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Abstract: In order to investigate the interaction of graphene oxide (GO) with different cellulose polymorphs (I and

II), we synthesized cellulose (I and II)/GO composites using the sonication method. Interestingly, no new peaks were

observed in the FT-IR pattern of the cellulose (I and II)/GO composites, indicating that no chemical reactions took place

between GO and cellulose. The X-ray diffraction patterns of cellulose I and II/GO composites were slightly different than

those observed for cellulose I and II, indicating that some physical interactions occurred between the GO and cellulose.

Unexpectedly the d -spacing values and the diffraction plane at the high-angle side were most likely expanded in cellulose

I rather than in cellulose II by adding GO, confirming the highest reactivity of GO toward cellulose I rather than cellulose

II. Furthermore, SEM images showed that the conformal coating of GO on cellulose I was larger than that on cellulose

II due to the strong adhesion between the GO and cellulose I. Cellulose/GO showed antimicrobial properties, and GO

was found to be promising for textile antimicrobial finishing.
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1. Introduction

There are four different polymorphs of cellulose: I, II, III, and IV.1 Cellulose I and II are the most studied

forms of cellulose. In the fabrication of superhydrophobic and electroconductive textiles, improving the physic-

ochemical characterization of cellulose is a key issue. Chemically, cellulose II shows higher chemical reactivity

than cellulose I and can be used to make cellophane. It is considered as one of the most useful fibers and has

wide applications in the chemical industry.2 The crystalline structure of cellulose I in native cellulose can be

converted into that of cellulose II by mercerization in sodium hydroxide.3−5 Mercerization depends on the type

and concentration of the alkaline solution, its temperature, treatment time, the tension of the materials, and the

additives.5 During the process of mercerization, all fibers are converted into a swollen state and the assembly

and orientation of microfibrils are completely disrupted.5 The original parallel-chain crystalline structure of

cellulose I changes to antiparallel chains of cellulose II. The hydrogen bond in cellulose I is O2 –H—O6 , whereas

in cellulose II it is O2 –H—O6 , O6–H—O6 , and O2–H—O2 . On the other hand, graphene oxide (GO) with a

high oxygen content can be attached to the polymers by their functional groups and bound below or above each

plane as well as on the edge of the graphene sheet.6 The presence of GO with natural polymers enhances the

hydrophobic properties of composites, and no other functional group remains on the polymer surface. Further-
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more, GO is accepted as a filler in bioceramic materials owing to the high mechanical constants of the composite

obtained.7 In addition, the nanostructures of cellulose/GO have been documented.8,9 Results indicated that

GO is coated only as the cellulose fabric with enhanced hydrophobic properties, high electrical conductivity, and

thermal stability. Furthermore, the nanostructures of cellulose/GO showed no detectable X-ray band due to the

presence of GO.10,11 The mercerization treatment of cellulose is a versatile chemical modification. Moreover,

the process of mercerization shows changes in the crystalline structure and many other properties. Most of the

investigations conducted on the mercerization of cellulose have focused on whole cellulose fibers, i.e. assemblies

of large numbers of organized microfibrils.4,5 On the other hand, the biological applications of graphene are

limited compared to GO due to the chemical structure and properties of GO such as intrinsic luminescence,

hydrophilicity, tunable band gap, biocompatibility, and photocatalytic activity, which makes it a suitable mate-

rial for biological and biomedical applications.6 GO-coated cellulose shows antibacterial properties and is more

toxic to gram-positive than gram-negative bacteria.6 To the best of our knowledge, no studies have been carried

out regarding the reactivity of cellulose I and II crystals toward composite formation with GO and antimicrobial

activities (bacteria or fungi) of cellulose II or its composite. The main objective of this study was to evaluate

the physicochemical characterization of both cellulose I and II/GO composites in order to obtain the best form

of cellulose that can effectively react with GO using Fourier transform infrared spectroscopy (FT-IR) analyses,

X-ray diffraction (XRD), and scanning electron microscopy (SEM).

2. Results and discussion

2.1. Fourier-transform infrared spectroscopy of cellulose/GO composites.

Figure 1 presents the measured FT-IR characteristic bands of cellulose I and II and their composites. In the

spectra, bands at 4000–2995 cm−1 , 2900 cm−1 , 1430 cm−1 , 1375 cm−1 , and 900 cm−1 were found to be

sensitive to the variations in crystalline and amorphous regions.5,12 Furthermore, Figure 1 shows a strong

hydrogen-bonded OH stretching vibration within the region of 2995–3600 cm−1 . The intermolecular hydrogen

bonding of O2 –H—O6 for cellulose I and O2–H—O6 , O6 –H—O6 , and O2 -H—O2 for cellulose II was shown

at the 3438 cm−1 , 3334 cm−1 , and 3293 cm−1 positions, respectively.12,13 The absorbance of CH stretching in

cellulose I was shifted from 2901 cm−1 to a lower wave number at 2890 cm−1 in cellulose II (Figure 1), which

indicates that different arrangements result in the changes of angles around the β -glycosidic linkage.2

The absorbance intensities at 1427 cm−1 are assigned to CH2 bending in cellulose I.14 The intensity

of this peak increases in cellulose II, which reflects a higher number of disordered cellulose structures.15 The

minute change at 1370 cm−1 is attributed to different CO stretching vibrations in cellulose I and II fibers.12

The FT-IR spectra of the cellulose I and II/GO samples were quite similar to those of the original samples. It

was observed that no new peaks appeared in the treated samples, indicating that no chemical reactions took

place between the GO and cellulose.

2.2. XRD analysis of cellulose/GO composites

The X-ray pattern of the cellulose exhibits the typical diffraction peaks of the crystalline structure of cellulose

I at 2θ = 14.76◦ , 15.42◦ , 22.70◦ , and 23.14◦ corresponding to the (1 ¯ 10), (110), (002), and (020) planes,

respectively. However, cellulose II exhibits diffraction peaks at 2= 12.25◦ , 20.38◦ , and 22.24◦ corresponding

to the (1 ¯ 10), (110), and (020) planes, respectively (Figure 2).
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Figure 1. FT-IR spectra of cellulose I and II and their composites.

There are no impurity peaks observed in the XRD patterns of both cellulose composites I and II. In the

X-ray diffraction pattern of cellulose (I & II)/GO composites, the peak intensity and crystallinity index were

decreased and accompanied by line broadening (Figures 2 and 3). Therefore, GO was effectively inserted in the

cellulose fibers and the crystallinity index was decreased due to the loss of the packing order of glucopyranose

rings.5

Although the X-ray diffraction patterns of the cellulose (I and II)/GO composites were different than

those observed for cellulose I and II, there were significant differences in the values of d-spacing (Table 1). The

d -spacing values showed that the diffraction plane on the high-angle side was most likely expanded by adding

GO between the cellulose sheets corresponding to the (020) plane at 2θ = 22.86◦ In addition, a broad weak

peak from the graphene oxide at 2θ = 10.5◦ corresponding to the (002) plane can be detected in the cellulose

I/GO composite (Figures 2 and 3). However, the X-ray diffraction patterns of the cellulose II/GO composites

showed slightly different d -spacing values than those of cellulose II, indicating that GO reacts more effectively

with cellulose I than cellulose II. These results can be explained by the formation of the hydrogen bond in both

cellulose composites I and II. Both intra- and intermolecular hydrogen bonding occurs in cellulose. In cellulose

I, the presence of intramolecular hydrogen bonds is of high relevance considering the single-chain conformation

and stiffness. The Scheme presents the existence of hydrogen bonds between O-3-H and O-5 (2.75 Å) of the

adjacent glucopyranose unit and O-2-H and O-6 (2.87 Å) of the native crystalline cellulose.16

In cellulose II crystallites, the hydrogen bonds are essentially the same as those proposed for cellulose I,
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Figure 2. X-ray pattern of cellulose I and II and their composites.

Table 1. The X-ray diffraction data of cellulose I and II and their composites.

Samples
2θ◦/d 2θ/d / d 2θ/d / d

(1 10) (110) (020)

Cellulose I
14.76 15.42 23.14

(5.99) (5.74) (3.84)

Cellulose II
12.11 20.30 22.54

(7.30) (4.37) (3.94)

Cellulose I/GO
14.97 16.34 22.86

(5.88) (5.39) (3.94)

Cellulose II/GO
12.25 20.38 22.24

(7.25) (4.35) (3.98)
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Figure 3. X-ray pattern magnification of cellulose I and II and their composites.

Scheme. Molecular structure of cellulose.

but they are shorter than cellulose I (2.69 Å) when O-3-H and O-5 are considered.17 Thus, the intermolecular

hydrogen bonding in cellulose II is significantly strong compared to that in cellulose I. The antiparallel chain

model (cellulose II) enables the formation of not only interchain but also of interplane hydrogen bonds.18

Therefore, GO can more easily react with cellulose I than cellulose II. The interaction between GO and cellulose

can be explained as follows: GO has various functional groups, such as carboxyl, carbonyl, hydroxyl, and epoxy

groups, that make it hydrophilic in nature.19,20 The hydrophilicity of GO allows it to be readily soluble in

water at molecular levels with high surface capacity for adsorption, strongly adhering to the surface of cotton

fabrics during the reaction time. This strong adhesion of GO onto the surface of the cellulose is confirmed by
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the X-ray diffractograms of cellulose and cellulose/GO composites as shown in Figure 3. The crystallite widths

of cellulose I and its composites were found to be 2.55 nm and 3.01 nm, respectively. However, the crystallite

widths of cellulose II and its composites were found to be 2.34 nm and 2.44 nm, respectively.

Figure 4. SEM micrographs of cellulose I and II and their composites.

2.3. SEM analysis of cellulose/GO composites

Figures 4a–4d show the SEM images of cellulose I, cellulose II, and their composites with GO. From this figure,

the existence of a GO peel dispersed homogeneously through the whole matrix of cellulose I rather than cellulose

II is clear. Compared to cellulose I and II, a notable change in the surface morphology of cellulose I was observed

in the presence of GO. The high-magnification image demonstrates a smoother surface of the cellulose I/GO

owing to the conformal coating of GO. The conformal coating was mainly caused by the GO peel, and the size

uniformity of graphene together with the strong adhesion between the graphene and cellulose I fibers confirms

that GO is uniformly coated on it. However, nonsignificant coating in cellulose II/GO could be observed due to

the low interaction between cellulose II and GO. The same results for a bacterial cellulose/GO composite were

observed, where the GO peel was tightly covered on the bacterial cellulose skeleton (cellulose I).21
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2.4. Antimicrobial activity of cellulose (I & II)/GO composites

The antimicrobial activity of cellulosic fiber and cellulose (I & II)/GO composites was tested against gram-

negative bacterium Escherichia coli and gram-positive bacterium Staphylococcus aureus. Table 2 shows the

values of microbial reduction for both samples. Cellulosic fabric loaded with GO exhibited good antibacterial

activity against E. coli. On the other hand, cellulose (I & II)/GO composites provided a maximum microbial

reduction in the case of E. coli and C. albicans (R = 99.9%) and slightly lower microbial reduction in the case

of S. aureus (R = 99.6%). In another study, the antibacterial activity of GO-coated cotton fabric was examined

only against gram-negative bacteria (E. coli DH5a) and gram-positive bacteria (S. iniae).6 The experimental

results revealed that the cellulose I/GO composite was effective toward gram-positive bacteria only.6 Our

synthesized cellulose I and II/GO composites showed antimicrobial properties for both gram-positive and -

negative bacteria, indicating the greater effectiveness of the method in inserting GO into cellulose planes than

earlier reported.6 Therefore, GO can be used in textile antimicrobial finishing by applying our method.

Table 2. Microbial activities of cellulose I and II and their composites.

Sample Organism Medium Condition Temp. Incub. Activity

Cellulose I
S. aureus Mueller

Aerobic 37 ◦C 36 h +ve
(ATCC 2592) Hinton agar

Cellulose II
S. aureus Mueller

Aerobic 37 ◦C 36 h +ve
(ATCC 2592) Hinton agar

Cellulose I/GO
E. coli Mueller

Aerobic 37 ◦C 36 h -ve
(ATCC 2592) Hinton agar

Cellulose II/GO
E. coli Mueller

Aerobic 37 ◦C 36 h -ve
(ATCC 2592) Hinton agar

Cellulose I/GO
C. albicans Sabouraud

Aerobic 30 ◦C 36 h -ve
(ATCC 1023) dextrose agar

Cellulose II/GO
C. albicans Sabouraud

Aerobic 30 ◦C 36 h -ve
(ATCC 1023) dextrose agar

2.5. Conclusions

In this study, we prepared certain cellulose (I & II)/GO composites by using a simple and effective method

without applying any other toxic cross-linking agents. Cellulose I showed higher reactivity toward GO than

cellulose II. On the other hand, both cellulose I/GO and cellulose II/GO showed negative reactivity toward

microbial testing. Therefore, we conclude that these results will open a new medical trend for cotton applications

in future.

3. Experimental

3.1. Chemicals

All chemicals used in this study were purchased from Sigma-Aldrich, were of analytical grade, and were used

without any further purification/treatment. The cotton linter (DP = 900–920) was also purchased from Sigma.
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3.2. Preparation of GO

Graphite powder (5 g) was added to a 1-L glass beaker followed by the addition of 115 mL of conc. sulfuric

acid. The above solution was stirred on a magnetic stirrer for 30 min. After that, 2.5 g of sodium nitrate

was added slowly. The above beaker was fixed in an ice container for 30 min and then its temperature was

brought to room temperature. Further, 15 g of potassium permanganate was gradually added to this solution

and stirred at 40 ◦C for 2 h until a thick paste was obtained. Distilled water (500 mL) was added slowly and

carefully to the above solution, as conc. sulfuric acid was present. The final solution was stirred again for 1 h.

To terminate the reaction 10 mL of hydrogen peroxide (30%) was added with continuous stirring for a further

2 h. The color of the obtained solution was brown. Inorganic anions and impurities were removed by washing

using centrifuge and ultrasonication methods. After drying at 70 ◦C for 48 h, we obtained GO in powder form.

Different concentrations of GO in 500 mL of distilled water were dispersed by using a high-power ultrasonic

system at 200 W for 15 min.6

3.3. Cellulose II preparation

The cotton linter was prepared by immersing it in 20% NaOH for 1 week at room temperature. Then the fibers

were filtered and washed with fresh water until all NaOH was removed.3,22

3.4. Preparation of cellulose/GO composites

The cellulose (I & II) composites were immersed in 20 mL of GO (0.01 g) solution and stirred for 2 h. Then

ultrasonication was used to complete the synthesis. The sample was dried at room temperature.

3.5. FT-IR spectroscopy

Following the protocols suggested by Abbott et al., FT-IR spectroscopy (Bruker IFS 66) was performed.23

3.6. X-ray diffraction

The X-ray diffraction patterns of cellulose (I and II) and its composites with GO were determined using a

Shimadzu-Lab-XRD-6000 diffractometer with nickel-filtered Cu Kα radiation at 40 kV and 50 mA.

3.6.1. Determination of crystallinity index

The crystallinity index (CI) was calculated from the diffracted intensity data using the method reported by

Segal et al.24 The CI calculation was performed using Eq. (1):

CI% =
I020Iam
I020

× 100, (1)

where I020 is the maximum intensity at 2θ22.8◦ and Iam is the intensity of the amorphous background scatter

measured at 2θ = 18◦

3.6.2. Crystallite widths (L)

The crystallite widths of cellulosic fibers were estimated and evaluated using the Scherer equation (Eq. (2)). In

order to evaluate the width of the crystallites, the Scherrer equation with a constant (K) equal to 0.9 at the
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half-width peak of the (200) plane at 2θ = 22.8◦ was applied:25,26

λL = k/β cos θ, (2)

where L is the crystallite width, θ is the Bragg angle, λ is the wavelength of the radiation, K is a constant,

and β is the corrected width of the peak given by the specimen.

3.7. Scanning electron microscopy

The morphology of cellulose composites I and II was examined by using field emission scanning electron

microscopy (FESEM) images obtained by a FESEM JEOL 6340 electron microscope equipped with an energy-

dispersive X-ray analysis instrument (EDX), used to investigate the elemental composition of the system.

4. Bacterial and fungal strains

In this study, bacterial and fungal strains collected from frozen stocks at King Khalid University were used. To

prepare 0.5 McFarland standard suspensions, one to three loopfuls of cultures 24 h old from each test strain

were used. As recommended by the Clinical and Laboratory Standards Institute, Mueller Hinton agar (DIFCO)

plates were used in the in vitro antimicrobial testing. Then the impregnated dried cotton was placed on the

inoculated agar. Finally, the inoculated plates were incubated at 37 ◦C and examined after 24, 48, and 72 h

for inhibition zones under and around it.
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