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APRESENTAÇÃO

A publicação de e-books no Brasil é uma importante ferramenta para a divulgação 
científica e a valorização das pesquisas e pode ajudar a desenvolver uma relação mais 
próxima entre a Academia e a Indústria. O presente livro mostra aspectos da pesquisa 
e transferência de tecnologia na engenharia química e suas áreas correlatas. Diversas 
patentes, materiais e equipamentos vêm sendo desenvolvidos buscando a melhora na 
qualidade de vida humana, na qualidade dos produtos consumidos e melhora ambiental e 
queremos mostrar estes trabalhos. O livro “Desenvolvimento e Transferência de Tecnologia 
na Engenharia Química” apresenta artigos na área de processos químicos, tecnologia 
química e ensino de química. 

O e-book contem 8 capítulos, que abordam temas como biotecnologia; hidrólise 
enzimática; extração de lipídeos a partir de microalgas; síntese de materiais adsorventes a 
partir de resíduos; preparação de materiais para a remoção de contaminantes; formulações 
de combustíveis; formulação alimentar com adição de resíduo agroindustrial e produção de 
anti-incrustantes a partir de surfactantes naturais.

Os objetivos principais do presente livro são apresentar aos leitores diferentes 
aspectos do conhecimento científico na área de Engenharia Química, abordando conceitos 
de desenvolvimento e transferência de Tecnologia. Os artigos da coleção podem ser 
utilizados para o desenvolvimento de projetos de pesquisa, para o ensino dos temas 
abordados e até mesmo para a atualização do estado da arte nas áreas de tecnologia 
química, engenharia química e engenharia de bioprocessos.

Após esta apresentação, convido os leitores a apreciarem e consultarem, sempre 
que necessário, a obra “Desenvolvimento e Transferência de Tecnologia na Engenharia 
Química”. Desejo uma excelente leitura!

Érica de Melo Azevedo
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ABSTRACT: Nowadays, Kraft liquor is currently 
burned in the pulp and paper mills to produce 
energy and recover the chemicals. Therefore, 
this traditional and overspread process originates 
a process bottleneck, once the recovery boiler 
must have the capacity to handle the black 
liquor production rate. In this work, an alternative 
application for the Kraft black liquor is addressed. 
A blend of condensed tannin and black liquor 
was used to synthesize phenolic resin as an 
alternative to the conventional petrochemical 
raw materials. First, the Kraft black liquor was 
hydroxymethylated with formaldehyde. Then, a 
polycondensation reaction with tannin occurred 
which was followed by thermal crosslinking. 
Textural and structural evaluation of the samples 
evidenced the resin specific surface area in 
the range 2 – 6 m2 g-1 and a great variety 
of surface functional groups. Morphological 
analysis revealed the nodular structure of the 
material. Finally, the resin possible application for 
removing emergent organic contaminants was 
assessed. Methylene blue and methyl orange 
were used as the model molecules and, after 24 
hours, adsorption capacities of 50.76 e 26.28 mg 
g-1 were achieved, respectively.
KEYWORDS: Polycondensation, Kraft black 
liquor, Tannin, Biobased phenolic resin, 
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ROTA ALTERNATIVA DE SÍNTESE DE RESINA BIOFENÓLICA A PARTIR DE 
TANINO E LICOR NEGRO KRAFT E SUA APLICAÇÃO COMO MATERIAL 

ADSORVENTE
RESUMO: Atualmente, o processo de polpação Kraft queima o licor negro para produzir 
energia e recuperar os produtos químicos. Esse processo convencional acaba gerando um 
gargalo no processo, uma vez que a capacidade da caldeira de combustão deve suportar a 
taxa de produção do licor negro. Dessa forma, o presente trabalho propõe uma aplicação 
alternativa para o licor negro Kraft. Uma mistura de tanino e licor negro foi utilizada como 
alternativa às matérias-primas fenólicas derivadas da indústria petroquímica para a produção 
de resinas fenólicas. Inicialmente, o licor negro Kraft foi hidroximetilado com formaldeído 
e, em seguida, foi realizada uma reação de policondensação com tanino, seguida por uma 
reticulação térmica. A avaliação das propriedades texturais e estruturais das amostras 
evidenciou uma área superficial específica da resina na faixa de 2 a 6 m2 g-1 e uma grande 
variedade de grupos funcionais na superfície. A análise morfológica revelou a estrutura 
nodular do material. Por fim, foi avaliada a possível aplicação da resina para remoção de 
corantes. Azul de metileno e alaranjado de metila foram usados como moléculas modelo 
e, após 24 horas, capacidades de adsorção de 50,76 e 26,28 mg g-1 foram alcançadas, 
respectivamente.
PALAVRAS-CHAVE: Policondensação, Licor negro kraft, Tanino, Resina biofenólica, 
Adsorção.

1 | 	INTRODUCTION
New and biobased materials development focuses on the searching for products 

that can replace the petrochemical route by using raw materials of natural origin. The use of 
waste as a substitute for synthetic chemicals is of great industrial interest, since the former 
has a low cost, low environment impact and expands the industrial processes sustainability 
prospects.

The phenolic gel is obtained by the polycondensation of the phenolic monomers with 
aldehyde, in acid (novolac) or basic (resol) medium (PEKALA and KONG, 1989; THAKUR 
and THAKUR, 2015). The commonly used phenolic compounds are resorcinol and phenol, 
which are non-renewable, have a high cost as well as high toxicity. Thus, in tune with the 
new principles of green chemistry and circular economy, new phenolic materials have 
been suggested by researchers seeking to lower the cost of producing gels and carbon 
composites and to detach these products from the petrochemical route (GARDZIELLA et 
al., 2000; GHISELLINI et al., 2016).

The Kraft black liquor is a lignin-rich byproduct from the pulping process, which is 
currently burned in the recovery boiler to be used as a source of energy (ONG et al., 2018). 
However, the pulp and paper mills are self-sufficient in terms of energy once they produce 
more energy than needed to run the mill. Therefore, a fraction of the black liquor can also 
be deviated to be employed in a different added-value application. Moreover, once the boiler 
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scale-up is expensive, it dictates the overall capacity of the mills and hardly accommodate a 
further increase in black liquor production due to raising in paper demand. Thus, a deviation 
of a fraction of the Kraft black liquor will eliminate this bottleneck and reflect in an increasing 
in the pulp mill processability, as mentioned by Gosselink et al. (2004) and Kang et al. 
(2012). Kang et al. (2012) also claim the upper furnace corrosion due to the deposition of 
inorganic salts. Consequently, the recovery boiler operation is compromised since the heat 
transfer effectiveness will be reduced.

Due to the black liquor has high lignin content, it stands as a promising phenolic 
source (FOULET et al., 2016; GOSSELINK et al., 2004; NASEEM et al., 2016). Besides 
lignin, tannin has a high flavonoid content, which holds a polyhydroxyphenol units 
associations, being another renewable polyphenolic alternative (BOTHA et al., 1978; JANA 
et al., 2015; PIZZI, 2003). Moreover, tannin and lignin are the predominant compounds in 
pulp and paper waste, once they must be separated from the cellulose to produce a high-
quality fiber (VASHI et al., 2018).

While no resins using a blend of crude Kraft black liquor and condensed tannin exist 
to our knowledge, the present work will focus on this blend for synthesizing a novel biobased 
material and evaluate its possible applications. As a result, along with the development of 
the lignocellulose biorefinery industry, the potential of renewable raw materials in producing 
biofuels, biomaterials and chemicals will be valorized.

Bearing in mind the above statements, the present work aims to assess the viability 
of using a blend of crude Kraft black liquor and tannin for phenolic resins production and 
its reuse in value-added products. In particular, evaluate the material final properties and 
its possible application as an innovative and low-cost adsorbent for emergent organic 
contaminants removal, such as dyes. This work innovates in using industrial Kraft black 
liquor as such, without any pretreatment, blended with tannin to synthesize phenolic resins. 
The use of the Kraft black liquor as received reduces processing costs, waste disposal and 
ends up adding value to the residue, offering new applications to the market.

2 | 	MATERIALS AND METHODS

2.1	 Materials
The Kraft black liquor (KBL) was supplied by a Brazilian company and obtained from 

a mixture of hardwood (Eucalyptus spp) and softwood (Pinus spp.). Commercial condensed 
tannin, SETA RC, was from SETA® S/A and extracted from black wattle (Acacia mearnsii). 
The KBL and tannin were used as received and their original characteristics are shown in 
section 3.1. Alkali lignin pattern was purchased from Sigma-Aldrich®. Formaldehyde 37 % 
(wt.) aqueous solution and anhydrous sodium hydroxide ACS reagent grade for analysis 
and purity greater than 97 % were obtained from Synth®.
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2.2	 Methods

2.2.1	 Phenolic resin synthesis

The syntheses were accomplished under reflux, in a three-neck round-bottom glass 
flask equipped with a vertical condenser, a thermocouple and a magnetic mixer, placed 
in a sand bath. In each experiment, the amount of each reactant was introduced into the 
flask according to the following procedure. Firstly, the crude KBL, was hydroxymethylated 
with excess (2 times on wet weight basis) of formaldehyde 37 % (wt.) aqueous solution, at 
343 K, for 1 hour. A given amount of tannin powder was diluted in a sodium hydroxide 50% 
(wt.) aqueous solution, then added to the hydroxymethylated black liquor and stirred for 
homogenization. The additional amount of formaldehyde aqueous solution (37 % wt.) was 
incorporated into the blend, under agitation for 2 hours, at 343 K. Finally, the mixture was 
set in sealed autoclaves to undergo crosslinking reaction at 363 K for 48 hours. The resins 
underwent solvent exchange by immersing about 80 g of phenolic resin in a flask containing 
150 mL of acetone. Then, the flask was placed in an orbital bath, at 150 rpm and 298 K for 
24 hours. This procedure was repeated 4 times with acetone replacement. Then, they were 
placed inside one-side opened PVC tubes and dried in a convection oven at 303 K, for 24 
hours, to obtain a clean unclogged resin. 

2.2.2	 Resin characterization

Resin’s morphologies were investigated by Scanning Electron Microscopy (SEM) in 
a FEI QUANTA 250. 

Resin’s superficial groups were identified by Fourier Transform Infra-Red spectroscopy 
(FTIR), conducted in a BRUKER VERTEX 70V RAM II, in transmittance mode, over the 
infra-red range of 400 to 4000 cm-1.

Nitrogen adsorption and desorption isotherms, at 77 K, were assessed in a 
Quantachrome NOVA-1200, to evaluate the material textural properties. The specific 
surface area was estimated by Brunauer-Emmett-Teller (BET) methodology, pore average 
diameter by BJH method and the total pore volume assumed as the volume of N2 adsorbed 
at P/Po of 0.95 (THOMMES et al., 2015). 

The pH point of zero charge (pHpcz) corresponds to the pH value at which the surface 
electrical charge densities equal zero. The pHpcz was performed according to Regalbuto and 
Robles (2004) methodology. Briefly, several aqueous solutions with different pH values (2 
to 12), adjusted with HCl and NaOH 0.1 mol L-1) were prepared and 50 mL of each solution 
were introduced into a flask. 50 g of resin sample were added to each flask and stirred for 
24 hours, at 298 K. The final pH was then measured and the graph of the final pH versus 
the initial pH plotted. The pHpcz corresponds to the final pH value when it remains constant. 
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2.2.3	 Dye adsorption evaluation

Commercial methylene blue (MB) and methyl orange (MO) were used as model dye 
adsorbates for evaluating the resin adsorbent potential. Influence of adsorbate-adsorbent 
contact time on adsorption capacity was studied. Briefly, 10 mg of the resin were added to 
20 mL adsorbate 50 mg L-1 aqueous solution, in their original pH, under constant agitation 
(150 rpm) at 298 K. Samples concentration was measured in a UV-VIS spectrophotometer 
(HACH DR 5000) at a wavelength of 663 and 464 nm, for MB and MO respectively.

The adsorption capacity, qt (mg g-1) was calculated using Equation 1.

                                                                                        (Equation 1)

where Co and Ct are the initial and time t dye aqueous solution concentrations (mg 
L-1), respectively, V is the dye solution volume (L) and m the phenolic resin weight (g).

In order to assess the adsorption process limiting step and the kinetic of this process, 
different kinetic models were fitted to the experimental data. The models of pseudo-first 
order (LAGERGREN, 1898), pseudo-second order (HO and MCKAY, 1999) and intraparticle 
diffusion (WEBER and MORRIS, 1963) were fitted to the experimental data, according to 
Equations 2, 3 and 4, respectively.

                                                                                 (Equation 2)

where qt (mg g-1) and qe (mg g-1) are the dye adsorbed at time t (h) and at equilibrium, 
respectively, and k1 (h-1) is the pseudo-first order constant rate.

                                                                                         (Equation 3)

where k2 (g mg-1 h-1) is the pseudo-second order constant rate.

                                                                                       (Equation 4)

where kid (g mg-1 h-1/2) is the intraparticle diffusion rate constant and C (mg g-1) is the 
boundary layer thickness constant.

3 | 	RESULTS AND DISCUSSION

3.1	 Resin characterization
The morphology of the resin was investigated by Scanning Electron Microscopy 

(MEV). The images obtained, illustrated in Figure 1-(a-c), reveals the resin macroporous 



Desenvolvimento e Transferência de Tecnologia na Engenharia Química Capítulo 4 47

character. Textural characterization reinforced the SEM images findings, once the phenolic 
resin has low specific area (SBET = 5.13 m2 g-1) and low volume of micropores (VP total = 0.0067 
cm3 g-1; VP micro = 0.0063 cm3 g-1). Despite the low specific area, FTIR analysis shows the 
wide variety of functional groups on the resin surface. Since the functional groups affect 
the charge balance in the surface of the material, the dye adsorption can also be affected. 
The FTIR spectrum obtained (Figure 1-d) reveals the presence of hydroxyl (-OH) groups 
by the peak around 3400 cm-1 and the resin aromatic nature (C=C) is represented by the 
peaks at 1496 and 1593 cm-1. The presence of aromatic groups in the material suggests the 
occurrence of π-π interactions between the dyes and the adsorbent, which has a positive 
impact in the adsorption process. The peaks nearby 2937, 1463 and 1037 cm−1 confirm the 
biobased resin crosslinking by the presence of the methylene (C-H) and ether-methylene 
(C-H and C-O) bridges (MARTÍNEZ et al., 2016) in the polymeric matrix.

Figure 1: SEM images ((a) 1000x, (b) 5000x and (c) 20000x) and FTIR spectrum (d) of the 
biophenolic resin.

3.2	 Resin potencial application as adsorbent
The effect of the contact time between the adsorbate-adsorbent system was studied 

for 24 hours and the dyes normalized concentrations in the adsorbate phase solution are 
plotted in Figure 2-(a). Due to a large number of active sites available on the surface of the 
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adsorbent at the beginning of the process, the initial rate of adsorption was the highest. For 
both dyes, the adsorption increased progressively and, at 24 h, the MB and MO removal 
was approximately 60 and 23 %, with adsorption capacities of 50.76 and 26.28 mg g-1, 
respectively. 

Figure 2: (a) Adsorbate concentration change versus adsorption time, at 298 K, for 24 h; (b) 
Weber and Morris plot; (c) and (d) Kinetic models fitting to MB and MO, respectively.

The adsorption process involves several transport phenomena and the kinetic of the 
overall process depends on the prevailing step. Pseudo-first order, pseudo-second order 
and intraparticle diffusion kinetic models were fitted to the experimental data. The non-
linear fittings are shown in Figures 2-(c) and 2-(d) and their parameters are compiled in 
Table 1. The adjustments reveal that neither pseudo-first nor pseudo-second order models 
are representative of MB kinetic data. For both dyes, the intraparticle diffusion model was 
the best fitted, since the highest correlation coefficient (R²) and lowest SSE values were 
obtained. To better understand the prevailing adsorption step, Figure 2-(b) is also shown.  
The Weber and Morris plot shows two linear sections for the MB adsorption. That suggests 
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that the MB adsorption, during the evaluated time, occurred in two stages. In the first 
step, the adsorbate diffusion through the adsorbent external limiting layer was fast and 
did not limit the process rate. Then, the second and predominant step is attributed to the 
diffusion within the resin pores. Figure 2-(b) shows that only one stage in the plot of the 
MO experimental data, with approximately zero interception on y-axis, indicating that the 
internal diffusion controls the adsorption (ALENCAR et al., 2012). For both adsorbates, the 
intraparticle diffusion occurs slowly and progressively along the resin pores.

Methylene Blue Methyl Orange
Pseudo-first order
qe (mg g-1) 39.217 27.425
k1 (h-1) 0.690 0.103
R² 0.777 0.963
SSE 494.993 27.535
Pseudo-second order
qe (mg g-1) 43.596 35.409
k2 (g mg h-1) 0.021 0.003
R² 0.864 0.972
SSE 303.517 20.589
Intraparticle diffusion
kID (mg g-1 h-1/2) 9.302 5.396
C (mg g-1) 7.934 0.010
R² 0.955 0.981
SSE 99.413 13.733

Table 1: Fitted kinetic models parameters.

In addition to the process mechanisms suggested by the kinetic study, the interactions 
between the adsorbate and adsorbent molecules and functional groups have also to be 
considered. The pHpzc relates the adsorbent surface functional groups with its surface 
charge according to the solution pH, being an important parameter for understanding the 
adsorption mechanisms. Given that the resin pHpzc is around 8.5, the charge on its surface 
is positive at pH < 8.5 and negative at pH > 8.5. Moreover, the MB and MO are cationic and 
anionic dyes, respectively. The MB solution original pH was 1.7 and, as its pKa is 5.6 (at 298 
K), the amino group of the MB molecules is protonated, as illustrated in Figure 3-(a). As the 
solution pH increases to a value higher than the pKa, the MB becomes deprotonated, i.e. in 
its cationic form. That indicated that at a pH 1.7, there is an electrostatic repulsion between 
the MB and the resin, so that other interactions, such as H-bonding (between the resin 
hydroxyl group and the MB amino group) and π-π interactions (between the resin and the 
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MB aromatic structure) could explain the high removal degree achieved. On the other hand, 
the MO original solution pH was 6.6 and a pKa of 4.2 (at 298 K). As a result, the amino groups 
are deprotonated and the ionization extent of MO privileges its anionic form (Figure 3-(b)). 
Moreover, at pH 6.6 some functional groups, phenolic O–H and C=O, are not dissociated 
and repulsion did not take place. However, hydrogen bonding and π-π interactions may also 
occur between the resin and the MO. The proposed adsorption mechanisms for the MB and 
MO, at the studied conditions, are illustrated in Figure 3-(c). 

(a) MB

(b) MO

(c)

Figure 3: MB (a) and MO (b) ionization according to the solution pH and (c) the adsorption 
mechanisms proposed by the present work, at the studied conditions.
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The above results confirm the potential of the phenolic resin for use as an adsorbent. 
Furthermore, after accomplishing this purpose, both resin and adsorbate can undergo 
pyrolysis to degrade the organic contaminant and regenerate the adsorbent or produce a 
pyrolytic carbon. Moreover, the resin impregnated with dye (a nitrogen source) may also 
be used as a nitrogen-doped carbon material in a dielectric double layer capacitor and 
supercapacitors. 

4 | 	CONCLUSION
A blend of crude Kraft black liquor and tannin were successfully used as phenolic 

precursors for phenolic resins production by a polycondensation reaction. This mixture has 
a very low cost compared to the phenolic raw materials currently in use. The specific surface 
area of the resins produced is not large with diversified surface functional groups. When the 
resin was tested as an adsorbent, a good dye removal was achieved in the evaluated time. 
Adsorption capacities of 50.76 e 26.28 mg g-1 were achieved for methylene blue and methyl 
orange, respectively.  This confirmed the feasibility of using this newly synthesized material 
as an alternative, sustainable and low-cost adsorbents for contaminant removal. 
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