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Abstract
Proteins are abundant biomolecules found in human cells, as well as pathogenic bacteria and viruses. Some of them become 
pollutants when released into water. Adsorption is an advantageous method for separating proteins in aqueous media since 
proteins are already immobilized on solid surfaces. Adsorbents with surfaces rich in tannins are efficient due to their affin-
ity for strong interactions with the various amino acids that make up proteins. This work aimed to develop an adsorbent for 
protein adsorption in aqueous medium using lignocellulosic materials modified from eucalyptus bark and vegetable tannins. 
A more efficient resin was prepared containing 10% eucalyptus bark fibers and 90% tannin mimosa by condensation with 
formaldehyde, and it was characterized by UV–Vis, FTIR-ATR spectroscopy and determinations of degree of swelling, bulk 
and bulk density and specific mass. For UV–Vis spectroscopy the percentage of condensed and hydrolysable tannins in the 
extracts of fibers of the dry husks of Eucalyptus Citriodora was estimated and it was also determined your soluble solids. 
The study of bovine serum albumin (BSA) adsorption was carried out in batch with quantification by UV–Vis spectroscopy. 
The most efficient prepared resin obtained 71.6 ± 2.78% removal in a solution of 260 mg  L−1 of BSA working in a better pH 
range of the aqueous solution of BSA in its isoelectric point, ~ 5, 32 ± 0.02, under these conditions, the synthesized resin 
can reach a maximum BSA adsorption capacity of ~ 26.7 ± 0.29 mg  g−1 in 7 min. The new synthesized resin presents good 
prospects for adsorption of proteins or species that in their structure have higher percentages of amino functional groups or 
amino acids with aliphatic, acidic and/or basic hydrophilic characteristics.
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Introduction

The immobilization of biomolecules on solid surfaces is 
important in several areas, such as biomedicine, biotechnol-
ogy and environmental sciences. Several biomolecules have 
been immobilized on surfaces, such as polysaccharides [1], 
nucleic acids [2], lipids [3, 4], proteins and peptides [5, 6]. 
Proteins require attention because they are abundant, found 
in animal and plant sources, and have broad biological func-
tions, such as structural and regulatory [6]. Given the abun-
dance and applicability of proteins, controlling the disposal 
of this biopolymer is important, as they become polluting 
organic matter when released into affluents and effluents [7].

Proteins make up vital structures, such as human cells, 
as well as pathogenic bacteria and viruses, these have an 
external protective envelope formed by proteins and lipids 
and are present in different environments, such as water [8]. 
Viruses such as astroviruses, rotaviruses and the SARS-
CoV causing the COVID-19 pandemic are already detected 
in hospital, domestic and general urban effluents and the 
adsorption focused on the external protein characteristics 

of the viruses is identified as a way of elimination and/or 
concentration of them from aquatic environments [9]. Con-
ventional treatment with the application of chlorinated dis-
infectants is capable of inactivating viruses and bacteria, 
but their protein residues remain in the environment and the 
infection or restructuring capacities are still unknown, so 
the use of effluent water without a complete and effective 
treatment is a potential generator of risk to human, animal 
and environmental health [10].

Proteins are released into effluents from industrial pro-
cesses and science already points to possibilities for their 
recovery and/or fluid decontamination. Yadav and collab-
orators [7] presented a work that proposes the recovery 
of microbial proteins resulting from the polyhydroxyal-
kanoate (PHA) production process as a way to boost this 
trade, Kurup et al. [11] recovered 96% of lipids and 46% of 
proteins, mainly casein, from the sewage of a dairy plant 
applying sodium lignosulphonate as a low-cost coagu-
lant. Bethi and collaborators [12] recovered proteins by 
precipitation from fish, cattle, poultry and goat slaugh-
terhouse wastewater. Blood proteins were the majority 
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(albumins and globulins) with higher levels of essential 
amino acids, mainly leucine. These recycled products 
become raw material for animal feed, adhesive materi-
als, bioplastics manufacturing, among others. Hwang and 
collaborators [13] applied solubilization, ultrasonication 
and alkaline treatment to recover proteins from domestic 
sewage sludge, BSA was used as a standard for protein 
characterization and quantification and the protein isolate 
showed potential for animal feed.

Commonly reported methods for recovering proteins in 
aqueous media are physical, chemical and biological some-
times associated. According to Li and collaborators [14], 
Coglitore [6] and Latour [15] adsorption is presented as an 
advantageous method compared to traditional methods used 
for protein separation. This method reduces steps, reagents 
and energy consumption, as the adsorbent-adsorbate interac-
tion is mainly dependent on the affinity between the species, 
their active functional groups, temperature, contact surface, 
isoelectric point and pH.

The adsorbent surfaces developed for proteins are com-
monly based on self-assembly of nanostructures, polymeric 
grafts, use of metallic nanoparticles, varied material func-
tionalization techniques employing different reagents and 
sophisticated technologies [6]. These examples report posi-
tive responses, but increase the cost of product synthesis and 
application. Tannic species have been used to add protein 
adsorbent capacity, usually they are synthetic polymers or 
inorganic materials that form bonds strong enough to make 
the tannins insoluble, as Bazzaz and collaborators [16] who 
synthesized and modified hexagonal mesoporous silica by 
applying tannic acid and amine for the adsorption of bovine 
serum albumin (BSA) from aqueous media. The strong affin-
ity of vegetable tannins for proteins is known. They react by 
complexation and/or coagulation, characteristics used for a 
long time, for example, for the identification of these spe-
cies in solutions and in animal skin tannery, being especially 
associated with condensed tannins [17].

Tannic polyphenols can be classified into three classes 
according to their chemical structures, hydrolysable, con-
densed and complex oligomeric [18]. Condensed tannins 
are oligomeric flavonoids capable of undergoing polycon-
densation. Flavonoids are a diversity of metabolite groups 
based on a phenylalanine-derived heterocyclic ring system 
called the B ring and polyketide biosynthesis called the A 
ring [18]. The fundamental structural unit of the flavonoid 
group is the phenolic core of flavan-3-ol (catechin) [17]. 
The possible variations to this monoflavonoid derive from 
the different possible combinations for each ring A and B, 
in detriment to the amount and disposition of the phenolic 
hydroxyls. Condensed tannins can be reclassified according 
to the A-ring structure, therefore, subdividing into phloro-
glucinolics, which have two hydroxyls in this ring, or res-
orcinolics with a single hydroxyl group in the A-ring [19].

Tannins are commercially searched and have already been 
identified in species of great national and world production, 
such as eucalyptus, with its residual biomass (bark) com-
posed mostly of lignin, cellulose and hemicellulose, as well 
as highly active phenolic polyhydroxy compounds [20, 21]. 
The commercial mimosa tannin of Acacia mearnsii is sci-
entifically explored and its characterization points to a com-
plex mixture of resorcinolics and phloroglucinolics rich in 
condensed structures [22]. The interaction of mimosa tannin 
with proteins has already been confirmed, as in the recent 
study by Pizzi (2021) [23] using collagen in order to eluci-
date the nature of the interactions of these species in aqueous 
media, confirming strong covalent bonds.

The literature presents consolidated research on the 
use of lignocellulosic materials [24] and tannins that have 
undergone physical and chemical modifications resulting in 
low-cost adsorbents with increased efficiency for the treat-
ment of metal contamination in water [20, 25]. Similarly, the 
polymerization of lignocellulosic fiber components through 
polycondensation reactions of polyphenols such as vegetable 
tannins has already been developed [26]. This technique has 
also been used to enrich plant fibers with tannin extracts and 
other components, generating functionalized resins [27, 28]. 
However, these or similar products had not been studied to 
generate adsorbents for protein adsorbates. The exploration 
of the characteristics of products of plant origin are not at 
the same level of development for the adsorption of different 
inorganic and organic materials.

The strength of the protein-tannin interaction is known 
and used for innovations, for example in the manufacture 
of fully biologically sourced wood adhesives via a cova-
lent reaction between soy protein isolate and commercial 
quebracho flavonoid tannin [29]. BSA is the model protein 
studied in this work, it is composed of several amino acids: 
34.63% by the aliphatic amino acid group, 16.99% by acidic 
hydrophilic, 16.99% by basic hydrophilic, 16.29% by neu-
tral hydrophilic, 8.4% by aromatic and 6.7% by those that 
contain sulfur [30]. In a theoretical study Hernández [31] 
concluded that the acidic and basic hydrophilic amino acids 
and the aliphatic amino acid leucine form stable complexes 
against condensed tannins. Recently, it was concluded that 
protein molecules interact with different active sites on the 
adsorbent surface, spreading to the maximum interaction in 
empty spaces [15]. Due to the large amount and diversity of 
amino acids that make up BSA, it presents possibilities of 
diverse interactions with a surface rich in condensed tannins.

In a recent work [32] it was concluded that with pure or 
modified tannins the elaboration of new materials is in full 
development and that there are properties to be explored. 
In this sense, the examples of applications together with 
the characteristics of vegetable tannins and lignocellulosic 
materials make them renewable raw materials, with chemi-
cal qualities capable of generating adsorbents with potential 
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use to separate proteins in an aqueous medium. The present 
work aimed to develop an adsorbent for the adsorption of 
BSA in aqueous medium using lignocellulosic materials 
modified from the bark of Eucalyptus citriodora and veg-
etable tannins from Acacia mearnsii (Mimosa).

Materials and Methods

Collection and Pre‑treatment of Eucalyptus Bark

The bark of Eucalyptus citriodora was collected from woody 
tree harvest residues. They were washed in deionized run-
ning water, cut into 2–3 cm pieces, dried in a solar oven for 
48 h and in an electric oven (100 ± 2 °C) until mass was not 
variable, then they were crushed in a Wiley knife mill and 
selected in a mesh sieve with a particle size between 20 and 
150 mesh.

Obtaining Extractives of Eucalyptus citriodora Bark Fibers

The extraction was aqueous, hot and in a closed reactor with 
liquid phase recirculation, thus, 2 g of the ground eucalyptus 
fibers received 250 mL of deionized water and were sub-
jected to extraction in a Soxhlet at a temperature of 90 ± 3 °C 
for 2h30min. The extract was cooled to room temperature 
(20 ± 1 °C), transferred to a 250 mL volumetric flask and 
filled with deionized water.

Determination of Total Soluble Solids (TSS)

To determine the total soluble solids (TSS) extracted, three 
samples of 25 mL of the aqueous extract of eucalyptus fib-
ers ground in beakers with previously measured masses 
were placed, and these were subjected to drying in an oven 
(at 103 ± 2 °C) until constant weight. The average mass of 
the samples corrected by the standard deviation was the 
parameter to measure the total mass of solids dissolved in 
the 250 mL solution of the extract. In sequence, this total 
mass was the parameter for calculating the TSS percentage 
of the sample of 2 g of dry and crushed eucalyptus bark 
used. UV–Vis Spectroscopy.

All UV–Vis spectroscopy experiments were performed 
using 10 mm quartz cuvettes in the SP-220 BIOSPEC-
TRO digital spectrophotometer operating between 200 and 
1000 nm.

Calibration Curves for Tannic Compounds

The species used for tannin quantification were tannic acid 
(TA) 88% (ALPHATEC) and gallic acid (GA) anhydrous 
98.0% (VETEC). All were prepared as aqueous solutions in 
deionized water from concentrated stock solutions of 100 mg 

 L−1 for TA and 20 mg  L−1 for GA. Subsequently, the differ-
ent concentrations of each solution were prepared by dilution 
to 10.0 mL in a volumetric flask, for TA there were 10 con-
centrations of 10–100 mg  L−1 and for GA 8 concentrations 
between 4 and 18 mg  L−1. Absorption quantifications were 
made at wavelengths of 280 nm for TA and 265 for GA.

BSA Protein Calibration Curve

The protein used in the adsorption tests was 96% lyophilized 
bovine serum albumin (BSA) (SIGMA). A concentrated 
solution in deionized water of 600 mg  L−1 was prepared, 
diluted to 12 solutions of 50 to 600 mg  L−1 in volumes of 
10 mL. Absorption quantifications were made at a wave-
length of 280 nm. All calibration curves were obtained from 
Origin, as well as its equations and its coefficients of deter-
mination  (R2). Limits of detection (LD) and quantification 
(LQ) calculations for all calibration curves were performed 
based on the International Union of Pure and Applied Chem-
istry [33].

Estimation of Condensed Tannins in Eucalyptus citriodora 
Bark Fibers

Based on the properties of tannins to absorb radiation in the 
UV–Vis spectrum between 250 and 300 nm, with peaks at 
approximately 265 nm related to hydrolyzable tannins and 
280 nm to condensed ones [34], GA and TA were used as 
comparison agents given their chemical and spectral char-
acteristics in order to base the estimation of the tannic con-
tent on the extract of natural fibers. The way of determining 
condensed tannins was the comparison of the UV–Vis spec-
trum of the natural fiber extract to that of TA. Despite being 
predominantly a mixture of polygaloyl-glucose and, there-
fore, hydrolysable tannin, TA has a maximum absorption 
wavelength characteristic of chromophores in condensed 
tannins, being a good reference candidate for their identi-
fication, as well as the absorbance of the extract at 280 nm 
was applied to the equation of the TA calibration curve. To 
determine the hydrolyzable tannins, the spectrum of the 
extract was compared to that of GA and its absorbance at 
265 nm applied to the equation of the calibration curve for 
GA. All measurements were performed in triplicate and the 
vegetable condensed tannin of Acacia mearnsii (Mimosa) 
was also analyzed as a purely qualitative pattern.

Chemical Treatments of Eucalyptus citriodora Bark 
Fibers

Hydrolysis Treatments

Three variants of the hydrolysis treatment of eucalyp-
tus bark fibers were applied. First, 2.0 g were washed 
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according to the aqueous extraction process already 
described; two other portions of 2.0 g each underwent 
acid and alkaline electrolytic treatment according to San-
tos [35]. Thus, one received 25 mL of 0.1 mol  L−1 NaOH 
solution (MERCK, 97.0% purity) for basic hydrolysis 
and another 25 mL of 10% v/v HNO3 solution (MERCK, 
65.0% purity) for acid hydrolysis. Both mixtures were in 
contact for 2 h at 20 ± 1 °C, then they were filtered and 
washed in a Soxhlet extractor at a temperature of 90 °C 
until obtaining residual water without color and with pH 
7. The product obtained was again dried in an oven (at 
103 ± 2 °C).

Immobilization of Tannins

Obtaining fibers with their own immobilized component 
tannins is a fourth variant to study the removal capacity of 
treated fibers. The method was adapted from Luzardo [26] 
from the following steps: 2.0 g of the fibers were poured 
into a 250 mL beaker containing a 3.0 mL formaldehyde 
 (CH2O) solution 37% volume (Synth), 8.0 mL deionized 
water and 0.2 mL hydrochloric acid (HCl) PA 37% (Neon). 
The mixture was kept under gentle manual agitation, using 
a glass rod, for 20–30 min, at room temperature (20 ± 1 °C) 
and then gradually heated in an oven to 103 ± 2 °C until the 
excess aqueous was evaporated. After this time, the solid 
material was washed in the Soxhlet extractor at a tempera-
ture of 90 °C for 2h30 min. The product obtained was again 
oven dried (at 103 ± 2 °C) and ground in a pistil to particles 
of approximately 45 mesh.

Synthesis of Tannin Resin and Treated Eucalyptus Bark 
Fibers

Brazil is already commercially exploring the potential of 
species for the extraction of commercial tannins, such as 
Acacia mearnsii, from which mimosa tannin is extracted by 
TANAC S.A. and which was applied to the preparation of 
adsorbent variants 5–9. The enrichment of eucalyptus fibers 
with mimosa tannin sought to make BSA-adsorbent bonds 
more efficient by reducing steric impediments. The resin 
synthesis was carried out following the same methodology 
mentioned above for the immobilization of tannins in the 
fibers, adapting it according to Luzardo and collaborators 
[28], thus, tannin mimosa was added to the fibers of the 
eucalyptus bark for a polycondensation reaction in a solution 
of formaldehyde, water and hydrochloric acid. Five resin 
variants were prepared. The studied percentages between 
tannin and eucalyptus were, respectively, (50–50; 10–90 and 
100–0), among the 10–90 proportions, three different fiber 
particle sizes were tested, 20, 48–65 and 100–150 mesh.

Physical and Chemical Characterizations of the Resin

All physical characterization experiments of the resin were 
carried out in triplicate weighing 0.5 g on an analytical bal-
ance. The moisture content was obtained by gravimetric 
analysis via drying of the samples, the degree of swelling 
was measured from the amount of water absorbed per gram 
of dry sample, the apparent density analyzes considered the 
total volume of the sample, including empty space, intra-
granular pores, whereas the determination of the packing 
density considers only the volume of the set of grains that 
make up the sample packed by an aliquot of water and the 
specific mass was determined by adding a portion of the 
weighed dry resin to 5 mL of deionized water and measuring 
the volume of water displaced, all these properties were cal-
culated according to Marhol [36]. The chemical characteri-
zations of resin, tannin mimosa and fibers from the bark of 
Eucalyptus citriodora were performed by obtaining UV–Vis 
spectra between 220 and 320 nm of its aqueous extracts, 
using deionized water as a blank for each sample, enabling 
the identification of maximum and minimum absorption 
related to its tannic components and to characterize the pre-
pared resin, BSA and post-adsorption resin solid and dry 
aliquots of the samples were studied by spectra between 650 
and 4000  cm−1 by Fourier Transform Infrared Attenuated 
Total Reflectance Spectroscopy (FTIR-ATR) in PerkinElmer 
Spectrum 400 FT-IR/FT-NIR Spectrometer equipment. The 
spectra obtained are averages of 10 scans, obtained with a 
resolution of 4  cm−1 and were processed using Spectrum 
software from PerkinElmer. This enabled the recognition of 
the active functional groups of the analytes.

BSA Protein Adsorption Studies

BSA adsorption capacity studies were applied to each of the 
nine prepared adsorbents, thus, they were used to rank the 
best among them. The studies were carried out in triplicate 
and under the monitoring of the analytical blank, which con-
sisted of a fourth beaker with all components in the same 
proportions, excluding, however, the BSA. Its treatment was 
the same as that given for the units that contained the analyte 
and its absorbance was measured and subtracted from the 
total absorption of those replicates that contained the pro-
tein. The mass of each adsorbent tested was 0.05 g, stored 
solid state in a 250 mL beaker, accommodated on the Ethik 
Technology digital orbital shaking table programmed to stir 
at 70 rpm (0.1372 g) for 30 min, a time that was later studied 
by the kinetics of adsorption. Thus, 10 mL of BSA solution 
with known concentration was poured onto the adsorbent, 
as well as deionized water on the blank. At the end of the 
process, the solids were separated by a qualitative filter 
(Unifil) and the solution centrifuged in Centrifuge SL-700 
SOLAB for 5 min at 3000 rpm (1844 g). The supernatant 
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then had absorption measured in UV–Vis at 280 nm, which 
applied the equation of the BSA calibration curve, deter-
mined the protein concentration at the end of the adsorption 
process. All experiments were carried out at a temperature 
of 20 ± 1 °C. The equilibrium adsorption capacity value  (qe) 
was calculated for each replica by Eq. 1, giving an average 
result for the different studied variables, in the same way, 
Eq. 2 was applied to calculate the percentage of removal 
q% [37].

where  qe is the equilibrium adsorption capacity (mg  g−1), 
 C0 initial adsorbate concentration (mg  L−1),  Ce equilibrium 
adsorbate concentration (mg  L−1), V volume of adsorbate 
solution (L) in the mass of the adsorbent (g).

Influence of pH Variation on Adsorption

The study methodology for the influence of pH variation on 
adsorption follows as above, varying only the solvent of the 
BSA solution, where aqueous solutions of different buffers 
prepared according to the Henderson-Hasselbalch equation: 
PBC buffer (Phosphate-Borate-Citrate) 5 ×  10–3  (KH2PO4 
PA Synth,  H3BO3 PA VETEC and  C6H8O7 PA Synth) was 
used to obtain different pH's (4.0, 5.0, 6.0, 7.0, 8.0 and 9.0) 
adjusted using NaOH 1 ×  10–1 mol  L−1 (MERCK, 97.0% 
purity) or 1 ×  10–1 mol  L−1 HCl (37% Neon) and meas-
ured by a BEL digital pH meter. Tests were also performed 
with acetate buffers 1 ×  10–2 mol  L−1 for pH's 3, 4 and 5 
 (CH3COOH Glacial USP 100% and  CH3COONa PA Synth) 
and phosphate 1 ×  10–2 mol  L−1 for 6, 7 and 8  (Na2HPO4 PA 
and  NaH2PO4·H2O PA Synth).

Study of Adsorption Kinetics

The experiments were carried out with different contact 
times (3, 7, 10, 20, 30, 40, 75 and 90 min) between the 
adsorbent and the BSA solution, prepared according to 
the results of the study of the influence of pH variation 
on adsorption. The relationship between contact time and 
adsorption capacity was studied using nonlinear theoretical 
models of pseudo order and linearized Elovich equation. 
These studies were complemented from the intraparticle dif-
fusion analyzes via linear equation, with their mathematical 
expressions (Eqs. 3, 4, 5 and 6) in accordance with Largitte 
and Pasquier [38].

(1)qe =

(

C
0
− Ce

)

V

m

(2)q% =
C
0
− Ce

C
0

100

where  qt is the adsorption capacity at time t (mg  g−1),  k1 
is a pseudo first order adsorption rate constant  (min−1), t 
is the contact time of the adsorbent with the contaminated 
solution (min),  k2 pseudo second order adsorption rate 
constant (g  mg−1  min−1), α initial adsorption rate constant 
(mmol  g−1  min−1), β parameter related to the extent of sur-
face coverage and energy of activation for chemisorption 
(g  mmol−1),  kd is the intraparticle diffusion rate constant 
(mg  g−1  min1/2) and I the variable related to boundary-layer 
effects such as thickness.

Study of the Adsorption Isotherm

The study was carried out with a fixed mass of the ideal 
adsorbent (0.05 g), varying 8 initial concentrations of BSA 
adsorbate from 100 to 430 mg  L−1, keeping the temperature 
controlled at 20 ± 1° C and applying the ideal time to reach 
the balance according to the kinetic study. The experimental 
isotherms were applied in theoretical models to determine 
the maximum adsorption capacity and the best theory to 
simulate the experimental data. In order to analyze the data 
by more limited models regarding the type of adsorbent sur-
face, Langmuir [39] (Eq. 7) and Freundlich (Eq. 8) were 
applied according to non-linear mathematical expressions 
Foo and Hameed [40].

where  qm represents the maximum adsorption capacity (mg 
 g−1),  KL constant of the Langmuir isotherm (L  mg−1),  Me 
equilibrium concentration of chemical species (mg  L−1),  KF 
constant of the Freundlich isotherm ((mg  g−1)/(L  mg−1)1/n) 
and n is the heterogeneity factor of the Freundlich isotherm.

Completing the study, the data were analyzed by hybrid 
models of the first ones, Redlich–Peterson (Eq. 9) and Sips 
(Eq. 10), applying nonlinear mathematical expressions fol-
lowing consolidated models reported by Neris [25].

(3)Pseudo − f irstorder ∶ qt = qe(1 − exp
(

−k
1
t
)

)

(4)Pseudo − secondorder ∶ qt =
q2
e
k
2
t

1 + qek2t

(5)Elovichequation ∶ qt =
1

�
ln(��) +

1

�
ln(t)

(6)Intraparticledif fusion ∶ qt = kdt
1

2 + I

(7)qe =
qmKLMe

1 + KLMe

(8)qe = KFM
1

n

e
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where  KR constant of the Redlich-Peterson isotherm (L  g−1), 
 aR constant of the Redlich-Peterson isotherm (mg  L−1)g, g 
exponent of the Redlich-Peterson isotherm (ideal value 
0 ≤ g ≤ 1)  ns Sips isotherm exponent,  aS constant of the Sips 
isotherm related to the adsorption energy (L  g−1) and  qs is 
the adsorption capacity obtained by the Sips isotherm (mg 
 g−1).

Treatment of Experimental Data

All data generated were treated statistically, the computer 
program Origin was used. Calibration curves were deter-
mined under conditions of determination coefficient  (R2) 
closest to unity, in addition, isothermal and kinetic param-
eters were determined for chi-square values (χ2) lowest for 
each data set. Statgraphics was also used to generate all the 
statistical data, such as the Ducan tests to establish average 
comparison results.

Results and Discussion

Vegetable tannins are soluble in water and the aqueous 
extracts of Eucalyptus citriodora bark fibers, those that had 
their tannins immobilized and resin composed of 10% fibers 
and 90% mimosa tannins were analyzed by UV–Vis spec-
troscopy and compared with reference compounds (Fig. 1). 
The main group of chromophores in these extracts is the aro-
matic rings, which in condensed tannins present two absorp-
tion peaks, one in a region close to 200 nm and another close 
to 280 nm, while the hydrolysable ones absorb in peaks of 
approximately 210 nm and 270 nm [34].

In all spectra peaks characteristic of the presence of tan-
nins between 250 and 300 nm were identified. Among the 
reference solutions, gallic acid (GA) peaked at 265 nm, tan-
nic acid (TA) and tannin mimosa at 280 nm. In natural fib-
ers, the most evident peak was at 275 nm with the 265 nm 
region superimposed, indicating the presence of condensed 
and hydrolysable tannins. On the other hand, in the spec-
trum of the resin extract composed of 10% fiber 90% tan-
nin mimosa and in the fibers that underwent the immobi-
lization process of their own tannins, there was a loss of 
characteristic absorption bands, however, in the region of 
265 nm, related to hydrolyzable tannins, the absorbance was 
more expressive than in the 280 nm range, indicating that 

(9)qe =
KRMe

1 + aRM
g
e

(10)qe =
qsaSM

1

nS

e

1 + aSM

1

nS

e

the synthesized products reached greater insolubility of the 
immobilized condensed tannins.

Based on the equations of the calibration curves prepared 
for TA (A = 0.0099C + 0.0091) and GA (A = 0.0433C—
0.0163) (Table 1), the masses of condensed tannins were 
measured (CT) and hydrolysables (HT) extracted in relation 
to the dry natural fiber mass of the bark of Eucalyptus citrio-
dora, the same relation was used to quantify the total soluble 
solids (TSS). The mean percentages ± standard deviation cal-
culated were 0.0905 ± 2 ×  10–4 for CT, 0.0190 ± 4.1 ×  10–5 for 
HT and 11,789 ± 2 ×  10–1 TSS. The estimates are representa-
tive of the studied sample, as plant species suffer composi-
tional variations due to climatic interference, maturation, 
location of the sample collected on the tree, among others. 
The determination of TSS content illustrates the importance 
of aqueous extraction of lignocellulosic fibers, which adds 
value to them for commercial and analytical applications, as 
it reduces the possibility of interfering both in the solution 
treatment and in the final quantification of the analyte.

The studies indicated that the tannin–formaldehyde reac-
tion is possible and that eucalyptus fibers carry a tannin 
content that also enriched the resin. The tannin immobili-
zation tests, as well as the resin production were based on 
the polycondensation reaction of polyflavonoid tannins with 
formaldehyde in an acidic medium, which occur preferen-
tially in the C6 and C8 positions in the A ring, generating 
formaldehyde itself as common by-products of the reagents 
and water [41]. It can be said that the reaction helps itself by 
shifting the balance towards the formation of more products. 
This makes it faster and more profitable; however, it gener-
ates resins with a high degree of hardness, which requires 
mills to generate smaller grains, as did Luzardo [28]. To 
prepare a less rigid resin, good results were found by adding 
in the reaction of lignocellulosic fibers an amount of water 

Fig. 1  UV–Vis spectra of reference tannic compounds, extracts of 
natural eucalyptus fibers and those modified by polycondensation
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sufficient to humidify the solid reactants, so that the aqueous 
medium slowed the reaction making the product susceptible 
to be macerated with a pistil.

Resin variants, in addition to different fiber treatments, 
had the mean percentage of BSA removal in solution meas-
ured based on initial and equilibrium concentrations (Fig. 2), 
quantified by measuring the absorbance at 280 nm applied 
to the equation for the calibration curve. BSA in UV–Vis (A 
= 6.24 ×  10−4C − 4.04 ×  10−4) (Table 1). The adsorbent vari-
ants prepared and tested were nine and Table 2 details the 
composition of each one of them.

The best analytical responses for treated fibers were for 
immobilized tannins, followed by resins composed of 10% 
for fibers and 90% for tannins, in this case, the ideal result 
for further research was obtained using the smallest fiber 
particle size (between 100 and 150 mesh), probably the 
positive influence is the greater contact surface and the uni-
formity between the particles of tannin extract and ground 
fiber from the eucalyptus bark. The ideal ratio of reagents to 
resin was 0.9 g of tannin mimosa; 0.1 g of eucalyptus fibers; 
1.5 mL of 37% formaldehyde; 0.1 mL of 37% hydrochloric 
acid and 2.5 mL of deionized water. 71.6 ± 2.78% removal 

Fig. 2  Average percentages of 
BSA removal per adsorbent 
solid prepared according to 
Table 2

Table 1  Summary of adsorbent variants and their compositions

Adsor-
bent 
variant

Preparation components Washed product, pH 7, dry and grounded

1 2.0 g of eucalyptus fibers ground to 20 mesh + 25 mL of NaOH 0.1 mol  L−1 at 
rest for 2 h at 20 ± 1 °C

Fibers with alkaline electrolytic treatment

2 2.0 g of eucalyptus fibers ground to 20 mesh + 25 mL of 10% v/v  HNO3 at rest 
for 2 h at 20 ± 1 °C

Fiber with acid electrolytic treatment

3 2.0 g of eucalyptus fibers ground to 20 mesh subjected to aqueous extraction in 
the Soxhlet extractor

Washed fiber

4 2.0 g of eucalyptus fibers ground to 20 mesh + 3.0 mL of 37% formalde-
hyde + 8.0 mL of deionized water and 0.2 mL of 37% HCl. Light agitation 
between 20 and 30 min

Fiber with its natural immobilized tannins

5 1.0 g of eucalyptus fibers ground to 20 mesh + 1.0 g of mimosa tannin + 3.0 mL 
of 37% formaldehyde + 8.0 mL of deionized water + 0.2 mL of 37% HCl. Light 
agitation between 20 and 30 min

Resin 50% fiber 50% mimosa tannin

6 2.0 g mimosa tannin + 3.0 mL 37% formaldehyde + 8.0 mL deionized 
water + 0.2 mL 37% HCl. Light agitation between 20–30 min

Resin 100% mimosa tannin

7 0.2 g of eucalyptus fibers ground to 20 mesh + 1.8 g of mimosa tannin + 3.0 mL 
of 37% formaldehyde + 8.0 mL of deionized water + 0.2 mL of 37% HCl. Light 
agitation between 20 and 30 min

Resin 10% fiber 20 mesh 90% mimosa tannin

8 0.2 g of eucalyptus fibers ground between 48 and 65 mesh + 1.8 g of mimosa 
tannin + 3.0 mL of 37% formaldehyde + 8.0 mL of deionized water + 0.2 mL of 
37% HCl. Light agitation between 20 and 30 min

Resin 10% fiber 48–65 mesh 90% mimosa tannin

9 0.2 g of eucalyptus fibers ground between 100 and 150 mesh + 1.8 g of mimosa 
tannin + 3.0 mL of 37% formaldehyde + 8.0 mL of deionized water + 0.2 mL of 
37% HCl. Light agitation between 20 and 30 min

Resin 10% fiber 100–150 mesh 90% mimosa tannin
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percentage was achieved in a concentrated solution of BSA 
260 mg  L−1. This is an encouraging result. The literature 
points to traditional techniques for removing proteins from 
waste solutions, such as ultrafiltration ranging from 30 to 
95% or precipitation between 50 and 81% of yield [7].

The characteristics and treatments of the resin compo-
nents with the best experimental response for the adsorp-
tion of BSA (10% fibers 100–150 mesh 90% tannin mimosa) 
conferred particular physical properties. Swelling degree, 
bulk density and pack density with mean values ± standard 
deviations of 0.0624 ± 0.0087 g  g−1, 0.3872 ± 0.0029 g  cm−3 
and 0.2517 ± 0.0019 g  cm−3, respectively, and specific mass 
of 1.6779 ± 0.0126 g  cm−3, which is noteworthy for being 
greater than 1 g  cm−3 (reference of pure water), together 
with the low values of the other properties, indicate low 
water absorption, high packaging capacity and to remain 
under the water flow in treatment, avoiding greater losses of 
the adsorbent in the process. These data are advantageous 
for adsorption and future applications in columns, as they 
facilitate water flow, thus reducing flow loss [28].

The synthesized resin bears the characteristics of its com-
ponents, however, bands are displaced disappear or appear. 
The component with the highest concentration in the resin 
is mimosa tannin, mainly composed of condensed tannins, 
followed by eucalyptus fibers, mostly composed of lignin, 
cellulose, hemicellulose and tannins. The spectra are in 
agreement with those already reported in the literature. As 
well as in the tannin mimosa resin-coconut fibers-carbon 
nanotubes [28], in this tannin mimosa-eucalyptus fiber resin, 
a new band appeared between 600 and 700  cm−1, here at 
672  cm−1, corresponding to the out-of-plane deformation 
of hydroxyl groups (OH) in hydrogen bonds. The band at 
780  cm−1 is characteristic of mono and disubstituted ben-
zenes, corresponding to out-of-plane deformation in the 
case of aromatic compounds, it can also be related to the 
displacement of bands between 815 and 819  cm−1 related to 
para-substituted benzene with out-of-plane CH deformations 
appearing in mimosa tannin and corresponding to proantho-
cyanidins (flavonoids with two or three hydroxyl groups in 
the B ring) and may be present in eucalyptus bark complex 
oligomeric condensed tannin compounds [21].

Both mimosa tannin and eucalyptus have a band between 
1029 and 1032  cm−1 suggesting the presence of deformation 

in the CO bonds of the heterocyclic ring present in con-
densed tannins [21]. In the resin spectrum, this band remains 
expressive, shifted to 1082  cm−1. These two components 
showed peaks in the resin spectrum in characteristic bands, 
close to 1200, 1300, 1400 and 1600  cm−1, which suggest, 
respectively, the presence of phenolic groups in eucalyp-
tus; stretching the phenolic hydrogen of tannic compounds; 
angular deformation of C=O and OH bonds of carboxylic 
acid in eucalyptus; and CC conjugate bond vibrations in 
phenolic aromatic ring or out-of-plane OH vibration. These 
same characteristics were pointed out by Sartori [20], Cor-
reia [42] and Santos [35] in different species of eucalyptus 
and in their comparisons with reference tannins.

The spectrum of the adsorbed BSA resin has a higher 
percentage of transmittance, which indicates less freedom of 
vibration of the functional groups previously characterized 
in the resin and BSA spectra, demonstrating the occurrence 
of a strong interaction between them, possibly by compl-
exation, as suggested by Haslam [17]. The lack of bands 
in the region between 800 and 655  cm−1 in the spectrum 
of the adsorbed BSA resin is noteworthy. In the spectrum 
of pure resin, this area indicates the existence of OH and 
CH groups characteristic of tannins, whereas for BSA, 
according to Kong and Yu [43], the bands between 537 and 
606  cm−1 indicate angular deformation outside the plane of 
C=O, 625−767  cm−1 are of angular deformation of OCN 
and 640−800  cm−1 angular deformation out of the plane of 
NH, added to these other functional groups have lost char-
acteristics, such as the stretches of NH in 3100  cm−1 and of 
the C=O at 1600−1690  cm−1.

The high transmittance exhibited by the spectrum of the 
resin adsorbed by BSA can lead to an estimate of the low 
concentration of previously identified functional groups, 
which leads to a practical interpretation of the computa-
tional investigation by Hernándes et al. [31] which con-
cluded that tannin-amino acid interactions, regardless of 
the amino acid group, are hydrophobic and hydrophilic 
simultaneously, occur between hydroxyl groups, ether and 
protons of the rings of flavonoid monomers and amine and/
or amide groups, carboxylic acid and chains CH of amino 
acids. In this work, although peaks in bands between 1080 
and 1607  cm−1 common to pure resin were identified in the 
post adsorption resin, as well as the band at 3750  cm−1 of 

Table 2  UV–Vis calibration 
curves data for BSA, gallic acid 
and tannic acid

BSA Gallic acid Tannic acid

Absorption band 280 nm 265 nm 280 nm
Intercept − 4.04 ×  10−4 ± 2.75 ×  10−3 − 1.63 ×  10−2 ± 5.2 ×  10−3 9.1 ×  10−3 ± 3.6 ×  10−3

Slope 6.24 ×  10−4 ± 7.47 ×  10−6 4.33 ×  10−2 ± 4.18 ×  10−4 9.9 ×  10−3 ± 5.86 ×  10−5

R-Square(COD) 0.9986 0.9993 0.9997
LD 2.48 0.05 0.16
LQ 8.27 0.17 0.52
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BSA, the other bands disappeared and many are undefined 
between 1467 and 1607  cm−1 and 1607–2500  cm−1, which 
probably refer to amino acid traces, all these bands showed 
low intensities. This characterizes strong resin-BSA interac-
tions, including hydrogen bonds between the amide and/or 
amine and carboxylic acid groups of the amino acids and the 
phenolic OH groups of the resin plus other possible interac-
tions through the CH and CO groups of the resin and CH of 
the protein peptide chains.

In recent experimental work, collagen hydrolysates were 
reacted with a commercial solution of mimosa bark tannin 
extract. According to Pizzi [23] covalent bonds predomi-
nated and appeared to occur between the two materials by 
reactions between the phenolic groups –OHs of tannin and 
the amino groups of the non-skeletal side chains of arginine 
and also by reactions of the –COOH groups of glutamic 
and aspartic acids on the aliphatic alcohol-OH in the C3 
site of tannin heterocycle flavonoid units. The five constitu-
ents in the highest percentages in BSA are leucine, glutamic 
acid, lysine, alanine and aspartic acid [30]. In the studies by 
Hernández et al. [31], lysine, aspartic acid, glutamic acid, 
histidine and arginine were the amino acids that interacted 
with more strength and stability with both resorcinolic and 
phloroglucinolic tannins. Looking at just this category of 
amino acids there is a 60% similarity between the five most 
abundant amino acids in BSA and the five best condensed 
tannin complexes. In terms of chemical characteristics, none 
of these mentioned amino acids has an aromatic group and 
only histidine has a closed chain in its structure. Probably 
the smallest effect of the steric hindrance that would limit 
the amino acid-tannin interaction is related to this ranking 
of the best amino acids.

In terms of the groups of amino acids that make up pro-
teins, Hernández and collaborators [31] stated that the best 
results are obtained for acidic hydrophilic and basic hydro-
philic, which are in relevant percentages in BSA, together 
are 33.98% of each macromolecule. The aliphatic amino 
acids are the most abundant in BSA, 34.63%, and leucine is 
the most abundant amino acid in the biomolecule. Hernán-
dez et al. [31] showed that complexes with leucine are the 
most stable of their group for both flavonoid species.

The functional groups that are components of the resin 
and also of the protein are electrostatically altered as a 
function of pH changes. The formation of the tannin-pro-
tein complex is pH dependent and it is maximum and ideal 
around the isoelectric point (pI) of the protein [6] which 
for BSA is in the pH range of 4.9–5.5 [14]. Here tests were 
carried out in the pH range 3–9. Only at pH 4, 5 and 6 the 
results were favorable, but not able to improve the result 
achieved in the buffer-free medium. According to Latour 
[15], cations and anions of salts dissociated in solution dif-
fuse at a much faster rate than a protein, thus, before the 
protein-adsorbent interaction, the charged functional groups, 

both on the protein and on the surface of the adsorbent mate-
rial, are complexed and occupied with counterions. It is 
noteworthy that at pH 5 both, regardless of the buffer used, 
the removal percentage was favorable, a condition related to 
the pI of the protein. Based on these results, the BSA solu-
tions continued to be prepared solely with deionized water, 
which gave it a pH of ~ 5.32 ± 0.02.

The kinetic and successively isothermal studies were car-
ried for the adsorption of the resin that showed the highest 
percentage of BSA removal, consisting of 90% mimosa tan-
nin and 10% eucalyptus bark fibers in smaller granulometry 
between 100 and 150 mesh, out with experiments in a con-
trolled temperature environment at 20 ± 1 °C, under constant 
agitation of 70 rpm and in an aqueous medium free of ions. 
The kinetic data was applied to the multiple comparison 
procedure to determine which means had Fisher's least sig-
nificant difference (LSD) with a confidence level of 95.0%, 
concluding that there were no statistically significant differ-
ences for the experimental means of q from 7 min onwards, 
Fig. 4a. This short time to reach the adsorption equilibrium 
is an advantage for the practical application of the resin.

The Chi-square statistical test (χ2) of the parameters 
of the kinetic models shown in Table 3 was conclusive for 
indicating smaller discrepancies between the experimental 
values and those theoretically predicted for the pseudo first 
order model. Anirudhan et al. [44] synthesized an adsorbent 
composed of tannin for BSA and the system was better rep-
resented based on the solid surface capacity, therefore, in the 
pseudo-first order model. Here, the experiments show that 
the BSA-resin adsorption increased with the increase in the 
concentration of tannins and greater contact surface in the 
adsorbent, on the other hand, it decreased with the increase 
of the ionic charge in the medium, it is concluded that the 
composition and availability of the surface active sites are 
crucial in this adsorption, as shown by the post adsorption 
resin spectrum in Fig. 3b.

The pseudo first order model is insufficient to address all 
the specificities of protein adsorption, so the analysis via 
intraparticle diffusion is complementary. Figure 4b illus-
trates three stages of adsorption: the first minute, where, 
possibly, the highest concentration of proteins in the medium 
causes them to migrate to the solid surface at a high rate 
from the first seconds of physical contact under agitation, 
winning and taking the place of the water that surrounded 
and interacted with the solid. The second stage of intrapar-
ticle diffusion was the 6 min where the protein diffused to 
pores and cracks found in the structure of heterogeneous 
particles and without uniformity of the adsorbent, these data 
correlated well with the model, with  R2 = 0.9994 and low 
χ2 (Table 3), which did not occur for the last stage after 
7 min, this consists of the slow phase, probably controlled by 
adsorption/desorption equilibrium forces, where the adsor-
bent reaches its maximum adsorption capacity.
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According to Bazzaz et al. [16], mathematically, if the 
graphs of  qt versus  t1/2 pass through the origin, then intra-
particle diffusion is the only step to control the adsorption 
rate. However, none of the straight lines (Figure 4b) passed 
through the origin, so other factors can control the adsorp-
tion of BSA by the resin, such as the occupation of the 
adsorbent surface by the unfolding of adsorbed proteins [15], 
thus, spaces and consequently, the active sites are quickly 
filled with the same amount of proteins.

The adjustments of the data to the adsorption isotherm 
models (Fig. 4c) and (Table 3) prove that the experimental 
phenomenon occurs through adsorption. Given the hetero-
geneous nature of the resin, the models that best converged 
with the data were those based on the combination of the 
Langmuir and Freundlich models, therefore, the Redlich 
Peterson and Sips models, with the latter offering the best 
adjustments for the experimental data with higher  R2 and 
lower χ2 values, based on the theory that the active sites of 
the adsorbent have heterogeneous energies. However, the 
Langmuir model better determines the maximum adsorption 
capacity  qmL, 26.7 ± 0.29, with a smaller calculated standard 
deviation and a value closer to that obtained experimentally 
in the equilibrium adsorption range.

Table 4 compares the results of this work with others 
already published for the BSA. Some commercial or devel-
oping materials have  qmL greater than that achieved here, 
others are similar or smaller. The comparison of the resin 
functionalized with tannic acid by Li et al. [45] with the one 
described in this work, the second has adsorption capac-
ity for the larger BSA. It is added that all works, except 
this one, needed a buffer to find the best adsorption pH 
and none of them had adsorption equilibrium time as low 
as the resin described here. The fast kinetics of the resin 

Table 3  Kinetic and isothermal 
parameters against theoretical 
models

Kinetic parameters Isotherm parameters (20 °C)

Pseudo-first order Langmuir
q 26.9 ± 0.08 R2 0.9999 qm 26. 7 ± 0.29 R2 0.9810
k1 1.18 ± 0.09 �2

red
0.3076 KL 0.08 ± 0.01 �2

red
1.0523

Pseudo-second order Freundlich
q 27. 5 ± 0.20 R2 0.9998 KF 10.2 ± 0.90 R2 0.9550
k2 0.10 ± 0.02 �2

red
0.9753 N 5.96 ± 0.61 �2

red
2.4933

Elovich equation Redlich-peterson
Α 2.9 ×  1016 ± 7.0 ×  1017

R2 0.9990 KR 2.73 ± 0.72 R2 0.9858
Β 1.54 ± 0.93 �2

red
3.9682 aR 0.13 ± 0.06 �2

red
0.9406

G 0.95 ± 0.04
Intraparticle diffusion Sips

Kd1 13.2 ± 0.32 Kd2 0.23 ± 0.23 qs 28.6 ± 1.98 R2 0.9873

R2
1

0.9994 R2
2

0.1964 aS 0.15 ± 0.06 �2
red

0.8461

�2
red 1

0.0221 �2
red 2

0.2529 nS 1.39 ± 0.34
qexperimental 25.3 ± 0.68

Fig. 3  FTIR-ATR spectra of BSA and resin before (a) and after 
adsorption (b)
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tannin-eucalyptus fibers is a differential that adds greater 
efficiency in adsorption.

Conclusion

The results obtained here showed that it is possible to immo-
bilize tannins inside natural lignocellulosic fibers, as well as 
synthesize tannin–formaldehyde polymeric resin with per-
centage of natural fiber. The resin showed good removal of 
BSA molecules from water with good adsorption capacity 
in short contact time. The best removal percentage by pH 

was obtained in the BSA pI range, ~ 5.32 ± 0.02, using BSA 
solution in deionized water.

The synthesized resin can reach a maximum adsorption 
capacity within 7 min. The best fit for the isotherm cor-
responds to the Sips model, however, the Langmuir model 
was more suitable for determining the maximum adsorption 
capacity of BSA, ~ 26.7 mg  g−1.

The hypothesis that the functional groups of the BSA 
amino acids could strongly interact with the active sites 
of the resin tannin-eucalyptus fibers via hydrogen bonds, 
hydrophobic and hydrophilic interactions proves positive, 
as the transfer of protein mass in solution to the surface 
and porosities of the adsorbent was the mechanism for 

Fig. 4  Theoretical and experimental models of adsorption kinetics (a) and (b) and adsorption isotherms (c)
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determining the adsorption process instead of chemisorp-
tion, as the data converged well with the pseudo first order 
and intraparticle diffusion models.

The experiments show that the BSA-resin adsorption 
increased with the increase in the concentration of tannins 
and greater contact surface in the adsorbent and decreased 
with the increase in the ionic charge in the medium, it is 
concluded that the composition and availability of active 
sites on the surfaces are crucial in this adsorption.

Based on the results obtained about its adsorption capac-
ity, it is possible to conclude that the new synthesized resin 
is a good alternative for future use in the treatment of fluids 
containing proteins or protein species, which contain higher 
percentages of amino functional groups in their structure. 
The expectation is that hospital, laboratory, dairy, slaugh-
terhouse, domestic fluids, among others, are promising 
candidates for possible protein decontamination. Given 
the polymeric nature of the resin, it is promising for test-
ing incorporation into other materials, including polymeric 
ones, in the generation of active products for the adsorption 
of protein structures.

The combination of two natural products, produced and/
or distributed worldwide, such as tannins and fibers from 
eucalyptus bark obtained as by-products of wood production, 
make the product developed, in addition to being innova-
tive, with sustainable potential, easy replication and with 
low cost, both for synthesis and application.
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