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Composites prepared from metal oxides and materials derived from agroforestry residues have 
been successfully applied to remove emerging contaminants. The lignin properties, high surface 
area and number of functional groups, are beneficial in the preparation of TiO2 composites. In 
the present work, sisal residue was used as a source of lignin, and after extraction, the lignin was 
applied in the preparation of an adsorbent composite with TiO2 to remove bisphenol-A. The optimal 
conditions for lignin extraction resulted in a lignin purity of 73%. Characterization proved that the 
synthesized composites have a high surface area (> 100 m2 g-1), homogeneous distribution of TiO2 
particles and stable surface charge. Such characteristics resulted in a lignin/TiO2 composite with 
a maximum adsorption capacity of 13.7 mg L-1, capable of removing up to 97% of bisphenol-A. 
The adsorbent can be used in six cycles, removing over 70% by the third cycle, which indicates 
good stability.
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Introduction

The Agave sisalana plant, popularly known as sisal, is 
an herbaceous plant belonging to the Agavaceae family. In 
Brazil, this species is widespread in the Caatinga biome 
and is cultivated mainly to obtain fibers for the production 
of ropes and handicrafts; however, only 5% of the weight 
of the plant is used for this purpose, and the byproduct, 
which includes solid residue, is discarded and becomes an 
environmental problem.1 The solid residue is a material 
rich in cellulose, hemicellulose and lignin.2 Each of 
these three components can be extracted and applied in 
different areas. Lignin can be extracted from this residue 
by sequential chemical processes and applied, for example, 
in the preparation of adsorbent materials for emerging 
contaminants.3,4

Lignin is an aromatic copolymer found in plant walls 
that contains several functional groups in its structure, 
including aliphatic hydroxyls, phenolic hydroxyls, 
methoxyls and carbonyls. These groups contribute to its 
chemical reactivity and application in high-value products.5 

Lignin in its raw form can be used as an adsorbent to remove 
pollution in wastewater, as it has oxygen functional groups 
that can adsorb heavy metal ions through ion exchange 
and chelation.6 However, due to its intertwined and three-
dimensional structure, raw lignin has little efficiency for 
removing heavy metals and other organic contaminants. 
In general, to make it more effective in the adsorption 
process, the lignin is thermally and/or chemically modified 
to improve its biosorption capacity.7

One of the strategies for modifying lignin is to combine 
it with materials that have different physical and chemical 
properties.7 The presence of reactive functional groups 
in lignin allows it to be modified by chemical reactions 
such as sulfonation, oxidation, amination, condensation 
and copolymerization. Such modification can increase 
the spatial network, the content of hydroxyl and carboxyl 
groups or introduce other functional groups that provide 
the prerequisite for lignin to become a low-cost and high-
performance adsorbent material.7 The combination of 
the properties of lignin with those of TiO2 is capable of 
producing a material with high adsorption capacity for 
the bisphenol-A (BPA) molecule. The addition of TiO2 
nanoparticles to lignin will promote a greater surface area, 
as the nanoparticles will disperse along the surface, forming 
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smaller lignin-TiO2 clusters and increasing the surface area 
and number of active sites.3 Furthermore, the negative 
surface of TiO2 nanoparticles can promote electrostatic 
attractions within the structure of the BPA molecule over 
a wide pH range.

TiO2 is already widely applied in the field of photocatalytic 
degradation, as it is considered a good semiconductor, does 
not present toxicity and has low cost and good stability.8 
However, its use is limited in photocatalysis due to its poor 
performance under visible light. Therefore, the combination 
of TiO2 and lignin has been applied to improve photocatalytic 
performance in visible light conditions.9 In order for the 
composite material to function properly in photodegradation, 
it is necessary to subject the lignin to a quaternization 
process, the objective of which is to add positive charges 
to the structure so that it binds to the negative structure of 
TiO2.10 However, the quaternization process requires the use 
of membranes for purification, which makes the process 
expensive and complex.

On comparing photocatalysis and adsorption processes 
for removing BPA, adsorption is more promising because 
the use of TiO2 as a photocatalyst is limited in that it 
only has good efficacy in UV light. Although other 
materials, including lignin, can enhance its capacity as a 
photocatalyst in visible light, the extent of photocatalysis 
in the degradation of emerging contaminants is still inferior 
to the removal of contaminants by adsorption.

Lignin has also been incorporated into metal oxides, as 
in the preparation of a magnetic adsorbent with aminated 
lignin/CeO2/Fe3O4 (Al-NH2@Fe3O4-Ce), having high 
affinity for phosphate and easily separated from aqueous 
solutions.11 Another application is the preparation of a 
lignin/TiO2 composite with antimicrobial properties.12 An 
effective alternative is lignin/TiO2 composite applied for 
removing organic pollutants through adsorption. TiO2 has 
already been incorporated into a chitosan-lignin mixture, 
generating a material with good performance in the 
adsorption of glossy black dye molecules.4 A lignin/TiO2  
composite has also been prepared and used for PbII 
sorption.13

A m o n g  t h e  e m e r g i n g  c o n t a m i n a n t s  i s 
2,2-bis(4‑hydroxyphenyl)propane, commonly called 
bisphenol-A (BPA). BPA is a synthetic organic compound 
belonging to a group of diphenylmethane derivatives and 
bisphenols that is used as an additive in the production of 
polycarbonate plastics and epoxy resins. BPA is classified 
as an endocrine-disrupting compound because of its 
estrogenic characteristics.14 In freshwater bodies around 
the world, BPA is generally found at levels of around 
1.0 µg L-1.15 However, it is found in higher concentrations 
in Brazil (3.01 µg L-1) and China (44.65 µg L-1).16,17

There are currently many methods for removing BPA 
from wastewater, such as nanofiltration,18 reverse osmosis,19 
advanced oxidation processes,20 ozonation21 and the use of 
membrane bioreactors.21 However, adsorption is considered 
an alternative to these methods, providing effective and 
rapid removal of pollutants along with low operational 
costs, a simple easy-to-use design and less production of 
harmful by-products.22 Among the materials used to remove 
BPA through adsorption are clays and clay materials, 
nanomaterials, graphene, activated carbon, printed 
polymers and agricultural waste.23 To our knowledge, 
there are no reports on the use of a lignin/TiO2 composite 
to remove BPA exclusively through adsorption.

At the time of writing, no studies have yet been reported 
using lignin extracted from sisal in the preparation of a 
lignin/TiO2 adsorbent composite for the removal of BPA. 
Therefore, the objective of this work was to extract lignin 
from sisal solid waste and reuse it to give it high added 
value and reduce the environmental impact generated 
by its disposal, in addition to providing a renewable and 
sustainable carbon source. Although Agave sisalana is 
widely cultivated in the northeast region of Brazil and 
its cultivation is the main source of income for several 
municipalities in this region, only its fibers have high added 
value, with the residue having to be discarded. Thus, the use 
of this residue for lignin extraction adds value, in addition to 
reducing the environmental impact caused by its disposal.

Furthermore, incorporating TiO2 into the lignin-derived 
carbonaceous matrix takes advantage of the characteristics 
of the lignin (good porosity, oxygen functional groups on 
its surface and good thermal stability) and TiO2 (thermal 
stability, low cost and non-toxic), enabling its application 
as a composite capable of effectively removing BPA.

Experimental

Materials and reagents

The solid sisal residue was purchased in the municipality 
of Nova Floresta in the state of Paraíba, Brazil. The 
reagents used with a high degree of purity were sulfuric 
acid (99%), sodium hydroxide (99%), ethanol (99%), 
cyclohexane (99%) and acetic acid (99.7%), all obtained 
from Vetec, São Paulo, Brazil. Sodium chlorite (99%), 
titanium butoxide (99%), and BPA were purchased from 
Sigma-Aldrich (Barueri, Brazil). Adsorption tests were 
carried out using deionized water.

Lignocellulosic characterization

The sisal residue was dried at 50 °C in a Tecnal TE390 
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stove (Piracicaba, Brazil). The samples were ground in a 
Solab SL-31 mill and sieved using a 60-mesh Tyler sieve 
(Mentor, USA). Following TAPPI (Technical Association 
of the Pulp and Paper Industry) standards, the percentages 
of the lignocellulosic constituents were determined: 
holocellulose, alpha-cellulose, Klason lignin and ash, 
adapted from TAPPI T19 M-54, TAPPI 203 cm-99, TAPPI 
222 and TAPPI 413 om-11, respectively.24

Lignin extraction

An acid pretreatment on sisal waste was carried out 
according to concentration, temperature and reaction time 
conditions that had been determined in a previous study.25 
All acid pretreatment and lignin extraction tests were 
carried out in a Biofoco stainless-steel reactor (São Paulo, 
Brazil). Following acid treatment, the lignin was extracted 
with a sodium hydroxide solution and precipitated by 
adjusting the pH of the solution to 2.0.

To evaluate the best conditions for lignin extraction, a 
23 design plan was carried out with three central points (to 
evaluate the effects of sodium hydroxide concentration, 
hydrolysis time and temperature), whose response was the 
percentage purity of lignin obtained by the Klason method 
adapted from TAPPI 222 standard. The experimental 
planning matrix with coded and real levels of planning 
conditions is shown in Tables 1 and 2.

Preparation of composites

Titanium(IV) butoxide (8 mL) and ethanol (21 mL) 
were added to a beaker and mixed for 1 h; the solution 
was then added to a mixture of deionized water (40 mL) 
and lignin (1:8, 0.5:8 and 0.25:8 mass volume for  
lignin/TiO2) and stirred vigorously for 4 h at 80 °C. 
The solid was vacuum filtered, washed abundantly with 
deionized water and dried in an oven at 60 °C for 12 h. 
Finally, the solid was disaggregated and calcined at 500 °C 
for 2 h in a nitrogen atmosphere. As a control sample, 
TiO2 was synthesized using the same steps but without the 
addition of lignin.26,27

Characterization of composites

All materials were subjected to Fourier transform infrared 
spectroscopy (FTIR) on a Shimadzu spectrophotometer 
(Tokyo, Japan) using the KBr pellet method in the region 
4000‑400 cm-1. To identify the crystalline phases and 
crystallite size, X-ray diffraction (XRD) was carried out in 
the 2θ range of 20-90° with Cu Kα radiation (λ = 1.5406 Å) 
in a Shimadzu (Model ZRD-6000, Tokyo, Japan) 
diffractometer with a power of 2 kVA, voltage of 30 kV 
and current of 30 mA at a rate of 2° min-1. Crystallite size 
was calculated using the Scherrer formula (equation 1): 28

	 (1)

where K is the Scherrer constant, λ is the wavelength of 
the X-rays, β is the full width at half-maximum of the peak 
and θ is the Bragg angle.

The porosity of the materials was analyzed with 
nitrogen adsorption-desorption isotherms collected at 
77 K using the Micromeritics Accelerated Surface Area 
and Porosimetry System (Model ASAP 2420, Norcross, 
United States). Prior to analysis, the samples were subjected 
to heat treatment at 100 ºC for 2 h. The zeta potential 
was measured using Malvern Zetasizer Nano equipment 
(Malvern, United Kingdom). The average particle size 
was obtained by transmission electron microscopy (TEM) 
using FEI (Model  Tecnai  G2, Stanford, United States) 

Table 1. Experimental planning matrix with coded levels for lignin 
extraction

Experiment
NaOH 

concentration / %
Hydrolysis 
time / min

Temperature / ºC

1 -1 -1 -1

2 +1 -1 -1

3 -1 +1 -1

4 +1 +1 -1

5 -1 -1 +1

6 +1 -1 +1

7 -1 +1 +1

8 +1 +1 +1

9 -1.68 0 0

10 1.68 0 0

11 0 -1.68 0

12 0 1.68 0

13 0 0 -1.68

14 0 0 1.68

15 0 0 0

16 0 0 0

17 0 0 0

Table 2. Real and coded levels of the input variables of the experimental 
design for lignin extraction

Variable -1 0 +1

NaOH concentration / % 1.5 2.0 2.5

Hydrolysis time / min 10.0 30.0 50.0

Temperature / ºC 80.0 100.0 120.0
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equipment operating at an acceleration voltage of 100 
kV. The morphology was analyzed by scanning electron 
microscopy (SEM). The samples were metallized with 
gold and analysis was carried out using a Quanta FEI 450 
(Model EDS Bruker, Prague, Czech Republic) instrument 
at a voltage of 10 kV.

Adsorption tests

A stock solution of 100 mg L-1 BPA was prepared and 
subsequently diluted to concentrations between 10 and 
50  mg L-1, according to in a previous study carried out 
for BPA adsorption.28 The adsorption tests were carried 
out at 30 °C with stirring at 200 rpm in a Tecnal TE-4200 
shaker (Piracicaba, Brazil). Tests to verify the influence 
of pH on the adsorption process were carried out with a 
solution of 10 mg L-1 BPA in pH range 2-12. The pH of 
the solution was adjusted with solutions of 0.1 mol L-1 HCl 
and 0.2 mol L-1 NaOH.

The effect of the initial dosage of adsorbent was 
developed with a solution of 10 mg L-1 BPA in dosages 
of 0.5, 1.0, 1.5 and 2.0 g L-1 at pH 6. To investigate the 
influence of contact time on adsorption, the BPA solutions 
were adjusted to pH 6 and shaken, with aliquots removed 
at contact times of 30, 60, 120 and 180 min. To evaluate 
the effect of the initial concentration of pollutant, solutions 
were used at concentrations of 10, 20, 30, 40 and 50 mg L-1 
BPA, with the pH adjusted to 6. In all tests, the solution 
was separated from the solid using centrifugation. BPA was 
quantified in aqueous solution by absorption spectrometry 
in the visible ultraviolet region on a UV-Vis spectrometer 
(Shimadzu Model UV-2550, Tokyo, Japan) at 224 nm.29

The amount of adsorbed BPA (q) and the pollutant 
removal efficiency (R) by the adsorbent were determined 
using equations 2 and 3, respectively:

	  (2)

	 (3)

where Ci and Ce are the initial and equilibrium BPA 
concentration (mg L-1), respectively, m is the mass of 
adsorbent (g) and V (mL) is the volume of the solution. The 
equilibrium isotherms were analyzed with the Freundlich30 
and Langmuir31 as defined in equations 4 and 5, respectively:

Freundlich	 	 (4)

Langmuir	 	 (5)

where Ce (mg L-1) is the BPA equilibrium concentration and 
qe (mg g-1) is the equilibrium BPA amount adsorbed on the 
solid. In the Freundlich equation, KF (mg g-1) (mg L-1)‑1/n 
and n are Freundlich constants related to the capacity and 
intensity of adsorption, respectively. In the Langmuir 
equation, qmax (mg g-1) is the maximum adsorption capacity 
of the adsorbent, assuming monolayer drug uptake by the 
adsorbent, and KL (L mg-1) is the Langmuir constant.

Kinetic data were analyzed by using pseudo-first-order32 
and pseudo-second-order32 models (equations 6 and 7, 
respectively):

	 (6)

	 (7)

where qe and qt are the adsorption capacities (mg g-1) at 
equilibrium and at time t (min), respectively, and k1 (min-1) 
and k2 (g mg-1 min-1) are the pseudo-first-order and pseudo-
second-order rate constants, respectively.

Preliminary tests were carried out with the carbonaceous 
material derived from lignin under the following conditions: 
pH = 6, time = 180 min, BPA concentration = 10 mg L-1 and 
adsorbent concentration = 2 g L-1. However, no adsorption 
of BPA was observed, whereas under the same conditions 
an adsorption capacity was observed with the composites 
and pure TiO2.

Reuse of composites

The reuse of solid was evaluated for six adsorption 
cycles using methanol as the desorbing agent, according to a 
previous procedure.33 Samples (100 mg) of 0.5 g-lignin/TiO2  
loaded with BPA were washed with 20 mL of methanol, 
under agitation, for 2 h at 30 °C. Before reuse, the 
recycled adsorbents were washed with distilled water and 
dried at 50 °C. For each adsorption cycle, the initial BPA 
concentration was 10 mg L-1 and adsorption was performed 
as described in the previous section.

Results and Discussion

Lignocellulosic composition

The percentages obtained from the main constituents of 
the lignocellulosic biomass of sisal residue are presented 
in Table 3. The values determined from the lignocellulosic 
composition analyses in accordance with the TAPPI 
standards for lignocellulosic procedures indicate significant 
amounts of lignin, at around 15.5%. These values are 



Preparation of TiO2/Lignin Composites with Agave sisalana Residue for Bisphenol-A Removal Silva et al.

5 of 13J. Braz. Chem. Soc. 2024, 35, 9, e-20240066

similar to those obtained for some of the most currently 
abundant sources of lignocellulosic biomass, such as 
sugar cane bagasse (18%), corn straw (11-19.1%), rice 
straw (17‑19%) and wheat straw (12-16%),34,35 which shows 
that sisal residue is an excellent source of lignin.

Lignin extraction

To evaluate the effectiveness of lignin extraction from 
sisal residue using the alkaline method, a 23 experimental 
design was analyzed with three central points where the 
measured response was the purity of the lignin obtained 
at the end of each proposed extraction condition, using 
the method by Klason. With this alkaline treatment, 
hemicellulose fractions can be recovered alongside the 
lignin components.

Using the experimental data obtained in Table 4, 
statistical analysis was carried out to investigate the 
influence of concentration, temperature and time on the 
lignin purity response.

The Pareto chart (Figure 1) is widely used to represent 
the significance of parameters and their interactions in 
experimental designs. The horizontal bars display the 
importance of the factors (input variables) to the proposed 
experimental design in descending order. Any parameter 
that crosses the dashed line is considered significant 
according to the confidence level adopted, which in this 
case is 95% or α = 0.05.25,36

For the lignin percentage, all input variables were 
statistically significant, with a confidence level of 95%. 
Because the effect values were positive, the higher the 
concentration, time and temperature values, the greater 
the purity of the lignin obtained in the experimental 
range studied. Another important point to highlight is 
the interaction between temperature and time, which 
was statistically significant, meaning that the interaction 
between them causes a directly proportional effect to obtain 
lignin with a higher degree of purity.37

The analysis of variance (ANOVA) for the lignin purity 
response was realized by considering the parameters that 
were significant. According to the F test value, where  

Fcal > Ftab, the model was statistically significant for a 
confidence level of 95% and a coefficient of determination 
of 85.74% (Table 5).

Because the model was significant, it was possible to 
obtain the regression model for the proposed experimental 
design, as well as highlighting the effectiveness of alkaline 
treatment for removing lignin.37 On evaluating the response 
surface generated in relation to the effects of the input 
variables, the maximum purity of the lignin is obtained 
when both the concentration and temperature are at 
maximum (Figure 2).

Table 3. Lignocellulosic composition of sisal residue

Composition Content / %

Moisture 8.4

Ash 14.0

Extractives 6.0

Lignin 15.5

Cellulose 37.2

Hemicellulose 16.7

Table 4. A 23 experimental design with three central points where the 
measured response was the purity of the lignin

Experiment
NaOH 

concentration / 
%

Hydrolysis 
time / min

Temperature / 
ºC

Purity / 
%

1 -1 -1 -1 42.0

2 +1 -1 -1 53.9

3 -1 +1 -1 39.5

4 +1 +1 -1 54.1

5 -1 -1 +1 61.2

6 +1 -1 +1 62.0

7 -1 +1 +1 58.8

8 +1 +1 +1 73.0

9 -1.68 0 0 47.3

10 1.68 0 0 56.2

11 0 -1.68 0 46.0

12 0 1.68 0 58.8

13 0 0 -1.68 51.6

14 0 0 1.68 62.2

15 0 0 0 63.1

16 0 0 0 69.5

17 0 0 0 64.6

Figure 1. Pareto chart used to assess the significance of the parameters 
and their interactions.



Preparation of TiO2/Lignin Composites with Agave sisalana Residue for Bisphenol-A RemovalSilva et al.

6 of 13 J. Braz. Chem. Soc. 2024, 35, 9, e-20240066

Experimental test 8 encompassed the ideal conditions 
for extracting lignin from sisal residue with the highest 
purity (73%). Values for concentration (2.5% sodium 
hydroxide), temperature (120 °C) and time (50 min) were 
at a maximum in the experimental range analyzed.

Characterization of composites

Structural and morphological properties
The results of XRD analysis are presented in Figure 3a. 

The indexing of reflection plans was carried out in 
accordance with PDF file 00-021-1272. For all systems 
investigated, the formation of anatase was observed, 
regardless of the amount of lignin used. Diffraction data 
were indexed in reflection planes 101, 004, 200, 105, 211, 
204, 116, 220, 215 and 224.26

The average crystallite sizes (D) calculated by Scherrer’s 
equation are provided in Table 6. When comparing the 
crystallite size, it is possible to verify that there was a 
decrease with the addition of lignin, as it is predicted that 
a smaller crystallite size in C/TiO2 composites indicates 
the presence of carbon in the crystalline structure of TiO2.27 
Therefore, the insertion of lignin as a carbon source was 
more effective in the 0.5 g-lignin/TiO2 composite, which 
contains an intermediate amount of lignin.

Table 5. Linear regression model and F test value for the lignin purity

Regression model R2 F test (Fcal/Ftab)

Purity = 56.46 + 5.89C + 2.05t + 
4.34T + 2.02tT

85.74 1.61 (5.26/3.26)

C: NaOH concentration; T: temperature; t: time; R2: coefficient of 
determination.

Figure 2. Response surface in relation to lignin purity.

Figure 3. (a) X-ray diffraction patterns, (b) Fourier transform infrared (KBr) spectra, (c) nitrogen adsorption-desorption isotherms and (d) zeta potential 
measurements for the precursors and their composites.
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Figure 3b shows the FTIR spectra for lignin extracted 
from sisal, TiO2 and the synthesized composites. It is possible 
to observe characteristic bands of lignin in the spectrum, 
such as the one at 1450 cm-1, which is attributed to aromatic 
rings and phenolic functional groups of the guaiacyl units. 
The band at 1742 cm-1 is associated with C=O stretching and 
the peaks at 2842 and 2936 cm-1 are due to C–H stretching 
of side chains linked to aromatic rings (–OCH3, –CH3 and 
–CH2–).5,38 On observing the spectra of the synthesized 
materials, it is possible to verify a band at 594 cm-1, which 
is related to the Ti–O and Ti–O–Ti bonds and can be 
attributed to the formation of the anatase phase in TiO2 and 
in the composites.39 The band at 1591 cm-1 indicates Ti–OH 
bonds and CO stretching;40 this band increases in intensity 
in the lignin/TiO2 composite, which indicates interaction 
between the functional groups of lignin and TiO2.41

 The band 
at 3389 cm-1 is attributed to water molecules adsorbed on 
surfaces but is also related to –OH stretching of hydroxyl 
groups on the surface of the composites.42

The results for the nitrogen adsorption-desorption 
isotherms and surface area are shown in Figure 3c and 
Table 6. The adsorption-desorption isotherms of the four 
synthesized materials are Type IV, which classifies them 
as belonging to a group of materials with a mesoporous 
structure, which is the type of porosity most suitable 
for adsorbing organic contaminant molecules.40 The two 
composites with smaller amounts of lignin (0.5 g-lignin/TiO2  
and 0.25 g-lignin/TiO2) presented the largest surface areas; 
as expected, the addition of lignin to TiO2 increased the 
surface area, enabling an increase of active sites to adsorb 
BPA. However, at 0.75 g-lignin/TiO2 there was a decrease in 
surface area, which may have been caused by pore blockage 
due to excess carbon.43

The zeta potential measures the surface charge of a 
compound and the values measured for the precursors and 
their composites are shown in Figure 3d. The nanoparticles 
will tend to agglomerate when the zeta potential is close 
to 0 mV due to the absence of a strong mutual repulsion. 
On the other hand, when the absolute value of the zeta 
potential is greater than 30 mV (greater than +30 mV 
or less than –30 mV), the nanoparticles present uniform 
dispersion in the solution due to the strong mutual repulsion 
of the surfaces.44 The materials presented values greater 

than +30 mV and less than –30 mV but only at a few pH 
values, indicating that uniform dispersion of the charges 
will depend on the pH. Furthermore, it should be noted that 
all the materials presented a negatively charged surface at 
almost all of the pH values.

As shown in Figure 3d, different behaviors occur 
in the materials as the composition varies. At pH 6, the 
0.5  g-lignin/TiO2 composite showed the lowest zeta 
potential (–31.6 mV), indicating that among the materials 
at this pH the negative charges are distributed more evenly. 
Furthermore, it appears that at pH 2 all solids have a positive 
potential, which indicates that the surfaces are protonated 
due to the low pH value. As the pH increased, surface 
deprotonation occurred and the negative charges of TiO2 
and other negative groups dominated, leading to a negative 
zeta potential.

Figure 4a shows that the TiO2 particles formed by the 
titanium butoxide precursor, as predicted, have a spherical 
shape that may be related to the high BET surface area for 
this material. From Figure 4b, it is possible to verify the 
morphology of the composites and how the percentage 
lignin addition affected the surfaces. Figure 4b shows 
very heterogeneous particle shapes and sizes, including 
regions with isolated titanium particles and few titanium 
particles on the lignin surface. For samples obtained with 
smaller amounts of lignin (Figures 4c and 4d), a more 
uniform distribution of the titanium particles is observed. 
Furthermore, it is possible to observe that with the addition 

Table 6. Calculated values of surface area and crystallite size (D)

Material Surface area / (m2 g-1) D / nm

TiO2 82.0 9.4

0.75 g-Lignin/TiO2 64.0 4.2

0.5 g-Lignin/TiO2 134.0 4.0

0.25 g-Lignin/TiO2 157.0 5.9

Figure 4. Scanning electron micrographs of (a) TiO2, (b) 0.75 g-lignin/
TiO2, (c) 0.5 g-lignin/TiO2 and (d) 0.25 g-lignin/TiO2.



Preparation of TiO2/Lignin Composites with Agave sisalana Residue for Bisphenol-A RemovalSilva et al.

8 of 13 J. Braz. Chem. Soc. 2024, 35, 9, e-20240066

of lignin, many of the titanium particles decreased in size. 
From the image obtained by TEM (Figure 5), it was possible 
to calculate the average particle size for the 0.5 g-lignin/
TiO2 composite, which was around 10 nm, confirming that 
this composite has particle sizes on the nanometer scale. 
This value is similar to that found in another study that used 
TiO2 in a carbonaceous matrix, which produced a material 
with an average particle size of 11 nm.45

Adsorption tests

Effect of initial adsorbent dosage
The effect of the initial adsorbent dosage for the 

four synthesized materials can be seen in Figure 6a. For 
practical purposes, the effects of contact time, initial BPA 
concentration and pH on TiO2 were not investigated because 
the BPA removal for this material was not significant. The 
gradual increase in BPA removal followed the increase 
in adsorbent concentration in the medium; this effect is 
observed in the 0.5 g-lignin/TiO2 composite, whose removal 
was around 90% at an adsorbent concentration of 2 g L-1. The 
increasing removal efficiency of this composite is caused by 
the increase in surface area and number of adsorption sites 
as the adsorbent dosage increases. However, BPA removal 
is lower for the other three materials. This can be justified 
by the distribution of particles and charge on the surface 
of the materials. As seen in the SEM analyses (Figure 4), 
the 0.5 g-lignin/TiO2 composite showed a more uniform 
distribution of TiO2 particles on the lignin surface, which 
favored an increase in the number of active sites in the 
material, thus capturing more molecules of BPA.

Effect of pH
In the chemical speciation diagram for BPA (Figure 7a), 

up to pH 7 the molecule remains in its non-ionized form, 
whereas the anionic forms, BPA- and BPA2- (Figure 7b), 
are predominant in the pH range 7-12. Therefore, it is 

possible to explain the adsorption behavior of materials by 
looking at the zeta potential measurements. Up to pH 7, the 
neutral BPA species interacts with the negatively charged 
surface of the materials through hydrogen bond interactions 
and interactions between lignin residues, which will be 
discussed in the FTIR analysis of the solids after adsorption. 
As the pH increases, anionic BPA species emerge, causing 
repulsive electrostatic interactions between the negative 
surface of the material and the BPA molecule.

Among the three composites, 0.5 g-lignin/TiO2 showed 
greater removal in the pH range 2-8 (Figure 6b), especially 
in the neutral pH range (6-7) with a pKa of around 9.6, 
where BPA has high hydrophobicity and lipid permeability, 
which generates bioaccumulation in living organisms.47 
The maximum removal of BPA by this composite occurs at 
pH 6-7, whereas the maximum removal of other composites 
occurs at pH 8 but at a lower percentage. Therefore, the 
0.5 g-lignin/TiO2 composite was the most suitable material 
for removing BPA in a pH range close to neutrality because 
the negative charges are distributed more uniformly over 
the surface, as verified by the zeta potential measurements 
(Figure 3d). However, from pH 10 onwards, a drastic 
decrease in removal is noted, as BPA is mostly in its anionic 
form at this pH (Figure 7b) and, consequently, the negative 
surface of the composites will repel the BPA molecule, 
preventing significant removal.

Effect of removal time
Figure 6c elucidates the variation in BPA removal with 

removal time. As expected, in 0.5 g-lignin/TiO2, removal 
occurred with increasing contact time up to 180 min, with 
around 97% removal, which makes this time sufficient to 
remove almost all of the BPA from the medium. In the 
other two composites, removal occurs more slowly and 
stabilizes after 180 min, which indicates that the number 
of active sites decreased over a shorter period and reached 
saturation more quickly.

Figure 5. Average particle size distribution for the 0.5 g-lignin/TiO2 composite.
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Effect of initial BPA concentration
The composites showed a decrease in removal 

efficiency with increasing BPA concentration in the 
medium (Figure 6d). At 0.5 g-lignin/TiO2, the calculated 
maximum adsorption capacity was 13.7 mg g-1. This 
value is higher than that obtained by other materials, 
such as 3.54 mg g-1 for commercial granulated activated 
carbon, whose adsorption process consisted of using 
solutions of 10-400 mg L-1 BPA and 20 g L-1 adsorbent 
for 120 min of adsorption.48 Rice husk ash was also used 
in the adsorption of BPA, where a maximum adsorption 
capacity of 8.72 mg g-1 was obtained using solutions of 10-
400 mg L-1 BPA and 30 g L-1 adsorbent for an adsorption 
time of 180 min.48

Adsorption isotherms

Langmuir (Figure 8a) and Freundlich (Figure 8b) 
adsorption models were used to describe the interaction 
between BPA and the 0.5 g-lignin/TiO2 composite, which 
showed the better adsorption performance.

The Langmuir isotherm model states that adsorption 
occurs in a monolayer, assuming that each adsorbate 
molecule occupies a site and the adsorption energy is uniform 
on the surface, whereas the Freundlich model assumes 
that the adsorbent surface is heterogeneous and adsorption 
occurs in multilayers.4 The correlation coefficient (R2) of 
the Freundlich model was 0.98, whereas for the Langmuir 
model it was 0.72; therefore, the isotherm model with the 
better fit is the Freundlich model, indicating that the process 

Figure 6. (a) Effect of adsorbent dosage at concentrations of 0.5, 1.0, 1.5 and 2 g L-1; (b) effect of pH on bisphenol-A (BPA) removal in the pH range 
2-7; (c) effect of removal time, at times of 30, 60, 12, and 180 min; and (d) effect of the initial concentration of BPA, at concentrations of 10-50 mg L-1.

Figure 7. Chemical speciation diagram for: (a) bisphenol-A (BPA)46 and (b) BPA and its anionic forms.
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is dominated by multilayer adsorption.36 The values of the 
parameters calculated by the isotherm models are described 
in Table 7. KF is the adsorption constant of the Freundlich 
model associated with the adsorption capacity of BPA by 
the composite. The KF value is < 1, thus indicating favorable 
sorption. The n value represents the heterogeneity surface. 
The combined results indicated the adsorption capacity of 
the heterogeneous surface.

The results of the calculated parameters were compared 
with literature data, highlighting the adsorption potential 
of the 0.5 g-lignin/TiO2 composite obtained in the present 
study (Table 8).

Adsorption mechanism

In Figure 9a, the two bands marked in the FTIR 
spectrum (1616 and 1447 cm-1) correspond to the functional 
groups –COOH and –OH, respectively.50 The appearance 
of the band at 1447 cm-1 indicates that the material 
adsorbed BPA on the surface. The wavenumber shift from 
3358  to  3396  cm-1 suggests the formation of hydrogen 
bonds between the –OH or –COOH functional groups of 
the composite and the BPA functional groups (–OH).40

The XRD patterns of the material before and after 

adsorption are shown in Figure 9b. It is possible to observe 
that there was no change in the crystalline structure of the 
material after adsorption. Furthermore, it was not possible 
to verify the presence of the (002) and (100) planes at 
2θ = ca. 23 and 43°, which correspond to a microcrystalline 
structure similar to graphite.49 Therefore, there is no 
evidence of the occurrence of π-π type interactions that 
could occur between the π electrons of the benzene ring of 
BPA and the sp2 graphitic carbon of the composite.

Adsorption kinetics

Pseudo-f﻿irst-order and pseudo-second-order kinetic 
models were used to evaluate the adsorption kinetics of 
BPA on the 0.5 g-lignin/TiO2 composite (Figure 10). 

The results indicated that the adsorption kinetics of 
BPA were better adjusted to the pseudo-second-order 
kinetic model (Table 9). These results are in agreement with 
those from previous studies on BPA removal by various 
adsorbents, including studies by Hao et al.,51 Shi et al.52 
and Yousefinia et al.53

Reusability of adsorbent

An ideal adsorbent should have good adsorption 
capacity even after many reuse cycles. This process is 

Figure 8. Langmuir (a) and Freundlich (b) isotherm models applied to the adsorption of bisphenol-A on 0.5 g-lignin/TiO2.

Table 7. Values of the parameters calculated by the isotherm models

Isoterm models Parameter Value

Langmuir

qmax,exp / (mg g-1) 13.70

qmax,cal / (mg g-1) 13.66

KL / (L mg-1) 0.49

R2 0.72

Freundlich

KF / ((mg g-1) (L mg-1)1/n) 0.29

n 3.40

R2 0.98

qmax: maximum adsorption capacity of the adsorbent; KL: Langmuir 
constant; KF and n are Freundlich constants related to the capacity and 
intensity of adsorption, respectively; R2: coefficient of determination.

Table 8. Comparison of adsorption parameters for BPA in different 
materials

Material
KF /

((mg g-1) (L mg-1)1/n)
n Reference

0.5 g-Lignin/TiO2 0.29 3.40 this study

Activated carbon 20.80 1.53 Supong et al.49

CoFe2O4@SiO2-P4VP 0.86 0.92 Valentini et al.47

Rice husk ash 0.65 - Sudhakar et al.48

KF and n are Freundlich constants related to the capacity and intensity of 
adsorption, respectively.
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capable of reducing costs and avoiding the generation 
of waste.33 Therefore, to verify the reusability of  
0.5 g-lignin/TiO2, adsorption tests were carried out in six 
cycles using the same solid. It was found that the BPA 
removal capacity remained high (> 70%) until the third 
cycle, which indicates good stability (Figure 11).

The reduction in adsorption capacity with the increase 
in number of cycles can be related to the decrease in number 
of adsorption sites during the adsorption/desorption process 
due to material losses in the adsorbent regeneration step.54 
However, despite this reduction, it is notable that the 
adsorbent can be used in six cycles with significant BPA 
adsorption capacity.

Characterization of the material after successive 
adsorption and desorption cycles is expressed in Figure 12. 
When comparing the FTIR spectrum of the material after 
recycling (Figure 12a) with the BPA spectrum, the absence 

of the band at 1447 cm-1 in the spectrum of the material after 
recycling indicates that the solvent (methanol) was able to 
remove BPA from the material.50 However, it is also noted 
that the bands at 3381 and 1616 cm-1 attributed to –OH 
and –COOH groups, respectively, present on the surface 
of the composite had disappeared, indicating that methanol 
may also have solubilized part of these surface groups. 
The band at 594  cm-1 attributed to Ti–O and Ti–O–Ti  
bonds is observed in the composite after recycling, and 

Figure 9. Fourier transform infrared (KBr) spectra (a) and X-ray diffractograms (b) of the 0.5 g-lignin/TiO2 composite before and after bisphenol-A adsorption.

Figure 10. Kinetic models applied for the adsorption of bisphenol-A by 0.5 g-lignin/TiO2 (a) pseudo-first-order and (b) pseudo-second-order.

Table 9. Parameters calculated for the kinetic models

Kinetic model Parameter Value
Pseudo first order R2 0.994
Pseudo second order R2 0.997 
R2: coefficient of determination.

Figure 11. Reuse cycles carried out on the 0.5 g-lignin/TiO2 composite.
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the XRD spectra (Figure 12b) reinforce that the anatase 
phase of TiO2 was preserved even after successive cycles 
of adsorption and desorption.49

Conclusions

From the characterization results of lignocellulose, 
it was possible to determine a good percentage of lignin 
in the sisal residue, which proves that this residue is a 
source of carbon derived from low-cost and renewable 
lignin. In addition, its use as a source of lignin will add 
value and reduce the impact caused by its disposal. 
Optimization of the lignin extraction process through the 
sequential chemical treatments achieved an optimal lignin 
extraction condition with 73% purity. The application 
of lignin, together with TiO2, achieved an improvement 
in surface area properties, with values of > 100 m2 g-1 in 
the synthesized composites; a homogeneous and uniform 
distribution of particles on the surface of the composites, 
as observed in the SEM analyses; nanometer-scale particle 
size, according to the images generated by TEM; and stable 
charge distribution at neutral pH values, according to 
zeta potential analyses. Such parameters made it possible 
to obtain a lignin/TiO2 adsorbent composite with an 
adsorption capacity of 13.7 mg L-1 that removed around 
97% of the BPA contaminant. The adsorbent recycle tests 
indicated that the composite has good capacity to be reused 
in six adsorption cycles, removing over 70% by the third 
cycle, which indicates good stability.

Thus, the use of lignin extracted from sisal residue 
with TiO2 to obtain a composite for the removal of BPA 
represents advances in the environmental and materials 
area, using low-cost lignocellulosic biomass, an excellent 
source of lignin, and good feasibility for extracting lignin, 
highlighting the importance of these factors for the effective 
valorization of lignin.
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