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Abstract:

A novel environmentally-friendly adsorbents, carboxymethyl cellulose /k-carrageenan /graphene oxide
(CMC/KC/GO) gel beads (GBs) was prepared via a simple method. The composition and morphology of these
gel beads were characterized by Fourier transform infrared spectroscopy, thermogravimetric analysis, and
scanning electron microscopy. The maximum adsorption capacity of (CMC/KC/GO) GBs for Cu (II) and Co (II)
was 2.85 and 1.87 mmol/g respectively at 30°C. Factors affecting the adsorption capacity of metal ions such as
CMC/KC ratios, GO ratios, pH, initial metal ions concentration, and the temperature were also explored. The
kinetics studies showed that the adsorption process followed the pseudo-second-order kinetics. The analysis of
the isotherm indicated that the Langmuir isotherm is in a good agreement with the sorption process. The
thermodynamic parameters indicate that the adsorption process was endothermic and spontaneous. The
adsorption capacity of the GBs barely declined even after six cycles of regeneration; furthermore, the GBs can
be simply separated from the aqueous solution after adsorption by a simple filtration.
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1. Introduction
The pollution of water resources by industrial effluents containing poisonous metal ions is one of the most
serious problems nowadays, with the increased industrial development particularly in developing countries. Lots
of heavy metals in the wastewater are being directly or indirectly discharged into the environment more and
more every day. Moreover, heavy metals are not biodegradable and tend to accumulate in living organisms in
addition of being toxic or carcinogenic. Toxic heavy metals of particular concern in the treatment of industrial
wastewaters include copper, cobalt, nickel, lead, cadmium, and zinc. Although copper does essential work in
animal metabolism, its excessive ingestion can lead to serious toxicological issues. [1]. Cobalt also is a very
dangerous heavy metal; as its ions reach the food and water they cannot be destroyed and once the body is
exposed to this metal, it can cause oxidative stress, DNA damage, and serious degenerative sickness. That's why
now patients with hip implants containing Cobalt are suffering from tinnitus, deafness, vertigo, and blindness [2].
One of the most effective and economical methods for the treatment of heavy metals in wastewater is
adsorption due to its flexible design and operation and high quality treated effluent, in addition to being
reversible by suitable desorption process adsorbents can be regenerated. The development of natural, cheap,
biocompatible and biodegradable polymer sorbents [3] is an extraordinary growing field in adsorbent materials
research; as sorbents based on synthetic polymers are highly expensive with many difficulties in their
regeneration. Many polysaccharides such as alginate, chitin, cellulose, chitosan and carrageenan have been
widely used in water treatment. [4-6].Recently, researchers have been developing polymeric hydrogel beads
containing various functional groups in its molecular structures as the most promising adsorbents materials for
dyes molecules and heavy metal ions .These beads have adequate mechanical stability, specific large surface
area, uniform shape and particle size[7,8]. One of these beads is CMC which has been effectively used in
wastewater treatment processes due to its structure containing carboxylic group in it. However, purely cross-
linked carboxymethylcellulose (CMC)beads have a weak mechanical stability and limited swelling degree; that's
why it needs to be modified via blending [9],grafting [10],forming an interpenetrating network(IPN)and
composite with other polymers .Similar to CMC carrageenan as a natural linear water soluble sulfated
polysaccharide has been used in water treatment , due to its certain adsorption ability, in addition to being non
toxic, and biodegradable [12,13], moreover, K-Carrageenan can also form gel beads similar to alginate and
chitosan[14,15]. Currently, bio-based materials and carbon adsorbents are widely used to remove water
pollutants [4,16] , as a carbon adsorbents, graphene oxide( GO) has shown excellent adsorption ability in
removing organic and inorganic molecules due to its large surface area and the large amounts of functional
groups like epoxy , hydroxyl, and carboxyl groups existed within its skeleton[17],it is considered a desirable
material for enhancing the adsorption performance of hydrogel materials, and great efforts have been made to
exploring the capability of GO based hydrogel materials for water treatments [18-20]. In view of the above data,
it is reasonable to combine bio-based materials and carbon adsorbents to produce new adsorbents with higher
adsorption ability.
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In this study carboxymethylcellulose/k-carrageenan/graphene oxide gel beads (CMC/KC/GO) GBs were
prepared by a simple method and have been used as an adsorbent for the removal of Cu (IT) ions and Co (IT) ions
from aqueous solution. For this aim, thermal stability, adsorption capacities, adsorption kinetics and adsorption
isotherm of the beads were investigated and, these beads were used after the regeneration process.

2. Experimental
Materials
Carboxymethylcellulose,k-carrageenan and graphite powdered (8000mesh) were purchased from Sigma Aldrich
(Germany)KCl and FeClswere purchased from Park Scientific Limited U.K. all other reagents were of analytical
grade and used as received .Distilled water was used in all experiments.
Preparation of composite beads
CMC and KC biopolymer solution were prepared by dissolving each of them separately in distilled water at 50°C
for CMC and 70°C for KC under a mechanical stirring for 1hr. To prepare CMC/KC GBs different weight ratio
(2:1,1.5:0.5,1:1,0.5:1.5,0:2)w/w were mixed together in distilled water at 70°C to have a final concentration 2%
w/v for both biopolymer. GO was synthesized from graphite powder using a modified Hummer method [21, 22]
then, a known amount of GO (0-0.8 %) was dissolved in distilled water at 70 °C for 15 min then added to the
polymer solution with continuous stirring at the same temperature for another 30 min. The mixture was sonicated
at the same temperature for another 15 min to obtain a homogenous solution, after the solution temperature
decrease to 40°Cdropping it using a fine glass syringe into the gelling salt solution (3% FeCl; and 3% KC1) while
the gelling salt solution in case of KC was only 3% KCI and in case of CMC only was 3% FeCl;.After complete
gelation (2h)the resultant spherical beads were collected by filtration and washed several times with distilled
water and left to dry at room temperature for constant weight. The CMC/KC beads without GO were prepared by
a similar method.
Characterization Techniques:
The chemical structure of the developed samples were analyze by the Fourier transform infrared spectroscopy
(FTIR-Shimadzu 8201 PC in the range of 400- 4000 cm™'in KBr phase, their thermal degradation behaviors were
studied using thermal gravimetric analysis analyzer (TGA, Model 50/50 H, Shimadzu Japan) also, the surface
morphology for the developed composite beads were investigated using scanning electron microscopy (SEM,
Hitachi limited Japan)
Adsorption experiments
The removal of the heavy metals Cu (II) and Co (II) was accomplished using batch adsorption experiments at
different conditions including, the ratio of CMC/KC in GBs the GO weight ratio, the influence of pH, contact
time and temperature were carried out using 0.5 gm of beads in 25 ml of single metal ion solution in a controlled
water bath shaker at 50 rpm and 30°C(except the effect of temperature). The sample was filtered to remove the
beads and the concentration of the metal ions in the filtrate was measured using Hitachi atomic absorption Z-
6100 polarized Zeeman. Experiments are carried out three times and the average value is presented. The capacity
of adsorption g, in the equilibrium (mmol/g) was calculated by the next equation

_ (C 0o—C e)v

= 1)

Where, C, and C.are the initial and final concentration of the metal ion V volume of the metal ion solution (L)
and W is the weight of the dry GBs in (g).

3. Results and discussion

Beads characterization:-

FTIR spectra for native CMC, KC,GO, CMC/KC, and CMC/KC/GO composite beads were shown in fig 1 CMC
spectra showed a broad absorption bands at 3424 cmand 2920 cm™ due to the stretching frequency of the O-H
and C-H besides, broad symmetrical and asymmetrical vibrations at 1420 cm™and 1639cm™ for the stretching of
the carboxylate anions. The bands at 1068 and 1326 were assigned to sugar ring absorption and O-H bending
vibration respectively. Compared with the spectra of CMC the same peaks in KC spectra not only appeared but
also the basic characteristics function groups where ,the bands at 1380 cm’! ,1261, 925cm’1,8500m'1in KC
spectra were attributed to the presence of sulphate groups and corresponding to the sulphonic acid groups, C-O
stretching 3,6-anhydro D-glucose and glycosidic linkage of KC backbone respectively .The bands at 1068 and
1639 cm™ in GO spectra are attributed to C-O and C=C stretching vibration[23] for CMC/KC/GO beads and
CMC/KC beads the spectra did not vary much when GO encapsulating within the beads this could be due to the
very low concentration of GO and IR spectrum of GO is covered by that of CMC/KC beads.
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Figure 1. FTIR of CMC, KC, CMC/KC, CMC/KC/GO GBg, and GO

Thermal stability of the prepared beads was studied by thermal gravimetric analysis, it was shown from Fig

2 that for GO the apparent weight loss in the range 25-190 is attributed to the loss of hydrated water while the
significant weight loss 75% occurred in the range 185-230 as a results to pyrolysis of the labile oxygen
functional groups and release of steam, carbon monoxide and carbon dioxide [24]. The apparent weight loss 0-
150°C in CMC and KC may be due to the loss of the moisture contents of CMC and KC, with increasing
temperature the rate of weight loss increased and both second and third degradation stages took place. The
observed weight loss beyond 200°C could be related to the released of water more firmly bound through the
polar interaction with COOH group in CMC and sulphate group in KC in addition to the loss of CO, as a result
of decomposition of cyclic product in KC and CMC. On the other hand CMC/KC/GO GBs were found to be
more thermally stable with increasing temperature and the temperature required to loss its half weight is 450°C
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Figure 2. TGA carves of GO, CMC, KC, CMC/KC, and CMC/KC/GO GBg
The morphological structure of the surface of the beads was investigated in Fig 3. It can be seen from
fig3dAand 3B that CMC and KC beads were exhibited irregular fracture surfaces while in Fig 3C the CMC/KC
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beads surface was changed to a curly texture surface. Furthermore, CMC/KC/GO bead depicts a crusty and
coarse surface as shown in Fig 3D also the pores and wrinkles become smaller and denser with the incorporation
of GO, that supplying bigger specific surface which more suitable to adsorb metals ions. At low magnification
value for the image of CMC/KC/GO GBs Fig 3E it was observed that the surface of it was not completely
spherical and roughly due to the incorporation of GO with CMC/KC matrix
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CMC/KC GB, , CMC/KC/GO GBg

CMC/KC/GO GBg (E) at low magnification
Figure 3. SEM of the prepared gel beads
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Factors affecting metal ion adsorption

Effect of CMC/KC ratio

The effect of CMC/KC ratio at a different mass ratio and at a constant other adsorption condition was clarified in
Fig 4 .Results showed that q. mmol/g for all studied ratio increased gradually with increasing contact time from
30 min to 210 min. also, the beads containing both CMC/KC showed high q. value than that for individual CMC
and KC beads. CMC/KC ratio 1:1 record the highest g, value for Cu (II) and reached 2.66 mmol/g after 180 min.
from contact time these results indicated that the presence of CMC/KC with an equal ratio increases the exposed
surface area with a large number of active site for further metal ion uptake. According to these results, the
following factors affecting the metal uptake were studied based on CMC/KC (1:1) ratio in gel beads.
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Figure 4. Effect of CMC/KC ratio on the adsorption capacity of Cu(Il)at (0.6%)GO, adsorbent
dosage(0.5g),metal ion(5Smmol/L), solution temperature 30°C,pH = 6and agitation speed (50rpm)
Effect of graphene oxide amount
It was observed from Fig 5 that the addition of GO improved the metal adsorption capacity compared to the free
GO GBs at a constant mass ratio of CMC/KC 1:1 and other adsorptive condition. This mainly attributed to the
interaction between CMC/KC/GO beads and the metal ions, as well as the porous internal structure of the beads.
CMC/KC/GO GBs have smaller and denser pores than CMC/KC GBs which is beneficial to adsorb metal ion.
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Figure 5. Effect of GO amount at constant CMC/KC (1:1) at 30°C, metal ion concentration (5mmol/L),
adsorbent dosage (0.5g) ,pH =6,and agitation speed=50rpm
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Optimum pH of metal ions uptake

The optimum pH for sorption of Cu (II) and Co (II) ions was determined by shaking 0.5 gm of the dry beads
(CMC:KC:GO 1:1: 0.8 %GO) with 25ml of metal ion solution (5Smmol/L) for 3 h at 30°C in the pH range 1to7.1t
was observed from Fig 6 that the adsorptive capacity of the metal ions enhanced as the pH increased hence the
gel beads have negative charge in solution due to the sulphate groups in KC and a abundant oxygen containing
groups in graphene oxide [13,25],also with the increase of pH value most of the carboxylate groups of CMC are
ionized to carboxylate anions COO™ where as pK, for carboxylic groups is 4.5 so the amounts of negatively
charged sites increases ,which increased the electrostatic interaction between these sites and the cations of the
metal ions[26].The decrease in the adsorption capacity at lower pH may be due to the protonation of active sites
such as carboxylates and hydroxyls hence the protonated hydrogen ions H™ competes with the Cu(II) and Co(II)
for free active sites of the GBs. The optimum pH value for Cu (IT) and Co (IT) was 5.6 and 6.1 respectively.
After this value there is no high adsorption efficiency owing to the precipitation for all metal ions as metal (II)
hydroxide [27].
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Figure 6. Effect of pH on the adsorption capacity of Cu (II) and Co (II)

Adsorption Kinetics of biosorbent to Cu (II) and Co (I)
The influence of contact time on the adsorption capacity of CMC/KC/GO GBs at constant other adsorption
conditions is shown in Fig7which reveal that the adsorption capacity of GBs towards metal ions increased
rapidly in the first 3h,then slowed down and almost reach equilibrium at 210 min. therefore this optimum value
is selected for the next adsorption process. The adsorption results were used to study the kinetic mechanism
which controls the adsorption process. The most widely used models of Lagergren's pseudo-first-order, pseudo
second - order, and intra particle diffusion were used to study the adsorption kinetics of Cu(Il) and Co(II) on
CMC/KC/GO GBs  The pseudo first- order model is described in equation (2)while pseudo second- order is
represented in equation (3)

In (qe'qt) =In e Kl t (2)

t 1 1

il ) L

Where g.(mmol/g) and q(mmol/g) are the adsorption capacity of CMC/KC/GO GBs at equilibrium and at a
time t(h),respectively, K, and k, are the rate constants of the pseudo first-order and pseudo second-order models
[28, 29].The intraparticle diffusion is proposed by Wéa?er and Morris [30] was obtained by the next equation

G = Kine t “)

Where K is the rate constant of the intra particle diffusion step mmol/g min™® The constant of the first-
order, second-order and intra particle diffusion model were listed in Table 1.These results reveal that the order of
correlation coefficient R*> one is in the pseudo second- order model is > pseudo first -order model which
indicate that the pseudo -second order model is a better model for describing the adsorption kinetics of Cu(Il)
and Co (IT) on the GBs Furthermore , the calculated adsorption capacity values from the pseudo second order
model are in a good agreements with the experimental values. when the plot g, against t* gives straight line ,this
means that the intra particle diffusion represented as the only rate limiting step, but when the plot gives multi -
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linearity indicates the step of the intra particle diffusion is one of several steps in the adsorption process[31]
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Figure 7. Effect of contact of contact time on the adsorption capacity of Cu (II) and Co (II)

Table 1: First-order, second- order and intra particle diffusion rate constants.

Metal Pseudo-first order Kkinetics Pseudo-second-order Kkinetics Intra particle diffusion
ion q (mmol/g) Kads R’ Q K, R Kig R’
(1/min) mmol/g
Cu(Il) 0.015 1.833 0.990 3.03 0.0104 0.997 0.116 0.976
Co(II) 0.016 1.518 0.927 | 2.079 0.01121 | 0.988 0.096 0.959
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Figure 8. Plot of Weber-Mortris intra particle diffusion model for the adsorption of Cu (II) and Co (IT)

In figure 8 the adsorption process by the adsorbents occurs through three steps, which are transfers of metal
ion from the bulk solution to the adsorbent surface, film diffusion in the pores and in the solid phase, and finally
ion adsorption on the active sites of the adsorbents
Effect of the initial concentration of metal ions, and equilibrium isotherm model
The effect of initial concentration of Cu(II) and Co(II) ions was elaborated by shaking 0.5 g of GBs with 25 ml
of metal ion solution in a concentration range from I1to 12 mmol /L at optimum pH and at 25 °C for 3h the
results were presented in Fig(9) .It was cleared that as the initial concentration of the metal ions increase the
adsorptive capacity increased and when the C. value above 9mmol/L for Cu and 8.55 mmol/L for Co the q.
values almost remained constant it was also observed that Cu(Il) was adsorbed more than Co(II) by GBs because

12
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of its smaller ionic radius which allows it to take place easily in the pores of chelating GBs
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Figure 9. Effect of metal ions concentration on the adsorption capacity of Cu (II) and Co (IT)
Two adsorption isotherm models were applied to describe the interaction between adsorbates and
adsorbents Langmuir and Freundlich .The Langmuir isotherm model is represented in equation(5)

C C 1
e e + (5)

de  Gmax KGmax
Where C, is the equilibrium concentration of metal ion mmol/L q. is the equilibrium adsorption capacity
mmol /g qmax is the maximum adsorption capacity and K (1/mmol) is the Langmuir constant concerned to the
affinity of binding sites (32)
The dimensionless constant separation factor (Rp) (33) which reflect the essential characteristic of the
Langmuir model, can be determined according to the next equation:

Ry

T 1+ KC, (6)

Where k is the Langmuir constant and C, is the initial concentration of the metal ions (mmol/l). The value
of Ry which is calculated recommends the shape of isotherm to be unfavorable (R;> 1), favorable (0< Ry < 1) or
irreversible R;=0. Plotting R versus C, is illustrated in fig (10) .The calculated values of R; were between zero
and one for Cu and Co ions which detected that the adsorption of metal ions on the beads is favorable (34, 35)
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Figure 10. Variation of the adsorption intensity (R ) with the initial metal ions concentration C,
The Freundlich isotherm model is represented by the next equation [36]
log q. = N log C, + log K¢ @)

Where q. is the equilibrium adsorption capacity (mmol/g)C. is the equilibrium concentration of metal ions
(mmol /L) K and N are the Freundlich constants that give information about heterogeneity degree of the surface
sites. The characterization parameters of the Langmuir and Freundlich isotherm are listed in Table 2, it was
shown from the table that the data of the adsorption of metal ions by GBs fit the Langmuir model nicely. The
coefficient of determination R*of the Langmuir isotherm is much nearer one than that of Freundlich isotherm
model. Moreover, the calculated adsorption capacity from the Langmuir model is much closer the experimental

13
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value than that obtained from the Freundlich model also the value of N for Cu (IT) and Co (II) between zero and
one referred that the metal ion adsorption on the GBs was favorable [37].
Table 2: Parameters of Langmuir and Freundlich
Metal Langmuir isotherm Freundlich isotherm
jion Q max K R’ N K, R’
Cu(I) 2.99 | 0.793 0.998 0.275 | 1475 0.976
Co(dl) | 2.212 | 0.509 0.989 | 0.412 | 0.778 0.916
Adsorption thermodynamic
The adsorption experiments were carried out at three different temperatures (30, 40, and 50) to calculate
parameters of thermodynamic, in these experiments, metal ion solution (100 ml of Immol /L) with 0.5 gm of
GBs at optimum pH
Thermodynamic parameters were calculated using equation (8) and (9) (38)

AG" = -RT Inkq 8)
— ASgds _ AHgds
Inkg = =2 — s (9)

where kq is the distribution coefficient (kg= qec.),T is the temperature ,R is the gas constant (8.314 J/mol k)
AG® is the change of Gibbes free energy AH’q, the standard enthalpy change AS° is the standard entropy
change ,both AH®y, and AS°,4 were estimated by plotting Inky versus 1/T .The thermodynamic parameters are
listed in Table3 ,the positive quantities of AH®,4, refer that metal ion adsorption was an endothermic process [39]
the negative value of AG® indicate that the process was spontaneous and the increase of the negative value
indicates that the adsorption process is more favorable at high temperature .The value of AS° is
positive ,suggesting the increase in the randomness of the system during the adsorption process which may be
due to the release of water of hydration through the adsorption process[40].
Reusability
The regeneration of loaded GBs with Cu (II) and Co (II) was studied using 100 ml of 0.2 N HCI solutions at
room temperature under shaking at 50 rpm for 1h. The recovered gel beads were filtered and washed with
distilled water, the regenerated beads were used in the next adsorption cycle according to the same procedure to
check the reusability of the beads, six successive adsorption- desorption cycles were conducted. The results
referred that the gel beads were qualified for practical application as the adsorption capacity shows no significant
change after six cycles of adsorption- desorption.

4. Conclusion

In this study new eco - friendly CMC/KC/GO GBs was prepared and characterized. The gel beads have a porous
structure with an abundant adsorption active sites and a large contact surface because of the cross-linking and
encapsulating of GO. Such special structure brought about a higher adsorption capacity for the GBs towards
metal ions adsorption than that of the many adsorbents reported .The kinetic data described well by the pseudo-
second order model and the Langmuir isotherm model is more favorable for adsorption isotherm of these metal
ions. The thermodynamic parameters indicate that the process of adsorption is endothermic and spontaneous in
nature. The GBs were regained by using0.2N HCI solution and could be used for six times. From the viewpoint
of environment and economy, this biosorbent attract a great interest as a more environmental and cost-effective
alternative, as this method of preparation is simple, economical and environmentally friendly.
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