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The marine algal biomass of Ulva lactuca was utilized for the extraction of cellulose and the
development of cellulose nanocrystals/graphene oxide film. Cellulose nanocrystals with 50-150 nm
were produced by H,SO, hydrolysis of the algal cellulose. The adsorption efficiency of the
nanocomposite film for Fe(ll) and Fe(lll) ions was successfully evaluated using Box-Behnken design.
The maximum removal for Fe(ll) (64.15%) could be attained at pH 5.13, adsorbent dosage 7.93 g L™
and Fe(ll) concentration 15.39 mg L™, while the biosorption of Fe(lll) was 69.92% at pH 5.0, adsorbent
dosage 2 g L™, and Fe(lll) concentration 15.0 mg L. However, in the binary system, the removal
efficiency of Fe(ll) was enhanced to 95.48% at Fe(ll):Fe(lll) ratio of 1:1, while the Fe(lll) removal was
increased to 79.17% at ratio 1:2. The pseudo-second-order kinetics exhibited better fitting to the
experimental results of Fe(ll) and Fe(lll) adsorption in both single and binary systems. The intra-
particle diffusion was prominent during the biosorption, but the effect of the external mass transfer
was significant. The Langmuir, Freundlich, Langmuir-Freundlich, Temkin, and Dubinin-Radushkevich
isotherms showed satisfactory fitting to the experimental data, but they differ in priority based on
iron state and pH. The adsorption of Fe(ll) in the presence of Fe(lll) in a mixture was best represented
by the extended Langmuir model, while the extended Langmuir-Freundlich model best fitted the
adsorption of Fe(lll). The FT-IR analysis indicated that physisorption through electrostatic interaction/
complexation is the predominant mechanism for the adsorption of iron using the nanocomposite film.

Water pollution by heavy metals is a serious environmental problem since they are non-biodegradable, persistent
and have health, and economic impacts'. Iron is one of the most abundant metal elements in the Earth, that is
mainly present in variety of rocks, soils and water, both as Fe(II) and Fe(III)?. Fe(II) and Fe(III) are important
microelements for plants, animals, and microorganisms, but at higher levels they exert various toxic effects. In
general, both surface and ground water are vulnerable to iron pollution, but the received concentration varies
with the contamination source. Geogenic iron pollution originates from the dissolving of rocks and minerals and
leaching into the ground water®. Several industrial effluents such as steel tempering, coal, and mining industries
are the main sources of iron pollution in the aquatic environment. Landfill leakage, domestic sewage, and wastes
from livestock and farms can also contribute to Fe ion water pollution. The two oxidation states of iron can eas-
ily change from one to another as a function of pH, temperature, and additional components in the solution.

Iron at concentrations as low as 0.1 mg L~! can cause bad taste in water. Furthermore, iron can increase tur-
bidity of water, stimulate bacterial growth, and can react with other compounds, which catalyze the formation
of oxygen radicals and damage cellular DNA*. High levels of iron contamination in domestic water can produce
stains in laundry, porcelain, etc., along with unpleasant odor®. Accordingly, the permissible limit for iron in
drinking water as indicated by the World Health Organization (WHO) is 0.3 ppm”. Thus, the elimination of iron
pollution from aquatic environment is a fundamental process to reduce its adverse effects.
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Numerous techniques have been applied effectively to remove heavy metals, such as electrocoagulation,
precipitation, reverse osmosis, adsorption and membrane separation®. Among these techniques, adsorption is a
promising method due to its low operating cost, low secondary pollution and simple equipment requirements’.

Cellulose is one of the most abundant natural biopolymers on Earth. Currently, it is utilized for various indus-
tries including food packaging, electronics, pharmaceutics, paper, biomedicine, wastewater treatment, cosmetics,
textile, construction, food additive, and various aspects of biotechnology®. Recently, increased attention has been
given to algae-derived cellulose as a promising alternative to plant-derived cellulose®!’. In general, the isola-
tion of algal cellulose does not require a delignification step, which reduce the consumed energy and increase
cellulose purity compared to that derived from plants'®. Furthermore, algae are generally characterized by fast
growth rates without the need for fertile land and competition with any food resources. Besides, the nanocel-
lulose derived from algae has been reported to have high crystallinity and specific surface area and demonstrate
excellent rheological and mechanical properties compared to plant-derived nanocellulose!"!2.

On the other hand, nanocellulose outstands as one of the most promising, sustainable and eco-friendly
nanomaterials for various fields such as biomedical products, environmental remediation, textiles, sensors,
catalysis, energy and beyond®. Graphene oxide (GO) has been also considered as a promising nanomaterial for
application in the environmental technology, energy storage, and medical industries'. As an oxidation product
of graphene, GO possesses the basic features of graphene, besides various forms of functional groups, which
were introduced during the modification process, such as single bond COOH, single bond C, double bond O,
and single bond OH. These groups are responsible for its excellent adsorption properties, since they can directly
act as anchoring sites for metal ion complexation'*'>. However, GO cannot be used as adsorbent directly due to
its high hydrophilic properties'>!®. Consequently, a series of graphene oxide composites have been developed
to enhance its performance. Furthermore, it has been exploited as a reinforcing agent for cellulose and cellulose
nanocrystals for the development of multifunctional nanocomposites. The oxygenated functional groups of GO
interact with the OH groups in cellulose via hydrogen bonding leading to the formation of mechanical stable
nanocomposite with effective 3D network structure'’. For instance, Chen'® prepared graphene oxide/cellulose
hydrogel crosslinked with epichlorohydrin for the adsorption of Cu**, Zn**, Fe’*, and Pb*". The use of GO can
promote the mechanical strength and thermostability as well as the adsorption properties of the composite
hydrogel!”'8. However, to the best of our knowledge, no attempts have been carried out to utilize algae-derived
cellulose nanocrystals and GO for the development of nanocomposite material for the adsorption of heavy met-
als such as Fe(II) and Fe(III).

The aim of the present study was to develop a low-cost and environment-friendly nanocomposite film based
on cellulose nanocrystals extracted from Ulva lactuca biomass and graphene oxide for the adsorption of Fe(II)
and Fe(III) from aqueous solution. Box-Behnken experimental design was used to improve the efficiency of
the adsorption process in terms of different operational parameters (pH, iron concentration, and film dose) in
single system. Additionally, adsorption kinetics and isotherms were investigated and compared for the single
and binary iron systems.

Materials and methods

Extraction of cellulose from U. lactuca and preparation of nanocellulose. The isolation of cel-
lulose from U. lactuca biomass was performed as described previously'?. One gram of the extracted cellulose
was hydrolyzed using 50 mL of sulfuric acid (64% w/w) at 45 °C and 300 rpm. After 3 h, acid hydrolysis was
terminated by adding ten-fold distilled water followed by centrifugation (3800g, 10 min) at room temperature.
The sample was washed several times until neutrality.

Preparation of graphene oxide (GO). ~ Graphene oxide was synthesized from graphite pencil lead”. In a
typical synthesis, finely powdered graphite pencil lead (2 g) and NaNO; (1 g) were dissolved in 46 mL of concen-
trated H,SO, and stirred in an ice bath for 15 min. Then, 6 g of KMnO, was gradually added into the solution
and the temperature was kept below 20 °C. The reaction was stirred continuously in a water bath at 35 °C for
2 h and then maintained at this temperature for 30 min. The prepared solution was slowly diluted by 92 mL of
distilled water and the temperature was kept below 98 °C. After 15 min, the mixture was completed to 280 mL
using warm distilled water. Then, 20 mL of 30% H,O, was added to reduce residual permanganate to soluble
manganese ions and stop the gas evolution from the solution. Finally, the suspension was filtered and washed
with 5% HCI, followed by washing with distilled water until pH 7. The collected graphene oxide was dried at
60 °C to a constant weight and milled into fine powder using a home blender.

Preparation of nanocomposite biosorbent. Cellulose nanocrystals (CNC) (0.2% w/v) and graphene
oxide (GO) (0.2% w/v) were separately dissolved in distilled water and further homogenized by sonication for
3 min and 5 min, respectively. The film forming solution was prepared by homogenizing 5 mL of GO solution
and 5 mL of CNC solution for 1 h at 250 rpm. Then, 5 mL of polyvinyl alcohol (PVA, 5% w/v) was added into
the mixture and further homogenized for 30 min. Finally, glycerol was added as a plasticizer (0.3 g g! CNC)
and the mixture was homogenized for 1 h. The film forming mixture (15 mL) was poured into a polyethylene
Petri dish and left to dry at 40 °C. The intact film was peeled off and kept in a desiccator at 25 °C for 48 h until
further analysis.

Characterization of CNC/GO film.  Electron microscopy. 'The morphology and particle size of CNC and
the surface structure of the CNC/GO film were investigated using transmission electron microscope (JEOL
JEM-100CX II), and scanning electron microscope (JEOL JSM 5400 LV), respectively at the Electron Micros-
copy Unit, Assiut University. The particle size of CNC was determined using Image]J software®.
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Fourier transform-infrared (FI-IR) spectroscopy and determination of crystallinity. FTIR spectra of the devel-
oped materials were recorded in the 4000-400 cm™! region using a Nicolet IS 10 FT-IR spectrophotometer. The
FT-IR crystallinity was calculated based on the ratio of the absorption bands at 1314-1317 and 1374-1377 cm™"2!.

Film thickness and density. The thickness of the nanocomposite film was measured by using a manual microm-
eter with an error of £0.01 mm. The gravimetric weight of film pieces (1 x 1 cm) was measured, and film density
was expressed as the ratio of film mass to its volume (the product of area and thickness).

Water solubility. The films were dried at 90 °C for 24 h. The pieces of films were immersed in 20 mL distilled
water at 25 °C without agitation. After 24 h, the insoluble film fraction was collected by centrifugation (6000 rpm,
5 min) and oven dried (105 °C, 24 h). The water solubility (WS %) was calculated using the following equation:

Initialdry weight — Final dry weight
Water solubility (%) = nitiardry weig Inat ary weigl

100
Initial dry weight x )

Determination of point of zero charge (pH,,.). A series of 10 mL of NaCl solution (0.01 M) with
initial pH (pHj) set between 2 and 10 were prepared using either HCl or NaOH (1 M). Then, 0.02 g of the devel-
oped film was added and allowed to equilibrate for 48 h at room temperature, after that, they were centrifuged
(6000 rpm, 10 min), and the final pH (pHy) was determined. The pH,,. of the adsorbent was determined from
the intersection point of the curve in the plot of pH;,,. pH?.

Adsorption studies. Ferrous chloride and ferric chloride stock solutions were prepared in distilled water.
Adsorption experiments were performed in 100 mL glass bottles. A known amount of the CNC/GO biosorbent
was mixed with a known concentration of Fe(II) or Fe(III). The initial pH of the solution was adjusted to 6 using
diluted NaOH and HCI solutions. Biosorption was carried out in an incubator at 25 °C with shaking (100 rpm).
An aliquot of 1 mL sample was withdrawn at a predetermined time interval for the determination of residual
metal concentration. The concentration of Fe(II) was measured at 520 nm using a spectrophotometer, after the
reaction with 100 uL of 1,10 phenanthroline reagent (0.25% w/v)?. For the determination of Fe(III), the samples
(1 mL) were first mixed with 1 mL of reducing reagent (12.5 mL concentric HCI and 5.5 g L-ascorbic acid, and
the total volume was completed to 500 mL using distilled water). After 5 min, 1 mL of chromogenic reagent (68 g
Na-acetate and 45 mg 1,10 phenanthroline in 250 mL distilled water) was added and the absorbance was meas-
ured at 411 nm?. The concentrations of Fe(II) or Fe(III) ions was established using a calibration curve using
FeCl, or FeCls, respectively. The percentage removal (% R) and the amount of adsorption (g, mg g™*) for Fe(II)
and Fe(III) at time t (min) were calculated using the following equation:

(Co—Cy)
— X
0

%R = 100 (2)

(G- CHxV

W A3)

qt
where C, is the initial concentration (mg L) of Fe(II) or Fe(III), C, is the residual metal concentration at time
t, V represents the volume of the solution (L), and W is the dry weight of the nanocomposite film (g).

The adsorption of both Fe(II) and Fe(III) were investigated in single system at different initial concentrations
(5,10 and 15 mg L"), different pH (3—7) and different dosages of CNC/GO film (2, 5 and 8 g L™"). In addition,
the adsorption of Fe(II) and Fe(III) from a binary mixture was investigated at different ratios: 1:2 (5 mg L™*
Fe(II): 10 mg L™! Fe(I1I)), 1:1 (7.5 mg L' Fe(Il): 7.5 mg L™! Fe(I1I)), and 2:1 (10 mg L™ Fe(1I): 5 mg L! Fe(III)).

Experimental design. Box-Behnken experimental design (BBD) was used to investigate and optimize the
effect of three factors pH (3-7), initial iron concentration (5-15 mg L™!), and the concentration of CNC/GO film
(2-8 g L™!) on the percentage removal (% R) of Fe(II) and Fe(III) from a single component system. The BBD
design included 17 experiments with 5 center point replicates to estimate the pure error. The % R was expressed
as follows:

(G —Co)
— X
0

%R = 100 (4)

where Cj and C, are the initial and the residual iron concentration at equilibrium, respectively. The BBD was
based on a second order polynomial equation of the following general form:

Y =B+ > BXi+ > BiXE+ Y BiXiX (5)

where Y is the predicted response; X; and X; are the independent adsorption factors; §, is the regression coefficient
of the model; 8, B;, and ﬂij are the linear, quadratic and interaction coefficients, respectively.

Modeling of adsorption kinetics. Four different kinetic models were employed in the present study to
investigate the adsorption of iron ions from single and binary systems viz., pseudo first-order (PFO), pseudo
second-order (PSO), Elovich model, and intra-particle diffusion model using the following forms**-26:
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Pseudo first-order model: g; = q.(1 — exp(—k;t)) (6)
2kyt
Pseudo second-order model: g; = 22 (7)
1+ qzkzt
. . 1
Elovich equation: g; = Eln(l + afft) (8)
Intra-particle diffusion equation: q = k;t® + C; 9)

where g, is the amount of iron adsorbed at any time (t) (mg g™'), g, is the amount adsorbed at equilibrium
(mg g™), K, is the pseudo first-order rate constant (min™'), K, is the pseudo second-order rate constant (g
mg~! min™'), K; is the intra-particle diffusion rate constant (mg g™! min~'"), « is the initial adsorption rate (mg
g ' min™'), and 8 is the surface coverage (g mg™') during any experiment.

Modeling of adsorption isotherms. The adsorption mechanisms of Fe(II) and Fe(III) biosorption were
analyzed by five different isotherm models including the Langmuir, Freundlich, Temkin and D-R isotherms as
described in the following non-linear equations***’

Langmuir isotherm: g, = % (10)
Freundlich isotherm: g, = K¢ + Cel/" (11)
Langmuir-Freundlich: g, = MFC{/:” (12)

1+ KirCe
Temkin isotherm: g, = Brln(ArC,) (13)
where By = RT /bt (14)
D-Risotherm g, = Qsexp(—ﬁsz) (15)
where ¢ = RTIn(1 + Ci) (16)

e

where C, is the equilibrium concentration of iron (mg L"), g, is the maximum amount of iron adsorbed (mg
g!) at equilibrium, and g,, is the maximum adsorption capacity (mg g™!). K; (L mg™!), Kz (mg g~! (mg L™!)"/»),
and K} (mg L)™' indicate the Langmuir, Freundlich and Langmuir-Freundlich adsorption constants, respec-
tively. 1/ is a heterogenous factor which indicates adsorption intensity or surface heterogeneity. A; (L mg™")
is the equilibrium binding constant relating to the maximum binding energy. R is the universal gas constant
(8.314 ] mol™' K™), T'is the absolute temperature (298.15 K), and b is related to the heat of adsorption (J mol™).
Qs is the theoretical saturation capacity (mg g™'), and € (J mol™) is the Polanyi potential.

On the other hand, three extended isotherm models were fitted to the adsorption of Fe(II) and Fe(III) from
binary systems as follows?*?’:

qm,iKpiCei

Extended Langmuir: o = —=25————
1+ ij=1 KjCej

for i = 1,2 for Fe(Il) and Fe(III) (17)

%-Fx,'
KriCej

Extended Freundlich g,; = ———2-——for i,j=1,2 andi #j (18)
Gei Co i J #Jj

(K C i
Extended Langmuir-Freundlich g,; = _miKipiCe)™ for i=1,2 (19)

2 ni
1+ Kipje,

where ¢,,; and C,,; is the amount adsorbed and residual concentration at equilibrium, respectively for compo-
nent i in the mixture; g,,,; is the maximum adsorption capacity; K; ; x;, ¥;» Z;, and K, are extended Langmuir,
extended Freundlich, and extended Langmuir-Freundlich constants. K; and 7 are Freundlich constants based
on single component adsorption.
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Statistical analysis. The experimental design was performed using Design Expert 7.0.0 statistical software
(Stat-Ease Inc., USA). Pareto analysis of variance (ANOVA) and response surface plots were generated to visual-
ize the relationships between the independent variables and responses, and the significance was checked by the
F- test at probability levels (p<0.05).

The solver function in the Microsoft Excel program was used in the non-linear regression analysis for fitting
the experimental data to the different single and binary isotherms. The objective was to minimize the average
relative error (%ARE, Eq. 18) between the experimental and the predicted results.

%ARE = 100 XN: ’qpred - qexp| (20)
N i1 Apred

where g,,.;and q.,, represents the predicted and the experimental amount of iron adsorbed (q), respectively. N
represents the number of experimental points.

Results

Cellulose nanocrystals and film characterization. The functional characteristics of cellulose and cel-
lulose nanocrystals are generally influenced by their morphological features which are related to the extraction
and hydrolysis methods. The pristine cellulose appeared as web-like structures with curled surface (Fig. 1a). The
curled surface of the extracted cellulose provides high surface area for the development of composites, and for
hydrolysis. Cellulose nanocrystals were developed by removing the amorphous regions and fragmentation of
cellulose fibers by H,SO, hydrolysis. The hydrolysis and sonication produced spherical to polygonal cellulose
nanocrystals (CNC), which are novel and unique (Fig. 1b,c). The particle size of the CNC was predominately
in the range 50-150 nm (Fig. 1d). The FT-IR crystallinity degree of cellulose and CNC was 72.58% and 88.73%,
respectively.

The developed CNC/GO film was characterized by dark color with homogenous surface (Fig. le).
The thickness, density and water solubility of the developed nano-adsorbent film were 0.048 +0.004 mm,
0.14+0.004 g cm™ and 33.87 + 1.60%, respectively. The zero point of charge (pH,,.) was 7.55+0.07. The film
was characterized by a rough surface as indicated by SEM, without the presence of voids (Fig. 1f).

FT-IR. The FT-IR analysis was performed to determine the main functional groups in the developed adsor-
bent and to explain their role in the adsorption process. The characteristic absorption peaks of graphene oxide
were observed at 3418.13 cm™ (O-H stretching vibration), 2925.15 and 2850 cm™ (C-H stretching vibrations),
1730 cm™! (carboxyl C=O0 stretching vibration), 1630 and 1570.79 cm™ (aromatic C=C stretching vibration),

500 nm

\

-

100

200 300 400 500
Particles size (nm)

Figure 1. (a) SEM image of the cellulose extracted from Ulva lactuca, (b) and (c¢) TEM images of cellulose
nanocrystals, (d) Particle size distribution of cellulose nanocrystals, (e) Optical micrograph of cellulose
nanocrystals-graphene oxide composite film, (f) SEM image of the cellulose nanocrystals-graphene oxide film.
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and 1428.50 cm™ (carboxy C-O stretching vibration), 1050 cm™ (phenolic C-OH stretching vibration)"?
(Fig. 2a). These signals indicated that the oxygen-based functional groups had been successfully grafted onto
the surface and edges of the graphite sheets?. On the other hand, the FT-IR spectrum of the algal-derived cel-
lulose nanocrystals was depicted in Fig. 2b. The bands at 3420.28 and 2924.81 cm™! were assigned to ~-OH groups
and CH, stretching vibrations, respectively®. The band centered at 1712.55 cm™ was related to the carbonyl
(C=0) stretching mode. The band at 1635.72 cm™ was related to the bound H,O stretching vibration (Fig. 2b)'.
Other absorption peak at 1447.85 cm™ was associated with the CH bending of cellulose, and at 1374.79 cm™
was assigned to the C-H deformation’. The CH, wagging was detected at 1316.23 cm™ and the polysaccha-
ride absorption band related to the C-O-C symmetrical and asymmetric stretching vibration were detected at
1165.81 and 1107.95 cm ™, respectively (Fig. 2b)°. The peak at 894.84 cm™ was assigned to the glycosidic *C, ring
conformation deformation®'. The absorption peaks in the developed cellulose nanocrystals at 1447, 1165, and
894 cm™! confirmed the cellulose I structure™.

The FT-IR spectrum of the developed CNC/GO film contained similar absorption peaks to pristine cellulose
nanocrystals, but with a degree of shifting in their wavenumbers (Fig. 2c). For instance, the band related to the
-OH group was shifted to a lower wavenumber in the CNC/GO film, implying a hydrogen bonding interaction
between cellulose nanocrystals and graphene oxide (Fig. 2¢). Similarly, the C=0, CH,, and C-O-C bands were
shifted to a higher wavenumber. The peak at 1634.55 cm™ in the CNC/GO film may be assigned to the C=C
absorption of graphene oxide®>*. The interactions between cellulose nanocrystals and graphene oxide are mainly
non-covalent interactions such as hydrogen bonding, electrostatic and Van der Waals forces. Additionally, most
of the characteristic absorption peaks of the CNC/GO film were shifted after the adsorption of Fe(IT) and Fe(III)
in both single and binary mixtures. This observation was mainly related the participation of these groups in the
adsorption process (Fig. 2d,e,f).

Optimization of Fe(ll) and Fe(lll) adsorption. Three variables (pH, initial iron concentration and
adsorbent dosage) were optimized using BBD to investigate the best conditions suitable for the removal of Fe(II)
and Fe(III) from their single aqueous solutions (Table 1). Two second order polynomial equations were devel-
oped to express the relationship between the % of iron removal and the three studied independent variables as
given below.
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Figure 2. FT-IR spectra of (a) Graphene oxide, (b) Cellulose nanocrystals, (c) Cellulose nanocrystals/graphene
oxide film, (d) Cellulose nanocrystals/graphene film after Fe(II) adsorption, (e) Cellulose nanocrystals/graphene

film after Fe(III) adsorption, (f) Cellulose nanocrystals/graphene film after binary adsorption of Fe(II) and
Fe(1I1).
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Responses (%

removal)
Std. order | pH Iron concentration | Adsorbent concentration | Fe(II) | Fe(III)
1 3(-1) |5(-1) 5(0) 15.87 | 30.56
2 7(1)  |5(-1) 5(0) 55 65.85
3 3(-1) |15(1) 5(0) 2.5 10.67
4 7 (1) 15(1) 3(0) 3936 |9.32
5 3(-1) |10(0) 5(-1) 10.05 | 13.60
6 7(1)  |10(0) 2(-1) 4932 [29.95
7 3(-1) |10(0) 2(1) 11.54 |7.73
8 7(1) 10 (0) 8(1) 62.49 37.37
9 50) |5(-1) 8(-1) 48.19 | 69.06
10 5(0) 15(1) 2(-1) 47.03 | 26.01
11 5(0) 10(-1) 8(1) 64.82 | 65.66
12 5(0) |10(1) 8 (1) 2595 | 35.05
13* 5(0) 10 (0) 5(0) 20.39 | 27.25

Table 1. Box-Behnken experimental design with coded and un-coded operational variables and the obtained
results for the removal of Fe(II) and Fe(III) from aqueous solutions. *Five replicates at the center point.

% Fe(II) removal = 22.71 + 20.77A—8.63B + 1.28C—0.579AB

(21)
+ 2.92AC—9.44BC—3.84A% + 9.32B% + 14.48C?

% Fe(II) removal = 7.74 + 11.46A—20.23B + 0.900C—12.1AB

22
+3.32AC + 3.11BC—11.24A% + 15.54 B? + 5.66C* (@2)

where A, B, and C are the independent process variables of pH, iron concentration (mg L), and adsorbent dose
(g L), respectively.

Based on ANOVA analysis, the developed models were high statistically significant with large F-value (22.71
for Fe(II), and 7.74 for Fe(III) model), and low probability values (p <0.0001 for both models) (Table 2). The
coefficient of determination (R?) exhibited high values (0.983 for Fe(II) and 0.996 for Fe(III)), which implied
that most of the observed variability was attributed to the process variables. The adjusted-R? values were also
high (0.958 for Fe(1I) and 0.988 for Fe(I1I)). Furthermore, the predicted-R? values (0.758 for Fe(II) and 0.931 for
Fe(III)) were in reasonable agreement with the adjusted-R* values, which indicated a good correlation between
the observed and predicted values (Table 2).

Fe(II) Fe(III)
Source CE Fvalue |pValue |CE Fvalue | p Value
Model 22.71 39.11 <0.0001 |27.74 125.96 <0.0001
A:pH 20.77 213.22 <0.0001 |11.46 181.2 <0.0001
B: Fe concentration -8.63 |36.81 0.0009 —20.23 | 564.69 <0.0001
C: Adsorbent concentration 1.28 0.8152 | 0.4014 0.8996 | 1.12 0.339
AB -0.579 | 0.0829 | 0.7831 -12.1 101.03 | 0.0002
AC 2.92 2.1 0.1971 3.32 7.61 0.0399
BC -9.44 22.03 0.0033 3.11 6.67 0.0492
A2 -3.84 3.65 0.1047 -11.24 |80.46 0.0003
B2 9.32 21.47 0.0036 15.54 153.77 <0.0001
C2 14.48 51.79 0.0004 5.66 20.39 0.0063
R2 0.983 0.996
Adjusted-R* 0.958 0.988
Predicted-R? 0.758 0.931
Adequate Precision 20.906 34.360
C.V. % 12.31 7.29

Table 2. Analysis of variance (ANOVA) for response surface quadratic model of cellulose nanocrystals/
graphene oxide film. CE: coefficient of estimate. C.V. %: percentage coefficient of variation.
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The effects of the independent variables and their mutual interactions were investigated based on the ANOVA
analysis and 3-D response surface plots. Initial pH was identified as the most crucial factor affecting on the
removal of both iron species from an aqueous solution. The results indicated that the adsorption of iron ions
from aqueous solution was significantly dependent on the pH of the solution and the initial iron concentration.
In contrast, variations in adsorbent concentration exhibited non-significant effects on the adsorption of Fe(II)
and Fe(III) (Table 2). The % removal of Fe(II) and Fe(III) was maximized at high pH values and low initial metal
concentrations. Thus, pH exhibited positive effects, while initial metal concentration showed adverse effects.
However, pH showed higher effects than initial metal concentration in case of Fe(II), while the opposite trend
was observed for Fe(III) (Table 2). Regarding the mutual interactions, adsorbent concentration exhibited signifi-
cant negative interactive effects with initial Fe(II) concentration, but significant positive interactive effects with
initial Fe(III) concentration (Table 2). Therefore, the % Fe(II) removal was increased at low Fe(II) concentra-
tion and high adsorbent dose, while the % Fe(III) removal was increased at low Fe(III) concentration and low
adsorbent dose (Fig. 3a,b). In addition, pH of Fe(III) solution exhibited significant negative mutual interactions
with initial Fe(III) concentration and significant positive interactions with adsorbent dose (Table 2). However,
these effects were not evident in case of Fe(II). Furthermore, initial iron and adsorbent concentrations showed
positive quadratic effects in case of both iron species, while pH value showed significant negative quadratic
effects for Fe(III) only (Table 2).

The optimum conditions to maximize the % removal of Fe(II) and Fe(III) was obtained using Derringer’s
desirability function in the statistical program (Fig. 4). The optimum conditions for Fe(II) were pH (5.13), initial
Fe(II) concentration (15.39 mg L™!), and adsorbent dose (7.93 g L™!), and the conditions for Fe(III) were pH (5.0),
initial Fe(III) concentration (15.0 mg L"), and adsorbent dose (2 g L™). Under these conditions, the predicted
% removal values were 65.60% for Fe(II) and 69.92% for Fe(III). Triplicate experiments were performed under
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Figure 3. 3-D response surface plots for the adsorption of Fe(II) (a) and Fe(III) (b) using cellulose
nanocrystals/graphene oxide film from a single system.
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Figure 4. Desirability ramp plot for optimization of (a) Fe(II) and (b) Fe(III) from single solution.
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the optimum conditions and the experimental values were 64.15+1.10%, 67.92 + 1.96% for Fe(II) and Fe(III),
respectively. Accordingly, the experimental results were in a good agreement with the predicted measurements,
which reflected the adequacy and the suitability of the BBD in the optimization of iron removal from aqueous
solutions.

Effect of adsorption parameters.  Effect of contact time. The results of the influence of contact time on
the adsorption efficiency (% removal and g,) of Fe(II) and Fe(III) using CNC/GO film were depicted in Fig. 5.
The results indicated that the adsorption capacity of Fe(II) and Fe(III) was slow at the initial stages and increased
with increasing the contact time and reached maximum value at about 150 min.

On the other hand, the adsorption efliciency of the developed CNC/GO film was investigated in binary sys-
tems at different Fe(IIT):Fe(III) ratios of 1:2, 1:1 and 2:1 (Fig. 5¢,d). The effect of contact time on the adsorption
of Fe(II) from a binary mixture agreed with the single system, where the maximum adsorption efficiency was
observed at around 150 min. However, the adsorption efficiency of Fe(II) in the mixture was ranged from 85.43
at Fe(II):Fe(IIT) ratio of 1:2 to 95.48% at 1:1 (Fig. 5¢), which was relatively higher than the single system (60.78%)
(Fig. 5a). Conversely, the maximum adsorption of Fe(III) from a binary mixture was obtained at about 150, 60,
and 10 min for Fe(II):Fe(III) ratios of 1:2, 1:1, and 2:1, respectively (Fig. 5d). Furthermore, at Fe(II):Fe(III) ratio of
1:2, the removal efficiency of Fe(III) reached 79.17% (Fig. 5d), which was higher than the single system (65.71%)
(Fig. 5b). However, the adsorption of Fe(II) and Fe(III) from single and binary mixtures was characterized by a
desorption process, which was observed at longer contact time. At Fe(II):Fe(III) ratio of 2:1, the desorption of
Fe(III) began in a short period (> 10 min).

Generally, the adsorption of Fe(III) from a single system was higher than Fe(II), which contradicts the results
of the binary mixture.

Adsorption kinetics. Different kinetic models viz. PFO, PSO, Elovich and intra-particle diffusion were
fitted to the experimental data and the corresponding coeflicient of determination (R?) and average relative
error (%ARE) values were used to confirm the satisfactory fitting. The R? values of both PFO and PSO models
showed a satisfactory fitting to the experimental data for both Fe(II) and Fe(III) biosorption (R?>0.97, Table 3)
from single system. However, the PSO model exhibited markedly lower %ARE than the PFO model. Similarly, in
binary system, the R? values for the PSO model were higher than the PFO model in most of the cases (Table 3). In
addition, the experimental g, values for Fe(IT) and Fe(III) adsorption were in good agreement with the predicted
values by the PSO model in both single and binary mixtures, except in case of Fe(II) in a binary mixture of 2:1
(Fe(II):Fe(III)). Therefore, the PSO equation is better than the PFO model in describing the adsorption of Fe(II)
and Fe(IIT) on the surface of CNC/GO film in both single and binary mixtures. The evaluated K, values exhib-
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Figure 5. Effect of contact time on the percentage removal (%) and the adsorbed amount (q, mg g™') of Fe(II)
and Fe(IIT) from single (a),(b) and binary systems (c),(d) using cellulose nanocrystals/graphene oxide film.
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Single system Binary system
Fe(IT) Fe(III)
Models Parameters Fe(Il) | Fe(Ill) | 1:2 1:1 2:1 1:2 1:1 2:1
Experimental values q.57 (mgg™) 9.90 5.56 34 3.8 299 |2.28 1.96 0.48
Pseudo 1st order kinetic K, (min™) 0.029 0.015 | 0.142 0.101| 0.034 | 0.08 0.032 6.77
ge! (mg g™) 9.11 761 | 265 332 | 294 |1.99 235 0.52
R? 0.971 0.991 0.788 0.740| 0.997 | 0.808 0.842 0.527
%ARE 20.07 31.32 8.96 11.73 5.62 21.52 27.22 26.29
Pseudo 2" order K, (gmg' min™') 0.004 0.004 | 0.043 0.037| 0.007 | 0.038 0.459 0.430
ge (mg g ™) 10.30 637 | 3.32 365 | 403 |243 043 0.50
h(mgg' min™") 0.46 0.15 0.48 0.49 0.12 0.22 0.09 0.11
R? 0.988 0.982 | 0.942 0.876| 0.961 | 0.758 0.933 0.964
%ARE 2.72 22.20 5.08 7.16 6.63 22.20 69.74 34.54
qe*? (mg g™') 9.90 556 | 3.4 38 | 299 [2.28 1.96 048
B(gmg™) 0.45 1.12 2.04 1.66 1.04 3.40 3.21 4.14
Elovich o (mg g min™!) 0.84 0.83 3.04 231 | 0.17 |4.10 5.17 3.16
R? 0.970 0917 | 0.980 0.942| 0.926 | 0.683 0.760 0.877
%ARE 391 12.30 2.19 424 | 11.52 20.14 24.49 50.07
Intraparticle diffusion K, (mgg' min""?) |1.36 0.13 0.34 0.32 | 052 |0.66 0.60 0.19
K, (mg g™ min"'?) | 0.96 0.45 0.10 0.11 0.10 -0.10 0.02 -0.30
K; (mg g min™"?) | 0.15 0.25 -0.94 -0.13 | -1.32 |0.07 -0.14 -0.03
R 0.99 0.99 0.978 0.837| 0.973 |0.830 0.997 1.00
R%, 0.95 0.99 0.958 0.881| 0.915 | 0.705 0.848 0.999
R% 0.96 0.99 1.00 1.00 1.00 0.447 0.816 0.984
Distribution coefficient kg (Lkg™) 251.3 309.4 3072.7 | 10,971.4 | 2250.0 | 2000 4457.14 | 1530.44

Table 3. Kinetic parameters for the adsorption of Fe(II) and Fe(III).

ited similar values in single system (Table 3). While, in binary system, the K, values for Fe(III) were combatively
higher than Fe(II) at Fe(II):Fe(III) of 1:1 and 2:1, but the opposite trend was observed at 1:2 ratio.

The PSO rate constants were used to calculate the initial adsorption rate (h, mg g™! min™) using the follow-
ing equation:

h= qug (23)

The results indicated that / values for Fe(II) was higher than Fe(III) in both single and binary solutions, which
indicated an increased recognition selectivity of Fe(II).

In the Elovich model, the constants « and f3 are related to initial adsorption rate and the surface coverage of
the chemisorption, respectively. The Elovich equation showed a satisfactory fitting to both Fe(II) and Fe(III)
(R*>0.91 and %ARE <13, Table 3) in single system. However, in the binary case, the Elovich model showed only
satisfactory fitting to the experimental data of Fe(II). The « values were generally similar for Fe(II) and Fe(III),
while the 8 value was higher for Fe(III) than Fe(II) in single system. In contrast, the & and f3 values for Fe(III)
were higher than that of Fe(II) in a binary system (Table 3).

The kinetics of Fe(II) and Fe(IIT) adsorption were also fitted to the intra-particle diffusion model to determine
the rate limiting step, and the results were depicted in Fig. 6. The plots (gt vs t*°) were characterized by multi-
linearity with three distinctive linear regions in case of the single system. The three regions were characterized
by high R? (R*>0.94, Table 3), which implied that the intra-particle diffusion process was prominent during the
adsorption of iron ions by the CNC/GO film. The first linear region at the left side indicated the bulk diffusion
of the adsorbate molecules into the external surface of the adsorbent. This region exhibited lower rate constants
for Fe(I11) compared to Fe(II) (K;,, = 1.36 for Fe(II), and 0.13 mg g™! min~'"? for Fe(III)) (Fig. 6a,b and Table 3).
Furthermore, this step was characterized by short time (up to 20 min). The intra-particle diffusion through the
pores of the film was suggested by the second linear region. Similarly, it was observed that the Kj,, for Fe(II) was
higher than Fe(I1I) (K;,,=0.96 for Fe(II) and 0.45 mg g~! min~""2 for Fe(I1I)) (Fig. 6a,b, and Table 3). The third
linear part was attributed to the equilibrium state, however, it showed higher K, for Fe(III) than Fe(II) (K;;=0.15
for Fe(II) and 0.25 mg g~! min~'/ for Fe(I11)) (Fig. 6a,b, and Table 3).

A similar multilinear plot with three distinct regions was observed for Fe(II) and Fe(III) in case of their
binary mixture (Table 3, Fig. 6¢c-h). In the first region of bulk diffusion, the rate constant for Fe(II) exhibited
higher values (K, =0.52 mg g~! min~"2) at Fe(II):Fe(III) ratio of 2:1, which contradicts the result of Fe(III).
Furthermore, at Fe(II):Fe(III) ratio of 1:2 and 1:1, the K, values of Fe(III) were relatively higher than Fe(II). On
the other hand, the second linear region of the intra-particle diffusion showed similar Kj,, values for Fe(II) at
different concentrations. The rate constants were characterized by negative values in the third linear region as
a result of the desorption process of Fe(II), however, the desorption of Fe(IIT) was generally observed after the
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Figure 6. Intra-particle diffusion plot for the adsorption of Fe(II) and Fe(III) by cellulose nanocrystals/
graphene oxide film in single and binary systems.

bulk diffusion (Table 3). This result may indicate that the intra-particle diffusion was either fast or not evident
for the adsorption of Fe(III) in the presence of Fe(II).

Modeling of adsorption isotherms.  Single component system. Adsorption isotherms describe the ad-
sorption process and how the adsorbents interact with the biosorbent material. The adsorption results of iron
ions at different initial pH values were fitted using Langmuir, Freundlich, Langmuir-Freundlich, Temkin and
D-R isotherms and the results were listed in Table 4. All the models showed satisfactory fitting to the experi-
mental values with R?>0.8, however, some models exhibited lower %ARE values than others (Table 4). At pH
3 and 5, the highest R? value (0.998 at pH 3 and 0.999 at pH 5) for the modeling of Fe(II) was indicated by the
D-R isotherm. However, slight variations in the error values (%ARE 40.45-44.15%) were observed between
the different models at pH 3, but at pH 5, the lowest %ARE values were observed in the case of Langmuir, Fre-
undlich, and Langmuir-Freundlich. Conversely, at pH 7 for Fe(II), the D-R isotherm was characterized by the
lowest %ARE and R? values among different isotherms. On the other hand, Langmuir-Freundlich and Temkin
isotherms showed best fitting for the adsorption of Fe(III) at pH 3, while at pH 5, the process could be better
described using Freundlich, Langmuir-Freundlich, Temkin and D-R equations owing to low %ARE values than
the Langmuir isotherm. Furthermore, at pH 7, the comparatively low %ARE values for the adsorption of Fe(III)
were observed in case of Freundlich, Langmuir-Freundlich, and Temkin models (Table 4). Additionally, by
comparing the %ARE at different pH, the experimental results showed best fitting at pH 5 and pH 7 for Fe(III)
and Fe(II), respectively. Therefore, the maximum adsorption uptake (g,,) as indicated by the Langmuir and
Langmuir-Freundlich models was increased at pH 5 and pH 7 for Fe(III) and Fe(II), respectively. Furthermore,
the g,, were higher for Fe(IT) compared to Fe(III).
The separation factor (R;) is an essential parameter of the Langmuir isotherm and can be calculated as:

1
1+ K.Co)

where C; is the initial Fe(II) or Fe(III) concentration (mg L™).

The R; values describe the nature of the biosorption process as unfavorable (R; > 1), linear (R; = 1), favorable
(R, <1), or irreversible (R, =0)%. The calculated R; values in the present study falls within the range of 0<R; <1
(Table 4), which implied that the biosorption of Fe(II) and Fe(III) using the developed adsorbent was favorable
at the different pH values.

Furthermore, the Langmuir results were applied to estimate the surface coverage (), which is defined as
the fraction of the available binding sites occupied by the adsorbate molecules at equilibrium, which can be
expressed as follows:

Rr (24)

K1 Co
0= ——— (25)
1+ (KrCo)
The highest 0 values were observed for the adsorption of bivalent iron compared to its trivalent state. Fur-
thermore, the 0 values were markedly increased at pH 5 for Fe (II), but in case of Fe(III), a slight variation was
observed.
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Fe(II) Fe(III)
Models Parameters pH3 pH5 pH7 pH3 pH5 pH7
Langmuir q,, (mgg™) 0.31 1.58 4.00 0.38 3.56 1.74
K, (L mg™) 0.075 0.902 0.109 0.039 0.036 0.022
R, 096-095 |022-0.14 |097-095 |098-099 |099-097 |0.99-0.98
0 0.038-0.048 | 0.258-0.376 |0.034-0.052 |0.016-0.015 | 0.009-0.028 | 0.009-0.016
R 0.967 0971 0.995 0.970 0.878 0.986
ARE (%) 44.15 26.97 1.21 47.40 23.56 52.33
Freundlich Ifgg{fll/g)g" (mg 0.24 1.20 0.59 0.16 0.72 0.56
1/n 0.003 0.069 0.509 0.057 0.273 0.102
R 0.951 0.932 0.999 0971 0.867 0.967
ARE (%) 40.45 26.76 492 46.90 6.92 4331
ﬁﬁ'c’ﬁmu“‘Fre““' 4 (mg g™) 0.26 1.57 3.10 048 2.84 2.12
Ky (mg L)1 0.76 0.90 0.16 0.92 027 0.14
n 148 0.95 0.94 1.26 1.85 247
R 0.972 0.973 0.990 0.964 0.850 0.970
ARE (%) 41.45 26.95 3.84 19.89 721 46.75
Temkin B; 0.06 0.78 0.94 0.11 0.40 0.16
Ay (L mg™) 1.54 0.20 0.80 330 3.44 391
by (k] mol™) 43.98 3.17 2.63 23.55 6.27 15.27
R 0.951 0.935 0.997 0.967 0.852 0.959
ARE (%) 4381 30.46 111 2032 7.22 4598
153}1‘11(2“23“] and Radu- | o (1o o1) 0.25 2.81 1.95 174 1.95 1.99
Bx1076 (mol?J?) | 14.54 86.21 0.42 77.66 2.40 0.80
E (k] mol™) 0.52 022 3.09 023 1.29 224
R 0.998 0.999 0.921 0.970 0.800 0.813
ARE (%) 42.56 39.90 13.30 26.58 8.64 62.50

Table 4. Isotherm parameters for Fe(II) and Fe(III) adsorption in a single solution at different initial pH
values.

On the other hand, the 1/n parameter of the Freundlich equation is applied to estimate the surface heteroge-
neity or the adsorption strength as linear (1/n=1), physical (1/n1<1) or chemical (1/n>1)%. The estimated 1/n
values in the present study were < 1, which implied that the adsorption of iron species using CNC/GO adsorbent
was more inclined towards physisorption, and reflected the importance of surface heterogeneity*.

The mean free energy of biosorption, E (k] mol™), which defined as the energy transported from the adsorb-
ate to the adsorbent surface, was calculated as:

E=(28)? (26)

The E value provides information on the mechanism of adsorption, where E values> 16 k] mol™ indicate
chemisorption, and E <8 kJ mol™! is considered physisorption®**. In the present study, the E values were less
than 8 k] mol™! (Table 4), which indicated that the mechanism of the iron adsorption using CNC/GO film was
predominately physisorption.

Binary component system. Different isotherm models including the extended Langmuir, extended Freundlich,
and extended Langmuir-Freundlich were fitted to the experimental data for the adsorption of iron species from
binary systems (Table 5). In case of Fe(II), the lowest %ARE were indicated by the extended Langmuir compared
to other models. While, the extended Langmuir-Freundlich model was characterized by a low %ARE for the
biosorption of Fe(III) from a binary mixture, which indicated a better fitting. The maximum adsorption capacity
(g,) for Fe(III) as indicated by the extended Langmuir and the extended Langmuir-Freundlich equations was
higher than that of Fe(II) (Table 5).

Distribution coefficient and selectivity of the CNC/GO film. The distribution coefficient (K, L kg™*)
was calculated using the following equation:

e
K; = — x 1000
d C X (27)

e
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Isotherm Parameters F(II) | Fe(III)

;i (Mg g™") 1.96 | 3.54
Kip(Lmg™) | 342 | 042

Extended Langmuir

R? 0.959 | 1.000
ARE (%) 2.96 531
X; 0.71 | 14.79
Y; 0.00 0.00
Extended Freundlich Z; 0.05 1.05
R? 0.772 | 1.000
ARE (%) 63.09 |58.53

Gi (mg g™") 429 | 9.64
Kip; (Lmg™) | 592 | 595

Extended Langmuir-Freundlich | »; 1.27 | 0.020
R? 0.987 | 0.990
ARE (%) 18.39 1.94

Table 5. Isotherm parameters for the adsorption of Fe(IT) and Fe(III) from binary system.

where g, (mg g™!) and C, (mg L™!) are the amount adsorbed and iron concentration at equilibrium, respec-
tively. This parameter indicates the metal concentration in the solid phase to its concentration in the solution at
equilibrium. The estimated K values at initial iron concentration of 15 mg L™ in a single system was 251.3 and
309.4 L kg™! for Fe(II) and Fe(III), respectively. In the binary system the distribution coefficient K for Fe(II) was
estimated to be 3072.7, 10,971.4 and 2250.0 L kg™! at Fe(II):Fe(I1I) ratios of 1:2, 1:1 and 2:1, respectively, while
the K of Fe(III) was 2000.0, 4457.1 and 1530.4 L kg at Fe(II):Fe(III) ratios of 1:2, 1:1 and 2:1, respectively.

In order to investigate the selectivity of the developed adsorbent to the bivalent and trivalent iron from binary
solution, the separation factor « was calculated as follows:

K Fe(Il)
o= (28)
Ky Fe(IlI)
The « values were 1.5, 2.46 and 1.47 at Fe(II):Fe(III) ratios of 1:2, 1:1 and 2:1, respectively. The values of a
higher than 1 indicated the presence of a degree of selectivity towards Fe(II).

Discussion

The seaweed biomass of Ulva lactuca was used as a source of cellulose nanocrystals and utilized as a cost-effective
and eco-friendly material for the development of nanocomposite film containing graphene oxide. The web-like
morphology of the extracted cellulose from U. lactuca is similar to the crude cellulose extracted from Codium
sinuosa and Amphiroa rigida but different from that obtained from U. fasciata and U. linza®". The developed
nanocellulose material exhibited a spherical to polygonal particles. Generally, morphology, size and different
physico-chemical properties of cellulose depend on different factors such as source, extraction and processing
conditions, and pre- or post-treatments. Therefore, different nanocellulose forms with different morphological
and physico-chemical characteristics have been prepared from algal biomass, such as nanofibrils and rod-shaped
nanocrystals®®. The spherical cellulose nanocrystals have been developed from plant-derived cellulose®.

The FT-IR analysis indicated that the CNC/GO film contained significant functional groups such as O-H,
C=0, C-H and C-O-C groups. The significant shifting in the wavenumbers of these functional groups implied
their fundamental role in the adsorption of iron ions from aqueous solutions. In general, several mechanisms
for the adsorption of heavy metals have been proposed including ion exchange, complexation, coordination,
and micro-precipitation*’. Accordingly, during the adsorption of Fe(II) and Fe(III), these mechanisms can act
simultaneously with variable degrees depending on several physico-chemical conditions such as pH, metal con-
centration, adsorbent dosage, and temperature. In general, the main mechanism of adsorption may be related
to electrostatic interaction/complexation, since the oxygen-containing functional groups can offer electrons for
Fe(II) and Fe(III) sequestration. Furthermore, the shift in the electron rich C=C absorption of graphene oxide
after the adsorption process indicated the presence of Fe-m interactions*!.

In general, contact time is a crucial parameter that can directly affect the adsorption process*?. In other
words, the surface of the adsorbent material is gradually occupied by metal ions until it has a constant value of
the adsorption capacity and cannot remove more metal ions from the solution. The adsorption efficiency of the
developed CNC/GO film for Fe(III) was higher than Fe(II) in a single system, while in the binary mixture the
adsorption of Fe(II) was relatively higher.

Based on the results of the BBD, pH and initial metal concentration were identified as the most important
factors affecting the adsorption process, while the adsorbent dosage exhibited a non-significant effect. This result
was consistent with the observations of Langeroodi and coauthors, who indicated through BBD analysis that
pH and adsorbent weight is the most crucial factors influencing Fe(III) adsorption using nanocomposite®. In
general, pH plays a fundamental role in the dissociation of the functional groups present in the adsorbent surface.
The developed CNC/GO film was characterized by a pH,,, of 7.55, thus it has a positively charged surface at
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pH < pH,,.. The adsorption efficiency of Fe(II) and Fe(III) were increased by increasing the initial pH values of
the solution, and the maximum adsorption was obtained at ~ pH 5. Increasing the pH facilitates the adsorption
of “OH ions on the surface of CNC/GO film, making it negatively charged and consequently the adsorption of
iron ions was increased?. However, the concentration of dissolved iron decreases with increasing the pH owing
to the precipitation of iron hydroxides. In general, the hydrolysis of Fe(IIT) begins at acidic conditions (pH > 3),
while the hydrolysis of Fe(II) begins at circumneutral conditions (pH > 6). Additionally, the hydrolysis of Fe(III)
is independent and not influenced by Fe(Il) in the binary solution*%. Accordingly, the predominant species at
pH 5-6 are Fe(II) and Fe(OH),* for Fe(II) and Fe(III) aqueous solutions, respectively®. The kinetic mechanisms
for the adsorption of Fe(II) and Fe(III) in single and binary systems were best described by the PSO model. This
result implied that chemical adsorption is one of the main mechanisms for iron adsorption by the CNC/GO
film*. Similarly, Dai and coauthors reported that the PSO was the predominant mechanism during the adsorp-
tion process of Fe(II) and Fe(III) using thiourea cross-linked chitosan. However, the satisfactory fitting of the PFO
model may indicate a degree of physical adsorption, and that the adsorption process may be controlled by mass
transfer of iron ions onto the biosorbent surface®. The K, values obtained from the PSO model exhibited similar
values for Fe(II) and Fe(III) in a single system. In addition, the K, values were generally increased in the binary
solutions, which indicated a faster adsorption process. Conversely, the PSO rate constants (h) values for Fe(II)
were higher than Fe(III) in both single and binary solutions. This observation may be related to the difference
in molecular size, since Fe(III) is hydrolyzed in water to Fe(OH),*, while Fe(II) remains as free ions at pH 5-6.

The Elovich model assumes that the binding sites of the adsorbent are heterogenous with diverse binding
energies, and it elucidates the chemisorption process®. The Elovich equation showed satisfactory fitting for the
adsorption of Fe(II) and Fe(III) in single system, but failed to describe the adsorption of Fe(III) when Fe(II) ions
were present. As the f3 values increases above unity, the adsorption process becomes reversible®. Accordingly, the
adsorption of Fe(II) from single system was irreversible.

On the other hand, the intra-particle diffusion model indicated that the adsorption of Fe(II) and Fe(III)
from single and binary solutions using CNC/GO film is not only controlled by the intra-particle diffusion, but
the film diffusion also played a remarkable role. The diffusion rate constants K;; for Fe(II) were higher in single
solution than binary mixture, while the opposite trend was observed in case of Fe(III). This result implied that
the coexistence of Fe(III) ions in solution affected the diffusion rate of Fe(II).

The equilibrium data for the adsorption of Fe(IT) and Fe(III) in single system showed satisfactory fitting to
the Langmuir, Freundlich, Langmuir-Freundlich, Temkin and Dubinin-Radushkevich isotherms. In the binary
system all the models showed satisfactory fitting, but the extended Langmuir and the Extended Freundlich iso-
therms exhibited the lowest error values for Fe(II) and Fe(III), respectively. In general, Langmuir model is based
on the assumption of homogenous adsorbent with a monolayer coverage of the adsorbate molecules, while the
Freundlich isotherm refers to multilayer and heterogeneous adsorption on the adsorbent surface*. Additionally,
the Temkin isotherm is related to the adsorbent-adsorbate interactions and indicates that the heat of adsorp-
tion decreases linearly with the coverage. The Temkin constant (b;) showed positive values, which implied an
exothermic adsorption of Fe(II) and Fe(III) on the surface of CNC/GO film®. Furthermore, the b values lower
than 20 k] mol™ are indicative of electrostatic interactions of physical adsorption®. Accordingly, the estimated
by values for Fe(II) and Fe(III) at pH 5 and 7 were lower than 20 k] mol™!, reflecting a predominant physical
mechanism. The Temkin equilibrium binding constant (A7) was relatively higher in case of Fe(III) adsorption,
which may be related to high binding energy compared to Fe(II).

On the other hand, the Dubinin-Radushkevich isotherm can elucidate the mechanism of heterogeneous
surface adsorption, with Gaussian distribution of energy*. The mean free energy (E <8) values obtained from
the D-R isotherm and the 1/n parameter of the Freundlich model (1/n < 1) implied that the adsorption of Fe(II)
and Fe(I1I) using CNC/GO film is predominately physisorption through electrostatic interactions®, and agreed
with the Temkin model. Similarly, Aniagor and coworkers® observed that the adsorption of Fe(II) was controlled
by physical adsorption using functionalized microcrystalline cellulose.

Conclusion

The developed cellulose nanocrystals/graphene oxide film prepared from U. Lactuca-derived cellulose was found
to be suitable for the bioadsorption of Fe(II) and Fe (III) from aqueous solution. The optimum conditions defined
for the bioremoval of Fe(II) were pH 5.13, adsorbent dosage 7.93 g L™! and Fe(II) concentration 15.39 mg L™,
which increased the efficiency of Fe(II) removal to 65.60%, while the biosorption of Fe(III) was enhanced to
69.92% at pH 5.0, adsorbent dosage 2 g L', and Fe(III) concentration 15.0 mg L! in single system. The adsorp-
tion efficiency was further promoted in the binary mixture. The removal of Fe(II) at ratio of 1:1 of Fe(II):Fe(III)
was 95.48%, while in a case of Fe(III) the removal was 79.17% at ratio of 1:2. Pseudo-second-order kinetics
provided the best fitting for the experimental data of Fe(II) and Fe(III) in both single and binary systems.
According to the results of the Freundlich, D-R and Temkin isotherms, the predominant mechanism of Fe(II)
and Fe(III) adsorption is physisorption. The FT-IR analysis revealed that oxygen-containing functional groups
were prominent in the biosorption process of iron on the surface of CNC/GO film through electrostatic and Fe-nt
interactions. The results of the present study showed that the developed nanocomposite film can be effectively
utilized as a low-cost, and ecofriendly adsorbent for the removal of Fe(II) and Fe(III) from contaminated water.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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