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ABSTRACT

In this study, methylene blue (MB) dye was removed by adsorption onto dimethyglyoxime mod-
ified amberlite IRA-420 (DMG-AMB) beads from aqueous medium. The adsorption data fitted
well to kinetic, equilibrium, and thermodynamic models. Equilibrium was reached after only 8 h.
The removal percentage increased from around 13.3% to 22.5% with increasing MB concentrations
from 2.0 to 8.0 (mg/L), where the adsorbent capacity increased linearly. The analysis of the kinetic data
indicated that the adsorption was a second-order process. The Freundlich isotherm model described
well the adsorption process. The maximum adsorption capacity, determined from the Langmuir
isotherm, was 0.161 mg/g. Moreover, the diffusion mechanism of MB was described by different
removal-diffusion models. The film diffusion was found as the rate-limiting process. The pH of
the adsorption process was studied; it indicated a determined effect with an exponential increase
in the adsorption capacity and removal percentage due to increase in pH from 8.0 to 11.5. A pos-
itive impact of the increment in the adsorption temperature was observed for temperature range
between 25°C and 60°C. The thermodynamic nature of the process was extracted using Van’t Hoff
plot. The positive value for the AH® (29.69 kJ/mol) indicates the endothermic nature of the process,
which explains the increase of the MB cations adsorption efficiency as the temperature increased.
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1. Introduction colour-contaminated wastewater is discharged annually,

A wide range of industries, from textile to plastic, use
different types of dyes to colour products, with an esti-

mated amount of dye used and produced. As a result, turn out fo be undesirable [6,7].
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which causes concern about its effect on the quality of life
and the environment [1-5]. A minor concentration of dye in
water may be less than 1 ppm, but it can colour the water and
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Many individual and merged approaches have been
applied in the treatment of wastewater contaminated with
coloured materials [8-16]. Adsorption techniques use differ-
ent adsorbents in the removal of colourant materials [8-10].
Merge of adsorption with other treatment techniques such as
precipitation, sonication, and chemical degradation are also
used [11-14]. Furthermore, photocatalytic degradation finds
application in the treatment of coloured materials [15,16].

MB is a well-recognized dye in the industry, and it has
been observed that it causes a wide range of possible health
problems [17-19]. Hence, the treatment of MB-coloured
wastewater is a requirement, especially since very few
treatment techniques are acceptable by the primary indus-
tries — paper and textile — that use the dye [20].

The removal capability of a broad spectrum of dyes
using different adsorbents nominates the adsorption tech-
nique as the one choice for coloured wastewater treatment
[21-28]. Synthetic adsorbents such as phosphoric acid
doped pyrazole-g-polyglycidyl methacrylate, nano-cross-
linked polyacrylonitrile ions exchanger particles, and zinc
oxide nanoparticles were investigated [21-23]. Modified
natural adsorbents have contributed to the removal of
MB-contaminated wastewater [24-28].

In this work, the positive charges of amberlite 420-A
anion exchanger have been reversed partially, especially on
the surface by treating with dimethylglyoxime (DMG), and
applied to remove MB dye from synthetic solution. The oper-
ational conditions for MB removal, such as MB concentra-
tion, DMG-AMB amount, MB solution pH, adsorption time,
and temperature, have been investigated.

Moreover, the kinetics and the isothermal conditions
for the removal process have been studied and the obtained
results were analyzed.

2. Materials and methods
2.1. Materials

Rohm and Hass supplied Amberlite (IRA 420) ion
exchange resin. It is an amine quaternary cross-linked sty-
rene/divinylbenzene copolymer. Table 1 shows a summary of
the resin properties [29].

Sodium hydroxide (NaOH), minimum assay 99%,
Dimethylglyoxime (CH,C(=NOH)C(=NOH)CH.,), minimum

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 capacity (meq/g) 3.80

Bed porosity 0.32

Wet resin density (g/cm?®) 1.15

Bed density (g/cm?®) 0.68

pH operating range 0-14

Maximum operating temperature 77°C

Mean wet particle radius (mm) 0.30-0.70

purity 297.0%, and Methylene blue, minimum assay 99%,
was supplied by Sigma-Aldrich, Germany.

2.2. Methods

2.2.1. Preparation of dimethylglyoxime modified Amberlite
ions exchanger

The DMG modified Amberlite (DMG-AMB) beads were
prepared according to the protocol mentioned in a previ-
ous publication [30]. In brief, Amberlite IRA-420 (AMB;
10 grams) was treated by DMG-Sodium hydroxide solution
(100 mL; 0.1 N) for 24 h at 60°C under magnetic stirring.
Un-reacted DMG and excess of NaOH were washed with
hot water before using the DMG modified Amberlite (DMG-
AMB) beads.

2.2.2. Methylene blue batch removal experiment

The adsorption experiments were carried out in a batch
process by using MB aqueous solution. The MB adsorp-
tion studies were performed by mixing 0.1 g of DMG-AMB
polymers with 10 mL of MB (10 ppm). The mixture was
agitated (100 rpm) at room temperature using magnetic
stirrer for 24 h, then left to settle to separate the adsorbent
of the liquid phase. The MB concentration (ppm) was mea-
sured at the maximum wavelength (A __ = 665 nm) using
UV-VIS spectrophotometer and multiplied by 4.0 constant
extracted from the slope of the standard curve (Fig. 1).

MB removal percentage is calculated according to the
following formula:

MB removal (%)= {(Cf’c_c’):l x100 (1)

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

The removal capacity is calculated according to the
following formula:

v(c,-C)

- @

q(mg/g) =

where g is the uptake capacity (mg/g), V is the volume of
the MB ions solution (mL), and M is the mass of the DMG-
AMB (g).

2.2.3. Fourier transforms infrared spectroscopic analysis

The Fourier transforms infrared spectroscopic (FTIR)
spectra of the Amberlite and DMG-Amberlite were recorded
with an FTIR spectrometer in the spectral range 4,000-
500 cm™ [30].

2.2.4. Thermal gravimetric analysis

Thermal gravimetric analysis (TGA) of the DMG-AMB
and AMB was performed using Thermogravimetric Analyzer
(Shimadzu TGA-50, Japan). The measurements were
carried out with a heating rate of 20°C/min under a flow of
N, up to 600°C.
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Fig. 1. Standard curve of MB concentrations.

2.2.5. Morphological characterization (SEM) and energy
dispersive X-ray analysis

SEM micrographs for the AMB, DMG-AMB and
MB-DMG-AMB particles were obtained using Analytical
Scanning Electron Microscope (JEOL JSM 6360LA, Japan).
The composition (atomic ratios) of the AMB, DMG-AMB
and MB-DMG-AMB particles were examined by energy
dispersive X-ray (EDAX) combined with scanning electron
microscopy.

2.2.6. X-ray diffraction

The crystalline structure of the AMB and DMG-AMB
beads were investigated by X-ray diffraction analysis using
(Shimadzu 7000) diffractometer.

2.2.7. Reuse ability

The capacity to reuse the DMG-AMB for adsorption
of MB ions has been examined by conducting consecutive
adsorption—desorption cycles and following the changes in
the removal efficiency of MB ions. In the adsorption exper-
iments, DMG-AMB polymer (0.1 g) was agitated (100 rpm)
with 20 mL of MB (10 ppm) at room temperature using
magnetic stirrer for 6 h. The MB-DMG-AMB particles were
regenerated by washing with 20 mL of HCl solution (0.1 N)
for 1 h at room temperature, then with distilled water.
Finally, the regenerated DMG-AMB particles were removed
using NaOH solution (0.1 N) for 1 h at room tempera-
ture before being used in the successive adsorption cycle.
The process was repeated for 10 cycles.

3. Results and discussion
3.1. Matrix characterization
3.1.1. FTIR analysis

The characteristic bands for the AMB polymeric back-
bone, poly (styrene-co-divinylbenzene), have been shown
in the spectrum at 700; 800; 900; 1,000; 1,400-1,600, and
2,900-3,000 cm™ [31]. The characteristic band for DMG rec-
ognized at DMG-AMB shows the peaks at 467 and 904 cm™
which relate to the skeleton deformation vibration of DMG

molecules. The peaks at 707 and 980 cm™ are attributed to
the (CNO) bending vibration and (NO) stretching vibra-
tion modes, respectively. The symmetrical and asymmet-
rical deformation vibrations of (CH,) appear at 1,364 and
1,444 cm, respectively. The weak peak at 2,930 cm™ is due
to the (CH,) symmetrical stretching vibration (Fig. 2). The
relatively broad peak at 3,207 cm™ is attributed to the (OH)
stretching vibration. But its lower intensity in comparison
with that of the free (OH) group is due to the intramolecular
hydrogen bonding, which favours the structural pattern of
the DMG molecule itself [32].

3.1.2. Thermal gravimetrical analysis

The modification process of AMB using DMG has been
proven by the thermal gravimetric analysis of both AMB and
DMG-AMB matrices (Fig. 3). TGA shows a particular “step
weight” loss of AMB. Evaporation of physically adsorbed
general volatiles in the polymer was noticed up to 270°C
where the polymer lost 7% of its weight. The AMB lost some
weight (66%) in the second step (270°C—470°C) due to the
depolymerization of the polystyrene chains and the degra-
dation of styrene oligomers. In the third step (470°C-600°C),
the weight loss (11%) is mostly attributable to divinylben-
zene degradation [31-33]. From the figure, the changes of
the DMG-AMB thermogram are obvious where a noticeable
shift of the thermogram steps has been detected. The first
step is continued up to 400°C and lost 42% of its weight. For
the second step (400°C—470°C) for DMG-AMB, the weight
loss reached 31%. In the final and third steps (470°C-600°C),
a 9% weight loss was detected. The changes in the pattern
of the first step may be due to the violent decomposition of
the DMG moieties which occurred for the temperature range
between 140°C and 270°C, resulting in a 90% weight loss [34].
This step overlapped with the first degradation step of AMB
(270°C—470°C).

3.1.3. Energy dispersive X-ray analysis

The elemental analysis of the AMB, DMG-AMB and the
MB-DMG-AMB particles are presented in Table 2. From the

---- AMB
100 DM G-AMB
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Fig. 2. FTIR spectrum of Amberlite (AMB) and dimethylglyoxime
modified Amberlite (DMG-AMB).
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Fig. 3. TGA thermographs of Amberlite (AMB) and dimethylgly-
oxime modified Amberlite (DMG-AMB).

Table 2
Elemental analysis of C, N, O, and S for the AMB, DMG-AMB,
and the MB-DMG-AMB particles

Matrix C wt% N wt% O wt% S wt%
AMB 38.41 51.44 10.15 NA
DMG-AMB 39.05 31.91 29.05 NA
MB-DMG-AMB 41.71 21.54 36.55 0.20

table, it is clear that changes in the C, N, and O weight per-
centages due to the modification of the AMB with DMG.
The increment of the O weight percentage on the benefits of
the N weight percentage is referring to the incorporation of
the DMG in the AMB structure. This change is apparent in
case of the MB adsorbed on DMG-AMB particles where the
appearance of the S further confirms the adsorption process
of MB molecules.

3.2. Morphological characterization (SEM)

SEM was used to examine the morphological changes
in the surface of the AMB, DMG-AMB, and the MB-DMG-
AMB particles and the micrographs are shown in Fig. 4.
The surface of AMB particles is a rough shape and two
components are observed. One ingredient is flaked, like
impeded, in the second component (Fig. 4a). The surface
morphology of the DMG-AMB particles (Fig. 4b) became
more “smooth” compared with the AMB particles (Fig. 4a)
due to the formation of micro-nanometer particles as a coat-
ing layer on the surface of the beads. The adsorption of the
MB molecules on the surface of the DMG-AMB particles
appeared as “aggregates”, and the surface turned out to
be the roughest one compared with AMB and DMG-AMB
beads surfaces (Fig. 4c).

3.2.1. X-ray diffraction analysis

X-ray patterns of AMB and DMG-AMB are shown in
Fig. 5. AMB is illustrated as a semi-crystalline structure as a
result of a strong interaction between the polystyrene chains

through intermolecular hydrogen bonding of positive qua-
ternary groups. A sharp peak at 20 value 22.22° with 97%
crystallinity percentage was observed. A shift of the peak at
20 to 17.19° and reduction of crystallinity percentage to 50%
of DMG-AMB was seen. That observation indicates the incor-
poration of the DMG into the structure of AMB and increas-
ing the amorphous region by destroying the strong interac-
tion between the polystyrene chains through intermolecular
hydrogen bonding of positive quaternary groups.

3.3. Effect of contact time

The impact of variation in contact time on MB removal
percentage and removal capacity was investigated, as shown
in Fig. 6. It can be seen that the MB removal percentages have
been slightly affected by increasing contact time over 8 h.
Equilibrium was achieved at a moderately slow rate due to
a small number of available adsorption sites. Beyond 8 h of
removal time, a slight increase in removal percentages was
observed. This behaviour may refer to the reduction of the
concentration gradient between the liquid phase and the
adsorbent surface [35]. The similar removal behaviour is also
observed by Mohy Eldin et al. [36] in a previous publication
where MB dye was removed by hydroxamate nano-polyac-
rylonitrile particles.

On the other hand, the removal capacity shows identi-
cal behaviour for the removal percentage which reached
0.207 mg/g at 8 h and slightly increased to 0.2125 mg/g after
16 h (Fig. 6).

3.4. Sorption kinetic models

Three linear kinetic models were used to describe the
kinetics of the sorption process selected in this study for
describing the MB sorption process using DMG-AMB beads.

The pseudo-first-order kinetic model given by Lagergren
and Svenska [37] is as follows:

In(qe—qt):ln q,—kt 3)

The pseudo-second-order rate (chemisorptions) is expressed
as [38]:

t 1 t
L Wb 4
q, [kzbﬁJ q, @

The simple Elovich model is represented in the simple
form [39]:

g, =a.+BInt (5)

g, and g, are the amounts of ions adsorbed (mg/g) at
equilibrium and time t (min), respectively, k, (min™) is the
first-order reaction rate constant, k, is the second-order reac-
tion rate equilibrium constant (g/mg min). « represents the
initial sorption rate (mg/g min), and f is related to the extent
of surface coverage and activation energy for chemisorption
(8/mg).

Fig. 7 demonstrates the fitting of the adsorption results
using the first-order kinetic model. A good correlation
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Fig. 4. SEM photographs of: (a) Amberlite (AMB), (b) dimethylglyoxime modified Amberlite (DMG-AMB), and (c) MB-dimethylgly-

oxime modified Amberlite (MB-DMG-AMB).
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Fig. 5. XRD patterns of: (a) Amberlite (AMB) and (b) dimethyl-
glyoxime modified Amberlite (DMG-AMB).

coefficient (R% 0.9241) was obtained, and the k, calculated
value is —0.3458. The comparison of the calculated g, value
(0.183 mg/g) with the experimental one (0.225 mg/g) gives
an indication of the unsuitable description of the adsorption
process using the first-order kinetic model.
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Fig. 6. Effect of adsorption time on MB removal percentage
using DMG-Amberlite ions exchanger.

We tried using the pseudo-second-order model to
describe the adsorption data (Fig. 8). From the figure, it is
evident that the data are fitted very well (R% 1). The k, and
g, estimated values are 1.7802 and 0.2119 mg/g. Compared
with the g, experimental value (0.225 mg/g), it seems that
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Fig. 7. First order plots for MB removal using DMG-Amberlite
ions exchanger.
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Fig. 8. Second order plots for MB removal using DMG-Amberlite
ions exchanger.

the kinetics of the adsorption process is best described
by the second-order model. Hence, it has been suggested
that the rate-limiting step in these sorption processes may
be chemisorptions involving active forces through the shar-
ing or exchanging of electrons between the sorbent and the
sorbate [40].

Further investigation of the adsorption process kinetics
was performed using the Elovich model and the data are
presented in Fig. 9. From the figure, the parameters indicat-
ing the number of available sites ((3; 0.0259 g/mg) and the
removal quantity (o; 0.137 mg/g min) at 1 h can be extracted.
These values give an idea about the adsorption process in
the early stage [41]. According to the correlation coefficient
(R% 0.6512), the Elovich model does not describe well the
experimental data.

3.5. Sorption mechanisms

We used the diffusion rate equations inside the particu-
late of Dumwald-Wagner and intraparticle models to calcu-
late the diffusion rate of MB through DMG-AMB beads. For
the external mass transfer, we used Boyd model to determine
the actual rate-controlling step [42,43].
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0.05 4 R?*=0.6512
0 . . " .

2
Lnt
Fig. 9. Simple Elovich plots for MB removal using DMG-Amberlite
ions exchanger.

The Dumwald-Wagner model can be expressed as [44]:

log(1F2)=[23K03jxt (6)

where K is the diffusion rate constant and the removal per-
centage, and F is calculated by (g, /g,). The value of the diffu-
sion rate constant (K) extracted from Fig. 10 is 0.0677 min~".
The poor linear fitting of the adsorption data indicates the
non-applicability of Dumwald-Wagner kinetic model.

The intraparticle equation is written as follows [45]:

q,=kt'"?+C @)

The adsorption data fitting of MB by DMG-AMB is pre-
sented in Fig. 11, where two separate linear portions can be
observed and suggest that the removal process consists of
surface removal and intraparticle diffusion. The first stage
of the adsorption process is presented by the initial linear
part of the plot, indicating the effect of the boundary layer,
while the second linear portion shows the impact of the
intraparticle diffusion [46]. From the intercept and the slope
of the second linear portion, the values of the thickness of
the boundary layer (C; 0.2089) and the intraparticle diffu-
sion rate (K, 0.0001 mg/(g min'?)) are extracted. The larger
the intercept, the higher the boundary layer effect [47].

The actual rate-controlling step of the adsorption process
was determined by analyzing the data using Boyd et al. [48]
model.

Fo1 _{ijexp(_g,) ®)
T

where F is the fraction of solute sorbed at different time t and
B, is a mathematical function of F and given by the following
equation:

r=1 )
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Fig. 10. Dumwald-Wagner plots for intraparticle diffusion of
MB removal using DMG-Amberlite ions exchanger.
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Fig. 11. Intraparticle diffusion plots for MB removal using
DMG-Amberlite ions exchanger.

g and q,_ represent the amount sorbed (mg/g) at any time ¢
and at infinite time (16 h for the present study). Substituting
Eq. (8) into Eq. (9), the kinetic expression becomes:

B, =-0.4978— Ln [1_”’] (10)

Ta

Fig. 12 shows the plot of B, vs. t, which is a straight
line that does not pass through the origin, indicating that
film diffusion governs the rate-limiting process [49]. The
methyl hydrophobic groups of DMG play a significant role
in changing the hydrophilic-hydrophobic balance of the
Amberlite beads. And accordingly, in a way or another,
the thickness of the formed liquid boundary layer over the
solid surface suggests that the film diffusion is the limiting
process [50].

3.6. Effect of MB concentration

Fig. 13 shows the effect of variation of the MB concen-
tration on the removal percentage and the adsorption capac-
ity. The removal percentage increases from 13.3% to 22.5%
with an increment of the MB concentration from 2 to 8 ppm.
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Fig. 12. Boyd expression of the sorption of MB using DMG-
Amberlite ions exchanger.
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Fig. 13. Effect of MB concentration on the adsorption capacity of
DMG-Amberlite ions exchanger.

Further increase in the MB concentration does not affect
the removal percentage. On the other hand, the adsorption
capacity increased linearly to reach 0.23 mg/g.

3.7. Sorption isotherm models

Different isotherm models describe the adsorption pro-
cess used. The earliest used one is Freundlich isotherm which
postulates that the adsorbent surface has heterogeneous site
energies and multi-layers of sorption. On the other hand, the
Langmuir isotherm assumes a completely homogeneous sur-
face with a finite identical number of sites, but neglects the
interaction between the adsorbed molecules and results in
monolayer sorption [51,52].

The linear mathematical formula of the Freundlich model
is expressed as follows [53]:

Lng,=Ln KF+iLn C,
ny

(11)

q, (mg/g) and C, (mg/L) represent the adsorbent capacity
and the adsorbate concentration at equilibrium. The Freundlich
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constants, KF andi n, represent the adsorption capacity and
adsorption intensity.

According to Fig. 14, the Freundlich equation predicts
increment of the adsorbed MB amount on the adsorbent,
with an increase in the MB concentration in the solution
phase, which follows from the obtained results. The high
correlation coefficient (R?>= 0.9919) demonstrates that the
adsorption of the MB fully obeyed the Freundlich isotherm.
The Freundlich adsorption capacity K, is 0.0099 (mg/g) while
the adsorption intensity #n, is 0.68. The assessed value of
n, < 1, indicating an unfavourable adsorption of the MB by
the DMG-AMB beads [54].

On the other hand, the Langmuir isotherm assumes
a completely homogeneous surface with a finite number
of identical sites and with a negligible interaction between
adsorbed molecules which results in monolayer sorption.
The linear mathematical formula of the model is presented
by the following equation [55]:

(12)

q,, is the maximum monolayer adsorption capacity (mg/g)
and K is the adsorption energy (L/mg).

Fig. 15 illustrates the Langmuir equation for the MB
adsorption by DMG-AMB. According to the R? value, which
is 0.922, the Langmuir equation represents the sorption
process of MB very well. That indicates an excellent math-
ematical fit. The calculated values of g, (0.161 mg/g) and K
(13.31 L/mg) can be extracted from the figure. An indication
of the somewhat low affinity of DMG towards the MB mol-
ecules was obtained from the fact that the DMG-AMB was
moderately low-efficient for MB removal and had reason-
ably high energy of sorption (13.31 L/mg).

The dimensionless separation factor (R,) predicts how
favourable or unfavourable the adsorption system is, and is
calculated according to the following equation [56]:

1
R - (13)
1+KC,
0 -
y=0.2194x-1.988
R*=0.8064
-0.5
1
o
o
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Fig. 14. Freundlich isotherm for MB removal with various initial
solution concentrations using DMG-Amberlite ions exchanger.

Table 3 shows favourable adsorption of the MB mol-
ecules onto DMG-AMB under the conditions used in
this study, since the R, values ranged between 0.0 and 1.0
[57,58]. This result is in agreement with previously pub-
lished results by Mohy Eldin et al. [59] of the removal of
MB using phosphoric acid-doped pyrazole-g-poly (glycidyl
methacrylate) particles.

The Temkin isotherm model is a compromise between
the Freundlich and Langmuir isotherm models. It takes into
account the impact of indirect adsorbent/adsorbate interac-
tions on the adsorption process, which reduces the heat of
adsorption of all molecules in a layer [60] linearly. The linear
form can be expressed as follows [61]:

q,=BLnK,+BInC, (14)
K, is the Temkin maximum binding energy and B is the

Temkin constant related to the heat of sorption, which is

determined from the slope and the intercept (Fig. 16).

The equilibrium binding constant (K,) value is 1.72 L/g,
corresponding to the maximum binding energy. The con-
stant B (0.12 J/mol) is related to the heat of sorption for
DMG-AMB matrix.

The R? values obtained from the three equilibrium iso-
therm models are hereby summarized. The Freundlich iso-
therm model has the highest R? value (0.9919), followed by
the Langmuir isotherm model (0.922), and then the Temkin
isotherm model with R? value of 0.8396. This shows that MB
sorption on the polymer is described well by the Freundlich

y=3.9448x+4.9168
35 1 R*=0.9391 .

Fig. 15. Langmuir isotherm for MB removal with various initial
solution concentrations using DMG-Amberlite ions exchanger.

Table 3
R, values for different initial MB concentrations

C, (mg/L) R,

2 0.2863

4 0.167

6 0.1179
0.0911

10 0.0742
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Fig. 16. Temkin isotherm for MB removal with various initial
solution concentrations using DMG-Amberlite ions exchanger.

isotherm model, which considers that the adsorbent surface
has heterogeneous site energies and multi-layers of sorption.

3.8. Effect of adsorption temperature

Fig. 17 shows the effect of varying the adsorption tem-
perature on the adsorption and thermodynamic parameters.
From the figure, it is clear that increasing the adsorption
temperature has a positive effect on both the MB removal
percentage and the adsorption capacity (Fig. 17a). The MB
removal percentage increased from 28% to 58%, while the
adsorption capacity increased from 0.142 to 0.290 mg/g.
The increment percentage of the adsorption parameters is
above 100%. The positive behaviour as a result of increase
in the temperature indicates the endothermic nature of the
MB adsorption process.

To conclude the spontaneity of the adsorption process,
the values of the thermodynamic parameters should be
taken into consideration. An automatic system will display a
decrease in AG° and AH® values with increase in the tempera-
ture. All the thermodynamic parameters are calculated from
the following equations [62,63]:
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407
InkK, = AS_AH (14)
R RT
where:
q
Kk =9 15
'=C (15)
AG =-RTInK, (16)

where R is the gas constant (8.314 J/mol K), and T is the
temperature in K. Table 4 lists the values for the thermo-
dynamic parameters (Fig. 17b). The positive value for the
AH® (29.69 KkJ/mol) indicates the endothermic nature of
the process, which explains the increase in the MB cat-
ions adsorption efficiency as the temperature increased.
The enthalpy change of the chemisorption process (40—
120 kJ mol™) is more significant than the physisorption one
[64]. Consequently, the lower value of the heat of adsorp-
tion obtained in this study indicates that the adsorption of
the MB cations is probably attributable to the physisorp-
tion. Conversely, in the kinetics study, it was described
that the adsorption is chemisorption. Thus, it is evident
from the lower AH® value that the physisorption also takes
part in the adsorption process. The MB cations adhere to
the adsorbent surface only through weak intermolecular
interactions. The positive value for the entropy change, AS°
(67.0366 J/mol K), illustrates the disorderliness at the solid/

Table 4
AG® values of the MB cations adsorption on the DMG-AMB
under different temperatures

1/T AG°
0.00335 0.1091
0.00319 0.0954
0.00309 0.0789
0.003 0.066
0 -
-0.5
i 4
a 151 y=-3603.8x+8.0631
M R?=0.9544
= -2 4
_
-2.5
*
3
35 3
-4 4 .
-4.5 T T T T ]
0.0029 0.003 0.0031 0.0032 0.0033 0.0034
1/T

Fig. 17. (a) Effect of adsorption temperature on MB removal percentage using DMG-Amberlite ions exchanger. (b) Van’t Hoff plot of

the adsorption of MB using DMG-Amberlite ions exchanger.
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liquid interface during the adsorption of the MB cations.
The AG® values reflect the feasibility of the process.

3.9. Effect of adsorption pH

Fig. 18 shows the effect of varying the adsorption pH on
the adsorption parameters. Increasing the adsorption pH
has a positive impact on both the MB removal percentage
and the adsorption capacity. The MB removal percentage
increases from 7% to 44%, while the adsorption capacity
increases from 0.03652 to 0.220 mg/g. The linear and slow
increment is observed for pH range of 1.65 to 8.1, then the
rapid exponential increase is detected. The masking effect
of the original positive charges over the polymer matrix has
reduced as a result of the alkaline medium and enables the
negative ones from the DMG be attracted to the positively
charged MB molecules.

3.10. Effect of adsorbent amount

Increment of the adsorbent amount has affected a pos-
itive effect on the removal percentage and a negative effect
on the adsorption capacity, as seen in Fig. 19. The removal
percentage increased with increasing adsorbent amount to
reach about 90% using 0.5 g of adsorbent. The increment of
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Fig. 18. Effect of adsorption pH on MB removal percentage
using DMG-Amberlite ions exchanger.
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Fig. 19. Effect of adsorbent amount on MB removal percentage
using DMG-Amberlite ions exchanger.
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the available surface for the adsorption process explains the
behaviour observed where the removal percentage increased
from 37% to 90%. The adsorption capacity decreased from
0.265 to 0.090 mg/g. The fixed amount of the available MB
molecules is the limiting factor here.

3.11. Effect of the agitation speed

The impact of variation in the agitation speed on the
adsorption parameters was studied and the obtained data are
presented in Table 5. From the table, it is clear that minimal
effect was observed with increasing the agitation speed from
100 to 300 rpm. This finding indicates the absence of bulk
diffusion, and that the adsorption process was controlled
by the diffusion step of the MB molecules inside the pores.
This is in agreement with the results given by the kinetic
diffusion models (Figs. 10-12).

3.12. Adsorbent affinity

The affinity of the DMG-AMB beads towards MB mole-
cules is measured by the distribution coefficient (K,), which
correlates the amount of the adsorbed MB onto DMG-AMB
beads to its concentration in the solution (liquid phase) at
equilibrium according to the following relation:

q,
K, =1
e

e

17)

The K, values at the variation of both adsorption tem-
perature and pH, as the most determining factors, were
calculated and presented in Table 6. From the table, it is
clear why both adsorption temperature and pH are the
determining factors in the adsorption process. Increasing
the adsorption temperature from 25°C to 60°C increased the

Table 5
Effect of the agitation speed on the adsorption parameters

Speed (rpm) R (%) Capacity (mg/g)
100 28.43 0.142
150 29 0.145
200 29.4 0.147
250 29.36 0.146
300 29.42 0.147
Table 6

Effect of the adsorption temperature and pH on the distribution
coefficient (K)

Temperature (°C) K,(mL/g) pH K, (mL/g)
25 19.9 1.65 4.0
40 27.3 5 44
50 46.3 8.1 5.6
60 69.1 9.7 8.7
115 40.0
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K,value by 3.5 times. More powerful impact is noticed with
increasing the adsorption pH from 1.65 to 11.5, where the
K,values increased 10 times.

Table 7 presents a comparative study of the MB removal
using different adsorbents in nature. Salisu et al. [65] used
alginate graft-polyacrylonitrile beads to remove MB dye.
They obtained Langmuir maximum monolayer cover-
age of 3.51 mg/g. Nature-based adsorbents such as Kenaf
H. cannabinus-g-PAA and H. cannabinus-g-PAA/PAAM show
low adsorption capacity (7.0 mg/g) [66] regardless of graft-
ing with functional polymers. Rauf et al. [67] removed MB
using gypsum having 36 mg/g adsorption capacity. Patil et
al. [68] studied the adsorption of MB in wastewater by low-
cost adsorbent rice husk having mg/g adsorption capacity.
In this work, low adsorption capacity has been obtained
(0.161 mg/g) compared with the cited works in Table 7.
Further thorough modification of the AMB is needed to
improve its adsorption capacity.

3.13. Reusability

To evaluate the applicability of the DMG-AMB particles
in the removal of MB molecules, we tested for 10 successive
cycles of adsorption and desorption under selected condi-
tions. The DMG-AMB successfully removed all the MB mol-
ecules from the solution after 6 h, keeping its full capacity for
the 10 cycles. The obtained results nominate the DMG-AMB
particles for practical applications in the removal of MB as a
cationic dye model from contaminated water.

4. Conclusion

Dimethylglyoxime modified Amberlite IRA-420 (DMG-
AMB) cations exchanger has been prepared and used for
the separation of MB. The treatment of Amberlite with DMG
has succeeded in converting part of the Amberlite IRA-420
from being an anions exchanger to a cations exchanger. The
DMG-AMB successfully removed MB from a synthetic solu-
tion. The Langmuir parameter for MB removal (K) indicates
that the DMG-AMB was highly efficient for MB removal
and had low energy of sorption. The essential characteris-
tics of the Langmuir isotherm (R,) show favourable removal
because the R, values fall between 0 and 1. The monolay-
er’s adsorption also confirms chemisorption occurs for MB
removal. According to Langmuir isotherm, the maximum
sorption capacity was found to be 0.161 mg/g. The kinetic
data indicated that the sorption was a second-order process.

Table 7
Comparison of the MB adsorption capacity of different
adsorbents

Adsorbent matrices Capacity (mg/g) References
PAN-g-Alginate 3.51 [65]

Kenaf H. cannabinus-g-PAA 7.11 [66]

Kenaf H. cannabinus-g-PAA/  7.00 [66]
PAAM

Gypsum 36 [67]

Rice husk 25 [68]
BMG-AMB 0.161 This work

Moreover, the diffusion mechanism of MB was controlled by
the film diffusion process.

The pH of the adsorption process indicated a determin-
ing effect with increasing pH from 8.0 to 11.5.

Besides, a positive effect of increasing the adsorption
temperature was observed in the range between 25°C and
60°C. The positive value for the AH® (29.69 kJ/mol) indi-
cates the endothermic nature of the process, which explains
the increase in the MB cations adsorption efficiency as the
temperature increased.

The dimethylglyoxime modified Amberlite IRA-420
(DMG-AMB) cations exchanger passed the reusability test,
removing all the MB molecules from 10 ppm solution through
10 successive cycles without any loss of efficiency.

In conclusion, to have a higher affinity, we must perform
the adsorption process at both a high temperature (between
60°C and 70°C) and in an alkaline medium (pH of 11.0 to
12.0). The modification process induced a little affinity for the
cationic molecules. However, the modification of the AMB
beads with DMG needs to be investigated more deeply to
increase the affinity and the capacity.
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