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Abstract
In this article, TEMPO-oxidized cellulose nanofiber (TEMPO-CNF) prepared from 
bagasse was described and utilized as a sustainable material for the preparation of 
new nanocomposites. TiO2 nanoparticles were synthesized by in  situ precipitation 
in the presence of TEMPO-CNF. The prepared nanocomposite, TEMPO-CNF/
TiO2, was characterized by using FT-IR, XRD, TGA, SEM, and EDX analysis. The 
results proved that homogenous spherical TiO2 nanoparticles were formed with the 
particles of TEMPO-CNF. TEMPO-CNF/TiO2 nanocomposite was examined as an 
adsorbent for Brilliant Blue (BB) adsorption. The highest BB removal efficiency 
was observed at pH 7, the adsorption process is well described by pseudo-second-
order and Langmuir adsorption model, and the maximum adsorption capacity is 
162 mg/g. Our results proved that the TEMPO-CNF/TiO2 nanocomposite could be 
used for the removal of BB from aqueous solutions.
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Introduction

Environmental contamination by organic and inorganic colorants bearing waste-
water worldwide concern is required to be addressed. Various industries such 
as textile dying, cosmetics, pigments and paints yield a lot of fluid that contain 
organic colorants. These wastes are wealthy in dyes, and 10–15% of these dyes 
might be found in modern effluents. These organic released dyes have high toxic-
ity, slow biodegradation [1], high resistant concerning oxidizing agents, and light 
and heat, and henceforth, they danger the amphibian and human life [2]. Adsorp-
tion technique has been presented as an environmentally friendly, cost-effective 
and easy regeneration method for the removal of heavy metals and organic dyes 
[3, 4]. Numerous endeavors have been cultivated to grow new practical adsor-
bents for lessening the grouping of the contaminants to allowable dimensions 
[5–7]. Polysaccharides have been modified for developing novel nanocomposite 
materials for water treatment. Various nanocomposites, e.g., carboxymethyl cel-
lulose/Fe3O4 [8], carboxymethyl cellulose/hydroxyapatite [9], cellulose/montmo-
rillonite [10] and graphene oxides/microcrystalline cellulose aerogels [11], have 
been studied for detoxification of pollutants from aqueous solutions.

Cellulose nanofibers (CNFs) with incredible physical and mechanical prop-
erties, e.g., high porosity, high versatile modulus, and high crystallinity, were 
emerged as an alternative non-toxic and bioactive material for preparing nano-
composites [12]. Cellulose pulp was used to prepare CNF through applying high 
mechanical shearing. Various pretreatment protocols were described to enable the 
defibrillation process such as oxidation with 2,2,6,6-tetramethylpiperidine-1-oxyl 
(TEMPO) which oxidizes the primary hydroxyl groups into carboxyl group [13, 
14]. Moreover, mechanical shearing such as high-pressure homogenization or 
refining and grinding can enhance the preparation of CNF [15].

TiO2 has recently emerged as a semiconductor photocatalyst with applica-
tions in water splitting, pollutants treatment, photovoltaics, and adsorption. It has 
unique properties such as chemical stability, high corrosion resistance, non-toxic-
ity nature and low price. TiO2 nanoparticles will in general agglomerate and lose 
a decent lot of surface zone which lessens their expected effectiveness for target 
applications. Although TiO2 is thought to be environmentally benign, its acciden-
tal release to aquatic systems could still cause significant environmental risks. A 
compelling way to deal with beat the issues is to fabricate hybrid nanocomposite 
by immobilizing ultrafine particles onto supporting polymers, e.g., cellulose fib-
ers. For example, Khan et  al. arranged bacterial cellulose/TiO2 nanocomposite 
with a wide scope of antibacterial properties. Also, the nanocomposite showed 
bond and expansion properties for fibroblast cells. These properties proposed the 
nanocomposite for restorative applications, particularly wound dressing and tissue 
recovery [16]. Hydroxypropyl methyl cellulose/TiO2 hybrid nanophotocatalysts 
were set up by in situ combination at various weight proportions. The photocata-
lytic efficiency of the hybrid to degrade 4-nitrophenol was examined in aqueous 
medium under visible light irradiation. Comparing with pure TiO2, the prepared 
nanocomposites were photocatalytically much more active and photostable after 
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five experimental runs [17]. In the current paper, bleached bagasse pulp was used 
to prepare cellulose nanofibers (CNFs). Then, CNFs/TiO2 nanocomposite was 
arranged and examined as a supportable and financially smart adsorbent for the 
sequestration of cationic Brilliant Blue (BB) from wastewater.

Materials and methods

Materials

The raw material used in this study was bleached bagasse pulp supplied from 
Qena Company of Paper Industry, Egypt. 2,2,6,6-Tetramethylpiperidine-1-oxyl 
(TEMPO), sodium metaperiodate (NaIO4), sodium bromide (NaBr), Brilliant 
Blue (BB)   as shown in  Schematic 1  and titanium (IV) isopropoxide were pur-
chased from Sigma-Aldrich. All chemicals were used without further purification. 

Preparation of TEMPO‑oxidized cellulose

TEMPO-oxidized bagasse pulp was prepared as previously described [18–21]. 
Shortly afterward, 3 g of bleached bagasse pulp was dispersed in distilled water 
with TEMPO (0.048 g, 0.3 mmol) and sodium bromide 0.48 g, 4.8 mmol. Then 
30  mL of sodium hypochlorite solution (15%) was added with continuous stir-
ring, and the pH was adjusted to 10 using NaOH solution. At the end of reaction, 
the pH was adjusted to 7 and the product was centrifuged at 10,000 rpm several 
times. Finally, the product was purified by dialysis for 1 week against deionized 
water. TEMPO-CNF was prepared using Masuko grinder as a mechanical defi-
brillation treatment.

Schematic 1   The chemical structure of Brilliant Blue dye
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Synthesis of TEMPO‑oxidized cellules/TiO2 nanocomposite

The synthesized TEMPO-CNF has been tested as a support sustainable polymer 
during TiO2 nanoparticle precipitation [22]. In 100-mL round flask, 1 ml of tita-
nium isopropoxide with 50  mL ethanol (analytical grade) was dropped slowly 
into the 5 g of the former prepared CNF under vigorous stirring at room tempera-
ture. After stirring the mixture for about 2 h, white precipitate was formed. The 
resulting precipitates were centrifuged, washed with distilled water, and dried in 
vacuum at 50 °C.

Batch adsorption studies

The prepared TEMPO-CNF/TiO2 nanocomposite was tried as an adsorbent for 
dye removal. Solutions with various concentrations of BB (25–600  ppm) were 
prepared by stock dilution with water. BB concentration was determined col-
orimetrically estimating greatest absorbance at 583  nm of the arrangements by 
UNICO UV-2000 spectrophotometer. Set adsorption tests were led at 50 mg of 
TEMPO-CNF/TiO2 and blended well with magnetic stirring and kept up for a 
fixed time at 25 °C. After adsorption for a definite time, pH and dye concentra-
tion, the solution was isolated and the amount of BB adsorbed at adsorption equi-
librium, qe (mg/g), was determined according to the following equation:

where Co and Ce are the initial and equilibrium dye concentrations (mg/L), V is 
the volume (L) of the dye solution used in the adsorption experiment, and W is the 
weight of the nanocomposite (g).

Characterization methods

The prepared samples were characterized using different types of techniques; 
FT-IR (Mattson 5000 FT-IR spectrometer) was done utilizing KBr disks in the 
range of 4000–500 cm−1. Thermogravimetric analysis was done on a PerkinElmer 
TGA7 thermogravimetric analyzer under nitrogen. Scanning electron microscopy 
(SEM) was done on Model Quanta 250 FEG (field emission gun) attached with 
EDX unit (energy-dispersive X-ray analyses), with accelerating voltage 30  K. 
Transmission electron microscope (TEM) images were taken with a JEOL JEM-
2100 electron microscopy.

(1)qe =
(Co − Ce)V

W
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Results and discussion

Preparation and characterization of TEMPO‑CNF

Bagasse is a main source of cellulose pulp and was reported recently as signifi-
cant source for the preparation of cellulose nanofibers. Figure 1 shows the mech-
anism of the production of TEMPO-CNF through TEMPO-oxidation followed 
by mechanical defibrillation. The morphology of TEMPO-CNF was observed 
by means of TEM and AFM in tapping mode. Figure 1A displays the TEM and 
AFM analysis of TEMPO-CNF which confirms that the width of TEMPO-CNF 
nanofibers varies from 10 to 20 nm with several micrometers of range in length. 
The current results were suggested previously in our previous work and approve 
that TEMPO-CNF has a uniform structure because of the arrangement of car-
boxylate bunches on the outside of the cellulose nanofibers.

Characterizations of TEMPO‑CNF/TiO2 nanocomposite

Figure 2a shows the FT-IR spectrum of TEMPO-CNF, which displays the charac-
teristic cellulose I bands at 3441, 2924, 1430, and 1113 cm−1 which apportioned to 
the OH, CH2, C–H symmetrical deformation, and C–O–C stretching vibration of 
TEMPO-CNF, respectively [23]. The peak at 1739  cm−1 is assigned to stretching 

Fig. 1   a TEM and b AFM photos and the scheme of the formation of TEMPO-CNF
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of carbonyl groups (C=O) resulting from oxidation process. Figure 2b shows that 
strength of these bands was increased in the TEMPO-CNF/TiO2 nanocompos-
ite. The nanocomposite displays an intense band at 816 cm−1 and 891 cm−1 which 
assigned to the stretching vibrations of Ti–O–Ti and Ti–O.

The diffraction curves of TEMPO-CNF and TEMPO-CNF/TiO2 nanocompos-
ite are displayed in Fig. 3a, b. X-ray pattern of CNF gives the known diffraction 
peaks of cellulose I with crystalline peaks at about 2θ = 16.2°, 22.7°, and 34.5° 
which are corresponding to (1 1 0), (2 0 0), and (0 0 4) planes of crystalline 
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Fig. 2   FT-IR spectra of a TEMPO-CNF and b TEMPO-CNF/TiO2 nanocomposite
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Fig. 3   XRD patterns of a TEMPO-CNF and b TEMPO-CNF/TiO2 nanocomposite
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cellulose. The XRD of the TEMPO-CNF/TiO2 nanocomposite revealed the pres-
ence of TiO2 nanoparticles with the peaks at 2θ 24.8°, 38.25°, 44.7°, 48.3°, 54.3°, 
and 64°. The diffraction peaks from the treated TEMPO-CNF are not obvious 
in TEMPO-CNF/TiO2 and showed poor crystallinity shifted to lower intensities. 
This decrease in crystallinity is due to the deposition of the TiO2 layers on the 
surface of CNF by increasing the amount of TiO2 [24]. These behaviors have 
been confirmed by the SEM images and also by the EDX analysis as illustrated in 
Fig. 5.

The thermal stability of TEMPO-CNF and TEMPO-CNF/TiO2 nanocom-
posite was assessed by thermogravimetric examination (TGA). As appeared in 
Fig. 4, TEMPO-CNF decayed in two phases. In the begining , at 90 °C mentions 
to the evaporation of absorbed water on the TEMPO-CNF. Moreover, the other 
stage seems at 330  °C which characterizes decomposition of hydroxyl and car-
boxyl groups. Nevertheless, the stability of TEMPO-CNF/TiO2 nanocomposite is 
higher compared to TEMPO-CNF. At 700 °C, TEMPO-CNF and TEMPO-CNF/
TiO2 nanocomposite show residual weights 24.1 and 73%. 

The morphology of TEMPO-CNF and TEMPO-CNF/TiO2 was explored uti-
lizing SEM and EDX analysis as displayed in Fig. 5. TEMPO-CNF shows fiber 
structure with different widths. TEMPO-CNF/TiO2 nanocomposite showed 
spherical shape. Moreover, the SEM image signifies that the nanocomposite dis-
plays accumulation as a result of TiO2 homogenously mixed with TEMPO-CNF. 
Also, TiO2 nanoparticles give off an impression to be more distinct and uniform, 
likely because of the combination between TEMPO-CNF and TiO2 nanoparti-
cles that reduces the attractive forces between TiO2, decreasing their aggregation 
affinity. The EDX results reveal that the TiO2 is mainly composed of C, O, and Ti. 
It was observed clearly that the main surface atomic ratio is for Ti, confirming the 
formation of TiO2 on the surface than that the bulk of the nanocomposite.
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Fig. 4   TGA analysis of a TEMPO-CNF and b TEMPO-CNF/TiO2 nanocomposite
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Application of TEMPO‑CNF/TiO2 nanocomposite for BB adsorption

The prepared TEMPO-CNF/TiO2 nanocomposite was explored for the removal of 
BB from aqueous solutions. Various parameters were examined to calculate the 

Fig. 5   SEM images of a TEMPO-CNF, b and c TEMPO-CNF/TiO2 nanocomposite, and d EDX of the 
nanocomposite
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Fig. 6   Effect of the pH on the capacities of TEMPO-CNF/TiO2 nanocomposite for BB. Adsorption 
experiments: BB concentration 50 mg/L; oxidized cellulose 0.05 g/50 mL, and contact time 60 min)
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potential of the TEMPO-CNF/TiO2 nanocomposite as an adsorbent for cationic 
dyes.

Effect of pH

The adsorption capacity of TEMPO-CNF/TiO2 nanocomposite with pH change was 
examined as shown in Fig. 6. The displayed results showed that the adsorption of 
BB gradually increased to reach the optimum value at pH 7. The adsorption capac-
ity recorded 88 mg/g for TEMPO-CNF/TiO2 nanocomposite. At low pH, the func-
tional groups in the TEMPO-CNF/TiO2 nanocomposite were protonated and existed 
as positively charged groups. The electrostatic repulsions between BB and these 
groups may inhibit the adsorption process [25]. The isoelectric purpose of TiO2 was 
5.1. Thus, at pH higher than 5.1, the TiO2 surface would remain contrarily charged. 
However, the BB removal limit was diminished at pH higher than 6 [26]. This per-
formance proved the role of TiO2 nanoparticles for improving the adsorption perfor-
mance of the nanocomposite which represent additional sites for electrostatic inter-
actions with cationic BB molecules.

In addition, the pH results showed the neutral solution is favored for the develop-
ment of the adsorption limit of the TEMPO-CNF/TiO2 nanocomposite. Expanding 
the adsorption ability of cationic dyes with pH has been portrayed in past investiga-
tions [27].

Effect of contact time

The rate of BB uptake depends on the contact time between TEMPO-CNF/TiO2 
nanocomposite and the dye solution [28]. Variation of time was studied in range 
from 5 to 240 min with 0.05 g of adsorbent at pH 7. The adsorption capacity of 

Fig. 7   Effect of time on capacity of TEMPO-CNF/TiO2 nanocomposite for BB adsorption: BB concen-
tration: 50 mg/L; nanocomposite: 0.05 g/50 mL, and pH: 7
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BB on TEMPO-CNF/TiO2 nanocomposite was increased gradually through the 
first 60 min and reached a plateau after 80 min as displayed in Fig. 7.

The pseudo-first- and pseudo-second-order models are shown in Eqs.  (2 and 
3), respectively.

The parameters of the kinetic models for TEMPO-CNF/TiO2 nanocompos-
ite are displayed in Table 1. The calculated correlation coefficients (R2), for the 
nanocomposite, reported that the adsorption of BB followed the pseudo-second-
order model. These results suggest that the chemical bonds between BB and 
TEMPO-CNF/TiO2 nanocomposite controlled the adsorption.

(2)log(qe − qt) = log(qe) −
K1

2.303
t

(3)
t

qt
=

t

qe
+

1

k2qe2

Table 1   Kinetic parameters for BB adsorption by TEMPO-CNF/TiO2 nanocomposite

Pseudo-first-order model Pseudo-second-order model

qe,exp (mg/g) qe,cal (mg/g) K1 (min−1) R2 qe,cal (mg/g) K2 (g mg−1 min−1) R2

90.5 26 0.0092 0.732 93 1.6 × 10−3 0.999
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Fig. 8   Effect of BB content on the adsorption capacity of TEMPO-CNF/TiO2 nanocomposite. Adsorp-
tion experiments: content of nanocomposite: 0.05 g/50 mL; pH: 7, and contact time 80 min
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Influence of initial BB concentration

Figure 8 proves the effect of BB content on the adsorption process of TEMPO-CNF/
TiO2 nanocomposite. BB elimination increases gradually up to 152 mg/g at BB content 
200 ppm. The adsorption capacity tends to levels off with higher concentrations.

Effect of dose of TEMPO‑CNF/TiO2 nanocomposite

Different doses of TEMPO-CNF/TiO2 nanocomposite ranging from 0.025 to 0.5 mg/L 
with 50 mL of dye (200 mg/L) were used to evaluate the adsorption capacity at opti-
mum condition of pH and contact time 80  min at 25  °C. Figure  9 shows that the 
adsorption process increases by increasing the adsorbent dose until reaching the maxi-
mum value with 0.2 g/50 mL dose of the studied dye. By increasing the adsorbent con-
tent, there is no remarkable increase in the adsorption process. This increasing in the 
dye uptake with the adsorbent dose can be attributed to the increase in the number of 
adsorption sites [29].

Isotherm models

The Langmuir isotherm parameters are calculated from Eq. 4: [30]
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Fig. 9   Effect of TEMPO-CNF/TiO2 content on the adsorption capacity of BB dye. Adsorption experi-
ments: dye concentration 200 mg/L; pH: 7 and contact time 80 min

Table 2   Parameters for BB 
adsorption by TEMPO-CNF/
TiO2 nanocomposite according 
to different equilibrium models

Langmuir isotherm constants Freundlich isotherm 
constants

Ks (mg/L) qm (mg/g) R2 P (mg/g) n R2

8.38 162 0.998 63 6.01 0.59
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where Ce (mg L−1) is the concentration at equilibrium, qe (mg g−1) is the amount 
adsorbed at equilibrium, qmax (mg g−1) is the maximum quantity adsorbed, and Ks 
(L mg−1) is the Langmuir isotherm constant. Two lines are obtained by plotting 1/qe 
as a function of 1/Ce in the concentration range studied of the dye. The correla-
tion coefficient of BB adsorption is calculated and presented in Table 2. The high 
values of correlation coefficients (R2 > 0.998) illustrate that the Langmuir equation 
agrees with BB adsorption on TEMPO-CNF/TiO2 nanocomposite. The parameter 
qmax recorded the value of 162 mg/g.

The Freundlich model is represented in Eq. 5: [31]

where Ce is the equilibrium concentration (mg/L) and P is Freundlich constants 
(mg/g (L/mg)1/n) related to the adsorption capacity and 1/n is the adsorption inten-
sity. Freundlich constants P and 1/n can be calculated from the intercept and slope 
of the linear plot with log qe against log Ce.

The low value of the linear coefficient for Freundlich model (0.59) was recorded. 
Moreover, the values of P and n consonants are 63 and 6.01 for TEMPO-CNF/TiO2 
nanocomposite. These results proved that this model is not appropriate for the adsorp-
tion of BB onto the prepared nanocomposite.

A comparison between TEMPO-CNF/TiO2 nanocomposites with other adsorbents 
toward BB adsorption is presented in Table  3. TEMPO-CNF/TiO2 nanocomposite 
had high BB adsorption compared with other cellulosic materials reported in previous 
studies.

(4)
Ce

qe
=

Ks

qmax

+
Ce

qmax

(5)log qe =
1

n
logCe + logP

Table 3   Maximum adsorption of various cellulose composite materials

MB methylene blue dye, BB Brilliant Blue dye

Adsorbent Maximum adsorp-
tion (mg/g)

Organic dye References

Cellulose-grafted SPI/hydroxyapatite hybrid 454 MB [32]
Cellulose/chitosan aerogel 382 Congo red [33]
Cellulose nanocrystal/alginate 256 MB [34]
Carboxymethyl cellulose-g-polymethacrylic acid/

calcium phosphate
180 MB [35]

TiO2/activated carbon 80% BB [36]
Our nanocomposite 162 BB This work
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Conclusion

A TEMPO-CNF/TiO2 nanocomposite was prepared from bleached bagasse pulp 
after TEMPO-oxidation steps. SEM observation exhibited that TiO2 in the range 
of 10 nm. The adsorption capacity of TEMPO-CNF/TiO2 nanocomposites for BB 
is favorable at slight alkaline medium. BB adsorption onto TEMPO-CNF/TiO2 
nanocomposites is well described by pseudo-second-order and Langmuir iso-
therm with the adsorption capacity of 162  mg/g. This work provides an alter-
native biocompatible adsorbent, TEMPO-CNF/TiO2 nanocomposite, with the 
adsorption ability for organic pollutants.
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