seen that the
pseudo-second-order kinetic model exhibited higher values

b ) J®
0.6-m

0.4 4

0.2

-Q)

° 0.0

log (Q

-0.2

0.4

= 55 mg/L

064 ¢ 137 mglL

m 55mg/L
e 137 mg/lL
T

T T T T T T T T T T
0 50 100 150 200 250 300 350 0 100 200 300

t

24(©) (344
e
///.
26+ P
e
24 o @
o

<2 m

= 55 mg/L
® 137 mg/L
T

T T T T

1 2 3 4 5 6 7

T T T
400 500 600 700

Figure 6: Pseudo-first-order (A), pseudo-
second-order (B) and Elovich (C) plots for
adsorption of 55 and 137 mg/L manganese
onto PAN/HDTMA/KCuHCF composite.
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Table 1: Kinetic parameters for adsorption of manganese onto PAN/
HDTMA/KCuHCF composite.

Kinetic model Parameter 55 mg/L 137 mg/L
Lagergren-first-order ki(min™) 0.011 0.004
Q.1 (Mg/g) 3.228 4.871
R? 0.937 0.963
Pseudo-second-order k> (g/mg min) 69.647 254.513
Qe (Mmg/g) 13.709 28.694
R? 0.999 0.999
Elovich o (mg/g min) 3.6E4 6.4E6
B (g/mg) 1.227 0.863
R? 0.941 0.918
Weber—Morris K (mg/g min®?) 0.321 0.255
C 9.483 22.836
R? 0.951 0.989
Boyd Intercept 0.694 1.131
R? 0.919 0.877
(R = 0.999 for the studied concentrations) than the

Lagergren-first-order (R* = 0.937 and 0.963) and the Elovich
model (R’ = 0.941 and 0.918) for 55 and 137 mg/L manga-
nese, respectively. This finding suggested that the pseudo-
second-order kinetic model was the best one for describing
the adsorption kinetic data of manganese onto the
employed adsorbent. Increasing the pseudo-second-order
rate constant from 69.647 to 254.513 g/mg min with
increasing the initial adsorbate concentration from 55 to
137 mg/L can be attributed to the increase of the adsorbed
amount from 13.709 to 28.694 mg/g.

It is well-known that the uptake of an adsorbate by an
adsorbent involves [33]: (i) transport of adsorbate from
bulk solution to the adsorbent surface (bulk diffusion), (ii)
diffusion of the adsorbate through the boundary layer to
the external surface of the adsorbent (film diffusion), (iii)
transport of the adsorbate from the adsorbent surface to its
interior pores (pore diffusion) and (iv) binding of the
adsorbate on the active sites of the adsorbent. Of these
steps, the second and third are the slowest ones. Thus,
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adsorption process of manganese onto PAN/HDTMA/
KCuHCF may be governed by film diffusion or intraparticle
diffusion. To discriminate between them, the adsorption
kinetic data given in Figure 5 are by the following Weber—
Morris kinetic model [34]:

Q =Kt +C a1y

where K; (mg/g min®?) is the Weber—Morris rate constant
and C is the intercept (mg/g) which is proportional to the
thickness of the boundary layer. For intraparticle diffusion
mechanism, the plot of Q; versus ¢ should give a straight
line passing through the origin. Figure 7A shows that
fitting of manganese kinetic data to the Weber—Morris
kinetic model produced two line segments. The first one
can be attributed to the intraparticle diffusion, while the
second one is ascribed to the equilibrium. The Weber-
Morris kinetic parameters (K5 and C) are calculated from
the slope and intercept of the intraparticle diffusion line
segments, which had high correlation -coefficients
(R*=0.951 and 0.989 for 55 and 137 mg/L, respectively) as
shown in Table 1. Figure 7A demonstrates that straight
lines passing through the origin could not be obtained by
applying Weber—Morris equation, which is contradictory
to the requirement of this model. Consequently, adsorp-
tion of manganese onto PAN/HDTMA/KCuHCF is not
controlled by intraparticle diffusion. As shown, the
diffusion mechanism of the present adsorption process
could not be determined. Therefore, the kinetic data
depicted in Figure 5 are further analyzed by the Boyd ki-
netic model (Eq. (12)), which is written as [35]:

Bt = —0.4977 - ln<1 _ Q‘) (12)

Qe
where Bt is a mathematical function of the fraction of
adsorbate adsorbed at different tine. This model states that
the adsorption process is governed by intraparticle diffu-
sion mechanism if the plot of Bt versus ¢ yields straight
lines passing through the origin. If not, it is controlled by
film diffusion. The linear plots (Figure 7B) as well as the

Figure 7: Weber—Morris (A) and Boyd
(B) plots for adsorption of 55 and 137 mg/L
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data given in Table 1 illustrate that applying this model to
the kinetic data of manganese resulted into unsatisfactory
correlation coefficients (R*= 0.919 for 55 mg/L and 0.877 for
137 mg/L). The non-zero intercept of the plots (inter-
cept = 0.694 and 1.131 for 55 and 137 mg/L, respectively)
along with the previous finding indicated that adsorption
process of manganese onto PAN/HDTMA/KCuHCF com-
posite is controlled by film diffusion.

3.5 Thermodynamic studies

In order to estimate the values of enthalpy change (AH®),
entropy change (AS°) and free energy change (AG®),
adsorption processes of cobalt and manganese were
calculated at different temperatures (25, 35, 45 and 60 °C).
These parameters are calculated by the following relations
[36]:
AS° AH°
R RT

InK,; = (13)

AG® = —RTInK, (14)

where R is the universal gas constant (R = 0.008314 kJ/
mol), T is the absolute temperature (K) and Kj is the dis-
tribution coefficient (mL/g). The values of AH® and AS° are
calculated from the slope and intercept of the linear plots of
InKy versus 1/T (Figure 8). Regarding this figure, it can be
seen that straight lines with high correlation coefficients
(R? = 0.965 for cobalt and 0.973 for manganese, Table 2).
The calculated values of AH® and AS° for the studied ions
are given in Table 2. The positive values of AH® suggested
that adsorption processes of cobalt and manganese onto
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T
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® manganese
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Figure 8: Plots of In K4 versus 1/T for adsorption of cobalt and
manganese onto PAN/HDTMA/KCuHCF composite.
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Table 2: Thermodynamic parameters for adsorption of cobalt and
manganese onto PAN/HDTMA/KCuHCF composite.

Adsorbate Temperature AG° AH° AS® R
() (K)/mol) (k)/mol)  (kj/mol
K)
Cobalt 298 -13.634 19.742 0.112 0.965
333 -17.554
343 -19.674
358 -20.354
Manganese 298 -17.475 118.711 0.457 0.973
333 -33.470
343 -38.041
358 -44.895

PAN/HDTMA/KCuHCF composite are endothermic, while
the positive values of AS° (0.112 for cobalt and 0.457 for
manganese) indicated the increase of randomness at the
solid-liquid interface. The present adsorption processes of
cobalt and manganese are found to be spontaneous as
shown by the negative values of AG°.

3.6 Equilibrium studies

Adsorption isotherms, the relation between the equilib-
rium concentration and the adsorbed amount of adsorbate,
for cobalt and manganese (Figure 9) are obtained at pH 3.3
and fixed temperature of 25 °C. This figure shows that the
adsorbed amounts of the studied toxicants are increased
with increasing their equilibrium concentrations, which is
attributed to the increase of mass driving force.
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[ ] —®— manganese
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40

30

Q, (mg/g)

20 u

10
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T T T
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Figure 9: Adsorption isotherms of cobalt and manganese onto PAN/
HDTMA/KCuHCF composite.
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Figure 10: Langmuir (A), Freundlic (B), D-R
(©) and Temkin (D) plots for adsorption of

8  cobalt and . manganese onto PAN/HDTMA/

KCuHCF composite.

To describe the adsorption mechanism for binding of

cobalt and manganese with PAN/HDTMA/KCuHCF, the

equilibrium isotherm data given in Figure 9 are modeled

Model Parameter Cobalt Manganese using four of the most frequently adsorption isotherm
Langmuir model K, (t/mg) 0.018 0.049  models. These models are Langmuir [37], Freundlich [38],
‘gz'm (mg/q) 23.629 62.854  pyhjinin-Radushkevich [39] and Temkin [40]. The linear-
0.947 0.975 . .
Freundlich model K. (mg'" L"/g) 1197 3.979 ized fo.rms of these models are given by Egs. (15)-(18),
1/n 0.486 0.497 Tespectively:
R 0.995 0.839 C, 1 C,
D-R model Q> (mg/g) 15.703 37.637 o.- oKt (15)
Kor (Mol /)2 1.957 1.518 e iRl foml
R? 0.911 0.781 1
Temkin model Ar (L/g) 0.934 4.695 log Q. =logKp + _log C. (16)
By 2.998 6.644
R? 0.839 0.767 InQ, = InQ,, — Kp_ge€? (17)
Q.=BInA+BInC, (18)
100 100
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Figure 11: Desorption of cobalt (A) and
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where C, is the equilibrium concentration of adsorbate (mg/
L), Q1 and Q,y,, are the adsorption capacity of adsorbent (mg/
g), and K; (L/mg), Ky (mg'"L"/g), Kp.r (mol/K])* and A (L/g)
are the Langmuir, Freundlich, D-R and Temkin constants,
respectively. The parameters n and B are related to the het-
erogeneity of adsorption sites and heat of adsorption
respectively. Linear fittings of the adsorption equilibrium
data of cobalt and manganese onto PAN/HDTMA/KCuHCF
composite to the abovementioned adsorption isotherm
models are shown in Figure 10 (A-D). The calculated
adsorption isotherm parameters as well as the correlation
coefficient value (R? for each plot are given in Table 3.
Regarding the R? value recorded in this table for cobalt, it can
be seen that it follows the order of Freundlich
(R? = 0.995) > Langmuir (R* = 0.947) > D-R (R* = 0.934) > Tem-
kin (R? = 0.839). While for manganese it follows the order of
Langmuir (R?> = 0.975) > Freundlich (R’ = 0.839) > D-R
(R? = 0.781) > Temkin (R* = 0.767). Accordingly, Freundlich
and Langmuir isotherm models are the best models for fitting
the equilibrium isotherms of cobalt and manganese, respec-
tively. This finding suggested that cobalt ions are physisorbed
onto PAN/HDTMA/KCuHCF composite, while manganese
ions are chemisorbed.

3.7 Desorption study

Desorption results of cobalt and manganese ions loaded
onto PAN/HDTMA/KCuHCF composite at different concen-
trations of (NH,),SO,, CaCl,, AI(NOs);, HCl and Na,HPO,, are
shown in Figure 11A,B, respectively. The data given in
Figure 11A demonstrate that Na,HPO, failed to desorb cobalt
where no desorption percentages are recorded in this figure.
While, it is increased with increasing the concentration of
the other studied desorbents and reached to about 10, 20, 40
and 76% using CaCl,, (NH,),SO,, AI(NOs); and HCI,
respectively. On the other hand, the studied desorbing
agents had no ability to desorb manganese-loaded onto
PAN/HDTMA/KCuHCF where the maximum desorption
percentage was below 8%. Regarding the data depicted in
Figure 11A,B, it can be obviously deduced that manganese
ion is strongly bound to PAN/HDTMA/KCuHCF composite
than cobalt ion. This finding agrees well with the high values
of free energy change (AG® = —17.475 to —44.895 kJ/mol) and
enthalpy change (AH® = 118.711 k]/mol) tabulated in Table 2
for manganese when compared to those of cobalt
(AG® = -13.634 to —20.354 kJ/mol and AH® = 19.742 k] /mol).
Further comparing the data given in Figure 11A,B pointed
out that the successful desorption percentage achieved for
cobalt using 0.1 mol/L HCl could not be ascribed to
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dissolution of the composite. Alternatively, it is attributed to
the replacement of cobalt ions with hydrogen ions.

4 Conclusions

PAN/HDTMA/KCuHCF composite is evaluated as a
bifunctional adsorbent for simultaneous removal of radi-
ocobalt and manganese from aqueous solutions. The effect
of the solution pH showed that the employed composite
had the ability to simultaneously remove the concerned
(radio)toxicants in the pH range 2.5-6 at an adsorbent mass
of 4 g/L. Adsorption kinetics of radiocobalt, at the studied
concentrations (30 and 60 mg/L), was found to be fast
where almost complete removal was achieved in the first
minute. While for 55 and 137 mg/L manganese, the equi-
librium was attained at 330 and 410 min, respectively. Of
the studied kinetic models, the pseudo-second-order was
the best one for describing the adsorption kinetic data of
manganese onto PAN/HDTMA/KCuHCF composite. Based
on the results obtained by applying Boyd kinetic model,
adsorption process of manganese was controlled by film
diffusion. Freundlich and Langmuir isotherm models were
the best models for fitting the equilibrium isotherms of
cobalt and manganese, respectively. Various desorbing
agents were evaluated for desorption of cobalt and man-
ganese loaded onto PAN/HDTMA/KCuHCF composite and
the results indicated that none of them had the ability to
effectively desorb manganese ion. For cobalt, maximum
desorption percentage of 76% was obtained by hydro-
chloric acid.
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