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Abstract: Iron(IIl) loaded cellulose nanocomposite bead, synthesized through sol-gel method, was characterized by
Fourier transform infra-red spectroscopy, field emission scanning electron microscopy, energy dispersive spectroscopy,
atomic force microscopy, tunneling electron microscopy, and tested for adsorptive removal of alizarin red S from
aqueous solution. The influence of variables such as pH, contact time, initial dye concentration, adsorbent dose and
temperature for dye retention were investigated in batch operation. The process was optimized by employing response
surface methodology following full factorial and central composite design. The maximum adsorption of 97% was
observed at an optimum condition of pH 3.0, dose of 2.0 gdm™ and shaking time of 45 mins corresponding to the dye
concentration of 100 mgdm™ at 303 K. Correlation of cooperative influences of the significant variables and the extent
of dye adsorption were represented by a second order polynomial equation. The mutual interactions of the significant
variables were presented by 3D response surface and 2D contour plots in the design space. The adsorption was better
described by Langmuir isotherm and pseudo second order kinetics. The process was spontaneous (-AG®, 48.19 kJmol™),
feasible (AS®, 0.284 Jmol'K™") and endothermic (AH®, 71.62 kJmol™). The adsorbent can be regenerated with NaOH (10.0
x 107 M) and recycled for reuse, at least for five successive operations.

Keywords: Iron-loaded cellulose nanocomposite bead, Alizarin red S adsorption, optimization, isotherm, kinetics,
recycling

1. Introduction

Dyes, due to long term persistence and huge volume of discharge, belong to the class of one of the critical
contaminants. Of the different dyes such as natural and synthetic, the later poses several detrimental effects on water
bodies and water habitats. The synthetic dyes found versatile usage in different industries such as leather, textile, paper,
rubber, cosmetics, plastics, pharmaceuticals as well as food, due to their bright and lasting colors and resistance to
the action of detergent [1]. As a moderate estimation there are about 100,000 commercial dyes, presently in use with
an annual production of over 7.0 x 10° tons per year [2]. The resulting discharge of such dyes to the water bodies
and streams does not only decrease the per capita availability of fresh water for human use like washing, bathing and
drinking, but also pose some threat to human health. The severe consequences are allergic reactions, dermatitis, skin
irritation as well as cancer and mutations [3]. The aquatic habitats become threatened as the dyes inhibit the absorption
and reflection of sunlight entering water and limiting the biological degradation of water impurities including bacteria.

Alizarin red S, an anthraquinone dye, finds wide applications in textile, leather and paint industries [4]. It is highly
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toxic and is highly stable towards heat, light and some chemical interactions [5]. It is necessary to remove alizarin red
S from aqueous environment, preferably following a sustainable approach. There are various techniques that include
co-precipitation [6], electro-coagulation [7], photo-catalytic degradation [8], electro-Fenton process [9] and adsorption
for dye decontamination. Adsorption is one of the most popular removal techniques due to its simple operation, high
efficiency, applicability to wide range of concentrations, availability of variety of adsorbents ranging from engineered
materials to biomaterials and the recycling ability of the adsorbents. Hynes et al [10] made a comprehensive review on
the available techniques as well as different adsorbents for removal of dyes from textile industries. It is still challenging
to develop an efficient, cost effective and renewable adsorbent, following simple preparation route, for removal of
pollutants including the dyes. Bio-based nanocomposites, particularly, may play a significant role in this regard.

In continuation to our study on Cr(VI) removal on iron(IIl) loaded nanocomposite bead (FeCNB) [11], the present
report describes adsorptive removal of alizarin red S using FeCNB. The synthesized adsorbent and the iron(IIl) loaded
nanocomposite bead (FeCNB) were characterized for its physicochemical and surface character using FTIR (Fourier
transform infra-red spectroscopy), FESEM (field emission scanning electron microscopy), EDS (energy dispersive
spectroscopy), AFM (atomic force microscopy), and tunneling electron microscopy (TEM) studies. The synthesized
material was found to be of nano nature and thermally stable at least up to 200°C [11]. The statistical optimization of
cooperative interactions of the operational variables such as pH, contact time, initial dye concentration, adsorbent dose
and temperature were established following the response surface methodology (RSM) in a two steps process viz. full
factorial and central composite design. The former categories the variables in terms of significance, and the optimization
of the significant variables were made in the later step. Among the operational variables concentration, time, dose and
pH were found to be significant. A mathematical model correlating the simultaneous as well as cooperative influences
of the significant variables and the adsorption extent were developed. Statistical analysis of variance (ANOVA) favored
the validity of the derived model. The response surface and contour plots represented the interactive influences of the
significant variables.

The ARS-FeCNB interaction best described by Langmuir adsorption isotherm was thermodynamically feasible
(AG®, -48.19 kImol'; AH®, 71.62 kImol'; AS°, 0.284 Jmol'K™"), and followed 2™ order kinetics. The nanocomposite
bead can be recycled and reused at least for five consecutive adsorption-desorption cycles using 10.0 x 10> M NaOH as
the desorption agent.

The present work was undertaken to explore an effective removal strategy of alizarin red S, an anionic dye of
the anthraquinone family using bio-nanocomposite. The synthesized nanocomposite adsorbent is unique in respect to
its high surface area, porosity, stability, easy mechanical separation and simple route of synthesis from cellulose, the
most abundant biopolymer. The process design for optimization in an all variables at a time mode, in contrary to the
one variable at a time mode, reflects the true situation of variables interaction, although it requires lesser number of
experimental runs. The knowledge gained may be extended to dye wastewater decontamination for real situation and
large scale operation. The present renewable bio nanocomposite shows higher capacity compared to the similar reported
adsorbents [12-16].

2. Experimental methods
2.1 Chemicals and materials

All the chemicals and solvents used are of analytical grade. Cellulose powder used was purchased from Loba
Chemie, India. ARS was purchased from Merck, India. Stock solution was prepared from known amount of ARS in
Milli-Q water. Iron impregnation of cellulose bead was done using Fe(NO,);.9H,0.

2.2 Synthesis of iron(I1l) loaded cellulose nanocomposite bead (FeCNB)

The adsorbent was synthesized by modification of the nanocellulose bead. Synthesis of CNB was done by
liquefaction/dissolution of cellulose, xanthation, alkalization and solidification/coagulation. The formation of the bead
occurred via sol-gel transition [17]. The modification of CNB was done by impregnation of Fe(IIl) [10% Fe(NO,),]
following shaking for 2 h at a speed of 100 spm at room temperature. The bead was washed with D,O and stored at
room temperature under water [11].

Nanoarchitectonics 40 | Mitali Sarkar, et al.



2.3 Preparation of ARS solution

The working solutions were prepared by dilution of the stock ARS solution (1.0 gdm™) with Milli-Q water. The pH
of the solution was adjusted with either HC1 or NaOH solution of desired concentrations as necessary.

2.4 Characterization of FeCNB

Surface analysis of FeECNB was done by scanning electron microscopy (SEM; EVO LS 10 Zeiss instrument, USA),
field emission scanning electron microscopy (FESEM; JEOL, JSM-6700F, Japan) and elemental composition by energy
dispersive spectroscopy (EDS; FEI QUANTA FEG 250, Japan). Atomic force microscopy (AFM; VEECO, DICP-II,
AP-0100, USA) and Transmission electron microscopy (TEM; JEOL, JEM-2100, Japan) were used to determine particle
shape and size in nanometer scale along with parcle size distribution. Fourier transform infrared spectroscopy (Perkin
Elmer L120-000A, USA) was used to identify the functional groups present in the synthesized bead and changes due
to adsorption of ARS on FeCNB (ARS-FeCNB). The thermal stability of the bead was evaluated from thermal study
(TGA-DTA; SDT Q 600 V8-2 Build 100, USA) using AL,O; as the standard [11]. Estimation of ARS concentration in
solution before and after adsorption was made by UV-Vis spectral study (VIS-7200A Perkin-Elmer, USA) at 423 nm.

2.5 Batch experiment

Batch adsorption experiment was performed using ARS solution of different known concentrations at a constant
shaking rate with a fixed adsorbent dose under controlled temperature utill equilibrium was reached. The pH of the
solution was maintained either by dilute HCI and NaOH solution. The influence of operational variables pH, contact
time, initial dye concentration, temperature, adsorbent dose and shaking speed on the adsorption efficiency were
examined.

Adsorption potential (q,), expressed as extent retention (Eq 1) and adsorption efficiency (¢), expressed as percent
retention (Eq 2), were calculated as,

G -C

G ===V ()
C,-C

7) OCO € x100 ()

where, C,and C, were the initial and equilibrium ARS concentration in solution (mgdm™) respectively, m is the mass (g)
of FeCNB and ¥ (cm™) was the volume of the dye solution.

Desorption of ARS was carried out using suitable eluent of definite strength. A fixed amount of dye loaded FeCNB
was shaken with the eluent at a constant shaking rate of 100 spm under controlled temperature utill equilibrium was
established. NaOH solution of varying concentrations was used to desorb ARS and regenerate FeCNB. The adsorption-
desorption process was repeated to determine the recycling efficiency of FeCNB.

2.6 Statistical design and process optimization

In conventional method employing ‘one variable at a time’ approach, the mutual and interactive effects of the
variables cannot be considered. Moreover this requires large number of experiments to determine optimum levels and it
is time consuming.

The statistical experimental design such as response surface methodology (RSM) employing full factorial design
(FFD) and central composite design (CCD) may overcome such limitations [18]. The beauty of RSM is that it estimates
main effects as well as interaction effects and optimizes all the operating variables collectively, known as “all variable
at a time” approach. The statistical analysis of variance (ANOVA) was performed to test the suitability of the design
model. In the first step the significant variables, among the set of experimental variables, were evaluated from the Pareto
chart, using FFD [19]. The significant variables were subsequently optimized in CCD. A polynomial equation, in coded
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term Eq. (3), was built to correlate the response with the interactive effects of the variables, at the optimized condition
[20].

k k o~k k 2
Y =By + i Bixi + Xioy X Byxixj + Xisg Bixi +é& 3)

where, Y indicates the response (adsorption capacity), f, is the constant term, 8, B, and f8; represent coefficient for
linear, quadratic and interaction effect respectively. X; and X; represent the independent variable and € is the random
error.

3. Results and discussion
3.1 Characterization of FeCNB

A comparison of FTIR for FeCNB and that after ARS adsorption (ARS-FeCNB) was carried out to investigate
the changes in vibration frequency of the functional groups of FeCNB due to the dye adsorption (Figure 1). The broad
band at 3414 cm™ for FeCNB and 3401 cm™ for ARS-FeCNB were attributed to -OH stretching frequency while bands
at 2901 cm™' for FeCNB and 2897 cm™ for ARS-FeCNB were attributed to -C-H group stretching vibrations. The band
arising at 2127 cm™ for FeCNB and that at 2132 cm™ for ARS-FeCNB was due to -C = C symmetry. Similarly band
attributed to -OH bending frequency was found at 1651 cm™ for FeCNB and at 1648 cm™ for ARS-FeCNB. A new band
due to H-C-H and O-C-H bending (in plane) at 1424 cm™ was appeared after ARS adsorption that may be due to the
deformation of cyclic ring. Bands corresponding to C-H bending (in plane) (1374 cm™), C-O-H bending at C-6 (1163
cm™), C-C, C-OH, C-H ring and side group (1062 cm™), C-O-C, C-C-O, C-C-H deformation and stretching frequency
(894-898 cm™), C-H deformation (620-605 cm™) [21] were observed both in FeCNB and ARS-FeCNB. The band
corresponding to O-H bending (out of plane) at 769 cm™ in FeCNB disappeared after ARS adsorption. Peaks at 1236,
1160, 1068 cm™ were ascribed to SO, salt (based on the RSO,Na form of the dye) [22]. Peaks at 508 and 575 cm™ due
to Fe-O bond stretching frequency [23] in FeCNB were slightly shifted to 509 and 581 cm™ after ARS adsorption. The
observed changes in some characteristic peaks in ARS-FeCNB may be indicated as a result of interaction between ARS
and FeCNB.

The surface morphology of FeCNB and ARS-FeCNB was investigated from FESEM images at different
magnifications along with EDS analysis. The adsorbent beads were found to be of nano nature and spherical in shape
having approximate size of 10 nm. EDS study showed characteristic peaks corresponding to the presence of C, O and
Fe (Figure 2). The peaks due to C and O were found below 0.5 keV and Fe at 0.5, 6.5 and 7.0 keV (a). In addition peaks
at 2.0 and 2.5 keV corresponding to element Na and S respectively [24] were observed in ARS-FeCNB (b). Elemental
composition of FECNB and ARS-FeCNB presented in Table 1 indicated the retention of ARS on FeCNB.

Table 1. Elemental composition of FeCNB and ARS-FeCNB from EDS

Element Weight %
FeCNB ARS-FeCNB
C(K) 23.46 53.11
0 (K) 65.61 32.24
Fe (K) 10.93 14.19
S (K) 0.27
Na (K) 0.19
Total 100.00 100.00
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Figure 1. FTIR spectral pattern of (a) FeCNB (b) ARS-FeCNB
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Figure 2. FESEM image with EDS inset (a) FeCNB (b) ARS-FeCNB

3.2 Influence of single variables

In an aim to find the influence of single variable on the retention of ARS on FeCNB each one was varied keeping
all others fixed and the range of the variables for attainment of equilibrium was determined. Adsorption of ARS was
influenced by the different operational variables such as pH, contact time, initial dye concentration, adsorbent dose and
temperature. The variables were optimized to maximize the ARS retention on FeCNB.
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3.2.1 Effect of pH

The retention pattern of ARS on FeCNB may be explained by the surface charge of FeCNB and pH dependent
behavior of ARS. The present study was conducted in the pH range from 2 to 10. The higher retention (%) was observed
in pH region 3 to 6.8. With further increase of pH retention percent decreased gradually up to pH 7.3 and sharply
beyond pH 8.0 (Figure 3a). At lower solution pH (< pH_,.) the protonation of the functional groups on FeCNB (pH_pc:
7.58) was more favored. The FeCNB surface becomes positively charged and develops affinity for retention of anionic
species [25]. Thus, retention of the anionic dye ARS on the positively charged FeCNB at lower pH (< pH;p¢) occurred
via electrostatic attraction. It was found that maximum retention (97%) of ARS (100 mgdm™) on FeCNB occurred at pH
3.0 which decreased to 80% at pH 6.8 and further decreased to 25% at pH 10.0. The decrease in the retention at higher
pH was due to the repulsive behavior between the dye and the negatively charge surface of FeCNB.

3.2.2 Effect of contact time

The present study was carried out with three different ARS concentrations viz. 50, 100, 150 mgdm™ with variation
of time utill the attainment of the equilibrium. Percent retention of ARS was rapid at the initial stage, may be due to
the availability of large vacant adsorbent sites as well as a high concentration gradient between the solution and the
adsorbent phase [26]. Progressively as the active sites are used up the dye retention became retarded and eventually
reached equilibrium. It was found that the adsorption equilibrium, as characterized by the appearance of a flat plateau
was attained at 45 minutes (Figure 3b).

3.2.3 Effect of initial dye concentration and temperature

The effect of initial dye concentrations on retention was investigated using solution concentration of 50, 100, 150
mgdm™ corresponding to a fixed adsorbent dose at three different temperatures viz. 290, 300 and 310 K. It was found
that with the dye concentration increased, the extent of retention was increased for all the studied temperatures (Figure
3¢). This was due to the availability of more surface active sites of Fence. With the increase of initial dye concentration
the mass gradient between the solution and the adsorbent surface increased resulting an increase of the driving force for
the transfer of dye molecules from bulk solution to the adsorbent surface.

At higher dye concentration the lower percent of retention was due to the lack of available active sites. As the
available active surface was increasingly occupied the binding capacity of the adsorbent decreased and on approaching
equilibrium the adsorption extent reached an almost constant value [27]. The retention profile of ARS followed a similar
nature for all the studied temperatures. The extent of retention was increased with a rise in temperature for all the
studied dye concentrations.

3.2.4 Effect of FeCNB dose

The effect of FeCNB dose on ARS retention was studied in the range 1-5 gdm®. It was found that at pH 3.0 and
shaking time of 45 minutes the maximum retention was achieved at 2.0 gdm™. The percent retention was increased
initially with increase in dose, attained a maximum at equilibrium and remained constant thereafter (Figure 3d). This
may be attributed by the fact that with increase of adsorbent dose the surface active sites increased and adsorption
facilitated. Due to the possible aggregation of active sites with increase of dose beyond equilibrium the extent of
retention remained unaltered [28].
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Figure 3. Effect of operational parameters for ARS retention on FeCNB (a) pH (b) contact time (c) initial concentration (d) dose

3.3 Process optimization using RSM
3.3.1 Scrutiny of variables from Pareto chart and building of FFD

The operational variables such as pH, FeCNB dose, contact time, ARS concentration and temperature were found
to have some influence on the adsorption in the univariate operation variables. The mutual influence of such variables
can be modeled through RSM. The category of variables (significant and not significant) may be ascertained from the
Pareto chart following a full factorial (2°) design employing Design-Expert 8.0 software. It considers that the interaction
effects among the three or more variables are small compared to two variables interaction effects and the main
effects and [29]. The FFD assumes that the sparsity-of-effects principle is valid and is build considering all possible
combinations of variables across all the levels [(higher, +1) and (lower, -1)].

In the present case cooperative influence of pH, dose, contact time, concentration and temperature on the adsorption
efficiency (response) was evaluated. A full factorial (2°) design using Design-Expert 8.0 software was employed. It was
assumed that interaction effects among the three or more variables were small compared to the main effects and two
variables interaction effects [29]. The category of variables (significant and not significant), through the main effects,
was scrutinized at 95% confidence interval (p = 0.05) from the Pareto chart (Figure 4a). The height corresponding
to each bar in the Pareto chart is a measure of the extent and the sign indicates the nature of influence (positive or
negative) of the variable/s on the response. The bars above the upper threshold t-limit (Bonferroni) correspond to
significant variables while those below the lower threshold of the t-limit correspond to non-significant variables. The
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bars in between Bonferroni limit and the lower t-limit may possibly be significant. The influence of single variables is
represented by hollow bars while the solid bars represent the multiple or combined influences of the variables. In order
to identify the significant variables and to estimate the effect of each single variable on response only the hollow bars
were considered in the present case.

It was estimated that the percentage contribution of each variable to the response (PCR) follow an order as,
concentration (D: 34.53%) > dose (B: 26.60%) > time (C: 18.81%) > pH (A: 11.30%) > temperature (E: 1.11%). Thus,
concentration had the most prominent influence on the response while the temperature the least. The length of the
bar indicated that concentration (D), dose (B), time (C) and pH (A) were the significant variables. All the significant
variables other than the concentration of dye showed positive influence on the response, so the study was conducted at
each predetermined fixed concentration. In the next step of CCD, the significant variables viz., pH, dose and time were
optimized to achieve the maximum efficiency.

3.3.2 Optimization of variables by CCD

At the step of optimization a second order central composite design (CCD) matrix was built up with the three
significant variables (k) in the present case. All the variables were coded at five levels [very low (-a), -1 (low), 0
(central), +1 (high) and very high (+a)] (Table 2). The design was built considering center, axial and factorial points of
the significant variables. The required number of experimental data points (REDP) to construct the design was evaluated
from the equation (4),

REDP = 2* (factorial) + 2k (axial) + 6 (center) 4)

In the present case the REDP was found to be 20.

Table 2. Matrix layout of CCD

Run no. N Codedgariable C Adsorption efficiency (%)
1 -1 -1 1 48
2 -1 1 -1 62
3 0 0 0 94
4 1 -1 -1 45
5 0 0 0 93
6 -1 1 1 58
7 1 1 -1 75
8 -1 -1 -1 45
9 1 -1 1 58
10 0 0 0 93
11 0 0 0 96
12 1 1 1 83
13 0 0 0 93
14 0 0 0 95
15 0 1.68 0 84
16 1.68 0 0 55
17 -1.68 0 0 51
18 0 0 1.68 81
19 0 0 -1.68 78

20 0 -1.68 0 40
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A second order polynomial (Eq. 5) correlating significant variables and the response (Y) was built as,

Y = 93.6463 + 6.0584A + 11.0340B + 3.2454C + 3.5AB + 2.75AC — 1.5BC — 17.2351A2— 10.5661B> — 6.8301C>

)

The sensitivity analysis, to ascertain the significance of the model, was tested from analysis of variance (ANOVA)
and Fisher’s F-parameter [30] (Table 3). The F-value compares between the mean square of the model and the residuals.
The p-value is defined as the smallest level of significance leading to rejection of the null hypothesis. Thus, when p-values
are less than 0.05 the effects of variables in response become statistically significant. The model F-value indicated
that the derived model was significant (p-value < 0.0001). Student’s t-test was carried out to determine whether the
calculated main and interaction effects were significantly different from zero. In the present model A, B, C, AB, AC, A’,
B’ and C’ were found to be significant. Quality of the model developed was determined from R” (regression coefficient)
parameter. The value of R*close to 1.000 favored the model. In the present case a value of R equal to 0.9950 approved
the model validity with 99.50% accuracy. The adequate precision measures the signal to noise ratio and values greater
than 4 was considered as appropriate for the desired model [31]. In the present model, the adequate precision was found
to be 34.64. This suggested that the model, predicting adsorption, was appropriate to navigate the design space.

Table 3. ANOVA of CCD

Parameter r S.S df M.S F-value p-value Prob > F Influence
Model 7529.367 9 836.5964 202.5414 <0.0001 Significant
A-pH 458.1626 1 458.1626 110.9219 <0.0001 Significant

B-Dose 1688.767 1 1688.767 408.8534 <0.0001 Significant
C-Time 117.137 1 117.137 28.35905 0.0005 Significant
AB 98.231 1 98.231 23.72596 0.0009 Significant
AC 60.522 1 60.522 14.6471 0.004 Significant
BC 18.142 1 18.142 4.35783 0.0664 Not significant
A2 3360.182 1 3360.18 813.5058 <0.0001 Significant
B2 1741.746 1 1741.746 421.6797 <0.0001 Significant
c"2 437.9935 1 437.9935 106.039 <0.0001 Significant
Residual 37.17446 9 4.130496
Lack of fit 29.17446 5 55.834893 2.917446 0.1608 Not significant

R’ =0.9950, Adjusted R* = 0.9901, Adequate precision = 34.64, S.S: sum square, df: degree of freedom, M.S: mean square

The correlation between the experimental and predicted (model) response was made in Figure 4b. It was seen
that almost all the data points were close to the straight line, indicating that the developed model was appropriate and

adequate.

Volume 2 Issue 1]2021] 47

Nanoarchitectonics



(2) (b)

10624 7 A:pH 100.00—
' B: Dose 5
B C: Time
g D: Conc 90.00
k= E: Tempr
S 796 [[IS : . y
E B Negative Effects Z 80.00— r
£ A §
= 2
2 531 = 70.00
St L
: Z
S |

:c: Bonferroni Limit 3,52295 E 60.00—
L g
£ 265 I -Value Limit 2,05954
I Hll 50.00

0.00— IIIl[H][II]Il.lIDII------- 40.00 .

TTT T T T I T T T T T I T T T T T T T T T T T I 1T 1711 T T T T T T T
— P NN 2 s s 40.00 50.00 60.00 70.00 80.00 90.00 100.00
Rank Actual response

Figure 4. (a) Pareto chart (b) Correlation of actual and predicted response

3.3.3 Mutual interactions of significant variables

The mutual interaction effects between each pair of significant variables and their optimum values were elucidated
through 3D surface and contour plots. Figures 4(a) and 4(b) represented 3D surface and contour plots respectively for
the interaction between pH and dose (time fixed). Adsorption efficiency was found to increase as the pH and adsorbent
dosage increased. The adsorption was found effective in the pH range of 3 to 6 and with increased dosage up to 2.0
gdm”, after which it did not change appreciably. In this pH range the adsorbent surface (pH,pc: 7.28) being positively
charged attracts the anionic ARS dye. With increased adsorbent dosage the enhanced number of available sites resulted
in increased dye adsorption. Beyond optimized adsorbent dose the saturation of adsorbent active sites with dye
molecules may possibly occurred and no further increase in adsorption was observed with further increase of adsorbent
dosage. Similar observation was reported [32] for adsorption of metals on Lemongrass. Self-binding of adsorbent may
reduce the binding sites of adsorbent at higher dose. Figures 4(c) and 4(d) representing the 3D surface and contour
plots respectively, showed dependency of adsorption efficiency on pH and time (dose fixed). Adsorption efficiency
increased as both the pH and adsorption time increased up to a point and then decreased. The highest percent adsorption
was recorded at pH range 4-6 and contact time of 45 mins. The dye-adsorbent interaction in this pH region was
demonstrated as electrostatic between the anionic dye and the positively charged surface site of the adsorbent. Initially,
the dye removal was faster than during the later stage and after the optimum time saturation in adsorption was observed.
The fast adsorption of the dye at the initial time was due to the availability of plenty active sites on the surface of the
adsorbent. With gradual occupancy of the active sites the adsorption slowed down and reached a maximum value at the
equilibrium of 45 mins. All the vacant sites on the adsorbent surface being occupied, further increase in contact time did
not show any increase in adsorption. The lower adsorption rate at later stage may be due to the gradual occupancy of
dye molecules on binding sites [33]. The mutual interaction between dose and time (pH fixed) was illustrated by the 3D
surface plot in Figure 5(e) and contour plot in Figure 5(f). Adsorption efficiency increased appreciably with adsorption
time and gradually with adsorbent dosage. Initial increase of dose with progress of time leads to increase of adsorption
due to availability of more adsorbent surface and prolonged dye-adsorbent interaction. Subsequently, the equilibrium
was reached as a result of saturation of adsorbent active sites with dye molecules.
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3.4 Adsorption isotherm

The equilibrium relationship between the adsorbate and adsorbent surface was presented by isotherm models.
Among the different models Langmuir, Freundlich, Tempkin and Dubinin-Radushkevich isotherm were studied.

3.4.1 Langmuir isotherm

Langmuir isotherm model illustrates the uptake of solute occurs on a homogeneous surface by monolayer formation
and without any interaction of adsorbed molecules. The linear form of the Langmuir isotherm [34] was expressed as,

c, 1 C

e e

qe ) Qmaxb " Qmax (6)

where, Q... (mgg") and b (dm’mg™") were the Langmuir isotherm constants representing the adsorption capacity and the
energy of adsorption respectively. C, (mgdm™) represented the equilibrium concentration and ¢, (mgg™) the equilibrium
amount of solute.

A straight-line plot of C,/q, against C, (Figure 6a) estimated Q,,,, as reciprocal of the slope and b as the ratio of the
slope and the intercept (Table 4).

The nature of adsorption may be evaluated from separation factor, a dimensionless quantity, R;, expressed as,

1
1+5.C,

(7

Ry

where, b was the Langmuir constant and C, the initial ARS concentration in solution

The value of separation factor (R;) revealed important information about the nature of adsorption such as,
irreversible (R, = 0), favorable (0 < R, < 1), linear (R, = 1) and unfavorable (R, > 1). The separation factor (R,) in the
present study was found to be in the range 0 < R, < 1, indicating a favorable case of adsorption in the present solute-
adsorbent system [35]. The evaluated constants were given in Table 5. It was found that both Q,,,, and b values increased
with temperature.

3.4.2 Freundlich isotherm

Freundlich isotherm model assumed that the adsorption sites (surface of FeCNB) were made up of small
heterogeneous layers and the non-ideal adsorption took place on such surfaces [36]. In the linear form it was expressed
as,

Ing, =1nKF+11nce (®)
n

where, K, represented Freundlich isotherm constant related to adsorption capacity (gmg™) (mgdm™)"" and 1/n
represented adsorption intensity.

The value K,and 1/n were calculated from the slope and intercept of the linear plot Ing, against InC, (Figure 6b).
The Freundlich constants K increased with temperature. Although 1/n did not follow a definite trend, the value 1/n < 1
at each case (Table 4) indicated a favorable adsorption condition.

3.4.3 Tempkin isotherm

Tempkin isotherm assumed that the free energy of interaction between the adsorbate and the adsorbent was a
function of the surface coverage [37]. It may be represented as,
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9o = RT In Ay + RT InC, )
Br Br

where, B, (kJmol") was represented the heat of adsorption and 4, (dm’mg™) was the equilibrium binding constant
corresponding to the maximum binding energy.

A plot of g, against InC, yielded a straight line (Figure 6¢). The constants 4, and B, were evaluated from the slope
and the intercept of the straight line. The values of A, and B, were presented in Table 4.

The equilibrium data fit to the isotherm models revealed that the values of coefficient of determination (R?)
followed the order Langmuir > Tempkin > Freundlich for all the temperatures. Moreover, the values of standard error (SE)
were much lower in case of the Langmuir than the Tempkin and the Freundlich model. Therefore, the Langmuir model
best represented the ARS-FeCNB interaction in the present case.

3.4.4 Dubinin-Radushkevich isotherm

In an aim to describe mechanistic pathway for the adsorption process, the Dubinin-Radushkevich (D-R) isotherm
model was tested. It was based on the heterogeneity of the adsorbent surface and follows the concept of Polynyi
potential (€) [38]. The linear form of the D-R isotherm was presented as,

lnqezlnqs—Kadé‘z (10)

where, g, was maximum adsorption capacity (mgg"), K,, was D-R isotherm constant (mol’J?) related to adsorption
energy and € was expressed as,

C:RTln(lJrLj (11)
Ce

The parameters g, and K, were obtained from the intercept and slope respectively of the straight line of plot of Ing,
against €2 (Figure 6d).

The mean free energy of adsorption E, defined as the free energy change when one mole of solute was transferred
to the surface of the solid from infinite in solution can be calculated from K, from the following equation.

1
E=(-2K,g) 2 (12

The D-R parameters and mean free energy were given in Table 4. The magnitude of £ was used for evaluating
the type of solute-adsorbent interaction. It was estimated that in case of £ > 8 kJmol”, the interaction was aided by
intraparticle diffusion, for E value in the range of 8-16 kJmol the process was mainly through ion exchange and for E
< 8 kJmol the interaction was predominately electrostatic in nature [39]. In the present case the E value was found to
be less than 8 kJmol' at all the studied temperatures, indicating that the retention of ARS on to FeCNB occured through
electrostatic interaction. Moreover, the £ value decreased with an increase in temperature. Thus, retention of ARS on to
FeCNB was favored at higher temperature.
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Table 4. Isotherm parameters

Model T (K) b (dm’mg™) Q. 107 (mgg™) R’ SE
Langmuir 290 0.1298 1.519 0.9991 0.0256
300 0.5310 1.669 0.9990 0.0241
310 0.5436 1.957 0.9984 0.0312

Freundlich T (K) 1/n K107 (gmg") (mgdm?)"" R2 SE
290 0.3552 0.3370 0.9742 2.320
300 0.2713 0.6491 0.9581 1.989
310 0.3524 0.6943 0.9590 2412

Tempkin T (K) B, (kigmg'mol™) An107 (dm’ mg™) R2 SE
290 8.118 1.645 0.9853 1.321
300 9.705 14.48 0.9834 1.024
310 7.179 8.033 0.9862 1.847

Dubinin- T (K) K107 (mol2kJ?) q.-107 (mgg™) E (kJmol™) R2

Radushkevich

290 2.110 1.166 7.071 0.8954
300 1.842 1.328 1.041 0.8811
310 0.1412 1.462 0.3162 0.8882

*evaluated data presented in 4 significant digits

Table 5. Separation factor (R;)

R,
T (K) C, (mgdm™) C, (mgdm™) C, (mgdm™)
50 100 150
290 0.1334 0.0714 0.0488
300 0.0362 0.0184 0.0123
310 0.0354 0.0180 0.0121

*evaluated data presented in 4 significant digits

3.5 Thermodynamic study

The adsorption spontaneity was illustrated from the thermodynamic parameters such as enthalpy (AH®), entropy
(AS°) and free energy (AG®) using the following equations [40].

AG®°=RTInK, (13)

AH°®

RInK, =AS°— (14)

where, K is the equilibrium constant, R was the universal gas constant (8.314 Jmol'K") and 7 was the absolute
temperature in Kelvin scale.

A straight-line plot of RInK_ against 1/T (Figure 6e) yielded AH® from the slope and AS® from the intercept (Table 6). It
was found that the values of AG® for all the temperatures are negative indicating a case of spontaneous adsorption. The
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AH° value was found to be positive indicating endothermic nature and thus the extent of retention was found to increase
with temperature. The positive value of AS® implied a favorable process due to increased randomness at the solid-

solution interface [41] during ARS-FeCNB interaction.
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Table 6. Thermodynamic parameters

Cone. (mgdm™) T (K) -AG® (kJmol™) AH° (kJmol™) AS® (Jmol'K™)
290 35.82
100 300 48.19 71.62 0.284
310 51.66

*evaluated data presented in 4 significant digits

3.6 Kinetic study

The adsorption rate for the present solute-adsorbent interaction was evaluated comparing pseudo first order
(Lagergren) and pseudo second order models for three different concentrations (50, 100, 150 mgdm™) at temperature
300 K.

3.6.1 Pseudo-first order model (Lagergren)

The Lagergren or pseudo first-order rate equation [42] in linear form was expressed as,
In(g, —q,) =Ing, — Kyt (15)

where, q. was the amount of dye adsorbed (mgg™) at equilibrium and ¢, was that at time t (min.).
A plot of In(g, — ¢,) against time (t) (Figure 7a) yielded a straight line and the Lagergren rate constant K, was
obtained from the slope of the plot. It was found that rate constant (K,) decreased with increase of concentration (Table 7).

3.6.2 Pseudo second order model

The linear form of pseudo second order rate model [43] was represented as,

t 1 t
—= 5t — (16)
% Kyq, 9

where, K, was the second order rate constant (gmg'min™") that can be estimated from the intercept of the linear plot of #/
q, against time (Figure 7b). With increase in dye concentration the second order rate constant was found to decrease (Table
7).

Comparing the above two kinetic models, it was found that values of coefficient of determination (R”) was
comparatively higher in the second-order rate equation than that of the first order rate equation. The standard error (SE)
was much less for each dye concentration in the second order than the first order model. Thus, the pseudo second order
model was suggested to be better fit for the ARS-FeCNB interaction.

3.6.3 Intraparticle diffusion model (Weber-Morris)

The kinetic results were also analyzed for the Weber-Morris or intraparticle diffusion model [44], represented as,-

1

2 a7
q =K,t2+C

where, C (mgg™") was the intercept and K, (mgg 'min""?) was the intraparticle diffusion rate constant.
The Weber and Morris plot (Figure 7¢) revealed an initial curved portion (indicative of boundary layer effect,
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i.e. surface adherence) followed by a linear portion (indicative of intraparticle or pore diffusion). The slope of the
linear portion yielded K, while the intercept signified the extent of boundary layer effect. The larger the intercept the
greater the contribution to the surface adherence [45] in the rate limiting step. It was found that K, value increased with
temperature (Table 7). The activation energy (E) of the pore diffusion was calculated from the linear plot of InK, against
1/T following Arrhenius equation:

plot (Figure 7d) and the E value was found to be 56.77 Jmol™.

In(q.-q,)

anp zlnA—£
RT

(18)

The goodness of the data fit was indicated by the high regression coefficient (R* = 0.9685) value of the Arrhenius
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Table 7. Kinetic parameters

Model Rate constant
Conc. (mgdm™) K,.10% (min™) R’ SE
Pseudo- 50 7.503 0.9670 0.1842
first order
(Lagergren) 100 7.404 0.9743 0.1833
150 6.601 0.9587 0.1571
Conc. (mgdm™) K,.10% (gmg'min™) R’ SE
Pscudo- 50 53.52 0.9991 0.0545
second order 100 12.21 0.9984 0.0574
150 6.534 0.9947 0.0678
T (K) K,;.10° (gmg'min™?) Intercept.10° R’ E, (Jmol™)
Weber-Morris and 290 3.723 26.33 0.8592
Arrhenius equation 300 10.71 28.91 0.8994 56.77
310 16.83 30.12 0.8973

*evaluated data presented in 4 significant digits

3.7 Mechanism of ARS-FeCNB interaction

A comparison of the adsorption efficiency of CNB and FeCNB indicated that under similar condition the former
yielded poor ARS adsorption (Figure 8a). Under optimum equilibrium condition the Langmuir isotherm model was most
suited than the Tempkin and the Freundlich model. The evaluation of adsorption energy (< 8 kJmol™) from the Dubinin-
Radushkevich isotherm model suggested that ARS-FeCNB interaction was predominantly electrostatic in nature.
The electrostatic interaction between the anionic dye and cationic adsorbent surface can be explained by the pHy, of
FeCNB. Such phenomenon can further be supported from the enthalphy (AH®) of ARS-FeCNB interaction. Based on
the value of AH® (20 < AH® < 80 kJmol™) the ARS-FeCNB interactions may be said to be as electrostatic in nature [46].
The value of AS® was found to be positive during the dye-nanocomposite bead interaction. It may be thought that the
solute was displaced from the aqueous phase when it was adsorbed onto the solid phase, thereby enhancing the enthalpy
value.

The kinetic data best fitted to the pseudo second order model compared to the pseudo first order model supports
the chemisorptions process. Thus, the adsorption proceeds via electrostatic interaction [12]. The adsorption capacities
of some iron based materials such as activated carbon/y-Fe,O; nano-composite (108.69 mgg™ [12], NiFe,O,/polyaniline
magnetic composite (186 mgg™) [13], polypyrrole coated Fe,0, nanoparticles (116.6 mgg™') [14], activated clay modified
by iron oxide (32.70 mgg™) [15], magnetic nanoparticles of Fe,0, (140.8 mgg™"), CoFe,0, (192.3 mgg"), and IL-Fe,0,
(256.4 mgg™) [16] were compared with that of FeCNB (166.9 mgg), in the present report. A somewhat high capacity
of NiFe,0,/polyaniline magnetic composite [13], CoFe,0,, and IL-Fe;O, [16] may be due to higher equilibration time,
temperature or lower ARS concentration range. Thus, the present synthesized nanocomposite is more efficient for ARS
adsorption in terms of higher capacity in lower equilibrium time and temperature and higher ARS concentration range.

3.8 Desorption study
Desorption study was performed to test the reusability of FeCNB.

3.8.1 Choice of eluent

Desorption of ARS was carried out using aqueous NaOH solution with different concentrations (1.0 x 107 -
100.0 x 10> M). Regeneration study of FeCNB via desorption of ARS is very important in the context of reusability
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of the adsorbent. Eluting reagent was selected first and then reusability test was performed. Elution of ARS was found
effective using 10.0 x 10> M NaOH and almost 98% of adsorbed ARS was desorbed.

3.8.2 Regeneration and reusability of FeCNB

FeCNB after regeneration using 10.0 x 10 M NaOH may be recycled for retention of ARS at least for three
successive operations maintaining its retention ability. The retention extent decreased to 92% after five cycles. The
retention of ARS was found to decrease to 86% after 3 cycles and 66% after 5 cycles using 5.0 x 10> M NaOH. Using
50.0 x 10° M NaOH the retention decreased to 77% after 3 cycles and 59% after 5 cycles (Figure 8b). In order to
explain such observations the stability aspect of FeCNB (possible iron leaching) versus ARS retention with NaOH
strength (Figure 8c) was studied. It was found that with increased NaOH strength the extent of iron leaching was
increased. The extent of iron leaching was found to be 9, 12 and 34% using 5.0 x 107, 10.0 x 107 and 50.0 x 10* (M)
NaOH respectively. Thus, lower retention using 0.05 M NaOH may be due to lower desorption ability while that using
50.0 x 10 M NaOH may be due to stability loss of FeCNB.
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Figure 8. (a) Adsorption efficiency of CNB and FeCNB (b) Recycling of FeCNB and (c) ARS elution and Fe(III) leaching
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4. Conclusions

Iron(IIT) modified cellulose nanocomposite bead (FECNB) was found to be very much effective and suitable
adsorbent for the removal of alizarin red S from aquatic environment. The process was optimized for the multi
variables, mutually interactive and cooperative, influencing the adsorption of ARS on FeCNB. Factorial design was
used primarily to categorize the significant variables. Central composite design was applied to build the mathematical
function (polynomial) correlating variables and the response (adsorption percent). The model validity as well as the
data quality was established from ANOVA. The maximum adsorption capacity was obtained around pH 3-6. Adsorption
was increased with the increase in the dose, contact time and temperature, and decrease in the initial concentration. A
maximum adsorption of 97% was observed at pH 3.0, shaking time of 45 mins and dose of 2.0 gdm” corresponding
to an initial dye concentration of 100 mgdm™ at 300 K. The process followed the Langmuir isotherm and pseudo
second order rate model, as evaluated from the values of regression coefficient and standard error. The process was
thermodynamically feasible, endothermic and favorable. The AG® value was found negative (-48.19 kJmol™), and AH®
(71.62 kJmol™) as well as AS°® (0.284 Jmol'K™) values were positive. The R, value predicted the feasibility of this
process. The mean free energy of adsorption (1.041 kJmol™ at 300 K) implied that ARS FeCNB interaction was physical
in nature. Desorption experiment showed that the percentage of ARS removed and adsorbent regenerated increase with
increase of pH and strength of regeneration solution. NaOH (1.0-10"" N) was found to be most effective and suitable
regeneration solution. FECNB can be regenerated and reused at least for 5 cycles of adsorption/desorption process. The
literature data revealed that FeCNB is effective and efficient than some similar reported adsorbents in terms of simple
preparation and operation, capacity, stability, renewability and cost.
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